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Abstract: Performance measures are studied for a generalized n-site asymmetric simple inclusion
process (G-ASIP), where a general process controls intervals between gate-opening instants. General
formulae are obtained for the Laplace-Stieltjes transform, as well as the means, of the (i) traversal
time, (ii) busy period, and (iii) draining time. The PGF and mean of (iv) the system’s overall load
are calculated, as well as the probability of an empty system, along with (v) the probability that
the first occupied site is site k (k =1, 2, ..., n). Explicit results are derived for the wide family of
gamma-distributed gate inter-opening intervals (which span the range between the exponential
and the deterministic probability distributions), as well as for the uniform distribution. It is further
shown that a homogeneous system, where at gate-opening instants gate j opens with probability
pj = %, is optimal with regard to (i) minimizing mean traversal time, (ii) minimizing the system’s
load, (iii) maximizing the probability of an empty system, (iv) minimizing the mean draining time,
and (v) minimizing the load variance. Furthermore, results for these performance measures are
derived for a homogeneous G-ASIP in the asymptotic cases of (i) heavy traffic, (ii) large systems,
and (iii) balanced systems.

Keywords: asymmetric simple inclusion process (ASIP); generalized ASIP (G-ASIP); performance
measures; limit laws

1. Introduction

A tandem stochastic system (TSS) is an n-site network in a series, where random events
cause particles (customers, messages, products, calls, jobs, molecules, etc.) to propagate
unidirectionally, under specific stochastic rules, from one site to the next along the one-
dimensional array of sites (queues, servers, stations, etc.) until exiting the system. Particles
are fed, randomly in time, into the leftmost site and propagate unidirectionally (to the
right) through the system. At the rightmost site, particles exit the system randomly in
time. The random inflow into the leftmost site, the random instants of movement from
site to site, and the random outflow from the rightmost site are all governed by random
processes. This model in different variations has been widely explored in the literature.
In a TSS, each site has a buffer and a gate in front of it. When a site’s gate opens, particles
move to the next site. Varying assumptions on sites’ buffer sizes, as well as on gate (service)
capacities, lead to different models of a TSS.

A well-known, fundamental TSS is the tandem Jackson network (TJN), which has
been investigated thoroughly in many papers and books (see, e.g., [1-7]). In this TSS
model, each site’s buffer size is unlimited. However, the service capacity of each site is
one, which allows only single particles to move from site to site, while the transitions
follow Markovian rules. The TJN is famous for its product-form solution of the joint multi-
dimensional probability generating function (PGF) of the sites” queue sizes (occupancies).

Another notable TSS is the asymmetric simple exclusion process (ASEP) (see, e.g., [8-11]),
where the buffer size of each site is only one, allowing sites to hold at most a single particle
at a time. Since the buffer size of each site is limited to one, while the service capacity
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of each site might be unlimited, de facto, each site does not service more than a single
particle at a time. The exclusion principle of the ASEP model causes blockings of particles’
forward movements through the system. The analysis of particle movements under these
obstructions is non-trivial and complicated. The ASED, its various applications, and related
models have been further investigated in [12-24].

An important TSS model that bridges the gap between the TN and the ASEP is
the asymmetric simple inclusion process (ASIP), introduced recently by Reuveni, Eliazar,
and Yechiali (REY [25]). Similar to the TJN and the ASEP, in the ASIP system, each site has
a buffer where particles accumulate. The buffer size (capacity) of each site, as well as its
service capacity, is unlimited. In contrast to the TJN and ASEP models, where only a single
particle moves forward from site to site, under the ASIP model, when a gate opens (service
at a site is completed), all particles accumulated there move simultaneously to the next site.

In all three TSS models, particles arrive at the first site following a Poisson process,
while gatej (j =1, 2, ..., n) opens, independently of other gates, every exponential time at
a site-dependent rate. Various performance measures of the system and limit laws were
studied in [26].

Boxma, Kella, and Yechiali (BKY) [27] extended the analysis of ASIP systems and in-
vestigated a generalized ASIP model where (i) times between gate openings are determined
by a renewal process, O, and (ii) particles arrive at all sites during the time interval between
two gate openings. Buffer capacities are unlimited, and at the instant of a gate opening,
only one gate opens, with gate j opening at a probability p; > 0, 27:1 pj = 1. When gate j
opens, all particles residing there move simultaneously to gate j + 1. The focus in [27] is on
the derivation of the multi-dimensional joint PGF of the site occupancies.

The current paper concentrates on deriving expressions for key performance measures
for G-ASIP systems with the particles” arrival at the first site and a general distribution of
gate inter-opening times. Five performance measures are investigated: (i) traversal time—
the random duration of time it takes a particle to traverse through the system, namely,
the time elapsing from the instant a particle is admitted to the first site, until the instant
thereafter it exits the system; (ii) overall load—the total number of particles present in the
system in steady-state; (iii) busy period—the random time duration in which the system is
continuously non-empty; (iv) first occupied site—the first non-empty site in the system; and
(v) draining time—the duration of time it takes the network to clear, namely, the random
time elapsing from the moment the arrival process stops, until the first instant thereafter
that the system becomes empty. Moreover, considering the family of gamma probability
distribution functions, denoted I' («, a¢), as gate inter-opening times, which spans the range
of distributions between the exponential (x = 1) and the deterministic (¢ — o), all have
the same mean E[O] = ﬁ = %, explicit formulae are derived for the Laplace-Stieltjes
transforms, PGFs, and means of the above performance measures. In addition, we analyze
the system under uniform gate inter-opening times and compare the results to those
obtained for the deterministic distribution.

