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Abstract—Message Ferrying is a mobility assisted scheme in to the problem. In the first phase they generated an initiztero
which a special node, called a message ferry, is tasked withpy using an algorithm from the well studied TSP literature. |
delivering data among a set of disconnected wireless nodes. Oneyrder to meet certain bandwidth requirements, they applied

key challenge for such scheme is to design the ferry route in .
a way that improves certain network characteristics such as a second phase where they extended the amount of time the

average data delivery delay or data loss ratio. Previous work ferry spends at each node by solving a linear optimization
has optimized ferry travel time, rather than directly optimizing  problem. This solution and other solutions like [5], [6] are

message delivery performance metrics. In_thls paper, we revisit commonly based on graph traversal algorithms and mainly
the basic ferry route design problem for stationary nodes with the approach the problem as a variation of the TSP. Although

goal of providing a framework for optimizing delay performance. . . . .
We start with a Markovian Decision Problem (MDP) formulation this approach is appealing because of the richness of the TSP

which produces the optimal ferry route that minimizes the literature, it does not actually allow for optimizing speci
average data delivery delay. While this formulation, in principle, network characteristics such as the average data delietay.d
enables optimal ferry route design, it is numerically intractable This is mainly because this approach does not take into
for moderate to large size problems. Solutions to small problems, consideration the non-uniformity of distances and traffites

however, yield insight into the properties of optimal ferry routes. . . .
These insights, in turn, lead us to propose a ferry route design between different nodes in the network. For this reason,age s

algorithm that takes advantage of the similarity between our the need for developing a new ferry route design algoritha th
problem and the link scheduling problem in traditional networks. has the capability of optimizing given performance metrics
Our algorithm is inspired by the Deficit Round Robin (DRR) To this end, we revisit in this paper the basic problem of
algorithm which has provable properties for delay optimization ferry route design for stationary sparsely deployed wirle

when applied to link scheduling. Using simulations we show that . - . . .
our DRR-based algorithm produces ferry routes that are close to nodes which was originally studied in [4]. Our goal is to

optimal when compared to the MDP-derived solutions for small develop a scheduling algorithm geared towards minimizing
problems. Our results also show that our algorithm produces end-to-end message delays. First, we formulate the problem

ferry routes for moderate to large problems that significantly as a Markovian Decision Problem (MDP), and then solve the
out perform existing solutions. MDP to get a route for the ferry that minimizes the average
end-to-end delay. One major problem we encountered with
using MDPs was the exponential growth of the state space
Message ferrying is a networking paradigm that was desth the size of the network. Because of this we were able to
veloped to perform data routing in intermittently connelcteget optimal ferry route solution only for small size netwark
or completely disconnected wireless networks [1]-[3].Hist However, studying these solutions provided us with insight
scheme, a set of mobile nodes calledssage ferrietake re- regarding the properties of the structure of optimal feoytes.
sponsibility for carrying messages among disconnectedsiod Guided by these insights, we next propose a ferry route desig
This approach is very attractive especially in cases whele®o algorithm that, takes advantage of the similarity between
are sparsely deployed with limited contact opportunitiess our problem and the link scheduling problem in traditional
also the only feasible connectivity approach when nodes aretworks. As a preview, the ferry acts as the shared resource
stationary and sparsely deployed. needed for delivery, just as the link is the shared resource
A key challenge when using the Message Ferrying scheime link scheduling. Our algorithm is based on the Deficit
is the design of the route of thmessage ferriegr a manner Round Robin (DRR) algorithm which has provable desirable
that achieves desirable performance characteristics aschthroughput and delay properties in traditional networks.
minimizing the average end-to-end delay or the packet dropTo illustrate the difference between our approach and pre-
rate. Previous work proposed solutions to this problem inous solutions we present the following example. Figure 1
cases where single or multiple ferries were used, and aldwows two different geographical configurations for a four-
in cases where nodes were mobile or stationary. A specmde network. In network Figure 1(a), the nodes form a square
case of the ferry route design problem was studied in [4]. imhose side is is 1KM long. Each node sends data to each other
this case all nodes were assumed to be stationary and ombge at a rate of 10Kbps, except for traffic going between
one message ferryvas used. The authors in [4] proved thahodes 1 and 3 which is 1Mbps in both directions. In this case,
the ferry route design for this case is NP-hard by reducingtuitively we think that in order to minimize the averagdala
the Euclidean Traveling Salesman Problem (TSP) to the fewiglivery delay, the optimal route for the ferry should visit
route design problem. They also proposed a two-phase@oluthodes one and three more often than nodes two and four.

