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Abstract—Processor sharing queuing systems are well-known and very attractive models in applied
probability and modern applications of queueing theory. This paper continues the investigations of
the M/G/1 queue with Egalitarian Processor Sharing (EPS) discipline. We give, in the form of triple
transforms, the time—dependent distribution of virtual sojourn time of a job, arriving at time ¢ with the
service demand (length) w in this queueing system which is empty at initial instant £ = 0. Further we
study main important special cases as the direct consequences of our general result. We show also how
extend the main theorem to the case when the M/G/1—EPS queue is modified by having K > 0 extra
permanent jobs with infinite lengths.

1. INTRODUCTION

Processor sharing queueing models, made popular by the works of L.Kleinrock [|1] and S.F.Yashkov [2]],
[131, [4], [I5], were originally proposed to analyze the performance of time sharing scheduling algorithms in
computer systems. During the past two decades, the processor sharing paradigm has emerged as a powerful
concept for modeling of Web servers, in particular, the flow—level performance of bandwidth—sharing
protocols in the nodes of modern computer—communication networks. The Transmission Control Protocol
(TCP) in adaptive window mechanism can be considered as an example.

This paper continues the investigations of the M/G/1 queue with the Egalitarian Processor Sharing (EPS)
discipline from [3]], [I5], [6], [I7]], [8]-

An idea of EPS is due to Kleinrock [9]]. Under the EPS discipline, the processor (server) is shared equally
by all jobs in the system. To put more concretely, when 1 < n < oo jobs are present in the system, each
job receives service at rate 1/n. In other words, all these jobs receive 1/n times the rate of service which
a solitary job in the processor would receive. Jumps of the service rate occur at the instants of arrivals and
departures from the system. Therefore, the rate of service received by a specific job fluctuates with time and,
importantly, its sojourn time depends not only on the jobs in the processor at its time of arrival there, but also
on subsequent arrivals shorter of which can overtake a specific job. This makes the EPS system intrinsically
harder to analyze than, say, the First Come — First Served (FCFS) queue.

The problem of the determination of the stationary sojourn time distribution in the M/G/1—EPS queue
was open a long time. This problem was first solved, after puzzling researchers for 15 years, by Yashkov
in the late 1970s (see his papers of that period, cited in [4], [5], or [3], [10] with complete proofs) in
terms of double Laplace tranforms (LT) (see also [|5]). The time—dependent queue—length distributions in
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this and related (for example, FBPS) M/G/1 models have been derived in increasing level of generality
in [[11]], [5], [12], [13]]. These exact solutions have been extended further to obtain the time—dependent
distribution of the virtual sojourn time of a job arriving at time ¢ with the length v into the M/G/1 — EPS
queue (in terms of triple transforms). Almost all available at present analytic solutions of the M/G/1—EPS
system (and also many new) can be derived as special cases of this generalized result, as a rule, by means of
Tauber’s and Abel’s theorems. The main purposes of this paper are to present our generalized theorems and
to study basic consequences from theirs.

The rest of this paper is divided into four sections. In section 2, the mathematical model is described and
the main theorem is presented. In section 3, we derive a number of new propositions as corollaries of theorem
In section 4, we give an extension of theorem 2.1]to the case of K permanent jobs (the time—dependent
solution). Two new ways for obtaining the steady—state solution are also considered. As a by—product, we
show that the determination of the steady—state sojourn time distribution in the queue M/G/1—EPS with
K permanent jobs is simple extension of the results from [3[], [[10]. Finally, in section 5, we provide short
concluding remark.

2. MAIN RESULT

We consider an M/G/1 queue where the jobs arrive according to Poisson process with the rate \. Let
B(z) be the distribution function of the service times (better: the lengths ) of jobs (B(0) = 0, B(c0) = 1)
with the mean 3; < oo and the Laplace—Stieltjes transform (LST) (3(s). The service discipline is the EPS:
when there are n jobs in the system, each receive service at a rate 1/n. Let L(¢) and V' (¢, u) be the number
of jobs at time ¢ and the sojourn time of a tagged job (of the length w) arriving at time ¢, respectively. We
assume that the system is empty at time t = 0. Let { = inf(t > 0: L(¢) = 0) and 7(s) = E[e™*¢] is the
LST of the busy period distribution, i.e., it is the positive root of the functional equation

m(s) = B(s+ A — In(s)) 2.1

with the smallest absolute value. Define
o
To(r, s,u) = / e StE [e—’""“v") |L(0)=0| dt (Res,r>0), (2.2)
0
Poo(t) = P(L(t) = O|L(O) = O) and let ;500(5) be the LT of Poo(t).

