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Abstract

We consider a queueing system with servers S = {mu, ..., ms}, and with customer types
C = {a,b,...}. A bipartite graph G describes which pairs of server - customer type are
compatible. We consider FCFS-ALIS policy: A server always picks the first, longest waiting
compatible customer, a customer is always assigned to the longest idle compatible server. We
assume Poisson arrivals and exponential service times. We derive an explicit product-form
expression for the steady state distribution of this system when service capacity is sufficient.
We analyze the system under overload, when partial steady state exists. Finally we describe
the behavior of the system with generally distributed abandonments, under many arrivals -
fast service scaling.

Keywords: Service system; multi type customers; multi type servers; matching infinite se-
quences; product form solution; first come first served policy; assign longest idle server
policy; complete resource pooling; abandonment.

1 Introduction

In this paper we study a service system which serves several types of customers, labeled a, b, ¢, . . .,
we denote the set of customer types by C. Service is provided by J servers, labeled mq,...,my,
we denote the set of servers by S. Service is skill based, in the sense that each server m; has
a non-empty subset of customer types which it can serve, given by C(m;) the union of which
is C, and customers of type ¢ have a non-empty set of servers which can serve them, given by
S(c). This can be described by a bipartite graph between the servers and the customer types,
with directed arc (c¢,m;) if ¢ can be served by m;. We assume that this graph is connected.
The motivation for such systems is that while they provide custom tailored service to the various
types of customers, the overlap of server skills allows for resource pooling and reduced congestion.

We assume that arrivals are Poisson and service is exponential. Customers arrive at the
system in independent Poisson streams with rates A., ¢ € C. Servers work at rates fm,, ..., thm,,
with independent exponential service times. Note that service durations of customers depend on
the server which provides the service and not on the type of customer.

Service discipline in the system is a combination of first come first served (FCFS) and assign
longest idle server (ALIS). Arriving customers which find no compatible server available wait in
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a single queue, and are processed in a FCFS order as long as it is possible. This means that
as soon as a server finishes a service it takes the first customer in the queue that it can serve,
possibly skipping several earlier customers that it cannot serve. Customers which upon arrival
find some available compatible servers, are assigned to the one of them that has been idle for the
longest time, and else they join the end of the queue.

Under this combined FCFS-ALIS regime the system is Markovian. A full description of the
system will then consist of three parts: first the list of all the customers in the system in their
order of arrivals, including customers which are being served, second the location in this list of
each of the busy servers, where we imagine that the servers are situated in the queue at the
position of the customer that they are serving, and third the list of all idle servers ordered by
increasing idle time.

To illustrate we consider a system with three servers and three customer types, as shown
in Fig. 1: there are three job types a,b,c and three servers with C(my) = {a,b}, C(msa) =

{a,c}, C(m3) = {a}.

Figure 1: A system with three types of customers and three servers.

Three possible situations of this system are depicted in Fig. 2, which employs the following
way to describe the state of the system: The customers are denoted by circles and the servers by
rectangles. Customers in service have a rectangle drawn around them with the identity of the
server inside. Idle servers are denoted by rectangles with a x instead of a circle. The customers
are ordered from left to right by increasing time of arrival, followed on the right by the idle
servers, ordered from left to right by increasing idle times. One can visualize the dynamics of the
system with customers arriving from the right, scanning the idle servers to pick the rightmost
(longest idle) one that is compatible, and joining the queue at the rightmost position with this
server, or without a server if none is compatible. Concurrently when a service is completed
the customer is removed from the queue. The server that completed service moves to the right
looking for the earliest waiting customer which is compatible, and starts serving it, or if no
compatible customer is found the server joins the idle servers in the leftmost position. Note that
waiting customers to the left of a server in this picture must be incompatible with that server,
because of the FCFS rule.

In Fig. 2 part (¢) there are 12 customers in the system, and all the servers are busy. Server
my is serving the first customer in line, which must therefore be either of type a or of type b.
Following the queue to the right, server ms is serving the first customer in the line which it can
serve, which is the 5th customer in the line, and must therefore be either type a or type c. Server
mg is serving the first customer in the line (apart from customers 1 and 5) which it can serve,
and must be of type a. There are 3 customers waiting between servers m; and msy. These cannot
be served by either server msy or by server mg, so they must be type b customers. There are 4
customers waiting between mo and mg, those cannot be served by server mgs, so they must be
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(i) All servers busy, servers move left to right, arrivals come from the right
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(ii) Two servers busy, no possible customers between my and m (iii) Two servers are idle, m3 has been idle longest time

Figure 2: A possible state for the system in Fig. 1.

of types b or c¢. Finally there are 2 customers at the tail of the queue, behind server mg, which
may be of types a, b, or ¢. The situation in part (i4) of Fig. 2 is that servers ms,m; are busy,
with server mg serving the earlier customer, while server ms is idle. There can be no customers
waiting after server mg and before the next server, because servers mi, my combined can serve
all types, and would have picked up the next customer after server ms. The situation in part
(#i7) of Fig. 2 is that only server m; is busy, with 3 type b customers waiting and servers ms, ms
are idle, with server mgs the one that became idle first. If the next arriving customer is of type
a it will go to server mg (and not to ma, because of ALIS). If it is of type ¢ it will go to server
ma. If it is of type b the two servers will remain idle and the customer will join the queue in the
last position.

We will actually aggregate some of the states in this detailed description, to simplify the
model while retaining the Markovian property.

In the first part of this paper (Section 2) we will define the Markovian system, derive its
transition rates, and set up partial balance equations. We will solve those to obtain conditions
for ergodicity and an explicit product-form expression for the steady state distribution of the
system. We will also derive the waiting time distribution for this system. Our system here has
been analyzed in [24] under a different policy, in which service is FCFS but arriving customers
are assigned to idle servers randomly, according to some assignment probability distributions.
Surprisingly, we show that under these two different policies the stationary distributions of the
system coincide.

In the second part of the paper (Section 3) we analyze the system under overload conditions.
We define complete resource pooling of the system if the system is stable whenever the total
arrival rate A = ) _~ A is less than the total service rate u = Z;’Zl Hm;- Under complete
resource pooling, if A\ > p the system is transient with the number of customers in the system
growing without bound as t — co. However, we show that at the same time, as ¢ — oo the servers
stay together, and only the queue behind the last server grows without bound, while the state of
the servers and the customers waiting between them converges to a stationary distribution which
is the same as that obtained for FCFS infinite matching in [3]. We also consider the case when
complete resource pooling does not hold. In that case the system under overload will decompose
in a unique way to a partition of the servers, where each subset of servers stay together and serve
a subset of the customers, and queues grow without bound between these groups of servers.
Again, the state of each subset of servers and the customers waiting between them will converge
to a stationary distribution given by [3].

In the third part of the paper (Section 4) we will consider the overloaded system with aban-



donments. We will assume that each customer type ¢ has some general patience distribution
F,.. We will then consider the system when A and p are large, so that many customers arrive
and leave within a typical patience time span. We will then argue that under this scaling the
system will stabilize. Again we will distinguish the case of complete resource pooling and of
incomplete resource pooling. Under complete resource pooling there will be a single W such that
all customers with patience exceeding W will be served after waiting for a total time W, while
all customers with patience less than W will abandon. The system will contain a large number of
customers, all arrivals over the last W length time interval, but the servers will progress together,
with the distribution of servers and customers waiting between servers given by [3]. Without
resource pooling the system will decompose uniquely into a partition of servers and of customer
types, where each subset of servers with their customers will have their own value of W, and will
behave again according to [3]. These results go some way towards confirming the conjectures
stated in [23], and answering some of the questions posed in that paper.

Our model in this paper is described in the standard customer server language used for
queueing models. However, it should find as much use also to describe the flow of jobs in a
manufacturing system with non-homogenous machines, skill based routing of calls to operators
in a call center, wireless messages to ad hoc nodes, calculations to processing chips, and so on.
See in particular [5, 6, 8, 10, 17, 18, 19, 20, 21, 25].

2 The stable system

In this section we define a continuous time Markov chain to describe the dynamics of our system.
We derive conditions for ergodicity for this Markov chain, and we obtain its stationary distri-
bution, which is of product form. To define the Markov chain we aggregate some of the states
in the detailed description, to simplify the model while retaining the Markovian property. We
retain the identity and location of the busy servers, but we do not specify the type of customer
which they are working on. Also we only record the number of jobs between the busy servers,
and do not specify the string of job types. Finally, we retain the order of the idle servers. Thus
the state of the system in Fig. 2(i) is denoted (mi,3,ms,4,m3,0), the state in Fig. 2(ii) is
(ms3,0,m1,3,m2), and the state in Fig. 2(ii4) is (mq, 3, m2, ms). Note that each busy server is
followed by a number which counts how many (could be zero) customers are waiting behind him,
while idle servers are not followed by a number.
We introduce the following notation:

M := an arbitrary server M from the set of servers S = {mq,...,ms}.
The capitalised M points to one of the servers m;. Note that the
names (or labels) of the servers m; are not capitalised.

Ay = Z Ae, where X € C
ceX
wy = Z Mm,, Where Y C 8
m;EY
C(Y) := total set of customer types that can be handled by the servers in
Y C S, which is equal to UijyC(mj).
U(Y) = set of customer types unique to the servers in Y C S, thus the set

of customer types that cannot be served by servers outside ). We

have U(Y) = C(D)




S(X) := total set of servers that can serve customer types in X C C, which
is equal to (J,cr S(c).

2.1 State definition and dynamics of the Markov chain
We define the state in general as:

(My,n1y.00y Miyn4, Mitq,...,Mj): State in which there are ¢ busy servers and J — i
idle servers with corresponding numbers of customers waiting between the busy servers. Here
My, ..., My is a permutation of mq,...,my. Servers My,..., M; are serving customers of in-
creasing arrival times, with n; customers waiting between servers M; and M;,, and servers
Miyq,..., My are idle, with increasing idle times. There is a total of i + 2221 n; customers in
the system.

The state space is denoted by & and to simplify the notation we use s to denote an arbitrary
state s = (My,n1,..., M;,n;, M;11,...,M;) € &. Fig. 3 shows a system in state s. There are a

n ny
00000~ _ O00-C o . .
My U(M) M; U(M{,M») M; UMjy,...

Figure 3: General system in state s = (My,n1,..., M;,n;, Miyq,...,My).

few things that are important to note about this state description:

First, the waiting customers between servers M; and M, can only be handled by the servers
M;, ..., M; and not by any of the servers M, 1,..., M . This is due to the FCFS serving order.
Thus waiting customers between servers M; and M;, can only be of type ¢ € U({ M, ..., M;}).
The n; waiting customers in the back of the queue cannot be handled by any of the idle servers
and have to be of type ¢ € 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. However,
each of the n; customers within one of these queues is a customer of type ¢ with probability

)\# independent of all the others. This is because the queue between servers M;
UM, M)

and M, contains all the customers of types U({M, ..., M;}) that arrived between the two
customers served by M, M;1, in their original order of arrival.

Third, it is possible that the set of customer types U({M, ..., M;}) is empty for a certain
set of servers {M,...,M;}. In this case there are no customers which cannot be handled by
any of the servers Mj11,..., M . Thus there can be no waiting jobs between M; and M;,,, and
therefore n; can only be equal to zero. In that case one also has that ni,ns,...,n;_1 =0.

Fourth, it is important to note that in this state description we lose customer type information
about the customers that are in service, since we only denote the server that is handling the
customer and not the type of the customer. This aggregation preserves the Markov property
since all types are processed by server mj; at rate y.,,,. We conjecture that specifying the customer
types in service will destroy the possibility of a product form solution.

