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Abstract

The overflow priority classification approximation (OPCA) and Erlang’s fixed-point ap-
proximation (EFPA) are distinct methods for estimating blocking probabilities in overflow
loss networks. Mounting numerical evidence has indicated that OPCA provides superior ac-
curacy than EFPA in many circumstances. Furthermore, it has been proven that Prrpa <
Popca for a symmetric overflow loss network called the distributed server model, where
P, is the blocking probability estimate yielded by approximation x € {EFPA,OPCA}.
The distributed server model is an ideal “proving ground” because the exact blocking prob-
ability, P.yact, can be calculated with the Erlang B formula, yet the state dependencies
caused by mutual overflow are retained. The present paper proves the OPC Conjecture,
Popca < Pepacr- This new result establishes that OPCA is always equally or more accurate
relative to EFPA for the distributed server model and suggests OPCA has utility in more
general overflow loss networks. The proof of Popca < Peyaet turned out to be challenging,
since OPCA is remarkably close to the exact solution, requiring delicate inequality argu-
ments on the Maclaurin series of both solutions. Another contribution is the derivation of
new tight bounds and limiting regimes for the blocking probabilities yielded by OPCA and
EFPA in the case of critical loading. The simple and tight lower bound derived for OPCA
can serve as a tight lower bound for the Erlang B blocking probability in the case of critical

loading.
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1 Introduction

Loss networks [12, 14] are ubiquitous in telecommunications. Of particular utility to the model-
ing of alternate routing [2, 4, 18, 19, 31, 33| are overflow loss networks, where calls can overflow
to an alternative server group, if the primary server group is fully engaged with other calls. In
fact, calls may be permitted to successively overflow to many alternative server groups, until
an idle server is found or all permissible server groups are attempted. Given that calls arrive
randomly and the number of server groups is finite, some calls may overflow to all permissible
server groups without finding an idle server. This results in call blocking, where the blocked call
is cleared from the network without ever receiving service.

The probability of call blocking, referred to as the blocking probability, is one of the most
fundamental performance measures for loss networks. Estimating this probability has been a
cornerstone of teletraffic modeling and theory. Moment matching approximations [3, 5, 7, 11, 15,
16, 17, 20, 21, 22, 27] are known to be quite accurate if server groups are arranged hierarchically
into tiers. With such hierarchically organized networks, the state of a given tier of the hierarchy
is independent of all lower tiers, and thus state dependencies between server groups always move
from top to bottom of the hierarchy, but not vice versa. The most basic approximation is to
treat each tier independently, where the input call arrival process of a given tier has its moments
matched to the overflow process of the immediately preceding tier.

Accurate estimation of blocking probabilities in non-hierarchical networks is more challeng-
ing, due to complex state dependencies caused by mutual overflow [8]. Congestion within a given
server group can cause overflow to other servers, where this overflow congests the other server
groups, which in turn results in new calls overflowing to the original server. The stronger depen-
dencies between server groups caused by mutual overflow is known to increase the approximation
error associated with treating each server group independently. Despite this, the Erlang’s fixed-
point approximation (EFPA) proposed in 1964 [5] — a decoupling approximation treating each
server group as an independent M/M/N /N queue — remains the analytical approximation of
choice for estimating blocking probabilities in overflow loss networks. With EFPA, the total call
arrival process offered to each server group (overflow calls + new calls) is pooled together and

is assumed to follow a Poisson process with rate equal to the sum of the rates of all individual



input streams. In this way, the overflow probability perceived by the traffic offered to a server
group is approximated by the Erlang B formula. Let Ex(A) denote the blocking probability of
an M/M/N /N system with N servers and offered traffic A, defined by A = A/u where A is the
arrival rate and p is the service rate per server. Let A; be the original rate of the i-th stream.
The overflow events of the i-th stream may form an overflow stream of rate N\ En (>, \i/u)
to a subsequent server group. This approach inherently gives rise to non-linear equations that
entail a fixed-point solution of the overflow probability at each server group. This fixed-point
can usually be found by successive substitution. However, it is known that convergence and
uniqueness of solutions of these fixed-point techniques are not always guaranteed [26, 33].

The overflow priority classification approximation (OPCA) [29] is an alternative to EFPA.
OPCA is based on evaluation of the blocking probability of a certain surrogate model which is
hierarchical, so mutual dependency between server groups is avoided. Therefore, for the surro-
gate, treating each server group independently gives a more accurate approximation. Although
the surrogate generally does not have the same blocking probability as the original problem, ap-
proximating the blocking probability of the surrogate often leads to an accurate approximation
for the original problem.

The OPCA surrogate is based on a preemptive priority regime, even though no preemption
is present in reality. Calls that have overflowed zero times are given first priority, while calls that
have overflowed n times are given nth priority. An n-call can preempt a k-call, n < k, resulting
in the n-call immediately engaging the server previously occupied by the k-call and causing the
k-call to overflow to another server group, where it becomes a (k + 1)-call. In OPCA, blocking
probabilities of the surrogate are approximated using precisely the same principles as EFPA;
namely, each server group is treated independently and the total call arrival process offered to
each server group at each priority level is treated as a Poisson process.

In loss systems where calls that do not find a free server in a server group are never allowed
to overflow to other server groups, OPCA reduces to EFPA. This applies to the important
case of circuit switching networks with fixed routing which EFPA provides exact and unique
solutions under asymptotic conditions of large capacity links [13] and high diversity routing [34].
The use of EFPA for large circuit switching network with many circuit per trunks and fixed

routing has been demonstrated in [1]. This implies that for these known fixed routing instances



where the EFPA results are known to be exact, also OPCA gives exact solution. In other
cases, comprehensive numerical evaluation involving a diverse range of overflow loss networks
attests to improved accuracy yielded by OPCA [23, 28, 32]. Moreover, OPCA is usually more
computationally efficient than EFPA.

While mounting numerical evidence points to the superiority of OPCA, this has not been
rigorously established, and examples can be found for which EFPA remains the most accurate
approximation. The purpose of this paper is to prove the superiority of OPCA, compared to
EFPA, in a symmetric overflow loss network for which the exact blocking probability can be
calculated using the Erlang B formula.

The overflow loss network on which this entire paper is based comprises N identical single
servers, where new calls arrive at each server according to a Poisson process with arrival rate
A. The holding times of all calls are assumed to be exponentially distributed with parameter pu.
Let a = A/u be offered load (a.k.a offered traffic) of new calls to each server. Then, the offered
load of new calls to the entire system is a/N. Calls are permitted to overflow to a randomly
chosen server until an idle server is found or all servers are attempted. A call is blocked if
all servers are attempted and found to be engaged. A call immediately engages an idle server
for its service duration and then leaves. We consider here a symmetric distributed overflow
loss service system where the arrival processes and service statistics are identical for all servers.
This system is henceforth referred to as the distributed server model. 1t is easy to see that the
blocking probability of the distributed server model is obtained by the Erlang B formula as
Pevaet = En(al).

It has been proven [32] that Pgrpa < Popca for all N > 1 and for all call offered loads,
where P, is the call blocking probability estimate in the distributed server model yielded by
approximation x. Moreover, comprehensive numerical evaluation [32] suggests Popca < Pezact-
This inequality has been referred to as the OPC Conjecture. The main contribution of this
paper is to prove the OPC Conjecture. Proof of this conjecture verifies that OPCA is at least
as accurate as EFPA for the distributed server model.

