CREST: An Opportunistic Forwarding Protocol
Based on Conditional Residual Time

Sunil Srinivasa Sudha Krishnamurthy
Department of Electrical Engineering Deutsche Telekom Laboratories
University of Notre Dame, Notre Dame, IN Berlin, Germany
ssrinivi@nd.edu krishnadots@gmail.com

Abstract—Opportunistic forwarding protocols take advantage intermittently connected environments have to be inhérent
of contact opportunities to route data in intermittently connected  tolerant to delays/disruptions. Nodes need to follow aestor
environments. In these environments, a fully connected pat g,4-forward approach and must be able to make forwarding
between the source and destination may not always exist and - . . .
the contact schedules of all the nodes are not known in advaac decisions on-the-fly. While opportunism offers great pbﬁén
Hence, one of the key challenges for a node is to make effeaiv ON€ of the challenges to be addressed for data delivery,
forwarding decisions using only a limited knowledge of the especially when nodes are mobile, is to determine exactly
contact behavior of the nodes in the network. Based on an how to take advantage of the interconnection opportunities
analysis of human mobility traces that we collected from our offered by intermediate relays. This requires an analltica

office environment, we introduce a new link metric, conditiaal h terizati f listi bility t f btaini
residual time, that accurately estimates the time remainig for a ~ C1aractérization of realistic mobility traces for oblagian

pair of nodes to meet using only the local knowledge of theirast  in-depth understanding of the mobility model, and further
contacts. We then propose a distributed protocol called CRET, developing practical forwarding protocols based on the @hod
that uses the_onditional residual time to opportunistically for-

ward messages between pairs of nodes. Experimental resuiisow ~ A. Background

that CREST has a lower end-to-end delay compared to protocsl . . . -
that depend on future contact schedules and global knowledy _Prew_ous work !n th'_s aref';l can_ be _classm_ed alon_g two
of the contact behavior across the network. Furthermore, by dimensions. The first dimension primarily studies the intpac
disseminating only a few additional copies of the messageha of mobility on forwarding, based on an analytical character

delivery ratio ofCRESTimproves significantly and is compaible jzation of human [8], [9] and vehicular [1] mobility traces,
to that of the flooding protocol. and provides useful insights on the design and performafce o
opportunistic communication protocols. The second dirizens
focuses on the design of forwarding protocols for DTNs, but

The proliferation of wireless standards such as IEEE 8Q2.1dbes not explicitly deal with the characterization of mibjpil
Bluetooth, ZigBee, and other low power radio-based tectraces. These protocols vary in the amount of informati@t th
nologies has made it viable to equip almost any deviemdes require to take advantage of the contact opportanitie
with communication capabilities. The portability of suctand in how they obtain that information. On the one hand,
communication-enabled devices allows them to be embeddedode requires no knowledge and can either take advantage
in common mobile entities, such as vehicles [1], [2], humard every contact opportunity it has to forward the data (as
[3], and animals [4], thereby making them ubiquitous. Thkis in the flooding protocol [10]) or instead, can ignore every
a powerful concept that can be used to gather informatiémrwarding opportunity and deliver the data directly to the
and communicate that between any two end points, evéestination. On the other hand, a node may use complete
in regions where no permanent networking infrastructure figture contact schedules to route data to the destinatign (e
available, such as under-developed (e.g. [5]) and hard-MED [11]). In between these two extremes, several protocols
access environments (e.g. underwater sensor networks f@yve been designed that make informed decisions based on
[7]). However, one of the challenges in routing data in suahobility-based metrics, such as the mean estimated expecte
networks is that a fully connected path between a source asfelay (MEED [12]), delivery probability (PROPHET [13]),
destination may not always exist due to different factoushs contact distributions [14], as well as metrics based on the
as the mobility of nodes, low node density, short radio rangsocial structure of the network [15], [16].
or power-saving modes. _ o

Network architectures and protocol designs that deal wih Overview and Contributions
routing data in intermittently connected environmentsis a The main contributions of this paper are fourfold. First, we
emerging area of research that is referred to as delapllected mobility traces of people in our office to study the
tolerant networking (DTN) and in some cases, as oppdmpact of human mobility on opportunistic forwarding. Like
tunistic networking. Unlike traditional routing protosothat the campus and conference environments that have been used
regard disconnections as exceptions, protocols desigmed greviously for a similar purpose [8], [9], office environnten

I. INTRODUCTION



too have a well-connected communication infrastructumyvH this approach is that two devices that are attached to the sam
ever, the motivation behind collecting these traces is #sgih access point may be regarded as being in contact, even though
of proximity-based communication protocols, where the-cothe devices may themselves be out of range with respect to
tact between two mobile nodes or the communication deviceach other. In our work, we define two individuals to be in
that they carry presents an opportunity for data disseioinat contact during a period of time, if the location coordinates
Hence, the purpose of obtaining the traces is to model theported by their respective tags indicate that they aratéat
intermittent connectivity arising from human mobility andon the same floor and within 5 meters of each other. This
use that as a basis for designing opportunistic protocolalue of the distance threshold is suitable for our open effic
Furthermore, since mobility in different environments magnvironment, where people sit at a close distance. Howbyer,
vary, the traces can be used to compare the impact of mobikiiynply choosing other appropriate threshold values, timeesa
on opportunistic forwarding in different environments. location traces can be used to model the contact behavior of

