
 Procedia CIRP   11  ( 2013 )  363 – 366 

Available online at www.sciencedirect.com

2212-8271 © 2013 The Authors. Published by Elsevier B.V.
Selection and peer-review under responsibility of the International Scientifi c Committee of the “2nd International Through-life 
Engineering Services Conference” and the Programme Chair – Ashutosh Tiwari
doi: 10.1016/j.procir.2013.07.030 

ScienceDirect

 

*

A

A
e
a
l
F
o
b
F
 
©
S
S

 

1

f
w
T
c
b
m
t
s
t
a
b
i
p
p
d

C

* 

A

A
el
an
la
FS
of
be
FS

©
Se
Se

F

1.

fo
w
T
co
bu
m
tim
sp
tu
au
be
im
pr
pl
de

C

C

Ab

A f
le
nd
an
SM
f 
eh
SM

© 2
el
er

Fin

. I

ou
wo

h
on
ui

me
m
pe
ur
ut
eh
mp
ro
la
es

C

Cor

bst

fin
ct
d 
ngu
M
u

ha
M

20
le
rv

nit

In

In
un
or
he 
nt
il
em
me
ec
rn
to
ha
p
og
atf
si

r

rr

tr

ni
tri
r
ua

M 
si

av
M 

01
ct

vic

te

nt

n 
nd
rk
 t
tr
d

mo
e 
ct
n 
om
av
le
gr
fo
ig

re

res

ra

ite
ic
es
ag
is
in
vio
im

13
tio
ce

e S

tr

t
d 

kin
tr

ro
din
or
m

tru
c

m
vi
em
ra
or
gn

ea

sp

ac

e 
ca
st
ge
s t
ng
or
mp

3 T
on
es

Sta

ro

to
i

ng
ra
ll
ng
ry
m
um
cr
ob
io
m
am
rm
ne

a

po

ct 

st
al 
tri
es
th

g m
r, 
pl

Th
n 
s C

at

od

od
in
g 
an
le
g 
y 

ma
m
ro
b

or
me
mm
m
er 

at

ond

ta
sy

ict
s. 
he
m
e
le

he
a

Co

te 

du

da
n 

a
ns
ed

b
[

ak
m 
oss
il

r 
n
m
s.
o

ti

di

ate
ys
ti
In
n 

mem
ev
em

e 
nd
on

m

uc

ay
al

at 
it

d b
blo
1

ke
o
se
le
is

nta
ma
. 
of

in

in

e 
st
on
n 
a

m
ven
me

A
d 
nf

ma

ct

y’
lm
o

tio
by
o
].

es 
of 
es

es 
s 
at
ab
T

f t

n

g 

m
em
ns
t

ab
mo
n 
en

Au
p

fe

ach

ti

s 
m
on
on
y 
ck
. T

e
s, 

tio
ble
Th
th

g

P

ma
m
s 
th
ble
ory

in
nta

uth
pe
ere

hi

o

d
mo
nly
n 
in
ks
T
is

ev

[
g
on
e 

he
he

g 

Ph

ac
ms 

f
is
e 
y 
n 
at

ho
eer
en

in

n

di
ost
y 
f

np
s 

Th
s 
ve
v
2
o
n 

e 
e 

a

ili

ch
 b

for
s p
to
b
th

tio

or
r-
nc

ne;

n 

g
t 
o

fr
p
o

his
p

er
vo
].
in

lo
d
sy

a

ip

hin
ba
r 
pa
o 
ba
he
on

rs
-re
ce

; M

it
a

on
ro
u

of
s 
po

ry
oic
. 
ng

o
og

de
ys

a 

pp

ne
as

th
ap
se

as
e 
n.

s. 
ev

e" 

M

ta
all
ne
om
ut 
f a
c
o

y d
ce
I

g 
of
gi
si
st

S

 S

e 
ed
he
pe
el
ed
e
 

P
vi
a

Mem

al 
l 
e 
m 

s
an
co
ss
da
e 
In

t
f 
ic
ig
te

S

Sc

(F
d 
e 
er
lf-
d 
v

Pu
ew

an

m

e
d
si
o

ti
n 
on
si
ay

n 
to

c 
gn
m

e

chi

FS
o
h

r w
-c
l

en

ub
w

nd

mor

en
dig
in
on
im
F

nc
ib
y 
sy
t

o 
a
d

n 
m.

el

ie

SM
on
ha
w
co
oo
nt

li
w u

th

ry

nv
gi
ng
ne

mu
FS
ep

ble
a

ys
th

b
an
de
im
 I

lf

efe

M
n p
ard
e 
n
ok
t o

sh
un
he

y L

vir
it
gl
e 
ul
SM
p
e 
ap
st

hi
be
n 
ev
m
If

f-

er

M)
pr
dw
in

fi
k-
of

he
nd
e 

Lo

ro
ta
le 

s
lu
M
t 
t

pp
te
s 
e 

vi
mp
f a

2

f-

. T

 i
ro
w
nt
ig
-u
f s

ed
de
P

oo

on
l 
 a
st
us

M 
o
to

pl
em

F
ic
pl
an

2n

C

Te

is 
og
wa

tr
gur
up
si

d b
er 
Pro

ok

nm
s

ac
at

s a
co

of 
o 
ic

ms
p
u

FS
e 

lem
n 

nd

C

el

o
ra

are
ro
re

p t
in

by
r

og

k-U

m
sy
ct
te
an
on

f o
u

ca
s 

pa
use
SM

m
F

d 

Co

P

.: 

on
am
e 
du
e t
ta

ng

y 
es
gr

Up

me
ys
iv
e 
nd
n
on
us
ati

ap
ed
M
(P

me
FS

In

o

Ph

+

ne
mm
a
uc
th

ab
le

E
sp
ra

p 

en
ste
ve
to

d 
ta
nl
se
io
or

pe
d 

M 
P
en
SM

n

n

h

+4

e o
m

an
ce
he
ble
e e

Els
po
am

T

nt 
em
e 
o 
s

ai
ly
e 
on
r 

er 

PL
nt
M

nte

nf

il

4 

of
ma
nd 
e 
e c
e 
er

se
on
mm

Tab

f
m
st
a

sto
in
y h

F
n 

a
c

LD
ta

M 

er

fi

li
a

1

f t
ab

s
th
co
(L

rro

ev
ns
m

bl

fin
ms 

ta
an
or

n d
ha
F
s
sa
a

as 
ca
D)
ti
is

rn

fig

ip
aD

9

th
ble
so
he
om
LU
or

vie
ib

me 

le

ni
d

ate
no
re
de
av
S
u
af

a 

an
) 
io
s 

na

g

pp
Du

1 

he
e 
of
e 
mb
U
r 

er
bi
C

s 

ite
du
e 
ot
ed
ec
vi
M

uc
fe
s
a

n 
o

on
g

a

gu

p 
ur

3

e m
lo

ftw
co
bi

UT
ev

r B
li

Ch

e 
u
o
th

d i
ci
in

M
h

ety
so
an

or
n 
go

ti

u

S
rha

34

m
og
w
on
in

T)
ve

B
ty
ha

s
e 

or
he
in
is
ng
s 

h a
y 

od
n 

b
r 
d

oin

io

ur

S
am

4 

mo
gic
ar
nc

na
 F
en

.V
y 
air

sta
t

r i
er
nf
io
g 

t
as

da
e

be
c

dep
ng

on

ri

c
m 

24

ost
c 
re
ce

ato
FS
nt

V.
of
r –

at
to
in
r 
fo
on
o
to
s 
c

a 
ex
e 
co
p
g 

na

in

ch
U

41

t u
d

e 
ep
or
SM
ts 

. 
f t
– 

te
o 
ns
st

orm
n 
on
o 
v

cri
v

xa

om
en
t

a

n

hi
Un

18

us
dev
d

pt 
ria
M
(

th
A

e m
th

str
ta
m
m

ne
c

ve
it
ve
am

d
m
n
to

l 

ng

ie
niv

8; 

