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ABSTRACT - '

A method for determining whethgr a wavelet is

minimum-delay is evaluated; the method is. used to show

[

that the impulse response of the seismic recording

\ ) P
instruments and seiSmometers used at the Uhiversity

. - + . . ’
of Alberta in 1971 is minimum-delay. o . '

i

o The transfer function of thebgeismic‘xecqrdingm
insfruments and seisSmometers is géed Eo gene;ate the
impulse‘fesponse éhd;the amplitude anéﬁphase“spectra.
A least-squa;es‘inversg to the impulsé response is

convolved with the Seismic reflection data to. produce

' instrument deconvolved data.

The method of_leaé§rsquares predictive deéonvqlu-
tion ié discussed;',Singlé chhnqél 3hdmultibhannel
prediélivé deponVolution methods-é&g-ﬁested on some .
seiémic refleétion d§éa and,the‘fesuitslgxe compated.

' Both techniques seem about éqﬁally effecﬁiszléﬁ
tésolving}wave,trains into'apprqgimatiohs t6 réflecti§n
coefficient timélseries;r' | :

0
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- " of petroleunm and mineral deposits, it has.long been

1.1 - Crustal Refraction and Reflection Studies

-+ CHAPTER 1 | RN

. INTRODUCTION '

. . . ' )
* " il LH
not : .
. . N . - . ) " N
. i . [ . v .
4 . . . . . . . . .
. . . + . ! ‘
. . . KL .

. v
A o | o
The crust ~or outer layer.of‘the earth‘ repre-~

sents less than tyo percent of the earth‘s volume,

yet 1t domlnates,man s V1ew of the planet Of primary

1mp0rtance as the source o£~econom1c wealth in'the farm

A

]

Ltudied in an effortﬂto locate such riches. As near

durface deposits are discovered and exhausted, searchers

' . ot ‘\\ '

must, probe moré deeply into the crust;f'The detaiis of

‘1ts structure as’, deduced by all geologlcal and geophys- ‘

\ .
1cal methods become 1ncrea31ngly more 1mportant In

, ‘addltlon man . studles the crust in an effort to predlct e

|

: such catastrophes as volcanoes and earthquakes and to

lenimize the damage they cause. Although such phenomena

orlglnate below the crust ‘we can only observe them

) .
thrOugh the crust and we must know how the crust affects

s . '

' such 1ndirect measurements. L

The flrst indlrect measurements of crustal struc— r

i

gture were made u51ng near earthquake observations. " In

11910 a veloclty dlscontlnulty was dlscovered by

‘7,Moh0r0V1¥ié,and lt has been deflned as the base of thedA

/u.

':rcrust. It has been debated whether the dlscontlnulty }




o~ "{f

e
L W

represents a phase or. a chemlcal tran31tion. In 1925 '

" shallower veloclty discontlnuity was discovered by
\f ! I

o anrap It has been regardedﬁas a. non-unlversal tran—
t

i

51tion from granitlc to basic materlal
[ ‘ B yrn‘.l A - 4 :

“‘ ., The flrSt field tests of the reflectLOn seismic"

‘J.method applled to exploration were conducted 1n Oklahoma K

o (

/1n 1921 (Schrieven 1952) ' The flrst recording of ‘'deep’
L )
crustal reflectlons was made in Montana (Junger, 1951),

-
-

‘where reflections were recordedrﬂhﬁthe time interval -
7&0 to‘%;S‘secondS. Reports‘of deep Crustalaseismic'
reflectlons have been documented (Stelnhart*and Meyer,
1961).‘ A good revlew of deep seismic sounding in ‘
northernAEurope‘has been presented (Vogel,' 1971).\ The;“'
American Geophysiqal Union;series:of geophysicalmeno-;
grabhs has periodicallxirewiewed seismoiogy‘isteinhartrl
and Smlth, 1966 Knopoff Drake,,and Hart 1968; Hart,.

1969 Heacock 11971),

.

A reVLew of studles of crustal structure in

L

Germany has been publlshed (Dohr and Fuchs, 967)

o
b

‘A statlstical study of deep reflectlons was done-'f/
£

ld;hlstograms were plotted with reflectloh tlme versus
‘ number of reflectlons for a small reglon,_ It was found -

”-ffrthat reflectlons existed on the records 1n a statlstlcal"

}“;‘sense. The deep.reflectlons were correlated only over

C e N

',“.short dlstances.f




' ' B o . .
. oot . ! : N [ .
. ) .@M FRAEEUEENE SRR NP . , J Y Lo \ L
Lt L - " ' . . ) o
' + " ; v B
: ; PRI ~ ; ! . .
' . v o, . ' . . . .
o ) , .

:;‘ It has: been suggested that the M0h0r0V1816 dls—f‘
hcontlnulty is stepwise, interrupted by a rhythmlcally
arranged series of partlal melts of lower velocrtyc* '
',‘. dv (Melsner, 1967) It has been shown that a simple 1ayeredw
| 'model of the reflectlng horrzons is not con51stent w1th
'?rjl the observed large amplltude and low cut—off frequency
of deep,reflectlons (Fuchs, 1969), but that a tran51tlon

zone with a serles of velocxty reversals prov1des a:

o
N

satlsfactory model
The flrst selsmlc crustal study in Alberta was ":ﬂ

‘L‘undertaken by a group of flfteen selsmlc partles

-

(Rlchards and Walker, 1959) Measurements were recorded"

?

i
‘ along a 130 kllometer reversed refractlon proflle, paral-
: lel to~and 100 kllometers east of the frontal thrust of |
I3 M . i

the Rocky Mountalns.a The» depth to the Mohorovlclé dls- i
.contlnulty was‘found to be %3 kllometers, w1th an upper,
‘ “ mantle veloclty of 8 2 klloneters per second 7 An 1nter—‘
‘ff» } mediate dlscontlnulty Was fo d at_a depth of 29 kllome-‘”

ters w1th a V81001ty of 7 2 kllometers per second below.v~

a " “J '- ,'
S T, - .




.\, | ' -“: \ {,..' ' o / o~ " " ‘Q! - - H

crustal model was: obtalned which consisted of threefln,Vr .
- ,",."/ .

layers between ﬁhe basement and upper mantle. The-

1o

refractlon work was extended along two east-west

reversed refractlon profrl s for 500 kilometers

i [

(Cummrnq and Kapasewxch '1966) 'In addltlon,

i . 4

Mountains was shot. ;.,3 'T

The flrst dee reflectlon WQrk at the Univer51ty

'
i
Lo f .

of Alberta was a s udy of near~vert1cal 1nc1dence<

selsmlc reflect1 ns at Lomond, Alberta (Kanasewlch and‘ff

Cummlng, 1965). Good reflections were recorded at a’

:- ST

econds along an expandlng spread" The

'r/

tlme of 11 4

' . N ' i
I

’ use of thre -component geophone arrays showed that the-
| 2.

*

‘ 2
“event was ear-vertlcal 1nc1dence. A T versus x

i : e
analysrs gave an average VGIOClty from the tog of the-ﬁ

lons weretstudied over,four pro-—*




A

¢

:nearly~25 kilometers;‘ AnalySis oﬁ ‘this data gave a

oy R L “:‘ . “ P L ‘ . R . . .
S ‘ L R : e
one profile, the Riel reflection was correlated over ‘A
! Sl

- A A

revised average veIOCity of 6. 2 kilometen;per second f,‘

to a depth of 34 kilometers.--?" -

‘n
, +
i kY

\ The attenuation properties of the crust and oy

Vo
[

the nature of the reflecting horizons were studied
(CloWes and KanasewIch 1970) Qn attenuatlon model

was obtained from a compar1Son of the data with syn—, o o

' 3

thetic seismograms whlch 1ncluded attenuation as a ;,4‘;j

. ‘

function of frequency and depth . Autopower spectral

analy51s was used to examine the nature of the reflect—?

ing,zones. It was concluded that models w1th first
: E R .
order dlscontinuities, linear gradients, and step—llke fap:

VelOClty 1ncreases did notlmatch the sPectral charac-?fg‘

1
v

teristics of\fhe reflectlons.» A tran51tion ZOne model‘f‘
qon31st1ng of 51lls of alternating high and low VelOClty
; T A RS
material was in agreement w1th the observed data..lThejﬁ\d“

(R i
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‘ was ohtalned (Somerviile and Ellis, 1972) ( Another

L o A Sao o\
crustal study 1n the same afea‘Was done u31ng the P-

N '

coda gpectrql ratio method (Sprenke, 1972)

. Synthetiq selsmogram calculatlons u31ng asymp-‘*
o : \

v tot1q ray theory for plane-layered homogeneous elastmc

%edla have been desorlbed (Hron and Kanasewich L971)

N N ' ' ' L Lo

Crlteria for the selection of phases whlch make signl—

flcant contrlbutlons to synthetlc selsmograms have been
< *‘l\ Y \ * i . S , .
giVen (Hron, 1971) : The synthetlc seismogram calcula— .

4,

tions have been generallzed to permlt curvxlinear 1nter—'”
faCes in, the medla (Hron, peréonal communicatlon)
h . . i' i :‘ Rt

'i‘ ';J;f°A 760 kllometer refractlon proflle from Greenbush

o

n, :

Lake, Brltlsh Columbla to Sw1ft Current NSaskatchewan

' jﬁ o

'“‘;} was {hterpreted (Chandra and Cummlng, 1972). A unlfled

~n tf?x"

1nterpretatlon Was‘EoundlfIOm an ethlnat&on of prevlous 'J7




A seismichrefxect .crustal model has been
obtain;d near Edmonton, Alberta (Ganley, 1973).
Velocity analysis of a profile 13 kilomegers long

has indicated that fifteen degree southeasterly\dips
occur within thé.crust, with a total crus€a1 thicknesgs
of 35.5 kilomuters. | '
Homompfphic deconvolut;onrhas been used in

. l
analysis of earthquake seismograms (Alpaslan%\personal

~ communication). | o
,g . Much of this work has indicatéd thatydeep‘crus~:

tal reflgctipg and refnactihg transitions are zones of

alternating high and léw velocities bf less than 1

kilometer in extent, and the resdlugion of normal

~

s s

selsmic records is insufficient to permit examination
of "the detail of these zones due to the overlap of

pugsqs. Thersfore,'it wass thought that it would be
;ortﬁyhilé to apgly thé‘;echniques of deconvolution’
to refleptidq'records from the ddep crust in an effort
to obtain mdie.information about the‘st}uciqie of the

transition zones.



r . ' CHAE?ER 2

CONVOLUTION AND MINIMUM~DELAY

.
o | ~
: ATETION
A [l B " ' *

T (4 © o

. : 2.1 Inﬁroduction

' Sef%mic refleation data is recorded in ‘either
analog or digital form. An ‘analog trace is a con=-
tinuous physdcal vdg}able, while‘a“@igital trace is

\; a discrete physical variable. A digital'f:ace nay be -

i

_ + represented by a series of - complex_numbers which are

IS .
»

Lo
N
Y

éamples or measurements of the physical variable at a
’ : FR .

