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Abstract—Time Division Multiplexing over Internet Protocol
(TDMoIP) is a transport technology that extends the voice, video
and data traffic transparently over IP. When TDM traffic is
packetized and injected into a packet switched network (PSN)
for transportation, packets arrive at the destination with different
inter-arrival times, due to variable delay (jitter) introduced by
PSN. This network induced jitter should be minimized, because
TDM devices operate at constant bit rate. Problem of jitter from
theoretical (competitive and statistical analysis) to more practical
view point had been well studied. In this paper, we have proposed
two on-line algorithms, algorithm-A and algorithm-B to minimize
rate-jitter. We have shown both analytically and by simulation
that the rate-jitter achieved by algorithm-A is strictly less than
the rate-jitter of an on-line algorithm proposed in a previous
work. The simulation results shows that algorithm-B also achieves
less rate-jitter than the reference algorithm. We also undertake
the statistical analysis of above algorithms, in particular, we
have modeled jitter buffer as an MMPP /D/1/B,, queue by
making two assumptions on Markov modulated Poisson process
(MMPP) and steady state queue length distribution is calculated.
The correctness of the analytical results corresponding to our
proposed algorithms is verified with simulation results. From the
simulation results, it is also shown that the mean waiting time
of a packet in the buffer is less for both proposed algorithms
compared with the reference algorithm.

Keywords-TDMolIP; MMPP; rate-jitter; PSN; state depen-
dent service

I. INTRODUCTION

TDM [19] has been the most promising technology over the
decades to transmit voice. In the recent years, it is being used
to transport video and data also. In TDM, there is a dedicated
channel for each user. This channel is used only when the
user is making a call or when some data is transmitting.
Therefore, the bandwidth is not used effectively in TDM, since
the channel is idle most of the time and TDM services are also
expensive. On the other hand, PSN [20, 21] uses bandwidth
efficiently and is cheap. So, emulating the TDM traffic over a
PSN is an effective solution.

TDMolIP is a mechanism to connect two TDM islands
through IP network. On the transmitter side, fixed number of
TDM frames are packetized and sent across an IP network. So,
all the packets with TDM payload are of equal size. At the
receiver, the TDM payload is retrieved along with timing and
the TDM stream is regenerated before sending downstream.
If the TDM payload is sent over connectionless service in IP,
reordering is done. When these IP packets with TDM payload
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traverse through the network, each packet may be routed in
different path, so, they encounter different nodes and variable
queueing delays. This queueing delay is the dominant part
in end-to-end delay of a packet. Finally, they arrive at the
receiver with variable inter-arrival times (IATs) as compared
with almost constant IAT at the transmitter. This variation in
the arrivals (packet delay variation) is called as jitter. At the
receiver, this jitter causes serious problems for audio playback.
To overcome jitter, all the received packets are stored in a
buffer called as jitter-buffer and associated an algorithm which
decides the dequeueing instant of next packet to be transmitted
(or service initiation time of each packet). The above algorithm
minimizes the output jitter, given the arrival times and/or the
number of packets in the queue. This process is called as
jitter regulation. The output of jitter regulator is fed to a link
scheduler to send the packets on to an outgoing link. Jitter
control is the sequence of the two operations: jitter regulation
and link scheduling. This work is related to jitter regulation.

There are two main ways to quantify jitter [[1]]: one measure,
called delay-jitter is the maximum difference between arrival
times of different packets and the ideal time difference in a
perfectly periodic sequence (where packets are spaced exactly
X, time units apart, X, is the IAT of the packet arrival
sequence). The second measure is rate-jitter; it bounds the
difference in packet delivery rates at various times. More
precisely, it measures the difference between the maximal and
minimal IATs. Rate-jitter is a useful measure for many real-
time applications such as voice and video broadcast over the
Internet.