Section 2 is comprised of five subsections in which each one of the above five perfor-
mance measures is analyzed. Specifically, explicit results are derived for four different gate
inter-opening times: (i) gamma distribution, (ii) exponential distribution, (iii) deterministic
distribution, and (iv) uniform distribution. Comparisons between the uniform and the
deterministic inter-opening times are presented in Sections 2.1-2.3.

In Section 3, the G-ASIP is optimized with respect to various objective functions.
It is shown that a homogeneous G-ASIP (where all gates open with equal probability at
gate-opening instants) is optimal with respect to (i) minimizing the mean traversal time,
(i) minimizing the mean load system, (iii) maximizing the probability of an empty system,
(iv) minimizing the mean draining time, and (v) minimizing the load variance.

In Section 4, a homogeneous G-ASIP is analyzed for the asymptotic cases of: (i) heavy
traffic, (ii) large systems, and (iii) balanced systems. The five measures treated in Section 2
are further studied in the above cases, with an emphasis on balanced systems. The Laplace
transform, or PGF, of the performance measures, along with their means, are derived for
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the above four different gate inter-opening times. We further show that in the intriguing
case of balanced systems, the five measures have similar behavior and share the same
limiting distributions when gate inter-opening times are: (i) exponential, (ii) deterministic,
or (iii) uniform.

2. Performance Measures

Consider an n-site generalized ASIP where a general gate-opening process controls
the evolution of the system: the time duration between two consecutive gate-opening
instants is a random variable, O, with mean E[O] and Laplace-Stieltjes transform (LST)
O(s), while successive intervals between gate openings are i.i.d., all distributed like O. At a
gate-opening instant, only one gate opens, where gate j opens with probability p; > 0,
Y1 pj = 1. Arriving particles accumulate in front of the system and are admitted into the
first site’s buffer immediately after its first gate opens following their arrival. The number
of arrivals between any two consecutive gate openings has a PGF A(z), with mean A’(1).

Let A = % be the particles’ rate of arrival.

The five measures defined above are analyzed, each one in a separate Subsection:
(i) traversal time (Section 2.1), (ii) overall load (Section 2.2), (iii) busy period (Section 2.3),
(iv) first occupied site (Section 2.4), and (v) draining time (Section 2.5). In each subsection,
general results are derived for general inter-opening times, followed by explicit formulae
for the gamma, exponential, deterministic, and uniform distributions of O. Comparisons
between the deterministic and uniform distributions are presented.

2.1. Traversal Time

Let T denote the traversal time of a particle through the system; that is, the time
elapsing from the instant a particle is admitted to the first site until it exits the system (after
passing through all n sites). Clearly, the traversal time is independent of the arrival process.

Let {O‘, ji=123.. } be a sequence of i.i.d. random durations between successive
gate-opening instants, all distributed like O, while Y; denotes the number of gate-opening
instants between two consecutive openings of gate j, which is geometrically distributed
with parameter p;- That is, P(Y] = m) = (1 — pj)m_lp]-, m =1,2,3,.... Thus, the sojourn

Y; n
time of a particle in site jis T; = ). O, so that the traversal timeis T = }_ T}, while T}’s
k=1 =1
are independent. The Laplace—Stieltjes transform (LST) of T is given by
. ~
Y m—1 p;O(s)
HEY [0%(s)] = HZ 0" —p)" | =Tl O

=1 =1 m= 11— (1—pj)O(s)

while its mean is

E[T] = —-T'(0 Z — )

j= 1P]

Indeed, as Y; and O are independent, the mean sojourn time of a particle in site j is
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2.1.1. Gamma-Distributed Inter-Opening Intervals
Suppose that the inter-opening time O is distributed like I'(w, ap), with density
- fpat = &
hit) = e “#f%, mean E[O] = ﬁ = %, and LST T'(a, au)(s) = (siﬁy) , where
I'(a) = [, e ¥ (ap)"t*~1dt. Then, Equation (1) becomes

T(S) _ n Pj(%)a _ ﬁ Pj ) 3)

jzll_(l_pf)<sizy)a =1 (1+$>a_(1_r)f)

Clearly, E[T] = % f‘, 1

Special case 1: Exponential inter-opening intervals

When a = 1, since the geometric (p;) sum of i.i.d exponentials (3) is exponential with
parameter p;p, it follows that gate j opens independently every exponential time with
parameter y; = p;u. Thus, Equation (3) coincides with Equation (4) in [26], namely,

T(s) =152 =T] -~ @

FIPiEtSs  gpits

%, since a traversing particle sojourns in each site an exponential
j

M=

Clearly, E[T] =
j=1
1

time with mean e
i

Special case 2: Deterministic inter-opening intervals
When a — oo, the I'(a, ap) probability distribution becomes a deterministic inter-
opening interval. Then,

lim T(s) = f[ . ®)

2.1.2. Uniformly Distributed Inter-Opening Intervals
Suppose that the inter-opening time O is uniformly distributed like U {O, ﬂ , with den-
~ 2s
sity h(t) = &, mean E[O] = %, and LST O(s) = £ (1 — 677).
Then, Equation (1) becomes

T(s) =11 nEeT) P . ®

F-0-p) k(e ) 2 (ioe ) — -y

while the mean E[T] is given again by

2.1.3. Comparison: Deterministic vs. Uniform

Comparing the deterministic PDF against the uniform PDF shows that, although
both have the same mean traversal time, examining Equations (5) and (6) shows that

(1-c¥)"
time under the uniform inter-opening times is higher than its corresponding value under

< el That is, the value of the Laplace-Stieltjes transform of the traversal
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the deterministic distribution. This readily follows since the variance of the uniform
distribution is higher than the zero variance of the deterministic distribution.

