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Abstract—In cellular networks, an important call-level in each cell are known in advance. However, such an ideal
Quality-of-Service (QoS) issue is how to limit the probability scenario is very unlikely to occur. The next best option is
of forced termination during handoffs. One solution is to predict to predict the mobility of MTs, and perform reservations

the trajectory of mobile terminals so as to perform bandwidth . .
reservation in advance. With the vision that future mobile based on these predictions. Many predictive schemes have

devices are likely equipped with reasonably accurate positioning Peen proposed in the literature. For example, ktual. [3]
capability, we propose a novel mobility prediction technique uses pattern matching techniques and a self-adaptive extended

that incorporates both mobile positioning information and road ~ Kalman filter for next-cell prediction based on cell sequence
topology knowledge. We then develop an adaptive bandwidth psepyations, signal strength measurements, and cell geometry

reservation scheme that dynamically adjusts the reservation at fi In 141 Levinat al th t of
each base station according to both incoming and outgoing hand- assumptions. In [4], Levinet al. propose the concept of a

off predictions generated using our mobility prediction technique. Shadow cluster — a set of BSs to which a MT is likely to
We evaluate the performance of the scheme via simulations, along attach in the near future. The scheme estimates the probability

with six other schemes for comparison purposes. Results agreeof each MT being in any cell within the cluster for future
with intuition that schemes which incorporate more knowledge tjme intervals, based on individual MT’s dynamics and call
are able to achieve better reservation efficiency. Our scheme is . . - . .
shown to achieve the best efficiency among all realizable schemeshOIdIng patterns in the form Of_pmbab'“ty de_nSIty functions
simulated. (pdfs). Other examples of predictive reservation schemes can
be found in [2], [5]-[8]. In the process of meeting the same
|. INTRODUCTION Per, a more efficient scheme will be able to accomplish the
When a mobile terminal (MT) attempts to hand off fronmtask with a lowerPcg than a less efficient one. The efficiency
one cell to another, it may encounter forced terminatiosf a scheme depends on whether the reservations are made at
due to bandwidth shortage at the target cell. From a usetfe right place and time, i.e., it is closely associated with the
point of view, the forced termination of an ongoing call iprediction accuracy. Since reservation efficiency has a direct
more objectionable than the blocking of a new call requestnpact on operators’ revenues, there are strong incentives to
Therefore, handoff-requests are generally prioritized over n&l@sign more accurate prediction schemes.
call requests. In the classic handoff prioritization problem, In the United States, the FCC mandates that cellular-service
each base station (BS) prioritizes handoff-requests by settimgviders must be able to pinpoint a wireless emergency call’s
aside some bandwidth that could only be utilized by incomirigcation to within 125 m. This spurs research in mobile-
handoffs. Since any such reservation would inevitably increasacking techniques. One promising approach is the integra-
the blocking probability of new calls Fcg), and reduce tion of a global positioning system (GPS) receiver in each
the system’s utilization, it is extremely important that thes®lT. According to [9], assisted GPS positioning methods are
reservations are made as sparingly as possible while meetixgected to yield an accuracy of under 20 m during 67% of
the desired forced termination probabilitiy). the time. During 2003-2009, a new batch of GPS satellites will
Early work in handoff prioritization proposes the statibe launched in the US that could potentially yield an accuracy
reservation of bandwidth at each BS as a solution [1], imithin 1 m for civilian users [10]. The European Space
which a fixed portion of the radio capacity is permanentbigency has also planned to launch their own global navigation
reserved for handoffs. However, such a static approach sitellite system known as GALILEO, which is also expected to
unable to handle variable traffic load and mobility [2]. Irdeliver real-time positioning accuracy down to the meter range
order to meet the desirelf-t without over-reserving precious (95% of the time within 10 m) [11]. As more breakthroughs
radio bandwidth, the amount of reservation at each BS shourd positioning techniques take place, fuelled by the strong
be dynamically adjusted according to the requirements iofterest in location-based services from the industry, future
anticipated handoffs. MTs are likely equipped with reasonably accurate location-
The best tradeoff betwedr-g and P=r can only be achieved tracking capability. The time is thus ripe for active research
if every MT’s path as well as its arrival and departure timeisto how such inherent capability may be harnessed for QoS



provisioning in cellular networks. Specifically, we are interan upper statistical bound f@femain With probability {y, i.e.,
ested in designing mobility prediction techniques that utiliz€[t;emain< UPL] = (y. Note that each MT may have more than
real-time positioning information. This could potentially givea single 4-tuple; a 4-tuple is specified for each possible path
rise to better accuracy and greater adaptability to time-varyifrgm its current position that may lead to a handoff within a
conditions than previous methods. time Tinreshold

While there has been previous work in the literature that In the following, we first describe the database that is
attempts to perform mobility prediction based on positioningiaintained at each BS to store essential information required
information [3], [5], [6], none of them has addressed thir making the predictions. The prediction algorithm will then
fact that the cell boundary is fuzzy and irregularly shapdsk described.
due to terrain characteristics and obstacles that interfere wijth

. . . : . Prediction Database
radio wave propagation. Instead, either hexagonal or circular

cell boundaries have been assumed for simplicity. Another The prediction tasks are assigned to individual BSs, which
observation is that none of the previous work has integrated ¢ €xpected to have sufficient computational and storage
road topology information into its prediction algorithm. Sincé€sources. In order to incorporate the road information into
MTs that are carried in vehicles are the ones that demonstrtgPility predictions, each BS needs to keep a database of the
high mobility, the integration of road information into thefo@ds \_Nithin i.ts coverage area. We shall treat the rpad l_)etween
algorithm could potentially yield better accuracy, which i§V0 neighboring junctions as a road segment, and identify each
crucial for more timely and efficient reservations. With reaS€gment using a junction pdif,, j»), where a junction can be
time location information of MTs, it is now possible to takdnterpreted as an intersection of roads (e.g., T-junction). The
advantage of knowledge about road layouts. approximate coc_)rdlnates of each junction are t(_) be store_d in
In [8], we propose a dynamic bandwidth reservation scherift¢ database. Since a rogd segment may contain bends, it can
that utilizes mobility predictions based on real-time mobilg€ broken down further into piecewise-linear line segments.
positioning information. It is the first such scheme that ighe coordinates defining these line segments W.Ithln each road
capable of handling irregular cell boundaries. The scheme usggment are aiso recorded. All the above coordinates could be
linear extrapolation from a MT's recent positions to predict it§2Sily extracted from existing digital maps previously designed
handoff cell and time, whereby the cell boundary is approxfior GPS-based navigational devices. Infrequent updates to
mated as a series of points around the BS that are compdfe@se maps are foreseen because new roads are not constructed
using previous handoff locations. In this paper, we introdud€"y often, while existing road layouts are seldom modified.
a novel predictive reservation scheme that utilizes knowledge'ne database also stores some important information about
of road topology, in addition to positioning information. 1t€ach road segment. Since two-way roads would probably
could potentially achieve more accurate predictions at the chave different characteristics for each direction, the database

of increased complexity, but the resulting gain in reservatiginall store information corresponding to opposite directions
efficiency may justify this cost. separately. The following summarizes the information that is

The remainder of this paper is organized as follows. [#fored in the database:
Section Il, we present the proposed road topology based ldentity of neighboring segments at each junction.
prediction scheme, while Section Ill describes the algorithm « Probability that a MT traveling along a segment would
that utilizes these predictions for adjusting the reservation select each neighboring segment. Note that this transition
at each BS. Section IV describes the simulations that have probability could be easily computed from the previously
been carried out to compare the performance of the proposed Observed paths of other MTs.
scheme with several other schemes. Finally, we give oure Statistical data of time taken to transit each segment.

conclusions in Section V. « Statistical data about possible handoffs along each seg-
ment, such as probability of handoff, time in segment
Il. ROAD TOPOLOGYBASED MOBILITY PREDICTION before handoff, and handoff positions.