OPCA and EFPA apply to many overflow systems and networks. In almost all cases, only
simulations or experiments can be used to evaluate the accuracy of the approximations and to

obtain evidence to which of the approximations is more accurate. Our distributed server model



is a rare instance of an overflow system with mutual overflow for which the exact blocking
probability is available. Therefore, we consider it an ideal “proving ground” where the accuracy
of OPCA and EFPA can be examined analytically.

In addition to proving the OPC Conjecture, this paper makes two further contributions:

e Tight bounds and limiting regimes are derived for the blocking probabilities yielded by
OPCA and EFPA in the case of critical loading (Section 5). The simple and tight lower
bound derived for OPCA can serve as a tight lower bound for the Erlang B blocking

probability in the case of critical loading.

e It is shown that in the case of critical loading, the ratio between the Erlang B and OPCA
blocking probabilities is bounded by v/2 for all N > 1, while the ratio between Erlang B

and EFPA approaches infinity as N — oo.

Our proof strategy of showing that all coefficients of a suitable polynomial are nonnegative
has also been used to prove conjectures related to the Erlang formula [25], but as will become
apparent to the reader, the tightness of the inequality, Popca < Peract makes the challenge here
far more formidable. In fact, OPCA is exact for the cases N = 1,2 and approaches the exact
blocking probability as N — oco. The proof of Popoa < Peract given here involves dividing
the problem into many cases, and some computer checking for some small integer cases. We
emphasize that the computer checking involves only finitely many calculations, and is only
there to eliminate many tedious, though entirely feasible, hand calculations. At no stage have
we relied on the computer to do simulations or calculations that would require assumptions
about the validity of the software or about the representativeness of the simulations. In places
where we have used a computer, it is merely as an arbitrary (or at least sufficiently high)
precision calculator. In other words, modulo the relatively small number of hand calculations,
the descriptions of which are relegated to the appendices in [30], and for which we have used
the package Maxima, (http://maxima.sourceforge.net/index.shtml) permitting arbitrary
precision in arithmetical operations, this proof is mathematically rigorous.

The remainder of the paper is organized as follows. Section 2 defines the distributed server
model (Section 2.1) and describes the application of EFPA (Section 2.2) and OPCA (Section

2.3) to this model. Section 3 is devoted to the proof of the OPC Conjecture, while Section 4



shows that OPCA and EFPA approach Pe..qt as N — 0o. Section 5 derives bounds for the case

of critical loading.

2 Problem formulation

We begin by defining the distributed server model [32]. We then show how EFPA and OPCA
can be applied to evaluate the blocking probability for this model and demonstrate that the

FErlang B formula yields the exact blocking probability. This in turn leads to the formulation of
the OPC Conjecture.

2.1 The distributed server model

Consider the following model of an overflow loss network [6]. The network comprises N iden-
tical servers. Calls are offered to servers according to mutually independent time-homogeneous
Poisson processes each with offered load a > 0. A call arriving at a busy server overflows to
one of the other N — 1 servers with equal probability and without delay. A call continues to
overflow until it either encounters an idle server, in which case it engages that server until its
service period is complete, or has sought to engage all N servers exactly once but found them
all busy, in which case it is blocked and never returns. The search for an idle server is assumed
to be conducted instantaneously. Service periods are independent and exponentially distributed
with normalized unit mean.

An n-call (for 1 <n < N — 1) is defined as a call that overflows (is denied service) n times
before engaging the (n + 1)th server in its search for an idle server. An N-call is a call that is
blocked and cleared and a 0-call is defined as a call initiated by a user (exogenous call).

This distributed-server model can be viewed as an M/M/N /N queue with offered load aN.

This allows for exact calculation of blocking probability using the Erlang B formula as

Pexact =Epy (GN)

Therefore, Exn(aN) provides a benchmark for comparison of blocking probability evaluation.



2.2 FErlang’s Fixed-Point Approximation

Here we briefly provide background on application of EFPA to the distributed-server model.
For more details please refer to [32]. In fact, equations (1) — (4) are equations (4) — (7) in [32].

We make the following simplifying assumptions:
1. Independence — states of servers are mutually independent;
2. Poisson — arrivals of n-calls to any server follow a Poisson process,

and write b for the probability that a server is busy. As mentioned above, we assume that a is
the offered load of new calls at a server. Also let a,, be the offered load of n-calls at a server.

Then, from the independence assumption,

anp =ab”, n=0,1,2...,N —1, (1)

and from the Poisson assumption, the probability of a server being busy gives rise to an M/M/1/1

model for which the probability is

— > a0 Gn
= N (2)
1 + Zn:O an,
Substituting (1) into (2), we obtain
b=a(l—0b"), (3)

which forms a fixed-point equation that can be solved for b, giving an EFPA blocking probability
approximation

Ppppa = bY. (4)

2.3 OPCA

As in the EFPA case, we assume that events related to the N different servers are mutually
independent and that the servers are statistically equivalent. Also as in the EFPA case, we let
a > 0 be the offered load of new calls at a server and a,, the offered load of n-calls at a server.
Thus, ag = a. The stream formed by n-calls, N — 1 > n > 0, arriving at a server, is assumed

to follow a Poisson stream with rate pa, (so that the offered load is a,). The preemptive



priority regime defined by OPCA gives priority to “junior” nj-calls over “senior” n;-calls for

any 0 < np <n; < N — 1. Accordingly, the a,, values can be obtained recursively by

n n n
i1 — By (z ) Sa-Sa )
=0 =0 =1

foral n =0,..., N — 1, where ay is defined as the offered load of the stream formed by calls
that are blocked and cleared. Note that ) " ; a; is the total offered load per server for 0-call up
to n-call, and E1(3>_] ;a;) is the blocking probability of those arriving calls. Their product is
the overflow traffic per server for 1-call up to n + 1-call, which is in turn the total offered load
per server for 1-call up to n + 1-call, i.e. Z?ill a;. Subtracting Y ", a;, we obtain apy1. See

[32] for further details. Also note that Eq. (5) is equivalent to Eq. (11) in [32].

The OPCA blocking probability approximation is given by

Popca = . (6)
a
Eq. (6) has a clear physical interpretation: the apy/a ratio is the proportion of calls that are
promoted to N-calls (blocked calls) which is the OPCA blocking probability approximation.
Graphs are shown in Fig. 1 demonstrating the tightness of Popca and Pgppa as lower
bounds for Payact-

We are now able to state the main theorem of this paper.

Theorem 1.

Prrpa < Popca < Pegact- (7)

The first inequality, namely Ppppa < Popca, was proved in [32], where the second inequality
is stated as the the OPC Conjecture. It is a key purpose of this paper to provide a mathematical
proof of the OPC conjecture.

By the Erlang B formula, we have

(a%?N
Pexact = ﬁ (8)
o ey

Therefore, by (6) — (8), the proof of Theorem 1 will be completed when we have proved the
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Figure 1: Numerical Comparison of OPCA and EFPA

following inequality for all a > 0 and N =1,2,3,...

an (aN)N
< #’1 (9)
a N lak

Before we commence the proof we note that it is easy to see that Pgrpa and Popca approach
0 as a — 0. It is also easy to see that Popoa = Pegact for a > 0 in the trivial cases of N =1
and N = 2.