‘;cohstant time interval At. Thus, the trace X may be

* ¢ .

w~,

A

‘represented by the series X ,X;,X,,... gorresponding
S - ’

to samples of X at times 0, At, 2At, ... .
The mean of X is defined to be

1 N ‘
lim & ) x5 . 2.1
N«ya) j - - .

The autocorrelation of X is defined to be

)]

o ~ 1

X: ' oo 2.2
where the horizontal bar means the complex conjugate.
The trace E may be-defined as white noise (Robinson, - -

1964). Then E must :satisfy the following:

i

! . S e
i - '
‘ f . -
: . . "



l. E must have zero mean; e

2. the zéré'iég of the autocorrelation of E,
i 4 ) » )
Xoe must be finite; and .

_ [ . .
3. all other lags of the ?utocorrelation of E

. must be zero.

(¢4
The seismic trace may be defined to be the con-

" volution of white noise eo,el,ez,... with a character-

istic wavelet b bl’b "“’bn by the convolution.
-

equation

Pt s=0

\

Thi§>equation may be written symbolically as

‘X = B*E . R 2.4,

) T |

%

The object of deconvoldﬁion is to obtain E given X,

“51nce E represents the reflection coefficients of ‘the

b}

earth beneath the seismic instruments - the reflection

coefficients give details about the structure of the

crust. -

A two- length wavelet bj,b) has a reverse Sl,b
The minimum—delay wavelet of the pair is the one in
which the first sample is largest in magnltude the
other wavélet is maximum-delay. The convolUtion of
minimuquelay.wavelets gives-a minimum-delay wavelet;

the cpnvolution of mAximum-de}ag wavelets gives a

T

L4 .



delay wavelets inee a mixed-delay wavelet. !

/ku

10

maximum-delay wavelet; and the convolution of one or

more minimum-delay wavelets with one or more max imum~

N

Il
[ TS

2.2 Zeros of a Polynomial | “

The Z-transform of the wavelet bo,bl,bz,...,bn

- is a polynomial in z of ‘order n, v

, /
X 2 . n: '
bO"f blz + bzz + .. bnz - , 2.5

[

If we factor this polynomial, we obtain it in the form

by (=290 (z-2,) ... (z-z)) . 2.6

The zeros of this polynomial are'at‘z = 1'22""’zn'

VA two-length wavelet bo,bl has a 2- transform b + blz

L =

whlch ‘can be factored to glve b [z ( bo/b ). The .
zero of this polynomial is at zl = FbO/ 1+ If the
wavelet was minimum-delay, lb | > Ibyl, so [zl[ >.1a
If the wavelet was maximum-delay, lbo'. lbl[j 80 |
|z | < l.‘ The boundary |z| =1 separates miﬁimumedelay'
zeros from max1mum-delay zeros; this boundary is. the

unit c1rc1e in the complex z—plane. If we plot the

zeros of a polynomlal in the complex z—plane ‘we may'”

determlne whether the wavelet is minimum-delay or_not.

Thus one method of determlnlng whether a wave—"

let is minimum-delay or not is the factorlng of the
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polynomial obtained by Z- transforming the wavelet va
the wavelet, is longer than a few samples, a general
method of factorigation is needed. Subroutines have
been written to factor a polynomial, subroutine DPRQD

from IBM s Scientific Subroutine Package was found to

y

be the most satlsfactory . 'DPRQD uses double~preCision
arrays, and it does not limit the order of the input
polynomial. It provides an error return code which

indicates any ekisting error conditiOn; The subroutlne
. takes con81derably less than one minute of Central
Proce531ng Unit time on the IBM 360/67 at the Univer81ty

of Alberta Computing Center to factor a‘polynomial of

‘ order forty.

To test DPRQD a trlal havelet 'was chosen, the,
2

expan31on of (z+1.75) 7 (z-l.l) ,w ich’ pas been plotted,t

in Figure 2.1, The resulting.polynomial of order fourteen

has a zero of order twelve at z = '-1.75 and a zero of
order two ‘at 2 vl 1. The zeros calculated by DPRQD
have been plotted in the upper half of - Figure 2 2,
Note that only the upper half of the CQmplex z-plane
is plotted since zeros occur Slngly on, the real axis .
“or as’ cbmplex conjugate pairs symmetrical about the real
axis. While the zeros show\\\large scatter, roughry on:
a c1rcle centered at z =» -2, 0 with radius lro, it may .

0
‘

- .

4 . CoLs
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.

.trial wavelet is mlnlmum-delay.

‘ ‘\ ‘\f dm
- 4 .
8 ) 1
el T : \ i
LXW jh
o ,
w f
Q"qh ! “a‘»: 'Qf
<+ ; #) . . X
!/
(=28
o~
St
2
Do 3 6 ‘ -». * ]5 X »
EN | SAMPLE :
o4 .
~J 1 .
0_<
=
¢ -
(=) ~ .
w i
o4 *
()
3 .
—d o ,
' - ) ) e _’
Flgure 2 1. The trlal wavelet
. A»Amplltude units are plotted versus sample unlts-
). the: amplltude has been .normalized to 1.0. . The
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- < T
ﬁ3,r0 e -20 R
Flgure 2 2. Zeros of the polynomlals. A e
~ Upper dlagram:-zeros of the trial wavelet, . - ". .

« Lower diagram: zeros of the. .impulse’ response of the '
seismic recording 1nstruments .and seismometers used in.

' 1971', In each case, only the upper half z—plane 1s plotted.%

. N »
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. ‘be noted. that all the zeros are outslde the unlt 01rcle
v\ ) , . . - '
" ’as requlred ~;‘ R , :

—~ ;
DPRQQ was also tested On a longer wavelet. The

N
\

'lmpulse response of the selsmlc recordlng 1hstFumenEs‘
. N . k
and selsmometers ‘used at the Universxty of/hlberta in’

\

l97l was generated The selSmlo recordlng instruments
. and selsmometers are descrlbed in Chapter Three.’ The
. C 1mpulse response was sampled at an 1nterval of At = ‘,:
0 0036 seconds, ‘and it has been plotted in Figure 2.3.
oo . It was truncated Efter twenty-four samples and z- trans—'
' formed the polynomlal of twenty—thlrd order was' 1nput
to DPRQD . The zeros of this - polynomlal have been plotted
.in the" lower half of Flgure 2 2. lt may be séen that

}
‘twenty zeros  fall out51de the unit c1rcle, roughly on.

-

. \"a circle centered at z 0. 0 with radlus 1. 2 Two other
W .. o \ %
R zeros fall on the unlt Glrcle where it crosses the posl-

tive real axls The flnal zZero falls on the negatlve
real axis 1ns1de the unlt c1rcle. Since the mean of the

;samples was not removed 1t may be suggested that remov- .

A

w e 1hg the mean would put thlS zero bn or outs1de the unit’”

H{g‘ﬂ '}lqplrcle (O'Brlen, 1969) It may be é?hcluded that the "’

X

]

1mpulse reSponse is minlmum-delay. This agrees w1th the‘
: N

o / A
conclu51on drawn from examlnlng the transfer functlon
s . ‘;‘.
- of the 1nstruments and selsmometers in the complex 8=
'plane.. The transfer functlon of the selsmlc recordlng

1311nstruments and selsmometers 1s descrlbed in the Appendlx. -




P
o

. 9

-AMPL 1 TUOE

' N \»
Nl
- .
= . ‘ l’ .
- q 1
1 ‘ | ! ."/
. '{\‘
1 )
w , ! )
o i
-r. A
=) .
N LY
c-q- ) ‘ l,‘
=
~
o
1
. ,
o X
w | 0
o+ ‘
LI} . ,
1 | .
-
el . x :
- + — —+ —t b +—t + ~+
‘0.00 ‘g.20 c. .60 . 0.80 1,00 1.20
TIME (SECONDS] . .

15

- -
3

. . et
v '

;Figuré 243. + The iﬁpulse re8pon5é of the_se

the Uni

~ ., interval At is 0.0056 seconds. .

ismic
recording .instruments. and seismometers used at
rsity of Alberta.in 1971. .The .sdample
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is identical tO‘the‘input'polynomial to six figures of

' as. the zeros whlch were orlglnally used to generate the

'trlal wavelet.

n N ' : .
\ to ' . ' _y 3 ¥ .
o . . ‘ ‘ . i , gi
. . ' " . ; \ . ! v

| .,. ' DPRQD has an error return code which indicates

whether 'or not the eXpansion.of the calculated zeros BN

accuracy. Although the calculated zeros . of the trial’ “l "

.

wavelet satlsfy thls condltlon, they are not the same .

L

N

Shorter wavelets, whlch were expressed
egactly by six flgures of accuracy,nwere.lnput to D&?DD,

and their zeros.were'recovered exactly' This indicates
o . L (-
that the Zeros calculated for the trial wavelet are

correct, and that the reason they show scatter is that

. -
4 A ! .

the trial wavelet must agree with the expansxon of the
’E {

calculated zeros to only six flgures of accuracy. In'’

. »
[ SN Tt

conclu51on, although the zeros found by thlS procedure

toe -

show scatter, theyiappear to be suff101ently well resolved‘

to 1nd1cate whether;or not the polynomlal 1s mlnlmékpdelay.a
L .
s can L T ) : §




' CHAPTER' 3
INSTRUMENT DECONVOLUTION
( . ! . " ° . ‘ ' l.l 'l . : * e . ‘ . . »v \ .
o o e IR
3.1 ‘SeismicIRecording Instruments and Seismometers R

'
v

In 1969, the Unlver31ty of Alberta selsmlc

1

"

reflectlon equlpment ‘was deployed in two trucks, in
»each truck,;one Texas Instruments VLF =2 ampllfler

P

'Vsystem recorded 51x channels of data on a Pred1s1on
| Instrument:ﬂs‘ seven track FM analog tape recorder. ! The,

: “.‘j" —plane’representation of the selsmlc recordlng
llnstruments is glven 1n the Appendrx. THe 1mpulse,
“response of the selsmlc recordlng 1nstruments is .:L~\
,plotted in Elgure 3.1, and the amplltude and phaseu; -

spectra are plo;ted in. the Appendlxa>‘v ‘t- kf ;
In 1970 ‘the Unlver51ty of Alberta selsmlc

' reflectlon equlpment was- deployed in one truck, in.

