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e ofProf. Sridhar Iyer29th November 2001Abstra
tMobility management in ad ho
 wireless networks fa
es many 
hal-lenges. Mobility 
onstantly 
auses the network topology to 
hange. Inorder to keep a

urate routes, the routing proto
ols must dynami
allyreadjust to su
h 
hanges. Thus, routing update tra�
 overhead is signif-i
antly high. Di�erent mobility patterns have in general di�erent impa
ton a spe
i�
 network proto
ol or appli
ation. Consequently the networkperforman
e will be strongly in�uen
ed by the nature of the mobility pat-tern. In the past, mobility models were rather 
asually used to evaluatenetwork performan
e under di�erent routing proto
ols. In this seminar,we present a survey of various mobility models in both 
ellular networksand multi-hop networks. One of the main themes of this seminar is toinvestigate the impa
t of the mobility model on the performan
e of a spe-
i�
 network proto
ol or appli
ation. As expe
ted, the results indi
atethat di�erent mobility patterns a�e
t the various proto
ols in di�erentways. In parti
ular, the ranking of routing algorithms is in�uen
ed by the
hoi
e of mobility pattern.
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1 Introdu
tionAd ho
 wireless networks are networks whi
h do not rely on a pre-existing 
om-muni
ation infrastru
ture. Rather, they maintain a dynami
 inter
onne
tiontopology between mobile users, often var multihoping. Ad ho
 networks areexpe
ted to play an in
reasingly important role in future
ivilian and militarysettings where wireless a

ess to a wired ba
kbone is either ine�e
tive or im-possible. Ad ho
network appli
ations range from 
ollaborative, distributed mo-bile 
omputing to disaster re
overy (�re, �ood, earth-quake), law enfor
ement(
rowd 
ontrol, sear
h and res
ue) and digital battle�eld 
ommuni
ations. Somekey 
hara
-teristi
s of these systems are team 
ollaboration of large number ofmobile units, limited bandwidth, the need forsupporting multimedia real timetra�
 and low laten
y a

ess to distributed resour
es (e.g., distributed databasea
-
ess for situation awareness in the battle�eld).The hosts in an ad ho
 network move a

ording to various patterns. Realisti
models for the motion patterns are needed in simulation in order to evaluatesystem and proto
ol performan
e. Most of the earlier resear
h on mobilitypatterns was based on 
ellular networks. Mobility patterns have been used toderive tra�
 and mobility predi
tion models in the study of various problemsin 
ellular systems, su
h as hando�, lo
ation management, paging, registration,
alling time, tra�
 load. Re
ently, mobility modelshave been explored also in adho
 networks. While in 
ellular networks, mobility models are mainly fo
usedon individual movements sin
e 
ommuni
ations are point to point rather thanamong groups; in ad ho
 networks, 
ommuni
ations are often among teamswhi
h tend to 
oordinate their movements (e.g., a �remen res
ue team in adisaster re
ov-ery situation). However, as the members of an ad ho
 networkmove, the performan
e tends to degrade. One reason of su
h degradation is thetra�
 
ontrol overhead required for maintaining a

urate routing tables in thepresen
e of mobility. Di�erent mobility patterns will a�e
t the performan
e ofdi�erent network proto
ols in di�erent ways. Therefore, it is very important tostudy the impa
t of mobility patterns on di�erent network proto
ols in order toa
hieve the best performan
e in ea
h s
enario.
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2 ExistingMobility Models for Cellular and ad-ho
 NetworksIn a wireless network, mobile hosts (MHs) 
an move in many di�erent ways. Mo-bility models are 
ommonly used to analyze newly designed systems or proto
olsin both 
ellular and ad ho
 wireless networks. In 
ellular wireless networks, stud-ies for mobility models not only aim at des
ribing individual motion behaviorssu
h as 
hanges in dire
tion and speed, but also 
onsider the 
olle
tive motionofall the mobiles relative to a geographi
al area (
ell) over time. Models for adho
 network mobility generally re�e
t the behavior of an individual mobile, ora group of mobiles. But there is no notion of 
olle
tive movement of all mobileswith referen
e to a parti
ular "
ell". We shall dis
uss the various Mobility Mod-els in the Mobile network in general with spe
ial emphasis on adho
 networksdas and when appli
able.2.1 Brownian Motion Model [Einstein 1926℄It is the basi
 totally random motion pattern. It is not a very realisti
 model inthe sense that only a few a
tivities 
an present su
h errati
 behaviour.

