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Abstract—In this paper, we analyze asymptotic delay-throughput To the best of our knowledge, only few works have analyzed the
performance of mobile ad-hoc networks comprising heterogeeous nodes jmpact of restricted mobility models on asymptotic thropghand

with restricted mobility. In particular, we consider a scenario in which delay. In [16] the authors consider a one-dimensional ritgbitodel
each node moves around one or moréome-points (in a finite number) :

randomly placed over the area. For such restricted mobilitymodel, we 1N Which each node uniformly visits a randomly chosen greafe
propose a new class of scheduling and routing schemes, whigfignifi-  on the unit sphere, and obtain that a constant per-nodeghpot is
cantly outperforms all delay-throughput results previoudy obtained. achievable by each node, just like in the original GrossgaiTse
scenario [2]. The work in [17] considers the same restrictedbility
model, showing that also the delay is the same as in the case of
uniform mobility over the entire network area.

Fundamental scaling lawsof ad-hoc wireless networks have In[18], [19] we have considered a two-dimensional, retdano-
been extensively studied in the past several years, gjaftom bility model which produces, for each node, a rotationatiyariant
the seminal works of Gupta-Kumar [1] and Grossglauser-D3e [ stationary distribution centered at a home-point unifgrietiosen in
In the usual setting®(n) nodes are placed over a finite region othe area; the resulting throughput varies with continuitypbetween
the plane and randomly establish connections among themirfgr the two extreme cases of static nodes (Gupta-Kumar) andriudbile
O(n) source-destination (S-D) pairs. Sources can employ multioedes (Grossglauser-Tse), depending on how the physitabrie
hop communications to reach their destinations, usingrotiogles extension scales with respect to the average distanceegdnhthe
as relays. Concurrent transmissions on the same wirelemsneh nodes from their home-point. This result confirms that thtgaut
are subject to mutual interference, which limits the oudesgbtem alone is maximized when the nodes span the entire netwoek are
performance. In this work we use the same restricted mobility model intaet

In the case of mobile nodes, the nowdbre-carry-forward com- in [18], [19], extending the analysis to delay-throughpetfprmance.
munication scheme, according to which nodes can physicalyy To this aim we will adopt the simple re-shuffling model (aleferred
data stored in their buffer before forwarding them to thetiap, has to as i.i.d. mobility model) already considered in [6], [f]the case of
recently attracted lots of attention due to the increasimpufarity of nodes uniformly visiting the network space. Our main findimghat
so called delay-tolerant networks [3] based on human [4ehicular restricted mobility can be very beneficial in terms of thropgt and
[5] mobility. In this scenario, asymptotic analysis of ceiy and delay, as it allows to achieve superior performance (inisgalrder)
delay as the number of nodes increases have being mainlgdarthan in the case of homogeneous node mixing. This resultesigg
out under the assumption that nodes are identical and wamifor that realistic delay-tolerant networks, which are oftemrelsterized
visit the entire network area. Several mobility models h&ez=n by restricted mobility patterns, can scale much better thbat
analyzed, ranging from the simple re-shuffling model [6], [@ the previously believed.

Brownian motion [8], and variants of random walk and randoayw

point [9], [10]. All of the above mobility models are rathegrgerous, II. SYSTEM ASSUMPTIONS

since they allow the trajectory of each node to ill the spamer .

time, uniformly covering the entire network area. Such ‘leg@neous A. Mobility model

mixing’ assumption on the nodes’ mobility process has bdwwa We consider an extended network composed: afodes moving
to provide optimal performance in terms of network capaeityne over a square regio® of arean with wrap-around conditions (i.e.,
[2]. Whether this same assumption is also optimal in termdeddy- a torus), to avoid border effects. Note that, under this ragsion,
throughput trade-offs is an interesting question that weresk in the node density over the area remains constant and equakso 1
this paper, showing that uniform mobility can be largely spiimal we increase:. Time is divided into slots of equal duration, which is
when both capacity and delay are considered. normalized to 1.

Indeed, both every-day life experience and measuremerg datIn our work, we account for the restricted mobility pattefmodes
collected from real mobility traces [11], [12] suggest ttia mobility ~over the network area as follows. We assume that each nodesmov
pattern of an individual node is rather restricted over teéwork around one or more ‘home-points’ (in a finite number) randoml
area, as users spend most of the time in proximity of a fenepred placed over the area. As an example, one home-point could be
places, and rarely go outside their region of habit. the residence of a person, and another home-point could dgeehi

workplace. At any given time we say that a node is associatemé
> 0: f(n)=o(g9(n)) of its home-points, meaning that it is currently moving irximity
z g(n)) means of jt The node periodically migrates from one of its homéapdo