The dynamics of the Markov chain are as follows: when the system is in state s the following
transitions are possible:



(i) When a customer of type c arrives it will activate server M if ¢ € C(My), it will activate
server M for i +1<j < Jif c € C(M;)\C({Mj41,...,M;}). The customer will move to
the end of the queue with the activated server which will then become M; 1 with n;y; = 0.
If c e U({M,...,M;}) then the customer will move to the end of the queue and wait, the
idle servers will remain unchanged, and n; will increase by one.

(ii) When server M; completes service, it will scan the customers in queue from left to right,
starting with the n; customers queued behind it, and continuing with the queues behind
servers My q,...,M;. It will skip a customer in the queue behind M), if the customer
type is ¢ € U({Mn,..., Mg})\C(M;), and will pick up the first customer of type ¢ €
U{M,...,Mi})NC(M;). If it finds no customer to serve it will join the idle servers, in
the leftmost position.

It is readily verified that the Markov chain on & is irreducible (cf. Sect. 3.1 in [24]). In the
next section we will specify the transitions and transitions rates of the Markov chain in detail.

2.2 Transitions and transition rates into a state s

In order to formulate the equilibrium equations it is convenient to list all the transitions into
a state s, and obtain their transition rates. Transitions into s can be caused by completion of
service and a departure of a customer or by an arrival of a new customer.

(i) Transitions into state s = (M;y,nq,..., M;,n;, M;11,...,M;) € & due to completion
of service and departure of customer:

When a service is completed a customer departs and the server scans queueing customers from
left to right to find the first customer that it can serve. There are two different ways that state
s=(My,ny,...,M;,n;, Mj1q,...,M;) € S can be reached.

(1) The server does not find a customer to serve and becomes idle. This transition is illustrated
in Fig. 4. Such a transition is possible to state s = (My,n1, ..., M;,n;, M;yq1, ..., My) from state
(My,ny,..., My, ng — U, Myyq,l, ..., My,ng, Miyo, ..., My), where server M, is situated in the
queue between My, and My,1. We denote this state by idleg;(s). In this state there are ny — 1

idley(s)

oo%c?o o%

=1

—

Figure 4: Transition from state idley ;(s) to state s

customers between My and M;y; and [ customers between M;,; and Myii. The customers



between servers M;,; and Mj; can only be of type ¢ € U({My,..., My, M;11}), thus with
probability
UM, My D)
AU My, My, Misa})

such a customer cannot be served by server M;;1. A customer between server M; and M,
j > k, cannot be served by server M, ; with probability

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

NUMy oo My M })

Thus, if server M;;1 completes a service, then, with probability p ;(s), he will not find a customer
in the queue that he can handle and will move to position ¢ + 1 and become idle, where py ;(s)
is defined as:

Pra(8) 1= O (M 1) Sppn (M 1)t L 5i( My )™,
with
AU({M ..., M;})

(Sj (M) = 2 )

U{My,...,M;, M})
By convention we set ¢;(M) = 0 when U({M, ..., M;}) =U({M,...,M;,M}) = 0. Thus with
probability py;(s) a transition is made from state idley (s) to state s, given that server M;4q
completes service.

In the special case of k = 0, before the transition into s server M, is serving the first
customer in the queue, and in that case [ = 0, since otherwise all customers between the first
and second busy servers must be of type in U({M;11}), and server M, ; will be able to serve
the first of them and not become idle. Hence for & = 0 the only transition in which server M;
becomes idle is from idleg o(s) to s, and in fact:

32,00, d. (1)

P0,0(5) = P1,n, (5)-

(2) The server finds a customer to serve and moves to the right in the queue. This transition is
illustrated in Fig. 5. In this case one of the busy servers completes a service and finds somewhere

swapy; (s)
nj-y

—

O cT-oo-»o% 00 ~o

J

s

nj

—

»4»03&%04-»@%@00

Figure 5: Transition from state swaps,; ;(s) to state s.

in the queue a new customer that he can serve. The state s can be reached by such a transition
from state

(Mhnh...,Mk,nk—Z,Mj,l,...,Mjfl,nj,l+1+nj,Mj+1,...7MJ).



This state will be denoted by swaps; j(s) with j —1 > k. In this state, server M; is located
between server My, and My41. Between servers M;_q and M, there are n;,_1 + 1+ n;(> 0)
customers; note that this is not possible if U({Mi,...,M;}) = 0 (since then there can be no
customers between M;_q and M;1). When server M; completes service a transition is made to
state s if the first customer that M; can serve is the n;_; + 1-th customer in the queue between
M;_1 and Mj41. The probability of this event is:

Q1§ (8) = k(M) 0ppa (M) 40 65y (M) (1 — 61 (M),

with 6;(S) defined in (1). The system makes a transition from state swapy ;(s) to state s with
probability g ;(s), given that M; completes service.

In the special case that k = j — 1 server M; starts and ends its move between servers M;_;
and Mj; i, and there are initially n; + 1 + [ customers between M; and M, and n;_q — 1
customers between M;_; and M;. This state is denoted by swap;_1,,;(s) and the probability
that a transition is made from this state to state s equals g;j_1;(s).

Slightly different is the special case that k& = 0, where there are two possibilities: If j = 1
then k = j — 1 =0, and the originating state is swap ,1(s). In the transition from swapg 1(s)
to s server M; was serving the first customer in the system, and there were n; + 1 customers
queued between it and server Ms, and upon completion of service the server moves to the next
customer. Because the next customer is in U({M;}) the probability for this transition is

90,0,1(5) = 1.

Otherwise, if 7 > 1 then we must have that in the originating state server M is serving the first
customer in the system, and there are no customers between M; and the next server M, so we
have | = 0. In that case the originating state is swapo o ;(s) and the transition probability is

0,0,5(5) = q1,n,,5(5)-

(ii) Transitions into state s = (My,n1,...,M;,n;, M;y1,...,M;) € & due to arrival of a
new customer:

When a customer arrives he will scan the idle servers from right to left to find a server, and will
move to the end of the queue with or without a server. There are two different ways that state
s=(My,ny,...,M;,n;, Mi11,...,My) € & can be reached.

(1) The customer does not find an idle server: Such a transition is possible to state s =
(Ml,nl,. . .,Mi7TLZ‘,Mi+1,. . ,MJ) from state (Ml,nl, N ,Mi,ni - I,Mi+1, N .,MJ), where
n; > 0. We denote this state by wait(s). In this transition the new customer cannot be served
by any of the idle servers, and simply joins the end of the queue to become the n;-th customer
behind server M;. Transition from wait(s) to s will happen if the customer is of type ¢ and
ccU({M,...,M;}). The rate of the transitions from wait(s) to s is Ay{ar,,... Mmi})-

(2) The customer finds an idle server and activates it: This transition is illustrated in Fig.
6. Such a transition is possible to state s = (M, ny,..., M;,0, M;y1,...,M;) in which M;
is active but n; = 0, from a state in which the last active server is M;_; and server M;
is idle, and is located with the idle servers M;;1,..., My, where the possible positions for
M; are before My, where k = i+ 1,...,J, or after M;. The originating states are then:
(Ml,nl,. . .,Mi_l,ni_l,MH_l,. . ;Mk—laMink7~ .. ,MJ), where k = Z+1, . .,J, which we de-
note by activateg(s), or from originating state (J1,n1,...,Ji—1,mi—1, Mi11,..., My, M;), which
we denote (as a convention) by activate j11(s). Transition from state activate j11(s) to state s
happens if a customer of type ¢ € C(M;) arrives. Transition from state activater(s) to state s
happens if a customer of type c arrives and it cannot be served by My, ..., M; but it can be served



activate (s)
ni—1

O'“O (7)
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Figure 6: Transition from state activatey(s) to state s.

My M

by M;, that is if ¢ € C(M;)\C({ My, ..., M;}). The rate of transitions from activateyi(s) to s
is Ac(ar,)- The rate of transitions from activatey(s) to s is Ae(m, \c({My,... M) K =15+ 1,...,J.

2.3 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-1) a departure of a customer
from a server that then finds no other customer and becomes idle, (i-2) a departure of a customer
from a server which then finds another customer in the queue, (ii-1) an arrival of a customer that
finds no idle server and waits at the end of the queue, (ii-2) an arrival of a customer that finds
an idle server to serve it and activates that server. The equilibrium equations display these four
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 four
parts, corresponding to respectively (i-1), (i-2), (ii-1) and (ii-2).

In part (i-1) the busy server that becomes newly idle in the transition into s must be server
M; 11, and we need to sum over all states with one more customer being served by M1, so
that the summation is over all &, for which idley (s) € &. In part (i-2) we need to sum over
all busy servers My,..., M; in s, and over all the positions of these servers in the queue before
the transition, so it is over all states swapy,; ; where k < j — 1 and swapy; ;(s) € &. Part (ii-1)
consists of a transition from the single state wait(s) of one less customer in the queue behind
the last busy server, if indeed n; > 0 in s, and if U({M,...,M;}) # 0. In part (ii-2) we have
that M; is newly activated in s, and we need to sum over all positions in which M; was among
the idle machines prior to the transition, so we need to sum over states activatey(s). The terms
are non-zero only if Ao )\c(My,....m,}) 7 0

The equilibrium equations are for all states s = (M1, ny,..., M, ng, Miy1,...,M;) € & given
by:

()\c + ,Uf{Ml,A..,M,i}) m(s) = )\Z/{({M],.A.,Mi})ﬂ(wait(ﬁ)) (ii-1)
+MM1'+1,PM1'+1 (5) (1_1)
i (2)
+> " s, Qur, (), n;>0 (i-2)
Jj=1



J
(Ae + pgany.nay) m(s) = Z AC(MNC{ M., M, 1) T (activatey(s))
k=i+1
+Aey(activate 711 (s)) (ii-2) 3)
+/LM1:+1,PM1:+1 (5) (1—1)

+ Z par; Qu; (5), n; =0 (i-2)

j=1
where

i ng

Pt (s) = D> pra(s)m(idler i(s)) + prn, (8)w(idleg o(s)),
k=1 1=0
j—1 ng

Quy(8) = DD arr(s)m(swapk(s)) + o7 (swapoo ;(s)).

k=11=0

The above definition of Qy, (s) assumes U({ M, ..., M;}) # (. If this set is empty, the states
swapg,,;(s) are not feasible (see (i-2) in Sect. 2.2), and then Qyy, (s) is set to 0.

2.4 Partial balance equations

We will in fact show that the process satisfies partial balance equations as follows, for state s:

(i) The total probability flux out of state s due to an arrival of a customer that activates a
server (with arrival intensity Ac({as,,,...,am,})) equals the total probability flux into state
5 due to a departure of a customer of server M, after which server M; ;1 becomes idle:

AC({Mi+1,...7M]})7T(5) = NMi+1PMi+1 (5) (4)

(ii) The total probability flux out of state s, due to an arrival of a customer that cannot be
served by any of the idle servers (with arrival intensity Ay(gas,,...,a1,1)), equals the total
probability flux into state s, due to the departure of a customer from a server which then
finds another customer to serve, so that the set of busy servers {Mj, ..., M;} remains the
same in both transitions:

Ay, M T(8) = Z#Mj O, (s). (5)
j=1

Note that, since C({M;t1,...,My}) and U({Ma,...,M;}) are a partition of C, the left
hand sides of (4)-(5) add up to Acm(s), which is the total probability flux out of state s
due to an arrival.

