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Abstract

The paper is concerned with the analysis of an s server queueing system in which the calls
become impatient and leave the system if their waiting time exceeds their own patience. The
individual patience times are assumed to be i.i.d. and arbitrary distributed. The arrival and
service rate may depend on the number of calls in the system and in service, respectively. For
this system, denoted by M(n)/M(m)/s + GI, where m = min(n, s) is the number of busy
servers in the system, we derive a system of integral equations for the vector of the resid-
ual patience times of the waiting calls and their original maximal patience times. By solving
these equations explicitly we get the stability condition and, for the steady state of the system,
the occupancy distribution and various waiting time distributions. As an application of the
M(n)/M(m)/s + GI system we give a performance analysis of an Automatic Call Distributor
system (ACD system) of finite capacity with outbound calls and impatient inbound calls, es-
pecially in case of patience times being the minimum of constant and exponentially distributed
times.
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Keywords: M (n)/M(m)/s queue with impatient calls; state dependent arrivals and depar-
tures; finite capacity; integral equations; occupancy distribution; waiting time distribution;
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1 Introduction

In this paper we consider an s server queueing system with an unlimited waiting room with
FCFS queueing discipline and where the calls waiting in the queue for service are impatient,
cf. Fig. 1.1. The arrival and service process are allowed to be state dependent with respect to
the number of calls in the system and busy servers, respectively. If n calls are in the system,
i.e. m = min(n, s) are in service and ¢ = (n — s); are waiting, let A, > 0 be the arrival rate
of calls and p,, > 0 the cumulative rate of finishing service by the servers. We assume that
the sequence of the arrival rates ), is bounded and that A, > 0 for n > 0 or that there exists
a non-negative integer k such that A, > 0 for 0 < n < s+ k and A\, = 0 for n > s + k.
Concerning the cumulative rate of finishing service we assume that @ = 0, us > 0. Each call
arriving at the system has a patience time U. If the virtual waiting time W" (i.e. the time which
a call would have to wait until service) exceeds U then the call departs from the system and
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gets lost by impatience. The patience times are assumed to be i.i.d. with a general distribution
C(u) .= P(U < u), u € IRy which may be defective, i.e. P(U = 00) > 0 is not excluded. This
system is denoted by M (n)/M(m)/s + GI, where M (n) denotes the arrival process depending
on the number of calls in the system, M (m) the service process depending on the number of
busy servers and G1 stands for the i.i.d. patience times.

Remark 1.1. Note that if A, > 0 for 0 <n < s+ k and A\, = 0 for n > s + k then we have
the case of a limited waiting room with k waiting places. In case of , = A > 0 for n > 0 and
tm = myp for 0 < m < s the model corresponds to an M /M /s + GI system, cf. [BH]. The more
general case A, = A > 0 for n > s and p,, = mu for 0 < m < s is treated in [Ju2]. Relations to
the results of [BH] and [Ju2], which seem to be the mostly relevant papers to our, and further
references are given below.
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Fig. 1.1. The M(n)/M(m)/s+ GI system with impatient calls and state dependent
arrival and departure rates, where n denotes the number of calls in the system,
m = min(n,s) the number of calls in service, W¥ the virtual waiting time and U
the patience time.

The paper is organized as follows. In Sec. 2 a system of integral equations for the density
of the stationary process of the vector of the number of calls, residual patience times and
original maximal patience times of calls waiting for service in the system is derived. By a
separation approach corresponding to local balance, the integral equations are solved explicitly;
the densities are of an elementary structure. In Sec. 3 we derive the distribution of the number of
calls in the system (occupancy distribution), the stability condition and performance measures
as the impatience probability, the cumulative arrival rate and the waiting time distributions
of the served calls as well as of the calls leaving by impatience. In Sec. 4 an application of
the results to a performance analysis of an Automatic Call Distributor system (ACD system)
with impatient inbound calls and outbound calls is given. In case of patience times being the
minimum of constant and exponentially distributed times numerical algorithms and results are
presented. The results of the paper can also be used for constructing system approximations for
more complicated ACD systems. Such an approximation technique is given in [BB].

Let us now give some remarks concerning the literature and related papers. There is a lot of
papers dealing with impatience phenomena. It seems that Barrer [Bal], [Ba2] was the first one
who dealt with the impatience problem; he analyzed the M /M /14 D system. Brodi [Brl], [Br2]
derived and solved for the M /M /1 4+ D system the corresponding integro differential equation.
The general GI/GI1/1+GI system is treated in Daley [Dal]. The many server M /M /s+ D system
was analyzed by [GK] by giving an explicit solution of the system of integro differential equations
for the work load of the s servers, which yields formulas for the performance measures. This
way was successfully proceeded by [Jul] for impatience times being the minimum of a constant



and an exponentially distributed time and [Ju2] for the general M /M /s + GI system where the
arrival intensities may depend on the number of busy servers (cf. also [GKo| p. 270). Later,
independently [HSk] and [BH] derived results for the M/M/s + GI system, too. Haugen and
Skogan [HSk] started with a result of Wallstrom [W], cf. also [Hau] for an s server system with
several Poisson input streams where each call type has an individual constant impatience time
and where the call in the system (waiting and served) may become ”exponentially” impatient.
By an appropriate limiting construction they obtained a formula for the waiting time distribution
for the M/M/s + GI system and a generalization of this by allowing departures for the case of
a limitation of the total time spent in the system (queue and server). In [BH] the Kolmogorov
equations are derived and solved for the virtual waiting time of a call with an unlimited patience.
By means of this quantity formulas for the relevant performance measures are derived. However,
the distribution of the number of calls in the M/M /s + GI system (those becoming impatient
and those which will be served) and of the more general model in [Ju2] was not treated in the
references mentioned above. Thus the results concerning the occupancy distribution given in
Sec. 3 are new — as far as we know — also for the special case of an M /M /s+ GI system (treated
in [BH]) and of the model in [Ju2]. Note, that our model includes the case of a finite waiting
room, whereas this case is excluded in the models mentioned above.