I. INTRODUCTION
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We were able to solve the MDP and get the optimal ferry
route for small size networks (3 or 4 nodes) with limited size

~ > s buffers. An optimal route can be thought of as the set of
~4.2 N pairs (state, decision), where state represents the state of
< —> N the system andecision is the next node to visit. Basically,

this pair means that if the system is in statete, the ferry
should move to nodéecision. When applying optimal routes
to ferry movement, it does not necessarily result in cyclic

routes. Hence, we choose to characterize optimal ferryesout
with relative frequencies of node visits.

We obtained the optimal ferry routes for many small net-
works that have different distance and traffic configuration
(icluding networks in Figure 1). Studying relative frequies

Fig. 1. Two different networks, distance in kilometer

However, a TSP based solution such as [2] will produce

cyclic route of the form{1,2,3,4}. Since the new 'technlqueof node visits for these routes, we came to the following
developed here generally does not produce cyclic routes, Wservations:

use relative frequencies of node visits to describe they ferr . . )

route. In this example, our technique will produce a route * Nodes that have higher traffic rates (in, out, or both) tend

that will have the following relative node visit frequensie (@ have higher relative frequency than nodes with lower
traffic rates. This observation means that a node that sends

{2 :1:2: 1}, which means that on average notleggets _ >
visited twice as much as node This route gives about5% or receives more data gets to be visited more frequently
than other nodes.

improvement in the mean data delivery time over the TSP- ; i )
based route. « Optimal routes tend to favor travelling shorter distances,
Another case is illustrated in Figure 1(b), where three ef th meaning that nodes that are Iocateo! relatively fa_lr from
other nodes usually have lower relative frequencies. On

four nodes have the same placement as the previous example, he other hand. nodes th | " des h
while the fourth node (hode 3) is placed significantly farthe t.e other and, nodes t_ at are closer to other nodes have
higher relative frequencies.

away, see distances in figure. The traffic among all nodes is
equal to 100Kbps. Again one should expect that the optimalThese observations about the relationship between relativ
route in this case should visit nod® less often than the frequencies of node visits and both distances and traffesrat
other three nodes because as the ferry travels to node 3v@re reminiscent of the fair link scheduling problem. Insthi
increases the delay for other traffic. A TSP based solutigfoblem, it is required that packets from different flowsttha
will again produce a cyclic route of the forril,2,3,4}. share the same link be scheduled in a way that achieves
Our technique, however, produces a route with the followirfgirness among flows. Deficit Round-Robin (DRR) [8] is
relative visit frequencieg3 : 2 : 1 : 2} which gives about an algorithm that produces fair link schedules. With DRR
76% improvement in average data delivery delay over the TS®heduling, flows with large packets tend to be serviced less
solution when tested through simulations. frequently than flows with small packets. We explore this

Message ferrying was first introduced in [1], [4] as a nefihalogy a little further in the next section where we use it
work paradigm for data delivery in sparse MANETSs. The sanié to develop the DRR-based ferry scheduling heuristic.
authors proposed an algorithm for controlling the mobitfy
multiple message ferries in [2]. An algorithm for ferry reut
design with mobile nodes in sparse DTNs was proposed inOne key observation in this paper is that the ferry route
[3]. Different than previous ferry algorithms, this algbrn  design problem is analogous with the link scheduling pnoble
assumed no coordination between the nodes and the ferry.iAgraditional networks. This, in principle, allows us toeusny
mentioned previously, the most relevant work to ours is [2fnk scheduling algorithm to solve our problem [9]-[11]. We
in which the authors presented a solution to the same problefbose to use the Deficit Round-Robin [8] algorithm because
of ferry route design with stationary nodes and a singleyferiof its simplicity and desirable provable throughput andaglel

The rest of the paper is organized as follows. Properties gfoperties. In this section we describe the ferry routegiesi
routes learned from MDP formulation are presented in sectiprocess. We start by briefly describing the DRR operation
II. In section Ill we present our DRR-based route desigin traditional networks, then we show the analogy between
framework. We present some simulation results in section e link scheduling problem and the ferry route problem, and
and then we conclude the paper in section V. finally we describe our algorithm in detail.