2.2. Overall Load and the Probability of an Empty System

Consider the system in steady-state. Let X; denote the number of particles (occupancy,

k
or load) residing in site j right before a gate opening and let Ly = }_ X; denote the total
=1
load of the first k sites, k = 1,2,...,n. The overall load of the entire system is L = L. It was
shown in Equation (24) in [27] that the PGF of L is given by

o A@p
Gr(z) = E|zt| = = ! / @)
[ } gl—A(z)(l—p]-)
implying that
A 21 21
E[L]=A'(1)), — =A-E[0]- ) — =A-E[T],
j=1 pj j=1 Pj
which is, in fact, Little’s Law.
From Equation (7), the probability that the system is empty is given by
n A(0)p:
P(L=0)=GL(0)=T]] e, , ®)

j=1 1- A(O) (1 - Pj)
where A(0) is the probability of no arrivals during the inter-opening time O.

2.2.1. Gamma-Distributed Inter-Opening Intervals

As in previous ASIP studies, we assume that the arrival process is independent of the
inter-gate opening distribution and is Poisson with rate A. Then,

i = (has) e A0 = (i) 0

Consequently, substituting Equation (9) in Equation (7) results in

_ n p
et (1+W)]“— (1-p) "

and

Hoay-am

o
Note that P(L = 0) is a strictly decreasing function of &, since (1 + ﬁ) is a strictly

P(L=0) =

(11)

increasing function of « for a given ratio of % However, the decreasing rate is mild.

For example, consider a homogeneous system with n = 10 sites, where pj = % = 11—0, A= %,

and y = 4. Then,
10
1

F110(1+4) -9

Thus, whena = 1
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while when « becomes large

10
1
Iim P(L =0)(a) = —— =0.104.
Jm (= 0w =]

That is, for a homogeneous network, the probability of an empty system decreases as
the variability of the gate inter-opening times decreases.

Special case 1: Exponential inter-opening intervals

In the case that gate inter-opening times are exponential (1) while gate j opens inde-
pendently every exponential (yj) time, A(0) = %;u pi = % and the result (8) coincides
with Equation (8) in [26], namely,

(%) o
P(L=0) = G(0) = NN o SNV o
A N

That is, the system is empty if all gates open sequentially one after the other, with no
arrivals occurring between gate-opening instants.

Special case 2: Deterministic inter-opening intervals

When &« — o0,
n

. Ll Pj
JimE[=t] =TT ‘ (12)
=lemm — (1—-pj)
In this case, Equation (11) becomes
n .
P(L=0)= \# (13)
=ter —(1-p)

2.2.2. Uniformly Distributed Inter-Opening Intervals

Suppose the arrival process is Poisson with rate A and O ~ U [O, ﬂ . Then,

Az)= 1 (1 e 2’\(1«Z)> and A(0) =2~ (1 - e‘zf) (14)
2A(1—2) 21

Consequently, substituting Equation (14) in Equation (7) results in

Gr(z) =E {ZL} = ﬁ Fi (15)

L 212\ 1
el (1—6 G ) ~(1-p)

and
n p]

. _1 ’
= 2;?(1 6_2’?) —(1-p)

2.2.3. The Impact of the Inter-Opening Times on P(L = 0): Deterministic vs. Uniform

Comparing Equation (13) with Equation (16), it follows that P(L = 0) under the
uniform distribution is higher than its corresponding value under the deterministic distri-

-1
_n A
bution, as % (1 —e ¥ ) <er.

(16)
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2.3. Busy Period

Let B denote the network’s busy period, which is the time elapsed from the instant
that a particle is admitted to an empty system until the first moment thereafter that the
system becomes empty again. Additionally, let A( be the time elapsed from the instant that
a particle is admitted to the first site until the first instant thereafter that (at least) another
particle is admitted to that site. As before, T denotes the traversal time of a particle, where
T is independent of Ag. Then,

B:{ T T<A 17)

Ag+B T>A
where B’ is an i.i.d replica of B. Then, the Laplace-Stieltjes transform of B is given by

B(s) = E[e™F] = E[e=T|T < Ao| P(T < M)
_'_E{efs(AoﬁLB,)‘T > AO}P(T > Ay)
We can define fr(t) and ga,(z) as the probability density function of T and of Ay,
respectively. We have

e}

L [ R e

0

Then,

I F(ye (T )
E{e’sﬂ -0 ! . (19)
—Off(t) (bfg(z)e—s'zdz> dt

When the arrival is Poisson (1), i.e., g(z) = Ae™"?, then

}of(t)e*(“s)tdt _
E e*SB — 00Q — ) (20)
{ } 1+ Lff(t)(e—(?ﬁs)t —1)dt 1+ %Jrs (T(/\ +5) — 1)

The mean E[B] can be calculated directly by using Equation (17), namely,

E[B] = E[T|T < Ao]P(T < Ag) + E[(Ag + B')[Ag < T|P(Ag < T)
= E[T|T < Ao]P(T < Ao) + (E[Ao]Ag < T + E[B'|Ag < T])P(Ag < T).

