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e Seismic measurement:
tool to obtain an image of the subsurface
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Measurement Processing

e Detect changes in the subsurface
e Detect objects
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Seismic Imaging

Data acquuisititie

Data processing

Interpretation




Overview
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Data processing

“Pre-processing”

Filter und Deconvolution
Velocity anlysis and Stacking
Migration

Interpretation



Snapshots of wavefield propagation




Snapshots of wavefield propagation




Snapshots of wavefield propagation




Snapshots of wavefield propagation




Field of application

Aim Depth of penetration
O1l/Gas Exploration of layers 100 m - 5 km
Engineering Groundwater 10-500 m
geophysics Pollution
Archaeological
Earth crust seismic | Composition of Earth -60 km
Crust/Geodynamics
Measurements in | Echo sounder, ~0m
water High resolution seismic <100 m
Georadar (GPR) Shallow investigation of earth 0.5-10 m
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Seismic datacube




Depth slice




Geological interpretation




Interpretation of west-east-line
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data set

iIsmic

Time slice through a 3D se

(from Keary and Brooks, 1991)



Time slice through a 3D seismic data set

KILOMETERS

(from Kearey and Brooks, 1991)
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Material P wave Velocity (m/s) S wave Velocity (m/s)
Air 332

Water 1400-1500

Petroleum 1300 - 1400

Steel 6100 3500
Concrete 3600 2000
Granite 5500 — 5900 2800 - 3000
Basalt 6400 3200
Sandstone 1400 — 4300 700 - 2800
Limestone 5900 — 6100 2800 — 3000
Sand (Unsaturated) 200 — 1000 80 - 400
Sand (saturated) 800 — 2200 320 - 880
Clay 1000 — 2500 400 - 1000
Glacial Till (Saturated) 1500 — 2500 600 - 1000
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Seismic waves

* Wave propagation

* Hooke’s law

* Newton’s law

* = wave equation
* Wavefronts and Rays
* Interfaces

e Reflection and Transmission coefficients




Seismic Waves

body waves

P-waves (longitudinal, compressional)

S-waves (shear, transverse)
S\-wave

Sy-wave



Body waves:
P - wave y

r Compressions —{ Undisturbed medium
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{—ADilatations 23
Z }

S - wave




Different kind of waves

e Longitudinal waves e Transversal waves
GRIEVES)




Examples of different waves

Elektromagnetic spectrum AM, FM, Georadar, ~ Visible, — X-ray

100 106 1019 HZ
Earthquake, audible + seismic Acoustic spectrum

Frequency




Surface waves
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Newton’s law

P(z) mm)) U— (@mP(z+Az)

P 1s the acoustic pressure

U, 1s the displacement



Newton’s law

P(z) mm)) U— (@mP(z+Az)

42
P(z+Az) - P(z)= -p Az — U
(2+A7) - P(2) = -p Az U,

p 1s the massdensity



Newton’s law

P(z) mm)) U— (@mP(z+Az)




Hooke’s law

U (z) —> P -> U (z+Az)

U/(ztAz)-U, (z) = -k AzP

K 1S the compressibility



U,(2)

Hooke’s law




Acoustic Wave equation

02 1 0% . _
8_22 P - 02 6‘t2 P - 'W(t) 8(2)

w(t)=p %izq(t) (sourcesignal)

c = (px)!? (wavespeed)



t=20ms

120 140
t=40ms
120 140
t=60ms
120 140
t=80ms
120 140

(Roth et al., 1998)



lectdetection using WAVES:




jectdetection using WAVES

Receiver
@)




Wavefronts versus Rays

- Wavefronts indicate the boundary of the material
which already moves and the material which 1s
still undisturbed.

» Rays are plotted perpendicular with respect to the
wavefronts and describe the dominant propagation
of the seismic energy between two locations




Geometrical Wave propagation

Source Source Receiver

40

- Rays are perpendicular to the wavefronts,



Interface: reflection

Angle of incidence =
angle of reflection

Uq = Ao




Interface: Refraction




Special case: critical angle




Interface: Conversion from P wave to S wave




Snell’s law

sin 3

- _ _ _ n

--;: ------- ;- ------ ;- ------- ;- ---------- = -m=mmm-m =p= constant
| T Sy | L) 82 v Sh

p = Slowness



Propagation of seismic waves

120

t=20ms

140

120

t=40ms

140

120

t=60ms

140

120

t=80ms

140

(Roth et al., 1998)



Transmission- and Reflection coefficients

E Er _

| R+T=1 |

E = Energy

R = Reflection coefficient
T = Transmission coefficient



Zoeppritz’s equations at normal incidence

Reflection coefficient

VaP2-ViPrL  Zy-1Z,

VaP2 T V1P Lt Zy

Transmission coefficient

2v, Py _ 27 4

Vapgyt lel_ Z2 + Z1

with Z=v p = acoustic Impedance



Reflected, Refracted and Diffracted
waves

 Reflected wave from a horizontal layer

» Reflected wave from a dipping layer

» Refracted wave from a horizontal layer

e Refracted wave from a dipping layer

e Diffracted waves




Applications for shallow high
resolution Reflection seismic

Hydrogeological studies of acquifers
Engineering geology

Shallow faults

Mapping Quaternary deposits

Ground 1nvestigation for pipe and sewerage
tunnel detection




Applications for Refraction
seismic

Depth of groundwater level

Depth and location of hardrock

Elastic medium parameters

Glaciology




Refraction seismic

e Refracted Waves

 Mainly horizontal Wave propagation

* Only refracted waves are used. (Lower layer must
have higher velocity than upper layer)

» Distribution of velocity as well as the depth and

orientation of interfaces between layers
Reftlection seismic

« Reflected Waves (“Echo lot principal™)
* Mainly vertical wave propagation

* Complete seismic recording 1s used

» Distribution of the velocity variation




Geometrical situation

Geophones
AV
A

Direct wave

l————> Offset x

/ Critically retracted 11
rays

Critical

Reflected « 4
ray i) reflection
- _

V,
VZ
(V> V,)

Vi A ( 7 S’ A A
Refracted wave




Traveltime curve

A 4
4
i /4
Time y:
/4
Wide-angle //
reflection arrivals / :
\ / Critically refracted
Critical o anves
reflection S‘; ‘:ﬁ”g]afy —
vals '
: A il (Stope = 1//)
7
. 4
Reflection P / |
intercept P C srnolil
time - : rossover poi
& 1
(e :
Refraction :
intercept |
time > '
VA
< g S
& Crossover
Q distance
() T\
S
o
2]
&
@

-+~

T L} L

-

0 Offset distance (x)



36
‘I

— ——
e

—

; ot

:ml

e ——eeee—
—

isionce (kilome
0 l. 4 36
Il
"F. |
" | |
"o “'m‘n-n:h . T
i
A
! : - ;
: ot ! e
/R
Bl

——




Direct wave

Velocity of direct wave is derived from the distance and
travel time



Reflection: Horizontal reflector
X

A ) B

4S2=4h2+x?=t2v?

t?=(4h2+x2)/v?




Reflection: Horizontal reflector

tA

t2v2=4h?+x2

t2= x2/v2+t?

for x=0:
t2v2=4h?
t(x=0)=t0=2 h/V

or
h=t,v/2



Reflection: horizontal reflector

t ¢ t2v2 = 4h2+x2

t2v2 - x2 =4h?

t2vZ _ x2 4
4h?  4h?
Hyperbola



Moveout
ta

R .’v""“ ' X > X

. : : X.,2= X, 2
Difference in travel time t(x4) und t(x,): 2 ™1

trty~ 2v2t,



Normal Moveout

X, 2

_ 1
Difference in traveltime t ; und t(x): AT‘t1' t0 ~ 2v2t
0



A t2v2=4h?+x2- 4hxcos(90+0)

X=-2hsinO ! J t2v2=4h%+x2+4hxsin(0)
| Hyperbola:
.......... o s 2hsin(®)] 2 3
N e [2hcos(®)]?2 = [2hcos(®)]? ~

> X

ATdip= tx't-x - 2xs\;/|n®




Refraction seismic

//\"

Lower velocity material Head wave
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Propagation of seismic waves

t=20ms
10N 120 140

t=40ms
100 120 140

t=60ms
100 120 140

idw Headwave

: ; J.“ | P
30, m.,ﬁ 0 \\ . i t=80ms

% 120 140

(Roth et al., 1998)



| °¢* Direct wave
Source Geophones
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Refraction: horizontal reflector




(A)

G
0
D (V.>V)
0,
=> (V,> V)
C
(B)
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Time
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Time Reciprocal time
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Slope = 1/V
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t Slope = 1/,
1
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Offset distance x

xsin(6, + ) N 2z, cos 90

fa = v, , For small slopes (a < 10Y):
~ xsin(6, —a) N 2z, cosb, v, ~ VvV, Vv,

' Vi Vi 2



Time Reciprocal time
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Huygens’ Principle:

Every point on a wavefront can be considered as a secondary
source of spherical waves



Surface
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Reflection/Diffraction

<«—— Two-way travel time

o Geophones
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1D Fourier Transform

Theory and Practice



Simple Harmonic Motion

* A simple harmonic motion is fully described in

time domain by its amplitude, frequency, and
phase difference.

* A simple harmonic motion is fully described in

space domain by its amplitude, wavelength, and
phase shift.






A wave in space domain



The connection between time and space
domains is

Velocity

Velocity = Frequency *Wave Length



Simple Harmonic Motion

Y (t) = Asin( 2rwt)

Where
A is the amplitude
wis the angular frequency

tis the time



Consider the following simple harmonic
motions



Amp. =5 & Freq. =10 Hz
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Amp. =11 & Freq.=5 Hz

/\ Time

™



Amp. =2 & Freq. =14 Hz
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Adding some of these simple harmonic motions
together will give us a more complex harmonic
motions



20 — Amp. =5 & Freq. =10 Hz
. Amp.=9 & Freq. =21 Hz
10 —
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Amp. =2 & Freq. =14 Hz
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Amp. =5 & Freq. =10 Hz
Y JAmp. =11 & Freq. =5 Hz
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Amp.=5,8,11,2 &9 &
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If we have the sinusoidal wave in time domain,
could we know the frequencies making it?

Yes, using Fourier transform



What dose “transform” means?

