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Abstract—In this study, we define a class of protocols that  Several proactive and reactive routing protocols have been
utilize mobility for information diffusion in wireless net works, proposed for routing in MANETs over the past decade
that we call MAID. Such protocols can be used for resource (e.g., DSR, AODV, DSDV, TORA, etc.). Recent studies
discovery, routing or node location, and hold great promise ' o 4’ | ’ ff ’t f ’b'I't h .
for future wireless networks. MAID uses encounter history (e.9., [2], [4]) analyze effects of mobility on SU(,: Proteo
information to create time (or age) gradients towards the taget. However, MAID protocols are fundamentally different from

We develop analytical models to analyze MAID’s performance the conventional, proactive and reactive, routing pro®co
during the warm-up and the steady state phases. We further in several ways: (1) Whereas conventional protocols estab-
conduct extensive simulations to evaluate our models and fther  |ish a path and forward the packets in the spatial domain,

understand the effect of mobility on MAID. We provide the first . . . o
study on sensitivity of this class of protocols to a rich set fo MAID establishes and forwards the information via time

mobility models (Manhattan, Group, Random Walk and Random ~ gradients (that are built using mobility). (2) Conventibna
Waypoint models). We find that MAID is sensitive to the mobilty ~ routing protocols include route discovery and maintenance
pattern. However, to our surprise, MAID's performance after phases, while MAID includes encounter history caching and
i s e b o K o 1y i 21Chor searchforwarding phiases. Thiough our study,  sh
this interplay betweeng rr?obility and the perfoymance of MF,)AID show t.hat the effec_t of mobility on MAID protocols is ra_d"
protocols. cally different from its effecton conventional MANET rong
protocols.

In this paper, we aim to (1) develop a deep insight into the

Mobility is a major factor impacting the performance oprotocol mechanisms for the mobility-assisted encouraset
wireless ad hoc networks (MANETSs). While mobility posegrotocols and (2) gain a better understanding of the intienac
several challenges by frequently changing the network cafetween the MAID protocols and the mobility patterns. Par-
nectivity and topology, it also provides opportunitiesttban, ticularly, we are interested in answering the followingcifie
and in fact should, be utilized to enhance the performanggestions:
of MANET protocols. Recently, the general concept of mo-
bility utilization has been explored in [9] [6] [7] [12] [13]
by exploiting the inherent user mobility to facilitate patk
delivery. Others, explicitly use the node encounter histor
locate (and establish routes to) other nodes [5] [8]. In all
these protocols, the mobility assists in diffusing infotioa We use both theoretical analysis and extensive simulations
(whether encounter history or packets) throughout the oiitw to answer these questions. First, we develop an analytical
In this paper, we define an abstraction for the above classraédel for the evolution of the encounter cache throughaait th
protocols that we refer to as the Mobility Assisted Inforimat network during the warm-up phase. We present a closed form
Diffusion (MAID) protocols. solution to the expected number of encounters with time and

The MAID protocols provide mobility-assisted mechanismiée expected warm-up time. Second, we develop an analytical
and building blocks for various essential services in mwbimodel for the search and location metrics (including path
networks, such as efficient resource discovery, routing atength and cost) and obtain are cursive formula as a solution
node location, among others. One instantiation of MAID usd¥e use our results to provide initial insight into the gehera
node encounter history and age to create time gradientgwit@peration and performance of the MAID mechanisms. The
the network. By following the time (or age) gradient, a mebilanalytical solutions we provide are not specific to a paldicu
user can efficiently establish routes to, or locate, othersus mobility model.
The age gradients are created according to the node encount&/e then conduct extensive simulations using a rich set of
patterns, which in turn depend on the node mobility pattermaobility models, including Manhattan model, Group mobil-
Therefore, to develop deep understanding of the performarnty, Random walk and Random waypoint mobility models.
of such protocols in various environments, it is necessary Through simulations, we find that MAID takes a fraction of
analyze the effect of (and interaction between) a rich set thfe warm-up time to reach a steady state during which its
mobility patterns and the MAID protocol mechanisms. Weerformance stabilizes over time. We also find that the warm-
present the first such study in this paper. up behavior is highly sensitive to both the mobility model

I. INTRODUCTION

1) How does mobility impact the MAID mechanisms,
including caching, diffusion and node search/location?
2) How does the performance of the MAID protocols vary
with different mobility patterns and velocity? and Why?



and node velocity. However, to our surprise, the steadge: @ (Xs) ——» Dataroute for packet
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closer to the destination. Through simulation, we obseae )

temporal-spatio correlation exists in all the mobility netsl O X @

we studied. We use such observation to explain the insi Fig. 1. The Example of MAID Protocol Operation. In this exdeyio better

tivity of MAID to velocity for the various mobility models illustrate how MAID protocol works, we assume that all theestnode except

: A P node D are stationary. Here, th& {) symbol indicates the hop length of this
Our analysis, findings and insights pave the road for fur node to destination, in terms of SPT distance. For exampée SPT tree,

research in the area of mobility-assisted protocol desighe. node C is 1-hop from destination D, and node B is 2-hops frostinition.
contributions of this study include:
1) We define a general class of encounter-based mobility- . .
assisted protocols (MAID), and identify two main phase%,et of mobility models to evalugte these MANET roptlng pro-
of its operation: the transitional (warm-up) and th(;:ocols. Both papers further validated the previous findhmnag t
steady-state phases mobility does significantly affect the performance of MANET

2) We develop novel analytical models to capture perfo'?gu'tlng protocols._ In this Paper, however, we (_jo _no; plan to
mance of MAID in those two phases and validate o udy the conventional ones (i.e., based on spatial infoomga

models through extensive simulations, over a rich set GL€l We attempt to analyze another new class of routing
mobility models ’ protocols which solely rely on last encounter information
3) We provide the first sensitivity study for the MAIDbetwee.r) n9des (i.e., temporal mformapon). .
protocols and conclude that the steady state behavioMobility is only used as the evaluation factor in the above
of MAID is insensitive to velocity, but sensitive to theStudies. Ref. [9] showed that node mobility can be utilized t
mobility pattern. dramatically improve network capacity. It was the first wawk
4) We introduce a new metric — age gradient tree — as kB@int out that mobility can be a positive factor. A large num_p
part of our analysis to explain the interaction betweepf Works were then proposed to overcome network partition
mobility and MAID. We capture the temporal-spatid®’ facilitate packet delivery by utilizing node mobilityush
correlation to reason about the steady state behavior &t Infostation [7], DataMule [12], SWIM [13], DTN [6],
its insensitivity to velocity. Message Ferry [15]. Beside them, EASE [8] and FRESH [5]

The outline of the paper is given as follows. we first discu%@" into a new .category of discc_)very_ protocpls explicitigeu
the previous studies on related topics in Section Il. In iBact ast encounter mformanp. The intuition behm.d such sebe
lll, we present the general form of MAID protocol and itdS that node encounter history generally provides a rough ye

mechanism. To fully understand the MAID protocol behaviof’fsmcUI estimation about the current network topology. Thus

we develop and present two set of analytical models in Sectiff!th the node encounter information, when a query packet

