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Abstract: In non-Markovian tandem queueing networks the output process of one site, which is the
input process to the next site, is not renewal. Consequently, the correlation analysis of that output
processes is essential when studying such networks. A correlation analysis in the M/G/1 queue has
been studied in the literature via derivation of the joint Laplace-Stieltjes transform (LST) of the sum
of two consecutive inter-departure times. That LST is obtained by considering all possible cases at
departure epochs. However, those epochs are expressed via dependent variables. In this paper, we
first extend the analysis to the more general PH/G/1 queue, and investigate various queues, such
as E;/G/1and C/C, /1. Then, we consider the lag-n correlation, which requires derivation of the
joint LST of sum of n + 1 consecutive inter-departure times. Yet, deriving this LST by the common
approach becomes impractical for n + 1 > 3, as the number of all possible cases at departure epochs
increases significantly. To overcome this obstacle, we derive a corresponding single-parameter LST,
which expresses the sum of  + 1 consecutive inter-departure times via the (1 + 1)-st departure epoch
only. Consequently, the latter LST is expressed via a much fewer number of possible cases, and
not less important, as a function of independent variables only, eliminating the need to derive the
corresponding joint density. Considering the M/G/1 and the E; /G/1 queues, we demonstrate that
the joint LST can be reconstructed directly via the corresponding single-parameter LST whenn + 1 =2.
We further conjecture that the multi-parameter joint LST can be reconstructed from the corresponding
single-parameter LST in more general queues and for values of n + 1 > 2. The conjecture is validated
for various PH/G/1 queues and proved for n + 1 = 3 in the M/G/1 case. The new approach facilitates
the calculation of lag-n correlation of the departure process from PH/G/1 queue for n + 1 > 3. Our
analysis illuminates the cases when using renewal approximation of the output process provides a
proper approximation when studying non-Markovian stochastic networks.

Keywords: departure process; Laplace-Stieltjes transform; lag-n correlation; PH/G/1 queue
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1. Introduction

Continuous-time queueing networks are rapidly growing in prevalence in modern
life. Manufacturing lines, service centers, communication networks, transport systems,
supply chains, etc., are just a few examples of such networks. Those networks have several
connected single-site queueing systems, where jobs propagate through a network over
various routes. Efficient control of such complex networks cannot be achieved without a
proper probabilistic analysis. Nevertheless, except for some special cases, such as Tandem
Jackson Networks [1] or Asymmetric Inclusion Process (ASIP) networks [2—4] that assume
Markovian properties, exact expressions for the steady-state distribution of the queue
lengths and performance measures of non-Markovian networks are hardly available. The
Markovian property of Tandem Jackson Networks leads to a product-form solution of the
joint probability-generating function of the queue lengths, as well as of the corresponding
joint probability mass function. However, even under Markovian assumptions, in the ASIP

Mathematics 2024, 12, 1362. https:/ /doi.org/10.3390/math12091362

https://www.mdpi.com/journal /mathematics


https://doi.org/10.3390/math12091362
https://doi.org/10.3390/math12091362
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com
https://doi.org/10.3390/math12091362
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com/article/10.3390/math12091362?type=check_update&version=1

Mathematics 2024, 12, 1362

2 0f 23

model, only the joint probability-generating function of the queue workloads exhibits a
product-form.

The reason that Tandem Jackson Networks have exact expressions is rooted in the
fact that the departure process from each queue is also Markovian. However, in many
real-life networks, inter-arrival times and service durations do not necessarily follow
exponential distributions. Consequently, the inter-departure times involve correlations
and the departure process becomes a complex non-renewal, requiring a further deep
probabilistic analysis. Thus, the study of the departure process from single-site non-
Markovian queues is primarily motivated by the quest of analyzing sequential queueing
networks. Methods of queueing network analysis such as decomposition approximations
usually ignore dependencies between inter-departure times and act as if the inflow from
one queue to the next is a renewal process. Indeed, taking these dependencies into account
has the potential for improving approximations such as in [5-9]. The study of the departure
process from non-Markovian queues can also be applied to extend the analysis of queueing
networks such as those studied in [10-15]. For example, considering the latter paper,
the study of networks where products’ quality deteriorates over time can be extended to
non-Markovian networks.

The steady-state probabilistic characterization of the departure instants can be ex-
pressed by the Laplace-Stieltjes transform (LST) of the inter-departure time distribution
and by their correlation structure. The well-known M/G/1 queue is thoroughly studied
by [16], who represents the LST of inter-departure times along with its correlation. Bitran
and Dasu (1994) [17] studied the XPH;/PH/1 queue and presented a formula to calcu-
late the second moment of inter-departure times. Yeh and Chang (2000) [18] studied an
M/G/1-type queue, calculated the LST of the stationary distribution of inter-departure
times and provided a recursive formula for the corresponding lag-n correlation. Ferng and
Chang (2001) [19] studied the lag-n correlation in a BMAP/G/1 queue. Shioda (2003) [20]
derived the LST of inter-departure times, as well as their correlation, for a queue with a
Markovian Arrival Process (MAP) and semi-Markovian (SM) service process. Similarly,
Lim et al. (2006) [21] derived it for a queue with a Markov renewal arrival process and
general service durations. Lee and Luh (2006) [22] provided the LST of inter-departure
times in a PH/G/1 queue, but, due to computational complexity, restricted their numerical
examples only to E;;/Ey/1 queues. Horvath et al. (2010) [23] presented the LST of inter-
departure times and the stationary joint moments of two consecutive inter-departure times
in an MAP/MAP/1 queue. Sagron et al. (2019) [24] provided an efficient way to express
the LST of inter-departure times in a PH/G/1 queue with generalization to an ME/G/1
queue, in which the inter-arrival times follow a Matrix-Exponential (ME) distribution.

In this paper, we extend the analysis of inter-departure times from PH/G/1 queues,
concentrating on the correlation aspect, as it is key for the analysis of tandem queueing
networks with general service times. We focus on Phase-type (PH) distribution since it
constitutes a very versatile class of distributions and can represent any ME distribution as
well (see e.g., [25]). In addition, PH distributions are dense in the class of all distributions
of all non-negative continuous distribution functions with any required degree of accu-
racy [26]. For that reason, the PH/G/1 queue covers a wide variety of systems that arise in
different applications.

The correlation between two consecutive inter-departure times is derived from the
joint Laplace—Stieltjes transform of the sum of two consecutive inter-departure times. The
derivation of the latter joint LST for the M/G/1 queue has been already investigated in
the literature by considering all possible cases at departure epochs. Those epochs are
expressed via dependent variables. In this paper, we first extend this approach to derive
the joint LST of two consecutive inter-departure times in the more general PH/G/1 queue.
Consequently, we investigate the correlation between two consecutive inter-departure
times for different levels of the squared coefficient of variation (SCV) of inter-arrival times
and service duration distributions.
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Then, we consider the lag-n correlation, which requires the derivation of the joint LST
of the sum of n + 1 consecutive inter-departure times. Deriving this LST by the common
approach becomes impractical for values of n + 1 > 3, as the number of all possible
cases at departure epochs increases significantly. To overcome this obstacle, we derive a
corresponding single-parameter LST, which expresses the sum of n + 1 consecutive inter-
departure times via the (n + 1)-st departure epoch only. This approach has two significant
advantages with respect to the derivation of the latter LST: (i) it enables its derivation via
much fewer possible cases, and (ii) it allows us to express it as function of independent
variables only, which eliminates the need to derive the corresponding joint density, as well.
We exhibit an interesting property in which the joint LST can be reconstructed directly
via the corresponding single-parameter LST. This finding facilitates the derivation of the
multi-parameter joint LST of the sum of n + 1 consecutive inter-departure times. For
n + 1 =2, we prove the existence of this property in M/G/1 and E;/G/1 queues and
validate it for various cases of the more general C,/C»/1 queue. We further conjecture
that the results can be extended to the sum of 7 + 1 consecutive inter-departure times. To
enhance this conjecture, we prove it for n + 1 = 3 in the M/G/1 queue.