Most of the remainder of this paper is given over to establishing this innocuous looking and

quite generic inequality between the Erlang B formula and the OPCA system.

2.4 System Interpretations and Intuitive Arguments

A discussion of systems for which the approximations we consider are exact will help in un-
derstanding the implications of the approximations. To this end consider the following four

systems.

The actual system: In the present case, the actual system is our distributed server system.

EFPA: A system for which EFPA is exact can be constructed by considering the actual system

with a small modification, where an arbitrarily large exponentially distributed delay is

10



introduced at each overflow between the moment a call is denied service and the time it
attempts a new server. This large delay will induce Poisson independent arrivals in line

with EFPA assumptions.

The surrogate system: This system is the actual system with the following modification. An
arriving junior call that finds the server busy serving a senior call will preempt the senior
call and will be served by the server. Assuming it has not visited all servers already, the

senior call then immediately attempts another server that it has not visited before.

OPCA: OPCA is constructed by introducing the independence and Poisson assumptions to
the surrogate system. This is equivalent to introducing arbitrarily long exponentially
distributed delay to any overflow before it attempts a new server in a similar way that

EFPA applies to the actual system.

As discussed in [32], the blocking probability of the surrogate system is higher than that of
the actual system because overflowed senior calls that are being preempted by junior calls will
visit only servers that they have not visited before. Such servers may be free at the time that
the preemption takes place. This leads to a slight inefficiency which somewhat increases the
blocking probability.

Then the blocking probability incurred by OPCA is less than that of the surrogate system
because it eliminates all the dependencies and traffic variability. For the same reason EFPA
underestimates the blocking probability of the actual system.

Since OPCA underestimates the blocking probability of the surrogate which incurs higher
blocking than the actual system, it in fact cancels out error introduced by the surrogate and
provides a better blocking probability approximation of the actual system than EFPA.

Another interesting fact to observe is that the OPCA system is the one most different from
the actual system. It has both the preemptive priority structure as well as arbitrarily large delay
which do not exist in the actual system. Yet it provides a very accurate approximation to the

actual system.

11



3 Proof of the OPC Conjecture

We begin the proof by recalling the definition of Appell polynomials

Sn(z) =Y =, (10)

the truncated Maclaurin series of the exponential function, which will play a key role in the
proof of the conjecture. At this point, we make the convention that the symbol N is taken to
range over all positive integers unless otherwise stated, so that any statement made about N
without further constraints is assumed to hold for N =1,2,3,....

Let A = aN be the offered load to the entire N-server system. The following function of A

and N will be key in the proof of the OPC conjecture.

Tyn(A) = (ff - 2> <N]11>NSN(A)SN (A (1 + ;)) + Sy (A)? - ‘jVN; Sy (A)
+ (1 _ j\‘f) (N]i 1) ﬁsjv (A (1 + ﬁ)) + ;‘zﬁ;. (11)

To prove the OPC conjecture, we begin by defining a sufficient condition, described by

(13) below, for the OPC condition to hold (Lemma 1). Then we show that (13) is equivalent
to Ty (A) > 0, so the latter becomes a sufficient condition for the OPC condition to hold
(Proposition 1). In Appendix B, we prove that Tn(A) > 0. This completes the proof of the

OPC conjecture.
Proposition 1. If Ty(A) > 0 for all A > 0 and all integer N, then the OPC conjecture holds.

By (5) we have

-1 -1 1 -1 -
" _ (e w)? _nzja,_Z?oaz+(Z?oai)2 iy ai Z‘L
n 1 (2
1—1—2100,1 = 1+Zzoaz 1"’210@2 —
n—1
1 1
:Zai +Zloaz+ Zaz—a —— ((12)
= 1+ Oal 1—1—2Z Oal — lﬂ—zzoaZ

12



For the purposes of this section, we write down the following inequality

1 1
+ aPoyact (N) > . 13
aPexact(N) +1—a °© (V) 2 aPexact(N +1) +1—a (13)
Lemma 1. If (13) holds, then the OPC conjecture is true.
Proof. We define
1, n=—1,
Up = (14)
1+>" gai, n>-—1,
and note
Ap = Vp — Un—1 n=20,1,2,... (15)
As a result,
T 142 (16)
an =a— ——— =a-— .
" 1+ Z?;()l a; Upn—1
It then follows from equations (16), (9), and (8) that the OPC conjecture is equivalent to
< aPexact(N) + 1 —a. (17)
VN-1
It is easy to show that both sides of (17) are positive. Therefore,
1
UN_1 > > 1. (18)

aPexact(N)+1—a —
We now begin an inductive proof by induction on N and use equation (18) as the statement
to be proved by induction. For the case N =1, v9p =1+ a and

1
+1-—a= = —, (19)

P, N l—a=
aexaCt( )+ @ 1+a 1+a I

so the inequality is in fact an equality for this case.
Assume that (18) is true for N. Using the fact that the function = + (1/z) is increasing for

x > 1, we have

1 1
>
UN-1 aPexact(N)+1_a

UN—-1 —+ + aPexact(N) + 1—a. (20)

13



Adding a — 1 to both sides and combining with (16) we obtain

1
aPexact(N) +1—a

VN Z + aPexact(N)- (21)

From (18) we see that to complete the proof of the induction step it is enough to show (13).
This completes the proof of Lemma 1. O

Proof of Proposition 1. Our strategy here is to prove that if T (A) > 0 for all A > 0, then (13)

holds. We recall that

(a(N+1))N*1
N+1)!
Pexact(N + 1) = Pexact = N—i-(l (a(?\f—l—l))i ) (22)
im0
and write
(a(N+1)N
_ N
PNZ SN e (23)
1= 2!
Then
a(a(N+1)N apN
Pexact(N +1) = gm0 - = : (24)
+1))N+1 N N+1))d
= (N+)1))! — e, W T+apy
We make this substitution for Pexact(/N + 1) in (13) to see that it is enough to prove
! + APt (N) > ! (25)
a ;
@Pexact(N) +1—a = 9 = g @] _q
in other words, we have to prove
aPexact(N)(aPexact(N) +1—a) + 1 S 1+ apn (26)
aPexact(N)+1—a “l—a+apy
This reduces to
Pexact(N)2(1 —a+ GPN) + Pexact(N)(a — apN — 2) +pn = 0. (27)
Dividing by Pegact(N)?pn, we require
-2 1 1-—
a4 n S T ) (28)

Pexact(N>pN Pexact(N)2 Pexact(N) PN
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Next we convert to the Appell polynomials referred to earlier by noting that

P = 5@ (29)
and
ptv — Sn(a(N + 1))WT1))M (30)
After substitution of these two into (28), it is enough to prove that
(a]\;;zv_(a?]ifj\i)i))zv Sn(aN)Sn(a(N +1)) + (CL(]]\\;!));VSN(CLNF
L aSN@NONY | (aN o a

(aN)N (a(N +1)N

Now we multiply through by % and set A = alV to obtain that

Tn(A) = (jvl - 2) <NN+1>N Sn(A)Sy (A (1 + ;)) + Sn(A)? — (?\QZTSN(A)

(D) () ) e o

means that (13) holds and by Lemma 1 this means the OPC conjecture is true. This proves

Proposition 1. O

We are now in position to deconstruct Ty (A). We note that Ty (A) is a polynomial of degree

2N + 1. We write it then as its (finite) Maclaurin series:

(3) (2N+1)
o / Tzlxlf(o) 2 TN (0) 2 TN (0) 2N+1
Tn(A) =Tn(0) 4+ Tn(0)A + 51 A+ 30 A+ +7(2N+1)! A . (33)

In Appendix B we show that T (A) > 0 for all A > 0. Therefore, by Proposition 1, the

proof of the OPC conjecture is complete.

