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Abstract

This paper deals with congestion analysis of a GPRS netwariposed ofV cells partially overlapping. In particular,
we consider that one of the cells is affected by an outage @analyze the effectiveness of applying a class of congestio
treatment techniques that ultimately results in a switghirfi users from the congested cell to the others. In orderfio ef
ciently solve this complex scenario, we introduce a regmitechnique that overcomes the state space explosiohgondty

decomposing the overall model in a set of more simple an@etssolve models.

1 Introduction

Congestion events constitute a critical problem in net@drgystems, since they unavoidably affect such systemsgluri
their operational life. A network is congested when the laldé resources are not sufficient to satisfy the experignegk-
load traffic, and this can occur for many reasons, such assmafextraordinary events determining an increase ofdraifi
in case of unavailability of some network resources becatisealfunctions (outage). Careful management technigeees a
necessary, to alleviate the consequences of such phenomea#ST-2001-38229 CAUTION++ project aims at building a
resource management system to efficiently cope with coiogestents in heterogeneous wireless networks. Management
techniques are usually equipped with internal parametenese values have to be properly assigned in accordance with
the specific system characteristics. In order to suppast“fiie-tuning” activity, in CAUTION++ model-based analgss
promoted to analyze the behavior of the management techsigind to understand the impact of techniques and networks
configuration parameters on properly identified Quality ef&e indicators.

In this work, the attention is on the GPRS technology, whiak been already analyzed in previous studies under more

simplistic network configurations. In fact, extending pogss work, the focus here is on the congestion analysis ohargé



GPRS network involving a number of cells partially overlaggp

The rest of this paper is organized as follows. Section 2gmtsghe system scenario under evaluation. Section 3 briefly
introduces the resolution technique adopted to perforn{o® analysis. Section 4 provides an overview of the models
defined to represent the GPRS and resource managementeesibehavior. Then, in Section 5 the numerical resultseof th

simulation studies are presented and discussed. Conetuaie finally drawn in Section 6.

2 The extended scenario

The main purpose of this paper is to perform congestion aisabtf a GPRS network in a general scenario concerning
a number of cells. This is the last step of a series of prewewks carried out in this field of activity. A first work ([3])
dealt with the congestion analysis of a single GPRS cellnduoutage and outage recovery. A second work ([4]) extended
the analysis to a network composed of two cells, accountinghfe application of a class of Radio Resource Management
Techniques for congestion treatment that ultimately tesnla switching of users from the congested cell to the ather.
Finally, in this paper we perform a further extension andezfient of the GPRS congestion evaluation by consideringya ve
general scenario composed of one congested cell and saegyhbor cells partially overlapping.

In more detail, let’'s suppose to have a network composed df éélls partially overlapping, where one cell (CELL, the
central one) is affected by an outage (see Figure 1). In dodrrccessfully treat the congestion scenario, we suppagaly
a reconfiguration action that results in a resizing of thegesited cell. From a macroscopic point of view, it is equiktle
to consider a switching of users from the congested cellltthalothers. This will lead to a reduction of the attachedsise
and, then, to a decongestion of CELL. On the other side, #iéctof the adjacent cells (CELL-1, ..., CELL-N) will increa
due to the increased number of attached users. Moreoveg ssgrs could be lost because they couldn’t be camped in
any of the adjacent cells (black-spot) or because of busimeslel strategy. Once the congestion in CELL is overcome, a
re-switching process is started, which moves users fromLCEL,, CELL-N back to CELL, thus restoring in this last its

original population.

Before Afier
reconfiguration reconfiguration

action action

Figure 1. Extended GPRS network



A simple but fruitless resolution method is to build an oVaradel that has to be entirely solved in only one simulation
The main problem in solving the entire model is time compie#iat rapidly increases if the number of receiving cells
increases (state space explosion problem). A more effigigmioach would consist in splitting the overall model in anber
of simpler sub-models, to be solved separately. In this,dasemain problem that we have to cope with is that not allsiser
could be instantaneously switched from a cell to anothefadty the switching process could act on those users whaare i
theidle mode(that is, they are not requiring any service) and/or on thessgs who are in thactive modéthat is, they are
trying to connect the network). Then, in case the populatibidle and/or active users (in accordance with the switghin
policy adopted) is, at switching time, lower than the preraember of users to switch, the instantaneous switchingatan
occur. Therefore, there is a temporal dependency betweecotigested cell and the receiving cells during user switchi
(from CELL to CELL-1, ..., CELL-N) and re-switching (from QE-1, ..., CELL-N to CELL) procedures.

