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Abstract—Message Ferrying has been shown to be an effectivedownloading the data, mechanically carrying them to the
approach to support routing in sparse ad hoc or sensor networks  destination, and uploading them when in close proximityht t
Considering a generic network model where each node in the jianded sink. The use of MFs allows communications to be

network wishes to send data to some (or possibly all) other .
nodes with known (and possibly differer(lt) rztes, xe p)ropose short-range (between nodes and MFs) at a drastically reduce

three schemes enabling multiple ferries to coordinate in collecting €nergy budget. Furthermore, MFs can easily be recharged
and delivering the data. We analyze the performance of each periodically at a base station as opposed to nodes which may

scheme and establish bounds on the average and worst-case delayyot possess energy replenishment capabilities. The tfide-
The latter bounds are useful in offering performance guarantes. these benefits is increased delay as physical data trartsport

We establish that under one of our schemes, constant per—nodeth ME b ite sl H f tol t
throughput is achievable within constant maximum (worst-case) e s can be quite slow. However, for madiglay-toleran

delay as the network size grows. Using simulation, we compare applications this is acceptable.
our proposed schemes with an alternative, the Ferry Relaying A variety of applications have been considered for sensor
algorithm proposed earlier in the literature. The results show networks served by MFs as we described. For instance, a
that our schemes perform better and provide guidance on which sparse sensor network can be deployed in a remote inhos-
scheme to use given performance preferences and the numbefr o . o o
available ferries. pitable area with no communication infrastructure (wirelor
wireless). Some examples include sensors in border surveil
lance missions, sensors for environmental observation [1]
sensors underwater [2], or sensors tracking wildlife [3]. |
a different scenario, a myriad of sensors can be deployed in
an urban area for monitoring air/water quality, traffic,stra
cans [4], or the condition of traffic meters. Similarly, serss
N traditional ad-hoc or sensor networks, communicatiatan be used for infrastructure/machinery condition maimitp
between two nodes requires the discovery of a connectedmany of these settings the embedded sensors can not afford
path utilizing other nodes as relays. In some situations,tdu |onger-range wireless communications because eitheratey
a damaged infrastructure (e.g., in disaster relief sioma)i or too sparse, inexpensive, energy limited, or have significan
due to limited wireless range (e.g., sparse sensor netwopghdwidth needs (e.g., cameras). The use of MFs for data
deployed in remote areas), connectivity between nodestiansport offers a viable solution. This is facilitated by fact
intermittent at best, and connected paths between pairstigdt in some of the environments we considered (e.g., urban)
nodes may not consistently exist. As a result, traditiorthl &ehicles already exist (e.g., buses, municipal vehiclesist
hoc and mesh networking routing protocols are not applicelice cars) and can easily be tasked to act as MFs.
ble. In addition, relaying data over a large number of hops Since the data is transported via the MFs, the design
significantly reduces the lifetime of sensor nodes. of the ferries’ routes has a significant impact on network

An alternative way to establish connectivity and transpopierformance. Therefore, a basic question we address isdiow t
data is to usenobile nodegor which we will adopt the term design effective routes for the ferries, given node posstiand
Message Ferries (MFsMFs can be robots, Unmanned Aeriatheir communication requirements. We will consider scheme
Vehicles (UAVs), Autonomous Underwater Vehicles (AUVs)that utilize multiple MFs so that one can scale the size of the
or any type of vehicle which is tasked with visiting the stati network to be served. An MF can possibly use other MFs as
ary nodes (omodes henceforth) and physically transportingelays to deliver a message. This requires some synchroniza
data from node to node as needed. Specifically, the MFs halh; that is, MFs are required to be physically close to each
onboard memory and can act as relays, reaching to the nodgier at certain times in order to communicate. Altern&jve

_ they can use special nodes to drop and pickup messages. In
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was largely missing from the related literature, which wthe MF. Further, in PDP, delays typically consist of just/éla
review in Section Il. Clearly, being able to compute worstimes, whereas in our problem loading and unloading (i.e.,
case delay bounds allows us to offer performance guarantdesnsmission) delays are not ignored.
which is extremely useful in network design. We also treat
some limited cases where “bounded” stochasticity is ptesen  |ll. PROBLEM STATEMENT AND ASSUMPTIONS
in the problem data (communication rates, travel timesi@)s  \we consider a network withV (stationary) nodes. We
simulation, we highlight advantages and disadvantageadf € 5ssume that each node generates data at a constant rate
scheme under different scenarios while, at the same tim@stined for other nodes. This corresponds to a situati@ravh
compare each of our schemes with an alternative from tfig, sensor network is monitoring/actuating some undeglyin
literature. Another contribution of our work is to show thabhysical system whose dynamics can be captured by a (suf-
even if each node sends data to multiple other nodes, Messg&gnﬂy high) constant rate. Lex(i, j) be the rate at which
Ferrying is stillscalablein the sense that it achieves constan{yye; generates data to be sent to ngdor all j. Data have a
per-node throughput within constant delay. single destination and we do not consider multicast scesari

In what follows, Section Il reviews related work. Sectioh ll\e will assume that data in the network are exclusively
states the problem and the assumptions. Sections IV, V, apghsported by the MFs. In practice, one would typically see
VI introduce the three proposed schemes and present Hfigconnected clusters of sensors communicating via the MFs
corresponding results. Section VII includes our simutatioRepresenting each cluster by a single node yields a network

results, and conclusions are drawn in Section VIII. using only MFs for data transport.
For most of our results we will assume that th@, j)’s are
Il. RELATED WORK known (estimated) with certainty. We will also discuss some

cases where\(i, j) is an upper bound with probability one

Several works use mobile nodes to carry data in networlﬁv : . . .
X - .p.1) to the stochastic and potentially time-varyingriiom

each adopting a different term to refer to thedata MULE i t0 j. We haveM MFs at our disposal. For simplicity, the
[5]6 Mei%sage F_errly[6], [71, Acﬁr [8]. Actuator [9], sensor communication between MFs and nodes is assumed to be done
node [10], or wire gss.agent [11]. . at zero distance and at a rateldf, bpswhile communication

In terms of appllcatlons, a number of recent Projects Prgganyeen any two MFs is done at a ratel6§ bps(Ws > W)).
mote the effectiveness of using message ferries, €.9., Kigqgh in many situations the transmission of data betwee
ZebraNet project [3], the Manatee project [12], the DakN?\PIFS and nodes might be faster than the MF traveling time,

project [13], unmanned vehicles in underwater environ@ientin;ar 1o [15] we take the more general view that MFs have
monitoring [2], and a UAV (Unmanned Aerial Vehicle) injiniteq bandwidth and accounting for transmission times is
structural health monitoring [14]. A host of other applioat i ,orant for carrying out an accurate analysis. We assume
are reV|ewed in [6], [7], [3], [15]' [16]', . that the MFs move at a constant speed/ofn/s The data are
The topic of ferry route design, which is the focus of OUftered at each node until an MF comes and collects them.
work, was first thoroughly investigated in [6] where the @uth e gpiective is to design the MFs’ routes such that the delay
considered a single MF. [17] considered multicasting USingj, qelivering the data is minimized. We will only consider
single ferry moving on a pre-determined route. [15] conside hqriggic ferry routes that form simple cycles between a §et o
multiple MFs in a stationary network scenario and proposefhyes. Specifically, each MF will be assigned to a set of nodes

a so calledFerry Relaying Algorithm (FRAhich allows  5nq will cycle periodically through these nodes and posgigti
MFs to exchange data between each other. FRA requitgsne additional points where it meets with other MFs.
synchronization between MFs since they have to be physicall

close to each other at certain times in order to communicate.
The schemes we propose in this paper fall in the same categor ) ) )
as data gets relayed among the MFs. As we show, our schemdd thiS section, we propose the CFR scheme. Fig. 1(a)
outperform FRA in a number of scenarios and offer advantag‘_%%p'CtS_ a simple geographic partitioning of the entire wekw
such as guaranteeing worst-case delay and being scalable! N€re is a single MF assigned to each segment. Within each

