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Modified EM ajgoritim and its application t0 the decam Position
of Jaser scannng waveform data
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AbStraC:t Smal] fooPrint aghome [, DAR systams now DpPossesses the capabhility © samPle the whole reumed
wavefom rather than to extractdiscree3 D cooy] nate Va]ueS( discete point Cloud)’ thanks © e inprovement of data
srage hardware and dat processing speed (Onemerit t0 analyze wavefom data is that he end user can extract Point
cloud bY hin, herself fom the raw waveforn data i the Post processing nstead of heng provded bY the LDAR
systan The first seP © ana]yze waveforn data is © demmpose the waveforn no individua] components (Conventona]
methods for waveform decanpositon awre usually Poynan @] {iting€ by non [inear least sjuare a]goriﬂ{r} or sinply
threshold n€ Wit the thresho [l value provided by systan vendor [ iterature has pointed out hat it is inpossible © get
h#her accurate decanpositon resujts by such conventona] mehods The Paper modifies he ExPectation Maxinun
( E\/[) aJgoritym in the contextof |aser scannpng wavefom decanposijtion Experinentswith date fom hoth ajthome and
space pome [L]DAR sYstans show theh 8h reliabiliy and accuracy o{ the proposed m ethod for wavefom decom pos ition
Key Word§ L]DAR D\ agorit}ﬁ} fu]] wavefom digitizing wave fom decomposisitop (Faussgan

decamposition
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1  NIRODUCTION

Aithome [ Bht Detection and Rangig ( LIDAR)
technjdue has heen w imessed w idely appled for mpid3 D
mappmg n the Past decade Though the essentia] of
LDAR 18 sinilar 0 thatof Jaser rang€ ng techno 1ogy the
ntegrated [ DAR systtm with Positioning€  and
Orientation Systan ( KOS and CCD canera( W ithp(—
40 m illion pixe}x) makes it jrrePlhceaple formappng in
areas uch as heavily vegetatpn covered area coasta]
zones beaches and 'ﬁ]and’s etg’ where it s very
difficult for mappng by conventiona] Photogrmmetric
means A jphome [[PDAR as a nev type of mmot
sensing sensor s hecan mg familjar t0 surveying and
mappmg comm unity ( Ackrnanp 1999 Baltsavia§
1999 Ganba Houshmand 2000).

Aitbome [LIDAR sYstan coul] date back © 1980 's
when some experinenta] stems emerged [t was
matured n them id © he19g) 's The earlier generation
Of L DAR sYstan s records smgle ech9 1 e the first
echo i recorded and only the D i€ita] Surface M odel
(DS\/[) over he surveyed area can he ohtamed In he
later cammercia]y available systms bot fist and last
echoes could he recorded which can he mput © Pecifc
aRoritin s t0 ranove non. ground Ponts O as to estah lish

Receved datg 2007-06-03 AccePted date 2007-09-13

the D 8ita] Terram Model ( D”[M) over he surveyed
area Though such a sinple working flow sean s t0 he out
of any ploblm} it s mpossiple for he user t0 et any
equpment related 'nfornatiop such as how © 8eo_ pcate
the echo pulsey How does the gound oh ects mfluence fe
shape and anb]itude of the retum sgna) How are he
reum signals quantifed) The delect'pn. echnfdues and
quan tifcatonm ethods {o.r echo pulses are usually kept as
comm ercia] secrets by system vendors [ iterature pointed
out hat the fina] achievements ould he eror prone if
different detec ion technidues and quantification m ethods
are enppyed (W ehr  LLohr 1999),

One souton for the apove mentoned Proplan s to
san Ple and record the trangn jtted and retumed si€nals at
an mfnitesin aj intelva,l rather than © recor] severa]
discrete retums only Such a sanp[ng and recording
m anner ;s defned as fu]] wavefom digitizing and the
system possessing such a capahility s referred © as ful]
waveforn digitizing L IDAR Users know why and how
the discrete echoes are generated bhY analyzmng the
wavefom da@ and application oriented m ethods can he
employed to Process these data