In our proposed technique, we require the serving BS With the exception of the first item listed above, the other
receive regular updates about each active MT’s position evetgtabase entries will be updated periodically ev&fyanase
AT, say 1 sec. This will consume a small amount of uplingince they are dependent on current traffic conditions.
wireless bandwidth (several bytes per update for each MT),In reality, the transition probabilities between road segments
which might be negligible for future broadband services. Theould probably vary with time and traffic conditions. For
output of each prediction has the form of a 4-tuple: [targstochastic processes whose statistics vary slowly with time,
cell, prediction weight, lower prediction limit, upper predictiorit is often appropriate to treat the problem as a succession of
limit]. The target cell is the MT’s predicted handoff cell. stationary problems. We shall model the transition between
The prediction weightis a real number between 0 and 1 thatoad segments as a second-order Markov process, and we
indicates how likely the prediction is correct. Thmver pre- assume that it is stationary between database update instances
diction limit (LPL) gives a lower statistical bound for the actuaso as to simplify the computations. Based on this model,
remaining time from handofftemain, With probability (., i.e., the conditional distribution of a MT choosing a neighboring
Pltremain> LPL] = (.. Theupper prediction limit(UPL) gives segment given all its past segments is assumed to be dependent



TABLE |

G NOTATIONS USED FOR ILLUSTRATING DATABASE MAINTENANCE
Handoff region

Notation Meaning
H Tthresmax Maximum Tihreshold@llowed.
S Set of road segments within BS’s coverage area.
Sab Directional segment from junctiof, to 7.
Segments EF, FG and FH are N(ja) Set of neighboring junctions of junctiof,.
handoff-probable segments Neells Set of neighboring cells of the cell of interest.
Sups Set of handoff-probable segments (HPSs)Sin
SRsv Set of segments in which MTs may be
considered for reservations.
| J Plsi1|sk] 18t order conditional transition probability, i.e.,
A Pltransit t0 sy |currently sg].
P[Skt1]8K,8k-1] 2"d order conditional transition probability, i.e.,
Fig. 1. Utilizing road topology information for mobility prediction. Pltransit tosyyq [currently sy, previously sy ].
Cho(sab) Most probable target handoff cell if handoff
occurs alongs,,, whereCholsas] € Neells:
only on the current segment and the immediate prior segment. Pqol[sas) Plhandoff alongs,,|MT is currently onsgs).
Using the road topology shown in Fig. 1 as an illustration, fuansites(t) ~ pdf of time taken to transity,.
consider two MTs (MT1 and MT2) that are currently trav- 9HO.ab(t) pdf of time spent ins,; before handoff.

pdf of distance fromy;, where handoff occurs.
Hop limit of routes that are considered.
Rx(Sab) Set of possible routes withiX hops froms,,.
A route p € Rx(sqp) IS @ sequence of

eling from junction B towards junction E. MT1 came from ?{Hoyab(d)
segment CB previously, while MT2 came from segment AB.
Based on the assumed model, the conditional probability of

MT1 going to segment EF will be computed differently from segments, starting Withy: {sapsbe . . - Sy= .
that of MT2. The conditional probability of MT1 going t0 s () Initial segment of routes.
segment EF is Slast(®) Last segment of route.
74 Route ¢ without its initial and last segments,
Plskn=EFs,=BE, 5.1 =CB], @) 2., {ip} = {siital (#)} U {#'} U {stast()}-
while that of MT2 is MHOab|o(t)  pdf of time taken to transip’ and part of last
segments|zsi(p) before handoff.
P[si1=EF|sx=BE, s_1=AB], (2) ngéyabw(q) ¢! quantile of time taken to transit’ and part

of last segmensqi(¢) before handoff.
RxHps(sab) A subset of routes fromRx(sqs), €ach of which
terminates with a HPS, and, excluding the

wheres;, is the current segment that the MT transits. Note that
our stationarity assumption implies that the above conditional

probabilities are independent of the valuekof remaining time in current segmesg,;, has a
At the beginning of a new call, the previous segment of a median time to handoff that is Withifiyyresmax.
MT is unknown, because it was not tracked previously. There- Pyglelsk] 15t order conditional prob. that MTs is;, would
fore, we also need to store first-order conditional distribution usey and hand off atsjzs(w), ¢ € Rx Hps(sk)-
in each segment, which are estimated from a subset of the PHol¢lsk,sk] 214 order conditional prob. that MTs is;, would
data that are used to estimate the second-order conditional use and hand off absjasi(), ¢ € RxHps(Sk)-

distribution. For instance, if we do not have any information
about the previous segment of MT1 and MT2 in Fig. 1, their
conditional probabilities of going to segment EF are both tak

o be §ihe before handoff for each of these possible paths, using

Plsi1—EF|s,—BE] 3) previously collected statistical infqrmation from e.ach segment
H k : along the path. Before we describe the prediction algorithm
We shall describe a road segment as a “handoff-probalile Section [I-B, we shall first explain how the prediction
segment” (HPS) if MTs have previously requested handoffiitabase is maintained. Table | shows the notations used.
while traveling through it. For each HPS, we obtain th&ince many of the database entries are dependent on current
handoff probability as the ratio of MTs that made handoftraffic conditions, a database update will be performed every
requests while on the segment. Also, for those MTs whichaanasd© €nsure that the entries are current. Fig. 2 shows the

made handoff-requests, we record their target handoff cgifocedure performed during each update.

and collect information about the time spent by them in the We assume that in between the database updates, the BS

