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Abstract. Many networks, such as Non-Geostationary Orbit Satellite (NGOS) networks and networks
providing multi-priority service using advance reservations, have capacities which vary over time for some
or all types of calls carried on these networks. For connection-oriented networks, Call Admission Control
(CAC) policies which only use current capacity information may lead to excessive and intolerable dropping
of admitted calls whenever the network capacity decreases. Thus, novel CAC policies are required for these
networks. Three such CAC policies are discussed, two for calls with exponentially distributed call holding
times and one for calls whose holding time distributions have Increasing Failure Rate (IFR) functions. The
Admission Limit Curve (ALC) is discussed and shown to be a constraint limiting the conditions under
which any causal CAC policy may admit calls and still meet call dropping guarantees on an individual call
basis. We demonstrate how these CAC policies and ALC represent progressive steps in developing optimal
CAC policies for calls with exponentially distributed call holding times, and extend this process to the more
general case of calls with IFR call holding times.
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1. Introduction

Many networks have capacities which vary over time for many reasons. Some
of these causes, such as a sudden partial failure, may not be predictable. Other causes,
however, may be predictable. For example, consider a Non-Geostationary Orbit Satellite
(NGOS) system where a given geographic area is served by a succession of beams and
satellites. The capacity available to serve the area varies over time due to the power
distribution of beams within a satellite, the reuse pattern of channels, the number of
satellites and beams visible to the area, and whether the area is currently served by
a central beam with a small footprint or an edge beam with a large footprint. These
capacity variations over a given region in an NGOS system are cyclic, recurring as the
same sequence of satellites complete their orbits to serve the area once again. Due to
the different interactions listed above, the periodicity of the capacity variation sequence
may be considerably longer than the periodicity of a satellite’s orbit, but nonetheless the
capacity variations are periodic and thus known in advance.

* This work was supported by SBC Pacific Bell and University of California MICRO Grants No. 96-157,
97-152, and 98-131, and ARO Grant No. DAAG55-98-1-0338.
** Now with Trilogy Software, Inc., 6034 W. Courtyard Dr., Austin, TX 78730, USA.
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Predictable capacity variations occur in terrestrial networks as well. For exam-
ple, consider a mobile base station which uses GPS data to determine its future terrain,
and thus its future bandwidth capacity. Or, consider a multimedia network which ac-
cepts advance reservations for services such as a corporate videoconference or a pay-
per-view broadcast. With these reservations guaranteed a high priority in advance, the
network resources available to serve other, lower priority users will decrease at the start
of the reserved time, and thus constitute a deterministic future capacity change from
the perspective of these lower priority users. Many other examples also exist of net-
works whose capacities change in a deterministic manner with some amount of advance
notice.

Due to scarcity of resources such as spectrum, Call Admission Control (CAC) poli-
cies are vital in a network’s ability to guarantee Quality of Service (QOS) to connection-
oriented services. CAC policies protect a network from overloading by determining
whether incoming call requests should be accepted or rejected. As befits a subject of
such importance, CAC policies have been the subject of considerable study (see [3—
5,7,8] and the many references found in [6]).

Many of these proposed CAC policies can be described as making admission deci-
sions by comparing the resources required by an incoming call request with the resources
currentlyavailable in the network. These resources may include physical resources, such
as bandwidth, or virtual resources, such as effective bandwidth. By only considering cur-
rently available resources, these policies implicitly assume that the network’s capacity
will remain constant over the time frame of any admitted call, that is, the network is
fixed-capacity

In capacity-varying networks, such as the examples listed earlier, a reduction in
network capacity may affect calls in progress at that time. Under a CAC policy which
considers only currently available resources, calls may be accepted prior to the known
capacity change only to be dropped once the capacity decreases. A more intelligent CAC
policy, aware of the upcoming capacity change, might block calls instead of accepting
them and then dropping them. Dropping a call is generally considered a less desirable
result than blocking a call request, since dropping a call involves breaching QOS guar-
antees made upon call acceptance, guarantees which were not made in blocking the call
request.

Another topic of recent interest is the notion of “book-ahead” or advanced reserva-
tion of resources for calls. Several papers have proposed reservation and call admission
policies [1,2,13], but they have focused on the admission of the reserving calls. Our
work complements the previous work on reserving calls by proposing a CAC policy for
the nonreserving calls which enables the network to allow reservations without undue
dropping of nonreserving calls.

A CAC policy for a LEOS network was proposed in [12] which assumes the use of
fixed direction satellite antennas. Consequently, the beam footprints move with respect
to Earth in a continuous fashion. In contrast, when applied to NGOS networks, our work
is applicable to satellites with dynamically steerable antennas. With these satellites, the
antennas are constantly shifted in order to serve the same geographic region for longer
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periods of time [14]. After the satellite moves out of position, the antennas are then
swung to serve an entirely different geographic region. Thus, the beam footprints move
with respect to Earth in a discrete fashion.

CAC policies for variable capacity networks for calls with exponentially distributed
call holding times have appeared in [9-11]. This paper reviews these CAC policies, and
ties them together as a sequence of progressive steps. This paper also presents a CAC
policy representing the first step in this sequence for the more general case of calls whose
call holding time distributions have Increasing Failure (or hazard) Rate (IFR) functions.

Given a call holding time distribution, the first step in this sequence is to find the
optimal CAC policy for the Last Come First Dropped (LCFD) dropping policy. The
LCFD dropping policy has the virtue of simplifying analysis, and is of practical interest
as well. The next step is to use the structure of the optimal CAC policy for LCFD to find
the conditions limiting admissibility under any conforming pair of CAC and dropping
policies. From these limiting conditions one may be able to develop a nonconforming
CAC/dropping policy pair which serves as a lower blocking bound among all conform-
ing CAC policies, i.e., those which provide call dropping guarantees. The third step is to
use the limiting conditions as a guide to develop conforming CAC/dropping policy pairs
which admit calls under as many conditions as possible, and which thus minimize call
blocking, while still meeting the call dropping guarantees.