Our results are directed towards a deeper analysis of non-Markovian queueing net-
works. In particular, calculating correlation between departure instants reveals the range in
which the renewal assumption can serve as a good approximation for performance of the
next site’s queue.

Also, it can possibly serve as a stepping stone to derive a better approximation in the
cases where the renewal assumption fails.

The rest of the paper is as follows. For completeness, In Section 2, we give a con-
cise description of a PH distribution. In Section 3, we derive the LST of the sum of
two consecutive inter-departure times from a PH/G/1 queue, calculate the correlation
between them in various queues and discuss the consequences. In Section 4, we propose
a new and simpler way to express this LST for n + 1 > 3 epochs. Section 5 summarizes
the paper.

2. Phase-Type Distribution

For completeness, we give a short description of PH distribution as follows. A PH
distribution, first introduced by [27], is the distribution of the time until absorption to state
m + 1 in an (m + 1)-state continuous-time Markov chain (CTMC). In what follows, vectors
and matrixes are presented by bold letters.

Let Y(#) denote the state of the CTMC at time t with the following (m + 1) x (m + 1)

generator matrix Q:
U
(o )

U is an m x m nonsingular matrix with negative diagonal and non-negative off-
diagonal entries and U’ is a non-negative column vector that satisfies U’ = —Ue, where e is
a column vector of ones. States 1 through m are transient, such that absorption into state
m + 1 from any initial state is certain. Further, let the process have an initial probability of
starting in any of the m states given by the initial probability vector o = (a1, a2, ..., am),
where ae = 1. Namely, P(Y(0) = i) = a;.

Let U denote the time until the process reaches the absorbing state m + 1 when
starting at time t = 0 according to the m-dimensional probability vector «. That is, after
starting at state i with probability «;, the process alternates between the m transient states
represented by the matrix U until finally being absorbed at state m + 1, i.e., given that Y(0) =1,
U =inf{t >01Y(t) = m + 1}. U is said to be PH-distributed, which is denoted by PH(«,U)
and called a PH representation. The cumulative distribution function (cdf) of U, Fy(u),
defined for u > 0 is provided by

Fu(u) =1 — a-exp(Uu)e. (1)



Mathematics 2024, 12, 1362

40f23

The corresponding probability density function (pdf), fi;(u), defined for u > 0, is
provided by

Sfu(u) = (x-exp(Uu)UO, 2)
and U(0), the corresponding LST defined for 6 > 0, is provided by

) = /efeufu(u)du = a(6L, — U)"'U°, 3)
0

where I,,, is a unit matrix with dimension m. The nth moment of U is provided by the
following (see [28]):

EUY) =nla(—UNY'e, n=1,2,... 4)

The following theorem about PH properties, originally shown for discrete PH ran-
dom variables but holding for continuous PH random variables as well, is provided in
Theorem 2.6.1 in [28]:

Let Z and Y be two independent random variables. Assume that Z is PH-distributed
having representation PH(x,Z) with m phases and Y is PH-distributed having representa-
tion PH(B,Y) with k phases. Then, their sum X + Y is PH-distributed having representation
PH(y,C) with m + k phases, where

Z z%)

o= (w0 0] (5 % ®)
k

3. Correlation between Two Consecutive Inter-Departure Times from a PH/G/1 Queue

In this section, we analyze the correlation between two consecutive inter-departure
times from a PH/G/1 queue. This is achieved by first deriving the LST of the sum of
two consecutive inter-departure times and then calculating the correlation between them.

A PH/G/1 queue is a single-server infinite-buffer queue, characterized by i.i.d. PH
inter-arrival times, Tq, T»,.. ., all distributed as T, and by i.i.d. general service durations,
X1, Xp,. .., all distributed as X. T is PH-distributed, having PH(,T) representation with
m transient phases, and LST T(H) ; X follows a general distribution function with LST
X (). Tt is assumed that the queue is stable, i.e., E(T) = a(—T Ve > E(X) (see [29]), namely,
o = E(X)/E(T) < 1. Let 7, denote the departure epoch of the nth departing unit, and let
D, = T, — T—1 denote the inter-departure time between the (n — 1)st and the nth departing
unit. In addition, denote by A, the instant when the nth unit enters service; by L, the
number of units left behind the nth departing unit; by Y;, the arrival phase of the next
arriving unit at the departure instant of the nth departing unit; and by Tr/, the remaining
inter-arrival time given Y, = i. For ease of exposition, we count the nth departure as the
Oth one.

Next, we consider a stable queue and define 7; ; to be the probability that right after
a departure instant there are / units in the system, and the next arriving unit is at its i-th
phase, i =1, ..., m. The algorithm to calculate these probabilities is presented in [30].

3.1. Joint LST of the Sum of Two Consecutive Inter-Departure Times

Assume that three successive departures occur at instants 7y, 71, T2, and consider
D1 =11 — 19 and Dy = T3 — T1. The sum of two inter-departure times is D1 + Dy = T3 (79 = 0).
The joint pdf fr,(d1,d) for D1 and D; is denoted by (see [16])

sz (dl, dz)AdlAdz = P(d] < D] < dl + Ad] , d2 < D2 < d2 + Adz), (6)
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and the corresponding joint LST, 7,(61, 6;), is defined by
% (0, 0,) = E(e~(1D1+602D2)y — / / e~ tde 0 £ (4 1)) Ady Ady. @)
41 =0 dy =0

Given that a departure occurs at time T, two successive departures can occur following
one of three cases, where two of them split into two sub-cases. A departure occurring at
time T leaves behind it either of the following:

(i) No other units (Lg = 0);
(ii) A single unit (Lg =1);
(iii) Ly > 2 units.

In cases (i) and (ii), the next departing unit, occurring at time 71, leads to one of
two sub-cases:

(a) Itleaves no other units in the system (L; = 0), i.e., during its service duration no other
units arrived;

(b) It leaves L; > 1 units behind it, i.e., during its service duration at least one unit
has arrived.

Figure 1 summarizes all cases for realizations 71 =dq, 75 = d5.

« Case (i):
. Case (ii):
o Case (iii)): Lo>2 Li>1
Di=Xi Dr=X>
70 11=d, n=d,

Figure 1. All cases of two successive departures given a departure at time 7.

For better clarity, we refine the number of cases into five:

(1) Case (i), sub-case (a)—each of the two consecutive departures, occurring at times 7
and 11, leaves no other units behind it.
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(2) Case (i), sub-case (b)—a departure occurring at time 7 leaves no other units behind
it, but a departure occurring at time 71 leaves L1 > 1 units behind it.

(8) Case (ii), sub-case (a)—a departure occurring at time 7 leaves a single unit behind it,
but a departure occurring at time 77 leaves no other units behind it.

(4) Case (ii), sub-case (b)—a departure occurring at time 7( leaves a single unit behind it,
but a departure occurring at time 77 leaves L; > 1 units behind it.

(5) Case (iii), a departure occurring at time T leaves Ly > 2 units behind it.