The rest of the paper is organized as follows: In Section
II, we discuss the literature related to jitter control techniques
in PSNs and queueing models with state dependent service.
In Section III, we briefly discuss about MMPP, the 4-state
MMPP model used in this work and two main assumptions
about MMPP which makes the analysis of queueing model
easier. Section IV discusses the proposed rate-jitter control
algorithms and the analytical bound of rate-jitter for algorithm-
A. In Section V, we discuss the MM PP/D/1/B,, queue
modeling and we give analytical expression for the steady state
queue length distribution. In Section VI, we give simulation
results and finally, we conclude by summarizing the results
and discussing future work in Section VIIL.

22



CTRQ 2013 : The Sixth International Conference on Communication Theory, Reliability, and Quality of Service

II. RELATED WORK

Mansour et al. [1l] used competitive analysis in order to
compare an on-line algorithm with off-line algorithm. An off-
line algorithm schedules a packet by using future arrivals
also. Though off-line algorithm is impractical, it does deliver
departure/dequeueing sequence with minimum possible jitter
and forms the lower bound. Hence, off-line algorithm is used
to compare the performance of any on-line algorithm proposed
(for the same packet arrival sequence). An on-line algorithm
schedules a packet based on the packet arrival times on or
before the service initiation instant of the packet in question.
Mansour et al. proposed an on-line algorithm for rate-jitter
control (we call it as Mansour algorithm in rest of the paper),
which achieves a rate-jitter bounded by the rate-jitter of an
off-line algorithm. Mansour algorithm requires a buffer size
of B,, = 2B + h, where B is the buffer size of the off-
line algorithm and A is a space parameter. Mansour algorithm
tightly schedules the packets within the given bounds I,
and I,,,;,, and achieves a rate-jitter not more than 1,4 — Imin,
where 1,,,,, and I,,,;,, are the maximum and minimum bounds
on the inter-departure times (IDTs) of the off-line algorithm,
respectively. ElBatt er al. [2] proposed a traffic recovery
mechanism to control the jitter. A detailed survey of rate-
control algorithms can be found in [3]. Hay ef al. [4] extended
[1] to multiple streams and derived tight lower bounds for jitter
regulation, both in off-line and on-line cases. An analysis of
delay jitter control algorithms can be found in [3].

A new queueing model G/D/1/K is proposed in [6] to
analyze the performance of the proposed adaptive timing
method with state dependent service rates. A packet voice
multiplexer is modeled as an M/D/1/K queue in [[7]], where
the least significant bits of a voice packet are dropped during
congestion period of multiplexer to reduce the queueing delay.
The service time of a packet is determined depending on the
buffer occupancy.

The main characteristic of Internet traffic is that its parame-
ters (packet IAT, data transmission rate, etc.) are Long Range
Dependent (LRD), i.e., a non-zero correlation exists in long-
term time-scales. MMPP is a widely used arrival process in
communication networks for modeling traffic whose arrival
rate varies with respect to time. It can capture the correlation
between IATs in the arrival process. Andersen et al. [10]
illustrated that the superposition of four two-state MMPP’s are
sufficient to model the second-order self-similar behavior over
large time-scales. The authors also proposed a fitting procedure
for matching second-order properties of counts to that of
a second-order self-similar process. Muscariello et al. [16]
proposed a new MMPP traffic model that accurately models
the LRD Internet traffic over time-scales. Yoshihara et al. [17]]
also proposed a fitting method for self-similar traffic based
on the superposition of two-state MMPP’s that matches the
variance function over several time-scales. Nogueira et al. [18]]
extended [[L7] to accurately produce the self-similar traffic.
The authors proposed a new fitting procedure that matches the
complete distribution (besides variance) at each time scale.
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Fischer et al. [10] did a detailed survey on MMPP and
presented all the results about MMPP and queues with MMPP
as input. A 4-state MMPP model is developed in [11] to
characterize the behavior of aggregate input traffic in an ATM
multiplexer. The performance of an ATM multiplexer with
MMPP (using the model in [[L1]) as input is studied in [12]
by making two assumptions on MMPP. The authors modeled
the buffer as an MM PP/D/1/K queue and calculated the
queue length distribution, mean waiting time and cell loss
probabilities. Choi et al. [13] analyzed a queueing system
MMPP/G,,G2/1/B with queue length dependent service
times and then applied the results to cell discarding scheme
in ATM networks. The authors have defined two service times
depending on whether the buffer level is above or below a
threshold.

