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Abstract. We evaluate different call admission control policies in various multiservice cellular scenar-
ios. For each of the studied policies we obtain the maximum calling rate that can be offered to the sys-
tem to achieve a given QoS objective defined in terms of blocking probabilities. We propose an optimi-
zation methodology based on a hill climbing algorithm to find the optimum configuration for most
policies. Preliminary results show that policies of the trunk reservation class outperform policies that
produce a product-form solution and the improvement ranges approximately between 5 and 15%.
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1 Introduction

Call Admission Control (CAC) is a key aspect in the design and operation of multiser-
vice cellular networks that provide QoS guarantees. Different CAC strategies have been
proposed in the literature which differ on the amount of information that the decision
process has available. Obviously, as more information is fed into the process that decides
if a new call is accepted or rejected both the system performance and the implementation
complexity increases. We study a class of CAC policies for which the decision to accept
a new call, say for example of service r, depends only on either the number of resource
units occupied by the calls in progress of service r (which produce a product-form solu-
tion) or the number of free resource units in the system (trunk reservation).

The physical meaning of a unit of resources will depend on the specific technological
implementation of the radio interface. Two sets of parameters are required to obtain the
optimum configuration for these policies: those that describe the services as markovian
processes and those that specify the QoS objective. The QoS objective is defined in terms
of the blocking probabilities for both new setup requests and handover requests. In a
wireless scenario this distinction is required because a call being forced to terminate due
to a handover failure is considered more harmful than the rejection of a new setup re-
quest. The configuration of a CAC policy specifies the action (accept/reject a
new/handover request from each service) that must be taken in each system state in order
to maximize the offered calling rate while meeting the QoS objective.

For the class of CAC policies under study, an important question that arises is how the
performance of simple policies that produce a product-form solution compare to the per-
formance of the trunk reservation policies and how sensitive these policies are to the tol-
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erance of system parameters and to overloads. Surprisingly, and to the best of our knowl-
edge, no studies have been published so far comparing the performance and sensitiveness
of these policies when deployed in cellular access networks.

For a monoservice scenario, it has been shown in [1] that two trunk reservations po-
lices named the Guard Channel and the Fractional Guard Channel® are optimum for
common QoS objective functions. More recently, the multiservice scenario has been
studied in [2], where using an approximate fluid model the optimum admission policy is
also found to be of the trunk reservation class. _

We study a representative selection of policies that produce a product-form solution,
which include: i) Complete-Sharing; ii) Integer Limit [3]; iii) Fractional Limit [4]; iv)
Upper Limit and Guaranteed Minimum (ULGM) [5]; v) Fractional Limit and Integer
Limit; vi) ULGM and Integer Limit; vii) ULGM and Fractional Limit, and, viii) ULGM
with Fractional and Integer Limits. We also study a representative selection of trunk res-
ervation policies, which include: ix) Multiple Guard Channel [6]; and, x) Fractional
Multiple Guard Channel [7,8]. Details for all these policies are given in the next section.

For each policy and for each possible configuration of them we determine the maxi-
mum calling rate that can be offered to the system in order to satisfy the QoS objective.
The result of this study is called the solution space and its peak value is called the system
capacity for the CAC policy. We obtain the solution space for each policy in five differ-
ent scenarios.

The main contributions of our work are: i) the determination of the optimum configura-
tion for different multiservice CAC policies in various common scenarios using a hill-
climbing algorithm; ii) the determination of the system capacity for each scenario (which
is attained at the optimum configuration); and iii) the sensitivity analysis of the perform-
ance of the different policies to both the tolerance of the values of the configuration pa-
rameters and to overloads. The deployment of a hill-climbing algorithm drastically re-
duces the computational complexity of the process that determines the optimum configu-
ration of a policy and, for example, compares quite favorably to the one proposed in [8]
for the Fractional Multiple Guard Channel policy.

