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Abstract In this paper, the development of hidden semi-
Markov models (HSMMs) for equipment health diagnosis
and prognosis is presented. An HSMM is constructed by
adding a temporal component into the well-defined hidden
Markov model (HMM) structures. The HSMM method-
ology offers two significant advantages over the HMM
methodology in equipment health diagnosis and prognosis:
(1) it overcomes the modeling limitation of HMM due to
the Markov property and therefore improves the power in
diagnosis, and (2) it can be directly used for prognosis. The
application of the HSMMs to equipment health diagnosis
and prognosis is demonstrated with the fault classification
application of UH-60A Blackhawk main transmission
planetary carriers and prognosis of a hydraulic pump health
monitoring application. The effectiveness of the HSMMs is
compared with that of the HMMs. The results of the ap-
plication testing have shown that the HSMMs are capable
of identifying the faults under both test cell and on-aircraft
conditions while the performance of the HMMs is not
comparable with that of the HSMMs. Furthermore, the
HSMM-based methodology can be used to estimate the
remaining useful life of equipment.
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1 Introduction

Condition-based maintenance (CBM) increases system ef-
ficiency and availability through elimination of unneces-
sary maintenance. The economic ramifications of CBM are
manifold since they affect labor requirements, replacement
part costs, and the logistics of scheduling routine mainte-
nance [4]. A prerequisite to deployment of CBM is effec-
tive diagnostics and prognostics.

Recently, a probabilistic approach called hidden Markov
models (HMMs) has become increasingly popular and quite
effective in some applications such as speech processing
and handwritten word recognition. There are two major
reasons for this. First, the models have a rich mathematical
structure and can form the solid theoretical foundation for
use. Second, the models have many successful applications
in practice [14]. An added benefit of employing HMMs is
the ease of model interpretation in comparison with pure
“black box” modeling methods such as artificial neural
networks that are often employed in advanced diagnostic
models [2]. However, there is an inherent limitation asso-
ciated with the HMMs. That is, by the assumption of Mar-
kovian property, the state duration follows an exponential
distribution. For example, an HMM does not provide
adequate representation of temporal structure of speech and
segmental structure of handwritten words.

Researchers have proposed a number of techniques to
address these limitations. Ljolie and Levinson [12] used
continuous variable duration HMM in speech recognition.
They compared the explicit duration model with the stan-
dard HMM. The results showed that the absence of a correct
duration model increases the error rate by 50%. The exper-
imental evidence [10, 12, 13] demonstrates that explicit
duration models, even if only specifying the longest and the
shortest duration allowed for a speech segment, can be ben-
eficial to the performance of the recognizer. As indicated by
Chen et al. [5, 6], because of the inherent ambiguity related



to the segmentation process in handwritten words, it is
practical to use the variable duration model for the states in a
HMM-based HWR system.

There has been limited use of HMMs by the CBM
diagnostics community. However, literature does suggest
the applicability of these types of models for carrying out
diagnostics. Recently, some researchers have applied HMMs
in diagnostics of machining processes [1, 3, 8, 9, 15-17].
However, in their applications, only ordinary HMM tech-
niques are adopted. Therefore, the inherent limitation within
HMMs as mentioned above still exists in their models.
Literature on prognostic methods is extremely limited but the
concept has been gaining importance in recent years. Unlike
numerous methods available for diagnostics, prognostics is
still in its infancy, and literature is yet to present a working
model for effective prognostics [2]. Bunks et al. [4] and
Baruah and Chinnam [2] first pointed out that HMM-based
models could be applied in the area of prognostics in
machining processes. However, only standard HMM-based
approaches were proposed in their studies.

In this paper, hidden semi-Markov models (HSMMs) for
equipment health diagnosis and prognosis are developed.
An HSMM is constructed by adding a temporal component
into the well-defined HMM structures. The performance
evaluation of the developed HSMMs for machinery di-
agnosis and prognosis is carried out through two real-world
application case studies: fault diagnosis of UH-60A Black-
hawk main transmission planetary carriers and prognosis of
a real hydraulic pump health monitoring application. This
paper is organized as follows: Sect. 2 provides a general
theoretical background. HSMM-based modeling framework
for diagnosis and prognosis is presented in Sect. 3. The
basic principle of HSMM-based methodology for diagno-
sis and prognosis is explained in Sect. 4. Section 5 gives
two real-world application case studies of the HSMM-
based diagnosis and prognosis method. Finally, Sect. 6
draws conclusions.

2 Theoretical background
2.1 Elements of an hidden Markov model

An HMM represents stochastic sequences as Markov chains
where the states are not directly observed, but are associated
with a probability function. The generation of a random
sequence is then the result of a random walk in the chain and
of an observation (also called an emission) at each visit of a
state.

An HMM has the following elements [14]:

(1) The state transition probability distribution A={a;}
where

al'j:P[St+]:j‘St:i] ISI,JSN
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(2) The observation probability distribution in state i,
B={b; (k)}, where

bi(k) = Plwlsi =i 1<i<N, 1<k<M.

(3) The initial state distribution 7={7;} where

m=Plsi =i 1<i<N.

(4) N, the number of states in the model, i.e., /, 2, ..., 1, J, ...,
N. Although the states are hidden, there is often some
physical signal attached to the states of the model. In
this study, we also denote the hidden states as H={A;,,
hs, ..., hy}, and the state at time 7 as s,.

(5) M, the number of distinct observations for each state.
The observation symbols correspond to the physical
output of the system being modeled. The individual
observation symbols are denoted as V={v;, v,, ..., vy/}.

It can be seen that a complete HMM ) requires the
specifications of 4, B, m and N, M. For convenience, a
compact notation is often used in the literature to indicate
the complete parameter set of the model:

A= (m,4,B)
2.2 Durational measure of standard HMMs

The durational behavior of an HMM is usually character-
ized by a durational probability density function (pdf) P(d).
For a single state 7, the value P(d) is the probability of the
event of staying in i for exactly d time units. This event is in
fact the joint event of taking the self-loop for (d—1) times
and taking the outgoing transition (with probability 1-a;;)
just once. Given the Markovian assumption, and from
probability theory, P(d) is simply the product of all the
d probabilities:

Pi(d) = ai (1 — ay) M

Here, P{d) denotes the probability of staying in state 7 for
exactly d time steps, and a;; is the self-loop probability of
state i.

It can be seen that this is a geometrically decaying func-
tion of d. It has been argued [18] that this is a source of
inaccurate duration modeling with the HMMs since most
real-life applications will not obey this function.

2.3 Hidden semi-Markov models (HSMM)

Unlike a state in a standard HMM, a state in an HSMM
generates a sequence of observations, as opposed to a single
observation in the HMM. Let s, be the hidden state at time
t and O be the observation sequence. Characterization of an
HSMM is through its parameters. The parameters for an
HSMM are defined as: the initial state distribution (denoted
by ), the transition model (denoted by A), state duration
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distribution (denoted by D), and the observation model (de-
noted by B). Thus, an HSMM can be written as \=(, 4, D, B).

3 HSMM-based modeling framework for diagnostics
and prognostics

For a component, it usually evolves through several distinct
health states prior to reaching failure. For example, mechan-
ics of drilling processes suggest that a typical drill bit may
go through four health states: good, medium, bad, and worst.
In general, for a component, we can identify N distinct
sequential states for a failure mechanism. That is, determi-
nation of health status of a component: no-defect (i.e., health
state 1, denoted by 4,), level-1 defect (denoted by 4,), level-2
defect (denoted by 43), level-(NV-1) defect (denoted by
hy). Here, the level-(N-1) defect means failure. Let d; be the
duration staying at a health state %, and 7 be the lifetime of a
N

.......

component. Then, 7 = > d;.
i=1

Unlike a state in a standard HMM, a state in an HSMM
model generates a segment of observations, as opposed to a
single observation in the HMM. Each health state consists
of several single states, which are normal states. Suppose
that a health state sequence S has N segments, and let g,, be
the time index of the endpoint of the nth segment (1<n<N).
The segments are as follows:

Time units Lqi q+1,-,q0 -« gva+1,---,qn
Observations 0y, --+,0q4, Og+1, " *0q  *** Ogy 141, "> Ogy
Normal states s1,---,841 Sg,+1, " S¢, © Sgno4l, s Squ
Durations dr=q; d=q:q; - AN
Health states 7, h, o hy

Segments 1 2 ... N

For the nth health state, the observations are o, |41, -,
0g4,, and they have the same normal state label:
Sqn—H“l = Sqn71+2 = = Sqn = h"

The proposed HSMM-based modeling framework for
component diagnostics and prognostics is given in Fig. 1.