In the literature, there are known several other mechanism where calls leave the system by
impatience: If the call can calculate its prospective waiting time at its arrival instant then it
leaves immediately if this time exceeds its patience. This strategy yields a better utilization of
the waiting places because they will not be occupied by calls which later abandon by impatience.
Also the patience may act on the sojourn times (waiting time plus service time). In this case
not all work is useful because a call may leave the system by impatience during its service. For
references and other more general models with impatience mechanism we refer to [BBH], [BH],
[Ju3], [Sin], [Teg] and the references therein.

2 A system of integral equations and its solution

Throughout this section we assume that the queueing system is stable and that the distribution
C'(u) of the patience times is non-defective and has a continuous density c(u).

If n > s calls are in the system then there are ¢ := (n—s); > 0 waiting calls in the system. (The
notation ¢ := (n — s)4 will be used also in the following.) Accordingly to the FCFS discipline
we number the waiting calls consecutively in such a way that the i-th call arrived at the system
after the arrival of the (i — 1)-th call, i.e. they are numbered accordingly to their positions in
the queue. Let

N(t) — number of calls in the system at time ¢,

M(t) := min(N(t),s) — number of busy servers at time ¢,

L(t) == (N(t) —s);+ — number of waiting calls at time ¢,

(X1(t),..., X (t)) — vector of the residual patience times of waiting calls ordered ac-

cordingly to their positions in the queue at ¢,

(Ur(t),---,Urw(t))  — vector of the original maximal patience times of the waiting calls
ordered accordingly to their positions in the queue at ¢,



p(n):= P(N(t) =n) - stationary distribution of the number of calls in the system,
P(’I?,, L1ye-y Ty ula"'auf) = P(N(t) = n; Xl(t) < J}l,...,Xe(t) < xy;

Ul(t) S ULy Uf(t) < ’LL@)
— stationary distribution on N(t) = n, where £ := (n — s);.
Obviously, for fixed n > s the support of P(n;xy,...,zsuq,...,us) is contained in
Q= {(x1,...,z5u1,...,up) € Ri_g Ul —x1 > ... > up— x> 0} (2.1)

In view of the assumptions on C'(u) the density

026
p(N; 1, .. T UL, ., Up) = oy T R

P(nyzy, ... ,xpur,. .., up)  (2.2)

is continuous on )y; from a representation of this density given at the end of this section its
continuity on €, follows, too.

In case of n < s we have the balance equations

(A + pn)p(n) = I{n > 0} N,—1p(n — 1) + ppg1p(n + 1), n=0,1,...,s — 1, (2.3)
(As + 1s)p(s) = As—1p(s — 1) —I—/ p(s+1;0;u)du + ,us/ p(s + 1; z;u)dzdu. (2.4)
Ry R2

In view of py = 0 by summing the first n + 1 equations of (2.3) we obtain
Anp(n) = ppr1p(n + 1), n=0,1,...,s — 1. (2.5)

Therefore, (2.4) is equivalent to

Asp(s) = / p(s+1;0;u)du + us/ p(s + 1; z; u)dedu. (2.6)
Ry R2.

In case of n > s and (z1,...,24u1,...,up) € €y, which in view of (2.1) especially implies
0 < zp < uy, we get the balance conditions

p(n;xla-'wx@;ulv"'auf)
= p(nsxr+h,...,xp+ hjuy,...,ug) (1l —hN, — hug)
{41
—l—hz /p(n+1;x1,...,xi_1,0,xi,...,xg;ul,...,ui_l,u,ui,...,ug)du
i=lpp,
+hus/p(n+1;:1:,.1:1,...,xg;u,ul,...,w)dxdu—ko(h), h>0, z<us, (2.7)
7



p(n;xl, sy Lp—1,Ugs UL, - - auf) = /\n—lp(n — Lz, meqiu, . ,’U/gfl)C(Ue). (28)

In the following from (2.7), (2.8) we’ll derive an equivalent system of integral equations for the
density p(n;z1,...,xpu1,...,uz). Let n > s and (x1,...,25u1,...,u7) € p with z, < uy be
fixed. We define

o(t) = plnszitt, . wetun, . ue

o0
+)\n/l)(n;x1+§, e e U, .. ,Ug)e_“S§d§
t

41 9
_Z//p(n+17x1+§77x271+€707xl+§77'T€+§a

i=1% i, c
ULy eewy Ui 1y Uy Uy - .y Ug) e HoSdudd

[o@)
—,us// pn+1l;x,214E, ..., z0+E; u,ul,...,w)e_“sgdxdudﬁ, t €[0,up—xy.
t 133_

Because of the continuity of p(n;x, ...,z ui, ..., ue) on £y the function ¢(t) is continuous,
too, and for ¢t € [0,uy—xy), h € (0,uy—xy—t] by some algebra we get

(p(t) = p(t+h))e’
= pnyxi+t,...,xp+t;ug, ..., up)

—p(n;xi+t+h, ... xe+t+hyur, ... up)(1 — hA,—hus)

/+1

_hz /p(n+1;x1+t,...,xi,l—i—t,O,xi—i—t,...,a?g—i-t;ul,...,ui,l,u,ui,...,W)du
Z:1 1R+

—hus/ p(n+1l;z, 1+t ..., ze+t;u,up, . .., up)dedu + o(h).

+

Applying now (2.7) at the point (x;+t¢,...,z¢+t;ug, ..., ur) we obtain

o(t+h) — @(t) = o(h), te[0,uy—xg), he (0,up—zs—t].

By the continuity of ¢(t) therefore we conclude that () is constant, especially we obtain the
relation ¢(0) = ¢(uy—z). In view of the definition of ¢(¢) and since the support of the density

p(n;x1,. ..,z u1,. .., up) is contained in €y the last relation reads
p(n;z1,. .., T UL, Up)
+)\n / p(n, .'171+§7 e ,xg—i—g;ul, - 7u€)€7’u55d€
Ry



041
_Z /p(n—i_l’xl—’_gu s 7.’171‘714‘6707.'171"’—6, s 7xf+€;

Uy o oo Ui 1, Uy U,y - - . Ug)e oS dudé

—Hs / p(n—l—L T, T +£> s xetusug, . 7u€)6_usgdded£
iy
= p(nyx1H+ug—mxgy ..., To—1+up—Tq, Uy U1, - .. ,W)e_“s("‘f_”).