IV and Section V. After introducing the mobility models anotravels towards destination, it is able to successivelyectie

simulation settings in Section VI, we present the simutaticeStimation of the destination’s location. EASE s a geobrap

results and validate our models in Section VII. We then disculoc@tion discovery scheme that solely relies on informmatio
the interaction between mobility, age gradient tree and MA|P0Ut node encounter history (both the time and location

protocol performance in Section VIIl. Finally, we conclutie of node encounters). The analytical and simulation results
paper and lay out our research plan in Section IX indicated that efficient location lookups can be made based

solely on encounter history, in Random Waypoint and Random
Il. RELATED WORK Walk models [8]. Even if the geographic location of node
Mobility is observed as one of the key factors impactingncounters is unknown, the last encounter still could bel use
the routing protocol performance in MANET. Much of thelo improve protocol performance (i.e., significantly reeltice
previous research was based on the evaluation of routi$garch overhead), as shown in FRESH [5].
protocols like DSR, AODV and DSDV by using Random Different with these two studies, in this paper, the MAID
Waypoint model. Ref. [4] concluded that reactive protocolsrotocol is proposed as a general form of the encounter-
such as DSR and AODV outperformed proactive ones suchtzsed MANET routing protocol. Our study mainly focuses
DSDV at high mobility rates. Realizing that Random Waypoirin examining the complicated interaction between various
model may be too simple to capture the rich characterisficsrmobility patterns and mobility-assisted MAID protocol. To
realistic mobility scenarios, Ref. [10] conducted a sc&nar do so, (1) beside the Random Walk and Random Waypoint
based performance analysis, and Ref. [2] used an even richexdels in [8] [5], we use an even richer set of mobility




models for protocol evaluation, and (2) the analytical medeprotocols operate at thearm-cache phaseClearly, sufficient
we developed are not only restricted to specific Random Wadkicounter events (and, hence the time) are needed to pepulat
model (as shown in [8]), but also are appropriate for vario&warm up) the encounter tables, so that MAID protocol can
mobility models. Also, (3) our analytical models enable thgradually change from the 'cold-cache’ phase to the 'warm-
analysis of the complicated relationships between mgbilitcache’ phase. Thus, we call this time of cache state transiti
age gradient tree and MAID protocol performance (in termas thewarm-up time
of warm-up time, expected path length and expected searclRoute Searching Phasaakes the responsibility of finding
cost), rather than only focused on the asymptotic perfoomarthe routes, based on the cached node encounter history. Each
of cost metric in [8]. node is able to utilize node encounter history to discover th
destination node, by iteratively finding a series of interme
diate nodes which had encountered the destination with the
decreasing encounter dgier the given destination. First, the
MAID refers to a class of Mobility Assisted Informationsource aims to find any intermediate node that encountered
Diffusion protocols used for resource (or location) diseyv the destination more recently than the source node itself in
or for route search, by explicitly exploiting node encouste its neighborhood. Then, the intermediate node searches for
MAID protocol discovers a route to destination over the spathe next intermediate node that encountered the destinatio
domain by gradually approaching the destination over tleen more recently. This way, the search procedure is regeat
time domain (i.e., by successively finding the intermediatmtil it finally reaches at the destination. The nodes which
nodes that have a smaller encounter age with the destipatidrave encountered with the destination before are calfethor
In other words, different with conventional MANET routingnodes(or anchorg. In each search step, an anchor with a
protocols (like DSR and AODV) that purely rely cpatial larger encounter age is calleghstream anchoand an anchor
information of locationto find the route, the establishmentwith a smaller encounter age is calledwnstream anchor
of routes in the MAID protocols is done by the guidance ofhe search is conducted according to the search method, in a
temporal information of node encounter manner similar to the expanding ring sedtch
The intuition behind this idea is to utilize the so-called As illustrated in Fig.1, the source nodg¢ utilizes the
temporal-spatio correlation that exists in most of realistic MAID protocol to discover the destination node. Node S
mobility patterns. Specifically, we find that the Cartesias+ d first searches in its neighborhood and discovers nédéhat
tance (spatial information) between two nodes is more @& lesncountered nodP 25 sec ago) as its downstream anchor, and
correlated with the time when they encounter with each othetde A then finds nodeB (that encountered nodB 12 sec
(temporal information). This relationship is called temmeo ago). NodeB, in turn, finds node” (that encountered node
spatio correlation. As we will elaborate later in SectiorllVl 8 sec ago) as the next anchor. Finally, n@ddirectly locates
A, we find that temporal-spatio correlation exists in all theaodeD in its neighborhood.
mobility models we study in this paper.

I1l. M OBILITY ASSISTEDINFORMATION
DiFrusioN(MAID) PrRoTOCOL

_ B. Discussion on Design Choices of MAID protocols
A. Mechanisms of MAID Protocol

: . ... The mechanism presented above is general description
The node encounter history is the key component faciligatin i
the route establishment in the MAID protocol. Thus th(ca)f MAID-type protocols. The MAID protocols could have
mechanisms of MAID brotocols are centeeed on How o r'ecoo her variants, in terms of detailed mechanisms. For exampl
. P . . [ ) the cached encounter information not only includes the
and utilize the node encounter history. Thus, the operatifn

. 4 . time of encounter and the ID of the other node, but also
MAID protocol consist of two mechanisms, encounter cachin ) L .
. : : ay include the location information and other encounter
mechanism and route searching mechanism.

Encounter caching mechanismis in charge of recording history information (such as frequency of encounter); (2)

) the search method could be fixed-incremental expanding ring
the encounters between nodes. As two mobile nodes mavée .

o o . earch (e.g., 1,2,3,4..., unfi? hops. Here,D is the network
within the transmission radius range, both nodes record t %meter) or exponentiallv-incremental exoanding riearsh
time of encounter and the ID of the other node into their noge ’ P y P greg

. . . .g.,1,2,4,8...,untiD h ; h rch str I
encounter table. If the nodes know their location, this dal &9, 1,2,4,8..., untiD hops); (3) the search strategy could be
L . either greedy (encounter age of downstream anchor must be
could also be recorded. If this is the first encounter for the t :
: Ie%s than the encounter age of upstream anchor) or the binary
nodes, a new entry is created at the encounter table of e

C
. : encounter age of downstream anchor must be less than half
node. Otherwise, the entries for the other nodes are upda?
) X . - he encounter age of upstream anchor).
with the newest information. Initially, each node only cash
the nodes within I.tS direct neighborhood. We call this PhaselEncounter ageAGE) is the difference of the current time and the node
of pr_0t000| operation ?SOld'CaChe phaseLater, along With  encounter time, and it indicates the 'freshness’ of nodeenters.
the time, each node is able to encounter more nodes. AftetThe upstream anchor first aims to find the potential candidatethe
the node has encountered a |arge portion of the other nodi®¥nstream anchor in its direct (1-hop) neighborhood. Ehsa candidate
_ bl d | ich d . N could not be located, the upstream anchor would keep iriogdts search
It Is able to develop a richer and more accurate view o tr?Qdius and conducting the search again, until a satisfactandidate of

whole network topology. At this phase, we claim that MAIDdownstream anchor could be discovered.