Health-states —-( h,

4 HSMM-based methodology for diagnosis and prognosis
4.1 Inference procedures

To facilitate the computation in the proposed HSMM-based
diagnosis and prognosis framework, in the following, new
forward-backward variables are defined and a modified
forward-backward algorithm is developed. A dynamic pro-
gramming scheme is employed for the efficient computa-
tion of the inference procedures. To implement the inference
procedures, a forward variablec, (i) is defined as the prob-
ability of generating 0;0,...0, and ending in state i

a,(i) = P(o102 - - - ends at )

o, i t|r)

Assume that a4 (i) has been determined, the duration
in state j is d. Then 0;0,...0, is generated by a state
sequence ending at state j if and only if the following
conditions are satisfied: (1) 0;0;...0,—, is generated ending
in state 7 (i.e., a,—y (7)); (2) the transition from 7 to j is chosen
(i.e., a;); (3) the duration in state j is chosen (i.e., P(d])); and
(4) 0/—401—g+2...0; 18 emitted in state j. Summing over all
states s and all possible state durations d, we get the
recurrence relation [14]:

n=¥

i=1

t

O d at/ (d|J) H bj(OS)

1 s=t—d+1

(€)

Mb

U
Il

where D is the maximum duration within any state.
It can be seen that the probability of O given model A can
be written as:

N

P(OIA) = ar(i) “)
i=1

This is the case since, by definition,

ar (i) = P(o102 - -or, qr = i|A) ®)

and hence P(O|]\) is just the sum of the a7 (i)'s.

=/h-\ P> e00000— P

d;=q; time units

S1= §p= S 1—h Sq1+1= 8

) = (s -q; time units

ql+2=

ST EEE R

DN— qN —qN-1 time units

SqN

s@=ha S(N-1)+1= S(N-1}+2=

S(N-1)+1
O(N-1)+1

Fig. 1 HSMM-based modeling framework for component diagnostics and prognostics



4.2 Modified forward-backward algorithm
for HSMMs

Similar to the forward variable, assume that backward
variable (.4 (j) has been determined and the duration in
state j is d, summing over all states s and all possible state
durations d, we have the recurrence relation (see Fig. 2):

D t+d
Bili) = ayP(d]j) [] 5/ (0s) Bira () (6)
j=1 d=1 s=t+1

In order to obtain re-estimation formulae for all variables
of the HSMM, three more segment-featured forward-
backward variables are defined.

o p(i,j)=P(0102---0p, t = qpn, S

=i, ! = qui1,50 =j|A) ™)

i.e., the probability of the partial observation sequence,
0,0,...04, and state i at time ¢ and state j at time ¢ (#'=t+d).
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i) = 3 Pt =7~ 1)

d=1
P(O:"+1|t = Qn’st == i? [l == qn+last’ :ja )"):|

®)

i.e., the mean value of the probabilities of the system being
in state i for d (d=1....,D) time units and then moving to the
next state j. Here, O,11'=0,110445...0,.

Sl‘,t/(l.7j): P(t = Qna S = iv t/ = qn+1a Sy :J|0{7 )") (9)
i.e., the probability of the system being in state i for d (£ =¢+d)

time units and then moving to the next state j, given the
observation sequence, 0;0,...0: Here, 07=0,0,...01:

o, (i, j) can be described, in terms of ¢, (i, j), as
follows:

Olz,z’(l',].) = P(0102 01041 Oy, =G, S = ! = qn+1,S¢ :].M)

=P(010y 0t = G, S, = i|A)P(O§/+1, ! = qni1, Se :j|0t1, t=qn.s; =i, )»)

= “t(i)P(Oi/Jrlv !'= Gui1, sv =jlt = qu, st = 1, A)

=o,()P({' = qui1, S =jlt = qu, 51 = 1, )»)P(Of:] It =qu, s =it = qui1, 50 =, )»)

(10)

D
= Olt(i)aijzp<d =1 - t|j)P<0§+1|t =qu St = i, = o1, S0 =, A)
d=1

= o, (i)ajdrr(i,))

Pi(dzqn'Qn-I)

Pj(d:qn+1 _qn)

a; (i)

1= qn-1 I=q,

|
|
|
|
|
|
|
|
|
|
|
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|
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|
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|
|
|
|
|
|
|
|
|
|
|
|
|

B ()
>

= qn+1

L= qn+2

Fig. 2 Illustration of the sequence of operations required for computation of the joint event that the process is in level j at time #+d and level

i at time ¢
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The relationship between o,(i) and o (i, j) is given in
the following:

oy (j) = P(o102 04, ' = qpi1, Sy = JIX)

P(d =1 —1]j)P(0102" 0,011 -+

1= 5

P(d =1 - t|j)at,t’(i»j)

Ot/l = qn, St = i, t/ — Qn+17 Sy :.]|)")

(11)

From the definitions of the forward-backward variables,
we can derive &, (i, j) as follows:

D
dzzl at(i)ai/qsl,t/ (i’j)ﬂt' (])
Boli = "START™)

&.v(i,)) = (12)

here, we assume that the state s at time =0 is a special state

“START”

The forward-backward algorithm computes the follow-
ing probabilities:

Forward pass: the forward pass of the algorithm com-
putes (xt(i)’ (xt,t'(ia ]) and gbt,t’(i’j)'

Step [ Initialization (=0)

. 1, if i="START"
at:O(l) = {O lf 1

otherwise

Step 2 Forward recursion (£>0). For =1, 2,..., T} 1<i, j<N;
and 1<d<D.
D
(btt’ l] Z t/_t|j)'
d=1
(0§+] |t = Qm St = i7 t/ = C]n+1, Sy :j’ }")]

o (i) = a,(')a,-,-qﬁt v (i.J)

ZZP =1 —1]j)ote (i, )

ar(j) =
Backward pass: the backward pass computes 34i) and

E.z,z’(ia ])

Step 1 Initialization (=T and 1<i, j<N)

Br(i) =

Step 2 Backward recursion (¢<7). For =1, 2, ...,
J<N; and 1<d<D.

T, 1<i,

N D t+d
=3 agP(dlj) T] b(0)B+ali)
Jj=1 d=1 s=t+1

N
Z z]d’tt’ i,/)Br(J)

D
E0(ij) =Y ali)aygee(i,j)Be(j)/Boli = "START")
o
(13)

Let D; be the maximum duration for state i. The total
computational complexity for the forward-backward algo-

N
rithm is O(N°LT), where L = S D;.
i=1

4.3 Likelihood equation

Let A be the set of parameters of a segmental HSMM. For
an observation sequence O, and the corresponding state
sequence S, the likelihood equation can be written as:

N
P(0, S|n) =] [ Plsalsn-1)
n=1
N
X Hp(dl =d4n — q11—1|9di; = Sn) (14)
n=1
N
< [T P(0q g |05 1 = sn)
n=1

where 6; and 6; are the set of parameters for the cor-
responding distributions.

It is assumed that for each data point o there is a hidden
variable s. In an expectation-maximization (EM) algo-
rithm, assume we have A and estimate the probability that
each s occurred in the generation of O. The EM algorithm
finds the A that maximizes the log likelihood P(O, S|)\). It



starts from some initial guess A of \, and then iterates over
the following two steps:
E-step: compute the distribution P(s| o, A\”) for each
data point o and the corresponding hidden state s.
M-step: set A" to the A\ that maximizes the expected
full log likelihood:

)\new — P , )\’Old 1 P ,
arg ;naxgz (s|o ) og (0 s

Aold)
15)

In the following, we decompose the expected full log
likelihood in the M-step above into three parts, each with
its own subset of parameters:

Z ZP(s|o, 1°) log P(0, s|1°M)
o S
-5 Y o),
o N
N
Z log P(sq, |Sqn7w)*0[d)
n=1
N

+ log P(d = qn — qn—1lsq, = 1, X”ld)

n=1

N
+ Z logP(of .\, =i, /\0"’)]
n=1
=> D PGs
N
D" P(slo. 2M)> " log P(d= gy — qu-1]s, = i, 27
0 K] n=1

N
+ZZP(S|O, )\.Old)z 10gP<OZ:71+1|Sqn
o K n=1

N
0,2°) > " 1og P(sy,[sq, ,» 1)

n=1

(16)
4.4 Parameter re-estimation for HSMM-based
framework

4.4.1 Initial state distribution

The re-estimation formula for initial state distribution is the
probability that state i was the first state, given O.