We also note that the problem we consider is fundamentaﬁ?fCle .each MF collects the buffered data from its nodgs.
different from any variant of th@ickup and Delivery Problem Later in th? same cycle, a]l MFs meet at some pre-determined
(PDP) [18], [19], [20]. In PDP, the quantities of goods (heré:ontact p0|.n'rand relay_thelr buffered data. All MFs stay at the
the data) are considered to be discrete and are waiting iin ﬂgontact point until all inter-MF data transfers are comgptiet

IV. CENTRALIZED FERRY RELAYING: CFR

origin locations to be picked up and delivered to a depot.eOn ote_that each MF,S route consists ofamiltonian cycle* .
the tour is completed and the vehicle returns to the depotavh at mcludes al |t_s assigned nodes gnd the contact‘pomt;
it started its trip, the problem is over. In our setting, oe thWe will r.e.fer.to this route as th.MF ! cy_cle fof eaghz. "
other hand, the goods (the data) at each origin Iocatione(sjodThe_ partitioning presented in Fig. 1(2) is a contiguous
are constantly being generated according to some rates ﬁ/ﬁ?lt}onmg n th? sense that each s.egr.nent. a;&gned to an
the objective is to minimize thaverageor worst-casedata s geograph_lcally_ contiguous. This is similar to FRA
delivery delay. The data are buffered in each node until ggrtitioning [15] (in which segments are rectangles withaiq
location is visited by an MF, hence, the amount of data 017 Hamiltonian cycle is a cycle in an undirected graph whichtsigach

be carried depends on the time that the node is visited kmte exactly once and returns to the starting node.
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area). However, in the CFR scheme we allow the segmentsctinstraints that these additional nodes would introduce, w
be “non-contiguous.” This allows assigning any combiratiowill not pursue this direction in this paper. We denote the se
of nodes to any MF and results in greater flexibility (seef assigned nodes to MFby .#(i). To calculate the cycle
Fig. 1(b)). For instance, consider a situation where nodgme for a given configuration of the scheme, we have
located farther from each other have higher data rates among

themselves, and nodes closer to each other have lower data =Y +Xi+ 4, @

rates among themselves. Then, we might prefer to allocate thhere

nodes farther from each other to one common MF, trading-off T M M

shorter length routes for a decrease in relay time among MFs. V= — AT 2
TIPS WD MEULNC

k=1k'=1,k'#£k lEN (k) V€N (K’
M

-3 Y Y o o

k=lleN (i) e (k)
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k=1le NV (k)l'eN (i)
Ay =L;)V. (5)
Fig. 1. Examples of partitioning into 8 segments (the bluelewrecepresent L; in above equation is the length of the MEycle. Solving

the nodes, and the red circle in the middle of the graph reptesthe ;
contact point); (Left): “Contiguous” partitioning. (Righ CFR scheme (“Non- for T' we obtain

contiguous” partitioning). A;
T = max {1yx : (6)

T T

Note that¥ and £: do not depend off’.
- T T
A. Average and worst-case delay Let now . denote the set of albource-Destination (SD)

In the CFR scheme, data are relayed between MFs at Mgsfrs in the network. For each € ., D, denotes the time
once, i.e., if the destination node is in a different MF cycClReeded to deliver a packet from the source to the destination
than that of the source node, then the MF serving the soulkgsuming that packets select their SD pair uniformly frofh

node collects the data and relays it to the MF serving thg, jefine theaverageand worst-casedelay, respectively, as
destination node. We suggest placing the contact pointeat th

centroid (geometric center) of the nodes. Each MF is tasked E[D] = (X ser Ds)/I],
with: collecting data from its nodes, relaying to other MFs
the data destined to their nodes, and delivering to its own

nodes the data destined to them. We refer to the time needgtborem |v.1. [Delay in CFR] Let A and )\ denote the
by MF i to complete these activities adF i's cycle time maximum output rate from and maximum input rate to any

and denote it byl;. (On a notational remark, throughout theyrpitrary node in the network, respectively, i.e.,
paper, the superscrigt denotes downloading data to the MF

under consideration, the superscriptienotes uploading data A = miaX{Z;’V:I Ad, 7)), N = m?X{Zi]\; A, )} (7)
to another MF or node, and the supersctipdenotes local

traffic.) T; consists of the following terms: Let also Symax = max; |4(i)| and Spin = min; |JV(?)|
« Inter-MF relay time(Y): this is the same for all MFs and denote the largest and smallest number of nodes assigned to

is the time needed for all data to be relayed among M MF, respectively. Finally, lef, be the length of the longest

Dmax = max DS'
seS

at the contact point. Note that all the MFs wait in th F cycle. If
contact point until all relays among all MFs are finished. N min(A, \) N Smax(A + ) <1
« MF-node transfer timgX;): the transfer time X¢) that Wy Wy ’

MF i needs in order to collect all the data from its nodegy o,
plus the transfer timeX;*) that MF i needs in order to
deliver all its buffered data that are destined to M& Dy, < 375
nodes. We haveX; = X¢ + X I
« MF travel time(A4;): the time needed to traverse its cycle. where T, = V(- Nun0a] SOy 8
Since MFs exchange data directly, synchronization is re- W2 Wi
quired so that MFs meet at the same time at the contact po#itd
For synchronization, the cycle time of the system, can e
be chosen as the maximum of the MFs’ cycle times, hencegp) < min{M(Snéax)(ST‘z"“) +((3) — MD)(Fg=)
T = max;{T;}. An alternative to synchronization is to place - &) ’

nodes with ample buffer space at the contact point so that eac 57C (Smi“) if Smin > 2
MF can deposit and upload from this buffer without having ‘2“*”‘ }, wherel” = { 2 h“““,— )]
to wait for the other MFs. However, due to the cost/technical 0, otherwise.
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Proof: From Eg. (2) we have maximum input rate to any arbitrary node, denotedbgnd
A (cf. (7)), respectively, satisfy

T M M
S DD IEDY Z)A(H’) A<A NN wpl

k=11lex (k) k'=1,k'#k V€N (K’

T M T Assume further that the maximum lengkh of the MF cycles
<S> > A=_—NX\ is also stochastic such thdt < L, w.p.1. Then the bound (8)
W k=11c¥ (k) & on the worst-case delay holds w.p.1.
From Eqg. (2) we also can write
oM M B. Scalability
Y < A Z Z Z Z A1, Scalability is an important metric when designing a routing
2 W=1Uen (k) k=11e4 (k) protocol. There has been a comprehensive body of work on the
M T capacity of wireless networks in scenarios where each node
<o Y N= WNX' wishes to send data to at most one destination. [21] coreider
2w Z1ven (k) 2 a network of N randomly deployed nodes in a unit area
Hence disc where sources and destinations are chosen randondy. Th
' Y _ Nmin(), ) throughput per node was found to %ng]\,). [22] assumed
T < W, all nodes to be randomly mobile within a unit disc area and
o with data traveling over only two hops the throughput was
Similarly, from Eq. (3) we have found to be®(1). However, this improvement comes at the
Xy < SmaxA Xi' o Smax N (10) cost of increased delay. A series of papers followed thatitri
T — Wy’ T — W; to characterize the delay/capacity relationship as a fomaf

Finally, using Eq. (6) and the inequalities above, we have hode mobility (e.g., [23], [24], [25]).
Another scenario for a network with mobile nodes was

N i) Sa O - (12) coqsidered in [26]. The netyvork consisted Nf static nodes
V(1- Wa - Wy ) acting as sources and destinations for data &hdandomly
The data need to be relayed by at most one MF, so tAwbile nodes used as relays. Using a routing’ scheme proposed
maximum number of MFs that carry the data2isEach MF N [26], the throughout was found to b@( %) with an
carries the data at most f@t units of time, and the data waitsaverage delay ab(1). A similar model was considered in [16]

at most forT units of time before it is collected. Therefore, With controlled mobility. [16] showed that if mobility is fly
under our control, then fol/ = N wherea is a constant

