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FErlang servers

I.J.B.F. Adan’ J. Wessels'?
November 26, 1993

Abstract

The queueing problem with a Poisson arrival stream and two identical Erlang
servers is analysed for the queueing discipline based on shortest expected delay. This
queueing problem may be represented as a random walk on the integer grid in the
first quadrant of the plane. In the paper it is shown that the equilibrium distribution
of this random walk can be written as a countable linear combination of product
forms. This linear combination is constructed in a compensation procedure. In this
case the compensation procedure is essentially more complicated than in other cases
where the same idea was exploited. The reason for the complications is that in this
case the boundary consists of several layers which in turn is caused by the fact that
transitions starting in inner states are not restricted to end in neighbouring states.

Good starting solutions for the compensation procedure are found by solving
the shortest expected delay problem with the same service distributions but with
instantaneous jockeying.

It is also shown that the results can be used for an efficient computation of
relevant performance criteria.

1 Introduction

The shortest queue problem is one of the most intensively studied queueing problems, even
in its simplest formulation with a Poisson stream of arriving customers and two identical
exponential servers. In this simple formulation the shortest queue problem is an example
of a two-dimensional random walk on an unbounded part of the plane. Since it appeared
to be hard to solve these simply formulated problems, it has been tried again and again
to obtain more insight in the equilibrium behaviour of two-dimensional random walks in
general and the shortest queue problem in particular.

The shortest queue problem was formulated originally by Haight in [12], however, the
first major step towards its analysis was made by Kingman in [14] and Flatto and McKean
in [10]. Using a uniformization approach they proved that the generating function of the
equilibrium distribution is meromorphic and they established explicit relations for the
poles and residues. As a consequence, partial fraction decomposition of the generating
function would in principle lead to a representation of the equilibrium distribution as
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an infinite linear combination of product forms. Regrettably, however, it appeared to
be practically impossible to obtain more than two terms of the representation in this
way. Also other analytic approaches took the generating function as a starting point
which lead to interesting analytic results, but not to explicit solutions for the equilibrium
distribution (compare, for instance, Cohen and Boxma [8]). Another approach would have
been to exploit more directly the representation of the equilibrium distribution as a linear
combination of product forms in order to obtain a more explicit expression. This may
have been tried in the course of the years, but the idea was only successful when it was
combined with an idea of how to construct subsequent terms of the linear combination (cf.
[1]). The essence of the latter idea is that there is an uncountable number of product forms
satisfying the equilibrium equations for states in the inner area; of these product forms
a selection should be made such that a particular linear combination of this selection
not only satisfies the equilibrium equations for inner states, but also for all boundary
states. In [1] it has been worked out in detail how this selection can be made via a
compensation argument: alternately, product forms are added which make the current
solution a solution for the equilibrium equations on the horizontal and on the vertical
boundary respectively. In this way the current solution always needs compensation to
turn it into a solution on the other boundary, however, after compensation it stops being
a solution on the first boundary, which requires again compensation, etc. In [1] it has
been proved that the constructed solution converges absolutely.

From a practical point of view the shortest queue problem with Poisson arrivals and
identical exponential servers is not the most interesting one. Therefore, the aim of the
present paper is to extend the compensation method to the case of two identical Erlang-r
servers. We will do so for the situation of shortest expected delay routing which means
that the jobs of all customers are considered as consisting of r exponentially distributed
subjobs and a new job is joining the queue with the lowest number of subjobs to be
executed (in case the numbers of subjobs are equal, either queue is joined with probability
7). Hordijk and Koole [13] and Weber [16] have shown that, within certain constraints,
this way of routing is optimal. For us, however, the important aspect is that the model
can be represented by a two-dimensional random walk in the first quadrant of the plane:
Define ¢ and j as the numbers of subjobs in both queues and define the state (m,n) by
m = min(i,j),n = |i — j|. Now the process on (m,n) is a random walk on the grid points
with m > 0,n > 0. This random walk is homogeneous for m > 0,n > r. On the line
m = 0 its mechanism is just the truncation of the main mechanism. On each of the lines
n=0,1,...,7 —1 its behaviour is homogeneous, but different on different lines (compare
fig.1, where the transition diagram is depicted for an instream rate A and three subjobs
with mean 1 for each job).

The analysis of the described model is of practical value, but also theoretically signifi-
cant, since the model essentially differs from the other models for which the compensation
method has been developed so far. In [4] it has been investigated for which random walks
on the first quadrant of the plane a compensation approach could be developed. In order
to keep the analysis tractable, a restriction was made to random walks with transitions
to neighbouring states only. For this restricted class of random walks it was proven, that
the essential condition for the compensation approach is that no transitions are possible
from inner states to the North, the North-East and the East. The model to be treated
in the present paper satisfies the latter condition for n > r (compare fig.1), but it does
not belong to the restricted class considered in [4], since for inner states the transitions
are not restricted to neighbouring states. At first sight the difference is not essential,
although it will make the analysis more cumbersome. The main difference seems to be



that now not only the states on the line n = 0 form the horizontal boundary, but also
states with n = 1,...,n = r — 1 are part of the horizontal boundary. However, it will
appear that the compensation procedure will get an essentially more complex form. The
reason for this phenomenon is that the equilibrium equations for the states on the lines
m=0,...,m =r —1 all differ from the equations in the real inner states, which implies
that compensation on the vertical boundary sets r requirements and therefore appears to
require r compensatory terms. Each of these terms then requires a compensation on the
horizontal boundary. .

The compensation procedure is developed in Section 3 after a formulation of the equi-
librium equations in Section 2. Section 4 treats the question of convergence and Section 5
is devoted to finding starting solutions for the compensation process, which lead to useful
linear combinations. The more complex compensation procedure essentially complicates
the quest for feasible starting solutions. In fact, it becomes more and more apparent that
finding feasible starting solutions is the essential difficulty of the compensation approach.
In the first exploration of the compensation approach for the symmetric shortest queue
problems (cf.[1]), this aspect of finding a starting solution still looked like a simple ques-
tion, since there was a natural candidate, but later explorations placed this aspect more
and more in the center (cf. 3, 4, 6, 7]). So, Section 5 may well be called the key part of
this paper. In fact the problem is solved by the solution of a variant of our problem in
which instantaneous jockeying is allowed. This solution is a finite linear combination of
products. Section 6 gives the finishing touch by first investigating the risk of degeneration
of the compensation procedure and then using the results of the previous sections to prove
that, indeed, the equilibrium probabilities can be represented by an absolutely conver-
gent linear combination of countably many product forms for which the factors and the
coefficients can easily be computed. Section 7 shows, as an example, that the moments of
the waiting time and the waiting time distribution can be expressed as the sum of infinite
series, which can easily be approximated. Numerical aspects of the computation of the
equilibrium probabilities are treated in Section 8. Section 9 gives some numerical results
and, finally, Section 10 is devoted to some conclusions and comments on the further de-
velopment of the compensation approach in general as well as on the use of this approach
for models related to the present one.

2 The model and the equilibrium equations

We consider a system with two identical parallel servers. The service times are Erlang-r
distributed. Jobs arrive in a Poisson stream with intensity A\. Without loss of general-
ity, we may assume that the Erlang-distributions have scale parameter 1. To guarantee
stability, we require: '

Ar < 2.

An arriving job can be thought of as consisting of r identical subjobs, where each
subjob requires an exponentially distributed service time with unit mean. Arriving jobs
join the queue with the smallest number of subjobs, and in case the number of subjobs in
the two queues is equal, they join either queue with probability %

This queueing system can be represented by a continuous-time Markov process, whose
natural state space consists of the pairs (i,j) where 7 and j are the numbers of subjobs
in each queue. In order to obtain a homogeneous random walk in the first quadrant, we
will use the variables m and n instead of 7 and j, where m = min(é,j) and n = |j — i|.



Let {pm,n} be the equilibrium distribution. For the model with Erlang-3 servers the
transition-rate diagram is depicted in Figure 1.

Figure 1: The transition-rate diagram for the queueing model with
Erlang-3 servers. The transition rates on the vertical boundary
are the truncation of the rates in the inner region. The horizon-
tal boundary consists of 3 layers.

The equilibrium probabilities satisfy the following relations, which are obtained by
equating for each state the average number of times per time unit the state is reached and
the average number of times per time unit the state is left. Since the states with m < r
cannot result from a transition triggered by the arrival of a new job (compare Figure 1),
the ‘most regular’ equation is only obtained for states (m,n) withm > r,n > r.

pm,n(2 + )‘) = pm—r,n+r/\ + Pm,n41 + Pm+1,n-1 (21)
m2r,n>r;

pm.n(z + )‘) = Pmpn+l + Pmtin-1, (22)
O<m<r,n>r;

Pon(l+A) = pont1+ prn-1, (2.3)
n>r;

pm,n(2 + /\) = pm—r,n+r/\ + Pmn+1 + Pm+1in-1 + pm—r+n,r—n/\ ’ (24)
m2r,l<n<r,;

Pm1(2+ ) = Proritrd + Pm2 + Pra1,02 + Prcrt1r-1A, (2.5)
m2>2r;

pm,O(2 + )‘) = Pmors A+ Pma s (2'6)
m2r.



The equations in states (m,n) with 0 < m < r and 0 < n < r are left out because of
their minor importance to the analysis. The equations (2.1) form the inner conditions, the
equations (2.2) and (2.3) form the vertical boundary conditions and, finally, the equations
(2.4), (2.5) and (2.6) form the horizontal boundary conditions. In the following sections
we shall try to prove that the equilibrium probabilities py, » can be expressed as an infinite
sum of products of powers, i.e., there are a;, §; and ¢; such that for all m and n,

oo
Pmpn = Zc‘a:nﬂtn .
1=0

3 The compensation approach

In this section we will try to construct a formal solution to the set of equations (2.1)-(2.6)

by combining products a™ 3" satisfying equation (2.1) for the interior points of the grid.
Inserting the product ¢™pB" into equation (2.1) and then dividing both sides of that

equation by the common factor a™~"4"~! leads to the following characterization:

Lemma 3.1 The product a™p"™ is a solution of equation (2.1) if o and B satisfy
QB2+ N =8N+ a" B+ o (3.1)

Any linear combination of products «™f" with a and f satisfying equation (3.1) is a
solution of equation (2.1). The next step is to construct such linear combinations which
also satisfy (2.2)-(2.6).

Let us start by considering an arbitrary product a™f" with a, 3 satisfying equa-
tion (3.1). Most likely, this form will not satisfy the vertical boundary conditions (2.2)-
(2.3). The straightforward compensation idea implies the addition of a compensating
term ca@™pB" such that

amﬁn + c&mBn

satisfies (2.1)-(2.3). Insertion of this linear combination into (2.2)-(2.3) yields r equations

of the form ) ,
B A+ B =0 forn>r.

This condition requires that

B=48.

Since & and f have to satisfy (3.1), it follows that & and @ must be two of the r + 1 roots
of (3.1) for the given B, only leaving ¢ for fulfilling r requirements. Hence, this choice
does not provide sufficient freedom to adopt the compensating term to the requirements.
However, we may also use the other r — 1 roots of (3.1) for the given 3, resulting in the
following compensation procedure which is slightly more complicated:

Try to find ¢,..., ¢, such that the linear combination
"B+ o'+ ...+ B

satisfies (2.2)-(2.3), where @, ay,...,a, are the r + 1 roots of equation (3.1) for given 3.



So, each term satisfies (2.1). If we note that (2.2) and (2.3) are just versions of (2.1)
with one and two terms missing respectively, we can insert the linear combination into
(2.2) and (2.3) and simplify by exploiting (2.1), which leads to:

"B HAL Y el TN = 0, O<m<rn>r; (3:2)

=1

BN+ oA = Y B, n>r. (3.3)

=1 =1

By dividing these equations by "™\ we get

(é)r_m+zr:c,- (g)""‘ = 0, O<m<r;

a =1

BY [ (BY _1,&1

— > ——— — C¢_ N

(a +§c, - A+§.A

These equations for the coefficients c;,...,c, are of a Vandermonde-type, and therefore,
may be solved explicitly. The solution can be simplified by using that the product of the
roots a, ay,...,a, is equal to (—1)"8"A. This compensation procedure is summarized in
the following lemma.

Lemma 3.2 Let ag,ay,...,a;, be the roots of equation (3.1) for given B. Then the sum
oy Bt + ol +...+ ol f"

satisfies the conditions (2.1)-(2.3) if the coefficients c1,...,¢c. are given by

(4 -1 (- 2)

= - fori=1,...,r,
B I
(% - (£-2)
where the index 7 in the two products runs through 1,...,r.

To satisfy the horizontal boundary conditions (2.4)-(2.6) we try to follow a similar ap-
proach starting with the addition of da™ 3™ instead ofAc&"‘B” to the original term a™fg".
This requires that & has to be equal to a and that 3 and 8 have to be roots of equa-
tion (3.1) for the given a, leaving d to satisfy r + 1 requirements, which, clearly, is not
sufficient. To create sufficient freedom we introduce extra coefficients for the solution in
states (m,n) with n = 0,1,...,r — 1 instead of using the other r — 1 roots of equation
(3.1) for the given a, by considering

a™ 3" + damB” form>0,n > r and (3.4)
ena™ form>0,n=0,...,r—1. '
The analogous procedure would not have worked for the vertical boundary, since we
would have been forced by the inner conditions (2.1) for the states on the linesm = r,r+
1,...,m+r—1 to set the coefficients of 8" equal to a™+ca™, yielding insufficient freedom
to satisfy the vertical boundary conditions (2.2)-(2.3). In the case of the horizontal
boundary, however, the lines n = 0,1,...,r — 1 only allow transitions to the linen = r



and not to any state with n > r. Because of this feature, the equations (2.1) for inner
states do not restrict the freedom of choice for the e,. Note that the way of compensating
of (3.4) was also used in [4], the vertical compensation, however, is of a new type. Later
it will become clear why we don’t use the approach of Lemma 3.2 also for the horizontal
boundary. It has to do with convergence of the solutions.