This way, MAID protocol can be parameterized. We haverocess of MAID protocol. To obtain a deeper understanding,
analyzed several instantiations of MAID protocol. Due tave are particularly interested in developing analyticaldelo
space limitation, we will present result for only one of thesto identify the relationship between the number of node
studies, however, the conclusions and methodologiesmesse encounter and its various impacting factors, includingetim
in this paper also apply to the other studies (refer to Rdf. [hode velocity, radius range and mobility patterns. Thaesfo
for details¥, such as EASE [8] and FRESH [5]. In this papemve are able to clarify the potential impact of various system
the design choices of studied MAID protocol are as followparameters on the system warm-up process.

Only the time of encounter is recorded; the fixed-incrementa
expanding ring search; and the greedy search strategy. ~ A. Terminology

C. Age Gradient Tree for MAID Protocol Before we develop the simple analytical model, we first
As discussed in Section IlI-A, in the MAID protocol, eacHlefine the terms used in our analysis as follows.

upstream anchor is responsible for discovering its dowastr 1) N: The number of mobile nodes in the network.

anchor. This way, source node eventually finds the destimati 2) A: The width of the square-shape network field.

via a series of concatenated links, with each link pointmegf  3) ¢: The time elapsed since the system staits; t < T,

an upstream anchor with larger encounter age to a downstream where7 is the overall system operational time.

anchor with smaller encounter age. This set of concatenated) R: The radius range of each wireless node.

links forms anage gradient pathfrom the source to the 5) v: The average node velocity of mobile nodes.
destination, and the encounter ages of the anchors along the) E;(t): The expected number of encountered nodes for
age gradient path strictly decrease. For a given destimgtie node: at timet, i.e., number of created (not updated)
collection of age gradient paths from various source forms a encounter table entries.

Age Gradient Tree(AGT) rooted at this destination. Clearly, 7) p: The average node density in the simulation field.

the data packets in MAID protocol are sent to destination via g) pi(t): The probability for node i that a node encountered

the age gradient trée at timet is really a node that nodenever encountered
We believe that age gradient tree plays an important role  in the history.

n determ|n|ng the prptocol performance .Of MAID protocols Note that if the mobile nodes are uniformly distributed over
under different mobility scenarios. As will be shown later,

. : . the simulation field, then, the node density ds= %. In
we develop analytical model to illustrate how the size OP neral, this is not valid for various mobility models andlao

; . e

the age gradient tree (|.e._,_ expec_:ted number of encoumeg‘?&ributions. Hence, in general, we assume that the node de
nodgs) IS affected_by moplhty during the cold-cache phase ity is p = 6% whered is the constant compensation factor
Section IV. Then, in Section V, we develop analytical mode  the non-uniformly(restricted) fashion of node distriion

Eﬁ Sf\ljl%DhOW tthe ?Tfet?”suci of Te agﬁ gr?ﬁlent treﬂl:aﬁunder different mobility models. Different mobility model
e protocol behaviors when it reaches the warm-cach@ " v o nes o1 ias

phase. Furthermore, based on the analysis in Section V&I, w Also, for random mobility model, for node, the proba-

validate our conjecture that age gradient tree is the key tq. .
. . -2 bility of encountering a new node (not encountered before)
explain MAID protocol performance under various mobility N—Ei(¢) . .
Is pi(t) = —5~—. But, in general, to consider all the

scenarios. N . :
mobility models, we assume that the probability of being the
IV. ANALYTICAL MODEL FORNODE ENCOUNTERS AND  freshly encountered node js(t) = KN%“) where  is
WARM-UP TIME the constant compensation factor for the non-uniform node

In this section and Section V, we aim to develop a set §ncounter probability distribution, under different midbi
analytical models to analyze the impact of mobility on thg1odels. Different mobility patterns have differentvalues.
protocol mechanisms of MAID protocol, in order to answer Next, we develop an analytical model for the expected num-
the question raised in Section I. ber of encountered nodes under various mobility scenarios.

Once MAID protocol starts the operations, for each node,
its age gradient tree keeps expanding, when it encountBrsExpected Number of Encountered Nodes
with more oth_er nodes. In this way, the MAID protocol First, let us examine the number of nodes that nbée-
smoothly transits from cold-cache phase to warm-cachegphas . . : .

. : countered during the time sldtt (after timet), i.e., E; (At|¢).
We believe that theumber of encountered nodés(¢) (i.e., . . . : .

the number of nodes that nodéias encountered before timeDurlng that time slot, the nodewill travel in the distance At,

#) is an important indicator to capture the cache warm-uand the area covered by the wireless transmitter of riode
P P At x 2R = 2RvAt. Because the node density in the field is

3please note, for lack of space, we are not able to presefiteatiarivation 2> the number of nodes that nodesncountered during time
procedure of analytical models, the figures and tables, dmelasion and slot At is 2RvAt x p. Within these encountered nodes, some
observations. Please refer to our technical report [1]. are the nodes that nodehas never encountered in the past,

In contrast, in the conventional routing protocols, thekete are sent to d oth h d h idea. d bef
destination via the Shortest Path Tree(SPT). In genemlAge Gradient Tree and others are the nodes that na S encountere efore.

is different from the Shortest Path Tree. Thus, the number of 'freshly’ encountered nodes for néde



during time slotAt¢ (after timet) is C. System Warm-up Time

Ei(Atl) = wAt x 2R x p x pi(t) 1) Frpm Eqn.6, we are able to estimate the sy;tem warm-
N N — Ei(t) up time .based on the syst_em parameters. In line with the
= 5,@(2URA1§)ET (2) observation that the operation of MAID protocols changes
from cold-cache phase to warm-cache phase after a node in
Clearly, the number of encountered nodes at timeAt is average has encountered with a portion of other nodes, we
the sum of the number of encountered node at tiraed the define thewarm-up timet.,q,m., as the time when the node
number of 'freshly’ encountered nodes in the time st  encounter ratio exceeds a portion (i-g.of all the other nodes

Hence, in average. Hence, we have the inequality
E(t+At) = Ei(t) + E(At)1) @ Bltwarm) _ g p B2 gy e 5 (7)
R 1) S 5 2VRN | N A
= (-4 A2 t)Ei(t) + or 12 A By solving this inequality, we gehe warm-up time as
Leta = &, 3 = 22N and )\ = 6. Then, by using the In ()
above equation, we have twarmup > 5o (8)
A

Ei(t+ At) — Ei(t)  dEi(t)
At o dt

Eqgn.4 is a standard differential equation about the unkno
function E; (t). Its general solution is given by

From Eqn.8, we can see that the warm-up time is a function
of the node velocity, radius rangeR, width of network field
vh and constant compensation factorwhich is unique for
each mobility model.

