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Abstract

We consider the joint dynamics of the instantaneous and exponentially averaged
queue length in an M/M/1/K queue. A system of ordinary differential equations is
derived for the joint stationary distribution of the instantaneous and the exponen-
tially averaged queue length. The solution of the system of equations is obtained in
a few special cases. Three different numerical approaches are presented to find the
stationary distribution in the general case. Some results obtained with the numerical
methods are presented and the efficiency of the numerical approaches is discussed.
In addition, we describe how the model can be extended to a more complex situa-
tion which contains a rejection mechanism that randomly drops incoming customers
with a dropping probability that depends on the current state of the averaged queue
length.
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1 Introduction

Congestion control and service differentiation in the Internet are central problem areas for
current teletraffic research. The goal is to develop mechanisms which, while being scalable
and easy to implement, allow providing certain level of Quality of Service assurances for
the users of the network.

Several active queue management methods have been proposed for congestion control
purposes. Notably, the random early detection (RED) mechanism was suggested by Floyd
and Jacobson [8] as a means to avoid global synchronization of the TCP sources, which may
happen in an uncontrolled queue, where upon a buffer overflow all the sources first halve
their sending rates and then gradually increase the rates more or less synchronously. In
RED, some packets are dropped randomly even before the buffer is full, thus spreading out
the phases of the cycling TCP sources. In order to make the behaviour of this mechanism
smoother, not reacting too aggressively to short time fluctuations of the instantaneous
queue, it was proposed that the packet dropping is controlled by an average queue. The
dropping probability was chosen to be a deterministic function of the average queue as
explained in [8]. Several variants of the RED mechanism with different refinements have
also been developed, such as weighted RED (WRED), cf. e.g. [5], RED with an in/out bit
(RIO) [6], adaptive RED (ARED) [7], stabilized RED (SRED) [15] and flow RED (FRED)
[14]. The use of RED has also been proposed in the Assured Forwarding (AF), which is
one of the differentiated services (DiffServ) traffic handling mechanisms. In fact, some of
these mechanisms are today already being deployed in routers of the Internet.

Obviously, due to these developments it is important to understand the joint dynamics
of the instantaneous and average queues. This is the problem addressed in the present
paper. In particular, our aim is to define a specific system model, elaborate the equations
that govern the system and study different approaches for solving these equations. In earlier
work [11]-[13] the dynamics has been studied in terms of the behavior of the expected values
of the instantaneous and average queue lengths. In this paper we focus on the full joint
distribution of these quantities.

To be specific, we consider an ordinary M/M/1/K queue and the related average
queue. By an average queue we mean an exponentially weighted moving average of the
instantaneous queue. For brevity, this is called either exponentially averaged queue or
just averaged queue. The averaging here refers to a time average. This differs from the
definition of the average queue in RED, where the average queue is updated upon arrival
of each new packet with no regard to the time elapsed between the arrivals. Such an event
driven average changes more slowly when there are few arrivals, and more rapidly when the
arrivals are frequent. Time average is, however, easier to analyze and is studied here. It can
also be claimed that the event based approach has been adopted solely by implementation
considerations, while the time average is perhaps more desirable. Notably, in RED an
exceptional handling of the average queue is specified for the case of an empty queue,
which makes the average look more like the time average with an exponential weight.

In our model, packet arrivals to the queue are assumed to constitute a Poisson process.
While this assumption is primarily made for the tractability of the problem, it can be



argued that the short term behaviour of a packet stream may not be too far from a
Poisson process. A more serious shortcoming appears to be that this assumption neglects
the packet dropping the average queue is supposed to control. While this is true, the aim of
the paper really is to establish the methodology and to demonstrate how the problem can
be solved in the simpler case. The analysis of the case where packet dropping is taken into
account can obtained as a rather straightforward generalization of the method presented
in this paper, as will be discussed. We will also point out a possible extension of the work
to the case where the external arrival process is a Markov modulated Poisson process.