Insertion of the terms (3.4) into the conditions (2.4)-(2.6) and then dividing by the
common factor a™~" yields r + 1 linear equations for the coefficients eq, ..., er_1,d, which
may readily be solved. This procedure is summarized in the following lemma.

Lemma 3.3 Let By and B be roots of equation (3.1) for given a. Then the terms

o™ B + da™ BT form>0,n2>r and
e a™ form>0,n=0,...,r—1.

satisfy the conditions (2.1) and (2.4)-(2.6) if the coefficients eg, .. ., €,_1,d are the solution
of the following r+1 linear equations:

€0
Ale)| ¢ | +C(e,p1)dB] + C(e, Bo)Bs =0,

€r-1

where the (r+1)xr-matriz A(a) and the (r+1)-column vector C(a, B) are given by

/fca’ % 0 ... 0 0O 0\ (000...000\
2a" ka™l! o ! 0 0 O 000 00 X
0 a ! ka2 0 0 O 000 0X0

A(a)= ; + : ’
0 0 0 a® ka® ao? 00 ) 000
0 0 0 0 o? «ka 0 A0 00O
0 0 0 0 0 o/ \Xo0oO 00 0)/

A
( O
/\(5)2
Cla,B) = : )
/\(E)r—d
/\(g)’"l-ﬂl
5

with kK = —(2+ A).

Lemma 3.2 and 3.3 show that an arbitrary solution of equation (2.1) can be compensated
in such a way that it either becomes a solution to (2.1), (2.2), (2.3) (Lemma 3.2) or a
solution to (2.1), (2.4), (2.5), (2.6) (Lemma 3.3). One might hope that alternate use of
these two compensation procedures would in the long run turn some solution of equation
(2.1) into a solution of (2.1)-(2.6), at least if the compensating terms converge to zero
sufficiently fast. For the time being, we do not attend to the convergence problem, but
only define the formal solution which can be constructed with this compensation approach.



Starting with an arbitrary product form solution af'8¢ of equation (2.1), we add
aol*By + ...+ cca By to compensate for the error of af 5y on the vertical boundary
and, by doing so, we introduce r new errors on the horizontal boundary, since each of
the terms ;o' 83, ..., c.al* 5 violates these boundary conditions. An essential feature
is now that we compensate each of these errors individually on the horizontal boundary.
To compensate for the error of ¢;aT* 37 we consider

ciof* B3 + edval* 57 form>0,n2>rand
cenal’ form>0,n=0,...,r—1

where f3; is one of the r other roots of (3.1) with @ = a;, and choose €;,...,€1,-1,d1
such that these terms satisfy the horizontal boundary conditions (2.4), (2.5) and (2.6).
The same procedure is used to compensate for the terms c;0' 85, ..., c,al55. However,
the new terms c;dial*fy,..., ¢ d.a™ (" violate the vertical boundary conditions, so we
have to add again terms, and so on. Thus the compensation of of 3} on the vertical
boundary generates an mﬁmte sequence of compensation terms. An analogous sequence
is generated by starting the compensation of o'y on the horizontal boundary. The
resulting sum has, due to the compensation on the vertical boundary, the structure of an
r-fold tree, which is illustrated in Figure 2.

By definition we have ¢y = 1 and the coefficient dy will be defined later on. Each
term in the sum satisfies (2.1), each sum of r + 1 terms with the same S-factor satisfies
the vertical boundary conditions (2.2)-(2.3) and each sum of two terms with the same
a-factor satisfies the horizontal boundary conditions (2.4)-(2.6). Since the equilibrium
equations are linear, we can conclude that the infinite sum formally satisfies the equations
(2.1)-(2.6). Let us define z,, (g, Bo) as the infinite sum of compensation terms. For all
m>0,n2>r set

o0

Tmn(ao, fo) = Zdi(cicv:”+§:cri+ja7.‘-+j)ﬂ?

1=0 j=1

-*-Zdz 1 Cza +Zc7‘t—]an—j) in-—l

=1
(terms with same S-factor), : (3.5)

= 2.2 crini(diBl + drigiBliy;)oliy;

1=0 j=1

+co(dofBy + d-15, )Oz"z

+ E Z Cri-j(di-1B_y + dri-j—1B7i_j-1)ar_;

1=0 j=1

(terms with same a-factor). (3.6)

The representations (3.5) and (3.6) reflect the compensation on the vertical and horizontal
boundaries, respectively. The compensation on the horizontal boundary requires the
introduction of new coefficients for the terms in z,, »(ao, fo) with n < r. For all m > 0,
n=01,...,r—1set

xmn ao, 50 Z Ci€,, na (37)
l"'—OO
Below we formulate recurrence relations for a;, 8, ¢, di, €0y .-, €ir-1-



B d_lc_la'_"lﬁﬁl cee d-1C-r01Tr521
|4

n d-1co0g B2,

docooy' By

|%

R docio' B8 e doc,o 5

dicial' B} d,c.al* 3"

| %

| dlcr+] a:n.Hﬂ{z e dlc2ra;'16? drcr2+la$+1ﬂ:‘ T d,c,2+,a;’5+rﬁf

\ \j A\ v

Figure 2: The resulting infinite sum of compensation terms. Sums of r + 1 terms with the
same (-factor satisfy the vertical boundary conditions (V) and sums of two terms with
the same a-factor satisfy the horizontal boundary conditions (H ).

The numbers a; and B; can be represented in an r-fold tree which is depicted in Figure
3 (compare Figure 2).

For given initial roots og and f, of equation (3.1), the numbers o; and §3; with ¢ > 0
are generated such that for all ¢ > 0 the r descendants a,i41,...,0ri4r of B and its
predecessor o; are the r + 1 roots of (3.1) with fixed 8 = B;, and the descendant f,.,;
of ayitj, y = 1,...,r and its predecessor f; are two roots of (3.1) with fixed a = ariy;.
Notice that B,i4; is not uniquely determined, since we can choose among r candidates. In
the next section we will show that the convergence question determines the selection of
the appropriate root for 8. There it will also become clear why we do not use the more
elegant way of compensating at the vertical boundary also for the horizontal boundary:
that would force us to use all the roots for 3, which raises convergence problems.

The numbers a; and f; with 7 < 0 are generated analogously, starting with 8_; being
one of the r roots other than fy of equation (3.1) with a = aq.

Initially set

co=1.
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Figure 3: The r-fold tree structure of the sequence of a; and f;.

The coefficients ¢; with ¢ > 0 are generated such that for all 2 > 0 the sum
T
(cial* + ) crivjory ;)BT
I=1

satisfies the vertical boundary conditions (2.2)-(2.3). Hence, applying Lemma 3.2, the
coefficients ¢,i41,...,Cr4r for i > 0 can be obtained from ¢; by

(552 = 1) e (& - 525)

Crit+j = — (%;"— 1) o (;%;: - ;}é) ci fory=1,...,r, (3.8)

where the index k in the two products runs through 1,...,r. Similar recurrence relations
can be formulated for the coefficients ¢; with ¢ < 0.
Initially the coefficients dy, d_1, €gp,- - -,€0,-1 are determined such that the sequence

Pm.n glVen by

(doBp +d_18")a”  form >0,n >r and
€0,n0g form>0,n=0,...,7r=1

10



satisfies the horizontal boundary conditions (2.4)-(2.6). This means that do, d_;, ego,...,€0,r-1
have to be a nonnull solution of

€0,0
A(ao) : + C(ao, B-1)d-18Z; + C(eo, fo)dofg = 0. (3.9)

€o,r—1

The coefficients d;, €;9,...,€i,—1 With i > 0 are generated such that for all ¢ > 0 and
J =1,...,r the sequence p, , given by

(diBl' + drisiBriy; )My for m >0,n > r and
€ritinQiy; form>0,n=0,...,r—1

satisfies the horizontal boundary conditions (2.4)-(2.6). Hence, applying Lemma 3.3, the

coefficients drit;, €ri4j0y---,€ri+jr—1 for ¢ > 0 and j = 1,...,r are the solution of
€rit; 0
Aarit;) : + C(aritss Brit;)dritiBriy; + Claris, Bi)diBi = 0. (3.10)
Eritir—1

Similar recurrence relations can be formulated for d;_;, €;0,...,€r—1 With z < 0.

This concludes the definition of z,, (g, B9). For any pair of roots ag, B of equation
(3.1) the series . n(c0, o) formally satisfies the equations (2.1)-(2.6). Below, it will be
shown that z, (o, Bo) also satisfies the equilibrium equations in the points (m,n) with
0<m<r,0<n<rand m+n > r. The equations in these points are given by

Pos(14+A) = pors1+ prr-1+ Popol; (3.11)

Pmn(24A) = Pmns1 + Pmttn-1 + Pmordnr=n?, (3.12)
O<m<r—-lLl<n<r,m+n2r;

Pr-11(2+2) = pro12 4 Pro2+ Pos-1A. (3.13)

Compared to the horizontal boundary conditions (2.4)-(2.6), only the term pm—rnirA at
the right-hand side is missing and in (3.11) an extra term po, at the left-hand side is
missing. Using (3.2)~(3.3), it is readily verified that for pm, = zm (a0, fo) the missing
terms vanish. So it is harmless for ppm n = Z n(a0, fo) to add these terms to (3.11)-(3.13),
and by doing so, we get equations of the same form as the equations (2.4)-(2.6), implying
that ., (a0, Bo) indeed satisfies the conditions (3.11)-(3.13).

Hence, we can conclude that z, .(ao, fo) formally satisfies all equilibrium equations,
except for the ones in the points (m,n) with m+n < r. So there are r(r+1)/2 boundary
equations to be satisfied yet. If we can find r(r 4 1)/2 pairs ao, 8o for which z,, (0, Bo)
converges, then, by linearly combining these solutions, we can construct a solution that
also satisfies the remaining boundary conditions. In the next section it will be investigated
for what ag, B the series z,, (g, fo) converges.

4 Convergence results

For convergence of z,, n(co, o) for ﬁ.ied m and n we need that the compensation terms
converge sufficiently fast to zero as i tends to plus or minus infinity. So it would help if
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we are able to show that a; and f; converge to zero as ¢ tends to plus or minus infinity.
For convergence of the sum of z,, (o, B0) over all values m and n (necessary for normal-
ization) we need that Joy| < 1, |8;| < 1 for all 7. In this section we investigate whether o
and B; indeed converge to zero and remain inside the open unit disk.

The numbers «; and f; are defined as roots of equation (3.1). The next lemma formu-
lates some useful properties of the roots of equation (3.1).

Lemma 4.1 For each fized o satisfying 0 < |a| < 1, equation (3.1) has ezactly one root
B with 0 < |B| < R|a| and r roots B with |B| > |a|, where R is the positive root, less than
one, of the equation

Ax™ 4+ 2 (24 Nz +1=0.

For each fized 3 satisfying 0 < |B| < 1, equation (8.1) has ezactly r simple roots a with
0 < |a| < |B| and one root a with |e| > |8].

Proof We first prove the first part of the lemma. Let a be fixed and satisfy 0 < |a| < 1.
By dividing equation (3.1) by a™*! and introducing z = f/a we may rewrite (3.1) as
f(2) + g(z) = 0, where f(z) = A2"*! + a2? and g(z) = —(2 4+ )z + 1. It follows for all z
with z # 0 that

() = 19(2)] < Mzl + 2 = (24 M)z] +1.

It is readily verified that the right-hand side h(z) = Az™*? + 22— (24 A)z +1 is convex for
z2>0,h(0)=1>0,h(1) =0and k'(1) = r) > 0. Hence, h(z) = 0 has two positive roots,
namely £ = 1 and one in (0, 1), say £ = R. Subsequently applying Rouché’s Theorem to
the circles |z| = R and |z| = 1 proves the first part of the lemma.

Now let 3 be fixed and satisfy 0 < || < 1. By dividing equation (3.1) by 5"+ and
introducing u = a/f, we may rewrite (3.1} as f(u)+ g(u) = 0, where f(u) = u™*! + Bu”
and §(u) = —(2+4 A)u" + A. Analogously to the first part of the proof, application of
Rouché’s Theorem yields that f(u)+ g(u) has r zeros inside the circle |u| = 1. It is easily
seen that the derivative of f(u)+ §(u) only vanishes for

ﬁ=T+1(2+/\—ﬂ).