I. INTRODUCTION

1Given two functions f(n) > 0 and g(n)
means lim, . f(n)/g(n) = 0; f(n)

limsup,, o, f(n)/g(n) = ¢ < oo; f(n i -
10 g(n) = o(f(n)); f(n) = Qg(n)) is equivalen ) = O(f(n); another. The exact details about how these migrations c@unot

t tog(n . . . -
f(n) = ©(g(n)) meansf(n) = O(g(n)) and g(n) = O(f(n)); at last important. We simply assume that a node, while being as=atia
f(n) < g(n) meanslim,—« f(n)/g(n) = 1. any of its home-points, spends on average a finite numberots sl



before migrating to another home-point. We further assuma¢ the the primary home-point, which can be completely specifiedaby
time taken to switch from one home-point to another is négkg function ¢)(d) analogous to the one introduced above to describe
(or at least uniformly bounded), and that a node does not tiave the stationary distribution of a node around one home-paiet,
opportunity of exchanging data with other nodes while tiagefrom  analogous to functiorp(d) previously defined. Again, we assume
one home-point to another (the contribution of such datd@xges that(d) decays as a power-law, with a different exponéni.e.,

to the asymptotic network capacity is, in any case, not ifgurin
order sense).

¥(d) ~ d=¢, with ¢ < 6. We assume, < § because we want
the home-points of a node to be well distinct from each otaed

As a consequence of the above assumptions, each node spentiisisiseparated by an average distance larger than theltgjsEtance

finite fraction of time in proximity of each of its home-paintand
migrates in finite time from one home-point to another. Ineortb
compute the resulting scaling laws of throughput and dedagh
mobility process can be equivalently described by a twoetlisional
i.i.d. mobility model, in which the positions of the node® dotally
reshuffled after each slot, independently from slot to shat among
the nodes. At the beginning of each slot, a node jumps in Zeve t

reached by a node from one home-point. Otherwise, whend, the
network performance would be the same as in the case of asingl
home-point per node.

Since the number of home-points of a node is assumed to be
uniformly bounded by a constant, it happens that all thegpetnce
gain (in terms of network capacity and delay) resulting froaving
multiple home-points per node can be already achieved icdbe of

to a new position randomly selected according to a giveniapatjust two home-points per node. For this reason, in the faliguve

stationary distribution over the network area.

In our model, the overall spatial stationary distributidhaonode
can be obtained as follows. We first define the spatial statjon
distribution of a node conditioned to the fact that it is emtty
associated to a given home-point. The overall spatialibigion is
then given by a mixture of the spatial distributions of thel@around
its home-points, each of them weighted by the (positivebabdlity
that the node is associated to the corresponding home:-dioifows
that we only need to specify: i) the stationary distribut@fra node
around each home-point; ii) the distribution over the neknarea of
the home-points of a node.

Spatial distribution around each home-point: The spatial
stationary distribution of a node around each of its hometpas
assumed to be rotationally invariant with respect to the dwpoint,
and thus can be described by a generic, non increasing dangtil)

will restrict our analysis to the case in which each nedes either
a single home-poinff}, or two home-pointd; = {H}, H?}.

Let X;(t) denote the position of node at time ¢ (¢ is
an integer denoting the slot sequence number) aag)
(X1(t), X2(t) ... Xn(t)) be the vector of nodes’ positions at tirtie
we define byd;;(t) the distance between mobileand mobile;j at
timet, i.e., d;; (t) = || Xi(t) — X;(t)]|

We define byalfjT the minimum distance between the home-points
of nodesi andj. In the case of a single home-point per nodlg,:
||[H; — H,||. In the case of two home-points per node, we have

{nl = 111} ()

One final assumption concerns the time-scale of node mpbilit
with respect to the packet transmission time. In previougkwlealing

H .
d” min
h,h'=1,2

of the distancé d from the home-point. In this paper we assumavith asymptotic delay-throughput trade-offs, two diffieréme-scales

that ¢(d) decays as a power-law of exponehti.e., ¢(d) ~ d~°.

have been analyzed: i) thiast-mobility case, in which only single-hop

This choice is supported by a number of measurements pagech w transmissions are allowed during a slot, being the packasimission

have found power-laws to be quite ubiquitous in experinemnséees
related to both human and vehicular mobility [12]-[15].
To avoid divergence problems in proximity of the home-poime¢

time comparable to the duration of a slot; ii) tHew-mohility case, in
which multi-hop communications can occur during a slot, typerly
scaling down the packet transmission time. In this work wd wi

take functions(d) = min(1,d~°), and normalize it so as to obtainfocus on the more restrictiviast-mobility case, in which the packet

a proper probability density function over the network area

s(d)
$(d) = ———=
(@) ffo s(d)
The value of the normalization consta6t(d) = [, s(d) can be
approximated, in order sense, by the following integral wlap
coordinates:

27 vn
G(0) =6 (/ do min(l,pé)pdp)
0 0

We obtain thatG(¢) is finite (for n — oo) for any 6 > 2. For
0 <6 < 2 we haveG(9) = @(n#). For the special valué = 2
we haveG(d) = O(logn). Note thaté = 0 leads to a uniform
distribution over the space, whereas lettihgo to infinity we obtain
the same behavior as that of a static network.