se
vi
es
o

al 
M 

S

he
As

m
he
ru
ate
ma
ma
e a
co
n
ic
en

mp
do

mb
d
 b

T

g

ef
ve

fa

ed
ic
si
of 

l
is
E

e I
sh

ma
e 
uc
e 
at
ak
ac
on

nd
ca
nd
pl
on
bi
s 
be

Th

g 

fe
ers

ax

d d
ce
ign
f a
lo
s 

EE

In
hu

ac
f

cti
o

tio
ki
ct
nt

din
al 
di
le
ne
n
o

e 

h

F

er
si

x: 

di
s 
n
a 
gi
th

E)

nte
uto

ch
fix
io
of
on
in
tiv
tr
ng

in
e 
e 

na
on
p

ro

Fi

ra

ty

+

ig
(P
. 
se
ic
ha
. A

er
os

hin
xe
on
f 
n.
ng
ve
ro
g 
s

ng
F

to
n 
pr

o

in

a*
y, S

+44

git
PL
In
el

c o
at 
A

rn
sh

n
ed
n 
a

. T
g 
e 

ol 
m

sy
g 
FS
w

or
t

o

u

n

*,
So

4 

ta
L
n 
lf-
of
w

A h

nat
h T

es
d 
a

a 
T
lo
s
a

m
yst

m
SM
w
ria
th
g

ug

ni

, 
ou

1

al 
LD

r
f-c
f t
we
hi

ti
T

s 
w

t 
F
h
og
sta
a 

ma
te
m
M

wit
al

he
ra

gh

it

R
uth

9

lo
D)
re
co
th
el
ig

on
iw

c
w
a

FS
he 
gi
at

ch
em

ma
M.
th
l 
 a
am

h-

te

Ri
h 

1 

og
o

g
on
his
ll 
gh

na
wa

ca
wa

t
SM

b
ic
te
w
hi
m
ac
. 

hin
l

ac
m

-l

e
T

ic
R

33

gi
or
ar

nfi
s F
e

h l

al
ar

an
ay
tim
M
ba
c a
 a

wi
in
s 

ch
T

n 
lo
ct

mm

li

e 
T

ch
Ro

34

ic 
r c
rd
ig
F

est
le

l S
ri.

n b
y 
m

M 
as
an
at
id
ne

hin
Th

og
tu
me

fe

S
Ta

h
ad

4 

a
co
ds
gu
S
ta
v

Sc
. 

be
o

me
i

sic
nd
t a
dth
es
in
ne
he

a
gic
ua
ed

fe 

S
a

ha
d,

24

ap
om
s o
uri
M

ab
el

ci

e 
of 
e. 
s 
c 
d 
a 
h 
s, 
n 
e 
e 
a 
c 

al 
d 

E

t
ab

ar
 D

40

pp
mb
of
in

M 
bli
l h

en

f

E

a
b

rd
Du

 

08

pli
bi
f 

ng
re

ish
ha

nt

En

at
bl

d 
ur

8. 

ic
in
c

g F
eq
he
ar

tif

ng

te
le

M
rha

E

cat
na
co
FS
qu
ed
rd

fi

w
s
s
c
o
[3
m
F
c
w
im
lo
u
d
o
a
In
u

gi

e 
es

M
am

E-m

tio
to
di
SM
uir
d 
dw

c 

wi
am
y

co
ou
3]

mi
FP
co
wi
m
og

us
de
off
an
n 

un

in

M
s

Mc
m,

ma

on
or
in
M
re
d

wa

C

ith
m
st

om
utp
].
ic
PG
om
ith

mp
gi
e 

ev
ffe
nd

t
niq

ne

M
 

cW
, D

ai

ns
ria
ng

M 
ed
da
ar

Co

h 
me
te

mb
pu
. 
cr
G
mb
hi
pl
ic

ve
er
d t
th
qu

ee

M

W
DH

il 

s 
al 
g, 
b

d t
ata
e 

om

a
e 
em
bi
ut
P

ro
A
bi
in
em

c 
li

elo
rs
th

his
u

er

M

W
H

ad

in
l
F

ba
to
a 
d

mm

an
l

m 
in
ts
PL
c

A 
in
n 
m
b
ib
op
 l

hi
s 
e 

ri

a

Wi
H1 

dd

n 
og
FS
se

o p
er

de

m

ny
an
w

ne
s 
L
o
b

na
t

me
ba
br
pm
lim
s 
p
h

in

ac

ll
3

dr

to
gi
SM
ed
pe
rr

esi

mit

y 
n
w
ed
(S

LD
n
ba
ati
th
en
ase
ar
m
m
i

pa
ha

ng

c

li
3L

res

od
ic
M
d 
er
ro
ig

tte

t
g

wil
d 
S

D 
ntr
as
io
he
nt
ed
ry

me
mit

s 
ap
ar

g 

ch

ia
LE

ss

da
c p

M 
on
rfo
or 
gn

ee

ty
u
ll 
si
C

ro
se
on
e 
tat
d 
y 
en
te
th

pe
rd

S

h

am
E, 

s: 

ay
pl
c
n 

for
c

n o

e 

yp
ua

f
in

CO
b

oll
ed
n 

c
ti
p
i

nt 
ed
h

er 
dw

Se

in

m
U

ph

y’s
at
an
c

rm
co
of

of

pe
g
fo
ng
O)
a
le
d 

o
ch
o

pl
im

s
d p
e 
a

wa

er

n

m,
Un

hi

s 
tf
n 
co
m 
rr
f t

f t

e 
e 

oll
gl
), 
se

er 
p

o
hi

on
la
mp
so
p
r

a s
ar

rv

ne

, A
ite

ili

e
fo

b
od

th
re
th

th

o
w

lo
le 
 a
ed
r s
p
f 
ip

n 
atf
p
of
o

re
so
re

vi

e

A
ed

ipp

ele
rm
be
din
he

ec
his

he

of
w
ow

p
an
d 
sy
la

p 
w

fo
le
ftw

oss
ea
ol
e 

ic

e 

Al
d K

p.

ec
m
e 
ng
e 
ti
s 

e "

f 
wi
w 
pr
nd

ys
at
c
[

wi
or
em
w
si
so
lu
d

ce

o

la
K

.sc

ctr
ms.