4 The Case: N —

Now that the proof is complete, the following corollary establishes that OPCA (as well as EFPA)

approaches the exact solution for a large N.

15



Corollary

Both Pgppa and Popca approach Peyact = Enx(alN) as N tends to infinity with a fixed.

Proof. We know from page 498 of [24] that Ex(alN) approaches zero for a < 1 and approaches
1-— é for a > 1 as N tends to infinity with a fixed.

For all a > 0, Pgppa is obtained by finding the non-negative unique solution b of (3) and
then the blocking probability is bV. In all cases the result is trivially non-negative. Since the
EFPA value for the blocking probability never exceeds the exact result given by the Erlang B
formula, it follows immediately from the results of [24] and our proof of the OPC Conjecture
that both Prppa and Popca tend to zero when a < 1. It follows that, to show that both Prppa
and Popca have the same limit as Pexact, we only need to consider the case a > 1 for Prrpa.

Suppose b does not tend to 1. Then, for any fixed M, b < (1 — %) for infinitely many V.
For these N, by (3),

b:a—mN>aP—(1—igN]%aﬂ—e”ﬁ

as N — 0o. Now choose M so that a(1 —e~™) > 1, and this gives a contradiction. Hence b — 1

as N — oo. Therefore, by (3), the blocking probability is

b 1
W=1--—>51--,
a a
which coincides with the result in the exact case. O

5 New Bounds and Asymptotic Results under Critical Loading

A system where the offered traffic load is equal to the number of servers, namely a = 1, is called
critically loaded [10]. It is known that for a critically loaded Erlang B system, as the number of
servers and the offered load approach infinity, the blocking probability approaches zero. These
conditions are important because they reflect the exponential increase of capacity and traffic in

telecommunications networks in recent times.
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5.1 The bounds and asymptotic behavior of OPCA for a =1
Let A, = > ;a;. Then, from Eq. (5) and for ag = a = 1, we have

AQ

Ap1 =1+ T4 (34)
Moreover from Eq. (5), we have
anH:lf%‘ln_An—i_l:An—}—l (35)
Substituting into Eq. (6), we have for N > 1
Popca = S (36)
Ayv_1+1
By (34), we have
Appr1 =1+ Hfi”A:Ag‘ - 1112;14”” =2+ A, —1- lfzn =1+A4, - 1;4’;1“.
Therefore,
A2 =1+ A2+ <1f’;ln>2+2An—21on —21f7j4n =1+A2+ (1f’j4n>2. (37)
Since A, > 1, we obtain
§+A33Ag+1<2+Ai, (38)
and iteration, noting that Ag = 1 provides bounds for A,.
§n+1§AZ<2n+1. (39)

4
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Now from (37) and (39)

2

1 2
A?L+1:1+Ai+<1—1+A> >1+ A2+ (1-—rx] . (40)
n 1+ %n

2
Now we sum this equation from n = 0 to N —1, replacing Ag, which equals 1, by (1 - L = )
14+4/3N

to obtain
2
il 1 Yol 4 X 8 %
A% > N 1—-————— | >2N-2 —— | =2N—-—) — >2N - —+V/N.
AN+ =] = >\ 7 =) 2z
n=1 1 + 4n n=1 4TL n=1
(41)
Similarly,
N—-1 1 2
A2 < N+1+ (1—) . 42
N= nz:% 1++v2n+1 (42)
For N >3
N-1 1 2
A2<N+3—|— <1—) < 2N. 43
N= ; 1+v2n+1) — (43)
Combining equations (41) and (43), we obtain
8
9N — /N < A% < 2N. 44
VN <Ay < (44)

Note that there is an opportunity here to modify (44) to make it apply to both N =1 and

N = 2, but this will weaken the inequality, and we refrain from doing it. It follows from (36)

that
1 1 1
————=——— < Popca = < : (45)
1+ 2N -2 Ay-1+1 \/Q(N_l)—¥ 2(N - 1)
5
We write M = 2(N — 1) and calculate as follows
0 <P ! < ! 1
>~ "OPCA — >~ -
1+vM _ 42 1+vM
M NG M
NN
1
= + V5 . (46)

U+ VA (M~ S2V) (V)M — B2V (VI + /M~ 22V
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Noting that /M — 4—\/\/55\/M > \/% provided M > 26, we have

0 < Popca — 1 <ﬁ+ 8/V/5 :\/§<1+ 8 >1. (47)

L+VM ~ M7 M1+ ) VA1l +v2)) M
Thus we obtain for N > 14
0 < Popca — 1 <pt (48)
ST VAN -2 T N1
where
8 1
B=1[1+ ) —. 49
( NG (49)
These result in the following bounds for Popca:
Y heen < ! + B (50)
1+veN 2 PP vaN 2 N1

where the upper bound starts from N = 14 and lower bound starts from N = 3. An important
observation to make here is that for a large N, the blocking probability of OPCA is of the same
order as that of the Erlang B formula, namely 1/v/N. This explains the closeness of OPCA
to the exact solution (i.e. the Erlang B formula) shown in Figure 2. As observed from (50)
and verified by Figure 2 the lower bound of OPCA is a tight bound for large N and OPCA
approaches to this lower bound as N approaches infinity.

It is interesting to note that our lower bound of OPCA can serve as a tight lower bound
of the Erlang B formula because OPCA is itself a tight lower bound of the Erlang B formula,
although it is worth noting that the bound of [9] is slightly tighter than our lower bound of
OPCA for N > 5. Note also that our bound applies only for the case of critical loading while

that of [9] is not so constrained.
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5.2 The bounds and asymptotic behavior of EFPA for a =1

In this section we analyze the asymptotic behavior of the EFPA for a = 1 and for large N. Let

Pn = Pgppa for N > 1. From Egs. (3) and (4) and with a = 1, we have
1
1-Py— P} =0. (51)

Let

fn(x) —1l—g—g¥~. (52)

Note that fn(z) is a monotonically decreasing function of  in the interval [0, 1], that fx(0) =1

and that fx(1) < 0 and so fy(x) has exactly one zero in that interval, namely Py.

We first show that Pgppa is upper bounded by logTN for N > 2. Let yy = IOJgVN. Put yn

into (52), to obtain
log N
N

_logN <logN)1/N

MN) = () =1 A (2 (53)

Differentiation with respect to NV yields

W(N) = N2 ligN :(IOA%VN)l/N((IogN) log(l%TN> +log N — 1) + (logN)2 — logN]
=Nz li)gN _(IOJgVN>1/N(IogN10g10gN — (logN)2 +log N — 1) + (logN)2 — logN]
> Z\72110g1\7 1- (10}3VN>1/N} ((10g ¥)* ~10g V)

provided N > 6 since in that case log N loglog N > 1. It follows that h(N) is strictly increasing
for N > 6 and numerical calculations show that this property extends down to N > 2.