C .
Dimax < 3T < 3T - such that) < o < 1, a per node throughput ab(1) with

The average waiting time for the data before it is picked (§#lay of O(1) is achievable for scenarios where each node
is 7/2 and if the destination is within the same cycle, theR@s only one destination. In the sequel, we extend thistresul
the maximum additional time to deliver the data is less thdf the multi-destination case. The key is the full cooperati
T. However, if the destination is in a different cycle, thee thof MFs to relay the data. _ _
average delay is less thaf + 7. The former case includes O_ur results in this section rely on bounding the |nter-MF re-
at mostM(s]gax) SD pairs and the latter one includes at modgy time. We account for “primary” interference constraion

(Y} — MT SD pairs. Also, there are a total ¢f) SD pairs MF transmissions. In particular, data exchanges are psgrwi
i the network. This implies and an MF can not be communicating with more than one

other MF at a time. We do not however account for secondary
M(S5=)(3E) + ((5) — MT)(3F) (12) interference whereby two transmissions between two s&para
MF pairs may interfere if they use the same frequency and
ISccur in close proximity. We assume that such interference
can be handled by lower-level Media Access Control (MAC)
protocols. Note that such secondary interference can bre el
inated if interfering transmissions use different freqeies or
a code division multiple access scheme. Even if scheduling
(time division) is used, this would imply some additionalaje
which can be accounted for by some multiplicative factor to
the expression we obtain. It should be apparent that ouisfocu
is to characterize the order of magnitude of inter-MF relay

T < L £ ¢

(2)
whereT" is as defined in (9). Since the total number of S
pairs is(];) and the average delay does not exc&&d2 no
matter where the destination is, we also h&®] < (57/2).
Combining this with (12) and (11) yields (9).

We note that the worst case bounds Bn X¢, and X*
we derived are tight if the traffic is “load-balanced,” that i
S A(i, j) is equal for alli or "1 | A(4, j) is equal for all
j (cf. Eq. (7)). Similarly, the inequalityDmax < 3T is also
tight assuming no MF coordination takes place. time rather than obtaining an exact expression

The following Corollary follows from the fact that all upper : . ' .

Our analysis leverages graph-theoretic results. Define a

bounds we derived in the proof above are linear in the da(ts':’}mple) undirected graply — (¥,&) where the nodes

rates and. v = {1,..., M} correspond to the MFs and introduce an
Corollary IV.2. Suppose that the data rates between the nodedge between any two nodes that have to communicate. Assign
are random variables and the maximum output rate from arnd each edge a weight representing the data communication
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requirements. Anatchingis a set of non-adjacent edges (i.ethen there exists a CFR scheme for which
no two edges in the matching are incident to the same node).

A perfect matchings a matching where every node of the 3(y/2(3r +1) +3)

graph is incident to exactly one edge of the matching. An Dmaxﬁv[l —2A(= N2 LN )]7 (14)
edge-coloringis a partition of& into matchings, where each M(N=-1)Wz © MW

matching is assigned a different color. /Aedge-coloring is NE-L)-3 (V2> +1)+ 1)

an edge coloring wittk colors. The smallest for which ak-  E[D] =—=+—5 VT o -
edge-coloring exists is thedge-coloring numbeof ¢ which [1- (M(N—l)Wz T uw )215)

we will denote byy’(¥¢). Let alsoA(¥) denote the maximum
node degree. Vizing has shown (see [27, Chap. 28]) the fol- Proof: Consider a configuration of the CFR scheme where
lowing result for (simple) graphs\(¢) < x'(¢) < A(¢)+1. we assignV/M (assumed integer) nodes to each MF. Using

Lemma IV.3. Suppose that/ is a complete graph. Then Eq. (10) we have
X' (9) =M —1if M is even andy’(¢) = M if M is odd. xd _ (Z)A X* (A

) < .

Proof: Since A(¥) = M — 1, from Vizing's result it T Wi T W
follows that M — 1 < y/(%) < M. Note that by assigning T0 bound the inter-MF relay time we use Lemma IV.3.
colori+; mod M to each edgéi, j) we obtain a valid edge- Specifically, the edge-coloring of Lemma IV.3 partition® th
coloring. Consider first the case 8f being odd. Suppose thatMF communications into a number of matchingd, if A is
there exists arf\/ — 1)-edge-coloring of4. Then,& can be odd andM — 1 if M is even. Each matching corresponds to
partitioned intoM — 1 disjoint matchings4,, . .., &1 such inter-MF communications that can proceed simultaneousty;
that & = uj‘ifléi». Since M is odd, each of these matchingd!s call a “stage” the process of completing all these intér-M
leaves an unmatched node and requires at rabst— 1)/2 relays that correspond to a matching. Since there/gfe/
edges. Hencd#| < (M — 1)2/2. On the other hand? is a nodes assigned to each MF, every stage includes traffic from
complete graph an@’| = M (M —1)/2 > (M —1)2/2, which (N/M)? pairs of nodes which needs to be relayed bidirection-

is a contradiction. We conclude that there is(iid — 1)-edge- ally. Thus, every stage takes no more taw 47 47 52 )/ W2

coloring of ¢ andy’(¥) = M when M is odd. units of time. Since the number of matchings is eithiér if
Next consider the case wheté is even. Form the subgraph,M is 0dd, orA/ — 1, if M is even, we obtain

denoted byG = (V, E), by removing nodéf from¥. G is a y  M2NN A

complete graph with\/ — 1 nodes (an odd number). We have T < W,

already shown that the edge-coloring numbeiGofs M — 1 ) 2

and we can color the edges 6f by assigning colori + j YSing EQ. (6) and Theorem IV.4, we have

mod (M — 1) to each edgéi, j). Note that the color; = 2i [of N 7
mod (M —1) is not used to color an edge incident to nade (V2Gr + ) +3)
N2 N .
V[l B 2)\(A[(N—1)W2 + MW, )]

foreachi = 1,..., M —1. SinceM — 1 is odd,i # j implies
thatc; 7 ;. Thus, we can colo’ by using this coloring ot/ Note that for\ to be feasible, we need (13). Using now the
same steps that led to the bounds Bp.. and E[D] in the

and using colok; on edge(:, M) for eachi = 1,..., M — 1.
This yields an(A — 1)-edge coloring of¢. é)v(loof of Thm. IV.1, and some algebra, we obtain the result.
]

Note that the proof above is constructive and specifies h
exactly to color the edges ¢f. Before we proceed, we state
the following theorem from [28] which gives a tight uppeTheorem IV.6. [Scalability of CFR] Consider the setup of
bound on the length of the worst shortest Hamiltonian cycl&hm. (IV.5). IfM = «N for some positive constant, then

L , constant (inM and N) per node throughput with constant
Theorem 1V.4. ([28]) 7 denotes a set aV points in0, 1%, worst-case delay is achievable using the CFR scheme.
o/ denotes a subset of the edges of the complete graph defined

on the points ofi’y, and |e| denotes the Euclidean distance  Proof: Substituting = oV in (14), we obtain that the

between two points connected by edge <. Let worst-case delay is upper-bounded while the constant pee-n
throughputi < ﬁ is feasible. ]
prsp(N) = max { min Y~ ., |el: T is a tour of ¥y o. Note that the apf:)roalch used in [16] for deriving the upper-
N T bound on delay, if applied to the case of Theorem IV.6, would

5N LT not achieve constant delay. The following result from [29]
Thenprse(N) < V2N + 1. stated in [30] clarifies this point.