HPS before handoffs, as well as their handoff positions. shall collect all the relevant data required for the subsequent
Using the model described above, we could determingdate. The procedure begins by emptying tbs andSgrsy

via the chain rule the conditional probabilities of reachin¢lines 1 and 2) so that they can be regenerated based on the

and handing off at each of the HPSs from segments thawly collected data. From Lines 3 to 13, we sequentially

are several hops away. We could also predict the remainiegamine every road segment within the BS’s coverage area,



are changes to the road topology within the BS’s coverage

; E:Z\S/:% area. Therefore, it does not need to be recomputed during each
3 for eachsy, € S database update. If the examined route is found to have a last
4 evaluateP s 1 =spe | Sp=5ab) segment that is a HPS, we estimate the b ., (t) of the
Viz € N(Gp) — {Ja} time taken to transity’ and part of the last segmestg(v)
5 evaluateP[sp11=5px|Sk=Sab, Sk—1 =Syal before handoff (Line 18). It is obtained from the convolution
Viz € N(3b) — {ja}, Viy € N(Ja) — {so} of the pdfs fyansi(t) of segments in the partial routg, and
6 evaluatefiransitap (t) also the pdfgo(t) of the last segmentiasi() of route . For
; i‘:";'uat[ip'*]ofgb] example, if the segment we are currently processing,is
° o “;LPSHSHPSU{%} and we consider one of its routes = {sas. sue: Scd; Sde }-
10 Srsy — SrsvU {sa} This route has three hops,_ with part_lal r_omé: {Sbes Sed }s
11 evaluateCHo(sab) and the last segmentas(p) is sqe, Which is assumed to be a
12 evaluategyo 45 (t) HPS. The pdfmnyo,.s,(t) is then obtained as:
12 for eachsg, ee"iuathO,ab(d) mHO,ab|<p(t) = ftransitbc(t) ® ftransitcd(t) & gHOde (t) (4)
15 Rx;Hps(sab) — 0 Note thatmyg ), (t) does not include the time taken to
13 for i?iCh‘p(e)ZXéS“b) complete the current segment,,. The latter will be added
18 trl]e:as:] ivaluat:ffHo b and M1 (0.5) during .the prgdigtion phase begause we Wi.Sh to utilize the
10 N (55)W<T HO.abl dynamics of individual MT for its computation. Once the
HO.ablp = ~thresmax pdf Mo, (t) is Obtained, we calculate the median time
;2 then ?XvHF’fS;") ‘_U%CHF}’S(S“”) Uie} Mg&ablw(()f)). In Line 19, we compare the median time with
oo e\F/laSI\LfatePHROS[\;\sk:{;Zb] the limit Tipresmax. If it is found to be withinTipresmax We add
23 evaluatePyo @] sk =Sap, Sk1=Syal the routey to t_he setRxnps(sap), and include the segment
Viy € N(a) — {iv} Sab 1N Srsy (Lines 20 and 21). We then compute via the
24 evaIuateZ\Jgé’abw(l —qL). chain rule the conditional probabilities that MTs currently in

segments,;, would follow this route and hand off at its last
segment (Lines 22 and 23). Finally, in Line 24, we compute
the quantilesV,g . (1—C1) and Mg ., (Cu) for this route,
which will be needed later to specify the prediction limits LPL
and UPL.

) ) , One important point to emphasize for the above database
one at a time. Lines 4 and 5 evaluate the first and secofiyate algorithm is that all the above database entries only
order transition probabilities from the segment examined [fqq 1o be calculated once during each database update. There-
its neighboring segments. They are calculated based on g they should be well within the computational capability
paths of MTs previously served by the BS. Line 6 evaluates 5 dedicated, average processor at the BS. Having seen
the pdf of the time spent by previous MTs in the segmenhe prediction database update procedure, we shall proceed

Note that the pdf may be estimated based on histograms Wlhyescribe the mobility prediction algorithm in the following
appropriate bin size. In Line 7, we compute the probability thagqtion.

a MT would request a handoff while transiting the segment. If
handoffs have occurred along this segment previously, then the Prediction Algorithm
segment is identified as a HPS, and is entered into 5a#3  |n order to perform the predictions, the BS needs to map
and Srsy (Lines 9 and 10). Its membership 8ksy signifies each MT’s current position onto the correct road segment
that MTs traveling in this segment are potential candidat@gthin the road topology database (a process known as map-
for resource reservation. Lines 11 to 13 simply evaluate thgatching [12]). In the prediction algorithm to be presented
database entries that describe the handoff behavior of Mﬂ—éxt’ we do not describe how the map-matching is performed_
traveling in this segment. Instead, we assume for simplicity that the MT’s current road
From Lines 14 to 24, we make a second pass through stigment and estimated speed are already computed based on
the road segments, again processing each segment sequentitlyecent positions. Interested readers can refer to relevant lit-
For each segment,;,, we resetRx nps(sq») SO that it will be erature from Intelligent Transportation Systems (ITS) research
regenerated using newly computed database entries (Line I86j).additional information, such as [12].
For each hop-limited route that originates from segmept During the prediction phase, we need to specify two addi-
we test whether its last segment is a HPS (Lines 16 atidnal quantiles for every MT that is currently traveling within
17). Note that a “route” must include the origin segmept, any HPS. These quantiles will be used to calculate the LPL and
and at least one other segment. A hop limit is specified &°L of the predicted time from the handoff if the MT were
as to reduce the computational load required. Also, note thathand off within that segment. They are dependent on the
Rx(sqp) is pretty much static, and is modified only when ther®T’s current position within the segment, therefore they have

—1
MHO,LLb\ga (CU)

Fig. 2. Prediction database update procedure.



TABLE Il
ADDITIONAL NOTATIONS USED TO PRESENT ALGORITHM 1200
2if vt >0
i i
Notation Meaning 3 then C?mpuzedEOS(jab) i i
v Estimated speed of MT. 4 teos(%ay) — dgos(Sap) /v
. 7
sty Current road segment in which Mis traveling. Z forfachgp € RX'zHPS(Sgb) =
Shrev Previous segment from which M came from f'.‘ (@ CL) = tEOS(qu) + Hol,ab|<,9(1 —)
_ _ (may or may not be known). 7 £ (#:Cu) — teos(Sap) + Mg 4y, (CU)
dEOS(S;b) MT i’'s estimated distance from end junctioj, 8 if ii(% L) < Tihred CHo (S1ast(®)))
teos(sy,)  MT i's estimated time from end junctiop,. 9 then if shrey is known
T_thres(cj) TihresholdOf neighboring cellC’;. 10 then w () — Pyolplsk=sl,;,, sk-1=5pre]
é%argel(‘»o) MT 4’s most probable target handoff cell if it 11 else w(p) — Pyolep|sip=s";]
_ follows route and hands off atjagi(2). 12 2! — Z U {[Earge{®), w' (#),
wi(p) Prediction weight specifying the probability that i (¢, ¢L) 1 (0, CU)IY
MT ¢ may follow routee and hands off abjzgi(¢). 13 if 52, € Shps
ff_(go, L) LPL of MT i's remaining time from handoff 14 then fll'_(szb, )
(t;emair? if it follpws routewgo and hands off at . H [dons(szb)fHﬁé,ab(CL‘D<dons(szab))V”l
N stast(®)s St Pltlemain> £ (0, S = (L 15 £ (st,, Cu)
ty(p,Cu)  UPL of MT 4's remaining time from handoff - [dfzos(sib)*Hﬁé ab(lch‘D<d|izos(Sflb))]/U'
(tremair? if it foll?ws rout(?igo and hands off at 16 if tlL(szb’ §L) < Tthres(CHo(S_Zb)) .
o slast(?): St Pltyemain < £ (¢, Cu)l = Cu- 17 then Zi — Zi U {[Cho(s’,), Puolst,],
{’L(s;b,CL) LPL of tremain if MT 4 hands off NS, fﬁ(séng)’fﬁ(sib’ Wl
(st Cu) UPL of ¢, . if MT 4 hands off insy,.
zZt Set of predictions made for M7. Each prediction )
P P Fig. 3. Prediction algorithm for a M¥ traveling in segment’ .