c
g 
co
on
F

"2

d
ll
o

ro
d 
im

ste
tfo
o
[4
ill
rm
m

wa
ib
on
ut
de

es

ou

an
Kin

ch

ric
. B

co
d
om
n 

FS

2n

de
l 
on
oc

s
m
em
or

om
4-
l 

m.
me
ar
bil
n 
io

es

s 

u

n
ng

hie

ca
B
d

da
m
m

SM

nd 

sc
n
ne
ce
st

mp
m
rm

mb
-5

b
. F
n

re 
li
w

on
sig

C

ut

n P
gdo

ef

al
ot
ed

ata
mp
m
M 

In

cr
no
e 
es
ta
pl

m p
m
bi

5]
be
F

nta
t

ti
wh
n 
gn

Co

t 

P
om

fer

s
th
d 
a a
pu
et
w

nt

rip
ot 

o
s 
te
em
p
s 
in
. 
e 
P
at
to
ie
hy
fo
n 

o

o

Pu
m 

r@

sy
h p

i
as

uls
th
wi

ter

pt
l

of 
(

e 
m
la

na
I
d

PG
tio
oo
s 
y 

for
w

on

o

ur

@

ys
pl
in
s 
so
ho
ill

rn

ti
lo
f t
(C
s

me
at
h

ato
In
do
GA
on
ol
t
i

r 
w

nf

of

rv

du

te
la
 a
m

ory
od
l b

na

io
oo
th
CS
se
en
tfo
ha
or
n 
on
A
ns
s 

to
it 
s

wit

fe

f 

vi

ur

em
atf
al

me
y 

ds 
be

ati

on
ok
he
SP
p

nt
for
av
ri
t

ne
As
s 

[
 i
w

sh
th

er

M

is

rh

ms
fo
lte
em
s
c

e 

io

n 
k 
e t
P)
ar

ta
rm

ve
ia
th
e 
 c
o

[3
im
wi
ho
h 

re

M

s 

am

s. 
orm
er
mo
sta
ca
p

on

la
t

th
),
ra

ati
m
e 
al 
hi

o
ca
of
3-
mp
il

ow
m

en

M

m

A
m
rn
or
at
an
pre

na

an
th
hr
, s
at
io

m o
t

is 
on
an
f 
-4
pr
l 

wi
m

nc

Me

m.a

An
ms 
nat
ry
e 

n b
es

al 

ng
he 
re
st
te
on
or
th
lo

n 
n 
F

4]
ro
n
in
in

ce

em

ac.

n 
f

tiv
y 
se

be
se

T

gu
s

e 
ta
d

n 
r 

he 
og
p
a
b

FS
. 
ov
no
ng
ni

e 

m

.u

F
for
ve
lo
eq
e 
nt

Th

ua
sa
c

te
d r

c
in

gi
pa
a 
be
SM
A

ve
ot 
g a
m

m

uk 

FS
r 
es
oo
qu
a

nte

hro

ag
am
co
e 
re
ca
n 
a

ic
ap

P
e 
M
An
e 
p
an

ma

mo

SM
a

s 
ok
ue

app
ed

ou

ge
m
om
s

eg
an
a

ad
c 
pe
PL
p

Ms
n 
o

pa
n 
al

o

M
a F

st
k-u
en
pl

d i

ug

e 
me
m
sep
gi
n 
an
dv

a
er 
L

pro
s 

F
or 
ar

a
l 

or

M c
FS
ty
up
nc
li
in

gh

t
e. 

mm
p
ist

n F
va
an

LD
ov
t

FP
a

rt 
ap
c

ry

ca
SM
yl
p 
ce
ed

n c

h-

tw
T

mo
ar
te
b
FP
an
nd
th

D 
vi
th
P

alt
o

pp
co

y

an
M
es
t

e. 
d 
co

-li

wo
Th
on
ra
er
be
P

nt
d 
he
a

id
ha
G
te

of 
pr
on

y 

n b
M c

s 
tab
T
to

om

ife

o 
h
nl
at
re
 

PG
ag

e 
an
de
at 
GA
er
f t
ro
ntr

L

be
co
a

bl
Th
o 
mp

e E

s
e 
ly
te
d 
d

GA
ge
m

nd
ed

a
A 

t
h

oa
ro

L

e 
on
an
le

he 
p
pa

E

so
c

y 
d 
o

do
A 
e 

me
fo
d 
d 
ar

b
th
is

ach
oll

Lo

im
nt
nd
es.

p
pr
ar

En

ol
co
u

d c
ou
on

A b

em
foc

c
w
re
b

he
s 
h
li

o

m
ai

d p
. T
pr
rot
ri

ng

lu
od

us
co
u
ne
ba
o

m
cu
co

wi
e 
as

e g
in

h o
in

o

mp
in
pr
T

rim
te
so

in

uti
di
e
om
tp
e 
as
of 

mo
us
om
ith
p

se
gi
nv
of

ng

ok

  

ple
n a
ro

Th
m
ec
on

ne

io
in
d 
m
pu

se
f
ory
s 
m
h 
pa
ed
iv
ve
f 

g 

k

em
ad
og
e 
ar

ct 
n 

ee

on
ng

m
mb
ut
w

ed
h
y 

mb
r

ar
d 
ve
es
cr
lo

k-

m
dv
gra

r
ry
th
to

eri

ns
g 
m
bin
ts

wi
d 
ha

o
bin
re
rt 

s
en
st
re
og

-U

en
va
am
re
y b
he
o 

in

s 
o

me
n
 (
ith
sy

av
f
f 
n

ea
o

so
n d
ig
ea
gi

U

nt
an
m
su
be
e 
a 

ng

in
of
eth
at
(S
h 
ys

vin
fa

at
ad
of
olu
de
ga
at
ic

U

ted
nta

mm
ult
en
F
P

n 
f 
ho
to
SR

st
ng
ci
F
to

dy
f 
ut
es
at
in

c 

Up

d 
ag

mi
ti

ne
FS
PL

t
th
od
or
R
a

te
g 
ili

FS
or
y-t

t
ti
si
io
ng
a

p

i
ge
in
in
ef
SM
LD

th
hi
ds
ria

RO
an
em

it
SM
ria
to
th
io
ig
on
g 
an

 

in 
es 
ng 
ng 
fit 
M 
D 

he
is
s:
al

O)
ny
m.

a
ty
M
al
o-
he
on
gn
n.
a

nd

e 
s 
: 
l 
) 
y 
. 
a 
y 

M 
l 
-
e 
n 
n 
. 
a 
d 

© 2013 The Authors. Published by Elsevier B.V.
Selection and peer-review under responsibility of the International Scientifi c Committee of the “2nd International Through-life 
Engineering Services Conference” and the Programme Chair – Ashutosh Tiwari 

Open access under CC BY-NC-ND license.

Open access under CC BY-NC-ND license.

http://creativecommons.org/licenses/by-nc-nd/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/


364   Philipp Schiefer et al.  /  Procedia CIRP   11  ( 2013 )  363 – 366 

m
m
ex
p

2

p
u
c
a
H
si
o
re
c
a 
p
o
o
d
u
o
h
b

 

me
me
x
er

. 

ro
use
o
ss

HD
in
u
eg
an
C

ro
u
u

dia
use

u
ha

lo

em
em
ec
rf

D

F
og
ed
d
so
D
ng
utp
gi
nn
C
oc

utp
utp
ag
es

utp
d
oc
 

m
m
cu
fo

Di

Fo
gr
d 

din
oc
L

gl
pu
is
no

CS
ce
pu
pu
gr
s 
pu

d b
ck

F

mo
mo

ut
or

iff

or
ra
t

ng
ci

L 
e 
ut
te
ot

SP
es
ut
ut
ra
a

ut
b
k 

Fi

ory
ory
ti
rm

ffe

r 
am
to
g 
ia
im
p

t 
er
t 

P 
ss
ts
t 
am
a 
t o
ee
d

ig

F

y 
y 
o

ma

er

c
m
o 
m
te
m
pr
o
r. 
b
i

se
s a

r
m 
tw
o
en

dia

. 2

ig

u
n
an

re

co
mm

d
me
ed

mp
ro
f 
D

be
s 

es 
ar
re

c
w
f 
n 
ag

2 

g. 