Transform is taking a group of data as input to give another
group of data as output. The output results can not be
calculated unless all the input is available and used at once



Jean Baptiste Joseph Fourier (1768-1830),

a French mathematician and physicist said

that; “Any signal in the time domain is the

summation of a specific number of simple
sinusoidal waves”



Fourier Transform is given by :-

FT[h(t)]= H(f) = Tk(r)e””ﬁa’t

Inverse Fourier Transform is given by :-

IFTLH ()] =h(t) = [H(f)e*™ df



Discrete Fourier Transform

N,-1 -
H(nf) _ Z h(nt)e—b;mtnf/Nt

n,=0
Discrete Inverse Fourier Transform

1 N

+2imn,n ;| N,
ZH(I/lf)e L7 n ¢

hin,) =~



Note

Af =—— Ar=—
N At N Af

e”™ = cos(27ft) + isin( 2 7xft)



Time Domain

X[ ]

0
N samples

N-1

DFT

Forward DFT

Inverse DFT

Frequency Domain

Re X[ | Im X[ ]

0

(cosine wave amplitudes)

AN

N2 0
N/2 41 samples

N/2

N/2+1 samples
(sine wave amplitudes)

ya

NS

collectively referred to as X]|



Fast Fourier Transform

If number of data is = 2", where n is a positive integer
number. Then we can use fast Fourier transform

FFT is incredibly more efficient, often reducing the
computation time by hundreds



Real DFT

Time Domain

Time Domain Signal
PAPAICPR A

b

Frequency Domain
Real Part

0 /2

Imaginary Part

0 N/2

Complex DFT

Time Domain

Imaginary Part
[T ITITITITIITIITITIT1]
0 N-1

Frequency Domain

Real Part
)

a4 111111
== ol

Imaginary Part

0 N2 N-1



Practical solution of FFT

1. Transform the 1 signal of N points into N signals of 1
point

| signal of
|6 points

2 signals of
S points

4 signals of
4 points

8 signals of
2 points

16 signals of

| point
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With the help of binary numbers, things are much

easier

Sample numbers Sample numbers

in normal order after bit reversal

Decimal Binary Decimal Binary
0 0000 () 0000
l 0001 8 1000
2 0010 4 0100
3 0011 12 1100
4 0100 2 0010
S 0101 10 1010
6 0110 :{> 6 0100
7 O111 14 1110
8 1000 1 0001
0 1001 0 1001
10 1010 5 0101
I 1011 13 1101
12 1 100 3 0011
I3 101 11 1011
14 1110 7 0111

15 [111 15 111l



2. Find the frequency spectra of the 1 point time domain signals

Nothing could be easier; the frequency
spectrum of a 1 point signal is equal to itself



3. Combine the N frequency spectra in the exact reverse order that the time

domain decomposition took place

Unfortunately, the bit reversal shortcut is not applicable, and we must
go back one stage at a time. In the first stage, 16 frequency spectra (1
point each) are synthesized into 8 frequency spectra (2 points each). In
the second stage, the 8 frequency spectra (2 points each) are
synthesized into 4 frequency spectra (4 points each), and so on. The
last stage results in the output of the FFT, a 16 point frequency
spectrum
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800
A = Random, 5<= A <=10
400 — F =10 to 20 step 0.1

Phi = Random 0<= Phi <=90
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Real Examples
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What would happen if;

We increasingly added to a time signal higher frequency
components?

The resulted wavelet will be compressed, 1f all frequencies are added
the result will be a spike.



With increasing the frequencies summed to the signal; resulted
trace is compressed.
Note the effect on the stacked traces 1, 2, 3,4, &5
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With a very high number of traces (frequency are continuously
increased) the resulted stacked

Time (s)

0.2
0.3
0.4
0.5

trace is very sharp; almost a spike.
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66 78
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WAVILEY

ANPL [ TUDE

From the frequency spectrum point of view, we can see the
same feature; the wider the frequency band the sharper the
related time trace.
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WAVELET

AMPL [ TUDE

The effect of the edge of the frequency spectrum
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Three main types of waves:

P-waves

Compressional, acoustic, really
the only one that reflection
seismologists are interested in.

S-waves

Shear wave, do not travel
through fluids, travel at about
half the speed of P-waves.

Surface Waves

Travel at surface, large
amplitude. Slow velocity, low
frequency, knock down
buildings.

P wave .
S wave .
Surface wave /N




ifferent types of waves: P, S, Rayleigh, air, refraction, reflection
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Iifferent types of waves: P, S, refelction, Love, Rayleigh
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Figure 1.2. Unfiltered three-component velocity records from a portable broad-band recording system
in NW Australia for a shallow event near the Fiji islands at an epicentral distance A=51.13°. The event
is almost due east of the receiver so the horizontal components are naturally polarised with transverse
motion to the path on the N/S component.




Seismic Velocities

Important for :

Conversion from traveltime to depth

Check of results by modeling

Imaging of the data (migration)

Classification and Filtering of Signal and Noise
Predictions of the Lithology

Aid for geological Interpretation



Seismic velocities

o Can be written as function of physical quantities that
describe stress/strain relations

o Depend on medium properties
0 Measurements of velocities
o Definitions of velocities (interval, rms, average etc.)

O Dix formula: relation between rms and interval
velocities

O Anisotropy



What physics controls the propagation?

Rock properties

density = mass per unit volume, units kg.m=3, p
modulus = stress/strain = t/¢
stress = applied force/unit area (F/A) (or pressure, P), units N.m=?= Pa, t

strain = relative change of dimension, unitless, ¢, or 6L /L

longitudinal strain, parallel to stress, is oL /L

lateral strain, perpendicular to stress, is 6D/D

volumetric strain, due to a confining pressure, is 6V/V

shear strain, rotational angle due to an applied shear stress, is 0




What physics controls the propagation?

Rock properties

For an isotropic, homogeneous material:

Young’s Modulus, E, is defined by
E =t/e = (F/A)/(5L/L)
(Hooke’s Law, strain is proportional to stress)

Poisson’s Ratio, o, is defined by
oD/D = . (0L/L)
(lateral strain is proportional to longitudinal strain)
Note 0 <5<0.5; ifo=0thendD/D =0;
if o = 0.5 there is no volume change, the case for a liquid.

E, o and p together completely define the elastic properties of an
Isotropic, homogeneous material.




There are actually

three moduli
we can define:

17.2 The Elastic Moduli and
Hooke's Law

An elastic modulus is defined by the equation

stress

modulus - -
strain

stress [ Pa
modulus [Pa] = — —_—--~-—[---—-1|_——
strain [ no unit ]
Three kinds of moduli are defined to correspond
to the three kinds of stress and strain: each has

dimensions [ML 'T ™ ?].
l

Name of | Nature of Nature of
elastic | stress deformation
modulus

change of size

bulk K ‘ change of

modulus pressure but not shape
shear . | tangential force change of shape
modulus area but not size
Young’s tcns:l_c or change (l_JsuaIly)

: compressive force ) | of both size and
modulus e —

area shape




Young’s:

17.3 Young’'s Modulus E

tensile force F
Stress 0 = - = —
area of cross-section A
. change of length Al
Strain ¢ = g ot

original length [,

fD/ D=ocAL/L
o e M e | i - e e S o |
F X ; F
L e s s e e — — Se—— — — — = 3
- Iy > K
cross-sectional
(a) area A
o] (o] o]
[ ] ® ®
(@] ce o e
& ® @
O o] O
undisplaced displaced
O particle @ particle
(b) locations locations

Fig. 17.3. lllustration of Young's modulus on (a) a
macroscopic, and (b) a microscopic scale (both
exaggerated).

Bulk:

17.4 Bulk Modulus K

change of normal force

Stress 0 = = Ap
area

(the change of hydrostatic fluid pressure)

change of volume L

Strain 0 = = &=
original volume Vo
original volume V, displaced particle
\‘i position
iy
| | O (@] (o]
| : o ] L]
-t te——
I I
| . | Ce L] ®0
| [
Bew oalit Lofe
L J [ ®
o] O O
volume change AV
(which is negative)
(a) (b)

Shear:

17.5 Shear Modulus G

Shear modulus is sometimes called rigidity modulus,
and is possessed only by solids, since the shape of a
fluid is determined by its container.

tangential force F

TR o area over which it is applied T A

X
Strain y = angle of shear y = —-
y

(a) area A .
tangential
J‘I force F
1 forces that

<*—_s— provide torque
for equilibrium

S

angle
of shear

tangential
force F

Fig. 17.4. To illustrate bulk modulus on (a) a
macroscopic, and (b) a microscopic scale (both
exaggerated).

(b)

ce ce

displaced particle
position




Bulk modulus

__volume stress
volume strain

_ P(pressure)
ya\"/A"4
| (d)  Bulk contraction
| P
Bulk modulus: = — =
K AV/V

K = compressibility



Shear modulus

g |
— e —
L AL
\ \
\ “‘ h t
\ shear stress
\ — ,
‘\d) \ L H shear strain
\ | \ _ FIA _ F/A
\ \ tan¢ AL/L
(c) ~ Shear
o T
Shear modulus: =
tan 0

T 1S the shear stress

The shear modulus p 1s zero for fluids and gaseous media



Poissons ratio

F

N R | .
] ]
] : |
|' ' transverse strain
' i L — A g = I t d I t .
‘= D+AD =1 ongitudinal strain
. : __AD/D
X ! AL/L

(b) Compression

Poisson’s ratio varies from O to Y.
Poisson’s ratio has the value ¥ for fluids

o 3k -2
23k + )




Young’s modulus

fH

prm—————- 9
' '
' )
n—,——'——r
: !
e :
[+AL i L _ longitudinal stress
. i"‘ b AD ! ~ longitudinal strain
; g _ FIA
i L _ AL/L
L NS U SN N e
(@) Tension

3k+pu



What physics controls the propagation?

E, o and p together completely define the elastic properties of an isotropic,

Iﬁnmnnononl e matarial
roOHHogeHcousHatchatl:

Additional useful relations are:

The bulk modulus, k, (or coefficient of incompressibility) is defined by
k =1/e = PI(dVIV)

(here, P is a triaxial confining pressure). (1/k) is the compressibility.