To properly cope with this temporal dependency, so as to taiaian homogeneous behavior between CELL and any of
the other neighbor cells, assumptions are introduced omw#yethe users are switched and re-switched. In particular, w
suppose that users are uniformly distributed inside ealtlaceé that a pre-set number of users are switched from CELL to

CELL-1, ..., CELL-N using the following rule (in pseudo-aad

while not all users have been switched from CELL to CELL-1CELL-N {

for I=1..N { if not all users have been switched from CELL to CELlthen switch 1 user from CELL to CELL-} }

In the case of the users re-switching procedure, tempopariiency is easily coped with by considering two models in
each simulation: one for the (previously) congested cell@me for the receiving one. Then, the receiving cell canwiéch

the users only to the (previously) congested one.

3 Resolution technique

As we can see from Figure 2, we decompose the overall modelmd®&pendent sub models, each one composed of two
cells: the first cell is always that affected by the outagel(OEwhile the second is chosen from the other N receivindscel

Therefore, we solve N sub models separately. From the salofieach single model, we obtain two types of results:

e The QoS measures for each receiving cell, namely the pexgef unsatisfied users with respect to the total popula-

tion;
e The distribution of the users switched from CELL to each reng cell.

Then, the users switching distributions relative to eadeikeng cell are combined in order to obtain the users switgh

distribution from CELL to all other receiving cells. The firgtep is to solve the model for CELL using the previously



obtained distribution, obtaining the QoS measure for CELL.
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Figure 2. Resolution Technique

In more detail, the resolution technique is described bydHewing algorithm in pseudo-code:

i. for1=1..N{

a. We perform a congestion analysis of the system composeddgéiis: the congested cell (CELL) and one receiving celll(CH);

b. From this simulation we obtain two results for CEILLthe congestion measures and the users switching distnibioioth for the idle and the active users. Those distrilmgtio
are saved, respectively, in two arrays (idleSwitchedCaltd activeSwitchedCell} of length R, where R is the number of points defining the dwéittusers distribution. These

two arrays, initialized only once to zero, are shared byhaIN receiving cells, and allow combining the results of thetdép analysis;

ii. idleSwitchedTotal int[N]; (idle users switching distrifien for CELL)

iii. activeSwitchedTotal int[N]; (active users switching disation for CELL)
iv. for 1I=1..N {

forj=1..R{

c. idleSwitchedTotal] = idleSwitchedTotal]]+ idleSwitchedCellH]j];

d. activeSwitchedTota][ = activeSwitchedTotaj[+ activeSwitchedCell{j];

v. We perform a congestion analysis of a system composed ofa@hehe congested one (CELL), in which we simulate the ré@edwng procedure using the part of the arrays
activeSwitchedTotal and idleSwitchedTotal that concemly the re-switching procedure, that is the sub-arraysisgafrom the index that corresponds to time T3. From this

simulation we obtain the congestion measures for the coadeell (CELL).



4  The network model

All models presented in this paper are derived using Staichastivity Networks (SAN) and solved using the simulator

provided by the Mobius tool [5].