Now consider

1
lim h(N) = lim 1— 8N _ (logN)”

N—o0 N—oo N N
log N\1/N
— 1 ( ) _
Ngréo N 0

If follows that h(N) < 0 for N > 2 and hence that Pgrpa < (log N)/N for all N > 2.
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Now, we try to find an asymptotic lower bound for Pgrppa. Let zy = dl%(m for some choice

of 1 > d > 0 to be made later and put it into (52), to obtain

dlog(N) dlog(N)\ ~
—1- - ( ) . 54
fn(2n) N N (54)
Observe that by the Mean Value Theorem, for 0 < § < 1
e’ <1+ Bz forlogp <z <0, (55)
so that, if we apply this inequality to
log (dlcﬁN)
TTTTN
for sufficiently large N to achieve log f < x < 0, we obtain
dlog N
(‘“OgN)}V <1+Blog( ) (56)
N N '
Putting it into (54), we have
dlog N
dlogN P 10%( N )
fn(en) > - f, - N (57)
In order that zy be a lower bound, we need f(zxn) > 0 which by (57) follows from:
dlog N
_dlogN_ﬁlOg( N ) =0 (58)
N N )
This is equivalent to
1-49)
NY B’ > dlogN. (59)
For any d < 3 the above inequality holds for arbitrarily large N.
Therefore, for all N > 2, we have
log N
Prrpa < ?\f (60)
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and for any d < < 1, there is an N(d) such that inequality (59) holds for N > N(d), so

dlog N
N

< Perpa. (61)

Since, for arbitrarily large N, we can choose d to be very close to 8 such that d < 3, and we

can also choose 3 very close to 1 that satisfies § < 1, as N approaches infinity, we have

log N log N
P = .
N > IEFPA N

Recall that the upper bound of Pgpp4 starts from N = 2.

Note that these results are different from those obtained in [10] where a different limit regime
has been considered. The authors of [10] considered a limited availability case where the traffic
can overflow only a limited number of times, and this limit stays fixed although the total number
of servers approaches infinity. In the present case there is no such limit.

These bounds signify the improvement achieved by OPCA over EFPA under critical loading.
We demonstrate numerically in Figure 2 that these bounds are quite tight and we also observe
from the numerical results that the significant difference between the upper bound of EFPA and
the lower bound of OPCA starts from N = 3.

We capture the results of this section in Table 1 and recall that for N =1 and N =2, OPCA
gives the same results as the Erlang B formula. It shows that the ratio of the upper bound of
Erlang B formula [9] to the lower bound of OPCA is bounded by /2 for any N > 1, while the
ratio of the lower bound of the Erlang B formula [9] to the upper bound of EFPA approaches
infinity as N — oo. This OPCA error bound provides further evidence for the accuracy of
OPCA in the present case and helps in understanding why the OPC Conjecture is difficult to

prove.

6 Conclusions

By completing the proof of the OPC Conjecture, we have established that for the symmetric
distributed server system under consideration, OPCA is always at least as accurate as EFPA.

Furthermore, Popca = Pexact for the cases N =1 and N = 2, and we have now established that
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Figure 2: Blocking probability versus number of servers for Erlang B, OPCA and EFPA.

Table 1: Summaries of bounds for Erlang B, OPCA and EFPA for N > 3.

Erlang B Upper Bound [9] L

1+VN
1
Erlang B Lower Bound [9] /N
OPCA Lower Bound m
EFPA Upper Bound %

this is also true at the limit of large N. (Note that the latter applies also to EFPA.)
Furthermore, we have provided new results of tight bounds and asymptotic behavior for both
OPCA and EFPA under the important case of critical loading that show the closeness of OPCA
to the exact solution and the significant improvement achieved by OPCA over EFPA. We have
also shown that the ratio of the Erlang B formula to OPCA is bounded by v/2 for any N > 1,
while the ratio of the Erlang B formula to EFPA approaches infinity as N — oo.
The results of this work establish a close relationship between two seemingly unrelated mod-

els: the Erlang B and the priority queue model OPCA and demonstrate a potential of improving
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accuracy by surrogate-based approaches for many other overflow loss model applications.

Appendix

A Existence and Uniqueness of the Solutions for EFPA and
OPCA

A1l Existence and Uniqueness of the Fixed Point Solution for EFPA

Eq. (3), namely b = a(1 — b"), is the fixed-point equation for EFPA. Rearranging, we obtain:
0=a(l—b")—b.

Define: f(z) = a(l —2V) — .

To prove existence and uniqueness, we show that f(z) = 0,0 < z < 1, has a unique solution.
To establish solution existence, we observe that f(z) is continuous and for z =0, f(x) > 0 and
for z =1, f(x) < 0. Therefore, a solution exists by the intermediate-value theorem.

To establish solution uniqueness, suppose f(z1) = f(x2) = 0 for 0 < z; < z9 < 1. The
mean-value theorem requires the existence of a y satisfying f(x2) — f(x1) = f'(y)(x2 — x1) or
f'(y) =0, where 1 < y < x9. This provides us with a contradiction because simple calculations

reveal that f'(z) < 0. Therefore, x1 = x2.

A2 Existence and Uniqueness of the Solution for OPCA

From Eq. (5), we observe that a unique a,1 is recursively obtained from ag,ay,...,a,. And,
it takes IV steps before we obtain ay (the last an value). Then, we can obtain a unique Popca

which is given by ay/a.

B Proof that Ty(A) >0 for all A >0

We show that T (A) is positive on the whole positive real line and we do that by showing that
each of its derivatives at 0 is positive. In other words, we divide the original problem into several

sub-problems, which are relatively easier to solve, and solve them individually. Then some of
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the sub-problems are further subdivided to enable solution. We continue to apply this “divide
and conquer” approach to each sub-problem until they are all solved.
It will simplify the formulae involving the derivatives of T (A) if we define o = NL-H Then

we have

Tie(A) = 20V Sy (4)Sy (j) — 207 Sy (4)S (2) T Sx(A)?

N
AN—H aNAN A aNAN+1 A A2N+1
~ N VA SN( >_ NN! SN( )+N(N!)2‘

(B1)

(6 «

Now we approach the task of calculating the derivatives of each of the terms in this sum.

The following equations will help here.

S () =Sp-1(x) n=0,1,..., (B2)

where S_1(z) is identically zero, and so

sa0)=4 " " (B3)

1 otherwise.

We record as a series of lemmas the derivatives of each of the terms in Ty (A). In proving

these lemmas, we will rely on (B2) in addition to Leibnitz rule in the guise

nm—i

e S @otoe)] = 32 (7 )ete = (e e ) 3
where
Tlraa)g(en)] = 3 (7 ) a0 o),

1=0

and f((z) is shorthand for d"f(z)/dz" and ¢ is integer.

25



Lemma 2.

S s ()] - SEE (T Yo (@) vmin (2

=0

(o ()i (2]

3 |

S (@) 0<n<N+L

ar [ A A ‘

dA" {NQNSN(A)SN (a)hzo =) FnEl v (DR N+2<n<2N 41,
0, n>2N + 1.

(B5)

Proof. The first equality follows immediately by rewriting (B4). In particular, we set f = g =
Sy, a=1/a,b=1and c= 1.

