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ABSTRACT

In analogy with eleciric signal, the roughness of terresirial relief can be defined as a component similar (o the noise

presemnt at the signal during the (ransmission pr

Aceording (o this concept, the paper presents a techmnigue of the

roughmness determination using speciral analysis of dense sampled terrain profiles. The periodogram is used to make
it evident. I¢ aids o find out roughness specific frequency. Afterwards, the separation of the roughness is achieved by
filiration process in the frequency domain, carried cut with Butier worth filter, followed by inverse Fourier tramsform.
The results obiained are illustrated through the graphical representations and the comparisons made between the

initial profiles and the filtered profiles.
LINTRODUCTION

The terresirial relief is a complex spatial surface with a
high degree of variabilidy. that includes in this structure
different types of forms. From the geomorphologic point
of view, the relief form is the descriptive element of the
particular aspects of the lerrestrial surface, according to
the genesis. Besides genesis, that is considered an elemsentd
of greatl importance, different parameters that describe
their geometric features are used for the analysis of relief
forms. K¢ is obvicus that the number of proposed
parametlers for this aim is considerable. Based both on
the describing capacity of lerrain veristions snd on the
easiness of application of some modern analysis methods,
respeclively of classification, t(hree parameters are
considered o be most significant out of the multitude of
parameters : the dimension or the vertical amplitude
¢ relief ), defimed as the value differences of the height
extreme values, the slope standing for the first order
derivative of the height and wawelemglt or the mean
distance between successive exireme local heights of
terrain profile ( Frederiksen. P, Jacobi. 0, Kubik. K,
1984).

The relief form in geomorphological space, evaluated from
the geometric point of view, under their dimentional
aspect or as size order, cover a very large ramge. Thus,
according to G-scale used in a (axonomic hierarchic
classification based on the size order and the geometric
topological complexity ( Dilkau. R, 1990 ) in
geomorphological space, there are: mega ( > 10" mp ),
macro { 10'? - 10° mp ), meso ( 10° - 10* mp ), micro
(10? - 10° mp), nano ( [0° - 10"? mp ) and picoforms
(< 10* mp ). The roughness or the small size terrain
variations can be included in nanoform classes, taking
this hierarchy as refference.

The terresirial surface is a suming ( superposition ) of
components of different sizes and configurations, viewed
from dhe siructural point of view. Iis represemtations
under profile form. reveals spatial development of this
similar (o the variations of an electrical signals. Il a
comparison of different components conformily (o this is
perfiormed, dhe rouglhiess can be ssbmilated with the
presend moise in the structure of the signal during
{ransmission process. Deseribed according o the above

mentioned parsmeters, within the signal theory eomtext,
it represent the random variations of very little amplitude
and period or high frequency relief.

Considering the analogy belween (erraim profile and
electrical signal as main hypothesis, the paper presenis a
technique of roughuess determination with the specific
means of spectral analysis.

2. ROUGHNESS BETERMINATION USING
SPECTRAL ANALYSIES

Spectral analysis has numerous applications in differemnt
domains of science and techuigue. Il forms a disdinclive
chapier with theoretical basis within modern measurig
techniques., Hts wse im the field of photogrammeiry,
imcludes mainly applications connecled with the digital
elevation models ( BEM ) technolegics. A short survey
points oul: the interpolation inderpredation, smoothings
and parametrical transformations as types of discrete
convolution ( Kratky. V., 1930 ), sampling interval
determination ( Jacoby. @, 1980, Kraus. K. 1984,
Hassan.M.M, 1986 ). data filiering ( Hassan.M.M, 1988a,
1988b ) and accuracy of DEM' s estimation { Frederilisen.
P, Jacobi. O, Justensen. J, 1978, Frederiksen. P, 1981,
Jacobi. G, 1980, Tempili. K, 1980, 1982, Frederiksen.P,
Jacobi. 0, Kubik. K. 1984 ) , texrain types classification
(Ayemni. @, 1976, Jacobi. @, 1980, Frederiksen. P, Jacobi.
O, Kubik. K, 1884), slope and ferrain curvatur e mapping
(Papo. . B, Gelbman. F, 1984 ).