- z Ba(i)P(di)b;(0F)

i = PO 1n

4.4.2 State transition probabilities

The re-estimation formula of state transition probabilities is
the ratio of the expected number of transitions from state i
to state j, to the expected number of transitions from state i.
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Life time of a system = D(h;)+D(hy)+ D(h3)+...+D(hy)
D(hj): duration of a system staying at state h;.

h;: health state 1 (i.e., no-defect), h,: health state 2 (Level-1 defect)

Fig. 3 HSMM-based prognostics

P(d|j)b;(Of,,) Br ()

M=~
Mo

y

o (i)

_,
I
8
U
I

2
|

M=

M=

Il
~.
Il

|
M=~

w(ia; i P(dj)B(0".)Be ()

~
Il

(18)

M~
o

()

_,
I
-

=

~
I
—
I
—
<~
I
-

M~

§r (i)

ol

4.4.3 Observation distributions

The re-estimation formula for segmental observation dis-
tributions is the expected number of times that observation
o/~v; occurred in state i, normalized by the expected

Fig. 4 Planetary carrier schematic and crack (Keller and Grabill

(11])
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Table 1 Accelerometers

No. Name Location Axis

1 ACC1 Left accessory module Vertical
2 ACC2 Right accessory module Vertical
3 Inputl Left input module Vertical
4 Input2 Right input module Vertical
5 PortRing Main module, left side Radial
6 StbdRing Main module, right side Radial

number of times that any observation occurred in state i.
Since (i) accounts for the partial observation sequence
0,0,...0, and state i at #, while 3,(i) accounts for the partial
observation sequence 0,0.+1...07, given state i at £. The
remainder of the observation sequence 0,0.+1...0, given
state i at # and state j at ¢' is accounted by P(O,+; t’|z=q,,,st=i N
=q,+1,5.=]). Therefore, the re-estimation of segmental
observation distributions can be calculated as follows:

T
> a()P(O |t = gu.si =it = quir, 50 =) Bii)

t=1

Z,(k) _ s.t.OT,‘:vk
Zat(Z)P(OiiH |t =qn S =0, =qus1, 50 :])IBI(Z)
t=1

T

S (i) |52 B
s.t.b:,]: " ;P(d:tuﬂi)
T .o
S an(i) | 52| B (i)
=1 > P(d=t'—1]i)
d=1
(19)
HO. 2 ENGINE ROTOR
"",b' SHAFT
—— AN

ACCESSONY
MODULE

a Isometric View

Fig. 5 UH-60A transmission and sensor locations [11]

4.4.4 State duration probability distributions

The re-estimation problem is more difficult for HSMMs
than for the standard HMM. One proposal to alleviate some
of these problems is to use a parametric state duration
density instead of the nonparametric duration density. A
parametric model requires far less training and generalizes
better results. In this study, Gaussian distribution is adopted.
Gaussian distributions have many convenient properties, so
random variates with unknown distributions are often
assumed to be Gaussian. It is often a good approximation
due to a surprising result known as the central limit theorem.
This theorem states that the mean of any set of variates with
any distribution having a finite mean and variance tends to
the Gaussian distribution. In this paper, state duration
probabilities are estimated directly from the training data.

The mean /(i) and the variance o°(i) of duration prob-
ability of health state i are determined by

(i)

6_{W} “(qn — qn-1)

ORI IE

_ Gn-1=1 gn=qn-1 o (20)
rooor _{[w—qn}l)fwz}
Z Z e 20
qn—-1 =1 qdn=4n-1 \/2_7[0-
o’ (i)
T _{[(qn—q,,}l)—u] } ,
S Y e U
— Gn-1=1 gn=qn-1 _ l,l/z (l.)
rooI 7{[@"7%,,2])7,42}
Z Z e 20
qn—1 =1 gn=qn-1 \/EO-

b Top View



4.4.5 Classification using HSMMs

For diagnostics, the goal is to develop trained HSMMs to
recognize N different states of a component for a given
failure mode. That is, the task is to develop a diagnostics
model for classifying the health states of a component.
Therefore, for the diagnosis of the fault, it is necessary that
a separate HSMM be trained for all possible fault types in
addition to the HSMM for normal conditions.

Given these N groups of observation sequences, N dif-
ferent HSMMs (i.e., HSMM,;, HSMM,, ..., HSMMy) are
modeled for characterization of each group, which cor-
responds to a health state.

The classification of a failure mode given an observation
sequence is done by presenting each of the N trained

745

HSMMs with the same observation sequence. The HSMM
that gives the highest log likelihood value represents the
type of fault that is hidden in the observation sequence.

4.5 HSMM-based prognosis

The objective of prognostics is to predict the progression of
a fault condition to system failure and estimate the remain-
ing useful life (RUL) of the system. In the following, the
HSMM-based prognosis procedure is described (Fig. 3).

Step I From the HSMM training procedure (i.e., parameter
estimation), we can obtain the state transition probability
of the HSMM.

Table 2 Diagnosis results of pypgmission Inputl Input2

inputl and input2 based on

HSMM HSMM, HSMM; HSMM; HSMM;
1 26.4093 —Inf 22.6181 —63.6801
1 26.4093 —Inf 22.6137 —66.2003
1 20.5733 —102.098 23.9286 —242.4071
1 20.511 —172.443 23.9406 —199.6775
1 20.7164 —106.45 23.9319 —192.5113
1 20.5387 —149.703 22.3184 —201.9975
1 20.5909 —204.083 22.3606 —122.9994
1 20.375 —117.235 22.35 —213.83
2 —166.978 —477.403 —175.3629 —231.995
2 —162.986 —299.425 —124.4743 —158.9221
2 —109.667 —240.366 —240.5964 —415.6203
2 —93.6992 —254.437 —412.9129 —743.0538
2 —-103.512 —174.024 —195.6991 —336.2356
2 —122.703 —157.782 —372.4606 —621.1884
3 —229.071 9.0944 —380.4721 9.9441
3 —283.546 8.7355 —354.0287 9.6233
3 —486.871 12.2049 -302.795 10.1132
3 —428.854 12.3552 —313.6242 10.4206
3 —402.364 12.3369 -310.159 11.0638
3 —369.06 12.2157 —317.1094 11.2319
3 —323.981 8.9392 —285.9819 10.4208
3 —369.158 9.1104 —316.8308 10.1274
3 —217.618 9.0602 —167.3965 10.3964
3 —310.124 8.5934 —61.3788 9.7423
3 —255.26 8.6324 —115.6322 10.3859
3 —403.99 12.3078 —95.8976 10.229
3 -311.591 12.3978 —140.0857 10.171
3 —359.93 12.4574 —98.0043 10.3317
3 —195.277 9.0026 —114.3106 9.9223
3 —130.057 8.7274 —122.7489 9.7185
4 —168.759 —66.3279 —250.8073 —297.594
4 —152.863 —49.481 —329.5202 —360.4773
4 —240.705 —13.6603 —119.11 —92.8467
4 —199.522 —15.8828 —161.3985 —108.9714
4 —240.705 —13.6603 —119.11 —92.8467
4 —199.522 —15.8828 —161.3985 —108.9714




746

Table 3 Diagnosis results of inputl and input2 based on HMM

Transmission  Inputl Input2

HMM, HMM; HMM, HMM;
1 35.3502 —Inf 35.3502 —Inf
1 35.3502 —Inf -208.107 —Inf
1 —Inf —337.964 —267.6859 —Inf
1 —Inf —Inf 35.3502 —Inf
1 —Inf —333.26 —242.2206  —Inf
1 —Inf -617.803 —198.0565 —Inf
1 —Inf —Inf —277.2974 —Inf
1 —Inf —Inf —216.0492  —Inf
2 —Inf —Inf —Inf —Inf
2 —Inf —Inf —Inf —Inf
2 —Inf —Inf —Inf —Inf
2 —Inf —Inf —Inf —Inf
2 —Inf =701.641 —Inf —Inf
2 —Inf -619.024  —Inf —Inf
3 —Inf 34.9448 —Inf 34.6556
3 —Inf -78.9251 —Inf 34.6556
3 —Inf -325.599 —Inf 34.5544
3 —Inf -290.556  —Inf 34.5222
3 —Inf —182.549  —Inf 34.2386
3 —Inf —131.985 —Inf 27.2313
3 —Inf —444.933  —Inf —46.5141
3 —Inf —401.866  —Inf -64.0732
3 —Inf —67.0239  —Inf —265.577
3 —Inf —129.268 —465.0761 —301.767
3 —Inf —88.7317 —Inf -316.175
3 —Inf -205.153  —Inf -319.472
3 —Inf -206.716  —Inf —312.348
3 —Inf -166.377 —Inf -363.797
3 —Inf 35.1458 —Inf -510.351
3 —Inf 35.1458 =705.6241  —Inf
4 —Inf —446.035 —Inf —Inf
4 —Inf 339.772 —Inf —Inf
4 —Inf —271.334  —642.5215 —Inf
4 —Inf —180.838  —Inf —Inf
4 —Inf —271.334  —642.5215 —Inf
4 —Inf —180.838  —Inf —Inf

Step 2 Through the HSMM parameter estimation, the du-
ration mean and variance for each state can be estimated.