Because of the boundary condition (2.8) hence we get the following system of integral equations
for n > s and (x1,...,xpu1, ..., up) € Qp:

p(n;xla-'wx@;ulv"'auf)
= Ao1p(n—Lix1+ug—xp, ..., To_1+Ur—Tp; U, ... ,ug_l)c(w)e_“s(“f_”)

_)\n/ p(nyz1+E, ... xp+& U, . .. 7u£)6—us§d§
Ry

041
+Z /p(n+1;x1+§, e, i1 +HE0, 2 +E, L xS
i=1
BQ

ULy o ne s Wity Uy Wy - - - ,ug)efusgdudﬁ
. . 7#55
—HLS/ p(n+L;x,214E, ..., ze+&u,ur, .., up)e daxdudé. (2.9)
i
On the other hand, from the system of integral equations (2.9) the balance conditions (2.7) and
(2.8) may be derived.
In the following we’ll solve the system of equations (2.5), (2.6), (2.9). From (2.5) we get

f[ ,u2->, n <s, (2.10)

i=n+1

p(n) = g(:ﬁ:&) (

where g > 0 is a normalizing factor.

Remark 2.1. In case of p,, > 0 for m = 1,2,...,s the representation
n—1 s s
p(n) =g" —, g =g]lm
2-1;[0 Hi+1 Z:r[l '

is possible for n < s, too, being more closely to the birth death process notations.

In view of the representation (2.10) of p(n) for n < s, in case of n > s we choose the substitution

n—1
p(nN; 1, .., UL, ..., Uup) = g( H /\i)q(n;xl, e T UL, e Up). (2.11)
i=0



This substitution is verified by the fact that obviously we have p(n;a,...,zs5u1,...,ur) =0

in case of \g-...- A\p—1 = 0. From (2.10), (2.11) it follows ¢(s) = 1. Hence equation (2.6) now
reads
1= / q(s+1;0;u)du + ,us/ q(s + 1; z; u)dzdu, (2.12)
R R2
and for n > s, (z1,...,xgu1,...,up) € y equations (2.9) read
q(n;.Tl,... ,.Tg;’LLh...,'LLg)
= qn—Limi+tug—xp, ... T Hug— T, . gy )c(ug)e P e

_)\n / Q(n, o +£> s 7'7;@—1_5; Uy, ... ’ué)€*/$55d£
Ry

/41
+)\nz /Q(n_‘_l;xl—i_&v"'7$i—1+£>oaxi+£a"'7xe+£;
=1
1R2

ULy ooy Uiy Uy U,y - - . ug) e HoSdudé

—I—)\n,us/ qn+1l;z, 21 +E, ..z uu, . .. up)e Pt drdudé. (2.13)
7

In case of a finite waiting room with k waiting places, i.e. A, >0for0<n<s+kand A, =0
for n > s + k, equation (2.12) is relevant only in case of & > 0 and the equations (2.13) are
relevant only for s < n < s+ k. The structure of (2.12) and (2.13) suggests to conjecture that

qg(n;x1, ..., x5 u1,. .., up) is independent of A,. Assuming this independence then for n > s,
(1, .,z uL, ..., up) € Qp from (2.13) it follows
q(n;.Tl,... ,.Tg;’LLh...,'LLg)
= q(n—Llyx1+up—xyg, ..., co_1tup—x; U, . .. ,ug,l)c(w)e_“s(“‘f_“), (2.14)

/ Q(n;x1+£,---,x[+£;ul7""ue)e_ﬂsfd£

Ry
/+1
= Z gn+Lz+E, .. 21 +E,0, 2+, .z +E

Z:1 2

R "y
ULy eeoy Ui 1y Uy Uy - .y Ug) e HoSdudE

—|—,u5/ q(n+1;x,x1+£,...,xﬁ—&;u,ul,...,ug)e_“sfd:vdudﬁ. (2.15)

i

In view of ¢(s) =1 and of the definition (2.1) of % from (2.14) by induction over n > s we get

Q(n;xla-"vxe;ulv"'auf)



4

= W{(x1,...,z5u1,...,up) € Qg}(H c(uz)) e Hs(u1—a1) n>s. (2.16)
i=1

Since the distribution C(u) of the patience times is non-defective by integration it follows that
the function ¢(s + 1;x1;u1) defined by (2.16) satisfies (2.12). Moreover, using the conven-

tion xp41 = ugy1 = 0 for the functions q(n;x1,..., x4 u,...,ur) defined by (2.16) for n > s,
(z1,...,zgu1,...,up) €  we obtain

/41

Z qn+121, .0 xi-1,0, @4, o T UL, e U1, Uy Uy - Ug )

=1,

—I—us/ gn+1l;z,21,. .. x5 u,ug, ... ug)dedu
1R2

1
z o
= ]I{(xl,...,xg;ul,...,ug)EQg}<Hc(ui))< / c(u)e H"du
=1 Ul —T1
/41 Uj—1—Ti—1 oo u—(u1—=1)
remm0 S [ cwdutn [ f c(u)eﬂ*”’dxdu)
1=2 U —T; U1 —T1 0
= q(n;:ﬁl,...,:ﬁg;ul,...,ug)e“s(“l_‘“)< / c(u)e H'du
U1 —T1
uUul1—x] oo
+e—us(U1—$1) / c(u)du + / c(u)(e—us(m—wl)_e—MSU)du>
0 ul—T1
= q(n;x1,...,TiUL, ..., Up).