new_pos = old_pos+ random_posAlthough it 
an be useful as a �rst model and for spe
ial 
onditions testing.Inthis model ea
h node moves a 
ertain amount of spa
e after a random period.The movement of nodes is totally isolated.2.2 Column Model [San
hez℄The 
olumn model tries to represent the moving pattern of a row of robotsmoving in a 
ertain dire
tion. This behavior 
an be found on a sear
hing a
tivity(e.g: anti-personal mines dea
tivation robots).4



new_pos = (old_referen
e_pos+ advan
e_ve
tor) + random_ve
tornew_referen
e_pos = old_referen
e_pos+ advan
e_ve
torBut the model is not limited to a forward dire
tion normal to the row axis, butany angle 
ould be possible to, for example, forming a "one behind the other"motion, also present in some roboti
s a
tivities (e.g: transportation 
onvoy).Of the di�erent approa
hes to implement the model, the simpler one is to havea referen
e initial grid (forming a 
olumn of nodes) and then allow a node tomove around its referen
e position.2.3 Pursue ModelNodes 
hase after a single target that may or may not be moving. Here wehave a 
olle
tion of robots (nodes) trying to 
at
h a single robot that a
ts as atarget. This kind of behavior is found in multiple roboti
s a
tivities (e.g: peopleor equipment tra
king).

new_pos = old_pos+ a

eleration(target_old_pos) + random_ve
tor5



Here the idea is to allow only a limited maximum step in ea
h new movement(that is what does the a

eleration fun
tion) and also maintaining a little ran-dom movement (whi
h is 
ertainly limited to allow the e�e
tive tra
king of thetarget).The model is based on the fa
t that physi
s does not let a pursuer robot tofollow any position 
hange of the target but its a

eleration is limited and so,the tra
king is usually done with some error, that may also be due to otherfa
tors. This model also suposses 
ertain randomness of the movements evenwhen the target is stopped and tra
ked.2.4 Random Walk Model [Zonoozi and Dassanayake℄The most 
ommon model in 
ellular mobility modelling is the random walkmodel. The model des
ribes individual movement relative to 
ells. In thismodel, a mobile host moves from its 
urrent position to the next position ran-domly. The speed and dire
tion are pi
ked uniformly from the numeri
al ranges[Vmin,Vmax℄ and [0, 2�℄respe
tively. In a typi
al Markovian model for one di-mensional random walk, a MH in 
ell i is assumed to moveto 
ells i+1; i� 1 orto stay in 
ell i with given transition probalities.The random walk model has been used to investigate abroad set of di�erentsystem parameters. For example, Rubin uses the random movement assumptionto get the mean 
ell sojourn time E(S) �rst, then to derive many other systemmeasures. Zonoozi 
ondu
ts a systemati
 tra
king of the random movementof a MH. At ea
h instant, he partitions the whole area into several regionsa

ording to previous, 
urrent and next motion dire
tions of a mobile host.He mathemati
ally gives the 
onditions for movements from the 
urrent regioninto the next region. His tra
king of mobility leads to the 
al
ulation of 
hannelholding time and handover number. De
ker 
hara
terizes an individual MH withthe mean duration of stay in the 
urrent position and the probability of 
hoosinga moving path. A predesigned state-transit matrix 
an give the mobile host amotion pattern su
h as moving on a highway, on streets or just like arandompedestrian.Haas presents a Random Gauss-Markov model for
ellular networks. His modelin
ludes the random-walk model (totally random) and the 
onstant velo
itymodel(zero randomness) as its two extreme 
ases.This model was extended to various other models su
h as� Random Way Point Model� Random Gauss Markov Model� Markovian Model2.4.1 Random Waypoint mobility modelJohnson's Random Waypoint mobility model is also an extension of randomwalk. This model breaks the entire movement of a MH into repeating pause and6



