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Performance Analysis of Path Rerouting Algorithms
for Handoff Control in Mobile ATM Networks
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Abstract—This paper studies the effects of user mobility and that the fixed network should have enough bandwidth relative
handoff path rerouting on the traffic distributions in a mobile  to the radio link that the performance evaluation for the fixed
network environment. In mobile ATM networks, extra trafficload  Lanvork is unnecessary. However, we believe that, in the
may be added to network links due to user mobility and handoff . - .
path rerouting. This requires higher network link capacity and future,.a large pmport'on_Of users will b_ecome m,O*?"e L_Jsers
possib|e t0p0|ogy reengineering in order to Support the same WhO W|" Share the same f|Xed netWOI‘k W|th the eX|St|ng f|Xed
quality of service (QoS) for mobile services. To capture the users. When a large fraction of the users are mobile, inefficient
dynamic variations in mobile ATM networks, we propose to use handoff control for these mobile users can have a significant
a flow model. The model represents the mobile-generated traffic effect on resource consumption in the fixed network. Thus,

as a set of stochastic flows over a set of origin—destination (OD) . . . .
pairs. The user mobility is defined by transfer probabilities of the studying the impact of handoff path rerouting on these fixed

flows and the handoff path rerouting algorithm is modeled by a Networks is very important for the optimum design of the
transformation between the routing functions for traffic flows. The  network. Although this work is motivated by the mobile ATM
analysis shows that user mobility may cause temporal variations concept, the study of traffic distribution variation in a mobile
as well as smoothing effects on the network traffic. Using the flow environment is an important topic for IP based mobile networks

network model, typical handoff path rerouting algorithms are I Traditi I twork traff deli . .
evaluated through both analytical and experimental approaches. as well. Iradiionally, network traific modeling 1S using a

The evaluation methodology can be used for either redesigning the queueing model, as it has been used sucessfully for telephony
network topology for a given path rerouting algorithm or selecting  systems. In such a queuing model, the traffic at burst level is
a path rerouting algorithm for a given network topology under a  constant bit rate (CBR) and the traffic at call level is assumed
specific mobile service scenario. as a Poisson arrival process. Although an ATM network uses
Index Terms—Handoff control, mobile ATM network, network  virtual circuits for each call, its traffic distribution is largely
traffic modeling. different from telephony system at both call level and burst
level. The integrated services offered by an ATM network
l. INTRODUCTION produce calls with various distributions of interarrival time and

. call lifetime, which result in diversified traffic statistics at the
I N RI.ECENT years, the de.ma”d for wwe_less and broad—bagan level. At the burst level, the bit transmission rates of calls
services has been growing rap_ldly. erele_ss_ ATM [1] h y include a variety of types, such as CBR, (variable bit rate
b‘?e” con5|de_red a candldate solution for prowd_mg broad-b R), available bit rate (ABR), or unspecified bit rate (UBR)
wireless services. A wireless ATM network consists of an AT arying over a very large range.
radio access network and a “mobile ATM” core network. The _ _ _ N
“mobile ATM” network is a common network infrastructure that " mobile ATM, two new features, multimedia and mobility,
supports user mobility for wireless ATM as well as other md@ise basic difficulties in traffic modeling and network perfor-
bile services, such as global system of mobile communicatidR&nce analysis. Multimedia connections imply a large number
(GSM), wireless LAN, etc. [2]-[4]. of trgfflc classes Wlth heterogenepus service rates and ter'mlnal
The key mobility support function in mobile ATM networksmobility causes traffic flows to migrate from one network link
is the path rerouting process that is required when a mobile ti-another.
minal moves from one access point to another. Previous studiedn a traditional traffic modeling hierarchy [16], the most de-
conducted through both research [3]-[11] and standardizati@ailed model is the queuing model, which gives probability dis-
[12]-[15] activities, have mainly focused on protocol desigrribution over all states. The next level is a diffusion model
Performance evaluation of path rerouting algorithms has beat characterizes the traffic flows by mean and variance. The
conducted through simulation [6]. third level is fluid approximation which takes time-varying av-
This paper intends to evaluate path rerouting algorithms ferages and analyzes the nonstationary behavior of the traffic.
handoff control. In particular, we examine the effect of th&he flow model with long term averages of traffic flows, which
handoff path rerouting on fixed network using performande used for network design, is perhaps the most abstract. Based
metrics such as resource utilization. It is commonly arguexh the above hierarchy, multimedia traffic is often described
by hybrid models which characterize traffic flows at different
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Last Divergence

Traffic modeling can be used for either offline network de- _
(LD) algorithm

sign or online traffic control. Two problems may be decoupled
and use different traffic models. For network design, a static
flow model is often used [20] to construct a multicommaodity

. First Divergence

problem based on network topology and offered traffic. For the ey . (FD) algorithm
online traffic control in a broad-band network, traffic models A4 wooAB2 .
with bursty level distributions are required to estimate the QoS A4.2.~ P A zf‘é'; 5’5‘;‘;‘;‘;"

over network links [17], [21]-[23]. Y a
In mobile ATM networks, we wish to use traffic models for
both network design and traffic control. First, we want to know
if mobility support results in higher network capacity require-
ments or, in general, different network topology design. This is
a network design problem. Second, we want to control quality
of service (QoS) guarantees for each connection in the network,
especially to relieve the QoS degradation caused by handoff. Or
the one hand, a simple static flow model will not reflect the dy-
namic route assignments and correlations of traffic flows caused \
by user mobility. On the other hand, as we have observed, a mul- AN
ticlass queuing model is complicated and needs strong assump
tions when mobility is incorporated. Therefore, we propose a
network flow model that has moderately detailed statistics. -
the model, the overall bandwidth of the aggregated traffic on
each origin—destination (OD) pair is represented by a contirithm. Second, for a given mobile ATM core access network,
uous random process (stochastic flow) and the user mobilitytige results can be used for selecting a path rerouting algorithm
captured by the migration of the traffic flows on different ODor altering user mobility patterns for a specific mobile service.
pairs. The paper is organized as follows. In Section Il, we introduce
By providing integrated data services, the time scale for cdlie network flow model. In Section Il1, we give the analytical re-
level and burst level in an ATM network becomes vague becausdts from an example with simple traffic requirements and net-
auser can request, at a short time, a burst of call setups with vexyrk topology. In Section IV, through simulation, experimental
small bandwidth requirements, or in a long time, a call of onlsesults are given for a generic PNNI network topology with two

