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ABSTRACT 

In this report. the design of a digital band pass filter is di scus scd . 

It consist s of an approximation to the ideal rectangular frequency 

filter. The data are convoluted with a truncated Sine function. 

Theoretically, the Fourie r transform (Frequency respons e} of the 

Sine function is the ideal low pass filter in the frequency domain. 

The difference of two such low pass filters of different cut-off 

frequencies gives a band pass filter with a suitably chosen narrow 

bandwidth. A band pass filter consisting of a truncated Sine function 

does not have ideal shape, but by kcep: ng the truncation limits G to 8 

times wider than the main lobe of the Sine function, this filter has a 

sharpe r cut-off than that used by Blackman-Tukey. 

The filter is applied to the determination of properties of 

par,ticular frequ ency components of wind water waves. These com-
1 

ponents are filtered fro m the original record of water surface dis-

placement with the aid of a digital computer. In this manner the 

statistical prope rties of the water s u rface, which include wave 

spectra, auto-corre lation, and ::;pace -t ime correlation were studied. 

The variance cal cubtccl from a filtered time serie s of particular 

frequency co mponent rept·cscnts the wave energy at that filtered 
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frequency band. Spectra constructed by this technique are in good 

agreement with those obtained by the Blackman-Tukey method. 

Filtered space-time correlations showed that the propagation speed 

of a water wave is independent of frequency component, and is 

governed by the dominant frequency of original time series only. 
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Chapter I 

INT RODU CTIDN 

1.1 Purpose 

When wind blows over the surface of moving or standing water, 

w aves will be generated . These waves have different properties at 

diCerent fetches or wind velocities . P art of these p roperties , such 

as the energy spectrum, and the basic propagation speed of the waves 

can easily be obtaine d from the original wave record by calculating , 

respect ively, the variance spectrum of the reco rd and the cross ­

correlation b etween simultaneous records taken at stations a short 

d istance apart . T hese techniques do not permit inferring all the 

p roperties of the random water wave data associated with a particular 

frequency component . The wave record is mostly characteri~ed by 

th e wave components near the peak of the energy spectrum. However, 
I 

frequency components associated with the first and second harmonic 

of the frequency of the peak also play a very important role in 

describing the wave shape. 

F o r studying them, it is necessary to isolate a t ime series 

a ssociated with a particular frequency component from the given 

original time s eries. In the time domain , if we introduce a weight 

function W(t ) and apply it to the origina~ wave reco r d y
1 
(t ) a weighted 

r unning mean or convolution is obtaine d: 
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{1-1) 

The Fourier transform of Eq. 1- 1 iE found, by the convolution 

theorem of Fou rier integral theory t o: 

AX ( w I ) = [ A )I. ( UJ ) ] F. T. ( LU I ( t ) ) {1-2) 

Fo r this study, a w e ight function w 1 (t) is chosen which yields a 

low pass filter, with a cut -off fre quency of w 1, say , r epeating the 

filt e ring wit h a different cut -off frequency w
2

, and taking the differ­

enc e of the two filt e r e d functions, then a band pass filt ere d time s eries 

x( w, t ) is obtaine d: 

X ( w ,t) {1-3) 

whe re amplitude spectral de nsity is give::1 to 

Ax < l>.J ) [ F. T. ( L>J 1 ( t ) - Luz ( t ) ) ] {1-4) 

where the term in {} yields a band pass filter with center frequency 

(w
1 

+ w2 );2 and band w idth about w
2 

- wi 

An ideal band pass filt e r which pas s es only the frequency com­

ponents within the band requires a weigh function which extend s from 

- ex, < t < ex, Consequently, some comp r omise has to b e made . 
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In this thesis, most of the effort is directe d towards designing a 

filt er whose p roperties resemble thos e of the ideal filter . The 

weight function chosen is the truncated sine -function, and a majo r 

problem was to obtain its Fourier transform . 

1. 2 Literature Review 

Holloway (1 958 ) combined most of the pert i nent information of 

filte ring and smoothing into a concise, s :..mple fo rm . He discussed 

different filters . The frequency response function of a f ilter is defined 

as the transform function R(f) of a given weight function w(t) with 

whi ch the data record is convoluted. It is given as: 

R < f > - Re [ {""w ct ) e x p C 2 n: i t t ) d ~ ] 
.,_.,. 

,' 
= j unt) Cos(2 1tf t)dt (1-5) 

-0:l 

where R(f) is frequency response function, and w (t) is weight 

function. 

Holloway discussed the theoretical fre quency response of the 

following low p ass filters: 

(a) The e qual weight filter which is define d by: 
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I 
!ti L T 

T 1 

2 

w ct > ---

0 I ~ I ~ T 
I I ,. 2 
\ 

where ½ is the h e ight of t he weight function. 

(b) The filter defined by the normal probability curve: 

-1 
< 2 1[ 7'2 

/ e" p ( - t-' h . :>,.· 1 

where a is the standard deviation, and 

(c) The filt e r given by the e x ponenti3.l function: 

() ... \ r_J 

\,IJ (t) 

\ ( r,- 1
) ex p c t /"-) i; L (l 

whe re >- is the lag coeffici ent . 

The frequ ency respons e curves of (a:•, (b), and (c) are shown in 

Fig. 1. Unfo rtunately, none of the se cur•res is ideal, b ecause they do 

not give a sharp cutoff freque ncy. (Usually, the cutoff frequency is 

taken as the frequ ency where the response drops to 1 o r 2 percent .) 

Furthermore , l arge side lobes of the filter cause a leakage into bands 

beyond the cut off frequency . If a band pass filter is constructed from 

these stated we ight functions, its shape is even less satisfactory thar. 

that of low pass filters. T heoretically, th e ideal low pass filter mus t 

be a rectangular window: 
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normal probability, and exponential curves. 
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{ 
0 

Unfortunately, the corresponding weight (filter) function is: 

uJ (t) = 1: R (f) E>x? ( 2 lt d t) df 

I
fc:. 

2 
0 

Cos ( 2 7( f t ) ci f 

Srn ( 2n fc. )t 
1r-t (2f.c) 

U-6) 

whi ch extends from - oo to + oo . In discussing this weight function, 

Holloway states: "This smoothing fun ction is a damped wave extendi ng 

forward and backward in time from the origin. However, because th e 

damping is rather slow, this function wiL often be impractical t o use, 

since it will extend over so much of the series to be smoothed . The 

function can, of course, be taken to be zero (truncated) at some con-

venient distance on each side of the origin, but this alters the respons e 

in an undesirable way , and the closer t o the origin it is truncated, the 

less desirable the response becomes . " Figure 2 shows the compar ison 

of frequency response of Sine, truncated Sine (t runcated beyond the 

first negative lobe s on either side of centr al positive lobe ), and normal 

curve smoothi ng function . 
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For application to weather records, which are influenced by a 

solar cycle of about 11 years, Brier (1961) designe d an empirical band 

pass filter function, which has a unit frequency response at a period 

of 11 years, decreasing to zero at 22 years and 5. 5 years. By this 

particular weight function, he obtained a satisfactory analysis of 

weather records. 

Besides Holloway and Brier, Wiener (1949), Blackman-Tukey 

(1958), Jenkins (1961), Parzen (1961), GJodman (1962) made important 

contributions to the development of opt imum filter shapes. 

None of these authors gave a further detailed discussion of the trun­

cated Sine function. Although this function oscillates about the zero 

axis and converges only slowly, a fairly good frequency response func­

tion can be obtained from it if it is trunca ted at a suitable distance 

fro□ both sides of the origin. The limitation of the truncation distance 

is imposed by the number of data points discarded because of the 

filtering process, and by the computing t ime of the digital computer. 

For example, if the digitized time spacing of a time series is O. 025 

seconds and the time series to be filterec out has a central frequency 

f Hz, then the number of points to be discarded is: 

0.02s 
Oi.(_§__+ 1 )-' 

2 j- ( 1- 7) 

where a is the ratio of the length of Sine function to the length of the 
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mainlobeofthatfunction(cf. Sec. 2.1, Fig. 3) , 8 isthebandwidthin 

terms of the filtered central frequency f. Equation 1-3 shows that the 

smaller values of a, 8 and larger frequencies will give a smaller 

number of discarded points. Practically , if f = 2, 8 = 1/ 4, and a = 8, 

the total number of discarded data points (corresponding to the length 

of the Sine function) will be about 200 . For a long piece of record, 

say 2000 points, the discarded points (lC0 points on both ends of the 

record) is a small portion, which is inversely proportional to the 

filtered central frequency. 

Detailed calculation of the filter sha:)e of the truncated Sine func­

tion and its application will be discussed in later chapters. 
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Chapter II 

THE ORETICAL BAC~GROU D 

2.1 Filter Characteristics 

2.1.1 Moving Average with Filter 

The o retically, tre Fourier transform of Sine function is a 

rectangular window . Base d on this, the Sine function is chosen to 

be the ideal l ow pass filter . If the length T of t h e main lobe of the 
s 

Sin e fun ction is suitably set, then by the d efinition of the runni ng 

mean , the time series ~l (w
1

, t), which sonsists of all d i fferent 

fr e quency components from zero up to u.,
1

, would be: 

(2-1) 

whe re w
1 

= 2 1r /T , and T is the lengb. of the rectangular w indow 
. S 0 

(see Fig. 3). Furthermore, if the lengL-1 of the main lobe of the Sine 

function is changed to (T + 2 tit ), then 
s 

- U 
1 

( t ) 'S: nc ( -l~ - t ) 
er T. + 2"t (2-2) 

where w 
2 

= w
1 

- tiw = 2 1r /tr s + 2 ti tJ, and tiw is th e bandwidth . 