From this equation applied at the point (z14¢, ..., z¢+E& uq, . .., up) it follows that the functions
q(n;x1, ...,z ug,. .., up) defined by (2.16) satisfy (2.15), too. Hence these functions solve the
system of integral equations (2.12) and (2.13). Since the density p(n;a,...,zpug, ... up) is
uniquely determined as the normalized solution of (2.7) and (2.8) this density is given by (2.11)
and (2.16). Summarizing we get the representation

p(n;xh”wxe;ulu"wuf)

= W{(x1,...,z5u1,...,up) € Qg}g(rﬁ)\Z) (H c(ui))eus(“lxl), n>s. (2.17)

=0 =1

3 Stability condition, occupancy and waiting time distribution

As in Section 2 let us assume that the queueing system is stable and that the distribution
C'(u) of the patience times is non-defective and has a continuous density c(u). The stationary



probability p(n) that n calls are in the system is given by (2.10) for n < s. In case of n > s
from (2.17) it follows

p(n) = /p(n;xl,...,xg;ul,...,ug)dxl...dxgdul...dug
R
n—1 0
= g< H /\i) / (Hc(uz)) e Hs(W1—T1) g dxedus ... duy,
i=0 g, Vil

where ¢ := (n — s)4. In view of the definition (2.1) of € the substitution u; = & + x; for
i=1,...,¢ yields

p(n) = g<7:01 Ai)lRé & >&6>...> &}(Z:ﬁlc(& - xi)>e_“sfldx1 odagdgy .. dE
- g(: OIEGE T se}(f[lu - @) ) . dey
=0/ i=
= g(: /\i) Z(g _1 ) (j(l - ))dn>e(1 — C(&))e"tde
= g(j:: /\i) g—f Z(j(l — C(n))dn) ee_“sfdf, n>s. (3.1)

From (2.10) and (3.1) we get the normalizing factor g:

g—1:§<§ )(ZHHM)JFMSEO:(STIIA) 7(/51— ))dn>j—us£dg (3.2)

Obviously, the stability of the system is equivalent to the finiteness of the right-hand side of
(3.2). Therefore, the stability condition reads

i <+ll[ 1A> 70< E (1- ))d?7>je #Ed¢ < oo, (3.3)
0

j=0 \ =0 D

The case of a general distribution C(u) of the patience times is obtained by considering C'(u)
as the limit in distribution of a sequence of non-defective distributions C,(u) with continuous
density. From (3.3), (2.10) and (3.1) applied to G,(u) by arguments of continuity we get



Theorem 3.1. Let the patience times be ii.d. with a general distribution C'(u). Then the
system is stable iff

§ j
/ 1-— )dn) e HsEd¢ < oo, (3.4)
0

In case of a stable system for the stationary occupancy distribution it holds

g(jH;/\i)<in+lui>, n=01...,5
p(n) = (3.5)

n—1 -
o' V) s T (J0 - Cman) et m=strsva....
i=0
where the normalizing factor ¢ is given by (3.2).

Let the system be stable, i.e. let (3.4) be satisfied. For the investigation of the various waiting
time distributions of a typical arriving call we need some notations:

A — cumulative arrival intensity of the calls in the steady state,

PW — probability that a typical arriving call has to wait for service,

DI — probability that a typical arriving call will leave the system by
impatience later,

Wg(z) = P(Wg <z) - distribution function of the waiting time Wy of a typical arriving
call under the condition that it will be served,

Wi(z) = P(W; <z) - distribution function of the waiting time W; of a typical arriving
call under the condition that it will leave the system by impatience
later,

W(z)=P(W <x) — distribution function of the (unconditional) waiting time W of a

typical arriving call.

The cumulative arrival intensity of the calls in the steady state A is given by

A= i Anp(n). (3.6)
n=0

Since the sequence of the arrival intensities ), is bounded A is finite.

In the following we will make use of the Palm-distribution with respect to arrival epochs of
calls (cf. e.g. [FKAS], (1.2.6)) and of the conservation principle for stationary point processes
with respect to arrival epochs of calls and the epochs where the calls leave the waiting room,
respectively. (If a call finds at its arrival a free server, then it leaves the queue immediately,
i.e. its arrival epoch coincides with the epoch of leaving the queue.) The corresponding rigorous
proofs are not outlined here because the results are part of folklore. (However, exact proofs can
be given e.g. by means of Campbell’s formula along the lines as e.g. in [BFL], Sec. 6.4, (6.4.1).)

10



The probability 1 —py is given by the ratio of the arrival intensity of calls finding at their arrival
a free server and of the total arrival intensity A, i.e.

1 s—1
1—pw = A > Anp(n). (3.7)
n=0

Hence in view of (2.5) for the probability py that a typical arriving call has to wait for service
it holds

pw =1=5 > Hnp(n). (3.8)

(Note, that by the intensity conservation principle we have that the intensity of calls finding at
their arrival at least one free server equals to the intensity of served calls leaving behind at least
one free server. The latter intensity is just the sum in (3.8).)

The probability 1 — p; is given by the ratio of the intensity A%) of arriving calls which will be
served (immediately or after waiting in the queue) and of the total arrival intensity A. By the
conservation principle A(%) is the intensity of calls leaving the waiting room for starting service.
This yields

s—1 [e9) s o9
=5 (S + 2 ) =5 (Epapt) + 3 ). @9)
n=0 n=1

n=s+1 n=s+1

where the last equality is again a consequence of (2.5). Note, that the expression in the bracket
of the last equation is just the intensity of served calls, which by the conservation principle is
equal to the intensity of calls leaving the waiting room for service (immediately after their arrival
or after waiting). Hence for the probability py that a typical arriving call will leave the system
by impatience later we get

s—1
pr=1- %(u + ;::O(un - us)p(n)>- (3.10)

Next we are interested in the waiting time distributions Ws(z), Wi(x) and W (x) of a typical
arriving call. Let us in the following assume that the queueing system is stable and that the
distribution C'(u) of the patience times is non-defective and has a continuous density c¢(u). For
fixed z € IR, the probability P(Wg > 2) = 1 — W(x) is just the ratio of the intensity A5%) of
arriving calls which will be served and whose waiting times up to service are larger than x to the
intensity A(®) = (1—pr)A of all arriving calls which will be served. By the intensity conservation
principle A(5%) equals to the intensity of time instants where calls leave the waiting room for
starting service and which have waited longer than x. Hence we get

1—Ws(x)

1 o
_ m Z ,us/ Wz <u;—z1}p(n; a1, ... x5 uq, ... up)dey .. dapduyg ... dug.
br n=s+1 ZR?,'_Z

11



Because of (2.1), (2.17) for n > s the substitution y = &; + x; yields

/ Wz < wu—zi}p(nyzy, ..., xpur,. .. up)dey ... dzeduy ... duy
i

n—1 l
= g( H )\Z-> /]I{x <up — x1}<H )e pei=r1)qa  dayduy . . . duy
=0 /g,

= g(lh(j&)ﬂi Iz < §II{E > &> ... > fg}(f[(l — C(&)))e“sfldgl ...d&

i=1
n—1 1 0 , & -1
= j - - e Hst T .