Second, based on the mobility traces, we characterize tfiferent opportunistic transfer devices.
aggregate inter-contact duration (ICD) for our dataseten-S
tion Il. The ICD is a measure of the intermittent connedgivi !l EXPERIMENTAL DATASET CHARACTERIZATION
arising from the mobility of the nodes. We show that the In this section, we characterize the contact behavior in
aggregate ICD exhibits a composite behavior, which con$orrour office environment based on the mobility traces that we
to the findings reported in [9], [17]. We then analyticallyide collected (see Section Il). First, we analyze the aggregate
the average end-to-end delay for the direct hop and floodif@D and determine bounds on the delay performance of
schemes, which provide bounds on the delay performar@@N protocols. Second, we model the pairwise ICD and
of other opportunistic protocols. Third, we characteribe t propose a new link metric that helps nodes to make effective
individual pairwise ICDs and observe that most of the paifsrwarding decisions in DTNs. We now present the notation
follow a log-normal distribution, but with different paraters. and assumptions that we use in our analysis.

Fourth, we introduce a new link metric, conditional residua Let the mobile network consist df nodes, each associated
time, that accurately estimates the remaining time for @ paiith exactly one device that can be used for content transfer
of nodes to meet, based on their last time of contact. Usifge assume a slotted time model= 0,1,2,.... For an
this metric as a basis for computing the delay in forwardingrbitrary node paii(i,j) € {1,...,N} x {1,..., N}, define
a message across a link, we propose CREST, a distributed contact process|; ;(t) as
opportunistic forwarding protocol that efficiently expg®ithe o , ) ]
heterogeneous contact behavior in the network. Experaent ¢, . (1) — { 1 if 7 andj are in contact during slat
evaluations in Section V using realistic mobility trace®wh ' 0 otherwise.

that despite using only local knowledge of past contactset 0 < +; < ¢, < ... < t,, < ... denote the increasing
CREST performs well and has lower end-to-end delay ardquence of time slots whefi; ; = 1. The inter-contact
higher delivery ratio compared to protocols like MEED [12}yration (ICD) is defined as the time elapsed between two
and MED [11] that make use of global knowledge. Moreovegccessive contacts of a pair of nodes. Thus, for the pair
CREST incurs minimal overhead compared to flooding [1%,]'), the ICD after thekh contact is simplyt, 1 — tg.
and MEED [12]. For mathematical tractability, we assume that, j), C;
Il. EXPERIMENTAL D_A_TASET is a renewal process, meaning that the ICDs associated with

In order to collect human mobility traces, we chose Sgifferent node pairs are independent and identically itisted
participants belonging to different functional groups iaro (i.i.d.). We denote the random variable (r.v.) representtre
office: researchers from two different research groupgepto ICD for the pair(i, j) by Tii j)-
leaders in the business division, department managers, sysThe residual ICD (or residual time) between devi¢emd
tem administrators, administrative staff, and studergrimd. ; at time slott, denoted byr(; ;) (t), is formally defined as
The participants clipped on an Ekahau location-trackirgy ta . . .
[18] while they were in the office premises. These tags are 7(ij)(t) = min {t' —t:¢' >t andC ;) (t') = 1}.
small, Igss disruptive, and hence, more Ilke[y to b_e cotleta It is a measure of the time remaining for the next contact
with their owners than bulkier portable devices, like lqyso v e and j, and is used to model the waiting time of a

Therefore, they can capture most of the contact OpporHmitimessage in a node’s buffer. We denote the r.v. represetiing t
The Ekahau real-time locationing system makes use of RS3Liy a1 time for the paifi, j) by R
) ,7)"

fingerprints from Wi-Fi access points within the office birilgl For the remainder of this paper, we assume that when two

o dgltermlne} the cqrrent I(.)]faé'obn 0; aﬂ tag. hThe Iocit'otﬁ'evices are in contact, any amount of information can be
coordinate of a tag is specified by the floor that a node &changed and that the buffer sizes of nodes are large enough
on (participants were distributed across different floossid that no messages are dropped. We also assume that the time
its X and ¥ coordinates on that floor. For our study, We USgyen 1o transfer data between devices in contact is nbtdigi

the location traces collected over a one month period. compared to the waiting time for the next contact opporunit

Previous work derives the contact information from the 1098 4 'i,ot the latter has a more significant impact on the end-
of Wi-Fi access points (e.g. [8]). One of the issues in usiqg_end delay