Spatial distribution of the home-points of a node: The spatial
distribution of the home-points of a node is modelled aofedl. One
home-point, which is called therimary home-point of the node, is
placed uniformly at random in the network area. Then, in tasec
of multiple home-points, all of the other home-points areda@mly
placed according to a rotationally invariant distributioentered at

2Given any two pointsX; = (z1,y1) €O and X2 = (22,y2) €O we
define their distance over the torus surface as:

11 — Xa|| = V@ u—22)2 + (1 +v - y2)?

min

w,we{£/n,0}

transmission time matches the duration of a slot.

B. Communication model

To account for interference among simultaneous transamssive
adopt the protocol model introduced in§1Nodes employ a common
range R for all transmissions which occur in the same time slot. A
transmission from nodé to node; using transmission rangkB can
be successfully received at nogef and only if the following two
conditions hold:

1) the distance betweehand j is smaller than or equal t@,
i.e., dz‘j(t) <R

2) for every other node k simultaneously
di;(t) > (1+ A) R, being A a guard factor.

transmitting,

Transmissions occur at fixed rate which is normalized to 1. We
assume that a single copy of each packet is present in therietw
any time, i.e., data units are not broadcasted nor repticated nodes

do not keep copies of previously received packets in theffiebu

3The protocol model has been proven to be pessimistic withesgo the
physical model employing power control (see Theorem 4.4, p@4 in [20]).
Thus the results obtained in this paper can be regarded as munds of the
network performance achievable under the physical model@img power
control.



C. Traffic model patterns. With respect to [22], in this paper we provide thiofving
Similarly to previous work we consider permutation traffatgerns  contributions: i) we propose a different class of schedhouting
in which n randomly selected source-destination pairs exchan§€neémes, which are tailored to the case of 2, and achieve much
traffic at rate). Source-destination pairs are selected is such a wRgtter performance than that reported in [22]; ii) we areablprove
that every node is origin and destination of a single traffawfl that our scheme jointly achieves near-optimal throughput delay
with average rate\. We further assume that messages are generafiformance for2 < § < 3; iii) we analyze the case of multiple

at every source according to independent memoryless Biiemou hOme-points per node, showing how the network performanoebe
processes. improved by exploiting restricted mobility patterns ardudifferent

home-points.

D. Throughput and delay IV. ALGORITHM DESCRIPTION
We use the following definitions of asymptotic throughpudan The routing scheme

delay. LetL;(T") be the number of packets delivered to the destination
of nodes in the time interval0, 7']. The delay of a packet is the time
it takes to the packet to reach the destination after it iegErd at the
source. LetD;(t) be the sum of the delays experienced by all packe
successfully delivered to the destination of nade the time interval
[0,T]. We say that an asymptotic throughputand an asymptotic
delay D per S-D pair are feasible if there is anp such that for any
n > no there exists a scheduling/routing scheme for which both t
following properties hold

We propose a routing scheme according to which messages ad-
vance along a chain of relay nodes whose home-points become
Pgogressively closer (in terms of the minimal home-poirgtaiice
specified by (1)) to the home-points of the destination.

More in detail, we recursively partition the network aredoin
squarelets of smaller and smaller size. At the first iteratibe
rg;leomainO is divided into four disjoint squares of edggn/2. At
each iterationi (i < imax) €very square obtained in the previous
iteration is in turn divided into four disjoint squareleBy so doing,

lim Pr (Li[T] > W) - 1 i-level squarelets have edge = \/H/Qi_, and their cardinality is

T—oo T =7 4*. We denote byS;, for 1 < k < 4°, eachi-level squarelet,

. i [ 1] . 0 < i < imax. We say that twoi-level squares are adjacent
A Pr (Li[T] < DNZ) =1 if they are originated from the samg — 1)-level square. Notice

g1at SY = O. Parameteliy., determines the edge of the smallest
squareletz;,... = /n/2"™x, At last, we denote byS?| = 27 the
area of a level- squarelet.

We say that two nodes andb arei-level neighbors if the smallest
squarelet containing both a home-pointaofind a home-point ob
is ai-level squarelet. Suppose that nadbeas to forward a packet
directed to a destinatiod which is ai-level neighbor ofa. In this

To avoid confusion, we limit ourselves to reporting exigtstaling case, while being handled hy, we say thatm is in step: of the
laws obtained for the i.i.d. mobility model, in the case dftfaobiles. routing algorithm.

In [6] the authors analyze throughput/delay trade-offshia tase If i < imax, NOdea sends the packet to a nodewhich is an
of nodes uniformly visiting the entire network area, withwaithout (¢ + 1)-level neighbor ofd. If i = imax, NOdea sends the packet

Equivalently, we say in this case that the network sustains
aggregate throughput = n\. We will also adopt the simple Power
Function [21], defined as the ratid/D, to characterize the system
performance by a single metric.