We use the theory of Markov Decision Processes (MDP) [10] along with linear pro-
gramming techniques to obtain the optimum CAC policy and its configuration and we
find that the policy is of the Randomized Stationary (RS) type [9]. This policy outper-
forms previous policies and is considered as a performance upper bound in the compara-
tive study. Clearly the performance of the Complete Sharing policy defines the lower
bound.

The remaining of the paper is structured as follows: in Section 2 we describe the model
of the system as well as the CAC policies under study. In Section 3 we describe the RS
policy in detail, formulating a method for the design of the CAC policy as the solution to
a linear program. Section 4 justifies the interest of using a hill climbing algorithm for the
determination of the optimum configuration of a policy. In Section 5 we compute the

“In (1] FGC is referred to as Limited FGC.
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system capacity for each of the CAC policies under study. Section 6 discuses how the
CAC policies behave under overload conditions. Finally, Section 7 concludes the paper.

2 System Model and Admission Control Policies

We consider a single cell, where a set of R services contend for C resource units. For
any service r (/ < r < R), new setup requests arrive according to a Poisson process with
mean rate A, request ¢, resource units per call and the resource units holding time in the
cell is exponentially distributed with parameter w, . We will also consider that handover
request arrive according to a Poisson process with mean rate A”. Although the value of
A can be determined by a fixed point iteration method that balances the incoming and
outgoing handover flows of a cell as described [11], we will suppose it is a known frac-
tion of the value of A”. The QoS objective is expressed as blocking probabilities for both
new setup requests (B”) and handover requests (B’). Let the system state vector be

n=(nl,n;,.,ng,ny), where n'* is the number of service r calls in progress in the cell
that where initiated as a successful setup request or a handover request respectively. We
will denote by ¢(n)= Z:: y (n;' +n! )-c, the number of busy resource units in state n. Let

S, be the state space under policy P. For example, for the complete-sharing policy
Scs ={ ne N* IZL (nf +nf')-c, <C } The stochastic process n(t), which gives the

system state at time ¢, is an irreducible finite-state continuous-time Markov chain with a
unique steady-state probability vector 7.
The definition of each CAC policy under study is as follows:
1. Complete-Sharing (CS). A request is admitted provided there are enough free re-
source units available in the system.

2. Integer Limit (IL). Two parameters are associated with service r: /" for new setup

n
r

requests and /" for handover requests, /”,/” € N . A service r request that arrives in
state n is accepted if (n’* + 1) < 1" and blocked otherwise.

3. Fractional Limit (FL). Four parameters are assigned to service r: ¢”,t’e€ N and
q".q" €[01]. A service r request is accepted with probability one if (n™* +1)< ™,
otherwise new setup requests are accepted with probability ¢ and handover requests
with probability ¢’ .

4. Upper Limit and Guaranteed Minimum (ULGM). Service r requests have access to
two sets of resources: a private set and a shared set. The number of resource units in

the private set available for new setup requests is denoted as ('s” -c, ) and for hand-
over requests as (s’-c,), s7,s'e N. Therefore the size of the shared set is
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10.

11.

C—Z:/(sf +s")-c,. A service r request is accepted if (n™* +1)<s"" or if there
are enough free resource units in the shared set, otherwise it is blocked.

Fractional Limit and Integer Limit (FL+IL). Six parameters are associated with ser-
vice r: t7,t" I",I"e N, q",q" € [0,1]. A service r request is accepted with probability
one if (n*+1)<t™, it is accepted with probability ¢ if ™ <(n™" +1)<I",
and blocked otherwise.

ULGM and Integer Limit (ULGM+IL). Four parameters are associated with service r:
s',s"17,1"e N. A service r request is accepted if (n/* +1)<s™ or if there are

enough free resource units in the shared set and (n* +1)</"", and blocked other-
wise.