Theorem 2.1. For any positive p = \f31, the exact solution for the function vg is:

~ o 5(r, )
ol = P TG o) )
where
Poo(s) = [s+ X — Ar(s)] 7, (24
6(ryu) = e [y (r,u) (2.5)
Y(r,w) is given by its LT with respect to (w.r.t.) u (argument q):
~ B g+r+AB(g+r+ ) B
a(r,s,u) = /OO e)‘”(s)ta(r,s,t,u) dt 2.7
0
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and o(r, s,t,u) is given by its double LT w.r.t. t and u (arguments q and c, respectively):

alr,s,q,¢) = Wiq_s{l/;(h A)[Blg+s+A) = Blc+r+A)
1 1
+q+s+A(1_5(q+s+/\))_W(1—5(0+T+/\))}- 28)

Proof. Due to lack of space, we give below only main comments to the proof.

The proof is based on some extensions of arguments from [3[], [5]], [[12]] and it also uses an amalgam of
techniques such as terminating (sub)busy periods, the random time change, and also some facts from the
renewal theory and branching processes. The special case as t — oo and p = A3 < 11is proved in [3]], [10].
The time—dependent distributions of the jobs at the time ¢ is investigated in [[11]], [5], [6]], [[12], [7]] and [4]].
These works contain also many important things which are the corner—stones of our promising method
of analysis. To renew the omitted steps of our proof, it is useful to exploit the aforementioned proofs as
intermediate phases. Briefly, we have derived the expression for ¥y by writing the sojourn time and the number
of jobs at time ¢ as some generalized functional on a (non-trivial) branching process (like the processes by
Crump—Mode-Jagers). Using the structure of the branching process, we found and solved a system of partial
differential equations (of the first order) determining vg. The solution contains the Bromwich countour
integrals, i.e., the Laplace transform inversion operators £ . For example, 1 (r,u) = £ (4(r, ¢))(r, u) in
z9).

Some additional comments. The one of the main ideas of the proof is to study an additive functional
describing the accumulation of the attained service of some tagged job in time

t 1
X0 = [ gy

with L(y) being the number of jobs at time y (cf. the equation (2.34) in [6]). (It can be shown that the process
{L(-)} is positive recurrent and Harris ergodic when p < 1. That will not pose a problem as p > 1, this and
related processes will be transient in such case.) If we define for u > 0

V(0,u) = inf (t >0: X(t) > u),
then V (0, u) being the sojourn time of the tagged job arriving at time 0. From another side, the sojourn time

V (¢, u) satisfies to the equality
t+V (tyu) 1
———dy = u.
/t 1+ Ly "7

The study of such processes on the (standard) first busy period enables us to decompose V' (¢, u) on some
terminating (sub)busy periods (introduced in [3]], [10]]) and to obtain corresponding equations describing an
evolution of these terminating (sub)busy periods. The matter is made easier if to introduce the new time
scale by means of a random time change. In the new time scale, the system M/G/1—EPS is transformed into
the system M /G /oo in which the rate of input is equal to AL(t) (and to \ if L(t) = 0). After the solution of
the corresponding equations (the generalized versions of (3.10) and (3.13) from [3]), the standard arguments
from the renewal theory can be used to connect E[e " (%) 1(¢>¢)] on the first busy period with Ele—sV (5]
on all positive half-axis. U

Remark 2.1. Theorem[2.1]remains in force not only for the stability condition p < 1 but even for p > 1.

Remark 2.2. Theorem[2.1]can be represented in several equivalent forms. Here we have chosen the form
which resembles the formula (5.2) from [4] (see also [13]] for another appearance of the result announced as
Theorem 3).
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The equation (2.3)) in the theorem 2.1] gives us also the unconditional distribution of the time—dependent
sojourn time after removing the condition on u (averaging on B(-))

> —st —rV(t > (5(7“, u)
/O e StE [e ®|L(0) = 0] dt = /0 ey O} 2.9)
where 9 (r,u) = L7 (¢(r, q))(r, ) and P(r, ) is given by (2.6).
The formula is some analog of the well-known result of Takacs for the time—dependent virtual
waiting time distribution in the M/G/1—FCFS queue (see [[14]]):

S _ + A= An(s) —r
e~ E | WO L(0) = 0] dt = > . 2.10
/0 10) 5 FA_NB(r) —)ls + A (o)) @10
Takacs obtained (2.10) by means of derivation and solution of his integro—differential equation for the
process of the unfinished work in the system M/G/1—FCFS [|14]]. However, his method does not work for
obtaining (2.9), so we derive (2.9)) by means of our principally new method which introduced in [3]], [[10].