The paper focuses on the study of the dynamics of the joint process of the instantaneous
and average queues of an M/M/1/K system. Despite of the ‘classical’ nature of this
problem, it has not been analyzed before, as far as the authors are aware. The state of the
system is specified by a pair of a discrete and a continuous variable. The setting is similar
to a fluid queue driven by a Markov modulated rate process (MMRP). Indeed, our analysis
draws much on the seminal paper [4] on fluid queues; the equations are very similar in both
systems.

Our main interest is in the stationary joint distribution of the state variables. This
is governed by a system of coupled ordinary differential equations (ODEs). An analytical
solution to these equations is found in a few special cases. Unfortunately, a general solution
has still evaded us. In fact, despite of the deceiving simplicity of the found exact solutions,
we believe that the general solution does not have a simple form. Furthermore, it also
turns out that a direct numerical solution of the system of ODEs is unstable. Therefore,
we develop different alternative approximate ways for finding the stationary distribution.

Two of the methods consider the temporal behaviour of the state distribution. By
Kolmogorov’s theorem, starting from any initial distribution, the system will eventually
approach an equilibrium, i.e. integrating the equations in time is inherently stable. The
first of the methods considers the evolution of the system in continuous time, while in
the second approach an embedded system in discrete time is studied. A disadvantage
of these methods is that the equilibrium is only approached asymptotically, and with a
long averaging time the convergence is slow. The third method focuses directly on the
equilibrium distribution but using an approximation. The method applies the stochastic
discretization approach, previously presented in [2, 3], where the deterministic evolution
of the continuous variable is replaced by small stochastic transitions, thus allowing the use
of standard methods of Markovian systems.

The rest of the paper is organized as follows. First the model for the combined sys-
tem of instantaneous and exponentially averaged queue is introduced in section 2. We
also derive a system of ordinary differential equations governing the joint distribution of
instantaneous and exponentially averaged queue length. Analytical solutions for the joint
stationary distribution function in a few specific cases are obtained in section 3. In section
4, the three different numerical methods for approximately finding the joint stationary
distribution function are presented. A comparison of the numerical approaches and some
other numerical results are given in section 5. In section 6 we discuss extensions of the
current model. Conclusions are given in section 7.



2 Model description

We consider an M/M/1/K queueing system. Customers arrive at the system according to
a Poisson process with arrival rate A and have exponentially distributed service times with
parameter . With L(t) we denote the instantaneous queue length at time ¢. In addition,
we define the exponentially averaged queue length S(t) at time ¢ by,

S(t) = / L(t — u)ae™*"du. (1)
0
Here, « is a weighting (or averaging) parameter and by definition L(t) = 0 for ¢ < 0.
It is readily seen that the process S(t) obeys the differential equation
d
95(t) = ~a(S(1) - L) 2

i.e. the rate at which S(¢) changes is proportional to the difference at time ¢ between
the instantaneous and the exponentially averaged queue length. The influence of the
instantaneous queue length process L(t) on the exponentially averaged queue length process
S(t) is illustrated in Figure 1.
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Figure 1: Influence of instantaneous queue on exponentially averaged queue

From equation (2) and the definition of L(¢) it is easily seen that the two-dimensional
process (L(t), S(t)) is a Markov process with state space

S={(,2):i€{0,..., K}z €0,K]}

In the sequel we study the joint distribution of the process (L(t),S(t)). As already men-
tioned in the introduction, the setting resembles the situation in classical Markov modu-
lated fluid queues: a continuous-state process S(t) regulated by a discrete-state Markov
process L(t). However, unlike as in the classical models, the rate at which the process S(t)
changes at time ¢ not only depends on L(t) but also on S(t) itself (see (2)).