A. Aggregate Inter-contact Durations end delay is simply the residual time between the source and

In this section, we characterize the complementary cumgﬁs“nat'on node_s. )
lative distribution function (CCDF) of the aggregate ICD In order to derive the average end-to-end delay, we first note

which is defined as the CCDF of the inter-contact durati0|1i|§at when the contact process is a renewal process, the CDF of

ted Il devi . th tge ICD, Fr(t), is related to the probability density function
aggregated over all device pairs over the measurementberi " the residual ICD fx(t), as follows [19, pp. 171-172];

We then analytically study the delay performance of tw8
well-known forwarding schemestirect-hoptransmission and fr(t) = Fr(t)/E[T), 2)
flooding For the remainder of this subsection, we assume

that the ICD across all device pairs are i.i.d. and simplifffhereE[] denotes expectation (mean value). Accordingly, the

the notation by dropping the subscrit ;). n" moment ¢ = 1,2,...) of the residual timeR is given by
) Y A 1 Rl
E[R"] = /0 t fR(t)dt——E[T] /0 t"Fr(t)dt.  (3)

Thus, the average end-to-end delay for the direct-hop sehem
is E[Dan] = E[R] = [, tFr(t)/E[T]dt.

: ; When the CCDF of the aggregate ICD is specified by (1),
1072} | = Office aggregate data A 4 we f|nd that

10°F

CCDF

= = =Pareto fit : [}
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Fig. 1. CCDF of the aggregate ICD for the office dataset, arel th - te A
corresponding Pareto and exponential fits. The two dotteticak lines
correspond td,, = 1 minute andt. = 3 hours. Note that the exponential tail of the CCDF of the aggregate

ICD guarantees a finite end-to-end delay value, irrespectiv

Figure 1 shows the CCDF of the aggregate ICD for tH&e other system parameters. Also, since (4) is an upperchoun
office dataset. From the plot, we observe that the aggregtie end-to-end delay of other DTN routing protocols is also
ICD exhibits a Pareto (or power-law) distribution up to a fevinite. For the office dataset, the mean end-to-end delaygusin
hours, beyond which it decays exponentially. This shows th@irect-hop transmission is computed from (4) to be alsiut
the behavior of the aggregate ICD in an office environmeR@urs.
is similar to that observed in human mobility traces analyzéremarks:
previously [9], [17]. In general, the CCDF of the aggregate « By letting t. — oo in (1), we can study the case where

ICD for this composite behavior can be written as the aggregate ICD purely follows a Pareto distribution
with parametei. It is then straightforward to note that
- 1 0<t<ty the end-to-end delay for the direct-hop scheme is infinite
Pr(t)=q (t/tm)™ tm <t <te @ whena < 2 and bounded otherwise.
(te/tm) e M7t ¢, < ¢, « Settingtm = tc — 0 in (1), the aggregate ICD takes the

form of an exponential distribution with parameserFor

Whtergi_m der:otes tt_he mln(;m(;Jm \;aluttahdf;t_ e |sbthe cdhar;]_ h this case, the end-to-end delay for the direct-hop scheme
acteristic (cut-off) time and denotes the time beyond whic is equal to the mean of the exponential distribution, i.e.,

the CCDF decays rapidly; and and A are the parameters of 1/)

the Pareto and exponential distributions, respectivaly.the | ' ding: he flood h node th

office dataset described in Section II, we determined that th 2) Flooding: In the flooding strategy [10], each node that

valuesa = 0.1497, A = 7.87 105, ¢,, — 1 min and¢, —3 Nas @ copy _of the message forwards a copy to every other

hours provide a reasonably good fit based on the K-S statisfi‘gdeK th‘f"t it meets, provided that” does not already have_
We now analytically derive the average end-to-end del copy. Since messages are flooded through every possible

for the direct-hop and flooding protocols, which provid ath from the source to the destination, the flooding styateg
’ %@Iivers messages with the shortest possible delay.

upper and lower bounds, respectively, on the delay of oth deri losed-f ion for th d-t
opportunistic routing schemes. We then evaluate the delaiélve how cerive a closed-form expression for the end-to-

when the aggregate ICD exhibits a composite distributian, ned fgﬁclsalin(g :;tia?ig(r)\qgi?/e%r(z);orﬂ. II:e(irJV(}UE )?;'Zlgii;’e"\t'ﬁeuse
specified by (1). Additionally, we provide some insights o : e nA
pectt y (1) " Y, We provi nsi9 A min{Xy,..., X, }, whereXy,..., X,, aren i.i.d. random

the delay performance of these two protocols for the cas

in which the distribution of the ICD is purely exponential Olyarlables with the same .d|str|'buj[|0.n as . .
Pareto. Let at some arbitrary time, ¢ distinct nodes (including the