The tim e series 2
2 

( w 
2

, t ) contains all frequencies from z ero 

to w
2

, th e r e st are filtered out by the fEter function. If we subtract 
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A ,...._ 

x
2 

from x
1 

, the desire d, filtered time function x ( w , t), which 

contains fre quency components from w 
2 

to w 
1 

is then obtained; 

X t1.u,t) (2-3) 

If the bandwidth of the filter t:.w is small enough, then x( w, t) 

could be considered to be a time s e ries solely at a central frequency 

2.1. 2 Truncated Sine Function 

By introducing an ideal low pass filter (Sine func tion) in the 

time domain, a spe ctrum in the freque n cy domain will be found which 

is flat fro m th e very high frequ ency component down to the cutoff 

frequency. Practically, to obtain a true r e ctangular filter, the Sine -

fun ction must b e extende d over a very long record, requi ring prac­

ticc..lly an infinite length of a record o_,. ti:ne series for the application 

of Sine fun ction. Thi s is clearly impossible. Also, from an economic 

point of view, a short l e ngth of record is desire d. For these two 

reasons, a moderate l ength of Sine funct:.on is chos en, which is suf-

fici e ntly long so as not to materially affe ct the ac curacy. 

In order to have a limited l ength of Sine function, we are forced 

to introdu ce a rectangle function in Eq. (2-1) (se e Fig. 3): 



Sine (t) II (t) 

II (t) 

-t t 

-.2 T~ ______________________________ ., 

To 

Fig. 3. Construction of band pass filter by truncated Sine function. 
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,. I 1= t--t tj-t t 
X,tw ,,tj) = To -m~. (x,t)S;ncC •~ )J[(..T. )d 

t. t- "f 
= T. f J 'j-, C x , t) Si,ic ( 

t- _], 
l 2 

(2-4) 

Equation (2-4) is a convolution integral. Sir:ce the Fourier transform 

of the convolution of the two functions X a nd Y is equal to the pro­

duct of the Fourier transforms of X and Y (se e Ron Bracewell, 

"The Fourier Transform and Its Application", p. 111). The Fourier 

transform of Eq. (2-4) become s: 

A.,_(w , ) = [ A,.tuJ)] F. T. ( S : Vlc ( -tJ~t)]: ( tJ_~t )) (2 - 5) 

The width of the main lob e of the Sine functi ::m is (T + 2 6 t). Then 
0 

the Fourier transform of Eq. (2-4) b ecomes: 

[ ] 
t . -t 1-:.l Ax (l>,:h) = A" (W) f. T. ( 'S:~ c ( ~) ][ ( To' )) (2-6) 

The spectrum at central fre qu ency u (w= (w 1 +w 2 }/2) i s given by: 

A.,,(t.u .. ~W,) 

This r esult is applied in this thesis for filtering wave data. The 

details of Eq. (2-7) are discusse d in the remainder of this chapte r. 
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2.1. 3 Fre quency Response of Truncate d Sine Function 

Consider the function : 

f \. i) = S :r,c. ( 2 t _) 1f ( j__ ) 
T~ To 

T he F ourier transform of this fur.ct ion is gi ,ren by : 

( -3.i) J[ ( _i__ ) C X p ( - i wt ) d t 
Is To 

As T approa che s infinity: 
0 

(2-8) 

(2 -9 ) 

where II (l/2 ) is a r ectangular window with unit he ight and bas e . 

Act ually, T is finit e, so that 
0 

A ' (w, ) = _l [si 1C (~ -t T.Lv ) + s. Tli (..:;_ - T.Lv ) ] 'S,nc 2. 7( ,; 27( ,; 2 Tr (2-10) 

whe r e Si is a functio n discussed during th=. detaile d derivation of 

Eq. (2-10) in Appendix L 

L et a = T /T 
0 S 

= ratio of length of r e ctangular fu nction to the length 

of m ain lobe of the Sine function . 

Rew riting Eq. (2-10 ) in terms of a . we get: 

(2 -11) 
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Since w T = 21T = Const, then w = 2 1T f = 2TT/T. For any 
s s 

value of T , the cutoff frequency w is obtaine d. 
s 

2. 1. 4 Filter Shap e and Error Estimation 

If : he l ength of t h e main lobe of the Sine function T in Eq. 
s 

(2-8)ischangedto T +2tiT, thenEq. (2-ll)becomes: 
s 

< ( Cl. ( T, -,.. 2Ll t) 0 \] + ~i 7r 0/.. - 2 . - J (2-12) 

and the filter shape (FS) is: 

(2-13) 

To sol·,re (2-1 3) numerically, we can rewrite (2-8) as: 

AT,. (c.:l,) = 2Ts1Cs f (Tr~+ wc,.1Ts )[ I - ( ,tO( + ~-Ejl -t (11:0I. -t-~ / - • ··] 

l 2 3·3! 5·5! 

+ ( TC o/. _ (v ""- T, ) I _ - -2- ,,_ 
[ 

( 7t d- <-0 al ls )2 ( TC c,( _ w ~ i; )+_ • . ·] } 

2 3.3, t- S'·S-! 
( 2-14) 

1 1 [ ( it c,/. W ol 1;)2 ( 1t cl _ W:: J's '/_ • . . ] ATs' (l.01.) = __li_ {< 1t"o! t wcq; ) I- - 2 t- ----='=---'-
2.7r 2 3 · 3 ! 5 · 5" ! 

(1tol. vJ<:)1}< ')2 I ?Cd- tAJol.21s')+ - •• -]J + ( n; cl _ w ccr.' ) [ I _ - 2. + , 
2 "3·31 S-·5J 

(2-15) 
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where T = T + 2 ~ t, and the fi lter shape will becom e: 
s s 

[ 

( 
..J <.Ool f,)>- (-rr-cJ t- klol

2 
l; )4 

l; { Wc:JTs lto + - 2 - 11, 

?-1t < 1tol t- - "l - ) I - 3 · 3 ! i 5'. 5 ! .. -] 

(Ted,- V,Jol2 T•/ ( Ttol ~ "-'~ 'Tu /_ . ·]} + ('" ~, - t.u! T.:. ) [ I - - -----'=-- + - ---~-~-''-..... .... =-. 3 1 '"" · 5" r 

1 [ (ol i.Jc,(~' )z (1-ol.t-C..O~TL.)4_ ] 
- Ts { ( it cl t c.:l"'-T)' ) \- 1C +~ + -----'•=--~ .. . 

27[ 2 3 · 3 / 5" • 5 ! 

For a detailed derivation of Eq. 2-16 see Appendix 2. 

2. 2 Practical Consideration During Filter Application 

2. 2. 1 Filter Function (Sine Function) 

The Sine function curve is computed from its definition: 

Sinc(x) = Sin( nx ) 
TIX 

(2-16) 

where n = 3.1415 92654 . The compute r program for Eq. (4. 2) is 

shown in App e ndix 3 and its results are shewn in Table 1. Comparison 

of these computed results and those given in mathematical tables 

shows that the errors are l e ss than O. 1 %. The computed Sine function 

cur ve s for central freque ncy equals 1 H z are shown in F ig. 3. 
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Table 1. Co1npull·t· t ·t·s ulls or Si11c funct ion 

SI 'I C(Mi• 
b. lA5bb <nE- nJ 

-3.~229b32E- lll 
-2. 31 79'/'l<+ E- nc 

3 ... 1,-1210/ E- oc 
♦• •18 7 5 A'l oF. - n c 

-.?.<!7315 19E - n.c 
- s. 1n53,.,. ,n-11c 

2.~0~1>2 14E - o3 
e,.Yo9ti9 J5E - o c 
2•h7ti9f> l'i1E - 02 

- 7.3A~1J12 e- - n2 
- 6.b7J945bE- o 2 

t,.h A20b 6 )E-n2 
l o2235 ti •J7E-o l 

-J.t>bul5HE- Q2 
-2• 13824-'lbE-ol 
- ... H234S4E-o2 
♦ .875b829E-ol 
9~5o3797bE-ol 
8.'l oH6\5E-ol 
J.t>78!l3 ulE -ol 

-l• l7l5475E-ol 
- l.%5lh3E - Ol 

6.2Q9584 0f-03 
l.i8322 R4E -OI 
3••1154972E-o2 

-1!. lf'l252olE-02 
-s .h26973f- o 2 
♦• 454 ·/ l oYE.-o2 
6, 233335!lE-o2 

• l•4b41964E-o2 
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2. 2. 2 Filter Shape 

O ne of the main objectives of this study was t o calculate the fre-

quen cy respons e of the truncated Sine funct i on . This was attempted 

by two different methods . First, a combination of Si fu nct ion can 

be obtained in current mathematical tables for only a short range of 

frequenc ies (See Standard Mathematical Tables, p. 356) . The author 

was, therefore , forced to adopt a numeri cal m ethod. As detailed in 

Appendix 2, the F ourier transform of the truncate d Sine function was 

first e xpanded about the origin and then integrated . The computer 

progr2..m for the solutions of Eq . (2-14) an Eq. (2-15) is shown in 

App e ndix 4 . Because of the limite d capacity of the CDC 6400 digital 

compute r of Colorado State University, the fr equency responses of the 

truncated Sine functions could be calculated only up to the cutoff fre­

quenc ies with the results shown by th e solid curves in Fig . 4. The 

computed results of each term of the powe r series of Eq. (2-14) and 

(2-15) showed that this infinite s e ries diverged roughly for the first 50 

terms and then converged. For calculated frequenc ie s g reater than the 

cutoff frequency, the maximum value of the first terms of the series 

before convergence is always greater than 10 
30

, while the number of 

significant digits of the computer is only 28 (at double precision). 