1. A mobile ATM network and path rerouting.

one burst with very large bandwidth requirements. different user mobility patterns.
In this case, if a traditional queuing model is used, many
traffic classes should be specified and each class may have a ||, FL.ow MODEL FORMORBILE ATM N ETWORKS

specific mobility pattern associated with a type of mobile ser- . .

vice. Using a queuing model, the performance analysis will b@: Definition of Mobile ATM Network

come extremely complicated. Fortunately, our target for traffic A mobile ATM network consists of a core ATM network
modeling is not to know the number of calls in each traffic clasnd wireless access points. The core ATM network has ATM
as traditional call admission control (CAC) needs. Our targetssvitches as nodes and fiber optic links between switches as
to estimate overall bandwidth requirement of the integrated serdges. The network shown in Fig. 1 is a mobile ATM network.
vice under a mobile environment, in order to re-engineer the n&mme of the nodes (switche$.4.5, A.4.6, A.3.4, A.3.3) are
work topology or link capacity. Therefore, we consider a flowadio access points (basestations). Each radio access point may
model representing the distribution of integrated traffic over tteerve several cells with multiple antennas. If there is a traffic
mobile network. A flow is a continuous function of continuouglow from a mobile use/ at the access point.3.3 to a fixed
time, representing the bandwidth consumption of offered traffibost #, the flow may take a route as shown in the figure. When
Without distinguishing the call level and the burst level, wéhe mobile user moves from ced to cell a0, it is necessary for
claim that the statistical variation of a flow may be caused lifie network to reroute the flow to a route which goes through
both call arrivals, departures, handoffs and/or rate variationthie new access poim.4.6. This requires a handoff control
each call at the same time scale. That is, in any time intengbcess and path rerouting algorithm. Fig. 1 depicts three new
(At), the variations caused at call level and at the burst levelutes. Each has a different anchor node (crossover switch
are at the same order df¢. We do not address the optimiza-or COS) to reroute the connection path, corresponding to a
tion problems in network topology or routing design. Insteagarticular path rerouting algorithm. First is the last divergence
we evaluate the extra cost that a core access network must (dy) algorithm with the COS a#l.2.3. The COS is defined as

in order to support mobile services. In addition, we identify thihe switch from where the new path and the old path merge,
relative costs of different path rerouting algorithms. The pugiven that the new path is setup from the new BS to the CT.
pose of performance evaluation for handoff path rerouting algdhis algorithm aims to improve the efficiency of the network
rithms is twofold. First, the results can be used for reengineerirgsource utilization by optimizing the path length after each
the network topology and link capacities of the ATM core netiandoff. This method is equivalent to the one with Loose Select
work according to the user mobility and path rerouting alg&zX (crossover switch), defined by Toh [6]. Second is the path
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extension (PE) algorithm with the COS 4t3.3, which is the
first switch from the mobile terminal. The PE algorithm aims
for low complexity by just extending the original path from
the old access point to the new access point. Third is the first
divergence (FD) algorithm with the COS 4t3.4. The COS

is defined as the switch from where the new path and the old
path split, given that the new path is setup from the old BS to
the new BS. FD offers a tradeoff method between complexity
and performance by avoiding the duplicate paths generatedHig 2. lllustration of flow assignments by routing function.

PE algorithm. FD algorithm is equivalent to Toh’s backward

tracking CX (crossover switch) [6]. In our previous work [11]probability that a departure call fromy terminates igpy(t).
we defined alternative path rerouting algorithms in a uniforiglearly, S p(t) = L With U(t) = [¢.(2), .. S ®)F

way. These are three typical algorithms among them. and®(t) = [p1(t),...,dn(H)]F, (1) becomes in matrix form

B. Network Topology and Mobility Pattern U(t) = A()(t) + D(t) (2
A mobile ATM network has aopologywhich can be de- i . o

fined as a grapl@ = [X,C], whereX — {1,2,...,N} are where A(t) is flow transition matrix withA;; = —u;(t) for

¢ = jandA;; = p(t)pi;(t) fori # j. The flow transition

matrix A(t) can be derived from the user transition maifig:)

given the call lifetime and user dwell times at the wireless access
n!ooints, see Appendix A.

N nodes in the network and = {¢;;,4,j € X} is alink ca-
pacity matrix. Ifc;; > 0,, we say there is a link, or @-edge
(Capacity edge) from nodeto nodej. In addition, the net-
work topology of a mobile ATM network has a mobility patter
Gu(t) = [Y,D(t)], whereY C X is a set of wireless access
points andD(¢) = {d;;(¢)} is the user transition matrix of the
network. At timet, a mobile user departing from access paint In a mobile ATM network, each traffic flows(t)

will enter nodej with probabilityd,;(¢). If d;;(t) > 0,wesay has a routing function defined by a vectdr(t) =

there is anM-edge (Mobility edge) from nodgto j, i.e., node [vk,1(t), .. .. vknm(t)]*, where v ,(t) is the probability
j is a neighbor of node at timet. The user transition matrix that the linkx is being used by any call in the flow.(¢). For
D(t) will depend on the users’ call lifetimes and access poigkample, in Fig. 2, supposg, is the flow for OD pairAD.

D. Routing Functions and Path Rerouting Algorithms

dwell times. One part of the flow takes the routeB D and rest of the flow
_ takes the routeACBD. Corresponding to the order of the
C. Traffic Flows and Handoff network links[AB, AC,CB,CD, BD], one possible routing

For a given mobile ATM network with topologé#, the net- functionisV; = [0.8,0.2,0.2,0, 1]*.
work traffic can be specified as bandwidth requirements over The routing function for each traffic flow may be static, as
the OD pairs. Each requirement can be represented by a randbfgsult of network synthesis, or dynamic, as a result of dy-
process (flow) in the unit of bandwidth per second. A flow corfl@Mic routing process. In either case, the routing function may
sists of infinite numbers of infinitesimal calls over the OD paif€ Vvaried by the path rerouting process for handoff control.
Each call can be viewed as a contributor of a mini flow, which In particular, we assume that the traffic demaung(?)
may take a specific route in the network. The bandwidth & initially routed according to the routing function
a traffic flow in a mobile ATM network is randomly changed?r(t) = [er1(8),. .., ze,m(t)]T, where 2. ,(t) is the
because of call arrivals and departures, call handoffs, and d&action of the traffic demaneh () on C-edgex. In addition,
bursts. In general, a multimedia traffic flow may be quite conWe definewy. . (t) as the fraction of the handoff traffic on
plicated statistically. However, in this paper, we assume tHat€dgeu based on a path rerouting algorithm. Suppose flow
the bandwidth requirements of traffic flows are memoryles#x(t) on a network linku is vy . (t)¢x(t). For all k andu, it
meaning the holding time is exponentially distributed. In thiglust satisfy the traffic balance equation
case, the traffic flow)(¢) on OD pairk is a Markov process
which satisfies the foII(O\BVing stochastic differential equations, Alvru(®Pr(t)) = —p(t)onu (b)) At