® Served Users

topggraphy temporary

Blocked Users

® [ Active Users

L
il to_req /nve

idleCverlapped

[apow [[22 Sy4g amauah

to_req_overlapped

[ |opowiqns Buiyzumsay sBuiyoumg stasp ]

activeOverlapged

Cross

Figure 3. A generic GPRS cell with overlapping area

Figure 3 shows the abstract view of a general GPRS cell. Téee'gc GPRS cell model” was deeply described in previous
works (see [1] and [2]) and it's briefly outlined in [4]. Thelsmodel responsible for interacting with the other cellthis
“users switching/reswitching sub-model”. It represehts interface between the congested cell and all the othlsr axed
it is a critical part of the model. This sub-model determittesrule of the corresponding “generic GPRS cell model”. In

particular, it has been specified in order to:
e simulate the behavior of the congested cell (CELL) durintaga, cell resizing and outage recovery;
e simulate the behavior of a receiving cell (CEL)during the resizing of the congested cell;

e simulate the behavior of the congested cell (CELL) duringaga, cell resizing and outage recovery using some

external users switching distributions (see peirdf the pseudo-code algorithm in the previous section).

The “generic GPRS cell model” and for the “users switchiagWitching sub-model” have been of course defined, since
they are fundamental for the quantitative evaluation dised in the next Section. In particular, in [4] we provide taied

presentation of the “generic GPRS cell model” (that in thatert is called “BASIC model”), while the “users switch-



ing/reswitching sub-model” is detailed in next sub-sewtioNow we only provide basic indications of how the model in
Figure 3 works.

When a user has been served, a token exits from the “geneRS@®ll model”. This generic user has to be mapped (using
thetopographyactivity) in the overlapping area of the cell (plaidéeOverlappegior in the non overlapping one (plaitte),
in accordance with the topography of the network. The praibpathat a generic user is mapped in the overlapping area is
dynamically calculated considering the original numbeussrs in the overlapping area and the overlapping userbdvat
been switched to the other cells. When an idle user requeastsveservice, he becomes active and enters in the “generic
GPRS cell model” that simulates the random access proced@&PRS cell (see [1] and [2]). Finally, it is important to
note that the users switching and re-switching proceddeefonly the users in the overlapping area, both in idleiand

active mode.

4.1 The “users switching/reswitching sub-model” for CELL

Our purpose is to construct a GPRS cell model that simulaggehavior of the congested cell (CELL) during outage,
cell resizing and outage recovery. In Figure 4, we show thensodel that has been added to the “generic GPRS cell model”.
The black line separates the components belonging to theefgeGPRS cell model” (on the left) from those belonging to

the added model (on the right).

- A token in placeWork means that the system works properly. Tokens in pMigeChOutrepresent the number of
unavailable traffic channels. A token in pla©& means that the outage is ended or, equivalently, that therayisas
been repaired. The plaemableswitchcontains only one token and then the transif@utagetimeToReacis able to
fire only one time. Tokens in pla@tiveToSwitclandidleToSwitchrepresent, respectively, the number of active and
idle users to switch from CELL to CELL-Tokens in placactiveUsersLosandidleUsersLostepresent, respectively,
the number of active and idle users that are lost during thielsing procedure. Tokens in plaeetiveSwitchednd
idleSwitchedrepresent, respectively, the number of active and idlesusally switched from CELL to CELL: To-
kens in placectiveSwitchedToOtherCelimdidle SwitchedToOtherCellepresent, respectively, the number of active
and idle users really switched from CELL to all other recedvcells except for CELL- Tokens in placeommonAc-
tiveSwitchedcandcommonldleSwitchepresent, respectively, the number of active and idlesusailly re-switched
from CELL-I to CELL. A token inenablereswitchenablesactiveReswitchingdleReswitchingactiveLossreswitch

andidleLossreswitchtransitions.
- The marking of plac&Vork andenableswitchis initially set to 1, whileidle place containdlumUsergokens.

- The deterministic transitio®@utagefires at 200 seconds (T0), that is the time required by theesy$b reach the

steady-state. The other deterministic transitions, withdorresponding firing time, are:
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Figure 4. “users switching/reswitching sub-model” for CEL L

- OutagetimeToReacftfiring in outageReactionTimgec.), that represents the time necessary for the system to

react to the outage (it's equal to T1-TO0);
- Rip (firing in riptime sec.), that represents the time necessary for the systeenrtphired (it's equal to T2-T0);
- endOutagdimeToReactfiring in outageEndReactionTinsec.), that represents the time necessary for the system

to react to the end of the outage (it's equal to T3-T2).