;_whlch one Texas Instruments VLF—2 ampl1f1er systemv'.f‘f

fﬁirvf,Vinrecorded twelve channels of’data on a Perlpheral

‘1i§g7 'nlEqulpment Corporatlon model 7830 9 dlgltal tape

.cf”if‘}recorder.p The s-plane representatlon of the selsmic

i

’jrecordlng 1nstruments 1s glven 1n the Appendlx.‘ The \"'

"dﬂplmpulse response of the selsmlc recordlng 1nstruments

'{ffls plotted in Flgure 3 2 and the amplltude and phase Q;hf .

¢

‘::fspectra are plotted 1n the Appendlx. nwcﬁf"”7
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o n 1971, the Unlverslty of’Alberta seismic
. " 0 \)\

[ reflectlon equrpment was deployed‘ln one truck .

o . ‘ 3 RERTEER O

: whlch one ampllfler system (Alsopp,‘Burke, and

K

Cummlng, l972) recorded twelve ch%nnels of data on .
|' S . \ .

R "ta Peﬁ&pheral thlpment Corporatlo\l model 7830 9 o

dlgltal tape recorder. Each channel represented the
-

output from a tapered array of slxteen Electro Tech

W
v A

EVS 4 selsmometers (Clowes, 1969) Two addltlonal
. o : R b i

- AR channels were recorded- ‘one- channel was shot 1nstant
o » : .\ . .
SR L

from a radlo recelver, ‘and the other channel was‘

o As : Co
absolute t1me from WWVB These fourteen channels were\“

I
recorded on a. nine track synchrono S tape recorder at

a den51ty of 800 bytes per 1nch w1th a tape veloc1ty

- ‘ of 6. 25 1nches per second resultlng 1n a data transfer‘
' Cae e I '

ra{ﬁ of 5000 bytes‘per second ‘~'. P x‘_" , i A’."-f,;
vrj,ﬂ,f.rvéq_. ;h The 31gnal was converted from analog to dlgltal

form by a converter Wlth a resolutlon of thlrteen bltS o ",ljh

plus 51gn prov1d1ng a dynamlc range of elghty—four‘:;ﬁw,“ii ‘;

i

de01bels. Two elght—blt bytes were requlred to store i?{<
‘(-\ = ‘ . e Loy

'each sample,‘so the sample rate was 2500 samples per ﬂu~'f"

'\

'l‘.'-vw ,',’, '

second. Each channel was ﬂherefo ’jsampled once every

14/2500 or 0 0056 seconds, and the Nyqulst frequency




\\\ N '
QL |I \
v e N
Y
N

. . ’ 4

VUON,

Ch ‘a
v

" “ ‘{"‘ ' o

IR '

255 Q§ Tho multiplexcr, analog to dxgltal convcrter,
AL
(-\\.‘\1‘:\9
~

‘<$ dnd five tﬁouqandlknnn;crystal olock,plus associatod

ity B! o

1nterfaco and controls were contalned in a modified

g
%ﬁ modol 120 Data Acquiqxtlon System manufacturcd by

h’:\\,"‘ ! ! v

B&tum Inc. (oﬁtrolq allowed thL seloctxdﬁ of from
o
r l’\ /\

ono to twonty channels to bq sampled seqhentially

\
u

and the stlection of record length up to~a max imum.
4 ' “ v
. of 4096 ‘samples por channel . T
s | Ay ‘
Tho ampleior dlIQUlt had a f}at response f rom .

one- tenth to flfﬁy Hertt andﬁlt\consiated of an
\’,»' 'v
anut transformer of elghteen deoibd}d galn followed

by a preampllfler of forty declbels galn connected to,

¢

the ampllf;pr by a two pole high pass Bessel.fllter
which COgad be bypassad. The amplifier had switchable
gain, and ‘its ootput passed through a four pole low
pass Bessel filter with a fifty Hertz Corner.

The s~plane representation of the seismic

L

B e . . LY
record_im? instruments and seismometers WJ\ 1971

is given.in the Appendix. The impulse response of

+

the seismic recordiﬁg instruments and seismometers
is plotted in Flgure 2. 8. the %mpulse response of

JUrEY

- '/* f"!

~the seismic recordlng 1n5trumen£s is plotted 1n Figure

<
3.3. The amplltude and phase spectra of the seismic

- ' . *

.

recording xnstruments and of the seismlq re%ondlng

1nstruments ‘and sexsmbmeters are plottgd in the A?pendlx.
JAE S : :“ ¢ )
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'Figure'3'3 The impulse response of the seismic recording

instruments used at'the Unlversxty of Alberta in, 1971.
The sample 1nterval At is 0.0056 seconds.
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obtained in the f;mst steé_of instrument deconvolu-

and scismometers was

tion. An expression for each stage of the SElsmlc
recording‘lnstrumentsvwas calculated using Laplace
transform théory and,laboratory testing; che geﬁéral
~ s-planc¢ CxprCSSlon for the sgismometers is derived
in the Appendlx c o

" A coméuter program was written by Cummlng which
calculatcd the amplitude and phase 3pectra, as well
as impulse response, for a given transfer function.
fﬁe program used a basic Fourier'transform subroutine,
FASTFT, which made use of subroutines COSP, COSTAB,
_SINTAB, and SPLIT: (Robinson, 1966). The amplltude
and phaSe spectra were calculated over a frequency
range from one-hundredth po one hundred Hertz; the

‘

impulse responses were ‘'sampled at an interval of
0.0056 seconds fQF,l-ZS SEconds; and ail‘plots were
done using a model 770/663‘6ALCOMP Plotter at’tﬁe
Unive;sity of Alberta Computing Cenfer.‘
) The impulse response of the seiémic,reccrding

-

instruments and seismometerswused at the University

~

"of Alberta in 1971 was generated and truncated after

forty-three samples; it was then input to a program
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whlch used subroutlne SPIKE, which ‘made use of s&u—
routines IMPULS, SHAPE, CROSS, EUREKA, DOT, FOLD;t:A‘I .
ZERO, and MINSN (Roblnson, 1967). SPIKE was used

to compute a sp;kluglfilter which could be convolved
with the truncated impulse rosponse to give an
.approximation to a delta function. The spiking

filter was then convolved with the data to glve

data which had been instrument deconvolved.

Let bo,bl,b2t;..,b be the truncated impulse
'response, and let d 'dl' "“'dm+n be the de81red
output, a dekta function, which has al{vlts coefficients
equal to zero except a single-coefficient*which is equal
to one. The purpose of,SPIKE.iS‘to fiud a spiking |
filter fo,f;,f2,...,fm.such that when we convolve the
truncated impulse rksponse with theAspikiug.filter, we
-obtain an output wavelet co,cl,cz,...,cﬁ+d‘which is‘as

close as possible to the desired output’ in a least®

squares sense.

The spiking filter is calculated so that the
N ’ . )

sum of squares given. by

4 mtn tg
I = t£0 (‘Ct - dt) | 3.1
is a minimum. ,Substitutingffor'ct,fwe have
» m+n o 2 '
o I= tzo [SZO fgby g - dt]« o | ,3f2.

.



The velue of I is,a minimum if i;s partial derivatives
with respect to each of the eoefficientS\fo,fl,fz,e;.,
£, are equal to zexo. ' Thus, we have

\ o ‘ “ A‘v ‘

I 1+n ?
—_— = 2[ '
fj LZ S=

Ll

which is, for j = 0,1,2,...,m,

m-+n m+n

m . .
b, b, .| = d.b, . . .
Z0 ﬁs[tzo t=s t"Jl t£0 R S .

{ \ \

S

The autocorrelation of 'the truncated impulse response

is defined as, using equation 2.2,

t—sbt—j

g = g b

_where the bo,bl,bz,...}bnrare real. Similarly, the

Cross correlatlon between the desired output and the

Ad

_truncated 1mpulse response is ‘defined as

mén AL |

gj l= tzo dtbt'_j \’ ' ' for all J = O‘-'JT"Z R .“- 'l:n .

| ‘ ;l , 3:5
'The set of“equatione in 3.4 reduces to

Lo

o om | : o




y T 2

'ﬁThiS set of mtl sinultaneous-linear equations in. the
unknown coéfficients f;,fl,fz,..,,fmyls the discrete
‘time -analog of the Wiehex-~Hopf integral equation S
(Robinson, l§67). The equations_arevcalled\the"norﬂEl
equations for'the filter. | |

Thevspikingjfilter was arbitrarily chosen to be
of length forty- three,‘51nce the least- squares error
decreased monotonlcally as the length of the Splklng

»

' fllter 1ncreased SPIKE was used to cal’

0

least—squares error for each of the poss}

‘of the orie in the delta functlon, the errox

Gith the data

mlnlmum when the one was in the twenty-nim
. The spiking f}lter was convolvedg
obtalned at the Unlver51ty of Alberta'ln 1971. -The
orlganal data, flltered by a, flVe to thlrty Hertz zero
phase Shlft elght pole Butterworth bandpass fllter
V(Alpaslan, 1968), is plotted in Figure, 3. 4, The data,
convolved w1th the splklng fllter and flltered with the
same bandpass fllter as before, is plotted in Figure
3.5; Although the two plots are very 51m11ar, there
is a deflnite sharpenlng of several three sided pulses*:
'illnto é@é 31ded pulses. The resultlng two s1ded pulses:”
resemble the half’ cycle 51ne wave pulses obtalned for
the Plerre Shale (McDonal et al., 1958) Theqapstru—-f'

‘A

ment deconvolutlon 1s thus moderately successful B \vh»_

a . | : v, Lo /
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. Figure 3.4. Elg s lof date m.Lhe Iir
' shot 6n September 2, 1971 before instrument - ;.
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' shot on,September, 2, 1971 after. instrument . ., = |
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CHAPTER 4

33? \ PREDICTIVE DECONVOLUTION

v

4.1 The Predictive DecompositionaTheorem b

The ' following discussion of the‘Predictive Decom-
| p051tlon Theorem and of the method of predlctlbe decon-
’volutlon 1s based largely on three references (Roblnson,
1954; Roblnson, 1967, and Peacock and Trelte;, 1969)

Any observatlonal tlme serles xt (1o < t < )
'may be con51dered as a reallzatlon of a, random process,
whlch is a mathematlcal abstractlon deflned Wlth reSpece
to a probab;llty fleld 'A time series is sald to be
stationary if the probabllltles involved in the random
process do not have.a specaflc orlgrnylg tlme.