Thus, during the calculations, if the value of any term is g reater 

24 . 
than 10 , part of the value will be neglecte d by the computer b e caus e 

it calculates by mantis sa. This caused the results to be inaccurate 

b eyond the cutoff frequ e ncy . 
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As a second approach, the author tried to expand the power series 

of Eq. (2-14) around the cutoff frequency i n order to obtain a better 

estimation of the frequency response b eyond cutoff. Howe ver, this 

prove d fruitless because the expansion was found to be most compli­

cate d and was finally aban doned. 

T heoretically, the Fourier transform of the truncated Sine 

function beyond the cutoff of frequency shodd oscillate about the zero 

a xis and die out at larger frequencies as shown by the dashed curves 

in Fig. 4 . Hence, no error estimation of the filter shape can be given. 

T he soli d curve in Fig. 5 is the calculate d band pass filter shape ob ­

taine d with the present limited computer Ccpacity, while the dashed 

curve in that figu re is the estimated theoretical filter shape. Some 

day , when a computer with a greater number of significant digits is 

a vailable , the shape of the band pass filter can be obtained, and thus a 

p reci se error estimation can be given. 

The Fourier transform of the Sine function is a rectangular 

w indow . Intuitively, the longer the truncated Sine function is, the 

less the error will be, as shown in F i g. 6 (fo r a = 4, a nd a = 6). 

The computed results for several cases indicated the above hypothesis. 

The n umber of os cillations in the frequenc:r response curves were 

found to b e always a /2. They largely affect the errors of the filter. 

A larger a has larger numbe r of oscillations a nd smaller errors . 
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The band width of the filter also affect3 the precision of the filter . 

Theoretically, the best band pass filter is ,:me with a minimum band 

width . The computer results indicated hat the normalized filter 

shape is independent of frequ ency . Furth ermore, if 2 / CL is 

employe d for the constant ratio band width of the frequency, the best 

filter shape was obtained (Figs . 4, 5, 6) . If the band width is much 

greater than (2/ CL )f, the filtered time series will be intedered with 

b y other frequency components . If it is too small, large errors will 

be introduced b e cause of the large side lobes of the low pass filter 

shape (Fig . 6). Experimentally, 2 /a is •::ho sen for the constant ratio 

band width . 

For the spectrum and correlation calculations, CL = 8 and a band 

width of (1 / ¥ were used . Undoubtedly, th2 band pass filter shape is 

much b e tter than that shown in Fig. 5 ( CL = 6, B . W. = 1/3f), but the 

limitations m entioned above of the computer do not permit a 

comparison. 
I 

2. 2. 3 Choice of Time Steps 

The time spacing between adjacent po:.nts is O. 025 seconds for 

the manually digitized data. This time spacing is small enough for 

low frequency waves , but for high frequen:::y components, such a 

large time spacing might lose some information of wave energy . 

This phe nom e non can be se e n in Fig. 10: there are some phase 

shifts in the filtered data at large t. The::>retically, the pe rio d of 
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a certain particular frequency component must be constant. The 

phase shift might be caused by the interference of higher or lower 

fre quency components around the filt ered central f re quency, because 

a certain band width is u se d. If the data is digitized by ADDCS 

(Chapter 3. 3), the time spacing can be chosen as s mall as 0 . 000015 

s econds. With such small time spacings , he present technique can 

a lso b e applied to high frequency air turbulence studies. 

2. 3 Applicatio ns 

2 . 3. 1 Space -Time Correlation 

For progressive waves, the irrotation3.l propagation speed of 

infinitesimal gravity, deep water waves of frequency f is given as: 

C = j ~ (2-1 7) 

whe r e c is wave spe e d, K i s wave numbe _ and f is frequency. 

Theoretically, according to equation (2-17) , the wave speed is in­

versely p roportional to the frequency . The wave speed was actually 

measured by t h e following technique involving space -tim e 

correlations. 

As shown in Fig. 7, wave data are taken simulta neously with two 

p rob es a distance o apart along the direction of wave motion, th en 

t he cross - correlation function, or the space - time correlation, of 

these time series is given as: 



24 

T 

\y (c5. ·r) =-0 [i;n -f-rf IJ-, (x,t) ta- .. (x+,S J -t + T) dt . 
T-= -T 

i, ( ;,<, 1: ) it,_ (_ X + O > t t T' ) > (2-18) 

where y 
1 

(x, t) and y 
2 

(x + o, t) are time 3eries measured with the 

upstream and downstream probes respe ctively. 

The correlation coefficient is given as: 

'f(c, 1:) 
O:,(x ,t) ();(.X + 6,t+T) 

where o
1 

and o
2 

are the standard deviations of y
1 

and y
2 

respectively. 

(2-19) 

Although the shapes of water waves vary not only in time but also 

in space, their pr·opagation speed can be obtained from the space­

time correlation curves, if the distance o , between the two probes is 
I 

not too large: 

C - (2:..20) 

where T is the time delay of the maximu□ cross correlation coef-

ficient. If a particular frequency component of time series y lf and 

y2f can be identified (filte re d out) from the original time series y
1 

and y
2 

respectively, then the propagation speed of that particular 

frequency component can be obtained in the same way. 
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Fig. 7 Experim e ntal s e t-up of space-time correlation 
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Fig. 8 Spectrum d e nsity of random time funct ion 
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2. 3. 2 Spectrum Analysis 

By taking the Fourier transform of the auto-correlation function, 

the frequency spectrum of water waves is obtained. 

Since- S (w) is real and R (T) is even, the Wiener-Khintchine 
xx xx 

relations yield: (see Y. W. Lee, "Statistical Theory of Communi-

cation," pp. 56-58) 

(2-21) 

where S ( w) is the frequency spectrum, and R ( T) the auto-
xx xx 

correlation of y
1 

or y 
2

. 

The band pass filter of this study gives a means of reducing the 

side lobe leakages of a low pass filter and to make a more accurate 

spectrum estimation than, say, the Blackman-Tukey method. This 
I 

follows from the definition of the spectru:o, according to which the 

variances associated with the frequencies lying in the spectral band 

dw with center frequency w are given as 

(2-22) 
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Consequently, the total variance is 

•~
1 = f""' s~)( Ct.J)dw = J"° d ( ~,.) 

-co -co 

(2-23) 

Thus, the power spectrum can be interpreted in terms of vari­

ances of uncorrelated data. If the uncorrelated data is a filtered 

s tationary random time function at a particular frequency, then the 

va riance would be the spectrum associated with the frequency lying 

in that spectral band (see Fig. 8). 

For both filtered space-time correlati:ms and spectrum analysis, 

one faces the same problem, namely, how to filter a particular fre­

quency component w out of a stationary time function. 

So, the spectral density associated wi:h a central frequency w 

and a band width t>..w is obtained by: 

a:,,. 
- n~ (2-2 4) 

where m = x(t), and n is the scale factor, obtained by dividing the 

total spectrum and the accumulated spectrum density. 



28 

Chapter III 

3 .1 Wind-water Tunnel 

The experiments were performed in -:he wind tunnel flume 

combination located in the Fluid Dynamics and Diffusion Laboratory 

of Colorado State University. The wind water tunnel, shown in 

Fig. ( £-), has been described in detail by Plc..te (1965). It contains 

a truss-supported plexiglas channel of the t=st ·section about 12 

meters long, and 0. 61 meters wide by 0. 76 meters high . The inlet 

section, where the water enters the facility, consists of honeycomb 

screens, which serve as diffusers for the incoming water . The 

sloping aluminum honeycomb beach at the o:.1tlet acts as a wave dissi­

pating beach . A smoothly sanded aluminum flat plate, standing 

10. 6 cm above the floor of the tunnel is extended from the inlet of the 

tunnel to 5. 0 m of the test section. The plc..te is introduced so that 

the air flow can develop to an equilibrium condition while approaching 

the water surface. The water is blocked by a vertical aluminum wall 

at the junction point for obtaining standing water. When the air blows, 

the water depth is adjusted so that a smooth and continuous transition 

from t he plate to the water surface is prov~ded. An axial fan draws 

the air through a fiberglas inlet bell and a set of screens, into a 

contraction section and the air smoothly enters the test section 

through a honeycomb screen. The outlet is a fan section, which is 
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supported independently of the test section. If it is desirable, the 

inlet bell and fan s ection can b e exchanged to reverse the air flow 

di rection . 