(iii) The total probability flux out of state s in which n; = 0 due to a departure of a customer,
equals the total probability flux into state s, due to an arrival of a customer which activates

server M;:
J
My, Mi}ﬂ(s) = Z AC(M\C{ My, ..., MJ})ﬂ'(activatek(s))
k=it+1
+Acar)m(activate 5 41(s)), n; = 0. (6)
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(iv) The total probability flux out of state s in which n; > 0 due to a departure of a job, equal
the total probability flux into state s, due to an arrival of a customer which does not find
an idle server to serve it, and joins the end of the queue M;:

H{pn,..., Mi}ﬂ'(s) = )‘Z/{({Ml _____ Mi})7‘(‘(’LUCL7;25(5))7 n; > 0. (7)
2.5 The stationary distribution
The following theorem states that the stationary distribution has a product form.
Theorem 1 The solution to the equilibrium equations (2)-(3) is given by
r(s) = Bﬁ Mty it )™ ﬁ Aot~ ®)
j=1 “{lexMj}njH j=i+1 e
The Markov chain is ergodic if the two equivalent conditions hold:

Ac < Hs(c), fO’I”CCC, 07&0707 (9)
)‘Z/I(S)</J/S7 fOTSCS, S#@,S,

After normalisation this solution becomes the stationary distribution, with normalization con-
stant:

-1

J i J
—1 -1
B= > > 11 (moannyy = duciorsnrny) ™ TT Cepasynssn) ;o (10)
Py i=0 j=1 j=i+1
where Py is the set of all the permutations of {my,...,my}.

Proof. The proof consists of verifying the partial balance equations (i)-(iv) formulated in the

previous section. For a permutation My, ..., M  of the servers we use the notation:
A )
9] — M({Ml ----- ]\/[_7})’ ]:1,,J
MMy ,...,M;}

To verify (iv):
Substitute (8) into the Lh.s. of (7) to get:

-1

i J
pa ety B [T oo cany TT Aecogyemy | 6080005067
j=1 j=i+1

and into the r.h.s of of (7) to get:

i J
Maconts, o) B T v any 11 dectnyonsyy | 07072707
j=1 j=i+1

These are equal since:
0. — Au({My,...,M; })
' KMy, M}

11



To verify (iii):
Substitute (8) into the Lh.s. of (6) to get:

-1
@ J
’U{Mll'“JVIi}B H/“L{M1,..‘,MJ} H AC({MJ'...,M‘]}) 9?1 9:1’317
Jj=1 j=i+1
since n; = 0. Substitute (8) into the r.h.s of (7) to get:
J i—1
Z Ac(MN\Ce{ M., M, 1) B HM{JVIl,...,Mj}
k=i+1 jaie
-1
k—1 ;
I Accorssontintnnyy | Aectnnteany [T decosyanyy | 080725
j=i+1 i
-1
i—1 J
+>\C(M7‘,)B H H{My,...,M;} H AC({M]w--aA/IJ7Mi}) )‘C(JVL;) 9?1 . 0?_71
j=1 j=itl
We need to verify that:
~1
J
I1 Xecns,.nri
j=i+1
J k—1 ;
= Z AC(MNCH My, M }) H AC({M;....M; My,...M;}) | Ac({M;,My,..... M} H Ae({M;,.. M)
k=i+1 iZit1 oo

-1
J
+Ac() H Ac(qMy, My M) | Aeoy |
j=it1
or:
J

k—1 J
Acomnerm, i i Aecnsy oy i Aensy oy (11)

k—1 J
b1 A MMy ) Tj=ipn Acongy o enay ) Tlimiga ey nas nay)
This holds trivially for ¢ = J, as the sum and products are empty (by convention, an empty
sum is 0, an empty product is 1).
For ¢ = J — 1 we obtain:
Aemyney) | Aequy)

—1.
Ac(UMy_1,Ms})  AC({My—1,Ms})

Generally, for i < J we proceed by induction. We rewrite the Lh.s. of ( 11) as:

Lhs AC<Mi>\6({Mi+1,.-A,Mm+ AC({Miti..,Ms})

)‘C({qut7Mi+17~-7MJ}) )\C({MivMiJrlv---’MJ})
J

k—1 J
y Aearnedn, Moy Mimiva Aecmn, vy Tlicien econ,may)

k—1 J
kmigo Ay Moo Lliziia Aecny o ny,onapy) Tljmie Aear; . onay 0y

AC<Mi>\c<{Mi+1,u.,M.z}>Jr AC({Misr....Ms})

ACH{M; M1, My }) AC({M;,Mis1,0, Mo })

12



where we used the induction hypothesis to say that the quantity in brackets equals 1.
To verify (i):
The terms into the r.h.s of (4) are:

KMy (Z zk:pk,l(ﬁ)w(idlek,l(s)) + P1ny (E)W(Z’dleoyo(ﬁ))> .

k=11=0
Substituting (8) into an individual term in the summation we get:

KM, 1 Pr,1(8)T (idley 1 (s))

= fing, 2 Ok (Mig1) Opgr (Mg 1)+ L 63 (Mig) ™ w(idleg 1 (5))
—1

j=1 j=k j=i+2

!
o7t (5k(Mi+1) MM, My M) )
H{My,...;My, M1}

A L\ A VRN
<5k+1(Mi+1) Z/{({]\/[1,...,Mk+1,M1,+l})) "'(51’(Mi+1) LI({M1,..<,M1,M1+1})>
MMy o.My 1, M1} KMy, M Mg}

-1
k i J
= /’[/Mi+lB H I’L{Ml,nql\/{j} H /’L{Afl,.“,Mj,M,H,l} H )\C({MJ,]VI]})
J=1 i=k j=it2
by l
oo .. gt (M({MM})>
MMy, My, M1}
( NUAMy oMy }) )"“1 (WM})>"
F{M,..., Mit1, M1} F{My,...,M;, M1}
k i J -1
:MM@+1B H/“L{Mla.u,M]‘} HM{Ml,...,Mj,Mi+1} H )‘C({ZVIJ-...,MJ})
J=1 j=k j=i+2
! k1 n;
gn ... Qi ( H{py,.. .My} ) ( H{My,...;My 1} ) </,1M)
1 i
/‘L{I\/I17..~7Mk,M71+1} /j’{Ml,...,ka.JrhMiJrl} M{Mlv"~7Mi7Mi+1}
= ettt B | [T ioncany T Aecrenny | 0700
Jj=1 j=i+1
! ne+1+1
MM, 4 ( KMy, M} ) ( MWLMy, Myy1} ) <M{M1M}
H{My e My, Miga} \NH{My,. My, My} H{My,...,My41,M;i 1} LMy My Miar}
~ n 1 n;
= )\c({Mi+1,--.7MJ}) 77(5) (]. — ’}/k) "yfc ’yk_]:il-‘r ey +17

where we put 7(s) for the presumed form of 7(s) according to (8), and define

H{My,...,M;}
B{My,...,M;, M1}

For the 0,0 term on the r.h.s. of (4) we get similarly:

KM 1 P1ng (5>7T(idl6070 (5))

13
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= gy, 01 (Mi1)"™ - 6i(Miy1) " m(idleg,o(s))
1

% J
= :U’Mi+1B KM H H{Mq,....M;,M; 41} H )\C({Mj...,MJ})
j=1 Jj=i42

A N \ A
(61(Mi+1)“({MW‘W) <6i(Mi+1) u({Ml,,,_,MﬂMw}))
H{Ny M1} LM My Moot}
= A Mirrr ity T(S) ATt

We can therefore rewrite the r.h.s. of (4) as

T Nk

~ ny 1 n; n uz

AC({MHJa“wMJ}) 7(s) [(Z Z(l — k) ’Yllc f)/k-l;-*l—lJr T +1> + 711+1 ey +1] '
k=1 1=0

We now argue that the sum of all the v terms on the left hand side is 1. We note that the
7 represent probabilities for Bernoulli trials, of which there are altogether Y _, (ny + 1) trials,
starting with n; + 1 trials with success probability of (1 — ;), followed by ny + 1 trials with
success probability (1 — ), for k =4 —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 last summand of the right hand side is the probability of no success at all. These
obviously add up to 1.

We have therefore shown that the r.h.s. of (4) equals the presumed form of the L.h.s. according
to (8), which verifies (i).

The argument to verify (ii) is similar; see also [24].

Calculation of the normalization constant is straightforward from summation of the geometric
sequences; note that it is the inverse of a sum of J! terms. [

Note that, if U({M, ..., M;}) = 0, then A\yar,,...nm,3) = 0 and hence, m(s) = 0 for all
s = (My,n1,...,M;,nj,..., M) with n; > 0, as it should.

2.6 Comparison with random assignment model

In a recent paper [24] the same queueing system under a different policy has been analysed.
Surprisingly we show in this section that the steady state distribution under that policy is the
same as for the system under FCFS-ALIS which we derived here.

The policy used in [24] is as follows: When a server becomes available he still will take the
longest waiting customer that he can serve, FCFS. However, when a customer arrives and finds
several idle servers which can serve him, he will not go to the longest idle server, but will instead
choose one of the compatible idle servers randomly, using a random assignment probability.
Thus, if a customer of type c arrives to find servers My,..., M; busy, he will go to server M;
which is idle and for which ¢ € C(M;) with probability P(c, M;|{Mi,...,M;}). It is shown in
[24] that these probabilities can always be chosen in such a way that the queueing system (if it
is stable) will have a product form solution. While these special assignment probabilities may
not be unique, they will determine unique values of Apz, ({M1,. .., M;}), the rate at which idle

server M; will be activated when servers {My, ..., M;} are busy. These unique activation rates
can be calculated recursively from:
AC(S\{My,...,M;}) = S am({My,. . MY, (12)
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A, ({ My, ... M) _ (14 Z )‘Mk({M17~"7Mi7Mj})>_1

AC(S\{Mx,...,M:}) My @{Mi,...,M;,M;} A, ({ My, .o, My, My })

i<J—2, M; ¢ {M,... M}

These activation rates have the special property that:
12 (0, M0y = ] Aip,({M1,.... Mj—1}) (13)
Jj=1 j=1

for every permutation M1,..., M; of My,...,M;.

The dynamics of the system under the random assignment policy are described by a Markov
chain Y (t), whose states list the busy servers in order, and the number of customers queueing
between them, given by My, ni,...,n;—1, M;,n;, where the idle servers are S\{M,...,M;}.
The steady state distribution, when the assignment probabilities and the activation rates are as
described above, are given by (see [24], Theorem 2)

S N M D T

my (My,na, iy, Myng) = my (0) [ =22 T Aag (M, M0 d). (14)

j=1 H{My,.. M} =1

We will now denote the steady state probabilities of the system under FCFS-ALIS as derived in
Theorem 1 by 7x(+) to distinguish them from my (-).

Theorem 2 The system under random assignment, satisfying the assignment condition of [24],
and the system under FCFS-ALIS share the same stationary behavior in the sense that:

my (My,na, ... ni—1, Mi,n;) = E wx(Mi,ni,...,ni—1, Mi,ng, Miyq,...,My)

Mit1,....M;eP({Miy1,....Ms})
where P({M;41,...,M;}) denotes the set of all the permutations of Miyq1,..., M.

Proof. Comparing (8) and (14), and recalling that 7x and 7y both sum to 1, what we have to

show is that for some constant D (which is the same for any My, ..., M;):
i J
12, (M, M1} =D > 11 ()‘C({Mj,...,ﬁ,}))71~
J=1 M1, Mg€P({Mis1,...,M;}) J=i+1
We take

J
D =[], ({Mi,..., M;_1}).