Step 3 By classification, identify the current health state of
the system.

Step 4 The RUL of the system can be computed by
following backward recursive equations (suppose that the
system currently stays at health state i, RUL; indicates the
RUL starting from state i):

At state N—1:

RULy—_1 = ay— 1 n—1[D(hy—1) + D(hy)] + ay—1 n[D(hy)]

At state N—2:

RULy
=ay_an-2[D(hy-2) + RULy_1] + ay—2.N—1[RULy_1]

At state i:

RULI = aii[D(h,'> + RULi+1] + air+1 [RULi+1] (22)

5 Case studies

5.1 UH-60A Blackhawk main transmission planetary
carrier fault

The H-60 main transmission employs a 5-planet epicyclic
gear train. Recent inspections of two Army UH-60A
Blackhawk main transmissions, initiated by indications of
low or fluctuating oil pressure, revealed a crack in the
planetary carriers. This is the first time this problem has
been encountered in approximately 3.6 million UH-60A
flight hours in the Army. The 10-inch crack in the first
carrier, which was later cut apart for material inspection, is
shown in Fig. 4. Since the planetary carrier is a flight
critical part, failure could cause an accident resulting in loss
of life and/or aircraft. This resulted in flight restrictions on
a significant number of Army UH-60As. Manual inspec-
tion of all 1000 transmissions is not only costly in terms of
labor, but also time prohibitive. A simple, cost-effective
test capable of diagnosing this fault is highly desirable.

The U.S. Army Aviation Engineering Directorate,
Aeromechanics Division conducted an investigation to
determine if a fault in the planetary carrier of an H-60
transmission could be successfully detected via vibration
monitoring. Experimental measurements of UH-60A trans-
missions with both faulted and unfaulted planetary carriers
were taken in a test cell and on-aircraft.

Test cell measurements The Helicopter Transmission Test
Facility (HTTF) at the Naval Air Station Patuxent River,

Table 4 Summary of diagnostic results using both HSMMs and
HMMs

Measurements Accelerometers HSMM HMM
and their classification classification
locations rate(%) rate(%)

Test cell measurements ACCl1 100 80
ACC2 100 70
Inputl 100 60
Input2 100 73.33
PortRing 100 70
StbdRing 100 60

On-aircraft Inputl 100 45.83

measurements Input2 100 95.83
PortRing 100 50
StbdRing 100 29.17
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Table 5 Transition probability

States Baseline Contamination1 Contamination2 Contamination3
between four health states

Baseline 0.8913 0.0454 0.0000 0.0633

Contamination| 0.0000 0.6399 0.3599 0.0003

Contamination2 0.0000 0.0000 09167 0.0833

Contamination3 0.0000 0.0000 0.0000 1.0000

MD was utilized for all test cell measurements. The HTTF
is a unique test facility that uses actual aircraft engines to
provide power to all the aircraft drive systems except the
rotors and is a significant improvement over single
component test rigs. An H-60 test transmission was
instrumented with several sets of accelerometers. The
accelerometers and their locations are included in Table 1
and shown in Fig. 5.

The vibration data was acquired using the US Army’s
Vibration Management Enhancement Program (VMEP)
system. Measurement setups were created to simulta-
neously acquire and synchronize the six input acceler-
ometers to the carrier rotational frequency. The VMEP
system was programmed to calculate and save the raw
time domain data, the time synchronous waveform, and
the condition indicators. Time synchronous vibration data
were measured for each accelerometer at torque settings
ranging from 20 to 100%. Both faulted and unfaulted
planetary carriers were tested. The faulted planetary car-
rier, the second cracked UH-60A carrier discovered during
a field inspection, had a 314-inch crack when installed in
the test transmission. Because of the need for destructive
material testing on the cracked carrier, the amount of run
time was limited. Thus, the transmission was not run for
an extended period. Only “snapshots” of data at each
torque setting were measured.

On-aircraft measurements Similar to the test cell measure-
ments, several UH-60A transmissions were instrumented.
However, for the on-aircraft tests only accelerometers 3
through 6 were used. Time synchronous vibration data
were measured for each accelerometer using the same data
acquisition equipment that was used in the test cell. The
same faulted carrier and main gearbox used in the tests at
the HTTF was installed in a UH-60A at the Corpus Christi
Army Depot (CCAD) and used as a test aircraft. Three
different UH-60As from the Birmingham, Alabama Na-
tional Guard (BNG) with unfaulted carriers were selected as
test aircraft to establish how vibration levels change across
aircraft. Because of safety issues with the cracked carrier
only ground runs were completed. Single and dual engine
data were taken at torque settings of 20%Q and 30%Q. For
each test state, the aircraft was stabilized for 5 min before
vibration measurements were taken. For all tests, winds

were less than 10 knots with the nose of the aircraft pointed
into the wind.

These vibration signals were processed using wavelet
packet with db10 wavelet and five decomposition levels.
The wavelet coefficients obtained by the wavelet packet
decomposition were used as the inputs to the HMMs and
HSMMs. In this test, we wanted to see how the HSMMs
could classify the health conditions of the transmissions in
comparison with the HMMs.

5.2 Diagnostic results

The experiment and collection procedure of experimental
data can be found in [11]. Provided in Table 2 and Table 3
are the diagnostic results of on-aircraft data using HSMMs
and HMMs, respectively. Here, only the results for ac-
celerometers input 1 and input 2 are provided. The values
in both tables are the log likelihood values computed by
either HSMMs or HMMs. When the log likelihood value
approaches negative infinitive, it is represented as “—Inf”
in both tables. As the on-aircraft data were generated
from four different transmissions, four different HSMMs
(HSMM,, HSMM,, HSMM3;, HSMM,) and four different
HMMs (HMM,, HMM,, HMM;, HMM,) were obtained.
However, only diagnostic results for transmissions 1 and 3
are provided.

In Table 2, HSMM; and HSMMj3; represent the HSMMs
trained using the data from transmission 1 and transmission
3, respectively. From Table 2, we can see that if we present
HSMM,; with data obtained from each transmission,
HSMM, gives larger log likelihood values for the data
from transmission 1 than the data from other transmissions.
This indicates that HSMM; is able to differentiate the
signals from faulted transmission (i.e., transmission 1 in
this case) and unfaulted transmissions. The same inter-
pretations apply to HSMMj3; in Table 2.

In Table 3, HMM; and HMMj3; represent the HMMs
trained using the data from transmission 1 and transmission
3, respectively. From Table 3, we can see that if we present
HMM, with data obtained from each transmission, HMM;
cannot give larger log likelihood values for all the data
from transmission 1 than the data from other transmissions.
This indicates that HMM; is unable to differentiate the

Table 6 Mean and variance of = gy,¢0q Baseline Contamination] Contamination2 Contamination3

duration time in four health

states Mean of duration 104549  9.7923 11.3375 10.4793
Variance of duration 1.9388 0.9792 1.2415 0.1880
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signals from faulted transmission (i.e., transmission 1 in
this case) and unfaulted transmissions. The same inter-
pretations apply to HMM; in Table 3.

The diagnostic results using both HSMMs and HMMs
are summarized in Table 4. From Table 4, we can see that
the HSMMs have much better performance in diagnosing
the fault of the transmission in comparison with the
HMMs.

5.3 Prognosis for pumps

The prognosis was tested using data from a real hydraulic
pump health monitoring application case study [7]. In this
case study, three pumps (pump 6, pump 24, and pump 82)
were run under four different testing conditions: baseline
(normal state), contamination 1 (20 mg of dust injected into
the oil reservoir), contamination 2 (40 mg of dust injected
into the oil reservoir), and contamination 3 (60 mg of dust
injected into the oil reservoir). The contamination stages in
this hydraulic pump wear test case study correspond to
different stages of flow loss in the pumps. As flow rate of a
pump clearly indicates the heath state of a pump, therefore,
the contamination stages corresponding to different de-
grees of flow loss in a pump were defined as the health
states of the pump in the pump wear test. During the test
run, under each condition, vibration signals were collected.
These signals were processed using wavelet packet with
db10 wavelet and five decomposition levels. The wavelet
coefficients obtained by the wavelet packet decomposition
were used as the inputs to the HMMs and HSMMs.

The lifetime training data from pump 6, pump 24, and
pump 82 were used for prognostics study. By training, an
HSMM with four health states can be obtained. And, the
mean and variance of the duration time in each state are
also available through the training process. The results are
given in Tables 5 and 6. Based on the above information,
the mean value of the RUL of a pump can be calculated as
follows (in terms of Eq. 22 and suppose that the component
currently stays at state “Contamination1”):

Mean_RUL,.; = 33.4004

Similarly, the variance of the remaining useful life of a
pump can be obtained as follows:

Variance_RUL. = 1.9528

That is, if the component is currently at state “Contam-
inationl,” then its expected remaining useful life is
33.4004 time units with a confidence interval of 1.9528
time units.