The performance metrics studied in this paper are rate-
jitter and mean waiting time of a packet in the queue (jitter-
buffer). Our contribution is two-fold: (a) proposed algorithm-A
and algorithm-B (both uses the same buffer size as Mansour
algorithm) for rate-jitter control, shown that both of them
achieves less rate-jitter compared with Mansour algorithm
(Mansour work [1]] has a lot of practical implication, this is
the main reason for comparing our proposed algorithms with
Mansour algorithm) and (b) statistical modeling of jitter-buffer
as MMPP/D/1/B,, queue for the performance analysis
of proposed algorithms. In the literature, queues with MMPP
input and state dependent service are not studied thoroughly.
To the best of our knowledge, this queueing model is not
considered so far. We have defined a service time corre-
sponding to each level of buffer occupancy and state of the
MMPP, so, all the service times are distinct. Steady state
queue length distribution at departure epochs is calculated
from the queueing model. Simulation results are in congruent
with the derived analytical results. Even though the algorithms
are proposed for TDMolP application, we believe that they
will work for any application in PSN.

III. 4-STATE MMPP MODEL

The MMPP is a doubly stochastic Poisson process whose ar-
rival rate varies according to an M -state irreducible continuous
time Markov chain (CTMC) [10]]. MMPP can be viewed as a
super-position of *M’ independent Poisson processes, where
switching among the processes is governed by an M -state
CTMC, i.e. when the MMPP is in state ¢, arrival process is
Poisson with rate \;.

The analysis presented here is based on two assumptions,
like in [12]]: (i) MMPP changes its state at departure epochs
and (ii) probability of two or more state changes between two
successive departures is essentially zero (here state change
means switching from one Poisson process to other). If the
MMPP is in state j after a departure, then the arrival rate is
A; until the next departure (i.e. until the next state change).

The states of a 4-state MMPP are labeled from 0O to 3, as
shown in Fig. [T} taken from [[L1]]. State transitions occur only
between adjacent states with the rates specified in Fig. [T} The
duration of state j is exponentially distributed with parameter
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Figure 1: State transition diagram of a 4-state MMPP

p; and the arrivals in state j follow Poisson process with
parameter ;.

Let the MMPP has M states, denoted by j (0 < j < M —1),
and let A; and 1/, be the arrival rate and mean state duration
of state j respectively and S;; be the service time of a packet
when the buffer level is [ and the MMPP is in state j. To satisfy
the two assumptions, we need the mean time between arrivals
and time between two successive departures (i.e. service time)
should be much smaller than the mean state duration of the
MMPP (this condition will be useful when the buffer is non-
empty). Since the service times are multiple and distinct and
number of states are M (so, mean state durations are also
multiple), for the service time to be smaller than mean state
duration, maximum of the service times should be smaller
than the minimum of mean state durations, i.e. maz{S;;}
should be smaller than min(1/p;) = 1/fmas, Where j €
{0,1,..M — 1} and | € {1,2,..B,, — 1}. Similarly, 1/};
(mean time between arrivals), Vj should be smaller than 1/p;,
Vi where i, j € {0,1,..M — 1}, i.e. 1/A\pin should be much
smaller than 1/fi,,4, (this condition will be useful when the
buffer is empty).

IV. RATE JITTER CONTROL

For a given times sequence, the rate-jitter can be calculated
from Equation (1)) as follows:

Rate — jitter = maz {|(tiv1 —t;) — (L1 — )} (D)
0<,j<n
where ¢; is the arrival/departure instant of j'* packet. When
packets arrive at the destination, they are stored in the jitter-
buffer and released some time later as discussed earlier. The
release time (departure time) of a packet is determined by
the rate-jitter control algorithm. Both the proposed algorithms
starts with a buffer loading stage, the first packet is released
only after the arrival of the (B -+ 1)*" packet and from there
onwards packets are scheduled according to the algorithms.