1) Direct-Hop Transmission:in this simple scheme, the source node, but not the destination node) have a copy of the

source §tores the message ym'l it .meets the destlnatlectlglr 1Even though time is slotted, we can take the slot duratioretarbitrarily
and delivers the message in a single hop. Thus, the end<4®all, and treafl” and R as continuous random variables.



message. We determine the additional time it takes for any of The average end-to-end delay is infinite, if the Pareto
the remaining nodes to obtain a copy of the message. For each parameter is< 1, i.e., when(a — 1)(N — i)i < 1, for
node having the message, the time elapsed before it meets anyany 1 < ¢ < N — 1. Noting that the maximum value

of the otherN — ¢ nodes is the minimum ofN — i residual of i(N — i) occurs ati = N/2 for eveni, and ati =
times (that are i.i.d.) and is represented by the ¥ _;(R). (N —1)/2 for odd4, the end-to-end delay is infinite only
Therefore, the time elapsed before any of theodes meet when

any of the otherV — ¢ nodes, i.e., the additional time it takes 1+4/N? for even N

beforei+1 distinct nodes obtain copies of the message (given S { 14+4/(N?—1) forodd N

that i nodes already have the packet) is modeled by the r.v.

M; (Mx_;(R)). Letd; = E[M; (My_;(R))]. o When the aggregate IC0O], is exponentially distributed
Now, note that the message is initially present only at the ~With parameter), the residual timeR, also follows an

source node i.ei,= 1 att = 0. Also, the destination node has ~ exponential distribution with parametar Thus,

a uniform probability ofl /(N — 1) of occurring at each of the N_1 ) N_1

N — 1 time instants at which a new node gets the message. E[Dy] = 1 Z _N _ Z_ — 1 1
Thus, the average end-to-end delay for the flooding protocol AN = 1) o1 i(N—i)  AN-1) = ¢

is equal to From the above expression, we see that even in a network
E[D,] = di+(dy+do)+ ... +(di+da+... +dn_1) with just 10 nodes, flooding delivers messages albit

N -1 ’ times faster than direct-hop transmission. The end-to-end
which is equivalent to delay reduces further with increasirdg, but at the cost
N_1 of higher message overhead.

1

E[Dy] = N —1 Z(N —)E[M; (My-i(R))]. (5) B. Pairwise Inter-contact Durations
i=1

We now show the procedure to evaluate (5) using only t
CCDF of the residual timel'z. Indeed, by definition,

heThe use of aggregate ICD helps in analytically evaluating
the delay performance of some simple forwarding schemes
and thus provides useful insights on the impact of using

Fuyy_wmy(t) = Pr(Ry>t,Ry>t,...,Ry_;>1t) other protocols. However, in general, the aggregate ICD is
—i = N—i i i i
— (Pr(R>1)N =i = ( FR(t)) : not represeptanve of the_conta_ct behawor_of differentaf
nodes. For instance, device pairs that are in contact fratyue
and consequently, have a lower average ICD than those that meet rarely. We

i _ (N—i)i remark that the individual pairwise ICDs provide a betteyad
Fyr(vin s t) = (Fr(t . 6

. M (M) (D) ( & )) © of the contact behavior in the network. We now characterize
Putting together (5) and (6), the average end-to-end delay fhe pairwise ICDs in human mobility traces and study their

the flooding protocol is obtained as impact on opportunistic forwarding.
= 0 q i We used a distribution fitting software, EasyFit [20], to
E[Df] = 57— > {(N - i)/ e (Fr(t))"""|. (7) determine the best fit for the mobility traces that we cotelct
T =l oo After fitting the pairwise ICDs to several types of distrilouts,

When the CCDF of the aggregate ICD is given by th#@cluding exponential, log-normal and Pareto, we observed
composite distribution in (1), we use (2) to obtain, based on the K-S statistic that the ICD between most pairs
is fit best by the log-normal distribution, but with diffeiten

1 tﬂ,aiatl,a 0<t<tm parameters. Based on these results, we considertvthiat),
Fr(t) = —{ ey tm <t <t the pairwise ICD, T}, ), is log-normally distributed with
E[T] E[T] — (t_c)’a ety parametergs;; ando;;. Accordingly, the CCDF of the ICD
tm A co for the device pail(i, j) is given by [21]:

Using the above expression in (7), the average delay for the
flooding protocol is numerically calculated 4$6 hours. The Fr,  (t) = 1 lerf In(t) — pij £>0
flooding protocol delivers messages abbuttimes faster than (7 2 2 oyV2 | T

direct-hop transmission. where erf-) is the error function. For our dataset, the distribu-
Remarks: tions of the pairwise ICDs are heterogeneous with their mean
« When the aggregate ICD follows a Pareto distributioBpanning over three orders of magnitude.
with parametera, the residual time is also Pareto- The characterization of contact behavior between indiidu
distributed, but with parameter — 1 [9]. Using this in pairs as log-normal distributions indicates that the pisiew
(7), we obtain the mean end-to-end delay as ICDs are not memoryless. The above property implies that
the residual time between a pair of nodes is dependent on
(@ =N —i)% their previous time of contact. Hence, the delay involved in

tm
E|D| = — — .
D=5 ; aN=i ((a =1)(N —i)i—1)"  forwarding a message between a node pair can be accurately

N—-1




estimated by considering their last time of contact. Foitmy contact. Therefore, the longer it has been since the node pai
this, we introduce the notion of conditional residual timéi, ;) last met, the higher is the median time remaining for their
(CRT), and use it to model the delay in forwarding messagaext contact. However, note that the behavior of the median

across links in intermittently connected networks.