For any randod’process, averages may be taken w1th

3

’Irespect*to the ensemble of reallzatlons xt fon a flxed
tiﬁe t; such averages are called ensemble averages.o The
'epsembledaVerage'or mean;value of it is denoted by E[x el
'and the Variance iS»denoted'by‘E[(x - E(x ]) ], both

§

vthe mean and the varlance of a statlonary random process

.Lare 1ndependent of tlme."'

“The autocorrelatlon coeff1c1ents‘ ;,“‘

d'¢xx(§) f h(xs+t s] ‘aig_“ﬁl»cv‘ tzil‘ :.é‘lf

. are independent of s, and they 'are an even function.of

N | LR [ el . -
) . I RN h L . .
afa : - . : . g : . ! LR , .

X R . R KRN [ ¢ . . coT Ehe . : o
N T . N [ o Y TS, B - P s i - N
. ERR . : ; - [ . . - ; . .
LN L : AR .. i . Lol . O Ll B A
FEIERS L T A T PR . R 0 .
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the time t,‘that is

(t) ~ b (C8) . 4.2

‘

\ "
M
Y

Another type of average is the time average,

[

taken w1th respect to all values of tlme t for a flxed
. '?
realization x, (—m <t <) of the. random process : A
~N

statlonary process is. called an ergodlc process if the‘,

ensemble averages and the tlme averages are equal w1th

probability one. As ‘a result the autocorrelatlon of

an ergodlc process may be expreSSed .as a tlme average,

As in earl;er chapters
t ‘ x , , ‘
The autocorrelation is .a non-negative definite ..

i ' ' S

function; that is, equation 4.2 holds, and

D
:
RF

g . ' '
’ ' , . ~

' t ""n . i fe : ' ' .

.2 Zl ¢>xx(j-k)ajak > 0‘ y/ .n=71,2,3,...,
e o - 4.3
for every real set of/al,az,aB,...,a (ﬁbbihson,'1954).

Thls property of the autOCOrrelation is. equlvalent to

~its: representatlon by the Fourler transform\.

a representatlon known as ‘the Wlener-Khlntchlne theorem;,g

|

. T | }
) x(t) = 'f cos wt dA(m);,,' ',rf~“ J"'4.4'”
50 0 . . Lt - R 3 « .

The spectral dlstrlbutlon functlon A(w) is a real mono-
, ( . . .

L tonlcally 1ncrea51ng functlon of W (0 s w < m w1th

A(O) O and A(ﬂ) = q r The 1nver51on formula 15



0

4

R | | |
e ¢ (t), T '
UA(w)'= W+ Z xxt ~ sin wt , - 4.5 '
. . t=l - ‘ o . . ) ‘
Swsa | - |
CIf 2 |¢xx(t)| is convergent then the spectral ,

)
istrlbutlon functlon will be. absolutely contlnuous,

w1th the contlnuous derlvatlve
) dAwT ‘ . Lo :

) (D(w) = dm !

L L : A
where ¢ (w) is the power spectrum,.an‘even,.pon-negatlve

In terms of the power, spectrum, -the auto-

function. - ‘
: . » ! . v T 2

- correlation is o

+

It may be assumed thatathe et are mutually uncorrelated

. \ "n’ l |
Px (B) = 5 J'exp(iwt) ¢ (w) dw . 4.7
BTN | ‘ L

A tlme serles w1th an. absolutely contlnuous spec—

tral dlstrlbutlon functlon is’ generated by a process of

For .a flxed reallzatlon of whlte n01se

convolutlon
e correspondlng flxed reallzatlon

l

l .

RN l’et’et+l""'
of a ‘process of convoluflon,ls ...,xt l'xt7xt+lf""Where
| ' ' 1 i ‘ : o , »,/‘ﬂ o
Cx.= Yrocle | for.all t ~o<t<o ., 4,8
e t Sg‘w" {Sjp B ) ‘.’ B T
R

and that the mean and the variance of the et are zero A

-t .

' and one, respectlvely, then

IQijE{e ] E[e ]

o for si¥¢t;, Cade
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The ?utocorrelathn coefflcients‘of a’ Erocess of ci?folu— \
) ! o : ‘)v ‘ N v ! .
tlon'x max be wrltten o e
. -% N\ l§‘~ R T
‘ ;‘ \ \\ ':>‘. \00 , :‘ o ‘ v o ‘ . .
2 (t) ’ih[ L :j?sjtt-j;‘kz'_m C_ke’s,v—k]‘.“
4‘ w?. | oo A N IR
. . .“. | \'oo ‘cq. N i e . . . ‘
=3ERj£-m ﬁg-acfckeS+tFjes—k] R
$§K §~‘. : .
= )l ‘c.c E[e e ]
~jf4& ke j~kv . sft—j s-k" ; E
} "oo' N ".
/ = c.c. RN 4.10
‘("‘.""‘ 'Tl‘.l; .
. By using the relaflonsh;p-
. e ;' B o Wl
R N CL AR
J exp (iwj)exp(-iwk)dw = U
e T o ° k v .
7 _

= , G e . :
i ot ,‘! Sl S , , b . ‘ ;' . ) v ¢ N e
- . . o IR A R
the autocorrelatlon may be: wrltten o T AR
‘ SRR , _A _¢1rw;;» SN

' - . .
LI 4t 4

A T : SRR }
- 9y (t) %L_ Jexp(lwt) Z c. exp(le) Z f ex;\\lwk)dw, Y
. je—w A ket o

T o ‘ ' A' :J
T ,

o Sty B "§=h"'¢-4;11gf

v
-

S
IR

which .is in the form of equation 4.7'where -~ | . . .. '

= o,
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contlnuous.; ConVersely, any process w1th an absolutely

contlnuous spectral dlstrlbutlon functlon ;sha process' '

N ‘ )

of convolutlon.\”v‘;; ( 'V" RN CET

It may be shown that a process w1th a pdwer spec—h3,

(N v i

trum ¢(w) may beée made phy51cally reallzable,fstable and
m1n1mum delay by uglng the Kolmogorov factorlzatlon of

’the Spectrum or the Fejer factorlzatlon method (Roblnson,
,yl954) xihat 1s,vthe power spectjgmgmay,be raotored ‘

” D

! ' . R
s e N ' " , .
S . . o . PP , , : "
.o . \

2w) = [B@]? 2| [ b exp(«iwt)[?, 413
= T s

ot e, 1 < 1

-where b =‘Q for t < 0, by >0, . '

t

“It may be seen that equatlon 4 13 may be used 1n place,
"of equatlon 4 12-’1n other words, the operator co,cl,c
; ;L}{ may be replaced by the operator b bl,bz,...a; ,Thgsyfﬁu

' ' i i o (8 - A .
\'“'the proceSs of conVOlutlon 1s glven by/ RS B

ion 4.8 with its minindhedelay equivalent. .
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and unlt varlance,bthat 1é rhrte n01se. S

The Predlctrve Decomposrtlon Theorem may now be

leen ‘a non—determlnlstlctstatlonary process

stated
(—w < t < oo) w1th dlscrete t1me parameter t suppose
x has an absolutely contlnuous spectral dlstrlbutlon» '
A
'\ ) . ."" . n )
functlon.v lhen there ex1sts a decomposxtlon. , R
“wv . .‘ ’:“ lw-‘ . i“.“ "n‘ . "" ‘Iv"‘ ,’e‘ & \ . “ A . '
. ?'r,:xt = po + blet—l + b et 2 ff’f;h Jw{ ; 4f16
‘where the‘et have zero mean and‘unlt varlancejand are SR »
‘ S, R
utually uncorrelated and the operator b l,bz,;.. is- - v
2 2 2 T
> 0 and bo + bl + b2 +m...3< m.u‘,,.l

.mlnlmum-delay w1th b0
ThlS may be descrlbed as the mlnlmum—delay Spec1allzatlon

of the Wold Decomp031tlon Theorem (Roblnson, 19E4l

N Because the operator bO'bl'b2"" 1s mlnlmﬂm delay,

there ex1sts an 1nverse operator ao,al,az,...swhlch 15, '
‘ reallzable and mlnlmum—delay Thus we have the 1nverse V‘fl‘
predlctlve deComp051tlon of the tlme serles x glven by v'
: +.a,x + a,x, ol £ 4,
1¥g-1 H 8%eip B 4:17 .
: f o ' “\v' M . \ . ‘ 1
Pl o ' . L o fL . !
LT e e L | Sy » »
. el ,.: ‘,‘ ,? e e ‘V‘_’ . _‘ o .," . . it ) .g’ - <
402 ‘Single ChanneluPredlctlve'Deconvolut on: ‘. ¢ " ‘
. L4 . v . "

e’ ®
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Jish

‘forsz less than zero (Robinson, 1954).

w
)
N

hypothesis that the‘gharﬁcqeristic wavelet associated -
with each signal is minimum-delay. _ ,