Since

2 1 1/ r r+1
1) +§@)] = @ - Az i - >~ (Z=0+0) T —a2
@+ g =12 -2z Harn o> L (Zoaan) T -az,

we can conclude that all zeros of f(u)+ §(u) are simple, which completes the proof of the
second part of the lemma. )

For the convergence of z,, (o, Bo) it is helpful to choose «;, B; as small as possible.
Therefore, starting with ag satisfying 0 < |ag| < 1, we choose By as the root of (3.1)
with 0 < |Bo| < |ao|. Then Lemma 4.1 directly yields that for all ¢ > 0 it is possible to
choose f; as the smallest root in absolute value of (3.1) with fixed @ = ¢;. This implies
that o; and B; decrease exponentially fast to zero (at least with rate R) as ¢ tends to
plus infinity and that |o;| < 1, |Bi] < 1 for all ¢ > 0. However, in the upper part of
the tree of numbers a; and B, it appears that o; and f; do not remain inside the open
unit disk. Since |Bo| < |ao|, it holds that |f_;| > |ao|, so there is exactly one a; with
J = —1,...,—r such that |a;| > |B_i|, say a—;. Now we have |f_3| > |a_1| (for the
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other a_; with j = 2,...,r it is possible to choose |8-;-1| < |a_;|). Hence, repeating the
argument above, we find a path starting in ¢ along which o and §i are monotonously
increasing in absolute value, the modulus of the ratio of 8x and its a-predecessor being
at least R~. So this path eventually ends in some 8;_; with ¢ < 0 for which |8i—1| 21
or one of its descendants ayi—j, j = 1,...,r satisfies |a,—;| 2 1. In the first case, the
addition of the compensating term c;d;—; 8 ;o™ would lead to a solution which cannot
be normalized. Since ¢; is nonzero (cf. (3.8)) this can only be repaired by requiring that
di-1 = 0. In the second case, we have to prevent the addition of d;_, c,,-_ja’,’}_jﬂ,?‘_l. Since
Cri—j is nonzero, this again implies d;.; = 0. After renumbering the terms this amounts
to the requirement d_; = 0. This means that the initial product docoa' 5§ has to satisfy
the horizontal boundary conditions.

Hence, summarizing our findings, to guarantee for the initial roots ap, Bo satisfying
1 > |ao| > |Bo| > 0 that the numbers o; and B; converge to zero and remain inside the open
unit disk, we have to require that doaJ' 37 satisfies the horizontal boundary conditions, i.e.
there are nonnull coefficients do, €, . . ., €0r—1 such that doBfad' for m > 0, n > r and
eonal form > 0,n =0,...,r — 1 satisfy the horizontal boundary conditions (2.4)-(2.6).
In that case, namely, we only have to generate the lower part of the tree of compensating
terms. To prevent that in the lower part of the tree o; or §; runs out of the open unit disk,
we choose ; as the smallest root in absolute value of equation (3.1) for fixed a = o; for
all 7 > 0. Then the numbers a; and f; converge (exponentially fast) to zero as ¢ tends to
plus infinity and remain inside the open unit disk for all ¢ > 0. Pairs ag, fo which satisfy
these requirements will be called feasible pairs. Since Bp is uniquely determined once ap
is given, we will simply speak of feasible ag’s without mentioning the corresponding Bo'’s.

The question arises whether there exist feasible ag’s and if so, how they may be found.
In the next section we will try to answer this question.

5 The quest for feasible aq’s

Insertion of the sequence pn, » given by doB5agy for m > 0, n > r and egnaf for m > 0,
n = 0,...,7 — 1 into the horizontal boundary conditions (2.4)-(2.6), where fo is the
smallest root of equation (3.1) for @ = ag with |ag| < 1, and then dividing the resulting
equations by common powers of ag yields the following set of equations for ap and the
coefficients dg, €00, ..., €0r—1 (see (3.9) with d_; = 0):

€0,0
A(ao) : + C(ao, Bo)dofBy = 0. (5.1)
€0,r-1

The feasible ag’s are the ones for which this set of equations has a nonnull solution.
The analysis of this set of equations, however, seems to constitute a difficult analytical
problem. Therefore, we will follow another approach to find the feasible ap’s, which is
more elegant from an analytical as well as computational point of view. This approach is
inspired by the following result for the exponential case r = 1. For r = 1 it appeared that
there is a relation between the equilibrium distributions of the standard shortest queue
problem and the shortest queue problem with instantaneous jockeying (i.e. a job jumps
to the other queue as soon as this would improve its perspectives). In [2] it has been
shown that the equilibrium probabilities py, » of the instantaneous jockeying problem can
be expressed as

ﬁm,n':fnama mZO,OSnSIa (m,n)#(0,0),
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for a = p® and some f; and f;. Remarkably, a appears to be the feasible ag for the case
r =1 (see [1]). In this section it will be investigated whether also for the general case the
solution of the instantaneous jockeying problem produces the feasible ag’s.

For general r, the jockeying problem is characterized by the property that as soon as
the difference between the number of subjobs in the two queues exceeds r, then one job,
or equivalently a batch of r subjobs jumps from the longer to the shorter queue. For the
model with Erlang-3 servers the transition-rate diagram is depicted in Figure 4 (compare
Figure 1).

m

Figure 4: The transition-rate diagram for the jockeying model with Erlang-3
servers.

We will first show that the probabilities p, » for the jockeying problem can be expressed
as a finite sum of geometric terms,

ﬁm,n=2fn(a)ama TTLZ0,0SHST‘, (m,n)#(0,0),

where o runs through a set of r(r +1)/2 possible values and then we show that these a’s
indeed produce the feasible aq’s.

5.1 Analysing the jockeying problem

For the points (m,n) with m > 0,0 < n < r and m+n > r the probabilities p, n for the
jockeying problem satisfy the following relations:

Pmo(Z+2) = Pma+ Prmorrd; ' (5.2)
Pma(2+A) = Pm2+ Prn41,02 + Pr—rs1,r-12; (5.3)
Bran(24+A) = Prntt + Pmatin-1 + Pra—rnr-n, l<n<r—1; (54)
Pmr-1(24 ) = Pms2+ Pmstr-2 + Pm-114; (5.5)
Pms(24+A) = Pmirr-1+ Pmol. (5.6)

These relations are valid for r > 3. For the special cases r =1 and r = 2 it is easily seen
how these relations should be adapted. In this subsection we will attempt to construct a
solution of the jockeying problem by combining geometric terms of the form

Pmpn = foa™, (5'7)
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which all fit the equations (5.2)~(5.6) for the interior points. Inserting the form (5.7) into
(5.2)-(5.6) and then dividing the resulting equations by common powers of a leads to the

following set of r+1 equations for fo,..., f; and a.
ok
Ale)| ¢ | =0, (5.8)
f
where the (r+1)x(r+1)-matrix A(a) is composed of the matrix A(c) and an extra column:
(ko™ o 0 0 0 0 0 0 X\
20" ka™! o™ 0 0 0 0 X O
0 o ! ka™? o2 0 0 A 0 O
. 0 0 a2 ka3 a3 A0 0 O
A(a) = ' : 9
0 0 A 0 0 a® ka? a* 0
0 A 0 0 0 0 o® ka 2¢
\ A 0 0 0 0 ... 0 0 a «
with £ = —(2 4+ A). Now we would like to find thé o’s for which the set of equations
(5.8) has a nonnull solution fy,...,f,. However, it is more convenient to consider the
symmetric equations obtained by insertion of the form
Pmn = 9n72m+n (5.9)
into the equations (5.1)-(5.5). This leads to the following set of equations.
9o
Gv)| : | =0, (5.10)
gr
where the (r+1) x (r+1)-matrix G(v) is given by
(kv ¥ 0 0 0 0 0 0 X )
297 gy 4™ 0 0 0 A 0
0 At k9" 4™t 0 0 A 0 0
0 0 7r+1 K‘)’r 7r+1 A 0 0 0
G(7) = : : 4
0 0 A 0 0 Yt okyT 40
0 A0 0 0 0 4™ kym 29711
\ A 60 0 0 0 ... 0 0 At ky )

Of course, the geometric forms (5.7) and (5.9) are equivalent; the substitution

a=7 fa=g", (5.11)

transforms (5.9) to (5.7). We now try to find the 4’s with |y| < 1 for which equation
(5.10) has a nonnull solution go,.. ., g:, or in other words, for which the columns of G(¥)
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are dependent. Instead, we consider the equivalent problem of finding the 4’s for which
the rows of G(=) are dependent, i.e., there is a nonnull solution ay, ..., a, of the equations

(agy.-.,a,)G(y) = 0. (5.12)

Such 4’s will be called feasible. In the following two subsections we shall consider the
cases r is odd and r is even separately. In both cases r(r + 1) feasible 4’s will be found,
with the property that for each feasible v also —v is feasible. By (5.11), the square of
each feasible v yields an o for which (5.7) has a nonnull solution. Let F be the set of
squared feasible 4’s. Then for each choice of the coefficients k(a) the linear combination

ﬁm,n = Z k(a)fn(a)am L) m Z 03 0 S n S Ty (mvn) # (0’0) )

satisfies the equations (5.2)~(5.6), where o runs through the set F and fo(a),..., fr(a)
is a nonnull solution of (5.8). The remaining equilibrium equations are the ones in the
states (m,n) with m + n < r and the one in (0,7). These equations form a linear,
homogeneous system for the unknowns k(a) and the unknown quantity poo. The number
of equations is equal to the number of unknowns. Hence, since the system of equations
is dependent, there is a nonnull solution p, », and normalization of the pn,, produces the
equilibrium distribution. These findings are summarized in the following theorem, for
which the proof will be completed in the subsections 5.1.1 and 5.1.2 by finding sufficient
numbers of feasible 4’s.

Theorem 5.1 (Jockeying problem) For all states (m,n) withm > 0,0 <n <r and
(m,n) # (0,0) it holds that
Pman = Z k(a)fn(a)am )

where o runs through the set F, fo(a),..., fr(a) is a nonnull solution of (5.8) and k(a)
is some appropriately chosen coefficient.

5.1.1 Finding the feasible 4’s in case r = 2k + 1

For each sequence ao,...,a, satisfying the equations (5.12) it follows from the symmetry
of these equations that the reversed sequence a,,...,aq also satisfies (5.12). Hence,
(Goy...,ar) = (aoy-.-,ar) + (Gpy...,00)
and .
(@oy--.,a,) = (ag,...,ar) = (ar,...,a0)

are also solutions of (5.12). The first solution satisfies @; = &,-;, the second one satisfies
G; = —a,-j and at least one of the two solutions is nonnull if the original solution ay,...,a,
is nonnull. Hence, we may conclude that for each feasible v there is a nonnull solution
do, .. .,a, of (5.12) with a; = a,_; or aj = —a,—;. In the first case (5.12) simplifies to

(ao,...,ar)G (7)) =0 (5.13)
and in the second case it simplifies to
(ao,...,ax)G™(7) =0, (5.14)
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where the (k+1) x (k+1)-matrices G*(v) and G~ (7) are given by

[y + X 4™ 0 0 ... 0 0 0 \
2,),r+l K‘)" + Y ,7r+1 0 0 0 0
0 ,7r+1 K"‘/r + ,7r+1 0 0 0
G+(7) = . : )
0 0 0 0 A kT4 A AT
\ 0 0 0 0 0 1 Ky 44t 4N
(kY =X 41 0 0 0 0 0 \
2,7r+1 K/7’ Y ,7r+1 0 0 0 0
0 ,),r+l K‘)’r - ,Yr+1 0 0 0
G- (v) = ,
0 0 0 0 7r+l Ii')/r - ,7r+1
\ 0 0 0 0 ... 0 VAT e S N

Since r is odd, it directly follows that if ao,...,ax is a solution of (5.13) with v = 7,
then ag, —ai, as, ..., (—1)*a; satisfies (5.14) with v = —% (the same holds with (5.13) and
(5.14) interchanged). Hence, it suffices to find the v’s with |y| < 1 for which (5.13) has
a nonnull solution. The problem of finding these 7’s can be translated to an eigenvalue
problem as follows. By dividing G*(y) by 4"*! and introducing

kYT + A

= TE2, (5.15)

the matrix G*(y) is transformed to the (k+1)x (k+1)-matrix H* — zI, where I is the
(k+1)x(k+1) identity matrix and H* is given by

/0100...0000)
20 1 0000
0101 0000

H*=|: : (5.16)
0000 1010
0000 0101
\0000...001 1)/

for all k > 0 and by H* = (2) for k = 0. We now have to find the z’s for which H* — zI
is singular, i.e. we have to find the eigenvalues of H*. The feasible v’s may then be found
from relation (5.15). The following lemma formulates properties of the eigenvalues of H.
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Lemma 5.1 All eigenvalues of the (k+1)x(k+1)-matriz H defined by (5.16) are real-
valued and simple. The largest eigenvalue is 2 and the other ones are in absolute value
strictly less than 2.

Proof The case k = 0 is trivial. Now suppose that k£ > 0. Dividing the first column of
the determinant |H+ — zI| by v/2 and multiplying the first row by v/2 yields [H* — zI| =
|T — 2I| where T is the (k+1)x (k+1) symmetric matrix given by

( v200...000 0)
vV2 0 10 0000
0 1 01 0000
r=1| : :
0 0 00 1010
0 0 00 0101
\ 0 0 00...0011)

So the spectrum of H* is identical to the one of T. Since T is symmetric, all eigenvalues
of T are real and T can be reduced to diagonal form. Furthermore, since all elements
on the lower subdiagonal of T are nonzero and all elements below that subdiagonal are
zero, we can conclude that the dimension of each eigenspace is exactly one. Hence, all
eigenvalues of T', and thus also the ones of H™, are real and simple, which proves the first
part of the lemma.

To prove the second part of the lemma, notice that the spectral radius of H* is
bounded by || H* ||1= 2. Hence, all eigenvalues of H* are in absolute value bounded by
2. The sum of the rows of H* — 2] vanishes, so 2 is an eigenvalue of H*. It remains to

“show that —2 is not an eigenvalue of H*. Let us consider the equations

(ao,...,ak)(H++21)=0,
or
2a0 + 2a; = 0;

an-1+2a, 4+ an41 = 0, n=1,....,k—1;
ag-1+3ar = 0.