fork=1,....K M
+ > wiu(®pu (B (t)y(t) At
M 7
A (t) = — ()P () At + Z pu() ()P (B) At + Azp,u ()P (2))- €))
l
+ Agr(t). Q) To characterizevy, ., (t), we define
In (1), ¢ () is the traffic demand representing new band- 7, (+) = [win 1 (8), - . . wpe (D] = Hu(OVi(t)  (4)
width requirement (in bits/s) over the time peridd, . (¢)
is the service rate of traffic flow/,(¢) on OD pairk, and where thell x M matrix H;;,(¢) is called a path rerouting trans-
pi(t) is the handoff transfer probability, representing theéorm matrix, which reassigns the handoff flow froi(¢) to

probability that a call in the traffic flow finished its service iny(t) to a new route according to given path rerouting algo-
an OD pairo; and moves to a neighboring OD paig. The rithm.
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network topology (mobility patternd7,,(¢t) = (G, D(t)), net-
work traffic flows {¢(¢)}, input traffic flow { ®(¢)}, traffic ser-
vice rate{ (%)}, routing functions{ Vi(¢) }, and path rerouting
transformationq Hyx(¢)}. The traffic distribution over the net-
work depends on all factors; however, our analysis will focus
on the effects of the user mobiliy)(¢)) and the handoff path
rerouting({ Hu. (1) }).

I1l. A NALYSIS OF TRAFFIC DISTRIBUTION

We have given the flow balance equations at two levels. One
is at OD pair level and the other is at the link level. In this sec-
Fig. 3. lllustration of path rerouting algorithms. tion, the user mobility effects on traffic flows on both levels are

analyzed.

Let us give an example in Fig. 3. The network has four nodes , .
and two OD pairs with flows; andz),. The initial routing func- A+ Traffic Flows and User Mobility
tions areZ; = [10001] and Z, = [00101], respectively, for =~ 1) Mean Values and Temporal VariatiorBuppose
links [AB, AC,CB, CA, BD]. A handoff path rerouting algo- traffic demands {¢.(¢)} are differentiable functions and
rithm defined byW1, = HioVi = Vo andWo, = Hy Vo = Vi let d®(t)/dt = Q(t), where Q(t) = [wi(t),...,wx(®)]*
assigns handoff flows to the same routes as offered flow. In thieppresents the rates of traffic demand variation. If a steady state
case, the path rerouting transform matrix can be defined as can be reached, the mean values of traffic flows can be solved

0 0 0 0 O as

0 1000 my(t) = —AH(Hma(t). (6)
H,=]1 01 00

00 0 1 0 We still denote the mean value as the function of time because

00 0 0 1 of hour-by-hour variations of mobility patterA(¢) can yield

101 0 0 different steady-state operating points.

01 00 0 The solution above gives the properties of traffic flows as
Hy = 0O 0 0 0 0 follows.

00 010 * The total traffic load, represented By, m., (t), is con-

0 0 00 1 served regardless of user mobility.

In Hyo, [His] 0 means all handoff traffic fromlB goes "For a balanced QD pal o & satislying
12, [712]11 = : . b m)(t) = pra(B)pr(t)n(t), the

away while[H)2]s; = 1 means all handoff traffic fromiB tzr:a’%ﬁc Ioa(d)is(ir?deégndentzo:fl user(m)obi(lit)y. A( z)alanced
goes toC B. In general, the rerouting of the handoff flows can OD pair has the arrival rate of handoff flow equal
be either static and based only on fixed network topology ordy- {5 tne departure rate of handoff flow. Equivalently,
namic and based on both network topology and traffic loads. 5 pajanced OD pair has the flows from new calls
The H;.(t) may be deterministic functions of time or random balanced with the flows from terminated calls, i.e.,
processes. [H;;(t) is deterministic, for given path rerouting al- 1
gorithm (given rl(le-zs of rerouting), itis not difficult, though com- wi(t) = (1= 327 pra(®))pn ()9 (2).
plicated for a large network, to obtaftH ;. (¢) }. Otherwise, it is
possible to estimatéH;;(¢)} through statistical measurement
at the time scale with any significant change of user mobility
pattern. With the path rerouting transform matfiéf;;.(¢)}, we
can solve for the routing functiongVy,(t)
equation, which is based on (3):

The traffic load on an unbalanced OD pair depends on user

mobility. As user mobility increases, the traffic load may

increase, if more flows handoff in than flows handoff out,

or decrease, if more flows handoff out than flows handoff

It in.

} by the following These properties are quite intuitive and so the proofs are not
given. The third property tells us that at a given time period, the

AWr(OVi(t)) = — (0w Vi(t) At traffic requirement over an OD pair may bella.rger or smaller
] because user mobility causes temporal variations on network

+ Z P () ()3 () Wi (£)6¢ traffic loads. Although the total traffic load is conserved at any

; given time, the network capacity requirements could be larger

+ Alpr(t) Zi(t)). (5) than those for nonmobile-generated traffic, since user mobility

may cause traffic requirements to vary from time to time but the
We call the vector)(t)V4(t) a generic network flow of an network topology and link capacity may not permit the corre-
OD pair ox, which carries its routing information. Solving thesponding changes.
balance equations (2) and (5), we can evaluate the traffic load$revious studies show that the dynamic routing schemes can
over network links. help the network adapt to traffic load variations. Similarly, we
To summarize, a mobile ATM network is modeled by a flowvill see the temporal variations can be relieved by dynamic path
network model with a fixed network topolog§, an access rerouting algorithms for handoff control.
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Fig. 4. Example of temporal variations. Fig. 5. Example for the smoothing effect.
If the rate of traffic demand(¢) is a white noise, or equiv-

Consider a simple example from Fig. 4. Suppekés in a  alently, the traffic demané(¢) is a Brownian motion process,
residential area whil€” is in a business ared) is attached the covariance of the traffic flows satisfies

with a newspaper server. Mobile users are reading newspapers

while they are commuting from home to work or from work to A(t)Ry(t) + Ry(H) AT () + oa(t)o(t)” =0.  (8)
home. In the morningt = ¢,,), more users move from to
C than fromC to A. In the afternoon(t = ¢,), more users
move fromC to A than from A to C. They are reflected by
plQ(trn) > p21(trn) andplQ(ta) < p21(ta)7 reSpeCtiVEIy.
Suppose the new requests fradnand C' are symmetric and
constant, i.e.m, (t) = m.,(t) = mo. The mean value of
flows on OD pairs are

For the proof, see Appendix B. The covariances of the traffic
flows always depend on the user mobility regardless of the bal-
ance of traffic flows. However, when traffic flows are balanced,
a smoothing effect can be observed, in that the variances of the
traffic flows decrease as the user mobility increases.