IIl. DRR-BASED FERRY ROUTE SCHEDULING

II. MDP FORMULATION A. Deficit Round-Robin Scheduling and Message Ferry Rout-

Due to space limits we omit the details of the MDP"9
formulation here and the reader is referred to [7] for thaiiet Deficit Round Robin (DRR) is a scheme that allows fair
Below we present the properties of ferry routes we learnsdheduling of multiple flows over a single shared link. It
from solving the MDP. is designed to deal specifically with the case of flows with
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unequal and unpredictable packet lengths and does noteeqgdestination, we call this set theandidate_list. Function
a-priori knowledge of average packet sizes for flows. get DRRCandi dat escomputes this list. It simply returns all

The details of DRR can be found in [8]. A router thanhodes: that satisfy the conditionredit]i] > d(curr_loc,1),
implements DRR has a separate queue for each incomimgere the latter is the distance between nbdad the current
flow. For each queue there is a deficit counter that keepssition of the ferry. The ferry then applies a tie breaking
track of the amount of service granted to that flow. Beforalgorithm to select a destination from thendidate_list.
the DRR algorithm starts, all deficit counters are initietlz After that, the credit value of the selected naderedit[i], is
to zero, and in each round a flow is allocated a quanéym reset to zero. The tie breaking algorithm will be explained i
worth of bits. In the simplest cas@; = @, for all flows detail later.

i, 7, which will result in equal shares of the link bandwidth When the functiomget DRRCandi dat es returns an empty
for all flows. However, each flow can be assigned a differenaindidate set, a new round of the algorithm operation begins
relative bandwidth by having different values f. Queue At this point, the functionupdat eCr edi t sis called to

i's allocation is accumulated in a deficit countB”;. When update the values ofredit[i]. The approach we follow to

a queue is visited one or more packets are serviced with thygdate credit counters will be explained shortly.

condition that their total size is less than the accumulated
deficit counter. IfB; bytes are serviced then the deficit counter
is decremented byB; bytes and the scheduler moves on to the
next queue.

It is straightforward to see an analogy between link schedul
ing using DRR and message ferry route design. Observe that L

. . return next_location;
the ferry itself represents a resource (analogous to a link) |
shared among a set of stationary nodes (analogous to flows)e.) S/f Start d
The distance between the current location of the ferry and a art a new roun
particular node is analogous to the size of the packet vgaitin
in a flow’s queue — the distance should be traversed only if
the node has accumulated enough credit. A ferry visit to a
node can be considered in this analogy equivalent to serving Fig. 2. getNextLocation function
a packet from a certain flow.

To illustrate this analogy, we apply it to the network in figur
1(a). In this case we have four “flows” labelédhrough4, one
representing each node. If we assume the ferry to be cwrentl
at nodel, it means that “flow”1 has just been served and
the DRR algorithm will have to decide which “flow” to serve
next. That also means that packet lengths coming from flows
(nodes)2, 3,4 are represented by their distances from node
which arel, /2,1 respectively.