The first k equations yield a, = (—1)"ap and then the final one that ap = 0. Hence,
H* + 21 is nonsingular, and thus —2 is not an eigenvalue, which completes the proof of
the lemma. O

For each eigenvalue o of H* the roots inside the unit circle of equation (5.15) with z = ¢
produce feasible v’s. The following lemma states that this equation has exactly r simple
roots inside the unit circle. The proof of the lemma is similar to that of Lemma 4.1, and
therefore it is omitted.

Lemma 5.2 For given r > 1 and |o| < 2 the equation
r+1 r =
oY T+ kY +A=0 (5.17)
has ezactly r simple roots inside the unit circle.
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This concludes the determination of the set of 4's with |y| < 1 for which (5.13) has
a nonnull solution. As mentioned before, the set of 4’s for which (5.14) has a nonnull
solution may be found from the first set by multiplying each 7 in that set by —1. The
set F is obtained by squaring the 4’s in these two sets. So, to produce F, it suffices to
square the 4’s in the first set only. For each v in the first set, i.e. v is a root inside the
unit circle of (5.17) for some eigenvalue ¢, it holds that —v is not in this set, since for
each eigenvalue & of HY we get (recall that r is odd)

16(=1)* + K(=7) + M = | = 267" + (& — o)y = 2lx| = ™! = 22 > 0,

where the equality follows by substituting A = —xy" —o~"*!. Hence, we can conclude that
F may be obtained by squaring the 4’s in the first set only, yielding r(k+1) = r(r+1)/2
possible values for . This is formulated in the following lemma.

Lemma 5.3 (Characterization of F in case r = 2k + 1) The set F may be obtained
by squaring the roots v with |y| < 1 of the equations (5.17) where o runs through the set
of eigenvalues of the (k+1)x (k+1)-matriz H* defined by (5.16).

5.1.2 Finding the feasible 4’s in case r = 2k

Analogously to the previous subsection, we may conclude, by the symmetry of the set of

equations (5.12), that, if there is a nonnull solution ay,...,a, to (5.12), then there is also
a solution with a; = a,_;. So (5.12) simplifies to
(a0,-..,ax)G¥(7) =0, (5.18)
or with a; = —a,—;, in which case a; = 0 and (5.12) simplifies to
(ao, e ,ak_l)G_ (‘7) = 0, (519)
where the (k+1)x (k+1)-matrix G*(y) is given by
[ kYT + X AT 0 0 ... 0 0 0\
29" gyt A 4T 0 0 0 0
0 7r+l K“/r + A 7r+1 0 0 0
G+(7) = : . )
0 0 0 0 Y kYT + A 247
\ 0 0 0 o ... 0 A kYT A

and the k x k-matrix G~ (%) is given by

[k =X 1! 0 0 ... 0 0 0\
29"t kT =X 4 0 0 0 0
_ 0 7r+l K7r - ,),'r+1 0 0 0
G(7) = , :
0 0 0 0 A gyt =X 4
\ 0 0 0 0 ... 0 ™l kY =)

The problem of finding the 4’s with |y| < 1 for which (5.18) or (5.19) has a nonnull
solution may again be transformed to an eigenvalue problem. By dividing G*(v) by y™+?

and introducing

r 4 )
v:KL: , (5.20)
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the matrix G*(7) is transformed to the (k+1) x (k+1)-matrix H* — vI, where I is the
(k4+1)x(k+1) identity matrix and H? is given by

(0 100...000 0Y
2010 0000
0101 0000
0000 1010
0000 0102
\000O0...0010)
Similarly, by dividing G=() by 7"*! and introducing
kYT = A
—w= ”;m , (5.22)

the matrix G~ (7) is transformed to the k x k-matrix H~ — wl, where I is the k x k

identity matrix and H~ is given by

(0100...0000Y
2010 0000
0101 0000
H =|: : (5.23)
0000 1010
0000 0101
0000 ...001 0/
We now have to find the v’s and w’s for which H* — vJ] and H~ — wl respectively are

singular, i.e. we have to find the eigenvalues of H* and H~. The feasible 4’s may then
be found from the relations (5.20) and (5.22). The following lemma formulates properties
of the eigenvalues of H* and H~.

Lemma 5.4 All eigenvalues of the (k+1)x (k+1)-matriz H* defined by (5.21) and the
kx k-matriz H™ defined by (5.23) are real-valued, simple and bounded by 2. Both 2 and
~2 are eigenvalues of H*. All eigenvalues of H~ are in absolute value strictly less than
2. For each eigenvalue o of Ht* or H™ it holds that —o is also an eigenvalue.

Proof Multiplying the even rows and the odd columns of the matrices H* — v and
H~—wl by —1yields Ht+vI and H™+wI respectively, hence we get for the determinants
|H* —vl| = (=1)**?|H* +vI| and |H™ — wl| = (=1)*|H~ + wl|, implying that for each
eigenvalue o of H* or H™ also —o is an eigenvalue. The rest of the lemma can be proved
similarly to Lemma 5.1. O

For each eigenvalue o of H* we get by substituting v = & in (5.20) the equation
oyt 4+ kY +A=0. (5.24)
By Lemma 5.2 this equation has exactly r simple roots inside the unit circle, each root

producing a feasible 4. The roots of (5.24) for the eigenvalue —¢ follow by multiplying
the ones of (5.24) for ¢ by —1. Hence, since F consists of squared feasible 4’s, it suffices

20



to consider the nonnegative eigenvalues of H* only. It is readily verified for + satisfying
(5.24) for some ¢ > 0 that —v cannot satisfy (5.24) for some & > 0. Of course, if v
satisfies (5.24) for ¢ = 0, then also —~ satisfies that equation. Notice that o = 0 is only
an eigenvalue of H* if k if even, otherwise it is an eigenvalue of H~.

Similar remarks can be made for the roots of the equations

Ty k" =X =0, (5.25)

where 7 runs through the set of eigenvalues of H~. Furthermore, for each v with |y| < 1
satisfying (5.25) for some eigenvalue 7, it holds that ++v cannot satisfy (5.24) for some
eigenvalue o, since (recall that r is even)

lo(£7) ™ + k(27)" + A = 267" + (o(£1) ™ + 7)™+ > (2], = 4) |y 2 2Al4"*t > 0,

where the equality follows by substituting A = k9" + 74"*!. Hence, we can conclude that
F may be obtained by squaring the roots inside the unit circle of the equations (5.24)
and (5.25), where ¢ and 7 run through the set of nonnegative eigenvalues of H* and H~
respectively, yielding (r + 1)k = »(r + 1)/2 possible values for a. This is formulated in
the following lemma.

Lemma 5.5 (Characterization of F in case r = 2k) The set F may be obtained by
squaring the roots v with |y| < 1 of the equations (5.24) and (5.25) where o runs through
the set of nonnegative eigenvalues of the (k+1)x(k+1)-matriz H* defined by (5.21) and 7
runs through the set of nonnegative eigenvalues of the k x k-matriz H~ defined by (5.23).

5.2 Characterizing feasible oy’s

We now return to the problem of finding the feasible aq’s for the original problem with
no jockeying (see the beginning of Section 5). The following theorem formulates the
remarkable result that the set F yields the feasible ag’s.

Theorem 5.2 The set F is the set of feasible ag’s for the original problem without jock-
eying.

Proof We will first show that each ag in the set F is feasible. Then we will show that
F yields all feasible values for ag. :

Part 1. Each ag € F is feasible.
To establish the first part we have to show for each ap in the set F that there are

nonnull coeflicients dy, g, - . . , €0,r—1 such that the_ sequence p,, n, given by
doeg' By form >0,n > r and (5.26)
€0,n Qg form20,0<n<r '

satisfies the horizontal boundary conditions (2.4)-(2.6), where o is the smallest root of
equation (3.1) with o = . Since ag is in the set F it holds that

Qp = ’)’2
for some feasible 4. Hence, we can rewrite the sequence py, . in the form (cf. (5.9))

pm,n = gn72m+n ) m 2 D, n Z 0 4 (5.27)
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where

gn =G (é) , n>r (5.28)
7
and ,
(), e
gn = eo’,,(%)n, 0<n<r.
The original problem of finding nonnull coefficients dp, €gp, - . -, €o,r—1 such that the se-

quence p, . given by (5.26) satisfies the conditions (2.4)-(2.6) can now be translated to
finding a nonnull sequence g, satisfying (5.28) such that the sequence pm » given by (5.27)
satisfies the conditions (2.4)-(2.6).

Insertion of the form (5.27) into the inner conditions (2.1) and the horizontal boundary
conditions (2.4)—(2.6) and then dividing by common powers of « leads to the following
set of equations for the sequence g,.

Giy)| 91 | =0, (5.29)

where the countable matrix G(y) is given by (cf. the matrix G(v))

/ n,.yr ,),r+l 0 0 0
27r+1 K,yr ,),r+l 0 0
0 ,.),r+1 Ky .),r+1 0

0 0 ,),r+l K7r 7r+l

>0 o0 0
o >0 O
OO > O
OO O >
OO > O
F O O O

,7r+1 er 7r+1 0 0 0

7r+l K,.yr 7r+l 0 0
0 ,7r+1 K’)’T 5 0
0 0 7r+1 K',),r ,7r+1
0 0 0 [ k4T

\ : /

where the upper left block is of dimensions r+1xr+1. Since the sequence g, for n > ris
given by (5.28), all equations in (5.29), except for the first r 4+ 1 equations, are satisfied
for each choice of g,. Substitution of (5.28) into the first r + 1 equations of (5.29) yields a
system of r + 1 homogeneous linear equations for go,...,g,. It now has to be shown that
this system of equations has a nonnull solution.

First we shall show that the rows of C:'('y) are dependent, i.e. there is a nonnull bounded
solution ag, @, ... of

O OO O .-
O OO > O
O OO O >
o oo O o
o OO0 OO
o OoO|lo o

(ag,a1,...)G(7) = 0. (5.30)
Since v is feasible, it follows that the equations (5.12) have a nonnull solution aq,...,a,.
It is possible to extend this sequence periodically (with period 2r) to all nonnegative

integers, such that it satisfies (5.30). Namely, by defining for all £k =1,2,...

Qirgj = Qkr—j ]=0,1,...,7‘,
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it is easily verified that the resulting sequence ag, a1, ... is a nonnull bounded solution of
the system of equations (5.30).

We can now prove that there indeed exist nonnull numbers gq,..., g, such that the
first » 4+ 1 equations in (5.29) are satisfied. At least one of ao,...,a, is nonzero, say
ai. By substituting (5.28) into the first r + 1 equations of (5.29) and omitting the k-th
equation we get a system of r homogeneous linear equations for go,...,gr. This system

has a nonnull solution. Now it remains to prove that for this solution the k-th equation
in (5.29) is also satisfied. Since ag, ay, ... satisfies (5.30) we have for all j = 0,1,... that

o0
Zaigi.f =0 )

=0

where the §;;’s are the elements of the matrix G(v). Multiplying the j-th equation by g;
and then summing over all j yields

a.-g};,'gj =0. (531)

s

e}
j=01

Since |Bo| < |aol = |7|? < |7, so |Bo/7]| < 1, it follows from (5.28) that

1]
=}

o0
> lgil < 0.
=0
Hence, since the sequence ao, ay,. .. is bounded, we get
e o0 [ < B o) o
2.2 laigisgil < suplail D3 1gillg;] < 21k sup lail Y lgj| < oo
j=01=0 ¢ 3=01=0 t J=0

So we may change summations in the double sum (5.31) yielding

Zaizgijgj =0. (532)
=0 =0

The sequence g; satisfies all equations in (5.29), except maybe for the k-th equation, so
the equality (5.32) reduces to

oo
ar Y Grjg; = 0.
i=0

Hence, since aj is nonzero, we can conclude that the k-th equation is also satisfied. This
completes the first part of the proof.

Part 2. F yields all feasible values.
To finally prove that F produces all feasible values for ay we introduce an irreducible
Markov process on a slightly different grid, namely

{(m,n)im 2 0,n 20} U {(m,n)jm < 0,m+n>r}.

The transition rates from states (m;n) with n < r are identical to the ones for the
original process. From the other states the transition rates are identical to the ones
from the interior points of the original process, where it is assumed that transitions from
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Figure 5: The transition-rate diagram for the Markov process in the proof of Theorem
5.2 on the grid {(m,n)|m > 0,n 2 0}U{(m,n)|m < 0,m+n > r} for the case r = 3.

(m,r — m) with m < 0 to (m,r — m — 1), which is not a grid point, are redirected to the
origin. The transition rate diagram for the case r = 3 is depicted in Figure 5 (compare
Figure 1).