CRT may change depending on the distribution of the ICD.

Conditional residual time: We define CRT as the time For example, wherf;; is exponential, the contact process
remaining before devices and j meet, conditioned on theis memoryless, and thereforg; is independent of;;. On

information that they last met;; time slots ago. LetR(z-,j)

the other hand, when the contact behavior between a pair of

denote the r.v. representing the CRT between the device paides is periodic, i.e., whefy; ;) is a constant, the residual

(i,4). Formally, the CCDF oﬂ%(i,j) is written as

FR(M) &) = Pr (Rﬁd) >t | T gy > tij)
= Pr(Tig > (t+ty) | Tig) > ti)
Pr (T(; 5 > (t+tij))
Pr (T ) > (ti)))
where (a) is from the definition of conditional probability.

WhenT{; ;) follows a log-normal distribution (as in the office
dataset) with parameteys; ando;;, we have

7 - 1— erf((ln(tij +t) — pij) /(Uij\/i))

fropy ) = =2 Y (o '
1—erf((Inti; — piz) /(0i;V2))

We now use the characterization of the CRT to propose a

new metric that accurately models the delay in forwarding a
message across a link in the network. This metric can then be

(a)

(8)

)

used to represent the cost of a link and to efficiently forwagg, , ;

messages from the source to the destination.

time decreases with the elapsed time since their last contac
This can also be seen by letting; — 0 in (11), so that

tij — exp(pij) —

t;j, which decreases linearly with;.

—C =25
-==g=3.0
g =35

Median CRT (seconds)

4 6
Elapsed time (seconds) x 10*

ij versust;; for different values of the parameters; ando;;.

When the pairwise ICD follows a log-normal distributionetmedian CRT

Indeed, a simple choice for the link metric is the mean dponotonically increases with time elapsed since last cbnta

the average CRT. From (9), we obtain the mean CRT when
T,j) is log-normal as:

J?j lntij*#w*%zj
X exp(pij + —>) | 1 —erf v
B[R ;)] = — ti. (10)

_ Inti;—pij
1 erf(iﬁjﬁ )

IV. CREST FORWARDING PrROTOCOL

Having introduced a new metric to model the delay in
forwarding messages across links in an opportunistic métwo
we now explain how it can be used by the nodes to make

forwarding decisions. We propose CREST, an opportunistic

The main shortcoming of using (10) is that the mean CRT fgotocol which performs forwarding decisions in a fully dis
sensitive to extreme values of the data, particularly when tyihted manner, using only the local knowledge of the nodes
data size is small. For such cases, using the mean CRT dgf§ are in contact.

not accurately represent the cost of a link.

In order to circumvent this issue, we consider thedian Ajgorithm 1 : CREST Forwarding Algorithm

CRT, which is less sensitive to extreme values of the CR¥;

Inputs: SourceS, DestinationD

and therefore is a more robust link metric than the mean CRZ: Initialize : Delivered = 0, ForwardingNode= {5}

Let #;; denote the median CRT, which is computedigs= bt

Fgl (0.5). When the ICD is log-normally distributed, we

(i,7)

ave 5!
6:
7

- (11 Inti; — i 8:

tij = exp (erf * (2 + Zerf(cr:j\/ij>> Uij\/i'i'l/«ij) —ti;. (11) 9:
10:
11:

Figure 2 plotst}j versust;; for the range ofy,;; and oy; :
values obtained from the characterization of the individuag:
pairwise ICDs for the office dataset. For most pairs in oug:
dataset, the value qi;; lies between 8.0 to 11.0, while;; 15:
lies between 2.5 and 3.5. We observe from Figure 2 thgat
when the ICD follows a log-normal distribution, the medianis:
CRT monotonically increases with the time elapsed sinde 1ds"