The shear modulus, y, is defined by
u=1/e =c/0

(o is the shear or tangential stress) (n = 0 for fluids, with zero rigidity)
k=E/{3(1-20)}
n=E/{2(1+o0)
AL=E.c/{(1+0).(1-20)}(Lamé’s coefficient)

Typical moduli/Pa: Young’s, E Bulk, k Shear, n p/kg.m-3Rock
1010 1010 1010 2500
Water 0 2.10° 0 1000

Air 0 10° 0 1




Seismic Velocities in a homogeneous medium

K,o,E, 1, p, A

4
| k+
Often used expressions v — 3 _
arc. b \ p B
_ K
k = Bulk modulus Vs = .|
o = Poisson ratio P
E = Young’s modulus
u = Shear modulus
p = mass density p)

A = Lame’s lambda constant A=k-— g“




Ratio V and V depends on Poisson ratio:

E_\/O.S—a

Vp l-0o

o 3k -2
2(3k + )

where




Seismic velocity

Depend on

o Matrix and structure of the stone
o Lithology

O Porosity

o Porefilling interstitial fluid

o Temperature

o Degree of compaction



Seismic wave velocities

time = distance/speed c=fA
ody waves
ompressional waves = p wav for prim r first) = pr re wav

article motion parallel to wave propagation

hear waves = s waves (s for secundus or secondary)
Particle motion perpendicular to wave propagation

for P waves for S waves
Stiff rocks (high moduli) have fast wavespeed

- K+ SH u For a fluid, p = 0, so V=0
P - P (for derivation, see Dobrin & Savit, p. 32-34)

V.V, ={(0.5-c)/(1-0)}

P is always faster than S

Alternatively, ¢ = [(V/V)? - 2)/[(2V/V,)? - 2] For a
|Uid, c = 0.5, SO VS =0 (very soft or poorly consolidated rocks, can approach this limit)
he minimum value of ¢ = O (approached by the most rigid rocks) gives the maximum value
f V,=V/N2 ~0.7V,
he “average” value typically assumed is
c=0.25and V=V /N3 ~0.58 V,




Relating
velocity to

m3) =
p(g/em™) = 1.6612V,

+ 0.0671V, — 0.0043V;

— 0.4721V:

P

+ 0.000106V;

lithology

Nafe-Drake curve
(Ludwig et al., 1970)

- 6 km/sec

gmJ/cc
1

« Birch, 1964

Compressional Waves
* sediments, sedimentory rocks

e metomorphic ond igneous rocks
Sheor Woves
® sediments, sedimentary rocks

© metamorphic and gneous rocks




Bulk density, g/cm3
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Relating i
. 44 r S . 25000
velocity to
|Ith0|Ogy a3 & —20,000
: 2
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Eqn. 6,
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Key

@ Aver. of crystaliine rocks (Christensen, 1996)
() Aver. of sed. rocks (Mavko et al., 1998)

® |ndividual lab. measurement (Calif.)

o Individual lab. measurement (Non-Calif.)
* Individual borehole measurement (Calif.)
* USGS 30-m VSP (Boore, 2003)
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| |
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|

P

I B

+ 0.7949V: — 0.1238V, + 0.0064V;

[
Empirical Relations between Elastic Wavespeeds and Density

o in the Earth’s Crust
Bulletin of the Seismological Society of America, Vol. 95, No. 6, pp. 2081-2092, December 2005.
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Measurements of velocities

o Laboratory measurements using probes
0 Borehole measurements

o Refraction seismics

o Analysis of reflection hyperbolas

0 Vertical seismic profiling



P-wave velocities v, for different material in (km/s)

Unconsolidated Material

Sand (dry) 0.2-1.0
Sand (water saturated) 1.5-2.0
Clay H0=25
Glacial till (water saturated) 1.5-2.5
Permafrost 35-4.0
Sedimentary rocks

Sandstone 2.0-6.0
Tertiary sandstone 2.0-2.5
Pennant sandstone (Carboniferous) 4.0-4.5
Cambrian quartzite 5.5-6.0
Limestones 2.0-6.0
Cretaceous chalk 20-2.5
Jurassic oolites and bioclastic limestones 3.0-4.0
Carboniferous limestone 5.0-55
Dolomites 2.5-6.5
Salt 45-50
Anhydrite 45-6.5
Gypsum 2.0-3.5

Kearey and Brooks, 1991




P-wave velocities v, for different material in (km/s)

Igneous / Metamorphic rocks

Granite 55-60
Gabbro 6.5-7.0
Ultramafic rocks 7.5-8.5
Serpentinite 5.5-6,5
Pore fluids

Air 0.3
Water 1.4-1.5
Ice 34
Petroleum 1.3-14
Other materials

Steel 6.1

Iron 5.8
Aluminium 6.6
Concrete 3.6

Kearey and Brooks, 1991




Alluvium,

* Dry sand,

Weathering

AMud

Glacial

- Shale

" Sandstone

Velocity (km/s)
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Lirnestone

Dolomite

Anhydrite,

* Gypsum

A Salt

Granite

Gabbro

Yelocity (km/s)

6
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Velocities

Interval-Velocity

Instantaneous Velocity

Average-Velocity

t_: measured reflected ray traveltime

Zm — Zn Zm — Zn

n n
Z Z Z Vil
o i=1

lyav — i=1

n T n
ZTi ZTi
i=1 i=1

t_: one-way reflected ray traveltime only through m™ layer




Several horizontal layers

N\ /, A A
N\ v, 4
\\ // t2 t
\\\ a / V2, 72 3
g 3 ! Measured
N g v3, 13 .
N~ ’ traveltimes
n
2
Vi Tl
RMS-velocity (root-mean-square) V2 — =1
rms n
T;
=1




DiX’ Formula

Conversion fromv [, inv;, (interval velocities)

nt

VRrms . n -1
VRMS,n In — VRMS,n—l fn -1 )
A G Rl T "
In—1n-1 "n_l
In
VRMS,n Vint
8 n

V.. 1s approximated by the stacking velocity that 1s obtained by
NMO correction of a CMP measurement.
(when maximum offset is small compared with reflector depth)



Anisotropy

Fast

Slow

Anisotropy(seismic): Variation of seismic velocity depending
on the direction in which it 1s measured.



Anisotropic media

Media (rocks) in which sound-wave velocity is different in different

This may be macroscopic in origin, as in a layered gneiss, horizontally
laminated shale, or fractured interval with stress-aligned fractures;

or may be intrinsic, as in a ultramafic tectonite: non-cubic minerals (e.g.
olivine) have different velocities in different crystallographic directions, and

if the crystal axes are aligned by flow, the rock will be macroscopically
anisotropic.

Fast direction

Slow direction




Effect of anisotropy on imaging:

Time migration:

- fast robust process;
_' ',-- --,- .. "

Depth migration:
- position corrected for lateral velocity
changes only;
- model convergence difficult
because of anisotropy

Anisotropic depth migration:
- most accurate lateral position
- model convergence faster, easier




Anisotropic media souRce \
Shear-wave splitting % = - "%

occurs in such rocks,
can be polarized so that ' 1
the shear motion is in a | ,: l
single parallel direction. ,

A horizontally travelling . ‘ |
shear wave is an SV

| T ?
wave if all the motion is 7-—- ..... s | e
vertical: and is an SH 4 {

wave if all the motion is i = e * ----- l ----- 5 Sy NSO W

horizontal.

Because the polarized SH and SV waves
travel at different velocities, delay times
between them can be used to detect crack
properties of reservoirs.




CABLE EFFECTS

AMBIENT RECORDING INSTRUMENTS
a | GROUND
NOISE

GROUND-RECEIVER COUPLING
RECEIVER FREQUENCY RESPONSE
ARRAY EFFECTS

ACME
SEISMIC CREW ||

UPCOMING ‘

LOW WAVELET
REFRACTIONS / SCATTERERS
“a

ROLL W,
G‘\OuND 4 l?. S

SHOT
HOLE

FREE SURFACE GHOST ? VELOCITY
LAYER

< T
~__ SPHERICAL A
DOWNGOING SPREADING REFRACTIONS

WAVELET

SHORT PERIOD

INTERFACE LOSSES ZZ MULTIPLES
VAV

LONG PERIOD

Q-FACTOR MULTIPLES

SNOILYO1SIO ONY 3SION

COEFFICIENT

(Reynolds, 1998)



Seismic amplitudes

Affected by

» Reflection and transmission at an interface
* Geometrical spreading

* Absorption

* Recelver response

* Measurement system



Attenuation = spherical divergence + absorption

Combined attenuation effect: A, = [A,.r,.e*]/r

Spherical divergence: energy of wavefront remains constant; but wavefront spreads
spherically in a constant-velocity medium and has a surface area o« r?

Note, E ~ Vp(2nfA)? - so earthquakes damage structures built on soft sediments

Energy, E, and amplitude, A, are related as E « A2 so A « r-1

Energy is conserved on the spherical surface.

E [] oc A2 Al ocr

Line thickness represents energy density




Body waves decay over a sphere (E ~ r?)
Surface waves decay over a Circle (E ~ r'1)
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‘As the distance from the source increases, body waves spread out into the volume of the
Earth but the surface wave field is guided along the surface with a much lower spreading
rate. As a result the surface wave field tends to become more pronounced and play a
major role in the character of the seismic wave train for shallow sources||| | |G GEGEGEG




Geometrical spreading

Energy proportional to:
Plane wave: constant
Cylindrical wave: ~1/r
Spherical wave: ~1/r?

Energy is proportional to (Amplitude)?
E(r)

E(r,)

. . . 10
Attenuation due to geometrical spreading: 10*" log



Absorption

Transformation of Energy into Heat

Amplitude: |A = Aoe ™| o= Absorption coefficient

Energy is proportional with A?

Quality factor

27 0 E o7

0

B AE | E R AE "~ Partof energy. that is lostin a cycle

Relation between Qand «

l_ow_%

Q_Tc_f_ T




Absorption is frequency dependent

input
spike ,
| nf
o0 =—
Qv
20 ms
 ——
after 1s
after 2s
after 3s
after 53




Common Earth materials

0.25 < o < 0.75 (dB/A)

300 > Q > 50

Q= ok Note: exp(-ox)




Attenuation = spherical divergence + absorption

Combined attenuation effect: A, =[A,.r,.e]/r

Absorption: inelastic transmission of energy produces friction and heat.
Empirically, A «c e in which o is termed the absorption coefficient (units: m-1)

= n.f/Q.v, where Q (dimensionless) is the quality factor of the rock type in question
(regarded as a constant for a particular rock)

Q = n/o, where § is the logarithmic decrement, or the natural logarithm of the ratio of
amplitudes of two successive maxima or minima in an a decaying wave.

Aoc eor o = wtf/Qv

Q =71/

Because of anelastic behavior at the source, we
assume the initial amplitude A, to be measured over
a unit sphere radiusr,

Amplitude decays due to absorption




Amplitude

A Ideal trace. Events are noise free spikes.

0.8}
0.6}
0.4}
021

Combined effect of attenuation
and spherical divergence

02+
04+
0.6+

|

501
40}
30..

10+

Amplitude
=]

-104
-20+
=30+
-40+

A, =[A,.ry.e]ir

R T T

TWT (s)

Effect of source signature (0-10-100 Hz
minimum phase) and attenuation (Q=75).

i

- e e

TWT (s)
Effect of source, attenuation
A and spherical divergence.
501
40 L
P 30+
g 201
= 101
LI 5 & . & % 5 5 a™
204 TWT (S)
-30- Effect of source, attenuation,
A spherical divergence and noise.
50+
40 L
30..
& 20%
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2 o . i PR
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Amplitude

Amplitude correction (1/r)
shows increasing significance of constant noise

Attenuation (Q=75), spherical divergence, time mvarlant
noise and "spherical divergence" correction (gain=t?).




Example:

seismic amplification _ y

- - V,=2km.s

in sediments over bedrock 0.,=2.5g.cm3
2 . .