Ill. PREVIOUS RESULTS FOR THE.I.D. FAST MOBILITY MODEL

packet replication. The following general trade-off isaddished: directly to its final destinatior. By construction, packets go through
D at mostimax intermediate relay nodes before being delivered to the
A=0 (—) (2) destination. Figure 1 illustrates an example in whigh, = 3, and

a message is generated by ned routing step0, destined to node

In particular the two-hop scheme of Grossglauser-Tse iSgrdo ;. Here the message has to go through 3 relay nodes beforingrriv
incur a delayD = ©(n) while guaranteeing a per-node throughpufy a squarelet of minimum size containing the home-point haf t
A = O(1). To improve delay, two different schemes exploiting packefestination.
redundancy are proposed: the first is still based on two hapd, 1o guarantee the existence, uniformly in the network, ofesod
achievesD = ©(y/n) and A = ©(1/y/n); the second employs j which are (i + 1)-level neighbors ofd, we need to havés’| =
multiple hops and achieves better delay performabce: O(logn)  ((log n) for anyi < imax. This comes from a standard concentration
while sacrificing the per-node throughpdt= O (1/(nlogn)). result of the Poisson point process widely used in relatedk \i26],

It has been shown in [7] that previous results can be furthghd not repeated here. As a consequence, the smallestlpaeie
improved by encoding transmitted information at sourcescl#ss s ,; = Q(y/logn), Wher€imax = 1/2log, n — log, zip.. <
of joint coding-scheduling-routing schemes is introducetich  21og, n — log, logn = O(logn). In the following we will better

achieves a trade-off - specify how to properly select;,, ..
A=6 ( —> (3)
" B. The scheduling scheme
in the case of i.i.d. mobility with fast mobiles, whénis bothw({/n) A scheduling scheme is in charge of selecting, at each diet, t
ando(n). set of (non-interfering) transmitter-receiver pairs todmabled in the

In [22] we have already analyzed the delay-throughput tradeetwork, as well as the message to be transmitted over eatieen
offs achievable under the restricted mobility model coestd here, pair. In our family of schemes, the transmission range eyguldy a
limiting our attention to the case of a single home-point pede. transmitter depends on the routing step reached by the geessde
However, in [22] we have proposed a class of schedulingsrgut sent. To better pack simultaneous transmissions, and tlaxgmize
schemes specifically tailored to the casedok 2, i.e., for nodes the network throughput, our scheduling policy selects, igiaen
with broad mobility over the network area. Such schemesstout slot, transmissions having homogeneous transmissioresafigis is
to be largely suboptimal wheh> 2, i.e., for more restricted mobility done by selecting, at the beginning of each slot, a stapcording
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Fig. 1. Example of routing of a message generated by node routing
step0. Dots denote home-points of nodes.

Fig. 2. Example of non-interfering subset of cells withh = 9.

logically each node is equipped with a FIFO queue for eactingu
step (Figure 3).

V. PERFORMANCE EVALUATION
A. Design considerations

Given that stepg has been selected at the beginning of a slot, by
construction the numbel; of parallel transmissions that can occur
in the network during the slot equals the number of activésc€n
average we have:

(4)

wheren is the total network aredy/ = ©(1) is a constant accounting
for interference, ané(active cell| 7) is the probability that a generic
cell is active at step.

Note that, on the one hand, areds should be minimized so
as to maximize the spatial reuse; on the other hand, if arkas
are set too small thef(active cell | i) becomes arbitrarily small
as well, vanishing the potential advantage of increasirgy gpatial
reuse. A good design choice is to minimiZg while guaranteeing
that lim,,_... P(active cell| i) > 0.

Unfortunately a direct evaluation df(active cell | ) is rather
difficult, becauseP(active cell| i) depends on both node positions
and traffic conditions. Thus we upper-boulidactive cell| ) with
P(populated cell | 4), which is the probability that cell4; is
populated by at least one pair of nodésr) in which nodet is
a potential transmitter for a messagein stepi, andr is a potential
receiver of message.

Note that the occurrence of the evefitell A; is populated
is necessary for the occurrence of the evéoell A; is active.
Furthermore observe thaP(populated cell | ) coincides with

E[N] = ﬁp(active cell| 4)

to an assigned probability distributigsi. Then the slot is reserved P(active cell| ) in saturated traffic conditions, i.e., when nodes are

only to messages which are in stepf the routing algorithm, i.e.,

to messages currently stored at nodes whichidegel neighbors of
the destination.

A common transmission rangg®; = O @) is employed by
all communications occurring during a slot devoted to stey the
routing scheme. Once stéfhas been selected, every squardgtis
divided into squarecells A; of aread; = R} = O(z}), forming a
regular square tessellation.

According to the protocol model, at most one transmissiom 06{4

be enabled in each cell. Moreover, one can easily constvict
O(1) subsets of regularly spaced, non-interfering cells (fameple,
M = 9 assuming a protocol model withh

fairness among all cells and absence of interference amamguorent
transmissions.

Within a given cell A;, the specific transmitter-receiver pair to b

enabled is selected as follows. First a nadeurrently staying in
A; and such that: iy has a home-point in4;; ii) a is storing a

messagen in routing stepi, is selected at random as transmitter,

there is any. Letl be the final destination of message If i = imax,
noded is the only possible receiver, hence it must be founddin
for the communication to occur. Instead, oK imax, & nodeb (if
there is any) is randomly selected as receiver amongithe )-level

neighbors ofd currently staying in4;. Note that by construction

home-points ofz andb lie in adjacent(i + 1)-level squares.