6 Conclusions

In this paper, we have presented an integrated methodology
for equipment health diagnosis and prognosis. The pre-
sented methodology is developed based on hidden semi-
Markov models (HSMMs). In this proposed HSMM-based
diagnostics and prognostics methodology, health states of
equipment are modeled by state transition probability
matrix and observation probability. The duration of each
health state is described by the state duration probability.

To facilitate the computation of the HSMMs, new for-
ward and backward variables are defined. And correspond-
ingly, the re-estimation formulae based on new variables
are used. A modified forward-backward algorithm is
developed to estimate the parameters of the HSMMs. By
incorporating the explicit temporal structure, the diagnostic
and prognostic power of the HSMMs is improved.

The evaluation of the HSMM-based methodology was
carried out by two real-world application case studies: fault
diagnosis of UH-60A Blackhawk main transmission
planetary carriers and prognosis of a real hydraulic pump
health monitoring application. For test cell measurements,
the correct recognition rate is increased by 45% compared
with the HMMs; for on-aircraft measurements, the correct
recognition rate is increased by 81% compared with
HMMs. These results show the effectiveness of the
HSMM-based diagnostic approach. On the other hand, it
becomes possible for us to use the same HSMMs to predict
the remaining useful life of the equipment.

References

1. Atlas L, Ostendorf M, Bernard GD (2000) Hidden Markov
models for monitoring machining tool-wear. ICASSP, IEEE
International Conference on Acoustics, Speech and Signal
Processing—Proceedings, vol 6, pp 3887-3890

2. Baruah P, Chinnam RB (2003) HMMs for diagnostics and
prognostics in machining processes. Proc. of the 57th Society
for Machine Failure Prevention Technology Conference,
Virginia Beach, VA, 14-18 April

3. Begg CD, Merdes T, Byington C, Maynard K (1999) Dynamic
modeling for mechanical diagnostics and prognostics. Mainte-
nance and Reliability Conference (MARCON99)

4. Bunks C, Mccarthy D, Tarik A (2000) Condition based
maintenance of machines using hidden Markov models. Mech
Syst Signal Process 14(4):597-612

5. Chen MY, Kundu A, Zhou J (1994) Oft-line handwritten work
recognition using a hidden Markov model type stochastic
network. IEEE Trans Pattern Anal Mach Intell 16(5):481-496

6. Chen MY, Kundu A, Srihari SN (1995) Variable duration
hidden Markov model and morphological segmentation for
handwritten word recognition. IEEE Trans Image Process 4
(12):1675-1688

7. Dong M, He D (2004) Hidden semi-Markov models for
machinery health diagnosis and prognosis. Trans NAMRI/SME
XXX11:199-206

8. Ertunc HM, Loparo KA (2001) A decision fusion algorithm for
tool wear condition monitoring in drilling. Int J Mach Tools
Manuf 41:1347-1362



10.

11.

12.

13.

. Ertunc HM, Loparo KA, Ocak H (2001) Tool wear condition

monitoring in drilling operations using hidden Markov models
(HMMs). Int J Mach Tools Manuf 41:1363—-1384
Kannan A, Ostendorf M (1993) Comparison of trajectory and
mixture modeling in segment-based word recognition. Pro-
ceedings-ICASSP, IEEE International Conference on Acous-
tics, Speech and Signal Processing, vol 2, Speech Processing,
p 327-330
Keller JA, Grabill P (2003) Vibration monitoring of UH-60A
main transmission planetary carrier fault. American Helicopter
Society 59thAnnual Forum, Phoenix, AZ, 6-8 May 2003
Ljolie A, Levinson SE (1991) Development of an acoustic-
phonetic hidden Markov model for continuous speech recog-
nition. IEEE Trans Signal Process 39(1):29-39
Ostendorf M (1989) Stochastic segment model for phoneme-
based continuous speech recognition. IEEE Trans Acoustics
Speech Signal Process 37(12):1857-1869

14.

15.

16.

17.

18.

749

Rabiner LR (1989) A tutorial on hidden Markov models and
selected applications in speech recognition. Proc IEEE 77
(2):257-286

Roemer MJ, Kacprzynski GJ (2000) Advanced diagnostics and
prognostics for gas turbine engine risk assessment. Proceedings
of the 2000 IEEE Aerospace Conference, Big Sky, MT, 18-25
March

Roemer MJ, Nwadiogbu EO, Bloor G (2001) Development of
diagnostic and prognostic technologies for acrospace health
management applications. Proceedings of the 2001 IEEE
Aerospace Conference, Big Sky, MT, 10-17 March

Wang L, Mehrabi MG , Kannatey-Asibu E Jr (2002) Hidden
Markov model-based tool wear monitoring in machining.
ASME J Manuf Sci Eng 124:651-658

Russell MJ, Moore RK (1985) Explicit modeling of state
occupancy in hidden Markov models for automatic speech
recognition. Proc. of ICASSP '85, Tampa, FL, pp 5-8



	Equipment health diagnosis and prognosis using hidden semi-Markov models
	Abstract
	Introduction
	Theoretical background
	Elements of an hidden Markov model
	Durational measure of standard HMMs
	Hidden semi-Markov models (HSMM)

	HSMM-based modeling framework for diagnostics and prognostics
	HSMM-based methodology for diagnosis and prognosis
	Inference procedures
	Modified forward-backward algorithm for HSMMs
	Step 1
	Step 2
	Step 1
	Step 2

	Likelihood equation
	Parameter re-estimation for HSMM-based framework
	Initial state distribution
	State transition probabilities
	Observation distributions
	State duration probability distributions
	Classification using HSMMs

	HSMM-based prognosis
	Step 1
	Step 2
	Step 3
	Step 4


	Case studies
	UH-60A Blackhawk main transmission planetary carrier fault
	Test cell measurements
	On-aircraft measurements