A. Assumptions

o Packets are of equal size, which is true in TDMoIP as
mentioned previously.

« Buffer can hold integral number of packets.

o Packets arrive at destination in the order in which they
are injected into PSN.

o Packets are processed in the FIFO discipline.
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B. Parameters, Notations and Definition

B buffer size of an off-line algorithm

1 <h< B space parameter for the on-line algorithm,
such that B,,, = 2B + h

maximum and minimum bounds on the IDT
of an off-line algorithm

Imaw ’ Imin

X, average IAT in the input (and also the output)
sequence and I, << X, << Inax

Ly, buffer level at the k*" packet service initiation

_ instant

D set of B,,, — 1 state (queue length) dependent
service times

dy, inter-departure time between k" packet and
(k — 1)*" packet

S(k) service time of k*" packet

Define,

A Bon +1— Ly

o = ( 55 > Xa 2)

C. Algorithm-A

This algorithm requires a buffer size of B,,, for each value
of buffer occupancy Ly, it computes an IDT dj, as given in
the definition.

Algorithm 1 Algorithm-A

1) Calculate &5 using Equation (2)
2) if 0 < Ly < h then
dk — Imam
3) else if 0y > Ipnin + 2 and Ly, > h then
dk < 5k
4) else if 6, < 1,50 + % and L > h then
5) end if

Xas Imar and I,,,;, are requirements for this algorithm.
Assuming that X, is known in advance (like in ATM standard)
is reasonable for real-time connections. Similarly I,,,, and
I,.in are the worst-case rate-jitter bounds, can be set based on
the jitter bounds of the TDM traffic.

The following theorem calculates the rate-jitter bound of
algorithm-A and proves that it is strictly less than that of [1].

Theorem 1: The rate-jitter of algorithm-A is bounded by

Loz — Loin — %, which is strictly less than the rate-jitter
bound 1,42 — Iinin of Mansour algorithm.

Proof: From the definition of J;, we can observe that it
is a discrete valued function, whose value decreases linearly
(with slope —f—é) with an increase in buffer level. The
maximum and minimum values of §;, are Jgan X, and %Xa,
they occur at Ly = 1 and Ly = B,, — 1 respectively.

We can observe from algorithm-A that the IDT in the output
is I ;4. When the number of packets Ly are less than or equal
to h at the service initiation epoch of k" packet.

For any Ly > h, the IDT is less than I,,,,,, this can be seen
observed by substituting Ly = h + 1.

So, the maximum IDT in the output sequence is I,4,.
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Now consider L, = B,,, — 1, then

2B+h+1—(2B+h—1 X X
5k: 2; )X B <Imzn+F

So, the IDT is I, + 7‘1 from the definition.

For any L < B,, — 1, IDT is greater than I,,,;,, + %, o8
this is the minimum IDT in the output sequence.

As mentioned previously, rate-jitter is calculated as the
difference between maximum and minimum IDTs, as given
in Equation @) Therefore, the bound on the rate-jitter is,
Imaw — (Imin + 38) = Imaz — Imin — 3%, which is less
than the rate-jitter of Mansour algorithm. ]

D. Algorithm-B

This algorithm also requires a buffer size of B,,. The
service time of a packet £ at the head of the buffer is a function
of the number of packets L, at its service initiation instant.
The service time S(k) of k*" packet is calculated as given in
the definition.

Algorithm 2 Algorithm-B

1) Calculate §j using Equation (2)

2) if 0y > Lnin and L;, < B — h then
S(k) + 65 + ’”‘B

3) else if 65 > Imm + %

4) else if 6y < Iyin + 25 and Ly > B — h then

5) end if

and L; > B — h then

The service times of algorithm-B (or IDTs of algorithm-A)
are state (queue length) dependent. If the number of packets
(L) in the queue increases, J; increases, so, the the service
time (or IDT) decreases i.e. service rate increases. Service time
(or IDT) is maximum when there are fewer number of packets
in the buffer and minimum when the buffer is full/nearly full.

