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Abstract—We study the concept of Ferry based Wireless Local be increased at the cost of decreasing throughput. Théorelat

Area Network (FWLAN), in which a number of isolated nodes petween the range and the throughput are determined by the
are scattered over some area and where communication betwee radio propagation conditions.

a node and the outer world, or communication between the . ; . .
nodes, are made possible via a message ferry. The Ferry has Taking into account the above radio conditions, we are
a predetermined cyclic path which collects packets from a nde concerned with the design of a cyclic route of the ferry and of

and delivers packets to it when it is in the vicinity of the noc. the location of stops along the route. It is only when reaghin
We use the mathematical theory of pollln_g systems to study g stop that the ferry collects (uplink) and dumps (downlink)
the performance of the FWLAN. We consider three different . 455 from/to all the nodes who are closer to that stop

architectures and each of them is mapped to a polling model.
The polling disciplines that are needed for modeling the FWIAN than to other ones. The larger the number of stops, the more

involve non-standard variants of gating disciplines. Our gal is ~time the ferry has to spend for stopping and accelerating. Th
to design the routes of the Ferry as well as the points where it lesser the number of stops is, the larger are the distances at

should stop to distribute and collect packets. This mathentical ~ which it has to receive/transmit the data from/to the nodes a
modeling brings another dimension to the classical relatestehicle hence the larger is the time to achieve reliable commurinati
routing problem due to the radio channel: the cyclic path of he In addition to this trade-off which appears both in the one

ferry need not touch every node. The distance between the ned di . | and the two di . | th . h
and the fairy at the point when communication occurs determnes Imensional an € two dimensional cases, there IS another

the transmission rate and hence the service time and thus the Important design issue that is specific to the plane: in order
system’s capacity. to achieve smaller service times the routes need to be lpnger

which may increase waiting times. Larger service times that

would be needed if the routes were shorter imply smaller
Message Ferry are mobile relays or mobile base stations thghievable throughput of the system.

serve as "postman” to deliver to static or dynamic wireless \ne consider three architectures:

nodes messages (or packets) and to collect messages from

them. Mobile base stations have been proposed in the context Sensor Access Network (SAN)there is a fixed base

of mobile Ad Hoc Networks [15], of Vehicular Ad-Hoc Net- ~ station (BS) that is connected to the global Internet (or
works (Vanets) [11] and of wireless (static) sensor network o other base stations) and thus enables communication

I. INTRODUCTION

[12]. In the UmassDiesel project, computer have been iestal between nodes in the FWLAN and the outer world. The
in 30 out of 40 buses and these then serve as Message Ferry ferry brings all traffic from (respectively to) nodes in
to deliver messages to throw boxes (see the FWLAN to (resp. from) the BS. There is no traffic
http:/prisms.cs.umass.edu/diesel/). from nodes of the FWLAN to other nodes in the FWLAN.

In this paper we are concerned with a message ferry that
serves as a mobile access point in a local area network whicke Hybrid Access Network (HAN): Same as SAN but
we call FWLAN (Ferry Wireless LAN); the ferry delivers and traffic sent by a node in the FWLAN can also be
collects packets from static nodes on some geographiciarea  destinated to another node in the FWLAN. In that case
This problem is close in nature to the well studied problem the ferry first brings all uplink packets to the BS and
in logistics where a central point receives service reguest then receives from the BS all downlink packets received
from points on the plain. A service vehicle is then sent for during the last cycle including those just brought by
handling the requests and one has to design efficient or even the shuttle destinated to other nodesZn Using this
optimal vehicle's route so as to serve all the points, see [3] architecture we can achieve routing within the area also,
Beyond the resemblance of the vehicle routing problem to however it always takes two cycles to complete the data
the problem of designing a route for a message ferry, we transfer.
notice also a fundamental difference. In the vehicle rautin
problem, the routes need to patisough all the points « Autonomous Network (AUN): the Ferry serves as a
in space that require service. In contrast, the routes of the local mobile base station. Thus a packet sent by a node is
message ferry need only pass in the vicinity of nodes (irrthei  transferred directly to the destination node without first
transmission and reception range). Moreover, this rarsgdf it transmitting through a fixed BS. In this case, in contrast
is flexible: assuming a fixed transmission power, the range ca to the HAN architecture, the data routing can take place




faster: depending on the location of the source destinatisituation where the server/ferry routes the data directlthe
nodes and the direction of the ferry’s route, a packet malestination, if an uploaded packet was meant for a nodemwithi
arrive at the destination in the same cycle of the Ferrythe FWLAN. Only the packets from/to the nodes outsile