As a matter of fagt ajthome [, PDAR systm s were
deveppbed by NASA and characerized by full wavefom
di8itizing capahility as early as 199 :s such as §LICER
( Scanning [, idar n ager of Canop jes hY Echo Recovelj and
LVE( ] aser Vegetation magng Sensolj' Some space
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bome [ DAR sYstams such as (GIAS a]o possess fu]]
wave forn digitz ng capahility Hozveve’r none of han s
for commercia] puipose The technojo8Ywas fistly adopted
bY REGL inpppq for its caonmercia] sysem Though only
a few Years 1ate,r most ofmature [, PDAR Ystans avaiphle
in he currentmarket have ntegrated fu]] wavefom digitzer
as a standard configuratpn cam ponent such as Falcon [T
by Torosys ALSp-1I bY Leica Geosysem and AL'TM
3100EA by OPech

Sudy on waveforn dat@a analysis and Processpng s
relatively behind he deve biment of ful]wavefom digitizer
hardware This due partia]ly to the fact that he applicaton
and analysis of waveforn data are stj]] linited © research
communit}’ seldom s used 1 engineering project§
Furthemor:e methodology for waveforn data analysis is
usia]y  applicatonorented  ading t© he Jack of
generalized methods and aRoritins © Process these data

The paper discusses one of the key steps of wavefom
data anal}IsL_% waveforn decompositon A modified
Expectaton Maxinum ¢ BM) ajgorim s ablied usng
the Publcly accessed waveforn data Provided bY NASA
SLICER and RIEGL as he experinenta] dag sets

2 THE GENERAT DN AND DECOM POSIT DN
OF WAVEFORM DATA

Though there is a tchngcal tem « fu]] Waveforn”’
we should pPay much attentpn © that the wavefom
mentpned m ajthome [ PDAR technology is not actually
a mathematcally snooh curve Jt s i fact he
mfinijtesina] tine mterva] sampP|ng of the reumed echo
m akes the recorded dat seam © he a contjnuous curve if
theY are plotted jn a Plnar coord mate systan spanned by
tine and anPplitude as xy_axes W e {istly nvestBate he
generatpn of wavefom which © closel related © he
latter decam positpn  This should start with mtroducing
the mdar equatpn The relatonshP beween te
trangm jtted and the recejved power can he formulated as
equation( 1), according © he dervatpn suggested by

Wagnereta.l(zm@
N B v
Py =2 ogg (Ve () Ty

where N denotes he op ect nimper encountered by the laser
Pulse n the P it traverses forth and back under hHe
conditbn hat he range the Pule visitd is higer han he
mnnun d;stance He systan 1eQuire,d te so called range
reojition Onl if he disance separaed bY wWo Ohjects
along he pser pulse’s foward and back Paty is laBer than
the rnge resojution coul] he wo ob ects be distingu ished

P( y denotes the transmitting pover P ¢ § the receiving
power D, he aperure d gmeter of he recejver optcs R he
range heween Jaser trandniter and Opect 1B, B he
transn jtter  heanwify (,’i (3 e differentia] backscatter
cross ectpnwhich $ defined as the backscatter cross. sectjon

witin a pfiniesina] ange perval R and t te tne
varghl Shce rngeR and tne t s rehed Y &2R /Y,
where v 8 the wvelocity of 1ght theY are usg]
interchar@eably 1 he LDAR camnmwity [ (§ B the
recejver mpujse ftmctiop and denotes the convo ution
operator W avefom data are ecorded by sanping the reun
sBna] with Predefined nterva]l Since smpling frequency
satisfies e NyQuest theorer,l the sanpPled dat can he
resore] Fig€ | illstaes he basic dea of generating
waveforn and d screte point dai@a

. Echo
Discrete waveform
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return signal
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ground

last return

fime lime

Fig 1 Fullwavepm dat and d iscrete echO (()ptm}’l 2006)