By the assignment condition, D is the same for all permutations of My,..., M, and so it is the
same for all choices of My, ..., M;. We note that

i J .
H/\Mj({Mh...,Mj,l}):D( I1 /\M].({Ml,...,Mj,l})) :
j=1 j=i+1

Hence we need to show that:

J . J
-1
( I1 )\Mj({Ml,.u,Mj_l})) = > II Ceqar,..a,p) - 15)
Jj=i+1 Mis1,,MgE€P({Miyy,....,M }) I=i+1
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We prove (15) by induction starting from ¢ = J and going down to ¢ = 0. For i = J
the products are empty, and there is nothing to prove. For i = J — 1, equation (15) says that
Ae(myy) = A, ({ My, ..., Mj_1}), ie. the only idle server My is activated at the rate of arrivals
from C({M}), which is obviously true. We assume that (15) holds for ¢ 4+ 1 and prove it for 4.

J

Z H (>‘C({Mj,.i.,ﬁj}))i1

Mit1,.; Mg€P({M;q1,...,M;}) I=t+1
J J

= O\e(@oronssy) > > T e, 70) "

k=i+1 M, 9,....M;€P({ Mit1,...,M;}\ M) J=i+2

B J J L 1
= Octtrrirnarn) D (T Aar, (Mo M My N1 D))
k=it+1 — j=i+2

J
= (>\C({M,i+1...,1v1J}))71 Z g, ({ My, ..., My}) ¥

k=i+1
J _
(e (01, 0y T Aar, (M, M, M, B 1)) 1
j=i+2
1 4 ! -1
= (Ae(iprntyy) D AMk({le-wMi})( 11 >\Mj({M1,~--an—1})>
k=i+1 Jj=i+l
J -1
:( 11 /\M].({Ml,...,Mj,l})) .

j=it1

In the first equality we write the permutations of {M;1,..., M} as starting with M, followed
by a permutation of {M;i1,..., M;}\ My, and add them up over k = i+ 1,...,J and we

take out the common term of ()\c({ M., MJ})) . The second equality uses the induction
hypothesis, for My, ..., M;, M. Note that here M;;; = M} and for j = i + 2 one needs to
read Mj_l = M;+1 = My. In the third equality we multiply and divide each summand by
A, ({ My, ..., M;}). In the fourth equality we then use the assignment condition (13), to rewrite
all the products in the order M;11,..., M . In the final equality we take out the common term,
and we then use equation (12) to see that the remaining terms equal 1. This completes the
induction, and completes the proof of the theorem. [

We note that the results of this section are similar to those obtained for a skill based service
Erlang loss system [2, 4]. It is shown in [4] that these loss systems under a random assignment
policy which satisfies the same assignment condition (13), or under ALIS policy, share the same
stationary behavior. This is proved in [4], Theorem 2, and the proof of that theorem is the same
as the proof given here. We repeat the proof here, because we are using completely different
notation.

2.7 Waiting time distribution

The waiting time distribution for a customer of type c¢ that arrives at the system is derived in
[24], for the random assignment policy. By Theorem 2 in the previous section, a customer of type
c that arrives at the system when the system is governed by the FCFS-ALIS policy, will, under
steady state, see exactly the same distribution of states as under the random assignment policy
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of [24]. As a consequence, the waiting time distribution for a customer of type ¢ will be exactly
the one derived in [24], Theorem 3. We thus quote this theorem here as for our FCFS-ALIS

system.
Let S* denote all the ordered subsets of servers of length i. Let w(Mj,-, ..., M;,-) denote the
steady state probability that servers M, ..., M; are busy in that order, so that:
’/T(Ml,',...,Mi,‘) =
(oo}
= Z Z 7T(M1,n1,...,Mi,ni,Mi_,_l,...,MJ)
N1, =0 (M;11,...,M;)EP(S\{M1,...,M;})
i J
—1 —1
=B H (“{lewMj} - ’\U({Mlx--wMj})) Z H AC({M;...M})
j:l (Mi+1,...,Mi)EP(S\{Ml,...7]V[i}) ]:l-'rl
% J _1
-1
=B H (gany,onyy — Nu(Eay,na ) ( H A ({ My, .. -an—l})) . (16)
j=1 j=i+1

The following theorem specifies the steady-state waiting time distribution of type ¢ customer.

Theorem 3 The LST of the steady-state waiting time W, of a job of type ¢, under FCFS-ALIS
policy is given by

B W) = 3 3 w(Mi, M) X

=0 (My,...,M;)€S’

H 'U/{Mlv"':Mj} — )\u({Mlv""Mj}) (17)
it B{My o M} — MU M, MY T8
ceU({M,..., M;})
where w(My,+,...,M;, *) is given by (16).

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 w(My,-, ..., M;,-). 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 (17) by noting that in that case ¢ € U({My, ..., M;}), and so the
product is empty (and thus equal to 1). Otherwise the job will have to wait a sum of exponential
waiting times as follows: let k be such that ¢ ¢ C(M;) for j = k+1,...,4, but ¢ € C(My).
Then there will be an exponential waiting time for each of the servers k, ..., i. The waiting time
for server M; will be like an M/M/1 waiting time, i.e. it will be exponential with parameter
My o My~ UM, ... 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. Note that this
interpretation is not really what happens: while it is true that the job of type ¢ has to wait until
server k or one of the earlier servers 1,...,k — 1 will reach him, it is not the case that all the
customers ahead of him will be served before him, and that he will be skipped by all the servers
k+1,...,4i. It is possible that server k will skip over all the other jobs and servers, and take
the job of type ¢ immediately, and it is also possible that one of the earlier servers 1,...,k — 1
will skip over all the intervening jobs and servers and take the job of type c¢. This is again one
of those mysteries that one encounters from time to time in queueing theory.
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3 The overloaded system

In this section we consider the system as before, with total arrival rate A = > __~ A, and total

service rate p = ijl pm,- We introduce the following notations: the total traffic intensity
p = A/ u, the fraction arrivals for the customer types a. = A./\ and the fraction service capacity
for the servers B,,, = fm,/p. Also, for subsets, ax = Ax /A, X CC, and By = py/p, Y C S.

It is convenient in this section to rewrite the stationary probabilities as:

%

T J
D, po 1,--54V5 -
W(B):B(P)H ( BU({M A{Zj}l)l H (poc(ia,...m,p) ' (18)
j=1 {My,....M;} j=i+1

with

X -1
%

J J
B(p) = B/u’ = | 323 (TT Biansreensyy = poucianscony) ™ T (boean,nnn) ™)

Py i=0 j=1 j=i+1

We will study what happens as the total traffic intensity increases. We will assume that
«, B are fixed, p is fixed, and the total arrival rate A\ increases. Under these conditions, for
p > 1 the system becomes unstable with some of the queues growing without bounds. We will
discover that when some of the queues grow without bounds, the rest of the system stabilizes
and has a stationary behavior, which is identical to that observed for FCFS matching of two
infinite sequences (of servers and of customers) as discussed in [3]. We will distinguish a case of
complete resource pooling and a case of incomplete resource pooling. For the latter we will find
a unique decomposition of the system.

We state the infinite matching model of [3] here (see also [12]): There are two infinite se-

quences, a sequence of customers c',c?,... chosen i.i.d. from C with probabilities o, and a

sequence of servers (or of services) s',s?,... chosen ii.d. from S with probabilities 3, and a
bipartite graph of compatibilities. Servers and customers are matched on a FCFS basis. The
process X! (N) (the subscript I stands for Infinite-matching) is a discrete time Markov chain
that describes the state of this system after matching the first N servers, and it is defined as
follows: After matching the first IV servers to customers, the sequence of customers has an initial
segment in which all are matched, followed by a middle segment in which some are matched
and some are not, followed by a last infinite segment where none are matched. X! (N) describes
this middle segment. The state is of the form (My,nq,...,Myj_1,n5-1, M), where My,..., M,
is a permutation of S that lists the last matched server of each type according to its order of
appearance in the sequence of customers, and n; is the number of unmatched customers between
M; and M;1. Tt is shown in [3] that X?(N) is an ergodic Markov chain and has a product form
steady state distribution given by:

S oy, ™

I I
7T(M1777,1,...,7’LJ,1,MJ):B i’

(19)
j=1 Biny,... v}

with
-1

J—1
B = | 311 Boanoanyy = wnonry) |- (20)
Py j=1

The analogy between X' and our system is clear: The permutation of the last match of server
of type j is the permutation of the servers m;, and the unmatched customers correspond to the
queues between the servers.
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The rest of this section is structured as follows: In Section 3.1 we define complete resource
pooling, under which the system is stable for all A < pu, and show that as A  u the steady
state distribution of the system converges to that of X?(NN). In Section 3.2 we study the fluid
approximation to our queueing system. This contains information on the dynamics of the system
which cannot be gleaned from its steady state distribution. The rest of the section deals with
overloaded systems. In Section 3.3 we study the limiting behavior of the overloaded system
under complete resource pooling. We show that while the last queue grows to infinity, the rest
of the system converges in law to the steady state distribution of X?(N). In particular, while
the last queue grow to infinity, the remaining queues remain well behaved, and the servers stay
close together. In Section 3.4 we study a network maximal flow problem related to the stability
of our system and derive a unique decomposition the system when there is incomplete resource
pooling. In Section 3.5 we study the limiting behavior of the overloaded system under incomplete
resource pooling.

3.1 Complete resource pooling

We say that the system satisfies complete resource pooling if the following three equivalent state-
ments hold:

By, M}y > My, My AM, .. M} #0,S,
Biay,..omy < Qe(imy,.omnyys AMi, .., My} #0,8, (21)
Aley,.ne} < BS({cl,...,ci}w {617 s 7Ci} # @70
As we state in the next theorem, under complete resource pooling the system will be stable for
all p < 1, and as p 1 its steady state distribution will converge to the steady state distribution

of X1(N), the process describing FCFS matching of two infinite sequences in [3].
We will use the notation (similar to (16)):

W(Ml,nl,...,Mj,’l’Lj,Mj_,_h‘7...,Mi,',Mi+17...,MJ)
00

= Z 7T(M1,77,1,...,,Mi,ni7Mi+1,...,MJ).

Njt1,--,n;=0

Theorem 4 Consider the system with fized p, o, 3, and let A vary. Assume that complete re-
source pooling holds.

(i) The system is ergodic for all A < p.
(ii) For states when not all servers are busy,

I%W(Ml,nl,...,,Mi,ni,Mi+1,...,MJ) =0, fOT”i < J.
P

(iii) For states when all servers are busy

J ni
UM, M;})

I
ni+1 =T (M17n17~"7MJ717nJ717MJ)7

limW(Ml,nl,...7MJ,1,TLJ,1,MJ,’) :BI
P/ i Biay,...M;}

where: .
J—1 . -
(Biaty,.dy = OUMy o0ty })

—_

B'=B(1)= (>
Ps

1

J
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(iv) The same results with the same limiting values hold also for the stationary distribuiton of
the Markov chain of jumps.

Proof. We note that OY({My,...M;}) < ﬂ{M““’M,i} implies that )‘U({Mh---,Mi}) < W{My,...,M;}
whenever A < p, and so the system is ergodic for all A such that A < p, by Theorem 1. This
proves (i).