3. 2 Measurement of Water Surface Displacement 

The water surface displacement was measured with a capaci ­

tance gauge , which consisted of a 32-gauge , nyclad insulated magnet 

wire, stretched vertically across the tunnel in the center of the cross 

se ction, and a bridge circuit developed in the Enginee ring Research 

Laborato ries , at Colorado State University. The wire is not free of 

capillary adhesion effects . To eliminate th i s effect, the wire was 

submerged in wate r for more than one day and it was calibrated before 

and after each series of experiments. The water and the magnet wire 

were connected t o the bridge circuit . Togethe r they acted as a con­

densor whose capacitance varied proportion lly to the water elevation. 

The bridge circuit gives a voltage output, w ~1.ich is fed to a brush 

recorder or an Ampex F. M. tape recorder . 

3. 3 Digitization of Data 

Two sets of data were us e d in this work . Set I was taken by 

Chang and the author for spectrum estimation only. It contains the 

two cases listed in Table (3. 3 .1). 



T able 3 . 3.1 

Case 

1 

2 

Fetch (m) 

8. 5 

8. 5 

31 

Re fe rence Air Velocity (mps) 

7 . 7 

9.8 

These data were recorded on magnetic tape , and were digitized 

by the Analog to Digital Data Convers ·on System (ADDCS), Model 751, 

p ro duced by the Electronic Engineering Company of California at the 

National Bureau of Standards, Boulder, Colorado . The time spacing 

b etween succeeding points was chos en to be 0 . 0006 seconds . Details 

of t his technique have been describe d by Chang (1968) . The digitized 

data of the water waves were pre - smoothed before filtering by taking 

a n equal weight running mean of every 25 data points first . This 

process removes most of the noise picked up by the signal during 

the measuring, recording and digitizing process, b ut retains the real 

e nergy produced by the water waves as stated by Chang (1968 ). Afte r 

th e smoothing procedure , the time spacing becomes 0 . 0006 x 25 = 

0. 015 seconds. 

Data set II was taken for both spectrum and space-time correla ­

tion analysis . Four different cases of data were taken from simul ­

taneous measurements with two probes , as tabulated in Table (3 . 3 . 2). 
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Table 3 . 3. 2 

Case Fetch Reference Air Velocity Distance Between Two 
(m) (mps) P robes (cm) 

1 3 . 5 10 . 67 6 . 35 

2 9 . 0 10. 67 13 . 21 

3 9. 0 10. 67 31. 5 

4 9.0 10 . 67 59 . 37 

These data were recorded on a Brush Mark II I strip chart 

recorder and were digitized manually with 0 . 025 seconds time 

spacing in the Engineering Research Laboratories, Colorado State 

University . A filtered time series of a particular frequency com­

ponent was then obtained by taking a r -.mning mean of the Sine function 

from the original digitized data . Once the data was filtered it was 

ready for space-time correlation and spectrum estimation by calcu ­

lating cross correlation coefficients and variance . All the statistical 

analyses were performed on the CDC 6400 digital computer of 

I 
Colorado State University. 
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Chapter IV 

EXPERIMENTAL RESULTS AND DATA ANALYSIS 

4. 1 Geom etry of the Water Su rface 

Figure 10 is a typical record of unfiltered water surface displace ­

ment, which shows how the water waves vary continuously and irregu­

larly with time. The waves appear in groups which usually contain 

abot:..t 6 to 10 waves of nearly constant frequency. The appearance of 

a modulation envelope m e ans that the waves oscillate many times 

while their maximum amplitude slowly decreases and then increases 

as a consequence of the interference among several Fourier 

components. 

Filtered water surface displacements of corresponding to particu­

lar frequency components of case 1, data II are shown in Fig. 10 and 

Fig. 11 for frequencies equal to 1, 4, 7, and 9, respectively. For a 

fixed particular fre quency component, the period remains the same 

throughout the whole record, as demonstrated in the figures. Nearly 

regular modulated envelopes also appear in the filtered data. 

The spectrum showed that the domi na:it frequency of this case 

lies at about 4 H z . This property also can be easily seen from the 

comparison of the filtered time series. At the dominant frequency, 

the a ·.rerage wave amplitude occurs to be the maximum, while for 

eithe:c higher or lower frequencies than the dominant one, the 
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Fig. 10 Origina l and filter e d water surface displac eme nt 

Fig. 11 Filte r e d wate r surface d is pl ace m e nt 
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amplitudes are smaller than that of the dominant frequency . Further­

mo re , the larger the deviation from the dominant frequency, the 

smaller is the amplitude . 

From the spectrum estimation (4. 2), the scale factor n (Eq. 

2-11) is found to be 155 . 7, thus the ampli~ude scale factor of filtered 

time series is (155. 7) 
112 

= 12. 48 . Com?arison of the original data 

and the plotted, filtered time series at dominant fre quency with the 

correction due to t he scale factor included, showed that th e average 

amplitude at the dominant frequency is about 0. 85 of that of the 

original time series. The variance associated with spectrum at 

center fr equency 4 Hz, and 4/ 3 Hz of band width is about 0. 7 of 

the t otal variance . The square root of this value (0. 7) is very close 

to the amplitude scale factor, as it should be. Calculation of the 

scale factor and the spectrum density cur ve in rectangular coordinate 

is shown in Fig . 12 . The original and filtered time series at 

frequencies equal to 1, 4, 7, and 9 Hz ar _ shown in Tables 2 through 

6 . The amplitudes of the filtered time series are equal to amplitudes 

of presented time series times 12. 48 . 

Comparison of original time series with the filtered time series 

showed close co rrespondence at the freq ency of the spectral peak. 

Records corresponding to other frequency components, showed 

quite different configuration than the original record . 
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T c.ble 2. Unfiltered time series , Case 1 data II 
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Filtered time s eries of 4 Hz 
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Filtered time series of 7 Hz 
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4. 2 Spectrum Estimation 

The computer program for calcula ing the spectrum is shown in 

Appendix 5 . This program contains the generation of filter function 

(Sine function), filtering process (taking the running mean of the filter 

fu nction) , and variance calculation of the filtered stationary time 

s eries. Spectra were obtained for the same data b y both the 

B lackman - Tukey method and the technique of this t h esis . Results 

a re shown in Figs . 13 and 14 for cas e 1 and 2 respectively (cf. Chang 

(1 968 )) . Results of both methods compare very well. Moreover, 

e rrors generated by this technique are smaller than those of the 

Blackman- Tukey method . A constant frequency ratio for the band 

wi dth of the l ow pass filter i s chosen as one third and one fourth of 

t h e frequency. The figures show that tr_e errors decrease with the 

band width. 

The fre quency spectrum of data II are shown in Fig. 15 for case 

1, 2, and 3 . Local maxima appear at fr~quencies close to twice and 

t riple that of the dominant frequency f . T hree distinct regions at 
m 

high frequency end of spectra are obsen·e d where t h e resulting 

s l opes in a double logarithmic plot are different, but the average 

slope is pretty close to - 5 (cf. Chang 1968) . In all the spectra, only 

rel ative values of spectra densities are plotted instead of the true 

spectrum . 



~ 
I 

NE 
0 

.... 

~ 
Cf) 

10-3 

10 

40 

Cose I 

f (H z) 

o 8 . W. = + f 
D 8 . W. = + f 

Block mon - Tukey 

Plate - Su 

102 

Fig. 13 Spt:c trurn es timation by Blackrnan-Tukey and Plate ­
Su techniqu P iCas c l, data I) 



u 
Q.) 
(/) 

I 

NE 
u 

-
3 
'.3 

(/) 

41 

Case 2 

I 
I 
I 
I 

10 - 4 
I 
I 
I 
I 
I 
I 
I 

I 
/ 

10- 5 -

0 8 . W. =-} f 

□ B.W.=½f 

10- 6 Block mon - Tukey \ 

Plate - Su 

□ 

f {Hz) 

Fig. 14 Spectrum esti m at ion b y B _ac km a n-Tukey a nd 
Pla te - Su tech nique (C ase 2, data I) 



"O 
<!) -0 .... 
.0 -0 
u 
C: 
=> 

u 
~ 
I 

NE 
u 

..... 
3 
3 

Cl) 

42 

102 

0 Cose 

D Case 2 

Cl. Cose 3 

101 

10 

10-1-. _ ___. __ _...__....__.___._ __ ...._ __ ~__._._1...--n..,1,--.....1..-....r,_--L.....1 

10 

f ( Hz) 

Fig. 15 Spectrum es timation by P late-Su techniquf' 
(C ase 1, 2, and 3, d ata II) 

102 



. .-; -- . 

43 

4 , 3 Space - Tim e Correlation 

The original and filtere d data at frequ ency components at frequen-

cies equal to 1, dominant peak frequen cy f , and first local maximum m . 

frequency 2 f , were chos e n for the a uto and space-time correlation 
m 

a nalysis . Appendix 6 is the computer program of this analysis, 

which consists of the generation of filter function, running mean of 

filter function, calculation of variances of the filtered stationary 

time series, auto-correlation coefficient and cross-correlation 

coefficient . 

4 . 3.1 Auto - correlation 

The normalized auto - correlation coefficients of data II, case 1 

a re shown in Fig . 16. It shows that he smaller the filtered frequency 

component , the longer is the time lag f r which data are correlated 

b ecaus e t he filtered time series at lower frequency components have 

longer modulated envelopes, as observed in Figs . 10 and 11. The 
I 

l ength of these envelopes play a very important role in the correlation . 