motion periods. A mobile host �rst stays at a lo
ation for a 
ertain time thenit moves to a new random-
hosen destinationat a speed uniformly distributedbetween [0, MaxSpeed℄.2.4.2 Random Gauss Markoov ModelSimilar to Chiang's Markovian model, other models 
onsider the relationshipbetween a mobile host's previous motion behavior and the 
urrent movementinspeed and/or dire
tion. In parti
ular, presents an in
remental model in whi
hspeed and dire
tion of 
urrentmovement randomly diverge from the previousspeed and dire
tion after ea
h time in
rement. Namely, speed v and dire
tion� are expressed as belowv(t+�t) = min[max(v(t) + �v; 0); VMAX ℄�(t+�t) = �(t) + �(t)where �v and �� are uniformly pi
ked from a reasonable data range of[�Amax�t; Amax�t℄ and [���t; ��℄.Amax is the unit a

eleration/ de
eleration and � is the maximal unit angular
hange.2.5 Mobility Ve
tor ModelThis model simulates natural and realisti
 mobility for various appli
ations,espe
ially in heterogeneous network appli
ations. Most of the existing mobilitymodels allow random movements, su
h as sudden stops, turn ba
ks, sharp turns,and et
., whi
h are physi
ally impossible in the real world. By "remembering"mobility state of a node and allowing only partial 
hanges in the 
urrent mobilitystate, we 
an reprodu
e natural motions. With this s
heme, it is possible for usto imitate almost any existing mobility model. As we will see, the advantages ofthis model are: simpli�
ation of position updates, ease of implementation andopportunity for mobility predi
tion.The mobility of a node is expressed by a ve
tor (xv ; yv) whi
h represents 2-dimensional velo
ity 
omponents of the node.The s
alar value (norm) of a mo-bility ve
tor is the speed, 
omputed as the distan
e between the 
urrent po-sition of a node and the next position after a unit time. The mobility ve
tor�!M = (xm;ym) or (rm;�m) is the sum of 2 sub ve
tors: the Base Ve
tor �!B =(bxv ; byv) or (rm; �m) and the Deviation Ve
tor, �!V = (vxv ; vyv)or(rv ; �v).A Base Ve
tor de�nes the major dire
tion and speed of a node. A DeviationVe
tor stores the mobility deviation from the base ve
tor. The model showsthat �!M = �!B + ���!V ,, where � is an a

eleration fa
tor. By properly adjusting the a

elerationfa
tor and make the speed varing in the range [Min, Max℄, it is possible togenerate a smoother traje
tory and eliminate the 
han
e of unrealisti
 nodemotions. This is an important feature of the new mobility ve
tor model. Forradian 
oordination, the Min/Max steering angle and the steering fa
tor also
an ensure more natural dire
tion 
hange.7



The other models whi
h were de�ned keeping Mobility Ve
tor Modelas the framework are as follows1. Gravity Model� Re
eivers tend to move towards signal sour
e.� Every MH node is assigned a 
harge (+ve -ve or none) Base stn is-ve� Mobility Ve
tor is fun
tion of distan
e and 
harges2. Lo
ation Dependant Model� Colle
tive mobility pattern in spe
i�
 area� MV has 
ommon 
omponent whi
h represent the dire
tion and speed3. Targetting Model� Nodes move toward a 
ommon target� Given a target 
o ordinate it is easy to 
al
ulate a base ve
tor4. Group Motion Model� Teams whi
h tend to 
o ordinate their movements� Di�erent Group Patterns 
an be represented using a Base Ve
tor anddi�erent Deviation Ve
tor2.6 Referen
e Point Group mobility Ve
torIn Referen
e Point Group Mobility (RPGM) model, ea
h group has a logi
al"
enter". The 
enter's motion de�nes the entire group's motion behavior, in-
luding lo
ation, speed, dire
tion, a

eleration, et
.. Thus, the group traje
toryis determined by providing a path for the 
enter. Usually, nodes are uniformlydistributed within the geographi
s
ope of a group. To node, ea
h is assigned areferen
e point whi
h follows the group movement. A node is randomly pla
edin the neighborhood of its referen
e point at ea
h step. The referen
e points
heme allows independentrandom motion behavior for ea
h node, in additionto the group motion. gives an example of a two-group model. Ea
h group hasa group motion ve
tor. 8