Section 2 describes our model and gives definitions of dropping policies, CAC
policies, and conforming pairs. Section 3 reviews the “CVCAC” policy, which is proven
optimal for the Last Come First Dropped (LCFD) dropping policy. The concept of ad-
missibility is defined in section 4. This section also reviews the Admission Limit Curve
(ALC) and shows that it forms a tight constraint on the conditions under which any con-
forming CAC policy may accept a call request. As a result, using the ALC for admission
decisions results in a lower bound on the blocking performance of any causal, conform-
ing CAC policy! Some of the ideas behind the ALC were used in the development of the
Capacity-Varying Greedy Heuristic (CVGH) CAC policy appearing in section 5, which
yields blocking performance close to this lower bound while still being conforming with
respect to the Uniform Random Dropping policy. Simulation results comparing the per-
formance of CVCAC, CVGH, and the naive “no CAC” policy are given in section 6. The
CVCAC, ALC, and CVGH can be viewed as a sequence of progressive steps for calls
with exponential call holding times. The “CVIFR” policy for calls with IFR call holding
time distributions is described in section 7, along with a proof of its optimality for the
LCFD dropping policy. The CVIFR can be viewed as an extension of the CVCAC pol-
icy, and thus as the first step of a sequence of optimal CAC policies for calls with IFR
holding times. Finally, conclusions appear in section 8.

1 Noncausal CAC policies can achieve better blocking performance, but they are not realistic for most
network operations.



18 SIWKO AND RUBIN
2. Model and policy definitions

This section defines several concepts and models which are used throughout this
paper. An analytic model of a capacity-varying network is introduced in section 2.1.
Precise definitions of dropping policies and CAC policies under this model are given in
sections 2.2 and 2.3, respectively. Section 2.3 also defines the key concept of conformity.

2.1. Model description

Consider a multiple access network whose communication resources are shared
among a multitude of stations. The network is connection-oriented, so stations desiring
to use the network must first submit a call request to the network access controller. These
call requests may be accepted or rejected. Each call request accepted by the controller
results in the allocation of some network resources to service the newly-made connection
or call. These resources may be physical resources, such as bandwidth, power, and buffer
space, for a constant bit-rate circuit-switched call; or virtual resources such as effective
bandwidth for a variable bit-rate call; or a combination of both.

Consider a class of homogeneous calls subject to variations in the amount of re-
sources available to serve the class. The class may consist of a subset of calls, such as
nonreserving calls in a network which accepts reservations, or may consist of all calls.
To supportn calls of this class simultaneously requires an amarifat) of resources,
whereR (n) is a monotone, nondecreasing function. Also define the inverse function for
a given amount of resourcesasR~1(r) = max(n | R(n) < r).

Define thecapacity of the system at a given timeas the maximum amount of
resources it can allocatat ¢, and thesystem sizas the number of active calls. Call
requests arrive at the system with mean arrival xat& Call Admission Control (CAC)
policy decides whether a call request is to be admitted or rejected. Calls whose requests
are rejected by the CAC policy are said tolideckedand are lost. A CAC policy must
block a call request if the call's admission would cause the allocated resources to exceed
the capacity. Holding times of calls are independent random variables with mean holding
times of I/ .

When viewed over time, the capacity forms a piecewise-constant function with
discontinuities at Capacity Change Times (CCJIB). The capacity is left-continuous,
so any dropping associated with a capacity change fimeould occur at7;", i.e.,
just afterT;. Capacity change times are assumed to occur sufficiently far apart that at
any given time we need only consider the impact of the next capacity change. (CAC
policies, like any other connection-level mechanism, are most effective on events occur-
ring on the timescale of connection holding times. Capacity changes occurring more
frequently may be more effectively controlled by lower layers, such as physical layer
mechanisms.)

2 This includes both resources which have been allocated to service active calls and unused resources which
can be allocated to service new calls.
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For a given time, define the following variables:

T = min(T; | T; > t) = time of next capacity change,
ro = System capacity at
r1 = system capacity &, i.e., just afterT,
Co = R~*(rp) = maximum number of active calls gt
C1 = R~(r1) = maximum number of active calls &t+,
¢ = dropping probability threshold,

N(t) = set of calls active at, i.e., just before,

n(t) = system size at™, i.e.,|N ()|,

H(t) = history up to time.

To decide whether a call request arriving at a timender a specific past his-
tory H(¢) should be admitted or rejected, we generally need to consider the possible
future events conditioned on the admission of this call requestaatd then determine
whether this conditional future will result in dropping probabilities exceeding the thresh-
old ¢. Therefore, we define the following variables for a call request arrival time

ﬁ(t) = H(t) U {the call request at is accepted},
N(t) = N(t) U {the call arriving atr}.

If there is no call request arrival at thenﬁ(z) and ﬁ(t) equalH(z) and N(z),
respectively. We also define the following symbols for operations:

[c]* = max(©, ¢),
| X| = the cardinality of seX, i.e., the number of elements in sét

The case of a capacity increaseTa(i.e., r1 > rg) is straightforward, since any
call admitted beford” will continue to have adequate resources dfteil he interesting
case is a capacity decreaselafi.e.,r; < rg). If the system size & is larger thanCy,
then the system will no longer have the resources to support all the admitted calls and
must drop some. For many applications, dropping a call after admission is considered
much more disruptive and much less desirable than blocking the call, and thus it is
imperative to carefully regulate call dropping. In particular, we assume the existence of a
dropping probability thresholelwhich forms part of the QOS guaranteed by the network
to every admitted call. In other words, the network guarantees dropping probabilities on
an individual call basis, just as it guarantees other common QOS parameters such as
packet loss, delay, and jitter.