Hence, since A, T and B’ are mutually independent,
) t
= [t-f(t) <fg dz)dt+ff <f2~g(z)dz>dt
0 0
oo t
B}ff f z)dzdt
0 0

Thus,

(21)



Mathematics 2022, 10, 594 8 of 25

When the arrival process is Poisson with rate A, Equation (21) becomes

e}

Jt-f(t) (?Ae”dz) dt + ff(t) (ft z- /\e)‘zdz> dt
E[B] _ 0 t 0 0

1— }Of(t)j Ae—A2dzdt
0 0

[e9)

St f(HeMdt+ ;fof(t) (—t oM %“ " Ddt

0

(22)

(9]

1— [ f(t)(—eM+1)dt

0

f(t)(1—eM)dt _

==
o g

f(t)e=Mdt
0
2.3.1. Gamma-Distributed Inter-Opening Intervals

When the inter-opening time O follows the Gamma distribution I'(¢, apt) and the
arrival process is Poisson (1), then substituting Equation (3) in both Equations (20) and (22),
respectively, leads to

n p]
]‘1;11 A+s\*
1 ap —(1-p))
E[e’SB} - (23)
A 1 pj
1+ I . ~1
A+s j=1 <1 )\+S> _(1_p])
and
n 1+4) -1
EBl =+ |T] 1+( “"> 1 (24)
j=1 Pi

We conclude that E[B](«) is a mildly strictly increasing function of & since (1 + ﬁ) ’

is a strictly increasing function of « for a given ratio of 2, but the increasing rate is mild,
as seen below.

Example. Consider a homogeneous system with n = 10 sites where p; = % = %. Suppose that

A= 11—0 and y = 4. Substituting the above values in Equation (24) yields

E[B](x) —10<ﬁ(10(1+@)“—9) _1> _10(<10(1+4(1M>a_9)10_1>
Els)n) — 10( (10 (14 ) ~9)" ~1) — 81

E[B](2) = 10( (10 (1+810)2—9)10—1> = 84.30

a—00

lim E[B] (a) = 10((106410 -9) . 1) — 8551

Special case 1: Exponential inter-opening intervals
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If gate j opens independently every exponential time with parameter y;, by substitut-
ing Equation (3) in Equation (20), we obtain

m—H <A+s>ﬁ—
L SiHjtA+s Mt A+
E[e ] = A n ‘11] = n
/\+s]H1y]+)\—|—s A+s I:[y +)\+s (25)
_ A+s _ A+s
o on i+ A+s - :
Snjil‘f‘/\ /\+sﬁ 1+A+S
j=1 Hj j=1 Hj

Indeed, Equation (25) coincides with Equation (11) in [26], and Equation (26) below
coincides with Equation (10) in [26],

E[B] = i(]’{ (1 4 2}) - 1). (26)
=

Special case 2: Deterministic inter-opening intervals
Taking the limit & — co in Equation (23) gives

n P]
I1 x
i—=1 A+s
4 <1 +— ) —(1-p))
lim E[e*B] = lim i
a—>00 x—r00
A n pj
1+ IT -1
Ats |z A “
=1 (1 + :S) “(1-p)
\ Y @7)
P
1
_ Flew —(1-pj)
A n pj
1+ A+s ]1;[1 A+s -1
e B —(1-p))
while Equation (24) becomes
@ A
n (1+24) —(1-pj) noel — (1—p;
lim E[B] = lim — - H< "‘”> LR HMJ . (28)
a—00 x—sc0 A i1 p; A i1 p;
2.3.2. Uniformly Distributed Inter-Opening Intervals
Substituting Equation (6) in Equation (20) and in Equation (22) gives
n .
11 .
=1 2000 (1, u) (em)
u j
E[e‘sﬂ - , (29)
A 1 Pj
1+ 3% jl;Il (Ats) -1
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(30)

2.3.3. Comparison between the Deterministic and the Uniform Distributions

Comparing Equation (28) to Equation (30), it follows that the mean busy period under
the uniform distribution is smaller than its corresponding value under the deterministic

1

_ 2 A

distribution, since 22 (1 — ¢~ * <enr,
’ M

2.4. First Occupied Site

Let I denote the index of the first occupied site such that P(I = k) denotes the proba-
bility that the first occupied site in the system is site k. Clearly,

P(I:k):P(Xlz:kalzo,Xk>0):P(X1::Xk,1:0)—P(X1::Xk:0)

k A .
According to Equation (8), P(X; = ... = X; = 0) = P(Ly = 0) = [] — Wl

Therefore,

P(I=k) =P(Lg :fz))—P(Lk—O) y
= A(0)p; K A(0)p;
Ui Ao BT A0 n )
_ <kH1 A(0)p; (1  AO)p )) (31)
S1-A0)1-p) 1= AQ0)(1 - py)
1-A@) & A(O)p;

Comparing the probabilities of site k + 1 and site k to be the first occupied site, yields

1— A(0) k+1 A(0)p;
P(I=k+1) A)prp1j=11-A4 _
A

0)(1-p;) A0)pi
P(I=k) 1- A(0) X 4(0)p; 1—A0)(1 = prs1)
A(0)px j=1 1 A(0)(1 - p))

It follows that in the homogeneous case where all p; are equal, the above ratio is
smaller than 1, implying that P(I = k) decreases with k.