In practicg R(p and T (§ cannot be easjly
detmined independently Therefore it is advantageous
0 rewrie the convolution tem hY making use of the
canmuttive property of the convoluton operator
Py T(y" G'i (§, Where we intoduce he systam
wavefom S(p of the laser scanner defned as the
convoluton of the trangm itted Pulse and the recejver
response functjon Jt can he measured experineng ]y
and is shown nmFig o for the REGL IMS Qg0 It can
be seen hat it ;swel] descrhed bY a Gaussjan funct'pr}

)

S(y=Se ** where $ is the anpliude and § the
standard deviation
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Fig o System wavefom of RIEGL LMS-5600

In radar ot sensing theory it 1S assmed that he
scatermng properties of a clstr of scaterers can he
=12

descrbed by a Gaussian functon g (§ =0 e 2%
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whereg s he anPlitude and s the standard deviation
of the cluser 1 Since fe convojtion of wo (Gaussgn
curves gves agajn a (Gauss@an functon so that we

DRSS
R B! $

éJf%s Pi_MKBZ g i S0
return wavefom g actually supenmnposed by severa]
Ifwe ¥ © decanpose He retum
waveform no ndivdualGaussian functpn and estinat
its paraneters such as zmp]jtud’e mean vajue and
standard deviatiop ten 1t dJoes not only Pprovge
preprocessed data for Rter processing but ajo can
estinat te backscatter cross sectpn of fe pulsed area

obuip P (4§ —

where §, =

which shows hat te

Gaussjan functons

3  ALGORITHM FOR WAVEFORM DECOMP-
OSITION

Sice the retum wave can he descrihed as he
it is of
great valie 0 estinate parameters Of then The
amplitude te Position of wave peak the widh of he
wave an:j the distance heween tvv’o contnuous wave
peaks
mportance [t ismanly dePendenton the detem pation
of indivdual] wavefom to estinate these paraneier§

superinposition of severa] (Faussjan functjons
9

anong many oOthers are paranetrs of most
2

therefore it {s one of sBnificant stePs {or wavefom
decamposition jn analyzing wavefom data

W agner et a] (2006) and Hoton eta] (2000) have
already developed (Gaussjan function hased wavefom
decamposition algorit}fn§ where fe (Gaussan function
was only regarded as an ajn function t0 whh the
wavefom dat were f{itted bY uspng€ non |jnear east
square met0d Some constraint conditpns should be
given upon their aBorithms and the sojution ended © be
loca] optina] From the oher point of Vievs{ howeve’r
the Proplan of waveform decompPosition § actually a
proplan of decamposition {or m Kture (Gaussgn
distributpn since the waveform can he described as he
superinpositon  of
Decomposig m xuure (Faussan distrijputpon s a Prop lan
often occurred m felds such as pattem recognitpn and
statstica]l nference te ExPectatpn M axin um ( H\/[)
aBoritin developed by Dempste’r et i jg77 can
perform paraneter estmatpn {or (Gaussjan m xure
disﬁibut'pn( Deanpster et a_’l 1977). An overwew of he
agoritm in the following while detaikd
descrption deserves © he referenced by (live eta]

(1996).
The original fomup for estmating b 1, andg | by

severa| (Faussian functpns

1s given

EM i as listed bebw,

P {x
Q- (2

DR

b= (3)

n
Z Qi
=l
‘uji pj>< n (4)

Suppose hat thewavefom is supenin posed bY ind ividual
(Gaussian distributiogs then the Tresujt mxed
disﬁbutiog hat i§ the ®nalltine ntrval] sampled
da® canhe fomupted ag

k

£ =20 BX Iy
(e Nuvyoi)

k denotes te numper of (Gaussjan distrputions wkmnsg
part n tHe super’rnpositiog f( X) 18 the (Gaussjan
Probabilit’ density functon P is he weight of {¢ x)
descrhing he percentage of the J canponent occurred
in he m kture distribution and satisfies o< D< |