P ractically, the correlatio is nothing but that of t h e envelop e . 

The absolute magnitude s of the auto - correlation curves for the 

s ame case are shown in Fig. 18. O f course, the maximum correla­

tion is obtained from the unfiltered time series which contains the 

t otal energy, while that of the dominant peak frequency as stated in 

(4.1) is about O. 7 of the o riginal one. 
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Figure 17 shows the comparison of several cases of auto­

c orrelation coefficients at dominant peak frequency . The character­

istics o: these curves largely depend on the dominant peak frequency 

a :1.d the fetch. That is, large and long correlation will be obtained 

for small dominant frequency component and large fetch . Actually, 

l arger fetches have lower dominant frequencies . 

4 . 3 . 2 Cross-Correlation 

Cross - correlation coefficients for the data set II , cases 1, 2, 

a nd 3 are shown in Figs . 19 through 21. Figure 19 shows the 

o riginal data record while the other figures correspond to filtered 

data at dominant frequency and at the first higher harmonic 

frequency. 

T he maximum local maxima of the cross - correlation coefficients 

o ccur for the dominant frequency components at 4.1, 2. 7, and 2 . 7 Hz 

(s ee Figs . 19, 20, 21). The period bet\;/een adjacent local maxima of 

t h e correlation functions for the filt ere d data remains constant , and 
I 

i s very close to 1/Freq. This period compares with that of the 

o riginal data which for most wave groups is e qual to the period of the 

dominant frequency . However, phase shifts are observed between 

adjacent wave groups, b e cause of the interference of different 

frequency components . The time lag a t which the maximum correla -

tion is observed is found to be 0 . 12, 0 . 18, and 0 . 435 seconds for 

case 1, 2, and 3 respectively . Thes e optimum time lags remain 
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constant, for all fre quency components of a particular case . This 

means that the time lag for maximum correlation does not dep end 

on the fre quency component . In other words, the p ropagation 

speed of gravity deep water waves is i:wersely proport ional to the 

dominant frequency . This is the frequency which mus t be employed 

when wave velocities are to be calculated by Eq. (2-17) . 

In case 3, the time lag for maximum correlation at dominant 

peak frequency component is 0. 435 second s while that of the original 

data and local maximum frequency component shifted to 0. 825 

seconds. This phenomenon is probably caused by the wave decay 

and growth during its propagation between 2 l arge distance probes . 

That is, the wave measured at downstream probe is a different wave 

than that measured at the upstream probe . . The dominant frequencies 

at the two probes do not differ very mu::h, but for other frequency 

components the correlations drop rapidly and are quite different . 

This phenomenon tends to be more pronounced at higher frequency 
I 

component and larger distances b etween the two measuring probes. 

The following tahle (4. 3. 2) is a comparison of phase speed 

obtained by Eq. 2- 20 and Eq. 2 -17. 
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Table 4. 3. 2 

(1) (2) (3) ( 4) ( 5) ( 6) (7) 
Case (inch) c(m / sec) c(m/ sec) error c(m/sec) error 

(by Eq. 2-4) (by Eq. 2-1) (%) (%)' 

1 2. 5(6. 35cm) 0 . 508 0 . . 38 32 0.49 4 

2 5.2(13 .2lcm) 0.734 0 . 57 28.8 0.70 5 

3 12(31. 5cm) 0. 72 1 0.57 26.5 0.70 3 

The values in column (3) are much greater than the theoretical 

values from Eq. 2-17 (values in column (4)). O ne reason for the 

discrepancy lies in neglecting the surface d rift velo city u in 
0 

calculating the phase speed . Hidy and Plate (1966) stated, that a 

comparison should be made only after t3.king the r elative motion of 

the water into accou nt: 

- u. [ 3 C - C. I +- c. I + -
2
- (-=i~d-)-,-

t- 2 Co~ h C 2 {d) ]} 

-I_d '=> fl'1h C 2 id) 
(4-1) 

where k = 2 1r I I, u = water surface velocity , A = wave length 
0 

and c - square root (g/k). However, if surface tension, finite wave 
0 

amplitude , and Stokes correction for gravity waves are introduced, 

then the phase speed wi. 11 be only 1 to 11 % greater than c (cf. Hidy 
0 

and Plate , 1966). Actually, Hidy and P te (1966) have published 

experimentally determined wave speeds c for almost identical 

con ditions than those of the present s udy. If the speeds from their 

curve are compared with the speeds calculated from the correlations, 
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then excellent agreement is, indeed, found, as is seen by comparing 

columns (3) and (6). 

4. 3. 3 Space -Time Correlation 

Figures 22 and 23 are the space-time correlation of case 2, 3, 

and 4 of data II of filtered (at dominant frequency) and original data 

respectively. Comparison of these two figures shows that for the 

same distance and time delay, higher correlation was obtained from 

the filter e d data . This phenomena tells that the filtered dominant 

waves are the most stable, even if compared with the original waves. 

4. 4 Wave Properties 

Results of spectrum calculations show that there are 3 different 

ranges of energy content a d different rate s of energy absorption at 

frequencies la rger than the dominant one. The maximum cross 

correlation versus frequency component curve is shown in Fig. 21. 

Obviously, the maximum correlation also occurs at dominant peak, 

1st local and 2nd local maximum frequency of spectrum estimation. 

Growing from the high frequency component, the waves have a 

constant energy absorption rate, down to the 2nd local maximum 

frequency , where the energy content and correlation coefficient 

come to a local maximum. Then the wave decays to a minimum 

and then grows but with a higher rate of energy absorption until 

the first l ocal maximum comes. The process will repeat until the 

dominant peak frequency, where the wave has the maximum energy 
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content . From the dominant peak dow r_ to the zero frequency com­

ponent, the energy de crease s at an almost cons tant rate (Fig. 24). 

Generally, the spectrum and the c r oss-correlation curves 

tell about the same propertie s of gravity, deep water waves. 

4. 5 Correlations Propertie s 

In each case, if we measure the time lag of a constant per­

centage of maximum auto-correlation of different frequency com­

ponents, and plot its reciprocals agains t bandwidth of the filtered 

central frequencies, then a linear relation will be obtained. Figure 

22 is the typical r esults of case 1, data II, at 75, 50, and 20% of 

maximum filtered auto-correlation at central frequencies equal to 

one, dominant and first local maximum. Practically, larger band 

width associates with higher frequency component but with lower 

period in time domain, and so does the shorter length of correlation 

time lag. So, actually the filtered auto-correlations or cross-

I 

correlations do not mean very much but give information about the 

filter function. As stated in (4. 3.1) the properties of the filter 

function also appear in the filtere d time series, which contains 

larger envelopes of wave groups for smaller band width. 
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Chapter V 

CONCLUSIO S AND DISCUSSIONS 

5.1 Geom et ry of the filtered water surface data at dominant frequency 

component is similar to that of the original data . 

5. 2 The filter of this study results in a b e tter spectrum estimation 

than is obtained by many other techn~ques. 

5. 3 The auto-correlation curves (Fig. 18) indicates that the filtered 

data for any of the frequency components show higher correlati on 

than the unfiltered original data. 

5. 4 The correlation curves are amplitude periodic curves (Fig. 20). 

The period is inversely proportional to the center frequency of 

the band pass filter . The maximum amplitude always occurs at 

maximum correlation, and the wave groups oscillate and then 

damp out at large t. 

5. 5 The propagation speed of water waves obtained by this technique 

is in excellent agreem ent with experimental results . This 

technique is therefore a good way for measuring wave speed. 

5, 6 As far as can b e ascertained the filter shape of the band pass 

filte r of thi s study i s better than many other filters. The 

accuracy of the filter shape can be adjIB ted by suitably choosing 

a , which can, according to the desire d accuracy be chosen small 

or large. In this thesis , a has be en chosen 8, which gives satis­

factory results. 
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5. 7 Suggestions for further study: 

5. 7. 1 For looking into more details of the wave growth and wave 

decay, further experimental works is needed. It is desired to 

extend the correlation curves with di stance. 

5. 7. 2 Find the error estimation of the digital band pass filter. 

For this either a digital computer with more digits should be 

used or a better way of solution of Fourier transform of trun­

cated Sine function should be viorked out. 

5. 8. 3 Shorten the computing time. The computing time for the 

analysis by the present t e chnique i s greater than that required by 

Blackman-Tukey method. Some improvement of the computer 

program may be desire d which will reduce the computing time 

greatly. 
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Appendix 1 
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Two methods are used in solving t hi s prob le1-:l : 

Met hod A= By integration 

Method B = By numerical integration. 

