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ABSTRACT

Ray rracing method can be wsed to generate artificial seismic records from a heterogencous medium
which depend on the structure and stratification of the geolagic model. The ray tracing method & a forward
modeling process which is able to visualize the seismic wave propagarion and its corresponding seismic records
Jrom different gealogle models, se that the dominant parameters which control the model can be undersiood.

The ray tracing method divides the heterogeneous medium imto cells each having specific velociry.
Effectiveness and accuracy using this method need full attention. In general the ray tracing process is slow. This
problem was overcome by using eikonal equation which can be derived 1o vield position, orientation and travel
time a¥ a function of the raypath. The accuracy can be overcome by solving the equations for position,

arientation and ravel time using the kigh degree polyrominl equarion.

Experimental results from several geologic models demonstrate the effectiveness of the ray tracing method
fo visualize the wave propagation in the medium with velocity gradient and complex structires.

L INTRODUCTION

The forwand modeling approach in seismic explor-
ation 18 a powerful tool for vismlizing the seismic
wave propagation and its corresponding scismic rec-
ord from a specific geologic model. With this method
the dominant parameters which control a seismic rec-
ord can be understood. There are three sons of for-
ward modeling approaches, ie., the convolutional
method, the wave equation method and the my trcing
mielhod (Awali Povono, 1991],

The comvolulionl method is the simplest one and
is usually used 1o simulate seismic wave propagations
which gencrate the migrted seismic section. The
wave equilion method 8 an sccurmte melhod but i
consumes oo much computer memory and CPU time.
The my tmcing method can be considered as the most
effective one. Apart from the computational speed
which is faster than the wave equation method, this

miethod is sccurabe in determining the imvel ime
from the source 1o the receiver (geophone). In addi-
tiom, it can be expanded to incorporate the selsmic
wave amplitude in absent of dilfmction.

The my tracing method considers the seismic
wave propagation like an optical my phenomena. This
paper stresses its analysis on the kinematical proper-
ties of the my during its propagation along the my-
paths in helerogenous media and at the same time
computes their tmvel limes. There are two physics
laws which were used in the my tmcing method, ie ,
the Fermat's principal and the Snell’s law. The Fer-
mat’s principal deals with the least travel time re-
quired by the my 1o propagate from the point source
to the point detector (Hallyday, 1986). The Snell’s
law deals wath the direction of & ray upon reflection
and refraction at an interface.
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law deals with the direction of a my upon rellection
and relraction at an interface,

To demonstrate the effectivencss of the my Imcing
method, sevenl complicated geological models were
naed as the starding point to genemie synthelic sermic
records. The geologic models consist of sevem| layers
each having velocity gradient either positive or nega-
tive. The approach in this paper is nol the layer cake
madel bul instead we divided the layers into cells/pix-
els. The geologic models consist of 100 x 100 cells.
Each cell has been assigned 1o accomodate specific
physical quantities (see Figure 1-a)
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Figure 1-a
The principle of the ray tracing method which |s
applied in this paper

IL THEORETICAL BACKGROUND

Born and Woll (1964) introduced a geseral ray
tracing formuln which was derived from the cikonal
equation. The my tmcing formala is given as ©

|?1.# v,_[?'nr] (D)

whene &
clr)izthe my velocity in the medium at position ro

s i refermed ooas alline parameter which = closely
related to the length of the mypath (f).

The lengih of the raypath [ is related 1o the alfine
parameter by

r-J;|:-1mm' ()

where nlr)= 'L-:Fr is the vector delining the direc-

tion of the mypath a1 position 24

The travel time of the my through the mavpath is
grven by

LG o

If the ray velocity © (7} is real positive, hence
Al r) equal to one and the alfine pammeter will be
identical to the length of the mypath.

Integmation of equation (1) twice with respect (o s

yield

clr’]

— - F ¥ — I
rx)= o+ ﬂ“j:: i s ;J:l;{ F J-T.-'r-’ =

(4]
Equ.mun (4) 18 an integral l'q'l.l'-I.'IlIJII ol a my al po-
sition r 3s a function of the mypath, 7 is the position

of the source relative to the point of ongin (at = = 0)
and hy is the unit vector defining the direction of the

ray al & =1

Equation (4) was sobved by considering thai the
ray tmvels through a mediam with constant velocily

pradieni,

clry=cos v - (5
where '-TrT 15 the velocity of the ray af the origin and
£ is the velocity grdient.