We evaluate at A = 0. The second term is multiplied by A and is thus immediately elimi-
nated. The form of the first term depends on n. Three cases arise, namely, those stated in Eq.
(B5) For 0 <n < N + 1, the product Sy—;(0)Sn—n+1+i(0) = 1, as a consequence of (B2). The

rest is straightforward.

Lemma 3.

dCZn [_2QNSN(A)SN (‘2)} = —2aNZ< >SN 1(14) SN—nti(A) <;> (B6)

(

~20VYL () () 0<n<N,
i T N = N i
dA" e N( ) N E A=0 o _2aN Zi:n—N (7;) (é) ’ N+1 sn< 2N.

0, n > 2N.

\

Proof. The first equality follows immediately from a rewriting of (B4). In particular, we set
f=g9g=Sn,a=1/a,b=1 and ¢ = 0. Again the rest is straightforward.
O

Lemmas 4-8 involve differentiation of the general form given by (B4). This can be accom-

plished in the same way as detailed in the proofs of Lemmas 2 and 3. We provide a summary
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in Table B1, but omit the proofs of Lemmas 4-8, which involve straightforward calculations.

Table B1: Form of (B4) for Lemmas 2-8

f g a b c

Lemma 2 Sy Sy 1/a 1 1
Lemma3 Sy Sy 1/a 1 0
Lemma 4 Sy Sy 1 1 0
Lemma 5 Sy 1 1 1 N+1
Lemma6 Sy 1 1/a 1 N
Lemma7 Sy 1 1/a 1 N+1

Lemma 8 1 1 1 1 2N +1

Lemma 4.
d" " /n
L VAN = 3 () Sw-iA)Sy sl
i=0
Xio(i):  0sn<N,
dTL
0, n > 2N.
Lemma 5.
d" LNy IR T W N O O P ,
o | A )] = - > (3) A s
0, 0<n<N,
" _LAN-HS (A) _ (N+1)! [ n
dA" | NN! M e — ot (i), NH+1<n<2N+1
0, n>2N + 1.
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Lemma 6.

=0
<n< —
dn N A 0 OsnsN-1 (BQ)
a N — n n—
i s (5)] =3 e veanson
0 n > 2N.
Lemma 7.
dn [—alv A —aVN S n\ (N +1)! : AN\ 1\
AN—HS 2 _ AN—H—@S i [ = -
dA" [NN! M\a NN!; i) (N +1—1)! N=rti\a ) \a
0, 0<n<N\,
d* [—a® N A B
A" [NN!A SN (a ) R )@Y N l<n<aN 41
0 n>2N + 1.
(B10)
Lemma 8.
dm |:A2N+l :| (]%[](\7]\4;'3" n=2N+1 (B]_l)
dA" [IN(ND)?| ,_,
(VD*] a0 0, otherwise.

The next step is to collect all of these terms together to obtain T](\;L )(0). The formula is

different for different ranges of n, as the previous lemmas indicate, and the ranges depend on

N.
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T (0) =

eXn(14+ L) —2aN (14 L)" 4 om 0<n<N
a1+ )" —2aN (14 L) pon 4o n=N
SN D+ DY 2SN, (V) (1) X, (Y

—NEL 4+ oaNY(N 4+ 1) — oV L n=N+1
v (@) 20, v (@) (D)

() eV () @) e R () () N+2<n<2N
0 otherwise.

(B12)

B1 The Easy Cases

We now have to verify that each of the derivatives of T (A) is non-negative to complete the

proof of the OPC conjecture. The cases are
{0<n< N}L{N}L{N+1},{N+2<n<2N}. (B13)

The most difficult case turns out to be the last of these: {N +2 <n < 2N}, and we leave it

till the next and subsequent sections. We deal with all of the three other cases here. It simplifies

)

formulae a little to consider n!TJ(\:L in each case.

Lemma 10.

alv 1\ ! 1\"
—n <1+> — 2oV <1—|—> +2">0 n=12,..,N—1. (B14)
N a a

Proof. We divide by 2", replace a by NLH and rearrange to obtain in place of the left side of
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(B14) that

1+ 2 1 (+1)"712 L <+1)n
n (1 Ay (14 L
2N<1+%> 2N (1_’_%) 2N
1 1 \n-1r n—2
—1- N(1+ﬁ) [2— ZN] (B15)
(1+N)

For this to be non-negative for 0 < n < N we observer that the logarithm (to base e) of the

second term is less than 0; that is,

1 1 1
AN
Using the inequalities
z? 1
T <log(l+z) <z, log(ﬁ) >z for0<zx<1. (B17)

we see that the expression in (B16) does not exceed

11 (n—1)

)+ N +1
N 2N?2 2N

n-+ 2
<(log2 -1 —<log2 -1+ —.
< (log )+ N <log +

—N( AN

+log2 —

(n—2)
AN

which is clearly negative for NV > 10. The remaining small collection of cases of the original

inequality can be checked by hand. We have used Maxima to check the cases N < 10. O

Lemma 11.
1\N-1 I\NN
o (1 + 7) — 2V (1 + 7) +2V +aV > 0. (B18)
« (6]

Proof. For N > 2, oV < %, so that

1\N-1 1\ N 3N +2 1 N
e ) () e N (- )
(0%

o 2N +1 N+1

> 9N [1 _ (;xii) (1 - 2<N1+1))N] . (B19)

N
As in the previous lemma, we do this by showing that the logarithm of (g%ﬁ) (1 — m>
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is negative using the inequalities given in (B17). This reduces to

1
2(N +1)

><lo §—}—i- ! + ! (
=80T 9T N1 6N+ 3

)+ Nlog(1- B20)

Io §+10(1+ L
55 TS T 6N 3

which is negative for N > 7. The remaining few cases can be checked by hand (on the original
inequality (B18)), and we have used Maxima to do this. It is an indication of the tightness of

this inequality that the first four cases all give the value zero. O
Lemma 12.

N

(jv(N+1)(1+;)N—2QN§;<Nj1>(;)i+§:(N:d)—N]\tl

+aN<N+1)(1>—aNN+1 >0. (B21)

Proof. We begin by rewriting the expression as

I\N 1\N+1 1
N-1 N
[0 (1+a> — 2« |:<1+Q) _1_05N+1:|+
1
Nl 9 — L oV I N 4+1)— N
(0%

1I\N 1
_ oN+1 _ o N-1 (1 + 7) [1 + 204 + (N +3)aN + = -2 (B22)
a (6%

Now we use the inequality oY > % to obtain

2N+1—aN*1(1+$)N[1+2a} +(N+3)aN+é—2
22N+1—(a+1)NE+2} +N:3—222N{2— (169)(1—2(]\[1+1))N] (B23)

N
for N > 6 and the final term is positive for N > 9, because (1 — m> is decreasing in N
and is less than % for N = 9. Again the remaining few terms can be checked by hand, and

again we have done this using Maxima. O
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B2 The Final Term

The proof of the OPC conjecture will be complete when we have proved the following lemma.

This proof will occupy the remainder of the paper.
Lemma 13.