The input and output gates are defined as in TaBle the Appendix.

Here, we briefly describe the model behavior following theperal events of Figur@?(b). Before time TO, the system
is in steady-state. At time TO tH@utagetransition fires and some tokens are put in pllleenChOutthat represents the
number of unavailable traffic channels. From this momem,system is working in a degraded manner. At time T1, the

gatewait_for_switchputs the established number of tokens (users) in [atiee ToSwitcl{active users to switch) aridle-



ToSwitch(idle users to switch) and then the switching proceduresstdokens (users) that remain in plaaiveUsersLost
andidleUsersLostrepresent the number of active and idle users lost duringwhtehing procedure. Tokens in plaee-
tiveSwitchedandidleSwitchedepresent the number of active and idle users really swdtétoen CELL to CELLA. Tokens

in placeactiveSwitchedToOtherCelendidleSwitchedToOtherCellepresent, respectively, the number of active and idle
users really switched from CELL to all other receiving celicept for CELL}. At time T2 theRip transition fires and the
outage ends. From this moment, CELL restarts to work prgpAtltime T3, theendOutagdimeToReacdtransition fires, the
mark of the placenablereswitchis set to 1 and the re-switching procedure starts. The tiansiactiveLosseswitchand
idleLossreswitchare enabled and the users previously lost are reinsertbdidiéOverlappedlace. TheactiveReswitching
andidleReswitchingransitions are enabled and then the users in plasesnonActiveSwitchethd commonldleSwitched
(representing, respectively, the active and idle userg teekswitched from CELLU-to CELL) are sent, respectively, to place
activeOverlappeandidleOverlappedThe re-switching procedure ends when the same number & pissviously switched
from CELL1 to CELL2 is then re-switched. We finally note thiag¢ tusers switched from CELL to all the other receiving cell

except for CELL} are not re-switched.

4.2 The “users switching/reswitching sub-model” for CELLA

Our purpose is to construct a GPRS cell model that simulhtekehavior of a receiving cell (CELL-during the resizing
of the congested cell. In Figure 5, we show the sub model mbleen added to the basic GPRS cell model. The black line
separates the components belonging to the “generic GPR&a@a¢l” (on the left) from those belonging to the added model

(on the right).
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Figure 5. Users Switching sub model for CELL- | (one of the receiving cells)

- Tokens in placectiveSwitchedor myActiveSwitchédandidleSwitched or myldleSwitchedrepresent, respectively,

the number of active and idle users really switched from CELICELL-I. The enablereswitchplace contains one



token if the re-switching procedure is enabled, zero otiwTokens in placesommonActiveSwitchezhd com-

monldleSwitchedepresent, respectively, the active and idle users rezkedt from CELL} to CELL.

- We set the marking of pladdle to NumUsersCELL2that is the initial number of users in idle mode camped in the

cell.

The input gates are defined as in Tab®n the Appendix.

Here, we briefly describe the model behavior following thaperal events of Figur@?(b). Before time TO, the system
is in steady-state. At time T1, the switching procedure flOELL to CELL-l starts and then some tokens arrive in places
activeSwitchednd/oridleSwitched that represent the number of active and/or idle usersyrsalitched from CELL to
CELL-I. PlacesnyActiveSwitchednd myldleSwitchedollow the respective variations. At time T3, the mark of filace
enablereswitchis set to 1 and the re-switching procedure starts. The useswitched from CELL-to CELL are available
in placecommonActiveSwitchethdcommonldleSwitched he re-switching procedure ends when plaogé\ctiveSwitched

andmyldleSwitchedre empty.
4.3 The Overall Model

Previously, we showed how to construct the models for CELd @ELL-I starting from the “generic GPRS cell model”,
that represents the random access procedure of a generig G#HRIn this section, we specify how to construct the olera

model that includes the preceding two models.