L
us

n 
nc

en

od
mi
do
et
d 
pl
oc

th
D
e e

i
i

re
eg
ca

wo
th
i

gr

Fi

C

3 

LU
sa

t
ce

nt

di
in

o 
th
w

le
ce
h

Du
ea
ill
in
e 
gis
an
o 
he
in
ra

ig

Cod

C

UT
ag
ti
e. 

t c

in
ng
so

ho
w
m

es
e 

ue
as
lu
ns
g
st
n 
p
e 
nf
am

g. 

di

Co

T
ge
m

co

ng
g 
o:
od

wit
me
s 
F

e t
sil
us
ste
ge
ter
b
ro
o

fe
m 

1 

in

od

T 
e 

me

od

g 
la

: 
ds
th
en
f

FS
to
ly

str
ea
n
r 

be
oc
ou
rr
o

C

ng 

din

w
a

e 

di

a
an
C

s l
h 
nt
for
SM
o 
y 
ra
ad

ner
g

e 
ce
utp
re
of

Co

st

ng

wi
an

in

an
ng

CS
lik
s

ta
r 
M
t
sy

ate
d 
ra
ge
s

es
p

ed
f t

od

ty

g s

ill
nd

w

ng

n 
gu
SP
k
p

ati
c

M.
th
yn
ed
o

at
et

se
ss
u

d 
th

din

yle

sty

l 
d 
wi

g 

ua
P,
e 

pe
io
co
. T

his
n
d 
of
te
ts
en

s 
ut 

o
his

ng

e s

yl

b
e
il

st

F
ag
, 
O
ci

on
on
T
s 

nth
i

f o
ed
s 
n 
m
s

ou
s 

g s

sta

e 

be
ex
l 

ty

FS
ge
S

On
if

n 
ntr
Th

s
he
in
on

d d
u
i

me
ig

ut 
c

sty

at

st

e 
xe

yl

SM
e 

SC
n
fic
[

ro
he
sto
es
n 
nl
di
us
in
et
gn

o
o

yl

te 

ta

p
ecu

b

le

M
t

CO
ne
c 
3

ol
ese
or
siz
F
ly
ir
se
n 
th
na
of

od

e 

se

te

pr
u

be

s 

M 
th
O
-H
h

].
lli
e 
rin
ze

Fig
y 
re
ed

F
ho
al
f 

din

co

ep

e s

re
ti

e 

f

w
he

O, 
H
ha
. 
in
o
n
ed
gu
o
ct

d 
Fi
od
l w
t

ng

om

pa

sep

es
io

fo

w
er

a
Ho

ar
T

ng
ou
ng
d 
ur

on
tl
in
g

d 
w
th
g 

mb

ara

pa

se
on

u

or

wit
re 
an
ot 
rd
Th
g b
ut
g 

b
re

ne
ly
n 

gu
an

wil
he

m

bi

ate

ar

n
n 
us

r F

th

nd
o

dw
he
bo
tp
o

by
e 
e 
y o

ure
n
ll 

e 
me

in

ed

rat

nte
ti
e

FS

h 
ar

d 
or
wa
e 
ot

pu
f 

y 
1
u
ou
th
e 
d
b

o
et

ned

d c

te

ed
im
d 

S

re
S

r G
ar
C

th
uts

t
so

1. 
use
ut
he
2

d u
be
u
th

d 

co

d 

d.
me

M

th
e 
SR
G
re
C
h 
s 
th
of
T

ed
t 
e 
2.
us
e 

utp
ho

si

om

re

 
es
t

Ms

he
t

RO
Gra
e 
S
th
o

he
ft
T
d 
o
c

. 
se
d
pu
od

in

mb

eg

C
s 
to

s 

e 
th
O
ay
r
P
he
of 
e 
tw

Th
i

of 
co
T
es

do
ut
d 

gl

bi

gis

Co
a

o 

h
hre
O. 
y 
re
P 
e 
f t
ou

wa
he 
in
f c
od

Th
s 
on
t 
ca

le 

na

ste

om
ar

h
ee
V
e
q
c
st

th
u
ar

S
n t
co
di
he
a

ne
c
an

p

at

er

m
re 
e

he
e 
V
en
qu
co
ta

he
utp
re
S
th
om
in
e 
an
e o
co
n 

pro

tor

red

mp
i

ev

lp
m

Va
nc
uir
od
at
e F
pu
e. 
C
he
m
ng
S

n o
on

om
b

oc

ria

d 

pa
in

va

p 
m

ari
co
re
din
te 
F
ut
A

CO
e 

mb
g 
SR
ou
ne

mb
be

ce

al

ou

ari
nv
alu

me
ia

od
em
ng
t

S
t, 
A 
O 
C

bin
m

RO
u
e 
bi
e s

ess

l o

ut

is
ve
ua

o
eth
ati
din
me
g 
tra

SM
a
b
c

CS
na
m
O
tp
s
in
se

s (

ou

tp

so
es
at

f 
h
io
ng
en

m
an

M 
a 
bl
co
SP
at

me
O 
pu
sta
na
ee

(C

utp

put

on
sti
te

o
on
g 
nt
m
ns
a
F
o
od
P 
to

eth
c
ut
ag
ato
en

CS

pu

ts

n 
ig

e 

a
d

n 
a

ts
me
si
ar
FS
ck
di

s
or
ho
o
t r
ge
or
n 

SP

uts

(

b
ga

t

a 
s 
o

ar
s 
et
ti

re
SM
k 
in
st
ria
od
d
re
e 
ri
in

P)[

s (

SR

be
ate
th

h
c

of 
re 
fo

th
io
e s
M

k d
ng
ty
al
d.

din
eg
la

ia
n 

[3

(S

R

et
ed
he

hi
co

f t
i

for
ho
on
st

M 
di
g 
yle
l l
. 
ng
gi
at

al 
F

3] 

SC

RO

tw
d 
e 

ig
om
th
in
r 

od
ns
to
s

ia
u
e 
lo
A

g 
is
te
l

Fig

CO

O)[

we
a

gh
m
hi
n u

F
d 
s a
or
str
ag
us

a
og
A 

m
te

er 
lo
gu

O)

[3

ee
an
s

h 
mm

s 
us
FP
u

an
ed
ru

gra
e

an
gi

m
er
t

og
ur

)[3

3] 

en
nd
sy

l
m

t
se
P

us
nd
d 
uc
am
s 

nd
ic
b

me
r. 
th
gic
re

3]

n 
d 

yst

le
mo

th
e 
G
e
d 
i

ct
m
t

d 
. 

blo
eth

T
han
c.
e 

 

t
t

te

ev
n

hre
b

GA
s 
th

in
tu

m 
tw
th
N
oc
ho
Th
n 
. 
3

th
th
em

ve
nly
ee
u

As
a

he
n a
ure
o

wo
he

No
ck
od
he
i
A
. 

he
he
m

el 
y 
e 

ut 
s 
a 
e 
a 
e 
f 
o 
e 
o 
k 
d 
e 
it 
A 

 

 

 

 
 

m 

T
a
m
c
o
t
c
c
o
c
s

T
d
s
t
t
t
g

3

i
4
m
s
F

Th
as
m
co
ov
th
co
co
ov
co
str

Th
di
sta
tra
th
tra
ge

3.

m
4 
m
sta
Fi

he
s 

mem
od
ve
he 
on
om
ve
od
ru

he
iff
at
an

his
an
et

 V

W
mp

w
min

at
ig

e 
l

m
din
er
c

ntr
mb
er
din
uc

e 
fe
te
ns
s 
ns
s 

V

W
pl
w
ni
te

gu

g
lit

mo
n

rh
co
ro
b

rh
n
ctu

b
er
e 
si
st
si
c

e

Wi
le

wil
im
e 
ure

go
ttl
or

ng
he
od
ol
in

he
ng
tu

b
ren

m
ti
ta
ti

co

n

it
em
ll

mu
d
e 

oa
le
ry

g 
ea
di
l 
na
ea
g s
ure

lo
n
m
io
at
io
on

nd

th
me
l 
um

dia
5

al 
e 
y 
st
d
in
b

at
d
st
e 

oc
ce

me
on
te 
on
ntr

din

h 
en
b

m
ag
5. 