is a 4-tuple with the following form:
[target cell, prediction weight, LPL, URL

For a prediction that MT may follow routee and

hands off ats|as(¢), the corresponding 4-tuple is:
[.é%arge[(@)a wl(cp)7 tl|_ (‘107 CL)v tb (‘197 CU)]

If 5!, is a HPS, then the 4-tuple for a prediction

that is currently traveling in segmenf, € Sgsy is shown in
Fig. 3. In Line 1, we empty the prediction output s&t,
as new predictions will be made. Line 2 ensures that the
MT is not stationary, otherwise the algorithm exits without

that a handoff may occur along'lb itself is:

: itaang) i making any prediction. Next, in Line 3, we estimate the MT’s
[CHo(sey), Prolsasls B (Sgps CL)s t (8045 CU)I-

remaining distance from the end of its current segment. The
time for the MT to reach this end is then estimated (Line 4).
From Lines 5 to 12, we examine previously recorded candidate
routes that might lead to handoffs. Note that each of these
routes will generate a 4-tuple prediction, which may or may
not be inserted into the seX’. For each of these routes, we
estimate its LPL(UPL) as the sum of two estimates, namely,
the estimated time taken to finish the current segment, and the
LPL(UPL) of the time taken to follow the remaining segment

hto.ab(d) sequence on the route and handing off at the very last segment.
PDuy < Di]’ (5) o . - .

ab < D] If the LPL ¢{ (¢, (L) is found to be within the threshold time

Note that o as(d| Dy < D;) = 0 for d > D,. From the of the most probable target cell (which is the most commonly

above conditional pdf shown in (5), its conditional cdf can b{;)hosen target handoff cell in the last segment of this route), the
obtained as: weight of the prediction is taken to be either the first or second

4 order conditional probability of route, depending on whether
Hyoa(d|Day < Dy) :/ htoab(u|Day < Dy) du.  (6) We know the previous segment of the MT (Lines 8 to 11).
0 Then, in Line 12, we insert the 4-tuple prediction generated
With the above conditional cdf, it is straightforward to apfor this route into the seg’ if the test in Line 8 is satisfied.
proximate anyq™ conditional quantileHd ,,(q|Das < D). If the MT is currently in a HPS (Line 13), then there is
By estimating the time that the MT would take to reach chance that a handoff may occur while it is traveling along
two specific quantile points, namefygélab(mDab < D;) and this segment. In Lines 14 and 15, we obtain the LPL and UPL
H. 5.5 (1—CulDasy < Dy), we are able to specify the LPL andas the estimated time taken to reach the two quantile points
UPL for a possible handoff that might occur alogg. H{bap (CLID < disog(st,)) and Hi (1= Cu| D < disog(st, )
Table 1l shows the additional notations used to presedéscribed earlier. Having determined baib(sflb,g) and
the prediction algorithm. As mentioned earlier, prediction§;(s?,, Cu), if # (si,,¢.) is found to be within the threshold
are only performed for MTs that are currently traveling iime of the cellCyo(s?;), we insert the newly generated 4-
segments that belong to the $isy. The algorithm fora MT;  tuple into the prediction seg’ (Lines 16 and 17).

to be recomputed during each prediction. L&}, be a random
variable representing the distance from junctjpnn segment
sab Where handoff occurs, with pdfyo .1, (d). Suppose the MT
is currently at a distanc®; from junction j,, and it has not
yet made a handoff-request ép,. Using this information, we
can derive a conditional pdfno qs(d|Dapy < D) for d < Dy:

hto,ab(d|Dap < Dy) =



Note that the above algorithm only performs predictions fdenient — it is admitted so long as there is sufficient remaining
a single MT . In order to perform bandwidth reservationscapacity for the handoff, regardless of the valueRafge(j):
predictions must be made for all active MTs that are currently )
traveling in segments that belong to the §gty. In the next )~ Z bz,j 2 bhandoft (8)
section, we shall present the reservation scheme that we have v
developed, and explain how these predictions will be used Wherebnangort is the bandwidth needed by the handoff.
When a new call request is rejected, we assume that it
I1l. DYNAMIC BANDWIDTH RESERVATION SCHEME is cleared. Subsequent new call requests are assumed to be
This section describes the reservation scheme that we hindependent of previous requests. When the BS has insufficient
developed. Unlike some existing schemes that only utilizmndwidth to accommodate an incoming handoff-request, we
incoming handoff predictions to adjust their reservations [2hssume that it is forced to terminate. We do not consider
our scheme utilizes predictions about both incoming ar@hndoff queuing here, although it would likely improve the
outgoing handoffs to achieve even more efficient tradeofferformance of our scheme (as well as other schemes simu-
betweenPrr and Pcg. In the following, we shall first describe lated for comparison). As mentioned earlier, such extensions
the system model assumed. We then explain the logic behimay make it difficult to visualize the advantages of using
the scheme, before presenting its detailed algorithms. mobility predictions.

A. System Model B. Logic Behind the Proposed Scheme

We consider a cellular network with 2-dimensional cell To understand the logic leading to the proposed scheme, we
layout, in which each cell is adjacent to several other cellifst ask ourselves the following question:
The minimum granularity of bandwidth resources that could Suppose we have perfect knowledge about all the

be allocated to any call is assumed to béadndwidth unit incoming/outgoing handoffs that will occur within a
(BU) [2], [4]. Each BSj has a capacityC'(j), which is limited time into the future, how much bandwidth
assumed to be constant for simplicity, although the proposed should be reserved to prevent any of these incoming
scheme may be extended to include time-depend&pt. handoffs from being dropped?