Submaodel Submodel
outageCell receivingCell

Figure 6. Overall Model: CELL1 + CELL2

The overall model (see Figurg(b) and Figure 6) is composed by two cells: the outageCellL(QEthat is the cell
affected by the outage, and a receivingCell (CH)Lthat is a cell that receives some users from the congesteditiese
two models interact each other through some shared pladieedén thejoin operation provided by the Mdbius tool. In

particular, the places shared between CELL1 and CELL2 nsaatel the following:
e activeSwitchedrepresenting the number of active users really switchemh I€ELL1 to CELL2;

o idleSwitchedrepresenting the number of idle users really switched f@ihL1 to CELL2;



e commonActiveSwitcherkpresenting the number of active users really re-swité¢feen CELL2 to CELL1,
e commonldleSwitchedepresenting the number of idle users really re-switcheeh fCELL2 to CELL1,
e enablereswitch that enables the users re-switching procedure.

Therefore we use the overall model to simulate the behavimrcouple of cells: [CELL,CELLH. As we can see from Figure
2, we obtaining two types of results for CELILthe congestion measures and the users switching distibbbth for the
idle and the active users. We finally note that from this satiah we do not obtain any information relevant to CELL, as th
overall model accounts for the re-switching procedure d§ timose users that have been previously switched from CIBLL t

CELL-I, leaving out those users that have been previously swittbed CELL to another cell.
4.4 The “users switching/reswitching sub-model” for CELL using external users switching distributions

Our purpose is to construct a GPRS cell model that simulagbéhavior of the congested cell (CELL) during outage,
cell resizing and outage recovery using some external sggtshing distributions (see poimt of the pseudo-code algorithm
in the previous section). In Figure 7, we show the sub mogslhlas been added to the “generic GPRS cell model”. The
black line separates the components belonging to the “geG&RS cell model” (on the left) from those belonging to the

added model (on the right).

- A token in placeWork means that the system works properly. Tokens in pMigeChOutrepresent the number of
unavailable traffic channels. A token in pla@& means that the outage is ended or, equivalently, that theraylsas
been repaired. The pla@nableswitch contains only one token and then the transit@magetimeToReacts able
to fire only one time. Tokens in pla@etiveToSwitclandidleToSwitchrepresent, respectively, the number of active
and idle users to switch from CELL to CELL-Tokens in placectiveUsersLosandidleUsersLostepresent, respec-
tively, the number of active and idle users that are lostrdyitfie switching procedure. Tokens in plaive Switched
andidleSwitchedrepresent, respectively, the number of active and idlesusslly switched from CELL to CELL-

I. Tokens in placectiveSwitchedToOtherCelisdidleSwitchedToOtherCeliepresent, respectively, the number of
active and idle users really switched from CELL to all otheceiving cells except for CELL- Tokens in place
activeToReswitclandidleToReswitclrepresent, respectively, the number of active and idlesusslly re-switched
from CELL-l to CELL. A token inenablereswitchenablesactiveReswitchingdleReswitchingactiveLossreswitch
idleLossreswitchanddeltaTimetransitions. The part of the model composed of the pladex the output gatsim-
ulate reswitchingand the deterministic transitiateltaTimeis responsible to simulate the re-switching of idle/active
users from all the receiving cells CELL-..., CELL-N to CELL. In particular, each time thdeltaTimetransition fires,

the output gatsimulatereswitchingnoves some tokens activeReswitchingnd/oridleReswitchingplaces, following
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Figure 7. “users switching/reswitching sub-model” for CEL L using external users switching distribu-
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the “activeSwitchedTotal” and “idleSwitchedTotal” diftwtion arrays defined in Section 3. The pldedexis used as

index for the arrays.
- The marking of plac&ork andenableswitchis initially set to 1, whileidle place containdlumUsergokens.

- The deterministic transitio®@utagefires at 200 seconds (T0), that is the time required by theesyso reach the

steady-state. The other deterministic transitions, withdorresponding firing time, are:

- OutagetimeToReactfiring in outageReactionTimsec.), that represents the time necessary for the system to

react to the outage (it's equal to T1-TO0);



- Rip (firing in riptime sec.), that represents the time necessary for the systeenrgphired (it's equal to T2-T0);

- endOutagdimeToReactfiring in outageEndReactionTinsec.), that represents the time necessary for the system

to react to the end of the outage (it's equal to T3-T2).