Define the partial cumulative distribution functions
Fi(t,z) = P{L(t) =4,5(t) <z},  i=0,..., K. (3)

The time evolution of the partial cumulative distribution functions are governed by the
forward Kolmogorov equations, which can be written as the system of partial differential
equations,

gFi(t,x) —afr — i)a(i:ﬂ(ta T) =

ot
Nic1Fiq(t, ) — (N + pa) Fi(t, ) + pipa Fia (8, ), i=0,...,K, (4)
where
)\i—{O’ i K. and Ml_{()? i—o. (5)

Introducing the notation

F(t,z) = (Fy(t,z), Fi(t, ), ..., Fg(t,x))T,

D(z) = a diag(0 —z,1 — 2,2 — z,..., K — x),

- A 0 e 0
poo—(Atp) A 0
Q= : N
0 poo—(A+p) A
equation (4) can be alternatively written as
DR (1,4) + D) S R(t,7) = QF(1,7). (6)

In particular, we are interested in studying the stationary distribution of the process
(L(t),S(t)). Defining F(z) = limy_. F(t, ), and using lim;_..c 2F(t,z) = 0 we obtain
for F(x) the system of differential equations

d
D(x)—F(z) = Q'F(). (7)
The boundary conditions for the differential equations are given by
F0) =0, i=0,... K, (8)
F(K) = m, 1=0,..., K, (9)

where 7; denotes the stationary probability of having ¢ customers in an M/M/1/K queue.
Clearly, with p = A\/pu, the probabilities 7; are equal to
_ P’ _ l=p .
Wi—EJK:Opj—l_pKHp, i=0,1,..., K. (10)




3 Analytical solution for some special cases

In general, the solution of equation (7) together with boundary conditions (8) and (9) is
difficult to find. However, in some special cases we are able to find an analytical solution.
In section 3.1, we present the solution for the case K = 1, i.e.; the situation in which the
instantaneous queue length can only be in two different states. After that, in section 3.2,
we present the solution for some special choices of the parameters a, A and p in the case
K =2.

3.1 The M/M/1/1 system

In this case, the system of differential equations (7) is given by
a(0 —2)LFy(z) = —AFy(z) + pki(z),
a(l—z)LF(x) = MFy(z)— pFi(z).

Now, it is straightforward to check that the solution of (11) together with boundary con-

ditions (8) and (9) is given by

Bz, A\ a,p/a+1
py - i BN ap/at)
A pu BMa,p/a+1)
A Bz, A 1
At p B\ a+1,u/a)

where B(-, ) and B(-,-,-) are the beta function and incomplete beta function, respectively,

defined by

1
B(’Zla 22) = /0 y2171<1 - y)22*1 dy7

(11)

0<z <1,
(12)

B(x,21,29) = /Oy“”(l—y)”*ldy-

Remark that this implies that in the stationary situation, given that the instantaneous
queue length is 0, the exponentially averaged queue length has a beta distribution with
parameters A/« and p/a + 1. Similarly, given that the instantaneous queue length is 1,
the exponentially averaged queue length has a beta distribution with parameters A/a + 1
and p/a. This result coincides with formula (4.8) in Kella and Stadje [10].

3.2 Some special cases of the M/M/1/2 system

In the case K = 2, the system of differential equations (7) is given by
a(0 —2)LFy(z) = —AFy(z) + pFi(z),
a(l—2)Lh(x) = Ay(e) — (A + p)Fi(z) + pk(z), (13)
a2 —2)LF(z) = AF(z) — pk(z).
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Now, let us restrict our attention to the case A\/a = p/a = m, where m is some
arbitrary non-negative integer. The way we proceed is that we try to find a solution of
equations (13), (8) and (9) of the form

F(z) =Y aga®, 0<2<2, i=0,1,2. (14)
k=0
Clearly, from boundary conditions (8) we obtain ago = ap1 = ap2 = 0. Furthermore,

substitution of (14) into (13) yields, for & > 0, the following recursive relations for the
coefficients ay ;:

—kaxpy = —mako+ mag, (15)

(k+ 1)agt11 — kagy = mago — 2mag + mag 2, (16)

2k + Dagi12 — kage = mags — mags. (17)
From these relations, we can obtain successively for k = 1,2, 3, ... all the coefficients ay;:

first ag o from (17), then ay from (16) and finally a o from (15). The coefficients obtained
in this way satisfy:

® apo=ap; = ais =0, for k <m;

® Ap2 = Qm,1 = 07

® a,,0 can be chosen arbitrarily, say a,, o = ¢;
® apo=ap1 = age =0, for k > 3m.

