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Abstract

We consider a memoryless single station service system with servers S = {mu,...,mx},
and with job types C = {a,b, ...}. Service is skill based, so that server m; can serve a subset
of job types C(m;). Waiting jobs are served on a first come first served basis, while arriving
jobs that find several idle servers are assigned to a feasible server randomly. We show that
there exist assignment probabilities under which the system has a product form stationary
distribution, and obtain explicit expressions for it.

Keywords: Service system; first come first served policy; multi-type jobs; multi-type servers;
partial balance, product form solution.

1 Introduction

In this paper we study a service (typically manufacturing) system which serves several types of
jobs, labeled a, b, ¢, ..., and we denote the set of job types by C. Service is provided by K servers
(machines), labeled myq, ..., mg. We denote the set of machines by M. Jobs arrive at the system
in independent Poisson streams with rates A;, ¢ € C, and have independent service requirements
which are exponentially distributed with rate 1. Each machine is capable of handling a specific
subset of job types. Machine m; can only handle jobs from the set C(m;) C C. The union of
these is C. Machine m; works at rate pi,,.

The service discipline in the system is a combination of First-Come-First-Served (FCFS)
and random assignment. Arriving jobs which find no feasible available machine wait in a single
queue, and are processed in a FCFS order as long as it is possible. This means that as soon as
a machine finishes a job it takes the first job in the queue that it can process, possibly skipping
several jobs that it cannot process. Jobs which upon arrival find some available feasible machines,
are assigned to one of them randomly and go into service immediately. Else they join the end of
the queue.
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To fully specify the system we need to specify the random assignment: we assume that an
arriving job of type i will choose a feasible machine from those which are idle according to a
specified probability distribution which depends on ¢ and on the set of idle machines. We call
these distributions the assignment probability distributions. There is one assignment probability
distribution for each type of job and for each subset of idle machines which contains at least
one feasible machine for that type of job. We treat these assignment probability distributions as
control parameters for the system. Figure 1 shows two examples of such systems, which we will
refer to as System A and System B.

System A

System B

Figure 1: Some service systems with multi-type jobs and multi-type servers

A full Markovian description of the system is to list all the jobs in the system in their
order of arrivals, including jobs which are being processed, and to imagine that the machines
are situated in the queue on the position of the job that they are processing. To illustrate we
consider System B in Figure 1, in which there are three job types a,b, ¢ and three machines with
Clmy) = {a,b}, C(mz) = {a,c}, Clmg) = {a}.

In Figure 2 a possible situation of System B is depicted. The jobs are denoted by circles
and the machines by rectangles. Jobs in service have a rectangle drawn around them with the
identity of the machine inside. There are 12 jobs in the system, all the machines are busy, with
machine mj processing the first job in line, which must therefore be either of type a or of type b.
Following this job machine mo is processing the first job in the line which it can process, which
is job 5 in the line, and must therefore be either type a or type c¢. Machine mg is processing
the first job in the line (apart from jobs 1 and 5) which it can process, which must be of type
a. There are 3 jobs waiting between machine m; and mg. These cannot be processed by either
machine ms or by machine ms, so they must be type b jobs. There are 4 jobs waiting between
ms and ms. Those cannot be processed by machine mg, so they must be of types b or c¢. Finally
there are 2 jobs at the back of the queue, behind machine mg, which may be of types a, b, or c.
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my

Figure 2: A possible state for System B.

We will actually aggregate some of the states in this detailed description, to simplify the
model while retaining the Markovian property. We will retain the identity and location of the
busy machines, but we will not specify the type of job which they are working on, and we will
only record the number of jobs between the busy machines, and not specify the string of job
types. Thus the situation of Figure 2 will be denoted as the state (2, mg3,4, msa, 3, my).



With this reduced description the system is still Markovian. Our main result in this paper is
to show that there exist choices of the assignment probability distributions, such that the system
has a product form stationary distribution. This product form stationary distribution is unique,
and we obtain it explicitly.

To motivate and illustrate the results we will first analyze System A of Figure 1, with two
types of jobs C = {a,b} and two servers, where C(m1) = {a,b} and C(mz2) = {a}. Here only
jobs of type a have a choice of machines, and that happens only when a job of type a arrives to
find both machines available, in other words when the system is empty. Hence the assignment
probability distributions reduce simply to the probability n of assigning an arriving job of type
a to machine my, when the system is empty. This system has previously been analyzed by
Adan, Foley and McDonald [1]. In Section 2 we solve the equilibrium equations for this system,
and derive the correct assignment probability 1 and the product form solution. We note that
this solution satisfies partial balance equations. We also show that for all other choices of 7
the system will not have a product form solution. Furthermore, if we choose a more detailed
state description, again there will be no product form solution. These results are summarized in
Theorem 1.

We then formulate and derive our main result in Section 3. We define the states (Section
3.1), write down the transition rates (Section 3.2), and the equilibrium equations (Section 3.3).
We then formulate some partial balance equations (Section 3.4), and obtain a candidate solution
(Section 3.5). We derive a necessary assignment condition (Section 3.6), and show in Section 3.7
that if the assignment condition holds then the candidate solution satisfies all the partial balance
equations. This leads us to explicit conditions for ergodicity, and an explicit expression for the
stationary distribution (Theorem 2). Finally, in Section 3.8 we show that it is always possible to
choose assignment probability distributions so that the assignment condition holds. Section 3.8
is based on our recent paper [2], which considers a loss system which is similar to our system. It
is shown there that the same assignment condition implies that the loss system is time reversible
and insensitive to processing time distributions.

We conjecture that when the traffic intensity approaches 1 the assignment probability dis-
tributions become less relevant and the product form solution is then a good approximation for
general assignment probability distributions. In particular this leads to a model of FCFS infinite
matching discussed in our paper [3].

We conclude in Section 4 with the derivation of the waiting time distributions of jobs of
various types.

Our model in this paper is formulated as a manufacturing model. However, it should find as
much use also to describe, for example, skill based routing of calls to operators in call centers,
routing of wireless messages to ad hoc nodes, processing of chips, multi-processor scheduling and
mounting of printed circuit boards; see in particular [9, 6, 5, 4].

2 A system with two servers and two job types

In this section we analyze System A of Figure 1. This system has been analyzed by Adan, Foley
and McDonald [1], who found the product form solution for a special value of 7, and derived
exact asymptotics for the general system. Here we present a full derivation of the product
form solution, to illustrate and motivate the general results in Section 3, and to reach several
additional conclusions, summarized in Theorem 1. Note that the results in Sections 3 and 4 are
independent of the results in this section. For ease of presentation, the notation used in this
section will slightly deviate from the one introduced in Section 1.

System A has two machines, m;, my, and two types of jobs, a, b, where machine m; can



serve both types, and machine my can serve only type a jobs. Arrivals are Poisson, with rates
Aa, \p, and service times are exponential with machine dependent rates p;, ¢ = 1,2. Service is
on a FCFS basis, and there is one control parameter:

71 is the probability that a type a job that arrives to find an empty system will be
assigned to machine m;j.