If such a transmitter-receiver pair is found, cel} is declared as

active and the transmission fromto b (d in the case 0f = imax)
takes place.
We further assume that messagesin routing stepi < imax are

=0, see Figure 2).
Each subset can then be enabled in one out/oflots, guaranteeing

constantly backlogged with stépmessages to transmit.

The event{cell A; is populated no longer depends on traffic
conditions, but only on the positions of the nodes in the entrr
step. This fact allows us to design areds using only geometric
considerations. In particular, wheh= imax, t is required to have
a home-point inA4;, whereasr is the final destination of message
m, thus it must have a home-point in the samg«-level squarelet
containing.A;. Fori < imax, t is required to have a home-point in
i, Wwhereas- must have a home point in tHg¢ + 1)-level squarelet
containing the destination.

As we will see, by an appropriate choice df, it is possible to
guarantee thalim, .. P(populated ce|lz) > 0 irrespective of the
specific messagen in step: stored byt. Moreover we will show
that, with our choice ofA4;, the network queues can be loaded
such a way thaP(active cell| i) = O(P(populated cel| 7)) i.e., the

S

éJrobabiIity to find a transmittet holding a message: in stepi is

©(1)*. This will permit us to conclude that our design of aress
is indeed optimal (in order sense) also considering queueifects.

i To compute the minimum value off; which guarantees that
{imnaw P(populated cell| i) > 0, we separately consider the
number of candidate transmitters (nod&s and the number of
candidate receivers (nodey within A;.

Lemma 1: At any given slot, the number of nodéshaving one
home-point in.4; and currently staying in4; is ©(A4;) w.h.p.,
provided thatA; = Q(logn).

Proof: see [23], Appendix I. [ ]

Lemma 1 allows to say that, to guarantee the presence of €t lea
one transmitter inA;, it is sufficient to haved; = Q(logn). The

4This condition can be satisfied, more precisely, for theingustep that

selected by node: according to a FIFO scheduling policy. Thusdetermines the overall network capacity, i.e., the systettidmeck.



above lemma is essentially a consequence of concentratsoiits for
the distribution of the home-points and of the fact that, whe> 2,
each node spends a finite fraction of time within a finite dista
from its home-point.

We first consider separately the last step= imax, in Which
t transmits directly to the final destination of the messagecdR
that, by construction|S™™=x| = Q(logn): therefore, by setting
Ao
t, the destination can be found id; .. with non-null probability
irrespective of the specific message in step imax Stored byt.

We now consider the generic Stép< imax. By lemma 1 the
presence of at least one transmitten .4; is guaranteed by, =
Q(logn). For the generic message in stegtored byt, there are
essentially three classes of potential receivetbat can be found in
.Ai:

1) nodesh having one home-point placed in the sate-1)-level
squarelet of the destination, and currently staying4n for
effect of mobility around such home-point, at distar@éz; ).
nodesb having one home-poink* in the same(i + 1)-level
squarelet of the destination, another home-pdﬁ’rjrh placed
in A;, and currently moving withinA, for effect of mobility
aroundH.
nodesb having one home-poinH} in the same(i + 1)-level
squarelet of the destination, another home-pdifif—" not
placed inA;, and currently moving withind; for effect of
mobility around Hy~".

Notice that classes 2 and 3 require nodes to have multipleesho
point, otherwise in the case of a single home-points per ribde
only contribution comes from class 1.

We denote by@{ j =1,2,3, the density of receivers within;
belonging to the above three classes, anddhy—= 22:1 <I>{ the
overall density of receivers withind;. Then the optimal choice for
A; is to setA; = 1/®;, as proved in [24] (Lemma 2). Notice that
the overall density of receivers id; is equivalent (in order sense) to
the largest among thé?’s, henced; = © ((max{®;, 7, ®5})~").

As shown in [23], Appendix Il, we hav®! = ©(z27°%); 7 =
O(227¢/G(¢)); @} = O(max(®1, P2)). Neglecting the contribution
of the third class, it remains to understand which one betwbe
first two classes provides the higher density of candidateivers. It
turns out that this can depend not only on the values of therexqs
0 and¢, but also onz;, i.e. on the current step

We identify the following three cases:

« Single home-point per node.In this case there is only one-
class of receivers, whose densitydis, henceA; = ©(z0~?),
Vi. We observe thatb} decreases with;, hence the crucial
step (the one that requires the largest cells, of atgan order
to find candidate receivers) is the first one (corresponding
i = 0). To guarantee thatl; = O(2?) it must bed < 4. At
last, observe that Lemma 1 requirds to be Q(logn) for any
i. Thus z;,,,. must beQ((log n)ﬁ). As a result, we select
Zimax = G)((logn)ﬁ). Notice that with this choice we also
satisfy the conditiory;,,.. = Q(y/logn), for any§ < 4.
Multiple home-points per node, ¢ > 2. In this case, recalling

2)

3)