This kind of system can best be studied using a pollirgj€ routed to BS. Finally in Section VI, we give a brief idea
system, wherein a ferry serves a finite number of queuestthstudy the HAN architecture.
a cyclical order [2], [6], [4], [9], [14], [13]. TwO queues ar
considered at each stop. The uplink arrivals from nodes thaf~€rry’s Route : The ferry moves in a closed path repeat-
are nearest to the stop under consideration are modeleceas @y and stops at the same finite numbey ¢f predetermined
queue (uplink queue) while all the nearest downlink arsvaptops in every cycle. The area is divided into disjoint
are modeled as the downlink queue. subareas and each stop is associated with one of the subareas

The polling disciplines that are needed for modeling th®& node belongs to that subarea if and only if its signal is
FWLAN involve non-standard variants of gating disciplinesstrongest there. At each stop, the ferry serves all the nodes
In SAN architecture, we note that upon arriving at a quete, tiocated in the associated subarea.
ferry serves (bring to the queue) all packets that were ptese Let{Q1,Q2, -, Q,} represent the location of stops of the
at the base station when the ferry last visited the basestatiferry. For eachi let I; represent the subarea associated with
If only downlink traffic existed then this would correspondtopi. We assume thaBS is located neat);. The indexing
to the "globally gated” (GG) discipline [6] (otherwise wein this paper is done in a circular manner.
call the discipline PGG for "partially globally gated”). In
contrast, when the ferry arrives at a stop it can upload all th Arrival process : We consider traffic generated at the
traffic present there upon arrival (so that the standarddgateodes which we call "uplink”, and traffic that arrives to the
or exhaustive disciplines can be used to model this). In th@des which is called "downlink”. We shall use for both cases
autonomous network case, the polling discipline in thenkpli the term "arrival”. Uplink/Downlink traffic arrives accoir
queues will be shown to be a complex combination of PG an independent marked point proces¢gs, M, }, where
disciplines, related to the models in [9], [13]. T,, is the arrival time of thenth point andM,, = [L¥, L%, n,]

In designing the ferry’s routes and stops, we aim at min&re the corresponding i.i.d. marks:
mizing the expected virtual workload in the system (which is T, is a Poisson point process with parameter

some appropriate weighted expected waiting time (WWT) of , [ is the source of the uplink (upload to Ferry) whilé

a random customer). _ is its downlink (download from Ferry) node. Boflf, L%

~ The system, model and the notations of the paper are 4re in A. When the BS is involved in data transfer then
mtrE_duced in Section ':- We consider SAN, H'A(‘jN’ AU'f\]' we either considel or L appropriately to be the BS.
architectures respectively in Sections I, VI and V. The  Thjs for example occurs whenever the actual source (resp.
theoretical results obtained were simulated using some nu- 5tyal destination) is outside FWLAN.

merical examples in the respective sections itself. Theepap
is concluded in Section VII.

« 7, is the size of the packet. Its distribution can depend
uponZ and orLZ. It has finite first and second moments
[I. SYSTEM MODEL AND NOTATIONS everywhere.

We consider a 1-Dimensional or 2-Dimensional geograph€ Point processes that counts only the uplink traffic (ehos
ical areaA in which static nodes (sensors) are scattered. \§8U'Ce, IS IMA) to BS is Poisson witfh*. The point processes
assume that the network is sparse and there is no directlgldf&t counts only downlink arrivals from BS t (in the SAN
connectivity. In order to receive messages (which we cath aland HAN architecture) is Poisson witk’. We shall use the
"packets”) from the nodes or to send messages to them, a fefHperscript: or d to denote uplink or downlink.
called "message ferry” or "message shuttle” moves aroundFor the SAN architecture one of the source or destina-
and serves as a postman. The nodes either generate daf#Pfbis BS itself and hence we find it convenient to define
or require data form nodes within and/or outside the area. §plicitly the exogeneous uplink (downlink) Poisson point
order to route the data to and from outside the area, thelshurocesses Ty, M} with rateA* (\?), whereM,; = Ly, ;]
has to pass through a base station that serves as a gatewé&y/¢ = [L<, nd]) are the corresponding marks.