Th_eorem IV.5. Assumel\_f nqdes are Pl‘f"CEd _arbitrarily ON & Theorem IV.7. (From [29] in [30]) Consider the setup of
unit square, each of which is transmitting with a total rate Thm. IV.4. It followsprss(N) > 2(12)_% N

to all other nodes such that the data rate between any pair of
nodes is the same. If For scenarios where each node has only one destination,
[16] suggested to group the nodes intb groups and assign
1 7 (13) each group to a different MF. The MF would be responsible for

A< 3
2( M(Njil)wz + Mjgvl) picking up the data and delivering directly to the corregfing
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destination without relays. For constant per-node thrpugh In the above,L; is the length of MFi’s route and.” (i) is
[16] showed that the delay remains constant as the numitee set of nodes that have already been assigned to pliis
of nodes and MFs grow. However, for scenarios where eattie node being considered. When adding nodes to a group, we
node wishes to transmit to all other nodes, the approachuse acheapest insertiomethod to form a new Hamiltonian
[16] can not yield a constant delay. To that end, notice theycle for the MF assigned to the group. That is, the new node is
if each MF is assigned to a fraction of the source nodes (siangerted between two consecutive nodes in the current sycle
N/M), then asN grows, the length of the path that each MRhat the smallest increase in length is observed. We canside
should travel in order to visit all destinations of thodgM adding the new node to each one of thé groups and for
source nodes would grow to infinity (from Theorem IV.7)each case we compute the correspondiiig from (16) and
Since the velocity of MFsY/, is bounded, the delay increasesetT = max;{7;}. We then decide to add the node to some
as N grows. In contrast, our CFR scheme can achié&) group such that it results in minimd@l. The assignment of the
per node throughput witlv (1) worst-case delay. (N — M) nodes to thell groups take€)(N?2M) amount of
work.
L After all nodes are assigned, we calculate each MF’s cycle

C. CFR Optimization time 7; using Eq. (1). The total cycle tim& can also be

CFR optimizationis defined as the problem of finding thecalculated using Eq. (6). Then, the MF with largést is
optimal configuration of the CFR scheme (assigning nodesrecognized. We call this MF the “critical MF” and its group
MFs and determining a route for each MF) such thah Eg. the “critical group.” We target the critical group and try to
(6) is minimized. The CFR optimization is a hard problenshorten the critical MF’'s cycle time by de-assigning onetsf i
In particular, asi¥; and W, grow large, the inter-MF relay nodes and assigning it to another MF. If due to this node-
times and MF-node transfer times converge to zero, and #xchange a reduction in total cycle time is observed, then
any assignment of nodes to MFs Eqgs. (6) and (5) imply that thee apply the exchange. We continue this process until no
problem reduces to finding the shortest route for each M THurther improvement is found. This solution always achgve
amounts to solvingV/ Traveling Salesman Problems (TSPs}the average and the worst-case delays given in Theorem IV.1.
thus establishing that CFR optimization is NP-hard. To copg® limit the amount of work for this improvement phase we
with the difficulty, we introduce a heuristic algorithm. Wecan limit the number of iterations bg)(N?M) so that the
group nodes intalM/ groups. Intuitively, a good assignmenwhole CFR optimization heuristic we described maintains an
(grouping) is the one that leads to groups with minimal inte©(N2M) complexity.
group communications but also minimal distances between
nodes in the same group. The former minimizes inter-MF relay
times and the latter MF travel times. V. BUSFERRY RELAYING: BFR

At first, a set.” of M nodes is selected such that In this section, we propose our second scheme. Fig. 2 shows

Dics Zjef,#i A4, j) is minimized. Each of thestf nodes an example illustrating the BFR scheme with a single bus. In

initializes a group for each MF. To perform this step, w e BFR scheme with a single bud, nodes are assigned to

suggest using a greedy method: start with an arbitrary notj 1) MFs and data is relayed among MFs via the remaining
and keep adding one node at a time so that the node to B which is calledthe bus Each of those(M — 1) MFs

added has the smallestimulative rateto the nodes alreadyOlcollects and delivers data within its own group (the nodes

_selected (the cumulative rate of a node to a group of n0d§ signed to that MF), and the bus circulates the data among
is the sum of rates between the node and all individual no rQOups No direct relaying occurs among thosé — 1) MFs

within the group). If a tie occurs, we choose a node that h e bus meets with each MF at a contact point exactly once
the smallest cumulative rate to all other nodes in the nékwor

in each cycle. We choose one of the nodes assigned to MF
gzecgrrr?&gfgg greedy method tak@gl) amount of work to 1 as the contact point between the bus and MiEach MF,

after exchanging data with the bus at its contact pointetsav

Once th'f} group initialization phgse is or:/er we continue b%ong its route (which is a Hamiltonian cycle including all
assigning the remainingV — M) nodes to thel/ groups, one nodes assigned to it), exchanging data with its nodes.
at a time. For each node we assign to a group, the objective

is to minimize the resulting cycle tim& = max;{7;}, where
theT;'s,i=1,..., M, solve the following set of equations:

T, = %/’4—{ 12 Z) > ALY } O 1

k=11e5(i) '€ (k)

M

mT/i i DD DR () } o

k=1k'=1,k'#klcS (k) 'cS (k")

o Fig. 2. An example illustrating BFR scheme - the blue circlgzesent the
{ T } nodes, the black lines show the routes of eight MFs, and thhelashed line

VI; Z 1,1 (16) shows the route of the bus.
L=ties(k)res(i)
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A. Average and worst case delay and if ' = Tpys then
We refer to the time ME takes to complete these activities Abus
as MFi’s cycle time, we denote it b§;, and we refer to the Tous = 1_ ZMA Y, (26)
i=1 T

time the bus takes to finish one cycle as thes cycle time
Thus The cycle time of MF: consists of the following terms 7' is therefore the maximum of these quantities and it follows
(we use the same.notatlc?n introduced .ln ea;ller sgctlons): T = max(max{T}}, Thuo). @7)
o MF-bus relay timgY;): the transfer timeY;*) MF i needs i
in order to relay to the bus all the buffered data it haga thatY7
collected from its nodes, plus the transfer timé) the We next denve bounds on the maximum and average delay.
bus needs in order to relay to MRall the data that have Let, as in Sec. IV.S and S, denote the largest and
been relayed to it from other MFs. We have smallest number of nodes assigned to an MF, respectively.
Y, =Y +Ye i=1,2,...,(M—1). (17) Each MF circulates over a Hamiltonian cycle including &l it
nodes. LetL the length of the longest such cycle among the
— 1 MFs. Let alsoL’ denote the length of the bus route.

and 2

do not depend off".

« MF-node transfer timgX;): the transfer time X¢) MF
1 needs to collect all the data from its nodes, plus the
transfer time §*) MF i needs to deliver all its buffered Theorem V.1. [BFR delay] LetA and \" be defined as in (7).

data to its nodes. We have If
= xd U - 1 1 1
Xi=Xi+ X i=12,., (M=1). (18) (W + W) < SO Wy > 2N min(\, \),
« MF travel time(A4;): the travel time of MFi. 2 L max (A + A')
The cycle time of the bu},s consists of: then there exists a BFR scheme for which

« Relay time(Yy,9): the transfer time that allA/ — 1) MFs I/
need in order to relay to the bus all their buffered data Dy < 4752, whereTZ = — max {Mw,
plus the transfer time that bus needs in order to relay to 4 | — =57
the MFs all its buffered data. We have L

. (28)
Yous= Y17 Vi (19) 1= Smax(A+X) (577 + 7) }

o Bus travel timg(Ap,9): the travel time of the bus. and
Since MFs do not exchange data directly among themselves, { B

synchronization among MFs is not required. However, syn- E[D] < min { —*=
chronization between the MFs and the bus is required. To that s 5
end, the cycle time of the systerfi, can be chosen as the (M — 1) (%) (2w 4 (8) — (M — 1)D)(Tpax)
maximum of the MFs’ cycle times and the bus cycle time. (1;7) }
Next, we calculate the cycle time for a given configuration of (29)

the BFR scheme. We have
T, = Yi + X; + Aj, Vi, Thus= (X101 Vi) + Apus,

)

)

wherel is as defined in (9).