ULGM and Fractional Limit (ULGM+FL). Six parameters are associated with service
rsi,s"t"t" e N and ¢”,q" € [01]. A service r request is accepted with probability
one if (n™" +1)< s or if there are enough free resource units in the shared set and
(n" +1)<t', it is accepted with probability g"” if there are enough free resource
units in the shared set and (n"”" + 1) >t"", and blocked otherwise.

ULGM with Fractional and Integer Limits (ULGM+FL+IL). Eight parameters are
associated with service r: s”,s",¢",t*,1" 1" € N and ¢",q" € [0,1]. A service r request
is accepted with probability one if (n* +1)<s"* or if there are enough free re-
source units in the shared set and (n"* +1)<t™" it is accepted with probability ¢
if there are enough free resource units in the shared set and ¢™* <(n™" +1)<["" and

blocked otherwise.
Multiple Guard Channel (MGC). Two parameters are associated with service r:

I7,I" € N . A service r request that arrives in state n is accepted if ¢(n)+c, </’ and

blocked otherwise.
Fractional Multiple Guard Resource unit (FMGC). Four parameters are associated
with service r: t"," € N and q”,¢" € [0,1]. A service r request that arrives in state n

is accepted with probability one if ¢(n)+c, <#™", accepted with probability g"* if
c(n)+c, =t and blocked otherwise.

Randomized Stationary (RS). Each system state is assigned with a set of probabilities
q(n)={ q]"(n),q,"(n),...,q;(n),q,’;(n)} q(n)e [0,1%. A service r request that ar-
rives in state n is accepted with probability ¢ (n).
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3 Randomized Stationary (RS) Policies

In this section we redefine the notation of the system state vector as x=(x,,...,x; ),
where x, =n +n”. Therefore the state space is Sg ={ xe Nf ]Z’il x,c, <C } Each
state has an associated set of actions A4(x)e 4, where A4 is the set of all actions,
A E{ a=(a,..az):a, =0,l,2}. Element a,of an action a encodes how service r re-
quests are handled, and its meaning is as follows: a, =0 reject both new and handover
calls; a =1 accept handover calls and reject new calls; and a, =2 accept both new and
handover calls. When an RS policy is applied, one of the possible actions A(x) is chosen
at random according to the probability distribution p_(a), a€ A(x), each time the proc-

ess visits state x. The transition rate between states depends on the action chosen. Let
r,(a) denote the transition rate between states x and y when action a is chosen. Tran-

sitions rates can be expressed as:
associated to arrivals (y=x+e,) associated to departures (y =x—~e,)
0 ifa =0 ry(a)=xu,
= h o=
ro(a)=4 A, ifa, =1
X+ ifa, =2
where r denotes the service type and e, is a vector whose entries are all 0 except for

the r-th one which is 1.
The continuous time process is converted to a discrete time one by applying the uni-
formization approach. This is possible since a uniform upper bound I' can be found for

the total outgoing rate from each state, where ' = Z; (A7 +A" +Cu ). The transition
probabilities for the uniformized discrete time Markov chain can be written as:

ry(a)/T V#EX
Po(a)= {1 =D s, Pol@) y=x

Let us define the following cost functions:
n 1 ifa =01 A 1 ifa =0
C’(a)_{o ifa, =2 C’(a)'{o ifa, =12

Cost functions are defined in such a way that their time average equals the correspond-
ing blocking probability, i.e.

o, (Bl nan] )
p;" =lim

ks (k+1)

where x(t)and a(t) represent the state and action at time t.
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Let p(x) denote state x probability. If we introduce p(x,a)= p(x)p(a) then the

following equation holds: p(x)= Z p(x,a).

acA(x)

3.1 Constrains. We now define several constraint sets that are subsequently used to
formulate the design criterion:

SO Zp(x’a) = ZTyx(a)p(y'a)' xXe SRS

ae A(x) YESgs

e d(y)
Zp(x,a)=l , p(x,a)=0

XESps

acA(x)
Constraints in SO stem from the associated Markov chain equations.
S1 > p(xajl(xa)<B/, J=nh r=1.,R

X€ Sps

a€d(x)

Parameters B"" represent the maximum allowed values for the blocking probabilities.