It is possible that the BS is also needed to route the datan case of AUN architecture the downlink/uplink traffic
within the area (for example in SAN architecture). In Sattioto/from nodes can be exogeneous (i.e., routed via BS) or
Il on SAN architecture, all the data routing takes place viean be from the other nodes ih. We view both the down-
the BS: the ferry goes to the BS once in every cycle to collepk/uplink traffic as uplink traffic itself with a source and
and deposit the information. The ferry "serves” the nodes destination withinA. Note here that the actual downlink
each stop in a cyclic manner. We use throughout terms frgerocess also starts with upload of data to the Ferry at node
queuing theory; by "serves” a message we mean that the feffye node will be BS for exogeneous downlink) followed by
transmits it if the connection is downlink (i.e. the messige the download of the data to the destiny node. In this case we
destinated to a node), or receives it, if it is an uplink mgesa model the arrivals with Poisson rai with Marks given by
In Section V on AUN architecture, we consider instead th&f,, = [L%, L9, nY].



Radio channel conditions and service time :The Ferry at every stop, the ferry first downloads all the data collected
uses a wireless link to serve the customers. It can reem the BS destined to the nodes located in ateand then
ceive/transmit the packets from/to the nodes at a distahcecollects all the uplink data packets that have arrived sitsce
d from it at a rater(d) for some decreasing functior(.). last visit. It continues collecting the packets till theme ao
We shall writer* and r? for the uplink and downlink rate more uplink data packets ify.
functions (in case they are different). The upload/dowdloa
service time of a packet with source located‘at I; close . .
to stopi and sink located at? € I; is its size divided by A Polling model and pseudo conservation laws
the service rate (which depends on the distance between th¥/e analyze the performance of the FWLAN using the
node’s location/* /¢ and the corresponding Ferry’s locatiortheory of poling systems. As a first step, we model each stop,

Q:/Q;) (for example in case of AUN architecture) : Qs as 2 independent queues (one for uplink and the other for
o downlink) each with Poisson arrivals of rat¢ (resp.\%);

B 14y = UGS Each of the uplink queues are served with Exhaustive Gating

’ (|| Qi) — ™) policy. On the other hand, the packets that are transmitted

downlink are those present at BS when the Ferry arrives at

wherem stands foru or d and u(i’j). = i andd(i,j) = j. t,[he BS. In case there were only downlink transmission, this
Throughout the pape. || represents either the area (length) ould correspond to the globally gated service discipligie [

the tW(.) (one) dimensiongl region f”md or the Qistance betweﬁ . In presence of nodes transmitting (exhaustively) nigli
two points. Note the service times in SAN architecture ddpenglobally gating is applied only to part of the queues (the

either only onZ* (for uplink) or only onL? (for downlink). downlink) so we call this the "partially Globally Gated”
Denote bys™ (I) and byb@_m) () the corresponding first and giscipline. We thus haves poling system with half the
second moments at locatidn The first two moments of the q,eyes experiencing Exhaustive service while the remginin
service time at the uplink and downlink queues at stafionpg)f receive the globally gated service. The walking times
areby, bEQm) with in between queues are given by (walking distance between
gueues of same stop is zero):

Vai = al|lQi — Qg1 +co, Va1 =0 forall i. (1)

With m = u or d, define (fori = 1,2, - --
(Note that up and downlink service times are defined for all me (fori %)

b7

(2m)
bj

E[Bm(L" LY € 1]
E[(B™(L",LY))?L™ e L] .

three architectures, where downlink means from the Ferdy an | .=  Prob{L§" € I;} A" = AT
uplink - to the Ferry.) Vi = ZKZ. Vaj o = A"
/\21' = /\7; )\21;1 = )\1d
Walking times : After serving all the nodes in a stap;, by = bl boicy = bY
the ferry walks to the next sto@);1. The walking time is ;2 ._ (9 p2 : p(2w
c1]|Qi—Qiy1||+co, for some appropriate constants c,. The p%% — iq o pQZ_l — pZ 4l
constantcy represents the cost for acceleration/decelerationy, — ._ ‘70:11:101 S 1Qi — Qia| + oca

while ¢; represents the cost of speed of the ferry.

