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Abstract

Phase Type Distributions (PHDs) and Markovian Arrival Processes (MAPs) are versatile models for the modeling of
timing behavior in stochastic models. The parameterization of the models according to measured traces is often done using
Expectation Maximization (EM) algorithms, which have long runtimes when applied to realistic datasets. In this paper, new
versions of EM algorithms are presented that use only an aggregated version of the trace. Experiments show that these
realizations of EM algorithms are much more efficient than available EM algorithms working on the complete trace and the
fitting quality remains more or less the same.
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1 Introduction

An adequate representation of inter-event times, let it be inter-arrival times of packets in a computer network, time between
failure in dependable systems, or service times in computer systems, is a fundamental requirement in stochastic modeling.
For models that are solved using analytical or numerical techniques and often also for simulation models inter-event times are
described by Markov models. Based on the work of Marcel Neuts [20, 21], Phase Type Distributions (PHDs) and Markovian
Arrival Processes (MAPs) have been defined and are nowadays widely used in stochastic modeling. PHDs and MAPs
are quite general classes of stochastic models that allow one to approximate many distributions and stochastic processes
arbitrarily closely [22, 11]. However, the parameterization of the models to match some observed behavior is a complex non-
linear optimization problem. The general problem is to find the parameters of a PHD or MAP of a given order with respect to
an observed sequence of inter-event times such that it is likely that the observed sequence is generated from the PHD or MAP,
respectively. This is commonly denoted as parameter fitting. In some application areas, like computer networks, traces can
be huge and contain more than a million entries. Methods for parameter fitting of PHDs are a research topic for more than
30 years. Parameter fitting for MAPs is much harder such that most available methods have been developed in the last 10
years. The number of available papers on parameter fitting of PHDs or MAPs is much too large to mention only a significant
portion of them here. Therefore we present only the most important results for the algorithms that are developed in this paper.

Overviews on available fitting methods can be found in [1, 5, 10].



Parameter fitting for PHDs can be made according to the whole sequence of measured data or based on some derived
measures, like some moments. Moment based fitting methods can be found for example in [7, 12, 14]. Moment based fitting
is often efficient and almost independent of the number of elements in the trace because only the empirical moments have
to be computed from the trace. Fitting based on the first two or three moments is fairly easy. However, when increasing the
number of moments usually two problems arise. First, it is sometimes hard to match all moments together with a PHD of
given order, such that approximation methods have to be applied [6]. Additionally, estimators for higher order moments are
unreliable. As shown in [17], confidence intervals for the moments derived from network traces with more than a million
entries are extremely wide if the order of the moments is beyond 3 or 4. This implies that moment based parameter fitting
usually has a limited accuracy since the shape of the density is not adequately described by lower order moments. Moment
based fitting can be extended to MAPs [6, 8, 13] by using joint moments or some lags of the coefficient of autocorrelation.
However, the problems of the approach are similar to those of moment based fitting approaches for PHDs. Higher order joint
moments are hard to approximate and lower order joint moments do not adequately capture the correlation structure. Based
on the complete trace data, parameters of a PHD or MAP can be fitted to approximate the empirical density. Most adequate
for this purpose are Expectation Maximization (EM) algorithms. The first EM algorithm for PHDs has been proposed by
Asmussen and his coworkers [2]. Later extensions of the approach improve the runtimes significantly by using more efficient
computations and by restricting the classes of PHDs to acyclic structures [9, 15, 24, 29]. The use of acyclic PHDs usually
does not reduce the fitting quality. EM algorithms outperform moment based fitting approaches for multimodal densities.
EM algorithms are iterative algorithms which are guaranteed to find local optima. However, convergence can be very slow
and the time per iteration depends linearly on the number of elements in the trace, the number of parameters (i.e., the order of
the PHD) and the difference between small and large elements in the trace. Especially for large network traces fitting times
can be prohibitive. In [26] methods are introduced to aggregate the values in a trace and apply afterwards the EM algorithm
for the aggregated trace. Examples show that the aggregation step often reduces the fitting times by orders of a magnitude
and results in a similar likelihood value, which is a measurement for the fitting quality.

EM algorithms for parameter fitting of MAPs have also been published [3, 4, 16]. The algorithms work well for small
traces, in particular, if these traces have been generated from MAPs of a lower order. If the algorithms are applied to huge
network traces, then the convergence is slow and fitting times are often extremely long [17]. This seriously restricts the
usability of EM algorithms for MAP fitting of many real problems in modeling computer networks.