	Diagnostic results
	Prognosis for pumps

	Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AardvarkPSMT
    /AceBinghamSH
    /AddisonLibbySH
    /AGaramond-Italic
    /AGaramond-Regular
    /AkbarPlain
    /Albertus-Bold
    /AlbertusExtraBold-Regular
    /AlbertusMedium-Italic
    /AlbertusMedium-Regular
    /AlfonsoWhiteheadSH
    /Algerian
    /AllegroBT-Regular
    /AmarilloUSAF
    /AmazoneBT-Regular
    /AmeliaBT-Regular
    /AmerigoBT-BoldA
    /AmerTypewriterITCbyBT-Medium
    /AndaleMono
    /AndyMacarthurSH
    /Animals
    /AnneBoleynSH
    /Annifont
    /AntiqueOlive-Bold
    /AntiqueOliveCompact-Regular
    /AntiqueOlive-Italic
    /AntiqueOlive-Regular
    /AntonioMountbattenSH
    /ArabiaPSMT
    /AradLevelVI
    /ArchitecturePlain
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMTBlack-Regular
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeLight
    /ArialUnicodeLight-Bold
    /ArialUnicodeLight-BoldItalic
    /ArialUnicodeLight-Italic
    /ArrowsAPlentySH
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /Asiana
    /AssadSadatSH
    /AvalonPSMT
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Demi
    /AvantGardeITCbyBT-DemiOblique
    /AvantGardeITCbyBT-Medium
    /AvantGardeITCbyBT-MediumOblique
    /BankGothicBT-Light
    /BankGothicBT-Medium
    /Baskerville-Bold
    /Baskerville-Normal
    /Baskerville-Normal-Italic
    /BaskOldFace
    /Bauhaus93
    /Bavand
    /BazookaRegular
    /BeauTerrySH
    /BECROSS
    /BedrockPlain
    /BeeskneesITC
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BenguiatITCbyBT-Bold
    /BenguiatITCbyBT-BoldItalic
    /BenguiatITCbyBT-Book
    /BenguiatITCbyBT-BookItalic
    /BennieGoetheSH
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardBoldCondensedBT-Regular
    /BernhardFashionBT-Regular
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /Bethel
    /BibiGodivaSH
    /BibiNehruSH
    /BKenwood-Regular
    /BlackadderITC-Regular
    /BlondieBurtonSH
    /BodoniBlack-Regular
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /BodoniBT-Bold
    /BodoniBT-BoldItalic
    /BodoniBT-Italic
    /BodoniBT-Roman
    /Bodoni-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Regular
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolFive
    /BookshelfSymbolFour
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /BookwomanDemiItalicSH
    /BookwomanDemiSH
    /BookwomanExptLightSH
    /BookwomanLightItalicSH
    /BookwomanLightSH
    /BookwomanMonoLightSH
    /BookwomanSwashDemiSH
    /BookwomanSwashLightSH
    /BoulderRegular
    /BradleyHandITC
    /Braggadocio
    /BrailleSH
    /BRectangular
    /BremenBT-Bold
    /BritannicBold
    /Broadview
    /Broadway
    /BroadwayBT-Regular
    /BRubber
    /Brush445BT-Regular
    /BrushScriptMT
    /BSorbonna
    /BStranger
    /BTriumph
    /BuckyMerlinSH
    /BusoramaITCbyBT-Medium
    /Caesar
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-Italic
    /CalligrapherRegular
    /CameronStendahlSH
    /Candy
    /CandyCaneUnregistered
    /CankerSore
    /CarlTellerSH
    /CarrieCattSH
    /CaslonOpenfaceBT-Regular
    /CassTaylorSH
    /CDOT
    /Centaur
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturyOldStyle-BoldItalic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Cezanne
    /CGOmega-Bold
    /CGOmega-BoldItalic
    /CGOmega-Italic
    /CGOmega-Regular
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /Charting
    /ChartreuseParsonsSH
    /ChaseCallasSH
    /ChasThirdSH
    /ChaucerRegular
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /ChildBonaparteSH
    /Chiller-Regular
    /ChuckWarrenChiselSH
    /ChuckWarrenDesignSH
    /CityBlueprint
    /Clarendon-Bold
    /Clarendon-Book
    /ClarendonCondensedBold
    /ClarendonCondensed-Bold
    /ClarendonExtended-Bold
    /ClassicalGaramondBT-Bold
    /ClassicalGaramondBT-BoldItalic
    /ClassicalGaramondBT-Italic
    /ClassicalGaramondBT-Roman
    /ClaudeCaesarSH
    /CLI
    /Clocks
    /ClosetoMe
    /CluKennedySH
    /CMBX10
    /CMBX5
    /CMBX7
    /CMEX10
    /CMMI10
    /CMMI5
    /CMMI7
    /CMMIB10
    /CMR10
    /CMR5
    /CMR7
    /CMSL10
    /CMSY10
    /CMSY5
    /CMSY7
    /CMTI10
    /CMTT10
    /CoffeeCamusInitialsSH
    /ColetteColeridgeSH
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CommercialPiBT-Regular
    /CommercialScriptBT-Regular
    /Complex
    /CooperBlack
    /CooperBT-BlackHeadline
    /CooperBT-BlackItalic
    /CooperBT-Bold
    /CooperBT-BoldItalic
    /CooperBT-Medium
    /CooperBT-MediumItalic
    /CooperPlanck2LightSH
    /CooperPlanck4SH
    /CooperPlanck6BoldSH
    /CopperplateGothicBT-Bold
    /CopperplateGothicBT-Roman
    /CopperplateGothicBT-RomanCond
    /CopticLS
    /Cornerstone
    /Coronet
    /CoronetItalic
    /Cotillion
    /CountryBlueprint
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CSSubscript
    /CSSubscriptBold
    /CSSubscriptItalic
    /CSSuperscript
    /CSSuperscriptBold
    /Cuckoo
    /CurlzMT
    /CybilListzSH
    /CzarBold
    /CzarBoldItalic
    /CzarItalic
    /CzarNormal
    /DauphinPlain
    /DawnCastleBold
    /DawnCastlePlain
    /Dekker
    /DellaRobbiaBT-Bold
    /DellaRobbiaBT-Roman
    /Denmark
    /Desdemona
    /Diploma
    /DizzyDomingoSH
    /DizzyFeiningerSH
    /DocTermanBoldSH
    /DodgenburnA
    /DodoCasalsSH
    /DodoDiogenesSH
    /DomCasualBT-Regular
    /Durian-Republik
    /Dutch801BT-Bold
    /Dutch801BT-BoldItalic
    /Dutch801BT-ExtraBold
    /Dutch801BT-Italic
    /Dutch801BT-Roman
    /EBT's-cmbx10
    /EBT's-cmex10
    /EBT's-cmmi10
    /EBT's-cmmi5
    /EBT's-cmmi7
    /EBT's-cmr10
    /EBT's-cmr5
    /EBT's-cmr7
    /EBT's-cmsy10
    /EBT's-cmsy5
    /EBT's-cmsy7
    /EdithDaySH
    /Elephant-Italic
    /Elephant-Regular
    /EmGravesSH
    /EngelEinsteinSH
    /English111VivaceBT-Regular
    /English157BT-Regular
    /EngraversGothicBT-Regular
    /EngraversOldEnglishBT-Bold
    /EngraversOldEnglishBT-Regular
    /EngraversRomanBT-Bold
    /EngraversRomanBT-Regular
    /EnviroD
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErasITC-Ultra
    /ErnestBlochSH
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EuroRoman
    /EuroRomanOblique
    /ExxPresleySH
    /FencesPlain
    /Fences-Regular
    /FifthAvenue
    /FigurineCrrCB
    /FigurineCrrCBBold
    /FigurineCrrCBBoldItalic
    /FigurineCrrCBItalic
    /FigurineTmsCB
    /FigurineTmsCBBold
    /FigurineTmsCBBoldItalic
    /FigurineTmsCBItalic
    /FillmoreRegular
    /Fitzgerald
    /Flareserif821BT-Roman
    /FleurFordSH
    /Fontdinerdotcom
    /FontdinerdotcomSparkly
    /FootlightMTLight
    /ForefrontBookObliqueSH
    /ForefrontBookSH
    /ForefrontDemiObliqueSH
    /ForefrontDemiSH
    /Fortress
    /FractionsAPlentySH
    /FrakturPlain
    /Franciscan
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /FranklinUnic
    /FredFlahertySH
    /Freehand575BT-RegularB
    /Freehand591BT-RegularA
    /FreestyleScript-Regular
    /Frutiger-Roman
    /FTPMultinational
    /FTPMultinational-Bold
    /FujiyamaPSMT
    /FuturaBlackBT-Regular
    /FuturaBT-Bold
    /FuturaBT-BoldCondensed
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-ExtraBlack
    /FuturaBT-ExtraBlackCondensed
    /FuturaBT-ExtraBlackCondItalic
    /FuturaBT-ExtraBlackItalic
    /FuturaBT-Light
    /FuturaBT-LightItalic
    /FuturaBT-Medium
    /FuturaBT-MediumCondensed
    /FuturaBT-MediumItalic
    /GabbyGauguinSH