The prediction of x is

by X
tra Y Xtta

using cquations 4.16 and 4.17. Now let r = s+n; then

[oe] [e <] [+
xt+o. = E bQ+S X ar-sxt~r = X [
= r= \s

s=0 0 r=0 0
' 4.19
kpw, define the filtef opefator fo'fl'fZ"“’ where
£ (a) = Z bytslr-s - 4.20

s=0

so that equation 4.19 becomes,

Xppg = Lo fpledxe p=foladx + £y (a)x 1)+ fhla)x, o+
r=0 ; e

o - '4;}2

. ¢

. ~ \ i . '
Thus, X is expressed in terms of a linear combination

‘tta
o

'of the present x and the past Xy 0¥z 2,xt e o The

Operator fo,fl,fz,... is- realxzable since f (a) is zero

o

In practical applications,,only a fxnltb'number

of the past x, may be used in the prediction of xt*q;
- | ! l

Therefore, define’
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" A - ’
Xeda = foXe t flxt-} + fzft—z tooo X o
, . 4.22
Using the method of least~squares, the value of
P . ' 2 A %)
' o) . PR Ty.. K,F s '
I = tzhm(xt+q - xt+a) | "gkﬁll‘4323
. ';U' o
must be minimized. Substitution for £t+a gives
“"J N - | n
1= ] [x. - (Eox, 4 VEX o+ ... rfx )]
‘ ol tta 07t 17t-1" "2%¢-2 0 °°° gn t-m :
4. .24

\

The value of I is & minimum if its partial derivatives

with respect to each of gﬁe soﬁflffZ""’%ﬁ are equal

. n
to 2zero. Then

oo ' Lt <
3l . :
t__z_‘m 2% e = EoXe * Rg¥poy *EXe o+ ant met—m)] x

£ .
x (—xt_})‘= o, - 4,25

which is, substituting the autocorrelation of X from'

equation 2.2,

' »

‘forj + flrj-1+ fzrj_2+ + fmrj-m = r:m+j '

»

for j = 0,1,2,...,m . 4.26

Therefore, the filter operator fo,fl,fz,...,fm is given’

as the solution of these normal equations. The solutioh’/

~

®

us
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)
N -

is found by a recursive algorithm; if the filter operator

2

is of length m, machine ‘time is propqrtionél%to m~, while

. ‘ C )
computer storage is proportional to m (Robinson, 1967).

. In matrix form, .equation 4.26 is

'
4

3 {

( |
Ty Ty T e m £ o
Ty %o %1 SIRIB! Tl ).

. ﬁ = . 4.27
r, T3 %o Tn-2 £l Lot2 :
rm rm-l I . rO fm1 ra+m

The autocdrrelation matrix on'the left is symmetric, has

its elemﬁpts equal along each diagbnal, has non-negative

-

eigenvalues, and has a non-negative determinant.

The prediction error time series is defined as

-

- 1t nt-m

"80%tta ¥ A1 ¥t4a-1 T 32%twa-2t 0t un¥eem 4028

where

1

)

(ao,al,aé,...,aa+ﬁ)= (1,0,0,0,-:;'0'-f0"fl’—£2’tca'-fm

4.29

From equation 4.24, the least-squares error is

b
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T 2
I, = -
0 tz_m [( tta jz "t J) ]
\ .
\ o ' -
= [ 2 2 ] fix, X, .+ ? f z £ ]
= X - ) .
| o t+a j=0 37 t+q t-j =0 j k=0 k t-j t-—-k |
) e (1 |
= f. + [ f.xr. o ] q‘. 4.30
\,_\‘0 J.—.:Q J O‘+J j=0 =0 k j k .

\\ ’ S \~ .

Using équauon 4.26 to evaluate the temrm in brackets,

the least—squares error is

\
\

\ ; me o
I\=r, - f.r ., = a,r., ’

Ol‘ 0 j=0 J at+j =0 ]1 3
Equation 4.27, in matrix fomrm, may be rewritten:

as a system bf m+l simultaneous linear equations,

I+rf \+§:r2f2'+'...+rf = r

070 171 m-m a

rlfof rOfl + I\T\lfz teee 0 C Y

rzfq + o f) + ro\f2 + ..+ rm-zfm = Ty42 4.32
i = r

Imfo + Tpaf t rm_zfgf cee b am
. ‘ \ - ' '\\ :

This system of' eq’uatons 'may' 'be‘é\ugmented in such a way

perator is cc\mverted ‘to its corre— |
\

spopding prediction e zr operator '(Peacock and Treitel,

thaf the prediction

1969) . matrix equation 'co'rrespbxzdi;igto : tle (augmented
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-

system of é@ﬁations‘is

r : \ 3\ '« r 3
r,e I I, T S [ 1 ‘BO
ST | Tatm-1]|]| © By
rot+m—2 0 82. .
E : f = : ‘ ’ 4-33
rh+i 0 Ba—l
_ L ~f, 0 -
; r r ) r: -é N é
[Fatm Tatm-1Tatm-2* * © To J U ) ~ J
whefe
P37 557 Uaoyfo * Tamgenfy * Taogaafa® oot Tooginfy)
‘ 4.34

Thus, the prediction operator of equation 4.27 has been -
cohverted to its corresponding prediction error operator.

- For the case a, ='l, equation 4.33 becbmes

&
) \
fro r ., r, R T [ 1 [30
ry ro rl B ﬁn —fo 0 |« |
r2 ,rl ro - rm-le -fl = i 0. ’ 4[.35 .
e : : 1: T
rm+1 rm rm_l - . ' ‘ ro ) J L-fmJ .iO';J | is
where * .
£



Bo= %o
Equation 3.6 may be written in matrix‘form,’setting

go=lr gl

!

1

.

nE, + Iy f + .00t r

= Qr 92 = Oi 95 =-Ol

eeayp gm+lf

) -

-

=,OI

40

©4.36

t

recall-

ing that the autocorrelation is an even function, and

changing m to m+l,

o
r, I; I -
r o &1
r 1 %o
:rm+l Tm rm-l'

[

)'ho-o

0
fl 0.
£, =10
m+lJ { 0

4.37

-

But this’ equatlon is the one . for the calculation of the‘

"v“"“\_/ ’—‘

lsastrsquares inverse filte

r whlch compresses an unknown

51gnal ?hto d unit spike at zero delay (Peacock and

Treltel 1969)

it may be seen that the m+2 length predlctlon error oper-

Comparing equatlon 4 37 to equatlon 4,35,

ator w1th ud;t predlctlon dlstance is 1dent1cal,to the

?Zérg delay, least-squares-inverse filter of length m+2,

A,éxcept'for'a scale. factor Bo-.

Slmllarly, equation 4.33 may be compared to

equatlon '3.6; then 9y = Bop 91

ga-l

=8 ~l' g

o

=:0'

"o.'g

i,

Bl' 92 = 821 R

0;_ The~solut10n 0f

-equation 3 6, changlng m to a+m, is a_ least-squares

1nverse fllter of length a+m+1 the solution ?f equatlon .

a .

\



ffllters are’ identlcal R .

:’4.33 is the prediction error operator of length q+m+k

i » . ' R . . . !
for the prediction distance.of a; therefore, .these two
L Ny |

» l“ . : - ' . .
Uslng equatlon 4. 10 the autocorrelation of 'the
input may be coneldered to be the autocorrelation of ’
the characteristic wavelet But llmltlng the positive
N

lag half of the autocorrelatlon to length a+m+l 1mplies‘

(I

that the characterlstlc wavelet 1s*of length o+m+l .

Slnce gJ = 0 for o £ 3 < a+m, and since: gJ‘is

“the cr —correlatlon between the - deslred output. and

: 5;«‘»' .
4'

the 1nput the cross—correlatlon is zero for lags greater

than a-l . Therefore, 1t may be concluded that the dé31red

[
I

output is of length a. S8ince the de51red output i's of
A AN

length o 1ts autocorrelatlon is zero at lags @ a+l

at2, .f. . The preélctlon error fllter W1ll modlfy the

.

1nput "in such a way that the autocorrelatlon of the out-

’put wlll tend to, be zero at lags Oy a+1. a+2 '...',a+m-

The predlctlon error operator contracts the char—

Igfhacterlstlc wavelet of length qum+l 1nto a wavelet of
t»length,a. Least—squares 1nverse ﬁlltering contracts a.
‘3vcharacter1%t1c wavelet of length a+m+lllnto a wavelet of

vlength l. Thus, 1t may be concluded,that predlctlve

“deconvolutlon is a generallzed method of least-squares

xinverse fllterlng 1n whlch*%he degree of wavelet contrac-

&

- tion may be,controlled(\" Aj‘.fl' ‘:*'A:v ;~,f f;ﬁ
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4.3 Test of Reverberation Removal D

v Removal'of predictable energy f rom data is$

’ possrble 1f the method of predlctlve deconvolutlon.

©

'is used the energy removed will  have: periods between

I
o and a+m time intervals,“and it may be classed as

e1ther short perlod or long perlod energy  The first

r

step is to, plot the p051t1ve lag half of the auto-
.correlatlon. Short period reverberatlons will appear .

as decaylng waveforms on the autocorrelatlon plot,

N
-

whrle long perlod reverberatlons will appear as dlstlnct

,waveforms separated by qulet 1ntervals.
| Remov1ng short perlod reverberatlons 1s done
.wdlfferently dependlng on whether or not the decaylng
“;waveform on the autocorrelationrplot 1s hlghly regular.‘
If the waveform is hlghly regular, o 1shset at the N
‘de31red predlctlon dlstance wh11e\a+m+l is set to- span
a plus‘ohe complete cycle." I1f the waveformels rrregular,‘
‘a is set at the desired predlctlon distance whlle a+m+l

N o

‘ils set to span o plus the remalnlng 51gn1f1cant lnterval.
-'In elther case, a should'be set to span the lnterval
between zero lag and the second 2ero cr0551ng on the[
hautocorrelatlon plot (Peacock and Treltel 1969)

s Removrng 1ong perlod rewerberatlons is done
dlfferently dependlng on whether or pot the rlngﬁng

g is of a flrst order nature. If the rlnglng is of

‘fa flrst order nature, a 1s set to span the 1nterva1
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between zero lag and the onset of the first multiple on

the autocorrelation plot}nwhile'a+m+l spans o pluS‘the '

" first multiple; If the rlnglng is -of a hlgher order

nature, o is again set to span the 1nterval between zero

lag and the onset of the flrst multiple on the auto—‘

correlatlon plot, ‘whlle a+m+l spans o plus ‘the first:

two or more multlples.\ In elther case, repetltions of
4'the waveform centered at multlples of a+~(m+l)/2 will
Nbe removed (Peacock and Treltel 1969)

In order to test the effectlveness of the method
x
of predlctlve deconvolutlon, a trlal trace was created.