The input and output gates are defined as in TaBle the Appendix.

Here, we briefly describe the model behavior following thaperal events of Figure?(b). Before time TO, the system
is in steady-state. At time TO th@utagetransition fires and some tokens are put in plBleenChOutthat represents the
number of unavailable traffic channels. From this momer,system is working in a degraded manner. At time T1, the
gatewait for_switchputs the established number of tokens (users) in @atige ToSwitclfactive users to switch) ardle-
ToSwitch(idle users to switch) and then the switching procedureasstdokens (users) that remain in plaiveUsersLost
andidleUsersLostrepresent the number of active and idle users lost duringwhiehing procedure. Tokens in plaee-
tiveSwitchedandidleSwitchedepresent the number of active and idle users really swdtétoen CELL to CELLA. Tokens
in placeactiveSwitchedToOtherCeledidleSwitchedToOtherCellepresent, respectively, the number of active and idle
users really switched from CELL to all other receiving celicept for CELL}. At time T2 theRip transition fires and the
outage ends. From this moment, CELL restarts to work prgpAtltime T3, theendOutagdimeToReacdtransition fires, the
mark of the placenablereswitchis set to 1 and the re-switching procedure starts. The tiansiactiveLosseswitchand
idleLossreswitchare enabled and the users previously lost are reinsertadigi¢ Overlappedlace. ThectiveReswitching
andidleReswitchingransitions are enabled and then the users in plescesnonActiveSwitchethd commonldleSwitched
(representing, respectively, the active and idle userg t@kswitched from CELL-to CELL) are sent, respectively, to place
activeOverlappedndidleOverlappedThe re-switching procedure ends when the same number i&f pissviously switched
from CELL1 to CELL2 is then re-switched. We finally note thiag¢ tusers switched from CELL to all the other receiving cell

except for CELL} are not re-switched.

5 Model evaluation

We perform a transient analysis in the interval of time failog the occurrence of an outage to the new system steatky-sta

after the outage repair. All the models have been numeyisallved using the simulator provided by the Mobius took(se

[5))-

We are interested in evaluating two measures:

¢ the point-wise congestion perceived by the users in eathtcedrying of time PCf), calculated as thpercentage of

the active users with respect to the total number of usersarcel|

e total congestion indicatoCi), representing the average congestion perceived by ths.use



Users Overlap.Users Act.Usersto Switch | Act.Usersto Lose
CELL 180 150 0,75, 150 0,8, 15
CELL1 140 60 0, 30, 60 0,3,6
CELL2 170 50 0, 25,50 0,35
CELL3 200 40 0, 20, 40 0,2,4
Table 1. Analyzed scenario: cell topography and fine-tuning parameters

For a more technical description, please refer to [4].

5.1 Settings for the Numerical Evaluation and Analyzed Sceario

Table 1 shows the values we assigned to the main parameteecbfcell. We consider a network composed of one
congested cell (CELL) in overlapping with other three cé0&LL1, CELL2 and CELL3), having the same number of traffic
channels (three) but different user populations. Theegfach cell has a different workload level at steady-state.

The fine-tuning is performed in terms of the number of actisera to switch from CELL to each other cell. In particular,
we consider three scenariag:the case where no cell resizing is performggithe case where a cell resizing involving 50%
of the users in the overlapping area is performed,iaif)dthe case where a cell resizing involving 100% of the userkén t
overlapping area is performed. Moreover, we suppose tiRatdf@he active users switched are lost during the reconfigura

action.

5.2 Numerical Evaluation

In this section, we show the results obtained from the sitiaria. In all the figures plotting the simulation results th
time interval on the x-axis starts at time 200 sec. (the auitaggurrence time) and ends at time 556 sec. (the time the new
steady-state is reached in all the cells). Moreover, thel$aB0, T1, T2 and T3 on the x-axis have the following meanings
TO is the time the outage occurs in CELL; T1 is the time the estign management technique reacts and decides to switch
X users from CELL, distributed as X1 users to CELL1, X2 user€ELL2 and X3 to CELL3; T2 is the time the outage

ends; and T3 is the time the users re-switching from CELL1LICEand CELLS to the original cell (CELL) starts.