Next we observe that the value of B(p) is:

J-1 i J
B(p) = Z Z (H (6{M11-~7Mj} - po‘u({Ml,mMj}))il H (pac({ij--vMJ}))71 )
Py i=0 j=1 G=i+1

-1
-1

J
+> ((1 —0) ] B onsyy — Pam{Ml,...’Mj}))_l)
P j

Jj=1

The term (1 — p)~! is there because of Biry,...M;} = Qu{M,....M,;}) = 1. All the expressions
inside the square brackets remain bounded as p ' 1, except for (1 — p)~! which tends to oo.
Hence:

lim B(p) = 0,
lim B(p)
) J—1 ) -1
lim B(p)(1—p)~ ! = Z (Biaty,...my) = POUEM,.... M, ) = B
p 1 Py il
For a single permutation M, ..., M  with servers My, ..., M; busy, i < J we calculate:
7T(M1,'7...,Mi,‘,Mi+17...,MJ): Z 7T(M17n17...,Mi,ni,MHh...,MJ)
ni,...,n;=0
B [ J
= B(p) 1_[(5{M1 MY POY(M,y,. M) H (poc((my.niyy)
j=1 j=it1

All terms in this expression except B(p) remain bounded, and hence the whole expression tends
to 0 as p 1. This proves (ii).
On the other hand, when all J servers are busy we calculate:
oo
’/T(M1, Niyevny Mjfl,njfl, MJ, ) = Z 7T(M1,TL1, ey MJ, TLJ)

TLJZO

=B [] T (L=p)7!

T (pouqar..p)”
io1 Py

where we again used Siar,,. v, = Qs vy = 1. As p A1, B(p)(1—p)~! = B, and we
obtain (iii).

To prove (iv) we note that the transition rates of the process are bounded between A and
A+ i, and so the jump chain and the continuous process are both ergodic or both non-ergodic at
the same time. Furthermore, all the stationary probabilities of states when not all the servers are
busy will tend to zero for the jump chain as well as for the continuous process, as p * 1. Finally,
the transition rate at which jumps occur when all the servers are busy is A 4+ u, independent of
the state. Hence the stationary probabilities for the jump chain and the continuous process, for
states when all servers are busy, will tend to the same limits as p 1. This proves (iv). O
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3.2 Fluid limits of the FCFS queueing system with multitype cus-
tomers and servers

The steady state distribution of a Markovian system provides complete information about long
term performance measures, and is therefore very useful. However, it does not provide any
information about the dynamics of the system. The dynamics of a Markovian system are of
interest when the system is stable, as they provide information about its short term behavior,
and for unstable systems it provides information on the transient behavior of the system. Exact
analysis of the dynamics is almost always intractable, however the dynamics can be approximated
by studying fluid or diffusion approximations to the system. In this section we study the fluid
approximation of our system. For an introduction to the study of these fluid limits see [11, 13, 14].

We introduce a different notation for our Markov process. Welet X (t) = (S(t), Q1(%),...,Q(t)).
Here S(t) = (My(¢),...,M;(t)) is a permutation of S. The total number of customers in the
system is |Q(t)| = Y Q;(t), ordered in order of arrival with @; earlier than @, earlier than
@3, and so on. Of the queues at time ¢ the first k() queues are non-empty, the remaining are
empty. Server M;(t) is serving the first of the customers of Q;(¢) (the 1+ 3, . Q;(t) customer
in the queue), where j = 1,...,k(t), and servers M;(t), j = k(t) +1,...,J are idle, ordered
by increasing idle time. The customer in service at M;(t) is of course of type ¢ € C(M;). The
remaining waiting customers in @;(t) are all of them of types in U(M;(t),. .., M;(t)).

We also introduce the following processes that give an alternative description of the system.
Assume each customer upon arrival is given a number which counts its position in the arrival
stream. We let A(t) be the total number of arrivals by time ¢, where the last arrival was numbered
A(t). We also let Y7 (t) < --- < Y;(t) be the positions of the servers in the sequence of customers
up to time ¢, so that Y;(¢) is the number in the sequence of the customer currently served by the
ith server, which is server M;(t). If k(t) < J servers are busy we will let the positions of the idle
servers Mk(t)+1(t)7 ‘e ,MJ(t) be (Yk(t)+17 SN ,Yj(t)) = (A(t) + 1, ‘e ,A(t) +J - k(t)) We denote
Y(t) = (Yi(t),...,Y;(t)). Note that A(¢t),Y1(t),...,Y;(t) are all monotone non-decreasing in ¢.
We shall let A(0),Y7(0),...,Y;(0) > 0 be some initial state, not necessarily empty.

The fluid scaling of an arbitrary function z(¢) is denoted z"(t) = z(rt)/r. Let z(t,w) be
a stochastic process with paths in D¢ (real vector functions in the d dimensional Euclidean
space, which are right continuous with left limits). Let w denote a fixed sample path, and let
r be a divergent sequence of integers. If z"(¢,w) converges u.o.c (uniformly on compacts) to a
deterministic function z(t) as 7 — oo then we call z(¢) a fluid limit.

We shall for simplicity take A + g = 1 and think of our system as powered by a Poisson
process with rate 1. Each event of the process is either an arrival or a service completion. An
arrival of a customer of type c occurs with probability Aa.. A service completion by server m;
occurs with probability p3,,,. A customer departs at a service completion only if server m; is
not idle. This process is the primitive building block of our system and it obeys the FSLLN
(fucnctional strong law of large numbers). All our statements about fluid limits will hold, for
every sample path of the Poisson processes of arrivals of the various customer types and service
completions of the various servers, for which FSLLN convergence holds.

The dynamics of our system are described by the system process Z(t) = (S(t), Q(t), A(t),Y (¢), T(t))
where T'(t) = (T1(¢), ..., Ts(t)) are the actual (non-idling) cumulative processing times on servers
mq,...,my. Fluid limits of components of Z(t) exist, as shown, for example, by Dai and Lin
[14]. Fluid limits of T'(¢) exist, because of the equi-continuity of the fluid scalings of T'(t). This
implies also that fluid limits of Q(t), Y (¢) exist. A small addition to the arguments of Dai and Lin
is needed for our system, since in standard queueing networks, queues change at each completion
of service by at most 1, while in our system the change in the corresponding components of )
and Y is a random integer. However these random integers are geometrically distributed random
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variables, with probability of success > min. a. > 0, so by the law of large numbers we retain
continuity of @ and Y as a function of T, and in fact both Q(¢), Y (t) are Lipschitz continuous. In
particular they are differentiable almost everywhere and they are equal to the integrals of their
derivatives. We say that ¢ is a regular point of the fluid limit if all components of Q(t),Y (t), T'(t)
are differentiable at ¢.

Note that S(t) is not included in the fluid limits, since it is a random permutation, and while
fluid acceleration of time i.e. S(rt) makes some sense, fluid scaling of S, i.e S(rt)/r makes no
sense. We can however trace the behavior of S under fluid scaling: for all ¢, Y1 (¢) < --- < Y;(¢),
so S(t) is uniquely defined. In the limit however we only have Y;(t) < Ya(t) < --- < Y;(¢). So
we define S(t) as an ordered partition of the servers, where for example we will have S(t) =
(My, {Ms, M3}, My,...) if Y1(t) < Ya(t) = Y3(t) < Yi(t) < ---. We will on occasion write
S(t) = (S1,S2,...,5r) with (S1,Ss,...,S51) a partition of S, even when we have more detailed
information on the order of servers within some of the subsets S;.

We will now study the dynamics of the fluid limits. Let Z(¢) be a fluid limit, and assume that
it starts from a fluid initial state Z(0). Of course, if we start with a finite initial state Z(0), then
Z(r0)/r — 0 as r — oo, but one can assume a sequence of starting states such that Z(0) # 0,
and because our system is Markovian, this sequence of initial states is irrelevant. We do however
assume that Z(0) is obtained from feasible states, i.e. given S(0), the contents of Q;(t) include
only customers from U ({M;(0), ..., M;(0)}). In the following propositions we study the behavior

of the components of Z(t). For example we know, by the FSLLN that A(t) = At almost surely.
In addition to A(t) = At we have the following immediate relation between Y (¢) and Q(t):

Proposition 5 The following relation holds almost surely and for all regular t:

C?i(t) = (Yﬁ‘tl(t) - )/i(t))iau({Ml,....Mi})v

%Qi(t) = (%E+1ft) — GYi(t) Jow(a,..0m)); i=1,...,J—1. (22)
Qs(1) = Alt)-Y,(t)

LQu(t) = A—LY,(t)

Proof. We note that while Y;;; — Y; counts all arrivals from the position of server M; to the
position of server M;y; at time ¢, Q;(t) consists only of those customers which have not been
processed by M;11,..., My, so conditional on Y; 11 (¢t)—Y;(t), Q;(t) is a Binomial random variable,
Qi(t) ~ Binomial (Y;41(t) — Y;(t), ay({ar,,... m,})) - Under the fluid scaling we get

Qi (t) = (Yir1(t) = Yi(t)) awqasy,....mi1)

from which the first part of (22) follows, the second part is immediate at all regular points. The
equations for the fluid queue after the last server follow similarly. [J

We now study the dynamics of Y(t). Our first result examines the dynamics of the fluid
system when Q;(t) > 0 for all i = 1,...,J, or equivalently, Y1 (t) < Ya(t) < --- < Y;(2).

Proposition 6 Consider a fluid limit for which Yi(t) < Ya(t) < --- < Y;(t), and let S(t) =
(My,...,My). Then almost surely at all regular points:
d B,

LYt =u ’ =1, 23
a ) OU({ My, ,M,}) ~ QU My, Mi1}) (23)

Proof. Consider a sample path w and sequence 7 — oo such that Z"(t,w) converges to Z. Assume
that the sample path w obeys FSLLN and that ¢ is a regular point. We will now show that for
such a sample path, the fluid limit satisfies (23). Since every fluid limit is obtained from some w
and some r — 00, this implies that every fluid limit satisfies (23) with probability one for almost
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all t. This preliminary framework is standard, and will be used in all subsequent propositions
on fluid limits.

Because Y; are continuous, there exists A > 0 such that for all 7 € (t—A, ¢+A) the order of Y;
is unchanged, Y1 (1) < Ya(7) < - -+ < Y;(7), and so for r large enough, for 7 € (t —A/2,t+A/2),
Y7 (1) < Y2 (1) < --- < YJ(7), and so we have, for large enough r that Yi(s) < Ya(s) < --- <
Y;i(s), s€I=(rt—rA/2,rt+rA/2). In particular this means that servers do not overtake each
other, and the order of the servers is given by the permutation S(s) = (My,...,My) and it is
unchanged over s € I. Also, by (22), Q;(s) >0,i=1,...,J — 1, for s € I.

Consider now the movement of server M;, during s € I. Since Q;(t) > 0, we have that
Qi(s) > 0 for s € I, and so server M; will be busy all the time. Hence during the time interval I
it will complete a total of L services, where L ~ Poisson(uS,7A). Server M; will serve customers
which are in C(M;), and which have not been served by any of the servers M, 1,..., My, i.e it
will serve customers in U({Mq, ..., M;})\U({M,...,M;_1}). Hence, it will skip all customers
which are not in U({ My, ..., M;})\U({Mi,...,M;_1}), and so at each service completion it will
move a random number of places G in the sequence of customers, where G is a geometric random
variable with probability of success ay/({ar,,....m,1) — Qu({M,,...,m,_, })- Hence, the total change in
Y; over the interval I will be:

L
Yi(rt +1A/2) = Yi(rt —rA/2) = G, with G, iid distributed like G.
=1

Hence: )
Y % G
VIt + AJ2)— V7 (t— A)2) = =1 G
T
which by Wald’s equation and the FSLLN converges as r — oo to
1

QU My,...,M;}) — QU My,...,M;—1})

Vit +A/2) — Yilt - A/2) = AuByy,

from which (23) follows. O
Proposition 6 clarifies how single isolated servers move in the fluid limits. The next proposi-
tion studies movement of servers which stay together in the fluid limit.