V,=4km.s"
R=(Va.pp- Vi.pq)/(Vo.py + Vipg) p,=2.5g.cm
= (2-4)/(2+4) = -0.33
T=2V.p/(Vy.pp + Vyipq)
= (4+4)/(2+4) = +1.33 Y ar
R+T =1

amplitude in low-velocity sediments
is higher than in bedrock

Ern = R2 = (-0.33)2 = +0.11
Er=T2.V,.p,/V,.p, = (1.33)2x2/4 = +0.89
En+E;=1

energy is conserved




Example:

seismic attenuation by SOUrce receiver Q
spreading,
absorption-and ath r
reflection lengt
Amplitude decay from source to
reflection point = e*/r
= reflect|V|ty

Amplitude loss on reflection =

To calculate the total amplitude decay along the entire length of the
reflected ray-path, should we:

break down the ray into “ray down” / “reflection” / “ray up”
= e™r. R. e¥r = R.e?r? 27?7
r
consider losses over the total path convolved with a reflection
= e2r2r . R = R. e2%r[2r 27?7




Question 1:

o 20 Hz seismic wave

o Travels with 5 km/s

0 Propagates for 1000 m. through

o Medium: absorption coefficient 0.25 dB/A

o What is the wave attenuation in dB due solely

Answer: A=v/1= 250 m: absorption: 4*0.25=1 dB



Question 2:
0 Wave with A=100 m propagates through

homogeneous medium

0 Between two detectors at radial distances
of 1 km and 2 km the wave amplitude is
attenuated by 10 dB.

o Calculate contribution of geometrical
spreading to this value of attenuation and,
thus, determine the absorption coefficient

of the medium in dB/ A.
10 dB in 1000 m: 1 dB/ A
Geometrical spreading: 20 °log (A,/A)= 20 log (2)=6dB/ 1km

= 0.6 dB/ A = absorption coefficient: 1-0.6=0.4 dB/ A.!



“Velocity”

Measuring velocity (wavespeed) from
CMP seismic data and relating this to
rock velocities




Simplified processing sequence:

Correct amplitudes
for energy loss at
long travel-times

(c)

Display all traces from
a single airgun shot
(shot-point gather)

sSFORM;:: -
conm:;omt
—-. GATHER

Remove direct

Delete noisy
wave (mute)

traces (edit)

(a) ==t (b) -
Range —— Range ——— Range ——— Range —m—
1 2 3 4 5 1 2 3 4 5 1 2 3 e 5 A B C
~ ~ . S
Direct -
43 B B B P + = =] =i
E = M, NG, wave 2 = =5 s 0 g — UL g . \ 5 é
e <
= \\ ~ - ~ = i B e . S
HM-ISFY R MaXT G T |
Seafloor - A
reflection \
Noisy Sedimentary Zero Higher amplitudes
trace reflection trace in late arrivals

Display all stack Compress signal Sum all traces CoaAR'RhMes

traces, shading positive wavelet in a CDP gather for ra ent
Interpret geology wiggles (seismic section) (deconvolution) (stack)
6 e (i) - (h) . @ o CORRECTION
Range ——p
—-—— Distance —— —«——— Distance ——— A+B+C A B C

'-g Seafloor g - '__-_-__': — - - g _ — % 5—3-— — B — %
o L) [ ] v o wn
w f
| | I | | =
g — — — — = o e S g
T T 2 g

Sedimentary i o

horizon Shorter wavelet Noise tends

gives better
resolution

Signal tends
to add up

to cancel out

®

s

(Klemperer & Peddy, 1992; Branner QE26.2 .U53 1992)




Motivation:

Velocity measurements are required for:
normal-moveout correction before stacking

correct migration
time-to-depth conversion for well-ties
lithological interpretation
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Velocity: anything with units of distance/time:

Instantaneous velocity

Apparent velocity

Average velocity

RMS (root-mean-square) velocity
NMO (normal-moveout) velocity
Interval velocity

Stacking velocity

Migration velocity

We need to define them all and remember key differences!




Instantaneous velocity
V. = dy/dt

The local velocity (wave-speed) along the ray-path
through the rock

The intrinsic velocity of the rock, V, = V{(k + 4p/3)/p}




Apparent velocity

Vapp = [dy/dt] / sin o= dx/dt

AT = Ay/V

The apparent velocity of a seismic phase T AR

between a pair (or along a line) of receivers.

Typically measured at the earth’s surface, but could be down-
hole.

Typically measured radially from the source, but could be
oblique (for off-line arrivals).




Fecordirng
_ frc{ck
Average velocity

/nlerval velocily
/

N 9 IQOOO
| Shot 14000 =
* f|2ooo 0
- - d A e overall
V,, = 22/t = TVt z " 210000 \ velocity, 7
! = 8000
! Z-d ./ 6000

Deteclor
._*_7 0 005? o %888 2 positrons

Just like it sounds, Detector 1000 2000 3000 4000 5000 6000 7600

. . Depth, ft.
average velocity is

total distance / total travel-time.

Typically calculated for the vertical travel path to a reflector.
Average velocity is used to convert from travel-time to depth.




Interval velocity
V. = AzZ/At

average velocity between two reflections,

l.e. equivalent to a real rock velocity (instantaneous velocity) if
the two reflections bracket a uniform lithology; hence the
velocity we want for lithological interpretation.

Could be directly measured in the subsurface using a downhole
sonic tool.

In practice measured from surface seismic data,

via estimates of RMS velocities,

using the Dix equation: V? = A[V, .2 . tJ/At;

VintervaI2 = [Vrms(base) 2. tbase — Vrms(top) 2. 1:top] / [tbase — ttop]

(so, what’s an RMS velocity?)




RMS (root-mean-square) velocity

V. = V[ZV2A/2t]

Vs IS the root-mean-square of the

interval velocities weighted by the VY

B layrer cose Ve 3( — e

Interval-times - cf. average velocity.

. VB
‘ v laggor ot Vs u@v%;ﬂf%ﬁa}_

Vs IS the rms of the intrinsic velocity of the rocks through which
the waves travel, so is independent of geometry

We cannot measure V, . directly, but we can estimate it and
use it in the Dix equation to calculate interval velocities V2
= A[V,..2 . t]/At

rms




NMO (normal-moveout)
velocity

T2=Ty2+ X2V

an

\Y

IS the velocity that
appears in the NMO equation,
..e. that velocity which best fits ) 1 / 1‘:3 mwm@a
observed arrival times to a % I AN/

hyperbola. P e R
We can measure this! A4/ A L TR
and equate Vo = Vs

nmo

Bt SR o . @r S
T PSS SPSIF Mﬁmm@r Ty e




Stacking velocity (no equation possible)

that velocity which, when applied to CMP gathers via the NMO
equation, produces the best looking CMP stack section, despite
the presence of noise, multiples, etc...

Migration velocity (no equation possible)

that velocity used to migrate the stack section to achieve the final
stack

Stacking and Migration velocities are subjective and often have a
cosmetic component (multiple & smile suppression)




8 “different” velocities:

Instantaneous velocity
Apparent velocity
Average velocity
Interval velocity

RMS velocity

NMO velocity

Stacking velocity
Migration velocity

Vmst = dy/dt (along raypath)
Vapp = [dy/dt] / sin o = dx/dt
V v = 2z/2t = TVt

V. = AZ/At = V{A[V,, .2 . t]/At}
vrms = \[ZV2t/2t]

T,2=Ty% + X2V
(no equatlon)
(no equation)

an




Motivation:
Velocity measurements are required for:

normal-moveout correction before stacking
- we want stacking velocity

correct migration
- we want migration velocity

time-to-depth conversion for well-ties
- we want average velocity

lithological interpretation
- we want intrinsic, rock velocity V.
- we approximate V,  with interval velocity V.
- we calculate V; from RMS velocity V, .
- we obtain V... by assuming V... = V.,
we obtain V., by fitting hyperbolae to data,
oor - we obtain V. by assuming V.« = Vacing

we obtain V.., by test-stacking data



4

rms

and V.

Proof that V. =V, for small offsets

RMS velocity: defined as root-mean-square of interval velocities, interval-
time-weighted, V.. = V[ZV2/2H]

NMO velocity: defined from the NMO equation, T,2 = T,? + X?/V, 2

Let us assume that we can define RMS velocity in the same way for small
offsets, and then show that the definition of V, . is satisfied.

Using a converging series expansion T, = A+ B.X? + C. X4+ D.X® +
with coefficients A=T,°
B=1/V,/>

C, D ... are progressively smaller
i.e. our definition of V. has become  T,2 =T, + X2/V__ 2+ 0(X#)




%

rms

Proof thatV, =V

For the two-layer model,
X =X, + %X, = 2(ztani + z,.tanr) %y

and V.

'mo for small offsets

~ 2 (V.tysini + V,tsinr) « sin @ =tan 0
(small-angle approximation)

2sini (V24 + V,20) < sinr=(V,sini)/V,
V, (Snell’'s Law)

2 X (V21 + V,20)<= Vi =V =dX =V, 2 Ty

2. Ty sin i dt X

(TX2 = T02 i XZ/Vrmsz)

VrmS
Vims? = (V24 + V,2t) Iy = t, + 1

t, + t, 2 (true at small-offsets)

rm

RN/t corresponding to our original definition!

>t

rms




Vrms and Van

V.o = Vinet fOr a single constant-velocity layer above a horizontal
reflector

Important result: V .., = V., for small offsets for multiple horizontal
layers

V.., and V. . are often treated as identical,

but in fact are very different:

V. o IS Interpreted from CMP gathers, and so is affected by reflector
geometries, e.qg. reflector dips.

Vs IS the rms of the intrinsic velocity of the rocks through which the
waves travel, so is independent of geometry

Important result: V .., = V;,/Cc0s0 for a single dipping layer




Important result: V .., = V;,/€c0sS0 for a single dipping layer:

AB = V.Tp / 2(Tp is zero-offset travel-time from the mid-point A to the orthogonal
reflection point B)

V.T, =SSP+ PR=1IPR (T, is the travel-time at an offset X from the source S to
the receiver R)

Use the cosi)ne n;le, a.2 =7b2 - cz; 2bc.cosA:
V- T, =SI" + SR™ -2.S1.SR.cos(90°+ 8)
cos(90°+ 8) = -zanb

SR =X
SI = 2(CD-SD); withCD=AB=VTI,/2 and SD=s5mn8.X/2

SI=V.Tp - X.sin®
VT2 = (V.Tp - X.sin®)® + X + 2.(V.Tp - X.5in6).X. sin®




Important result: V .., = V;,/€c0sS0 for a single dipping layer:

D

Using the principle of N
reciprocity, we can Receiver X/2 A/‘]e/ X/2 i\soume

C 90-6 6‘
reverse source and
receiver positions, hence
the formula is true

whether shooting up-dip
or down-dip

VAT = (V.Tp - X.sin@)” + X* + 2.(V.T, - X.sin6).X. sin®
Because the formula is

.. . true both shooting up-
=VTI;, + X(1sine) =VT; + X.cos6 dip & down-dip, CMP
T, =T, + X.cos® gathers must be
e symmetric with
reflection hyperbolae
that have their apex at

zero-offset

: 2 .2
= V'Tg -2VToXsin® + X'sin’® + X + 2VToXsin® - 2X sin’e

By definition,




Practical approach:
pick NMO velocities (from constant velocity gathers &/or
from semblance plots)
&/or pick stacking velocities (from constant-velocity stacks);
then use these velocities to calculate Dix interval velocities V,,
l.e.assume V.. = Voo = Vims

Velocity estimation from seismic data:

.quuared'xsquared plots (gradient n 1/Vs.quared)

Constant-velocity gathers (= velocity scans)
*Constant-velocity stacks (= mini-stacks)
Semblance plots




Velocity estimation from seismic data:

.quuared'xsquared plots (gradient = 1/Vsquared)

72
T2 = Tg2 + X2V, 2

nmo

z
Intercept- = 2§
¥y

“
Infercept = = Z H
2

Irfercep! = é : L7
/!