The larger the number of stops, the larger the cost of
walking will be. Yet at the same time, the lesser the number of
stops the cost of serving the nodes increases as then tlye f8r Stability
will have to serve nodes at a more distant points. Becauserhe load factor is given by,
of these two contrasting costs, one needs to design optimal
number of stops for the ferry. ) = )\“ZProb(L“ € I)E [ n“ (L") ‘L“ c IZ}

[1l. SENSORACCESSNETWORK ARCHITECTURE i=1 re(jQi — L))

Traffic is either uplink from the nodes (sensors) to the BS i d(rd
(through which it can be further routed to the Internet) or +/\dZPTOb(Ld eL)E {m’ﬁ € IZ}
downlink from the Internet to nodes of the FWLAN again =1
passing through the BS (which serves as a gateway). Thecycli _ Z A E [ n™(L™) } )
route of the ferry starts when reaching the BS. It first deposi r™(miny <<, |Q; — L™])
the (uplink) data collected from all the nodes 4f in the
previous cycle to the BS. It then collects all the downlinld straightforward adaptation of [8], [1], [7] yields the folv-
data from the BS before walking on to the first stop. Thimg:
radio connection between the ferry and BS are assumed to beemma 3.1: FWLAN is stable if and only ifp < 1. Further
very good and hence one can neglect the time taken by #hé a non increasing function ef and hence the stability of
ferry for serving the BS. While traversing through the pathihe system improves as the number of stops, increases:

m=u,d



From (2) a necessary condition for stability is be same. Then for all (assuming?; is at the zero location),

1 A
m(Lm N [ u_yd_2
ZAWE{ n™(L™) }<1_ 3) o= = No=x=2,
maxzea 7™ (1)
m=u,d 1 dl
b= M=o | AT
Note: the fading nature of the wireless medium and the ten ”
shadowing (which we have not considered in this paper) ;2w _ p(2d) _ (2 :577(2)0/ 1 dl
may further reduce the stability region. Both of them can be ! ! b Jien (N2 TAI
introduced to our problem; the way to model up and downlink by
communications through polling systems remains the same, Pi = ~— and p=20p1 = 2\b1.

but the service time distributions become more complex.
For any pair of arrival rateé\*, A?), the stability condition N the abovey, = Eln] andn ) = E[n).
can be ensured as follows. First, ensure the stability ¢mmdi  The weighted expected waiting time of a random customer
for the polling system in which all nodes are located at dista (4) under symmetric conditions simplifies to:
zero from the stations (see (3)). The system now behaves like
a wire line system. We request that< 1 for this system. If 3" p(E[W)! + EW))) = p ZV
this holds, then by using a sufficient amount of transmission
power one can ensure that the stability condition also hfoids p1o @)
the wireless system. Alternatively, one can also ensubglisya +m (4)\13 +4V +Vpio (4 - —>) (5)
condition by also increasing the number of stops.
In the following we consider some interesting examples and
obtain further insights into the problem under considerati

C. Virtual Workload and conservation laws IV. EXAMPLES: FERRY MOVING ON A CIRCLE, RING AND

RECTANGLE
Our aim is to minimize the expected virtual workload in the

system, or equivalently, the expected weighted waitingetinf\. Ferry moving in a One Dimensional Circular Path
WWT = > (ptE[W]Y + pdE[W]¢) of a random arrival. ~ AssumeA is a circular path. In this case for ea¢hr;

2

By applying the Pseudo Conservation Laws of [6], [4] to outepresents the interval (interval approximating the arc)
polling model, we get:
|Qi — Qi-1l] 1Qi — Qit1l|
2 2

Iz:|:Qi_ Qi +

[oa

Z(pé‘E[W] + ol E[WY)

In this caseV = ci||A|| + oca.
In these examples we consider only the signal attenuation

220 /\b(2) — = o i )