Remark 2.3. 1t is not difficult to show that the functional equations (2.1)) and (2.4) are equivalent [|15].
To do this, we can reformulate (2.1) and (2.4)) to the form

ﬁOO(S) = [S + A= )\ﬁ(l/ﬁoo(s))]il.

3. MAIN CONSEQUENCES

We proceed to some important corollaries from Theorem The corollaries of this theorem will be
formulated in the form of propositions.

Proposition 3.1. For any positive p, E[V (t,u)], the mean conditional sojourn time of the job (of the
length w) arriving at time t, is given by its LT w.r.t. t (argument s)

o) i), ) [ [T

T

vi(s,u) =

where -
S1(u) = u+ / > P F(z)d
0 n=1

Jor 0 < p < oo. Here poo(s) is given by the equation (it is the LT of P{L(t) = 0}) and F"™*(x) is
n—fold convolution of F(x) = 3! Jo (1 = B(y))dy (the excess of B(-)) with itself (F**(z) = 1(z), the
Heaviside function, F*(x) = F(x)).

Proof. From (2.3) via v1(s,u) = —lim, ¢ OUo(r, s,u)/Or. 0

Remark 3.1. When p < 1, the well-known result for the (conditional) steady—state mean sojourn time
E[V(uw)] = u/(1 — p) follows from the proposition[3.1]as ¢ — co by means of classical Tauber’s theorem.

Proposition 3.2. For p < 1, the distribution of V (u), the stationary sojourn time of the job with the
length u, is given by

o(ru) = Ele™V )] = < _S(r_ é’ )Z)(;J‘()T - 3.1)

where
a(r, 0,u) = A / D1 — 2)e= " (1 = B(a))da + A=+ / (1-B@)dz  (3.2)
0 U
and the LT of ¢ (r, w) w.rt. u is given by (2.6).
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Proof. For p < 1, we have 7(0) = 1. Hence, the result follows from (2.6)) by the classical Tauber’s
theorem as

1 t
lim s0g(r,s,u) = lim / Ele V"W dt = v(r, u)

s]0 t—oo t 0
taking also into account L’Hospitale’s rule. O
At first this result had been proved by Yashkov in the late of seventies (see the references in [4] and
also [3]], [10] for the improved proof with details). Like the theorem this solution contains the contour
integrals. Equivalent form of (3.1)) (without contour integrals) is given in the following proposition.
Proposition 3.3. Equivalent form of (without the Bromwich countour integrals) is given by

o0

1 r’
v(ru) 7;) aﬁn(u), (3-3)
where
ﬁo(U) = 17 671(“’) = ﬁunil * W(nil)*(u% n= 17 27 cee (34)

Here W=D*(u) is (n — 1)—fold convolution of the steady—state waiting time distribution W (u) in the
familiar M/G/1—FCFS system with itself (W (u) = 1(u), W (u) = W (u)), the LST of W (u) is given
by the well-known Pollaczek—Khintchine formula

__d-p
wig) = @ (3.5)

where f(q) = (1 — B8(q))/(qBh) is the LST of the excess F(z), introduced in proposition 3.1}
Proof. We rewrite (3.1)) in the form of the equation (5.5) from [4]. To do this, itis used the LT of 1 /(r,u)

w.r.t. u (argument g), which is given by lj as(r,g—r—2A), r>0,q>r+X— Ar(r) (see also the
third line in [4} p. 8]). We obtain after simple algebra

o 1 1
/ e du = —
0 v(r,u) q

where w(q) is given by |i We note that

I r 1
1—pq1—flpgw(q)

1+

1+ Z (L};) w(q)”_ll , (3.6)

(1-p)q
to invert analytically (on argument ¢) each term of the power series in 7 (3.6)). The result is given by (3.4)

whence the assertion (3.3]) follows, the right-hand side of which is the power series in r with coefficients

&n(u)/n! O

rw(q) ‘ <lasqg>r+X—Ar(r), p <1 Now it is easily

Remark 3.2. The idea of such approach has been known at least since the book of O.Heaviside [|16, Ch. 5].
This result is also obtained in [[17] as Theorem 3.1. However, the starting point of the proof in [[17] is the

formula which is the other (less convinient) form of (3.1]), namely, (5.6) in [4]; moreover, our proof does not
use the knowledge of Var[V (u)] [3], [10]

2

VarlV ()] = = /Ou(u _ o)1 — W ())da 3.7)

In fact, the form of Var[V (u)] stimulates a guess about the possibility of such expansion.