3.2 Design Criterion. The design criterion considered here is made up of an objective
function, which is to be minimized, plus the constraint sets defined above. As both
objective functions and constraints are linear, the design problem can be formulated as a
linear program. Thus the simplex method or other well-known algorithms can be used to
solve the linear program. Different design criterion can be used [9] but in this work we
only use the following:

Minimize subject to: SO and S1

R

> p(xallci(x.a)+c!(x.a))
X€Sgs
acA(x)

In this way, the blocking probability for each service is minimized and upper bounded
by the QoS objective. From a practical perspective it is worth noting that there may not
exist a feasible solution if the value of C is not high enough. Finding the minimum value
of C so that a feasible solution exists or, equivalently, finding the maximum offered traf-
fic so that a feasible solution exists for a given C, are typical problems at the planning
phase that can be solved by applying this design criterion.

4 Determination of the Optimum Policy Configuration

The common approach to carry out the CAC synthesis process in multiservice systems
is by iteratively executing an analysis process. We call synthesis process to a process that

having as inputs the value of the system parameters (A", . ,c, and C) and the QoS ob-
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n.h
r

jective (B™"), produces as output the optimum configuration (the thresholds /", ™", s™*
J p p p p g - ,

for a given CAC policy. While the analysis process is a process that having as inputs the
value of the system parameter and the configuration for a given CAC policy produces as
output the blocking probabilities for the different services.

Given that in general, the blocking probabilities are non-monotonic functions neither
of the offered load nor of the thresholds that specify most policy configurations, the com-
mon approach is to carry out a multidimensional search using for example meta-
heuristics like genetic algorithms which are able to find a good configuration in a reason-
able amount of time. It should be also pointed out that each execution of the analysis
process requires to solve the associated continuous-time Markov chain, for which we use
the Gauss-Seidel algorithm where the solution has not a product-form. As shown before,
the first eight policies are created by defining multiple thresholds with multiple weights
for each traffic stream. It is shown [12] that these policies result in product-form solu-
tions.

In this respect, formulating the problem of finding the optimum CAC policy by the
theory of MDPs has as advantage that both the value of the system parameters and the
QoS objective become part of the inputs and as output we obtain the optimum configura-
tion. Therefore no additional search is required.

An efficient approach to obtain the optimum configuration for most CAC policies is to
deploy a hill-climbing algorithm, which is useful for finding the coordinates of the peak
value of a multidimensional function. In order to illustrate the algorithm we have chosen
a simple example that allows us to represent the solution space in only three dimensions
as shown in Figure 1. The scenario selected is a single cell with C =10 resource units
and two services without their associated handover streams, which require ¢, =1 and

¢, =4 resource units to carry a call and have B, =5% and B, =1% as QoS objectives

respectively. The resource allocation is managed according to the decisions of a MGC
policy which configuration is defined by two parameters /, and /,. Remember that a call

setup request from service 1 is accepted only if ¢(n)+c, </, and that a call setup request
from service 2 is accepted only if ¢(n)+c, </,. As defined in section 1, the solution

space defines the maximum calling rate (A=A, +4, ) that can be offered to the system

for each feasible configuration in order to satisfy the QoS objective.

Given an starting point in a k-dimensional discrete search space (for example, point 0
in Figure 1), the hill-climbing algorithm begins by computing the value of the function
(the system capacity A, ) for the 2 adjacent neighbours in each of the & dimensions

(points a, b, ¢ and d in Figure 1). Then the algorithm selects as the new starting point the
adjacent one for which the value of the function is larger (point ¢ in Figure 1) and the
process repeats. In this way the algorithm makes a number of successive unitary steps
along each dimension of the search space and stops when it reaches the peak.

It should be noted that the system capacity is expressed as a relative value to the capac-
ity obtained for the Complete Sharing policy. When the solution space is continuous, as
happens when deploying the FMGC policy, a gradual refinement process is used to re-
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duce the size of the step once a promising region has been found, possibly close to the
optimum.