Clearly, for ergodicity it is necessary that both

A Ag + A
7b<1’ Q<
1 B+ pe2

1 (1)

should hold. In this section we will show that the conditions above are also sufficient.
In our Markovian description the system can be in the following states:

e (n,my, m,m;), where m,n > 0, with m + n + 2 jobs, machine m; working on the first
job followed by m jobs waiting between machine m; and machine ms, all of which must
be of type b, followed by machine my working on the m 4+ 2nd job in line, followed by an
additional n jobs that have not yet been identified, and are waiting behind machine ms.

e (n,mi,0,my), where n > 0, with n+2 jobs, machine mj is working on the first job, machine
m; is working on the second job, and there are an additional n jobs of unidentified type
waiting behind the two machines.

e (m,m;), where m > 0, machine m; is working on the first job, followed by m jobs which
are all of type b, and machine my is idle.

(0, m3), machine my is working on a single job in the system, and machine m; is idle.

(0) the empty system state.

The Markov process is a random walk with geometric jumps in the interior of the (m,n)
positive quadrant, with modified transitions close to the axes and the origin. Arrivals join the
queue or activate an available machine. On completion of service by machine m, if the queues
are not empty the earliest job goes into service. On completion of service by machine ms, the
machine moves along the line of n unidentified jobs until it finds a type a job to process, or if
none is available, it becomes idle. The jobs which are passed over in this search are now identified
as type b and are queued between the two machines. Each of the unidentified n jobs at the end
of the line is of type b with a probability v = /\aﬁf)\b. Thus machine my will identify j — 1 jobs of
type b and then find a type a job with probability p; = (1 —)y?/~!, j = 1,...,n, or identify all
n jobs as type b and become idle with probability v™. The transitions and transition rates are
illustrated in Figure 3. Note that the Markov process is irreducible.

The stationary probabilities, denoted by m(z) for state (z) need to satisfy the following
equilibrium equations, for all the states excluding (0, m;, 0, my), (0, m;), (0, ms), (0). There are




Figure 3: State transitions for the two machine System A.

four different cases:

(Aa+ Ao+ 1+ po)m(n, mg,m,m;) =

(Aa + Ap + p1 + p2)m(0, mg, m,my) =

Aa+ Ao+ p1)m(m,my) =

(Ao + Xy + g1 + p2)m(n, my,0,my) =

(A +Ap)m(n —1,mg,m, my) + py7(n, my, m +1,my)

m

+H2(1_7)Z’Y‘77T(n+]+1,m2,m—j,m1) (2)
7=0

+/j‘2(1_V)Vmﬂ-(n—'_m—i_lamlaoamQ)ﬂ n>0am20a

)\aﬂ-(m7 1'1'11) + /1/171-(0’ mo, m + 1) ml)

+,LL2(177)Z’Yj7r(j+1,m2am*jaml) (3)
§=0

+IJ’2(1_7)’7mﬂ-(m+17m1707m2>7 mZ 07
Apm(m —1,my) + pym(m + 1, my)
+MQZ/7]7T(]7 m27m_j7 1'1’11) (4)

7=0
+:uQ’-)/WLTr(’n/%1’1’117071’112)7 m > 07

()‘a + )‘b>ﬂ—(n - 17m11 07m2) + /1/171'(71 + 17 m1707 m2)
+m(n+1,my,0,m;), n>0. (5)

We attempt to derive a product form solution, in other words we assume the solution is of
the form m(n,my,m,m;) = 2™y", for all m,n > 0, with some constants 0 < z,y < 1. In



the following Propositions 1-8 we derive solutions to the equations, ignoring the normalizing
constant which will turn them into probabilities.

Proposition 1. If m(n,my,m,my) = z™y" for all m,n > 0, then m(n,my,0,ms) = cy™, where
c= "1,
=y

Proof. We substitute the form of the solution 7(n, ma, m, m;) = 2™y" into equation (2):
Ao+ Ao+ p1 + p2)a™y™ = (Ao + Xp)z™y" ! 4 paa™y"
m
+p2(1 =) Z g d gt
§=0

+,U,2(1 - ’Y),}/mﬂ-(n +m + 1a my, Oa mQ)'

n—1

Summing the finite geometric series terms and dividing by =™y we obtain

Ao+ A+ 1 +p2)y = (Ao +Np) + pay
1 (2w m+1

+pa(1 - v)yzl(_%

vy

+p(1 =)y ( "

m 1
) 7yn+m+lﬁ(n—|—m—l— 1,my,0, my).

This equation can hold for every m,n > 0 only if:

m(n+m+1,m;,0,my) = Y ynmetL

r—Y
O]
Proposition 2. If w(n,ma,m,my) = z™y"™ for all m,n > 0, then w(m,m;) = dz™, where
d = datde
Ay

Proof. Substituting the expanded candidate solution (using the result of Proposition 1) into
equations (2) and (3) we get:
1
o+ X + 1+ p2) ™y = Ao + Ap)z™y" 1+ ™y + po(1 - v)wm“ywlx—iw ’
1

(Ao + X+ + po)a™ = Agm(m, my) + e + po(1 - v)xm“ym '

Dividing the first equation by 3™, and comparing with the second, we get:

Aamm(m,my) = (Ao + Xp)z™y L.

O]
Proposition 3. If 7(n,ma,m,my) = z™y™ for all m,n > 0, where 0 < x,y < 1, then z = %
_ Aot
and y = L5



Proof. Substituting the expanded candidate solution (using the results of Propositions 1 and 2)
into equations (2) and (4), and canceling powers of z,y we get:

X
(Mo + X+ 1+ p12) = (ha + Xy~ + iz + pa(1 = 7)— —y’ﬂ/ ’
Ao + A Aa + XN _ Ao + A
(>\a+)\b+/141) h b:)\b b(E 1—|—,u1 b£C+,U,2 .’L' .
ay AaY AaY T =y

Recall that 1 —~v = /\%‘)\b, multiply the second equation by (1 — «)y and subtract from the first

to obtain after easy manipulations
()‘a + )‘b)x

Ap + pox
Substituting back into one of the equations we obtain:

Ap + pow Ap + p2T Ap+ p2T | Ap + ploT
Ao + A =A .
(Aa+ Ay + 111) o S T3 X, + =
The resulting cubic equation has roots z = 1 and x = % (double root). By (1), the latter is the
only root in (0,1). The corresponding value of y is then: y = Agtdp O

pitpe”

So far we have solved equations (2)—(4) and obtained values for the product form solution.
Substituting the values of x,y from Proposition 3 in the expressions obtained in Propositions 1,
2, we have in summary:

_ M AatXo Mtz (6)

x=—, = , ¢
M1 Y M1+ po Ha2 Aa

These form the unique solution for (2)—(4).
Proposition 4. The product form solution with the values of z,y,c,d of (6) satisfies (5).
Proof. Substituting the values which we obtained into equation (5), and dividing by y™ we get:

H1 1+ o H1 Ag + Ap Aa + Ny
— 1 — +
2 Ag + Xp Mo fh1 + 2 U1+ 2

(Mg + X + 11 +u2)% =+ )
2

which is easily seen to hold. O

Note that this is a “lucky” solution — we had 4 parameters to determine and 4 sets of
equations, but the elimination of the geometric terms already determined one of the parameters,
¢, and so we had 4 sets of equations for just 3 parameters. Hence, we should not regard this as
a method that works for general random walks with diagonal geometric jumps.

It now remains to verify and determine the remaining values around the origin, for which we
get the following 3 equilibrium equations:

Ma + X+ g1+ p2)m(0,my,0,ma) = (Mg + Ap)7(0,my) + py (1, my,0, my) (7)
+p1m(1l, mo, 0,m;),
Ao+ A+ p1)m(0,my) = (A + 1) (0) + (1, my) (8)
+u2m (0, m1,0, ms) + pom(0, mo, 0, my),
Ao+ X+ p2)m(0,ms) = (1 —n)A.m(0) + p17(0, my, 0, my) (9)

+/1417T(07 my, 07 m1)7

in which we have two unknowns, 7(0, my), 7(0), and three equations, with the additional control
parameter 7).