= |S'max|, we can be sure that, for any chosen transmitter

O(227¢ /n2=9/2) increases with;. The optimal strategy is to
exploit receivers belonging to the second class for all & th
initial steps characterized by; > z;«, wherez;+ is a critical
distance from the destination, and then to rely on receivers
belonging to the first class to deliver the message up to the
final destination. This means that the presence of multipted:
points is employed to advance the message up to the critical
distancez;«, after which the mobility around a single home-
point is used. The critical distancg- can be easily computed
by looking for the stepL at which &; O(®?). It turns

out that z;» @(n2(5 <<>) Notice that in this case the largest
cell size among all steps id;~ = z 2. At last, to guarantee
that A; = O(z?) it must bes < 4. In this case we select
Zinae = O((logn) 7).
Note that in all cases above we haig.x = ©(logn). The cases
in which A; = O(2?) does not hold require to adopt alternative
schemes that will be described later in Section VI.

Having found the optimal value of;, from (4) it turns out that the
number of parallel transmissio&{V;] is upper-bounded byV; =
A;"

We now turn our attention to the probability distributipfiaccord-
ing to which slots are assigned to the different steps of thaing
algorithm. To maximize the system throughput a naturalaheiould
be to equalize the average number of transmissions thatezam at
each step, and thus avoid that a particular step becomeystens
bottleneck; this is obtained by making inversely proportional to

;. This choice has been pursued in [22], where optimal delay-
throughput trade-offs have been investigated for the cése-o 2.
However this approach, when applied to our class of schaghuli
routing schemes specifically tailored to the case 2, results into
excessively large delays, because some steps turn out théeduded
very rarely.

An alternative strategy, which allows to obtain significhatter de-
lays at the expense of just a logarithmic penalty in systewutihput,
is to assign an equal probability to each routing step:

1
imax + 1 (5)
We have decided to adopt this slot assignment to obtain tisé be
throughput-delay performance by our new class of scheglubating
schemes. With all these design choices, an upper bound toetffie
that can be transferred through the network is provided by:

© (o)

K]

pi =

1+H . .
n T2 single home-point,

2<6<4

logn

1422¢ . .
n T2 multiple home-points,

2< (<4

"= mlanN =
logn

multiple home-points,

(o)
14 2-0@=3)
@< ) (<2,2<6<4
(6)

26-0)
We recall that the above expression provides the systenughput

logn

that we assumé < & so as to have well distinct home-pointsin saturated conditions, i.e., when nodes are constantiildgged

per node, we haveb? = w(®}), henceA; = O(z?), Vi

(we remind that for¢ > 2 we haveG(¢) = ©(1)). Again,

the first step is the one requiring the largest valuedef To

guarantee thatd; = O(z?) it must be¢ < 4. Similarly to

the previous case;,,,.. must beQ((log n)C%?); thus we select
Zimax = O((log n)ﬁ)

Multiple home-points per node, ( < 2. This is the most
interesting case, since hefe decreases with;, whereasb? =

by messages to send, at any step.

B. Queueing dynamics; maximum throughput

As illustrated in Figure 3, the system can be representednas a
open network of queues, where queues correspond to thecphysi
FIFO queues present in the nodes (recall that in any node tker
one queue for each routing step).



node a node b

By construction it has one home-poifif? (h = 1 or 2) within a
cell A; of areaA; = Q(logn). Thus, the probability that nodecan

be found inA; is P(t € A;|H}* € A;) = ©(1) as shown in [23],
Appendix I. Now, since the average density of potential ikexs

in A; is ©(1/A;), the average number of potential receivers within
A; is ©(1). This implies that the probability of finding at least one
receiver withinA; is ©(1) as well.

Previous arguments permit to conclude that service times of
the considered virtual queue can be dominated by a sequednce o
geometrically distributed i.i.d. service times with avgg® (1/p;) =

) . L O (imax)-

E:I%bsduesg ?gf eztéﬁcgégm the system. Every node is equippd one The arrival process of packets to the virtual queue is, atste
given by the superposition of the arrival processes to thesipal
queues associated to stépf the nodes having one home-point in

The resulting queueing network is acyclic. Indeed, message the corresponding cell (the number of such node®(al;)).
vance in the network visiting queues associated to inangastep ~ For the initial stepi = 0, it is just the superposition of the
indicesi, which guarantees the absence of loops (see Figure 3). independent Bernoullian processes according to which gtacire

Therefore, considering that traffic is split evenly (for syetry ~generated at nodes. The analysis of the following steps 0 is,
among the queues associated to each routing step) amongehesy instead, slightly more complex. Each notiéaving one home-point
storing messages in the same routing step, we can be sureahat the corresponding cell can potentially bring a packett virtual
queue is overloaded by limiting the offered loAd= n) to a value dueue ina given s]ot, if in the considered slot it acts asivecdor
strictly less than the saturated system throughput a message In routing stgp=: — 1. N .