Without loss of generality, we show this smoothing effect
through an example in Fig. 5. The rate of traffic demands are in-
dependently identically distributed (i.i.d.) processes with mean
m,, and variancer,,, and user mobility is symmetric among

ma(t) = (1 + p2r(t))(1 — p12(t)) T three OD pairs with alpy; = p/2. The traffic flows,, 12, 3
B T T = pa(B)par(t) 0 will be same on all three OD pairs because of the symmetry and
mat) = (1 — par ()L + p12(2)) T @) will have mean and variance
2 — 0
1 = p12(t)p21(t) My = (11 ) my, = Trm,, )
. . . . wi—=p
whereT is the average service time for traffic flow. When user
mobility is symmetric, i.e.p12(t) = p21(t), the traffic flows )
on both OD pairs are balanced, then the traffic loads are inde- 02 =Ry = — T
pendent of user mobilityy1 (t) = mo(t) = T'my. Otherwise, v o 14 P
the mean values of flowg;(¢) and+(t) depend on the user a 2—p
mobility, as reflected by the handoff probabilify;. For ex- Ty 2—p 10
ample, if in the morningo; (¢,,) = 0.1,p12(t) = 0.9, then % 2(2+p) (10)

ma(tn,) = 1.87mg andm(t,,) = 0.2Tmo. Suppose traffic
flow 1p2(¢) always takes the rout€ B D, it is necessary to in-
crease the capacity @f B to meet the traffic V\_/i_th 80% higher p = Ru/Rux = p/(2 - p). (11)
mean value. If in the afternoon, the user mobility is in the oppo-

site direction, it requires the increment of the capacityldf. As the user mobility increases with increasinghe variances

As a result, to support user mobility, bothB and CB need of traffic flows 13, decrease compared with the traffic demands
more capacity. Twy, i.e., the traffic flows are being smoothed.

2) Covariance and the Smoothing Effedh a small network  In Fig. 6, the variance vs.user mobility is shown, where user
with few subscribers, the temporal variations caused by user nmaebility L = 1/(1 — p) is the average number of cells a mo-
bility may be significant. However, if the number of subscriberkile user traverses during an average call lifetime. In addition
is large, even in a short time period the traffic flow over an Ofb the variance, the correlation between traffic flows is shown.
pair may be balanced by the movement of mobile users. HoAs the user mobility increases, the traffic flow correlation in-
ever, even if the traffic flows are balanced, the variations in tligeases also. The simulation results (dashed lines) come from
traffic flows can still be observed through the second momerttee model’s simulation based on (1), which verifies the correct-
covariances. ness of (8).

The correlation coefficient between traffic flows is

Authorized licensed use limited to: Northeastern University. Downloaded on February 11, 2010 at 23:54 from IEEE Xplore. Restrictions apply.



LI et al: PERFORMANCE ANALYSIS OF PATH REROUTING ALGORITHMS 501

Traffic flows in mobile networks " Traffic flows on links in mobile networks
1 T T T T T T T 7 10 T T T T T T T T
\
A
0.9F 1
‘-\ Flow correlation between nodes
08F theoretical, ---- simulation ===
i =T
i =
L 3 = 4
[} 0.7 v ¢ .
g | £ Link capacity: 235
E 0.8f ' S | é A Link flow average: 222
2 hesy 5 A Link flow standard diviation: 7.69~4.73
805 “. ] 2107
.6 IR RO 3
T::OA- B e ISR §’
g Flow variance on each node (normalized) o
0.3F - - - theoretical, - simulation k <
0.2F — theoretical, - - - simulation -
0.1 p
0 ) ! ) ) 1 ) i 1 1 0‘5 L | L t t ) L L
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
User mobility (L: # of nodes travels in lifetime) User mobility (L: # of nodes travels in call lifetime)
Fig. 6. Variance and correlation of traffic flows. Fig. 7. Data loss rate reduced by smoothing effect.

Since the flow variances decrease as the user mobility @msession can go into a suspended mode if it fails to be admitted
creases, the traffic overflow (data loss rate) will decrease either initially or during handoff. A suspended session can be-
those links with limited capacity. In Fig. 7, we show the loss rateme active when it is admitted later when resources are avail-
versus user mobility by assuming traffic flows obey a Gaussiable. For real-time services, this would be unacceptable, but for
distribution. In general, the loss rate is determined by the taflobile computing, this can be tolerated by many applications.
distributions (or effective bandwidth) of the traffic flows. It isWhen the majority of applications are session-oriented services,
expected that the effective bandwidth of the traffic flows will dethe smoothing effect can help to improve network performance.
crease if the variances of the flows decrease. Thus the smoothing
effect of user mobility should reduce the loss rate. The simulB- Handoff Flows and Path Rerouting Algorithms

tion result (dashed line) measure the average traffic overflowywhen a mobile user has a handover from one wireless access
over a link with limited capacity. pointto another wireless access point, all traffic flows associated

From the analysis of the means and covariances of the traffith the user must migrate to routes linked to the new access
flows, we observed that user mobility causes temporal variatiopgint.

in the network traffic loads and has the smoothing effect on net-Equation (5) can be solved when routing functignig(t)}

work traffic distribution. The results tell us that if in any periocyre independent of traffic flowgex(t)}, meaning the path
(short or long), the users’ movement among cells is balancegrouting transform matrice§Hy;.(t)} are deterministic and
the traffic distribution over OD pairs is smoothed due to usgjiven by the path rerouting algorithm. In other words, alterna-
mobility. In other words, the network service quality may b@ve rerouting which dynamically adapts traffic distributions is

improved due to the user mobility. However, if the users’ movept used. In this case, we can apply statistical averaging to (5),
ments are not balanced among cells in any period, the traffic logflich yields, fork = 1,..., K

on some OD pairs may increase while the others may decrease.