Proposition 5. The unique choice of n and the solution of the remaining stationary probabilities

are:
Aa

_ W(Om):ﬂmﬂtuz ()_2/\a+/\bﬂﬂl+ﬂ2
2>\a+>\b’ y 1112

,UIQ)\a‘i“)\b, B )\a+)\b )\a)\a+>\b

7 (10)

Proof. Substituting the values of the stationary probabilities obtained so far into equation (7)
we get:

1 Ao + My Ao + Mo
Ao + Xo)7(0, ma) + pg = +
( )7 2) Ml/ﬁz 1+ p2 M1M1+M2

(Mo + Xp)7(0,m5) + f(xa + o),
2

(Aa + X + 1 +H2)&
H2

: — M1 patpe
from which we solve 7(0, my) = £ £=h2,

Substituting all the known values in the remaining equations we get:

+ + pg A
Mo+ 2o+ ) T2 = () m(0) 4 TR LY B,
Aa Aa M1 2
P p1 e H
Aa + A+ pa) — = (1= Xam(0) + pr1— + puu,
(bt 2o ) ELELZEE = (1 r(0) g 2L

which after rearrangement and canceling becomes:

_|_
ulw — (O +1r)7(0),
a
M1+ 2
- (1- .
v (1 =n)Aam(0)

From this we obtain
Ap+ 1A = ()‘a + )\b)(l - 77)7

having as unique solution n = 2;‘71)% Substituting back into the equations we finally obtain:

7_‘_(0):2/\11“"/\17&&#1“"#2
)\a+/\b )\a)\b)\a+)\b .

We make several more observations:
Proposition 6. Conditions (1) are necessary and sufficient for ergodicity.

Proof. Necessity is obvious. To prove sufficiency notice that the obtained product form is a non-
null and, due to (1), convergent solution to the equilibrium equations of an irreducible Markov
process, which implies by Theorem 1 in Foster [8] that the system is ergodic. O

Proposition 7. The stationary probabilities satisfy partial balance, for each state the flux out of
the state due to departures equals the flux into the state due to arrivals, and (consequently) the
fluz out of the state due to arrivals equals the flux into the state due to departures.



Proof. Tt is immediate to check that:

(1 + po)m(n,mo,m,mi) = (Ag + Xp)m(n — 1,my,m,my), n>0m2>0
(,Ul + :u2)7T n, m170 mQ) ()\ + )‘b) (n - lamlaoamQ)a n > 07
(1 + po)m

wm(m,my) = m(m—1,my), m >0,

(1 + p2)m(0,my, 0, mp) = (Aq + Ap)7(0, my),
pam(0,my) = (A + nAa)7(0),

p2m(0,mz) = (1 —n)A,7(0).

(
(
(0,my,m,m;) = A\y7w(m,my), m >0,
) =
(

O

Proposition 8. If one expands the state space to include the identity of the job being processed
by machine my (which is either type a or type b), then there is no solution of the form

W((nam%mvmla) = lelmylnv ’/T(nam%mamla) = BQmeyZTla m,n Z 07
for the system.

Proof. The state space now is augmented to include:

(0)7 (OamQ)a (mamla)a (mamlb)7 (n7m1a707m2)7 (n7mlb707m2)7

(n7m23ma mla)a (TL, m27m7m1b)’ m,n > 0

where mj,, my;, distinguish the type on which machine m; is working. For this expanded chain
the transition rates are similar to those of the less detailed chain, except that if machine m;
finishes a job of type a or b and it is at the head of the queue with type b jobs left behind it by
machine mo, it will always work next on a job of type b, and hence machine m; can only start
processing a job of type a in transitions from states on the two vertical axes in Figure 3, where
m = 0.



The new equilibrium equations are

(Ao + X + p1 + p2)m(n, my, m, my,)

(Ao + Ay + g1 + p2)m(n, mo, m, myy)

(Aa + Ab + M1 + /142)77_(0, ma,m, mla)

(Aa + Ay + 1 + p2)m(0, mo, m, myy)

(Aa + Xp + p1)m(m, myg)

(Aa + Xp + p1)7(m, myp)

(A + Ao + p1 + p2)m(n, my,, 0, my)

(Mg + )7 (n—l my, m, mi,)

+,U2 1* Z'Y 7T +]+1 mgy,m j,mla) (11)
7=0

+u2(1 =)y r(n+m+1,m,,0,msy), n>0,m >0,

(Aa + Ab)ﬂ-(’n’ - 17 msa,m, mlb)

+pim(n, m27m+ 1,myp) + py(n, mg,m +1,my,)

+/1‘2 1_ Z’Yﬁn+3+1 ma,m _jvmlb) (12)
7=0

+pu2(1 =)y w(n+m+1,myp, 0,ms), n>0,m >0,

A7 (M, mla)

+u2(1 - ZVW]-I-l my,m — j,mi,) (13)
7=0

+:LL2(1 77)’Ym7r(m+17m1a707m2)7 m 2 0,

AT (m, myp)

+p1m(0, mg,m + 1,myp) + p17(0, mo, m + 1,my,)

+u2(1 -~ Zvﬂﬁ-l my,m — j,myy) (14)

7=0

+/142(]- _V)Vmﬂ-(m—’_ 17m1ba0am2)a m > 07

Apt(m — 1,my,)

+/1‘2 27]77(]3 m27m_j7 mla) (15)
=0

+/~I/27mﬂ-(m7 mjg, 07 1’1’12), m > 07

Mpm(m —1,myy) + pam(m + 1L,myy) + pa(m + 1, my,)

+N227jﬂ(jam2am_j7mlb) (16>

=0
+poy™w(m, myp, 0,my), m >0,

()‘a + )\b)ﬂ'(’ﬂ - 17m1a707m2)

+p1(l —y)m(n+ 1,my,, 0, mo)

+p1(l —y)m(n+ 1, myy, 0, my) (17)
+p1(1 = )m(n +1,mz,0,my,)

+u1(1 —y)7r(n+1,my,0,my;), n >0,

10



(Aa + Ao + g1 + p2)m(n,mpp, 0,m2) = (Ag + Ap)m(n — 1, myp, 0, mz)
+pym(n + 1,m,, 0, my)
+p1ym(n + 1, myp, 0, my) (18)
+p1ym(n +1,my, 0,my,)
+uyr(n+ 1, ms,0,my;), n > 0.