Typically, the optimum configuration for any policy is near the CS configuration, and
therefore it is a good idea to select it as the starting point. In Figure 1, points 1 to 5 illus-
trate a typical progression of the algorithm starting from the CS configuration (point 1)
and ending at the peak (point 5).

Scenario B
— ~ MGC
‘ C=10 resource units
No handover calls

Fig. 1. Example of the use of a hill-climbing algorithm to determine the optimum configuration for the MGC policy.

The study of the optimum configuration for each policy is done for five different sce-
narios (A, B, C, D and E) that are defined in Table 1, where the B’ are specified as per-
centages. To gain additional insight into the problem we show the solution spaces for the
IL and MGC policies in the scenario A. These policies are selected because they have
solution spaces with shapes that can be considered as representing two extreme behav-
iors. The MGC has been chosen instead of the FMGC policy, because its has the same
number of configuration parameter than the IL policy. Given that each policy has a four-
dimensional solution space in the scenario under study, an appropriate representation is
required.

For the IL policy, Figure 2 plots the variation of system capacity A, (expressed as a
relative value to the capacity obtained for the Complete Sharing policy) as a function of
each configuration parameter (/,//,/; and I,) while keeping the others constant at their
optimum values in scenario A with C=40. As it could be expected, the values of the con-
figuration parameters at which the peak for 4 __ (1.09) is achieved are different. An in-

teresting observation is that the peak value seems insensible to the values of some con-
figuration parameters in a quite large region. Unfortunately, the peak value seems quite

sensible to the value of /", that is to the threshold defined for new calls of service 1.
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Table 1. Definition of the scenarios under study.

A B C D E
¢ 1 1 1 1 1

¢ 2 4 2 2 2
A 08 08 02 08 08
£ 02 02 08 02 02
B% S 5 5 1 1
B! % 1 1 I 2 1
A,B,C,D,E

B'% 0.187

A fA

N 0.5X)

Ky 1

U, 3

..... S U |
1 |
' '
2 v *
M | |
________ T | T
| ' i
| 1 I
| 1 !
————— B i
!
i
i
!

—— Service 1 New
—e— Service 1 Handover
—— Service 2 New
—— Service 2 Handover

1

25 30 35 40

Fig. 2. Two dimensional representation of the solution space for the IL policy in the scenario A with C=40.

This can be intuitively explained if we note that if the system is loaded with 4 __ and
we deploy the Complete Sharing policy then the blocking probability achieved for the
new calls of service 1 p; is far below its objective, while the blocking probabilities

achieved by the other traffic streams are much closer to their objectives. In this scenario
we can increase the capacity of the system by restricting the access to the new calls of
service 1 (by increasing its threshold if deploying the IL policy) and offering the new
available capacity to the other traffic streams. Therefore, if a value larger than the opti-

mum one is chosen for /! the performance of the IL policy approximates the perform-
ance of the CS policy, but if a value smaller than the optimum one is chosen for /' the
performance of the IL policy can be even worse than the performance of the CS policy.
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For the MGC policy, Figure 3 plots the variation of system capacity A_, (expressed

again as a relative value to the capacity obtained for the Complete Sharing policy) as a
function of each configuration parameter (/",/",/7 and /;,) while keeping the others con-

stant at their optimum values. As it could be expected, the values of the configuration
parameters at which the peak for 4, (1.24) is achieved are different. For this policy,

there is no plateau but a clear half-pyramidal or near-half-pyramidal shape with the
maximum located at the apex. In this case, the position of the apex is of capital signifi-
cance since no far away from this point the system capacity is poor compared to the one
obtained for the CS policy. This solution space suggests that the definition of the con-
figuration parameters requires more precision, unless we are willing to accept a degrada-
tion of the system capacity. Nevertheless, the slop of the curves are now less steep. It
should also be noted that, as mentioned before, the optimum configuration is close to the
CS configuration (all thresholds set to C).