Above �gure gives an example of a two-group model. Ea
h group has a groupmotion ve
tor �!Vgi . the �gurealso gives an illustration of how a node moves fromtime ti
k � to � + 1. First, the referen
e point of a node moves from RP (� )to RP (�+ 1) with the group motion ve
tor ��!GM (Here, ��!GM = �!Vgi ). Then thenew node position is generated by adding a random motion ve
tor ��!RM to thenew referen
e point RP(� + 1). Ve
tor ��!RM has its length uniformly distributedwithin a 
ertain radius 
entered at the referen
e point and its dire
tion uniformlydistributed between 0 to 2�. This random ve
tor ��!RM is independent from thenode's previous lo
ation.The RPGM model de�nes the motion of groups expli
itly by giving a motionpath for ea
h group. A path whi
h agroup will follow is given by de�ning asequen
e of 
he
k points along the path 
orresponding to given time intervals.As time goes by, a group moves from one 
he
k point to the next on a 
ontinuingbasis. Ea
h time the group 
enter rea
hes a new 
he
k point, it 
omputes thenew motion ve
tor �!Vgi from 
urrent and next 
he
k point lo
ations and fromthe time interval.2.6.1 Various Appli
ations of RPGMBy proper sele
tion of 
he
k point path and initial grouplo
ation and parametersin the RPGM model, it is easy to model various mobility appli
ations. In thisse
tion, we il-lustrate the use of RPGM in a few representative 
ases.� In Pla
e Group Mobility Model 9



The entire area is divided into several adja
ent regions, with a dif-ferent group in ea
h region. This model
an be used to model a bat-tle�eld situation, where di�erent battalions are 
arrying out sameoperations(e.g., land minesear
h) in di�erent areas. Ea
h group is in
harge of one partition. Another appli
ation 
an be large s
ale dis-asterre
overy, where di�erent paramedi
, poli
e, �remen teams workin separated neighborhoods� Overlap Mobility Model

Di�erent groups 
arry out di�erent tasks over the same area. How-ever, the distin
t requirements of ea
h taskmake their mobility pat-tern quite di�erent. For example, in a disaster re
overy area, theres
ue team, the medi
alassistant team and the psy
hologist teamwill be randomly spread out over the area. Yet, ea
h group has auniquemotion pattern, speed, s
ope et
.. In Figure 3, there are twogroups working in the same area.� Conventional Model 10



It models the intera
tion between exhibitors and attendees. In a 
on-vention, several groups give demos of their resear
h proje
ts /prod-u
ts in separate but 
onne
ting rooms. A group of attendees roamsfrom room to room. They may stop in one room for a while andthen move on to anotherroom. Or, they may pass through one roomqui
kly. Above Figure shows a group of attendees roaming aroundfour exhibitrooms. This is 
alled the Convention Model.2.7 Other Mobility ModelsFlies on a Cake [San
hez℄: Nodes are modeled as the �ies �ying arounda 
ake while the 
ake is moving (depending on the a

eleration of this move-ment you'll get di�erent �ies density: a fast move will in
rement the separationbetween every node, but as the a

eleration de
reases the 
loud of �ies will be
on
entrated in a smaller volume (higher �ies density).Nomadi
 Community [San
hez℄: Similar to the �ies on 
ake, but mini-mum and maximum separation between nodes is bounded, and the whole groupof nodes movement is done in stages after whi
h the nodes spend an amount oftime moving like the Brownian model but only inside its bounded 
ir
leSmooth Random Mobility Model [Bettstetter℄: Uses sto
hasti
 prin
i-ples for dire
tion and speed 
ontrol in whi
h the new values for speed & dire
tionare 
orrelated to previous values. This feature makes movement of nodes moresmooth than random movement. Speed 
ontrol is based on target speeds 
hang-ing a