Given the bandwidth demand of individual connections, thgq 4 shows an example that we shall use to answer the above
BS performs admission control to ensure that the total dem stion. Here, we assume that we have perfect knowledge
of all active connections are below or equal¢j). Although zpout future handoffs up to tim@neshola Note that an
it is suggested in [7] that some adaptive applications might R:oming handoff into the current cell will lead to a positive
able to accept a lower bandwidth at the expense of lower cal{ange in the bandwidth used, while an outgoing handoff will
quality during congestion, we do not consider them here. Suglad to a negative change. Supp@sgsnoc=Ta. By Summing
an assumption is likely to redudér, but it may make it harder yp || the bandwidth changes over the time interMall ],
to visualize the advantages of using mobility predictiongye realize that the maximum peak bandwidth requirement
which is the main aim of our work. Similar to [2], we shallyithin this interval is 1 BU. This implies that we succeedn
also preclude delay-insensitive applications that can tolergi&erying 1 BU at the BS, we can ensure thitincoming
long handoff delays, as well as, soft handoffs found in CDMpgndoffs within [0, 7a] will not be dropped. Therefore, an
systems. All these preclusions could possibly be added to %propriate.Rtarge[(j) would be 1 BU.
proposed scheme as future extensions, when the advantagesr a reservation scheme that does not utilize outgoing
of utilizing mobility predictions can be clearly demonstratedsgndoff information (e.g., [2]), only the positive changes are
In order to prioritize handoffs over new calls, each cell mus{;mmed up. As a result, the BS would $&4ge(j) to 3 BUs,
reserve some bandW|dth that can Only be Ut”ized by incomi%ich may |ead to unnecessary b|ocking Of new Ca” requests
handoffs. Specifically, each B$ shall have a “reservation that arrive within the interval0, 7a].
target” Riarge(j) that is being updated regularly based on As mentioned earlierRiage(j) is merely a target. If there
mobility predictions. A new call request is accepted if thgre insufficient existing calls that release bandwidthge /)
remaining bandwidth after its acceptance is at lé4ste(s), cannot be met. This will cause some of the incoming handoffs
1e., to be dropped, despite the fact that we have prior knowledge
C () = (O baj + brew) > Ruarged ), (7)  about them. However, the likelihood of this occurring will
z decrease if the BS is given more time to meet the target. The
wherebney is the bandwidth required by the new call requesthresholdlinesnoigCan be viewed as the time given to the BS to
andb, ; is the bandwidth currently being used by an existinget aside the required bandwidth to avoid a forced termination.
connectionz in cell j. Note thatRirgedj) is merely a target, Referring to Fig. 4 again, notice that handoffs beydrid
not the actual amount of bandwidth that is reserved. The B shown as gray dotted lines. This information is currently
can only attempt to meet this target by rejecting new caibt available to the BS, therefore it will S&agelj) =1 BU.
requests, while waiting for some existing calls within the cefuppose the BS has 2 BUs of spare capacity at time). If
to release bandwidth when they end, or hand off to otharnew call from MTz requests 1 BU, the BS will accept the
cells. For a handoff request, the admission control rule is marew call because it can still satis®rgefj) after accepting
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Fig. 4. Perfect knowledge about handoffs uptte: Tinreshold

Fig. 5. Effects of prediction errors in handoff timings.

the new call. However, if no existing call ends before time

ts, then the spare bandwidth at timgremains at 1 BU, thus  From the above, we observe that it is undesirable when an
causing the incoming handoff at tinig to be dropped. On the incoming handoff occurs earlier than its predicted time, and
other hand, if we have S@resholat0 Tk, then Riarge(j) Would — also, when an outgoing handoff occurs later than its predicted
have been set to 2 BUs. The BS would then have rejectiahe. Either one or both of these scenarios may increase the
the new call request from MT so as to maintain its sparechances of a forced termination. Therefore, we would like
capacity at 2 BUs. Consequently, the incoming handoff at tinte reduce their likelihood. Recall that each prediction’s 4-
te will not be dropped. This shows that it is possible to redudeple consists of a LPL and a UPL. Suppose we use an
P-1 by giving the BS earlier notice, which could be done bincoming MT’s LPL as its predicted arrival time, and use
increasingTinresnold Therefore, we could var{inesnod@s an an outgoing MT's UPL as its predicted departure time. By
option to adjustPer. specifying(. and(y to be larger than 0.5, we introduce some

The scenario examined thus far is for the ideal case laif';lses into the predicted times, such that the likelihood of the

having perfect knowledge about handoffs within Tiesnod, abome t_;cenarldqstn"nday pe Iredlécgd. Iftthe injected b|?setsh are
which is unlikely to happen in real-life. Now let us examin ma, the predicted arrival and departure sequence for those

a more realistic scenario, whereby we only have hand ndoffs that are sufficient!y far apart would .pr'obably remain
predictions. Fig. 5 gives an example of the possible effe ° same as though no biases have been |njected_. However,
of prediction errors in handoff timings. Here, handoffs ar ese biases could capture and correct those predictions that
predicted at;, £, ts, £, andts, but the actual hr;mdoffs occurd'® close enough to result in under-reservation at the slightest
at t1a. toa. tan t74a7an,d o Us’ing the predictions, the peakprediction errors. Note that the parametgrand(y are design
comp’ute(’j b;/ the BS is 1 BU. However. the a(;tual peak rameters whose optimal values are best determined through

2 BUs. Therefore, the incoming handoff-request at tite experimentation in real cellular networks. A general rule of

; ; umb is to set a value that is within the range00$~0.7.
might be dropped. A closer look at Fig. 5 reveals that the er&% value that is under 0.5 will actually increase the likelihood

in predicted peak arises because the predicted sequence 0 X ) ) .

pair of incoming and outgoing handoffs is wrong. An outgoin under—_re.servatlon, while a \_/alue thatis toc_) high may render

handoff is predicted to occur (at;) before the incoming e preohctmns too conservative and result in excessive over-

handoff does (at;). However, the incoming handoff actua”yreservgtlon. : .
Having seen these key concepts, in the next section, we

occurs earlier (atys) than the outgoing handoff (at,). This i -
reversal of predicted sequence and actual sequence cause§Qﬁg describe how each BS adjusts Tigresno t0 meet the

actual peak to become larger than the predicted peak. ARSI'€dL¥T- Section IlI-D will explain how iargetis adjusted
interesting point to emphasize here is that, if, on the oth8f each BS.

hand, an incoming handoff is predicted to occur before ﬁ diusti h BS

outgoing handoff, but the actual sequence is reversed, then eAdjustingTinresnoig at €ach B

actual peak might be lower than the predicted peak. However|n Section 1lI-B, we have seen that thé-r experienced
this type of prediction error is benign because it does nby incoming handoff-requests may be indirectly controlled by
lead to a handoff being dropped. It may only result in overdjustingTireshoid Although there might exist an optimal value
reservation of spare bandwidth resources. of Tinresholgfor the desiredPer, it would probably be different



TABLE I (1) Referencecell A
NOTATIONS USED IN ALGORITHM THAT ADJUSTSTTHRESHOLD- sends Tipres(A) tO

Neighboring cell (B
neighboring cell B 9 9 ®)

Notation Meanin . .

Tin The ma)?imunfT value allowed @ Neighboring C.e”. B
resmax & threshold : performs predictions

Tihresmin ~ The minimumTiyesholgvalue allowed.