Thus for z € IR, it holds

1 - W(a) i(sﬁA)“57</ 1-C >>dn>j<1—c<g>>e mede.  (3.11)

11’1

For getting an explicit expression for Wj(z) we proceed analogously to Wg(x). The probability
P(W; > z) = 1 — Wy(z) is the ratio of the intensity A\!*) of arriving calls departing from the
system by impatience later and whose time spent in the queue is larger than x to the intensity
MDD = prA of all arriving calls becoming impatient later. By the conservation principle X/+%)
equals to the intensity of time instants where calls leave the waiting room by impatience and
which have waited longer than x. This yields

1—Wi(x A Z Z / Wz <witp(nyzi, ... @i1,0, @01, .o, Ty UL, - ooy Uyp)
pI n=s+11i= 1IR2@,1
+ d.’l?l . dxi,ldxiﬂ . d.’l?gd’u,l . dUg.

In view of (2.1), (2.17) and using the substitution v = & + z; we get for n > s:

d e
__<Z / Wz <wuitp(nyzi, ..., 2i-1,0,Ti01, .., Tp;ug, ..., up)

da \ —
=1mp20-1
RJr dx1 e dxi,ldxiﬂ e d.’l?gd’u,l . d’LLg)
4
= Z / MLy ey i1y 0y Ty e e ey T ULy ey Ui 1y Ty Uy 1y - - -, Ug)
i=1
R% 2 d:L‘l PN dxi_1d$i+1 PN dxgdul PN dui_ldui_H PN dUg

- g(E&)c(m)(eM /H{xzeszz...z&}(ﬁ (€)da..dgs

—1 =2
Ry

12



+ém+/lﬂ{§1 > 282> x}(;li(l - C’(gj))) ehsfidgy .. dg
.Re/_ill{:r: 261 2.2 &}(jlil(l — C(@»)))d@-+1 : ..d§e>
14 0 , & 1
= (H)\> ; 1 /(/1_ ) ef“sédg

—1

'(g_li)!</<1—c< ))dn>
0

n—1 " o0 , & -1
= g(i]_{)AZ-)c(x)(g_l)! / ( 0/(1—c<n>>dn> g, >0,

Hence by integration it follows

4
Z / ]I{J,‘ < uz}p(na L, -. ,J}Z‘_l,o,l’i_}_l, s Tps UL, - 7u5)

IRN ! dJ)l ce dZL‘i_ldJ)i+1 PN dl‘gdul PN dUg
oo , & -1

c(v¥ / (/(1 — C(n))dn) e Hs8dedy
9 0

9 -1
( / 1-C >>dn> (C(€) — Cla))e™tdg, x> 0.
0

1
@
—
—
>
\i/

_ (HA> ps 'Z’

Thus for z € IR, it holds

- Wi %i(ﬁk)“f(/ﬁ 1-C dn)(C(é) Cla)eeds. (312
o\ L J\J

The waiting time distribution W (z) is given by

W(z) = (1 —p)Ws(x) +piWi(z). (3.13)

The case of a general distribution C'(u) of the patience times is obtained again by considering
C(u) as the limit in distribution of a sequence of non-defective distributions G, (u) with contin-
uous density. In view of (3.5), from (3.11), (3.12) and (3.13) applied to G (u) by arguments of
continuity we obtain

13



Theorem 3.2. Let the system be stable with a general distribution C'(u) of the i.i.d. patience
times. Then for the waiting time distributions for z € IR, it holds

oo ,8+] J
L Ws) = Az(HAZ) i/ ( / (1—c<n>>dn> (1= C(©)e e, (3.14)
1=S8 0
oo, 5+j 0 § J
o) = X5 (TEn)% [ ( fo-coman) @ - copemeac. 1)
j=0 Ni=s T \}

00 s+j o0 ¢ J
i) = 2o (T [ ( fo-conm)erte oo

where the probability p(s) that exactly s calls are in the system, the probability gy that a typical
arriving call will leave the system by impatience later and the cumulative arrival intensity A in
the steady state are given by (3.5), (3.10) and (3.6), respectively.

Especially from (3.14) and (3.15) we get by integration over x € IR, :

T ORE- Yo AV :
EWs = m;( 1:[ Az>f0/<0/(1—0(77))d77> (ns€ —1)e gdfa (3.17)

1=S8 "]'
. 00 E .
_Iﬂoo Sﬂl,& _ j' _ —ps€
EW, = pIAjZI( 11 x) i O/ ( 0/ (1 O(n))dn) (+1-perede.  (3.18)

From Little’s formula we obtain for the (unconditional) mean waiting time EW of a typical
arriving call

1 i (n —s)p(n). (3.19)

n=s+1

EW =

4 Application: Performance analysis of an ACD system with
outbound calls and impatient inbound calls

In this section we apply the results of Section 3 to a performance analysis of the following
Automatic Call Distributor system (ACD system). At a call center, consisting of a finite number
s of agents and a finite number k of waiting places (i.e. s+k lines), there arrive calls from outside
(inbound calls) accordingly to a Poisson process of intensity A. An arriving inbound call requires
an exponentially distributed service time with parameter p. If there is at least one free line, i.e.
server or waiting place, then it will be accepted; otherwise it gets lost. An accepted call will be
served immediately by one of the agents if there is anyone free. If all agents are busy then it
begins to wait until one of the agents becomes free; the queueing discipline is FCFS. But the

14



inbound calls are impatient, i.e. if the (virtual) waiting time until service exceeds a random time
(patience), then it gets lost. The maximal patience times are assumed to be i.i.d. with a general
distribution C'(u) = P(U < u), where U denotes a typical patience time. The patience times
may correspond to real patience times or/and to a special management for those inbound calls
whose waiting time exceeds an acceptable amount of time. Of special interest is the case that
U = min(X, 1), where X is exponentially distributed describing the individual patience time of
an inbound call and 7 is deterministic describing the ”technical” impatience of the system, i.e.
7 may be the deterministic time after that the inbound call is routed e.g. to another call center
of the company.