Figures 8(a), 8(b) and 9(a) show the congestion perceivethdysers (the Point-wise Congestion function) in each
receiving cell (that is CELL1, CELL2 and CELL3, respectigedt varying of the number of the active users to switch (0%,
50%, 100% of the number of users in the overlapping area)iddbly, the TCi value increases when we increase the value
of theactiveUsersToSwitgharameter. We note that, after time T1 (the switching tirted congestion initially increases, but
decreases immediately after. This happens when the rageteil is not congested and, then, can absorb the added traffi
Moreover, the traffic overload induced in the cell has mogatige impact if the congestion level at steady-state imszs.

Figure 9(b) shows the congestion perceived by the userindh affected by the outage at varying of the number of the
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Figure 10. (a) Overall Congestion Perceived and (b) Active U  sers Switched from CELL to all other
cells

active users to switch from the cell to all the other cell@riithe figure we note that if we increase the total number dfect
users to switch from 75 to 150, the TCi value remains the sarh& happens, in general, when the system tries to switch
“too much” users and then the negative effects due, for el@mtpthe augmented number of users lost is equivalent to the

positive effects due to the augmented number of users ssdtch

Figure 10(a) shows the behavior of the overall GPRS netwomposed of CELL, CELL1, CELL2 and CELL3 at varying
values of theactiveUsersToSwitcharameter. We analyze the percentage of the unsatisfieslingée network with respect
to the total number of users camped in the four cells (in tkésgple 180+140+170+200=690 users). We note that the 100%
cell resizing curve is worse than the 50% one as the positigets induced by the decongestion in CELL don’t compensate
the negative effects on CELL1, CELL2 and CELL3 (the recajirlls).
Lastly, Figure 10(b) shows the number of active users readlitched from CELL to the other cells. We note that the
switching and re-switching procedures are not instantasebhis means that there are not enough active users imiakydia

available to be switched at time T1 (the switching time) amdwitched at time T3 (the re-switching time).

6 Conclusions

In this paper, the congestion analysis of a general GPRSonlketeonfiguration has been performed in terms of QoS
indicators expressing a measure of the congestion pettbiveisers. This work constitutes an enhancement with réspec
to previous studies on GPRS congestion evaluation, sinemergl GPRS network consisting of a number of cells paytiall
overlapping has been considered. When a congestion isierped by one of these cells (in the study, the central one), a

family of congestion management techniques is put in placeperate a redistribution of a number of users in the cdedes



cell to the neighbor cells, in accordance with the overlaggireas. Determining appropriate values for the usersitolsw
so as to determine an effective balance between conged#iguiaton in the congested cell and congestion inducerimethie
receiving cells, is a critical aspect in such contexts. lseoito carry on such fine-tuning activity, a modeling metHodg
has been outlined, appropriate to deal with the system aaxitpland the consequent state-space explosion problerdelglo
resolution through a simulation approach has been periimerder to provide numerical estimates. The obtainedt®su
although dependent on the considered parameters setiimg leehavior trends very useful to make an appropriate ehufic

the number of users to switch, which is the critical paramfetethe congestion management technique.
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A APPENDIX