Thus, the sum of two inter-departure times between 7y and 7, can be represented by
two instants of successive departures, as provided in Equation (8) below:

T =D1+ Dy =
Tr§+X1‘(Tz>X1)+Tr£+X2 , Lo=0,Yy=i,and (L1 =0,YV1=j|T, > X1) i=1....m,j=1,...,m
Tr§+X1‘(TZ§X1)+X2 , Lo=0, Yo =1, and (L1 = 1|T> < X4) i=1...,m 8)
= le(Trg>Xl)+Tr§+X2 L Lo=1 Yo=iand (leo,Y1=j‘Tr§>Xl) i=1,...,m,j=1,...,m
Xl‘(Trggxl)H(z , Lo=1, Yy =i and (lelerggxl) i=1,...,m
X; + X, ) Lo>2

In case (1), the first inter-departure time, Dy, is the sum of a remaining inter-arrival
time until the next unit arrives (Tri) augmented by its own service duration (X7), given
that the latter unit completes its service before the next unit arrives (T, > Xj). Namely,
the first unit leaves no units behind it (L1 = 0). Then, the next successive inter-departure
time, D,, is the sum of the remaining inter-arrival time until the second unit arrives (Tri),
augmented by its own service duration (Xy). In case (2), the first inter-departure time, D,
is the sum of the remaining inter-arrival time until the next unit arrives (Tr}) augmented by
its own service duration (X;), given that the latter unit completes its service before the next
unit arrives (T, < X7). Namely, the first unit leaves L1 > 1 units behind it. Then, the next
successive inter-departure time, Dy, is the full service duration of the second departing unit
(X2). In Case (3), the first inter-departure time, D, is the full service duration of the first

departing unit (Xj), given that it leaves no units behind it (L; =0, Tr]2 > Xj). Then, the next
successive inter-departure time, D,, is the sum of the remaining inter-arrival time until the

second unit arrives (Trjz), followed by its own service duration (X3). In Case (4), the first
inter-departure time, D1, is the full service duration of the first departing unit (X1), given

that it leaves Ly > 1 units behind it (Tr]2 < Xj). Then, the next successive inter-departure
time, D,, is only the service duration of the second departing unit (X3). In Case (5), the
sum of two consecutive inter-departure times, D1 + Dy, is the sum of two service durations
(X1 + Xp). Note that the random variable 7, as defined in (8) is expressed in terms of
2m? + 2m + 1 random variables, not all independent. Owing to the dependencies between
variables in Equation (8), we formulate the joint LST of 7,,7(61,62) via the joint pdf
fr(d1,d2).

We now consider the contributions of Cases (1)—(5) to f,(d1,d>) as follows:

Case (1): The probability that at the departure time 7y = 0 the system is empty and
the arrival phase of the next unit is 7 is provided by 77 ;. During the time until the next
departure at dy, a unit arrives between u and u + Au with probability f:(u)Au, so the
server starts serving at time u. It completes the service between d; and d; + Adj, with
probability fx (d; — u)Ad;. The next arriving unit starts its arrival process at time u in phase
I with probability o;. Then, the probability that during d; — u there are no arrivals and
that the arriving unit is in its j-th arrival phase at time 71 = d; is exp(T(d; — u))jj (see [28],
p- 41). Similarly to d;, the length of time until the next departure at d, consists of (i) the
remaining time until arrival, occurring between v and v + Av with probability fr,:(v)Av,
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and (ii) a full service duration, starting at time v and completed between d, and d, + Ad,
with probability fx(dy — v)Ad,. Thus, the contribution of Case (1) to fr, (d1,d2) is

m
L7
i=1

I Ms
I

dy
/ 1 (0) ey = ) exp (T (dh — ) /fm )fclds — )

Case (2): The probability that at the departure time 7y = 0 the system is empty and
the arrival phase of the next unit is 7 is provided by 7 ;. During dq, the next unit arrives
between u and u + Au with probability fr,:(u)Au, so, the server starts serving at time u.
It completes the service between d; and d; + Adj, with probability fx(d; — u)Ad;. The
probability that at least one unit arrives during the service duration d; — u is Fr(d; — u). In
such a case, the server immediately starts serving the next unit at time d;, since there are
L1 > 1 units at the system. It completes the service between d, and d, + Ad, with probability
fx(d2)Ad,. Thus, the contribution of Case (2) to fr,(d1,d2) is

dq
Y- o; [ fan(u)fx(ds — w)Fr(dy — u)au - fx(do)
u=0

i=1

Case (3): The probability that at the departure time 7 = 0 there is a single unit at the
system and the next arriving unit is in its i-th arrival phase is provided by 7; ;. Since there
is a single unit at the system at time T, the server immediately starts serving this unit. It
completes the service between d; and d; + Ady with probability fx(d;)Ad;. The probability
that during d; there are no arrivals and the next unit is in its j-th arrival phase at time
T1 =d; is given by exp(le)l-]-. During d;, the next unit arrives between v and v + Av with
probability fr,:(v)Av. The server that starts at time v completes the service between d, and
dy + Ady, with probability fx(d, — v)Ad,. Thus, the contribution of Case (3) to fr, (d1,d2) is

dy
Y mf(d) L exp (T- ), - [ f10 (@) (2 = 00
= J= v=0

Case (4): The probability that at the departure time 7y = 0 there is a single unit at
the system and the next arriving unit is in its i-th arrival phase is provided by 7 ;. The
time until its arrival is T,. Since there is a single unit at the system at time 7, the server
immediately starts serving this unit. It completes the service between dq and d; + Ady with
probability fx(d1)Ad;. The probability that at least one unit arrives during d; is Fy,i(dq).
The server starts immediately serving the next unit at time dy, since there are L1 > 1 units
at the system. It completes the service between d; and d, + Ad, with probability fx(d;)Ads.
Thus, the contribution of case (4) to fr,(d1,d2) is

i 71, fx(d1) Fryi(dr) - fx (d2)

i=1
Case (5): The probability that at the departure time 7y = 0 there are at least two units
oo m
in the system is provided by )} )} 71;;. Then, the server starts immediately servicing

1=2i=1
two units consecutively. It completes the first service between d; and d; + Ad; with proba-

bility fx(d1)Ad; and the second unit between d, and d, + Ad, with probability fx(d;)Ad;.
Thus, the contribution of Case (5) to fr, (d1,d2) is

ii i fx(d1) fx(d2)
I=2i=1

Collecting all the contributions of Cases (1)—(5), we obtain
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m m m dZ
fr(d,dz2) = '21 121 Zl i+ J fri(u) fx(di — w)agexp (T(dy — u));8u fo fryi(0) fx(d2 —v)Av
1=1l= ]= U= V=
m
Z Tto,i f fryi () fx(dy — u) Fr(dy — u)Au - fx(do)
i1 o )
m
2 anle(dl)eXp T dl f fTr] fX dZ_U)
=1
m
+ 21 m1,ifx(d1) Fr,i(d1) - fx(d2) + IZZ '21 i fx(d1) fx (da)
1= =21=
Finally, the joint LST of the sum of two consecutive inter-departure times, 7 (61, 6,), is
obtained by substituting Equation (9) in Equation (7).
This result generalizes Takagi’s formula for the M/G/1 queue to the PH/G/1 queue.
Indeed, for exponential inter-arrival times with mean 1/A, when substituting T = —A and
Fr () = Fpa (1) = Ae=™ in Equation (9), and then substituting Equation (9) in Equation (7),
Takagi’s (1991) [16] result is obtained:
~ X(A+6 (6:1)-X(6:1+1)] &
T(61,62) = [)\2 Lol A(+ez) ralk e ] X(QZ)} 10)
o B 10
+m VIR 4 [R(0) — X (0 + N[ X(@)] + 3 mX(0)X ()
m
Note that in this case ) 7 ; shrinks to 7.
i=1
As another example, consider the E;/G/1 queue. Inter-arrival times are two-stage
Erlang-distributed, each stage having mean 1/A, and service durations are generally
distributed. In this case, Tr1~T~Er(2,/\) and Tr2~Exp (A). Substituting T = <_0/\ /\/\> ,
Fr (u) = Fpa(u) = A2ue™™ and Fp,2 (1) = Ae=* in (9) and then substituting (9) in (7) leads
to Equation (11) below:
T(01,02) =
2 2 % 2 %
A Y A 9X(A) A A % % 90X (A+6,
moa | (kg ) KA+ 00) ()~ AZAL A (A [R(0r) — R(A +0) + 125040 )>H X(62)
2 ~ ~
A 0X(A+0 A A T 4 0X(A+67)
+ o2 /\+9 X(A+61) (/\+92) ~ Xre a((A+ell)) e, T Are [X(Gl) —X(A+61)+A a((A+91) H X(62) (11)

~ 2 ~ ~ ~ e ~
g [ X(A+6y) (A ﬁez) — AR A+ X(A) - X(A+0p) + Af’;mfy] X(6,)
+12[X(2) = XA+ 0)[ () + T mX(01)X(62)

To further validate Equation (11), we compare it with the joint LST for various PH
service distributions, estimated by simulation. In all cases studied, the analytical result
is well within the confidence interval of the simulation result. Appendix A presents the
simulated validation for the E;/E;/1 queue.