k
Z Q: I and(jj are the mean value and standard

ge]viation of Gaussjan distribution respectively TFor each
the estin atedgj gives the positon of the
retumwave n the abscisg,i WhilegJ represents thew dth
of the wave Al the Paran eters p’ ", an(,j c; can be
estimated by EM aRoritim W hen apPlied in Practice
howeve’r data preprocessing should be carred out and
nita] paran eter values for fOIrnula( 2)—(5) should be
given The mnijta] vaJues are usually prediced from raw
dat‘fl and then the constmucted f X 8 used to calculate
Q_U. Thowgh such aworkflow is feasibl’e 1tw i][not get a
satjsfactory outcome if fomula(z)_(5) are adopted
directy wihout considermg8 He anplitude of the
waveformn A modified M algoritm s derived if
anpPliude N is tken o consgeratpn Details of
dervation are gven n the follow'ng
SUb%tltut1ng(3) nto fomula(4)—(5)

EQI HXZQ ZQI
B Eczxn P
E} Q () XZ Q( =y’
N _[\J Z:;Qﬂxn

component j
b

1t reads

H (6)
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2_1 QJ( —p 1)2 Denoising
1
- T (7 +
29
i .
where the anplituide N is added © nommpaor and SHIGHHNE

denam paor sin ujtaneous]y Ni 1S equivalent 10 awejght

consttain'ngpﬂ. u, andm
2 NQi

:—i:]
> NQ
=1

2_1 NQ; (=)
o= (9)

,\J Zﬂ: NQ

If fomu}a(g) and (9) ar restored t0 the fom
coinciding with EM algoritm  then

M (8)

-
Qsﬁi (10)
DRAE
>0 NG
P=—~ (11)
HXZ N
i Ni 11
F‘Lj:i:]—n (12)
< Bx >N

o= (13)

NESLEDIR

=1

where n denotes e nunher of ponts {for sanpPlng raw
wavefom data and N, he sanpling nterval of the b
sanPle Sice the nita] values of p} ©, anddj are
usually subopt'ma’l iteratjon s carred out uspng fomufp
(10)—(13) © obtain te optimal vajues by adjusting
these param eters with amp[itude

The difference pheween wo consecutive mean values
can he calculated after the opt'rnalluj s estmatd bY FM
algoritm An addit'pnahu_H can he nserted heween the
wo consecutive mean vajes if the difference exceeds a
given threhold in order 10 Jecam pose asm any individual
(Gaussjan functions as pos%bl,e and then re iterme( 10)—
(13). Othew '}S’e if here ;snomore indivdual (Gaussjan
functions can he decomposed the iteratpn is ended and
the fina] result s obtaine] FE& 3 illustrates he flow chart
of decampositon FM algoritim  Point cloud can be
generated direct]ly via te Process if raw wavefom data
are inported Theoretica]ly accuracy of pomt clouds
ophtaned by the method of wavefom decompositon is
higher than that 8enerated by LDAR &stm itself

1

Gradient operating

Y

Estimating the j* initial value of u

'

Checking the maximun number of consecutive nonzero samples <&

Y

Inserting 4., between consecutive nonzero samples

v

Interating (10) (13)

Y

Obtain p,-+ -,

1

—u >threshold T
J

{

Obtain final results of x,-- U,0,°°0;

Ifu

Tl

F8 3 Flw chart of wavepm decamPosition
by EM algoritim

4 EXPERMENTS AND D ISCUSSION

41 SLICER

Thewavefom data used jn our first experin ent was
acquired bY SLLICER over a vegetation area and stored n
a pinary fomat filew ity suffix dat Each retumed sig€na]
is sanpled with an inerva] of(g 1112 me and there are
o]l oo sanPlng pPonts The nclinaton angle and
azinuth of the trandm itted puls,e Layon and elvaton
of the hBhest surface detected are ajso contajned m the
dag