1.4 . . T . . . .
1 1 1 1 1 1 i
104k ol U A - deeoo- R -
L e e L b LR
1 1 1 1 I i
1 1 1 | 1 1
| A S S [ [ P
0.8F-===m=====1==mmmrm— - S - LEEEEy ~ APV R
8 |
M 06F----tmmmmm b AT T
A
(I R e S el o EEE L S LS EEE
Service 1 New
0oL —— Service 1 Handover | |
’ —o— Service 2 New
o —— Service 2 Handover
0, = == i T T
0 5 10 15 20 25 30 35 40

Fig. 3. Two dimensional representation of the solution space for the MGC policy in the scenario A with C=40.

5 System Capacity

In this section we obtain the system capacity that an operator can expect when deploy-
ing one of the CAC policies under study. As defined before, the system capacity is the

maximum arrival rate of new calls (A = Z::lk", ) that allows the system to meet the QoS

requirements, i.e. that produces blocking probabilities lower or equal than the B"*. The

study is done for the five scenarios described in Table 1. Results for the capacity are dis-
played in Table 2. They are expressed as relative values referred to the capacity obtained
for the Complete Sharing (CS) policy, while for this policy we display absolute values.

526



The maximum traffic that can be offered by each service can be easily determined from
the parameters in Table 1 once the system capacity has been obtained.

As observed, the trunk reservation policies perform better than those that produce a
product-form solution and the improvement ranges between 5 and 15% approximately,
although in some configurations can be lower and in other a bit higher. However, the
relative gain diminishes when the number of resource units C increases.

In general, the implementation complexity is not an issue in these type of policies be-
cause at the most they only require to store a reduced set of parameters per service. For
the RS algorithm, it can be shown that the maximum number of variables that need to be
stored are the number of states plus 4R [9].

Table 2. System capacity for the CAC policies under study.
FL ULGM ULGM ULGM

CcS IL ULGM FL +IL +FL +IL +FL+IL  MGC FMGC RS

C
10 1.540 113 1.07 113 L14 1.18 117 1.18 123 1.33 1.34
A 20 5.614 1.11 1.06 .12 113 1.15 1.14 1.16 1.26 1.31 1.31
40 15.760 1.09 1.07 1.10  1.10 1.14 1.13 1.14 1.24 1.25 1.26
10 0.366 1.05 1.00 1.18  1.18 1.18 1.05 1.19 1.10 115 1.20
B 20 2779 1.03 1.08 1.11 1.11 1.12 1.09 1.13 1.21 1.25 1.25
40 10.385 1.06 1.04 1.07__1.10 1.09 1.06 1.10 121 1.22 1.23
10 1.366 1.07 1.05 1.07 109 1.10 1.08 1.10 L1t 1.21 1.22
C 20 5972 1.05 1.05 1.08 1.08 1.07 1.06 1.09 1.20 1.21 1.21
40  17.615 1.05 1.04 .07 1.07 1.07 1.06 1.07 1.15 1.16 1.16
10 1.744 1.03 1.00 1.06 1.06 1.04 1.03 1.06 113 1.16 1.17
D 20 6.047 1.04 1.00 1.05  1.05 1.05 1.04 1.05 1.13 1.15 1.15
40 16.543 1.03 1.00 1.04  1.04 1.00 1.03 1.04 1.10 111 1.11
10 1.540 1.05 1.00 1.06 1.06 1.05 1.05 1.06 1.13 1.17 1.17
E 20 5.615 1.04 1.02 1.05  1.05 1.06 1.05 1.06 1.13 1.15 1.16
40 15.760 1.03 1.02 1.04 1.04 1.05 1.04 1.05 1.10 1.10 1.10