TS () e <”)< ()N () me

i=n—N i=N—n
() @) e T (V)@ 2
form=N+2 N+3,...,2N.
First we replace n by n — N — 1 to obtain for the left side of the above inequality:

N N
n+1+N 5 n+N\ _; o n+N+1 i n+N+1
VR (e 2 (T e 2 (1)

i=n+1 i=n-+1
4f{n+N+1 Nen_1|(m+N+1 n+N+1
— — B2
“ < Ny1 )@ N N+1 (B25)

where now we have to prove this non-negative for 1 <n < N — 1, and as before a = NLH

We fix n+ N 4+ 1 = R and define

N N
+1+ N + N +N+1 . +N+1
QWW):TLN“NZ(ni ) a3 <n )O‘ ApS (n i )

i=n+1 i=n+1
4f{n+N+1 Nen—1 | (n+N+1 n+N+1
_ — . (B26
« < N+1 )T N N+1 (B26)
The idea of the proof here is to show that for the “diagonal” this expression is zero, and that

when we move away from the diagonal the value increases. The first assertion is (more precisely)

expressed in the following lemma.

Lemma 14.

QK-1,K)=QK-1,K+1)=0, K=12,... (B27)

Proof. This is a straightforward calculation:

QK —1,K) = (2;;) [KKH—l] + <2§> (1—KK+1) — 0. (B28)
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2K -1 K 2K —1 K-1 K
_ — = —
UK -2, K) <K ><K+1 >+(K—1>[<K+1 2)K+1+1] (B29)
K (2K -1 K-1
+K+1< K )(1_K+1>_
U
Now let Y(n,N) = Q(n —1,N + 1) — Q(n,N). The remainder of the proof is concerned

with the following lemma. Once it is completed, combined with Lemma 14, it gives the required

result.
Lemma 15. For0 <n < N Y(n,N) > 0.

The proof of this result in itself will require several lemmas. Indeed, its proof appears to

be non-trivial, although elementary. To simplify the expressions, we let 8 = %—E Then a

straightforward and omitted calculation shows that

T(n,N):(N+n+1)( _gN- n+1> <N+n+1><1_n+1>aNn1 (B30)

N+1 N+1
NETh N+ 1\ [N - . N —i .
ps (NG -2 - G 2]

Now we note that the sum in this expression for T (n, N) is (the details are provided in Appendix

I of [30]):

Z (Nz?ifl)[(ﬁ — 2 — (gt —2)a]

L T A | e

=0

N—n—1 . ;
NAnt+Il\rntlti vonvn ntl+i o vonoio
" ZZ:% <n+1+z‘>[( Niz P (N1 e }} (331

This yields
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wo-[(3-2) - (-]
2

i+n+1_ N—n—i Z+n+1_ N—n—1—1i
+[<N+2 )B ( N1 2>a (B33)
Lemma 16. S(i) is increasing in i for 0 <i < L(N —n—1)
Proof. Let
= [(22h ) (221 )] -

Then

SE)=Q1)+Q(N—n—1—1). (B35)
Differentiating with respect to ¢ we have

S'(i)=Q' (i) — Q'(N —n—1—1). (B36)

To show, then, that S(i) is increasing for 0 < i < 1(N —n — 1), we shall show that Q'(4) is
decreasing for 0 < i < N —n — 1. We observe that 3'T! < o for all real 7 in the range in

question, and hence that

moy 2 i+1 N—i i+1 2 2 i (N -—-i i 2
Q"(i) = N+2ﬁ Ing + N2 25 (ln6)+N+1alna Nl 2 ) a'(Ine)
. . N +2 61‘—1—1 N +2
—|:2—(N+4+Z)IH<N+1>:|N+2IH Nl
_ N+1 o N+1
oo (Y] 0w ()
, N +2 : N+1 ol N +1
< — R - <
< [(N+4+z)ln(N+1> (N+2+z)ln< N ﬂNﬂln( N )_0,
(B37)
which is enough to complete the proof. O

The next lemma now follows from the preceding one.

34



Lemma 17.

Now define
> . (B39)

Then we have the following lemma.

Lemma 18.
Un, N +3n+5\[/3N +n+3\5"
> -1 —1. B40
(N+]<;+1) _<2N—2n—2> {(N+3n+5) ] (B40)
In other words, the following is true.
N+n+1 Nentl N+n+1 n+1y N_poq
> _ n — — n B41
T(”’N)—< N+1 )(5 b ) v )0 g (Bal)
N+n+1
()
N—n
N+n+1 (N+3n+5) <3N+n+3> = 4| _1|sy.
N 2N —2n — 2 N+3n+5

Proof. This is proved as follows:

LN'rLlJ Lanfl i
L N+1—k ) i (H(N+1—I<:)(N+1+k:—i—1)>§
P n+1+k)(n+1-k+i+1)

Z H(n+1+k —
)i 3 ((N+1—Z+1)>

(N+n+1
LNn
H (N+1)2 - (G +1)(N+1)

L (n+1)2+(@+1)(n+1)

LN” ! N-n-—1 ¢
<2N—2+1>

> M- 27
- ; (n—&-l—i—%)

SHM

( —z—|—1>
2n+i+3 2n + ==l 43
3N 403 '> N+3n+5 3N +n+3 1)y
N+3n+5 2N —2n —2 N +3n+5 '
(B42)
O

N

_
2
SH
L

il MN
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B3 Final Estimates

At this point we change from using N and n as the variables to using R = N +n + 1 and
D =N —n-—1,so0that N = # and n+1= Lf. The right side of inequality (B41) can be

rewritten as

Q(D’R):<Rfi;£230'ﬁD+w}£¥;i?5ff)+(£0*RO)*“”“51+73” (B43)
where
e
o= (532" (572 (B45)
= (2- Ri;fp> (Q_RiIfD)Bl (B46)
Ro= (e -0 - (-2 B
:<2 R+2+D> < R+4+D)ﬁD+1 (B48)
:<x+ 2)" (ﬁli*) (B49)
=(2- 2&15) 1—(2—@;11952 (850
RS i s .
= (- wrarp)e” - (2 giim)ﬂl)' (B52)
where o = 3 = gy and 8 = 15 = 335

We state, as a lemma, the final requirement for our proof.
Lemma 19. Q(D,R) >0 for0< D < R—4 and R > 4.

We note that the cases D = 0 and D = 1 are already covered by equation (B27). We also
note that Lo, £1, Ro, R1 are non-negative, as is the first term in Q(D, R). Moreover the negative
(second) term does not exceed 1 in absolute value.

It will be convenient to write

R—-D

( 242D
R+4+D

W= R+2+D"

1 gD+ - (B53)
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It is a remarkable (and frustrating) fact that all of the non-negative terms are needed to make
the inequality Q(D, R) valid in this range. We begin by replacing each of them by somewhat

simpler forms. We write

2

P RAD (B54)
Lemma 20.
P P \?
ﬁo:p_(p—l—l)_‘_Q(p—i-l) ’ (B55)
p
W:(l—p)D—WH—m(DJrz), (B56)
L= (pQ)(él —2p—5p° = p?) (B57)
(p+1)3 ’

Ri=(1+Dp)(1—p)P~1 - (1 +(D+ 1)pi 1) (1 - pi 1)D, (B58)

- %((1 +u)PD/2 1) ~1 (B59)

where
1 2R+2-D 2/1 1

3
== (=) — = B60
u 2D D <p 2) 2 (B60)
The following lemma is obtained by the judicious use of the binomial expansion. We aim to

have a common denominator of 1/(1 + p)? in the various summands in the required inequality.