Proposition 7 Consider a fluid limit for which Yy_1(1) < Yi(1) = --- = Yi(1) < Yi41(7) for
some k <1 and for all T € (t—A,t+A). Let S(1) = (S',{Mx, ..., M}, S"}) for the same range
of T, where S',S" are the subsets of servers preceding and succeeding My, ..., M; (their order
may be known, but it is irrelevant here). Then:

iYi(t) .y Bir,.... M} R N (24)
U({My,....M;}) — QU Mi,....My_1})

Proof. We consider the processes Yi($),...,Yi(s), s € [ = (rt —rA/2,7t +rA/2), and the fluid
scaling, Y/ (7),..., Y (1), 7 € (t — A/2,t + A/2). As before, because Qr—1(7) > 0, Q;(7) > 0,
for r large enough these processes move in isolation from the other Y; during s € I, and they
consist of the movement of the fixed set of servers S = {My,..., M;}. Note that these servers
may change their order many times during the time interval I. For r large enough we have that
Vit —A/2) ~ - = Y/ (t —A/2), and also Y[ (t + A/2) ~ -+ =~ Y]"(t + A/2), where we can
choose r large enough that ~ will be a distance which is negligible relative to A.

The servers in S are working all the time, so they will process a total of L ~ Poisson(uﬁ{ M,
They will all start approximately at the same place, and end up approximately at the same
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place, processing all the customers of types in U({Ma,..., M}H)\U{M;, ..., Mi_1}, and skip-
ping all the other customers, between their approximately common starting and ending positions.
The total distance travelled by all the processors in S will therefore be approximately equal
to ZLL=1 G; where G; are again i.i.d. geometric random variables with probability of success
OUMy,....M}) — UMy, My_1 })

Thus, proceeding to the limit as in the proof of Proposition 6 we get that

Bin.,.... M}

Vit —AJ2) = Yi(t+A/2) = A
z( / ) Z( + /) 'uau({le_’Ml})—CYZ,{({Ml,.,.,Mk—l})

and (24) follows. O
For the next proposition we will make use of the following elementary lemma, the proof of
which may be found in [15]

Lemma 1 Let g(t) be an absolutely continuous nonnegative function ont > 0 and let g(t) denote
its derivative whenever it exists.

(i) If g(t) = 0 and §(t) exists, then §(t) = 0.

(i) Assume the condition that for some e > 0, whenever g(t) > 0 and §(t) exists, then §(t) <
—e. Then g(t) =0 for all t > 6 where 6 = g(0)/e. Furthermore g(-) is nonincreasing and
hence, once it reaches zero, it stays there forever.

Proposition 8 Assume that complete resource pooling holds, and that we start from Qi(0) =
0,i=1,...,J =1, Qs(0) > 0. Then for some A > 0 we will have Q;(t) =0,i=1,...,J —1,

and%y’i(t):%i:l,...,J,f0r0<t<A.

Proof. By continuity of Q we can find A > 0 such that Q;(t) > 0,0 < t < A, and so during
0 <t < A all servers will be busy. We wish to show that all the servers move at the same rate.
We will show that indeed, if Q;(t) > 0 at some 0 < t < A, then 4Q;(t) < —e < 0 which by
Lemma 1 implies that Q;(t) =0,i=1,...,J —1 for 0 <t < A. Applying formula (24) to S we
then get 4Y;(t) = p for 0 <t < A. We proceed in three stages.

(i) We show that it is not possible for the servers to break into two groups, each of which is
moving together. Assume we have for all 0 < t < A that Yi(t) = - = Y;(t) and Y1 (t) = - - =
Y;(t), and assume that for some time ¢ in the interval, Q;(t) > 0. Let Sy = {M;(t),..., M;(t)}
and Sy = {M;41(t),..., M (t)}. Specializing Proposition 7 to the sets S; and Sz we have:

d Bs,

—Yi(t . j=1,....4,
dt J( ) aM(Sl)

d Bs o

—Y:(t) = —2 = 1,....J.
dt ]( ) MO‘C(SQ), ] 1 + I ’

By complete resource pooling, 85, > ay(s,) while 85, < ac(s,). In other words, the front part
of the split into S1, Sz moves at rate < p while the back part moves at rate > p. As a result we
have that % 2:(t) < 0. In fact, looking at all possible splits we can find € > 0 such that for any
S1, S5 as above, %Qi(t) < —€ < 0. Hence, by Lemma 1, if the sets of servers S; move together
and the set of servers S move together, then starting with Q;(0) = 0 we will have that Q;(t) =0
for all 0 < t < A.

(ii) Assume now that the servers split into more subsets which move together. Let S; be as
before, but Ss splits into Ss,...,Sr. While S; moves behind, the remaining servers will move

together in subsets, with servers of S35 moving at the slowest rate, behind Sy, and so on, and
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servers Sy, moving at the fastest rate ahead of all the other subsets. Service by these subsets of
servers will split into serving the following disjoint subsets of customer types:

C(Ss) = (u(s1 u 53)\u(51)) u (u(s1 U S5 USO\U(S; U 53)) U--U (C(sz)\u(s1 U SL_l))

Note that if we regard Sa,C(S2) as a system on its own, we do not know that it has complete
resource pooling, hence we need indeed consider the possibility that the servers of Sy will split
up. If they do split up, then we will have that these subsets of processors will move at rates

Bs, < Bs, << p Bsy,

QU (S1US3)\U(S1) QY (S1US3US4)\U(S1US3) Qe (So)\U(S1U---USL_1) .

By the elementary inequality:
G Cp0 ate, jate o
b d b b+d b+d ~d

we then have that

Bs, . Bs,

Q14(S1US3)\U(S1) Qe (Ss) '

It then follows by comparing with part (i) of the proof that the servers in subset S; move faster
than those in S3, and so again we get that £Q;(t) < —e < 0.

(iii) What we have seen so far is that if the servers are split, then the last subset of servers
will catch up with the one before last. We now proceed step by step: Because of what we
showed, if Q1(t) > 0 then £Q1(t) < —e < 0, and so we conclude that if Q;(0) = 0 then it
will stay 0 for all 0 < ¢ < A. We then move to Q2. Because Q1(t) = 0, servers My, My move
together. Hence, again by part (ii), %Qg(t) < —e < 0, and we conclude that also Q(t) = 0 for
all 0 < t < A. Repeating this step for the 3rd queue, 4th queue and so on, we conclude that
Qi(t)=0,i=1,...,J —1forall 0 <t < A as required. [

Complete resource pooling is also necessary for all the servers to move together as the next
Proposition shows:

Proposition 9 Assume that there is no complete resource pooling. Assume we start from
Q:;(0) =0,i=1,...,J =1, Qs(0) > 0. Then immediately the set of servers will split into
more than one subset, which will move at different rates.

Proof. Assume to the contrary that all servers move together. Then by Proposition 8, for all
servers $V;(t) = p, 0 <t < A.

If there is no resource pooling then there is a subset of servers S such that s < ay(s). We
will show that for any time ¢ some of the servers in S will move at a rate which is < p. This will
prove the proposition.

Assume first that the servers in S move together, and are behind all other servers. Then the
rate at which they move will be, by Proposition 7, %Yl(t) = ,u%ss) < p. Assume next that the
servers in .S split into S = S;U---U ST subsets, each of which moves together, and that all these
subsets are behind all the servers in S. Then as argued in the proof of Proposition 8, the servers

of the last subset S; will move at a rate slower than Maf (Ss) < p.

Finally, if these subsets of S which move together are not behind all the servers in S, then
the servers of the last subset S; will have more customers to serve than if they were moving in
the very back. Hence the rate of moving for ¢ € S will be:

d -

dt" Toay(sy) T aus)
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We now extend the results of Propositions 8, 9 to any subset of servers, to be able to say
when Y%, ..., Y; might be moving together. To do so we need the following definition of relative
complete resource pooling, as follows:

Definition 10 Consider a partition of the servers into subsets S’,S,S”. We say that S has
complete resource pooling between S’ and S” (the order of S” before S” is important here), if the
subsystem which consists of servers m; € S, and the customer types ¢ € U(S" U S)\U(S’), with
Bm,: = Bm,/Bs, e = ac/aysius)usy has complete resource pooling.

Proposition 11 Consider a fluid limit for which Yi_1(t) < Yi(t) = --- = Yi(t) < Yiqa(t) for
some k < I and for some t. Let S(t) = (S",{Mk,...,M;},S") be the corresponding partition
of the servers. Then Yy, ...Y; will continue to move together, i.e. Yi(r) = --- = Y(7) for

t <1 <t+A for some A > 0 if and only if {M,..., My} have complete resource pooling
between S" and S”.

Proof. Because Qj_1(t) > 0 and Q;(t) > 0 the servers S = {My, ..., M;} will move in isolation
of all the other servers during a time interval t < 7 < t + A, and will be between servers S’
and S”. In their movement they will process all the customers in U (S U S")\U(S’), and only
those customers. The condition that S has complete resource pooling between S’ and S means
that in a system that would consist only of servers S and customer types U(S U S)\U(S’), with
B, & as defined above, there would be complete resource pooling. Hence, by Propositions 8, 9,
it would be necessary and sufficient for the servers of these subsystems to move together. But
the movement of the servers S when they are between S’,S” and Qy_1(t) > 0 and Q;(t) > 0, is
exactly as if they were a separate system, with the only difference that they will actually also
skip over all the customers types in C(S”). Hence, by Propositions 8, 9 they will stay together
if and only if S has complete resource pooling between S’ and S”. O

3.3 The overloaded system under complete resource pooling

We consider now the behavior of the system under complete resource pooling, when A > u. Here
clearly the Markov process is transient. However, what we will see is that while the queue behind
the last server grows without bound, the servers and the queues between them tend to a limiting
distribution which is again that of the FCFS infinite matching model. We will use the notation
and the results on the fluid dynamics from Section 3.2. We will also need the following lemma,
the proof of which is given in [1].

Lemma 2 Let X (n) = (X1(n), X2(n)) be a Markov chain on countable state space with X;(n) €
7T . Assume the following:

1. limy, 00 Xa2(n) = 0o almost surely.

2. P(Xi(n+1) = j|Xi(n) =i, Xo(n) =1) = P, ;, for all values of | > 0, where P;; are
transition probabilities of an ergodic Markov chain with stationary probabilities ;.

Then for all initial iq, jo:

sup ‘P(Xl(n) = j| X1(0) = ig, X2(0) = jo) — m;| = 0, asn — oo
J

i.e. X1(n) converges in distribution to m in total variation norm.

We can now prove the following theorem:
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Theorem 12 Assume complete resource pooling and X > .