= XaEi(t)+ A8 (4)

V. ANALYTICAL MODELS FOREXPECTEDPATH LENGTH

Ei(t) = By oot = N 4 o (5) AND EXPECTED SEARCH COST
« .
) ) After the warm-up time, the nodes have cached enough
wherec is a constant factor to be determined. encounter information such that the properties of encounte

Whent = 0, the nodes are static, and the encountered nodggye are stabilized. We are particularly interested in pro-
condition isE;(0) = Ar N (£)2. Therefore, the constant factorpath length PL(z,,,) and expected search costC/(z,,) of
¢ = (Ar(4)* ~1)N, andthe number of encountered nodes the route generated by MAID protocol (conditional on the

over time is (refer to Ref. [1] for details) given SPT(shortest path tree) distahdetween source and
i) o destination.). Through the derivation, we identify tha¢gh
Ei(t)= N+ N()\W(Z)Q —1)e Maz! (6)| two performance metrics are functions of the charactessti
of age gradient tree.

The numb(_er of en(_:ounte_red l_"nodes is an exponentially incrg- Terminology
mental function of simulation time. At the momentt = 0, . . o
the average number of encountered nodes for each node i§ef0re develo_plng_the aqalytlcal models, we first introduce
E;(t = 0) = ArN ;. This is exactly the expected number ofne terms used in this section. _
nodes within radius range. Then the number of encounteredt) #m,2n: The nodex,,(z,) is the anchor node withn-
nodes increases with time. When the simulation time is long  "ops @-hops) SPT distance from the destination. For
enough (i.e., approaches to infinity), the expected number o~ €ach search step, the upstream anchgr discovers
encountered node i8;(t — oo) = N. At that time, it is more its downstream anchar,, along the age gradient tree
likely that any specific node has already encountered all the  (V7,Vm,0 < m,n < D).
others. Note that wheR (¢) is large enough (i.e., larger than a 2) P(zm,zn): The probability that upstream anchar,

big portion of overall node number), the characteristicagé discovers downstream anchey,.

gradient tree (i.e., the entries in the encounter tablepmec ~ 3) d(zm,zn): The average distance from upstream anchor

relatively steady. The protocol then reaches a steady, state zm to downstream anchat,, in terms of hop counts.

shall elaborate more on this in Section VII. 4) ¢(xm,xn): The average search cost from upstream an-
This analytical model shown in Eqn.6 establishes the rela- ~ €hor @, to its downstream anchar,, in terms of

tionship between the number of encountered ndegs) and transmitted packets.

various parameters including velocity radius range? and\ ~ 9) PL(zn): The expected path length from anchey,

value (Here, we believe that different mobility patternséna to the destination via the path computed by the MAID

different \ values). Thus, we are able to gain a deep insight ~ Protocol, in terms of hop count.

into how the operation of MAID pI’OtOCOI smoothly transn_s 5In our study, we define/ as 30%, as observed through simulations.
from cold-cache phase to warm-cache phase, under variouspe spt distance between node A and node B, is the number sf hop
system parameter settings. from node A to node B along the Shortest Path Tree rooted a Aod



6) SC(z.,): The expected search cost from anchoy

D
to the destination, generated by the MAID protocol, in + Z (s Tn) + PL(20)) (T, ) (20)

terms of transmitted packets. n=m+1

7) un,m: The ratio of the path length far,, to the path (3)
length forz,,, in the MQILI(DIprotocols, where: > m. \where D is network diameter. Here, oart(1), part(2) and
In other words iy, = £7i;=5, (wheren > m) part(3) corresponds to the cases in which the SPT distance

8) vnm: The ratio of the search cost for, to the search from upstream anchor to the destination fops) is larger
cost forzy,, in the MAID protocols, wherer > m. In  than, equal to, or smaller than the SPT distance from the
other words v, m = ﬁgf“ (wheren > m). downstream anchor to the destination ffops), respectively.

To give an intuitive insight, we use the example in Fig.The equation could be solved in a recursive manner. For the
to illustrate these parameters. For example, node A is owstream anchor,, with a given hop distancen, the path
instance ofz, node because it is 4 hops away from théength for the downstream anchétL(z,) (Vn,n < m) in
destination in SPT distance, node B is one instance:of part(1) is already known. For the case where- m (in part
node because it is 2 hops away from the destination. T(®), by substitutingPL(x,,) = tin,m PL (2., )(Wheren > m)
probability thatz, node discovers, node as its downstreaminto part(3) of Eqn.10 and then simplifying Eqn.10 (refer to
anchor isp(z4, r2). The average distance betweenandz, Ref. [1] for details), we get the expected path length foramc
is defined asi(z4,z2) (in the specific case shown in Fig.1,z.» along the path obtained by MAID protocol as
d(z4,29) = 2.). The average search cost fram to x4 is - ZD
defined asc(z4,72) (in the specific case shown in Fig.1, PL(zn) =
c(z4,22) = 67). The average path length from nodg to
the destination in MAID protocol i’ L(x4) and the average
search cost from node, to the destination in MAID protocol
is SC(IC4)

The parameters(z,,,z,), d(zm,z,) and é(z,,z,) are The search cost is also an important performance metric
the characteristics of the age gradient tree representiag t0 evaluate the MAID protocol, reflecting the initial effdd
probability, the expected distance and the expected cost frsearch the path. Using the same technology for developing th
the upstream anchor to the downstream anchor, respectivaljalytical model for expected path length, we get
Next, we develop a set of analytical models so that the MAID
protocol performance could be related with the charadiesis

m—1

d(@m 20 )P(Tm, -Ln)“l‘z PL(wn)p(wmw'En)
1=p(zm,Tm)— Zn:m,+1 /an.,m.p(z'nnxn)

(11)

C. Expected Search Cost

NE

of age gradient tree. SC(xm) = HZI(C(T/ma zn) + SC(zn))p(Tm, zn)  (12)
B. Expected Path Length m—1 B
In the MAID protocol, each upstream anchoy, is in = (€(@m, n) + SC(2))p(Tm, Tn)
charge of searching its downstream anchgralong the age n=t
gradient tree. The average distance from the upstream ancho 1)
Zm to the downstream anchat, is d(z,,,x,). Considering + (@ my Tm) + SC(20)) Ty T

the expected path length for the anchaqris given asPL(x,,),
then, the path length from anchaer,, to the destination via
anchorz,, is calculated asPL(x,) + d(xm,,z,). Also, the
probability that upstream anchoy, discovers its downstream
anchorz,, is given asp(z,,, z,). Hence,

(2

D
+ > (@@m, xn) + SC(2n))p(@m, Tn) (1)

n=m+1

(3)

9) where part(1), part(2) and part(3) corresponds to the cases
in which the SPT distance from upstream anchor to the
destination f» hops) is larger than, equal to, or smaller

(T, ) + PL(20))p(@m, ) than the SPT distance from the downstream anchor to the

destination 4 hops), respectively. By substitutin§C(z,,) =

Rt Vn.mSC(xm)(Wheren > m) into part(3) of Eqn.13 and then

- Z simplifying Eqn.13 (refer to Ref. [1] for details), we geteth

+ (d@m, &m) + PL(m))p(@m, Tm) expected search cost for anchgy, to find the destination in

(2) MAID protocol as

n=1

D
L(zm) Z (@, n) + PL(20))p(Tm, Tn)
-1

“Note node A has four 1-hop direct neighbors, as shown in Figuting o —
the 1st-time search of expanding ring search(radius=19le nd broadcasts SC(am) = Do e@mmn)p(@mwn)+ Y " SC(@n)p(@m,wn)
and generates 1 packet; Then, during the 2nd-time seardiugr), node A Im) = 1fp(azm.zm)fZD Vnom (T @)
’ n=m-+1 ’ ’

and all its direct neighbors broadcast and generates4 = 5 packets. At
that time, node B is located. Thus, the overall search co8tgackets. (14)