Velocity estimation from seismic data:

Time, s 0.90 1.25 1.87 2.50 2.90 3.33

| «Constant-velocity
gathers

2170 ‘ 2700 | 3370 ‘ 3550

B il

R
R

aka “velocity scans”

need not be constant
velocity: function gathers
AR N R may use a linear velocity
. %%’135: -‘_é*d-'\-- 1‘,\5.:;:?\..'. e S ’,-“,- ,’_,’ ‘..._' _'.:..‘\-. . .
SRR SIS function

BN pﬂ‘”{ngg’%ﬁ;‘: 2SN :
SRS | the analyst visually

& interprets the velocity at
MM which a reflection is

Ju'ﬂaﬂened

W note caption says

& “stacking velocity”, even
> though velocity scans
= imply NMO velocities!
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Velocity estimation from seismic data:

RMS Velocity
»V Feet Per Second ° I =
O O OO0 OO OO0 OO0 C 0O O 00 OO0 0 00 O 9O O O ons an -ve OCI y
o ©O O O O O O o o O [= ] o O O O o O O e O Q0 © 6 O 0 0 o 9 9 O
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aka “mini-stacks”

can be “function

stacks” instead of
constant velocity

the analyst visually
interprets the velocity at
which a reflection is
best imaged

note caption says “‘RMS
velocity”, even though
mini-stacks imply
stacking velocities!
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Another set of mini-stacks: notice non-linear variation in velocities: why?
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Linear Systems

» Linear systems: basic concepts

> Other transforms
> z-transform

» Applications:

» Convolutional model for seismograms

Scope: Understand that many problems in geophysics can be
reduced to a linear system (filtering, tomography, inverse
problems).

Linear systems



Linear Systems

Figure 6.3-1: Definition of a linear system.

Ax, () —»

Bx,(t) ——»

Linear
system

— Ay,(1)

} = Ay,(t) + By,(t)

— By, (1)

Figure 3.3-29: Seismic section before and after deconvolution.

Impulse
o(t)

Arbitrary
x(t)

Harmonic
I.C!)ot

e

Linear systems

—_—

EE—

—

Linear system:

response f(t)

Linear system:

response f(t)

Linear system:

response 1(t)

f(t) Impulse response;
F(w) Transfer function

y(t) = x(t) = 1(t);
Y(w) = X(w)F (®)

—_—p F(a)o) e/(x)of



Convolution theorem

Figure 6.3-4: Two linear systems in succession.

x(t) —» _ fO=x(), | 9 | __ f(t)*x(t) * g(t)
Q)

Fw) Flo)X() G(w) Flo)X(@)G(

The output of a linear system is the convolution of the input
and the impulse response (Green's function)

Linear systems



Example: Seismograms

Figure 6.3-5: Seismogram as the convolution of the source, structure, and
instrument signals.

Source Structure Instrument Seismogram
x(t) g(t) (1) u(t)

Linear systems



Synthetic Seismic

Xt = W(t) * R + N
Synthetic Trace Input and System Wavelet Reflectivity Series Noise =0
R = Iz ~ Il
Synthetic Trace 100-p0|nt wavelet 12 + Il
Few fons:
No
ay lheory
=== x . + —
Convolution é
)  —

Linear systems



Example: Seismometer

Figure 6.3-6: Transfer functions for various seismometers.

(@)
00

10’

10°

10°

107
/ ]

10° 16* 10° 10° 10 1
Period (s)

Amplification of acceleration (Vm™ s?)
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Various spaces and transforms

[ Discrete Time ) [ Discrete Frequency )
) J/ - > N >
~— " Discrete Fourier Transform @ ———

7

Linear systems



Earth system as filter

NOISE NOISE NOISE
Earthquake _L' Propagation through i’ Seismometer Analog
Source Earth (filter) Recording (filter) Signal

A A

A/D converter

sampling

e NOISE —>l

Digital
Signal

Data
processing

Data <
processing

Linear systems



Other transforms



The z-transform

The z-transform is yet another way of transforming a
disretized signal into an analytical (differentiable) form,
furthermore

» Some mathematical procedures can be more easily carried
out on discrete signals

» Digital filters can be easily designed and classified
» The z-transform is to discrete signals

Definition:

Z{xn}: X(z)= }fxnzn

1l =—00

Z is a complex number.

10
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The z-transform

for finite n we get
n=N
. - n
Z{xn}— X(z)= anz
n=0

Z-transformed signals do not necessarily converge for all z. One can
identify a region in which the function is regular. Convergence is
obtained with r=|z| for

11
Linear systems



The z-transform: theorems

let us assume we have two transformed time series

X(2)=Z{x,}

Y(2)=Z{y,
Linearity: ax, +by = aX (z)+bY (z)
Advance: X,y =z X(z2)
Delay: x, v =z X(2)
Multiplication: a"x, = X(az)
Multiplication n: nx, = Z%X(z)

12
Linear systems



The z-transform: theorems

... continued
¥ 1
Time reversal: Xon = 47
Convolution: x, *y = X(z)Y(2)

... haven‘t we seen this before? What about the inversion, i.e., we
know X(z) and we want to get x,

1 ¢ X(z
Inversion Xn =50 ﬁ n(+1)dZ , n=0,x£1,%£2,....
27 Y. z

13
Linear systems



From the z-transform to the discrete Fourier transform

Let us make a particular choice for the complex variable z

7 = e—ia)At

We thus can define a particular z transform as
1 N -1
—iwkAt
Alw) = —Z a,e '’
N =

this simply is a complex Fourier serie. Let us define (Af being the sampling frequency)

o =2 2 S
T NAT

14
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From the z-transform to the discrete Fourier transform

This leads us to:

1 N-1 :
—2mink | N
A4, =—> ae™'V n=0,12,.N-1
N
k=0
N-1
_ 2 wikn /| N
ak—ZAne
n=0

... which is nothing but the discrete Fourier transform. Thus the FT can be considered a
special case of the more general z-transform!

Where do these points lie on the z-plane?

15
Linear systems



Filters ... using transforms ...

Input w | Output y
> Filter -

Figure 5.1: Schematic representation of a filter

16
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Further classifications and terms

MA moving average
FIR finite-duration impulse response filters

-> MA = FIR

Non-recursive filters - Recursive filters
AR autoregressive filters

IR infininite duration response filters

17



*|S filtering

Linear systems



Eg.A=0.25+ 0.5 -0.25 0.75]: B = [1 2 -0.5];
C =[0.2500 1.0000 0.6250 0 1.6250 -0.3750]

Linear systems



/

Reflections in the earth are viewed as equivalent to a convolution
process between the earth and the input seismic wavelet.

Linear systems



/

SOURCE * Reflection Coefficient = DATA

(input) (earth) (output)

where * stands for convolution

Linear systems



SOURCE * Reflection Coefficient = DATA

(input) (earth) (output)

where * stands for convolution

(MORE REALISTIC)

SOURCE * Reflection Coefficient + noise = DATA
(input) (earth) (output)

s(f) ~ e(t) tnt) = d)

Linear systems



s(t) * e(t) +nt) = d@)

o4

s(f,phase) x e(f,phase) + n(f,phase) = d(f,phase)

Inverse kF T

d(t)

Linear systems



W~ &ath A terms (k=4) Reflection Coefficient

»
»

1/4 — 1/4
. / 1/2 time
1/2

/-1/4 —
1/4 / — 3/4
3/4

Reflection Coefficients with depth (m)
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0 0
0 1
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Cross-Correlation

 Cross-correlation is one of the classical tools for
solving localization and recognition problems

* Cross-correlation (a sliding dot product) is a
measure of similarity of two signals

(f0g)0= [ f(D)ge®r)

(f7 &)y =3 Fimglk+m)



Cross-Correlation Computation

* Analogous to the Convolution Theorem, the
Fourier transform of the cross-correlation function
is equal to the product of the Fourier transform of

one of the signals and the complex conjugated
Fourier Transform of another signal

F(fU g)=F(f) F(g)



Cross-Correlation Computation

* Following this important property, the cross-
correlation function can be easily calculated using
the inverse Fourier transform applied to the
product of the Fourier transform of one of the
signals and the complex conjugated Fourier
Transform of another signal

[0 g=F"(F(f0 g))=F"'(F(f)-F(g))



Localization and Recognition using Cross-
Correlation

* |f some sighal fis contained in some signal g, then
the cross-correlation function tgkes igs
maximal value at that coordinate starting from
which fis contained in g

* If some image f(x,y) is contained in some image
g(x,y), starting from the coordinates
(¥hen, their cross-correlation function has a strong
global maximum at (x95Y5)



Implementation

* This property is used for localization and
recognition of the object f in the image g.

* To find fin g (or to show that it is not there), it is

necessary to zero-pad f up to sizes of g and to find
their cross-correlation function.

* |f it has a strong global maximum, this means that

fis located in g starting from the coordinates
of this maximt(mo,yO)



Crosscorrelation

*Crosscorrelation describes the similarity between two time series.
For us a trace consists of a series of amplitude values at regular
intervals of time or a time series.

Mathematically, crosscorrelation is like convolution, but where none
of the traces are reversed prior to the steps involving shifting,
multiplication and addition (See lecture PowerPoint Presentation
entitled “CMP?)



Correlation of two traces
Wavelet 1 has the same shape as wavelet 2.