We emphasize that this is only an analogy that inspires Fig. 3. getDRRCandidates, computes thevdidate_list
our heuristic and is not a formal mapping between the link
scheduling problem and the message ferry route problem. Iti It is clear that the algorithm operation can be controlled
nevertheless, useful as it provides guidance for the cactgtn by the two functionsupdateCredits and tieBreak. Using
of an efficient heuristic. Furthermore, there are enoughestey different approaches in these two functions can change the
of freedom in the DRR scheduling framework that allows userformance of the algorithm significantly. We have consid-
to incorporate ferry route design features that were l@hrnered many possible implementations for these two functions
from our MDP formulation. Below we present the functions that we finally settled on for

our heuristic, and the rationale behind choosing them.

getNextLocation (credits)

if getDRRCandidates(rr_loc) # () then
candidate_list = get DRRCandi dat es(curr_loc);
next_location =t i eBr eak(candidate_list);
credit[next_location] = 0;

*
updat eCr edi t s(credits);
get Next Locat i on(credits);
end if

getDRRCandidates ¢urr_loc):
candidate_list = {}
for all nodei # curr_loc do
if credit[i] > distancefurr_loc,i) then
candidate_list + = 1;
end if
end for

B. Ferry Route Scheduling Heuristic

Figure 2 shows the high level pseudo-code for the DR
based route scheduling process. The details of the subesuti

are explained in text. The functiopet Next Locat i on is 4di . h s old val h
called by the ferry each time it concludes a visit to a nod® @dding@; to the counter's old value. We compute the

h B . X
and needs to find its next destination.The operation of o‘(ﬁ'(;JGSQi as dfo!lowsa LeE)r,] ﬁe theltrafﬁc rate gom%_from
algorithm can be explained as follows. As in traditional QRR'?9€ % 1O n;) €j, ands; be the tota r;ggregate traffic rate
we maintain a service quantum counter for each stationat ginating from and destined to nodgthens; can be written

gpdateCredits. This function is called at the beginning of each
new roundk. It generates the quantum service valggs for
each node and updates each node’s credit counterditi|

nodei, we call it credit[i]. Initially, credit[i] is set to zero & N
for all 7. Each time the ferry needs to make a decision it 8 = Z (rij +751)
computes a set of nodes that can potentially be the next =1
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We also defines = min(s;) as the minimum aggregated datan a 4km x 4km area. There is one additional mobile node
rate for all the nodes. Now, let;; be the distance betweenWhich acts as a message ferry. Every node has a wireless
nodesi andj, and letd; = 3>, d;;/(N — 1) be the average interface with a radio range @50 meters and a bandwidth of
distance between nodeand all other nodes. If we assume that0bps. The ferry is assumed to move in straight lines and

formula if two stationary nodes fall in radio range of each other they
k_ g S5 do not communicate or exchange data. Each point in the plots
Qj = d; X 5 in this section was averaged ov&# simulation runs.

tional to the average distance is to ensure a candidate atet ﬁred. Random uniform allocation is simply done by selggtin

. 5 o o oth  and y coordinates of any node as a uniform random
is big enough to give the ferry flexibility in choosing its nex . : s :
2 : o . variable in the interval0, 4000). Clusters are formed in the
destination. This makes the credit increase consistenthghe .
following manner. Assume we hav#/ clusters, then we

a node is close or far while favoring nodes whose distange : S
. - Tirst select M random cluster centers uniformly distributed
from the current node is below average. Due to space limits

. . over the area. We do that in the same way we did with

we refer the reader to [7] to see the rationale behind thersqu :
. ; e uniform random nodes. Then, for each of tNenodes,

root in the above equation.