In this paper we improve EM algorithms for PHD and MAP fitting. This is done by some slight modifications in the basic
EM algorithms and more important by extending the trace aggregation of [26] from PHDs to MAPs. The original approach
cannot be used for MAPs because after aggregation, dependencies between elements in the trace are no longer available. Here
we extend the approach by keeping some of the information on dependencies in the aggregated trace and use this in the EM
algorithm to fit the MAP matrices. Examples show that the aggregated information is sufficient to describe the dependencies
in the trace and that the likelihood value of a MAP resulting from an aggregated trace is as good as the likelihood value of a
MAP that has been fitted using the original trace. However, fitting based on the aggregated trace is often orders of magnitude
faster than the use of standard EM algorithms for the complete trace.

The paper is structured as follows. In the next section the definitions and notations are introduced and the basic EM



algorithms for PHD and MAP fitting are presented. Section 3 introduces an aggregation of traces that keeps dependencies
partially in the aggregated trace and the extension of EM algorithms for aggregated traces. Afterwards, in Section 4, the new

algorithms are applied to one synthetic and two real traces. The paper ends with the conclusions.

2 Basic Definitions

We present the basic notations and definitions which are used in the paper. For further details on PHDs and MAPs we refer
to the literature [5]. Furthermore, we introduce a basic EM algorithm which is derived from the EM algorithms proposed in

the literature [3, 4, 16, 24].

2.1 Input Modeling

Input modeling is one of the major steps when building stochastic models for real world systems. It is used to define the
parameters of a stochastic model, in particular to define the duration of events or the time between events. Usually this
modeling is based on some measurements taken from a real world system. These measurements will be denoted as a trace
T = (t1,...,tm) where t; > 0 describes the ith observation. Observations can be times between events (e.g., the arrival
of packets in a computer networks, the occurrence of failures) or the size or duration of an event (e.g., the packet size in
computer networks, the duration of a repair operation, the service time at server). We usually use the term inter-event times,
even if this does not completely capture all situations. m is the order of the trace which can be large, in particular if it results
from some automated measurement as used for example in computer networks. From a trace, standard measures like the
moments, joint moments, the empirical density or empirical distribution function can be derived using standard means [5].
The goal is to find a stochastic model such that it is likely that the trace has been generated as an output of the model. As
model types we consider PHDs for uncorrelated data and MAPs for correlated data. Both model types are introduced in the

following paragraphs.

2.2 Phase-Type Distributions

A phase type distribution (PHD) can be interpreted as an absorbing Markov chain with n transient and 1 absorbing state and

generator
Dy t
Q =
0 0
where t = —DgT and Dy is a non-singular n X n matrix with non-negative non-diagonal elements and row sums smaller or

equal to 0. We assume that the initial vector of the PHD equals (7r,0) which means that the distribution has no point mass
at zero. Then the PHD can be characterized by (7, D). Moments, density and distribution function can be computed from
this representation using standard means [5, 17]. If the parameters of a PHD have been computed to match the values of

some trace 7, then the fitting quality can be measured in terms of the likelihood or log likelihood value which is computed



as follows.
m

L= HweD“t’torlog,C Zlog (mePotit) . (1)

i=1 =1

The better the likelihood value, the better the fitting quality, but for a given trace it is not clear which likelihood value can be

or should be achieved.

2.3 Markovian Arrival Processes

PHDs can be used to describe identically and independently distributed values. In many real applications, for example the
inter-arrival times at a router in a computer network, times are strongly correlated such that the modeling with PHDs is not
adequate. For this purpose MAPs have been defined [20]. A MAP is defined by a pair of matrices (D, D7) such that
Q = Dy + D is an irreducible generator matrix, D4 is non-negative and D has negative diagonal and non-negative non-
diagonal entries. We furthermore assume that Dy is non-singular to avoid degenerated inter-event time distributions. The
behavior of a MAP is as follows. The process behaves like a Markov chain with generator matrix @ and whenever a transition
from D occurs, an event is generated. Every PHD (7, Dg) can be represented as an equivalent MAP (Dy, (—DoI)).
MAPs allow one to model correlated inter-event times. For the computation of basic quantities like moments, joint moments
or (joint) densities we refer again to the literature [5, 17].