Hence, we find polynomials Fy(x), Fi(x) and Fy(x) of degree 3m satisfying (13) and bound-
ary conditions (8). The question remains whether or not the functions Fy(x), Fi(z) and
F5(x) also satisfy boundary conditions (9).

It turns out that for m odd, indeed we can choose the value of ¢ such that also boundary
conditions (9) are satisfied. Below we show, for the special cases m = 1 and m = 3 the
obtained solutions for fi(z) = -LFj(z), i = 0,1,2. The reason that we show f;(z) and not
F(x) itself is that f;(z) partly factorizes in terms x and (2 — z).

ne folr) =12 -2 fi(z)=1e@—2)., fole)=1e® 0<z<2
m =3
folz) = 22?2 —x)*(5a® — 8z + 8),
filz) = 2232 — 2)3(5a? — 10z + 8), 0<x<2
folz) = soxat(2—2)*(52? — 122 + 12).

Remark that the functions fo(z), fi(z) and fa(x) satisfy the relations

foz) = fo2—2), 0<z<2,
filz) = fi(2—x), 0<z <2,
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which is, of course, due to symmetry in the case A = pu.

For m even unfortunately we are not able to choose the value of ¢ such that also
boundary conditions (9) are satisfied. However, in this case we make use of the symmetry
argument mentioned before to obtain the solution. Similar as before, we construct F;(z) as
in (14) but now only for 0 <z < 1. For 1 <z <2 we set Fj(z) =m — F5_;(2—x), =
0,1,2. In this way, we can choose the value of ¢ such that also boundary conditions (9) are
satisfied. We also automatically obtain continuity of the functions Fj(z) at x = 1. Below
we show, for the case m = 2, again the obtained solutions for f;(z) = %Fi(x).

m=2:
folz) = F£x(3a* — 2023 4 502% — 60z + 30),

filz) = Za?*(—32%+152® — 25z + 15), 0<z<1
folz) = £2*(32% — 10z + 10),

fole) = (2—2)%(32% — 22+ 2),
filz) = £(2—2)*(32® — 322 + 2 — 1), 1<z<2
folz) = £(2—2)(3a* —4a® + 227 + 4o — 2).

4 Different numerical approaches

As mentioned in the introduction, we have little hope of finding an analytical solution
for equations (7) in the general case. Furthermore, direct integration schemes for (7) are
numerically unstable. Therefore, in this section we discuss three stable methods to find,
approximatively, the stationary partial cumulative distribution functions.

4.1 Method of characteristics

The time evolution of the partial cumulative distribution functions F;(¢,x) is given by the
forward Kolmogorov equations (4). Kolmogorov’s theorem guarantees that the solutions
F(t,x) of (4) will approach the stationary distribution F;(x) independent of the chosen
initial distribution function F;(0, z). This provides an approach to numerically approximate
the stationary solutions.

The Kolmogorov equations constitute a set of linear partial differential equations. They
can be transformed into a set of ordinary differential equations using Cauchy’s method of
characteristics (see, e.g. [16]). To this end, we find for each i the characteristic curve z;(t)
such that $z;(t) = —a(z;(t) — i), namely

zi(t) = xi(t, w0) = i + (19 — i)™, (18)

where x¢g = x;(0). Along the characteristic curves the F;(t, x;(t)) are just functions of time
satisfying

9 Btait))

d
i) ox

SRl = o RGn0) + 5

dt ot



0 9,
= SR (D) —a(nlt) - )5
Thus equations (4) become ordinary differential equations,

iFi(t, zi(t)) = NaFia(tzi(t) — (N 4 ) Fi(t, () + pipr Fina (8 2(8) - (19)

dt

where QF is the ith row of the matrix Q. Now, these equations can be solved by dis-
cretizing the time, ¢, = nAt, and considering the evolution over one time step. By the
simplest integration scheme we have

Fit,xi(t)).