we first assign a node randomly to any of the clusters and
tieBreak. This function is called by the ferry to select onghen compute itsz and y coordinates using the formula
of the candidate nodes as the next destination. To make thiss X.+Z+4000/v M x N andy = Y.+ Z*4000/v M * N
decision, we go through multiple levels of filtering, recugi whereZ ~ N(0,1), and (X,,Y,) are the coordinates of the
the size of the candidates set after each level. In the figuster center.
filter, we select thew least recently visited nodes by the Message arrivals follow a Poisson process in our sim-
ferry. The ferry can easily do that by keeping track of the laglations. If a flow sends traffic at a rate af bps then
time it visited each node. In our implementation we chodbe corresponding Poisson arrivals flow will have a rate of
W = Neandidates/2 WHere Neandidates 1S the size of the w/msg_size, wheremsg_size is the message size in bits.
candidates set. In the second filter we select half of the siod&e assume that the ferry and all nodes have infinite buffers
that are closest to the current position of the ferry. In thiedt and that messages have an infinite TTL (Time-To-Live).
stage, if needed, we select the node with the maximum outWe use both uniform and non-uniform traffic distributions.
traffic rater; wherer; = ZN:l r;;. If multiple nodes have In uniform traffic, every node sends traffic to every othereod
the same maximum valuB,; we select the one that has moravith the same data rate. In non-uniform traffic distribution
messages in the ferry buffer, and finally if we still have a tieertain flows have higher data rates than others. We randomly
we randomly choose one of the nodes. select10% of the flows as high data rate flows and keep
Using these levels of filtering gives us significant flexiyili the rest of the flows sending at rates similar to the uniform
in choosing the node from the candidate set that satisfigaffic case. In all the experiments below, high data ratedlow
multiple properties at the same time. For example, insighave rate of500Kbps. Note that a flow is defined here by a
gained from our MDP solution indicates preference for thgource, destination) pair.
selection of least recently visited nodes, and this is ssgreed
by the first filter. The same applies for the next filters whe
we chose the nodes that are closer to the ferry then the node¥e compare the performance of the DRR-based algorithm
with higher traffic rates, and so on. We have tried to chanyéth the TSP-based solution in [2]. We perform this study
the order of these filters and even tried other filters, but thing uniform and non-uniform traffic distributions.
above described set of filters gave us the best results whémiform traffic . Figure 4 shows the mean of data delivery

The reason behind making the credit quantum directly pFopI]r Nodes can be either uniformly placed in the area or clus-

r%‘ Uniform node allocation

tested through simulations. delay versus node traffic rate. Our first observation is that
our solution and the TSP-based solution have very similar
IV. SIMULATION RESULTS performance at low data rates (upl®0 kbps), with the

In this section we evaluate the performance of our DRR-SP-based solution being slightly better. When node traffic
based ferry route design algorithm and compare it to thiecreases td50 Kbps, we observe a significant improvement
performance of the TSP-based solution in [2], [4]. We ude our scheme over the TSP solution. The improvement is ap-
the mean of data delivery delay as our performance metrizoximately80% in the mean delivery delay. Our explanation
We perform the evaluation under different node placemedt afor that behavior is as following. In the case of uniform figf

traffic patterns. gueues at nodes fill up at the same rate with messages waiting
) ) to be sent. The TSP-based solution serves these queues at the
A. Simulation setup same rate because the ferry visits a node only once in a cycle.

We used the ONE simulator [12] as our simulation env@ur solution, on the other hand, takes advantage of the non-
ronment. We use a network @b stationary nodes distributed uniformity in distances between node pairs and favors nodes
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C. Clustered node allocation

In this section we evaluate our algorithm with the nodes
being clustered intd clusters. Clusters are randomly created
S as explained earlier in the section. Evaluation is perfatioe
. both uniform and non-uniform traffic.

/ Uniform traffic . Figure 6 shows the results for the 4-clusters
case with uniform traffic. We can observe that at lower data
rates (0 — 50 Kbps), similar to the uniform node allocation
case, our algorithm and the TSP-based solution have similar

Average delivery delay (sec)

o] ETT= e — & | performance. After that, our algorithm improves signifittyan
. ‘ ‘ ‘ ‘ over the TSP solution. Looking closer at the ferry routes
’ * Node traffic ratelE(OKbps) . m with clustered nodes, we observe two things. First, theyferr
goes more frequently to clusters with more nodes. In such
Fig. 4. Uniformly placed nodes, uniform Poisson traffic clusters, the ferry will collect and deliver more data sphyi

with uniform traffic. Second, the ferry goes less frequendly
clusters that are relatively far from the other clusters.
that are relatively closer to other nodes. Non-uniform traffic. In this case, we do not differentiate