The main operating lools from speciral amnalysis
represented by series and Fourier (ramsforms have the
capacity of achieving a link between the domainn of signals
existence { space or time ) and frequency, domain in which
the signals can be represented. Simulianeously with this
special property, Fourier transform have the property of
Deing able to be used at the identification of some signals
of different frequency., additively combined and themn,
DBecause il enable the spectral estimation obtaining, at
their separation through filtering operations.

The applications of these concepts at the study of relief
components, on an analysis process is based, within which
samples of a finite lenght signal ( O,1L ), Zi dervain heighits
are considered. Their uniform gathering along profiles to
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the univariate analysis mode corresponds and respectively
bivariate, if by sampling strategy in the structure of a
network also uniform, are distributed.

Directly esnd indirectly submited to Fourier
transiormation, the heights values lead (o the oblaining of
speciral estimates, which in ensemble form the power
spectrum. The magnitude of spectrum values render the
energetical levels corresponding (o height samples,
therefore implicitly (o lerraim variations, offering in a
first variant the possibility of this characterising by
" power " ( emergy ). Consequently, ordered according lo
their frequency in a spectrogram ( periodogram ), will be
the frequency content descriptor and at the same time, an
efficient and objective means for different types of the
forms existing in the studied terrain pointing out.

2.1 Power Spectrum Estimation

At presemt, the spectral analysis uses (wo methods to
obiain the power spectrumi. The indirect method or the
"siandard " method ( Blakman - Tukey ) conceived on the
basis of Wiener - Hinchine relations, which express the
property that correlation function and power spectruumn
form Fourier paires, and the direct method ( Cooley -
Tukey ). In the first case the speciral estimation resul¢
indirectly, through Fourier transformation applied (o the
correlation function values, and the second case as a result
of Fourier {ransformation application starting direcily
from the measured Zi heighis samples. K is worth
mentioning that in both cases, the use of fast Fourier
transformation ( FYT ) procedure lias a prevailing
imporiance.

The direct method was chosen in the experiment, aiming
to the easiesi calculation effort. Iis implementiation was
done in a program of processing which nses a fast Fourier
(ransformation subroutine.

A brief description of this method presenis the following
characteristics. The input data are represenied by texrain
heighis reduced to o trend function (Zn = Zn - T ) for the
specirum values calculus or for the speciral demsity
function. Then according (o the overall sirategy the X(jf)
smplitude spectrum is determined and subsequently the
power spectrumm:

1 1
GGD = — [ X GD * XGD 1= =1 XGO) 1? (1)
L L

Smoothing opperations are required because the
estimations of amplitude spectrum will be affeclted by
exrrors due o (runcate effect ( the terrain profile have a L
limited Ienght ).The smoothness can be performed at a
level of amplitude spectrum or at the power spectrmm
fevel. Ome of the weighting methods which operates
spatially or frequentially is used in this situation.

If Z(s) is a terrain profile with L lenght, sampled a As
interval, process that issues Zun (n=0, N-1 ) row of heiglts,
after their reduction to the tremd function, the spectral
lines are determuined as follows:

X = My - B : (qg= 0, Q-1 ) 2)
vhere X(iq) is the spectral amplitude density, ¢ the order
of speciral line, Alg) the real component and (g the
imaginary component. According to the sampling theoremt
the integral frequency content is obiained only when fe

sampling frequency is conforming with the condition:

fe > fmax 3)

Taking into accound the relation; L= (N-¥) As= (N-I)
[ §f e, respectively f max = (@ - 1) Af, in which @
representis the total nmmmber of speciral lines, and f= 1/ L,
the spectrum resolution, resulis that the ¢ = N/2 relation
exists al the limit of the fulfilment of ( 3 ) condition,
between N-the ber of height samples and @. Thus
the periodogram must include N / 2 spectrum lines to
describe the frequency range as accurately as possible.