2.2. Dropping policies

The choice of which calls are dropped at a capacity change time is determined by
a dropping policy A dropping policyD is any set of rules, possibly probabilistic and
possibly depending on the past system history, which s@l&air’)| — C1]" specific
calls to drop out of theV(T) calls active atT —. Given a historyH = H(T), which
includes a set of call& = N(T), D induces a dropping probability distribution on the
spaceV/(N) of all subsets ofV of size[|N| — C1]*. Let Pp(V, N, H) be the probability
that a subseV C N is dropped under dropping polidy and historyH .
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From this probability distribution, one can find for each &alhe marginal proba-
bility® Pp(k, N, H) that callk is one of the calls chosen to be dropped, by the summation

Pp(k,N.H) =Y Pp(V.N, H). (1)
Vak

These marginal probabilities have the property that they sum to a constant, namely,

> Ppk.N.H)=) > Pp(V.N.H)= > > Pp(V.N.H)  (2)

keN keN Vak VeV(N) keV
+
= Y |VIPp(V.N.H)=|V|=[IN| - C4] )
VeV(N)

since all subset¥ have the same size.

For example, suppog®/| — C1 = y > 0. The Uniform Random Dropping (URD)
policy U/, which assigns each call iN an equal marginal dropping probability, results
in set dropping probabilities of

1
Py(V, N, H)E@ vV € V(N) 4)
y
and marginal call dropping probabilities of

M
1

Pu(k,N. H) = = VkeN. (5)

The Last Come First Dropped (LCFD) polidy, which drops calls in reverse order of
acceptance, results in set dropping probabilities of

1 ifV={ky, ko, ... ky},
P (V,N,H) = 6
(V. N H) {0 otherwise ©)
and marginal call dropping probabilities
1 ifk=ky ko, ... ky,
Pr(k,N,H) = : ’ 7
2 ) {0 otherwise %

wherek; is theith most recently admitted call iN.

2.3. Call admission control policies

A Call Admission Control (CAC) policy is a set of rules which determine whether
any given call request is to be admitted or blocked. In general, this decision may de-
pend on any past or current information in the histefy), such as system size, call
ages, interarrival times, etc. The decision may also depend on the paraineieis;

3t should be clear from context whether a given dropping probability refers to a set of calls or an individual
call, and thus there should be no confusion about the notation.
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describing the future capacity change, the call departure rate pargmeted the para-
metere determining the dropping service guarantee. The primary goal of a CAC policy
is to meet the specified dropping criteria. Once the dropping criteria have been met,
the secondary goal of a CAC policy is to maximize throughput. In the case where all
calls are statistically identical, maximizing throughput is equivalent to minimizing call
blocking.

A CAC policy/dropping policy pairC, D) is said to beconformingif the CAC
policy C never admits any call request when, given the dropping p@lidhe probability
of dropping that call, or any currently active call, is greater than the dropping probability
thresholde. A conforming pair(C, D) thus guarantees dropping probabilities on an
individual call basis, not just for the average of all calls. Given a dropping p@cg
CAC policyC is said to beconforming with respect t® if (C, D) is conforming. Finally,
a CAC policyC is said to beconformingif there exists some dropping poli@ such that
(C, D) is conforming.

To design a conforming CAC polia§, one must be able to calculate the call drop-
ping probability at any time.* The dropping probability for a particular call will depend
on the dropping policy used, which in turn may depend on the entire system history. The
dropping probability as calculatedsatay depend on the composition of the calls active
at T, which in turn depends on admissions aftéay the CACC. Therefore, in its most
general form, the dropping probability for a particular daks calculated at a time
is

P(t,H(t).D.C) = Y P(H(T) = H,N(T) = N | H(1),C) Pp(k. H,N).  (8)
H

To reduce ambiguity in referring to “dropping probabilitiesP (z, H(t), D, C)
will be designated as-dropping probabilities, andp (k, H, N) will be designated as
T-dropping probabilities. Note that, sincerat T thes-dropping probability equals the
T-dropping probability, there is no notational discrepancy. #deopping probability
is the probability that a call will eventually be droppedZatgiven that it is active at,
while the T-dropping probability is the probability that a call is dropped, given that it is
active atT'.

Since a conforming CAC policy must guarantee that #ftkopping probability
threshold is met for all calls at any time that a call request is admitted, the conformity
requirement can be stated as

max Py (1, H(1), D,C) < & 9)
keN(t)

in order to be able to admit a call at

4 Note that this does not imply that tiplementatiorof the policy will have to calculate dropping proba-
bilities.
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3. The capacity-varying call admission control (CVCAC) policy

This section describes the CVCAC, or Capacity Varying Call Admission Control
policy for exponential holding times. The derivation of the CVCAC policy is presented
in section 3.1, followed by a discussion of the impacts of various parameters on the
policy. Finally, section 3.2 proves the optimality of CVCAC among CAC policies con-
forming with respect taC.

3.1. CVCAC policy definition

The dropping policy assumed in development of the CVCAC policy is the LCFD
policy £ of dropping calls in reverse order of acceptance. Under this dropping policy,
a call admitted at a time will be dropped only if any calls admitted aftethave been
dropped, and the system still needs to drop additional calls. This dropping policy min-
imizes the amount of wasted effort by protecting calls that have been “invested” with
greater amounts of service. As a result of this dropping policy, if a call is admitted at a
time ¢, then this call's eventual dropping @tdepends only on the behavior of calls in
the system at and is independent of the behavior of any call requests, whether admitted
or not, arriving after time.

Consider a callj admitted at a time < 7. Because call dropping is performed in
reverse order of arrival, the dropping of this call depends only on these two factors:

(1) whether the call admitted ats itself still active atT', just before the capacity change,
and

(2) the departure process of calls admitted before

In particular, note that thedropping probability is independent of the CAC after
Let p, be the call survival probability of call, i.e., the probability that a call active or
admitted at is still active atT". Clearly this event must occur in order for this call to be
dropped. Since service times are exponentially distributed,

p, =e =0, (20)

In addition, exponential service times mean that the survival probability of calls
active atr is alsop,. Therefore, given a system size ioft) calls just before the call
request arrival at, the number of these calls still active Atis binomially distributed
with parametep;.

By conditioning on the two factors listed earlier, we have for any CAC pdlicy

n

n X _ n—x H
Py (1, o). L. c) = Dt Z <x)p’ a-p) if n > Cy, (11)

x=C1

0 ifn < Cy.