4.].] Preprocessng of the raw dat

F& 4 shows the raw wavefom dat’a where the ahscissa
represents the tine nterval ( bearm€ m mind the
nterchangeah iliy of time and rangq  for smpling while he
ordnate the anplinde of he retum signal Nojses from
many sources contan pnate the sanpled da@ leading hHe
sanpled curve 10 a jittered one where the jitiered Parts wih
sma]] anplitudes iljustrating noses These nojses shoud he
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ranoved before he EM aBoritin is apblie] Cuttngsy; of
the waveforn #i] off since the tai] jiters around a snaj]
Valu,e and then cajcujates the mean vajue fran it as
threshold 6.,  All sanples wih anplitide less han
threholdg o AT€ Set 1O zem FB 5 illustates he fina]
result of waveforn after snoothing

150
3 L
E _
= 100
g
< -
50
L . b o vy ]
0 100 200 300 400 500 Time/ns
Fg 4 Raw wavefom dat acquired by SLICER
150:_
3 100 C
3 L
E‘ i
< ¢
oL . . . . .
0 100 200 300 400 500 Time/ns
Fi€ 5 Preprocessed waveform of Fg 4
4.7.2 Parmmeter injta]gzaton

The mitia] vajues of‘u’j 10J amdgj can he g ven randan [y
in principlewhen the BVl ajgoritm s carried out hough a
better Predictpn {or these vaues wi]] 8reatly mprove the
caleupting speed The nitia] value Oﬁu]. can he detem pned
bY Pcal] maxinun sjnce it s opvious that the Jpcal
maxinun woul] he a candfate for opt'malpi, 0 he {ist
dervatve of the wavefom s ca]culated as shown n
Fi8q 'The inita] vajues of pJ are set © that each
component has an equa] weght and(;j 1S etasy mn this
experinent FE 7 illustrates he Preprocessed wavefom
( ©lid curvg and it injtia] curve dashed curve

H

200
100
OB BT

-100

=200

0 100 200 300 400 500 Time/ns

Fig ¢ Firstdervative of wavefomm

200 F
150 - Pre-processed
3 u waveform
=4 r
£ 100 -
= - Initial cune
g C
50 -
0 PR )
0 100 200 Time/ns

F8 7 Wavefom with injtia] vaJues estin ated

Fig § shows the Wavefom ( sol'd) with three
(zausss@an com ponents ( dashed) decamposed Hhrough
iteration( 10)—( 13). The estmated Parmmeers oOf
these distributions arg 11 =54 5 =9 0. 1, =89 o,
=85 M =13Lo,=72

250 — Simulated waveform
oo, T Processed result

g

=150

=

g

<100

- bl

0 T L L L L
0 100 200 300 400 500 Time/ns

F8 g A simujated wavefom and Piocessed resujt

by the Proposed aorithm

An autm ated Jast retum detecton sofware Provided
bY SLICER ® aPPlied © the rumwavefom © gdentify
the sart peak and end of a reum which is shown in
Fig€ q The vertica] lines Grstart Gweak and GrEnd( the
first second and third line from the left ©© r&hy 0 the
{Bure jllustrate the positions of he gmound extracted bY
the SLICER The Peak heween Gpeak and GiEnd is
inferred © he from the gound I Fi€ g9 the laser pujse
hits e canopy first and creates one echo Pulses a
fraction of e hserpulse also hits the 8round g ing rise
10 a second echo Pulses The wo echo Pulses overhp as
a result of the distance heween vegetatjon and ground is
short

250F

E ——GrEnd
F ——=Grpeak
200F ——Grstart
s f
E150F
B I
Z 100 3
50F
0 o] \\"‘vw- " M " o y e
0 100 200 300 400 500 Time/ns

Fi€9 Ground Jocaton of SLLICER
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Usmg KM algoritim for decamposing the same dagl
wo f{itted (Gaussjan distrbutions can he ohtamned as
shown mn F8 10 The wo vertica] [pnes show he
positions of wo return peaks Estinated Paraneers are
=57 0,=73 t,=83 o, =73 Itisobvpushy
canparing Fig€ 9 and Fi8 19 that EM decamposijtion
aRoritin outperfoms the me hod Provided by SLLICER