We try to solve for a product form solution as stated, finding values for x1, z2,y1,y2. We see
that 7(n,mg, m 4+ 1,m;,) and m(n, my, m, my;) both appear in equation (12), so it will contain
terms x7*, 25" and y7',yy for all m,n, and these can only be reduced to finitely many equations
if

Ty = T2, Y1 = Y.
We then have

7T(TL, my,m, ml) == 7T(Tl, my,m, mla) + 7T(TL, msy,m, mlb) = (Bl + B2)zmyn

and therefore we will have that:

Ab Ao+ X
T ==, Y= )
w1 P+ p2

It now follows from equations (11) and (12), exactly as in the proof of Proposition 1, that

M1
71—(”7 mlaaoamQ) = C7T(n7m2707mla>7 Tr(namlbao7m2) :CTF(’I’L, mQaOamlb)7 c= ; .
2

Similarly, comparing equations (11), (13) and comparing equations (12), (14), we get exactly as
in Proposition 2 that

g Mithe

m(m,my,) =dn(0,mg, m,my,), w(m,myp)=dn(0,ms,m,mi), 3

The calculation breaks down when we try to solve for the values of x, y, which we already obtained
from the formulae for m(n, my, m, m;). From equations (11), (15) we now see (as in the proof of
Proposition 3) that x,y have to solve:

LY

Bﬂ&+AVHn+MﬁZBKM+WQyJ+BWﬂ1—ﬂx77y;

Aa F A Ao+ _ T
Bi(Aa+ Ao+ 1) b = B 271 + Byps ;
)\ay )\ay =Y

and from equations (12), (16) we see that z,y have to solve:

_ x
By(Na + A+ un + i) = Ba(ha + M)y ™" + (Ba + Bi)jn + Bajia(1 =)~ _y,yy :
Ao + A Aa+ X _ Aa + A
BQ()\a+Ab+M1) b = By bl’ 1+(BQ+B1),M1 bI’+BQ,U,2 .
Aay Aoy AaY T =Y
But the values = = %, y = ﬁ do not solve either of these, unless we let By = 0, Bs = 1,
but this is not acceptable, since we need to have both By > 0 and By > 0. O

To get the actual steady state probabilities we need a normalizing constant B which is found
by summing up the obtained solution over all states and taking reciprocal. We summarize all
findings in the following theorem, which includes the value obtained for the normalizing constant:

11



Theorem 1. The system is ergodic if and only if % <1, 2‘;1‘2‘2 < 1.

The system has a product form solution if and only if n = 2)\)‘7_7_%

The stationary distribution in that case is

7T(7’L, mo,m, ml) =B <Ab) (M> ) m,n 2 0)

251 p1 2
Aa+ M\
w(n,ml,O,mQ):B& <+b> , n>0,
H2 \ H1 + p2
A m
)\a M1
M1 pa + o
0,my) = B———=,
o) =B N

_ p2Aa Ay A+ e

0) =
m(0) Ao+ M o da N

where the normalizing constant is given by

p2Xa(Xa 4+ Ap) (1 — Ap) (k1 + p2 — Ao — Ap)
pua(pn + pi2) (32 4 pada (i — Ao)(Xa + Xo) + papi2 (200 + o) (1 + p2 — Ap))

B =

The product form solution satisfies partial balance: fluxz into a state due to arrivals equals fluz
out of that state due to departures.

If one expands the state space to include the identity of the job in service by machine my then
there is no product form solution.

3 The Multidimensional Model

In this section we consider the general K machine system. In Section 3.1 we describe the state
space which we use to describe this system. In Section 3.2 we describe the Markovian transition
probabilities and rates. In Section 3.3 we formulate the equilibrium equations for the model. In
Section 3.4 we formulate partial balance equations and in Section 3.5 we use them to obtain a
product form candidate solution to the equilibrium equations. In Section 3.6 we formulate the
assignment condition and in Section 3.7 we show that under the assignment condition the partial
balance equations are satisfied by the candidate solution, i.e. this product form solution is the
stationary distribution of the Markov chain. Finally, we use the results of Adan, Hurkens and
Weiss [2] to show how it is always possible to calculate assignment probability distributions so as
to satisfy the assignment condition.
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We introduce the following notation:

M := an arbitrary machine M from the set of machines M = {my,...,
mg }+. The capitalised M points to one of the machines m;. Note
that the names (or labels) of the machines m; are not capitalised.

Av = Y Ao, where X CC.
ceEX
ty = Z iar, where Y C M.
MeYy
C(Y) := total set of job types that can be handled by the machines in
Y C M, which is equal to (Jy,cy C(M).
U(Y) = set of job types unique to the machines in ) C M, thus the set

of job types that cannot be handled by machines outside ). We
have U(Y) = C().

3.1 The state space for the multidimensional system
For models with K machines we use the following state description:

(niy Miymi—1, M;_1,...,n1,My): States in which there are i machines busy. These ma-
chines are denoted by My, ..., M;, where {My,...,M;} C M. The number of jobs between
machines M; and M;1 is denoted by nj(> 0), with j =1,...,i—1. The number of waiting jobs
at the end of the queue, behind machine M;, is denoted by n;.

The state space is denoted by S and to simplify the notation we use s to denote an arbitrary
state (n;, M;,...,n1,M;) € S. Figure 4 shows a system in state s. There are a few things that

0-0f0lo -0)0-0[0

UMy.,....M;) UM,M») UMy)

Figure 4: General system in state s = (n;, M;, ..., na, Mo, ny, My).

are important to note about this state description:

First, the waiting jobs between machines M; and M;,; can only be handled by the machines
My, ..., M; and not by any of the machines Mj,...,M; or any of the idle machines. This is
due to the First-Come-First-Served processing order. Thus waiting jobs between machines M
and M, can only be of type ¢ € U({ M, ..., M,}), according to the definition of ¢/(}). The n;
waiting jobs in the back of the queue cannot be handled by any of the idle machines and have
to be of type c € U({ M, ..., M;}).

Second, since each part of the queue between two machines contains jobs from different
subsets of job types it is necessary to keep these sets separated in the state description. It is not
possible to aggregate the state description any further without losing the Markov property.

Third, it is possible that the set of job types U({M, ..., M;}) is empty for a certain set of
machines {Mji,...,M;}. In this case there are no jobs which cannot be handled by any of the
machines M;yq,...,M; or the idle machines. Thus there can be no waiting jobs between M,
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and M1, and therefore n; can only be equal to zero. Hence, the state space is given by

K
S = {0ulJ{ni, M;, ... ,ny, My)|{My, ..., M;} C M,n; >0,
=1

TLj :Olfu({Ml,,MJ}):Q,j:L,Z}7

where state 0 denotes the empty state (in which all machines are idle).

Fourth, it is important to note that in this state description we lose job type information
about the jobs that are in service, since we only denote the machine that is handling the job and
not the job type of the job. This aggregation preserves the Markov property since all types are
processed by machine m; at rate p;. In Section 2 we already argued that a more detailed state
description, where this job type information is included in the state description, does not result in
a product form solution for System A. It is reasonable to conjecture that specifying the job types
in process will destroy the possibility of a product form solution also in the multidimensional
model.

Fifth, note that the Markov process on S is irreducible. Clearly, it is possible to reach the
empty state 0 from any other state s € S. To see that any state s = (n;, M;,...,ny, My) can
be reached from 0, observe that starting from 0, with positive probability, the first K events are
arrivals occupying all machines. Then, again with positive probability, the next K — ¢ events
are departures from machines M ¢ {M,..., M;} and we end up in a state where only machines
M;,...,M; are busy and no jobs are waiting. Then, the next n; + --- + ny 4+ ¢ events are
arrivals that can exclusively be processed by the busy machines M;, ..., M;. Subsequently, with
positive probability, the next ¢ events are departures from each of the machines My, ..., M;.
First M, finishes a job and is able to handle the first waiting job. Then M, finishes a job, skips
that first n; waiting jobs and handles the next one, and so on, until we eventually reach state
s = (ny, M;,...,n1, M7) when M; finishes its job, skips the first nq + - - - + n;_1 waiting jobs and
starts processing the next one.