Given a dropping probability threshold we can find for every the largest value
of n such thatP; (¢, H(z), L, C) < ¢. Define

M(t) = max{n | P;(t, H(1), L,C) < &}. (12)
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The CVCAC policy is to accept a call request arrivat @ n(r) < min{Co — 1,
M)}

3.2. Optimality

By design, the CVCAC policy is conforming with respect to dropping in reverse
order of acceptance, which preserves calls that have been “invested” with the most net-
work effort. Thus, the CVCAC policy satisfies the dropping probability requirement.
Once the dropping criterion has been met, the next goal of a CAC policy is to maxi-
mize the throughput. In the case where all calls are statistically identical, maximizing
throughput is equivalent to minimizing the number of blocked calls. We prove that the
CVCAC policy is optimal in the following sense:

Theorem 1. Suppose call holding times are exponentially distributed and CCT is de-

terministic. If the arrival process is Poisson, then the expected blocking under CVCAC
is less than or equal to the expected blocking under any causal CAC policy conforming
with respect toC.

Proof. Suppose two systems, identical except for their CAC policies, are both fed by
the same Poisson arrival process. Let system A use CVCAC, and system B use any
other causal CAC policy conforming with respectdoDefinena (r) andng(¢) as their
respective system sizes. Assume that both systems are initialized with identical calls (or
no calls).

In the absence of any other constraint, the expected throughput of either system
over any period of timda, b] is fab un(t)d:. For Poisson arrivals, if a time period
begins with both systems having the same number of i.i.d. calls, then the system with
higher expected throughput over a time period will also have lower expected blocking
during that time period.

Time can be divided into two types of periods: those witliz) > ng(¢) and those
with na(1) < ng(r).> Consider a period witha(r) > ng(t), noting that such periods
begin with both system sizes equal. Furthermore, since both CAC policies are causal,
they cannot make call admission decisions based on the exact call holding time, and thus
the calls in both systems have residual holding times which are i.i.d. Since, in addition,
no constraints are applicable during these time periods, the expected blocking over these
periods for system A is less than or equal to the expected blocking for system B.

Now consider a period witha () < ng(¢). Since call holding times are expo-
nentially distributed and since the dropping policydsequation (11) applies to both
systems. Therefore, if system B admits a call at some tintigen, by the definition of
M (), it must haveng(r) < M(¢) in order to be conforming with respect th But we
then also havana (1) < M(t), so system A would also admit the call. (This constraint is
why the arguments in the previous paragraph do not apply to these time periods.) Since

5Technically, those periods:, b) with the propertie§na (a) = ng(a), na(t) > ng(t) Vt € (a, b), and
eitherna (b) = ng(b) or b = T}, and the complements of these periods.
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system A admits every call admitted by system B during these time periods, the expected
blocking for system A over these periods is also less than or equal to the expected block-
ing for system B.

Since the expected blocking for system A is less than or equal to the expected
blocking for system B over every time period, the conclusion follows. O

As noted earlier, CVCAC provides a dropping probability guarantee on an indi-
vidual call basis. A CAC policy aiming for aaveragedropping probability threshold
can always provide less blocking by keeping track of the number of calls likely to be
dropped and, if it is neal and under its average dropping probability threshold, start
admitting calls that will almost certainly be dropped. However, it is unlikely that users
would appreciate such an “improvement”.

4.  Admission limit curve (ALC)

This section presents the Admission Limit Curve (ALC) for exponentially distrib-
uted call holding times. The ALC defines the conditions under which every conforming
CAC policy must reject an incoming call request. Consequently, the ALC can be used
as the basis for a CAC policy which, although nonconforming, is useful nonetheless as
a lower bound on the blocking performance achievable by any conforming CAC policy.

Section 4.1 defines the concept of admissibility and introduces the ALC. The proof
that the ALC is the admissibility boundary appears in section 4.2. The nonconforming
CAC A is presented in section 4.3, along with the proof that it is a lower blocking bound
on any conforming CAC policy. Section 4.3 also discusses some additional properties
of the ALC.

4.1. Definition of ALC

Given the parameter§,, T, i, ande, a point(z, n) with —oco < t < T is said
to be admissibleif there exists some conforming pai€, D) such that a call request
arriving atr with the system size can be admitted by CAC poliay. Points(z, n) with
—o0 < t < T which are not admissible, i.e., points such that there is no combination
of dropping policy and CAC policy such that a call request can be admittedvigh »
active calls without violating the dropping probability threshelébr at least one call,
are said to bénadmissible The set of all inadmissible points is called fhadmissible
region, and the set of all admissible points is called digienissible region

To find the boundary of the inadmissible region, suppose we are given the parame-
tersCq, T, u, ande, and that we use the URD dropping polidy Suppose also that we
are given a specific < T and consider a CAC policg, which admits at prior toz if
n(s) < n for some specific admission cutoff levelind admits no calls afteri.e.,

durings < r admit a call iffn(s) < n,
durings > r admit no calls.
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Given such a CAC policy, it is clear that blocking is minimized by increaging
The maximum value of is restricted by the requirement that the CAC policy be con-
forming with respect té/. Under this CAC and dropping policy, the highest call drop-
ping probability calculated at any possible call admission time is achieved by a call
request arriving at = ¢ with n(z) = n calls already active. Because no further calls
would be admitted aftet, the z-dropping probability can be computed for each éall
active atr a$

Pk(t’ ﬁ(t)v Z/[, Ct)
= P(call k active atT | call k active atr)

n

x Z P (x other calls will be active af | n other calls active at)

x=C1
x P(call k is dropped| call k active atT, x other calls active &I, i)
"\ /n x+1—-C;
— X1 — n—x , 13
P X;:l <x>p, A= p) g (13)

wherep; is the call survival probability as defined in equation (10).

For eachr < T, defineL(r) as the value of: which minimizes blocking (by
maximizingn) while satisfying the conformity criterion (9) for the CAC poli¢y with
parameter. Thus,

L(t)= max [n
integer»

" /n X +1-C
5 (Yt L) g
= X x+1

The locus of pointgz, L(t)) is called the Admission Limit Curve, or ALC. It can
readily be proven that equation (13) is monotonically increasing mviindz, and thus
the ALC is monotonically non-increasing withThis monotonicity can be used to show
that the CAC policie€, are in fact conforming with respect té. Also note that, since
n is discrete, the ALC is a left-continuous step function.