Input Gate ConfTraffChOut
Predicate 1
Function NumChOut-Mark()=GPRSChannelOut;
Input Gate wait for_reswitch
Predicate (Ok—Mark()>0)
Function activeToSwitch-~Mark()=0;
idleToSwitch—Mark()=0;
enablereswitch—Mark()=1;
Input Gate wait_for_switch
Predicate (NumChOut-Mark()>0)
Function activeToSwitch-Mark()=activeUsersToSwitch;
idleToSwitch—Mark()=idleUsersToSwitch;
enableswitch—Mark()=0;
Output Gate Rip_gate
Function NumChOut-Mark()=0;
Ok—Mark()=1;
Input Gate beginActiveSwitch
Predicate (activeUsersLost-Mark()>activeUsersToLose) && (enahleswitch—Mark()==0)
Input Gate beginldleSwitch
Predicate (idleUsersLost>Mark()>idleUsersToLose) && (enableeswitch—Mark()==0)
Input Gate activeSwitchingToOtherCellsontrol
Predicate (activeSwitchedToOtherCelisMark() < numOtherCells * activeSwitchedMark()) ||
(activeSwitched-Mark() == activeUsersToSwitchReceivingCell - activeldSeloseReceiv-
ingCell)
Input Gate activeSwitchingcontrol
Predicate (activeSwitched-Mark() < activeUsersToSwitchReceivingCell - activeUsersTolL esaf/ing-
Cell) && (numOtherCells * activeSwitched-Mark() <= activeSwitchedToOtherCelisMark())
Input Gate idleSwitchingToOtherCellsontrol
Predicate (idleSwitchedToOtherCelisMark() <  numOtherCells * idleSwitchedMark()) ||
(idleSwitched—Mark() == idleUsersToSwitchReceivingCell - idleUserstsleReceivingCell)
Input Gate idleSwitchingcontrol
Predicate (idleSwitched-Mark() < idleUsersToSwitchReceivingCell - idleUsersToLoseRéogiCell) &&
(numOtherCells * idleSwitchedMark() <= idleSwitchedToOtherCells Mark())
Table 2. Relevant Input and Output Gate Configuration for CEL L
Input Gate controllerswitch active
Predicate (activeSwitched-Mark()>myActiveSwitched-Mark()) && (enablereswitch—Mark()==0)
Input Gate controllerswitch.idle
Predicate (idleSwitched-Mark()>myldleSwitched-Mark()) && (enablereswitch—Mark()==0)

Table 3. Relevant Input and Output Gate Configuration for CEL L-1



Input Gate ConfTraffChOut
Predicate 1
Function NumChOut-Mark()=GPRSChannelOut;
Input Gate wait for_reswitch
Predicate (Ok—Mark()>0)
Function activeToSwitch-~Mark()=0;
idleToSwitch—Mark()=0;
enablereswitch—Mark()=1;
Input Gate wait_for_switch
Predicate (NumChOut-Mark()>0)
Function activeToSwitch-Mark()=activeUsersToSwitch;
idleToSwitch—Mark()=idleUsersToSwitch;
enableswitch—Mark()=0;
Output Gate Rip_gate
Function NumChOut-Mark()=0;
Ok—Mark()=1;
Input Gate beginActiveSwitch
Predicate (activeUsersLost-Mark()>activeUsersToLose) && (enahleswitch—Mark()==0)
Input Gate beginldleSwitch
Predicate (idleUsersLost>Mark()>idleUsersToLose) && (enableeswitch—Mark()==0)
Output Gate simulatereswitching
Function double activeSwitchedTotal[] £..}; /* *** Manual insertion (active users to re-switch) *** */

double idleSwitchedTotal[] £...}; /**** Manual insertion (idle users to re-switch) *** */

int Nact=...; /**** Manual insertion (length of activeSwdhedTotal[]) *** */
int Nidl=...; /*** Manual insertion (length of idleSwitchdTotal[]) *** */
if (Nact>0) {

if (index—Mark()<Nact-1)
activeToReswitch-Mark() = active ToReswitch-Mark() +
activeSwitchedTotal[indexMark()+1] - activeSwitchedTotal[indexMark()];
else if (index»Mark()==Nact-1)
activeToReswitch-Mark() = active ToReswitch-Mark() +
activeSwitchedTotal[indexMark()]; }
if (Nidl >0) {
if (index—Mark()<NidI-1)
idleToReswitch~Mark() = idleToReswitch-Mark() +
idleSwitchedTotal[index>Mark()+1] - idleSwitchedTotal[indexMark()];
else if (index—~Mark()==NidI-1)
idleToReswitch-Mark() = idleToReswitch-Mark() + idleSwitchedTotal[indexMark()]; }
index—Mark()=index—Mark()+1;

Table 4. Relevant Input and Output Gate Configuration for CEL
distribution

L using external users switching