3.2 The transition behaviour

We discuss the possible transitions of the general model below.
From an arbitrary state s = (n;, M;,..., ny1, M) € S the following transitions are possible:

(i) Arrival of jobs: if a job arrives that cannot be handled by any of the idle machines, it joins
the back of the queue. In state s, arriving jobs that cannot by handled by any of the idle
machines must be of type ¢ € U({M,...,M;}). Thus such a job arrives with intensity
Au(My,..,.M;})- With intensity Ac — Ayqar,,...,pm;1) a job arrives that can be handled by
one or more idle machines. For this job an assignment probability distribution determines
to which machine it is sent. The assignment probability distributions determine the total
transition rate from a state s to a state (0, M, s).

To simplify the discussion we introduce the following notation:
Av({My, ..., M;}) = transition intensity from state s = (ni, M, ...,
n1, M1) to stateQ7 M, s), for all possible permu-

tations M;,..., My of the sequence M;,..., M;
and all machines M that are not busy in state s.

Note that the arrival intensities Aps({ M7, ..., M;}) only depend on the set of busy machines
{My,...,M;} and not on the sequence of machines M, ..., M; and thus not on the order
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of the machines in the queue. Given the assignment probability distributions, the arrival
rates can be calculated. Note that the following holds

S (M M) = Ae = dugganan. (19)
MeM\{My,...,M;}

We discuss the choice of assignment probabilities further in Sections 3.6, 3.8.

(ii) Departure of jobs: if a job is finished on a machine, then that machine scans the queue
from right to left until it finds the first job it can handle. There are two possibilities:

. M
mnserty (s)

ng —1

60 -ojo-ogI0-ofo-0

S

}’lk—l

6’09 0P 0XO O 0

Figure 5: Transition from state insert (s) to state s = (n;, M;,...,nqy, M)

(1) The machine does not find a job it can handle. ~ This transition is illustrated in
Figure 5. Such a transition is possible to state s = (n;, M;,...,ny, My) from state
(ni, My, ..., I, M,ng, — 1, My, ...,ny, My), where machine M is situated in the queue
between M}y and Mjy41. We denote this state by insert%(ﬁ). In this state there
are ng — | jobs between M}y and M and [ jobs between M and Mj,;. The jobs
between machines M and M1 can only be of type ¢ € U({ M, ..., My, M}), thus
with probability

AU({My ..., My })

Nu({My,... My, MY)

such a job cannot be handled by machine M. A job between machine M; and M,
j > k, cannot be handled by machine M with probability

AU({M;,...,M;})

ANu({My.... My M)

Thus if machine M finishes its job then, with probability p/(s), it will not find a job
in the queue that it can handle and will become idle, where p (s) is defined as:

Phi (8) 1= 0k (M) Spppr (M)™+1 . 5;(M)™,
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with

G;(M) = ,
U M;,...,M;,M})

We set, by convention, §;(M) = 0 if U({M,...,M;}) CU{M,...,M;;M}) = 0.
Thus with probability pif (s) a jump is made from state insert} (s) to state s, given
that machine M finishes its job.

In the special case of k = 0, before the transition into s machine M is working on
the first job in the queue, and in that case [ = 0, since otherwise all jobs between the
first and second busy machines must be of type in U({M}), and machine M will be
able to process all of them. Hence, for k = 0 the only transition in which machine M
becomes idle is from insert)! (s) to s, and in fact:

Poo(8) = pin, (5)-

j=1,...,i. (20)

SR Juswapkl ) S
"'OO"'O O O"'OO"'OO"'OO"'

S

---oo---oo---oo---oo---o}xzo---

Figure 6: Transition from state swap,ﬁ/l[j (s) to state s.

(2) The machine finds a job it can handle. This transition is illustrated in Figure 6. In
this case one of the busy machines finishes its job and finds somewhere in the queue
another job that it can process. The state s can be reached by such a transition from
state

(niy My, oo ynjqn, Mjpang +nj 0 +1, Mg, ...,
Mk_;,_l,l,Mj,’rLk — Z,Mk, . ,nl,Ml).

This state will be denoted by Swapg/l[j (s) with j — 1 > k. In this state machine M; is
located between machines Mj, and Mj;. Between machines M;_, and M;; there
are n;_1 + n; + 1(> 0) jobs; this is of course only possible if U({M,...,M;} # 0.
If machine M; finishes its job a transition is made to state s if the first job that M;
can handle is the n;_q1 + 1-th job (from the right) between M;_; and M;;q. The
probability of this event is:

G’ (8) 1= G (M) Gy (M) 65y (M) (1 = 8;_1(M})),
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with 6;(M) defined in (20). The system makes a jump from state swapfcvl[j (s) to state
s with probability q,i\fj (s), given that M, finishes its job.

In the special case that k& = 7 — 1 machine M; starts and ends its move between
machines M;_; and M, and there are initially n; + 1+ jobs between M; and M,
and n;_; — [ jobs between M;_; and Mj;. This state is denoted by swap;-\/[jlwl(s) and
the probability that a transition is made from this state to state s equals

g} (8) = 051 (M) (1 = 851 (M;)).

Slightly different is the special case that k = 0, where there are two possibilities: In
the transition from swapévi}l (s) to s machine M; was working on the first job, and
there were ny + 1 jobs queued between it and machine Ms, and the machine moved to

the next job. Because the next job is in U ({M; }) the probability for this transition is
don) (5) = 1.

Otherwise, if j > 1 then [ = 0 and

M; M,;
oo’ (8) = Qiny (s)-

3.3 Equilibrium equations

We can now formulate the set of equilibrium equations. The equilibrium probability of being
in the state s is denoted by m(s). The state s can be reached by (i) an arrival of a job, (ii) a
departure of a job from a machine that finds no new job in the queue and (iii) a departure of a
job from a machine that does find a new job in the queue. The equilibrium equations display
these three possibilities. The left hand side of the equations equals the total probability flux
out of state s. The right hand side of the equations equals the probability flux into state s and
consist of three parts, corresponding to respectively (i), (ii) and (iii). In part (ii) we need to sum
over all possible states with one more busy machine (machine M) and over all possible positions
of this machine in the queue. In part (iii) we need to sum over all machines M; € {M, ..., M;}
for which U({M;, ..., M;} # 0, and over the positions of machine M; in the queue. For all states
s = (ny, My, ...,n1, My) € S\{0} the equilibrium equations are given by:

For n; > 0,

(Ac + pgar,ny) T(8) =Muans,. vy (e — 1, My, oo ong, My) - (4)
+ Z s Pas(s) (i4)

MeM\{M;,...,M;}

K3

+ ) g, Qur,(8). (i) (21)

j=1
UMy, .. M;}) # 0

For n; =0,
(A + pgany,.any) ©(8) =X, ({Ma, ..., My P)w(ni—1, Mi—y,...,nq, My) (i)
+ Z parPas(s) (i1)

MeM\{M;i,...,M;}

3

+ > pinr, Qi (5), (i) (22)

j=1
UMy, ..., M;}) #0
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where

Puls) = S5 p(s)m(insert}l(s)) + pil (s)m(s, 0, M), (23)
k=1 1=0

Ou,(5) = 35 g (s)m(swaplt () + ¢ m(swapll (5)). (24)
k=1 1=0

We may omit the equation for state 0, since the set of equilibrium equations is dependent.

3.4 Partial balance equations

We now decompose the equilibrium equations for the model into partial balance equations.
We will show that if these equations are satisfied, the model has a product form solution. It
appears that the partial balance equations are satisfied and thus that the model has a product
form distribution, if a so-called assignment condition is satisfied. The assignment condition is
discussed in Sections 3.6 and 3.8.