NHOOPMAIIMOHHBIE IMPOLIECCBI TOM 3 Ne2 2003



SOJOURN TIME DISTRIBUTION 133

Remark 3.3. We note that the by—product of our analysis is the distribution function W (z) whose
LST is given by (3.5). However, the analysis of EPS queue gives the other quantity (corresponding to
a non—probability measure) W°(z) = W (z)/(1 — p). The form of the LST of W°(x) is well-known:
w®(q) = >0 P f"(q). Unlike W(x), W°(x) is well defined for all p > 0 and = > 0. It can be shown
that W°(x) < oo forall p > 0, z > 0 and for any B(-) (despite on the fact that, for p > 1, W°(z) — oo as
T — 00).

Proposition 3.4. Let v, (u) = E[V(w)"], n = 1,2, ... Then it holds the following recursive formula

NOESY (i)vnxu)si(u)(l) 1, (3.8)
i=1
Proof. It is well-known the Tailor series expansion of v(r, u) for small » > 0
r 2 3
v(ryu) =1— ﬁvl(u) + Evg(u) — gvg(u) +... (3.9
The product of (3.9) and (3.3)) gives
r 72
= qplvi(@) = &) + 5 [va(u) = 201(w)ér (u) + &2(u)]
3
r
— y[vg(u) — 3ua(uw)&i(u) — 3vi(u)ée(u) — &a(u)]+...=0
and it leads to the assertion (3.8) after differentiating n times w.r.t. » and setting » = 0. O

Remark 3.4. Proposition is important for applications, because the LST (3.1) is very difficult to
differentiate at zero more than once (practically almost impossible matter) due to a highly complex form of
such constituents of (3.1) as a and .

Remark 3.5. The formula was derived by Yashkov in 1979 by solving a system of equations
describing the decomposition of E[V (u)?] (see, for example, [3]] and the references herein) for n = 2. The
proof above is contained in [[8]] (cf. the related proof in [[17]) and the result holds for arbitrary integer n.
The formula can be very useful for asymptotic expansion of v, (u) for small and large u in the spirit
of such expansion for Var[V (u)], which made at first in [18], [10]. In particular, the rough asymptotic of
E[V (u)?] from [17, remark 3.3] coincides with one from [[18, remark 2]. However, [18], [10] contain more
exact asymptotics of Var[V (u)?], including the estimate of the rate of the convergence (see [[18, theorem 2]).

4. THE M/G/1—EPS QUEUE WITH K PERMANENT JOBS

We give at first the theorem for time—dependent distribution of V' (¢, u) when the M/G/1—EPS queue
is modified by having K > 0 extra permanent jobs with infinite lengths. Almost all main definitions and
notations have been introduced in section 2; some additional ones are the following. Let us define

5B (r, 5, u) = /0 o StE [e*W(t’“)1(<>t>|K} dt (Res,r>0) 4.1)
on the first busy period and
Tre(r, 8, 1) = / e StE {e_’"v(t’“)\K} dt (Res,r > 0) 42)
0

on all positive half—axis.

The notation L(¢) remains in force for the standard jobs, the same is true for the standard busy period
(2.1) for such jobs. Now pox (s) being the LT of Pox (t) = P(L(t) = 0|K).
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Theorem 4.1. For any positive p = A\(31, the exact solution for the function vy is:

Ok (ry 5, 1) = Porc (5)[8(r, u) + AOT (1, 5, u)] + DR (1, 5, u), (4.3)
where
o (s) = 7 (s)Poo(s), (4.4)
7(s), Poo(s) and §(r, u) are given by (2.1), and (2.3), respectively,
B (r, s u)—ié(r u)/oo —glnibv(rstu) Kdt (4.5)
K\ 2, - )\K ) 0 ot 59 Uy ) .

the function " (r, s, t,u) is given by its LT w.r.t. t (argument q):

¢(Ta ’U,) — d(’l’, $, 4, 'U,)

TV
39,4, = 4.6
Vs = S B A g) (4.6)
Here (r,u) = L7Y((r,q))(r,u) in 2.6) and a(r,s,q,u) = L7X(a(r,s,q,¢))(r,s,q,u) in 2.8, It
remains to add that for K = 1, (4.5) is reduced to (in fact, it is very non—trivial task)
—u(r+A)
P (r,s,u) = © alr,,u) 4.7

)\[w(T, U,) - a(r, S, U)] ’
where a(r, s,u) is found by inversions of (on arguments c and q) and then from .

Proof. Omitted. However, the comments to the proof of theorem remain in force with the evident
slight modifications. In general, we deal with the investigation of the same processes as in the case K = 0
but for other initial conditions. a

Now we show how to obtain one of the corollaries of theorem[4.1] In fact, it is an extension of proposition
3.2l to this case.