Proof: Since the cycle of each MF has at mdst,...

where nodes, using Egs. (17), (20) and (21) we have
g /
E: DR (20) Yi _ Smax(A+A)
2 k=1 ketile N (k) VEN (i) T W
r M Similarly, using Egs. (18), (22) and (23) we obtain
vi =
W, Z > 2 M. @ Xi _ Swmax(A+N)
Lk#ile N (k) l'eN (i) ?ST
M
T .
_ 1 Z Z Z AL 22) Using Egs. (20) and (21) we have
Wi EF i vémm S YT < NAWa, SN YA/T) < NN W,
M
yu _ T / Since the data to be downloaded to MFs (from the bus) and
W, Z_: Z %; ML), (23) uploaded to the bus (from the MFs) is exactly the same and
leA k) rer @) using Eq. (17) it follows that
Ai = L’L/‘/v Abus = Lbus/V~ (24)

M—-1 .

Y/ T) < (2N min(\, \)) /W,
In the equations abovd,; is the length of the route of MF Lo 1/T) < ( N/We
i, and Lpys is the length of the route of the bus. Note that iFinally, using Eq. (27), we can write

T = T; then

A; 1 L
Ti= —— 25 T<— ,
L X ( ) Vmax<]-_5max()‘+)‘/)(ml/2+wl/l)
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L" / ) A T8 . in Eg. (27) is minimized. Using the same argument as in
1 — 2N minQA\) Sec. IV-C it can be shown that it is NP-hard (reduction

W
— . from TSP). We resort to a heuristic algorithm. We will group
The destination of the data belongs to either the same Cyﬁlgdes into(M — 1) groups. We need to assign the nodes

that the source belongs to, or to another cycle. In the forn}%rMFs such that, on one hand, it leads to small inter-group

case, the data reaches the destination within at 2ibdime - .

. communications, and, on the other hand, nodes geogralghical
units. In the latter case, the data needs to be relayed twn:[e . o
(once from the MF serving the source node to the bus aﬁgse o each other are assigned to the same group. In agditio

' \éx/e need to consider the length of the bus route so that the bus

once from the bus to the MF serving the destination node). . - .
. L o . . cle time does not exceedax;{7;}. Our heuristic algorithm
Moreover, it reaches the destination withd?" time units .
{I% the BFR scheme has two phases. In the first phase, we

since the data is carried by the source MF, the bus, and assign nodes to MFs, and in the second phase, we establish
destination MF, where each MF carries the data for at riibst g ' b f

time units and the data waits at most fBrtime units before
it is collected. Therefore

the bus route and attempt to further minimize delay.
1) Phase | (Assigning nodes to MFs)t first, a set
. of (M — 1) nodes out of N are chosen such that
Dics 2jew jzi Misj) is minimized. Each of thes8/ — 1
o o nodes initializes a group assigned to an MF to which we will
The average waiting time of data before it is picked Up igqd nodes later. This initial step can be executed by using a
T/2 and if the destination of the data is within the originyreedy method: start with an arbitrary node and add addition
segment, then the maximum time to deliver the data after itj$qes one at a time so that the node to be added has the
picked up would be less thafi. However, if the destination gmalest cumulative rate (defined as in Sec. IV-C) with the
of the data is in a segment other than the origin, the averaggyes already selected.
delay is less thar- + 27". The former case includes at most once this group initialization phase is over we continue by
(M —1)(*3=) SD pairs and the latter one includes at mogfssigning the remainingV — M -+ 1) nodes to these groups,

(5) = (M —1)I" SD pairs, wherd is as defined in (9). Also, one at a time. With each node we add to a group, the objective
there are totally(g’) SD pairs in the network. Therefore, aftelis to minimize the cycle tim@" = max;{7;}, where theT;’s

Dimax < 4T < 4T5

max*

some algebra we obtain fori =1,...,(M — 1) are solutions to the following set of
equations:
E[D] < B Mt
B B Li Tv
(M = 1)) (=) + ((5) — (M = D) (=) L=y + {2 > > AD
N . (30) Vv Wi ~
) k=1 le.7 (i) €. (k)

=

-1 M-1

Since the total number of SD pairs (g) and the average + { Ti
delay does not exceedl'Z, /2 no matter where the destina- W

a.

tion is, we also havé&Z[D] < (773, /2). Combining this with T M-l
(30) yields (29). [ | T {W1 DD P2 p)}, (31)

We remark that a result analogous to Corollary IV.2 can be k=1 1e.5 (k) €5 (i)

(]

>y )A(l,l’)}

1 k'=1,k'#k 1€ (k) €7 (k'

= =
Il

obtained for Thm. V.1 as well. Using Thm. IV.4 we obtain the . )
following Corollary. In the above,L; is the length of MFi's route and.” (i) is

the set of nodes that have already been assigned to ks
Corollary V.2. AssumeN nodes are placed arbitrarily on a the node being considered. Note that when adding nodes to a
unit square, each of which transmitting with rateto other group, we also consider re-optimizing the route of that MF in
nodes (such that the data rate between any pair of nodesgigier to make sure that the route has minimum length. This

the same). If can be done by using eheapest insertion methothe new
1 1 1 node is inserted between two consecutive nodes in the d¢urren
<W2 + W1> <gg 3 and Wx>2N) cycle so that the smallest increase in cycle length is olserv
max

_ ) For each unassigned node, we consider adding it to each one of
then there exists a BFR scheme for which (28) and (29) hal¢k 17 — 1 groups. In each case we compute the corresponding

with 7,7, replaced by T; from (31) and sefl’ = max;{Z;}. We then add the node
to the group that results in minimdl. Using similar analysis
/ 7
fup — 1 max {Q(M_%R‘L{ as in the CFR case, Phase | has a complexit9 G2 M1).
4 1 — 5% 2) Phase Il (Establishing the bus route)fhe bus route
25 max + & is a Hamiltonian cycle includingM — 1) nodes in a way
— 1, 1 that exactly one node from each of tjd/ — 1) groups
1 = 25maxA (35 + w7)

is visited. We have the freedom to select which node from
o each group will be visited and, in addition, we want the bus
B. BFR Optimization route to have minimum length so that the bus travel time is
BFR Optimization is defined as the problem of findingninimized. This problem is a well-studied problem and is
the optimal configuration of the BFR scheme such tiiat called theGeneralized Traveling Salesman Problé@®TSP)
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1,

in the literature. Several approaches transform the GT&P in o 2, Pi

the classical TSP [31], [32], [33], [34], [35]. The generalil Py ) L /e
2-opt method [36] can also be used. Such a method has no M. o p "
complexity bounds on the number of iterations needed for M i,
convergence but one can bound the iterations performed to MO M o o
maintain low complexity. Having established the bus route, E PY%  pi % .

we then calculate each MF’s cycle tirié as well as the bus oot \

[}
cycle timeTyys using Egs. (25) and (26). The total cycle time (M-1)?""p'n}|'-1

T can also be calculated using Eq. (27). At each step, one of

the following conditions applies:
. . . Fig. 3.  An example illustrating the NFR scheme. Nodgs. .., %, ;)
o Thus < maxi{ﬂ}. Then the MF with the IargeSFi IS genote the nodes assigned to MHMPointsP; in the line segments connecting

recognized. We call this MF the “critical MF” and theneighboring paths are contact points where the MFs meet toaexe data.
critical MF’s group the “critical group.” We target the
critical group and we try to shorten its cycle time by de-
assigning one of its nodes and assigning it to another M$ closer to the destination (in case either direction tssul
(e.g., by a cheapest insertion method). If due to this node- the same delay, we assume the data is circulated in the
exchange a reduction in total cycle time is observed, thé&rward direction). Each MF moves forward and backward
we apply the exchange and we repeat the process. periodically between the two contact points located at each
o Thus > max;{T;}: Then the bus cycle time would beend of its assigned path. We refer to the time that is taken by
targeted. In this case, we find and de-assign the noddf i to complete its forward and backward trips fasward
with minimal cumulative rate to the rest of the nodetime (T}") andbackward timgT”) of MF i, respectively. We
and assign them to the group which results in the largesso refer to the two adjacent MFs that meet with Mt
decrease inlhys (again by cheapest insertion). If thiscontact pointsP? and P**! (as shown in Fig. 3) as MFs
node-exchange results in a reduction in total cycle timbackward neighboandforward neighboy respectively.
then we apply the exchange and we repeat the process.