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Antiqua
    /Garamond-Bold
    /Garamond-Halbfett
    /Garamond-Italic
    /Garamond-Kursiv
    /Garamond-KursivHalbfett
    /Garcia
    /GarryMondrian3LightItalicSH
    /GarryMondrian3LightSH
    /GarryMondrian4BookItalicSH
    /GarryMondrian4BookSH
    /GarryMondrian5SBldItalicSH
    /GarryMondrian5SBldSH
    /GarryMondrian6BoldItalicSH
    /GarryMondrian6BoldSH
    /GarryMondrian7ExtraBoldSH
    /GarryMondrian8UltraSH
    /GarryMondrianCond3LightSH
    /GarryMondrianCond4BookSH
    /GarryMondrianCond5SBldSH
    /GarryMondrianCond6BoldSH
    /GarryMondrianCond7ExtraBoldSH
    /GarryMondrianCond8UltraSH
    /GarryMondrianExpt3LightSH
    /GarryMondrianExpt4BookSH
    /GarryMondrianExpt5SBldSH
    /GarryMondrianExpt6BoldSH
    /GarryMondrianSwashSH
    /Gaslight
    /GatineauPSMT
    /Gautami
    /GDT
    /Geometric231BT-BoldC
    /Geometric231BT-LightC
    /Geometric231BT-RomanC
    /GeometricSlab703BT-Bold
    /GeometricSlab703BT-BoldCond
    /GeometricSlab703BT-BoldItalic
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /GeometricSlab703BT-Medium
    /GeometricSlab703BT-MediumCond
    /GeometricSlab703BT-MediumItalic
    /GeometricSlab703BT-XtraBold
    /GeorgeMelvilleSH
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansBC
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSansCondensed-Bold
    /GillSansCondensed-Regular
    /GillSansExtraBold-Regular
    /GillSans-Italic
    /GillSansLight-Italic
    /GillSansLight-Regular
    /GillSans-Regular
    /GoldMinePlain
    /Gonzo
    /GothicE
    /GothicG
    /GothicI
    /GoudyHandtooledBT-Regular
    /GoudyOldStyle-Bold
    /GoudyOldStyle-BoldItalic
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleExtrabold-Regular
    /GoudyOldStyle-Italic
    /GoudyOldStyle-Regular
    /GoudySansITCbyBT-Bold
    /GoudySansITCbyBT-BoldItalic
    /GoudySansITCbyBT-Medium
    /GoudySansITCbyBT-MediumItalic
    /GraceAdonisSH
    /Graeca
    /Graeca-Bold
    /Graeca-BoldItalic
    /Graeca-Italic
    /Graphos-Bold
    /Graphos-BoldItalic
    /Graphos-Italic
    /Graphos-Regular
    /GreekC
    /GreekS
    /GreekSans
    /GreekSans-Bold
    /GreekSans-BoldOblique
    /GreekSans-Oblique
    /Griffin
    /GrungeUpdate
    /Haettenschweiler
    /HankKhrushchevSH
    /HarlowSolid
    /HarpoonPlain
    /Harrington
    /HeatherRegular
    /Hebraica
    /HeleneHissBlackSH
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HenryPatrickSH
    /Herald
    /HighTowerText-Italic
    /HighTowerText-Reg
    /HogBold-HMK
    /HogBook-HMK
    /HomePlanning
    /HomePlanning2
    /HomewardBoundPSMT
    /Humanist521BT-Bold
    /Humanist521BT-BoldCondensed
    /Humanist521BT-BoldItalic
    /Humanist521BT-Italic
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-Roman
    /Humanist521BT-RomanCondensed
    /IBMPCDOS
    /IceAgeD
    /Impact
    /Incised901BT-Bold
    /Incised901BT-Light
    /Incised901BT-Roman
    /Industrial736BT-Italic
    /Informal011BT-Roman
    /InformalRoman-Regular
    /Intrepid
    /IntrepidBold
    /IntrepidOblique
    /Invitation
    /IPAExtras
    /IPAExtras-Bold
    /IPAHighLow
    /IPAHighLow-Bold
    /IPAKiel
    /IPAKiel-Bold
    /IPAKielSeven
    /IPAKielSeven-Bold
    /IPAsans
    /ISOCP
    /ISOCP2
    /ISOCP3
    /ISOCT
    /ISOCT2
    /ISOCT3
    /Italic
    /ItalicC
    /ItalicT
    /JesterRegular
    /Jokerman-Regular
    /JotMedium-HMK
    /JuiceITC-Regular
    /JupiterPSMT
    /KabelITCbyBT-Book
    /KabelITCbyBT-Ultra
    /KarlaJohnson5CursiveSH
    /KarlaJohnson5RegularSH
    /KarlaJohnson6BoldCursiveSH
    /KarlaJohnson6BoldSH
    /KarlaJohnson7ExtraBoldCursiveSH
    /KarlaJohnson7ExtraBoldSH
    /KarlKhayyamSH
    /Karnack
    /Kartika
    /Kashmir
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KeplerStd-Black
    /KeplerStd-BlackIt
    /KeplerStd-Bold
    /KeplerStd-BoldIt
    /KeplerStd-Italic
    /KeplerStd-Light
    /KeplerStd-LightIt
    /KeplerStd-Medium
    /KeplerStd-MediumIt
    /KeplerStd-Regular
    /KeplerStd-Semibold
    /KeplerStd-SemiboldIt
    /KeystrokeNormal
    /Kidnap
    /KidsPlain
    /Kindergarten
    /KinoMT
    /KissMeKissMeKissMe
    /KoalaPSMT
    /KorinnaITCbyBT-Bold
    /KorinnaITCbyBT-KursivBold
    /KorinnaITCbyBT-KursivRegular
    /KorinnaITCbyBT-Regular
    /KristenITC-Regular
    /Kristin
    /KunstlerScript
    /KyotoSong
    /LainieDaySH
    /LandscapePlanning
    /Lapidary333BT-Bold
    /Lapidary333BT-BoldItalic
    /Lapidary333BT-Italic
    /Lapidary333BT-Roman
    /Latha
    /LatinoPal3LightItalicSH
    /LatinoPal3LightSH
    /LatinoPal4ItalicSH
    /LatinoPal4RomanSH
    /LatinoPal5DemiItalicSH
    /LatinoPal5DemiSH
    /LatinoPal6BoldItalicSH
    /LatinoPal6BoldSH
    /LatinoPal7ExtraBoldSH
    /LatinoPal8BlackSH
    /LatinoPalCond4RomanSH
    /LatinoPalCond5DemiSH
    /LatinoPalCond6BoldSH
    /LatinoPalExptRomanSH
    /LatinoPalSwashSH
    /LatinWidD
    /LatinWide
    /LeeToscanini3LightSH
    /LeeToscanini5RegularSH
    /LeeToscanini7BoldSH
    /LeeToscanini9BlackSH
    /LeeToscaniniInlineSH
    /LetterGothic12PitchBT-Bold
    /LetterGothic12PitchBT-BoldItal
    /LetterGothic12PitchBT-Italic
    /LetterGothic12PitchBT-Roman
    /LetterGothic-Bold
    /LetterGothic-BoldItalic
    /LetterGothic-Italic
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Regular
    /LibrarianRegular
    /LinusPSMT
    /Lithograph-Bold
    /LithographLight
    /LongIsland
    /LubalinGraphMdITCTT
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /LydianCursiveBT-Regular
    /Magneto-Bold
    /Mangal-Regular
    /Map-Symbols
    /MarcusHobbesSH
    /Mariah
    /Marigold
    /MaritaMedium-HMK
    /MaritaScript-HMK
    /Market
    /MartinMaxxieSH
    /MathTypeMed
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /MaudeMeadSH
    /MemorandumPSMT
    /Metro
    /Metrostyle-Bold
    /MetrostyleExtended-Bold
    /MetrostyleExtended-Regular
    /Metrostyle-Regular
    /MicrogrammaD-BoldExte
    /MicrosoftSansSerif
    /MikePicassoSH
    /MiniPicsLilEdibles
    /MiniPicsLilFolks
    /MiniPicsLilStuff
    /MischstabPopanz
    /MisterEarlBT-Regular
    /Mistral
    /ModerneDemi
    /ModerneDemiOblique
    /ModerneOblique
    /ModerneRegular
    /Modern-Regular
    /MonaLisaRecutITC-Normal
    /Monospace821BT-Bold
    /Monospace821BT-BoldItalic
    /Monospace821BT-Italic
    /Monospace821BT-Roman
    /Monotxt
    /MonotypeCorsiva
    /MonotypeSorts
    /MorrisonMedium
    /MorseCode
    /MotorPSMT
    /MSAM10
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MSReference1
    /MSReference2
    /MTEX
    /MTEXB
    /MTEXH
    /MT-Extra
    /MTGU
    /MTGUB
    /MTLS
    /MTLSB
    /MTMI
    /MTMIB
    /MTMIH
    /MTMS
    /MTMSB
    /MTMUB
    /MTMUH
    /MTSY
    /MTSYB
    /MTSYH
    /MT-Symbol
    /MTSYN
    /Music
    /MVBoli
    /MysticalPSMT
    /NagHammadiLS
    /NealCurieRuledSH
    /NealCurieSH
    /NebraskaPSMT
    /Neuropol-Medium
    /NevisonCasD
    /NewMilleniumSchlbkBoldItalicSH
    /NewMilleniumSchlbkBoldSH
    /NewMilleniumSchlbkExptSH
    /NewMilleniumSchlbkItalicSH
    /NewMilleniumSchlbkRomanSH
    /News702BT-Bold
    /News702BT-Italic
    /News702BT-Roman
    /Newton
    /NewZuricaBold
    /NewZuricaItalic
    /NewZuricaRegular
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NigelSadeSH
    /Nirvana
    /NuptialBT-Regular
    /OCRAbyBT-Regular
    /OfficePlanning
    /OldCentury