D. Estimations of Parametet,, ,,, v, and Discussion (PL(x,), wherel < n < m). Similarly, as shown in Eqn.18,

In this section, we present the approximated estimatiof¥ @ given valuem value, the expected search cost is also a
for the parametersi,,. in Eqn.11 andw,,. in Eqn.14. function of the characteristics of age gradient trefe ., zn),
Through our theoretical derivations (refer to Ref. [1] foP(Zm,Tn)) and the expected search cost of the paths whose
detailed discussion), we find that the path length of MAIPPT distance smaller than hops GC(xz,), wherel <n <
paths is linearly correlated with its SPT path length. Hencéﬂ)-

the paramete, ;,, is Here, both expected path lengtiL(z,,) and expected
 MAID search costSC(z,,) are dependent on their counterparts

P PfL(xn ) ~ (15) PL(z,) and SC(z,) for the paths with smaller SPT hop
W PL(xMAID) T om lengthsf < m). Therefore, both Eqn.17 and Eqn.18 should be

Also, we find that search cost of MAID path is polynomiallyS°Ived in a recursive fashion, from smallesvaluen = 1) to

correlated with its SPT path length. To be in details, the pf€ largestn value (n = D). Intuitively, the initial conditions

rameterv,, ,,, is also a function of their SPT distances (plead@r recursive-format Eqn.17 and Eqn.18 drd(z;) = 1 and

refer to Appendix of Ref. [1] for the detailed derivation a ©C (1) = 1. Starting from these initial conditions, we are able
to estimate the expected path leng®i(x,,) and expected

L S:C(a:;”AID ) 2n® — 3n* +n (16) Ssearch cosBC(z,,,) based on these two analytical models, if
T SC(zMAIDY T 2m3 — 3m2 +m the characteristics of age gradient tréé,,, z,,), &(,, z,)

We validate both Eqn.15 and Eqn.16 by taking the measufd P(¢m, z5) are given. As shown in the Section VII, we
ment of the path length rati,, ., and search cost ratia, ., validate both analytical models via the simulations.
(wheren > m) in the MAID protocol, through simulations, _ T"€ characteristics of age gradient tregz.,,zn),

The results indicate that, in most cases, Eqn.15 and Eqn#@m,%n) and &z, z,) are directly measured from the
are reasonable approximations of real scenfrios simulation. In our study, we realize that the charactesstf

After replacing theu,, ., factor andv,, . factor by Eqn.15 29€ gradient tree are the dominant factors that affect thiEMA
and Eqn.16, we get the analytical models fbe expected protocols performance under different mobility scenariés

path length and the expected search cosin the MAID the same time, as will be seen in Section VIII-B, we also find
that the characteristics of age gradient tree indirectfiece

protocol as > !
the effect of mobility patterns and node velocity on node
_ connectivity graph. Thus, we believe that characteristits
o PL(“T"”)WH ) age gradient tree is the key bridge to explain the relatipnsh
Dy Wwmn)p(@mown) +3 77 PL(#)P(@m,n) between mobility and MAID protocol performance. We will
1=p@m@m) =) Ep(@m.en) discuss this in details in Section VIII-C.
a9 VI. SIMULATION SETTING
SC(@m) Before. we evaluate the MAID protocol, we first. discu_ss
b L the mobility models used in our study and the simulation
_ 2y C@m@n)P@mza)+) T SC(@n)p(@m @n) parameter settings in this section.
1=p(@mam)=y 0 2 I (2 )
(18)| A. Mobility Models

In order to thoroughly examine the performance of MAID

As shown in Eqn.17, for a givem value, the expecte‘jéjrotocol, we evaluate and analyze the MAID protocols over

path IengthP_Lga:m) is a function of the characteristics of ag 3 rich set of mobility models, including Random Way-

Earr?dtlﬁn;fttrﬁs dgﬁ;’ 3\;;1)0 Spémé’g_f"a)i)stzzgeﬂ;?nsl)l(gfded p‘;‘thpoint(RWP), Random Walk(RWK), Reference Point Group
9 P thaltops 1 obility(RPGM) and Manhattan mobility(MH) model. This
8We acknowledge that the both equations (Eqn.15 and Eqnréprly SEt of mobility models is carefully chosen so that each ofithe

the approximations of the realistic scenarios. Howeves, ahcuracy of the exhibits the different mobility characteristics. We déiser

analytical models (Eqn.11 and Eqn.14) will not be signifttaraffected. thage mobility models as follows:
This is because, intuitively, we know that it is a rare cas® #n upstream . )
anchor will search a downstream anchor whose SPT distandestination (1) Random Waypoint(RWP) modet In RWP model, each

is even much larger than its own SPT distance to the destmalihrough mobile node randomly selects one location in simulatiordfiel

the simulation, we observe tha(zn,zn) is a very small value ifm < a5 jts destination and moves towards it with a randomly
n<m+e, andp(xm,zn) = 0 if n > m + e (in most mobility scenarios, . . .
¢ < 2). At the same time, the Valug(z.m, z») (Wheren < m) seems to be chosen speed. Upon reaching the destination, the node stops

a very large value compare to the valpgr,,, ) if n > m. Thatis to say, for a certain time period, after which, it moves towards

even the approximation qin.m andvy,m is not exactly accurate, the small gngther randomly chosen destination with a random speed. In

. D
values ofp(wrm, zn) (n > m) enables the itenp  _ \ un.mp(m,#n)  RWP model, the node velocity is independent of other nodes.

. D .

(in Eanil) and) . vnmp(zm,@n) (in EGn.14) to be very small o wever, for a given node, the current node velocity depends
values. Thus, the accuracy of the estimation based on Eqmd Eqn.18 will . . H RWP hibi d ;
not be affected significantly by these approximations mat&dn.15 and ©ON IS previous one. Hence, exhibits a strong degree o
Eqn.16. We further validate our argument through extensimeulations temporal correlation and weak degree of spatial correiatio



N
N

(2) Random Walk (RWK) model: In RWK model, the
nodes change their speed and direction at each time interval
For every new interval, each node randomly chooses its new
directiond(t) and the new speet (¢). Both RWK and RWP
model exhibit strong randomness, while RWK model exhibits
a weak degree of temporal correlation.

(3) Reference Point Group Mobility (RPGM) model:
RPGM model is used to model group mobility. Here, each 8
group has a group leader and a number of group members. e
The group leader determines the motion behavior for the Time _

. . ig. 2. The Average Path Length of MAID Protocol vs. Time (RWitdel,
whole group, while each group member chooses a velocity 5§5m,s)
randomly deviating from its group leader. The node movement
in RPGM model is correlated with its groupmates. Thus, the

RPGM model is expected to show a strong degree of spatrig?nce metrlcsoverallfag\;/ erage path I_e ngtiw L "’?r_‘d overall
. . average search costC”®, across various mobility models.
correlation between the different nodes.