I was already mentioned that the specirum estimations
obtained im the first phases are affecled by exrrors
consegquent (o the use of finit profile. The Limitation at a
fiineit imderval of variable which represents in this case the
terrain haights is equal with a filiration in the space
domain.Thus the (errain profile is assimilated willh o
iruncate signal representing the product between Z(s) real
signal and spatial filter. The physical process, thwough
which adjacent speciral lines values, inlerveme for a
speciral line due (o truncalion in calculated spectrum,
having as effect (he introduction of an error, is called in
technical literature leakage ( Pavenport.W.1B, Root. W.L,
1958 ). The solution of convolution with Henming
weighting window dm) =0.5* [1+ cos (2N ) ks m=
0, N-I applied (o frequency, was used im order o
eliminate. According (o addopled solution the components
of raw specirsl lines which have following expresiomn:

N-1
Al = As )} Zm) cos{ngn/ Q)
n=0
4)
N-1
Blg = As ¥ Ziw sim (g / Q)
n=0 (q=0,¢-1 )
are ajusted by relati
A@) = 0.53A0) + 0.5A(1)
B@ = 0.5B(@) + 0.5BQ)
Adg) = 0.25A4g-1) + 0.3A(g) + 0.25Adq+1)
B = 0.25A4g-1) + 0.51(qp) + 0.25B(g+1) 5)

A@-1) = 0.54(Q-2) + 0.5A(@Q-1)
B@-1) = 0.5A(@-2) + 0.5B(Q-1)

Themn, the spectrum valmes are obtained using the
relations:

|
Glp = — [A? (g +B? (@ ¥ : (=0, Q-1) (6)
L

The periodogram curve is drawn by using them, out of
wich (ix) frequency level corresponding to roughmness is
selected. This will be the main parammeter or {fc) cul-off
frecvency used during the filtering process through which
the high frequency relicf componends are separated from
the other terrain forms.

2.2 Rouglimes Components Filtering

Filtering is a commonly used procedure in signals
processing {echunigues. It comsist mainly in retnining
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certain component paris of a signal, when il passed
through the filter or window. In their numerical variand
the fillers are described mathematically by an PI 1
operator, which converts Z{ nAs ) input signal in z( nAs )
outpul signal;

z{mAs) =P [Z(mAs) 1 (7)
achieving fillerig functions of lowpass type, highpass,
bandpass and bandsiop. According o PI 1 operator
properties differemt filter classes cam be achieved.
Invariamt in space ( or time ), linear systems have the
Iargest use, because they allow a easier mathematical
ireatement.

The condition of linearity as well as that of invariance are
imposed (o the operator in order (o get these systems
( Hamming. R. M, 1977 ). According to the first condition,
if zI( mAs ) and z2( nAs ) represent the filler respons to
Zi(nAs) and Z2( nAs ) imput samples, the filter is linear
only whemn:

P I aZi{nAs) +bZ2(nAs ) 1 =
=alP [ ZI(mAs) I +bP [ Z2{mAs) I =
= azl{ mAs ) + b22{ mAs )

(8)

wiere a and b are dwo arbitrary consiants. The second
condition require that the fillering eifect be the same
irrespectively of the filtered sample position. Thus if the
respons (o Z{ nAs ) inpud sample is z({ nAs ), then respons
to ZA(n-k) As ) sample will be z((n-k) As ).

I} is considered the result of the (ramsformation
obiained through the application of PI 1 operalor o
6 (n) impulse signal:

h(m) = PEO(m } (9)

Also, PL 1 operator is applied (o the signal expressed by
the relation:

N
PlZ{n) I=PIZ Z3i)d (m-i) 1 (10)
i=1
By using the linearity condition, ( 10 ) becomes:
N
z{m) =T Z(i) PLO (m-i) § (11)
i=1

The foliowing relation resulls daking imio account of
imvariance condidion:

(12)
N N
2 Wil h(mi)= 2 h(i) Z n-id) = b m )*Z( )
i=1 i=1

zZ{m)=

where the second equality is obtained from the ( m-i ) -> i
change of variable and third representis the shorteming
forme.