Tihresinit  The initial Tipresholgvalue. @ Neighboring cell B

NHO The number of handoffs counted. returns 3-tuples,

nET The number of forced terminations counted. [MT_ID, weighted

Prrtarget  The desiredPet target. bandwidth requirement,

Wobs Observation window size. lower prediction limit],

w Scaling factor, an experimentally determined parameter. for MTslikely to

hand off to reference
cell A within Types(A)

1 wops= [/ FT,targeHi @ Sg:nerﬁgggée” A( A)
2 Tihreshold* Tthresinit: "HO < 0; nFT = 0; P target
3 while (system running) Note:
ote:
4 if (incoming handoff-request occurs) T A)=T. fcell A Reference cell (A)
i thres(A) = Tthreshold Of C
5 then nyo «— nyo + 1; Rtarget(A) = Rtarget of cell A
6 if (handoff accepted)
7 then if (npo > wopg Fig. 7. Procedure performed evefyegict
8 then if ((nFr = 0) and (ihreshold™> Tthresmin))
9 then Tihreshold— Zthreshold— 1;
10 nHo < 0; ngt «+ 0; ] ) ) )
11 elsengt — npt + 1; Wobs = [1/Prrrarged IS slightly different from the desired
12 if (npt > 1) target Prrarget Dy an approximately constant factor (about
13 then if (Tihreshold< Tthresmax) 1.2~1.25). A possible explanation for the above observation
14 then Tinreshold— Tihreshold+ 1; is that handoffs are bursty and the best that our adaptive
15 npo < 0 npr — O; algorithm could achieve is to allow the value Bfeshold tO
: : : fluctuate around its optimal value. This causes the average
Fig. 6. Algorithm used by each BS to adjust Breshold number of forced terminations pet;,s observations to deviate

slightly from 1. To compensate for the above difference, the

scaling facton is introduced for the calculation a@fo,s. Note

in each cell, as it might be characteristic of the cell's coveraggat the value ofu for an actual cellular system shall be
area, subscriber density, and so on. It might even fluctug{giermined experimentally.

with user mobility and traffic load at different times of the
day. Since the_r_e is no obvu_)us way to compute th_e optlr_nBI' Adjusting Riage: at each BS
Tinreshold We utilize an adaptive algorithm to approximate its
value for any giverPer. Table 11l shows the notations we have The predictions used to computage(j) are made pe-
used in our algorithm, while the actual algorithm is shown iriodically every Tpedic, Which is a design parameter. If the
Fig. 6. predictions are performed very frequently, they are more
The basic idea of the algorithm is that it attempts t@ccurate but a more powerful processor will be required at
maintain approximately one forced termination out of evergach BS. On the other hand, their accuracy may deteriorate if
wobs iNCcOoming handoffs that are observed. For this reasdhgy are far apart, causing the tradeoff betwé®n and Pcg
wops IS also referred to as the “observation window size”. fo become less efficient.
there is no forced termination withimg,s handoffs, the value  Fig. 7 depicts the procedure that is repeated el@rygict
of TinresholgiS deemed to be too large, and will be decreased Br clarity, we only show two cells, A and B. Cell A is our
1 sec. A fresh observation window will be restarted when theference cell for which we demonstrate the computation of
current window is exhausted. If, at any time, more than onies Rirge{A), While cell B is one of As neighboring cells.
forced termination is observed within the observation windoWote that in an actual cellular network, each cell is usually
the value oflinreshoigiS immediately increased by 1 sec. Whesurrounded by several neighboring cells; Steps 1, 2 and 3 are
this happens, the observation window is also restarted. ~ simultaneously performed for every neighbor of cell A. Also,
For a desiredP-t target, the value ofuops is chosen to be cell A concurrently serves as a neighboring cell for cell B;
[11/ Petrarged » Wherep is a scaling factor close to 1. Ideally, ifthe procedure shown also applies when they interchange their
the algorithm were to succeed in achieving exactly one forceales.
termination everywqps handoffs, thenuvqps should have simply  An assumption made here is that inter-BS communications
been set to be the reciprocal &t arge: However, through are possible and take place via wired links. The following
our simulations, we discover that thgr obtained by setting describes each step of the procedure:



Step 1: Reference cell A transmit§,.{A) to neighboring
cell B. This will be used later by B to decide what prediction

information needs to be sent to A.

(18) (17
Step 2: Neighboring cell B performs outgoing handoff pre- 3@393@3
dictions for the active MTs under its service. Each prediction @ o e
is in the form of a 4-tuple described earlier. Note that cell oﬁoaae@
o 0y

itself will also be performing outgoing handoff predictions at
the same time for its role as some other cells’ neighbor (not

shown).
Step 3: For every active MT that is predicted to hand off b
into cell A with LPL < TiedA), the neighboring cell B @ (b)

transmits part of the. predicted information tf) cell A'in th(?'—'ig. 8. (a) Simulation network with wrap-around at network boundary, (b)
form of a 3-tuple, with the format [MTD, weighted band- a sample road layout generated using heuristic rules.

width requirement, predicted time]. Theeighted bandwidth
requirementis a real number calculated as the product of the
prediction weight and the MT’s bandwidth requirement, whil&ayouts that place constraints on MTs’ paths, thus establishing
the predicted timeis its LPL. a more realistic platform to evaluate the performance of any
Step 4: As cell A receives the 3-tuples from cell B,positioning-based prediction algorithm.
they are inserted into an ascending sorted list according toThe simulation network consists of 19 wireless cells. In
their predicted times. These represent the incoming handoftier to eliminate boundary effects that could make it very
predictions. Cell A then examines its own outgoing handoffifficult to comprehend the results, a common approach found
predictions. For those with UPK TinedA), they are also in- in the literature is used [2], [5]: cells at the boundary wrap
serted into the same list, but in the form of 3-tuples with formairound as shown in Fig. 8(a). In this way, whenever a MT
[MT_ID, —weighted bandwidth release, predicted time]. Thigavels out of the network boundary, it is re-injected into the
weighted bandwidth releasis the product of the prediction network again via the appropriate wrap-around cell as though
weight and the bandwidth that would be released when the MiThandoff has occurred from outside the simulation network.
leaves. Thepredicted timeis its UPL. Finally, the completed This eliminates any traffic loss at the network boundary. The
list is used to calculate the value Barge(A). simulation model also consists of arbitrary road layouts that
To calculate Riargefj) for BS j, its sorted list is scanned are randomly generated based on heuristic rules; real maps are
and the bandwidth change from each entry are summed. Upmit used because we require the roads to wrap around at the
finishing the entire list, the overall peak discovered will baetwork boundary. The road layouts are designed to imitate
assigned tQRrarged 7). those found in city areas. Fig. 8(b) shows an example of the
Although the predictions are performed evefljedics road topology that was randomly generated.
Riarged j) may be adjusted more than once between two succesAlthough the cell layout shown in Fig. 8(a) adopts the
sive predictions. This is because the BS may acquire updatskagonal cell model, we do not assume that handoffs occur at
information that renders some of the previous predictionise hexagonal boundary. The hexagonal model is merely used
invalid, before the next prediction takes place. Specificallyp determine the relative positions of the cells. In contrast to
Riarge(j) of BS j may be updated when any of the followingpreviously mentioned work in which handoffs are assumed to
events occurs: occur at either circular or hexagonal cell boundaries, there are
1) A previously predicted incoming handoff within the listno well-defined cell boundaries. SuppoBeis the designed
has taken place. cell radius(assumed to be 1000 m in the simulations), which
2) A previously predicted outgoing handoff within the listis typically defined as the distance from the BS to the vertex
has either handed off or ended its call. of the hexagonal cell model. When a MT is betweehRR
3) A previously predicted incoming handoff within the listand 1.2R from the BS, we assume that a handoff will occur
has either ended its call without handoff, or has handeldiring its transit through this region. The time at which the
off to another cell other than B%. BS j needs to be handoff shall occur is a random variable that is uniformly
informed by the neighboring BS that has previously sedistributed over the total time spent in the region. The target
the 3-tuple for that MT. BS is assumed to be the nearest neighboring BS at the time
When an updated information is acquired due to any of tiéhen the handoff occurs, although this may not be the case
above conditions, the BS removes the affected entry from igsreal life.
sorted list, and recomput&@urge(J)- To make the problem more interesting, traffic lights are
introduced into the simulation model. Two sets of traffic lights
are assumed. When one set is GREEN, the other set is RED.
A. Simulation Model Each GREEN and RED signal shall last for 30 sec. A speed
To facilitate the evaluation of the schemes presented,limit is also assigned to each road segment, chosen from the
novel simulation model was designed. It incorporates roaet 40 km/h, 50 km/h, and 60 km/h with equal probability. The