V. MMPP/D/1/B,, QUEUE MODEL

We now model the jitter buffer with limited capacity B,
as a queueing model with MMPP input and queue length
dependent service times. When a packet departs from the
queue, queue length can take any one of the values from 0 to
By, — 1. If the length of the queue is zero, then the algorithm
has to wait for the next arrival and start serving it. So, buffer
level Lj cannot take zero while calculating service times. If
the length of the queue is non-zero, the service time for the
next packet is calculated from the queue length and present
state of the MMPP at that instant. So, buffer level L, at the
k' packet service initiation epoch takes any one of the values
from 1 to B,,, — 1.

Let us re-define,

Bon +1— L

where Xy, is the average inter-arrival time when the
MMPP is in state j, so, Xps, = 1/);.
At the service initiation instant of k' packet, &, ; is calculated
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from Equation . Depending on the value of §;,_ ;, the service
time of k" packet is calculated according to the algorithm
we use. So, (B, — 1) deterministic service times are possible
for each state of the MMPP. Therefore, M (B,,, — 1) service
times: {5, 0 <j<M-11<1< By, —1}
are possible. This allows us to model the jitter buffer as
an MMPP/D/1/B,, queue, where D represents a set of
M (B, — 1) state dependent service times.

We observe the state of the MMPP and the number of
packets in the queue at departure epochs. Let J;, and Lj, be the
state of the MMPP and the number of packets in the queue
at (i) (k — 1)*" packet departure or (ii) k*" packet service
initiation instant, both are same except if the (k — 1)*" packet
leaves the system empty. Let L1 be the same for (k4 1)*"
packet and let Ay be the number of arrivals during the service
time of k" packet. Then the following recursive relation holds

good:
- L+ A, —1, ifL 0
Ly = {Fet Al e o)
Ak , Zf Lk =0
Now, .
Lk:Jrl = min(Bon -1, Lk:+1) @)

From Equations (@) and (5), it is clear that Lyi; de-
pends only on Lj and Ag. Since arrivals in each state of
the MMPP follows Poisson process, Ay is ii.d and the
state transitions of the MMPP are governed by a CTMC
as mentioned previously. Therefore, {Jy, Lx, k& > 0} forms
an embedded Markov chain (EMC) with the finite state
space {0,1,2,...,M — 1}X{0,1,2, ..., Boy, — 1}. At any ar-
bitrary time instant the state of the system is represented
by the pair (j,1). The 1-D representation of this state space
is {(0,0),(0,1),...,(0, By, — 1),(1,0),(1,1),...,(1, By, —
1),.cc.M—=1,0),(M—1,1), ..., (M —1, Bop—1)}. So, we can
model the state (j,[) as an an EMC, the transition probability
matrix P of the EMC is given in Equation (6),

P = [P;;] = P(present state = i, next state = j)
Po,o Py Po.m-1
Py Py Py v
P= : : (6)
Pryo1o0 Pu-i1n Pry_1m—1

where the elements F;; are sub-matrices of size B,, X B,y
[12] and P is of size M X M.

Since we have assumed that multiple state transitions cannot
occur between two successive departures, P; ; = 0, for li —
jl > 1. So, P matrix will have elements in main diagonal
and in its two co-diagonals (one above and one below the
main diagonal). Elements of the sub-matrix P; ; are denoted
as P; j(m,l) given by,

P;j(m,l) = P(Jig1 =3, Lys1 =1 | Jpy =14, Ly =m) (7)

which is the probability of | packets in the queue when the
MMPP is in state j after a departure given that there were m
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(08,1, Aj)B(1, 43 Sj1) (13851, A5)B(6,43S5,1)  a(2; 851, A)B(, 53 Sj1)

o(05.85,1, A7) B(1, 5 Sj1) - e15.85,0, A7) B(0, 55 Sj1)  (25.85,0,A)B(, 55 S5,1)

Pij= 0 a(0; 85,2, A7) B(4, 45 Sj2)  (1;8),2,A7)B(4, §; S 2)

Bon—2

> alk; S, 2B, 55551)