For an improvement of the efficiency of the call center the agents dial outbound calls, too.
Specifically, we introduce a parameter, a € {1,2,...,s}, such that if more than a agents are
idle (and therefore no calls are in the queue) then one of the idle agents will dial an outbound
call rather than wait for an inbound call. Thus at each time instant with probability one at
least (s — a) agents are busy, c.f. [DPW]. We assume that there is an infinite reservoir of
possible outbound calls (list of customers) and that the service times of the outbound calls are
exponentially distributed with the same parameter p as the inbound calls, cf. Fig. 4.1.

7

outbound calls @
©
®

‘ ‘ ‘ ‘ s—N(t)>a

inbound calls

v LT

pPB
{ k waiting places @
{ pr U

impatience U s agents

Fig. 4.1. Automatic Call Distributor system: combined inbound-outbound call
center with impatient inbound calls, s agents and k waiting places.

For the ACD system the following performance characteristics are of interest:

Ain, — rate of accepted inbound calls,

Aout — rate of dialed outbound calls,

DB — probability that a typical arriving inbound call finds no free waiting place or
server (blocking probability, 1 — pp is the acceptance probability),

PW — probability that a typical accepted inbound call has to wait for service,

DI — probability that a typical accepted inbound call gets lost because of impatience

later (impatience probability),
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Wgs(z) — waiting time distribution of a typical accepted inbound call up to its service
under the condition that it will be served,

Wi(z) — waiting time distribution of a typical accepted inbound call under the condition
that it will leave the system by impatience later,
W(z) - (unconditional) waiting time distribution of a typical accepted inbound call.

The ACD system may be modeled by an M (n)/M(m)/s + GI queueing system, where n corre-
sponds to the number of inbound and served outbound calls in the ACD system and m to the
number of busy agents, cf. Fig. 1.1. The state dependent arrival intensity ), is given by

A =1{n < s+ k}A, n=0,1,... (4.1)
and the state dependent service intensity 4, by

pm = I{m > s — a}muy, m=20,1,...,s. (4.2)
(Note, that the time instants where a new outbound call is started doesn’t correspond to changes

of the system state. However, for getting the relevant performance measures this doesn’t matter
as seen below.)

In view of Theorem 3.1 the system is stable and for the stationary occupancy distribution it
holds

gs!/ﬁ(’\{l—‘!‘)n s—a<n<s,

9

(4.3)

(n—s)!

. o 3 n—s
p(n) = gAs e [ </\ Ja - C(n))dn) eiﬂSédE, s<n<s+k,
0 0

0 elsewhere.

From (3.2), (4.1) and (4.2) we get the normalizing factor

gt = sy’ 55:1 (A +)\SZH5/( / ))dn) e M8, (4.4)

1
j=s—a J:

For the ACD system p(n) is the stationary probability that n inbound and served outbound
calls are in the system. The cumulative arrival intensity A in the M (n)/M(m)/s+ GI queueing
system in the steady state corresponds to the rate A, of accepted inbound calls in the ACD
system. Hence from (3.6), (4.1) and (4.3) it follows

s+k—1
Ap=A= ) Z p(n) = (1 —p(s+k))A. (4.5)

n=s—a

The acceptance probability 1 — pg for inbound calls is given by the ratio of the rate of accepted
inbound calls and of the arrival intensity A in the ACD system, i.e.

Ain = A = (1= p) (4.6)
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Consequently, in view of (4.5) for the blocking probability it holds
pB = p(s+ k). (4.7)

The service of an outbound call is started if n = s — a agents are busy and one of the service
times just finishes. The probability of being in the state n = s—a is p(s—a) and for the ACD
system the cumulative intensity of finishing service in this state is (s—a)u. Therefore, for the
rate Ay of dialed outbound calls we get

Aot = (s — a)up(s — a). (4.8)

From (3.7), (3.8), (4.2) and (4.6) we obtain the probability py that an accepted inbound call
has to wait for service

1 s—1 s

S opn)=1-—" 3 up(n) (4.9)

(1 - pB)A n=s—a-+1

pw=1-

and from (3.9), (3.10), (4.2), (4.3) and (4.6) the probability p that an accepted inbound call
gets lost because of impatience later

pro= 1-— (1_pB (Z Ap(n) + i #sp(n)>

n=s—a n=s+1
S I <5 —sp(s—a) — Si:l (s—n)p(n)>. (4.10)
(1 - pB))\ n=s—a-+1

From (3.14), (4.1) and (4.6) for the waiting time distribution of an accepted inbound call up to
its service under the condition that it will be served it follows for z € IR,

oo '3

i /< / C(ﬁ))dn> (1—C(&))e #de. (4.11)

0

]-_WS( ) (1 PB

From (3.15), (4.1) and (4.6) for the waiting time distribution of an accepted inbound call under
the condition that it will leave the system by impatience later we get for x € IRy

_ § j
L Wile) = Z / ( Ja C(n))dn> (€ ~Clpertds.  (112)
J=0 0

1]93

From (3.16), (4.1) and (4.6) for the unconditional waiting time distribution of an accepted
inbound call we obtain for z € IR,

—_

k—

oo £ j
W) = 28 C(x))jz% %x/ </\/(1 - C(n))dn> e, (4.13)

0
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The corresponding expectations result from (4.1), (4.6) and (3.17), (3.18), respectively:

%) 3 j
- p(s) £ s e yenst
EWs = (1—PB)(1—P1))\J§:1 J! J (AO/ )(usf Herds .
[e9) f j
_ p(s) N hs ’ s

Little’s formula yields for the expectation FW of the unconditional waiting time of an arriving
inbound call

1 s+k
EW = T n:zsgrl(n — s)p(n). (4.16)

Remark 4.1. For k — oo we obtain the case of an unlimited waiting room. From (4.4) for the
normalizing factor we get

gt = sl Si (Agf)j + A% s 7eXp (/\ 7(1 —C(n))dn — usé) d¢.
0

j=s—a 0

The stability condition corresponds to g~! < oo which is equivalent to (A/us) ull)ngo (1-C(w)) <1,
cf. [BH].