We conclude that offered loatl = O(A) can be successfully trans-  1hiS can happen under the following conditions: i) nddmoves
ferred through the network. In particular, the maximum echble 0 @ distanced(z;) from its home-point; ii) the slot is assigned to
throughput according to our schemeAs= ©(A), and in this case, StePJ =i —1; iii) the v_|5|ted cell has a pac_ket to transmit; iv) the
at least for the index* such thap:. ;- is the minimum throughput node is chosen as receiver among the candidate receivérs game

among all steps, we haw(active cell| i*) = ©(P(populated cel| ~ Cell belonging to step. N _ o
). The satisfaction of the above conditions (especially ciowliiii))

can not be easily evaluated. However, observe that, prdviat
) the slot is assigned to step= i — 1, by construction the number

C. Delay analysis of simultaneous arrivals at the considered virtual queuepiger-

To analyze the delay performance, it is more convenientak & bounded by the number of nodes having an home-poindirthat
the system from a different perspective, in which we asseaime are concurrently staying at a distan®¢z;) from A;.
virtual queue to each cell, for all steps. A virtual queue stores all The number of such nodes is i) binomially distributed since
messages in a given routing step which have to be transniittede  positions of different nodes are i.i.d. (it tends to a Paisdistribution
of the cells associated to the step. We obtain also in this eas in the largen limit); ii) it regenerates from slot to slot. iii) its averag
open, acyclic queueing network, since messages visitaliqueues is ©(1) as shown in [23], Appendix III.
associated to increasing step indices. As a result of previous arguments, although the dynamics of a

We observe that, in a generic slot, a transmission in a giwenay  Virtual queue associated to steémay exhibit complex dependencies
queue associated to stéfakes place, provided that the considere@ver time, the number of messages in it can be stochastidattyi-
queue is not empty, if the following conditions hold: i) thensidered nated by the number of messages @@!™*! /Geo/1 (aGeo/Geo/1
slot is devoted to step; ii) the corresponding cell belongs to thequeue with bulk arrivals), in which the service times (batizes) are
subset of non interfering cells that are allowed to transiiijtthe ~memoryless and lower (upper)-bounded as explained above.
scheduling policy is able to identify within the correspamg cell Thus, the average delai[D’] experienced by step-messages
a pair of nodegt, r), which can act respectively as transmitter ané the considered virtual queue can be bounded using thededH
receiver of a message enqueued in the considered virtuakqirde  Kinchine formula [25]:
model the considered virtual queue as a single server qoéudich 2.2 (2 ) (2) .2

] - 1 _ i a“si —a(s;” + si) +a'“s;

we characterize the service time and the arrival process. E[D'] < s+ 2(11 “as)

We start from the service time. Note that the probability ahj !
occurrence of conditions i) and ii) above jg/M, independently wheres; and 352) are, respectively, the first and the second moment
from slot to slot. Slightly more difficult is the evaluatiorf the of the service time for the dominatingeo™!/Geo/1 queue, while
occurrence probability of condition iii), since it depends the « anda® are, respectively, the first and the second moment of the
number of messages stored in the considered virtual quadeged batch size distribution (which is binomial both in the case 0 and
messages enqueued in the virtual queue can be transmittgd an the case > 0).
if the nodes physically carrying them are currently stayingthe From the above considerations on service times and bateh siz
corresponding cell. The probability that at least one suahsmitters distributions it follows thatis; = O (imaaz ), 852) = O(i2142), a; =
is found within the corresponding cell increases as the mUMBO(1/imaq.) for every i, while a§2) is ©(1/i2,,,) for i = 0 and
of messages stored in the virtual queue increases. Howexer, O(1/imaqz) for i > 0.

external external

arrival arrival

can clearly bound (from below) the occurrence probabilityiiip, In conclusion, recalling thatmax = O(logn), it turns out that
assuming that just a single message is stored in the virwele E[D‘] = O(logn) for every stepi.
at any time. In this latter case, the probability of finding(tar) At last, since messages are forwarded to destinations ghrou

pair can be easily shown to l#&(1) as result of our design choices.O(imax) = O(logn) steps, the overall delivery delay B[D] =
Indeed, considering a nodehaving a packet to transmit in stép O((logn)?).



VI. ALTERNATIVE SCHEMES FOR LARGE VALUES OF) AND (

We recall that our previously described scheduling-rausohemes
require thatd; = R? = O(z?). This condition does not hold when
0 > 4, or when( > 4 (in the case of multiple home-points).

In the case of multiple home-points havidg< 2 and§ > 4, itis
still possible to apply our bisection scheme up to a minimustedce
z* from the destination, and then resort to a direct transonissi
to reach the destination. Indeed, no matter how big,ise., how
much restrictive is the mobility of nodes around each homiatpo
we can still exploit the presence of multiple home-point pede
to efficiently advance the message in the beginning of theerou
when z; > z*. The value ofz* can be computed considering that
the density of receivers is at lea®f = ©(z¢/G(¢)), and thus
condition A; = R? = O(z?) providesz* = @(n%). When
the message has reached distanitdrom the destination, it can be
sent directly to the destination by a single hop which inhwes a
delay of©(1), since every node spends a constant fraction of time ffig. 4. Scaling exponent of the power achievable by the mepschemes
proximity of its home-point. The above alternative scheies/ides for different values of¢ andd.