This trace used the trial wavelet of-Chapter Two; the

- ~

" trial wavelet was convolved with,t:he'traceeo'= 1, él= 0,
€)=0, ..., @)g=0, éy0=-1; the trialv.trace is plo'tted\ é
. on the upper left of Figures 4.1, 4.2, and 4 3. The

)

, autocorrelatlon plot of the trial Yrace is plotted on.

the upper right of Flgures 4 1 and 4 3.

4 /

TN

A main program was wrltten to do s1ngle channel

»predlctlve deconvolutlon USlng subroutlne EUREKA
“(Roblnson, 1967) to solve the normal equatlons (Roblnson,
1964) An error in EUREKA s algorlthm‘was found '
_kMontalbettl, personal communlcatlon), an updated

v ver31on of EUREKA was. used by the main program.u

‘he trlal trace was cons;dered as’a, sectlon of a tlme

7 e

l“

',serles composed of Whlte n01se,. 0, el, e2,‘...9 e30,

In the study of short perlod reverberatlon removal,j7ﬂ
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Flgure 4.1, Short pgxlod reverberatlonrremoval.,‘ 
- Upper left-‘the trial trace. Upper right: thi
o autocorrelation plot of the trial trace. -
'“LMlddle left: ‘deconvolved trial trace - a=l, m~13
-:Middle right: deconvolved tr1a1 tface - a=3, m—ll. , ‘
i Lower left: deconvolved trial trace - a=4, m=10.
©..Lower right: deconvolved trial trace,- q-S,‘m-9.;
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Flgure 4 2 Short perlod reverberatlon removal
Upper left: the trial trace. Upper.right: the .
‘autocorrelatlon plot of the deconvolved trlal trace -

S ?"Mlddle left: deconvolved tr1a1 trace ‘-g~a~4, m—9.~ -

. Middlé right: deconvolved trial ‘trace - a=4, m=11, -
. Lower left: deconvolved-trial trace - o=3, m=10.:. " '

Lower right:- deconvolved ‘trx.al trace - '0:—5, m—lO. o

R : Vo o L g o
R . ‘ L P LT
f i SN .
A




FJ.g re 4! 3..‘ Long perlod re\\rerberatmﬂﬁ' removal
gper le t.-E the  trial -trace. ' Upper right: the
f“'autocorrelatlon plot .of" ‘the: trials trace’ L '
‘ éfti  deconvolved trial trace - 0o=16, m—28
1ght the autocorrelatlon plot of the




'

.I"‘

‘n‘\

. \ : ; ,
-‘wavelet Slncé\the tlme series lS the convolutlon of

oo "
"

B 'a mlnlmum—delay wavelet w1th whlte n01se 'equatlon ,,.~'*

A Co

4 10 shows that the autocorrelation of the tlme serles
is" the autocorreiatlon of the characterlstlc wavelet
When the autocorrelatlon of the trial trace ‘was taken,

the multlple on t e. autocorrelatlon plot was dlsregarded
AN

To av01d errors due to the multlple, the sectlon of the

autocorrelatlon plot used was, restrlcted to lags 0 to' "ﬁ‘

15‘ B ." ’l.‘ | g D | :A“ ‘. . \\ . ."l'j‘-i‘-‘l | S . ‘ \ -
‘The~two‘var1ables were o ahd m; In the followxng
d scu531on, they w1ll be wrltten as a p@lr a—m, for T

. N

‘ example 4 lO would correspond to a-{ and m 10 Accord-

“ 1ng to the crlterla stated prev1ously\\the 0pt§mum case

should be 6 g; that 1s, a-—6 m= 8, and\<+m+l 15; a—6

”, \

is the lag correspondlng to the second ze} Cr0551ng on‘l

the autocorrelatlon plot,\whlle a+m+l lS Ci
the length of the chajacterlstlc wavelet and to the \

-51gn1flcant pértlon o

trlals were takenéby varylng one of‘a or m while holdlngﬂﬂ
SN i

Ce N PN g ! - \,

{

the autocorrelatlon plo\\ The\ {?_

- the other constant-f‘other trlalsj _;d a+m+1 constant ort‘




- OUtPUt Splke is also 4 Thls case is plotted on the o “/

1ower left of Flgure 4 l, and 1ts autocorrelatlon 1s
U plotted on’ the upper rlght.of Flgure 4 2. ThlS auto— ,
‘a : P
correlatlon plot shows the degree to Wthh the auto— .

correlatlon approaches zero from lags Yol to a+m or lags R

Ly ; . e, K ' . - R

4 to 14. 'j “;;;,,, s R ‘
0 i ’ . - N " * i . N B ’

When a+m+l was held constant at lS 1ncrea51ng

\ N

a caused“the splke to become two 51ded and also added
norse;f the case ‘5- 9 1s plotted on the lower rlght of Lo

Flgure 4 l . The supposedly optlmum case 6 8 showed the B
Splke as a two s1ded pulse w1th the second leg of

»- ]
greater amplltude than the flrst,~and con51derablef‘

1
. [
‘ 1
) nolse was also ev1dent.. Decrea51ng Q added n01se,.y1

the cases 1-13 and 3 ll are plotted on the mlddle left L

and mlddle rrght of Flgure 4 1, respectlvely ‘ :i“h7

v '\ ‘\‘.

o

When o was held constant at 4, llttle change was-

' . E)

ffyf of Flgure 4 2 respectively.liﬂf:”'M

} caused the splke to become ﬁwo 51ded and also added

n01se, decrea51ng a addew‘ olse.‘ The cases 3 10 and

s ® 0' W : o,

‘ﬁlght £ ety




. ',‘ w .
Whon o was held constané“&ﬁ 1, the best output

was nt;"onﬂrwiv= 15; ' the cascs %pr m increasing orN
‘decreasing sliowed noise buildup, until noise was of
wthe same amplitude as.the-signal. Thé case 1~13 is
‘plotted on\the middle left of Figure 4.1; ' these cases
cotrespond to zero dclay least:squares inverse filter-
iné. |
In the study‘qf long period feverberation removal ,

the trial trace was considered as a scctionFof a time
series containing a reflection an@ a multiplg of the
same amplitude'and shape but opposite sign. In this
case, the multiple oﬁ the autocorreiation plot was
regarded as real but undesirable.

. The two variables a and m were unrestricted;
According to the cr;terlg statéd previously, the optimum
case should be 16-28; that is, a= 16, m=28, and

r

atm+l= 45; a= 16 is the lag at which the first point of
. . 'Ql . : .
'the multiple is scen on the autocorrelation plot, while
o !

at+m="44 ié theylag at which the last point of,the.multi—

- By

*

ple is seen on the autocorrelation, and atm+ls 45 is

‘the length of the trial trace. The trialsfwere taken

by varying one of o*or m while holding the other e
conéﬁanﬁ: other tria}é held a+m+l constant. The best -
cémbination was 16-28; this case‘is plotted on the

- + .. )
middle left of Figure 4.3, .and its autocorrelation is
; i T h ‘
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plotted on the middle,right of Figure'4.3. This
qptocorralétion plot shows\the degree‘to;which thé
autocorfelation approaches zero £rom lags a to atm
or lagé.lﬁ to 44, Th}s case shows that the multiple
has bqen'reaucod in amplitude by about one-half, put
it also shows that a second multiple has been added.

When a+m+l was held constant at 45,fincreasing
or deéreasing a addcd‘low levels of noise which
increascd as a Qas further incréased or decreased.

The exception was thé case 17-27 which isﬂplotted on
the lower_lefé of Figure -4.3.and wiich shows a con-
siderably higher level of noise.

When o was Ield coﬁstant at 15 or 16, little
change was noticcdgzx m was increased or decreased
except the case 16-27 which shows a considerably higher
1gvel\of noise. , | ' -

When m wés held constant at 27, 28, 39, or 30,
ligtle change wés’nqted;‘ however, when m wasa27, a
considerably ﬁigher level of noise waslpresent._

One trial was done fér thelcése.4»4Q; this case
is plotted on the lower right of éigure 4.3; a=4 is
the same *as in the optimum short pdriod case. This
trial showed that short pgriod‘énd long period reverber-

ations could be removed simultaneously.
‘-



4.4 Single Channel Predictive Deconvolution of

Seismic Data

) Tﬁe method of single chagnel predictive decdhvoiu~

tion was tested on sbmé of the séismic féflection‘data

obtaincd at the Un%yersity of Alberta in 1971. The

data was Chosen‘f;gi'thelsame shot og/ééptemberVZ, 1571‘

as was used in Chapter Three for instrument deconvolution;

five channcls were filtered by a five to thirty Hertz N\
’Iiero phase shift eight pole Butterworth bandpass filter;
the time ipterval chosen was eighty-fiv§ samples long,

from 7.25 to 7.73 seconds; the data is‘élotted on thel

left-hand side of Figures 4.4 and 4.5.

The single channel predictive deconvolu;ion.méin

~program using subroutine EUﬁEKA was used; the program
“operates‘on one channel at a time although its arrays

are in multichannel form. The. positive lag half of. the

autocorrelation is plotted in tAg center of Figures4.4
1 . +

Y

and 4.5} a géod-degree of‘similarity between the auto-

correlation plots may be seen. Thé first negative

maximum on each autocbrrelation ploﬁlocéurs at lag 5;_
‘ while the second éero crossing occurs bétﬁeen lags. 7

and B. ‘ » . , | |
i Sinqé the short period reverberation removal

tests inditated that the prediction distance o-was the

important parametér'qQ detérming, whereas the parameﬁ@fA
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<>
{
1
4
+
~N
I S
~
o

-

Figure 4.4. single channel predictive deconvolution. ',
Left-hand side: five channelg:of data from the first
shot on SeRtember 2, 1971.. €enter: autocorrelation °
plots for t five channels ‘'of data. Right-hand side:
. five ghannelq of decanvolééd data with predictlon”
distance a = 5 and a+m¢% = 14

™
-~y
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JTIME (SECONDS)

TINE (SECONDS)

Figure 4.5. 8ingle channél predictive deconvolution.

., Left-hand side: five channels of data from the first
" . shot on September 2, 1971. Center: autocorrelation

" plots for the five channels of -data. 'Right-hand side:
five’ channels of deconvolved data with prediction.