Wavelet 2 is a “time-advanced” version of wavelet 1 by 2
units of time

Wavelet 1: 2,1,-1,0,0 Wavelet 2: 0,0,2,1,-1

V- A




Correlation of Wavelet 1 with 2

Wavelet 1: 2,1,-1,0,0

— TIME=0 L
N.—
L

Wavelet 2: 0,0,2,1,-1

Crosscorrelation



Correlation of Wavelet 1 with 2

Wavelet 1: 2,1,-1,0,0

— TIME=1

A=

Crosscorrelation

Wavelet 2: 0,0,2,1,-1



Correlation of Wavelet 1 with 2

Wavelet 1: 2,1,-1,0,0 —

V_ TIME=2 _...|.|.|

oy

Wavelet 2: 0,0,2,1,-1

Crosscorrelation



Wavelet 1

Correlation of Wavelet 1 with 2

:2,1,-1,0,0

TIME=3

N

Wavelet 2: 0,0,2,1,-1

)

Crosscorrelation



Correlation of Wavelet 1 with 2

Wavelet 1: 2,1,-1,0,0 — h

—I\/_HHH TIME=4 _.&.l.l.l

Crosscorrelation

Wavelet 2: 0,0,2,1,-1



Correlation of Wavelet 1 with 2

Wavelet 1: 2,1,-1,0,0 — h

—I\/_HHH TIME=5 i .&. L
A — V

Crosscorrelation

Wavelet 2: 0,0,2,1,-1



Correlation of Wavelet 1 with 2

Wavelet 1: 2,1,-1,0,0 — h

—V_ TIME=6 i \
N— V

Crosscorrelation

Wavelet 2: 0,0,2,1,-1



The maximum value of the correlation is 6 at time =2

Wavelet 1: 2,1,-1,0,0 — N

— TIME=7

Crosscorrelation

Wavelet 2: 0,0,2,1,-1



Scatter Diagrams

» Scatter diagrams are used
to demonstrate
correlation between two

. . . 199 .
quantitative variables. 1o LI
« Often, this correlation is 17 e
linear. £ 16 R
. - 6 -
e This means that a straigh =% .ot
line model can be 1 .
13- @
developed. ol
0 2 2 23 2
Length

Chapter 5 # 1

Correlation Classifications

« Correlation can be
classified into three b
categories

e Linear
* Nonlinear
* No correlation

Weight

Regression Plot

2
Length

Chapter 5 # 2

Correlation Classifications

» Two variables may be

Correlation Classifications

correlated but not throug
a linear model.

* This type of model is
called non-linear

* The model might be one
of a curve.

result

Curvilinear Correlation

500 —

400 —

300 o

200

100 —|

04

T T T
5 10 15
sample

Chapter 5 # 3

« Two quantitative o]

.
30— @

variables may not be 0,
correlated at all b

o
10 -
20 -
-30 |
-40

C4

T T T T T T
0 5 10 15 20 25

Animalno
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Linear Correlation

Variables that are
correlated through a Regression Plot
linear relationship can
display either positive
or negative correlation
Positively correlated

variables vary directly.

Chapter 5 # 5

Linear Correlation

* Negatively correlated
variables vary as
opposites O

* As the value of one i
variable increases the
other decreases

Regression Plot

Student GPA
|

Hours Worked

Chapter 5 # 6

Strength of Correlation

Correlation may be strong,
moderate, or weak. Regression Plot

You can estimate the
strength be observing tr
variation of the points
around the line

Large variation isveak
correlation

Student GPA
|

0 10 20 EY 0

Hours Worked

Chapter 5 # 7

Strength of Correlation

 When the data is

distributed quite close Regression Plot
to the line the =]
correlation is said to ]

80 —|

bestrong

» The correlation type is
independent of the
strength.

75—

70 —

65 —

Final Exam Score

60 —|

55—

50 —

55 65 75 85 95

Midterm Stats Grade
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The Correlation Coefficient

» The strength of &near relationship is measured
by the correlation coefficient

Interpreting r

* The sign of the correlation coefficient tells e t
direction of the linear relationship
> If r is negative (<0) the correlation is negativihe

* The sample correlation coefficient is given the line slopes down
symbol t” X If ris positive (> 0) the correlation is positiv&he
« The population correlation coefficient has the line slopes up
symbol ‘p”.
Chapter 5 # 9 Chapter 5 # 10
Cautions

Interpreting r

» The size (magnitude) of the correlation
coefficient tells us the strength ofiaear
relationship

B> If | r| >0.90 implies a strong linear association

> For 0.65 < | r| <0.90 implies a moderate linear
association
X> For | r |_.<0.65 this is a weak linear association

Chapter 5 # 11

* The correlation coefficient only gives us an
indication about the strength ofiaear
relationship.

* Two variables may have a strong curvilinear
relationship, but they could have a “weak” value
forr

Chapter 5 # 12




Fundamental Rule of Correlation

* Correlation DOES NOT imply causation

— Just because two variables are highly correladed d
not mean that the explanatory variabtauses’ the
response

* Recall the discussion about the correlation
between sexual assaults and ice cream cone sales

Chapter 5 # 13

Setting

» A chemical engineer would like to determine if a
relationship exists between the extrusion
temperature and the strength of a certain
formulation of plastic. She oversees the
production of 15 batches of plastic at various
temperatures and records the strength results.

Chapter 5 # 14

The Study Variables

» The two variables of interest in this study are strength
of the plastic and the extrusion temperature.

* The independent variable is extrusion temp. Ththe
variable over which the experimenter has cont8ie
can set this at whatever level she sees as apat®epri

* The response variable is strength. The valuestoéhgth”
Is thought to be “dependent on” temperature.

Chapter 5 # 15

The Experimental Data

Temp/ 120 | 125 130 | 135 140
Strr 118 |22 |28 | 31 | 36
Temp/145 | 150 155 | 160 165
Str 140 47 50 52 58

Chapter 5 # 16




What can we conclude simply from the scatter diafra

The Scatter

The scatter diagram for
the temperature versus

Plot

Scatter diagram of Strength vs Temperature

strength data allows us to
deduce the nature of the

relationship between these
two variables

50

40

Strength (psi)

20 4

T T T T T T
120 130 140 150 160 170

Temperature

F)

Chapter 5 # 17

Conclusions by Inspection

Does there appear to be a relationship between the

study variables?

Classify the relationship as: Linear, curvilineao,

relationship

Classify the correlation as positive, negativenor

correlation

Classify the strength of the correlation as strong

moderate, weak, or none

Chapter 5 # 18

Computing r
1 X =X -y
[ = ——2 y—y
n-1 S S
X y
df Z-SCOres for y data

for x data

Chapter 5 # 19

Computing r

Chapter 5 # 20




Computing r - Example

See example handout for the plastic strength versus

extrusion temperature setting

Chapter 5 # 21

Classifying the strength of linear
correlation

*The strength of a linear correlation between #sponse
and the explanatory variable can be assigned lmased

»These classifications are discipline dependent

Chapter 5 # 22

Classifying the strength of linear

correlation

For this class the following criteria are adopted:

» If |r] >0.90 then the correlation is strong

» If |r] <0.65 then the correlation is weak

» If 0.65 < |r|] < 0.90 then the correlation is
moderate

Chapter 5 # 23

Scatter Diagrams and Statistical
Modeling and Regression

* We've already seen that the best graphic for
illustrating the relation between two quantitative
variables is a scatter diagram. We'd like to take
this concept a step farther and, actually develop a
mathematical model for the relationship between
two quantitative variables

Chapter 5 # 24




The Line of Best Fit Plot

» Since the data appears to
be linearly related we can
find a straight line model
that fits the data better
than all other possible
straight line models.

* This is the Line of Best
Fit (LOBF)

Strength

T T T T T T
120 130 140 150 160 170
Temp

Chapter 5 # 25

Using the Line of Best Fit to Make
Predictions

» Based on this graphical
model, what is the
predicted strength for
plastic that has been
extruded at 142 degrees?

Strength

120 130 140 150 160 170
Temp

Chapter 5 # 26

Using the Line of Best Fit to Make
Predictions

* Given a value for the
predictor variable, determine  * |
the corresponding value of
the dependent variable

g

graphically. £, .
» Based on this model we = .
. ol i {
would predict a strength of @ - : :
appx. 39 psi for plastic ;
extruded at 142 F - ; ;
12:0 1C-I!3 1-;0 15ID 1BIU 1?:0
Temp
Chapter 5 # 27

Using the Line of Best Fit to Make
Predictions

» Based on this graphical
model, at what T
temperature would | nee s01-
to extrude the plastic in |
order to achieve a strenc ;
of 45 psi?

T T T T T T
120 130 140 150 160 170
Temp

Chapter 5 # 28




Using the Line of Best Fit to Make
Predictions

» Locate 45 on the response
axis (y-axis)

» Draw a horizontal line to
the LOBF

e Drop a vertical line down
to the independent axis

* The intercepted value is
the temp. required to
achieve a strength of 45
psi

t t t t t
120 130 140 150 160 170
Temp

Chapter 5 # 29

Computing the LSR model

» Given a LSR line for bivariate data, we can usé tha
line to make predictions.

 How do we come up with the best linear model
from all possible models?

Chapter 5 # 30

Bivariate data and the sample linear
regression model

* For example, look at Regression Plot
the fitted line plot of = - P
powerboat .
registrations and the
number of manatees
killed. ®

* It appears that a lineal :
model would be a w : : : ‘

70 75 a0 &5

gOOd One. Boats (in tens of thousands)

Deaths

y = b, +b;x

Chapter 5 # 31

The straight line model

* Any straight line is completely defined by two
parameters:
X> The slope — steepness either positive or negative

X> The y-intercept — this is where the graph crosses the
vertical axis

Chapter 5 # 32




The Parameter Estimators

 In our model “R" is the estimator for the
intercept. The true value for this parametdsis

* “b,” estimates the slope. The true value for this
parameter i,

Chapter 5 # 33

Calculating the Parameter Estimators

* The equation for the LOBF is:

y =b, +byx

Chapter 5 # 34

Calculating the Parameter Estimators

* To get the slope estimator we use:

nz(xy)‘— 2X[l2y

b, =

"onz(x?)- (=x)
or

bl =r S_y

Chapter 5 # 35

Computing the Intercept Estimator

* The intercept estimator is computed from the
variable means and the slope:

=¥ ~biX

» Realize that both the slope and intercept
estimated in these last two slides are really point
estimates for the true slope and y-intercept

Chapter 5 # 36




Revisit the manatee example

Look at the summary statistics and correlation
coefficient data from the manatee example

ns

Dev

Variable N SEMe
Boats 10| 74.10 2.06
Deaths 10| 55.30 5.08

G

14

51
.05

Minitab correlation coefficient output

Correlations: Boats, Deaths

Pearson correlation of Boats and DeatEs =0921

P-Value = 0.000

Chapter 5 # 37

Computing the estimators

So the slope is:

Chapter 5 # 38

Computing the estimators

And the intercept is calculated using the slope
information along with the variable means:

b, = y-biX

=558- 227(74.1)

=-1124

Chapter 5 # 39

Put it together

* In general terms any old linear regression

equation is:

response = intercept + slope(predictor)

» Specifically for the manatee example the sample

regression equation is:
Deaths =-112.7 + 2.27(boats)

Chapter 5 # 40




The slope estimate

* Db, is the estimated slope of the line

* The interpretation of the slope is, “The amountlmnge
in the response for every one unit change in the
independent variable.”

Chapter 5 # 41

The slope estimate

* In our example the estimated slope is 2.27

« This is interpreted as, “For each additional 10,00ats
registered, an additional 2.27 more manatees Heel ki

Chapter 5 # 42

The intercept estimate

* Recall the sample regression model:
“by" is theestimated- intercept

y =by +byx

The interpretation of the y-intercept is, “The
value of the response when the control (or
independent) variable has a value of 0.”

Chapter 5 # 43

The intercept Estimate

» Sometimes this value is meaningful. For example
resting metabolic rate versus ambient temperature i
CentigradeqC)

» Sometimes it's not meaningful at all.