a throughput

\ \\\\‘\
QR
NN

W
\\\\

0
A= G)(n ) for multiple home-points¢ < 2, § > 4 Rl R\ S 1
logn PR A\ e
) oal A\ |
and delayD = O((logn)?). It can be observed that this is the same B
performance achieved by our original scheme when 4. 5 o4y 1
In the case of a single-home point per node Witk 4, or multiple s 0T
home-point per node witlf > 4, instead, our bisection scheme 06t il
cannot be applied even in the first steps. In this cases itisssary to 0T Zgzg 77777 i
resort to an alternative scheme valid for any valué of 2, that does 0.8 Z{zl'é ]
not exploit neither the multiplicity of home-points nor theobility 09 1hop. il
Of nodes 1 i 1 h.p.old scheme====
) 2 3 4 5 6 7
This scheme is based on the observation that, fordany2, every 5

node spends a constant fraction of time within a finite distafnom

its home-point. Hence, by enabling the nodes to communicale Fig- 5. Scaling exponent of the power achievable by the pegaschemes
. L . . as a function ob, for different values off < 2 (multiple home-points) and

when they are in proximity of their home-points, we can aplg ¢ e single home-point case.

classic Gupta-Kumar scheme for fixed nodes at thus achieleastt

the same performance as that of a static network.

Recall from [1], [8] that a static network with uniform noderssity |y Figure 5 we report a 2D plot of the same results restricting
sustains a per-node throughput= ©(1/+/nlogn), while incurring  attention to cases in which < 2, or in which nodes have a single
a delayD = ©(y/n/logn). More in general, it allows to achieve home-point. In particular, the curve labelled ‘1 h.p.’ @sponds
delay-throughput trade-offs characterizedpyD = ©(1/n), forall  to the novel scheduling-routing scheme proposed in thiskvior

A=0(1/v/nlogn) [8]. the single home-point case, whereas the curve labelledp1 did
scheme’ refers to the performance achievable in the sane lmas
VIl. SUMMARY OF RESULTS the scheme proposed in [22], characterizedelpy/D) = 2 — 4.

Figure 5 shows that, whe# > 2, the scheme proposed in this work

To summarize our results, we report the scaling expdnehthe .
! P g exp outperforms the one proposed in [22].

power function)\/D achievable by our family of scheduling-routing
schemes, in all considered cases:

? for single home-point§ < 4 A. Optimality of the proposed schemes
= for multiple home-points2 < ¢ < 4 In this section we show that our schemes jointly achieve -near
optimal throughput and delay performance, at least ovegrifiiant
N7 for single home-pointy > 4 range of parameter values.
c(\/D) = for multiple home-points¢ > 4 We start recalling two results that have been proved in [24].
Lemma 2: In a scenario in which nodes move around a single
% for multiple home-points¢ < 2, § <4  home-point, no scheduling-routing scheme can achievecaghput
g%j for multiple home-points¢ < 2, § >4 larger than (in order sense):
. . . ®) o(1) 5<2
Figure 4 offers a 3D representation of (8). In Figure 4, mint s 1-5
characterized by > § represent nodes having a single home-point. A=93 Oz lem 2y 9<§5<3
o(n'/?) §>3

5The scaling exponent of a generic functi is defined as = . .
log Jg(n) P g gtm) ) Lemma 3: In a scenario in which nodes move around two home-

logn points, under the assumptiog &€ §) no scheduling-routing scheme

limy— oo



can achieve a throughput that is in order sense larger than:

@(1/210gn) (<2 [16]
r={ em*T) 2<c¢<3
@(n1/2) ¢>3 [17]

Comparing the results obtained by our schemes with the above
upper bounds on the throughput, and observing that by eaarniin [18]
D = Q(1) under any possible scheme, we obtain:

Theorem 1: The proposed schemes jointly achieve optimal
throughput and delay exponents ok § < 3, in the case of single (19]
home-point, and fok < ¢ < 3, in the case of multiple home-points. 20]

VIIl. CONCLUSIONS

Previous work on asymptotic delay-throughput performairce [21]
mobile ad hoc networks has mostly been done under the assump{22]
that the stationary distribution of each node is uniform rotiee
network area. In [22] we have shown that this condition can 953]
largely suboptimal. Indeed delay-throughput performacea be
dramatically improved when each node moves around fmree-
point randomly placed in the area, according to a restricted ritpbil
process which results into a spatial stationary distrdsuthat decays [24]
as a power law of exponeitwith the distance from the home-point.

In this paper we have introduced a new class of scheduling and
routing schemes that significantly outperform the schemef22]
for 6 > 2. In particular, the schemes introduced in this papd#S]
jointly achieve optimal throughput and delay scaling exqraa for 6
2 < ¢ < 3. We have also extended our analysis to the case of multidFe]
home-points per node, showing that the network performaaocebe
further improved by home-point multiplicity. In this casestproposed
scheduling-routing schemes jointly achieve optimal tgtqaut and
delay scaling exponents far< ¢ < 3.
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