We continue_ this phase until no fu_rther improvement is found Average and worst case delay
Note that this solution always achieves the average andtwors
case delays given in Theorem V.1. As in the CFR case we
can limit the number of iterations of the improvement phad&"s:

in order to maintain low complexity. o Inter-MF relay time(YiF): the transfer time Y(;/™) that

S

Ini) Iny-2

The forward time of MFi, T)'", consists of the following

We close this section by noting that the BFR scheme, as
presented, may not scale well as the number of MFs increases
because the bus has to make many “stops.” One way of making
BFR scalable is to use multiple buses, decomposing the lbvera
coverage area into sections and assigning one bus to each
section. Buses can then meet at section boundaries (@, us
an NFR-like scheme we present in the next section) to relay
messages among them.

VI.

The idea behind our last scheme, NFR, is to form a
Hamiltonian cycle which includes all nodes and then assign®
each MF to a contiguous segment of this cycle —called the
path- in a way that each node in the path is assigned to a single
MF (see Fig. 3). Without loss of generality, we start from an
arbitrary point in the cycle and move in the forward direatio
(let us define clockwise and counterclockwise directions as
“forward” and “backward” directions, respectively). As we
move forward, we assign the first(1) nodes to MF1, the
next n(2) nodes to MF2, and so on and so forth until we
arrive back to the start point. We denote the set of assigned
nodes to MFi by .4 (i).

MFs assigned to each path work serially: each MF relays its
buffered data only to its two adjacent MFs, and data cireulat
(via multiple relays) in order to reach their destinatioRer
efficiency reasons, the scheme requires the data to be delaye.
only along the direction (either forward or backward) which

NEIGHBOR FERRY RELAYING: NFR

MF i needs in order to relay to its forward neighbor all
the buffered data that have been relayed to Mfom its
backward neighbor during their last meeting at contact
point P as well as all the buffered data that MPhas
collected from all its own nodes (when last traveling
from P’ to P't!) that need to be relayed to MPs
forward neighbor, plus the transfer tim&{¢) that MF

i's forward neighbor needs in order to relay to MHll

its buffered data. We have

MF-node transfer timg X ): the transfer time X /™)
that MFi needs in order to deliver to its nodes all the data
that have been relayed to it from its backward neighbor
during their last meeting at contact poift and are
destined to MFi’s nodes, plus the transfer timeXf’9)
that MF i needs in order to collect all the data from its
assigned nodes and need to be relayed toislForward
neighbor during their next meeting, plus the transfer time
(X[ that MFi needs in order to collect and deliver all
the data from its nodes destined to the nodes located in
MF ¢'s own path and lying between the source node and
contact pointP*!. We have

XF=x 4 x4 xF

MF travel time(AF): the travel time of MF from contact
point P to P*1,
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Collecting all these we have MFs would occur irregularly, so the MF with shorter cycle
TF — yF 4 XF 4 AF time needs to wait for an additional period of time before its
g g 4 v neighbor arrives and they can exchange data. It follows that
The backward time of MR, T2, consists of the following the cycle time of the system can be chosen as the maximum
terms: of all MF cycle times:T' = max;{T;}. We will next proceed
« Inter-MF relay time(Y;5): the transfer time ;%) that with characterizing delay and deriving bounds on average an
MF i needs in order to relay to its backward neighbotorst-case delay.
all the buffered data that have been relayed to MF Assume that a configuration of the NFR scheme is given
from its forward neighbor during their last meeting afwithout loss of generality as presented in Fig. 3). To daleu
contact pointPit!, as well as, all the buffered data thathe cycle time for a given configuration of the scheme, we
MF i has collected from all its own nodes (when las#efine the functiony(j, k) for j € {1,2,..., M} and fork €
traveling from Pi+! to P?) that need to be relayed to{—M,—M +1,...,-1,1,...,M — 1, M} which identifies
MF i's backward neighbor, plus the transfer timig5¢) the MF that isk segments away from MF (in the forward
that MF i’s backward neighbor needs in order to relay téirection if k is positive, and in the backward directionkifis

MF i all its buffered data. We have negative) as follows:
yB = yBv L yBd (33) Jj+k, ifj+k>1 k<0,
o ’ . =) Mgtk i+ k<l k<O,
o MF-node transfer_ timg( X P): thg transfgr time X5) V0, k) = j+k, if k<M, k>0,
that MF i needs in order to deliver to its nodes all the ~M+ij+k ifj+k>M, k>O0.

data that have been relayed to it from its forward neighbor
during their last meeting at contact poift+! and are e have
destined to MFi’s nodes plus the transfer timeX{fd) e

that MF i needs in order to collect all the data that have Y;"* = = Z S,
originated and have been buffered in MB nodes and 2 k=0 k=1 1eN (v(i,—k)) UeN (v(i,k))
need to be relayed to MFs backward neighbor during Lo (35)
their next meeting, plus the transfer tim& £!) that MF . o2tk /
i needs in order to collect and deliver all the data from itsY; * = —— > AT,
nodes destined to the nodes located in Md~own path 2 k=1 K=0 1N (v(ik) VEN (v(i,— k"))
and lying between the source node and contact pBint o (36)
We have T &
B _ vBu Bd Bl XFv = _— ALY, (37)
XP = xPuy XBd4y X Z( W;()
« MF travel time(AP): the travel time of MF from contact .
point Pi*! to its other contact poinPi. We have T
X[ = Z Do A, (38)
AB _ AF ! 1
i = A k=114 (7(i,k)) I €N (4)
Collecting the above we have or
’ B B B B Xt = Wy Z Z ALT) (39)
7 =Y"+X+A. leN (i) I'ENp (i)
Since MFs exchange data directly, synchronization is re- M oM
quired so that two adjacent MFs meet at the same time ayBu _ T /
> A,
their contact points. For this scheme to work, we requife 2020 WDl leN (R e (L —k)
to be even so that at each contact point two adjacent MFs (40)
are available to relay data to each other. Also to ensure that T 5 M-k
adjacent MFs are able to meet each other in every cycle, thg;?¢ = — Z Z A1, 1), (41)
scheme requires MFs in adjacent paths to move in reverse 2 k=1 k'=0 te N (v(i,—k)) VeN (v(i,k))
direction. In particular, and without loss of generalitgsame v
that odd MFs start from their counter-clockwise contachpoi T 2.
Bu
and even MFs from their clockwise contact point. So, irlijial Xt = Wi > > STOAWY), (42
each pair of MFs starts from the same point. Odd MFs move k=1 leNV (v(ik) U'eN ()
clockwise and even MFs counter-clockwise. It can be sedn tha My
odd MFs will meet again with their backward neighbors at the XD _ N Z Z Z A (43)
initial point after a finite amount of time and no deadlock can 1
' =1 le N (v(i,—k)) l'eN (i)
occur. We define
T, = 2max{T}", 75} (34) Z A, (44)