o
a
L

ty
ds.
ng
bi
to

d c
ty
s

ck
e 

em
n s

p
ns
ro

n

t
nt
be

m 
gr

of
as
LU
yl
. 

g t
it 
ori
ca
yle
h

k 
b

mo
st
po
 a

ol

g

th
ta
e 
c

ra

F

f t
s 
U
le
R
th

w
ia
an
e 

ho

d
be
or
to
oi
an
lle

g m

he 
ati

i
co
am

Fig

th
p

UT
s 

Re
he
w
al 
n 
f
w

di
et
ry

or
in
nd
ed

m

io
im
on
m 

g. 

his
p

Ts
d

ed
e d
wit

b
fo
wn

ia
tw
y 
ed

nt
d 
d 

ma

e
on
mp
ntr

o

5

s r
o
s. 
do

du
da
th
lo
e 
r 
n 

F

ag
we

p
d 
er
th
if

ac

ex
n 
p
ro
of

 B

re
ss

o 
uc
at
hi
og
r
th
in

ig

gr
ee
po
w

r 
h
f r

ch

xa
th
le
ol
f 

Ba

es
si
It
n

cti
ta
in
gi
re
h
n 

g. 

ram
en
o
w
c

his
re

hi

am
he
em
lli
t

as

se
ib
t 
n
io

a s
n 
ic

ed
e 
F

4

m
n 
in

wit
ca
s 
eq

n

mp
e 
m
in
th

ic

ea
ble

b
o

on
st
th

c 
du

F
Fi

4 M

m 
th

nt
th
an
is
qu

ne

pl
p

me
ng
he

c s

ar
e 
be
t 

n 
to
he
c

uc
FS
gu

M

s
he
te
hin
n b
s 
ui

 i

le
pr
n

g 
e 

sta

rch

ec
g
in

ore
e 
ca
ce
SM
u

em

sh
e 

er 
n 
b
h
ire

im

e 
op

nte
c
so

ate

h 
c

ca
ge
n 
ed

m
an
d
M

ure

m

ho
t

t
e 

ho
ed

mp

o
p
ed
co
od

e 

i
co
am
en
th

d 
m

n 
d. 
M 
e 

or

ow
th
u

th
a

ow
d.

p

of
o
d 
om
da

di

s 
on
m
ne
hi
in

me
b
W
c
4

ry

w
hre
us
e 
al
w 
. 

le

f 
se
t

mb
a 

ia

to
ntr

me 
er
is
n 
em
be
W
ca
4. 

y b

wn
ee
ed
m
te
th

em

a
ed
to
b
v

gr

o 
ro
 

ra
s 
 t
m
e 

Wit
an

ba

n 
e 
d
m
er
h

m

a 
d 
o 
in
ve

ra

c
ol
a

ate
ar
th

mo
a

th
n b

ase

i
o

d 
me
re
e 

me

c

na
en

am

cr
lli
ap
e 
re

he
ory
al

h t
be

ed

n
ot
t

em
ed

m

en

s
co
sh
at
nd

m o

re
in
pp

m
ea
e s
y 
lte
th
e 

d L

n 
th
to
mo
d b
m

nt

so
od
ho
to
di

of

at
ng
pa
m
a 
st

er
hi
a

LU

F
he
 
or
by

me

a

od
di
ow

ori
in

f s

te
g 
are

min
o

tat
d
re
s 

alt

U

Fi
r 
a

ry
y

em

ti

da
n
w
ia

ng

so

e 
c

en
ni

of 
te

dat
ed
m
te

T 

g
c

ac
y 
 t

mo

io

a 
ng
w 
al 
g 

oda

a 
co
nt
im
l

e m
ta

d 
me
er

c

u
co
cc
L
th
or

on

v
 s
t
l

m

a v

F
om
t 
m
o
m
a 

a
em

re

od

ure
od
ce
LU
he
ry

n 

ve
st
th
lo

ma

ve

FS
m
t

ma
g

me
t

at
m
d

di

e 
di
es
UT
e 
y 

en
ty
he
og
ac

en

SM
mb
th
l 

gic
em
th
t 

mo
d t

in

4
n
s 
T
F
st

nd
yle
e 
gi
ch

nd

M
bin
ha

c
c 
m
he

r
or
to

ng 

4 
ng

T. 
FS
to

di
e 
f

ic 
hi

din

M 
na

at 
co
c

mo
e 
ru
ry
o t

st

g s
th
T

SM
or

in
p

fe
d

in

ng

d
at

om
ca
ory

in
un
y d
th

ty

d
st
he
Th
M
re

ng
pr
ea
d

ne

g m

de
to
th

m
an
y
np

n-t
da
he

yle

dis
ty
e 
he

M i
ed

g 
ro
as
es

e 

m

si
or
he

mb
n b
. B
pu
ti
at
e 

e 

sc
yle

e 
in

d s

m
p
ib
si
c

mac

ig
ria
e 
in
be
B
ut
m
ta
b

cl
es
re
in

np
st

m
o

bi
ig
ca

ch

gn
al

a
na
e 

By
t 

me
a s
blo

lo
s. 
eq
nf
pu
ta

ma
se
li

gn
n

hin

n 
l 
ab
at
g

y i
a

e 
st
oc

os
 W
qu
fo
ut
ate

ac
ed
ity
n. 
n 

ne

w
l

bo
to
ga
in
an

a
tru
ck

e
W
ui
or
ts 
e 

h
d 
y 
T

b

e 

wh
lo
ov

or
ain
nc
nd
an
u
k 

s 
Wh
ir
rm

a
tr

hin
i

T
be

hi
og
ve
ia
ne
clu
d 
nd
ct
d

hi
re
ma
an
ra

ne
in
a
h
 

ic
gic
e 
al
ed
u
o

d 
tu
di

an
ic
d 
at
nd
an

e 
n F
an
he 
se

h
c 

 
d 

ud
ou

ur
ag

 

no
ch

tio
d 
ns

Fi
nd

b
ee

h u

th
lo
w

din
ut
lo

re
gr

ot
h 

s
on
s

sit

F
ig

d 
b
en

us
a

hr
og
w
ng
tp
og
e t
ra

th
is

sta
n 
sta
ti

FS
gu

t
as
n 

se
n
re
gi
it
g 
pu
gi
th
am

he
s 
at
o

at
o

SM
ur
th
si
i

es
nd
ee
ic
th
a

ut
ic
he
m

er
a

te
of
te
n

M
re
he
ic
n

s 
d 
e 
c 
h 
a 
t 
c 
e 

m 

r 
a 
e 
f 
e 
n 

M 
e 
e 
c 
n 

 



365 Philipp Schiefer et al.  /  Procedia CIRP   11  ( 2013 )  363 – 366 

T
c
c
c
c
t
c
s

i
d
c
i
t
t

3

m
o
l
h
r
s
8
w
a
t
A
j
l
m

3

a
a
s
c
s
f
o
s
g
p

T
co
ca
co
ce
th
ca
so

in
de
ca
in
th
th

3.

m
ou
la
ha
re
st
80
w
an
th
A
ju
lo
m

3.

ac
ad
st
co
si
fu
of
si
ga
po

h
or
an
oi
en
hr
as
od

n 
ep
an
nf
he
he

.1

mi
ut
an
ar
eq
ty
05

we
nd
he

AN
um
og

me

.2

cc
dd
ta
om
iz
un
f 
ig
at
oi

he 
rr
n 
in
nt
re
se
da

T
F

pe
n 
fo
e 
es

1. 