2.4.1. Gamma-Distributed Inter-Opening Intervals

In the case that the inter-opening times are Gamma-distributed, substituting Equation (9)
in Equation (31) yields

P(I=k) = L] . (32)
P E(lﬂ?y) - (1-p)

Special case 1: Exponential inter-opening intervals
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Compared with the results in [26] where A(0) = %ﬂ (Poisson arrival) and p; = %,

after some algebra, Equation (32) coincides with Equation (14) in [26], namely,
k
— k) = A Fi
P(I=k)= ijl;ll et

Special case 2: Deterministic inter-opening intervals
If the inter-opening times are deterministic (¢ — o), then

k .
pl=k) = LA —— P (33)

2.4.2. Uniformly Distributed Inter-Opening Times

If the inter-opening times are uniformly distributed, then

-1
2;(1—(;2?) -1 .
P(I=k) = Pi (34)
=1

Pk " oA -1
’ ?(1—6 ”) - (1-p)

2.5. Draining Time

Let D denote the length of time from the moment the arrival process stops right after
a gate-opening instant until the system is totally empty. Let Ry be the remaining time from
that moment until the particle that resides in site k exits the system. Then, for a general
gate inter-opening interval O, the mean draining time satisfies

: i (35)
1—A(0) k A(0)p )( 1>.
< A(0)px 1131 1-A0)(1-p;) ],Z E[O]

and

A(O) Pj (36)

; (1 —AQ) £ A0, ) i 1io)
AO)pr j=11=A0)(1=p;) Jj=k 1= (1= p;)O(s)
2.5.1. Gamma-Distributed Inter-Opening Intervals

In the case that the inter-opening times are Gamma-distributed, substituting Equation (32)
in Equation (35) and in Equation (36) yields

i (1+of;‘)“_11£[ pj <i1> (37)

1
[ = Pk j=1 (1 + ﬁ)a —(1=pj) | \i=Pi
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and

n ﬂ)a—l k p; n P (38)
o j ]
& (M et et

Special case 1: Exponential inter-opening intervals
When « = 1, Equation (37) and Equation (38) become, respectively,

L o
n A4+u k A+ LA |
ED) = X | — 11 (E (‘Z‘)E[O]
[ QS i S B N C j=k Pj
Atpp Aty n
n Ak Ui n 1
= 71—[/\ : . .
k=1 \ Hkj=1 A+ H}j | \ =k ¥
and
E[le=*P] =TI Pi

(1+§>_(1_. jlilk ipi _ .
z Pi) (Hu) S

_ gt +£<Ark1 Hpj )ﬁ Hpj

EiAtup S \ i A+ pp; j=k s+ up;’
which coincide with Equation (16) and with Equation (17) in [26].

Special case 2: Deterministic inter-opening intervals
Taking the limit & — oo results in

A
. 1 & [er—1FK ; L
o] = 38 (ST (£ o
=] Pk j:ley—(l_pj) =k Pi

and

(40)

2.5.2. Uniformly Distributed Inter-Opening Intervals
Substituting Equation (34) in Equation (35) and in Equation (36), respectively, yields

2}:\(1—@ 1‘) -1

n k .

ED) = § N d (
]

k=1 Pk =1 22 -1
Zl1-e H —(1—p;
i (1-p)

Ir=
I

> -E[O0]  (41)



Mathematics 2022, 10, 594

13 of 25

and
n p
Ee—sD _ ]
) =M
m l—e 7 - (1-p))
E -1
?],eﬂ -1
n k pi
+ X I ! :
k=1 Pr =1 24\ ! (42)
2A T
Zl1-e H —(1-
i ( PJ)
n p]
]'gk 25\ 1
23 -
W l—e —(1-p))

3. Optimization

Suppose that a G-ASIP network as described above is to be constructed, and suppose
that the probabilities p; of the sites can be determined so as to optimize certain performance
measures. In particular, we seek an optimal allocation of the gate-opening probabilities,
where Z}Ll pj = 1,in order to:

n
(i) Minimize mean traversal time, {E [T] =E[O]L pi] }, which is equivalent to minimiz-
=1

ing mean load, {E[L] = A-E[O]- i ;},}
=1

(ii) Maximize the probability of an empty system, {P(L =0)= ﬁ 17 }

(iii) Minimize load variance V(L) subject to } ; p; = 1.
(iv) Minimize load variance V(L) subject to a given load mean E[L|, where
n
E[L]=A-E[0]- ¥ L =C.
=17

The equivalent cases in (i) involve a convex objective function and a single linear
constraint. It readily follows that a homogeneous G-ASIP, where p; = %, ji=12...,n,
is the optimal solution.

Case (ii): Maximizing P(L = 0) is equivalent to minimizing the convex function

n R
In (1 + 140 > . Thus, again, the homogeneous G-ASIP is optimal.
=1

]7
Cases (iii) and (iv): By differentiating Gy, (z) of Equation (7), we obtain (see Appendix A)

It follows that, as in all previous cases, the homogeneous G-ASIP is optimal.

As a result of the above conclusions, we assume a homogeneous G-ASIP for the

following analysis. Thatis, p1 = ... = py = %
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4. Asymptotic Analysis: The Homogeneous Generalized ASIP

In what follows, we extend the work of [26] for ASIP systems to homogeneous G-ASIP
systems and study the behavior of the performance measures: (i) traversal time, (ii) overall
load, (iii) busy period, (iv) first occupied site, and (v) draining time in the cases of heavy
traffic (A — o0), large systems (n — c0), and the more interesting case of balanced systems.
We discuss both means and stochastic limit laws for the above measures.

4.1. Heavy Traffic and Large Systems

In heavy traffic, when A — co, the performance measures E[L], E[B], and E[D] all
tend toward infinity, P(L = 0) — 0, while P(I =1) — 1. However, the traversal time is
independent of A, and for a homogeneous system, it is given by E[T] = n? - E[O].