6 Sensitivity to Overloads

We study how the achieved blocking probabilities for the handover request p’ of all
services increase with different degrees of overload (1% to 500%), which is defined as
the ratio of the offered aggregated calling rate to the 4, that allows the system to meet
the QoS requirements. It should the noted that the components of the offered aggregated
calling rate are determined by A" = f A as shown in Table 1, and therefore, as we in-

crease he offered aggregated calling rate A their relative relation is maintained.
Given a policy and a configuration, the limiting service (LS) is the one for which its
achieved p’or p! prohibits to increase A__ . When deploying any of the policies that

produce a product-form solution and the system is loaded with /4

max >

typically, the
achieved p’ of the LS is the one closest to its objective, while for some very few particu-

lar cases it is the p; of the LS which is the one closest to its objective. When overload
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occurs, typically, the p” of the LS goes above its objective, while for the very few par-
ticular cases mentioned before is the p” of the LS which goes above its objective, while
all the p! remain below their objectives for a certain range of overload.

When deploying any of the last three policies and the system is loaded with 4__, all

‘max 2
nh

r

the achieved blocking probabilities p” are quite close to their objectives, and this is

specially true for the last two. Under a certain degree of overload, the p” achieved by the
LS is typically smaller than the p” achieved by the LS of any of the policies that produce

a product-form solution, except for the very few particular cases just described. The in-
crease ratio for the p/ with a given increase of the overload ratio tends to be similar for

all policies. All the comments of this section are specially applicable in scenarios with
C=20 or 40 bandwidth units.

Table 3. Sensitivity to overload of the achieved handover blocking probabilities for the different services when
deploying policies IL+ULMG and MGC in scenario B with C=20 bandwidth units .

overlond [L+ULMG MGC
VoAt pr /B | ph(A)/ Pl (A) | 1/ B ] PH(A)/ PP (A)
0% 0,366 0,528
1% 0,383 1,048 0,552 1,045
2% 0,401 1,097 0,577 1,092
5% 0,460 1,256 0,655 1,241
h 10% 0,570 1,558 0,802 1,518
14 20% 0,846 2,313 1,159 2,194
50% 2,208 6,038 2,780 5,265
100% 6,550 17,910 7,252 13,731
200% 21,529 58,867 20,098 38,056
500% 71,837 196,426 59,413 112,500
0% 1,000 0,834
1% 1,048 1,048 0,873 1,047
2% 1,099 1,099 0,914 1,096
5% 1,260 1,260 1,044 1,252
h 10% 1,565 1,565 1,289 1,546
P 20% 2,331 2,331 1,891 2,269
50% 6,119 6,119 4,722 5,663
100% 18,374 18,374 12,988 15,577
200% 62,536 62,536 39,135 46,937
500% 224,925 224,925 135,061 161,985

Table 3 shows an example of the variation of the sensitivity to overload of the
achieved handover blocking probabilities for the different services when deploying poli-
cies IL+ULMG and MGC in scenario B with C=20 bandwidth units. Clearly, is the hand-
over blocking probability of service 2 the one which prohibits to increase A__, and when

‘max 2

overload occurs is p] the one which goes beyond its objective first. For each policy, the
table shows the ratio of the achieved to the objective handover blocking probabilities for
each service and degree of overload. For example, for the IL+ULGM policy and a 10%
of overload the achieved handover blocking probability of service 1, p/, is 56.98%
higher than its objective (B =5%). It also shows the relative increase of the p” in rela-
tion to the previous degree of overload. For example, for the IL+ULGM policy the
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achieved handover blocking probability of service 1 for an overload of 10% is 24,01%
higher than the achieved handover blocking probability of service 1 for an overload of
5%.

Table 4. Sensitivity to overload of the achieved handover blocking probabilities for the different services when
deploying policies IL+ULMG and MGC in scenario B with C=40 bandwidth units.