At node traffic rate of200 Kbps, the TSP-based solutionbetween intra-cluster and inter-cluster flows when chapsin
performance improves significantly. In order to explain th&e high rate ones, instead they are selected randomly from
reason for that, recall that the solution in [2] is a 2-phagdl flows in the network.
solution. In the first one a TSP route is obtained, and in theFigure 7 shows the results for the 4-clusters case with
second phase the periods of time the ferry spends at e&@h-uniform traffic. Our algorithm always outperforms the
node can get extended to meet certain bandwidth requiremenSP-based solution. For low to moderate traffic rates
Before 200 Kbps, phase-2 of the TSP solution gives zerd50Kbps), our algorithm achieves abos®% — 150% lower
extended periods, however, 260 Kbps or above it gives average delay than the TSP-based approach. At higher rates
positive extended periods which improves the performant)0 — 250Kbps) the improvement in delay becomes lower.
of the TSP solution. However, &50 Kbps despite having
positive extended periods, our solution performs al&iy% ‘ ‘ ‘
better than the TSP solution.

Non-uniform traffic. Figure 5 shows the average delivery
delay plotted against node traffic rate for this case. No& th
the x-axis represents the traffic rate of a node after exotudi
the high traffic rate flows. We can see that our scheme always
performs abouB0% better than the TSP-based scheme. The
only exception is at00 Kbps where the two schemes perform
very close to each other. The reason is thatGt Kbps the
TSP-based scheme starts getting positive extended pesfods
time for the ferry which improves the mean delay.
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Fig. 6. Clustered nodes (4 clusters), uniform Poisson traffi
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D. Weighted DRR-based ferry routing

In this section we explore the possibility of using our DRR-
based routing algorithm to impose specific user prefereones
certain flows in the network. Basically, we ask the following
guestion: can we use our algorithm to give preference to
reducing the mean delivery delay of certain flows in the
network more than others? This can be very beneficial if

. - - certain flows contain important information that needs to be
Node traffic rate (Kbps) delivered faster than data coming from other flows of lower
priorities.

In order to give preference to reducing the mean delay of
any flow over others, the end nodes of that flow should be
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Fig. 5. Uniformly placed nodes, non-uniform Poisson traffic
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between noded, 3 by about17.5%. However, in the same
time, the mean delay time for other flows increased about
30%.

We believe that improving preferred flows mean delay can
be done by the weighted DRR scheme. However, this problem
needs a more careful and detailed study to develop more
sophisticated methods that can be generally applied witle mo
confidence in their results. We leave this as future work.

V. CONCLUDING REMARKS

In this paper we revisit the problem of message ferry route
design in the case of stationary nodes and a single ferry. We
start by formulating the problem as a Markovian Decision
Problem (MDP) that minimizes the average data delivery

Fig. 7. Clustered nodes (4 clusters), non-uniform traffic .
delay. However, due to the exponential growth of the MDP
TABLE | state space, we were able to solve the MDP and get the optimal
DRRVS WEIGHTED-DRR RESULTS routes only for small problems.
Driven by both the insights we learned from optimal routes
Scheme | Mean delay| mean{l —3} delay | 1:2:3:4 |  f gmaqll problems and the similarity between our problem
DRR 556 556 1:1:1:1 and the link scheduling problem in traditional networks, we
Weighted-DRR 722 473 2:1:2:1 propose a new ferry route design algorithm that is inspingd b

the Deficit Round-Robin link scheduling algorithm. Simula-
tions results show that our algorithm gives better mean data
visited more often than with the normal algorithm applioati delivery delay than other existing approaches.
As mentioned earlier in section IlI-B, the operation of our Future work includes developing the weighted version of
algorithm is governed by the functionpdat eCr edi t s and our DRR-based ferry route design algorithm. We will also
ti eBreak. In order to increase the probability of choosingonsider performing more simulations in different network
either of the two ends of the flow of preference, we magonditions to improve the algorithm performance.
need to modify both functions. Increasing the amount of
service quantum granted to nodes that are members (senders
or receivers) of preferred flows will increase the likelidoo [1 W. Zhao, M. Ammar, and E. Zegura, A message ferrying apptoac
. . . for data delivery in sparse mobile ad hoc networks,MobiHoc '04:
they will be selected as potential candidates when the ferry
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