4.2. ALC as a limit boundary

The importance of the ALC lies in the following theorem:

Theorem 2. Suppose holding times are exponentially distributed and CCT is determin-
istic. Then, no conforming CAC policy may admit a call request arriving at a tiihe
the system size(r) is such thak(r) > L(z).

To prove this theorem, suppose that a conforming CAC/dropping policy pair
(C, D) is given and that a call request arrives at a timeith the system size(r) >

6 Note how the CAC policg; here is analogous to the dropping poli€yn section 3 in the sense of making
thez-dropping probability independent of the behavior of calls arriving after
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L(t). By the conformity requirement (9), the call request can be admitted only if
the maximumz-dropping probability for calls inV () is less than or equal to, i.e.,
maX..x. Px(t, H(),D,C) < e. Let D be a modification of> such that all calls ad-
mitted afters are dropped before any call ¥ (7) is dropped. It is straightforward that
calls inN () cannot have a worsedropping probability under this new dropping policy.

Now letZ/; be a dropping policy which will drop all calls admitted aftelbefore
dropping any members HN@). If any members o (r) must still be dropped, then they
will be chosen with equal probabilities among all members/of) that are still active
atT, i.e., by URD among the members ﬁf(t). It can be shown that, for members of
N(t) and anyD,

max Py (1, H(t), U, C) < max Py (1, H(t), Dg, C). (15)
keN(t) keN (1)
Therefore, by equations (13) and (14) and by monotonicity(df > L(t), then
max Py (1, H(t), D, C) > ¢. (16)
keN(r)

Since (C, D) is a conforming pair, it must reject the call request. In other words, all
points(¢, n) with n > L(t) are inadmissible. The interested reader is referred to [11] for
more details.

By construction, given any single poitt, L(¢)) of the ALC, there exists a con-
forming CAC policy, namely, the CAC polic¢, described above, which can admit a
call request at with the system siza(r) = L(¢). Since each point of the ALC is thus
admissible, and since equation (13) is monotonic, we obtain the following:

Corollary 1. The inadmissible region has a boundary, and that boundary is the ALC.

Thus, the ALC acts as a fundamental boundary on all conforming CAC policies
under all dropping policies.

4.3. Additional properties of the ALC

Figure 1 illustrates a few examples of the ALC for different values.oAll the
curves assum& = 0, u© = 0.1, andC; = 20. Viewing time backwards frori’, the
ALC approaches infinity at a tim& — t which is a finite distance earlier thdh It can
be readily shown thal — t = max_7(p; < &), which yields the formula

= @ (17)
o’

7 can be considered an upper bound on the prior notice which must be given of a future
capacity decrease in order to be able to meet the call dropping requirement. Thecbound
is typically a few average call holding times long. However, advance notice of only a
single average call holding time is generally sufficient for most practical capacity levels
and changes.
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Active Calls

Thresh 10e-2

Thresh 10e-4

Thresh 10e-5

Thresh 10e-6

Time
-30.00 -20.00 -10.00 0.00
Figure 1. ALC boundaries.

The ALC could be used as the basis of a CAC politywhich admits a call request
at a timer iff these two conditions are met:

(1) n(t) < Co,
(2) n(t) < L(@).

The appeal of policy4 lies in the following theorem.

Theorem 3. Suppose call holding times are exponentially distributed and the CCT is
deterministic. If the arrival process is Poisson, then the expected blocking under CAC
policy A is less than or equal to the expected blocking under any conforming CAC

policy.

Proof. As in the proof of theorem 1, suppose there are two systems, identical except
for their CAC and dropping policies, both fed by the same Poisson arrival process. Let
system A implementd, and system B implement some conforming CAC policy
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During time periods whena () > ng(t), the expected blocking is lower in sys-
tem A by the same arguments as in theorem 1.

Suppose now thata (r) < ng(z). If system B admits a call at some timghen by
theorem 2 we haveg () < L(t). Therefore, policyd in system A will also admit this
call. The rest of the proof follows as in the proof of theorem 1. a

Unfortunately, policyA4 is not conforming, as has been further confirmed through
simulation. Thus, while it results in a lower bound on call blocking, it cannot be used to
guarantee dropping performance.

5. The capacity-varying greedy heuristic (CVGH) CAC policy

Since the CAC policyd based on the ALC is not conforming, this section discusses
a CAC policy which does meet the dropping requirement and which achieves blocking
performance close to that attained by polidy As in the previous section, calls have
exponentially distributed holding times.

To minimize blocking, a conforming policy should seek to admit call requests in as
much of the admissible region as possible. Since the admissible and inadmissible regions
are defined in(z, n) space (given the parametefs, T, u, ande¢) it makes sense to
construct a policy which bases admission decisions soldly, in) space as well (again,
given the same 4 parameters.) Therefore, we construct a éufsein (¢, n) space
below the ALC, i.e.,K(r) < L(t) Vt < T. The Capacity-Varying Greedy Heuristic
(CVGH, or V) CAC policy is then defined to admit a call request at a tim# both
these conditions are met:

(1) n(r) < Co,
(2) n(t) < K(@).

The curvekK (1), like the ALC, is a left-continuous, decreasing, step function. Thus,
K (r) can be constructed from its discontinuous points. A:die the unique time such
that K (b;) = C1+i andK (b;") = C1 +i — 1. The discontinuous points are found
iteratively on the number of active cals; + i. During theith iteration, the greedy
heuristic is used to maximize the valuelpfgiven the values db,, for m < i calculated
in earlier iterations. The URD dropping policy is used, both because it is a commonly
used dropping policy and because of the key role of URD in the proof of theorem 2. In
addition, the call request arrival rateis assumed to be arbitrarily largeé — oo) in
order to construct a CAC policy which is conforming for any arrival rate.