The equilibrium equation in state (m,n) with m + n > r is given by (2.1) for n > r,
(24) for 1 <n <r, (2.5) for n =1 and (2.6) for n = 0. Hence, for each feasible o the
sequence ym, »(ao) given by

dofiay form+n2>r,n>rand
eoney form>0,0<n<r,

where [y is the smallest root of (3.1) with @ = ag and the coefficients do, eg,p, . . . , €0,r-1 are
a nonnull solution of (5.1), satisfies the equilibrium equations in all states with m+n > r.
The sequences y, (o) with ao in the set F may be linearly combined such that the
remaining equations in the states with m + n < r are also satisfied. Substitution of the

linear combination
Pmn = E k(ao)ym (o)
ag€EF

into the equilibrium equations in the states (m,n) with 0 < m + n < r yields a system
of r(r +1)/2 — 1 homogeneous linear equations for the r(r + 1)/2 unknown coeflicients
k(ap). So this system has a nonnull solution. The equation in (0,0) is also satisfied,
since insertion of p,,, into the equations in states (m,n) # (0,0) and then summing
over these equations and changing summations exactly yields the desired equation. Since
|Bo| < |ao| < 1 the sum of yn, o(ap) over all states absolutely converges, which implies that
changing summations is indeed allowed. Hence, p, » is an absolutely convergent solution
of all equilibrium equations. It is a nonnull solution, because the sequences ymn(cg)
for different feasible ag’s are linearly independent (see Lemma 6.1 in the next section).
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Hence, from a result of Foster ([11], Theorem 1) it follows that the Markov process in
Figure 5 is ergodic and normalization of py, , produces the equilibrium distribution. Since
the equilibrium distribution of an ergodic Markov process is unique and for different ag’s
the sequences yn, n(ao) are linearly independent, there cannot be more than r(r + 1)/2
feasible ag’s. Hence, we may conclude that F is the set of all feasible values of a. This
completes the second part of the proof. O

6 The finishing touch

In this section we first investigate under what conditions the construction of formal solu-
tions with feasible initial pairs does not fail, because of degeneration of the coefficients of
the compensating terms involved. Then we will prove that the formal solutions constitute
absolutely convergent series, except perhaps in a neighborhood around the origin. Finally,
the results obtained are summarized in the main result of this paper.

Each formal solution &, » (o0, Bo) has its own sequence {«;, B;} depending on the initial

value ao, and its own associated sequence of coefficients {c;,d;, €i g, - .,€ir-1} (see Section
3). In the previous section we have found the feasible values for ay. For each feasible ag
it holds that d_; = 0 and thus d;_y = €;0=... = ¢€;,—1 = 0 for all i < 0. Hence the upper

part of the tree of compensating terms vanishes (see Figure 2). Since the corresponding
Bo is uniquely determined as the smallest root of equation (3.1) with a = g, we may
abbreviate the notation z,, n(o, fo) t0 Tmn(ao). So for each feasible g the series zm (o)
simplifies for m > 0 and n > r to (see (3.5) and (3.6))

Tmn(ao) = Y di(aal + D crivjof,;)B7 (6.1)
1=0 Jj=1
o0 r
= codofigag + 3D rini(di] + driviBlir ;)i (6.2)

1=0 j=1

and form>0and n=0,...,7 — 1 to (see (3.7))

Tmn(ao) =) cieinal". (6.3)

1=0

We will now investigate whether the construction of z,, .(cg) with feasible ap can
possibly fail. From Lemma 4.1 we can conclude that the generation of the coefficients
c¢; with ¢ > 0 never breaks down because of a vanishing denominator in (3.8). So the
compensation on the horizontal boundary always works. It follows from (3.10) that the
generation of the coefficients d,i+j, €ri4j0s .-+ »€rigjr—1 Withi' > 0and j = 1,...,r possibly
fails when the homogeneous equations

€ri43,0
Alariss) b |+ Clariajs Brisj)driviBriy; = 0

Critjr~1

are linearly dependent, i.e. they have a nonnull solution. This means that the compen-
sating terms driy; 05 ;0704 form > 0, n > 7 and €440, form>0,n=0,...,7r =1
can be fitted to the horizontal boundary conditions, so that a,,4; is feasible. This really
may occur, as simple examples show. Of course, this complication completely vanishes if
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the term d;8l'a]}, ; itself can be fitted to the horizontal boundary conditions, i.e. if there

exist coefficients eri4j0,...,€rit;r—1 such that
€ri+j,0
. r
A(arits) : + C(arisj, Bi)diBi =0
Eritjr—-1

The question arises whether this is possible. Below we will show that the answer is
confirmative and in fact, it appears to be always possible when a,;4; is feasible.
So, let us suppose that a,;4; is feasible, say
Aritj = '72
for some feasible 4. We now wonder whether there are coefficients eritjo,- .. €rigjr-1
such that the sequence p,, . given by

diafi, ;B! form >0,n > r and (6.4)
EritjnQY form>0,0n<r '

satisfles the horizontal boundary conditions (2.4)-(2.6). If |8i| < |4/, then this can be
established by following exactly the same lines as in the first part of the proof of Theorem
5.2, where, since the coefficient d; is nonzero, it also has to be shown for the solution
9o, 1, - - - of (5.29) that g, is nonzero.

To prove that g, is nonzero, we show that the assumption g, = 0 leads to a contra-
diction. By (5.28), this assumption implies that g, = 0 for all n > r. It then follows that
the sequence go, ..., gr-1,9 (With g, = 0) satisfies the equations (5.10). Consequently,

(jo"‘-agr) = (90,91,---,%—1»0)'*' (Oagr—l,-"’gl’go)

and
(Gos--»9r) = (90,9151 9r-1,0) — (0, 9r-1,...,91,90)

also satisfy (5.10). Now §; = 0 or ¢; = 0, since otherwise, both G*(v).and G~ () would
be singular, which is not possible, as we have seen in the subsections 5.1.1 and 5.1.2.
Hence, we obtain that go = 0. This implies, together with g, = 0, that g; = 0, which
obviously is a contradiction. So, indeed, we may conclude that g, is nonzero. Remark
that by using the same arguments it follows that for each feasible starting solution the
coeflicient dp is nonzero. So we may set dyp = 1 and then solve the equations (5.1) for the
coeflicients egg, ..., €0r-1.

Now it remains to show that |5;| < |y|- To do so, it will be helpful to first derive
bounds for 5; and +.

Definition 6.1 For 0 < o <2 define U(c) as the root on (0,1) of (cf. (5.17))
o'+ k" + 21 =0
and L(o) as the root on (0,1) of

—or™ 4+ k" + 2 =0.
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Lemma 6.1
(1) For each v with |y| < 1 satisfying (c¢f. (5.17) and (5.24))

oy 4 ky + A =0 (6.5)

or (cf. (5.25))
oyt 4+ k" -2 =0, (6.6)

where |o| < 2, it holds that
L(le|) < vl < U(lal);
(1) If0 < 0y € 02 £ 2, then L(0;) < L(oy) S U(01) £ U(o2).
Proof First observe that for || < 2 it holds that

lojz™* + k" + X > 0, 0<z<U(o|);
< 0, U(le]) <z <1.

Now, for each v with |vy| < 1 satisfying (6.5) or (6.6) we obtain
=&y =[5y = [ £ X+ 0y < At o]y

$0
oIy + &[T+ A 20,

from which it directly follows that |y| < U(|o|). The other inequality can be proved
similarly and the proof of part (ii) is straightforward. a

Corollary For all feasible v’s it holds that L(2) < |y| L U(2).

Let us from here on abbreviate L(2) and U(2) by L and U respectively. In Figure 6
the feasible v’s together with the bounds L and U are depicted for r = 10 and A = 0.1.
In this case the feasible 4’s are the roots inside the unit circle of the equations (5.24)
and (5.25) where ¢ and 7 run through the set of 3 nonnegative eigenvalues of H* and
H~ respectively (cf. Lemma 5.5). The roots are rather insensitive to changes in ¢ and 7
respectively. This explains why the feasible 4’s in Figure 6 are clustered in groups of 3.

The Corollary gives a lower bound for |y|, namely

vl > L.

To get an upper bound for |;|, remark that it follows from Lemma 4.1 that |3 < R|e]-
Combining this inequality with |a;| < |ao| < U? yields

|8i| < RU.

Hence, we are done once the following lemma has been established.
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Figure 6: The feasible v’s together with the bounds L
and U for the case that r = 10 and A = 0.1.

Lemma 6.2 L > RU?.

Proof The numbers U, L and R are subsequently defined as the roots on (0,1) of

ra™t —(r+p)z"+p = 0; (6.7)
—rz™ = (r4p)x"+p = 0; (6.8)
px™t — (r+p)z+r(z*+1)/2 = 0, (6.9)

where « and A have been eliminated by substituting « = —(2 + A) and A = 2p/r respec-
tively. One of the problems to establish the inequality in the lemma is that L, R and
U are implicitly defined. Therefore we first derive an explicit upper bound for U. Since
z = 1 satisfies (6.7), this equation can be rewritten as

(z=1)(rz" —p(z™ ' +...4z+41))=0.

Hence, U satisfies
rUT—p(U '+ ...+U+1)=0,

from which it follows that

U= Yp(U-1+...+U+1)/r < V5.

We will now prove that

L> R/, (6.10)
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which, of course, implies the desired inequality. Now (6.10) holds iff for z = R \/p? the
left-hand side of (6.8) is positive, i.e.

—rR PR = (r 4+ p)R P2 49> 0,

which definitely holds if
—rRp = (r+ )R p*+p>0,

or equivalently,
1

Mer+ 1)

This inequality is trivial for p < 1/(2r +1). For r = 1 we have R = 1/(2p + 1), so in
this case it is clear that (6.11) is valid for all 0 < p < 1. Hence, it remains to prove that
(6.11) is valid for 1/(2r + 1) < p < 1 and all » > 1. This proceeds straightforwardly as
will be shown below.

Inequality (6.11) holds iff for z = 1/ §/(2r + 1)p the left-hand side of (6.9) is negative,
which, by dividing by z, amounts to

R< (6.11)

1 r 1 r
27~_'i'—1_—(r+p)+§(7{/——(2_r_—:_1—)p+ \/(2T+1)P)<0~ (6.12)

By substituting y = \/(2r + 1)p in (6.12) and defining

1 y" T
= -7 - +_
2r+1 2r+1 2

f(y) (v +v),
we thus have to show for r > 1 that f(y) < 0 for y > 1. Since f(1) = 0, we are done once
it has been established that f'(y) < 0 for y > 1. Now f’(y) is strictly concave for y > 1

having its maximum at
1

. 2r + 1\ 1
i=(37)

r—1
where
T r+11
) =< (1= —. 1
F(9) 2<1 r—1g2) (6.13)

Hence, if f'(§) < 0, then we may conclude that indeed f’(y) is negative for all y > 1.
Equality (6.13) implies that f'(§) < 0 if

~2___(21‘-{-1)?72;'T<r-§-1
L r—1’

or, equivalently, by raising both sides to the power (r 4+ 1)/2 and multiplying both sides
with (r — 1)/(r + 1),

or+1 /r+1\TFT 2 \T
= . .14
r+1<(r—1) (1+r—1) (6.14)

It is readily verified that inequality (6.14) is valid for r = 2. Since the left-hand side of
(6.14) is less than 2 and the right-hand side is increasing and equal to 2 for r = 3, it
follows that (6.14) is valid for all r > 1. This completes the proof of the lemma. O
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Summarizing, we have found that the construction of zm (o) with feasible ao never
degenerates. We now try to prove that the series (6.1) converges absolutely. We need
absolute convergence to guarantee that rearranging of terms is feasible (see (6.2)). The
series (6.1) however, might possibly diverge in states near the origin of the state space,
but we will prove:

Theorem 6.1 There erxists an integer N > r such that for all feasible ag’s the following
holds:

(i) The series Y2, dicia™ B and T2, dicriyjofty ;B withj=1,...,r, which add up
0 2y n(0o, Bo) by definition form >0, n > r, converge absolutely for all m > 0,

n2rwithm+n>N;

(i) The series Y32 cie;na™, which defines zma(o,Bo) form 20, 0 < n < r, con-
verge absolutely for alm > N—r,0<n<r; :

(1) Timmn)es |Tmn(o0,Bo)| < oo, where A is the set of states on which the series in
(1) and (i1) converge absolutely, i.e.

A={(mn)m>20,n>r,m+n>N}U{(mn)m>2N-7r,0<n<r}.

In the following lemma we will first formulate the limiting behaviour of the sequence
{e, 5:}%2, and the associated sequence of coefficients {c;, d:, €; 0, - -, €ir=1}2- With these
results the proof of the theorem itself appears to be simple. If d; = 0 for some 7 > 0, then
the complete subtree of compensating terms starting with d;c;a* 8" vanishes. Hence, to
prove Theorem 6.1 it suffices to consider the case that d; never vanishes.