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OpenSymbol
    /OttawaPSMT
    /OttoMasonSH
    /OzHandicraftBT-Roman
    /OzzieBlack-Italic
    /OzzieBlack-Regular
    /PalatiaBold
    /PalatiaItalic
    /PalatiaRegular
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /PalmSpringsPSMT
    /Pamela
    /PanRoman
    /ParadisePSMT
    /ParagonPSMT
    /ParamountBold
    /ParamountItalic
    /ParamountRegular
    /Parchment-Regular
    /ParisianBT-Regular
    /ParkAvenueBT-Regular
    /Patrick
    /Patriot
    /PaulPutnamSH
    /PcEncodingLowerSH
    /PcEncodingSH
    /Pegasus
    /PenguinLightPSMT
    /PennSilvaSH
    /Percival
    /PerfectRegular
    /Pfn2BlackItalic
    /Phantom
    /PhilSimmonsSH
    /Pickwick
    /PipelinePlain
    /Playbill
    /PoorRichard-Regular
    /Poster
    /PosterBodoniBT-Italic
    /PosterBodoniBT-Roman
    /Pristina-Regular
    /Proxy1
    /Proxy2
    /Proxy3
    /Proxy4
    /Proxy5
    /Proxy6
    /Proxy7
    /Proxy8
    /Proxy9
    /Prx1
    /Prx2
    /Prx3
    /Prx4
    /Prx5
    /Prx6
    /Prx7
    /Prx8
    /Prx9
    /Pythagoras
    /Raavi
    /Ranegund
    /Ravie
    /Ribbon131BT-Bold
    /RMTMI
    /RMTMIB
    /RMTMIH
    /RMTMUB
    /RMTMUH
    /RobWebsterExtraBoldSH
    /Rockwell
    /Rockwell-Bold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /RomanC
    /RomanD
    /RomanS
    /RomanT
    /Romantic
    /RomanticBold
    /RomanticItalic
    /Sahara
    /SalTintorettoSH
    /SamBarberInitialsSH
    /SamPlimsollSH
    /SansSerif
    /SansSerifBold
    /SansSerifBoldOblique
    /SansSerifOblique
    /Sceptre
    /ScribbleRegular
    /ScriptC
    /ScriptHebrew
    /ScriptS
    /Semaphore
    /SerifaBT-Black
    /SerifaBT-Bold
    /SerifaBT-Italic
    /SerifaBT-Roman
    /SerifaBT-Thin
    /Sfn2Bold
    /Sfn3Italic
    /ShelleyAllegroBT-Regular
    /ShelleyVolanteBT-Regular
    /ShellyMarisSH
    /SherwoodRegular
    /ShlomoAleichemSH
    /ShotgunBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SignatureRegular
    /Signboard
    /SignetRoundhandATT-Italic
    /SignetRoundhand-Italic
    /SignLanguage
    /Signs
    /Simplex
    /SissyRomeoSH
    /SlimStravinskySH
    /SnapITC-Regular
    /SnellBT-Bold
    /Socket
    /Sonate
    /SouvenirITCbyBT-Demi
    /SouvenirITCbyBT-DemiItalic
    /SouvenirITCbyBT-Light
    /SouvenirITCbyBT-LightItalic
    /SpruceByingtonSH
    /SPSFont1Medium
    /SPSFont2Medium
    /SPSFont3Medium
    /SpsFont4Medium
    /SPSFont4Medium
    /SPSFont5Normal
    /SPSScript
    /SRegular
    /Staccato222BT-Regular
    /StageCoachRegular
    /StandoutRegular
    /StarTrekNextBT-ExtraBold
    /StarTrekNextPiBT-Regular
    /SteamerRegular
    /Stencil
    /StencilBT-Regular
    /Stewardson
    /Stonehenge
    /StopD
    /Storybook
    /Strict
    /Strider-Regular
    /StuyvesantBT-Regular
    /StylusBT
    /StylusRegular
    /SubwayRegular
    /SueVermeer4LightItalicSH
    /SueVermeer4LightSH
    /SueVermeer5MedItalicSH
    /SueVermeer5MediumSH
    /SueVermeer6DemiItalicSH
    /SueVermeer6DemiSH
    /SueVermeer7BoldItalicSH
    /SueVermeer7BoldSH
    /SunYatsenSH
    /SuperFrench
    /SuzanneQuillSH
    /Swiss721-BlackObliqueSWA
    /Swiss721-BlackSWA
    /Swiss721BT-Black
    /Swiss721BT-BlackCondensed
    /Swiss721BT-BlackCondensedItalic
    /Swiss721BT-BlackExtended
    /Swiss721BT-BlackItalic
    /Swiss721BT-BlackOutline
    /Swiss721BT-Bold
    /Swiss721BT-BoldCondensed
    /Swiss721BT-BoldCondensedItalic
    /Swiss721BT-BoldCondensedOutline
    /Swiss721BT-BoldExtended
    /Swiss721BT-BoldItalic
    /Swiss721BT-BoldOutline
    /Swiss721BT-Italic
    /Swiss721BT-ItalicCondensed
    /Swiss721BT-Light
    /Swiss721BT-LightCondensed
    /Swiss721BT-LightCondensedItalic
    /Swiss721BT-LightExtended
    /Swiss721BT-LightItalic
    /Swiss721BT-Roman
    /Swiss721BT-RomanCondensed
    /Swiss721BT-RomanExtended
    /Swiss721BT-Thin
    /Swiss721-LightObliqueSWA
    /Swiss721-LightSWA
    /Swiss911BT-ExtraCompressed
    /Swiss921BT-RegularA
    /Syastro
    /Sylfaen
    /Symap
    /Symath
    /SymbolGreek
    /SymbolGreek-Bold
    /SymbolGreek-BoldItalic
    /SymbolGreek-Italic
    /SymbolGreekP
    /SymbolGreekP-Bold
    /SymbolGreekP-BoldItalic
    /SymbolGreekP-Italic
    /SymbolGreekPMono
    /SymbolMT
    /SymbolProportionalBT-Regular
    /SymbolsAPlentySH
    /Symeteo
    /Symusic
    /Tahoma
    /Tahoma-Bold
    /TahomaItalic
    /TamFlanahanSH
    /Technic
    /TechnicalItalic
    /TechnicalPlain
    /TechnicBold
    /TechnicLite
    /Tekton-Bold
    /Teletype
    /TempsExptBoldSH
    /TempsExptItalicSH
    /TempsExptRomanSH
    /TempsSwashSH
    /TempusSansITC
    /TessHoustonSH
    /TexCatlinObliqueSH
    /TexCatlinSH
    /Thrust
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldOblique
    /Times-ExtraBold
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Oblique
    /Times-Roman
    /Times-Semibold
    /Times-SemiboldItalic
    /TimesUnic-Bold
    /TimesUnic-BoldItalic
    /TimesUnic-Italic
    /TimesUnic-Regular
    /TonyWhiteSH
    /TransCyrillic
    /TransCyrillic-Bold
    /TransCyrillic-BoldItalic
    /TransCyrillic-Italic
    /Transistor
    /Transitional521BT-BoldA
    /Transitional521BT-CursiveA
    /Transitional521BT-RomanA
    /TranslitLS
    /TranslitLS-Bold
    /TranslitLS-BoldItalic
    /TranslitLS-Italic
    /TransRoman
    /TransRoman-Bold
    /TransRoman-BoldItalic
    /TransRoman-Italic
    /TransSlavic
    /TransSlavic-Bold
    /TransSlavic-BoldItalic
    /TransSlavic-Italic
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /TribuneBold
    /TribuneItalic
    /TribuneRegular
    /Tristan
    /TrotsLight-HMK
    /TrotsMedium-HMK
    /TubularRegular
    /Tunga-Regular
    /Txt
    /TypoUprightBT-Regular
    /UmbraBT-Regular
    /UmbrellaPSMT
    /UncialLS
    /Unicorn
    /UnicornPSMT
    /Univers
    /UniversalMath1BT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Italic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-CondensedOblique
    /UniversExtended-Bold
    /UniversExtended-BoldItalic
    /UniversExtended-Medium
    /UniversExtended-MediumItalic
    /Univers-Italic
    /UniversityRomanBT-Regular
    /UniversLightCondensed-Italic
    /UniversLightCondensed-Regular
    /Univers-Medium
    /Univers-MediumItalic
    /URWWoodTypD
    /USABlackPSMT
    /USALightPSMT
    /Vagabond
    /Venetian301BT-Demi
    /Venetian301BT-DemiItalic
    /Venetian301BT-Italic
    /Venetian301BT-Roman
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /VinetaBT-Regular
    /Vivaldii
    /VladimirScript
    /VoguePSMT
    /Vrinda
    /WaldoIconsNormalA
    /WaltHarringtonSH
    /Webdings
    /Weiland
    /WesHollidaySH
    /Wingdings-Regular
    /WP-HebrewDavid
    /XavierPlatoSH
    /YuriKaySH
    /ZapfChanceryITCbyBT-Bold
    /ZapfChanceryITCbyBT-Medium
    /ZapfDingbatsITCbyBT-Regular
    /ZapfElliptical711BT-Bold
    /ZapfElliptical711BT-BoldItalic
    /ZapfElliptical711BT-Italic
    /ZapfElliptical711BT-Roman
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZappedChancellorMedItalicSH
    /ZurichBT-BlackExtended
    /ZurichBT-Bold
    /ZurichBT-BoldCondensed
    /ZurichBT-BoldCondensedItalic
    /ZurichBT-BoldItalic
    /ZurichBT-ExtraCondensed
    /ZurichBT-Italic
    /ZurichBT-ItalicCondensed
    /ZurichBT-Light
    /ZurichBT-LightCondensed
    /ZurichBT-Roman
    /ZurichBT-RomanCondensed
    /ZurichBT-RomanExtended
    /ZurichBT-UltraBlackExtended
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