The general iterative procedure is as follows: For a givea call request is as-
sumed to arrive ai; with the system size(b;) = C, + i, so the call would be admitted
under CVGH. The system size probability density is then calculated at each of the pre-
viously computed time#,, for m < i, noting that at each timé,, the system size
C: + m + 1 can be viewed as an “absorbing state” due to the infinite arrival rate as-
sumption. Finally, a probability density for the system siz§ a¢ obtained, which is
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Active Calls
ALC
CVGH |
CVCAC
0.00
Time

-25.00 -20.00 -15.00 -10.00 -5.00 0.00
Figure 2. CAC boundaries.

then weighted by the appropriage, (k, N, H(T)) values to obtain an expression for the
dropping probability calculated &t. This expression is then set equalstand solved
by numerical methods to obtain the desired valué;oMore details on this procedure
may be found in [10,11].

Once thesé; values have been obtained, they may be stored in a lookup table for
the implementation of the CVGH policy. The curk&(r) is obtained from the;’s by
K@) =Cy1+4+iVt € (biy1,b;]andK(t) = C; — 1Vt € (by, T].

Figure 2 displays the ALC and (¢) curves along with the curvé/(¢) used as
the basis of the CVCAC policy. These curves are labeled ALC, CVGH, and CVCAC
respectively. Active calls is the dependent variable and time is the independent variable
with T = 0. As can be seen, the CVGH curve lies very close to the limit curve ALC,
and substantially closer to this limit than the CVCAC curve lies. Thus, we expect the
CVGH policy to result in blocking performance close to the blocking lower bound of
conforming CAC policies.

6. Simulation results for exponentially distributed call holding times

Simulations have been performed of systems implementing the CVCAC, CVGH
and.A CAC policies. As a comparison, simulations were also performed using the “no
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Figure 3. Dropping probabilities.

CAC” policy of always admitting as many calls as current capacity permits (i.e., admit
if n(t) < Cp). All simulations began with a random number of active calls determined
by the Erlangian or “steady-state” distribution of a system with a maximum capacity
of Cyp calls. The time spanned was always 25 time units and contained one capacity
change, a decrease, at the end of the simulation {i.e=, 25). Dropping probabilities
were obtained by dividing the number of calls dropped by the number of calls admitted
during [0, T] plus the number of initial active calls at time 0. Blocking probabilities
were obtained by dividing the number of calls blocked by the number of call requests
arriving during(O, T].

Figure 3 displays dropping results and figure 4 displays blocking results for one
sequence of simulations. For both figures, average call holding timguis=110 time
units per call, dropping probability threshold4s= 0.001, current capacity serves a
maximum ofCq = 100 simultaneous calls, and the future capacity serves a maximum
of C1 = 20 simultaneous calls. The call request arrival vgtexpressed as an Erlang
load, is the independent variable.
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Blocking Probability

Load (Erlangs)
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Figure 4. Blocking probabilities.

Dropping results are shown logarithmically in figure 3. As can be seen, both CVGH
and CVCAC meet the dropping probability requirement, whdleloes not, illustrating
its non-conformity. CVGH is more efficient than CVCAC in terms of more closely
approaching the dropping threshold level, suggesting a better tradeoff of less blocking
for permitted dropping levels. The “no CAC” policy of admitting up to current capacity
also does not meet the dropping criterion, and at higher loads can be orders of magnitude
worse.

Blocking results are graphed in figure 4. At low offered loads, blocking proba-
bilities are negligible for all policies. Blocking begins to rise rapidly at offered loads
near the current call capacity, for the “no CAC” policy and near the future call ca-
pacity C1 for CVGH, CVCAC, andA. Also, compared to CVCAC, CVGH results in
blocking performance much closer to the lower blocking bound supplied by the noncon-
forming policy A while still remaining conforming. Although blocking under CVGH,
and under any conforming CAC policy for that matter, is higher than blocking without a
CAC, this increase in blocking is a small price to pay for the greatly improved dropping
performance.
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7. The capacity-varying, increasing failure rate (CVIFR) CAC policy

This section describes the CVIFR, or Capacity-Varying, Increasing Failure Rate,
CAC poalicy for Increasing Failure Rate (IFR) holding time distributions. Section 7.1
reviews the definition of an IFR distribution. The CVIFR policy is developed in sec-
tion 7.2. CVIFR is a CAC policy guaranteeing call dropping probabilities on an indi-
vidual call basis for dropping in reverse order of acceptance for any IFR holding time
distribution. Simulation results comparing CVIFR to a CAC scheme which makes deci-
sions only using current capacity information appear in section 7.3. Finally, section 7.4
discusses and proves the optimality of CVIFR among all CAC policies for IFR distrib-
utions providing call dropping probability guarantees on an individual call basis under
the LCFD dropping policy.

7.1. Definition of increasing failure rate (IFR) distribution

Let

b(r) = call holding time probability density
B(¢#) = call holding time cumulative distribution function

Then the failure rate function (also known as the hazard rate function) is defined as

b(x)
T 1—-B®x)’
The failure rate functiork(x) represents the conditional probability density that a call
will end given that it has been in service fortime units. A holding time distribution
is said to be an Increasing Failure Rate (IFR) distributioha(if) is a nondecreasing
function of x. Examples of IFR distributions are uniform, exponential, gamnveith
n > 1, and half-Gaussian distributiofs.

h(x)

7.2. The CVIFR policy

Consider a call admitted at a time< T, and suppose the LCFD dropping policy
is used. Because call dropping is performed in reverse order of arrival, the dropping of
this call depends only on these two factors:

(1) whether the call admitted ats itself still active atT', just before the capacity change,
and

(2) the departure process of calls admitted before
Suppose that(z) calls were active just prior to a call request arrivat.dtet

e s, be the age or backwards recurrence time ofktheof these calls,
e 5 be then(r) dimensional vector of these ages, and

7 The half-Gaussian random variable is the absolute value of a zero-mean Gaussian random variable.
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e p, be the survival probability, i.e., the probability that tktd call will still be active
atT.