{ +

distance a = 1 and a+m+l =:14,



’

{

+ changes between tests as a increased were vefy subtle;

\

L)
. ) ' .

m had llttle effect and the parameter a+m+l>was of
only sllghtly mo re 1mportance, a set of tests wasf
run holdlng a+m+l constant at 18 while varylng o from"
"1 to 12.' Wlth d+n+l = 18,vtwo cycles of the‘autq— | ‘
correlationlplot were spanned. ‘Itfwas found that the
when a was 1 to‘S, thewmain event was feduced’to oneﬂ
leg, andhwhen o .was greater than 5~“two or moreflegs
Vseemed‘to be present. Thus, a was chosen to be 5,
although it might have been chosen to be 4, 6, or 7 with.
little 51gn;flcant change.' h : | |
The next ‘set of tests was run holding a constant
at 5 while setting a+mtl equal to 9, 11, 14, 17, and
20. Little difference was seen between the cases for
otm+1 eqnal to 11, 14, or 17. According'to the
preéiously stated cpitefion, if the hutocorrelations
are highly regular, a+m+l is!set to span « p;usdone
complete cycle. One cycle on the autocorrelation plot ,
‘was 9 lags, so a+m+l‘Qas chosen to be 14. .This case is
‘.plotted on thekfight—hand~side of~Figure 4.4.
A final test was run with « set at 1 and at+m+l
set at 14V Thls case corresponds to zero delay least—
squaresrlnverse fllterlng and is plotted on the rlghgk

hand 31de of Flgure 4.5, It may be seen that the

deconvolved data ‘is somewhat sharper for thls case than'
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for the case w1th o set at 5 and a+m+l set at 14. “In

-both cases, the output data was flltered by a five to

]
\

“thlrty Hertz zero phase shlft elbht pole Butterworth
TN

bandpass filter.

]

4.5 Multichannel Predictive -Deconvolution

‘ MUltichannel seismiC.feflection data ma*wbe

deconvolved by means of a multlchannel least- -squares

inverse fllter which is determlned by requiring that

the sum of the squared errors between the desired outputs

and the actual outputs for each channel be minimized.

”

ThlS requlrement leads to a set of 51multaneous linear
equations, called the normal eqguations, each element of

which 1s 1tself a square matrix - (ngglns and Robinson,

-

1965). . ‘ | | :

Let the multichannel-input be represented by Xy

where t .is an integer; then,
- " -
)T ' ] ' 4.38
l" /

X = perXoerXaer st it

NN
a

where T d@notes ‘the matrix transpose.' The filter is

fO'fl'fz""'f where ‘each f]' j=0,1,2,...,m, is an
| RXk.matrix.h.The.actual multlchannel output- is -

4

| T o .
yt (yltlthIY3t'OAo’y2t) ’- .. ' ) 4.39

The relatlonshlp between the input and the actual output

'

[
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Y '
is given b§ C g
. ¥t= f0xt+ flxt_1+ f@,zxt~2+ "",'”+ fmxt_m . A.4o
The desired mﬁltiéhannél'édtput is
z ='(Z' 2 z A )T o 4»41
o T Plerfaer i T r
Therefore, it is required'that
T = iE E[(y;p = 254071 e DR NP

1 | o

be a minimum. When the multichannelyinpué'represents-a

multivariate random stationary process, the normal

equations may be stated in matrix form as '
\ r 3 r 3
fro I I R £, 9,
Ty By o Tn-1] |1 91
T2 Fi o m-2| (%2 = (92| 4.43°
r oy | tfm» -~gh4 ’ ‘

where eaqh rj;lj = Q,l}2;;:.,m? isian aﬁtocorrelatiOn.

coefficient.pf the,iﬁpﬁt sigpai1and’is‘a kxk matrix, - .
gnd:whéreréach‘éj,-j=.0,l;2,.,ﬁ,m, is a,cro£s;§or£e;étion\.
coeffiéientrbetween the desired5outpu£';n§ftﬁe inéut and;'
is*an’gxk ﬁaﬁrik,v:That‘iﬁ, | L

A}

s
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‘ 'II‘ : - o X C E - .
| rt = E[xs+t xS ] ’ t =f.g:l,2,- o« C 4.‘44 '
- o m / T e 0,1 ,
| gy = Blagy %71 t=0,1,2,...,m . 4.45

w

In ordef totusehequation 4.43 to do multiéhannei
_predlctlve deconvolutlon, ‘the number of lnput channels
must equal the number of output channels, that 1s, k=g.
'Then, the set of cross—correlatlon coefficients may be
spécified as . ,

. | .
j=0,1,2,...,m , 4,46

where o is ‘the prediction distance.‘ The set of filter

.

‘ COfolClentS fO’fl'fZ""'f thus represéﬁﬁsthe multi-

-channel predlctlon operator. : The multlchannel predlctleh

error is defined to be ' ‘ } - ) . o
Cira = Eltrg Y1t/ X2t+0 Y2t " 3t4g Yapre* e Xppag Ykt) L -

- IR . | vf.. 4.47

. . Coa 5 - ‘ o -y i
4.6 Multichannel'P;edictive Deconvolution of Seighic Data
v ; 7 .
o | | o
The method of multlchannel predlctlve dec@nvolutlon

was tested on, some oﬁ the selsmlc reflectlon data obtalned[-

-

i‘at the Unlver51ty of Alberta 1n 1971 The data was

oA

( chosen from the same shot-on September 2 L971 as was -

& S

used 1n Chapter Three for instrgment deconvoiutlon,

L



however, the four channels chosen are not the same ‘as

the five channels used ko test the method of 51ngle‘

\
_rchannel‘predlctlve deconvolutlon. The data was filtered

by a five to thirty Hertz zero phase shift eight pole
Butterworth bandpass fllter, the tlme 1nterval chosen
was from 7,1 to 8.8 seconds; the data is. plotted in
v-‘Figtre 4.6. The four channels wegre allgned by picking
‘the initial trough -on the event'at 7.5 secondsi the

: . : ~ : o
shift from.trace to trace was three Samples. '

o

A maih program was written wh1Ch used subroutlne

‘AUGURY, which made use of subroutlnes OMEN, FORM MAINE

.

MOVE, ZERQ,‘BRAINf, and HEAT (Robinson, 1967). AUGURY
does“multichannel predictive deconvolution forba'
predlctlon dlstance a equal to- l; MAINE calculates

the 1nverse og,a.matrlx, BRAINY does multlchannel

i

COﬂVOlUtiOD; and HEAT'calculates multichannel auto-
N & !

\scorrelatlons and oross- correlatlons. "
Wlth the allgnment as spe01f1ed the data. was..
deconvolved by multlchannel predlctlon-~1t was found
' that three of the output traces were plcked w1th peaks
dallgned but that-the second trace from the top had |
'troughs where the others had peaks, and vice-versa.
}One—half cycle of the domlnant energy 1n the data was f
hfour samples, when the second trace was shlfted by a |

posxtlve 6r a negatlve lag of four samples, the traces



V.Foﬁr"_'chél,nrvxélfsjbf' data from the 'fi;st,'s'l'lot .
- 3 , ' “Each channel was filteerLbY'a :
L five to thirty Hertz: Butte‘morth,bandpaSS'\‘filter_. ,

' Figure' 4.6. Fou
. ~on Seéptember -2, 1971.

e .



LT e L e

N

e'all plcked w1th p051tlve peaks.‘ The case for“
o ;N

ch t 'he second trace was shlfted by a negatlve lag
J ) i

fs:

prre—w— o

I aad

::;F'E{;-'_;sf:‘ :

P o
fgpur samples was chosen for the remalnlng tests, S
po :

i
|

t is thlS case whlch 15 plotted in Flgure 4. 6

N

s ‘TJ F

A set of tests ‘'was run holdlng a constant at 1

settlng a+m+l equal to 3 4, 5 ;.., lO thus;,m'
i v

ok ﬁfA‘t decreased as a+m+l 1ncreased The-cases a+m+l=r9
BRI 1
BRI ;

A}
. u¢ﬁ9d“lo showed strong 51m11ar1tles between traces but,‘

,f’ \‘*- "v IR

strong events and little 31m11arrty to the orlglnal

The cases a+m+l = 6, 7, and 8~seemed to be'a'

"vbromlse,.they showed some. 51mllar1ty to the orlglnal

L AN
leti 1]
AT A A
gl il
& |
‘
W

good 51m11ar1t1es between traces, and strong events‘

1ng across the traces.' The case a+m+l =-7 was judged’

' #be the best thls case is plotted in Flgure 4. 7. t ”ﬂ“h
%;} f As a comparlson of the methods of 51ngle channel ‘

of multlchannel predlctlve deconvolutlon, the same’
1 - .
r channels plotted in Flgure 4. 6 were deconvolved
1ng the 51ngle channel maln program whlch used sub—

”1 utlne EUREKA The predlctlon dlstance a was set equalfﬁa'

I



Flgure 4, 73,
‘ﬁ Four channels [e}
predlctlon w1th predlctlon dlstance o=

0L+m+l 7 . S S ¥

f ‘data deconvolved by multlchannel
~1 and

Multmchannel predlctxve deconVOlutlon.z~'




F:Lgure 4 8 Smgle cha,nnel predictive: deconvolutlon.,-", Ly

- Four: channels of " data déconvolved by: s1ng1e channel': SR
;predict:.on with. predlctlon dlstance o =1'and "o
u"‘m*‘l’ =y : ‘ : - WEL i




Vo
. v

ovoents running through it than has the aingle channel

output in Figurve 4.8, but. the ﬂimishrity botween the

[y

two plots is quite astriking. This may suggont that

the method of single channel preodictive deconvolutton

is an offoct.tv(‘\. as the method of multichannel prodictivae
deconvolution in defining major reflac tiohu“ IT this

is corroét,'thqn the mothod of single chnnﬂé; predictivao
k l‘;‘ T‘t l

\‘ \‘ ;

doconvolution is the preforablqk0n
M Hf

In one application of multlchﬁﬁh»i 1east~squaren invoerso

3 A
Tedw |

filtering of common depth point seismic reflection data,

it was concluded that the results were no better than
those obtained using single channel lecast-squares
inverse filtering (Davies and Mercado, 1968); that

conclusion appears to be in agrcement with the conclusion

rcached here. , -
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o : APPENDIX

TRANSFER FUNCTIONS OF THE SEISMIC RECORDING INSTRUMENTV

AND SEISMOMETERS

’

, TIn ofder to obtain the‘s~p1ane~repreéenta£ionlof'~,
:the‘seisﬁicureéordinglinstrumeﬁts and‘séismometérs, it
is necessary to find,an eXPreéSion for each of the
inétruments. In the followlng paragraphs,’ the s—plqne
representatlon of the selsmometers is derlved.