_ j=1"9"5 v 2 _ uy2 ue to path loss. However one can easily incorporate the

_ v 4 A= (o) d h i H | h
2(1-p) 2 2(1-p) — shadowing and fading effects into our model. Consider that
_ the antenna height difference between the nodes and ferry is
V 1+ p n Zp (4) exactly one unit. Assuming a path loss coefficientof for
P21 p) all 4,

. . . . 1 1
As in the case of, the first term in RHS of (4) is always r(d) = i E I (6)

decreasing irp, while the rest of the terms are product of a (v 1+ d2) (1 +d?)

decreasing and increasing terms. The térmis increasing l|All/20 dl

at least linearly inoc and hence will eventually dominate  bi = 77b‘7/ (1+12)QW,

the convergence behavior of the virtual workload under more —l1all/2e

realistic condition oflimy_,o1/r™(d) > 0, m = u or p@ O l1All/20 L dl q Ab;

d. Thus the virtual workload initially may decrease with i T 9 —HAII/%( +17)% ||A|| andpi = o

because ofp terms but will eventually increase to infinity if _ .
limg_o 1/7™(d) > 0. Hence, there exist optimal number of~or example foro: = 2 with appropriate constants,
stopsa* for which the virtual workload is minimized.

C C
bi = cn t2 b2 + Li,
g
. " ; u (2) el (CRNE)
Symmetric conditions, Assume full symmetry, i.e. that NORNCIN by L s Chs L by L % %5 ang
and L? are uniformly distributed over\, the service times ¢ b1 o2 ol o6 o8
independent of the location, the stops at equal distances et pi = LG G
;=

Further assume that the parameters of uplink and downlink to o o3 ob’



B. Annular Ring 3.1. Further the convergence is faster for smaller value.of

We will assume here that the ferry walks in a circular pathniS can be explained in the following way. The number of
C as in the previous example, but serves all the nodes tiatms (the polynomial terms i) in p1, b1, b§2) increases
come in between two concentric rings with the circular pathith «.. Hence these terms converge faster to zero with smaller
of the ferry placed exactly in the center of the annular rsgg( values ofa.

Figure 1). Say the rings are separated radially by a distancéAs expected and as explained in the previous sections, in
of 2k meters. In this case withR, §) representing the polar Figure 2 the WWT first decreases with reaches minimum

co-ordinates, at o* and then starts to increase to infinity. Also, the optimal
Qisr0-Qio0 number of stopsg*, increases witlx. The above is intuitively
LT Q4 + (R, 0)) L™ (dAdR) justified, as with smaller values of, the signal gets attenuated
bt = ﬁ/h /Qi,,e;e”,e rm(|Qi — [Qi + (R,0)]|]) due to fading at a slower rate and hence lesser number of
STOPS will suffice.

C. Ferry moving in a Rectangular Area

Here we assume thak is a rectangular area of length
and depthH. The ferry moves in a closed zig zag manner
as shown in Figure 3. The distance between adjacent stops is

Fig. 1. Circular path of the Ferry moving in a Annular Ring

Under symmetric conditions,

h 360/2c0
b / / ! dodrz Fig. 3. Zig-Z th of the F ing i tangul
i = MO . ig. 3. Zig-Zag path of the Ferry moving in a rectangular area
—h J—360/20 r([|Q1 —[Q1 + (R, 0)]]) ||A]|
With fading model (6), approximately (the approximation igame everywhere and the adjacent stops differ from each othe
good if & is small or wherv is large) for alli, either only in horizontal direction or only in vertical daton.
b AlCll)20 ded At each stop the ferry covers a rectangular area as is shown
b, = nba/ / (1+a% +23)" T10T2 in the Figure 3 . Hence i2d is the distance between the stops
—h J—||Cl|/20 [A]| then the number of stops (approximately) will be given by
LH np . . "
In Figure 2 we consider a specific example and plot the?- With the above and with the symmetric conditions,
WWT versus the number of stops. In this example we set, LH 1
le1,¢2] = [5,5], h = 0.5, ||C|| = 16m, [, n'>] = [20, 440] ° = 1F =7
and A = 0.01. We consider two values af in this example.
Load Factor VirtualWorkloadfor Concentric Rings d d a d d
_35000 - b, = nbg/ / (1—|—$%+I§) T10T2
£ 4000] —dJ—d ||A||