Since the job type of a departing job is not known (a departing job from machine M can
be of any job type ¢ € C(M)), it is more appropriate to consider station- or machine-balance,
instead of job type-balance. For state s this results in the following equations:

(i) One equation for each idle machine M € M\{M;,..., M;}: the total probability flux out of
state s due to an arrival of a job that is taken into service by machine M (arrival intensity
Av({My, ..., M;})) equals the total probability flux into state s due to a departure of a job
on machine M after which the machine becomes idle. This results in the equations:

)\]W({Ml,...,MZ‘})TF(S) = MMPM(S),
M e M\{M,..., M} (25)

(ii) One equation for the set of busy machines {Mj,..., M;}: the total probability flux out of
state s, due to an arrival of a job that can only be processed on one or more machines in
{My,...,M;} and not on any of the idle machines in M\{M, ..., M;} (arrival intensity
Au({M,.... M. }) ), equals the total probability fluz into state s, due to the departure of a job on
one of the machines, which finds another job in the queue, so that the set of busy machines
{My,...,M;} remains the same. This equation cannot be divided into one equation for
every machine M; € {My,...,M;}, since upon arrival it is not possible to say which
machine M; will process the arriving job. This results in the equation:

i

Au({Ml,.i.,Mi})W(ﬁ) = Z By Qi (s)- (26)

j=1
UM, My} # 0

3.5 Candidate product form solution

With the formulated partial balance equations it is easy to derive the candidate product form
solution. This can be done for every s, by subtracting the sum of equations (25) for all machines
M e M\{My, ..., M;} plus equation (26) from equation (21) (and by using (19)), and similarly
from equation (22). This yields the following equations:

Bgny e M T(8) =My, T — 1, My, o yng, My, mg >0, (27)
pinty,.. M3 (8) =Ang, ({ My, .., M1 })m(ng_1, M1, ...,n1, M1), n;=0. (28)
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It is clear that these equations yield the candidate product form solution given by

s A, ({ My, .o, M1 }) na Ay (0)

n(s) = o oy ———=m(0), 29
(s) KMy ,..., M} ! H{n} © 29)
where A
oy = DM M) i=1,2,...,i. (30)
H{My,...,.M;}

It is also clear that if this product form solution satisfies the equations (25) for all machines
M e M\{My,...,M;} and (26), then also the equations (21) and (22) are satisfied. Thus, if the
candidate solution (29) satisfies the partial balance equations (25) and (26), then the model has
a product form solution.

3.6 Assignment condition

Because Apr, ({ My, ..., M;_1}) still depends on the control parameters, the partial balance equa-
tion (25) and (26) will not be satisfied for every value of the control parameters. We show in the
proof of our main result in the following section that these equations are satisfied if the control
parameters are chosen such that the following condition is satisfied:

Assignment condition
Fori=1,...,K, and for every subset {M;,..., M1} € M of size i, the following holds

H )\Mj({Mlﬂ .. 'ij—l}) = H )‘ﬁj({ﬂla cee an—l})

for every permutation M, ..., My of My, ..., M.

This condition implies that the product H;’:l An;({My, ..., M;_1}) should be independent
of the order of the machines M, ..., M; in the queue.

We assume for now that the assignment condition is satisfied. We show in Section 3.8 that it
is always possible to choose the assignment probability distributions in such a way that the as-
signment condition is satisfied. We also show that while the assignment probability distributions
that achieve that may not be unique, the resulting Ay ({Ma, ..., M;}) are unique.

We can simplify the notation by introducing

IA({Mi,...,M;}) o= [[Aa,({Mi,...,M;_1}), forall {Mi,..., M} € M,
j=1

I, (M;,...,My) = HM{Ml,m,Mj}v for all (M;,..., M) € M,
j=1

where M' is defined as the set of all possible sequences (M;, ..., M;) of all possible subsets
{My,...,M;} C M of size i. Note that II\({Mi,...,M;}) is independent of the order of the
machines in the sequence M;, ..., M7, since we assumed that the assignment condition is satisfied,
and that II, (M, ..., M) is not. Now that we have formulated the assignment condition, we can
state our main result.
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3.7 Main result

We have formulated the equilibrium equations and derived a candidate product form solution
with the use of partial balance. This candidate product form solution is the solution of the global
balance equations (21) and (22) if the assignment condition is satisfied. This is shown in the
proof of the following theorem.

Theorem 2. The model described in Section 3.1 has a product form solution if the control
parameters of the model (the assignment probability distributions) are chosen in such a way that
the assignment condition is satisfied. Then, for all states s = (n;, M;,...,n1,My) € S, the
solution is

v IL({M, . M}

m(s) = UL, (M;, - M) m(0).

After normalisation this solution becomes the stationary distribution.

Proof: We only have to verify that the partial balance equations are satisfied whenever the
assignment condition holds. Therefore we need to verify that the solution (29) satisfies the
equations (25) and (26).

To verify equation (25) we first look at one term of the sum Pps(s), which we divide by
A ({Ma, ..., M;})n(s). After substituting the product form solution (29) we obtain the following
derivation, which we justify in the following paragraph:

m(insertl (s))
Av({Mq, ..., M;})w(s)

MMP% (s)

W(O) I\({My,....,M;,M})

/’LM l Nk NG HN(MiV"'vM7Mk7“'7M1)
= 5k<M) Ok 1(M) "*1...61»(M) ! -
(M- M) ’ m(0) R trr T

Q... gl Au({My,... .My, M}) Lo My 1, M}) nk“_._ Aucinrg,. vy )
1 k H{nyq,..., My, M} H{nyq,..., Mp 41, M} H{Myq,..., M;,M}

ot
l Nk+1
= um <5k(M) )‘U({le-,MmM})) (5k+1(M) My, MM,MD) L (31)
(e7% H{My,...,My,, M} A1 H{My,....Myy1,M}
(&(M) >\u({M1,.4.71V[i,]\/I})>ni H{My ..., My, My} " { M., M;}
Q; H{My,...,M;, M} MMy oo, My , MY My ,..., My ;M1 , M}~ " B{M;,...,M; M}

l 1 i+1
o 123 ( H{M;y,...,M}} ) ( H{Mq,...;Mi 41} )nk+1+ L ( H{My,...,M;} )n *
K{My . My, MY \H{My,..., M, M} H{My,...; M1, M} KMy, M MY

= (1= Br)(Be) (Brar)™ o (B

Here the first equality is just the substitution of (29). The second equality follows by cancel-
ing and rearranging terms, expanding II,(-) in the numerator and denominator, and using the
assignment condition to see that

IN({My,..., My, M}) = A ({Ma, ..., MGHIIN({ M, . .., M;}).

The third equality follows from the definitions of § and «, by further cancellations and rear-
rangements. For the last equality we define:

— M{Mlv""Mj}
H{My,....M;, M}



A similar calculation leads to:

it (05 = T (32)

Equations (31), (32) can be used to simplify ppPas(s). We get:

i Mk

paPar(s) =Y pii (s)m(inserty (s)) + piy, (s) (s, 0, M)
k=1 1=0
= A ({My, ..., M;})m(s) r[(ﬁj)njJrl + 22(1 — Br) (Br)' H (8;)™ ] . (33)

h=1 k=11=0 h=k+1

We now see that the sum of all the 3 terms on the right hand side is 1. We note that the 3y
represent probabilities for Bernoulli trials, of which there are altogether Y, _,(nj + 1) trials,
starting with n; 4+ 1 trials with success probability of (1 — 3;), followed by ny + 1 trials with
success probability (1 — 8), for k =i —1,...,2,1. The summation of terms Y, _; >, sums
up the probabilities that the first success will be on the first, the second, ... or the last of the
trials, while the first summand is the probability of no success at all. These obviously add up to
1. This verifies (25).