(4) Manhattan Mobility (MH) model : MH model emu- PL(or, SC) is the path length of route (or, the number of

. search packets) generated by the MAID route, averaged over
lates the node movement on streets. Manhattan grid maps - ’ .

: : ; the source-destination pairs. With these two perforrean
horizontal and vertical streets are used to restrict theeno

movement. On each street, the mobile nodes move along mgtrlcs, together with other metrics mentioned in Sectign |

L . . . and Section V, we are able to quantitatively evaluate and
lanes of both directions. At each intersection, the mololéas ’ . .
choose their directions with certain probability. The speé compare the MAID protocol under different scenarios in the

mobile node is also randomly chosen. Unlike RWP model, tﬁéaXt section.

mobile nodes only travel on the pathways in the map. VII. SIMULATION RESULTS

As discussed above, these models represent a rich set Qfyiensive simulations were conducted to answer the ques-
mobility characteristics varying from weak to strong d&gref 5 How MAID protocol is affected by the underlying mobility
temporal correlation, spatial correlation and geograp#sric- - scenarios?in Section VII-A and Section VII-B, respectively.
tion. We believe that this rich set of mobility models covee t pagide that. in Section VII-C and Section VII-D. we also aim
mobility design space with different mobility charactéins, 5 measure the protocol performance and validate the peabos
providing a solid basis to evaluate and analyze the MAIQq 5 tical models. The matching between analytical result
protocols. and simulation results is satisfactory. This indicated thar
analytical models provide a good approximation to estimate

B. Simulation Setting
) - the MAID protocol performance, based on the measurement
To evaluate MAID protocol over various mobility models ¢ o age gradient tree.

we carry out the simulation in the customized event-driven
simulator developed by the authors. The mobility traces afe Transitional Behavior and Steady Behavior

obtained through the IMPORTANT mObIllty scenario genera- \We record the values dP_L and S_C’ at each time instance.
tor [2]. This scenario generator produces the differentiiitpb |nterestingly, we found that the MAID protocol performance
patterns following RWP, RWK, RPGM and MH models actannot be stabilized at the initial phase of simulation. For
cording to the format required bys-2 In all these patterns, example, in RWK modelPL constantly keeps increasing (as
400 mobile nodes move in an area of 3000m by 3000m forsﬁown in F|gZ) ands’_c’ keeps decreasing (aS shown in F|g3)
period of 4000 seconds. The value for the radius range is g6t the time elapses. Both of them become relatively stable
as the default value(250m). For RPGM, 80 groups (with fiVgfter some time (around 545 seconds) and reach a steady state
nodes for each group) are moving independent of each othgjys,the operation of the MAID protocol can be divided

and in an overlapping fashion. To tackle the well-known spegnto two states: initial transitional state and follow-up steady
decay problem [14], we set the minimum speed as 3m/s f@te. Such a phenomenon is not unique to RWK model, we
all the mobility patterns. The maximum speed is set to 5, 1Qiso observe the similar phenomenon for RWP, RPGM and
20, 30, 40 and 50m/s to generate different movement pattef3s| models at different node velocities during the simulagio

for the same mobility model. (refer to Ref. [1] for details).

The data traffic pattern consists of 100 pairs of CBR Thjs phenomenon is caused by the different caching phases
data traffic. For each pair, both source and destination afthe MAID protocol. At the cold-cache phase, MAID pro-
uniformly chosen from all the nodes. The data rate used isdcol mostly relies on the flooding mechanism to search the
packet/second. To eliminate effects caused by the randssnne

of the traffic pattern, we used different random seeds to gen2Note that PL is not PL(z,) and SC is not SC(zm). In fact, PL

erate five different traffic patterns for each mobility sagma (0" SC) i the weighted summation oPL(wm) (or, SC(wm)). That is,
Beside th . . d in Section IV and Secti PL = anl(pnPL(x"))' And also,SC = anl(anC(xn)). Here,
eside the metrics mentioned in Section an ection }4,5 is the probability that the SPT distance of source-destinapair is n

we are also particularly interested in examining two perfohops.

BN
© o

iy
=)

Avg. Path Length
(SRS

i
)




~
=3
S
w
N

- search cost

o

=1

S
)
@

RPGM
MH

N
o
S

+ 500 ’§247
e F * * *

8 e
O < 20}
<400 5 — =
g S1et
1300 s < RWP
) S 12t * RWK
< =)

>

<

©

=
o
=]

IS

O0 500 1000 1500 2000 2500 3000 3500 4000

o

° 1 Nodzg VeIocity??n/s) © %
Fig. 5. The Average Path Length for MAID Protocol under Vasdobility
Models

2000 1500

ime
Fig. 3. The Average Search Cost of MAID Protocol vs. Time (Rwikdel,
V=5m/s)

1200

¥ RWP

* RWK
RPGM
MH

©
S
S

I3
=}
S

2]
<3
S

Avg. Search Cost(packet number)

0 10 20 ] 20 40 50 % 10 20 0
Node Velocity(m/s) Node Velocity(m/s)

Fig-d 4| The Warm Up Time for MAID Protocol under Various Mdtyl  Fig. 6. The Average Search Cost for MAID Protocol under \asitdobility
Models Models

40 50

route, since it is difficult to find the intermediate ‘anchaith ity model and node velocity setting, while its steady state
appropriate cache. Thus, the path obtained is optimal (i.Behavior is only sensitive to underlying mobility model but
closer to the SPT path) at the expense of large search cogisust to node velocity With the deeper analysis presented
However, once the cache reaches the warm-cache phase,ihection VIIl, we attempt to explain these unexpected
MAID protocol could utilize several intermediate ‘anchdie  observations.

find the destination. Hence, the path becomes less optimal bu -
the search cost is significantly reduced. C. Expected Number of Encountered Nodes (Transitional Be-

havior)

In this section, we analyze how the expected number of

In this section, we plan to investigate the impact of mopilitencountered nodeg);(¢) increases with time, under various
on MAID protocol performance, at both transitional statenobility scenarios. This metric helps us to capture thesiran
and steady state. Specifically, we examine the warm-up tirtienal behavior of the MAID protocol.
twarmup (transitional-state behavior) as well as overall averageWe observe that the expected number of encountered nodes
path lengthPL and overall average search co&f' (steady- is a monotonically increasing function of time under all the
state behavior), across the different mobility scenarios.  mobility patterns. For a given node velocity, the curves are

As shown in Fig.4, we observe that, to ensure the enoudtferent under different mobility patterns, as shown ig.Fi
node encounters and stabilize the protocol performanee, #thmong them, the curve for RWK model is the lowest, the
MAID protocol needs the different warm-up time for diffetenRWP and RPGM model are the highest ones, while the MH
mobility models and different node velocities. For the samaodel lies in between. We also examine the effect of node
node velocity, different mobility models need differentrwma velocity on the expected number of encountered nodes. As
up time. For the same mobility model, in general, the highehown in Fig.8, in RWP model, we observe that the expected
node velocity setting requires the lower warm-up time. number of encountered nodes increases faster when the node

We also examine the MAID protocol performance at steadselocity becomes larger. Similar results are also obsefoed
state across various mobility scenarios, as shown in FigVK, RPGM and MH models (refer to Ref. [1] for details).
and Fig.6. For the same node velocity, bdtlh, and SC are The extensive simulations further strengthen our obsiervat
different for different mobility models. However, at thensa made in Section VII-B:the MAID protocol performance at
time, for the same mobility model, both of them rarely varyransitional state is sensitive to both the mobility modetia
with the different node velocity settings. the node velocity setting.