Method A 

In equation (1), 

let t(~ + ~) x, then dt ax 
= = lT(2/T Ts lT + W/lT) , 

5 

T lTT 
(~ when t 0 X 0 + w) = 2 , = -2- T lT 

s 

Let t(~ w) Y, then dt 
ay - = = lT(2/T w/lT) I T lT -s s 

T lTT 
(~ when t 0 y 0 ~) = 2 = - 2- T lT s 

Substitute in Eq. ( 1 ) : 

lTT 
(~ T 0 + ~) 

AT (w) s (~ + ~) J 
-2- Ts lT sinX 

[,r (2/T 
ax 

w/lT)] = 2 T . n X + s s 0 s 

T 
lTTO 2 

~) -(- - sinY +~ (~ ~) f 2 T5 
lT 

[ 
ay 

w/lT) ] -2 T lT y lT(2 / T s 0 s 

T lTT wT lTT T w 
s [Si (__Q + __Q) + Si(__Q ~)] = 2n T 2 T 2 s s 

Let T /T 
0 S 

= 0. , then 

T wo.T wo.T 
AT (w ) 5 [Si( lTO. + __ s ) + Si( ro. __ s)] (2) = 2n -2 2 

s 
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Appendix 2 

Method B: 

In 

Eq. (1) 

AT (w) 
s 

( 1) , l et 2 ~ ) 2 ~) B, then Eq. 1T ( - + = A, n (- - = T 1T T 1T 
5 s 

be come s: 

T T 
T 0 T 0 

s f2 si nAt dt + s f2 s i nBt dt = 2n 2n t t 
0 0 

T T 
(At) 3 (At) 5. (At ) 7 0 s I- 1 [At - ••• ] dt = 2n 2 - + + t 3! t! 7! 

0 

T 
T 0 

(Bt) 3 (Bt) 5 {Bt) 7 
+ s f2 1 [Bt - + + ... ] dt 2n t 3 ! 5! 7! 

T s = 2n 

To 

+ f2 
0 

T 
s = 2 

0 

!o_ 
2 A3t2 A5 t 4 A7t6 

[f (A - + 3! -sr 7! 
0 

{B -

T 
[A 0 

2 

B3t2 B5t4 B7t6 
+ 3! 51 7!+ 

T 
0 {A2) 

(1 - 3·3! 

T 2 
(B-2.) 

T 2 
{A__5:) 

2 
+ 5•5! 

'I' ' 4 
(B__5:) 

4 

+ ••• ) dt 

••• ) dt 

- T 6 
{A__5:) 

2 + ... ) 7 • 7 ! 

T 
0 + B 2 (1 -

2 
3 • 3 ! 

2 + ---
5 • 5 ! 7 • 7 ! 

+ ..• ) ] 

waT 2 wa T 
T wa T ( 1T (l + _ _ s) ( 1T(l + _ _ s) 

s 
{ ( 1T (l + __ s) (1 2 

+ 
2 = 2n 2 3 • 3 ! 5 • 5 ! 

wa T 6 
( 1T (l + 

__ s) 
2 + ... ] 7•71 

W::L T 2 wa T 4 
waT (n a _ _ s) ( n a __ s) 

+ ( 1T a - __ s) (1 2 
+ 

2 -2 3·3! 5 • 5 ! 

waT 6 
( na - __ s) 

2 
7 • 7 ! + ... ] } 

4 



JJNE 

000002 
000002 
00000..l 
000 00':> 
000 00b 
DC/0 ~10 
0U0 01 2 
0000lJ 
OU001'+ 
OOO lllb 
000 0 1b 
OU0 02 ll 
000022 
000 023 
000 025 
000 fl 27 
000 0 31 
100 0 3b 
000 (1 4 l 
OCO Ol+J 
01J0 04':, 
000 04':, 
000 ,14 7 
ouonc:;o 
0000'>1 
000 ~5..l 
OOO C':>b 
000 01,0 
llu0 0b2 
000 0!>) 
OUO Ql>J 
OU01) h4 
000 01) 7 
000 0 71 
000 1) 7J 
OJO Q74 
000 014 
000 1J lb 
ovo l 1>0 
Ou0 l l 2 
000 l I 2 
OoOl h 
DUOl\7 
IIJ0 \20 
Ou 0121 
OC,OLU 

65 

•F::>1:1 f QA•• 

P~O:;P A"' c; 11c; 
C CAL :> 'LATT"I N 11i:- <;f'IIC Fu•1::TfnN 

ur ,,e:,,s r '.)"lj <;I ll:('. (BOO I 
LZ 1 
FPE :.,=\ , 

!Rd P!=3 , \4\c:;Q;>6c;4 
FPE J l:F :ii:-q o9,/'i, 
Fi-'E ,JL=F=li:- '1 •7,/M, 
rs=l ,/ F=lf'l 
l~ u =l,l"':>F nu 
f':,LS 1, l"'OFIJL 
f<;A:TSL 
CI-HC: fl ,17, 
ALl- -iA : >1 , 

ln4 r=o . usn 
I c.,: 1 

lOb X5=~,0°T1T<;A 
YS=:>l•xs 
S! ~CIIO):<;!N(fS)/yc; 
IF D<;-ALDi-iA) lO"l,1\11,t] •) 

lnH l=l•v . ns r 
11;= r i• 1 
.,n T-' I Oh 

110 J:I.J•2 
l'.:2 • I Cl • I 
I\R:~ 

lA=l 
112 '>J r :: I J l : <. r -~C ( I ~ I 

IF!J-« I 114,11., , ll~ 
114 J : J • I 

1..,r, r n 11"' 
11'> J6:\ 
11 ➔ '>I ~::IJIJ :<;( NCI~) 

IF (JA-[ 'JI ];> n ,J?:>,p:, 
1?0 J~=.l~ •I 

"-="--I 
Gl1 T" l\Q 

1?2 I\A=J " • i 
'> I 1-,:: I«~ l : 1 , 
1-'i-'l ··if <,-1n, tSr- ,C:< '4> •"'=1 ,-< ➔ 1 

5111 1 ~r•~~'•T 11 ➔ 1,c;,,•c:;1 ,, r, ,. ,="1,<~1c;,,,,,.,,,>1 

IF' 11. -? 1 I ~~,l <i?. ,J-,;, 
l91J L=l.•1 

T <;,\:Tc; , I 
1,n r•, 1 ",, 

l'l~ C~L _ Eu1· 
t. 1,1( , 

121Jnn,:1 



JU"E 

000002 
000002 
000002 
000002 
000002 
oono1• 
oon,1 1> 
000 020 
000 0 ♦ 3 
000 044 
000 057 
000 062 
000101 
000 101 
000122 
000123 
000 126 
000 151 
000163 
000 175 
000 176 
000 201 
~00223 
)00253 
)00256 
000 264 
00031" 
oooHS 
000 366 
000407 
000421 
000 423 
000"23 
000 .. 23 
000 421', 
000 4 35 
000445 
000 462 
000 464 
000 472 
000 502 
000;17 
000 5 25 
00 0533 
000 536 
000 541 
00 0543 
00 0552 
00 0552 
000 554 
000 563 
000 563 

100 0561) 
100 0';73 
000 b05 
000 1>10 
00 01112 
00 06 23 
00 01>44 
00 0731 
00 0732 
00 073" 
00 07•5 
00 011,1, 
00 1'>211 
00 1035 
001 037 
001 0• 1> 
001 046 
00 1055 
001 0 77 
00 112• 
001 127 
00 1144 
0011•5 

•DOI 14 5 
001145 
0011 ♦ 5 

101145 
001145 
001145 
001 145 
C'Ol 146 

66 

C CAL Ct lLATll'l '-1 n~- l' Cl .1->J E R TCJ4 '1 Sl'O R'4 J l' l'ILT E ~ F l"Tl -1'• ~ 
tl OLl~ LE :>R FC!«r •l'I A 14001 .. 11•001, :: 14 ~ )) , r. " t .. oo > • • ~f • 1, 1 , 1)( 400 ) 
DOU '< LE :,Q~CJ<;t •JN r. • (4 0 n) .~ (4 00 ) ,<-(4 ) 01 .~ REA (2) .~ .1 t • noi , r. 1• nn 1 
l1 n u 4LE =>Q F: Ct«;;I '>" l-1~ 2ttt no, .rs, uE"" r,.o._o-1A, V.., ,41 , 4~,~1 . i:-2 , ;>1, c 1ti , AI, " 
lJ O Ll ◄ LE o Pf.Cl«T ' l"' ~l , OA<>EA , TRA,E'1,F Q<; 1 , o'I GV • •T<; 

42 1JF.A ~ (5 , 11~! F~Ell ,A LP,.A,.J< 
P l ■ J, l •1 ",Q2f.<; 
ANG v•2. 0 •ot°FQEn 
•s•~ . O•:,J /4"'4,-, V 
Lzl 
ll f.LT • T'i/~,IJ 

♦ pgJ , , r 2 no 
PR 1· , r l no ,l'L>F <l, ANG Ii, 15, DEL T, o .. , AL '"' 
Al • ?!•ALPHA 

6 CA• l , O/of 

" • l 
••n.o 

8 •2 • lw•AL~HA • TSl/ 2 , 
•1 • (Al • Al)••2 
F2 • ( A) • A>) ••2 
I : l 
GIii l Tl • ~, 
0 (11 • (( -l, 1•• {) • Fl / G•l(I) 
Etll • l ( ·l, 1•• I1 • F2/G 'l (li 

10 Al• 2 •ll•Jl 
Iii l • A I• I, 
IJ (I• l I s ll • I , l u ( 1 • 11 l • I Al:I 5 I D I I)) l •I'"! I I A I •31 I 
Et! •!l • 11•1,l**(l•lll* ( A8SlEIJ)ll* • 2II AJ* clll 
l'(ll • "llll/lAI•l , ) 
(, (!l • F ( ll/(Al•l,l 
Il' (A8S (F(lll•l, on • 99l 1"•14•12 

12 l•l•l 
,, rn 11 

l ♦ CON TI 'IUE 
' (Kl: l, n 
1)0 16 Js \, I 

lb A(Kl • A(Kl •F( Jl 
MA! (Kl ■ (Al •A 2l *A(,<) 
~ (Kl • 1 , 
IJ O Pl Jo\,! 