Lemma 6.3 Let ap satisfy 0 < |ag| < 1 and let B; be the smallest root in absolute value

of equation (3.1) with a = «; for all ¢ > 0. Suppose that the equations (3.10) for the

coefficients dyitj, €ritj0y- .-, €ritjr—1 have a solution for alli > 0 and j =1,...,7, so that

the generation of these coefficients never breaks down, and suppose that d; never vanishes.
Then we have: '

(1) If i = oo, then

Bi 1
po L 6.15
“;f‘f — A;, j=1,...r (6.16)

where Aj,..., A, are the r simple roots inside the unit circle and Aq is the root
outside the unit circle of the equation 2"(2+ ) = A + z™+1;

(i1) If1 — oo, then

1 1
Critj def (Aj - 1) Hk;éj (z - A_k) =1
p —L; = — 1 1Y’ J=1,...,7r
i (Ao — 1) [Tig; (A_,- - ;‘{;)
where the index k in the two products runs through 1,...,r;
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(iii) If ¢ — oo, then

driv; _ _ (Ao ’
d 4;)

e“.+j‘r-k — —'(1 '1_)5 k=1g-.-3r"‘1)

difB} A_f A
€ri+;,0 _ Ao - Aj
g T TN

Proof By dividing equation (3.1) by 87! and introducing z = o/8 we get
2Z7(24A) = A+ Bz + 2. (6.17)

For B = fB; this equation has roots zo = ¢;/8; and 2z; = ari4j/Bi, j = 1,...,7. From
Lemma 4.1 it follows that as 1 — oo, then a; and 8; — 0, and since the roots of (6.17)
continuously depend on the parameter 3, this implies that the roots z; converge to the
roots of equation (6.17) with 8 = 0. Similar to the proof of Lemma 4.1 it can be shown
that equation (6.17) with 8 = 0 has r simple roots inside the unit circle and one outside
the unit circle. This completes the proof of part (i). The proof of part (ii) directly follows
from expression (3.8) and the limits (6.15)—(6.16). From the limiting behaviour of ¢; and
Bi we obtain for the matrix A(e,i4+;) and the vectors C(@ritj, Brit;) and Clarisj, Bi) in
the equations (3.10) that as i — oo,

00 ... 00)
00 0 A
00 A0
Alarivi) = | .
0 A 00
A0 ...00)
[ A (A0
A A%,
Ay Az
C(ari+j3ﬂri+j) - :0 3 C(ari+j, )Bi) — :J 3
A Ak
0 J
\ —4o / \ —4; )
from which part (iii) readily follows. O
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Proof of Theorem 6.1 If d; = 0 for some ¢ > 0, then the complete subtree of compen-
sating terms starting with d;c;a* 8" vanishes. Hence, it suffices to consider the case that
d; never vanishes. To prove Theorem 6.1 in this case, consider a fized m > 0 and n > r.
Then by Lemma 6.1, asi - o0c and j = 1,...,r,

Id;cri+ja;’?+i5?| _ lerivialil ICl (ﬁ)m (6.18)
|dicia B jeial”] | Aol
and ner
|d,,-+,~c,,-+ja:.'}+j,3f;+j| - Idri-l-jﬂ:#jl - (IAJI) . (619)
|dicriviafty; BP |d; 87| | Aol

To formulate the condition for absolute convergence of z,, »(cg) we introduce the notion
of a positive geometric r-fold tree.

Definition 6.2 The sequence ng,ni,... ts called a positive geometric r-fold tree if:
1) The sequence ng,n,,... has an r-fold tree structure as depicted in Figure 7;
’ P g
(ll) ng > 0;
(iii) There are positive numbers Ry, ..., R, such that n.iy; = Rjn; for all t > 0 and
j=1,...,r.
XR1 XR.,-
» 2
Nr41 nar
}" "A )" "(

Figure 7: The r-fold tree structure of the sequence n;.

For an r-fold tree ng,n;,... it is easy to prove the following necessary and sufficient
condition for convergence of }"32, n;.

Lemma 6.4 For a positive geometric r-fold tree ng,n,,... with rates R,,..., R, it holds
that Zﬁ-’ion,- < 00 2ﬁR1+.+Rr <1.

The compensating terms in the lower part of the tree in Figure 2 add up to z,;n(aq) (the
upper part vanishes for feasible ag’s). This tree may be split up into two subtrees, one
consisting of the terms d;c;o[" B with i > 0 and the other of the terms d;c,i4;07, ;87 with
t>0and j=1,...,r. From the limits (6.18)-(6.19) it readily follows that the tree of
terms |d;c;al” 87| asymptotically behaves as a positive geometrical r-fold tree with rates

|AJ| m+n—r )
RJ(m+n)=|CJ| m s ]=1,...,1".
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The same holds for the tree of terms |d;criyjort, ;87| With Lemma 6.2 it is now straight-
forward to show that the sum of the terms in the two trees converges if Ry(m+n)+...+
R.(m+n)<1.

Similarly, by Lemma 6.1, we obtain for fixed values of m > 0 and n = 0,...,7r —1
that as ¢t — oo and 3 =1,...,r,

[eritiritinOTipil Ci| (|A1|)m
|eieinal| 7"\ Aol
Hence, the tree of compensating terms |c;e;a™| with ¢ > 0 asymptotically behaves as a
positive geometrical r-fold tree with rates R;(m), j = 1,...,7. So the sum of the terms

converges if Ry(m)+...+ R,(m) < L.
We can now define the integer N mentioned in Theorem 6.1 as follows.

Definition 6.3 N is the smallest integer > r for which Riy(N)+ ...+ R,(N) < 1.
We finally prove Theorem 6.1(iii). Insertion of the series (6.1) and (6.3) yields

N-r-1 0

E lxm,n(ao,ﬂO)l = Z Z |$mn aO,ﬂO '+ Z Z |$mn aOaﬁO)'
(m,n)eA m=0 n=N-m m=N-r n=r
r—1 =)
+Z Z |xm,n(a0,ﬂ0)|
n=0 m=N-~r
N-r-1

Z Z (|d Ga mﬂn|+2|d CN+Jan+]/3n|)

m=0 n=N-m 1=0 i=1

IA
MI

+ Z Z Zlkld c,a ﬂn|+z|d c"‘1+.7 rz+_7:8n|)
m=N-r n=r =0 i=1

_ S (ldeelBT | g s ori, BT

m=0 1=0 i=1

o |dicia " ]| " |dicrisjeliy1 Bl
t ((1 e =180 & T~ Ta1 - 18D

1=0
= & eeinal T

L LT
n=0 =0 t

N-r-1 o
=~ Z Z |d Cg mﬂN-ml + E |d ch+Jarg+JﬂN—m|)
1- |,60 m=0 (=0 Jj=1
1 oo

+ |d;ciax N—rﬂr|+ |d;cri ai\:_f 71)

= BT Tool) 5. E e

E Z |cieinal 7|

1 - |a0| n=0 =0
< o0,

since each of the series converges by virtue of the parts (i) and (ii) of Theorem 6.1. This
completes the proof of Theorem 6.1. d
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We can now prove our main result stating that for states (m,n) in the set A the equi-
librium probabilities p,, » can be expressed as a linear combination of the series z,, »(o)
with oo running through the set F of feasible values. In Figure 8 the set A is depicted
for the special case that » =3 and N = 6.

Figure 8: The set A on which the series zm, »(co, fo)
converge absolutely, for the specicl case r = 3 and

N =6.

Theorem 6.2 (Main result) For all states (m,n) in the set A it holds that

Pman = Z k(QO)xm,n(ao)
aoE}-

for appropriately chosen coefficients k(ayp).

Proof Define for all (m,n) € A

Pmn = D k(ag)Tma(a),

ag€F

where the coefficients k(ayp) still have to be selected appropriately. These pn,, satisfy
the equilibrium equations at least for all states m + n > N, since these equations only
contain py,, with (m,n) € A. The remaining equations to be satisfied are the ones in
states (m,n) with m + n < N. These equations form a linear, homogeneous system
for the unknowns k(ap) and the unknown quantities p,,, with (m,n) not in 4. For
N = r all states are contained in A, so there are no undefined p,, ,. For N > r, there are
FN(N+1)—3r(r+1) states not in A. Therefore, the number of equations is always equal
to the number of unknowns, viz. %N(N+1). Hence, by first omitting the equation in (0, 0)
say, the reduced system has a nonnull solution. The equation in (0,0) is automatically
satisfied, since inserting the solution p,, , into the equations in states (m,n) # (0,0) and
then summing over these equations and changing summations exactly yields the desired
equation. Changing summations is allowed by the absolute convergence stated in Theorem
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6.1(iii). Hence, pm» is an absolutely convergent solution of all equilibrium equations. It
remains to show that p,, is a nonnull solution. This readily follows if at least one of
the quantities p,, , with (m,n) not in A is nonnull. If all these quantities are null, then
at least one of the coefficients k(¢p) must be nonnull. In this case the property that the
sequences I, »(ap) for different feasible aqg’s are linearly independent on the set A implies
that pm n is a nonnull solution. The independence will be proved as a corollary to another
result, which will be proved in the next lemma. Let’s take the independence for granted
at the moment. Then we can finish the proof of the theorem as follows. From a result
of Foster ([11], Theorem 1) we may now conclude that the Markov process is ergodic and
normalization of the p,, , produces the equilibrium probabilities. O

Lemma 6.5 Let the sequence ag, ay,... satisfy 0 < |a;| < 1 for1 20, a; # a; fori # j
and a; — 0 as t — oo. Define for allm > 0

T = Zk;a,’-",
1=0
with 352, |ki| < 00. Thenz, =0 & k; =0.

Proof Define -
f(z)=) zmz™, |z| £ 1.

m=0

By inserting the series for z,, and then changing summations, it readily follows that f(z)
may be continued to the meromorphic function

>k 11
- i c {——}
f(Z) Z;l"aiz ¢ € \ ap 4y
Let
1 1 .
6J=i.nf D I ]Zoa
#5 | a; aj

so §; is the distance from the pole 1/a; of f(2) to its other poles. Since all a; are distinct
and a; — 0 as ¢ — oo, it follows that §; > 0. Use of Cauchy’s Theorem of Residues yields

_ _ _ 1 _ k_,' o .
tm=0 = f(2)=0 = o_%/l_]_]hf}f(z)dz_; = k=0 (j>0).
The implication k; =0 = z,, = 0 is trivial. V O

Corollary  The sequences ., »(ao) for different feasible ag’s are linearly independent
on the set A.

Proof We will show that the assumption that the sum

Z l(@0)Zm n( o)

agEF

vanishes for all (m,n) withm+n > N implies that /{ag) = 0 for all ap in F. The reversed
implication is trivial.
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For fixed n the sum above is an infinite sum of powers o. Let us first consider an aq
in F, say &g, which is maximal in absolute value. The power &' occurs exactly once in
that sum, with coefficient I(é&o)doBy if n > r and {(éo)eon if n < r. Hence, from Lemma
6.3 we obtain for &g that

l(&o)do = l(do)eo,o =...= l(&o)eo'r_l = 0,
which implies, since not all coefficients dp, e, ...,€0r-1 are zero, that I(ép) = 0. By
subsequently applying the same arguments to the (or a) second largest ag in F and so
on, it follows that {(ag) = 0 for all aq in F. O

We end this section with a remark on the normalization equation. By inserting mto
this equation the series for p,, , with (m,n) in A we get

1 = E P+ z Z k(00)Tmn (o)

{(mn)gA (m,n)€EAap€EF
= Y Pant 2 k@) Y. Tma(ao). (6.20)
(m,n)gA L a (m,n)€A

By substituting the series (6.2)-(6.3), the infinite sum with z,, »(0g) expands to

doBy op
1-581—ap

N-r-1 doﬂo'—m

2. Tma(co) = X

(m,n)eA m=0 1— BO

N-r-1 o0 r d'ﬂN_m d 4 N_:m
1My Tt Ti+) m
3 S S e, (ST benl) o

m=0 =0 ;=1

ag' + ¢o

+ii ( d;p} 4 dri+jﬂrri+j) allir + Zc Z . a7
Crini

t=0 j=1 I 1- ﬂi 1- :Bri-f-j 1- Qritj i=0 t n=0 " '"1 -

In the next section we will demonstrate that in the same way expressions for global
performance measures (like the mean waiting time) can be derived.

7 Expressions for global performance measures

In this section we will show that the series for the probabilities p, ., as developed in the
previous sections, lead to similar series for the mean waiting time and the complementary
waiting time distribution.

The waiting time W of an arbitrary job is given by

W=Sl++SM,

where M is the number of subjobs in the queue with the smallest number of subjobs on
arrival and Si, S2,. .. are exponentially distributed random variables with unit mean and
independent of M. By conditioning on M and using the property that Poisson arrivals
see time averages (see e.g. Wolff [17]) we find

EW = 3 mpun, (7.1)
(mv")

PW>t) = Y Fi)pmn  (t>0), (7.2)
(m.n)
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where F£(t) is the complementary Erlang-m distribution with scale parameter 1, i.e.

m-1 t]
Faty= Y e
=0 I

Insertion of the series for pp, » with (m,n) € A into (7.1) and (7.2) yields
EW = E MPrmn + Z E k(ao)mz m.n(ao)

(mn)gA (mm)eAao€F
= Y Mpma+t Y k(o) Y, mTma(ao) (7.3)
(m.n)gA ao€EF (mm)eA

and

PW>t)= Y Filt)pmm+ 2 k(o) Y Fa(t)zma(ao) (7.4)

(mn)gA ag€EF (m,n)eA
By substituting the series (6.2)-(6.3), the sums with Z, n(a0) in (7.3) and (7.4) expand
to
N-r-1 d N-m

d T
Y. mapa(a) = Y, me 10—060 oy +Co1_°_—ﬂ&)A(ao)

(mmn)eA m=0
N-r-1 d;ﬂN-m dri+j N;m)
+ m Cri : + — | aTi,;
Z ng; v ( 1-8 1~ Briy; +
= iﬂ‘ dri+j;3:i+j)
+ Cri+j ( =+ A(ariv;)
;o; N1=B " 1- Bt !
e r~1
+ZQZ@M (7.5)
t=0 n=0
and
N r-1 d ﬂ —_mn Oﬂ
Fi(t)zmmn(a) = Fe (t)eo 970 ol + co 0 B(ao)
(m,%):e.A mZ'-O ﬂ 1 - ﬂo
Ne—r-1 Iy o r | ﬂN m rz+] TIY;]m _
t 2 B e - B t 1 — Brivi Qpitj
m=0 1=0 j=1 1 ri+j
0 T d; B! dri+jﬂrri+j>
+ Criti ' + B(ari ]
ga‘;l * (1 - ﬂi_, 1= Briy; +)
e r-1
+_c ) einBla), (7.6)
i=0  n=0

where A(a) and B(a) are defined as
a+ (N —r)(l — a) N-r

Ala) = 1= a)? a7,
o) = Bl 70 = Fifoto

Of course, similar expressions may be obtained for the second or higher moments of the
waiting time.
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8 Some numerical aspects

This section is devoted to numerical aspects of the series for the probabilities py, .