4.1 Special case: Impatience time as the minimum of a constant and an
exponentially distributed time

In this subsection we consider the special case that the typical maximal patience time U is
the minimum of a constant and an exponentially distributed time, i.e. U = min(X, 1), where
X is exponentially distributed with parameter « describing the individual patience time of an
inbound call and 7 is deterministic describing the ”technical” impatience of the ACD system.
The distribution of U is given by

1—e 0<u<m,
Cluya, 1) := (4.17)

1, u > T.

From (4.17) for £ > 0 we get

min(&,7) 1 — e—amin(§,7)

£
/(1 —C(nya,7))dn = / e My = ———. (4.18)
0

o

Lemma 4.2. Let «, 8, x be positive real numbers and j a non-negative integer.
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Then it holds
T e—aEN
%O (71 oce > e Pede
b1 e (BIOY ()
_ (1;[0 +m)<1_e 8 ;( i“)(e _1)> (4.19)

() S (e

i=0 i=j+1

™

) <_€/O‘> (7 - 1)i (4.21)
- (lj E +1 m) e :ﬂ (‘T - :1 8 —iﬁa) <_€/a> (e =) (4.22)

Proof. For j = 1,2,... integration by parts yields

L (ﬂ)ae—ﬁsdg _ i/(eag—lye—(ﬁﬂa)sdg
J! / @ J! / «

_ 1 < (G +1)!
(

G+DIN\(B+ja)...(B+a)8

J (Z—i_l) e —1 i—(ﬁ io)x
Z,B+]a (ﬁ+ia)( o )e " '

1=

Since this equation also holds in case of 7 =0 we get (4.19). Using the binomial series from (4.19)
it follows (4.20). Multiplication of (4.19), (4.20) by B(f+«) ... (8+ja) and differentiation with
respect to [ yields the representations (4.21) and (4.22), respectively.

Firstly, we investigate the integrals occurring in the representation (4.3) of the stationary occu-
pancy distribution. In view of (4.18) for j = 1,2,..., k integration by parts yields

J _ e\ J-1
- A / (1 ‘ > e~ (Hstadéqe. (4.23)
0



Hence from Lemma 4.2, (4.19) and (4.20), for j =1,2,...,k we get

J j—1 )
Li(r) = (H ™ i m) (1 — et 37 <_“S/Z.a - 1) (e - 1)) (4.24)

=1 =0
! A — )T . —,LLS/Oé— 1 —aT ¢
_ (g#ﬁm)e (s ;( Z, )(e -1)". (4.25)

Obviously, equations (4.24) and (4.25) also hold in case of j = 0. The first equation (4.24) allows
to compute I;(7) recursively for j =0,1,..., k. But this recursion may become numerically un-
stable. The second equation (4.25) yields convergent series with positive members and therefore
a stable method for computing [;(7) in case of j=k. After the computation of the integral for
j = k the integrals for j=k—1,k—2,...,0 may be computed recursively by means of (4.25).

In view of (4.17), (4.18) and (4.23) for the integrals occurring in the representation (4.11) of
the waiting time distribution Wg(z) of an accepted inbound call up to its service under the
condition that it will be served for x € [0,7) and j =0,1,...,k — 1 it follows

0o 3

J
%/ (A/(l —C(n; a,T))dn> (1—C(&a,7))eHs8de
T 0
SA. T . 7015 ] - .
_ uj!a /(1 ae >e (ns+o) e — “T(Ijﬂ(f)—fjﬂ(x)). (4.26)

In view of (4.17), (4.18) and (4.23) for the integrals occurring in the representation (4.13) of
the unconditional waiting time distribution W (z) of an accepted inbound call for z € [0, 7) and
7 =0,1,...,k — 1 integration by parts yields

[e.o]

Hs
5!

T

& j
<)\/(1 — C(n; a,v-))dn) e HsEdg
0

J 1 — e~ ®\J n 1 — e~ T\ J
= MS,/'\ (/( ¢ ) e_“sfdﬁ—I—/(ie ) e_“35d£>
J! o o

_ M\ (1 — €°‘x)je—usw n (Ij(T) _ Ij(ZL‘))- (4.27)

5! a

Using (3.13) the waiting time distribution Wr(x) of an accepted inbound call under the con-
dition that it will leave the system by impatience later may be computed from the waiting
time distributions Wg(z) and W (z). Analogously, the corresponding expectation EW; may be
computed from the expectations EWs and EW. Because of (4.16) the expectation EW of the
unconditional waiting time is given by the stationary occupancy distribution. In view of (4.18)
for the integrals occurring in the representation (4.14) of the expectation EW§ for j = 1,2,... ,k
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integration by parts yields

0o '3 j
o / (A Ja-ca a,T))dn> (1€ — 1)eMeéde
0 0

T

S)\j 1 — e_af jfl _ o
o ()
0

Hence from Lemma 4.2, (4.21) and (4.22), and from (4.23), (4.24), (4.25) for j = 1,2,...,k we
get

[e.o]

§ J
o / (A Ja-ca a,T))dn> (1€ — 1) Heéde
0 0

J
_Hs g
j—1

J A J 7 < — L -1 i
() S o B (e
iy Ms Tt e = mstla i

~

i1 Hstia

(=3 e (=t S (10 (o

WsT — g (l—e_ HeroyT < o ) e 71 )) (4.28)
6:1“5—%0‘ i=0 L

J
fhs
— _s ).