» This is an example where the y-intercept just seito
make the model fit better. There can be no suicly t&s
a—112.7 manatees killed

Chapter 5 # 44




Regression Output

Use the minitab regression output for the
manatee example to predict the expected
number of manatees killed when the number of
power boat registrations is 750,000 (x = 75)

Chapter 5 # 45

Regression Output

* The sample regression equation is:
ManateesKilled = -112.7 + 2.27(boats)

e So:
ManateesKilled = -112.7 + 2.27(75) = 57.6

» This means that we expect between 57 and 58
manatees killed in a year where 750,000 power
boats are registered.

Chapter 5 # 46

Regression Output

Use the minitab regression output for the
manatee example to predict the expected
number of manatees killed when the number of
power boat registrations is 850,000 (x = 85)

Chapter 5 # 47

Regression Output

* The sample regression equation is:
ManateesKilled = -112.7 + 2.27(boats)

 So:
ManateesKilled = -112.7 + 2.27(85) = 80.25

* This means that we expect between 80 and 81
manatees killed in a year where 750,000 power
boats are registered.

Chapter 5 # 48




Regression Output

STOP!! YOU HAVE VIOLATED
THE CARDINAL RULE OF REGRESSION

Chapter 5 # 49

Cardinal Rule of Regression

« NEVER NEVER NEVER NEVER NEVER NEVER
predict aresponse value from a predictor valuethat is
outside of the experimental range.

« The only predictions we can make (statisticallg a
predictions for responses where powerboat registrat
are between 670,000 and 840,000.

« This means that our prediction for the year wh&d,800
powerboats were registered ga bage

Chapter 5 # 50

Regression Estimates
The coefficient of determination

r2is called thecoefficient of deter mination.

r2is a proportion, so it is a number between 0 and 1
inclusive.

r2 quantifies the amount of variation in the respahsg is
due to the variability in the predictor variable.

r2 values close to 0 mean that our estimated moael is
poor one while values close to 1 imply that our elod
does a great job explaining the variation

Chapter 5 # 51

The B Value

 Ifr2is, say, 0.857 we can conclude that 85.7% of the
variability in the response is explained by the
variability in the independent variable.

* This leaves 100 - 85.7 = 14.3% left unexplaines |
only the unexplained variation that is incorporat#d
the “uncertainty”

Chapter 5 # 52




r2 and the correlation coefficient

* r2js related to the correlation coefficient
* It'sjust the square of r

* The interpretation as the proportion of variationhe
response that is explained by the variation in the
predictor variable makes it an important statistic

Chapter 5 # 53
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Simple Linear Regression



Linear Regression Analysis...

Regression analysis 1s used to predict the value of one variable
(the dependent variable) on the basis of other variables (the
independent variables).

Dependent variable: denoted Y
Independent variables: denoted Xy, X5, ..., X

If we only have ONE independent variable, the model is

Yy = /3)0+[9)1x+8

which 1s referred to as simple linear regression. We would be
interested 1n estimating B, and ; from the data we collect.

Copyright © 2005 Brooks/Cole, a division of Thomson Learning, Inc. " 72



Linear Regression Analysis

Y = ﬁ0+[)’lx+8

Variables:

Parameters:
By = Y-Intercept
B, = Slope

¢ ~ Normal Random Variable (n.= 0, o, = ??7?) [Noise]

Normal Distribution

QBT T T 1T T 1T

0.12

density
(@] (@]

Copyright © 2005 Brooks/Cole, a division of Thomson Le

X = Independent Variable (we provide this)
Y = Dependent Variable (we observe this)
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Theoretical Linear Model

Test C2

Test C1

Copyright © 2005 Brooks/Cole, a division of Thomson Learning, Inc. 174



Simple Linear Regression Model...

Meaning of Foand £

P> 0 [positive slope] B, 0 [negative slope]
Yy
rise
T S rurl >
/5 / /31 =slope (=rise/run)
W)
=y-intercept
y= [+ PxX+E ;

Copyright © 2005 Brooks/Cole, a division of Thomson Learning, Inc. 17.5



Which line has the best “fit” to the data?

Example 17.1

Copyright © 2005 Brooks/Cole, a division of Thomson Learning, Inc. 17.6



Estimating the Coefficients...

In much the same way we base estimates of U We estimate
with b, anf,  with b,, th¢s-intercept and slope (respectively) of
the least squares or regression line given by:

{ = b, + blx y = /3)0 + ﬁlx

(This 1s an application of the least squares method and 1t produces
a straight line that minimizes the sum of the squared differences
between the points and the line)

Copyright © 2005 Brooks/Cole, a division of Thomson Learning, Inc. 17.7



Least Squares Line...

Example 17.1

18
16]

&
these differences are 0\06(66 |
called residuals or ' e s\(\e\“\e»

error: Qv

Copyright © 2005 Brooks/Cole, a division of Thomson Learning, Inc. 17.8



Least Squares Line...[sure glad we have computers now!]

The coefficients b, and b, for the least
squares line. ..

y = b,+ bx

...are calculated as:

Copyright © 2005 Brooks/Cole, a division of Thomson Learning, Inc. 17.9



Least Squares Line...

See if you can estimate Y-intercept and slope from this data

Recall... .
Statistics
3(.\', —xX)(y,— )
Data =
- n-1
Data Points:
N (x, - %)
4+ ¥ S n-1
1 6 |
by
2 1 .SV\
3 |9 3y, O
4 5 il I:n tE l:n
5 17 b,=y-bx
6 12

Information

Example 17.1

¥ = .934 + 2.114x

Copyright © 2005 Brooks/Cole, a division of Thomson Learning, Inc.
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Least Squares Line... See if you can estimate Y-intercept and slope from this data

X Y X -Xbar | Y -Ybar |(X-Xbar)*(Y-Ybar)|(X - Xbar)2
1 6 -2.500 -2.333 5.833 6.250
2 1 -1.500 -7.333 11.000 2.250
3 9 -0.500 0.667 -0.333 0.250
4 5 0.500 -3.333 -1.667 0.250
5 17 1.500 8.667 13.000 2.250
6 12 2.500 3.667 9.167 6.250
Sum = 21 50 0.000 0.000 37.000 17.500
Xbar = |3.500
Ybar = |8.333
Syy =|7.400 37.00/(6-1)
s’ =[3.500 17.5/(6-1)
b, =(2.114 7.4/3.5
b, =|0.933 8.33 -2.114*3.50

Copyright © 2005 Brooks/Cole, a division of Thomson Learning, Inc.
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Excel: Plotted Regression Model — You will need to play around with
this to get the plot to look “Good”

X Variable 1 Line Fit Plot

o Y

—=— Predicted Y

X Variable 1

Copyright © 2005 Brooks/Cole, a division of Thomson Learning, Inc.
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Required Conditions...

For these regression methods to be valid the following four
conditions for the error variable ( )&nust be met:

The probability distribution of 1€normal.

The mean of the distribution 1s 0; that 1s, E( ) =€0.

The standard deviation of #  Oyhich 1s a constant regardless

of the value of x.

* The value of &ssociated with any particular value of y 1s
independent of &ssociated with any other value of y.

Copyright © 2005 Brooks/Cole, a division of Thomson Learning, Inc. 17.13



Fourier transformation

/4 A(f) Amplitude-Spectrum
g(t) — G(f) = A(f) e ¢

\ o(f)  Phase-Spectrum

where A(f)={[Real part of G(f)]*+[Imaginary part of G(f)]?}/2

q)(f)=tan-1( imaginary part of G(
real part of G(f)]

Imaginary part

v

Real part



Filteting

Consider a noisy 1D signal f(x)

Basic operation: smooth the signal
— Output = new function h(x)
— Want properties: linearity, shift invariance

Linear Shift-Invariant Filters
= If you double input, double output
— If you shift input, shift output



Frequency filter

A

Low Pass

Band Pass

High Pass

Notch filter




FREQUENCY DOMAIN TIME DOMAIN

sinc
function

filter
operator




Tapering of filters

o Butterworth
O Hanning
o Ormsby

Amplitude and phase characteristics.



Filter Choices

o Simple filters: box, triangle

A




Moving Averages



Why use them?

* Moving Averages, when graphed, allow us to
see any frends in data that are cyclical

» By calculating the average of 2 or more items
in the data, any peaks and troughs are
smoothed out.



Year 1996 1997 1998
Quarter 1 3 | 4 | 1 3 | 4 | 1 3 | 4
Sales 189 | 244 | 365 | 262 | 190 | 266 | 359 | 250 | 201 | 259 | 401 | 265

<% >
265 « .
265.25 >269.25
< P
270.75

4 Period Moving Average




Year 1996 1997 1998
Quarter 1 2 3 4 1 2 3 4 1 2 3 4
Sales 189 | 244 | 365 | 262 | 190 | 266 | 359 | 250 | 201 | 259 | 401 | 265
4 period Moving Average
Quarters 1-4 2-5 3-6 4-7 5-8 6-9 7-10 8-11 9-12
Moving
Average 265 |265.25270.75|269.25|266.25| 269 |[267.25|277.75| 281.5




*Suppose we have a quarterly time series X, X,, X;,..., X

n

The first value that can be calculated for this series by
a 4-period MA process would use observations X,, X,,
X;, and X, Notice that our first 4-period average has a
center between quarter 2 and quarter 3. Hence we will
designate it X*, .. Thus we have:

P X1+ X2+ X3+ X4
4
The next value is:
Yok X2+ X3+ Xa+ X5

4



For the series X, X,, X;,..., X, the formula is! :

X*t+.5:Xt_l+Xt+Xt+l+Xt+2 (1)

4

This algorithm gives us a
series that 1s free of
seasonality. Alas, the location
of the values of this series do
not correspond to the original
series.
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Moving Averages

Moving averages are used to level out the large fluctuations that can occur in a set
of data that varies over time. They are an important tool in the financial/retail
sectors as they can help identify trend within the data.

—=.=
Week | 1 | 2| 34|56 |7 |89 10]11]12
Cars | 51 7 13|87 |0l14a|7]3]|5]|13|6
Sold

In order to have a clearer picture of tfrend we will calculate a 3 point moving average.

Mean for weeks 1-3 (5+7+3)/3=5 Mean for weeks 6-8 (0+14 +7)/3=7
2-4 (7+3+8)/3=6 7-9 (14+7+3)/3=8
3-5 (3+8+7)3=6 8-10 (7+3+5)3=5
4-6 (8+7+0)3=5 9-11 (3+5+13)3=7
5-7 (7+0+14)3=7 10-12 (5+13+6)/3=8




e Moving Averages

Week | 1 | 2 | 3 | 4 |5 |6 |7 |8]9 10| 1]12

Cars | 51713 |8|7|0|14a|7]3|5]|13]6
Sold
Mean for weeks 1-3 (5+7 +3)/3=5 Mean for weeks 6-8 (0+14+7)/3=7
2-4 (7+3+8)/3=6 7-9 14+7+3)/3=8
3-5 (3+8+7)/3=6 8-10 (7+3+5)/3=5
4-6 (8+7+0)/3=5 9-11 (3+5+13)/3=7
5-7 (7T+0+14)/3=7 10-12 (5+13 +6)/3=8
15 | . We use the mid-points when TTTT
Raw Data plotting the moving averages.
Y 10 /1 N ] | L/ \
K,
W A \
% 5 .>/¢ /\W 3
S N |
Moving Average Car sales show a slight rising trend

0 1 2 3 4 5 6 7 8 9 10 11 12
Week




Moving Averages

Moving averages are used to level out the large fluctuations that can occur in a set
of data that varies over time. They are an important tool in the financial/retail
sectors as they can help identify trend within the data.