Fi(tyi1,7) = Fi(ty, zi(—=At 2)) + At - QFF(ty,, z:(—At, x))
= F(ty,i+ (z— i)eO‘At) + At - Q?F(tn,z’ + (x — i)eaAt), (20)

where x;(—At, z) is the position of the characteristic curve at time ¢, given that at time
tni1 it is at 2, which by (18) means that x;(—At, ) =i + (v — i)e®?t. A better scheme
is provided by e.g. the second order Runge-Kutta method [1], which comprises of first
calculating the Fj(t,+1, ) from (20), and then recalculating them but now approximating
the derivative by 1Q} (F(t,,i + (z — i)e**") + F(t,11,2)). A higher order Runge-Kutta
method could also be employed. In practice, also the state variable x has to be discretized
in the interval (0, K), y = kAz. Then (20) is used to calculate the F;(t,11,x;) at the
discretization points. An interpolation, e.g. using third order polynomial interpolation,
can be used to calculate the values of the function for points between the discretization
points. The interpolation is needed in the next time step since (x5, —i)e*>! can refer to any
point between the discretization points (or to a point outside the range, where we always
have Fi(tn+1,2) =0 for x < 0, and Fi(t,41,2) = m; for x > K).

4.2 The embedded process approach

Instead of integrating the time evolution of F(¢, x) in real time from equation (4), one can
look at the Markov process only at suitably chosen embedded points. One alternative is to
consider the state of the system just before the instants, ¢,,, when a transition occurs from
a given state, i, of the process L(t). The stationary distribution of S(¢;) is then equal to
the stationary conditional distribution of S(t), given L(t) = i¢. The disadvantage of this
choice is that the transition matrix of the embedded chain becomes complex for large K.

A second possibility is to consider the full jump chain, i.e. the chain over all transitions
of L(t). A slight problem associated with this choice is that these points do not represent
arbitrary time instants. To obtain the stationary distribution at arbitrary time instants,
an extra integral operation is needed.

Thirdly, and most simply, one can modify the process in such a way that the transi-
tion instants become representative time points in continuous time. This is obtained by
uniformization, i.e., by introducing in the continuous time process self transitions in state



0 at rate p and in state K at rate A. Then the transitions occur at the arrival instants of
two independent, uninterrupted Poisson processes running in parallel: the arrival process
at rate A\ and the service process at rate u. The intervals between the embedding points
are distributed exponentially as Exp(A + p). With this choice, the transition probability
matrix of the Markov chain L(t,) becomes

A
W 0 0
prei R 0
A
I
0 .0 A A

The chain {L(t;,)} has the same stationary distribution (10) as the continuous time process
{L(t)}. In the sequel, we take this third possibility as the choice of our embedded points.

Let Fi,,(z) and F () be the partial cumulative distribution functions of the process
(L(t),S(t)) at the time points ¢t = ¢, and t = respectively, and denote F, (z) =

TL 7’1,’

(Fon(2), Fi (), ..., Fr (@) and similarly for F;f(z). Clearly, we have
F'(z) = P'F, (z). (22)

Because there are no transitions between ¢, and ¢,,, the partial distribution function is
constant along the characteristic curve (18) and Fy,, ,,(x) is obtained from F/ (x) by

F;n+1(x) = / F+ (z + ( — z’)eat) ()\ + Iu)e*()\+‘u)t dt

= / Fi(i4 (x —1i)27%) dz,

where the latter form, obtained by a change of variable z = e~ shows that the relation
depends only on a = a/(\ + p) and not separately on « and (A + p). With the aid of the
conditions Fjf (z) = 0 for < 0 and F}, (z) = F; (K) for # > K, the integral can be split
as follows

1
+ (5 _ (5 _ —a .
_ /(U)l/a F, (Z (Z .ﬁC)Z )dZ, r < 1,
Fioa(x) = ' (23)
(;1 —i—/zz W EL G+ (= 0)27dz, x>
Hence, if we define the operator
1
/l z\1/a F(Z—(Z—J,’)Z_a)dz" fL‘Slv
UsaF(a) = 17 ) (24)