As the result, the network service quality may be degraded due K

to the user mobility. pa(ym, (OV(®) = D pu(Opa(Bmy, (YW (t)
The smoothing effect seems contradictory to the analytical ! A7 (t 12
result of using traditional queuing model, in which user mo- + e, () Z5(8)- (12)

bility always degrades system performance. The reason is tgﬂ‘bstituting the solution of (6) into (12), we can have the so-

the higher is the user mobility, the higher the handoff frequengyiion of Vi(£). With the solution of{ V;(¢)}, we can obtain the
and the higher of call drop probability. In traditional queuing affic flow on each network link:

model, which is used for real-time service like telephony, the
call drop rate is an important performance criterion. However,
in our model, no call level QoS is specified, that is why we can w(®) = vea(n(t)  w=1,... .M. (13)
see improvement of system performance in terms of data loss b

rate. We believe it is reasonable to assume a service scen&abh means and covariances{af,(¢)} can be obtained based
consistent with a session-oriented service. In this case, a calbisthe solutions fof«;(¢) }. Let us look at the example in Fig. 3

a session which has certain QoS guarantees when itis active dmdin, when we have different path rerouting algorithms. A call

K

Authorized licensed use limited to: Northeastern University. Downloaded on February 11, 2010 at 23:54 from IEEE Xplore. Restrictions apply.



502 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 18, NO. 3, MARCH 2000

Path Extension First Divergent " Last Divergent

Fig. 8. Performance analysis of path rerouting algorithms.

in flow ¢ at A can rerouted to the flows, at eitherB or C. a simple example. Although the example is simple, as shown
If the anchor point is chosen d3, the link CB will take the in Fig. 8, the methodology can be used in general situations.
handoff traffic flow froms),. As we pointed out, the handoff In Fig. 8, for the LD algorithm, the COS is always Bt so
traffic may not be balanced, for example, in the morning, thetiee handoff traffic flow froms; takes only the optimal route
are more handoffs int¢’ than handoffs out of”. The link ca- CBD after handoff. For the PE algorithm, the handoff traffic
pacity of CB must be increased to maintain the same Qofiow from 1/; will take an extended patf' A, resulting in the
However, it is possible to reroute the handoff traffic at othepute becoming’ABD. In case a call is a handoff fromd to C
anchor nodes. For example, reroute the handoff traffietat and then back fromi' to A, the handoff flow of the call will take
i.e., the handoff flow fromy; can take route” ABD instead an overall extended pathC A, which forms a loop. The route

of CBD. In this case, the link capacity 6t A (or AC) needsto for the call becomestCABD. For the FD algorithm, the COS
be increased to cover the handoff traffic flow while the link cais at eitherA or C and the handoff traffic flow fromy; takes the
pacity ofC B can remain the same. If the costs of linfksl and extended patli” A which makes the route becoried BD. The

AC are lower than the costs of linksB and AB, it is worth-  FD algorithm takes the same extended path as the PE algorithm,
while to build C A (and/or AC) instead of increasing the ca-however, it does not form a flow loop.

pacity of AB andC B. This motivates the use of alternative path To identify the traffic load induced by path rerouting, we
rerouting algorithm for handoff traffic control. A path reroutingmust:

algorithm for handoff control specifies where and how a connec- « find the initial routing functions;

tion path is rerouted. We have given three typical path rerouting « find the path rerouting matrix;

algorithms in Section |1, as illustrated by Fig. 1. Theoretically, « solve the balance equation on network links to obtain the
path rerouting algorithm can be defined by the transform matrix  routing functions;

Hy,(t) with following features for each algorithm. « evaluate the incremental traffic load.

« Last Divergence (LD) AlgorithmJsing the LD algorithm, First, we determine the initial routing functions, i.e., the routing
statistically, all traffic flows for OD paiw;, will take the functions without user mobility. In this example with five net-
same set of route®; (¢), regardless if they are from newwork links AB, AC,CB,CA, BD, they are
calls or handoff calls, since handoff calls also take the
optimal route. This requires the path rerouting transform Zy=11,0,0,0,1]" %, =[0,0,1,0,1]". (14)

matrix to satisfyH ;. (t)Vi(t) = Vi (). . . :
« Path Extension (PE)in the PE algorithm, the path Second, we find the path rerouting transform matriégs

rerouting transform matrix satisfié§;, = Hy(£)Vi(t) = and H»; . These will be different for three path rerouting algo-

(I + Au(8)Vi(t), where Ay, () represents the handoffT"MS:

flows transfered to the links on a extended path. For a * LD Algorithm: For the LD algorithm, by definition, the
mobile ATM network, if the extended paths are long, the ~ handoff flow in ), will take the route for flowy,, i.e.,
performance of PE algorithm will be low. Thiy(t) is Hy Vs = V1. Similarly, we haveH ), V1 = V2. The path
always positive which makes the connection path longer ~ rerouting transform matrix can be represented as

and longer after each handoff.

0 0 0 0 O
» First Divergence (FD):the FD algorithm uses the 0100 0
same extended route as in PE for every handoff, how- H.=11 01 0 0
. . 12 —
ever, the duplicated part is removed. Suppose the path 000 1 0
rerouting algorithm satisfiedVi,(t) = Hu(H)Vi(t) = 000 0 1
(I + Au(t))Vi(t), where Ay (t) represents the handoff 1000 0
flows transfer away from the links on the old path and to 0 000 0
the links on the new path. Ab=]1 000 0
We will outline an analysis procedure to evaluate the perfor- 0O 0 0 0 0
mance of these three typical path rerouting algorithms through 0 0 0 0 O
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and
101 00
01 0 0 O
H,y=]10 0 0 0 0
0 00 10
0 0 0 01
00 1 00O
00 0 OO0
Ny=1]10 0 -1 0 O
00 0 OO0
00 0 OO0

whereA;, = Hy, — I, represents the change in routing
function due to handoff path rerouting. For example,
6ik,;; = 1 means the handoff flow from flow; on link ¢
will be added to flows);, onto link ;.

The routing functionV;(¢) can be obtained by solving
both balance equations for OD pairs and network links,
(2) and (5). In this case, we ha¥¢ = Z;, meaning the
routing function does not change due to handoff.