We repeat similarly for (26). Justification of the various steps will follow. Let j € {2,... i}
with U({M,...,M;}) #0. For j —1>k>1and 0 <1 < ng we get:

m(swapy,’ (s))
7(s)
= a0k (M) O (M) ™40 L85 (M) (1 — 61 (M)

7T(O) O\({My,...,M;})
I, (M, ,Mjy1,Mj_1,- ,Mj,My,--- ,My)

7(0) O\({My,...,.Mi})

M;
1 4y (5)

11, (M;,...,M)
PP R
P R Y GO L T /N 7)) b i gy g gy S nL
1 k H{My,..., My, M} KMy, Mj_q, M} Jj+1 %
ni Uz
ot a
1 Mnj—1
_ Ok (M;) Mu((My ... My M) -1 (M) Auy,omy ;)\
= MM - (1= 06;-1(Mj))
(o7 H{My,....My,M;} Q1 H{My,...,M;_1,M;}

KMy, .My, My 1} " M { My, Mo, M; 1} /\u({Ml,A..,Mj,l,Mj})

K{My . My M} H{My,... . Mj_o,M;} K{My,.. M1, M}
H;
H{My,...,My,M;}

( P My ..., My} >l < P{M, oo, M1 } >nk+1+1.” < P{M, o M1} )nj_lH
H{My,...,My ,M;} H{My,...;My1,M;} H{My,....,M;_1,M;}
= (Mudtedtya05}) = MMty ) (1= Bre)(Br ) (B ) (B 1 )™

Here in the first equality we note that IT\({Mi,..., M;}) is independent of the swap of the posi-
tion of M; by the assignment condition. The second equality is obtained by canceling common
terms, and some rearranging. The very last term is there because there is one more job in the
swap state. The third equality follows from the definitions of § and «, and for the last equality

= (A My2 M) — MU M)
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we define: 1
Bpy = P Mid <
H{My,...,Mp,M;}

A similar calculation leads to

M; j—1
M; m(swapyy’ () T
Mqulﬂu(S)TsO)O = (Mt 10a1) = Auar,nt; o) [T Bng)™
h=1
We now add up the terms for each M;, 1 < j < to get:
il M; M; M; M;
M QMj (5) = MM, quklj(s)ﬂ-(swapkl] (5)) +H’qulnjl7r(swap001 (5))
k=11=0
= 7(s) ()‘U({lewMj—hMj}) - AU({leij—l}))
Jj—1 J—1 ng Jj—1
B DY S (=B )byt [ Bus™ ™
h=1 k=11=0 h=k+1

= 7(8) (Mu({a, My 1, M5}) = MMy, My 1)) 5

where the argument that the sum of products of 3’s equals 1 is the same as for the insert
transitions.

For j =1 with U({M;}) # 0 we get:

pia Qo (8) = pan @i, (s)m(swapd’s (s))
A
= 1= (s)
My

m(s) (uany) — Auw)

where we use Ayy(g) = 0.
Finally, adding up over all j € {1,...,4i} with U({M,..., M;}) # 0 we get:

i %

Z H; QMj () Z ()‘U({Ml»--wMj—le}) - /\U({Mlau-:Mj—l}))

\
3
—~
VA
N

j=1 j=1
UMy, ..., M;})#0 UMy, ..., M;}) #0

= 7(s) Z (/\U({Ml,...,Mj,l,Mj}) - )‘U({lewMj—l}))

j=1
7(s) (Mutan,.... a3y — Auo))
= 7(8)\u¢mn,....M;})5

where the second equality is valid since, if U({My, ..., M;}) = 0, then Ayqar,,... .ay) = 0 for
k=1,...,7. This verifies (26), and thus completes the proof. O

3.8 Verifying the assignment condition

In order to be able to state that a product form solution exists, we need to verify that indeed it
is always possible to find assignment probability distributions which result in assignment rates
that satisfy the assignment conditions. But this is exactly the result obtained in [2]. Below we
summarize the results from [2].
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First of all it is shown that for given arrival rates A., ¢ € C, and given the job classes served
by each machine, C(m;), j = 1,..., K, the assignment probabilities are unique, and can be
calculated recursively from the formula:

A, (M\{M;}) = Aeary) ji=1,..., K,

and

Z )\]\/[,C({,Z\fl,...,,1\41'71\4}}))7

Mg ({My, . M) = A o /(14
m; ({ My }) = Aeomn (i, ,M,}))/( Nor, (00, -~ 3, M)

EEM\({Mi,...,M;,M;})
i< K -2 M;¢{M,... M}

It is then necessary to find assignment probability distributions which result in these assign-
ment rates. We define P(c, M; | {M;, ..., M;}) to be the probability that an arriving job of type
¢ who finds machines {Mq, ..., M;} busy will be assigned to the idle machine M;. Here we get
a distribution for each type of job and each subset of machines {Mj, ..., M;} for which there
exists at least one machine M; such that ¢ € C(M;) and M; & {M,..., M;}.

All that is needed is to find values P(c, M; |{M;,..., M;}) > 0 such that

A, ({My, . M} = Y AP(e, My |{My,..., M;}),
c€C(M;)

and it is shown in [2] that there always exist such values (which often are not unique).
Tt is shown that appropriate values can be obtained by solving a maximal flow problem (cf.

[7]) for each subset of busy machines {Mi,..., M;}. In this maximal flow problem there is a
source node s, with an arc of capacity A. to a node ¢ for every ¢ € C(M\{My,..., M;}), and a
terminal node ¢ with an arc of capacity Ay, ({M1, ..., M;}) from a node M; to node ¢ for every

M; € M\{M,,...,M;}, and an arc of infinite capacity from node ¢ to node M; if ¢ € C(M;).
Let a maximal flow for this problem be given by v(c, M;), on the arcs with infinite capacity.
Then one defines: P(c, M; | {M, ..., M;}) = v(c, M;)/Xc. This will give assignment probability
distributions with the required properties if the maximal flow utilizes all the capacities of the
arcs from the source and of the arcs into the terminal. It is shown that this is always the case.
This follows from the following monotonicity property of the assignment rates:

AMj({Mh s 7M1}) > >\JW_7‘({M17 cey Mi—l})a

which is proved in [2].
Below we present an example; see Example 2 in [2] for detailed calculations. It illustrates
that the assignment probability distributions need not be unique.