Lemma 21. Let

ccoz(1+’)p2)D+1(1+(D_1)p+;(D—1)(D_2)p2)(3+p) (B61)
coi =5 f;DH (1+D-2p+ %(D ~2)(D - 3)*) (4~ 20— 50" — ), (B62)
W= +_1;D+1 <gDp2 + %D%Q + %Dp?’ + %D3p3> (B63)
CRy = (Hp;)zm((D +2) = p(D? = 2) — pX(D —1)(1+ 2D) — p3(D — 1)D) (B64)
CM = D; Ly D(D;_ Lp (1 + %(D + z)p) (1 + g(D —2)(1+ %(D + 2)p)). (B65)

Then for D > 3

Lo >CLo, L1 >CLy, M >CM, W>CW, Ry >CRy. (B66)
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The details of the proof are given in Appendix II of [30]. In view of this lemma it is enough
to show that

CLy +CW + CM(CLy +CRy) > 0, (B67)

for R>6and 3<D <R —4.
The next two lemmas can be proved by straightforward calculations (See Appendices IIT and

IV of [30]) based on what we know about the ranges of p and D. We note that, for D > 5,

2
P13

Lemma 22.

CLy+CW +CM(CLL+CRy) > (B68)
— [D8(20°) + D"(6p") + D°(16p°) + D (44p° + 338p"* — 128 + 8p?)
+ DY(96p" + 496p% — 288p% — 32p) 4+ D3(576p> + 152p? + 320p)

+D?(2336p" — 1248p) + D(1984p)] .
Lemma 23. For D > 5,
CLy+CW +CM(CLy +CRy) > (B69)

— [2D%p° +6D7p* + 16D5p%) — (1289 — 8p*) D®

—(106p” + 32p)D* + 320D%p + D?(2336p> — 851p)] .
Now we define
W = — 2336p + 851 — 320D + (106p + 32)D? (B70)
+ (128p% — 8p) D3 — 16p>D* — 6p3D° — 2p* DY,

so that by Lemma 23

CLy +CM(CLy +CRy) > pD*W (B71)

for D > 5, and, leaving aside the special case where this fails, it is enough to show that W
is non-negative. For the moment we shall assume that D > 5, and return to the special cases

excluded by this at the end.
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Now we rewrite W in terms of R and D, reversing the substitution p = ﬁ, and simplify

to obtain

W =(32D* — 320D + 851)R% + (112D3 — 812D? + 844D + 2136)R? (B72)
+ (80D* — 100D? — 534D* — 1272D — 7608) R*
+ (=96D5 + 700D* + 1660D° — 5384 D% — 25456 D — 28832) R

—128D% +212D% +1931D* — 56D3 — 15640D?% — 33952D — 23760.

Next we split the argument into two cases: R/D > 10 and R/D < 10. For the former, we

note that the sum of the B3 and R terms in W exceeds

11200D° — 81200D* + 84400D? + 213600D? — 95D° + 700D*
+1660D> — 5384 D% — 25456 D — 28832

= 11105D° — 80500D* + 86060D? + 208216 D* — 25456 D — 28832, (BT73)

which is positive for D > 5. The sum of the R®, R? and constant terms in R and in W (B70)

exceeds

320000D°% — 3200000D° + 8510000D* + 8000D° — 10000D° — 53400D* — 127200D3 — 760800 D?
—128D% + 212D% + 1931D* — 56D3 — 15640D? — 33952D — 23760

> 327D5—-3210D°+8450D* —128 D% —780D? —34D—24 > 550D*—128 D3 —780D*—35D — 24,
(B74)

which is again positive in the range D > 5.

Now we consider the case R/D < 10. We rewrite W in terms of R/D and split it into two
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parts:

R\* R\? R
= = 112 = —96 (=) —128]| DS B75
3 32(D) + Q(D) +80< ) (D> (B75)
R 4 2
- —~) —81 — 100 700 212| D®
m(5) -se(g) -m(g) <o (5)
R\* R\? R\? R
= =) - = 1 = 1931 | D*.
851<D) +844<D> 534(D) + 660<D)+ 93

Py =

R\? R\? R
- - - - =) - D3
2136 <D> 1272 <D> 5384 <D> 56]
7608 (B i “osas6 (B~ 15640
D D

It is simple to check that Pj is positive for all R/D < 10, R > 9, D > 5, and that P» is positive

R
D? + [—28832 <D> - 33952] D —23760. (B76)

provided in addition R/D > 3.3. Thus W is positive provided 3.3 < R/D < 10,R > 9,D > 5.
The details are given in Appendix V of [30]. Apart from a few values that can be checked by
hand, then, it remains to show the result for R/D < 3.3.

We next write
W = Q1D% + QoD% + Q3D* + Q4D3 + Q5D? + QgD — 23760, (B77)

where

R\* R\? R\?2 R
1 32<D> +112(D> +80<D) 96<D> 8
R\* R\?® R\?2 R
=-320(=) —812(=) —100(= =) + 9212
Qo 30<D) 8 (D) 00<D> +700(D>+ :
R\* R\? R\? R
Qs =851 (=) +844 () —534( =) +1660 (= )+ 1931;
D D D D
o\ o2 . (B78)
Q, = 2136 (D> — 1272 (D) — 5384 (D>—56;
R\?2 R
= _ =) — 925456 [ = ) — 15640:
Qs = —7608 (D> 5456 <D> :
Qs = —28832 <§) — 33952.

We note that Q1, @3, Q4 are increasing functions and that @2, Q5, Q¢ are decreasing functions
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of R/D. In turn we replace R/D by each of 1.1,1.2,1.3,...,3.2 in the increasing functions
and respectively, by 1.2,1.3,1.4...,3.3 in the decreasing ones to give worst case estimates over,

respectively, each of the intervals

[1.1,1.2], [1.2,1.3], [1.3,1.4],...,[3.2,3.3]. (B79)

It can be shown that, in each case, W given by (B77) is increasing (and therefore clearly positive)
by repeated differentiation and checking for positivity of the derivatives at the endpoint D = 14.
The details are given in Appendix VI of [30].

Finally we consider the case when R/D < 1.1. We rewrite W in terms of R and y = D/R

as follows

W = 32y°R® — 320y R" + (851 + 112y> + 80y* — 96y° — 128y°) RS
+ (—=812y% — 100y + 700y" + 212y°)R® + (844y — 534y” + 1660y> + 1931y*)R?
+ (2136 — 1272y — 5384y* — 561°) R + (—7608 — 25456y — 15640y°) R*

+ (—28832 — 33952y) R — 23760. (B80)

For each coefficient of a power of R, we again consider the worst case, by replacing y by 1 if
that coefficient is decreasing in y over the interval [1/1.1,1], and by 1/1.1 if that coefficient is
to increasing over that interval. We collect the first two terms (R” and R®) together and note

that this is increasing in y for any R > 8. The result is that

32

W=y

320
RE— ﬁ}f +800R® —136.5R° +2892R* — 4576 R? — 48704 R? — 62784 R — 23760.

(B81)

It can be shown that this is increasing (and therefore clearly positive) by repeated differentiation
and checking for positivity of the derivatives at the endpoint 1/1.1 The details are given in
Appendix VII of [30].

There only remain a fairly small finite number of cases for small values of R and D. Each

of these have been checked using Maxima. We give the details in Appendix VII of [30] for all of
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the special cases, D = 2,3,4. This completes the proof!
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