In the example, the mean and variance of traffic flows
on network links are

my = [m1707m2707m1 + m2]

oy =lo),,0,07,,0,05 +02,]

W1 Y Vapy
Combined with the statistics we previously obtained for
traffic flows, we can analyze the traffic distributions on
network links. For example, if the mobility pattern is bal-
anced, the only thing affected by the user mobility is the
variances of the flows on

AB
and
CB

and they decrease as user mobility increases. If the mo-
bility pattern is unbalanced, it is possible that > mo,
which requires AB to have higher capacity when user mo-
bility exists.

PE Algorithm: For the PE algorithm, the COS is always
at the OldBS and every handoff extends the previous con-
nection path by one more hop. This implies

OR OO0 O O, OO
=l eleoBeBoleRelel =]
=l e Relelel el =R =]
SO OO O, OOo0o
SO OoO OO OoOO

503

and

SO O RO OO R
o eBeleBoleBalal =
[ all =R elall i e
(= el ololoellel ==l
SO O OO R OO OO

Solving (5) based on the solution of (6), we find the
routing functions for the PE algorithm

WiVe] =
1
P12 AB
14+poy 1+p12
1
P12p21 p12(1+p21) AC
1—piopx (1+p12)(i—p12p21)
D21 CB
1+p2 1+p12
1
P21 (1+p12) p12p21 OA
(14p21)(1—propa1) 1—piopa1
1 1 :BD

The routing functions depend on user mobility and they
show how much of a given flow uses a specific network
link. We can get the means and variances of link traffic
flows {v..(¢)} based on the solution of (2), for traffic flows
on OD pairs. In our example, the mean traffic flow.di
iSmap = v1,1m1 + va.1me. By substitutingm, andms
from (8), we haven oz = T'mg, whereT is the average
call lifetime. It is independent of user mobility. While the
mean traffic flow onAC is

p12(1 4 pa1)

(1 - P12p21) (19)

Mmac = v1,2M1 +v22ma =Tmyg

which willincrease greatly as user mobility increases. The
cost of the PE algorithm is the traffic flows on link&C'
and C A. To reduce the traffic flows on extended paths,
we may use the FD algorithm, which removes possible
duplication.

FD Algorithm: For the FD algorithm, the COS is at the
OldBS (or the NewBS) and a handoff may increase or
decrease the path length by one. Thus

10 0 00
01 -1 00
H>=]0 0 1 00
1.0 0 10
0 0 0 01
0 0 0 0O
0 0 -1 0O
Aiz=10 0 0 0 0
10 0 00
0 0 0 0O
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-
-

and

o
=
:

Hy = -
_ ,-"'F;ath Extension(PE)

o oo

|
_

- - FirstDivergence(FD) |

SO OO OO OO

Last Divergence(LD)

=N N eBeleel ==
S OO OO OO OO
o O O
S OO OO O OO0
]

Length of Flows
Q = N W H NN O ©

5 4 5 6 7 8 9
Given H;, and Ha1, the solution of (5) and (6) yields Flow mobility (L = 1/1-p)

1/(1 + p21) p12/(1 + p12) -AB Fig. 9. The route lengths for the example in Fig. 8.
p21/(1 + pa1) 0 AC
ViVal = | p2i/(1+p21) 1/(14p12) CB |. In Fig. 8, the cost of linkAB may be greater than the cost
0 p12/(1+p12) :CA of link AC. In our example, assuming, = 1 for all «, the
1 1 :BD route lengths of both OD pairs are 2+ p/(1 — p), and2 +

ep/(l + p), for LD, PE and, FD algorithms, respectively. Fig. 9
shows the route length versus the user mobility, as measured by
= 1/(1 — p), which is the average number of cells a mo-
ile users visits during a call lifetime. It is obvious that the PE
path rerouting has the route length linearly increased as user mo-

c_prility increases. Using FD algorithm, only a slightly increment
in route length due to user mobility. While using the LD algo-
'Wm, the route length is supposed to be a constant relative to
e user mobility.
When link costsg, are not uniform, for examplegag =
gcr = 5,94ac = gca = l,gpp = 1, the lengths of traffic
flows for LD, PE, and FD algorithms will be 6,4+ p/1 — p and
] ) ] 6-+p/1+p. The relative increasing rate of the lengths for the PE
The solution of the routing function'(t) can help us re- gnq Fp algorithms will be smaller compared with the original
design the network topology or, if the network topology is f'xeqength of traffic flows.
evaluate Which path rerouting algorithm should be chosen. As!n the case of unbalanced traffic, the performance cannot be
we have done in the example, we can analyze the mean and va(lsyated only by the route length of OD pairs. The traffic flows
ance of the traffic flows on links. However, we may want to havg 44y, may reach their peak values at different times. If the
a general idea how good or bad is a path rerouting algorithmdg,y, path that takes handoff traffic flow is long, the extra traffic
a given network. One criterion is the sum of traffic flows on aljy54 caused by user mobility will be large. For example, if the

The routing functions depend on user mobility. Howev
unlike the PE algorithm, the traffic load on link&C' and
C A is not high since there is no duplicate usage of t
links. The mean of traffic flowm ac = Tmo(vy 2m1 +
U272m2)Tm0p21 (1 — Plg)/(l —p12p21), will not grow as
fast as the traffic load for the PE algorithm. On the oth
hand, the total traffic loads on link&B andC B are same
as that of the PE algorithm, which are independent of usk
mobility. So the FD algorithm gets the advantage of th
PE algorithm with a much lower cost.

C. Performance Evaluation

links, or network traffic volume, represented peak value ofn, is 1.8T'm, the extra cost of using LD algo-
v rithm is 0.8¢g45 = 4 while only 0.8¢g4c = 0.8 for FD algo-
Y (t)| = Z Yyu(). (16) rithm. Thus in the case of unbalanced traffic, we can evaluate

the performance of path rerouting algorithms using the route

) . o length of handoff flow
A good path rerouting algorithm should have little increment in

w

network traffic volume due to handoff control. In the example K +

of Fig. 8, when handoff traffic flows are balanced, thatis = Uit = <Z Azk(t)Vz(t)> (18)

po1 = p, the network traffic volumes a1, +12), (2+p/(1— o

p))(¥1 +v2) and(2 + p/(1 + p))(¥1 + ¢2), for LD, PE and !