For a special case af = 2 this simplifies to (for alk),

Weighted Waiting T
= N w
o o o
e o o
Q Q Q

, bi = cp1 + cpad® + cp3d and similarly
0,2
’ @ _ @ (2) 72 (2) 54 (2) 56 (2) 58
% 50 100 150 200 250 % 50 100 150 200 250 b; = G TGy d + G d t Cpg d + s d’,
et S pi = cpd® +cpd + cp3d®
o alpha=2 _ : apnecz However in contrast to all the previous models considered,
Fig. 2. Load Factor and Virtual Workload for Annular rings the walking distances increase in a very different way. ia th
case the walking times are given by (for evéry o),
From the figure, it is seen that decreases wittr, i.e., Vai = 2c1d+ca, Vi = (2c1d +¢2) (i — 1) and
the stability of the system improves with the increase in the _ 2c;LH LHey

number of stops, for both the values@fas shown in Lemma Vo= d P2



Hence the weighted walking time is once again given by (fated service in contrast to the global gated service of the
with the newV, V; and p;'s. previous section. This service discipline is more appadpri

We next consider the ferry of this section, moving along @s in this case the downlink data is generated at all the stops
zig zag path across a rectangular area in Figure 4. In this éx-contrast to the previous section (where the downlink data
ample we setlcy, e = [2,2], LH = 25, [np, 77152)] =[30,940] S generated or_1|y at BS). Af'ger the down_llnk queue, the ferry
and A = 0.01. We consider two values ofi again. We SE€Tves the uplink queue using exhaustive service as before.

make similar observations as before and one can suppos thigthen walks to the next stop with walking times given by
observations once again as before. (1). Hence we once again have2a Poling system with half

gueues experiencing gated service while the rest of theegueu
Load Factor VirtualWorkload experience exhaustive service. However this Poling syssem

AT . 0% very different from that of the previous section as in this
0; ii 3000 system re routing of the data packets is pqssible. _

206 gzooo In AUN architecture, there are only uplink data arrivals.
) 0.4 g Hence A = 0. The uplink queue at stog); has Poisson
0 210 arrivals at rate\! = \“Prob(L* € I;) while the downlink

o O gueue aty; has arrivals only due to rerouting of data packets.

0 2050 87 B0 L00rEonas sigma Using the models of Section I, the moments of the work load
0 ::z::: Q ::Z::z process/service times at thl! queue of2o-Polling system

modeling FWLAN will be given by,

Fig. 4. Load Factor and Virtual Workload for Rectangularaanéth zig zag

path n*(L*, LY)
bo; = b} = E[—"Lu GIZ}
r(1Q: — L)
V. AUTONOMOUSNETWORKARCHITECTURE b ol E[ n“(L*, L?) ‘Ld c I}
The BS routes only the data flowing out of (or coming from A ri(]|Qi — LY||) i

outside) the ared while remaining routing, i.e., the routing
between nodes insidA is done directly by the ferry. Here

again, the ferry starts its cycle with BS, which is taken 48 a similar way. L
located close to stof);. One can view the BS as one of the Every data packet is first served (uploaded to the ferry) at

nodes. At every stop, it first downloads all the data it has® uplink queue. After the first (uplink) service, the packets

for the nodes located i, and then uploads the data from thér€ routed to a downlink queue in thg: system according to
nodes inJ; once again in a exhaustive way. the prc_>bab|I|ty Q|str|but|oh governing L. After the_second

The new data enters the system only as uplink data. THEPWnlink) service (download from ferry to destiny node)
is, any new data is first uploaded to the ferry when it stopd€ Packet always leaves the system. Thus the probabilities
at a nearby stop. The uploaded data is then downloadeddfSCiPing the rerouting of the packets in our polling syste

the appropriate node by the ferry itself when the later stoffs9'ven by,

close to destiny node the first time after upload. Note thet, t p, ., .\ = Prop(L? e Iy=14,

downlink from external world also starts with upload, insthi P -0

case upload from BS to the ferry. m*,2m
We shall make heavy use of [13]. Note that the model of Pem—1,m7 = 0 forl<m,m' <o, 1 <m" <20.