The likelihood and log likelihood for a MAP according to a trace 7 are defined as

H DOZ‘“D Tand log £ = Zlog ‘ DOtiDl][) 2)
i=1 =1
where 7/ = 7 H;;ll (eD Ot’iDl) and 7r is an appropriately chosen initial vector. Often the embedded stationary distribution

after an event, that is given by the solution of 7 (DO)_1 D, = 7 subject to w1 = 1, is used as initial vector.

2.4 EM Algorithms for PH and MAP Fitting

EM algorithms are local optimization algorithms that compute the parameters of some stochastic model from incomplete
data. They are nowadays very popular in several branches of computer science and statistics. For the general idea behind
the algorithms we refer to the literature [19]. Here we concentrate on specific realizations of EM algorithms for PHDs and
MAPs.

An EM algorithm consists of an E-step that determines the expectation of some flows under the current parameter setting
and an M-step that changes the parameter in such a way that the flows are maximized assuming the behavior that has been
analyzed in the E-step. It can be shown that the combination of the two steps results in a non-decreasing sequence of flows
and the flows determine the value of the likelihood function (Egs. 1 or 2). In this way, a local optimizer is defined that
computes the parameters of a PHD or MAP with a locally optimal value of the likelihood function.

We begin with the EM algorithm for PHDs and define the following vectors and matrix.



Fepoys = P by = e, (3)

t T T
Fixpy: = /O(f(‘rr,Do),t—u> (b(x,Do),u) du.

Matrix F'(r p,),: contains the flow between two states for the given PHD. The vectors in matrix from (3) can be computed
using uniformization [28]. Let o > max; |Dy(i,7)| and Py = Dg/a + I. We can define the following two sequences of
vectors

v =gqand vFH) =F) Py, w® =tand wh*t) = Pyw®) “4)

fork =0,1,2,... such that

FmDo)yt = Z Blat, k) ), bix, Do)t = O ﬁ(at’k)w(k)
15 - )
F(x. Do)t iZ @wk+UZXM%T@Mm%T’

1=0
where 3(at, k) is the probability of k events of a Poisson process with rate « in the interval (0, ¢]. For practical computations,
the infinite summations have to be truncated which can be done such that predefined error bounds for the results are observed
[28].
We now define some random variables. B; is the number of times the PHD starts in state 4, /V;; the number of times the
PHD goes from transient state ¢ to j, N;, 41 the number of times an event is generated from state ¢ and Z; the total time spent

in state 4. All values are computed according to a given trace 7.

& 7 ()b(r, Dyt (1) L F(x,Dg),ty, (11
B 7Bl = % THigsts,  BapgrlZl = X SRIews
kot RPN (6)
Do(i,5)F(r,Dg) 1, (159) t(D)f (x. D) 1, (3)
Bimpoy.7(Nu] = 33 Sz, By rNonn] - = 3 g

k=1
The equation describes the E-step of the EM algorithm. The following M-step computes new estimates for the parameters

from the results of the E-step.

- _ B Dy TIBil A o Eopg),7[Nijl

7T(Z) - ;)n, ’ DO(Z"]) - E(ﬂ-,DOO),T[Zi] ’ (7)
~ . E(x Do), 7 Nin S A L

#) = Zgzuzlioel D) = ~(H)+ 3 D)

The iteration between (6) and (7) until the parameters are stable defines an EM algorithm for PHDs.
For MAPs the algorithm works similar but requires more effort since it is not sufficient to consider only the isolated values

in a trace, instead the whole sequence has to be used in the E-step. Define first the following two vectors.

m ith =1
£ =

(Do) FElo e Dy i1 <k <m -
e [ D if k= m

(Po-Dy) D ePotenbblirt) it 1<k <m



Vector ff _(k ) is the forward vector describing the distribution immediately after the (k — 1)th event in the trace and bb@ is
the backward vector immediately after the events m, ..., k 4+ 1 occurred in backward direction. With these vectors the flow

vectors and flow matrix for a single event can be defined.

(k) _ (k) (k) _ (k)
f(DO,Dl),t = ff(DO,Dl)eDotv b(Do,Dl),t = 6DOtbb(DU,Dl)7

T T
(k) —_ (t(ek) (k)
Fpopiye = o (f(Do,Dl),tfu) (b(Do,Dl),u> du.