FD algorithms, respectively. where+ means only the positive elements are considered. In

More generally, without the knowledge of traffic requireq,, example, SUppose at timg, pr2 = Pmax aNAP21 = Puin,
ments < (t), we may use link costs to evaluate a network; timet,, pro = Puin @NAP21 = Prax. AlSO, gap = gop =

topology. In particula_r, giveny,, the weight representing the57gAC = gea = 1,g8p = 1. We also call the route length
cost of linku, we define the route lengths of flowover OD ¢ handoff flow as handoff new path length, which is shown

pairo; as in Fig. 10 as a function of the imbalance ratiQ..../pmin- The
v route length of handoff flow can also reflect the delay of handoff
Vi®)|, = Z Gutiu(t). (17) path rerouting. That is the longer the new path, the greater the
— T delay.
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For a given path rerouting algorithm, it is desirable to have %
both the route length and new path length minimized in order £ T
to reduce the extra network resource demand for supporting Nl .
handoff control. Through simple examples, we have obtained ~ § Last Divergence(LD)
analytical results on the performance of typical path rerouting S
algorithms. They are reflected by the route lengths of OD pairs g 3 /
and the length of handoff new paths. We have observed thatthe g 4 )
PE algorithm is not a good choice if the user mobility is high, ga /
and the LD algorithm may not be a good choice if traffic is un- @ / .
balanced. For both concerns, it seems the FD algorithmisagood 3 ’ / Path_ﬁxteﬂs'oﬂpE)_ N
choice since it has the smallest handoff new path route length ~ @€'} | -~ First Divergence(FD)
and only a slightly greater overall route lengths in OD pairs. We 0% 14 3 : TS B T RN ram T 1N
now verify the analytical observations through simulations of a Imbalance ratio Prax/Pmin

larger network configuration.
Fig. 10. The new path lengths for the analytical analysis on example in Fig. 8.

IV. EXPERIMENTS THROUGH SIMULATIONS point, a new call is started at the same access point of the mo-

In the previous section, we have seen that the route Iengthéjﬂ? terminal. The procedure continues Fmt'l ea?“ mop|le ter-
OD pairs and the route lengths of handoff new paths can m inal performs 10000 handoffs. A moblle termmal will ran-
sure the performance of path rerouting algorithms. The ro mly handoff to one of the neighboring cells with equal prob-

lengths of OD pairs reflect overall traffic load in the network anét lity.

the route lengths of handoff new paths reflect the extra traffic !N (€ Simulation, we use three path rerouting algorithms: path
load when handoff traffic flows are unbalanced extension (PE); first-cross-to-CT (FXCT, as an approximation

g LD algorithm, which uses first crossover switch toward the

The method we are going to use is to have several calls act i '
in the network. For each call, one party is mobile terminal in th T asthe COS); and first-cross-10-oldBS (FXBS, as an approx-

mobile ATM subnetwork and the other party is the fixed hOértnation of FD algorithm, which uses first crossover switch to-
sitting outside of the mobile ATM subnetwork. Then we will |e1¥Vafd the OIdBS as the COS).

the mobile terminals handoff to another cell according to certainF'g.' 12 ShO\.NS thg route lengths for.the three pa_th rt_aroutlng
|gorithms. It is obvious that PE has linear increasing in route

path rerouting algorithm. The length of the whole connecti t . L )
path for each call is measured after each handoff, in order toleg'-gth' Higher user mobility implies more handoffs per call life-
’ e. It is not surprising that FXBS has only a little extra path

timate the route lengths of OD pairs. The length of the new p ik . .
of each call is measured in order to estimate the route Iength% gth over the FXC.:T_ algorlthm and.ls almost copstant as mo-
llity increases. This is consistent with our analytical example

handoff new paths. N . :

The network used in the simulation is as shown in Fig. 11. It'&gof/'g' 9. Using thte ';)1(85 algorllt:r;(né_;hel net.;/;gork rr:eeds ab?hut
an example in ATM Forum PNNI specifications [24] for PNNI 0 qlorg capact 'E/d an uslngh ag?]rl Th owever, b'I?t
hierarchical structure. In this network, there are 27 switches m@orzgls)éslncremen 0€s ot change much as the user mobllity

three hierarchical levels. We use peer graups a fixed back- )
. _ Fig. 13 shows the route lengths of handoff new paths for the
bone network and peer groupandp as the mobile ATM ac three algorithms. They do not change much with the user mo-

twork. E itch i dBi idered | .. . . .
cess network. Every switch in group an IS considere éﬂllty. However, they will cause the handoff traffic flow to in-

a basestation. Mobile terminals can be attached through rga at different rates when imbalance ratio incr Th
switch in A, B and move (handoff) from one to another. alcrease erent rates whe ance ratio increases. he

EXCT algorithm has a new path length ab8Lithops more than

though the network topology in this example is given as hierat :
. . . at of the FXBS algorithm. When handoff flows are not bal-
chical, our approach applies to any arbitrary network topolog inced, the capacitygi]ncrement on the new path for the FXCT al-

) ) o N gorithm can be much larger than for the FXBS algorithm. Since

A. Simulation Results with Fixed Mobility Pattern the new path takes the handoff flows, if handoff traffic flows

In the first simulation, we assume the user mobility patte@ouble the original traffic load on the new paths, the FXCT al-
matches the network topology, i.e., any two nodes withjlz ~ gorithm will need one more hof® * 0.5) on average than the
are neighboring access points (havingldr-edge) if there is a FXBS algorithm, which is also about 10% of total average path
link (C-edge) between them. We call this setup as fixed mobilitpngth. So depending upon the mobility pattern, one algorithm
pattern. may consume less of the network resources.

The simulation is conducted as follows. Three mobile termi- ) ) -
nals starting calls ati.1.2, 4.3.4, and B.2.3 to a remote server B- Simulation Results with Random Mobility Pattern
at C.2 in the fixed network. Each call starts with an exponen- In the second simulation, the neighborhood of the access net-
tial distributed lifetime represented by with E[t;] = L sand work is randomly generated among the nodes in peer groups
performs a handoff every second. Hence the average numberoB. For each node, a hodey is a neighbor of: with a prob-
handoffs per call lifetime id, which represents the user mo-ability of 16/N, 4/N and1/N, if y andz belong to same peer
bility p as. = 1/1 — p. when a call is terminated at an accesgroup atG0, G'1, and G2 level, respectively, wher&/ is the
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G2 B

G1

Fig. 11. A sample PNNI network.
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© __ First Cross to CT(FXCT)
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Flow mobility (L = 1/1-p)
Fig. 12. Average OD whole path length with fixed mobility. Fig. 13.

total number of nodes. Based on this selection, we have each
node having about four neighbors. If a nadés closer toy in
terms of PNNI hierarchy, the probability thatis a neighbor of

y is higher. The probability a handoff is to which neighbor of

a node is again same as in last example. That is 1/number of
neighbors. We call this neighborhood setup as random mobility
pattern.