[13] requires independent service times. In our case the sighe probabilities of data packets leaving the system abuari

of the packet that is sent from a source node to a destinatigifeues equal:

service does not change. Therefore the service time up and

downlink are naturally correlated. However, if their size i

taken to be fixed and not random then one can still use theThe total arrival rateg~;;i < 20} (equation (2.1) of [13]),

results of [13]. We thus assurfiged packet sizeshoth in this  ;5ia1 service rate moment{si)i}, {B(.Q)}(equations (2.2), (2.3)

Section as well as in the one on the HAN architecture (in thg [13]) for FWLAN can easily bé computed as :

latter we restrict this assumption to packets that go from on

The second moments? = »**), b2 = Y are defined

Pgm,o =0 andPgm_l,o =1.

node to another). Downlink Uplink
A2i—1 =0 Agi = AY
__jd o u _ jdyu _\u
A. Sidi et al., Polling system with rerouting J2i-1 = lzé ijl Aj = 1A T2 = A .
We now model this system using the Polling System of Sidzf?;)_l - bég’d) lf?;): bi(;;)zjzdl lj b;‘ o)
et al., [13], which allows rerouting of the data packets te th b2i1 = 0; byi” = b, 2251 [5b;

pO”mg SyStem after their sery|ce. 1This distribution can be continuous random variable a%ebut probably
Each Stqp is modeled again a? two queues..At every stQRould have a point mass at the location of the BS to emphds#eBS is
the ferry first serves the downlink queue using the usuak gate way for routing all the data to outside world.



B. Stability and the WWT becomes,

With p; = ~;b; for i < 20, p = 3227, p; < 1 is the stability

uy u d d
condition of the system. As before, the load factor is given Z (/\i bai E[Wi'] + 72i-1 b E[W] ])

by: =t )
Aby A 5@ 5@
w( L = —— (b b — p1ob
o = Aqu[ (LY, LY 2(1 = 2p10) 2(1 +2) proon
P (i <oz [[Q: ~ L)) V(o — 132
m=u,d == = o 1P1
’ V4 ——F——— 7
+proV + (1= 2p10) (7)
Hence as in SAN architecture the stability region improwes b - o1
increasing the number of stops. +VhA—————.
20(1 —2p10)

D. An Example : Ferry moving in a rectangular path

C. Virtual Workload We now consider the ferry moving along a zig zag path in
a rectangular area as in Section IV-C, but now using AUN

The appropriate weighted waiting time (WWT) or theychitecture in Figure 5. In this example we s, c;] =
virtual workload for FWLAN can be obtained using equation'[s2 2, LH = 2, | (2)] (30,940] and A = 0.01. We
s & = y Mo Ty = ) = U.UL.

(6.3), (6:4), (6.5) of [13]. Since FWLAN is modeled by a%onsidertwo values af again. We make similar observations

mixed service polling system as in equation (3.22) [5], on bef q ‘th b i .
need to add the terms of gated service (given by (6.4), [1 bgfg:g and one can support those observations once again

and exhaustive service ((6.5), [13]) appropriately to obtae
expression for WWT. The gated service ((6.4),[13]) hasa - Load Factor VirtualWorkload

. . . . . 4000y
terms in comparison with the exhaustive service ((6.5))[ * 5
However these extra terms are zero for FWLAN becaust E.;SOOO :
0,8 o -
« No external arrivals occur at a downlink/gated ser s 4 < 2000
qgueue ;1 = 0 for alli). Hence the extra new workloi o4 % 10001
that would have joined the gated service queue, di o2 =
. o . o
its own service time, is also zero. _ O 0 20 40 60 8010 2WA0
« No data packets are rerouted after a downlink queue sigma sigma
.. R = - al a=
henceP,;_1 ; = 0 for all 4, 5. Hence the extra rerout alpha=t P
i ° alpha=2 ° alpha=2

workload added at a gated service queue (in companisun

. . . . . ig. 5. Load Factor and Virtual Workload for Ferry moving ifRactangular
with exhaustive service queue), due to rerouting to |tsef‘,jf|,e&1 with zig zag path for AUN

is also zero.
The WWT of FWLAN after all the possible simplifications
will be given by: VI. HYBRID ACCESSNETWORK ARCHITECTURE