F
cr
tp

ng
rd
qu
yle
5

ere
d 
e 
ND
mp
gi
em

2. 

T
co
dr

ate
m

ze 
nc

t
gn
te
in
 

 
re
o

ns
t 
e 

e t
a 

Th
F
en
b

orm
o

se

P

Fo
ro
pu
gu
dw
ui
e 
1 
e 
j

fo
D
p
c 

mo

C

Th
or
re
e 

mb
 
ct
th
na
es
nt

fu
ct

of 
s a
c
c

th
a

he
ig
nd
be
m
ov
 t

PL

or
oc
ut
ua
w
re
p

u
ju
ol

D, 
s,
m

or

Co

he
rd
es

bin
a

tio
he
al 
 a

ter

fun
t 

f s
ar

co
co
he
an

e 
gu
de
e c
ma
ve
tw

L

r 
co
t 
ag
ar
em
pr
m
us
um
llo
6
, 
m
ry

o

e 
din
ss 
tr
n

an
on
e 

r
ar
r 

nc
a

so
re

oin
oin
e 
nd

st
ur
en
co
ati
er
wo

D

t
on

c
ge
re
m
re

mi
se
mp
ow

6 b
a

me
y 

m

c
ng
p

ra
at

nd
na
c

re
re
d

ct
am
od
e 
ns
n
m

d p

ta
re
nt
od
io

rh
o 

D 

th
nt
ca
e 
e 

me
es
ic
ed
p
w
by

an
em
o

mb

o
g 
po
an
to

d 
al
co
ed
e n
da

ti
mo
da
a
s.
s 

ma
pa

at
e 
t 
de
on
he

p

b

he 
tro
ap
h
a

en
en

cro
d: 
. 

win
yt

nd
m
of 

bi

m

oi
ns
or
s

l b
om
du
ne

ata

on
ou
a i
cc
 
d

ac
ay

e 
5
tr

es
n 
ad

pla

ba

ol
pa
ha
an
nts
nt
oc
M
T
n
te

d 
o

f t

in

mb
to
in
sit
ria
tr
bl
mb
uc
ee
a 

n 
un
is
ce
T

de
ch
yi

d
5 
ra
s a
in
d 
at

as

im
ll
ab
as 
nd
s.
te
co
M
Th
g 
es
3
ry
h

na

bi
o 
nt
ti
al
ru
lo
bi

ce
ed
a

nt
s g
ep

Th
en
hi
in

di

an
an
n 

r
tfo

e

m
er

bi
b

d m
 T

ed
on

MO
he

i
s f
3 
y 
e 

at

in
F

ter
on
l 
uc
oc
in

er 
de
an

o
t o
ge
pt
he
no
n

ng

ia
sh

ns
nd
t

re
for

d

mp
r 
li
be
m
Th
d 
nt
O
e 
in
fo
 b
i
s

to

na
Fi
r 
n
lo

ctu
ck
na

a
ed

nd

of 
of
et
te
e 
om
ne 
g o

ag
ho
sit
d 
th
eq
rm

d F

pl
w

iti
ee

min
h
in

tr
V
a

ns
or
by
is
sta

or

ato
ig
f

n 
og
ur
k 
at
an
d 
d l

f t
f 
tti
ed
m

m
h

ou

gra
ow
ti
m

his
qu
m

FS

le
wa
ie
en
ni
e 
n

ro
V,
as
tr

r X
yt
 
at

ria

or
gu
fo

m
gi
re
e

to
nd
to

lo

th
3
in

d b
ma
in
ha
ut

am
w
o

m
s 
ui

ms

S

m
as

es
n 
im
c
 F

oll
 A

ss
ru
X
te
9
te

al

ri
ur
or 
m
ic
e 
qu
ri
d 
o 

og

he
30
ng
b
ac
na
as
t t

m
ws

n
map

m
ir
s. 

M

me
s 
. 
c

m
co
F
le
A
em

uc
XO
es
4

e m

l l

a
re

t
me
c b

a
u
ia
o
d

gic

e 
0 c
g 
y
ch
at
s t
th

m 
s 
n 
pp

m
ed

M 

en
c

ch
ma
od
ig

er 
AD
m

cti
OR
s 
4 
m

lo

l 
e 
th
em
b
as

ual
al 
ou
de
c 

m
ce
ej

y t
hi
tio
to
he

fo
1

st
p
em
d 

i

nt
ch
F
ho
al 
din
gu

DD
mb
io
R
fo
b

me

og

lo
6

he
mo
as
s 
l 

ut
ete
f

m
en
je
th
in
on
o p
e o

or
17
ta
ed
m

f

im

ta
ho
Fo
os
o
n
ur
o
D
bl
on

R, 
or
y

em

gi

og
6. 
e 
or
se
th
fo
lo
tp
er

for

ma
nt
ec
he
ne
n 
p
ov

r 
7 
ate
d 

mo
fo

mp

ati
os
or 
se
ov
g 
re
n

D, 
ler
ns
6
r j

yte
mo

ic 

gi
T

n
ry
ed
h
or
og
pu
rm
r 

ac
ts
cte
e m
e 
a
er
v

th

es
i

or
or

pl

io
se

en
ve
 s

e 
nly

A
r 

s r
6 b

ju
es
or

 b

ic
T

ne
y 
d 
e 
r 
gi
ut 
m
o

h
 h
ed
m
a

an
rf
er

he
in
s.
in
ry
r 

le

on
n
c

n 
erh
sty
4
y 
A
i

re
by
um
s. 
ry

ba

c b
h
x

F

b
ic

s
min
ou

hin
ha
d.

ma
ac
nd
fo
rp

e 
np
. 

nto
y 

im

em

n 
n b
co
b
he
y

4. 
t

AN
im
eq
yt
m

T
y 

as

ba
his
xt 

r
FS
P

bo
c 
si
ne
utp

ne
as
. T
ac
cc
d e
or
pa

s
pu
T
o 
is
m

m

o
be
od
be
ea
le
F

th
ND
mp
qu
te

mp
T
c

se

as
s 
s

eq
SM

PL
oth

F
ig
e 
pu

e 
s b
T
ch
ep
ev
rm
ai

o
ut

Th
2

s 
mp

me

on
ec
din
ec
ad
e 
Fr
he
D
pl
ui
es 
ps

Th
co

ed

se
d

sta
qu
M

LD
h 

FS
gn
th
ut

i
b

Th
hin
pt
ve

m 
id

d
ts
he
29
g
pl

en

n 
ca
n

ca
d 
w
ro
e 

D, 
le
ire
f

s. 
his
ou

d 

ed
de
at
ui

M 
D 

d
SM
na
he
t r

is
ee

he
n
ts
en
tw

d a

da 
s, 
es
9 b
go
le

nta

au
g

au
in

wa
om

f
X

em
ed
fo

T
s 

un

F

d 
es
te
ir
u

de
M
al 
e 
re

s 
en

e f
e 
s 
n 
w
am

v

se
by

oin
em

at

a 
us
 

use
n 
as
m
fo
X
me
d 

or 
Th
i

nt.