(i) From any fized initial state, as t — oo:

kt) = J a.s.
Q= (A —p) as. (25)

(ii) Ast — oo, P(S(t) = (m1,ma,...,my),Q1(t) =n1+1,...,Qs-1(t) = nyj_1+1) converges to
7l(my,n1,...,ny_1,my) in total variation distance, where 7! is the stationary distribution
of XI(N), the Markov chain describing the FCFS infinite matching model, given in (19),

(20)

Proof. We consider first the fluid limits for the overloaded system. By the results of the previous
section, we have that %Yj(t) < p. This will hold, because by Proposition 7 the front subset

of servers S will move at a rate paf (SS), and by complete resource pooling, s < a¢(s). Since
Qs(t) = A(t) — Y;(t) we have:

d - d - d - Bs

— t)y=—A(t)— =Y ;(t) =X — >A—pu>0.

dtQJ( ) 7 (t) il 7(t) Mac(s) >A—p

Hence Q () — oo as t — oo, and then of course @ (t) will diverge almost surely. In particular
this implies that k(t) — J almost surely as ¢ — oco.

Consider now the behavior of our Markovian system when @ 5 (¢) > 0. When @ ;(¢) > 0, all the
servers are busy, and the queues Q,(t),7 = 1,...,J —1 have transitions which occur irrespective
of the current state at times which are a Poisson process of rate pu. The sequence of states
following each transition form a discrete time process, with Markovian transition probabilities
which are exactly those of the FCFS infinite matching model, and do not depend on the value
of Q(t). Hence, the conditions of Lemma 2 are fulfilled, and the discrete time jump process of
states will converge in law to 7/. As a result the continuous time process will also converge in
law to 7’.

Because Qi(t),...,Q _1(t) converge to a steady state distribution, Q1,...,Qs_1 converge
almost surely to 0. Hence, in the fluid limit all the servers will move together at rate p and for
any fixed initial state, Qs (t) = (A — p)t. Hence, Q;(t)/t — X\ — p almost surely. [

3.4 Unique decomposition under incomplete resource pooling

We again consider the system with fixed «, 5, p and let A increase, but we now consider the case
that complete resource pooling does not hold. We show that there exists a unique decomposition
of the system when it is overloaded. To do so we associate with our system the following network
(see Fig. 7): The nodes are ¢ € C, mj € S, a source node o, and a sink node ¢t. The arcs are
(0, ) of capacity A, for all ¢ € C, (mj,t) of capacity ji,, for all m; € S, and (c,m;) of infinite
capacity for all (¢, m;) in the bipartite compatibility graph.

In what follows we use the terms, notation, and results as formulated in Ford and Fulkerson’s
book [16], pages 1-14, see also [9]. In a directed network with origin and terminal o, ¢, a cut is
given by a partition of the nodes into two sets, one of which includes o and the other includes
t. For our network it is given by {o,C,S} and {t,C, S}, for some subset of customer types C
and some subset of servers S, where C, S are the complements of C, S. The capacity of the cut
is the sum of the capacities of arcs directed from the o part to the ¢ part. For our network this
will be the sum of the capacities of the arcs from o to the nodes in C, the arcs from the nodes of
S to t, and the arcs from C to S. For any cut with finite capacity, C and S must be such that
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Customers Servers

Figure 7: s—t maximal flow problem with minimum cut through C(}\), S(}).

there are no arcs in the compatibility graph from C to S. We will only consider cuts with finite
capacity, for which the arcs from the o to the ¢ part of the network are exactly the arcs from the
o to C and the arcs from S to t. Rather than talk about the cut as a partition we will describe

a cut by the sets C' and S. Note that for cuts with finite capacity we will have that S(C) C S,
and that C(S) C C. The celebrated max-flow min-cut theorem states that the maximal o to ¢
flow through the network equals the capacity of the minimal cut.

The maximal flow in the network is related to the stability of our system through the following

proposition.

Proposition 13 A necessary condition for stability is that the mazximal flow from o to t is .
A sufficient condition is that there exists € > 0 such that if the capacities of the arcs (o,c) are
increased to (1 + €)A. the mazimal flow is (1 + €)\.

Proof. The proof is similar to proofs that were given in [7, 12], we give it here for completeness.
For sufficiency, assume that with o to ¢ flow capacities (14 ¢€)A., the maximal flow in the network
is (1 + €)A. Then for any subset of customer types C, the total flow from o to the nodes in C
equals (1 4 €)A¢, so the total flow from C to the server nodes S(C') equals at least (1 + €) Ao (it
may be more since S(C') may receive flow from additional customer nodes), and so the total flow
from server nodes S(C) to t equals at least (1 4 €)A\¢. But the capacity of the arcs from server
nodes S(C') to t equals yg(cy, so if the maximal flow is (1+€)A we have pscy > (1+€)Ac > Ac.
Hence the condition (9) for stability of the queueing system with total arrival rate A holds, and
the system is stable.

For necessity, assume that the total arrival rate of the queueing system is A. Then the
maximal flow in the network must be < A. Assume now that the maximal flow is < A. By the
max-flow min-cut theorem there exists a minimal cut of capacity < A. Let such a minimal cut
be defined by the arcs from o to C' and the arcs from S to t. Then as observed above, S(C) C S.
The capacity of the cut is A\¢ + ps < A\. We now see that Bs@c) < Ms < A—Ac = X5. But
tse) < Az contradicts the condition (9) for the stability of the system. Thus if the queueing
system is stable, then the maximal flow in the network must equal A. O

The following theorem describes the solution of the o to t maximum network flow problem,
as a function of A. Fig. 8 illustrates this theorem as well as the following Corollary 15.
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Figure 8: Maximal flow as a function of A

Theorem 14 Consider the ot maximum network flow problem as X increases. Then:

(i) The mazimal flow f(\) is a continuous piecewise linear non-decreasing concave function of
N, with breakpoints 0 = X0 < X1 < ... < XEB) <« XEHD) = o0 which has slope 1 for
0< X< XY, and is constant and equal to p for A > &),

(ii) For each interval (AU~ X)) there exist a set of customer types C(AN~ X)) and a set
of servers S(AC=V XD such that they form a cut, which is the unique minimal cut for all
A in the interval.

(iii) The sets C(AC=D X)) are decreasing in i and the sets S(A\C—1 XD are increasing in i,
in the sense that: C(AO A1) 5 C(AW AR 5 ... 5 OB NEHD) gnd SN0 AD) ¢
S()\(l)7>\(2)) cC.--C S()\(L),)\(LH)).

Proof. (i) The maximal flow problem for each fixed A is a linear program with feasible and
bounded solutions, and when it is considered with varying A it is a parametric linear program.
As such it will have intervals in which the same basis is optimal, and such intervals will cover
the whole line of A > 0. Within such an interval the flows of the optimal solution will be
affine functions of A\. The optimal maximal flow objective f(\) is clearly a continuous non-
decreasing function of A. Consider now the optimal flows for \" and X\ with A’ < A" and look at
A= (1-6)N 4 6)\’. The convex combination of the optimal flows for A" and for A"’ is a feasible
flow for A with objective value (1 —0)f(\)+ 0f(\") which can only be suboptimal. This proves
the concavity. Finally, if 0 < A < min{fm,,- .., tm, } the maximal flow is A, so the slope of the
initial interval of f()\) is 1, and for A such that min.cc A\ > p the maximal flow is p, so the
slope of f(A) in the last half infinite interval is 0.

(ii) Consider an interval A=Y < A < A in which the maximal flow is f(\) = a + b\. For
fixed Ag in the interval, consider a minimum cut, so its capacity is a+b\g. For any other A in the
interval the capacity of this cut will an affine function of A, and it will be at least f(\) because
any cut capacity is an upper bound on the flow. This implies that the capacity of the cut is
equal to a+ b for all A=Y < X\ < A\¢, and hence the cut is a minimal cut for all AG—1) < X\ < X%
Hence we have shown that any minimal cut for Ag is in fact a minimal cut for the whole range
of values A= < X\ < A\,

Assume now that there are two different minimal cuts, given by the partitions {o,C1, S},
{t,C1,S1} and {0,C4, So}, {t,Ca,S2}. The capacity of these minimal cuts will be Aac, + p83s,
and Aae, + p8s, respectively, where both expressions are equal to a+bA. By Corollary 5.4 in [16],
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the cut formed by C;NCy and S;US, will also be a minimal cut, with capacity Aac, nc, +18s,Us, -
Recall that a. > 0 for all customer types ¢ € C. Hence we cannot have equal capacities for the
three cuts for a range of values of A unless C7 = C3. Once we have that C7 = Cs, we see that
we cannot have equality of the capacities of the three cuts unless also S; = S3. This proves the
uniqueness in each interval.

(iii) We consider X < A”. Let the minimal cut for A’ be given by subsets C, S, where the arcs
across the cut are the arcs from o to C', and the arcs from S to t. We partition the network into
two subnetworks, the first consists of {0,t,C1,S1} where C; = C, S; = S, and the second consists
of {0,t,Co, S}, where Cy = C, S = S. We look at the solution of the o-t maximal network flow
problem for each of the subnetworks, where the inflows to the two networks are increased by a
factor of A”/X. For the first subnetwork the maximal flow remains constant for all A” > X" and
equal to f1 = pfs, and the minimal cut consists of the arcs from S; to t. By part (ii) we have
a unique minimal cut also for the second subnetwork problem, given by unique sets C3 C Cy
and S3 C S5 and the maximal flow equals the capacity of this cut fo = A ac, + pBs,. We now
claim that using the combined maximal flows of these two networks will give us the maximal
flow for the original full network, with total arrival rate A”. To see this we note the following:
(1) The combined flow is a feasible flow for total arrival rate \”, and it equals the sum of the
flows f1(A1) + f2(A2), which equals the capacities of the two minimal cuts. (2) The sets of nodes
{0,C1U(C3\C3), 51 US3} and {t,C3, 52\ S5} provide a partition and are a cut. (3) There are no
links from C} or from C\Cj5 to S2\S3, and so the capacity of this cut is finite, and equal to the
capacities of the arcs o to C5 and S71 U Sy to ¢, which is f1(A1) 4+ fo(A2). Thus we have a feasible
flow equal to a cut capacity, which implies optimality.

We have shown that the minimal cut for A" is given by Cs and S; U S3, while the minimal
cut for X is given by Cy and Si, so that C3 C Cs, and S; U S3 D S7, which is the monotonicity
we needed to show. Strict monotonicity holds if A’, A" belong to different intervals. [

Theorem 14 induces a decomposition of the servers and of the customer types as detailed in
the next Corollary. The decomposition is illustrated in Fig. 9. In this figure we have minimal cuts
which belong to a case where there are 4 breakpoints in f(A), which correspond to 5 intervals,
and 5 minimal cuts as numbered.

Figure 9: Decomposition of servers and of customer types

Corollary 15 If the mazimal flow f()\) has breakpoints 0 = X0 < \(1) < ... < X(E) < \(LAD) —
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00, then there is a unique partition of the set of servers into non-empty subsets S1) ... S&)
and of the set of customer types into non-empty subsets CV ... ,CE) | such that:

(i) The minimal cut for A= < X < X consists of

CA=Y Ny = U ck S(AEY A0y = U S,

k>i k<i
fori=1,2 ... L+1.
(i) The mazimal flow f(\) where \0—1 < X < X s

A=A acwm 1y Bsw,

k>i k<i
fori=1,...,L+1.
(i4i) The values of the breakpoints are:

A0 = Psw e s yw - Psw

Q1) Qe(2) Qe (L)

(iv) Consider the subsystem composed of servers S and customer types C9) | with arrival rates
o for customers of type c. Then this system is stable for X < A\ and unstable for
A\ > A

(v) Consider the subsystem composed of servers UéziS(k), and customer types Uﬁzic’(k)‘, with
arrival rates Ao, for customers of type c¢. Then this system is stable for X < X% and
unstable for A > A

(vi) For M= < X < AD) the mazimal flow solution of the whole system will have zero flow on
arcs from customers ¢ € C%) to servers m; € SW for allk >i>1.