J Y B [ee) 7 o /06—1 - i
( S+a)7' _ /J“S )uS ar
+(H ,Us—I-iOé)e ' Z (HST =1 #s+€a) < i ) (e 1)

i=1 =
= ps7Li(7)
: A = ! —ps/a—1 i
_ —(us+a)T Hs Hs —ar
(11 ,us—H'oz)e ;1 (g;l MS%O)( ; (e7om=1)".  (429)

The first representation (4.28) allows to compute the integrals at the left-hand side recursively for
j=1,2,... k. But this recursion may become numerically unstable. The second representation
(4.29) yields convergent series with positive members and therefore a stable method for the
computation of the integral at the left-hand side in case of j=k. After the computation of the
integral for j = k the integrals for j=k—1,k—2,...,1 may be computed recursively by means
of (4.29).

Remark 4.3. The limiting case k — oo with A, = A for n > s and p,,, = mpu for 0 < m < s
was earlier analyzed in [Jul]. For several performance measures, basing on the waiting time
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vector process, in this case formulas are available. However, they don’t cover the occupancy
distribution.

Remark 4.4. The considered case covers two special cases. For 7 — oo the process N(t) of the
number of calls in the system converges to a birth death process which can be analyzed in the
usual manner. For o« — 0 we get a system with constant patience times; for earlier results we
refer to [GK].

4.2 Numerical results

In this subsection we give some numerical results. The basic parameter set is as follows:

— mean service time 1/pu: 120 seconds,
— mean individual patience time 1/a: 90 seconds,
— deterministic patience time 7: 60 seconds.

In table 4.2 the offered load A/p is 10 Erl, in table 4.3 the offered load is 100 Erl. The number
s of agents, the number k of waiting places and the outbound parameter a vary in these tables.
The blocking probability pp, the impatience probability pr, the expectations FWg and EWp
of the conditional waiting time distributions and the rate of dialed outbound calls A,; are
presented. In the last four lines of the tables the corresponding performance measures for an
ACD system without outbound calls are given.

s k a | ANp| 1l/p| 1/a T DB I EWg EW; Aot
8 3 3 10| 120 90 60| 0.137| 0.170| 11.472| 22.286| 0.003
12 3 3 10| 120 90 60| 0.049| 0.061 4.729| 14.258| 0.015
16 3 3 10| 120 90 60 0.016 0.024 1.955 9.988 0.039
20 3 3 10| 120 90 60| 0.006| 0.011 0.884 7.687| 0.067
8 6 3 10| 120 90 60| 0.024| 0.254| 15.696| 26.739| 0.002
12 6 3 10| 120 90 60 0.006 0.088 6.341 17.738 0.015
16 6 3 10| 120 90 60| 0.001| 0.031 2.446| 11.960| 0.038
20 6 3 10| 120 90 60 0.000 0.013 1.037 8.769 0.067
8 3 6 10| 120 90 60 0.131 0.162 10.769| 22.286 0.000
12 3 6 10| 120 90 60| 0.034| 0.042 3.174| 14.258| 0.004
16 3 6 10| 120 90 60 0.006 0.009 0.723 9.988 0.019
20 3 6 10| 120 90 60| 0.001| 0.002 0.173 7.687| 0.045
8 3 8 10| 120 90 60| 0.131| 0.162| 10.758| 22.286| 0.000
12 3| 12 10| 120 90 60 0.031 0.039 2.931 14.258 0.000
16 3| 16 10| 120 90 60| 0.003| 0.005 0.388 9.988| 0.000
20 31 20 10| 120 90 60 0.000 | 0.000 0.023 7.687| 0.000

Tab. 4.2: Blocking probability pg, impatience probability py, the expectations EWg and
EW7 of the conditional waiting time distributions and the rate of dialed outbound calls
Aoyt for an offered load of 10 Erl.
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s k a | AMp | 1/p| 1/« T DB DI EWg EW; Aout
90 | 15 10| 100 | 120 90 60 0.037| 0.081 7.365 6.568 0.006
100 | 15 10| 100 | 120 90 60 0.012| 0.042 3.681 5.328| 0.025
110 | 15 10| 100 | 120 90 60 0.003 0.018 1.551 4.307| 0.067
120 | 15 10| 100 | 120 90 60 0.001 0.007 0.608 3.501| 0.127
90 | 30 10| 100 | 120 90 60 0.002| 0.111 10.155 8.817| 0.005
100 | 30 10| 100 | 120 90 60 0.000 0.050 4.442 6.466 0.024
110 | 30 10| 100 | 120 90 60 0.000| 0.020 1.702 4.827| 0.066
120 | 30 10| 100 | 120 90 60 0.000 0.007 0.634 3.726 0.127
90 | 15 20| 100 | 120 90 60 0.037| 0.079 7.146 6.568 0.000
100 | 15 20| 100 | 120 90 60 0.010| 0.036 3.117 5.328| 0.004
110 | 15 20| 100 | 120 90 60 0.002 0.011 0.913 4.307| 0.022
120 | 15 20| 100 | 120 90 60 0.000| 0.002 0.200 3.501| 0.065
90 | 15| 90| 100 | 120 90 60 0.036| 0.079 7.138 6.568| 0.000
100 | 15| 100 | 100 | 120 90 60 0.010 0.035 3.053 5.328 0.000
110 | 15| 110 | 100 | 120 90 60 0.001| 0.009 0.776 4.307| 0.000
120 | 15| 120 | 100 | 120 90 60 0.000 0.001 0.102 3.501 0.000

Tab. 4.3: Blocking probability pp, impatience probability py, the expectations EWg and
EW7; of the conditional waiting time distributions and the rate of dialed outbound calls
Aoyt for an offered load of 100 Erl.

The numerical results show the impact of the operational strategy (outbound parameter a) on
the system performance. Also they illustrate the tradeoff between the blocking probability m
and the impatience probability py if k& varies. There is no obvious relation between the mean
conditional waiting times EWg and EWj.
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