For a large system, when n — oo, E[T|, E[L], E[B], and E[D] all tend toward infinity,

and P(L = 0) — 0. In this case, the first occupied site is effectively the first. That is,

lim P(I = 1) = lim {_ A(©)

n—eo o1 A(0) (1 - %) -t

This follows since the gate of the first site, which opens with probability p; = % — 0,
is almost always closed.

4.2. Balanced Systems

Consider a balanced system in a homogeneous generalized ASIP system ( pi = %) ,

where the number of sites tends to infinity (n — o0), while the mean sojourn time at a site,
nE[O], tends to zero, such that n2-E[O] — T, T < 0.

4.2.1. Traversal Time

Clearly,
E[T] = n?* - E[O] — T.

4.2.2. Overall Load and the Probability of an Empty System
By Little’s Law, E[L] = A-E[T] = A - 7.
Substituting p; = L'in Equation (7) gives the PGF of the overall load,

Az)>

Gr(z) = E[z}] = ]_[1 - (”
=1 —-A(z)(1-

) (43)
_ (14’(12)_(71_1))’1_ (1+n< !

—n
1))
(z)
The probability that the system is empty is

P(L=0) = G,(0) = (1 + "(Ago) - 1>>_". (44)

S|

Y

In order to investigate the behavior of the performance measures in balanced systems,
it is required to specify the distribution of the inter-opening times. As before, we consider
the wide family of Gamma distributions as well as the uniform distributions.
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4.2.2.1. Gamma-Distributed Inter-Opening Intervals

T

n2

If the gate inter-opening interval O is distributed like I' (uc, @) such that E[O] =
~ o
and its LSTis I’ ((x, %) (s) = (srT;nl) , then, if the arrival process is Poisson with rate A,

A(z) = (W)aand A0) = (”‘”2> (45)

TA 4 an?

Substituting Equation (45) in Equation (43) and in Equation (44), respectively, gives

= (oo 2452 -9)
i (3 )

Special case 1: Exponential inter-opening intervals

Whena =1, G(z) = (1 + M)in, so that

and

—n
lim Gy (z) = lim <1 + TmZ)) = ¢ ™A1, (46)
n—00 n—00 n

That is, L is distributed as a Poisson random variable with parameter At. Equation (46)
coincides with Equation (32) in [26].

The probability that the system is empty is P(L = 0) = (1 + %) -
If n— oo,

n—o0

—n
lim P(L = 0) = lim (1 + ”) =e ™,
n—o0
coinciding with Equation (32) in [26].

Special case 2: Deterministic inter-opening intervals
When o — o0,

_ u —n TA(1-2) —-n
limGL(z):lim<1+n<(1+T/\(122)) 1>> :(1+n<e : 1))
a—r00 K—00 an

and

A" - A o
limP(L—O)—lim(1+n<(1+2) —1)) —(1—|—n<enz—1)> .
a—»00 a—»00 oan

Taking n — oo results in

TA(1=2) —n
lim G;.(z) = lim (1 i (e G 1)) _ -TA(1-2)
n—oo n—00

and

TA -n
lim P(L =0) = lim (1 + n(En2 - 1>> =™,
n—oo n—oo
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4.2.2.2. Uniformly Distributed Inter-Opening Intervals
IfO ~ u[o,%] with E[O]

-, then, similarly to Equation (17),
n y to Eq

A o (e d A0 = (1_%
(Z)_ZT/\(l—z)( e ) an “‘m( e )

Thus,
_ _oma-z)\ 1 -
(Hn<m<12 Z>(1_e i) ) _1>> ,
n

while the probability that the system is empty is
_am\ ! o
(1-c %) 1))

P(L=0)=G.(0) = (1 +n<2;,?

Gr(z)

If n - o0
_ —n
(1 2tA(1—2)\ '
limGy(z) = |1+n|E (2_Z> 1- n2 1
n—oo0 n
—n
= li 1+ _ 1
- nil;{)lo n 1 _ T/\(l—Z) o
n2
~ im (1 n <T/\(1 - Z)>>n — ¢~ TM1-2)
n—s00 n
while the probability that the system is empty is
2TA *E - -’
imP(L=0) = lim|1+n 2(1—e nZ ) —1
n—o0 n—oo n
274\ 2 ! h
. 2TA 2TA (?)
—n
. 1 . A\) " _
:y}il;{)lo 1+Vl j -1 :}}%(1+n<%>) =e /\T‘
2

We conclude that in balanced systems, the limiting behavior of L when n tends to

infinity is the same for all three gate inter-opening distributions: exponential, deterministic,
and uniform.

4.2.3. Busy Period

Substituting p; = % in Equation (20) gives the Laplace transform of the busy period
under a general inter-opening time O:

(-(-om))

o)

A 1 -
)

(47)
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while the mean is given by

1 1 -
E[B]:/\~(<1n<16()\)>> 1). (48)

4.2.3.1. Gamma-Distributed Inter-Opening Intervals
If O is distributed like T (vc, @) , then

O(s) = (1+ ;—;)_“. (49)

Substituting Equation (49) in both Equation (47) and in Equation (48), respectively,

leads to ) e
T (B (S5
(e (1052 )

while the mean is given by

()

Special case 1: Exponential inter-opening intervals

Whena =1,
(s 23)”

1+A15((1+“+j”)_n—1>
EB] = - <(1+f)_n—1>.