3: while Delivered== 0 do

EncounteredNodes set of all nodes that are currently in contact with
the ForwardingNode
if D € EncounteredNodeghen
Forward message tD; Delivered = 1;
else
PossibleRelays {ForwardingNodg U {EncounteredNodés
for all nodes: € PossibleRelayslo
Compute the link metrid;; p;
Sendt; p to ForwardingNode
end for
NextHopNode= {k|typ < &;p, Vi, k € Possible Relays}
if NextHopNode# ForwardingNodethen
Forward message tdextHopNode
ForwardingNode= NextHopNodg
end if
end if

end while




Algorithm 1 presents the steps involved in the CRESdirect hop. The evaluation is based on the delivery ratid; en
protocol. The goal of this algorithm is to make use of contatv-end delay, message overhead (which is the total number
opportunities to forward a message from the source to thécopies of a message transmitted in the network before it
destination through one or more hops, while keeping the end-delivered), and hop count (which is a measure of the path
to-end delay low. Accordingly, when two or more nodes are iength between the source and destination). We first evaluat
contact, the node having the lowest value of the median CRfe protocols for the single copy case, where there is ongy on
with respect to the destination obtains the message. We noopy of every distinct message in the network at any given
describe the CREST protocol in detail. time. We then consider the case where the source forwards

We refer to the node currently bearing the message as thaltiple copies of a message. We also evaluate how effective
forwarding node. When the forwarding node meets one tire median CRT is compared to the mean CRT metric in
more nodes at a given time, each of the nodes that is rireking forwarding decisions, based on an implementation of
contact locally computes its median CRT with respect to tt@REST that computes the link metric using the mean CRT
destinationD using Equation (11). This involves two steps(see (10)) instead of the median CRT.

First, each node that is in contact, updates the values of Qur evaluation is based on realistic human mobility traces
uip ando;p based on the knowledge of its past ICDs witleollected from office (see Section 1I) and conference [3]
D. Given the values of past ICDs for the node p@irD) environments. In sections V-A and V-B, we use the contact

as 7,...,7,, the log-normal parameterg;p and o;p are traces we collected over a period of four weeks in our office.
calculated as [21]: During the simulation of each protocol, we generate 10000
1 2 messages in the network. The source and destination nodes
pip =In (E[T] —gn (1 + (]E[;})2>) for each of the messages are randomly chosen from the 52

participants in our dataset. Each message is generated at a

and . .
\/ < o2 randomly chosen time during the second of the four weeks.
giD + z )7

(E[r])? In V-C, we evaluate CREST using the human mobility traces
collected from a conference environment, as part of the Kagg

whereE[r] = 3" | 7, /nando? = 37, (r; — E[r])* /n, are project [3].
the arithmetic mean and variance of the ICDs. Second, each
node: uses its knowledge of the time elapsed since its last Single Copy
contact with the destinationt;p, and the values ofi;p and .
o;p to compute its median CRT metri€;» (Line 10). The _F|gure 3(a) plots the_ CDF of the_ end—to_—end _deIa_ys for the
forwarding node then receives the computed link metricemludifférent protocols, which also depicts their deliveryisatat
from each of the nodes that it is currently in contact witmgi différent instants of time, since the time at which the mgesa

11). If the forwarding node has the lowest value of the metri@s generated. Figure 3(b) shows the CDF of the hop count
no forwarding is done and the message is stored until its nd2f the delivered messages. The plots in Figure 3(a) show tha

contact opportunity. Otherwise, the message is forwarded '€ CREST protocol based on the median CRT has a higher
the node having the lowest median CRT (Line 15), which théfg!ivery ratio and lower end-to-end delay compared to the

becomes the new forwarding node. This process is repeafgtocol based on the mean CRT metric, although the latter
until the message is delivered to the destination. has a slightly lower hop count. We infer that the median CRT

In computing the link metrici;p, in the above description is a more effective forwarding metric than the mean CRT.

of CREST, we assume that the pairwise ICDs follow a log- Ve now compare the CREST protocol based on the median
normal distribution, which is the case for the mobility eac CRT with the remaining protocols. Evidently, the direct hop
that we collected. However, the nodes can also use the st@p§ flooding strategies provide the upper and lower bounds fo
presented in Algorithm 1 in other cases, by computing the end-to-end delay and the delivery ratio. Direct hop is ab
according to the distribution of the pairwise ICDs (using)(8 to deliver only 35% of the messages in a day and about 50%
The advantage of the CREST algorithm is that it enabl&s3 days. Flooding delivers 100% of the messages within just
the nodes to make forwarding decisions in a completely ¢l hours, whereas the CREST protocol (based on the median
centralized manner. Each node computes its median CRT wifT) delivers almost 95% of the messages in about 2 days.
respect to the destination locally, using only the knowtedy However, note that the implementation of flooding, like the
its prior contacts with the destination. Moreover, CRES is Other schemes, does not impose any constraints on the buffer
low overhead protocol and does not require the link costs i1gth. Additionally, flooding has a high overhead and on an

be disseminated, each time they are updated. average, results in 196 message transmissions. In cgntrast
the CREST protocol has a low message overhead of 5.3
V. PERFORMANCEEVALUATION transmissions of a message, on an average. While neither the

In this section, we experimentally evaluate the perforneanfiooding nor the direct hop scheme uses any knowledge about
of the CREST protocol (based on the median CRT metrite network, we now compare the performance of CREST with
using simulations, and compare it with the following praifsc protocols that use some knowledge of the network for making
flooding [10], PROPHET [13], MEED [12], MED [11], and forwarding decisions.
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Fig. 3. Comparison of opportunistic forwarding protocats the office dataset: single copy. The delivery ratio aldmg y-axis is computed as the CDF of
the end-to-end delay.