For the E-step of a MAP, the random variable M;; is introduced that defines the number of times a transitions from state i to

and

€))

state j occurs that is accompanied by an event.

_ (Do, Dq),t, b _ 0(4,9)F Dy, D), 15, (4:7)
Ew,, oyl = 2 — i Epepy), TNyl = 2 P
k=1 T%Dg.D1)ty k=1 (Do, D111 10
m=1 £ (&) D1 (i.5)b{pr ) (m) D1 (i) 1 (10
E [M ] _ (Dg,Dq),tg I (Do, Dy) g1 + f(DO,Dl),f,m (4)D1(4,5)
(Do,Dy), T3] = b D SN ED)
k=1 (Do, D)ty (Do, D)ty
Then the M-step is given by
N E [Ni;] PP E [M,;]
— Z(Dg,Dy), TV — Z(Dg.Dy), TUij
DO(Za]) E(Do,Dl),T[Zi] for # Js Dl(lmy) E(DU,DI),T[Zi] 5
1D

J=T,i#]

bo(i’i) :_< Xn: -DO(Zvj)+Zi:1D1(Z7j))

Again the iteration of E-step (10) and M-step (11) defines the EM-algorithm.

3 An Expectation Maximization Algorithm using Aggregated Traffic Traces

An EM algorithm using trace aggregation for a subclass of PHDs, namely Hyper-Erlang distributions, has been introduced
in [26]. [26] proposes two different aggregation methods that will be summarized in the following section and extended
to account for the additional requirements when fitting MAPs. Afterwards we will outline an EM algorithm with trace

aggregation for general PHDs and MAPs.

3.1 Trace Aggregation

Let T = (t1,t2,--- ,tm,) be a trace of e.g. inter-event times ¢;. For trace aggregation the interval [min(7"), max(7)] is
divided into M subintervals (Ag, Aq], (A1, A, -+, (Ap—1, Ap] with 0 < Ag < min(7T) < Ay < -+ < Apyrq <
Ap; = max(7T). [26] presented two aggregation methods that differ in the way how the interval boundaries A; are chosen.
In the uniform aggregation approach all intervals have the same width A = A; — A;_1 = (max(7T) — Ag)/M. Each interval

i is then represented by a tuple (#;,w;), where #; is the mean value of elements that fall within this interval and the weight

w; corresponds to the number of elements in the interval. More formally, let J;,¢ = 1,--- , M be sets of indices such that
jed; iftj S (Ai—17Ai]- Then, w; = ‘J,| and Lfb = wi? ZjEJi t;.

If the empirical distribution of the trace is heavy-tailed, uniform trace aggregation will produce a few intervals with

lots of elements and many intervals with only few or even no elements. In these cases the logarithmic trace aggregation



described in [26] provides better results. For logarithmic trace aggregation the intervals are chosen with equidistant width

on a logarithmic scale, e.g. (1073,1072], (1072,1071], (10=%,10°], (10°,10],---. Let Symin = [log,omin(7)] and
Smaz = [logomax(7T)] be the smallest and largest logarithmic scale, respectively. Then, the trace is divided into the
intervals (10°,10°%1], s = Spin, ** , Smaz — 1, i.6. we have for the i-th interval (A;_1, A;] = (108minti=1 1(Qsmin+d],

It is also possible to further divide the resulting intervals using uniform trace aggregation. Again, each interval ¢ is then
represented by a tuple (#;, w;). Intervals with w; = 0 can be ignored for both aggregation types.

The aggregation approaches from [26] described above can be applied for PHD fitting but are not suitable for MAP fitting,
because the order of the ¢; and thereby the information about the correlation is lost. To save this information we introduce the
vector S = (s1, 82, -+ ,8m) With s; = i if t; € (A;_1,4,;), i.e. we store for each trace element the number of its interval.

Thus, the aggregated trace 7* consists of M tuples (%;,w;) and the sequence S.

3.2 EM Algorithms for PHD and MAP Fitting with Trace Aggregation

In the following we will modify the algorithms from Sect. 2 to allow for PHD and MAP fitting with aggregated traffic traces.
We will first outline an algorithm for general PHDs which is a generalization of the approach from [26]. Afterwards the
algorithm is extended to the case where MAPs are considered.