18 "(Kl • ~(Kl•(;(Jl 
MA2 (K) s ( A1 - A2) • ~(<) 
CK(~l • t\Al(K)+ AA2( Kl 
C(K l • cA•CKIKl 
AREA (1.l sO, 
IF IC lK) l 22,:>~,20 

20 ~• K•l 
~=w• f) • 
GI'\ r:i · ➔ 

;>2 ~• K• l 
- rc;: ~- o..­
c,n r n 2• 

2 .. ~ 1 ~ •• 
2 6 PP ! vT 11 n ,~r~ 

P"l 1T ln;>, tr, ql,Isl,Kl 
IF <K• 2• 1Kn1, 3 0 , 2 1l , 1n 

28 ~ 2• < -3 
IJ () 1.~ I ,1 · "'~ • :, 

32 ,< wEO IL)s ~ C! t. A l t l•C r l l •4,0•C <l• l l • rl I•;>J 
nµf• lLl • " '-'E• I l l • ll •/3 , • l'I •• tC(K•lJ •Ct< > l /2 , 0•C P() • 'h /4 , 0 
~~n T O '\, 

Ju ~2= <-2 
0 0 14 Isl ,i<?,;, 

34 '"' PE. A IL. I s t\'-' ~• 11 . I •C < 11 +4, O• C I I • I l • C ( I • 21 
APE.\ II.I : <I C!E A <l. l • ll ,</], O+CI K)•ll"l•. O 

lb un Tr) <l'- , 4.nl •l 
3tl l 2 1. • l 

Tc;:rf~• 1)=- L T 

uri rn • 
4 0 0 4U < A• A>F A(J l - AA Fo l 2 l 

TA•=2 , 0• o r,r~•ll, Dl7 , n1 
FP: ( T~ A- 'l A~Fo1/T~ ~•1 r. n . o 
µ., I •, r l n• 
~~t ~ r ln~,QP~AC\l .~~E A<~) ,nA~EA,T~ A,~ ~ 
1; () rn ~:, 

200 l- (') ~ ..t 4T cl HQ ,'- v , •Fq r::, 1•,1 1 • , •A~ Gv• , l l ••• - c;•,tJ•,01 ;: L, T•,ll'(••n•~,11•• 
1*4L:>HA* ) 

IOU FO~ ~•T l lH O, •! ~ l, n [ 0 ,3 1 l 
102 Fl'l '- •AT 1 1"0 ,o r, (l ) :* / ,tl O( H, 0 1 0 ,J l ll 
\1')4 J. r"IM "1 Af C\ .... Q tc.; lt •• A ct A I J) 0 t q X ,*A i•H"'A (2) *, -- l ,• t ) A_, ► f\ • , l O \' t *T .J .).*, 12ll t 

1 "E"• I 
]Ob Fn~ ~AT ( \M1, <;(~~, '1 l 0 ,)l I 
lOt! f·n., ,,AT 13 1,111,lll 
110 Fnw • AT , 1 ... o , • ~ rs=•• Ol o , 31 

CAL L EXIT 
E" D 



ooo uoz 
O\IO VIJc? 
000 1o1u• 
ooo wnc; 
oo ovo , 
000 ... 2 ... 
ooo u, .. 
ooou t1 
ooo v )J 
ooo vJJ 
OO OU l't 
000 Ul"\ 
oo ow,. 
OOO J,-. 
000 '-' • ' 
000 114> J 
OOO{I~"' 
DOO i.i", 1 
OUO Uj,,,l 
oo ou,,,., 
0U0 V I U 
ooo w ,., 
000 1.11" 
000 07b 
OtJO U7T 
OCO I Qu 
0001 1 2 
000 l n J 
0001 ,,., 
00 01 0 .., 
000 1 11 1 
0001 \tJ 
0001 11 
00 01 t I 
00011 • 

. 0001 l"' 
oool ;M 
ooo tu 
000 117 
000 1 ll 
000 lJ-
00 01 )"i 
00011 "' 
000 1- u 
0001 .. 1 
0001- 1 
0001--
00 01-. r 
OOOl'il 
00 0 l!,J 
00 0 I!, • 
00 0 l">• 
0 00 lir,i, 
01) 0 I Ji ,J 

000 1 "iZ 
000 , .... 
00 0 l"i<; 
00 0 l1ri:.. 
0 001 ,r,, 1 
01)0 17) 
OOOlf l 
011011 .. 
0 001 , .. 
OIJ OC IJJ 
000 " •' I 
OOOC IJ J 
ouo t u -, 
OO ('lt r, 7 
Of.lOC iJ I 
0~0 " I •I 
ooot t 1 
Of.1 0" 11 
00 0"1 I 
0 00CJZ 
000CJ J 
OUO<' 11 
00001 
0 00<"-. .. 
0l,Oc' "i •1 
OOOC 'tl 
0 0olc..1 
OC.t'"r....> 
ooo< , .. 
0U0C "i "t 
0 0(!,"il 
o..ioc 1 , 
00 0C r I 
OJ0<' 1-, 
OuOJ c111 
OO OJ ., ,. 
00n J , ,., 
f.100.J 'I , 
~oo,: , 
ou :,Jt ... 
0 \l{U\f 
Oti0U l 
OC,0.J / .. 

Ol.0J ' " 
OOOJjl 
OOOJ )t' 
0 UQh ,, 
0 (10.J .. l 
ouo , .... 
,11Q J•. I 

Of, Q.J-. 1 
O\ln , .. ., 
oc ~ J •• . 
0 1'\(tJ-. -, 

67 

•► ;q1.:,a• • ,,, · : , .. .i 

t 
C 
C 

,..._ n (,.J l .. ::, "'1 1"- •• 
l . t &LC , •• T t•,. , ·JI' • , f E_ ::, ,.11 ., c-c; 
l. Clt.C., _ , , 1n• If ' '"C "J '1':' Tf' 1•1 
J. ► f t. TE~t • .r, Cl "' .. ",II",; • 11!. :» o -. r 
... <.i>c-c,,. , ... "'-''- 'Ii I<. 
l • l .. f:: 4',l J •,. i.. ' 11 ,Jnl • I ( J<:,~ ' I .c;J 'wC l ~ •1 i 1 • '" f I ; ,1 ,1 t t ◄ 1 l,\" I ,"A ◄ I ) :,. I 
J " -1 ,• 11 I 1• •I•• 
-•I 

◄ t'! l "'~•• .. • t t 
1,op:-.1, l"o.aitl .., ..,,l~•IIJ,t••,'4w 1, -.c 

"' "' ~,•:.,ur 11 -.1 ,1 
If:' IL CI ,. ,o •LT , fl ) Q '\ l, .:i11, 

,. I'll ..... .. .. _ I• 
u"\ T • .I?" 

"'"- ....... . 1 
l on J \ 141'\.) 

"'"J v ii o1>1 I ::i 11 I • • , .. 
..., l I I f:tJ •t.• I f P I 

Tt • "I . 
~n CII I'\ I:» ■ \ ,.,..,, 

~ .. . ... 4 

•T •• r ., • .,. 
,)n -'II f:ta l ..... 

•nl .& (l;)lal 11111 -•r, 
14• -' ': • :'J )t'?_,.g,.,, 
ll"Z ~n•,.aT 1r t11 . ·n 

IF CJ'J(). 1.f .111 J'l 11 AtM 
L• I 
I-' I • 1. l • J C.,ll ? fl,r..• 
fYt ,4 l aF' :u ·f"j •'>. / .,, 

HJ~ H. • F' -1r 1 • 1 • .1 .:... . 
11\ • 1 . o ,ror- ,, 
l~u •1 . n1r o ,:: n , 1 
I C.l..•1 0 n 1ro,:"L 
1 c.1111 r,;1. 
c ... ":11<1 , 11. 
•t...,. ... a•1o1. 

,,. ,. r ■ o . nzc; 
lw • 1 

lllb ac; a ;i . n•T ire; • 
Tc; ■ o I • •c; 
~ 1"'1('. I f ·,I) a C. ( •• l 't'<) /TC. 

IF l l'S-• 1. 0oo1a1 10~ 1\lt')• l l ll 
l t'>'I l• h J . O?r. 

l v• t ~• t 
Ut) 1, lf'a.. 

11 0 J•?J•Z 
"'•2'• TIJ•) 
""'•< 
U•I 

Ill St t:I JtaC. l"'IClt •I 
I F IJ-,q lh, .\1-.ol16 

11• J • J • I 
I ••14 • I 
U('I f"I 11" 

11 b JA•l 
l 18 St '-r. I JA i . ... ,"',. 1•<1 

IF u• -1 11 l' " •l7.l'•l lZ 
l ;> o J 6• J • • I 

l\al\- \ 

u n , ., 11 • 

':'> l"' '='"' " ••, .l"I 
l J" I llli•- ,: -.,q 1.l! "i, l" •ol"" 
l"' • .. .. - t :, . I 

l -1•) • t I 3 - 1 I • I 
IC•_. _._I~• I 
• I C• 1r. 
--1 . r •"4- \ "'" 

I..>,.. .- I .. • I P · ~ (. 