From Fig. 14, we can see the route lengths for FXCT and
FXBS are about the same as the first example. The FXBS
needs about 10% more hops than FXCT algorithm. However,
in Fig. 15, we observe the difference between the route length
for handoff new paths for FXCT and FXBS is bigger aboin
hops. Therefore when handoff flows are imbalance, the handoff
flows may result in greater capacity requirements for the FXC';Ii' 14
algorithm than the FXBS algorithm. g- 1

Again in this experiment, we can see the PE algorithm is

A PNNI link C
I ’ - y PNNI node y

-
w

-
N
T

First Cross to CT(FXCT)
' Path Extension(PE)

-
-
T

-

o
o
T

Leggth of F;ows (hops)

‘ First Cross to BS(FXBS)

o
)
=

e
o

5 4 5 6 7 8 9 10 1
Flow mobility (L = 1/1-p)

N

Average new path length with fixed mobility.
35
@30}
=%
<)
<
%’25- .
™ Path Extension(PE)
‘G20
£
=]
c
D15 .
- First Cross tq_§_$(F?§BS)__-_ 4
ol First Cross t6 CT{FXCTY
2 3 8 9 10 1

4 5 6 7
Flow mobility (L = 1/1-p)

Average whole path length with random mobility.

costly. Since the neighborhood is random, not only the whoté the FXBS algorithm is good since it keeps both the whole
path length is linearly incrementing with user mobility, bupath length and the new path length relatively short, which
also the average new path length is the highest within thrimeplies that the extra network resources required for supporting
algorithms. For FXCT algorithm, the whole path length is theandoff is small and the handoff latency is small among three
shortest but the new path is larger. The overall performanakgorithms.
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28 2 to nodes 3 and 4. A part of traffic flow;, can be handed off
24| . to traffic flow v, 13 Or ¢»4 due to: 1) end user at access point 1
Q _\\___PaﬂEftiS'TfE)__. ...... moves to 2; 2) end user at access point 4 moves to 3; or 3) the

222 First Cross to CT(FXCT) 1 end users at both 1 and 4 move to 2 and 3 at the same time.

2, T o Suppose an active user in nadieparts to nodg with proba-

2 bility d;;. The time period that a user stays at an access pwint

o arandom variabl&; with the exponential distributiofi'r, (1) =

£ 1 — ¢t Note thaty; is the user departure rate at access point

g'e‘ 1. Suppose a typical call departure ratd’isA call departing

—raps __ First Cross to BS(FXBS) ] from the access point 1 is either because of the termination or
LI TN T handoff, so a call departure rate from the access point 1 is

12 L
2 10 1

4 s 6 7 8 9
Flow mobility (L = 1/1-p) v = +1I. (19)

Fig. 15. Average new path length with random mobility. .
Therefore, the traffic flow); has departure rate; = 4.

das Within the departure traffic flow from the access point 1, a frac-
tion I'/14 is terminated and a fractiom /11 is added to the
flows at other access points, we hayg = I'/1;, and the flow
transition probability to a flow 2,3,4 are

71 1
P12 " 12 4T 12

it 71
== diodys = ———=di2 d
P13 ” 12043 4T 12 %43

D :ﬂd _ it
1 Iz 3 vy +T

d43 (20)

—diz

, o _ respectively, assuming the user movement from access point 1
Fig. 16. Transition of traffic flows.

to 2 is independent from the user movement from access point 4
to 3. Given mobility pattern of an access netw6ik = [V, D],
and the average call lifetiniB(1/T"), the flow transition matrix
We have investigated the traffic distribution in mobile ATMcan be obtained.
networks through a dynamic flow model. We observed that user
mobility will produce two effects over network traffic. One is APPENDIX B

the temporal variations in network traffic loads, which can cost

" or traffic flows ®(¢) over network OD pairs, balance equa-
network resources when the handoff traffic is unbalanced, ap&ﬁ . C ®) P q
. . . flion is satisfied
the other is the smoothing effect of the network traffic distri-

bution, which can relieve traffic load, especially when handoff
traffic is balanced. Typical handoff path rerouting algorithms for
handoff control are evaluated. By measuring the route lengths of ) . . . o
OD pairs and the route length of handoff new paths, we conclude’VhenW (¢) is a K-dimensional Brownian motion, i.e., the ar-
that the FD (or FXBS) algorithm has advantages over other yal traffic flow is a K-dimensional Gaussian random processes
gorithms in most situations, especially when the link capacityt) = "V (#). By applying statistical expectation on both side
in the access network costs less than that in the core net\Né)r&Equat'on (1) and exchangl_ng derlv_atlve and expectation, we
The performance analysis can also help us redesign the fEve the mean vector of traffic flows is

work topology by adding more links or increasing capacity in

the network based on the user mobility pattern. Furthermore, g (t) = At)me(t) + ma(t). (22)

the results may suggest a rearrangement of access points to bal-

ance handoff traffic flows. Future work will include analyticalThe covariance o¥(t) is defined as

models for PNNI hierarchical networks and the simulation in a

large-scale network setup. Ry(t) = E[(¥(t) — ma()(¥(t) — mu(t)T]. (23)

V. CONCLUSION

U(t) = A(t)U(t) + W(t). (21)

APPENDIX A By applying derivative to both sides and exchange with the ex-
Usually, the mobility is measured through the users’ movg_egtati_on operator, we obtain derivative of the covariance matrix
ment among access points, and the mobility pattern is speciffhS¥ing
only by user transition matri®). The flow transition matrixd . .
is not given directly. However, we can deriviefrom D as fol- £ (t) = E[(¥(t) — 7w ())(W(t) — mw()*
lows. In Fig. 16, traffic flows are directional, from nodes 1 and +(W(t) — mg () TE) —me )] (24)
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The first term on the right-hand side is [13] A. Acharya, J. Li, and D. Raychaudhuri, “Primitives for location man-
agement and handoff control in mobile ATM networks,"Rroc. ATM
Forum/96-1121Aug. 1996.

[14] B. Rajagopalan, H. Mitts, K. Rauhala, and G. Bautz, “Proposed han-

E[(A@®)Y(@)+Q(t)— At)me(?) _mﬂ’l(t))(qj(t)_m‘P(t))T] dover signaling architecture for release 1.0 WATM baseline Ptiac.
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