We describe in this section how to model this architecture
with polling models taken again from [13].
At each statiort we shall use one upload queue per source-
destination pairij and one download queue. There is in
B 2‘7: p2i(1~72i ~ byy) addition another queue per_each destinatior? at the BS. Racke
P generateq at nodeand .destlnated to no@'evyﬂl be mod(_eled
. 0 as following. They "arnye" at nodeé according to a Pplsson
Z N B Z process and queue up in quezig’evv_hen the Ferry arrives at
L T2 . Pk a station that handles statienthen it serves exhaustively all
Fl'”_#l =20l arrivals at queuej. This service corresponds to uploading the
1 < i = packet to the Ferry. At the end of each service of a packet at
+m Z Z A?l?b?z%k- a queueij, the packet is routed to queyeat the BS and it
=1 =157 k=i stays there till the Ferry arrives at the BS.

S ic Conditi q ) giti . The time the packet from that was destinated to station
ymmetric Conditions Under symmetric conditions as in; \aits from the instant it is routed to the BS till the ferry

> (AbuEIW] + qi 1B BV

=1

S AebS) I b

o1 N Yi
20-p) =

2

1% 1
4 Vay
+p2+1_p; 2

previous section for all < o, arrives there represents the time that it took for the pattket
\ be relayed by the ferry to the base station (as in the reatyst
Yoi = Yaio1 = =, bgi = 2by, boi_q = by, the routing is not done instantaneously). When the feriyesr
(o2

R R at the BS, all the packets are routed instantaneously to thei
b2 =20 1 2p2 and  BY, =P, destinations (defined by the queue in which they wait). Only



when the Ferry arrives at the destination queue, the packel Saleh Yousefi, Eitan Altman, Rachid El-Azouzi and MatudcFathy,
is served. Again this is not what rea||y happens but it is "Connectivity in vehicular ad hoc networks in presence aklgss mobile

. . base-stations”, in the Proceedings of the 7th Internati@uaference on
exactly equivalent to what actual occurs; the reason We US€ 15 o iccommunications, June 6-8, Sophia-Antipolis, Eean

this equivalence is that it allows us to use the tools of Sidile [12] v. shi and Y. T. Hou, "Theoretical results on base statimovement
[13]. The time that elapses since the packet is served at$he B problem for sensor network,” in IEEE INFOCOM 08, 2008.

till it is served at the destination node in our model corcests [13] M- Sidi, H. Levy and S. W. Fuhrmann, "A queuing networktiwia
single cyclically roving server’Queuing Systems 11, (special issue on

exactly the time from the instant it is loaded again to theyer  pgjing Models, Eds. H. Takagi and O. Boxma), pp.121-148219

at the BS till the time it is delivered to the destination. [14] H. Takagi, "Analysis of Polling Systems’, The MIT Press, 1986.
[15] M. M. B. Tarig, M. Ammar, and E. Zegura, "Message ferryute
VII. CONCLUSIONS design for sparse ad hoc networks with mobile nodes”, in RF6BACM

: MobiHoc, Florence, Italy, May 22-25, 2006, pp. 37-48.
We have used various uncommon elements of the theory[%] V. M. Vishnevskii and O. V. Semenova, "Mathematical Medls to Study

polling systems to model and analyze the Ferry Based Wseles "the poliing Systems”, Automation and Remote Control, 2088, 67,
Local Area Network. Three different architectures havenbee No. 2, pp. 173-220. 2006.
mapped into tractable polling models. Based on that, we have
obtained optimal stopping locations taking into accourd th
radio channel considerations. We made a special use of a
variant of the globally gated regime and of the rerouting of
customers introduced in [13].

We believe that our work can open doors to many other
modeling aspects such as adding models to data traffic that
generates acknowledgments or to interactive communitstio
both can be modeled using again ideas from [13].

So far we have focused on the virtual workload in the
system. It is possible however to compute also the expected
waiting time in each location on the plain. To that end, we
note that when observing the FWLAN at arrival epochs of the
Ferry to a station, all the models we have considered are in
fact special cases of multi-type branching processes [d0] f
which expressions for the two first moments (as the unique
solutions of a set of linear equations) are available. Since
expected waiting time at each station can be expressedirs ter
of these two moments, we expect that individual expected
waiting times could be computed.
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