‘ Each selsmometer con51sts of a frame in whlch a
'mas§ m is suspendgd vertlcally'by a spring w1th spring
constant k and the motion of theymass is aamped'by a

- force proportlonal to ve1001ty with damplng constant &.
'If Y represents the upward dlsplacement of the ‘frame,

1

and gq ;epresepts the wpward dlsplacemegt of the mass,l

. Y A
let x be defined as. the relative upward displacement of

the frame and mass,
X=y-9 . Yo , Al
At equilibrium,

mg =kl . R ‘- - o A.2

.4
-

‘ ?where g is the acceleratlon of grav1ty and 1 is the
extens;on of the spring. If the selsmometer frame

" moves .y and the mass‘mqves d,.the equation of‘motloq is

*

70 R



k(l+ty~q) 4 a(y~q) ~mg =m§ . - A.3

»

1

Using equation A.2, equation A.3 becomes

.

~k<j—:q)'+ afy-q) =m§ .- : . A.4

[

Now, using equation A.l, eéuation A.4 beComes'

i
kX + oxX =g (§ ~ X) , S a.s
or
kX + 06X 4 WK = my . ‘ A.6

.-
g

If the right~hand’side is set equal to\iero, the

) 1. BRI = I
characteristic equation is obtained, I
b - o
kx + ax + mk = 0 . - [ W

If there»isfho.damping,ia’:.O, and the 'solution of:
.equation”A.7 is| Sinusoidal motion with a matural

kil

:freqqeﬁcy

i

,Thus, equatlon A.6 may be wrltten

'i&.
x o+ Lox + L og = —5-9‘ . : . A.9
2 2 co 20 . - Co. :
mw : N .
- nl n n

I I

If° the Laplace transform of ‘each 51de of equatlon

‘A.9 1s taken,,equatlon A. 9 becomes

[
t .



7 |
/ i
. \ ;xs ) 52 R R 82 . . N .
: mw w } '
oo

Now, .define a hormélized complex frequency

s =S = 2t dw . ' " ) AL

: w_ W . L a

L : . n, oon I ‘ .
then.equation‘A.}O Pecomes o
. A R . I' N . ' \‘ )

\ S X (5) f + 2 5.4 SZ = 82 Y(S) . ‘ A.12
. _ _ mw / : . ~
o The transfer function in S of output displacement

for an input delta function' in displécement]is defiﬂed
as R - ’
. x(s). Y g R '
o Tq(8) =3y T o i . AL
3 o Y1+ — S+ 8T !
. : : , mw ! i
, | - '_ 5 )

“,*Y - The output voltage is - prOportlonal to the veloc1ty

oy

and is glven by

L
o

. e(X):é——Gi”;' I © ALl
taklng the Laplace transform of each 51de of equatlon

- ;1.E($) =_-Gs X(s)', 0 15
or, 1n terms of the normallzed complex frequency S,

o ‘x . "~ - E : R . N
W B = usx® . a6



' The transfer functlon in S of output voltage

for an 1nput delta functlon“in dlsplacement 1s,

therefore,

'

T (s) =

B(S).

'
[y

~Gw_ S~ \ ' .

X (8)

E e A.17
+ S : S

The transfer functlon 1n S of an n- pole low pass,

fllter is

\ \

T, ()

L(& 

F

0

:f .

1

S + F,8" +

l2 — n ' ‘ /A‘la
S coe FE ST

and the transfer function in S of an n-pole high pass

filter is

where FO,Fl,F‘,:.T,F

’ﬂfllter.

which

.a‘low

at

sh ,f’ﬂ . ' )

F

0

+ F.8 + F 8" + ...

1

n

hlgh pass flltera s

2 v n '
2 + FnS

are. constants which describe the .
A bandpass fllter has a transfer functlon in §°

's the product of the transfer functron in 8§ of

'ass fllter and the transfer functlon 1n S of a

'y

v
-

.'The constants in the s—plane representatlons of -

‘the selsmlc recordlng 1nstruments and selsmometers may

\

.be found by examlnlng the spec1f1catlons of the c1rcu1ts

Aand thelr components.

).1be adjusted sllghtly so that the amplltude and phase

.0

Then, these nomlnal values may
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‘ . o /ﬁ
‘spectra calculated from tTe SpeCiflCathnS match the'

\amplltude and phase spect a determlned experlmentally

-

The constants in the s—plane representatlons of the o

selsmlc recordlng 1nstrumentsand selsmometers were

'determlned according to thls procedure by Cummlng.
‘In.the followxng paragraphs,,the parameter S
equals 1w/2ﬂ. The" functlon subprogram Wthh exPresses
" the s- plane transfer function of the se;smlc recordlngi
‘1nstruments ‘used at the Uanersity of Alberta in 1969

follows:v

" COMPLEX FUNCTION TRANS(S)
'COMPLEX S . : 'm |
TRANS— :

© 1((87.10)/(1. 0+S/ 10))*1 0/(1 '0+1. 2*s/47oo +(S/4700 ) x%2)
C THE TRANSFORMER :

1*'(s/.130) /(1. 0+8/. 130) .

C- THE GAIN CONTROL OF THE PREAMP == NOMINAL Is .120
1*(S/.169)/(1.0+%/.169)

‘¢ THE SECOND GAIN CONTROL . )
1*(5/.311)/(1.0+8/.311) b dﬁg QD

1*(S/.329)/(1.0+S/.329) \ '
1% ((5/.333)/(1 J0+S/.333))**2 '

C THE LOW CUT FILTERS . S A
1%(1.0/(1.0+S/57.3))**4" = ‘ '

, C' HIGH CUT. FILTERS —- NOMINAL: VALUE OF 52. 1 HZ. iNCREASEb

C BY 10% . ‘ R

 T1%(8/.600)/ (1.0 / 600) s T

- C_ THE OUTPUT TO F.M. TAPE -—~NOMINAL IS .455 HZ. o
_RETURN =~ | , -

END

I

f,The functlon subprogram whlch expresses the s-plane'

htransfer functlon cf the selsmlc recordlng 1nstruments
. L f' v
‘Jused at the Unlve:s1ty of Alberta in 1970 follows."'

P

P T
A L .

°
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' . . . Y . : . A

ot

‘ COMPLEX FUNCTION\TRANSd/:/’ e
COMPLEX S . o
TRANS= ' - | )
1((S/.10) /(1. 0+S/ 10))*1 0/(1 o+1 2*5/4700 +(sg47oo )**2)
\‘c THE TRANSFORMER , RN
- 1*(S/.120) /(1.0+8/.120) ' SR L )
C THE GAIN CONTROL OF THE PREAMP B
1*(S/.169)/(1.0+5/.169) . : . o e
C THE 'SECOND GAIN CONTROL E S
~1*(S8/.311) /(1. 0+5/.311) S R
1%(S/.329)/(L.0+s/. 329) e o
A% ((S/.333)/(1.045/.333))**2 L S
C THE LOW CUT FILTERS . | : : N
v 1*(1.0/(1.0+5/46.0))**4 ‘ | e
C THE HIGH CUT FILTLRS - NOMINAL VALUE IS 52 1 HZ. . y
. 1*(s5/.260)/(1gd+tsS/.260)" - \ EER
*C THE OUTPUT STAGb o SN ‘ . - ‘
“ . RETURN ' . A S Sy

P

,The functlon subprogram whlch eXpresses the S-

0

plahe transfer functlon of the. selsmlc recordlng W‘ .
‘ .

flnstruments and selsmometers used at the Unlver31ty of

Alberta in 1971 follows; . S o o
" COMPLEX FUNCTION TRANS(S) S f
'COMPLEX S O o :%;
/TRANS= = ' ’
~ 1((5/.10)/(L. o+S/ 10))*1 0/(1 o+1 2*3/4700 +(S/ﬂ700 )**2)
. .C THE TRANSFORMER ‘ ,
S 1*1.0/(1.0+S/53.1) ' ‘
' C THY PREAMPLIFIER . '
1*(5/ 100)/ (1. 0+S/. 100)
C THE,Q.C. ‘OFFSET FILTER .
1ML 0/(1. 0+S/53.1). . ,
o ;ABAIN CONTROL ‘ .
LS °: 7 105 +105; *2 1105*3/50 +45. *(2 1105*3/50 )**2 R
v MHETI*(2.1105%5/50. ) ¥ %34 (2, 1105*S/50.) ) **4) = - BT
~ C THE FOUR POLE" BESSEL FILTER . WITH A FUDGE FACTOR FOR ) Vo
' C_FREQUENCY - I R
L T1*(s/7. 5)**2/(1 0+1 4*5/7 5+(S/7 5)**2) *:y : ,'zj;t”‘;:~”'
*c THE  SEISMOMETERS. - S | : ;vstipjﬁ s
RETURN . A ,‘»“C R PR i
DR foos o .



If the fourth last llne of the subprogram and 1ts

correspondlng comment card are omatted the functlon
subprogram whlch~expresses the s—plane transfer:~f',r‘; f

'

»funct;on ‘of the selsmlc recordlng 1nstruments used Jw:;,lf\V
'at the dn1vers;ty of Alberta in l97l 1s obtalned

Flgure A. l shows the amplltude and phase spectra,

y

determlned from the transfer functlon, of the selsmlc

recording 1nstruments used at the Unlvers1ty oﬁ Alberta .

t

in 1969. In Flgures A.l, A. 2, Al 3 and A 4, frequency

t

1s oh a logarlthmlc scale, ranglng from one-hundredth

” .,

"to one hundred Hertz, whlle amplltude, BE galn, 1s ‘in

’dec1bels and phase is in degrees.. Flgures A 2; A. 3
2

“and'A 4 show the amplltude and phas spectra, determlned o

!

.

from - the- transfer functlons, of the s %smlc recordlng O

rlnstruments used at the U 1ver51ty of Alberta,ln 1970

of .the selsmlc req@rdlng 1nstruments used gk the ,’

Unlver51ty of Alberta in 1971 and of the selsmlcll
N .
-,recordlng 1nstruments and selsmometers used at the'

Unlver31ty of Alberta in'. l97l respectlvely.‘
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