3.2. Correlations between Two Consecutive Inter-Departure Times

In this section, we analyze the correlation between two consecutive inter-departure
times in the M/G/1, E;/G/1 and C,/G/1 queues in order to study the impact of different
levels of inflow variability on the departure process.

Since E(D1) = E(D;) and Var(Dq) = Var(D5), the correlation between D1 and D, is

provided by
E(D1D;) — E*(D
corr(Dy,Dy) = ( 1V§3(D1) ( 1>, (12)
where E(D1D,) = % 06,0 and T, (64, 6) is obtained by substituting Equation (9) in (7).
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E, represents a two-stage Erlang distribution, having low variability, namely,
SCV = 0.5 for any parameter (specifically, we chose mean 1 at each stage). C, repre-
sents a two-stage Coxian distribution, the variability of which depends on the distribution
parameters. In order to examine the impact of high arrival variability on the departure
process, we chose the following parameters: A = 4.309 for the first stage and A, =1 for the
second, with p = 0.5 for the probability of moving from the first stage to the second. This
implies that the arrival’s SCV in this case is SCV = 1.5. For general distribution (G), we
chose the C; distribution with different values of SCV (less than or greater than 1). Figure 2
depicts the correlation values at each queue for the range p € [0, 1].

M/G/1 queue
0.1r SCV=0.5
SCV=1
c 005 SCV=1.5
o SCVest
© N
D ———————
=
[=]
[&]
0.05
-0.1
o 0.2 0.4 0.6 0.8 1
I
Ez!G!]. queue
0l
SCV=0.5
SCV=1
g 005 SCVals
=]
E SCV=4
o 0
=
[=]
[&]
-0.05
o1 i A i i ’
o 0.2 0.4 0.6 0.8 1
I
CZ/GA queue
0l
0.05 -

correlation
(=1

SCVe05
SCV-1
205 SCVs1
SCV==1
0.1 : ' : ' ;
0 0.2 0.4 0.6 0.8 1

P

Figure 2. The correlation values between two consecutive inter-departure times at each one of
three queue types: M/G/1, E;/G/1 and Cy/G/1, for the range p € [0, 1]. Different cases of SCV of
the service distribution G are examined: SCV = 0.5 is depicted by the blue line; SCV = 1 (exponential
distribution) is depicted by the red line; SCV = 1.5 (SCV > 1 in C;/G/1 queue) is depicted by the
orange line; while SCV =4 (SCV >> 1 in C;/G/1 queue) is depicted by the purple line.

Note that in the C;/G/1 queue it is not possible to set the value of the service’s SCV
within the range p € [0, 1], since the SCV also determines the value of p. Therefore, in this
queue, the orange line depicts a case where the SCV is greater than 1 (and not exactly 1.5)
and the purple line depicts a case where the SCV is significantly greater than 1 (and not
exactly 4).
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Several insights can be drawn from Figure 3:

o When the system is nearly empty (0—0), the departure process tends to imitate the
arrival process, hence the correlation tends to zero. When the system is almost fully utilized
(p—1), the departure process tends to imitate the service process, hence the correlation
tends to zero, as well.

o The sign of the correlation in the range p € (0, 1) is mainly determined by the arrival
process: it is negative when the arrival variability is low, and positive when it is high. This
can be seen in Figure 3. In the E;/G/1 queue with arrival’s SCV = 0.5, the correlation is
negative for all examined service distributions. The negative value implies that when the
inter-arrival times have relatively low variability, the departure following a short inter-
departure time will be stochastically long, and vice versa. Similarly, in the C,/G/1 queue
with arrival’s SCV = 1.5, the correlation is positive for all examined service distributions.
The positive value implies that when the inter-arrival times have relatively high variability,
the departure following a short (long) inter-departure time will be stochastically short
(long), as well.

o Inthe M/G/1 queue, i.e., when the arrival’s SCV is 1, the service process has opposite
impacts on the correlation sign: service distribution with SCV = 0.5 provides a positive
correlation, while service distribution with SCV = 1.5 provides a negative correlation. The
correlation in the case of SCV =1 is zero since the departure from the M/M/1 queue is a
renewal process.

o Correlation analysis can help in assessing how justified the renewal assumption is as
an approximation when studying the performance of queueing networks. When the
correlation tends to zero, the performance calculations are more accurate, and vice versa.
Interestingly, Figure 3 shows that when the service’s SCV increases, the absolute correlation
value tends to zero for high utilization. Thus, the renewal assumption in these cases (high
utilization with high service variability) will provide an appropriate approximation in
predicting the performance of two-site tandem networks.

n+i=2 n+i=3
&00

o
=1
=1

m— single-parameter LST single-parameter LST
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500
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=
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Figure 3. The number of possible cases for different n + 1 values under the approach that expresses
the joint LST of sum of n + 1 consecutive inter-departure times (red line) vs. the new approach that
expresses the corresponding single-parameter LST via the (1 + 1)-st departure epoch (blue line).

4. A New Approach to Obtain the Joint LST of the Sum of # + 1 Consecutive
Inter-Departure Times

A higher level of correlation analysis is used by calculating the lag-n correlation, which
is defined as the correlation between D¢ and D41 (n =1, 2, 3...). For this calculation, it
is required to calculate the multi-parameter joint LST of the sum of n + 1 consecutive
inter-departure times. It can be achieved by considering all possible scenarios expressed
by dependent variables, in light of [16] and Section 3 above. However, this approach
becomes very impractical as n increases. For example, when the number of phases in the
arrival process is m, the corresponding joint LST, where n + 1 = 2, is expressed in terms of
2m? + 2m + 1 random variables, and where n + 1 = 3, it is expressed in terms of
2m3 + 4m? + 6m + 1 random variables.
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T =A+ X =

In this section, we reveal an interesting property of the joint LST of the sum of
n + 1 consecutive inter-departure times. We show that this LST can be directly reconstructed
through its corresponding single-parameter LST, which is derived via much fewer possible
cases and as a function of independent variables only. For example, the single-parameter
LST of n + 1 =2 is expressed in terms of 4m + 1 independent random variables, and that of
n + 1 =3 is expressed in terms of 2(4m + 1) + 2m + 1 variables. Figure 3 illustrates the number
of possible cases at each approach in the cases where n + 1 =2 and n + 1 = 3, respectively.

In this section, we reveal this property, prove its validity for some queues and validate
it for various cases. First, we present an expression of the sum of two consecutive inter-
departure times directly, via the departure epoch of the second departure, based only
on independent variables. This leads to a direct derivation of a single-parameter LST of
the aforementioned sum without calculating its joint density. Then, we show that the
corresponding joint LST can be readily reconstructed through its single-parameter LST in
M/G/1and E;/G/1 queues. We conjecture that this reconstruction property holds in more
general cases. To enhance the conjecture, we validate it for various cases of the more general
C2/Cy/1 queue for n + 1 =2, and prove it in the M/G/1 queue for n + 1 = 3. In light of this
conjecture, we propose an expression of the sum of n + 1 consecutive inter-departure times
directly via the (n + 1)-st departure epoch, which is based on independent variables only
and leads to a direct derivation of a single-parameter LST of that sum. The reconstruction
through the single-parameter LST provides the sought after multi-parameter joint LST.