One of the numerical problems of using the series z,,.(ap) for the computation of
the probabilities p,, . is the generation of the numbers ¢; and f;. Starting with ag the
numbers a; and B; with ¢ > 0 are generated such that for all ¢ > 0 the §; is the root inside
the circle |B| = |a4| of

QB2+ N) = FHA+ alf? + af (8.1
and the numbers a,iyy,...,Qr4r are the roots inside the circle |a| = |G| of
B2+ ) = B+ a7 B +a. (8.2)

Hence, we have to calculate zeros of the polynomials in (8.1)-(8.2). In general, this
constitutes a difficult numerical problem. Luckily, in our case we can transform the
equations (8.1)-(8.2) to contraction equations, which can be solved efficiently. By dividing
equation (8.1) by o™ and introducing y = #/c; we can rewrite equation (8.1) as

y= F(y3ai)v (83)
where )
_ r+1 2
F(y,a)———-—2+/\(/\y +ay’+1).

Analogously, by dividing equation (8.2) by 8/*! and introducing z = «/8;, equation (8.2)
can be rewritten as

2 = 6G(2, 8, (8.4)
where ¢ satisfies ¢" = 1 and

A

Geh =\ =5

The following lemma states that both F and G are contractions.

Lemma 8.1

(1) For all @ with |a| < 1 the function F(y,a) is a contraction on |y| <Y, where Y
is the positive root, less than one, of the equation

y = F(y,lal). (8.5)

(i1) For all B with |B| <1 the function ¢G(z,a) is a contraction on |z| < Z, where ¢
satisfies " =1 and Z is the positive root, less than one, of the equation

z=G(z18]). (8.6)

Proof It is readily verified that F(y,|a|) is convex for 0 < y < 1, F(0,|a|) > 0 and
F(1,|a|) < 1. Hence, there is, for each a with |a|] < 1, a unique Y with 0 < Y <1
satisfying

Y =F({,la).
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For |y| £Ys, it follows that
|F(y,a)| < F(lyl,|el) < F(Y,|a|) =Y,

so, F maps |y| <Y into itself. Further, for |y| <Y we have
0
"a—y-F(y’a)

0 0
<Z < 2Ry, 1.
< 5 F(lullal) < - (Y Jel) <
Hence, for |yil,|ya] < ', we get

|F(y1,@) = F(yz, )| = /l 2F(yl‘*'t(yz'-yl),a)(.ilz"3/1)‘#‘

o Jy

0
—F(y1 +t(y2 — 91), @)

< _
s |y1 y2| max y

0<t<1

0
< ly- yzla—yF(Y, CHE

which proves part (i) of the lemma. Part (ii) can be proved along the same lines. O

By Lemma 8.1(i), equation (8.3) has exactly one root § with |§| £ Y and this root may
be found by using the iteration scheme

yn+1=F(ymai)’ TL=U,1,..

starting with yo = 0. The sequence yg,y1, ... converges exponentially fast to 7, at least
with rate g—yF (Y, |ei|). The desired §; is then given by §; = ya;. Analogously, by denoting
the roots of " = 1 by ¢4,..., ¢, it follows from Lemma 8.1(ii) that for each y = 1,...,r
equation (8.4) with ¢ = @; has exactly one root %; satisfying |%;| < Z and this root may
be found by using the iteration scheme

Zn4l1 = ¢jG(zn’ﬁi)’ n=0,1,...
starting with zo = 0. The desired a,;+; is then given by a,iy; = Z;5i.

Another numerical problem is the calculation of the feasible values of ag. According
to Lemmas 5.3 and 5.5, for the calculation of the feasible values we first have to find the
eigenvalues of the matrices H* and H~. The eigenvalues are the zeros of the associated
characteristic polynomials. For the characteristic polynomials of H* and H™ the following
relations may be derived. Define for k > 0 the k x k-matrix H; by

(0100 ...0000)
20 1 0000
0101 0000

Hy=|: :
0000 101
0000 0101
\0000...0010)/
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and let hi(z) be the characteristic polynomial of Hy. Then it is readily verified that hx(z)
satisfies the following recurrence relations:

hi(z) = —x;
ho(z) = z*—2;
hi(z) = —zhg1(z) — hie-2(2), k>2.

In the following lemma we formulate relations between the characteristic polynomials
hi(z) and the ones of H¥ and H-.

Lemma 8.2
(i) For k > 0 the characteristic polynomial hi () of the (k+1) x (k+1)-matriz H*
defined by (5.16) is given by
K (z) = 2-1;
Ri(z) = 22—z —2;
hfa(z) = (1—2z)hi(z) — hioa(z), k>1.

(ii) For k > 0 the characteristic polynomial ki, (x) of the (k+1)x (k+1)-matriz H*
defined by (5.21) is given by

Rf(z) = z*—4;
hfi(z) = —zhi(z) — 2hi-s(2), k>1,

and since the k x k-matriz H™ defined by (5.23) is identical to Hy, its characteristic
polynomial is given by hi(z).

For the case that r is odd, we obtain from Lemma 5.1 that all zeros of the characteristic
polynomial of the matrix H* defined by (5.16) are simple, real-valued and in absolute
value bounded by 2. Hence, these zeros can easily be computed by using a bisection
method. Then, by Lemma 5.3, we can produce the feasible values of ag by squaring the
roots v with |y| < 1 of the equations (5.17) where ¢ runs through the set of zeros of the
characteristic polynomial of H*. Equation (5.17) can be rewritten as

v = ¢G(7,0)

where ¢ satisfies 9" = 1 and é('y,a) is given by

5 -A
Glro) = Yt

It is readily verified that é('y,2) is convex for 0 < ~ < 1, G’(O,Z) > 0, G’(l,?) =1 and
%G(I,Z) = 2/r) > 1. So there is a unique I" with 0 < I" < 1 satisfying

T'=G(T,2).

Similar to the proof of Lemma 8.1 it can be shown that ¢(~3(7,a) is a contraction on
|y| < T. Hence, the zeros of equation (5.17) can be produced efficiently by using the
scheme 3

7n+1=¢G(7n10)v n=0,1,...
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starting with 4o = 0, where o runs through the set of eigenvalues of H* and ¢ through
the set of roots of ¢" = 1.
In case r is even, the feasible values of oy can be produced similarly.

The terms ¢,i4;(d: B} + dris; Briy ;)% ;> Which add up to Tmn(ao) form > 0andn 2 r
(see (6.2)), may be represented in the r-fold tree depicted in Figure 9.

codo g g’
c1{doBg+d1 87 ) er(doBg +dr BT )
Cr+1(d1 ﬁln“'dr-i-l ﬁ,’-‘+1)a,,'-n+1 c2r{ds ﬂ?+d2rﬁ;,-)a¥; €241 (dﬂep*’dﬂ.‘,] ﬂ:2+1 )0:'5+1 cr2+r(d'ﬁ?+dr2+rﬁ:2 -l»r)a:’;-t-r
» .o LY » . q » e A » e LY

Figure 9: The r-fold tree structure of the terms in the infinite sum z o, o(co) given by (6.2).

The infinite sum of the terms in this tree can be approximated by the finite sum of the
terms at the first [ levels. The number of terms at the first ! levels equals 1 +r+. ..+ 71,
This number increases very fast as [ increases. Luckely, in Section 6 it has been shown
for m > 0 and n > r that the terms in z,, n(ao) behave asymptotically as a geometrical
r-fold tree with rates

|A | m+n—r
Rj(m+n)= |C|(|A|) , j=1,...,r. (8.7)
Since |A;j|/|Ao] < 1 for j = 1,...,r it follows that the terms in z.,, »(cg) converge ex-
ponentially fast to zero. So, usually, already a few levels in the tree in Figure 9 provide
an accurate approximation for z,, ,(ag). Moreover, we may conclude from (8.7) that the
convergence to zero of the terms in 2, »(o, fo) is faster for states further away from the
origin. This feature can be exploited for numerical purposes; the trees of compensating
terms are only used for the calculation of p,, if m + n is sufficiently large, that is, if
the sum Ry(m + n) + ... + R,(m + n) is sufficiently small. The remaining quantities
Pmqn can then be solved from the equilibrium equations. The rate at which the sum
Ry(m+n)+...+ R,(m+n) becomes small depends on the ratios |A;|/|Aol, - .-, |Ar|/| Aol
The equation
(242 = A4

the roots of which define Ay,..., A, (see Lemma 6.3), has exactly two positive roots, one
larger and the other less than one. The larger root is Ay and one of the roots Ay,..., A4,
is the smaller one, A, say. It may readily be verified that Ap > 2 and for j = 1,...,r
that |A;| < Ay, so

IAJ'| A; 1
<—< =
|Ao] = A0 2
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In Table 1 the ratio A;/Ap is listed for increasing values of r and the workload p = r\/2.

r P Al Ao Al/Ao
2 01 |0.231 2077 0.111
0.5 | 0500 2.414 | 0.207
09 |0.630 2.784 | 0.226
0.95 | 0.642 2.832 | 0.227
5 0.1 [0481 2.039 | 0.236
0.5 |0.665 2.196 | 0.303
09 |0.740 2.355 | 0.314
0.95 | 0.747 2.375 | 0.315
10 0.1 |0.656 2.020 | 0.325
0.5 |0.772 2.100 | 0.368
0.9 |0.817 2180 | 0.375
0.95 | 0.821 2.190 | 0.375

Table 1: The ratios A,/Aq for increasing values of r and the workload p = rA/2. Here A,
and Ao are the positive roots with A} < Ag of the equation 2" (2 + A) = A + 2z,

Table 1 illustrates that A;/Ap is small, which implies that the sum Ry(m+n)+...+
R.(m + n) will already be small for m + n being a little bit larger than r.

Finally, we remark that for high values of r (say, r > 15) the system of linear equations
for the coefficients k(ap) is ‘close’ to singular. In that case, the accurate computation of
the k(ag) is delicate. The reason is that for high values of r the feasible ag’s are closely
clustered (see e.g. Figure 6; recall that the feasible ag’s are produced by squaring the
feasible 4’s). Hence, the set of solutions z,, (o) is nearly dependent, and thus also the
system of linear equations for the coefficients k(ap). Maybe, it helps to transform the
solution base to a better conditioned base. '

9 Numerical results

This section is devoted to numerical results. The evaluation of performance measures
requires the computation of infinite sums (cf. (7.5) and (7.6)). The coeflicients k(o) and
the probabilities pp, , with (m,n) not in A (cf. (7.3) and (7.4)) are also required. They
have to be solved from the equilibrium equations in states (m,n) with m +n < N and
the normalization equation. To set up these equations one has to compute the infinite
SUMS Zp, (o) for all (m,n) withm > N —r and m+n < N, but also for all (m,n) with
m+n = N, because these states have an incoming rate into one of the states (m,n) with
m+n < N. All infinite sums will be approximated sufficiently close by partial sums. So,
to evaluate performance measures, the following steps may be distinguished:

(i) Select a number ! with [ > 1 and approximate, for all states (m,n) in the set
{(myn))m 2 N—-r,n 2 0m+n < N}U{(mn)|0 < m < Nym+n = N},
the infinite sum z,, »(cp) by the terms of the first [ levels (see Figure 9), i.e.
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pl=1_,
r—1 T

i‘m,n(ao) = COdO,Bgaz)n + Z Zcri+j(di,3;'n + drc'+jﬂ:i+j)a::'+j 9 m Z Oan Z T,

=0 j=1

l=1_.
r—1

r

Emn(ao) = z Ci€inQ] , m20,0<n<r.

=0

Do the same for the infinite sums in the normalization equation (6.20).

(ii) Solve the coefficients k(ap) and the probabilities pmn, Wwith (m,n) in the set
{tm,n)]0 £ m < N—-r,n > 0,m +n < N}, from the boundary equations and
the normalization equation.

(iii) Compute approximations for performance measures by approximating the infinite
sums occurring in the expressions for the performance measures (cf. (7.5) and
(7.6)) by the terms at the first [ levels.

(iv) Set I=1+1 and perform the same computations as in (i)-(iii).

(v) Stop if only negligible improvement is seen for the performance measures. Otherwise
repeat step (iv).

As it has already been mentioned in the previous section it is numerically sensible to
replace N by a higher value N because convergence of the infinite sums is faster for states
further away from the origin (cf. Table 1). This is demonstrated in Table 2 for the case
of Erlang-2 servers. We list the probabilities poo and 52 pon With an accuracy of 0.1%
for increasing values of the occupation rate p = Ar/2 and N. The value of ! indicates the
number of levels of the trees required to reach the desired accuracy. The minimum value
of N is N which equals 2 in each example.

P N 1| poo 2 ne0 PO
0.8 |2 120.09708 0.3029

3 4 (0.09709 0.3029
0.9 [2 110.04399 0.1560

3 41 0.04398 0.1560
0.99 | 2 11 |0.004005 0.01510

3 4 | 0.004005 0.01510

Table 2: The probabilities pop and Y32, pon for the Erlang-2 queueing system with an
accuracy of 0.1% for increasing values of the occupation rate p = Ar/2 and N. The value
of l indicates the number of levels of the trees required to reach the desired accuracy. The
minimum value of N is N which equals 2 in each ezample.