IV. SIMULATIONS AND RESULTS



speed of each MT is a random variable, drawn from truncated2) Reactive SchemeThis scheme is purely reactive with
Gaussian distribution. The mean speed will be the speed limit prediction. It gives a lower bound for the efficiency of
of that particular road segment. The standard deviation tlee schemes considered. The basic idea is to adapt the BS'’s
assumed to be 5 km/h, and the speed is truncated to a lifRjkqer according to forced termination counts observed over
of three standard deviations from its mean. wobs handoff-requests. We utilize the same adaptive algorithm

We do not assume any particular positioning technologyesented in Fig. 6 that was originally designed for adjusting
for the MTs, as new breakthroughs will continue to surfac&ireshoid INStead of adjustindinreshold (Which does not exist
The distribution and correlation of the possible positioning this scheme), the algorithm is used for adjustiRgget
errors are thus unknown. For the sake of simplicity, we dtirectly. If no forced termination occurs withitgns handoff-
not model the effects of positioning errors in the simulationsequests Riargetis decreased by 1 BU. If more than one forced
As mentioned earlier, our mobility prediction technique asermination is observediiarget is increased by 1 BU instead.
sumes that the positioning errors of future MTs are relatively 3) Static SchemeThis scheme utilizes a fixeRarget for
small. Therefore, we do not foresee any drastic effect on teach simulation run. Th&cg and Prr obtained for different
simulation results if positioning errors were to be introduce®arget Values are plotted.

Each cell is assumed to have a fixed link capadity 4) Choi's AC1 SchemeThis is one of the three schemes
of 100 BUs. For simplicity, the bandwidth requirement oproposed in [2]. In their simulations based on 1-D cell layout,
each MT is assumed to be symmetric in both uplink artieir AC3 method performed best among the three methods,
downlink, although it is straightforward to modify the schemaamely AC1, AC2 and AC3. However, in our simulations
to handle asymmetric requirements. The traffic model usbdsed on our 2-D simulation network, AC1 has the best
here is similar to the one used in [2]. Connection requegterformance, whereas AC2 and AC3 are over-conservative
are generated according to Poisson distribution with pateand has much worse efficiency than the Reactive scheme.
(connections/sec/cell) in each cell. The initial position of @&herefore, we shall only present the results for AC1 here.
new call and its destination can be on any road segment withis scheme works by estimating the probability that a MT
equal probability. The path chosen by the MT is assumed wwuld hand off into a neighboring cell within an estimation
follow the shortest path between its origin and its destinatiotime window Tes, based upon its previous cell, and its extant
Like in [2], we assume that each call request is either sbjourn time. The neighboring celllB. getis then increased by
type “voice” (requires 1 BU), or of type “video” (requiresthe MT's bandwidth requirement, weighted by the estimated
4 BUs) with probabilitiesk,, and1 — R, respectively, where probability. TheTs;of each cell is dynamically adjusted based
Ry is also called thevoice ratia In the simulations,R,, on the measured forced termination ratio among a number of
is set to 0.5. All MTs are assumed to have the safag handoffs recently observed, so as to meet the deded
requirement, regardless of their connection types. The lifetime5) Linear Extrapolation (LE) Schemé&his scheme utilizes
for both types of connections are assumed to be exponentidhg same algorithms described in Sections IlI-C and IlI-D for
distributed, with mean 180 sec. We define thermalized adjustingZinreshoig@nd maintainingRiarger The only difference
offered loadper cell as from our RTB scheme is that, instead of using road topology

based mobility prediction technique, a linear extrapolation
[1- Fuo+4- (1= Fvo)] - A~ 180 (9) based mobility prediction technique similar to the one we

c proposed in [8] is used.

In this paper, we shall only present the simulation results forg) RTB with Path Knowledge (RTBK) Scheme: This
Lnom=1. The interval between predictionpredic; is set t0 scheme is a variant of our RTB scheme. It assumes that there
5 sec. The probabilitieg, and ¢y that affect the prediction s a probability Paown that a MT’s path may be known, either
limits are both set to 0.65, as they are found to achieve th@m the MT'’s past history, or via routes Computed by an
best performance for the simulation model used. ITS navigation system. Note that even when the MT’s path is
known, we do not know the exact time and position that the
handoff might occur, because it could happen anywhere within

We shall call our proposed scheme toad topology based the handoff region. Also, note that we do not model errors
scheme (RTB). We have also simulated six other bandwidii the presumed known path, although in an actual cellular
reservation schemes for comparison purposes: system, there is a chance that the MT may deviate from its

1) Benchmark Schemethis is an idealized scheme thatusual known path. We are only interested in understanding
assumes perfect knowledge about every active Mistcell what is thebestperformance achievable if there is a probability
and handoff time. It utilizes the same algorithms described ,oun that we have prior knowledge about a MT’s path. In
Sections IlI-C and IlI-D for adjustin@inreshoilg@nd maintaining this paper, we shall only assume tHatown = 1.