Assume that an aggregated traffic trace 7* is given by M tuples (f;,w;) and the sequence S. For the description of the
algorithm it does not matter how the intervals have been obtained, however, for the experimental results in the next section
it is, of course, important which aggregation method has been used. For fitting the PHD we will only use (fi, wy ), for fitting

the MAP also S is required.

3.2.1 Fitting PHDs:

The modifications on the EM algorithm for PHDs from Sect. 2 to allow for using aggregated traffic traces mostly affect the
E-step of the algorithm.

In the original approach we have to compute the forward vector f . p,) . the backward vector b(rx, p,)+ and the flow
matrix F'( p,), (cf. Eq. 3) for each trace element ¢ = ¢1, {2, - - ,t,,. Since these values are computed independent of each
other, Eq. 3 can also be used for the aggregated trace, i.e. we compute f(,T7D0)7t, b(x,D,),+ and F'( p,),; for each mean
value of the intervals t = 1, %y, , 5. This leads to significant improvement of the runtime of the algorithm, because the
time consuming computations of the matrix exponential and the integral in Eq. 3 have only to be done M << m times.

In the E-step of the algorithm the weights w; have to be considered, i.e. Eq. 6 becomes

M . ,
T () f (=, Dy, 1, (D)
E * Bi - T 00k
(ﬂ',Do)J’[ } kgl i
4 Fn 7, (4,2)
E(x.Dy) 7+ [Zi] = 3w et
= (=.D0). 1 >
Y Do (i,j)F i (3,9)
E * N,L = > (m,Dg),t \»
(‘rr,Do)yT[ j] kglwk T~
M ) F gy i, (0)
Ex.Do) 7+ [Nint1] = 3 wy,—opmRolit
k=1 (w,Dg),tg

o]



The M-step needs not to be modified for fitting with an aggregated trace, i.e. Eq. 7 is used.

The steps for fitting PHDs with an EM algorithm and trace aggregation are summarized in Algorithm 1.

Algorithm 1 EM algorithm with trace aggregation for general PHDs

Input: Tracedata 7 = t1,..., tm:
Output: PHD (7, Dg):
1: Choose initial (7(0) D(()m) andset 7 = 0;
2: Generate aggregated trace T* = ((£1, wy), (f2, wa), - - - (Fpr, was)) from T
3: repeat
4:  Compute f(7r<7‘) ,Dg")),fi"b(w(” fDE]T))ffi and F(_A_(T) Do) (M fori = 1,--- , M usingEq.5;
5: E-step: Compute the conditional expectations using Eq. 12;
6: Mestep: Compute (mr (1), D)) using Eq. 7
7. Setr = r + 1;
8: wntil [[x (") — m(r=1) 4 ||D8"> - Df)"’l) I < e
9: retumn (x(™), D7)

3.2.2 Fitting MAPs:

In the following we extend Algorithm 1 to allow for MAP fitting with aggregated traces. Considering trace aggregation for
MAPs is more sophisticated than for PHDs, because the forward and backward vectors are not computed independently for
each trace element any more (cf. Eq. 9), but contain the complete joint density from the first to the i-th trace element (for the
forward vectors) or the complete joint density from the i-th to the last trace element (for the backward vectors). Moreover,
these vectors are also needed for the computation of the flow matrix.

Note from Eq. 10, that for the estimation of the M;; only the forward and backward vectors are needed. The flow matrix
is needed for estimating Z; and V;;. However, these values can also be estimated using Eq. 12 reusing values from the EM
fitting with aggregation for PHDs.

For the EM approach for MAPs with aggregated traffic traces we need additional matrices M (r, p,): = ePot t =
fl, s {7 which can be be computed using uniformization as follows.

VO =1 vED=VOP, M@py.=Y BlatkVH.
k=0

Then, we can define the forward and backward vectors for MAP fitting using the precomputed M ( p,); and the sequence

S = (81,82, ,5m)
e (k) ™ ifk=1
Hopy =) e . (13)
f'f(D07D1)M(ﬂ',D0)7ESk71D1 ifl<k<m
(k) = (k)
fy0)) = FFwo0)Mzpy)i.,
~ (k) D1 ifk =m
bb -
(Po-Dy) ~ (k+1) .
DM ;. pyyi.. bbp,p,y Hfl1<k<m

Skt
= (k) ~ (k)
b, p,) = Mz b, b0D,D))

Note, that the vectors are defined in a similar way as in Egs. 8 and 9, but instead of computing the matrix exponential for the

t; we choose one of the precomputed M (. p,),; according to s; which indicates the interval (and thus the fj) that ¢; falls in.