FS

F
sig
e 
re
us
d
es

M 
e
s

ed

a
n 
fo
5
a
h

wo
m

ve
1
 
yt
ng

me

ti

se
t

e 
t

s c
m 
oll
O
en
m
A

he
s 
. 

SM

FS
gn
tr
m
e
e

sig
d

ex
ig

di

a 
t

oll
5 
an
ha
o t

mo

en
0
d
te
g 
en

io

P
e 
th

o
th
co
th
lo

OR
nt
m
AD
e 
a

M

SM
n 
ra

me
s 
si
gn
de
xp
gn
ire

s
o
lo
(

ny
an
ta

ou

nd
 

dif
es

t
nt

on

PL
it

he
of
he
on
he
ow
R,
ta

mem
D
t

a 

M 

M
u

an
en
t

ig
ns
es
pa
na
ec

im
ss

ow
D

y 
nd
as
un

di
o

ff
s o
to
ta

n 

LD
t h
 
f 
e p
ns
e 
wi
, 
ati
m

DD
to

r

im

M h
u

ns
nt
th
gn
s.
sig
an
al
ct

m
se
w
D)

a
dle
sk
nt

in
ou
fer
of

o b
ati

D
h
F
th

pr
si
i
in
re
io

mo
D,
ota
ra

m

ha
use

it
t 
he
n. 
. T
gn
nd
l a
tio

mp
ed
in
), 
arr
es
ks
. 

ng
ut
re
f 
be
io

D 
ha
FS
he
ro
ist
n
ng
el
on
or
, 2
al
ati

mp

as
es
tio

i
e s

T
n 
de
ad
on

ple
d 
ng
1

ra
s 
: 

g m
tp
en
m
e 

on

p
s 
SM
e 
og
te

nst
g 
la
n 
ry
2
l 
io

pl

s 
s 
on
is
sa
T

Th

er
dd
n

e 
in

g 
10
an
ov
su

m
pu
nt

me
t

n 

pl
o

M
d

gr
en
tr
d

ati
o

y 
7 
b

o 

em

b
a

n
s 
am

Th
he
c

r. 
di
. 

t
nt
d

0 
ng
v
up

ma
uts
t 
em
th
o

la
on

M 
di
ra
nt
ru
di
iv
of
si
b
y
o

m

be
a 
. 

o
m
his
 c
o
A

in

ta
to

de
(N

ge
er
pp

ac
s,
tr

m
he
of

atf
n-

ir
am
t w
uc
ir
ve
f 
iz
by
yte
of

me

ee
s
A
on

me
s 
co
n
A
ng

as
o t
en
N
em
rp
p

ch
 
ra

mo
 s

f 

fo
-c
th

rec
mm
w
ti
ec

e j
th

ze
yt
e 
f 

en

n
sin
As
n
 m
i

on
nta
Ad
g t

sk
th

no
N)
m
pa
ly

hin
a

an
ory
sa
th

or
ch
he
ct
m

wit
io
ct
ju
hi
e: 
te
c
3

nt

n i
n
s 
e 
m
is
nt
ai

dd
to

k-
he
om
, 

men
ay
yi

n
an
ns
y 
am
hi

rm
hip
e 
t 

min
th
on
t 
um
is
2

es 
co
.2

ta

im
ng

a

me
s 
tro
in
dit
o 

:. 
e 
mi
a
n
yi
in

ne 
nd
sit

L
m
is

m 
p 

li
n

h t
n 

c
m
 F

22
f

ou
2 

at

mp
gle
a 

b
em
a
o

ns 
tio
th

m
in

an
t 
in
ng

p
d 
tio
LU

me
s 

i
a
in
g
th
s

co
mp

F
2 
fo
un

t

tio

pl
e 
re
by
m
a 
ll

on
he

a
ma
na
nd

o
ng
g a

pr
2

on
U
 t
F

a
in
as
nk
 m

he
et
om
p 
S
b

or 
nt 
tim

on

le
m

es
yt
o
c

lin
a
n
e 

ft
ac
ati
d 2
of
g. 
a 

re
2 
n 

UT
to

FS

n
np
se
k 
m
e c
t 
m
a

SM
by

r
f

m

n 

em
m
su
te
ry

co
ng

an
al
a

te
ch
io
2
f 
In
c

es

Ts
o 
SM

n 
pu
em
t

me
co
o

mm
at 
M
yte
rel
fo

me

m
me
ul
e. 
y 
om
g 

n 
l 

ad

er 
hi
on
5 
th
n 

ca

en
fi
st
s. 
sh

M

8
ut 
m
o

em
od
of
ma

z
 u
es
la
or
es 

en
em
t,

L
mm

lo
in
lo

dd

t
n

ns
(

he
t

an

nt
fix
ta
T
ho

M 

80
a

mb
 t

mo
di
f t
an
ze
u
s 
ati
r t

t

nt
mo
 t
T

LU
m
og
np
og

dr

th
ne
s i
(Q
es
th
n o

te
xe
ate
Th
o
o

05
an
ble
th
or
in
th
nd
er
se
fo
iv
th
th

te
or
th

Th
U

mo
g
pu
g

re

he
 a
in

Q)
se

his
of

ed
ed
es
he
w

on

51
nd
er
he
ry
ng
he
ds
o
es
or
ve
he
he

ed
ry
he
he

UT
on
ic
ut
ic
ss

e 
a 
n 
) 
e 
s 
f 

d 
d 
s 
e 

w 
n 

1 
d 
r 
e 
y 
g 
e 
s 
, 
s 
r 
e 
e 
e 

d 
y 
e 
e 
T 
n 
c 
t 
c 
s 

4

m
e
re
b
c
fo
c
c

T

C

5

6

3

5

c
fl

5

m
m
u
d
c
lo
lo
o

4. 

me
ex
eq

by
co
for
co
co

Tab

Co

*5

*5

*

c

co
flo

5. 

me
me
us
de
co
og
og

of 

 

R

F
em

xa
qu

yte
om
r 

om
om

bl

oin

5 

5 

10

cen

 
T

ou
ow

 

C

T
em
em
e 

esi
on
gi
gi

f a
 

F

Re

Fo
m

am
ui
es

mp
t

mb
mp

le 

ns

ce

ce

0 c

nt

Th
un
w

Co

Th
m
m
o

ig
ns
ic
ic
a f

Fig

es

or
mo
mp
ir
s 
pa
th
bi
pa

1

s a

en

en

ce

t &

h
nt 
 i

on

h
mo
mo
of
gn
id

c 
c b
fu

g. 

su

r 
or
pl
re
a
ar
he
in
ar

1. 

ap

nt 

nt 

en

& 

e 
i

in

n

e 
or
or
f 
n 
de
e
b
ut

6

ul

s
ry
le

em
an
ri
e 
na
ri

C

pl

&

nt 

2

c
is 
n t

cl

ry
ry
lo

er
el
lo
tu

6 B

lts

st
y 
e 
me
nd
so
c

ato
so

Com

lie

& 

25 

co
p

th

lu

d
y b
y r
og

ra
em
oc
ure

Ba

s 

to
b

en
d f
on
co
or
on

m

ed

25

c

om
po

he

us

de
ba
ra
gi
so

ab
m
ck
e 

as

ori
ba
im

nt
fo
n 
om
ri
n 

mp

d 

5 

cen

m
os

e a

si

esi
as
ati
ic
ol

ble
me
k 
w

ic

in
as
m
ts
or
o

mb
ia
o

par

ce

nt

mp
ss
as

o

ig
se
io

c c
lu
e 
en
a

wo

c b

ng
ed

mp
o

r t
of
b

al 
of

ris

en

t 

pa
sib
ss

n

gn
ed
o. 
ci

uti
w

nt 
a s
or

blo

g 
d 

ple
of
th
f t
in
l

f t

so

nt 

ar
b

se

n 

n 
d L

A
ir
io

wh

so
rk

oc

t

em
f 
he
th
na
lo
th

on

ris
le

em

o
L
An
rcu
on
hi
re

ol
k.