The relation ( 12 ), called also the convolution swum, proves
that a space invariant and discrete linear filter is entirely
characterised by its respoms (o signal impuise. Thus
knowing Ii( n ) kernel, by computing the convolution smm
witle input data Z( n), will resuld 2( n ) filters respons.

The z{ n ) response values can be obtsined by directly
calculating the convolution sum. EBut this method means
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an imporiant operation volume because N muldiplications
are necessary fior each Zi height sample. The cuiling of
operations number is achievsd by using fast Fourier
transformation algoritms. Thus ., if FIz( k)1, FI Uk
) Jomd F [ h(k) I are Fourier transforms corresponding
to z{ ), Z{ i ) and I n ), can be write:

Flalk)i= FIMK) 1* FIUKk) 1=

=H(k)*F(k) (13)
and respectively:
zi{hk)= F'{FIMk)I1*FILAUkL) I} =
= F [ H(k)*F(k) 1 (14)

(13 ) and ( 14 ) relations associated (o a fast Fourier
transformation ( FFT ) algorithm implemented in a
subroutine lead (o the following operating procedure:
Flh@k) 1 and I Z( k) 1 discrete Fourier (ransfiorms
are compuled ad a begining, then F1 h(k) I*F1 U k) 1
product is dome amnd finally z( k ) respoms filler is
deiermined dhrough inverse Fowrier iramsformation
( Stolojanu. G, Podaru. V, Cetina. F, 1984 ).

In this approach comtext, the roughness is determinated
through a fillering process, frequentially achieved, im
which 1 h( k) I iransform or H( k ) is reffered as
process iransfer funclion, respeclively as of the applied
filter.

Butterworth filter was chosen for filtering execution,
starting from idea (o use fr frequency level corresponding
(¢ “roughness, that main facior within ferrain data
processing. The reason of this choise is that i poses a
transfer function which offers possibility of being direcdly
conditioned (¢ operate {aking inte account this parameter.
Bt is used as low frequency filler, having fc cuti-off
frequency equal o fr for the separation of components
which represents lerrain roughness.

The transfer funclion for Bullerworth lewpass filder
(BLEPF ) of m order is given by the relation:

H(ji)=2 /01 +(f/fc)?™ ] 13)
{ fe = cuti-off frequency )

Grafically represented for n = 1, has the form show in

figure 1:
Hijf)
1
I i | e
0 12 3 i
Fig. 1 The transfer function of the Bullerworth' s filter
(m=1)

The analyse of funclion graphic reveals that it canmot
strictly define the separation between filtered frequency
and unfiliered omnes. That is why the piace of fc cudl- off
frequency is established in a position for which RI( §f ) is
smaller with 2 cerdsin fraclion tham is maaxizspemme. A
common value used is ( 1 /V2) K hmax. Changed in this
sense, relation ( 15 ) will have the following form
( Gonzalez. . C, Wintz. P, 1987 ):
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MGji) =3/ L1+ (V2Z-1)¢iife)>™ )=

=4/ [E+0404(f/fic)?™ ] (16)
After oblaining fillered profiles, by their subtract from
initial profiles, the heights differemees ( dhrj) which
represent the roughness values, are deferminated. As
parameter for global caraclerisation of the roughmness,
ool mean square ( rins ) height differences is used:

e=[Z(dhr)? /INI'"? (17)

3. RESULTS AN} CONCLUSIONS

Efficiency of pericodogram wse in height informations
analysis has been demonstrated within the studies
coneerning detection and filtering of errors im DEM' s
data ( Hassan. M. M, 1988a, 1988b ), The application of
its highlights properties of the parts in a signal (o the
question of determining roughmness or high frequency
velief, is based on some observation as follows:

-power specirum estimations corresponding (o low
frequencies (fig. 2b and 3b ) convey in periodogram curve,
the contribution forms which are superior as size order to
roughness. Within this frequencies area, roughness influ-
ence is very little, even insignificant. Adequate spectrum
of minimum frequency defines either s maxinnun or a
pealks of curves.