4.1. Single-Parameter LST of Sum of Two Consecutive Inter-Departure Times

Although Equation (8) defines the random variable 7, in the PH/G/1 queue well, it
is possible to express T, directly via the departure epoch of the second unit and not via
the sum of two consecutive inter-departure times as expressed in Equation (8). Namely,
the sum of two inter-departure times can be expressed as 7o = A + Xp, where A; is the
length of time from 7 = 0 until the instant when the second unit starts service and X is
the latter’s service duration. This approach is much simpler than Takagi’s approach since
the corresponding LST consists of fewer variables which are all independent.

The following equation defines 7, only as a function of the initial system states at time 7:

Trl + (Ta| T2 > X31) + Xa » Lo=0Yo=i h>Xy i=1...,m
T+ (M+ (X -T)L<X)+X, , L=0 Yo=i L<X i=1...m
(Tré’Tr]z>X1)+X2 o Lo=LY=j Lh>X j=L...m (13
(Tr£+(X1—Tr£)’Tr£§X1)+Xz s Lo=1L Yo=j h<Xy j=1..,m
X1+ X3 , Lo >2

The explanation is as follows: When L = 0, the instant A; is a sum of the remaining
inter-arrival time until the first unit arrives, Trﬁ, plus one of two possibilities: either a
full inter-arrival time of the second unit, T, given that the first unit completes its service
before the latter unit arrives (case 1), or the sum of a full inter-arrival time of the second
unit, T, plus (X7 — T»), which is the waiting time until the first unit completes its service,
given that the first unit completes its service after the second unit arrives (case 2). When
Ly =1, the instant A; is one of two possibilities: either a remaining inter-arrival time of the

second unit, Trjz, given that the first unit completes its service before the next unit arrives

(case 3), or the sum of a remaining inter-arrival time of the second unit, Trjz, plus (X7 — Trjz)
which is the waiting time until the first unit completes its service, given that the first unit
completes its service after the second unit arrives (case 4). When Ly > 2, the instant Aj is
only X (case 5).

Then, (13) becomes the following (the variables T, and Trp in the second and
forth lines in are omitted):
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T+ (T, > X1)+ X2 , Ly=0,Yy=i Th>X; i=1...,m
T+ (X |l <X1)+Xa , Lo=0 Yo=i Hh<Xy i=1...,m
= A+ X = (Try|Trh > X1)+ X2, Lo=1Yo=j, h>Xy j=1,...,m. (14)
(X1|Tr, < X3) + Xo , Lo=1,Yy=i, <Xy j=1,....,m
X1+ X5 , Lo >2

In fact, Equation (14) resembles Equation (8) but the dependencies between the vari-
ables in cases 1 and 3 in Equation (8) are replaced by independent variables in
Equation (14). Furthermore, Equation (14) can be written as

Tri—i—max(Tz,Xl)—O—Xz , Lo=0,Yo=i i=1,....m
72:A2+X2: maX(Trlz,Xl)+X2 7 LO:L YOZi izl""’m' (15)
X1+ Xo , Ly >2

It should be noticed that 7, as defined in Equation (15) is expressed in terms of
4m + 1 independent random variables, whereas in Equation (8) it is expressed in terms of
2m? + 2m + 1 random variables, not all independent. Thus, Equation (15) facilitates a direct
derivation of a single-parameter LST by a proper partitioning of possible events as follows:

m i
H(0) = ‘zl Mo, [E(e‘GTrl)(E(e‘”Z;Tz > X1) +E(e ;T < Xl))E(e‘(’XZ)}
1=
m oo m 7 (16)
+ ¥ m[(E(e ™2, > X1) + E(e7 %, T < X4))E(e ¥2)] + ¥ ¥ myE(e ¥%1)E(e~0%2)
j=1 1=2i=1

In other words, (16) is written as

3

) = L 7o E(e 0™") (70 (fx1 (x)j?e_e'tfn(t)dt> dx + 0}0 (fTZ(lf)z’oe‘e"‘fx1 (x)dx) dt) E(e—9X2)]
1j (f (fxl T e dt>dX+f ( )fe9'Xfxl(x)dx>dt>g(eﬂxz)] Y
0 X t

0 E(e %) E(e=%2)

_|_

I
N

+

18
It

B
|
N

In the case of M/G/1 queue, Equation (17) becomes

%) = mo|T1(6) (T2(6) K1 (A +) + X1 (6) - X1 (A +6) ) Xa(6) |

N - _ _ o o _ .18
+ 711 [(To(0)Xa(A +0) + X1 (6) — K1 (A +6)) X (6) | + T m%a(6)%(0)

When 60, = 6, = 6, the single-parameter LST of the sum of two consecutive inter-
departure times, Equation (18), coincides with the joint LST of the sum of two consecutive
inter-departure times, Equation (10)—Takagi’s (1991) [16] result.

In the case of E; /G/1 queue, Equation (17) becomes

7(0) =
~ ~ ~ E)X A0 v
= 71 [TiOX(A+0)To(0) ~ A 250 Try (6) + Try ()[R (6) — X(1 +0) + A5 2] [ R (6)
7 % oX(A+6 0X(A+6)1]
+ 70 [Tri(O)X (A +0)Ta(6) — Try (0) WAL Tra(6) + Tra(0)[X(6) — X(A +0) + A% AL % (0)
+ ma[X(A+0)To(0) — A 50T Tra(6) + X(A) = X(A+6) + A 2500 >]x2(9>

9(A+6)
+ ma[RO) = XA +0)] %a(0) + ¥ m%i(0)Xa(6)

(19)

The importance of (18) and (19) is that the joint LSTs—(10) and (11), respectively—can
be reconstructed by substituting 6; in (1~8) and in (19) instead of 6, as follows: T;(9) is
replaced by T;(6;), Tr;(6) is replaced by Tr;(6;), X;(6) is replaced by X;(6;) and X;(A +6)
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is replaced by X;(A + 6;). Thus, the joint LST of the sum of two consecutive inter-departure
times in M/G/1 queue can be constructed from (18) as follows:

(61, 02) =
= 700[Ta(61) (Ta(62) Xa (A + 61) + X (61) — Xa (A +61) ) %o (62)

o , (20)
+ m [(Tz(Gz)Xﬂ)\ +61) + X1(61) — X1 (A + 91)>X2(92) } + 122 7 X1(61)X2(62)
which coincides with Equation (10) (note that T;(6;) = ﬁei; Xi(A+61) = X(A+6,);

and X;(0;) = X(6;) for i = 1, 2). Similarly, the joint LST of the sum of two consecutive
inter-departure times in the E; /G/1 queue can be constructed from (18) as follows:

7 (01,60,) = - ~
0,1 {71(91)5?(7\ +01)Ta(62) — A5 Try (61) + Try (61) [g(f)l) —X(A+6) + Aa;i(ﬁé?l)) } } X (6)
+ 702 | Tri(61)X (A +01)Ta(6) — Tra (00) FEEA Tra(62) + Tra (6 [X(01) — X(A +00) + A5 E50 | [X2(6) o)
+ 7110 [ XA+ 00)To(02) = AS LA Tra(62) + X(A) = X(A+61) + A5 2 %5(62)
+711,2 P((/\) - X(A+ 91)} X2(62) + Ez 1 X1 (61)X2(62)
_ 2
which coincides with Equation (11) (here, T;(6;) = (%91) ; Tri(6) = o i‘gi ;

Xi(A+601) = X(A+6y); and X;(6;) = X(6;) fori=1,2).