(i

and the vector operator U,

UF(z) = (Up o Fo(7), UroFi(2), ..., Uk oFic ()7,

+/ 1/a (x —i)z)dz, x>1,
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combination of (22), (23) and (24) shows that the evolution of the distribution of the
embedded chain, F, (z), can be written as

F. . (2) = UP'F, (2)).

4.3 The stochastic discretization approach

In the stochastic discretization approach we discretize the state space of the exponen-
tially averaged queue length process. So, instead of studying the continuous-state process
(L(t), S(t)) we study the discrete-state process (L(t), N(t)), where N(t) denotes the num-
ber of discrete items in the system at time ¢. Each discrete item represents an amount of
1/N in the exponentially averaged queue. We assume that the process (L(t), N(t)) is a
Markov process with state space {(i,7):¢=0,1,...,K; 7=0,1,..., KN}. The dynamics
of N(t) is described by the following rules:

e In state (7,7) with j <iN, items are added with rate a(iN — j).

e In state (7,7) with j > iN, items are removed with rate a(j —iN).

The balance equations for the equilibrium probabilities p(i, j) of the Markov process
(L(t),N(t)) are for i =0 and i = K and j =0,..., KN given by

(A+7a)p(0,7) = wpp(1,7) + 1<xn (G + Dap(0,5 + 1),
and fori=1,... K —1and j=0,...,KN by
(A4 p+ [N — jla)p(i, j) = Ap(i — 1,5) + pp(i +1,7) +

Lo<j<in) (0N — 7+ Dap(i, 7 — 1) + lin<jerny(f + 1 —iN)ap(i, 7 + 1).
Remark that the process (L(t), N(t)) is a truncated quasi birth-death process with level
dependent transition rates. Hence, efficient methods exist to find the limiting probabilities
of the process (see [9, 17]). Once we have found the limiting probabilities p(i,j), we
approximate the partial cumulative distribution functions F;(x) of the continuous-state
process by linear interpolation,

[Nz

Fi(r) = Z_;) p(i,j) + (x = [Nx]) - p(i, [Nx] +1). (25)

5 Numerical results

In this section we use the three numerical approaches to approximate the joint stationary
distribution of instantaneous and exponentially averaged queue length. First, we focus on
a specific case for which the analytical solution is known. For this case, the performance
of the numerical approaches is evaluated in terms of the accuracy of the solution and the
computation time required to obtain the solution. Next, we give some numerical results in
cases for which analytical results are not available.
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5.1 Comparison of numerical approaches

We have computed the cumulative distribution function F(z) = Fy(x)+ Fi(x)+ F(z) in the
case K =2, A = pu=1and a = 1/5 with the three different numerical approaches. In this
case we can find the solution in analytical form as described in section 3.2. The accuracy
of the numerical solution F'(z) was measured with the maximum absolute difference from
the corresponding analytical solution F'(z),

€ = max | F(z) — F(z) | .

In order to compare the efficiency of the different numerical approaches, we measured
the computation time required to numerically solve the cumulative distribution function
with a desired accuracy level €. The resolution of discretization and the other parameters
of the numerical approaches affect both the accuracy and the computational efficiency
of the method. With the stochastic discretization approach one has to determine the
number of the intervals N the state space is divided into. The method of characteristics
and the embedded process approaches are based on solving the time dependent equations
on certain interval [0,7] and using the solution at time instant 7" as an approximation
for the stationary distribution. In addition to setting the length of time frame 7', one
has to choose the initial distribution function and also to set the resolution of the state
space discretization in both of these methods. In the embedded process approach the time
evolution of the distribution functions is inherently computed over the time step between
successive embedded time point. However, in the case of the method of characteristics one
needs to define a time step At over which the evolution of the distribution functions are
computed.

The differences between the numerical approaches complicate the comparison of the
methods. The discretization of both state and time space are chosen as coarse as possible
and the time frame 7" as small as possible such that the desired accuracy level can still
be achieved. When the parameters of the numerical methods are chosen in this manner
the computation times correspond to the minimum time required to solve the stationary
distributions. However, we must emphasize that the actual implementation of the methods
may still effect the computation time considerably.