The E-step uses these precomputed vectors and matrices:

M ..
F 7,Dy),t (Z7l>
Bipopy-[Z] = Y w2t (14)
k=1 71' (7"7D0)s£k
Do (i, ))F (x D) i, (i)
Epypy 1[Nyl = > w - o
k=1 TO(x, Do), ik
m—1 k) . . (k+1) . z(m) : o
B { F(Do.0y) (D1, )bp, D)) Fipy.pyy(E) D1, )1
E(py,p,), 7 (M) = Z o)) + ~(1)
k=1 7b(D,.D)) 7b(p,,D,)
And finally, the M-step becomes
al .. E K s *[NLJ] . . al SN E , X *[MLJ]
Do(i,j) = 13(:);0211));* zy fori#j, Di(i,j) = 453?0121));* Zi]
R n . no. (15)
DO(Z7Z) = - Z D0(27J>+ ZDI(Zaj)
J=1,i#j j=1
. -1 .
Vector 7r is assumed to be the embedded stationary distribution after an event such that 7 is the solution of 7 (—D0> D, =

7r subject to 7l = 1.

Algorithm 2 summarizes our approach.

Algorithm 2 EM algorithm with trace aggregation for MAPs
Input: Tracedata 7 = tq1,..., tm:
Output: MAP (D, D1);

1: Choose initial (D(()U) s Dgo) )andset r = 0;
2: Generate aggregated trace T* = ((£1, w1), (fg, wg), - - (Epr, war)) and S = (s1, 80, - , sy from T
3: repeat
4: Compute f("(r) .D[()T)),f:, B b(ﬂ(r) ,D[(]T)),f,» . F(ﬂ_(r) vDO)(T> yfi and M(""»DO)=£1 fori =1,--- , M;
5: Compute ngO>D1) and ngD)Ole) fork = 1, - , m according to Eq. 13;
6:  E-step: Compute the conditional expectations using Eq. 14;
7: M-step: Compute (DE)T+1), D<1T+1)) using Eq. 15;
8 Setr=r41
9: until \\Dgr) _ Dér_l) I+ HD&T) - Dg’“_l)u < e
10: return (D((]T), DY)) H

For the EM approach without trace aggregation the most time consuming part is the computation of the m forward vectors,
the m backward vectors and the m flow matrices using e.g. randomization. For the approach with trace aggregation we have
to compute M flow matrices with M << m using randomization. Additionally, M matrix exponentials have to be computed
and stored. Since f(r py)t = TM(x Dy)+ and bz D).t = M (x D).t computation of those forward and backward
vectors is cheap once M (x p,),: is known. The computation of ngO p,) and BE'EO D,) only consists of vector-matrix

multiplications which is relatively cheap compared to the computation of the matrix exponential.

4 Experimental Results

For assessing the fitting quality of the presented EM algorithm we performed several experiments with synthetically generated

traces and with traces from real systems. The synthetically generated traces have been created from a MAP and should be

10



easier to fit than the real traces. However, the results provide hints on how many intervals are necessary for the algorithm to
obtain good results.

For traces from computer and communication networks, [26] recommends using logarithmic trace aggregation, because
with uniform trace aggregation few intervals contain the major part of the trace elements and many intervals contain only
little or no trace elements. Consequently, we only present results using logarithmic trace aggregation. All experiments have

been performed on a dual-core AMD Opteron Processor with 2.4 GHz and 16 GB RAM.

4.1 Synthetically Generated Traces

We generated 500.000 observations from the following MAP

—-1.733 0.064  0.923 0.746 0.0 0.0
Do = {0159 —2.289 0.040 |, Dy= 1|00 209 0.0
2.015 0.101 —2.344 0.0 0.0 0.228

and fitted MAPs of order 3 using different numbers of intervals between 100 and 2000. Table 1 shows the log-likelihood

Intervals 100 500 1000 2000
Log-likelihood | -460897 | -460860 | -460859 | -460859

Table 1: Log-likelihood values for different interval numbers

values for the different interval numbers after 100 iterations of the EM algorithm. The results show that the best value was
reached with 1000 intervals and cannot be further improved when increasing the number of intervals. For comparison, the
original M AP(3) has a log-likelihood value of —460207 for the trace. Using 1000 intervals our algorithm returned the
following MAP