Example:

There are three job types, numbered 1, 2 and 3, and three servers, also numbered 1, 2, and 3
with C'(1) = {2,3}, C(2) = {1,3}, C(3) = {1,2}. Let A = Ay + A2 + A3. We get for one or two
idle servers and i # j # k:

P(]J'{% k}) = P(kﬂ"{J,k‘}) =1, P(Z7]‘{k}) = P(],Z‘{k’}) =1,

. Ai + Ak : A+ A
Pkl = 5=5 5o PRI = 55500
i j z J

23



When all three servers are idle, the assignment probability distributions are not unique. Using
the abbreviations P(i,5) = P(i,j|0), the distributions can be parameterized as:

max(0,1; —Ap,A\i— min(X;,n;,Ai+A;—
P(i, j) 1— P, k) O, ~ k k) ( n;)\i §—Nk)
P(j.k) | = 1— P(j,i) =(1-90) maX(Omk;jM,)\j—m) +6 min(Ajmk;\?j—Mk—m)
P(k‘, Z) 1-— P(kﬁ,j) max (0,7; —Aj,Ax—";) min(Ak,ni, i+ —n;)
Ak Ak
where 0 < 0 <1 and
)\()\2 — )\3)

CANIEY R VR VR v i

4 The waiting time distribution

In this section we use the distributional form of Little’s Law [10] to derive the waiting time
distributions of jobs of various types.

The basic formula says that, within a queueing system, a stream of jobs that enter in a
Poisson stream of rate A, stay for a while without affecting either future arrivals or the time
spent in the system by previous jobs, and leave in the same order as they arrived, satisfy the
following relation between steady state number of jobs in the system N and the time spent in
the system W:

E(ZN) — E(e_/\W(l_Z)).

We use this relation to derive explicit expressions for the steady state waiting time of jobs of
type c in the system, from the time that they enter the system and until the time that they enter
service. It turns out that this waiting time is distributed as a mixture of sums of exponentials
with various parameters.

We introduce the following random variables associated with the system:

Nj is the number of jobs waiting between machines M; and M;1, or behind the last machine
if machine Mj; is the last busy machine, or 0 if there are less then j busy machines,
j=1,...,K.

N, ; is the number of jobs of type ¢ among N;. Recall that all jobs of N; need to be of types
L{({Ml,...,Mj}, SO Nc,j =0 1fc§§l/{({M1,,M]}

N,. is the total number of jobs of type c in the queue, obtained by adding up all non-zero N ;
for j =1,..., K. Note that if ¢ ¢ U({M;, ..., M;}, then one of the idle machines can serve
jobs of type ¢, and hence N.. = 0.

We now derive E(zVe). To do so we first condition on the set of busy machines. Recall that
the steady state probability of state s = (n;, M;,...,ny, M) is

We then have that for the system in steady state,

P(NKZO,...,NiJrl :O,Ni:ni,Mi,...,Nl :TLl,M1|M1,...,Mi): (1—C¥j)0[?j.
Jj=1
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Recall also that

o = @MY
! H{My,...,M;} Y

and that for ¢ € U({M,...,M;}), the conditional distribution of N, ; conditional on Nj is
binomial:

)\ m A n—m
PO =N == (1) () ()
m M({M17"'7M_7}) u({MlvMJ})

For N a geometric random variable with parameter o and for M conditional on N a binomial
random variable with parameters (N, ) we have:

E(zM) Z(l —a)a"E(zM|N =n) = Z(l —a)a” Z (n) (z0)" (1 — o)™

n=0 n=0 m=0 m

sl n 1-a 1 - =%
- 1— ( 1-6 9) - - :

nzz:o( ol =0+20) I—a(l-0+20) 1- ==

from which we can conclude that the unconditional M has a geometric distribution with param-

eter 717;6(;79).
We can now calculate the joint generating function of N..,..., N i, conditional on the

busy machines My, ..., M;. We note that for j = 1,...,14, the conditional distribution of IV; is
geometric with parameter «;, and that if ¢ € U({M,...,M;}), then N, ;| N; is binomial with
parameters N; and 0; = ——2 Hence N, ; is geometric with parameter

ajﬁj o >\c
L—oaj(1=0;)  pgan,cnny = Mgy + A

Nej =

Furthermore, from the product form of the stationary distribution it is seen that conditional on
the busy machines M, ..., M;, the Ny,..., N; are independent, and hence also N, 1,..., N ; are

independent. We therefore obtain for the sequence of busy machines M, ..., M;,
i -1
NC. NC - 9 j
E(zy "oz | My, .., M) = H .
Pl L= 1e,jz;
(XS Z/{({Ml ..... 1\4J })
The generating function of N.. = N1 + --- + N x conditional on My, ..., M; is obtained by

substituting z; = z for all j:

i

1—nc;

E(Ne | My,...,M;) = Z e

(2% | My, ..., M;) H 11,2

j=1 ’
c€ UMy, ..., M;})
To uncondition we use the steady state probability that machines My, ..., M; are busy:
H)\({Mla"'vMi}) ! 1

M. My) = 0). 34
77(, 1) H#(Mi,...,Ml) jl;Ill—Olj ﬂ-( ) ( )
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By summing over all possible sequences (M;, ..., My), we then have that:

%

K
EEV) =Y Y a( M., M) 11 L= ey
i=0 (

1—mnc,z
Mi,...,Ml)GMi j=1 nC,j
ce 1/1(4{]\417 .. .7Mj})

We now apply the distributional form of Little’s law. To obtain the Laplace-Stieltjes transform
(LST) of the waiting time we need to use E(e™*") = E ((AKS)N), and in particular, if N has

a geometric distribution with parameter 7, then

1-n
A—s\V 1— =X
E(G*SW) =F << Y S> ) = )’\r]fs = 1—7]77 )
1 — T]( B ) T)\ + s
which implies that W is an exponential random variable with parameter 1;—7’)\.
Hence, for LST of the steady-state waiting time W, of a job of type ¢, we obtain:

—sW, = i 1;;'7;7]‘ AC
E(e C):Z Z W(WMZ"'"’"Ml) H W
i=0 (Mj,...,M1)eM? j=1 Nej € ts
ceU({M,..., M;})

Using the definition of 7. ; we get the surprising simplification, whenever ¢ € U({M, ..., M;}):

1— Ac
- 7707j)\ . KMy, My =AU My, My A A — 1
Tod c= bW ¢ = M{My,...,M;} U M,...,M;})s
GJ H{Mq,..., JVIj}_)\Z/{({Jvfl ,.,.Alj})"l‘/\c

1

from which A, has miraculously disappeared. Rewriting this we now have:

Proposition 9. The LST of the steady-state waiting time W, of a job of type c is equal to

II M, My}~ AU(M M) (35)
Pl H{My MY — AU M) TS
c€U({Mn,...,M;})
where w(-, My, ... -, My) is given by (34).

This has the following interpretation: Consider the system in steady state. Jobs of type ¢
arrive as a Poisson stream, and hence they see the queue in steady state, and find machines
(M, ..., M) busy with probability (-, M;,...,-, M7). If some of the idle machines can process
a job of type ¢, the arriving job will go into service immediately, and the waiting time will be 0.
This is expressed in (35) by noting that in that case ¢ € U({ M, ..., M;}), and so the product is
empty (and thus equal to 1). Else it will have to wait a sum of exponential waiting times.

There will be an exponential waiting time term for machine M; if ¢ € U({M;,...,M;}).
This will include terms for machine M;, M;_1,... as long as none of them can serve ¢, and
terminate with a term for the first machine M}, which can serve c. To be precise, ¢ € C(My),
while ¢ € C(M;) for j=k+1,...,4.
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The waiting time term for machine M is exponential with rate pias,,. ) — Muan ... ;1)
which is the waiting time in an M/M/1 queue with arrival rate Ay(qar,...., M,y and service rate

H{Mq,...,M;}-
Hence, when a job of type c arrives, his waiting time can be interpreted as going through a
tandem sequence of M/M/1 queues, until he can be served by the last of them.
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