ording to Poisson pro
ess.
11



3 Mobility Parameters3.1 Average Speed and Distan
e TraveledWith random motion, when an average speed is given, the a
tual traveled dis-tan
e may be larger than the geographi
al displa
ement over a given time inter-val. For example, a node may just boun
e around its initial lo
ation in a 
ertainperiod where the traveled distan
e is large but the geographi
al displa
ement isnear zero. The redu
ed displa
ement will lessen the impa
t of mobility on theappli
ations using random mobility models. Here we analyze di�erent mobilitye�e
t under the traveled distan
e and the geographi
al displa
ement.In simulation, the average speed is de�ned as the a
tual traveled distan
e oversimulation time. This measure is 
on
eptually and 
omputationally simple and
ommonly used. Here we also measure the geographi
al displa
ement. We mea-sure the two types of distan
es over a small time interval. After averaging thetwo measures over all the intervals in simulation and over all nodes, we nor-malize a
tual traveled distan
e by geographi
al displa
ement. The result is theextra distan
e traveled in order to a
hieve a 
ertain geographi
al displa
ement.

The above Figure reports the extra distan
e traveled as a fun
tion of averagespeed for two mobility models, i.e., Random Walk and Mobility Ve
tor. The�gure shows that Random Walk model produ
es more extra traveled distan
ethan Mobility Ve
tor model. Whi
h means that given the same instantaneousspeed, the Random Walk produ
es less geographi
al displa
ement. This lessensthe impa
t of mobility at instantaneous speed on topology 
hange12



3.2 Transmission Range and Link ChangesAn advantage of the limited simulation spa
e is that it 
an maintain a 
ertaindegree of node distribution density, whi
h is ne
essary for keeping a node's 
on-ne
tion to its neighbors, given the transmission ranges of nodes are limited.However, when nodes are mobile, the distribution of nodes 
an not keep as uni-form as the initial time. To what degree this will a�e
t the network 
onne
tingtopology and in turn, a�e
t the performan
e of routing proto
ols and upperlayer proto
ols will depend on many fa
tors, su
h as, transmission range andmobility speed.From intuition, it is understood that in order to get a good performan
e, the
hoi
e of transmission range is related to mobility. As the battery power is a
riti
al 
onstraint for mobile wireless 
ommuni
ations, we want to 
hoose theminimum possible range whi
h yet provides adequate 
onne
tivity in the fa
eof mobility.

13



In this se
tion, we use four mobility models to study the link 
hangerate. The models we 
hoose are Random Walk, Random Waypoint,Referen
e Point Group Mobility (RPGM) model and the MobilityVe
tor. Every model requires spe
i�
 parameters to de�ne themotion it will produ
e. In order to 
ompare them on an equal base,we 
hoose the parameters in su
h a way that they provide the sameaverage speed (measured through traveled distan
e).

The above �gure shows that in terms of the link 
hange rate, for the sametransmission range, the four models do not present great di�eren
es. Small dif-feren
es exist. For example, Random Waypoint has higher rate at high mobilitywhen transmission range is small. When the transmission range is large, every14



model has very small link 
hange rate. When mobility in
reases, the link 
hangerate in
reases for all the mobility models.As the models behave similarly under di�erent transmission ranges, we onlyshow results from Mobility Ve
tor model to investigate how the link 
hangerate rea
ts to the 
hange of transmission range at di�erent mobility. Figure 3illustrates that when transmission range is equal to the mean distan
e betweennodes (i.e., 100m), the 
hange rate is very high - about 35% for mobility = 10;However, when the transmission range in
reases to 1.5 times of the mean dis-tan
e, the 
hange rate redu
es to a half of the 35%; And when the transmissionrange in
reases to 2 times of the mean distan
e, the 
hange rate de
reases to al-most one third (about 12%). Further in
reasing of transmission range de
reasesthe 
hange rate 
ontinuously, but does not 
reate dramati
 e�e
t. This propertyholds for all the mobility. Thus, for the sake of minimizing energy 
onsumption,
hoosing transmission range at a range of 1.5 - 2 time of mean distan
e is agood solution in free spa
e 
hannel environment.3.3 Network Performan
eHere we de�ne several metri
s related to mobility. We�rst monitor the 
hangein link status (up, down) 
aused by the motion of nodes. When two nodespreviously within the transmission range (assuming they have same transmissionrange) move far away, the 
onne
tion is lost. This event in
rements a linkdown 
ounter. Vi
e versa, when two nodes move into the transmission range,a 
onne
tion is gained.This is a link up 
ase. So we evaluate how the mobilitya�e
ts the link up/down dynami
s. Then, we will look at how mobility a�e
ts a
lustered infrastru
ture. As the 
lusterhead serves as a regional broad
ast nodea
ross 
lusters and as a lo
al 
oordinator of transmissions within the 
luster, weevaluate the 
luster-head 
hange rate. A high 
lusterhead 
hange rate meansan unstable network infrastru
ture for upper layer. Finally, we observe howrouting s
hemes will perform under various mobility models. We evaluate theperforman
e of routing proto
ols in two ways:(a) end-to-endthroughput (kbits over 200-se
ond simulation period) and;(b) 
ontrol overhead.The 
ontrol overhead is measured as megabits per se
ond per 
luster in the
luster infrastru
ture. With mobility, physi
ally available routes may be
omein-valid (i.e., may not be found by the routing algorithm), 
ausing pa
kets to bedropped and leading to throughput degradation and in
reasing 
ontrol overhead.15