ck

th
L
m
s

e 
he
at
og
he

n o

so
e 
mb

of
LU

n
u
n 
ic
el
lu
 

k d

he
LU
me
sto
c

e m
to
gi
es

of 

on
d

bl

f 
UT
no
uit

ch
lia

uti

di

e 
UT
en
or
o
m

ori
ic
e 

f F

n 
du
le

t
T 
th
ts 

r
h h
ab
io

ag

d
T
nt
ri
m

me
ia
 
tw

FS

o
ue
er 

th
s

he
i

re
h
bi
on

gr

di
T 
tat
in

mb
em
al 
d
w

SM

of
e 

c

he
sh
er
in
ed
a
il
n 

ram

iff
o
ti

ng
bi
mo

de
wo

M 

f 
to

co

e 
ho
r a
n 
du
s 
it
fo

m

fe
of 
o

g 
in
or
d

esi
o d

im

th
o 
od

c
ow
ad
co
uc
a

ty
or

m o

er
f
n
th

na
ry

de
ig
d

mp

he
t

de

co
ws
dv
om
ce
an
y. 
r 

of 

re
2

ns
he
ato
y 
si
gn

de

pl

e 
th
e r

om
s 
va
m
es
n i

D
a 

f c

en
29
. 
e 
or
ra
ig
n 
si

lem

p
he
re

m
th
an

mp
s 
im
D
f

com

nt 
9 

a
ri
at
gn

h
ig

m

pe
 f
es

mb
he
nt
pa

m
Du
fa

m

b
F

as
ia
tio
n 
ha

gn

men

er
fa
su

bin
e 
ta
ar
t

mp
ue
au

mb

st
by
Fo
ss
l 
o 
0

as
ns

nt

rf
ac
ult

na
b

ag
ris
th
pa
e 
ult

in

ta
yt
or
em
lo
i

0.
s 
s w

tat

P
d

3

3

fo
ct 
ts

at
be
ge
so

he
act

t
t 

na

ate
es
r 
m
og
is 
0
a

w

tio

PL
de

33

30

16

11

orm
t

s i

to
est
e o
on
 
t 
o
to

to

e 
s 

mb
gi
f

03
a 

wil

on

LD
esi

39

05

61

13

m
th
in

ori
t r
of
n 

o

ol

ori

t
h

th
bl
ic
fo
. 
b

ll 

n e

D 
ig

9 c

5 c

1 c

3 c

ma
ha
n a

ia
re
f t
to
lo

on
th

le

ia

tr
ha
he
le
c 
or 

T
b
s

ex

b
gn

cy

cy

cy

cy

an
at 
a 

al
es
th
o 
o

n p
he

era

al l

ra
as
e 
r 
d
th
T
et

sh

xe

ba
n 

yc

yc

yc

yc

nc
a
f

 
su
hi

a
g
po
e 
an

lo

an
s 

p
de
h

Th
tt

ho

ecu

se

le

le

le

le

ce
a 
fix

lo
ult
is 
a 
ic
ow
s

nt

og

ns
b
P

pr
si
e 

his
ter
ow

ut

ed

es 

es 

es 

es 

e 
c

xe

og
ts
d
m

c 
w
si
t d

gic

it
be
PL
ro
ig
P

s 
r 

w 

tio

d 

b
ce
ed

gi
s i
de
mi

we
im
d

c b

tio
ee
L

og
gn
PL

i
m

th

on

ba
ert
d 

ic
in
es
ic
c

er
mp
es

ba

on
en

LD
gr
n 
LD
in
m
he

n t

as
ta
c

c 
n p
sig
cr
ci
r c
pl
si

ase

n 
n 
D 
am
on
D

nd
me

e 

tim

ed
ain
y

d
p
gn
oc
irc
co
le
ig

ed

i
u

m
n

D d
dic
em
f

me

d 
n 
cl

de
er
n 
co
cu
on
e 
gn

d F

in
us
t

m 
nly
de
ca

m
fa

e 

p
le

es
rf
i
on
ui
ns
c

n 

FS

nf
se
th
h

y 
es
at
o
st

C
lo
de

18

14

8 

6 

o
pr
e 

si
fo
s 
n
it
su
co
co

SM

fo
ed
he
ha
1
si
te
ry
te

Com
og
es

8 

4 

cy

cy

n
ro
co

g
or
th
tr

t 
um
om
ou

 

M

or
d 
e 
as
1 b
ig
es
y 
er 

m
gic
sig

cy

cy

yc

yc

n 
og
ou

n
rm
h
ro

m
m
ul

M d

rm
f

s 
b

gn
 
r
s

mb
c b
gn

yc

yc

cl

cl

th
gr
un

n 
ma
e 

oll
o

mp
mb

ld

de

ma
fo
m
b
y

n 3
th
ra
sy

in
ba
n 

cle

cle

es

es

he
ra
n

u
an
r

le
ov
pti
in

d 

esi

at
or
me
be
yte
3
ha
at
ys

na
ase

es

es

s 

s 

e 
am
t.

us
nc
re
er
ve
io
na
b

ig

tio
r 
em
en
e.
.2
at
tio
ste

ato
ed

s 

s 

c
mm
 

sin
ce
d

r. 
er
on
at
be

n 

on
b

m
n 
T

2 a
t 
o.
em

ori
d 

cy
m

ng
e a
u
T
h

n a
to

p

n 
bo

mo
9

Th
an
th
 

m

ia

yc
min

g 
an
ce

Th
ea
an

ori
pa

oth
ory
94
h
nd
h
A

m: 

al 

cl
ng

nd
ed
hi
ad
nd
ia
ar

a 
h 
y 
4 

he 
d 

he 
A 

e 
g 

a 
d 
d 
is 
d 
d 
al 
rt 



366   Philipp Schiefer et al.  /  Procedia CIRP   11  ( 2013 )  363 – 366 

Acknowledgements 

This work is supported by the EPSRC Centre in Through-
life Engineering Services. 

References 

[1]. Senhadji-Navarro, R., I. Garcia-Vargas, and J.L. Guisado. Performance 
evaluation of RAM-based implementation of Finite State Machines in 
FPGAs. in Electronics, Circuits and Systems (ICECS), 2012 19th IEEE 
International Conference on. 2012. 

[2]. Garcia-Vargas, I., et al. ROM-Based Finite State Machine 
Implementation in Low Cost FPGAs. in Industrial Electronics, 2007. ISIE 
2007. IEEE International Symposium on. 2007. 

[3]. Rafla, N.I. and B.L. Davis. A Study of Finite State Machine Coding 
Styles for Implementation in FPGAs. in Circuits and Systems, 2006. 
MWSCAS '06. 49th IEEE International Midwest Symposium on. 2006. 

[4]. Tiwari, A. and K.A. Tomko, Saving Power by Mapping Finite-State 
Machines into Embedded Memory Blocks in FPGAs, in Proceedings of 
the conference on Design, automation and test in Europe - Volume 2. 
2004, IEEE Computer Society. p. 20916. 

[5]. Koster, M. and J. Teich. (Self-)reconfigurable finite state machines: 
theory and implementation. in Design, Automation and Test in Europe 
Conference and Exhibition, 2002. Proceedings. 2002. 

  