We conjecture that the same reconstruction can be used in other PH/G/1 queues, as
well. For that purpose, we validate this reconstruction in the case of the C;/C»/1 queue for
various parameters, as the Coxian distribution can represent any PH distribution [31] with
much fewer parameters [32]. We compare the reconstructed joint LST obtained by Equation
(19) vs. the joint LST estimated by simulation. In all cases examined, the reconstructed
joint LST is well within the confidence interval of the joint LST estimated by simulation.
Figure 4 presents the case of a C/C,/1 queue where the inter-arrival times and service
durations are two-stage Coxian-distributed. The parameters of inter-arrival times are as
follows: A =1 for the first stage and A, = 2 for the second, with p = 1 for the probability
of moving from the first stage to the second. The parameters of service durations are as
follows: p1 =1 for the first stage and p, = 2 for the second, with p = 1 for the probability of
moving from the first stage to the second. Each simulation run is 10° departing units after
a warm-up period of 5 x 10* units. For a given 6; and 65, the joint LST is estimated by

105
Yy e~ (O1Tit+627i1)

T2(61,6,) = =2

2 22)

where 7; is an i-th inter-departure time obtained by simulation. To show the results in
a two-dimensional graphical exposition, we exhibit two examples: (i) 1= 6, = 6 and
(ii) 81 = 6, 62 = 0. Note that the latter is exactly the marginal LST of 71. The corresponding
graphs are depicted in Figure 4.
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O Eq.(22)- simulation
1(
~—EQq. (17) - proposed

Joint LST

Figure 4. Reconstructed joint LST of the sum of two inter-departure times in the C,/C;, /1 queue by
the corresponding single-parameter LST: exact joint LST—Equation (17) (orange solid line) vs. joint
LST estimated by simulation via Equation (22) (blue circles). The figure shows a complete agreement.

4.2. Sum of n + 1 Consecutive Inter-Departure Times in a PH/G/1 Queue

The LST of the sum of n + 1 consecutive inter-departure times is constructed via the
joint pdf, fr, . (d1,...,dp41) for Dy, ..., Dy 41, which is defined by

fra(di, .o dy1)Ady .. Ady g = P(dy < Dy <dy+Ady, ..., dyp1 < Dpgq < dpgq + Ddpyq). (23)
Then, the corresponding joint LST is

_ , i 7 T - X 0id
Tn+1(91, .. -/9n+1) = E(e i=1 ) = / ... / e i=1 an-H dn+1)Ad1 o Adp, (24)

The joint pdf, Equation (22), can be obtained by extending Equation (9) to the case
of n +1 > 3, but the amount of possible cases which involve dependent variables swells
as 1 increases as demonstrated in Figure 3 and in Appendix B. Therefore, this procedure
becomes impractical. However, the sum of n + 1 consecutive inter departure times, 7,11,

can be expressed directly via the departure epoch of the (1 + 1)-st departing unit (n + 1 > 2),
as follows:
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. n+1
Try + max (): Teri,O,n>+Xn+1 , Lo=0,Yy=1i i=1,...,m
1=2

. n+1
Tor1 = Apy1 + X1 =  max (TT}H_'—Z Zle, Ai,j,n) +Xp+1 , Lo=j,Yo=i i=1,...,m j=1,...,n, (25)
:]+

0l
Y X , Lozn+1
=1

where A; ; ,, representing the length of time from 7o = 0 until the instant when the nth unit
starts service, is defined recursively (4; ;1 =0, Xo = 0):

n
max (Z Tl/Ai,j,nl> + Xy ,  j=0
1=2
. n )
Ajjn = { max (TF;Jrl + 17%2 Tz,Ai,j,n—1> +Xp , 0<j<n. (26)

n—1 .
Y X , j=mn
I=1

Thus, T, (0) can be obtained directly by a proper partitioning of all possible events as
a function of independent variables, as demonstrated in Equation (17). We note that 7, (6)
holds for any service time X, while the computational effort increases with .

To derive the corresponding joint LST, 7, (61, . . ., 6, ), we conjecture the following, in
light of the results presented in Section 4.1.

Conjecture 1. The joint LST of the sum of n + 1 consecutive inter-departure times in the PH/G/1
queue,?n(GJ,. .., 0n), can bg reconstructed via its single—pargmeter LST, T,(6), by substituting in
T,(0): (i) T;(6;) instead of T;(0), and (ii) X;(6;) instead of X;(0),i=1,2,..., n.

For example, consider the case n + 1 = 3. First, we present T3 directly via the departure
epoch of the third departing unit, so the single-parameter LST is expressed in terms of
2(4m + 1) + 2m + 1 independent random variables. Then, we obtain its joint LST with no
need for the derivation of the three-dimensional joint pdf. The proof of the conjecture for
the joint LST of n + 1 = 3 consecutive inter-departure times in the M/G/1 queue appears in
Appendix C.

From Equation (25) we express 73 = Az + X3 as follows:

Try + max(To + T, max(To, X1) + X2) + X3, Lo=0, Yo=i i=1,...,m
max(Try + T3, max(Tr, X1) + Xp) + X3 , Lo=1,Yy=i i=1,...,m

=A X3 = . 27
T = A X max(Tr}, X1 + Xp) + X3 L Lo=2Yo=i i=1,...,m @7)
X1+ X2+ X3 , Lo >3
This representation depends only on the initial states, which, by proper partitioning of
possible events, eliminates the need to derive the joint pdf and facilitates a direct derivation
of a single-parameter LST as follows:
B(0) =

" [ E(e;T > X)) (E(e79%2; T3 < Xo) +E(e7973;, T3 > X5)) +
Y. 7o, |:E(e9 Ty ( E(e?XitX), Ty < X, T < X3) + E(e (2t D), Ty < Xp, T < Xq, Ta + T3 > X4 + Xo)+ ) E(e‘gXS)}
i=1 E(e 0X+%), T3 < X5, Th < X1, T + T3 < X1 + X2)

E(e T Tr, > X1)<E(e’9(X2;T3 < Xp)+E(e ;T3 > Xz))+ : (28)

E(e=®(X1+%), Ty < Xy, Trh < X1) + E(e (T4 1), Ty < X5, Ty > Xy, Tr + T3 > Xy + Xp) | E(e77%)

E(e 0(X1+X%), T3 < Xp, Th > Xy, Trl, + T3 < Xp + Xa)

m i X . m
+ ¥ m [(E(e*" T3, Trl, > Xy + Xo) + E(e~ 0 (Xa+X), vl < X + Xz))E(e*9X3)] + 22 21 711, ;E(e 0X1)E(e70%2)E(e%%3)
o

m
+ X my
=1
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By applying the conjecture, one can reconstruct the joint LST of three consecutive
inter-departure times via Equation (28).
For example, in case of the M/G/1 queue, Equation (28) is reduced to

(0) =
(e)xl(He)( 2(0) = Xao(A+6) + (G)Xz(H@))
( (0) — X, ()\+9))< (9)—XZ(A+9))+ _
770 T1(91) (Q)AXZ()\ n 9) ax(l)si_g;)) i X3(9)
X1(0)Xp(A+0) — X1 (A +0)Xp (A +6) — AXa(A +6) aXEﬁZf)
T(0) Xy (A +6) (Xz(e) — (A +0) + Ta(0)Xa(A +6) ) + (29)
1 f3<e>Ax2<A+9>aXe£i§$>+ ) 3
1 (0)Ra(A+6) — K1 (A +0)Ka(A +0) — AKp(A + 0) Z2(00)

3AT0)
7, [(Tg(Q)Xl()\ FOX(A+6) + (x1 (6) — Xy (A + 9)) (X2(9) XA+ 9))))@(9)}
+z;3 X1 (0)X2(0)X5(6)
According to the Conjecture, the joint LST, 73(601, 6, 63), can be regonstructed via
Equation (29), by substituting the following: (i) T;(6;) instead of T;(0); (ii) X;(6;) instead of

X;(6); and (iii) X; (A + 6;) instead of X; (A 4 6). Thus, the joint LST 73(61, 62, 03) is derived
from Equation (21) as follows:

%3(91/92/ 93) =
T(60) X1 (A +61) (Xa(62) = Ka(A +62) + T3(63) Ko (A + 62) ) +
~ X1(61) — X1(A +61) ) (X2(62) — Xo(A+62) )+ >
7o | T1(61) ( BXBA(M) ) X3(65)

T5(03)A X2 (A + 02) Shig i+
X1(61) Ko (A -+ 62) — Xa (A +61) Ka(A + 62) — AKp(A + 6) ()

Ta(02)%1 (A +01) (Ra(02) — Ra(A +02) + Ta(0) oA +-62) ) + 30)

(%1(61) = K (A +01)) (Xa(6) — Ka(A+65) )+ -

T3(03)A X2 (A + 92)W+

X1(61)Xa(A +62) — Xy (A+61)Xa (A +65) — AXp (A + 92)%

+1) {(T3(93)?~(1 (A +61)X2(A+62) + (??1(91) —Xi1(A+ 91)) (X2(92) - X (A + 92)))5(3(93)}
*é X1 (61) X2 (62)X3(65)

The proof of the conjecture in this case appears in Appendix C.