~if within the analysed terrain profile there is only one
kind of form dimensionaly superior to roughness ( only
one low frequency oscillation ) in the maximum point,
periocdogram getls quikly lower to a little amplitude value
charvacterised by a high level frequency. In the case are
more kinds of superior forms ( differemt low frequency
oscillations ) in the above mentioned area, there will be
cilher peaks or local maximus al frequencies that
correspond them.

-on going, from low amplitude value, periodogram
relatively displays mom - uniformaly , having low
amplitudes, as well. This is high frequencies area or
deseripior of roughmess contribution to periodogram
configuration. Frequency corresponding (o ils starding
point, that makes an utmost change in periodogram, is
cuti-offf frequency ( fc ). According (o that mendioned in
the end of chapler 2.1, this frequency Ievel has been used
as a comirol parsmefer of filtering process alome by
Butter worth filter, through which rougliness is separated.

Two exemples of separating roughness parts are displayed
in figures 2 and 3. The first profile processed imn this way
is a plane terrain and the second one a moderate variable
terrain. They are succesively conveyed:

-periodogram from input data which make obvious
roughness and its frequency level (figures 2b, 3b);
-periodograms corresponding (o profiles data resulted
after filtering is applied ( figures 2¢, 3¢ );

~configuration of the twe filiered profiles ( 2d, 3d );
-graphics of roughmness values ( 2e, Je ).

The two profiles are sampled (o an interval As = 0.5m
between height samples and roughmess amplitude
component within the 0 - [.0m range. is considered.

The rongluess is delermined im differemt {ypes of
applications from the fields how are for exemple: geology.

geomorphology, planetary geology or radar remote
sensing. In accordance with the nature of ilie applications
ils components separations resolutiomns, can vary at
centimetre to metre scale. Taking into account this aspect,
Zi( s ) height profiles must be sampled ¢o fulfil all imposed
accuracy eonditions by asked resolution.

The plane coordinates and heights accuracies which can
be achieved wsing photogrammetric methods are
dependent on various interrelated factors, but chiefly:
{ 1) the scale and resolution of the aerial photography:
¢ 1I) the flying height at which the photlos was takemn;
(1) the base | height ratio of the overlapping photos;
( IV ) the accuracy of the sicreoploiting equipment used
for the measurements ( Kennie.M.J.T, Petrie.G, 1990 ).

OQut of mentioned factors, for roughmess a great
importance have, the scale and resclution of the aerial
photography. Hts separation emntail the aerial photos at
large scale with a very good resolution.

The serial pholos in the area scale 1: 2000 - I: 4000,
exploited using enlargement factors of J or 0, can assure
obtaining the componenis of the §.15 -~ 1.0m range, with
enough accuracy. But, in the case of the high resolution
applications, where the rouglmess is delerminated st
cemtimetric scale, are mecessary special pholos, atl very
large scale, obtained with means wich allow taking of the
photographic regisirations from small altitude. Kt is
enlightening the results obtained using the close - range
aerial photos maked with 70mu metric cameras attached
to either end of a 6.2m boom, mounted mnder a helicopter
(Wall.$.D, FarrT.G, Muller.J-I’, Lewis.PP, LeberLE.V,
19381 ). Also, are of maintained concerning to very high
resolution determinations. the possibilities oifexed by
close - range photogrammeiry, wich can i¢ provide a
precision of Imm ( Kirby.F*.R, 1991 ).

Complex numbers imvolved im ire FET. require iwice
storage and compuiational time thet real numbers use.
For increasing of the data processing efficiency, there is
s altermative, the Fast Harley Tramsform ( FHT )

" { Watson B.F, 1992 ). This uses only real numbers so is

twice as fast while using only one - half the storage.

For teclmigue in this paper presented, must be wnderlined
that an exact correlation beiween the input date quality
and asked resolution is ome owd of the fundamental
factors. Using the height samples having the improper
accuracy , can be lead (o ambigous situations when the
roughmness are mixed and confused with measuring errors.
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