Intuitively, the MAID protocol is supposed to be highly We also attempt to validate the analytical model shown in
sensitive to the underlying node mobility process. Howgevegqn.6. Thus, we applied the curving fitting scheme [11] to
out of our expectation, we find out thite MAID protocol compare the experiment results collected from simulataonts
performance at transitional state is sensitive to both mol## the analytical results based on Egn.6. we compare the error

B. Transitional Behavior and Steady Behavior vs. Mobility
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margin ratio between the simulation results and the best-fit
curve obtained from the analytical model. We find that thier RWP and RPGM models are nearly same and lie in the
error margin ratio appears to be very smallg% in most between. As shown in Fig.18,C(z,) increases with the SPT
cases), across all the mobility models. This fact indicaté®p distance: for all the mobility patterns. For a given SPT
that our analytical model shown in Eqn.6 is good model toop distance, the RWP model generates the lowest overhead,
approximate the transitional behavior of the MAID protacoland the other three mobility models are crossing over each
Via the maximum likelihood test [11], we also estimate thether. When the hop distaneeis small, the MH model incurs
A values in Eqn.6. We observe that thgparameter is different the larger search cost than the RWK and RPGM model.
for various mobility patterns, while it is nearly same foeth We also examine the effect of node velocity on the steady
different node velocities under the same mobility pattditnis behavior of MAID protocol for a given mobility model. We
observation is consistent with our initial conjecture made observed that the steady behavior of the MAID protocol is
Section IV. The averagg parameter for RWP, RWK, RPGM insensitive to the node velocity for a given mobility patter
and MH models are 1.92325, 0.71454, 1.8324 and 0.943@&#th PL(x,) and SC(z,) for RWP model are illustrated
respectively (refer to Ref. [1] for details). in the Fig.11. Obviously, the different node velocity sggt
barely have an effect on the steady behavior of the MAID pro-
D. Expected Path Length and Expected Search Cost (Stegslyol, in terms of either the trend of the curve or the dehile
Behavior) values. Similar results are also observed for RWK, RPGM and
After analyzing the transitional behavior of the MAIDMH models (refer to Ref. [1] for details). These observadion
protocol in Section VII-C, we examine the detailed steadggain validate our previous observatidghe MAID protocol
behavior of the MAID protocol in this section. Specificallyat steady state is robust to different node velocity sedtimgt
we look at both expected path lengihL(z,,) and expected still sensitive to the mobility patterns.
search cosC(x,,) for the route with given SPT distance ( Again, we also validate the proposed analytical models
hops). Fig.9 and Fig.10 illustrate L(x,,) and SC(z,,), under shown in Eqn.17 and Eqn.18 via simulations. In these models,
various mobility models at a given node velocity. The x-axisoth the expected path lengfhL(z,,) and expected search
in both figures is the SPT hop distance between a source antbatSC(z,,) are the functions of the characteristics of the age
destination, and the y-axis is the expected path ledthr,,) gradient tree, including(z,,, z,,), d(zm,, z,) aNd&(xm, ., ).
or expected search co$C(z,,) for the path with the given We take the measurement of all these characteristics throug
SPT distance, respectively. simulation and then insert them into the Eqn.17 and Eqn.18
As shown in Fig.9,PL(z,) increases with the SPT hopto estimate the expected path leng®i.(z,) and expected
distancen for all the mobility patterns. For a given SPT hogsearch cos§C(z,,), under the different mobility scenarios. At
distance, the path length for the MH model is the highetite same time, we also directly measiité(z,,) andSC(z,,)
and the RWK model has the lowest value, while the valué®m the simulation.
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scenarios?asked in Section | and explain the observations
made in Section VII, by putting all the components together.
Thus, we are able to establish a clear logical relationship
among the mobility, the temporal-spatio correlation, tige a
gradient tree and the MAID protocol performance.

A. Temporal-Spatio Correlation and Age Gradient Tree

Intuitively, the temporal-spatio correlation exists foosh
mobility scenarios, including all the mobility models dissed
in this paper. Nodes tend to be far away from each other
if they encountered a long time ago, and vice versa. Thus,
we are able to roughly estimate the distance between nodes,
based on their last encounter time. However, note that the
relationship between spatial distance and encounter agat is
a deterministic one, since the node mobility has some degree
of irregularity. Also, different mobility models exhibiifterent
types of temporal-spatio correlation.

To vividly illustrate the temporal-spatio correlation, we
examine the 3-[age gradient fieldFor a specific destination,
the age gradient field is formed if each node on the 2-D
space is associated with its encounter age for the destmati
which represent the ‘potential’ (similar to the meaning of
‘potential’ in physics). Thus, in the 3-D graph, the x- and y-
axis represents the x- and y-position of a node, and z-axis
indicates its encounter age with the destination. As shown
in Fig.12, the age gradient field for the RWK model is
like a funnel (whose sink is the destination), indicating th
spatial distance between a node and destination is somehow
correlated with their encounter age. Similarly, the tenapor
spatio correlation is also clearly observed for RWP, RPGM
and MH models (refer to Ref. [1] for details).

The age gradient field implicitly designates the route be-
tween any mobile node to the given destination, by following
its trajectory towards the sink on the funnel surface. At
each search step, the upstream anchor node finds the nearest
downstream anchor node with smaller encounter age(ie., th
node with lower ‘potential’ in the age gradient field) on
the funnel surface. Because of the inherent temporalespati

Then, we compute the error margin ratio between therrelation, the packets gradually moves from upstrearh@nc
calculated result and the measured result [11]. Through tievards downstream anchor and finally reaches the destmati
study, we find the error margin ratio for the expected pattience, we believe thahe temporal-spatio correlation is the
length is5% — 10% and the error margin ratio for the expectedtey reason enabling the mobility-assisted encounter-bade
search cost is aroune? — 17% in most mobility scenarios. MAID protocol .

The acceptable error margin ratios show that the analyticalln the normal operation of the MAID protocol, the temporal-
result still matches with the simulation result in most casespatio correlation is not directly used. Instead, the 3-D
indicating that the proposed analytical models (Eqn.17 ameinporal-spatio correlation is projected onto the 2-D spac
Eqn.18) are good approximations to study the steady behav@brrespondingly, the set of implicit designated routes on

of MAID protocol (refer to Ref. [1] for details).

VIIl. THE LOGICAL RELATIONSHIP BETWEEN MOBILITY,
AGE GRADIENT TREE AND MAID PrROTOCOL
PERFORMANCE

the funnel surface are also projected onto the 2-D space,
forming an age gradient tree (this is exactly the age gradien
discussed in Section III-C). Therefore, the age gradie is

an abstracted form of the temporal-spatio correlation.un o
study, we mainly focus on investigating the charactesstit

In this section, we attempt to answer questidvisy MAID age gradient tree under various mobility scenarios andminde
protocol is(or, is not) affected by the underlying mobilitystanding their impact on the MAID protocol performance.



velocity are nearly same for a given mobility model.