By using Bayes' theorem, we obtain

_1—B(T —t+s)
P T B (s

(18)

This formula would also apply to the call request arriving,athich hass, 11 =
0, if the request is admitted. Therefore,

Pniy+1=1—B(T —1). (19)

Since the call holding time distribution is IFR,sif < s; thenp; > p;. Therefore,
since the dropping policy is LCFD, max;,, P« (t, H(t), L, C) occurs for the call with
the lowest age, in particular, for the newly arriving call request &b simplify notation
in this section, letP,(r | 5) be ther-dropping probability of a call admitted at time
given that the ages of active callsratares. By conditioning on the two factors listed
above, we obtain

Up—) n(t™)

Po(t15)=@1=BT—=0)) > - > [J]lpa-po“] (20)

i1=l1 ij=l; in(t*):ln(r*) k=1
where
0 ifCl—l.l—l.z_“'—l.j,]_:O,
= 21
! :1 otherwise (1)
and
0 fCi—i1—---—i;_1—n(")+j <0,
= 1 111 ij1—n@")+j (22)
1 otherwise

A close examination of the definitions af; and/; reveals that the expression
p,ik(l — p)*~ can only take the valueg, or 1 — p;, which correspond to calt
being active or not active &t. Thus, Py (z | 5) is essentially obtained by summing over
all combinations, among all calls active zat, of possible futures ar' which lead to
dropping of the call request.

Given a dropping probability threshold the CVIFR policy is to admit a call re-
quest arriving at iff Pp(z |s) < e andn(t) < Co.

7.3. Simulation results
Simulations have been performed of systems implementing the CVIFR policy and,

for comparison, of systems employing the “naive” CAC policy of always admitting calls
up to current available capacity. All simulations began with a random number of active
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Figure 5. Dropping probabilities.

calls determined by the stationary distribution of an@®iCy/Co queue. The age of
each initial call was randomly determined using the backwards recurrence time density

P{age= s} = u(1— B(s)). (23)

The residual holding time of each initial call was randomly determined using the
density

P{residual holding time= x | age= s} = M (24)
1— B(s)

The time spanned was always 20 time units and contained one capacity change, a
decrease, at the end of the simulation (i2.= 20 in all simulations.) Results com-
paring dropping and blocking probabilities for systems with and without the CVIFR
policy are graphed in figures 5 and 6. Each data point in these graphs is the average of
100,000 simulations. Dropping probabilities were obtained by dividing the number of
calls dropped by the number of calls admitted dufi@gr’] plus the number of initial
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Blocking Probability
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Figure 6. Blocking probabilities.

active calls at time 0. Blocking probabilities were obtained by dividing the number of
calls blocked by the number of call requests arriving dufg’].

Both figures use the following parameters: dropping probability threshold
0.001, current capacity’, = 100 calls, and future capacity; = 50 calls. The call
request arrival rate., expressed as an Erlang load, is the independent variable. The
following holding time densities were used:

uniform b(x) =u/2, 0<x<2/u,

exponential  b(x) = pue Hx, x>0,
gamma-2 b(x) = du’xe 21~ x >0,

. 2 2,02
half-Gaussian b(x) = e /2% x>0,

Vero
1
witheo = ———.
0.4769%/2u

Each of these densities had an average holding timé¢of=1 10 time unitgcall.
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As can be seen in figure 5, the dropping probability threskolsl consistently
met by the CVIFR policy, even at quite high offered loads. In general, the dropping
under the CVIFR policy increases slightly as the variance of the holding time distri-
bution increases, but the difference is negligible. In contrast, the comparison system
only meets the dropping probability threshold at low offered loads. At higher loads the
dropping probability for the comparison system rises rapidly, finally leveling off at a
value dependent on the current and future capacities, and on the length of the measuring
period.

As illustrated by figure 6, blocking probability is low for both policies at low of-
fered loads. Blocking begins to rise rapidly at offered loads near the future capacity
for the CVIFR policy and near the current capacityfor the comparison policy. In gen-
eral, blocking under the CVIFR policy seems to increase as the variance of the holding
time distribution increases. For all the holding time distributions simulated, the CVIFR
policy has somewhat higher blocking probabilities than the comparison policy. How-
ever, as noted earlier, this increase in blocking probability is a small price to pay for the
greatly improved dropping performance of the CVIFR policy.

7.4. Optimality

By design, the CVIFR policy is conforming with respect to dropping in reverse
order of acceptance, which preserves calls that have been “invested” with the most net-
work effort. Thus, the CVIFR policy satisfies the dropping probability requirement.
Once the dropping criterion has been met, the next goal of a CAC policy is to maxi-
mize the throughput. In the case where all calls are statistically identical, maximizing
throughput is equivalent to minimizing the number of blocked calls.

Define a comparison supersystem consisting of two systems, system 0 and sys-
tem 1, side-by-side. Both systems are fed by a common Poisson arrival progess
and both systems are identical except for their CAC policies. An infinite quantity of
holding times are pre-generated using the holding time distribii@hand these hold-
ing times are stored in a list. Each system has an identical copy of this list. Whenever a
call request is admitted by a system, the holding time of the call in that system is the next
number in that system'’s copy of the list. Thus tkiecall admitted to system 0 will have
exactly the same holding time as ttth call admitted to system regardless of whether
or not they correspond to the same call request arrival.

For example, suppose that both systems have adniittet] calls byz,, and thdth
call request arrives at. Suppose further that this call request is accepted by system 1
and rejected by system 0. Suppose then thatithel)th call request arrives a and
is accepted by both systems. Then the holding time of the call corresponding to the
(I + Dth call request would be thith list element in system 0 and thig + 1)th list
element in system 1. Note also that the holding time in system 0 of the call accepted at
would equal the holding time of the call in system 1 accepteg, abt the holding time
of the call in system 1 acceptedrat
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Both systems begin at time= 0 with no calls (or w.l.o.g. with identical calls).
Each system implements a differargdusal CAC policy, where a CAC policy is consid-
eredcausalif it makes admission decisions using only these criteria:

(1) past history,
(2) call arrival and departure distributions,
(3) information about the future capacity change, €9, ands.

Note that although the systems possess complete knowledge of all future call holding
times, this information is not available to the CAC policy. Also note that the CVIFR
policy is causal since it makes admission decisions based on the current number of ac-
tive calls and their ages, which encapsulates the past history; on the call holding time
distribution; and on the future capacity change information.