In general, no matter what mobility models are in use, in
rease of transmissionrange in
reases the delivery ratio. In
reasing transmission range from one totwi
e the mean distan
e (i.e., from 100 to 200m) shows larger improvement withhigh than low mobility.This e�e
t is parti
ular evident in RPGM and RandomWalk model.A further in
rease of the transmission range to 4 times the mean distan
e, how-ever, has di�erent e�e
ts on di�erent routing s
hemes. When transmission rangein
reases, the density of neighboring nodes is in
reased. Thus more 
ollisionso

ur. At high mobility, in
reased density will in
rease the 
han
e for �ndingnew routes when an old route is broken. The �nal e�e
ts of in
reased transmis-sion range are mixed with these fa
tors. Mobility Ve
tor and RandomWaypointbene�t from the in
rease in radio range. However, RPGM and Random Walkshow little improvement and in some 
ases, throughput drops. The reason isthat RPGM and Random Walk su�er from more 
ollisions be
ause they aremore topology stable than the other two models at a given average speed.In spite of these di�eren
es, we 
an still 
on
lude that transmission range from1.5 - 2 times the mean distan
e will produ
e uniformly the best improvementsin delivery ratio. This appears to be the optimal range for a free spa
e 
hannel.The four mobility models have di�erent impa
t on routing proto
ols. Our mostrealisti
 model, the Mobility Ve
tor model, produ
es the worst 
ase routingperforman
e, with the widely used Random Waypoint model 
oming the se
ondworst. The Waypoint model produ
es a straight line motion pattern betweenpauses. Its impa
t on routing, thus, is more like that of the Mobility Ve
tor,whi
h moves on a smooth traje
tory. In the RPGM model, the 
oordinatedmotion behavior among group members and the swing around referen
e pointstends to produ
e a smaller over all topology 
hange, and thus better deliveryratio, though the link 
hange performan
e is 
ompatible to all others.4 Con
lusionSimulation results thus show that the 
hoi
e of the mobility model makes adi�eren
e in the study of network performan
e. The results also suggests that a16



realisti
 mobility model is not ne
essarily produ
ing better routing performan
e.In a 
ontrary, given a realisti
 mobility model, studying how well a routingproto
ol 
an perform will help in evaluating routing proto
ols for appli
ationsof ad ho
 networks. Performan
e studies among various models are ne
essary.The study of link dynami
s shows di�erent mobility models do not produ
eremarkably di�erent behavior. However, the simulation results show that atransmission in
rease from 1.5 - 2 times the mean node distan
e will drasti
allyredu
e link 
hange rate, whi
h, as a 
onsequen
e, will generate larger pa
ketdelivery ratio no matter what routing proto
ols are used. The e�e
t of furtherin
reasing the transmission range is positive for Mobility Ve
tor and RandomWaypoint, but is neutral or even negative (in the FSR 
ase) for RPGM andRandom Walk.In summary, the 
hoi
e of the mobility models makes a di�eren
e in the study ofnetwork performan
e. Mobility Ve
tor and Random Waypoint models provide"lower bound" type performan
e while Random Walk and RPGM produ
e topperforman
e. These results show that, prior to deploying ad ho
 network ina real environment, it is not su�
ient to test its performan
e with a singlemobility model sin
e the 
hoi
e of motion pattern 
an have major impa
t onperforman
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