In summary, we observe th#éte mobility model signifi-
cantly affects the shape and the characteristics of the age
;) gradient tree, while the node velocity settings may not
affect. It seems that age gradient tree is the key element to
@R ‘ RWP explain the interplay between MAID protocol behavior and
mobility.

) C. The Relationship between Mobility, Age Gradient Tree and
MAID Protocol Performance — Quantitative Approach

(©OMH (d)RPGM
Fig. 13. The Age Gradient Tree (AGT) for RWP, RWK, MH and RPGM In this section, we are interested in analyzing the question
models (v=20m/s, t=400sec). Here, D is the destinationofaise root of \why (or why not) the MAID protocol is sensitive to mobility
AGT). (at both transitional state and steady statefPiantitatively.

B. The Impact of Mobility on Age Gradient Tree For transitional behavior, clearly as shown in Eqgn.8, we

For a given destination, its age gradient tree evolves oJ@nd that the warmup time,.,m.,, is the function of both
time, as its size increases. Hence, the shape and the @raraBde velocityv and constant compensation factowhich is
istics of the age gradient tree also keep changing over tinydlique for each mobility model). Thus, different node vélpc
until the node has already encountered with a certain portigfifferentv) and different mobility models (different) must
of other nodes. After reaching the warm-cache phase, b&¥ave different system warm-up tim armup.
the shape and the characteristics of age gradient tree otill n For steady behavior, in Section V, we realize that the
change drastically. During the warm-up process, ottbility ~ characteristics of the age gradient tree are the direcorfact
model and node velocity seem to play a major role in to determine the MAID protocol performance at the steady
determining how fast the size of the age gradient tree State. Also, on the other hand, we believe that the mobility
grows. patterns affect the characteristics of the age gradieathg

At steady state, we are interested in examining how tige node velocity rarely affects them, as shown in Section
shape and the characteristics of age gradient tree beheee ul¥!ll-B. To validate our conjecture, we take a further step to
different mobility patterns and different velocities. &irwe quantitatively compare the characteristics of age gradiee
discuss the case of different mobility models with same no@é different velocity settings under a given mobility madel
velocity. Intuitively, different mobility patterns creatifferent First, we take measurement of the vajue.,,, v,.), d(xm, z»)
encounter patterns and hence the different temporalespa@nd c(zm, ) (Vn,¥m, 0 < n,m < D) under different
correlations. As shown in Fig.13, the shape of age gradieat t velocity settings, for each mobility model. Then, we cadtel
for RWK, RWP, RPGM and MH mobility models are visuallythe error margin ratio of these three characteristics betwe
different (and so are their characteristics). For exanipléhe different node velocity settings. Through study, we findttha
MH model, the age gradient tree consists of age gradients fér a given mobility model, the node velocity settings bygrel
the horizontal and vertical lines because nodes are restricimpose the impact on the characteristics of the age gradient
to the Manhattan map (as shown in Fig.13(c)). tree. For example, the error margin ratio fptx,,,z,),

Next, we examine the case of same mobility model with(m,z») and &(z,,,z,) is less than5.25%, 4.06% and
different velocity settings. Here, interestingly, we ofvgethat 8.45% in most cases of all the mobility models (please refer
the shapes and characteristics of age gradient tree foathe sto Appendix of Ref. [1] for detailed comparison results).
mobility model are similar under the different node velgcit That is to say, the characteristics of the age gradient tree a
settings. With the different node velocity settings, theatx nearly same when the node velocity is set to the different
encounter age between nodes may differ and the heightv@fues. These quantitative observations are consisténtour
3-D temporal-spatio correlation (as shown in Fig.12) madptuitive findings in Section VIII-B.
be different. However, its rough shape and the designatedrherefore, we believe that there is a logical relationship
routes on the funnel surface (the age gradient from the ndoetween the node mobility, the age gradient tree charaeteri
with larger encounter age to the node with smaller encountas and the MAID protocol performance: The age gradient
age) do not change drastically. In other word, once the 3iee exhibits different characteristics under various ititgb
temporal-spatio correlation is projected to the 2-D fielte t patterns while these characteristics are nearly same uheer
information of exact encounter age (z-axis value) becomeésferent node velocity settings for a given model. Thug th
useless. Here, only the relative relationship between noBIAID protocol, which is deterministically impacted by the
encounter ages(i.e., from which anchor to which anchorydogharacteristics of the age gradient tree, behaves ditfigrior
matter. In this way, the node velocity only contributes twale’ various mobility models but it is less sensitive to differande
the encounter age but does not affect their relative relakigp. velocities. Therefore, we believe thtie characteristics of
Hence, the shapes of age gradient tree under different na@dge gradient tree are the key bridge linking the mobility



effect and the protocol behavior of MAID protocol®°. 2]
IX. CONCLUSION & FUTURE WORK
We present Mobility Assisted Information Diffusion(MAID) (3l
protocol as a class of routing protocol to establish theeout
by directly utilizing the last encounter information betme
mobile nodes. Because the last encounter information teyig 4l
dependent on mobility, we call such kind of protocols as
mobility-assisted protocol. Thus, in the MAID protocol, mo  [5]
bility factor is not only treated as an evaluation element, b
also actively integrated into the protocol design. In thraper, 6]
we are very interested in analyzing the potential intecacti
between the mobility and the MAID protocol. 7]
To achieve this objective, we first develop a set of analitica
models to examine the impact of mobility factor on detailed [8]
MAID protocol mechanisms, for both warm-up process and
steady-state behavior. The results obtained are able todero g

initial insight into the general operations of MAID protdco

We then evaluated the MAID protocol over a rich set of [10]
mobility models by which we believe that mobility space
could be spanned. We found that the transitional behavior ofi11]
MAID protocol is significantly affected by underlying moityl [12]
scenarios, while the steady behavior of MAID protocol is
somewhat less sensitive to the node mobility. We believat th
the age gradient tree is the key factor to explain these wvhser
tions. By validating the two set of proposed analytical msde
we developed in this paper, we confirmed our conjecture thaf14]
age gradient tree is the key bridge to link node mobility and
MAID protocol performance.

In the next step, we plan to continue our research and
enhance the MAID protocol mechanism under different sce-
narios. For example, MAID protocol could be operated under
the scenarios of disconnected networks. In such scenéhnios,
mobile node is able to cache the data packets if the upstream
anchor cannot find the downstream anchor. We plan to design
such an enhanced MAID protocol. Another research direction
is to design a practical protocol whose protocol perforneanc
is relatively robust to node mobility, based on the protetyp
of MAID protocol. The performance of most MANET routing
protocols drastically degrades with the increased nodecitgl
However, through our study, we found that the MAID protocol
(based on the age gradient tree) is relatively robust to node
velocity under certain conditions. Thus, we are interested
designing another mobility-robustness MANET routing prot
col which explicitly utilizes the concept of the age gradien
tree.

(13]

(15]
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