. " . . lEJV( JUeNB1(D)
and refer to it as MF’s cycle time When the cycle times

of two adjacent MFs are not the same, the contacts between AF = AP =LV (45)
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In the equations above#r (i) denotes the set of nodes inSimilarly, we can show
MF i's path which are located after nodein the forward
'S P VP (4)Smax min(A, V)

direction, .45 ;(7) is the set of nodes in MF's path which i< ’
are located after nodkin the backward direction, anf; is T W
the length of MFi’s path. Solving forT’, we have v _ (A1) Simax min(A, X)
AF AP T Wa ’
T = max { max ( : YiF’ XF T vF X7 ) } Yin - (%)Smax min(A, \)
32 T T 2 T T (46) T — W2 :
, T , Y Therefore,
Theorem VL1 [Delay in NFR] LetA and X' be defined as in ylu yBu (1) Stnax min(A, X)
(7). Let alsoS,,,., denote the largest number of nodes assigned max { == —p < W, ’
to an MF andL Fhe length of the longest MF path. If yFd yBd (%)Smax min(\, V)
M min(A, X) n A+ ) - 1 max | == =5 | = W .
W2 Wl 2Smax ’ ) .
then there exists an NFR scheme for which Using Egs. (38) and (39), we can write
Dimax < M 3 e h Fd | y
max > Z max) where X 2 W Z Z Z )\(l,l )
. ! le/V( ) k=1UeN (v(i,k))
N Vv
Tmax_ l_S |:Mmin()\,)\') n )\+>\/i|' (47) +7 Z Z )\ l l
2 max W2 W1 Y le v (6) 1 eNma (i)

and Z N

(S Mg (T 4 (- )T W
E[D] < min{ (N) Now, from Egs. (37) and (39) it follows
2
M g2 (373 M Ny N M
Smax pax 4 (- — 1) M Tmax -Fl 2
+ ( 2 (N)( 2 ) 2 ) + ( (N; , XlFu + 1 — l Z A(l,l/)
2 2 Wi, e (i) k=11eN (v(i,~k))

3TrIrYax M ,‘Tlgax T

1 !
Proof: Consider a configuration of the NFR scheme and rea e

any arbitrary Hamiltonian cycle that includes &l nodes. — Z .
From Eq. (35) we have W Ve (i)
z ¥k Hence
u T H
v = o Z )SID SIS DENPYA0 XF _ Swax(A+ )
? k=0 leA (v(i,—k)) K'=1 UEN (+(ik")) TS w,
T Zl S Similarly, we can show
W2 = leN (v(i,—k)) XP - Smax (A + )
é l <M)Smax)\~ T - Wl
Ws\ 2 Therefore,
On the other hand, Eq. (35) also yields XF XEB S (A + \)
H-1 ma o = Wi '
Y < o Z > Yo A . | . y
Finally, using Egs. (32), (33), (46), and the inequalities

2 b= 11’6%’(7(2 k") k=0 leN (v(i,—k)) g
above, we obtain

Iy oy - b & g
k/ 1Ue N (y(ik")) -1 g |:Mmm()\)\) 4 )\+>\/} max"*
T M , 2 max Wao W,
< — | = ) Smax\.
- W < 2 ) A packet needs to be relayed by at mag¢y2 MFs before
Hence, reaching its destination, so the maximum number of MFs that

Ve (A1) Simax min(A, X) carry this packet is—’g + 1) (considering also the MF that
T < Ws : collects it from the source node). Each MF carries the packet
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for at most7'/2 time units, and it waits for at most time be short and constructed such that nodes with high data flow

units before it is collected. Thus, among themselves are located closer to each other. Therforme
M T M 3 helps us reduce the MFs’ travel times, and the latter reduces
Dmax < (2 + 1) 3 +T < <4 + 2) TN .. inter-MF relay times. Our heuristic algorithm consists wbt

phases. In the first phase, we find a good Hamiltonian cycle

The average waiting time of a packet before it is picked Wihd in the second phase we assign the nodes to the MFs.
is T/2 and if its destination is within the origin path, then 1) Phase | (Choosing a good Hamiltonian cyclé)e first
the maximum time to deliver the packet after it is picked ugse well known TSP heuristics [37], [38] which compute a
is less than’/2. However, if its destination i& paths(k = cycle visiting all nodes. However, instead of optimizing th
1,..., %) away from the origin path, then the average delggngth of the cycle route as in TSP, we optimize the following
is less thanf“Q—T + (k- 1)(%). The former case includes at moskstimate £) of the cycle time:
M (®%>) SD pairs. The latter case includes at mags?2

2 max T
SD pairs for eactk = 1,..., (4 — 1), and at most}/ 52, o v
SD pairs fork = 2. Also, there are a total of}) SD pairs M _ [vazlz_ﬁily(i,m(id) ISP Mivﬂ')]’

2 Wa Wy

in the network. Thus,

( v N N which is obtained by solving the following equation for
TG SENCEE )

(2) MV (A Ws
N R : S
+ 2 “max 2 2 2 + 2 max i Zi:l Zj:l )\(Z,j) 5
(3) (%) Ta\” W, - (80)

(49) N
L L In the equation abovd, is the length of the Hamiltonian cycle,
Taking into account (49), considering that the averageydelgndy(ijj) returns an estimate of the average number of relays

T ,
does not exceed == + (4 — 1)(T;N,/2) no matter where needed to deliver data from nodeo node; along the cycle,
the destination is, and noting that the total number of SIspajjefined as

is (%), we obtain (48). [] (i) = 5(4,7)
A result analogous to Corollary IV.2 can be obtained for Y1) = N/M’

Thm. V1.1 as well. where s(i, j) is the number of nodes located between node
Corollary VI.2. Suppose that the data rates between thieand node; along the direction of the cycle that yields the
nodes are random variables and the maximum output ragenaller number. The estimate in Eq. (50) can be intuitively
from and maximum input rate to any arbitrary node, denoteghderstood as follows. Assuming that we split the cycle into
by A and )\ (cf. (7)), respectively, satisfy paths of equal length, each MF’s travel timet and A7,

g ~ L ’ H _

A< N<N wp.1. would be equal toﬁ and each MF's total travel time (for

_ _ward and backward) in one cycle would be equa#{g. Also,
Assume further that the maximum length of an MF péthis in one cycle, there would be "N SNy, j)NG, §) bits
. ~ 1 =1 Jj=1 .7 X ’ N

also stochastic such that < L, w.p.1. Then, bound (47) onof gata to be relayed among thé MFs, and since in the inter-

the worst-case delay holds w.p.1. MF relay process two MFs are communicating with each other,
N Ny, 5)A(5 .
Furthermore, using Thm. IV.4 we can show the followingeach MF would spene{iT)(TZ":1 ZFV;;’( DAY nits of

. . . 2 . ..
Corollary VI.3. AssumeN nodes are placed arbitrarily on M€ as its inter-MF relay time. Note that ai,j) grows,

a unit square, each of which transmitting with a rate)oto  ¥(%:J), the average number of relays from node® nodej,

other nodes (such that the data rate between any pair of nod¥s0 rowii In add_ition, in one cycle, ther(_a would be a tofal o
is the same). If < 1 then there exists an NFRT 2_i=1 2_j—1 A(i, j) bits of data to be delivered to all nodes

) 2Smax (wy 7)) ] by M MFs, and since the data should be alsg colljgcted in order
scheme for which (47) and (48) hold with), . replaced by to be delivered, each MF would SpGIﬂ%ﬂ@‘Zi:l ZV(./TIA(M))
B V28maxt] units of time in each cycle as its MF-node transfer time.
Tiax = ! VMA ol Similar to [15], we consider the following 2-opt and 2H-opt
2 — Smax {WQ + Wl} swap operations to improve the cycle.
o 2-0pt swap A 2-opt swap removes two edges AB and
B. NFR Optimization CD from the cycle and replaces them with edges AC and

NFR optimizationis defined as the problem of finding a ~ BD while maintaining a single cycle.
configuration of the NFR scheme (finding a Hamiltonian cycle » 2H-opt swap A 2H-opt swap moves a node in the path
through the nodes and splitting it into appropriate pathshs from one position to another.
thatT" in Eqg. (46) is minimized. As the earlier schemes, NFRhus, the algorithm tries to reduee by applying 2-opt and
optimization is NP-hard (reduction from TSP) and we agai2H-opt swaps until no further improvement is found. There
rely on a heuristic algorithm. Intuitively, good paths shibu are no complexity results for the TSP heuristics we disalisse
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Fig. 4. Comparison of the schemes for the scenario with togold@nd the uniform data model: (Upper Left) Average delay; geipRight) Worst-case
delay; and of the schemes for the scenario with topology A aeduniform data model: (Lower Left) Average delay; (Lower iR)gWorst-case delay.