Both the MED [11] and MEED [12] protocols use theoverhead of exchanging routing tables. Within a one-day
average residual time to model the cost of a link and constrygeriod, PROPHET delivers only 60% of the messages, while
a path with the shortest cost to forward a message frd@REST delivers almost 80% of the messages. Moreover, the
the source to the destination. However, while MED assumasgerage hop count for PROPHET is 6.5, which is a little higher
that the future contact schedules between pairs of nodes @r@n the value of 5.5 for CREST. In PROPHET, the delivery
known in advance and performs source routing, MEED uspsobability of a node is aged with time and updated upon
past contact information and makes forwarding decisiormupnext contact, independent of the mobility model. For ICDe th
contact. Figure 3(a) shows that MED delivers only 34% of thellow distributions, such as log-normal or Pareto, thegienit
messages in 1 day and 90% of the messages within 5 days. Tihe been since two nodes have met, the less probable it is that
CREST protocol, which uses only local knowledge, perfornthey will meet again soon (based on (8)). Hence, PROPHET
better than MED, even though MED uses full knowledge gferforms reasonably well in these cases, although the aging
future contact schedules. We explain this behavior by gotinameters need to be chosen appropriately. However, PROPHET
that unlike MED, where the complete path is decided at thi®not adaptive to different mobility models. For instaniéé&e
source, in the case of CREST, the nodes update their liointact behavior between a pair of nodes were to be periodic,
metrics upon an encounter and hence, the forwarding desisithen the longer it has been since their last contact, thelemal
are more adaptive to recent contact information. Also, acint will be the residual time. In such a case, aging the delivery
behavior in intermittently connected environments mayb®t probability is not appropriate. In contrast, CREST does not
memoryless (see Section 1lI-B). Hence, it is advantageousexplicitly age the delivery probability, but instead usée t
take into account the immediate past contact time betweemaracterization of the pairwise ICD to accurately model th
a pair of nodes to estimate the time remaining until theitelays across links.
next meeting. The median CRT completely captures this
information, and hence is a more effective metric than ti& Multiple Copies
average residual time. We also observe from Figure 3(a) tha\N
CREST has a smaller end-to-end delay and a higher deliv
ratio compared to MEED, which is able to deliver only 369
of the messages in 1 day and 78% of the messages in 5 d
Moreover, unlike MEED, CREST avoids the overhead incurr
in the epidemic propagation of the link costs each time th

?rethupdated. Basg((jj ort_these rte_sults, ;veb ml\];IeEr[;hat dc&né% ure 3(a) shows that disseminating multiple copies of a
0 the average residual imeé Metric Used by - an essage at each hop helps the flooding scheme to achieve a
the median CRT estimates the delay in forwarding a message

. orter delay and a higher delivery ratio. Similarly, thelRB
across a link more accurately and thus, enables the node y 9 y Y

tunisti work t K Hective f di fBtocol [22] performs well by replicating packets at each
ggc?sﬁsr?; unistic network to make more eflective forwarding, sfer opportunity, but instead of flooding, RAPID models

DTN routing as a utility-driven resource allocation prable
We now compare the performance of CREST and tland routes packets by replicating them in decreasing order
PROPHET protocol [13], which uses a history of encountedd their marginal utility. The question we want to answer in
and transitivity to predict the delivery probability. Figas 3(a) this section is whether the CREST protocol can do as well as
and 3(b) show that the CREST protocol performs bettéooding, but with a small number of message copies, and if
than PROPHET, even though CREST does not incur tke, what is a good value for the degree of replication. Unlike

) ith the exception of flooding, in each of the protocols
Insidered in Figure 3(a), a node does not retain a copy
Of the message upon forwarding. However, since there is no
drantee that a pair of nodes in an intermittently conmecte
environment will meet again, routing protocols designed fo
s can improve the delivery ratio by replicating messages



Delivery Ratio
o o o
@

2
T T

== Flooding
=8~ CREST (m=1)
=©-CREST (m=2)
—A— CREST (m=5)

== Flooding

0.2 1y =B~ CREST (m=1)
=©- CREST (m=2)
=& CREST (m=5)

; I : | i i | | | |
12 hrs 1 day 2 days 3 days 2 4 6 8 10 12 14
Time Hop count

(a) CDF of end-to-end delay (b) CDF of the hop count
Fig. 4. Comparison of opportunistic forwarding protocals the office dataset: multiple copies.

flooding and RAPID, however, we consider that the packetentacts. Although the office and conference datasets have
are replicated only at the source. several differences, we observe that a majority of the pa@gw