—2.4646  0.222 0.051 2.059 0.132 0.0006
Do=| 0.449 —1.4654 0.639 ) D, = | 0145 0.222 0.0104
0.051 0.126  —0.75706 0.00006 0.004 0.576

Fig. 1 shows the log-likelihood values (left y-axis) and the total time consumption (right y-axis) after each of the 100
iterations. Note, that the log-likelihood values are the values for the original trace and not for the aggregated trace. As
one can see, the largest improvement in the likelihood was obtained during the first 10 iterations. The time consumption is
almost linear and overall the algorithm required about 40 seconds. Fig. 2 shows the probability density function and the lag-k
autocorrelation coefficients for the original M AP(3), the generated trace and the fitted MAP. As one can see, the density

functions almost overlap completely, however, the fitted MAP slightly underestimated the autocorrelation.

4.2 Traces from a Real System

As real traces we used the two standard benchmark traces BC-pAug89 [18] and LBL-TCP-3 [27] from the Internet traffic

archive (http://ita.ee.lbl.gov). The traces contain 1.000.000 and about 1.700.000 entries, respectively, and fitting them using

11
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Figure 1: Log-likelihood and time consumption for fitting a synthetically generated trace with a M AP(3) and 1000 intervals
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Figure 2: Density and autocorrelations for the original MAP, the generated trace and the fitted MAP

an EM algorithm is very time consuming because of their size. We fitted MAPs of different order with a different number of
intervals using our approach with trace aggregation. For comparison we also fitted MAPs using the EM algorithm from [4]
that does not use trace aggregation and served as basis for our implementation. Fig. 3 shows the results for MAPs of order
5 fitted to the trace LBL-TCP-3. On the left y-axis the log-likelihood values are displayed, the right y-axis shows the total
amount of time used for 50 iterations of the algorithms. The curves labeled with agg result from MAP EM fitting with trace
aggregation using 1000 intervals, the curves labeled with no agg show the corresponding results from EM fitting without
trace aggregation. As one can see, the log-likelihood values are almost identical for both algorithms, however, without trace
aggregation the algorithm needed over 8 hours and with trace aggregation the 50 iterations have been computed in less than
10 minutes.

To introduce another measure for comparing the fitting results aside from the likelihood we used the trace and the two
fitted MAPs as arrival processes in a simple single-server queueing system with a capacity of 10 and exponentially distributed
service times. Fig. 4 shows the queue length distribution from simulation runs with a utilization of p = 0.5 and p = 0.8. In
both cases the two MAPs slightly overestimate the middle part of the queue length distribution resulting from the trace, but

as expected from the almost identical likelihood values the two MAPs behave similar.
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Figure 3: Log-likelihood and time consumption for the trace LBL-TCP-3 and EM fitting with and without trace aggregation
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Figure 4: Queueing Results for the trace LBL-TCP-3 and two fitted MAPs

Fig. 5 shows the result for the trace BC-pAug89. Fig. 5(a) compares the time consumption and the log-likelihood when
fitting MAPs of order 6 using an EM algorithm with and without trace aggregation, respectively, for the trace, which gives
a similar picture as the results for the trace LBL-TCP-3. Fig. 5(b) contains the queueing results. Again both MAPs behave

similarly.

5 Conclusions

The paper presents an EM algorithm for parameter fitting of Phase Type Distributions (PHDs) or Markovian Arrival Processes
(MAPs). In contrast to known approaches, elements in the trace are first aggregated and then the EM algorithm is applied. A
similar approach has been proposed before for PHDs but not for MAPs. Our experiments show that trace aggregation results
in a dramatical improvement of the fitting times when the traces contain more than a few thousand elements. The value of
the likelihood is not affected by trace aggregation which implies that the quality of the generated PHD or MAP is the same

as if the process results from an EM algorithm applied to the original trace.
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Figure 5: Results for the trace BC-pAug89

The approach can be extended by considering only specific matrix structures like acyclic matrices D or use the EM
algorithm for PHDs to determine the parameters of an acyclic distribution in canonical form as done in [24]. Furthermore the

approach can also be extended to fit the parameters of PHDs or MAPs according to grouped data as in [23, 25].
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