Proof. Parts (i) and (ii) and (iii) follow directly from the construction of minimal cuts in Theorem
14. Parts (iv) and (v) then follow from Theorem 13 and the expression in (iii). Finally, for part
(vi) we note that when A=Y < X\ < A(¥) then the servers SU) receive flow pfs() from customer
types CY) for j = 1,...,i — 1, so there can be no additional flow to any of them from nodes of
customer types in C,....c(F). O

The following corollary gives another way of solving the max plow problem and decomposing
the sets of servers and customer types, and pinpoints the nature of this decomposition:

Corollary 16 The sets C'), S have the following characterization.:

(@) _ ~ Bsc) (@) _ ool
C* = argmingcey |y, _, e ot S =8(1Y).

Bs(c)

Proof. One way to see this is that, by Corollary 15 (iv), for each C' C C) we have
Bg(i

) e
Intuitively the picture is as follows: Under complete resource pooling CV) = ¢, M = S.
When there is no resource pooling, for some subsets of customers the requirement that ac <
Bs(cy is violated. As A increases the subset of customers which have the least value of Bs(c)/ac

and by (iv are monotone increasing in 7. [J

becomes overloaded when A reaches ,uﬁs(c), and this defines C() and S, This leaves servers
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S\SM to serve the remaining customer types C\C"). Note that even if ¢ € C\C*) can be served
by a server in S™, this will not happen in the max flow solution, since all the servers in S() are
fully occupied by C™"). The remaining servers and customer types now behave like a subsystem

with G, = —%=—, B, = —5-—. If in the remaining subsystem Bs@) > 1 for all subsets, then
Qa(1) J Bs(1) o

L = 2 and the minimum of these ratios will be reached by S\S™W), C\C"). Else, if the minimum

is again < 1, the subsets C,S(C) with minimal ratio of Bs(c)/ac will be 8@ @ and the

servers in S will become overloaded when \ = =52

5—(2), and so on (see Figs. 8 and 9).
C

3.5 Limiting behavior of overloaded system under incomplete resource
pooling

Following our study of the fluid limits of our system, and the decomposition of the set of servers
and of customer types when there is no resource pooling, we can now describe the limiting
behavior of our system as t — oo in the case that there is no resource pooling, as a function of
the total arrival rate . In the following theorem we use the notation developed in Section 3.4.

Theorem 17 Assume the system has incomplete resource pooling, as in Section 3.4 and that
the total arrival rate is XV < X\ < XU+ Then as t — oo the following convergences will occur
for the state of the system, s = (S(t),Q1(t),...,Qs(t)):

(i) The permutation S(t) as t — oo will consist of a permutation of SN followed by a per-
mutation of S and so on up to a permutation of SY, followed by a permutation of the
Temaining Servers.

(i1) As t — oo the queue between the last server of S*¥) and the first server of S*+1  for

kE=1,...,min{l, L — 1} will diverge, growing at a rate (BS(M — ﬂs(k)) ay -
Qe (k+1) Qe (k) i<k

Ifl =1L, i.e. A > A, the queue after the last server will grow at rate:  p (/\ _ Bsw) )
Qe(r)

(i) For k =1,...,1, the probability distribution of the permutation of S®) and the queue length
between the servers S will converge to the stationary distribution of the FCFS infinite
matching model for the subsystem of CF) SK),

(iv) If | < L, then the probability distribution of the permutation of the remaining servers and
the queue lengths between them and behind the last of them, and the ordered set of idle
servers, will converge to the steady state distribution of the stable system consisting of
Up=i €% Uy S, as given by Theorem 1.

The diverging queues will diverge almost surely. The convergence of the probabilities to stationary
probabilities will be in total variation distance. The overloaded subsystems and the remaining
stable system will converge in distribution to independent processes.

Proof. Tt follows from the results of Sections 3.2 and 3.4 that the fluid limits of the processes Y}
for the various servers will eventually coalesce into subsets which will move together, with the
servers of the subsets S*) moving together at rates increasing with k for k = 1,...,1, and the
remaining servers will move together with A(¢) at the rate A. This implies (i). The rates in (ii)
are obtained directly from (22) and (24).

It is then seen that for each subsystem the transition rates, conditional on the diverging
queues being > 0 are exactly those of the FCFS matching model for the subsystems k =1,...,1,
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and for the remaining subsystem they are equal to those of a stable system consisting of
Us=1 €, Ujs; S, Parts (iii) and (iv) then follow by Lemma 2.

The independence follows since the various subsystems have independent transitions given
that the diverging queues are > 0. O

4 The overloaded system with abandonments

We now consider our system with the added feature of abandonments. We assume that customers
of type ¢ have patience distribution F,. which we take for simplicity to be absolutely continuous,
and a customer abandons the system when his waiting time before service exceeds his patience.
These abandonments assure the stability of our system. We study the behavior of the system
under uniform acceleration, where we assume that the arrival rate A\ and the service rate u
increase, while the patience distribution remains constant.

In a seminal paper Talreja and Whitt [23] have studied a system with multi-type customers
and multi-type servers under FCFS, in the presence of abandonments and under uniform acceler-
ation. Our results in this paper, with the added assumption of memoryless arrivals and services,
allow us to give a more complete description with more details on its behavior.

While exact analysis of systems with abandonments is difficult, their asymptotic description
under uniform acceleration is much simpler. For a single stream of customers with abandonments,
under uniform acceleration, if the offered load is < 1 the speed with which customers move
means that there are very few abandonments and in the limit they disappear. When the system
is overloaded, with offered load > 1, there are many customers with sufficient patience in the
system at all times, and successive customers will have approximately the same waiting time,
so that there will be an effective cutoff time w, such that customers with patience less than w
will not be served, while customers with patience > w will in the limit be served after waiting
exactly w. These results are obtained by studying the fluid and diffusion approximations of the
process. Similar results were obtained also for multi-type customers, by Jennings and Reed [22].
The case of offered load close to 1 is much harder, and leads to the Halfin-Whitt limiting regime.

It is to be expected that similar behavior under uniform acceleration also occurs in our multi-
type server multi-type customer FCFS system with abandonments. In what follows we do not
prove the asymptotic behavior under uniform acceleration, and we do not consider the case of
offered load close to 1. We assume that the asymptotic results hold, and under this assumption
we derive the behavior of our system.

We now discuss four cases in order of increasing complexity, in the limit under uniform
acceleration:

Uniform patience, complete resource pooling

Assume all customers have the same patience distribution, F, = F' and the system has complete
resource pooling. If the system is overloaded then a value w will be uniquely determined by
1= A1 — F(w)). This will be the effective arrival rate of customers that do not abandon, the
system will be stable, and include at any time pw customers which have enough patience to be
served, while losing customers that abandon at a rate AF'(w). Note that all the different types of
customers will have the same fraction of abandonments, and those customers that will be served
will have the same waiting time before service. Talreja and Whitt [23] refer to this as global first
come first served.

The system will then evolve on two time scales. On the fluid scale it will have a large ~ pw
number of customers, all of them behind the last server, and all the servers will move together at
rate p. On the detailed scale the servers will behave like servers in the FCFS infinite matching
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model, with the servers ordered according to a random permutation, with stable queues between
them, and the permutation of servers and the queues between the servers will have the steady

state distribution 7.

Uniform patience, incomplete resource pooling

Assume common patience distribution F and no resource pooling, so that the max flow as
function of A and the resulting system decomposition are as described in Section 3.4. If the
system is overloaded so that A > A(X) and we go to uniform acceleration, by increasing both A
and p, then all the servers will be overloaded, and the system will split into L subsystems, with
S serving only customers of CY. There will be individual w; for i = 1,..., L, where w; is
determined by Aagey (1 — F(w;)) = pBsw . Here the fraction of abandonment and the waiting
times are the same within each subsystem, but they are different for each of the subsystems,
with wy > wy > --- > wy,.

Now each subsystem evolves independent of the others, similar to the behavior of the whole
system when resource pooling holds.

If A) < X < A1 then only subsystems 1, ..., will be overloaded, and under uniform ac-
celeration subsystems [+1, ..., L will form one subsystem which is stable, with no abandonments
in the limit. The steady state distribution of this subsystem will be that given by Theorem 1.

Individual patience distribution, complete resource pooling

Assume now that the patience distribution of customers of type c is F., and that complete
resource pooling holds. If the system is overloaded, because of complete resource pooling there
will be global first come first served, and the waiting time cutoff w will be determined as the
unique value that satisfies:
)‘ZO‘C(l = Fe(w)) =p
ceC

That w is unique follows from the monotonicity of all the F,.. Now under uniform acceleration
all the customers that have patience greater or equal to w will be served after waiting exactly
w. However, different customer types will have different abandonment fractions, given by F.(w)
for customers of type c.

Again the system will evolve on two time scales, with a queue of length ~ pw, and all the
servers moving together on the fluid scale, and on the detailed scale the servers and customers
between them will have steady state distribution given by n!, which however needs to be mod-
ified as follows: because different types have different fractions that abandon, the new i.i.d.
distribution of the types of customers that get served is given by a. = a.(1 — Fe.(w))\/p.

It is however possible that with the new values of a. the system will not have complete
resource pooling. This leads to the behavior of the next, most general case.

Individual patience distribution, incomplete resource pooling

In that case the system will decompose into several subsystems, each of which will behave in-
dependently of the others. One of the subsystems may not be overloaded, and under uniform
acceleration will behave like our stable queueing network of Section 2. All the other subsystems
will evolve as overloaded systems with individual patience distribution, and complete resource
pooling.
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Within the overloaded subsystems the following will be true: Each subsystem S®, C() will
have its own w;, satisfying:

A Z ac(l - Fc(wz)) = N/BS(i)v

ceC(®

and the subsystem of @, C(") will have complete resource pooling with the modified

A .
de = ae(1 — Fa(w;)) , cecW,
HPs@)

It remains to show that this decomposition is unique, and how to obtain it. We proceed
as follows: We start from w = oo, only customers with infinite patience will be served, so
everyone abandons, and the effective arrival rate is 0. We then decrease w. As a result, A(w) =
> ecc Aae(l — Fe(w)) which is the effective arrival rate, of customers that will be served if we
serve only those with patience > w, will increase. For each such value of w we will also have
the fractions of customers of each type, which will be proportional to &. = a.(1 — Fe(w;)). As
w decreases and the arrival rate increases we will get a first set of servers which is overloaded,
SM and a value w;. With it we have C) = U(S™M). We now exclude S, C™), and continue in
the same way for the remaining servers and customer types, where we now continue to decrease
w further beyond w;. This procedure will yield a decomposition, and a sequence of waiting
times wy; > wy > ---. It will end either when all the servers and customer types have been
put into subsets, with a last, smallest wy,, in which case all the servers are overloaded, or when
some servers and customer types are still left and w has reached the value 0, in which case
these remaining servers are not overloaded, and can serve all their customer types even without
abandonments.

The subsystems will then evolve independently as for the previous three cases. Within each
subsystem there will be global FCFS but the fraction that abandon will be different for different
customer types, given by the individual F.(w;). On the detailed scale the overloaded subsystems
will have steady state distribution #! with the appropriate parameters. The last subsystem
which is not overloaded will have in the uniform acceleration limit no abandonments, and have
steady state distribution as in Theorem 1.
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