To answer the aforementioned question, we modify tHEDs in the conference environment also follow log-normal
CREST protocol, so that the source generatesopies of the distributions, which is consistent with previous findin@s].
message and forwards them to the firsinodes that it meets, Figure 5 compares CREST with the flooding, PROPHET,
which have a lower median CRT value to the destination thamd MED schemes using the conference dataset for the
itself, provided that they do not already have a copy of tteingle copy case. Figure 5(a) shows that the performance
message. Note that the intermediate forwarding nodes do n6tCREST is marginally lower than that of flooding. In
replicate the message. Figure 4 compares the performancea d?4-hour period, flooding delivers 95% of the messages,
the flooding scheme and the CREST protocol fier= 1, 2, whereas CREST delivers 85%. Compared to PROPHET and
and 5. The plots show that there is a steady improvementMED, which deliver 80% and 60% of the messages in 24
the performance whem increases from 1 to 5. The time ithours, CREST has a lower end-to-end delay and a higher
takes to achieve 90% delivery ratio when= 1 is about 40 delivery ratio. Figure 5(b) compares the hop count for the
hours. This drops to 24 hours when = 2, and further to messages delivered by the different schemes. The mean hop
only 18 hours whenn = 5. We did not observe significantcount for MED, flooding, CREST, and PROPHET is 2.28,
improvement in the performance beyomd = 5. While 3.18, 4.15, and 6.72, respectively. These results are stensi
flooding delivers 100% of the messages within 21 hours, tidth the results that we obtained using the mobility traces
CREST protocol withm = 5 delivers as much as 95% of thecollected from the office environment. These results show
messages in the same time, but at a much lower overhead.t@at the CREST protocol can adapt and forward messages
an average, the flooding strategy disseminates 196 copies efficiently in different environments. We have also evaddat
message through the network before it is delivered, whie tkthe performance of CREST by using mobility traces from other
corresponding values for the CREST protocol are only 5.3dnvironments and synthetic traces in which the ICDs follow
6.53, and 8.92, forn = 1,2, andb5, respectively. Increasing distributions that are not lognormal. CREST performs well i
the number of message copies from 1 to 5 also lowers thach case. Due to the page limit, we plan to present these
average hop count from 5.34 hops for = 1, to 4.30 hops additional results in an extension.
for m = 2 and further to just 3.46 hops fan = 5, which is
lower than the average hop count value of 3.77 for the flooding VI. CONCLUSIONS

strategy. Thus, the CREST protocol with only a few message _ ] o
copies is able to achieve end-to-end delays and deliveiy rat In intermittently connected environments, it is advantage

comparable to that of flooding, while incurring a much lowel© Utilize the contact opportunities presented by mobile en
overhead. tities, such as humans and vehicles, to forward messages.

However, it is important to judiciously choose the forwagli
opportunities in order to reduce the end-to-end delay and
We also evaluate the performance of CREST using tiovide a high delivery ratio, while incurring a low overldea
mobility traces collected in a conference environment [3This can be better accomplished by characterizing realisti

The conference dataset consists of the contact data loggeability traces and further developing practical forwagli
by iMote devices carried by 41 conference attendees oveprtocols based on the models.

four day period. Each iMote device records the sightings of In this paper, we analytically characterized human mapbilit
other iMote devices (termed internal contacts) as well berot traces that we collected in our office environment, and ob-
types of Bluetooth devices (termed external contacts).odor served that the inter-contact duration between pairs oksod
evaluation, we use only the traces corresponding to thenate are not memoryless. Following this, we introduced a new link

C. Performance Evaluation for a Conference Dataset
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Fig. 5. Comparison of opportunistic forwarding protocaisai conference environment: single copy.

metric, median conditional residual time, which uses tlexipr

(4]
ous contact time between a pair of nodes to accurately égtima
the remaining time for their next contact opportunity. The

median conditional residual time forms the basis of CREST[g)
an opportunistic forwarding protocol that is completely- de

centralized and has minimal overhead. Experimental result

show that CREST performs better than protocols that us[g.]

future contact schedules and global knowledge of the contac

behavior across the network. Furthermore, by dissemigatiri7]
only a few additional copies of the message at the source,
CREST achieves a delivery ratio comparable to that of thfé]
flooding protocol.

The primary focus of our work so far has been to study
the impact of human mobility on opportunistic forwarding.[9
However, an office environment s also a social network, wher
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people meet others based on their functional roles and the

ties they have to different groups. The social structure of

the network is less likely to change frequently compared bt
mobility-based contact traces. Metrics based on such teng-

relationships provide an alternative way to representamint
behavior between pairs of nodes. Hence, it would be interest

[12]

ing to explore the use of novel metrics that characterizeasoc'3]
ties and consider any correlations that may exist among

pairwise ICDs, in order to study their impact on opportunist

forwarding.
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