5. Summary

This paper concentrates on the analysis of inter-departure time correlations from the
PH/G/1 queue. This analysis is aimed at enabling a more accurate investigation of the
performance of non-Markovian tandem queues, where the output process from one site is
the input process to the next. We first derive the joint LST of the sum of two inter-departure
times of the PH/G/1 queue by considering all possible cases at departure epochs in light
of [16] approach for the M/G/1 queue. Consequently, the correlation between two consec-
utive inter-departure times for various queues is calculated and investigated. This investi-
gation indicates cases when using the renewal assumption of the output process provides
a proper approximation when studying the performance of tandem queueing networks.
Since the derivation of the joint LST by the abovementioned common approach becomes
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impractical for n + 1 > 3, a new approach is proposed by which the multi-parameter
joint LST of the sum of n + 1 consecutive inter-departure times is reconstructed via the
corresponding single-parameter LST. This approach is based on much fewer possible cases,
all expressed in terms of independent variables. Consequently, the lag-n correlation can be
calculated and used for the investigation of performance assessment in non-Markovian
tandem queueing networks.
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Appendix A

Figure A1 presents the case of the E;/E;/1 queue, where inter-arrival times are two-
stage Erlang-distributed, each stage having rate 1, while service durations are
two-stage Erlang-distributed, each stage having rate 1.5. Each simulation run consists
of 10° departing units after a warm-up period of 5 x 10* units. For a given 0; and 6, the
joint LST is estimated by (22). To show the results in a clearer graphical exposition, we
exhibit in Figure Al two examples: (i) 81= 6, = 6 and (ii) 61 = 0, 6 = 0. Note that the latter
is exactly the marginal LST of inter-departure times 7.

1@

0.9 O  Eqg. (22), simulation

Eq. (11), proposed

JointLST

Figure Al. Joint LST of the sum of two inter-departure times in the E;/E;/1 queue: exact joint
LST—Equation (11) (solid orange line) vs. joint LST estimated by simulation via Equation (22) (blue
circles). The figure shows a complete agreement.

Appendix B

To demonstrate the cumbersome procedure to derive the joint LST in light of Takagi
(1991)’s [16] approach, we extent the development of the sum of n + 1 = 3 consecutive
inter-departure times similarly to Section 3.1. Given that a departure occurs at time T,
the sum of three inter-departure times between 7y and 73 can be represented by three
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T + X (T2 > Xq) + T

Tri + X1|(T2 < X1)

instants of successive departures, including 2m> + 4m? + 6m + 1 random variables, not all
independent, as follows:

+X2‘(T3>X2)+TV§+X3 , L0=O,Y0=i, (L1=O,Y1 =j|T2>X1),(L2:O,Y2=I|T3>X2)

Tr;-ﬁ-X]‘(Tz>X1)+TT’£+X2)(T3SX2)+X3 , Lo=0,Yy=1, (L1 :O,lej‘T2>X1),(L2Zl‘T3SX2)
Tri + X1 (T2 < X1) + Xo|(Ts > X2) + Trl + X3 , Ly=0,Yy=1i, (L1 =1Ta < X1),(La =0, Yo =|T3 > Xp)

+ X2|(T3 < X2) + X3 , Ly=0,Yo=1i, (L1 =1|T» < X3),(Ly > 1|T3 < Xp)

TR+ X[(T+ T < Xi) + X+ X3 , Lo=0,Yy=1i, (L1 22|T, + T3 > X1)
X1’(Tré>X1)+Tr]2+X2’(T3>X2)+Tré+X3 . Lo=1Yo=i, (L1 =0,Y =j|Ta>X1),(La =0, Y, = I|T3 > X»)

& X]‘(Tz>X1)+Tr]2+X2‘(T3§X2)+X3 , Lo=1Yy=i, (Ly=0,Y; =j|Ts > X1), (Ly > 1|T3 < X,) (A1)
X1|(T £ X1) + X |(Ts > Xo) + Tl + X3 , Lo=1LYy=i, (L1 =1Th<X1),(Lz =0, Y, =1|T3 > Xp)
Xi(To < X1) + Xa| (T3 < Xo) + X3 , Lo=1Yy=1i, (Li=1T < X1),(Ly > 1|T3 < Xp)
Xl‘(T2+T3§X1)+X2+X3 , Lo=1Yy=1i, (L122|T2~|7T3>X1)
X1+ Xo + Trh + X3| Tl > X3 , Lo =2, Yy =1i,(Ly = 0|Tr§ > Xy)
X1+ X+ X3|Try < X3 , Ly=2Yy=i,Tri <X
X1+ X0+ X3 , Ly >3

fry (dr,d2,d3) =

L=
[Nk
E lME

\\Ms

J
mon

+L b an)x f fri(u

i=1j=11=

3

2m  m m

+Y Y P

i=1j=m+11= 15*

m 2m

+L X m, [ fri(u

i=1j= m+ u=0

u=0
m om m m

i=1j=11=1s=1

i=1j=1

mo 2mm

i=1j=m+11=1
m 2m

+X L mifx(d)
i=1 j=m+1
m

+Z 71, fx (dh)F. 2Ty i(d

1,,

u=0 u=0

+Z TT0,i f foi (W) fx(dr — u)Fyi (di — u)Au - fx(da) fx(ds)
+L XX X mfx(di) exp (T-dy);; f fri (@) fx(d2 —v) ayexp (T(d2 — 0)), Avf fps1 (2) fx(ds — z)Az
+Z Z 7T ,fx(d]) exp T d] j ny] X dy — 'U)FT/'(dz — U)Afo(dg)

TL Y Ymfx(d) exp(T2-dv);; - fx(d2) exp (T da)(j ffp )fx(ds —z)Az

+Z Z mo,ifx(d1) - fx(d2) exp(T - (d1 +d2); f fx(ds —z)Az
+§1 70,ifx (d1) - fx (d2) Epi (d1 + da) fx(ds)

+I§3 ié 7,ifx (1) - fx(d2) fx(ds)

To exhibit Equation (A1), Figure A1 draws all cases for realizations 71 = dy, T, = dy,
T3 = d3. The three-dimensional pdf f,(d1,d», d3) of the sum of three consecutive inter-
departure times is as follows:

ffr, )fx(dy —u) agexp (T(dy — u)), -ffT,, )fx(d2 — v) asexp (T(da — ), Avf frr (2) fx(d3 — z)Az
)fx(dr —u) apexp (T(dy — u)); Bu - IOfT,j(U)fx(dz*U)F j(d2 —0))Av fx(ds)
ffT, )fx(dy = u) ay exp (T2(dy — u));Au - fx(da2) exp (T - da) ;) ffrr )fx(ds —z)Az

fx (d] — Ll) o) exp (TZ(d] - M)) ]-Au . fx(dZ)FTrj (dz)fx(d3)

(A2)

exp (T2 dv);; - fx(d2)Fpj(d2) fx (d3)

1) - fx(d2) fx(ds)

ds

where T2 is a transition matrix representing the sum of two inter-arrival times, each
one PH(a,T)-distributed. By Theorem 2.6.1 in [28], this sum is also PH-distributed having
representation PH(y,T2) (see Equation (10)), as follows:

T T«
(v,T2) = (x,O;...,O ,(0 T>

m

Consequently (see Equation (1)),

For(u) =1 — v -exp(2Tu)e.