250
— Grpeak,

200

Grpeak,

Amplititude
S @
(=) (=)

n
(=]

L L L e

i oyt

(=3

100 200 300 400

500 Time/ns

(=]

F& 10 Sinulatd wavefom
Dotted curve shows wo (G aussian distribution decomposed

fiom the same data set shovn nFig g

Similarly though he algoritim provided by ST.CER
can detect the sart peak and end of he wavefom Weu
it fails m detecting the first and second reum  as shown
n Fg 1.
( dashed) are decompPosed hY M algorithm as shown m
F8 12 EM aBorithin perforn smore accurately

However three (Fausssian c¢om ponents
b

250F
r —— GrEnd
200 —— Grpeak
[ C —— Grstart
=1 L
g 150
DN
g 100 3
50 _)’\f\
. U ————
0 . . A . .
0 100 200 300 400 500 Time/ns
Fi€ 11 Gmwun(d location of SLICER for another data set
250 Groeak
—— Grpeak:
200 > Grpeak:
—— Grpeak,

Amplititude
S
(=)

LI L L L B e |

it iy

500 Time/ns

0 100 200 300 400

FB |2 Sinulted wavefom by EM agoritqm
* Dotted cuwve shows w0 (Gaussian distrjputons decom posed

foom the same data setshovn nF g 11

4 2 RIEGL

RIEGL wavefom data are stored n wo scparate fﬂe:s
*  [WF fike contains the ca]prated waveform san ple da@
* LGC file contaps he 8eocodmg and ndexing
mnfomaton for each laser hot Each waveforn consists Of
a pyte array of STRTWFLEN ( start wavefom 1ength)
sanp s representing the an jtted Pulse wavefom of a jser
shot for mferenc§ folbwed by a phyte array or ushort array
Of WFIEN ( waveforn length) sanples representng he
surface retum wavefom The distance fran one simple ©
the next s, 149855 M shown as FE 13

150

Amplititude

0 L T — i J

0 20 40 60 80 100 Time/ns

FEB 13 Raw wavefom data adquired bY RIEGL IM5600

The dawa preprocessing of RIEGL #© different from
that of SLICER The threshol for denosmg n REGL
1S detem jned by cajcupting them ean value of the taj] of
the em tted wavefom sjnce tHe anitted wavefomm is
recorded and Provided bY the systen} agan % of the
lastpartof e @il is cut off There are fess sanpPks n
comparsonw ith SLICER  The initia] value of(,j 8 set
01, Fig 14 shows the Preprocessing of he backscatrrer
ng Waveforr’l nwhich the horzonta] |ine rePpresents the
threhold Valuegno,ﬁe for snoothng

150

—
(=3
=]

Amplititude
W
(=3

hoise
0 Time/ns
0 20 40 60

F&8 14 Preprocessed wavefom

FB 15 shows the wo (Gaussian canponents decan posed
fran tfe data shown in Fig 14 Two vertica] |nes in he
{Bure {justrate the locaton of wo retum echoes The
paraneters estinated are;l1:13_ 50,=154,=27.0 and

6,=215
1501
I
E 100[
E s
<

0k el 1 Time/ns

0 20 40

Fig 15 Simulated wavefom by BM aRoritin
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5 (CONCLUSION

At Present fu]] wavefom di€itizin€ tchnology is not
only adopted Y space.home [ DAR Ystam s but alo
becom ng a stndar] configuratpn canponent of ajthome
LDAR ¥stans Analyzing and Processing wavefom data
wil] povide additiona] surface pfomaton than discrete
echoe,s though equibment vendors and researchers helieve
that he hck ofmature aRoritin and analzing wotkfow is
a hottleneck Waveform decompositon is one of the key
sePs ofwaveforn dat analysis Works n this Paper show
that laser scatmmipg wavefom decompositpn hased on
modified BM algoritim provdes petter wavefom {itthg
precision canpared w ith conventjona]methods
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