Table 2 illustrates that the number of levels of the trees, that needs to be evaluated
to reach the desired accuracy, decreases very fast as N increases. When realizing that
the first [ levels involve (r' — 1)/(r — 1) terms (due to the r-fold tree structure) we may
conclude that the numerical effort to compute the partial sums considerably decreases as
N is a little larger than N. Of course, the price is that a larger set of linear equations for
the coeflicients k(ag) has to be solved, but this extra effort is easily compensated by the
advantage of efficiently computing the infinite sums.
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In Table 3 we list the probability poo of the system being empty, the delay probability
7w (=1 — Y20 Pon by PASTA) and the normalized first two moments and the squared
coeflicient of variation c%y|w>0 of the conditional waiting time W|W > 0 for increasing
values of p and r. The normalized k-th moment of the conditional waiting time is defined
as the quotient of E(W*|W > 0) and the k-th power of the mean service time (= r¥).
All quantities are computed with a relative accuracy of 0.1%. The value of ! indicates the
number of levels of the trees required to reach the desired accuracy. In the computations
N has been replaced by the somewhat higher value N.

rop Po.o Tw ELW|rw>0) ngzr\zw>0) C%V|w>0 N—r ‘N-r
1 01 08175  0.01753 | 1.010 2.042 1.0000
0.5 | 0.3160 0.3160 | 1.349 3.631 0.9947
0.9 |0.04225 0.8422 | 5.313 56.05 0.9855
0.95 | 0.01996  0.9200 | 10.31 211.7 0.9905
0.99 | 0.003808 0.9838 | 50.31 5057 0.9977
2 0.1 |0.8177  0.01768 | 0.6475 0.7990 0.9061
0.5 |0.3193 0.3193 | 0.9375 1.665 0.8946
0.9 |0.04398 0.8440 | 3.923 30.17 0.9608
0.95 | 0.02089  0.9209 | 7.672 116.5 0.9785
0.99 | 0.004005 0.9840 | 37.67 2832 0.9953
3 0.1 |0.8177  0.01774 | 0.5409 0.5331 0.8222
0.5 |0.3208 0.3208 | 0.8051 1.188 0.8329
0.9 |0.04486 0.8449 | 3.460 23.33 0.9479
0.95|0.02137 0.9214 |6.793 . 91.02 0.9723
0.99 | 0.004108 0.9841 | 33.46 2233 0.9942

4 0.1 |0.8178 0.01776 | 0.4903 0.4241 0.7639
0.5 | 0.3216 0.3216 | 0.7399 0.9816 0.7929

QO GO GO GO Y RN B RN = b b e b e e e b b b bt b e e e e

GO O O GO GO B R O GO B B W GO QO W W W QO QO B i B GO O B b B W O e~

OOOOD—‘OOOOOOODOOOOOOOOOOOOOOOOOl

0.9 |0.04539 0.8454 | 3.229 20.23 0.9401
0.95 | 0.02166 0.9217 | 6.354 79.47 0.9685
0.99 | 0.004171 0.9842 | 31.35 1960 0.9934
5 0.1 |0.8178 0.01778 | 0.4609 0.3659 0.7224
0.5 |0.3221 0.3221 | 0.7011 0.8678 0.7653
0.9 |0.04574 0.8457 | 3.091 18.49 0.9349
0.95 | 0.02186  0.9219 | 6.090 72.92 0.9660
0.99 | 0.004214 0.9842 | 30.09 1804 0.9930
10 0.1 |0.8178 0.01779 | 0.4040 0.2646 0.6215
0.5 | 03231 0.3231 | 0.6242 0.6624 0.7003
0.9 |0.04653 0.8465 | 2.814 15.23 0.9230
0.95 | 0.02230  0.9223 | 5.563 60.67 0.9660
0.99 | 0.004311 0.9843 | 27.56 1513 0.9919 3

Table 3: The probability poo, the delay probability nw and the normalized first two mo-
ments and the squared coefficient of variation c%ww>0 of the conditional waiting time
W|W > 0 for increasing values of p and r. All quantities are computed with a relative
accuracy of 0.1%. The value of | indicates the number of levels of the trees required to
reach the desired accuracy. In the computations N has been replaced by N.

The examples in Table 3 show that the probabilities and performance measures can
be computed efficiently; already a small number of terms, namely (r — 1)/(r — 1) terms,
is sufficient to reach high accuracy. Note from the results in Table 3 that the probabilities
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Poo and 7w are rather insensitive to the service time distribution and that the normalized
first two moments of the conditional waiting time W|W > 0 are decreasing in 1/r, i.e.
the squared coefficient of variation of the service time. Furthermore, the normalized mean
conditional waiting time appears to be nearly linear in 1/r. This is of course well-known
for the M|G|1 queue, but apparently it is also approximately valid for the shortest delay
problem.

In Table 4 the waiting time probability P(W > t) is listed for increasing values of t,
p and r. The probabilities are computed with a relative accuracy of 0.1%. The values of
t are restricted to multiples of the mean service time r. The exact values are compared
with a two-moment approximation of the conditional waiting time probabilities. For all
examples displayed in Table 4 it holds that C%V|W>0 exceeds % (and is less than 1; see
Table 3), so that we can fit a so-called K, distribution with gamma normalization to the
first two moments of W|W > 0 (alternatively, we might have used an F, ; distribution;
see Tijms [15] for details).

P(W >1t)
t=r t = 5r t=10r
rop era app era app era app

1 0.9 |0.7005 0.6999 | 0.3296 0.3298 | 0.1275  0.1277
0.95]0.8371 0.8359 | 0.5684 0.5683 | 0.3491  0.3496
2 09 |0.6645 0.6608 | 0.2351 0.2366 | 0.06385 0.06385
0.95 | 0.8157 0.8112 | 0.4822 0.4834 | 0.2494  0.2505
3 09 |0.6468 0.6421 | 0.1971 0.1989 | 0.04453 0.04435
0.95 | 0.8052 0.7992 | 0.4434 0.4452 | 0.2101 0.2112
4 09 |0.6361 0.6312 |0.1769 0.1787 | 0.03569 0.03542
0.95 | 0.7988 0.7921 | 0.4213 0.4236 | 0.1893  0.1903
5 0.9 |0.6288 0.6240 | 0.1644 0.1661 | 0.03074 0.03041
0.95 | 0.7946 0.7875 | 0.4072 0.4097 | 0.1765 0.1765
10 0.9 |0.6118 0.6078 | 0.1388 0.1403 | 0.02174 0.02132
0.95 | 0.7845 0.7770 | 0.3764 0.3794 | 0.1504 0.1512

Table 4: The waiting time probability P(W > t) for increasing values of t, p and r. The
values of t are restricted to multiples of the mean service time r. The ezact values are
computed with a relative accuracy of 0.1% and are listed in the columns with heading ‘eza’.
The two-moment approzimations are listed in the columns with heading ‘app’.

The results in Table 4 indicate that the two-moment approximation is quite accurate.
This is also illustrated in Figure 10 where for the Erlang-4 system with load 0.95 the
distribution P(W > t) together with the two-moment approximation are depicted for a
wide range of t values. Of course, from a practical point of view, we also like to have
good approximations for the first two moments of the conditional waiting time, since
then we are able to use the two-moment approximation to produce fast and accurate
approximations for the conditional waiting time distribution. A good approximation for
the first moment is available (it is nearly linear in 1/r; see the remark below Table 3);
more research is required to find a good approximation for the second moment.

We end this section by demonstrating that also for extremely high traffic intensities
the exact solution behaves well numerically. For the Erlang-2 and Erlang-4 system with
workload p = 0.999, we list in Table 5 the probability pgo, the delay probability mw,
the normalized first two moments and the squared coefficient of variation ¢}y, of the
conditional waiting time W|W > 0 and the waiting time probability P(W > 100r).
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Figure 10: The ezact waiting time probabilities P(W > t) (solid line) together with the
two-moment approzimation (dotted line) for the Erlang-4 system with load 0.95.

As before, all quantities are computed with a relative accuracy of 0.1%; the value of [
indicates the number of levels of the trees required to reach the desired accuracy and in
the computations NV has been replaced by N.

T | Poo W M,W—wz yiwso | P(W >100r) | 1 "N-r N-r
2 1 0.000397 0.9984 | 375.2 0.9995 | 0.7649 4 1 0
51 0.000418 0.9984 | 300.1 0.9993 | 0.7156 4 2 0

Table 5: The probability pso, the delay probability mw, the normalized mean and the
squared coefficient of variation C%V|W>0 of the conditional waiting time W|W > 0 and the
watting time probability P(W > 100r) for p = 0.999 and r = 2 and 5, respectively. All
quantities are computed with a relative accuracy of 0.1%. The value of | indicates the
number of levels of the trees required to reach the desired accuracy. In the computations

N has been replaced by N.

10 Conclusions and comments

The primary conclusion of the present paper may be that the compensation method, which
was originally developed for the shortest queue problem with exponentially distributed
service times and Poisson arrivals (cf. [1]), can indeed be extended to the case of Erlang
distributed service times with expected delay routing. The compensation steps themselves
become more complicated and also the finding of starting values ag requires more skill.
Nevertheless, the final result has the same pleasant analytic and algorithmic features as
the result for the simpler case. Numerically, the nice features are the following: a simple
algorithm for the computation of the equilibrium probabilities; the series of products of
powers converge exponentially fast and the convergence is faster for states further away
from the origin; similar features for performance criteria like expected residence time.
The algorithms in [1, 3] for exponential servers not only produce approximations but also
upper and lower bounds which approach each other fastly; this also seems to be possible
for Erlang servers although it has not been worked out in the present paper. In the
exponential case it could be proven that the series z,, () converge absolutely for every
m,n > 0. In the present case we could only prove absolute convergence on the set A,
which was determined by N. If N = r, then A represents the whole first quadrant of the
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grid, but for N > r, there are also states for which z,, () was formally defined, but
may not converge absolutely. A similar feature was already encountered in the case of
the asymmetic shortest queue problem (cf. [2]) and also in the case of general random
walks on the first quadrant with transitions to neighbours only (cf. [4]). The remaining
question is of course: how large can N be? Or more precisely: how much larger than r
can N be? Numerical evidence indicates that N is usually equal to r, but sometimes it
is equal to r + 1. So, we might conjecture that there is indeed an upper limit for N, for
instance r + 1 (cf. Table 3).

' From a numerical point of view it may even be sensible to replace N by an even
higher value than the prescribed one, since this speeds up convergence (at the price
of having to solve a larger set of linear equations). One may add here that N was
determined in a search for necessary and sufficient conditions for absolute convergence. It
is quite well possible that for states not in .4 there is common convergence if the series are
defined appropriately, namely by keeping terms together which are each other’s complex
conjugates. Our conjecture is that with this amendment all z,, »(ao) are convergent.

Another numerical complication is provided by the r-foldedness of the compensation
trees. Luckily, it is usually not necessary to investigate many levels of these trees. More-
over, the amount of work can be kept within bounds by only climbing higher in the tree
where it is really necessary (cf. [3]).

The problem in the present paper is a particular case of a whole class of related models.
Its advantage is that it can be described in a useful way by a two-dimensional random
walk with nice features. With useful we mean here that residence time characteristics
can be obtained from the equilibrium probabilities. With nice features we mean here that
the random walk is still sufficiently homogeneous. If we would allow the subjobs of an
arriving job to split up over the available queues, then we would destroy the usefulness,
although the analogous analysis can still be made. If we would take the shortest-queue-
routing, then we can still represent the process by a random walk, however, we would
loose homogeneity in m for fixed n < r. It is most likely that in this case the problem can
still be solved with the compensation approach, however, one would need extra freedom
because of the lack of homogeneity on the horizontal boundary levels. A good way of
constructing the extra freedom might be to introduce separate state variables indicating
how many subjobs of a job in service are still waiting for execution. In this way the state
space is becoming more complicated, which leads to basic solutions of the form

a™ k8! with k,1=0,...,r — 1.

Such an approach has appeared to be effective for the E,/E, /c-problem (cf. [5]). The same
holds for the replacement of the Poisson arrival process, which might be replaced by Erlang
distributed interarrival times: an extra factor €' might help, like in [5]. It seems natural to
replace the pure Erlang service times by mixtures of Erlang distributions with the same
scale parameter. With the class of distributions we have the ability to approximate any
distribution sufficiently close. This model can be described by a two-dimensional random
walk with the same nice features as the model with pure Erlang servers. However, finding
feasible starting solutions is then essentially more complicated and this problem cannot
be solved anymore by the solution of the jockeying model.

For obtaining the feasible starting solutions, the instantaneous jockeying model was
used. In fact, the interpretation as instantaneous jockeying was not the essential feature,
although it was good to see how the jockeying model could be solved relatively straight-
forwardly. The essential feature, however, was that the jockeying model represented an
ideally truncated version of the original problem and that, in this way, we obtained all
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feasible starting solutions for the original problem. Since the more heuristic procedures
of other cases, can all be interpreted similarly, one may conjecture that this truncation
procedure provides a general approach to procuring the feasible starting solutions.

Of course, it is also possible to consider other, possibly more realistic, variants of the
jockeying model. Indeed, similar approaches as the one in Section 5 seem workable in
such cases.

The compensation approach clearly has its limitations. The most important one being
that transitions to North, North-East and East are already forbidden in the case with
transitions to neighbours only (cf. [4]). The strong feature, however, of the compensation
approach is that it helps in finding such conditions for getting elegant solutions and that it
provides constructive methods for obtaining the elegant solutions in case the conditions are
satisfied. In fact, the two-dimensional random walks with transitions to neighbours only
have been studied very intensively over the years with the help of generating functions,
but the results mentioned above could only be produced in that way with the results of
the compensation approach as guidelines (cf. Cohen [9]). Possibly, also the results of the
present paper can be recognized in properties of the generating functions.
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