Bease

>o alksSju, Aj)B(3, ji Sj1)

Bty

1= > a(k;S;2,A)B(, 5 Sj2)
k=1

a(Bon — 25551, )8(i,5; S5.1) 1-
a(Bon — 2;85,1. A7) B(1, 55 Sj.1) 1-
)]

&(Bon — 3; 5,2, 2;)B(i, 55 S 2)

o(05.8;,B,,-1, Aj)B(1, J5 Sj.Bon—1) 1= a(0:8),8,,-1,21)B(4, 45 5,8, —1)

packets in the queue and the MMPP was in state ¢ after the
previous departure.

Because of the assumptions we made, P; ;(m,l) can be
calculated as the product of P(Lyy1 =1 | J; =i, L = m;
in the service time S;;) and P(Jxy1 = j | Jp = ¢; in the
service time S;;), where S;; is the service time of a packet
when the buffer level is [ and MMPP is in state j. The sub-
matrix P;; is given in Equation (8), where a(k; S, ;) is
given below:
e—/\ij,z()\jsj’l)k ©

k!

which is the probability of k arrivals in the service time S
when the arrival rate is \;; and §(4, j;S;;) is the probability
of the MMPP to change its state from ¢ to j in the service
time S;;. If MMPP changes its state from ¢ to j, this is
equivalent to |(¢ — j)| arrivals (equal to one arrival, according
to the assumptions) in the service time S;;. As mentioned
previously, the duration of state j is exponentially distributed
with parameter (15, so, we can write 3(¢, j;.5;,;) as follows:

O[(k;Sj’l,)\j) = 5 k > 0

P(MMPP will not change its state

.. in service time Sj;), ifi=j
B(i, j; Sji)= . NS
P(MMPP will change its state
from i to j in service time S;;), otherwise

Sy o
e "I7 (S ) e .
), =
- —A;S; 1
e "IN S, .
#, otherwise

Letm={m; : 0<j<M-1,0<1< B,, — 1} be steady
state probability vector of the states at departure epochs, where
7, denotes the steady state probability of the state (7,). By
solving m = wP [8], we get the steady state probability vector
of state. Now, the steady state probability of buffer occupancy
(m, 0 <1< B,, — 1) is calculated as,

M—-1
T = E Tj,0-
=0

Now, from [12], we can calculate queue length distribution
at arrival epochs, from which mean waiting time and packet
loss probability calculation is straightforward.

(10)

VI. SIMULATION RESULTS AND DISCUSSION

Simulation parameters are taken in such a way that
the two assumptions gets satisfied always. We have taken,
the average arrival rates in each state of the MMPP as
Ao = 0.6 pptu (packets per time unit), \y = 0.7 pptu, Ao =
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Figure 2: Comparison of rate-jitter for different algorithms in both
cases

0.8 pptu, A3 = 0.9 pptu, where one time unit depends on
the line speed and packet size. Mean state durations are
exponentially distributed and are set as po = 0.02, u; =
0.05, uoe = 0.015, u3 = 0.001 and, X, is taken as
1/mean(Xo, A1, A2, A3) in the simulation. In Fig. 2| buffer
size B varied from 4 to 30, and set h = 2, so, B,, ranges
from 10 to 62.

Choice of Inar and Inin: One trivial choice for I,,q:
and I,,;n 18 Ximae and X, [1, where X0 and X0
are the maximum and minimum IATs in the input sequence,
respectively. But by using tighter 1,4, and I,,,;,,, we may get
a stronger rate-jitter guarantee, i.e., we may achieve an I,
less than X4, and an I,,;, greater than X,,;, using off-line
algorithm. It is not possible to give an exact lower bound of
Imaz, since we do not have control over input arrival process.
In this paper, we have simulated two cases: (i) 100 = Xinazs
Imin = min and (ii) Imar = 0-5Xmaz’ Imzn = Qszn
When we reduce I,,,, value further beyond 0.5X,,4,, We
have arrived at a situation where a packet is scheduled before
its arrival. The reason for this is the maximum IDT I,,,, is
smaller than the IATs of packets arrived in that situation.