~sB] — e~ (Ats)T A+s A+s

(ef(A+s)‘r - 1) (A+ S)E(A+s)r + /\(1 _ e(A+s)r) T ose(Ms)T )

7

o)

and

When n — o

lim E[e
n—oo

A
1 A+s
which coincides with Equation (33) in [26]. Then,

lim E[B] = % : (e_’\T - 1).

n—o0

Special case 2: Deterministic inter-opening time
When & — o0,

(A+s)T —-n
(1)
lim E [6753} = -

n—r00

and
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When n — o

lim E[e~] = lim <1_n(1_<1+m:25)7>>>_n

n—+00 n—>0°1+%+s((1—7[(1—(14.("2’%)))‘"_1)

_l’_

TR (A+s)r)”

°° A A+s8)T

1+ A+s ( n ) B 1)
B e~ (A+s)T B A+s
a A T ogeAs)T 1 )7
1 —(As)T 1 se +
* A+s(€ )

and

peyet) = pyd((1-(1-)) 1) =t (-1 (30))) ")
=gk ((+8) 1) = e

It follows that, when n — oo, E[B] is the same when & = 1 (exponential) and when
a — oo (deterministic). The same holds for E [e~*], the LST of the busy period.

4.2.3.2. Uniformly Distributed Inter-Opening Intervals
If O is uniformly distributed like U 0,2%|, mean E [O] = 5%, and LST
n n

21s

O(s) = ;;(1—en2>,then

21(A+s) -1 -
<1—n<1—“<jj5>(1—e‘nz> ))
Ele—*B| =
{ } A 27(A+s) 20\ 7 -
1+T+S 1—n|1-— 2 <1—€ nZ ) -1

and
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If n — oo,
2ra+s)\ "\
S
l—p 1_ZT(/\Z—i-s) 1 )

n
limE[e~*B] = lim —
n—»00 n—00 -1

A 21(A+5) (A+s)
T S - 2
||l |1 -1

<1+ 7 )

= lim m
n (o) -
’ 1 A ((1 T(/\n+ s)) B 1)

A+s
7 e*T()\“rS) (AJrs)e*T()lJFS) A+s
- A = —T(A+s) _ = T(A+s)’
—t(Ats) _ (A+s)+Ae A Adse
1+A+s(8 TA+s) — 1)
and
. 1 TA 1 A
lim E[B] = — <<1+> —1) —X-(e —1).

Thus, similarly to L, the distribution of B in balanced systems when n tends to infinity

7
is the same for exponential, deterministic, and uniform distributions

4.2.4. First Occupied Site
For a general inter-opening time O, substituting p; = 1 'in Equation (31) yields
. ‘
T e B G Ge) )
A(0)

Y 17A(0)<1*%> _n<A(0)

4.2.4.1. Gamma-Distributed Inter-Opening Intervals
In the case that O is Gamma-distributed, using A(0) = ( —w ) results in

—k
A
P(I=k) = <<1+ m) 1) <1n( (1+ 12) )) .
an? an
In what follows, we define the scaled first occupied site [ = - and use a Riemann sum

k X
i i1 _ —k
where nl11ro10i:§1f(n> - bff(t)dt and x = 7.

Special case 1: Exponential inter-opening intervals

—k
p(z—@—?(H?)

When n — oo
lim P (7 < ) é%( +5)
é ((1_’_?)”)_11;}[ :T)tofxer.)\'tdt: 1 — = ATX,

Special case 2: Deterministic inter-opening intervals
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When & — oo

imP(I=k) = nmn((l

n—r00 x—00

If n— o0
lim P(I < x) = lim Z TA =1—e M
n—00 - n—0o! ’

Again, it follows that for both exponential and deterministic distributions, the scaled
first occupied site follows an exponential distribution with parameter (A7).

4.2.4.2. Uniformly Distributed Inter-Opening Intervals

p _um)
Substituting A(0) = 7 (1 —e 2 > in P(I = k) in Section 4.2.4.1 leads to

T -1 T -1 -k
P(Izk)zn(znT{\(leZnZA> 1><1n<12;;\(1e2n?> )) :

-1 -1\ \ ¥
lim P(I = k) —hmn(9<1—e %) —1)<l—n<1—272/\<1—e_2nz)\) >)
n—o00 n—oo n n

-1
(2)\(1_(1 2rA+2(TA))) _1).

-1
(1—;1(1—2?(1—(1 Zh “”)) ))
Cma((1-2) " 1) (1mn(1- (=) ) = pm (a2
I n2 n—oo

We conclude that when n — oo the exponential, deterministic and uniform distribu-
tions yield the same exponential-type result.

—k

4.2.5. Draining Time
Substituting p; = L'in Equation (36) yields

I e A o
5 (it~ 1) (1455 -1)) ) (4 n(g 1)

4.2.5.1. Gamma-Distributed Inter-Opening Intervals

50)

N o
Substituting A(0) = (#’%) in Equation (50) gives

E[e="] SH”(( +m2) 1) C ok N
+2< (1+2) 1) (1+n((1+2) -1)) >(1+n((1+;;) -1)) .