Proposition 4.1. For p < 1,
Ele™V ] = v(r,u)" 1, (4.8)

where v(r, u) is given by (3.1), and V (u) is the steady—state sojourn time of the standard job of the length w.

Proof. (Sketch.) The first way: to apply the classical Tauber’s theorem as it was done in the proof of
proposition [3.2] It needs some tedious algebra for this. Details are omitted. O

Proof. The second way. For K = 0, this proposition has been proved in [3]] as theorem 4 (see also [[10]]
and [5, p.63—70]) . The partial differential equations in the proof of aforementioned theorem rely on a
decomposition of the sojourn time of the job of the length v that arrives to the EPS queue when n standard
jobs are present with remaining service demands z1, ...z, (a key ingredient of analysis). Denoting this
conditional sojourn time by V;,(u; x1, ... xy,), it holds

Va(u; oy, ... mn) = D(u) + Y (i, u). (4.9)
i=1

The random variable D(u) constitutes a “main” component of the sojourn time: it has the distribution of
the sojourn time of a job with the length « that enters into a empty system. When the system is not empty,
the i—th job (among the jobs which are sharing the capacity of the processor), having remaining length x;,
“adds” adelay ®(x;, u) = ®(z; Au,u) to the new job’s sojourn time. Note that D(u) = ®(x;, u) for x; > u;

NHOOPMAIIMOHHBIE MMTPOLIECCBI TOM 3 Ne2 2003



SOJOURN TIME DISTRIBUTION 135

the expectation of D(u) is given by &;(u) (see proposition 3.I)). In the case K > 0, the decomposition in
(4.9) will be

n
Vo(u; 1, ... x| K) = (K +1)D(u) + Z O (x;,u).
i=1
Then the same chain of arguments as in [3]] can be used to derive (4.8)). O

Remark 4.1. This result was obtained in [[19] by means of another approach (see also [20]]). For other
applications of our method to the various variants of the EPS queue (as a rule, in steady state) see, for
example, [5]], [21]].

Corollary 4.1. In the setting above,

E[V(u)| K] = (K + Du/(1 = p),

u

Var[V(w)| K] = 2(K + 1)/(1 - p)? / (u—2)(1 — W(z))d,

where W (u) is the steady—state waiting time distribution in the M/G/1—FCFS queue, whose LST is given

by 3.3).

Remark 4.2. Using proposition (or corollaries 5 and 6 from [[§]), we can easily obtain all other
moments of V' (u) in M/G/1—EPS queue with K permanent jobs.

Note that unconditional (only on B(x)) sojourn time distribution of an arbitrary job is

P(V < 2|K) = /OOO P(V(u) < 2| K)dB(u)

Assume that P(B > z) ~ 27 %¢(z), x — oo, where a > 1, o not an integer, and ¢ is a slowly varying
(at infinity) function. Then it holds

Proposition 4.2. In the setting above (M/G/1—EPS queue with K permanent jobs, B(x) has a regularly
varying tail), it holds

PV>z|K)~P(B>(K+1)(1-px), z— o0 (4.10)

Proof. We give here only few comments to the proof.

Modify the proof of theorem 4.1 in [17] to this case, assuming K > 0 and using our corollary and
remark 0

So far, the assertion has been apparently proved for K = 0. Using the new asymptotic technique
(somewhat intricate) from [22], proposition[4.2] can be extended on more wide subclasses of subexponential
distributions B(-) in the queue M/G/1—EPS (the case K = 0 is completely investigated in [22]) and also
on other variants of processor sharing models. Such distributions arise often in the modern communication
networks; asymptotic behaviour of simpler model M/G/1—FCFS is well studied in [23[] under subexponential
B(").

The relation is called Reduced Load Equivalence. The first guess about the possibility of similar
equivalence (in weaker form) apparently is due to Kleinrock (see [[1, p. 175]). In essence, up to now
Kleinrock’s explanation of this is used for comments to Reduced Load Equivalence in a number of recent
mathematical papers.
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5. CONCLUSION

Theorems and their main corollaries provide the extremely powerful tools for the deep study of
time—dependent behaviour of the queue M/G/1 under egalitarian processor sharing discipline. The decom-
position in has played a key role in the exact and asymptotic analysis of processor sharing queues. Our
results give also the ways for investigation of the transient (p > 1) and null recurrent (p = 1) behaviour of
this queueing system with K permanent jobs. Such queue represents the basic model for predicting delays
in the host—servers of computer—communication networks.
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