From Fig. 2} it is evident that the rate-jitter of algorithms
A and B is less compared with Mansour algorithm in both
cases. Among the three algorithms, algorithm-B achieves less
rate-jitter. Since I,,4, in case (i) is larger than that of case
(ii), rate-jitter is more in case (i) compared with case (ii). For
one realization of input, the maximum and minimum IDTs
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Figure 3: Comparison of mean waiting time of a packet for
different algorithms in both cases

in the output sequence of Mansour algorithm are I,,,, and
Iin, respectively, for all buffer sizes. Hence, the rate-jitter is
constant.

The maximum IDT is constant in algorithm-A for all buffer
sizes, but minimum IDT decreases with an increase in buffer
size B up-to some value and from then onwards it is almost
constant. Because at fewer values of buffer size, it becomes
full and the minimum IDT takes the minimum of the possible
values it can take, but at high buffer values it may not happen.
Therefore, rate-jitter for algorithm-A decreases up-to some
buffer size and almost constant from there in both cases. For
algorithm-B, both the maximum and minimum IDTs decreases
with an increase in the buffer size. Therefore, rater-jitter keep
on decreasing for increasing buffer size in both cases.

The mean waiting time of a packet for different algorithms
is calculated from simulation. From Fig. 3 it is observed
that in Mansour algorithm, the waiting time increases like
an exponential as a function of buffer size B, which is large
compared with algorithms A and B in both cases. Mean
waiting time of algorithm-A (algorithm-B) is almost equal in
both cases.

To simulate the queue length distribution, we have taken
B =6, h =2, so, B,, = 14 for both cases. For algorithm-
A, IDTs are taken as service times to find the queue length
distribution, this is true as long as the buffer is not empty.
Buffer becomes empty rarely because of the following: (a)
when the buffer level decreases, algorithm-A schedules the
packets in such a way that the IDT is I,,,4,, SO, the probability
of an arrival before the buffer becomes empty is high. (b) since
arrivals follow Poisson process in each state of the MMPP,
there is a high probability for the IATs (follows Exponential
distribution) to take small values. So, most of the time there
will be a packet in the buffer. This is true from TDMolP
perspective also because the incoming rate has to be equal
to the outgoing rate (utilization, p = 1).

From Fig. ] and Fig. 5] we can observe that the ana-
Iytical queue length distribution curves for algorithm-A and
algorithm-B, respectively, match with the simulation results
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Figure 4: Queue length distribution analytical vs. simulation for
both cases when algorithm-A is applied
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Figure 5: Queue length distribution analytical vs. simulation for
both cases when algorithm-B is applied

for both cases. Since algorithm-B doesn’t depend on 1, the
queue length distribution curves (analytical or simulated) are
almost same irrespective of the case, which can be observed
from Fig. 5] Even though algorithm-B depends on Iy, its
value is so small that cannot influence the curves.

VII. CONCLUSIONS AND FUTURE WORK

In this paper, we have proposed two rate-jitter control algo-
rithms for TDMolP application. For algorithm-A, the bound on
rate-jitter is calculated analytically and is shown that is smaller
as compared with Mansour algorithm. The simulation results
show that the performance of algorithm-A and algorithm-B is
better than Mansour algorithm with respect to mean waiting
time and rate-jitter. Therefore, algorithm-B is superior to both
algorithm-A and Mansour algorithm, but the analytical bound
of algorithm-B is yet to be proved. We have modeled the jitter-
buffer as an M M PP/D/1/B,,, queue, derived an expression
for the queue length distribution. The simulation results for
both algorithms match the analytical queue length distribution.
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The future work is directed towards the study of perfor-
mance of proposed algorithms in multiple streams environ-
ment. The statistical analysis of algorithm-B is under study.
We also aim to calculate an analytical expression for variance
of the departure process of the proposed queueing model. As
a future work, we are extending this work with different self-
similar processes as input, because the real-time traffic in IP
can be best modeled using these arrival processes. We also
aim to determine the waiting time distribution.
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