Define

t& = arrival time ofkth call admitted to system O,

t{‘ = arrival time ofkth call admitted to system 1,

no(t) = number of active calls (system size) in system O at time
n1(t) = number of active calls (system size) in system 1 at time
s5o(t) = vector of ages of active calls in system 0 at time

51(t) = vector of ages of active calls in system 1 at time

Systems 0 and 1 are said to ®emi-equaht time: if both systems have admitted
the same number of calls duriri@, 7). Systems 0 and 1 are said to égualat timer
if they are semi-equal, have the same system sizes, and each call in one system has the
same age as a call in the other system.

Theorem 4. The number of calls blocked by CVIFR in this comparison supersystem is
less than or equal to the number of calls blocked by any causal CAC policy conforming
with respect to LCFD.

Proof. Without loss of generality, place the CVIFR policy in system 0 of the compar-
ison supersystem, and place any other causal CAC p6liynforming with respect to
LCFD in system 1. The systems begin in equality. If both policies result in the exact
same admission decisions for every call request,tge:, t{ Vi, then both systems block
the same number of calls and the theorem holds.

Suppose then that the policies result in different admission decisionsi ket
ming{t§ # t{} be the first call admitted at different times by the two systems, and let
t, = min(z}, ;). If the call request arriving at, is rejected by the CVIFR policy in
system O then, by construction of the CVIFR policy, théropping probability of this
call, should it be admitted, is greater than the dropping probability thregho®ince
the systems are equal @t, since the call holding time distributions are IFR, and since
Policy C is conforming with respect tg, system 1 could not admit such a call request.
Therefore, the first time that the two policies act differently on a call request must be an
admission by system 0 and a rejection by system 1. Thus,z; andz} > 5.
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In order for system 1 to admit more calls than system 0, semi-equality must first be
achieved. If semi-equality is not achieved, then clearly system 0 admits more calls than
system 1 for all times throughout(z,, T) and so the theorem holds. Let
j=minfk >i | <t
equality;

t, = t{ be the first time semi-equality is achieved after

} be the call whose admission by system 1 results in semi-

We note thatvk € [i, j] we must have < f since otherwise semi-equality
would have been achieved for a call earlier than galtontradicting the definition of
call j. Therefore, for each admitted cdllactive in system O at" (just afterz,), we
have the corresponding admitted calktill active in system 1, sao(r;") < na(s)").
Furthermore, the age of each dalh System 0 is greater than or equal to the age of call
k in system 1. Thus, if the age vectors are arranged so that calls active in both systems
are first, in order of admittance times, followed by calls only active in system 1 (if any),
thenso(z;)) > s1(¢;). Moreover, this inequality remains true for all timat least until
the next call arrival time which is treated differently by the two systems, say atgime

Let

pro(t) = P{kth call admitted to system 0 will be active At| it is active att},
pr1(t) = P{kth call admitted to system 1 will be active At| it is active att},
Ppo(t) = Pp(t | so(t)) = t-dropping probability of a call admitted ain system O,
Pp1(t) = Pp(t | s1(¢)) = t-dropping probability of a call admitted ain system 1.

Clearly, if admitted calk has completed service in system X by timéhenp,x(¢) = 0.
Since the call holding time distributions have increasing hazard rate functions, we have
pro(t) < pra(th) V callsk active in either system. Moreover, this inequality remains
true for all timer at least untilzg. Sincepko(tﬂ‘) < palty) for all calls k£ active in
system 0, and since the dropping probability depends on call ages only through compu-
tation of thep,x(¢)'s, we havePpo(tg) < Ppi(tg). Thus, as before, the only possible
way for the two policies to treat the call request differently is for the CVIFR policy
in system 0 to accept the call, and the other conforming policy in system 1 to reject
it.

The same arguments hold whenever semi-equality or equality is achieved between
the two systems. Thus, there is never any time that system 1 admits more calls than
system 0, and so the theorem holds. O

8. Conclusions

Several existing and emerging networks, such as LEOS, mobile satellite per-
sonal communications networks, and multipriority reservation networks, have capaci-
ties which vary over time for some or all types of calls carried by these networks. With
each capacity decrease having the potential to result in dropped calls, it is reasonable
to include stochastic call dropping performance as part of the QOS guaranteed by the
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network to accepted calls. It then becomes one of the duties of the CAC policy to en-
sure that these call dropping guarantees are met. The naive use of existing CAC policies
which base admittance decisions using only the currently available capacity may lead to
intolerable call dropping in capacity-varying networks, and thus novel CAC policies are
required for these networks.

In this paper, we investigate using knowledge of future capacity changes, such as
are available in NGOS satellite networks by their cyclic nature, to trade off some addi-
tional call blocking in order to meet any desired call dropping guarantee. We begin with
the CVCAC policy for calls with exponentially distributed call holding times under an
analytically simpler, yet still practical, dropping policy (LCFD). The general structure
of the optimal CAC policy under this dropping policy provided insight into the form of
the Admission Limit Curve (ALC), which bounds the conditions under which calls can
be admitted under any causal, conforming pair of CAC and dropping policies. The ALC
forms the basis of a CAC policyt which, although nonconforming, is useful nonetheless
because its blocking performance represents a tight lower bound on the blocking perfor-
mance achievable by conforming CAC policies. The ALC also guides development of
CAC policies such as CVGH, which seek to minimize call blocking by maximizing the
area in the Admissible Region under which the CAC does admit calls.

The CVCAC, A, and CVGH CAC policies presented in this paper represent the
above progression of CAC policies for calls with exponentially distributed call holding
times. The CVIFR CAC policy also presented here represents the first step in extending
this progression to calls with IFR call holding times. Work is ongoing on the second step
of the progression, namely, the investigation of the conditions which limit admissibility
of calls with IFR-distributed call holding times.

The work presented here assumes that future capacity changes are deterministic.
Research is also ongoing to determine constraints and to develop CAC policies for net-
works with stochastic knowledge of future capacity changes, both in the capacity change
time and in the future capacity level.
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