The effect of the discretization and the length of the time frame on the numerical
solutions is illustrated in Figures 2, 3 and 4. Figure 2 illustrates the evolution of the
numerical solution F'(z) and the error curve F(x) — F(x) for the method of characteristics
with time frames T' = {1,2,3,4,5,6} and Figure 3 respectively for the embedded process
approach. The state space is divided into 40 intervals each of length Az = 0.05 in both
approaches. The time step for the method of characteristics was set to At = 0.05. The
initial distribution function was taken to be uniform both in the method of characteristics
and in the embedded process approach. The error decreases roughly exponentially as the
time frame T  increases. Figure 4 shows the evolution of the numerical solution F(x)
and the error curve F(z) — F(z) for the stochastic discretization approach. The state
space is discretizated with N = {2,4,6,8,10,12}, corresponding to intervals of length
Az ~ {0.5,0.25,0.167,0.125,0.1,0.083}.
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Figure 2: Method of characteristics: numerical solution with 7= {1,2,3,4,5,6}.
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Figure 3: Embedded process approach: numerical solution with 7' = {1,2,3,4,5,6}.
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Figure 4:  Stochastic discretization approach: numerical solution with N =
{2,4,6,8,10,12}.
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We have chosen the maximum allowed error level € = 1073 in the further analysis. We
evaluated the method of characteristics, embedded process and stochastic discretization
approaches. The numerical approaches were implemented with Mathematica 4.1 and the
test runs were carried out on a PC equipped with AMD Athlon 1400 Mhz processor and
512 Mb of memory. In Table 1, we show the computation time required to solve the
problem with desired accuracy level . Also the required resolution of the discretization
and the length of a time frame is shown in the table. Based on the results, the method
of characteristics and the stochastic discretization approach were roughly ten times faster
than the embedded process approach. One can note that the stochastic discretization
approach requires more dense state space discretization than the other two methods.

Method Computation Time (s) | Az | T | At
Method of characteristics 7 0.05 | 16 | 0.02
Embedded process approach 103 0.05 | 15| -
Stochastic discretization 12 0.001 | - -

Table 1: Comparison of different numerical approaches.

The implementation of the numerical methods can effect the computation times con-
siderably. Because of this, the results give only a hint about the magnitude of computation
time required by the approaches. In addition, the parameters of the queueing system itself
affect the computation times. With larger buffer size K the computation time increases
with all the methods. Furthermore, small values of the parameter o may also increase the
computation time.

5.2 Numerical results in special cases

We have chosen the method of characteristics to compute the solution for the stationary
distribution in some specific scenarios. In the first scenario we illustrate the effect of o on
the solutions for a three state system. In the second scenario we show the solution for a
system with larger buffer size.

Consider a system with K =2, p =1 and A = 0.8. In Figure 5, we show the effect of
a on the partial cumulative distribution functions Fy(z), Fi(z) and Fy(x). The example
demonstrates a qualitative change in the curves when « passes the value 1. For a < 1
the pdf’s behave smoothly. Also all the curves are similar as S(t) reacts more slowly to
changes of the values of L(¢). When o > 1 the derivative of each F;(z) becomes infinite at
the point x = ¢ and the probability mass is more concentrated around this point.

A system with a larger buffer, K = 20, and = 1, A = 0.8 and o = 0.1 is illustrated in
Figure 6. In this figure the conditional cumulative distribution functions Fj(x) = F(z)/m;,
i ={0,1,..., K} are shown. In this case, even if « is small, the instantaneous queue length
has effect on the conditional distribution of averaged queue length, which is due to the
broad range of possible values of the queue length. While this example demonstrates that
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0.4 0.4 0.4

0.3 0.3 0.3

0.5 1 15 2 0.5 1 15 2 0.5 1 15 2

(a) a=0.1 (b) a=1.0 (¢) a=3.0

Figure 5: Effect of a on the partial cumulative distribution functions, Fj(z),i = 0,1,2
(from top to bottom)

it is feasible to handle a system of this size by the method of characteristics, however, the
computation time may become considerably larger for bigger systems. In this case the
computation time was over 200 times longer than with the three stage system described in
section 5.1.