Example 2: The data in the table below gives information on cycle sales from
cycle shop over a 12 week period last autumn. ;A\ﬁ‘"?é e

Week | 1 2|1 3|4 |5 |6 |7 |8 |9 |10|11]12

Bikes | V4l e |5 |3 |10|l10l1]13]|6]6]s5
Sold

In order to have a clearer idea of trend we will calculate a 4 point moving average.

Mean for weeks: Mean for weeks:
1-4 (7+14+6+5)/4=8 6-9 (10+10+1+3)/4=6
25 (14+6+5+3)4=7 7-10 (10+1+3+6)/4=5
36 (6+5+3+10)/4=6 811 1+3+6+6)4=4
4-7 (5+3+10+10)4=7 9-12 (3+6+6+95)/4=5
5-8 (3+10+10+1)/4=6




Week | 1 2 3 5 6 7 | 8 9 (10| 11 | 12
Bikes
Sold 7 | 14| 6 3 /11010 1 3 6 6

Mean for weeks:

1-4 (7+14+6+5)/4=38

2-5
3-6

(14+6+5+3)4=7
6+5+3+10)/4=6
4-7 (5+3+10+10)/4=7
5-8 (3+10+10+1)/4=6

7-10 (10+1+3+6)4=5
8-11 (1+3+6+6)4=4
9-12 3+6+6+5)4=5

Mean for weeks:
6-9 (10+10+1+3)4=6

Bike Sales

P | | We use the mid-points when
Raw Data . .
10 plotting the moving averages.
5 c/ %\\./ 1 :
/ \\ <
Moving Average /
0 1 2 3 4 5 6 7 8 9 10 n

Week




Introduction To
Analog Filters



Background:

« Filters may be classified as either digital or analog.

o Digital filters are implemented using a digital computer

or special purpose digital hardware.

o Analog filters may be classified as either passive or

active and are usually implemented with R, L, and C
components and operational amplifiers.



Background:

« An active filter is one that, along with R, L, and C

components, also contains an energy source, such
as that derived from an operational amplifier.

o A passive filter is one that contains only R, L, and

C components. Itis not necessary that all three be
present. L is often omitted (on purpose) from
passive filter design because of the size and cost

of inductors — and they also carry along an R that
must be included in the design.




Background:

o The analysis of analog filters is well described in

filter text books. The most popular include Butterworth,
Chebyshev and elliptic methods.

o The synthesis (realization) of analog filters, that is, the

way one builds (topological layout) the filters, received
significant attention during 1940 thru 1960. Leading
the work were Cauer and Tuttle. Since that time,

very little effort has been directed to analog filter
realization.



‘ Filters \

Background:

« Generally speaking, digital filters have become the focus

of attention in the last 40 years. The interest in digital
filters started with the advent of the digital computer,
especially the affordable PC and special purpose signal
processing boards. People who led the way in the work
(the analysis part) were Kaiser, Gold and Radar.

o A digital filter is simply the implementation of an

equation(s) in computer software. There are no R, L,
C components as such. However, digital filters can also
be built directly into special purpose computers in
hardware form. But the execution is still in software.



|Passive Analog Filters |

Background: ‘ Four types of filters - “Ideal”

7///lowpass highpt;S////

bandpass bandstop

7 A

N
N




|Passive Analog Filters |

Background: ‘ Realistic_Filters: e
lowpass highpass
7 7
/ e
bandpass bandstop

AN

A




| Passive Analog Filters |

Background:

It will be shown later that the ideal
filter, sometimes called a “brickwall”
filter, can be approached by making the
order of the filter higher and higher.

The order here refers to the order of the
polynomial(s) that are used to define the
filter.



| Passive Analog Filters |

Low Pass Filter | Consider the circuit below.

M
+ R *
\% C — V,
Low pass filter circuit
1
,Gw) _  jwC _ 1
Vl.(jw) R .1 1+ jwRC

gwC



|Passive Analog Filters |

Low Pass Filter

0dB

Bode

Passes low frequencies
Attenuates high frequencies

Linear Plot



Passive Analog Filters

High Pass Filter |  cgnsider the circuit below.
||
g +
+
Vi Ry,
High Pass Filter
Vl.(jw) R4 1 14+ jwRC

gwC



Passive Analog Filters

Passes high frequencies

Attenuates low frequencies

High Pass Filter
0 dB
Bode
1/RC
1

0.707

Linear

1/RC

1/RC




Passive Analog Filters

Bandpass Pass Filter Consider the circuit shown below:
T
+ C L ‘ "
\'A @ R § Vo

When studying series resonant circuit we showed that;

Ry
Vo (s) _ L
I/Z(S) S2+§S+L

L LC




Passive Analog Filters

Bandpass Pass Filter

We can make a bandpass from the previous equation and select
the poles where we like. In a typical case we have the following shapes.

0dB

-3dB

0.707

Bode

Linear

i



A Bandpass Digital Filter

Perhaps going in the direction to stimulate your interest in taking a course
on filtering, a 10 order analog bandpass butterworth filter will be
simulated using Matlab. The program is given below.

N = 10; %$10th order butterworth analog prototype

[ZB, PB, KB] = buttap(N);
numzb = poly([ZB]) ;
denpb = poly([PB]);

wo = 600; bw = 200; % wo is the center freq
% bw is the bandwidth
[numbbs,denbbs] = lp2bs (numzb,denpb,wo,bw) ;

w=1:1:1200;

Hbbs = freqgs (numbbs,denbbs,w) ;
Hb = abs (Hbbs) ;

plot (w,Hb)

grid

xlabel ('Amplitude')

ylabel (' frequency (rad/sec)')
title('10th order Butterworth filter')



10th order Butter bandpass filter
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RLC Band stop Filter

Consider the circuit below:

- G,(s) € —

The transfer function for V,/V, can be expressed as follows:

5 1
S +E
G, (s) = 2 "
i ——
L LC




Example
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Filtering

e Consider a noisy 1D signal {(x)
* Basic operation: smooth the signal

— Output = new function h(x)
— Want properties: linearity, shift invariance
e Linear Shift-Invariant Filters

— If you double input, double output
— If you shift input, shift output



Frequency filter

A

Low Pass High Pass

A .
Band Pass Notch filter




Tapering

FREQUENCY DOMAIN TIME DOMAIN
(a) (b)
sinc
b function
fe f t
(c) (d)
filter
operator




Tapering of filters

* Butterworth
* Hanning

* Ormsby

Amplitude and phase characteristics.



Filter Choices

* Simple filters: box, triangle
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i Introduction

@ Frequency-selective filters pass only
certain frequencies

& Any discrete-time system that modifies
certain frequencies is called a filter.

€ \We concetrate on design of causal
Frequency-selective filters



Smoothing Frequency Domain
Filters —

Smoothing is achieved in the frequency
domain by dropping out the high
frequency components

The basic model for filtering is:
G(u,v) = H(u,v) F(u,v)

where F(u,v) is the Fourier transform of
the signal being filtered and H(u,v) is
the filter transform function




Original signal

Low-pass filtered

High-pass filtered

Band-pass filtered

Band-stop filtered



i Frequency-Selective Filters

@ Ideal lowpass filter

(

H (ejw)_<1’ ‘W‘<WC
P 10, w <|w<7
h@(n)zﬁr;v’:cn, —00 <<

H(ejw)

-

— 2 — T - w. w, JC 27



Low-pass filters
(i.e., smoothing filters)

@ Preserve low frequencies - useful for noise suppression

frequency domain time domain

/\
0

F(u) Hy (u) F(u)H,(u)
_ Low-pass filtering
X —— - (noise suppression)
u u T u T

o c o Uo



i—Low-pass (LP) filtering

@ Preserves low frequencies, attenuates
high frequencies.

! 1 e T

————————————

4@:&%
4 /”-‘ ~\
J ULLLLLLON
S \ ;
passbond Trons:zion Stopband
N\
! | UL L L L L
Il Ht0<su<D ‘ ; S e e
S U= LDy
H(u.v) = _ G D, De
0 otherwise

D,: cut-off frequency



»

D, control smoothing

@ Blurring is controlled by D,

h(t)
H(u) ,
() Almost an impulse ! !
1 | [ (little smoothing)
O l\ fay
g A"
1/Do
Do
h(t)
Very flat
H(u) (a lot of smoothing)
1 -
1/Do
Do




i Butterworth LP filter (BLPF)

@ In practice, we use filters that
attenuate high frequencies smoothly
(e.g., Butterworth LP filter)

|

H(u.v) =

1+ [Nu? +v2/Dy]*"




Frequency-Selective Filters
® Ideal highpass filter

. 0, ‘w‘<wc
th(ef ):<
L wc<‘w‘<7z
By (1) =[] -T2 o <n<on
H(ejw)

-

10



Mniyiirpaso 1iiLcio

(i.e., sharpening filters)

@ Preserves high frequencies - useful for edge detection

Ipm— - -

time
domain
frequency
doma <{emsms—— -
_w 0 \/’
F(u) - Hz(u)' N F(u) H,(u)

i High-pass filtering
(edge detection)
Uo



»

High-Pass filtering

* A high-pass filter can be obtained from a low-pass filter using:

HHP(uav) :l_HLP(uav)




i High-pass filtering (cont’'d)

@ Preserves high frequencies, attenuates
low frequencies.

n"...\: h'-;‘wz
|: —J =T e
1 ifu=D 1%+ > D,
Huv) = 1fu .0 Huv) = I it + 5 D,
0 otherwise 0 otherwise



i Butterworth high pass filter (BHPF)

@ In practice, we use filters that
attenuate low frequencies smoothly

(e.g., Butterworth HP filter)
1

H(u,v) = —
1 +[Do/Nu? +v*]*"




i Frequency-Selective Filters

® Ideal bandpass filter

(

. 1, w w‘ <w
AL C C
T (e )_ 10, ot}zers |
H(ejw)

15



Band-pass filters

@ Preserves frequencies within a certain band

F(u)

- - ————

frequency

time
domain

F(u)Hs(u)
Band-pass filtering
/\ (image restoration)
/A
Uo



i Frequency-Selective Filters

# Ideal bandstop filter

0, w, w‘ <w,

Hbs(ejw):<

1, others

H(ejw)

17



i Band-stop filters

& How do they look like?

Band-pass Band-stop
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