1oad IL+ULMG MGC
Overload 7w B T pH(4)/ (A, ) | P2/ B | PL(A) P ()
% 0,780 0,484
1% 0,833 1,069 0,521 1.075
2% 0,389 1141 0,559 1154
5% 1,074 1378 0,686 1415
Wl 10% 1,445 1,853 0,938 1,937
P 20% 2,445 3137 1,610 3325
50% 7.881 10,110 4,961 10.244
100% | 23,933 30,700 13,741 28372
200% | 60833 78,035 35171 72,622
500% | 121.8939 156,362 88,536 182.810
0% 0,896 1,000
1% 0,973 1,087 1077 1,077
2% 1,056 1,180 1,158 1,158
5% 1,339 1,495 1427 1427
Al 10% 1937 2,162 1.967 1,967
P 0% 3,708 4,140 3424 3,424
50% 15,245 17,021 10924 10924
100% | 56901 63.531 31,577 31577
200% | 176424 196,980 85.581 85,581
500% | 447825 500,005 240311 240311

Table S. Sensitivity to overload of the achieved handover blocking probabilities for the different services when
deploying policies IL+ULMG and MGC in scenario A with C=20 bandwidth units.

Overload IL+ULMG MGC
VR o /B | pi(A)/ P (A,,) | Pt /B | PH(A)/ P (A,,)
0% 0,900 1,000
1% 0,953 1,060 1,068 1,068
2% 1,009 1,122 1,140 1,140
5% 1,192 1,325 1,374 1,374
h 10% 1,549 1,722 1,830 1,830
4 20% 2,479 2,755 3,003 3,003
50% 7,225 8,030 8,456 8,456
100% 20,805 23,124 21,413 21413
200% 53,536 59,503 48,627 48,627
500% 113,764 126,445 102,581 102,581
0% 1,000 0,983
1% 1,082 1,082 1,054 1,073
2% 1,168 1,168 1,129 1,149
5% 1,460 1,460 1,378 1,402
h 10% 2,067 2,067 1.871 1,904
P 20% 3,813 3,813 3,182 3,238
50% 14,668 14,668 9.805 9,977
100% 53,114 53,114 27,777 28,266
200% 166,041 166,041 73,348 74,641
500% 428,527 428,527 197,079 200,552

Table 4 and Table 5 show the same information than Table 3 but in scenario B with
C=40 and scenario A with C=20 bandwidth units respectively. In the scenario of Table 4

is clearly one of the p’ the one which prohibits to increase A___, and when overload oc-

‘max 2
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curs is this p” the one which goes beyond its objective first. It should be observed that

the p! remain below their objectives for a certain degree of overload.

The scenario of Table 5 is an example showing that when deploying the MGC policy
the p! get closer to their objectives. As mention before, this is specially true when de-

ploying policies FMGC and RS.

Finally, two are the main conclusions that can be drawn from the sensitivity analysis to
overloads. First, in general, deploying an admission control policy is convenient because
it introduces a certain degree of fairness in sharing the penalty that supposes the increase
of the blocking probabilities among the different services. Second, in general, the last
three policies tend to handle similarly (in the low to medium overload region) or better
(in the high overload region) the overload, in the sense that the increase of the achieved
handover blocking probabilities are lower than the achieved when deploying any of the
policies that produce a product-form solution.

7 Conclusions

We have determined the maximum system capacity that can be expected by the opera-
tor when using different CAC policies. Trunk reservation policies outperform the policies
that produce a product-form solution in all the studied scenarios, but the shape of their
solution spaces show that higher precision is required when determining the optimum
configuration. Given that in practice the system parameters must be estimated and are
non stationary, trunk reservation policies could become less attractive.

Due to the multidimensionality and non monotonic behavior of the system under study
the determination of the optimum configuration becomes difficult and computationally
costly. We use a hill-climbing algorithm which reduces the computational complexity
considerably.

We have also studied the sensitivity of the policies to overloads and found that in gen-
eral trunk reservation policies handle the overload better.

Future work should address the study of the solution space for the RS policy, although
intuition suggests that it should have a shape slightly worse than the one found for the
FMGC policy.
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