The corresponding three-dimensional LST, 73(61, 62, 63), is obtained by substituting
Equation (A2) in Equation (23).
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«  Situation (i): Lo=0
Di=Tri'+ X

70=0 n1=d D3=Tr!+ X3
(L2=0)

o  Situation (ii): Lo=1
D1=Xi

70=0

o Situation (iii): Lo=2
| Di=Xi
|

70=0

«  Situation (iv): Lo>3
Di=Xi Dr=X> D= X3

70=0 n=di n=d B=d3
Figure A2. All cases of three successive departures given a departure at time 0.

Appendix C

To prove the conjecture for the joint LST of sum of three consecutive inter-departure times
in the M/G/1 queue, we derive the joint LST via the corresponding joint pdf, fr, (d1,do,d3),
and show that the result coincides with Equation (29). In this case, Equation (A2) is reduced to
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r d1 dz d3 T
[ e fy(dy — u)e M- Ay [ Ae™ M fx(dy — v)e Md-2) Ay [ Ae M fx(ds —z)Az
u=0 v=0 z=0
d d
+ fl )\e*/\“fx(dl — u)e*A(dlfl‘)Au . f2 )\e*’\”fx(dz —0)(1-— e*}‘(df”))Ava(d@
u=0 v=0
d
mo| + [ AeMfx(dy —u)e MATIA(dy — u)Au - fx(dy)e M f Ae N fx(d3 — z)Az
u=0 z=0
d
+ [ AeMfx(dy — w)e MO (dy — u)Au - fx(dp) (1 — e~M2) fx (d3)
u=0
d
+ [ Ae M fx(dy —u)(1— e M=) — =MW (dy —u))Au - fx (do) fx (d3)
L u=0 -
_ i ;
fry(d1,da, d3) = fx(dy)e Mlvfo Ae™N fx(dy —v)e Mdl*v)szio Ae™ fx (d3 —z)Az (A3)
+fx(dp)e M. fz Ae N fx(dy — v) (1 — e NN =) Avfy (ds)
+7T 0=0 ds
+fx(d)e MAdy fx(da)e M [ e 2 fx(d3 — 2)Az
z=0
+fx(dy)e M Ady fx (dp) (1 — e~ M) fx (d3)
L +/fx(d)(1—e M — *)‘dT/\dl)fx(dz)fx( 3) |
fx(dh) fx (dp)e=Mr+dr) f Ae A2 fy (d3 — z)Az
Zo
+fx(d1) fx(d2) (1 oAl )fx(d3)
+l§3 mfx(d1) fx(d2) fx (d3)
Substituting Equation (A3) in Equation (24), the corresponding three-dimensional LST,
T3(61, 0, 603), is derived as follows
Pk X(A+61) X(A+6,) X(63) 1
)\4—91 AN—‘,-QQ /L+93
X(62)—X(A+6,)] =
+A? X(A):B?l) X 2)/\+92 2] X(63)
(] d] ~ $%
+A3 [ [ (dy—w)e A £ (dy — u)Aundy X(A + 6,) 553
T3(01,02,03) = 7o h=0u-0
oo 1 ~ ~ ~
HAZ [ [ (dy — u)eAO)d £ (dy — u)AuAd, [x(ez) —X(A+ 92)] X(6)
d1:01/l 0
+A [ml)w"l“ A f (dy — u)e= A0 £ (dy — u)AuAdy | X(6,)X(03)
d1=0u=0 J
A+6>) X (6 T
AZX(A +61) SL+922) Aié’g (Ad)
FAR(A 4 0y) K@ XOH0)] 7
1) A+0, ( 3)
FAZ [y om0y () Ady X (A + 6) Xs)
+ nl ood1:0
A f dq 6_(/\+91)d1fx(d1)Ad1 [2(92) - X(Gz + A)] 2(93)
d1=0
+1X(01) = X(01 +A) — A [ dye” MO fi(dy)Ady | X (62)X(653)
i N d1=0 i
+70 AR (A + )X (A +0) 353 + [X(01) = X(A+01)| [X(02) = X(A+62) | X(65)]

*23 X (61)X(02) X (63)
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Note that

e~ (A+d)o

| —g8° ™32

d1=0

[e0] dl

and [ [ (d1—u)
d1=0u=0

e~ M)A £ (d) — u)Aund, = — L

Hence, (A4) can be written as

i ABX()\+91) X(A+62) X(63)

eidie"f ef)‘”fx(di —u)Auld; = )/\(Tg]
0

A+61

)\+92

/\+93

+A2 X()\+91) [X(Gz)

(/\+92)] (

e
T3(61,6,03)

= 70| TA¥E 9(A+)

T 40, 9(A10;)

)\+92

X(61+A)

- 03)

02) Agraz

A 0X(A46)

X(A +92)}

X(65)

_,_)\{5((91)*

A0,

+ 3

A2X(A +6y)

0, 9(A1 )

X(A+6) X(63)

|X(02)%(63)

/\+92

)\+93

X(0)—X(A+62)]

AR (A + 00 X(63)

" A+6;
X (A+6
- | A2+ 0,) 315
A+0
—AZIE (% (,) (9za+i\)l (65)
[(m) (m+A<+A?@y]Xw2

+7T2{)\_?~(()\+91) ()\+92)AS-9) [ (61) —
+l§3nl>?<el>>?<ez>x<eg>

Since T;(6;) = ﬁei and X;(-) =
conjecture is proved for n + 1 = 3 in the M/G/1 queue.

(A+91)} [ (62) —

ffx (d;i —u)AuAd; = (A)f:;)?i),

i)

dle—()\+91) dlfx(dl)Adl = a;EE\):_@?l))

0X(A+61)
A+0; 9(A+67) *

X(A+62) | X(65)]

(A5)

X(-) fori=1,2,3, (A5) coincides with (19). Thus, the

To obtain the complete expression in Equation (A5), one has to calculate 7, 711, 72

and f 7.

=2
For the M/G/1 queue, the probability-generating function Gy (z) of the queue length

is provided by the well-known K-P formula:

(1-2)X(A1-2)

GL(z) = mo—=
1(z) = o X(A1—2)) -z
where 19 =1 — AE(X).
By differentiation Gy (z), one obtains

d (1-X

- X(A 1d°
T = EGL(Z”Z:O = ﬂo}?(/\())) and 71, = 372

Clearly, ). m; =1—mp — 711 — 2.
1=3

(1-X(A) -

GL(2)|2=0 = 70 22(/\)
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dq dy
[ A2ue M fx(dy —u)e MAAL - [ A2ue M fy(dy — v)Av

o1 u=0 =0 y
g /)
f Nue M fy(dy — u)A(dy — w)e M Au - [ Ae M fx(dy — v)Av
g A =
f e M fx(dy —u)e M AY - [ A20e=M fy(dy — v)Av
+7.[0/2 ufod =0 b
+ [ Aue M fy(dy — u)A(dy — u)e M- Ay - j Ae™M fx (dy — v)Av
u=0
© © dq
B (61,6,) = / e / e tuta | Ao [ APueM fx(dy —u)(1— e MO = A(dy — e M0 J fx(d2)A AdyAdy
u=
0 0 d.l
+7T0,2 j )\Ef/\ufx(dl 71,{)(1 —e Ady—u) f fX dz
u=0
dy
+711,1 |:fx(d1)€_)‘d1 . f )LZUE_Avfx(dz — ZJ)AU-‘rfx(dl)/\dle_)‘dl . f Ae~ Avfx(dz — U)
=0 .
& .
+7‘(1,2fx d]) f )LE_Avfx(dz — v)Av

(
=0
+m,1 fx(dh) (1— e — Adye= M) fx (dy

i feldn) (1= e M) f(d) + T T fxle) fe (@)
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