Riarger The only difference is that, instead of using prediction ) ]

limits, it uses actual handoff times for the computation df- Simulation Results

Riargerat each BS. The sorted list at each BS is created everyAll results shown here are the averages over 19 cells in
Toredict@s well, and only handoffs that are known to take pladbe simulation network. When no handoff prioritization is per-
within the nextTiyeshold Of the BS are included in this list.  formed, bothPcg and P=1 are 0.075. This is unacceptably high

Lnorm =

B. Other Schemes Simulated For Comparison



0.19

} o Benchmark Choi's AC1 scheme has slightly better efficiency than the
0.18 | —— Reactive | Reactive scheme, because it is predictive and possesses some
o8 | e e intelligence in where and when the bandwidth should be
= 0'17"\& } & LE 1 reserved. However, it only has about the same efficiency as
% 016~ . | e gg ok the Static scheme, and has much lower efficiency than the
S RGN = remaining four schemes. This is probably because it might
a 015 \%\‘ be insufficient to predict the mobility of a MT based on
% 0.14 I its previous cell information, and its extant sojourn time. In
2 \ addition, calls that are newly generated in the cell do not have
3 0131 } previous cell information. This hinders the scheme’s prediction
2 012 } accuracy, thus lowering its efficiency. Moreover, the scheme
z } b - 001 does not utilize predictions about outgoing handoffs from
0.11r | e each cell; it might over-reserve bandwidth resources, when
0.1 \ ‘ ‘ ‘ ‘ ‘ sufficient resources would have been released by outgoing
0005 001 0015 002 0025 003 0035 004 handoffs before the incoming ones arrive.

Forced Termination Probability, PFT

The LE scheme has better efficiency than Choi's AC1
scheme. The improvement is even more significant in the RTB
scheme. These demonstrate that mobility prediction schemes
based on mobile positioning information are more accurate,
o ~___ thus leading to more efficient reservations. Also, the LE and
fqr Per, thus emphasizing the need for handoff prioritizatiorkRTg schemes utilize both incoming and outgoing handoff
Fig. 9 shows the plots ofcg versusPrr. For each scheme, predictions when determining the valuesRqe; thus raising
the targetPer is varied so as to illustrate its tradeoff wiffts.  their potential to outperform other schemes that do not.

The relative positions of such plots demonstrate the relative\y/hile the RTBRPK scheme performs better than the RTB
efficienci.e_s among the different sche_mes.Acurve that is Cloi%rheme, it can be seen that the improvement is not very
to the or|g|n.represents amore efficient scheme.. It means tg@tnificant. In addition,Puown is unlikely to be 1 in real-life,
the scheme is able to achieve the safrgtarget while causing therefore the actual improvement might be even lesser. It may
a smaller increase ifcs. not be worth the extra effort to implement the RFEK scheme
The most efficient scheme among the seven schemes sh@wplace of the RTB scheme, unless the additional information
is the Benchmark scheme. It serves as a bound to the hegjuired by the RTEPK scheme is readily available.
efficiency that may be achieved by others. The ReactiveAs we have seen from the simulation results, the plots
scheme, on the other hand, has the worst efficiency. Recall thgtee with intuition that handoff prioritization efficiency im-
this scheme has little intelligence, as it merely adatsse: proves as the amount of knowledge incorporated into the
according to forced termination counts over an observati@ghemes increases. With the additional knowledge of real-
window of past handoff-requests. Althoudhom is constant, time mobile positioning information, the LE scheme is able
new call and handoff call arrivals are random processes. outperform the Reactive scheme, the Static scheme, and
Therefore, there might be times when many handoff-requegtRoi's AC1 scheme, even though it is based on a simple linear
arrive together within a short period of time. Since the Reactiextrapolation approach. For the RTB scheme, the use of both
scheme has no predictive capability, it does not incréagge: real-time mobile positioning information and road topology
even when there is a cluster of incoming handoff-requests kRowledge allows it to perform better than the LE scheme.
the near future, until forced terminations start to occur. Thehe RTBPK scheme, which eliminates the uncertainty in
resulting large counts of forced terminations might cause thgedicting the MTs’ future paths, further improves upon the
scheme to rapidly adapt itRiarget to @ much larger value, RTB scheme, although the improvement is not dramatic.
although there might be very few incoming handoff-requestsnally, the Benchmark scheme sets a non-realizable bound
after this busy period. This blocks new calls unnecessarily f@gr all the other schemes, using perfect knowledge about every
extended periods of time, thus making the scheme the legst’'s next handoff cell and time.
efficient. In Section IlI-B, we have explained the importance of
The Static scheme appears to be more efficient than titdizing both incoming and outgoing handoff predictions for
Reactive scheme. However, it is only useful if the averagaljusting the amount of reservation in each cell. Here, we shall
system load is constant all the time, which is unlikely to bdemonstrate via simulations that the reservation efficiencies of
the case. When load fluctuates with time, it may experiensach schemes are indeed better than those schemes that only
periods of over-reservation and under-reservation. Whileudilize incoming handoff predictions.
static Riargetmay be sufficient to meet the desired tarfpet for We consider three additional schemes, which are variants
a certain load, it may be too much or too little for some othaf the Benchmark, LE, and RTB schemes. In these variant
loads. On the other hand, other adaptive schemes, includsapemes, predictions about outgoing handoffs from each cell
the Reactive scheme, can adapt to different loads. are purposely withheld from the computationffge: Fig. 10

Fig. 9. Pcp versusPet for different schemes abnorm = 1.0.



0.18 : : We have performed simulations to evaluate the performance
—— Benchmark . .

017 -6~ Benchmark, outgoing predictions unused | of our _scheme, and also S|mulat(_ad Six _qther schemes for

' +S$g , i § comparison. The results agree with intuition that schemes

0.16 ~ RIB outgoing predictions unuse I which incorporate more knowledge are able to achieve better
--s-- LE, outgoing predictions unused reservation efficiency. The relative efficiencies of the different

X : | —— Choi's AC1 I

o
[
a

schemes can be summarized as: ReactivBtatic ~ Choi's
ACl < LE < RTB < RTB_PK < Benchmark. Although
the RTBPK scheme is potentially realizable fénown<1,

its improvement over the RTB scheme is found to be small
even whenPnown= 1. Therefore the RTB scheme is the pre-
ferred scheme for implementation, unless the extra knowledge
required by the RTBPK scheme is readily available, such
as through dynamic route guidance in vehicular telematics
systems.

In order to justify our claim thabothincoming and outgoing
handoff predictions should be used in order to maximize any
i ) ] o reservation scheme’s efficiency, we also examined variants of

Fig. 10. Performance deteriorates when outgoing predictions not usedthe Benchmark, LE, and RTB schemes that do not account for

possible outgoing handoffs in their reservations. These variants
suffer significant deterioration in performance compared to
the original schemes. Nevertheless, both LE and RTB variant
shows thePcg versus Pt plots for these variant schemesschemes still outperform Choi's AC1 scheme, demonstrating
and their original schemes. We also reproduce the plot f@fe improvement in prediction accuracy resulting from the use
Choi's AC1 scheme, which does not utilize outgoing handofff real-time positioning information.
predictions as well.
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