0.8
0.6 !
0.4

0.2

Figure 6: Conditional cumulative distribution functions F(z),i = 0,...,20 (from left to
right) for a larger buffer system, K = 20.

6 Model extensions
The model presented in this paper for an M/M/1/K queueing system can be extended to

a system in which the buffer has a rejection mechanism that randomly drops arriving cus-
tomers with a probability that depends on the current state of the exponentially averaged
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queue length. This resembles a buffer system with a RED mechanism as discussed in the
introduction.

Assume that customers arrive to the system according to a Poisson process with con-
stant intensity A and let p(z) denote the customer dropping probability when S(t) = x. We
denote the arrival intensity of customers admitted into the queue by A(z) = A(1 — p(x)).

The two-dimensional process (L(t), S(t)) still constitutes a Markov process. The for-
ward Kolmogorov equations can now be written more conveniently for the partial proba-
bility density functions f;(t, ),

0 0 T
5/£(t.2) + D(a) - £(t.2) = Q" (2)E(1, ). (26)

in which f(¢,2) is column vector containing the f;(¢,x), D(x) is as defined in section 2,
and

—(\z) — ) A(x) 0 0
p —(A@) +p—a) A(x) : :
Q) = 0 " “A@tp—a) o0 | (@)
: : : A(zx)
0 0 po —(p—a)

The numerical approaches described in section 4 require only slight modifications to be
used in solving the stationary distributions in this case. The method of characteristics can
be applied directly for solving the equations (26). The only difference from the original
method is that matrix Q(x) now depends on the state variable z. Also in the embedded
process approach the transition probability matrix P becomes dependent on the state
variable x. More specifically, the upward transition probabilities /(A + p) are now split
into the probability of an upward transition A(1 — p(z))/(A + p) that replaces the old
A/(A+ p) on the upper diagonal of (21) and a non-transition probability Ap(z)/(A + )
that has to be added to the diagonal elements. Finally, in the stochastic discretization
approach the upward transition rate A becomes dependent on the discretized state variable
N(t). However, no other modifications are required.

Another direction of extending the model is to use a more complex traffic model, e.g.
a Markov modulated Poisson process (MMPP). Assume that the customer arrival rate is
regulated by a Markov process M (t) with state space {0, 1, ..., M}. The three dimensional
process (M (t), L(t), S(t)) is a Markov process for which we can write the Kolmogorov
equations. The structure of the model remains the same and we get (M +1)(K +1) partial
differential equations that can be solved in the stationary case, e.g., by using one of the
numerical methods described in section 4.

7 Conclusions

We have developed a model for the joint dynamics of the instantaneous and the expo-
nentially averaged queue length in an M/M/1/K queue. The time evolution of the joint
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distribution functions of the instantaneous and averaged queue length was described with
Kolmogorov equations. In the stationary case this leads to a system of ordinary differential
equations for the joint distribution functions.

The analytical solution for the distribution functions was found only in a few special
cases. The numerical solution of the ODE system turned out to be unstable with traditional
integration schemes and thus other numerical methods were considered. Three different
numerical approaches were presented to approximate the stationary solutions. Two of the
methods were based on solving the time evolution of the distribution functions either over
continuous time or over embedded time points. The third method is based on a stochastic
discretization method. The stationary distributions were obtained in some special cases
using the numerical methods and some comparison between the methods was carried out.
Based on the results, we concluded that both time dependent methods as well as the
stochastic discretization approach can be used to get accurate approximations for the
stationary distributions.

The aim of the paper was to construct a model that describes the joint stationary
properties of the instantaneous and exponentially averaged queue length in an M/M/1/K
queue. In addition, we described some extensions for the current model. The traffic
model can be easily extended to a Markov modulated Poisson process. Furthermore, the
model can also be extended to a buffer system where the customers are rejected with a
dropping probability that depends on the current value of the averaged queue length. The
numerical methods described in the paper can be easily adapted to find the joint stationary
distributions also for the extended models.
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