..J "'•I 
11,1\ ◄ a-C ➔ 

IJ' l •_.;:: 'J . " 1,~, 1 )" 
'""' •al , .. , . n . 

., ,. 111) .11 ■ t , ,c-.:11 

1. t. • :1 •. ••.i· •• { I.I 

ll J •• t 1 ◄ 1 :1, .. 1 J :l 1 oflL6 ◄ l • c;1•1 C 11 . • 1 

t & I J • I z t-', I JI.I I / A-(-t 

1r I j --l. : -1 . I I" I I t, n •I),? 

.. . .. • I 
' "' f "' I >11 

I "' " I c;,\r r~ 1 

t,.l> a , A • •• • I Q 

I l"I • - I , .. I r1' -.a • J-1 I • t 11. A •) • c; I 'II ( IL/I I 

' "'I .•~ I z, 1 I J::ll I /4"[ ◄ 

I• I J -1, :-1. I ,. I I l'- o I , ii 

, .. ' I I H , 

I"'" .. 11 .. :1 J l..io I .. ,a., I >I -,, 1 ••> 
.,.._ • 1• <1.:..J o C1 0 / f!l{: • r .,: . 1 

.. L !• , f \ • ~ , 0 .r- ..1! ·1 , I c;, c;_, ' • 
I •-. ~ . .. , _. I I 1 - 1 , r; • t •.i 1• •, .,1, • I r;• c., , • :: f -1a . ="ol ! I J• .. : ,, • • • • I '\ • 1.:;; , • " "'" -' t "' 

I 1•• •' l ', l. \ r , o c;;;>': '.: l~ l , .. 'l• " '-f I •••• •· I 1• 0 j1 
I c. ,, J ~ ' ' I 
"1\ \1 (.. -, f ! •1• 



_., -.. , .... ., .... ., 
- •U -·· _,, 

.... ,. 

.. , .1 1.oo ...... ...... 

.... ., . 

.... u 

...... 
- II• ... ,,. 
"" '' 
Nt l ll 
KUU 

.... u , 
""'" , .. ,,. ... 1., ...... ... , .. ...... ...... 

_ ,,, .. ., .. ... ,. . .. ., .. .. ., .. .. .,,, ... ,., 
NIU• 
Mli l l 
MIN I 

""" M♦ IU 

Milli 

.. ,11, ... ,,. 
MHH 

"""' , . ., .. ... ,. . .. .,., '.,,, 
Mlhl 

"'"' """ ... ,. . 
.. .,.1 

Nll •I 

.... , . ...... ...... ... , .. 

.... , . .... ,. 

... ~, 

...... 

.... ,. .... ,, ...... 
t t to )I 

...... 

..... , 

..... , 
Mn " 

ten~• 
uni• 
Hf1! 0 ...... , 

nn ,, 

hO't l 

IIIH• 
un, , 
Utt. , 

nnu ...... 
t t n o ..... , 
tuu • 

Hh!I .... ,, .... ,. 
...... 
''"" 

...... 

.... ,. 

... ,i, .... , . .... ,. 
u, •n .... , . .... ,, 

68 

~ ........... .... 
• 1--t • lt- . .. ... . . . .. ... .. . .... ._ ....... . ....... .. ............ . . ... . . ... .. 
~• -c -, 1~ 11-c .. ••••• • •• • .. • ••• •• " ""'• ' 1t••,rt1.,_.,, , ,, ,., , 

:: ~17;;;:::::::~:: .~:~:::• ........ , ....... "" 
... .... ' ' ··· :~ . ... ..... , ,to•.-·-i 

- · !...~~:• ••IAt, f l 1~ , a,,I 
941 , 10 

,. .... ····-····"· ..... , .. 

., ... ····­......... ,. 
, ...... , . 
.... •- •1' 

•-I ll••• ••• 
l h-t • J t, . , .. . ··---· .. , .. .. J~r·· 

ll•:•1 11 ••• .. •• .. 1•• :::[;Ir ........... . 
,u, ,..: ., .. , ..c ,111 

•• •-• •••ll ••n• , .. ... . 
M • 11 • 

·· • """- •-- ••'I ... ,. , ···-·· , .... ,.,., .. ,,.. ....... 
.... ,, io 
,1 .. :•-.. . . 

... ~t~~::::·· 
••• · ~··· .,., . .. . ••t - . • , •. , ... . 1 .. . ... . . . ,. • • • , ...... .. . , •• •• _,_ 

·~t;t·::::::·••-!•,.···'· 

...::-(: '"' '"' .... .. 
, ...................... . ............. ,..,. 

- 1.• ... . .. ..... . . .. . 1•• 
·- ·--· ... .. . . . .... .. , . .. ... . •i,., .... , , ... 1, 

IH ~ : :'.::• • •~•• ,., ,,_, 

.. • •. ! .. • • . .... , h . .. ,, ..... ........ , ... ... ....... ............ ,, ... .. .. , ...... ....... ............... ,,~ ... . .... ........... , ..... . ............ .... .... 
" •- .1 .... u • , .. . 11, 

... .. , .. 

.,,.., ... .... , ... 

..... .. . . .... . ...... . •• ••Uoe •• •• 
, .. ..... • .. ••• ... ••••• ••, h ••1' ""'' °' .. ....... .. , .... .. ............... , .. . 

" . .. .. ,._u . .... , •• .......... , 
.... •• l h ... "",., ·-·•' 
" ~• •• !o•O •••• • •-.. •• • ,., ................... ..... . 
......... ... ... ... ·-........... .. 
.~ .. , -··· .... ............... ... , .. ......... ..... .. 

....... 
n ••1• co,v1• 
, ,- ,:: 1 

,., ......... ..... , ... ,.,.,., ........... . 
~-- •UI, .. ( ···-~·,,.,, . ... .. ,. ... -.. ,. 

••• • ---• • •• <••Vtc• - .. ,,.•.tl o. l , t• • • I .. ~• ---, ,- .. . .. . . .. 

... . . .... .. .... .. . . ,ot . ... . ......... .... .... . . . , ••. •• •• • , ...... oi• • ... , ... , . 
• .. .. 1 
,.. n . ••·••·"'' ~--1•¢• •···· · .. .... .. ............ ...... ... ... . , ...... , ... 

•- ~•••••• •••·"• ''"• •• •u 

-··· ......... .......... .. l• •,c1.. o.1,.,,.. ,. , , 
l t,l ,Cl • .oCl• I .. ...... .... ... 

... "' ""' 
... ~: :'.:!. 


	CERF_68-69_25_001
	CERF_68-69_25_002
	CERF_68-69_25_003
	CERF_68-69_25_004
	CERF_68-69_25_005
	CERF_68-69_25_006
	CERF_68-69_25_007
	CERF_68-69_25_008
	CERF_68-69_25_009
	CERF_68-69_25_010
	CERF_68-69_25_011
	CERF_68-69_25_012
	CERF_68-69_25_013
	CERF_68-69_25_014
	CERF_68-69_25_015
	CERF_68-69_25_016
	CERF_68-69_25_017
	CERF_68-69_25_018
	CERF_68-69_25_019
	CERF_68-69_25_020
	CERF_68-69_25_021
	CERF_68-69_25_022
	CERF_68-69_25_023
	CERF_68-69_25_024
	CERF_68-69_25_025
	CERF_68-69_25_026
	CERF_68-69_25_027
	CERF_68-69_25_028
	CERF_68-69_25_029
	CERF_68-69_25_030
	CERF_68-69_25_031
	CERF_68-69_25_032
	CERF_68-69_25_033
	CERF_68-69_25_034
	CERF_68-69_25_035
	CERF_68-69_25_036
	CERF_68-69_25_037
	CERF_68-69_25_038
	CERF_68-69_25_039
	CERF_68-69_25_040
	CERF_68-69_25_041
	CERF_68-69_25_042
	CERF_68-69_25_043
	CERF_68-69_25_044
	CERF_68-69_25_045
	CERF_68-69_25_046
	CERF_68-69_25_047
	CERF_68-69_25_048
	CERF_68-69_25_049
	CERF_68-69_25_050
	CERF_68-69_25_051
	CERF_68-69_25_052
	CERF_68-69_25_053
	CERF_68-69_25_054
	CERF_68-69_25_055
	CERF_68-69_25_056
	CERF_68-69_25_057
	CERF_68-69_25_058
	CERF_68-69_25_059
	CERF_68-69_25_060
	CERF_68-69_25_061
	CERF_68-69_25_062
	CERF_68-69_25_063
	CERF_68-69_25_064
	CERF_68-69_25_065
	CERF_68-69_25_066
	CERF_68-69_25_067
	CERF_68-69_25_068
	CERF_68-69_25_069
	CERF_68-69_25_070
	CERF_68-69_25_071
	CERF_68-69_25_072
	CERF_68-69_25_073
	CERF_68-69_25_074
	CERF_68-69_25_075
	CERF_68-69_25_076
	CERF_68-69_25_077
	CERF_68-69_25_078
	CERF_68-69_25_079