Special case 1: Exponential inter-opening intervals
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Whena =1,
—n n —k —n—
EleP] =(1+2) "+ i (1+2) @+
_ AT A k n—k+1
=(1+%) + 3L () G
_ A\ " A (‘Vl”‘( )nf(nnsr)n
- (1+3) e )
B A\ " 1+2) " (1451) 7"
= (1+2) "+ |
When n — oo,
e —e T ge Ae™ T8
li E|: SD} _ _—TA A _ ,
el ¢ + s—A s—A
which coincides with Equation (36) in [26].
By differentiation,
d —Aem ™ — A2 4+ A l—e ™
ED:——E{*SD} _ N
[ ] ds 5=0 A2 T A

Special case 2: Deterministic inter-opening intervals
When & — o0,

Jmpie?) = (1en(e# -1)) 7
B () (o)) oty

When n — o

SmEl?) = Jim (11 1))
+”1513°k21( 1+”+ ) +n(1+”+ 1))k>(1+n(1+;;+__,1))"”1
TA

~ i (1+) "+ Jim £ ((w) syt e

n—o0 n—)ook 1

4.2.5.2. Uniformly Distributed Inter-Opening Intervals

When n — oo,
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G )
HmE[e*P] = lim | 1+n| 2P (1— (123 45/ — . -1
n—o00 n—oo n n 2
Y (zm)z -1 (m)z -1 *
+lim ¥ | n f}(l(lﬁ}Jr"z...)) 1| [1+n {1?<1<1zy+72>> ~1
n=r0—1
pee)2 -1 k—n-1
~<1+n<2n?<1—<1—2n§5+<"§) —)) —1))
which gives
Gy )
—k
: Gary)” Gar)
lim )| mm_ S —1| | 1+n| 25| 2 -2 -1
o\ —1 k—n—1
.<1+n(2rs(2rs(zﬁ)> 1))
n2 | n? 2 )

Hence,

—n n —k k—n—1 —TA _ ) p—TS
lim E[e=P] = lim (1 + 2) + lim ¥ (TA<1 + 2) ) (1+ By oA
n—oo n—o0 n n—0op "y n n n s—A

Again, the exponential, deterministic, and uniform distributions admit the same result.

5. Summary

This paper extends the research on generalized ASIP systems where a general renewal
process controls intervals between gate-opening instants. Expressions are derived for the
Laplace-Stieltjes transform, or PGF, as well as the means of various performance measures.
Explicitly, it is shown that:

(i) The LST of the traversal time T is given by

Fro) T piO(s)
T(s) ]111— (1—p]«)5(s)’

where O(s) is the LST of the intervals between successive gate openings, and p j is

the probability that gate j opens at a gate-opening instant. The mean traversal time is
given by

(i) When the arrival process is Poisson (A), the LST of the busy period B is given by

_sB] _ T(A+5)
Bl = 14+ A (T +5) 1)

with mean E[B] = —=
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(iii) The probability that the first occupied site is site k is given by

where A(z) is the PGF of the number of arrivals at the first site during an inter-opening
interval O.
(iv) The LST of the draining time D is given by

n piO(s)
jl;Ik 1-(1- p]-)é(s)

AO)p; 3 <1A(0) ko A(0)p )
11-A0)(1—p;)  ¥=1\ AO)pr =1 1-A0)(1-p;)

ED]= Y <1TA(0)f[ AQO)p; ) (i 1) CE[O].

=k Pi

Explicit results are obtained for the family of Gamma-distributed inter-opening in-
tervals (that span the range between the exponential and the deterministic probability
distributions), as well as for the uniform distribution. It is further shown that a homo-
geneous system, where at gate-opening instants gate j opens with probability p; = %,
is optimal with respect to (i) minimizing mean traversal time, (ii) minimizing the system’s
load, (iii) maximizing the probability of an empty system, (iv) minimizing mean drain-
ing time, and (v) minimizing the load variance. The asymptotic cases of (i) heavy traffic,
(ii) large systems, and (iii) balanced systems are further investigated for a homogeneous
system. It is further shown that in the intriguing case of balanced systems when the gate
inter-opening times distributions are either exponential, deterministic, or uniform, in all
three cases:

The system’s load PGF, G (z), satisfies

lim Gy (z) = e~ ™(172),

n—oo
where L denotes the total load of the system, and 7 is the mean traversal time in a balanced
system. The probability that the system is empty is lim P(L=0)=e"™

The LST of the busy period B is given by

_ A+s
: sB| _
nlgloloE {e } o A+ se(A+s)T’

i i — 1 (,—TA _
with mean r}l_rgoE[B] =5 (e 1).

The LST of the draining time D obeys

—TA —Ts
. _sp] _ se "t —Ae
e
and its mean satisfies lim E[D] = 7 — 1"}(”.

n—o0
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Appendix A

From Equation (7),

AT A(z)p;
G(z) i1l- A(z)(l — p]-)'

The load variance is calculated by differentiating Gy (z) twice. We get

Gi'() = ). A'@p, ] Azpe
S0-A)(1-p)) (=1 1-A@OQ-p)
k #
Differentiating again,
vy = A @OAR () R(A @) (1p) Ak
CL®) _Elpf (1-A(z)(1-p))) kI:T1 1-A(z)(1-pr)
k#j
! A'@)p; L Ak & A@)pi
+ - - —
,-g (1-A@) (1-p;)) =1 (1-AE) (1-p0))° 1-51 1-A@E)1-pi)
7 i £k j

Substituting z = 1,

noAn ) A V2 (1— e nooa n A
GL1) =E[1?) [ = § XU n) , § A0 5 A
j=1 i = NS I
k4]
= (Ao —2A)7) g+ A0 |28 Ly g
]:

E[7] = () —2(A/)" + A) L 3+ (AW |28 L+ £ 3 £ 3

= =L = =P
k#j
Therefore,
2 2 Al 2 Al L 1
V(L) =E[1}] - E2[L] = (A () —2(A' ()" + A1) £ &
j=1
A1 71112 2o L | Ay w1 :
P28 L f 1l f |- (am gt
=] p; =N k1 Pk =1 Pj
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