but one can limit the number of iterations to maintain lovis realized. Note that the proposed approach always achieve
complexity. the average and worst-case delays given in Theorem VI.1. As
o o . we have done so far, we can limit the number of iterations of

2) Phase Il (Assigning nodes to MFsThis is essentially {his assignment phase in order to maintain low complexity.

a local search heuristic. We start from an arbitrary point in
the cycle obtained in Phase | and as we move in an arbitrary
direction we assign the firsf. nodes to MF1, the nextZ%
nodes to MF2, and so on and so forth. We assume that
two MFs meet with each other at a contact point defined
as the midpoint of the edge that is incident to both of their
corresponding paths. Given this construction, each MFecy
time T; can be calculated using Eq. (34), and the actual total
cycle timeT is obtained from Eq. (46). Then, the MF with the

m
o e
150m
@ L
75m
———— >
T5m 150m  75m

largestT; is recognized. We call this MF the “critical MF” andFig. 6. The locations of the cluster centers in topology A.

its path the “critical path.” We target the critical path angto
shorten the critical MF’s cycle time by de-assigning onetsf i

two “extreme” nodes (the nodes that are located closesteto th VII. N UMERICAL EVALUATION
MF’s forward and backward neighbors) and assigning them toln this section, we evaluate the effectiveness of the schkeme

the corresponding (closest) neighbor. If this node-exghanwe introduced via

simulation under various scenarios. The

reduces the total cycle time, then we apply the exchanganulation was developed in the MATLAB environment. A
otherwise we attempt this node-exchange process betwegeaph generator forms the random network topology and
neighboring paths that have the largest difference betwedgtermines the data rates according to a given scenarienGiv
their cycle times. In the latter case, such a node-exchangenode positions and pairwise data rates, the CFR, BFR, and
allowed only if it does not increase the total cycle time andFR optimization problems are solved using the proposed al-
results in a smaller difference between the cycle timesegeh gorithms. We considet0 nodes distributed on 300m x 300m
paths. We continue this process until no further improveamearea. Two topologies, A and U, are assumed in our simulations
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Fig. 5. Comparison of the schemes for the scenario with togalbgnd the non-uniform data model: (Upper Left) Average de{e\pper Right) Worst-case
delay; and of the schemes for the scenario with topology A aednbn-uniform data model: (Lower Left) Average delay; (Lowéght) Worst-case delay.

Topology U corresponds to uniformly distributed nodes oveso that at each contact point two adjacent MFs are available
the coverage area. In Topology A, we assume that the nodeselay data to each other. The results show that the CFR,
are concentrated at certain locations calietter centersThe BFR, and NFR schemes generally yield substantially less
cluster centers have the highest density of nodes, whighsdraverage delay than the FRA scheme. This gain is generally
radially outward. More specifically, the area was dividetbin more pronounced for larger values df. It appears that the
four 150m x 150m squares, and the centers of the four squaréRA scheme is the least capable of utilizing the additional
were chosen as the locations of the cluster centers (se€)Fignumber of MFs to decrease the delay (when the number of
To generate topologies A; andy coordinates of each of the MFs becomes large, the delay increases in the FRA scheme);
10 nodes belonging within each cluster are generated frdinis is due to excessive inter-MF relays in the FRA scheme.
a Normal distribution with mean equal to the correspondingotice that in the BFR scheme the average delay also ingease
coordinate of their cluster center and standard deviatiprak after a certain number of MFs, because we utilize a single bus
to 20m. The communication between MFs and nodes is donkich has to travel between many MFs. We discussed earlier
at the rate ofil¥; = 20 Mbps and among MFs at the rate(see Sec. V) how this issue can be addressed by employing
of W5 = 20 Mbpsalso. We consider two data traffic modelsnultiple buses.

in the network:uniform flow and non-uniform flow In the  pegarding worst-case delay, the qualitative conclusises a
uniform flow model, the data rate between any two Nodegnijar Note that CFR and NFR keep the worst-case delay
is randomly selected from a Uniform distribution that takeg,, \while also maintaining a low average delay. BFR (with
values betweef and1 Kbps whereas in the non-uniform flow 5 gingle pus) increases worst-case delay after a number of
model,10% of the traffic has a rate & Kbpsand the rest a rate \gq get employed, but still outperforms FRA. BFR may
of 1 Kbps We setl” = 1(m/s). The performance measures,e apnropriate for a specific application, especially when
we computed via simulation include the average delay and thehicles that roam the environment (e.g., real buses)djrea
worst-case delay. exist. These observations guide the network designer éztsel
Figs. 4 and 5 depict the average and worst-case delay 76t appropriate scheme given performance requirements and

different scenarios as the number of MFs increases. As feplication considerations.
noted earlier, for the NFR scheme we requireto be even  Fig. 7 shows the ratio of simulated worst-case delay and
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Fig. 7. Assessing the tightness of the bounds: (Upper LefRQUpper Right) BFR; (Lower Left) NFR. In each plot and faace number of available
MFs the 1st and 2nd bars correspond to non-uniform flow andldgy A and U, respectively, and the 3rd and 4th bars cormedgo uniform flow and
Topology A and U, respectively. (Lower Right): Assessing #ifectiveness of CFR, BFR, and NFR optimization approaches 1st and 2nd bars correspond
to uniform flow and worst-case and average delay, respégti@ed the 3rd and 4th bars to non-uniform flow for the two extjpe delay metrics.

average delay over the corresponding upper bounds we happear in Fig. 7 (Lower Right), where it can be seen that
established for CFR, BFR, and NFR, respectively (cf. Theour heuristic methods produce policies that are not that far
rems IV.1, V.1, and V1.1, respectively). In general, the hdsi from optimal (by a factor of 1-1.5 for CFR and BFR and a

under uniform flow traffic are tighter than the ones under nofactor of 1.4-1.8 for NFR).

uniform flows, which is to be expected based on our earlier

discussion. The bounds of CFR are the tightest and the gap

is less than 30%. For BFR and NFR, the bounds are tight in
most cases.

VIII. CONCLUSIONS

In this paper, we studied the problem of designing routes
Finally, we assess the effectiveness of the CFR, BFRr mobile elements (message ferries) in wireless networks
and NFR optimization approaches we have proposed in S&¥¢e considered a general network model where each node in
tions IV-C, V-B, and VI-B, respectively. In each case wéhe network sends data to multiple other nodes with possibly
derived an optimal policy using a brute-force method for @ifferent data rates. We proposed schemes that utilizeuusef
small-scale network with 4 nodes and 2 MFs. In the brutéiteractions among the ferries. For each scheme, andlytica
force method, we calculate the total cycle time for all polgsi bounds on worst-case and average delay were derived. Worst-
configurations and select the configuration with the smiallegase bounds in particular, have not received enough aitenti
such value. This calculation of total cycle time is done b the literature even though they are critical in offering
simulation and this introduces some (estimation) errorctvhi performance guarantees.
may prevent us from obtaining the true optimal policy. Yet, We also established that one of our schemes (CFR) has
the policy we derive should be very close to optimal andesirable scalability properties; achieving constantruete
provides an appropriate baseline. In this comparison, ttleoughput within constant maximum (worst-case) delay as
network topology is set to be Topology U and both uniforrthe network size grows. Simulation results for several -qual
and non-uniform flow models are considered. The resuitatively different topologies and traffic patterns showtbdt
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our schemes perform better than the alternative Ferry Rejay([17] Y. Chen, J. Yang, W. Zhao, M. Ammar, and E. Zegura, “Mukidag in
Algorithm proposed earlier in the literature.

We noted that the BFR scheme can be possibly improvag]
if more than one bus is used when the number of ferries is problems: Part I: Transportation between customers and dejuoirnal

relatively large (e.g., using two buses each of which tiagel
half of the route designed for the single bus case). In auditi

(19]

and for all of our schemes, it would also be interesting to

explore route design where some of the nodes (e.g., the o8

with higher data rates) are visited more than once in every
cycle. These are interesting directions to be pursued imdut [21]
research.
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