The receprocal velocity given by equation (5)
which is refemed 1o g8 ihe slowness and can be ex-
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panded using the Taylor senes of onde 2

S5 -
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]

Substitute equation (5) and (6) into equation (4),
we oblain

m}-rntnu,r[li-—{:nu: i "“ [F—{ﬁ;ﬁll

()
- ..;a (R |2+ --{ nglhngy Rl +ngserg

where Ay is the unil vector which defines the direction
of the my at s = 0.

The differential of equation (7) with respect 1o &
yield a vector defining the direction of the ray along
its path.

=] G - B
ﬂ'ﬂ-nﬂ'h = rl-;;-—-ii‘ (R g ) e
(8)

The travel time of the my along its path can be ob-
tained by substinifing equation (&) info equalion [3)
and by considering that n'{ r } equal to one. Hence

s ,:..Ul némﬂt-?;::]—:r.iﬁﬁi - W

It can be concluded from equation (7), () and (9)

that ;

8. The above equations indicate positions, slope and
travel time as & function of the raypath.

b. The mypath (5) can be calculated by solving equ-
ation (7). To obtain higher accuracy, equation (7)
was expanded until degree three and its roots was
solved using the Newton-Raphson method. If the
priority is in the compulational speed, equation
(T can jusi be expanded Hll degree iwo and i
rools can be solved by the general quadratic equa-

¢. Once the mypath was obtained, its slope and its
travel tlime can be calculated using equation (8)
and (9). The position and the slope of the ray
which enters the next cell were delermined by the
position and the slope in the previous cell.

d. The advantage of the method is that if there is an
error in calculating the mypath, it did not cause
big error in my position.

To protect accuracy in calculating equation (T), (3)
and (9) due 1o a high velocity gradient at an interface,
an empirical formula of Langan et al. (1985) was

used,
jil_{:;bl‘nll o 1m
n
where :

a and b are the x and y dimensions of the cell, ¢ is
the velocity at the origin.

L COMPUTATIONAL STRATEGY

Suppose an interface can be delined by a cubic
spile interpolation function

v=A+ Bx+ Cx? + Dx? .+ {11)

where A, B, Cand D are polypomial constants,

If within the cell in which my travels there is an
interface, the fimst effont is 1o calculate the length of
the rmypath before the my impinges the interface. The
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length of the mypath can be obtained by solving the
scalar components of equation (7) and substitute them
into equation (11). We oblain

On{ At Bag+ O+ Dxg -y |+ sing, (Be2Cxge300, -0, |
+vi[a(B+20x +m-,;,1:+r:?1ﬁ3mﬂ;|- B

+ 33 [rg,] [ 20(C + 3Dxg) + Dag,?) + 5% [ 3D ang 2 |.. (12)

where
1 —
u-;ﬂ[nu,tli".nnl-l.,] ves (13)
and
1 -
p--i-arm_b{r.n_,}-h” vas (14)

Equation (12) was solved by using the Newton-
Raphson and the result was substituted into equation
(7) to get the absica of the infersection point between
the ray and the interface. lis ordinat was found by
substituting the absica into equation (11).

If my impinges an interface, the intersection of the
may with the interface becomes a point of origin for
the new equation of the mypath. Suppose @ is the
angle between incidence my with the normal of an in-
terface having dip 8, while y is the angle between
transmilfed ray with the nommal of this interface (see
Figure 1-b). Then :

The x-component of the incidence my is
N |—IT= —sin{p-8) tan®8+ Zcos(y-0tunt+ sin{yp-0)]

The y-component of the incidence my is
1
N
7" t4tan2d

The x-component of the tnnsmitted my is

1 :
Ny = m[iillr-unﬂﬁ'l—muq |
The y-component of the tmnsmitted my s

Ny = m‘ [¥1 sinty + siny tan B |

The my iracing method applied for seismic for-
ward modeling of the heterogeneous geological struc-
ture can be carmed out using the following steps :

1. Construct the geologic model and assume that the
physical propertics of the medium can be divided
into cells/pixels, either square or inangle.

2 Determine the origin of the my (source coordi-
nate}, the depariure angle of the ray (from which
can be determined the unit vector defining the di-
reciion of the my) and ihe coordinates of ibe re-
CEiviers.

1. Check whether within the cell there & an inter-
face.

4, Il there = po interface, determine the shorest
lengih of the mypath to the cell’s edge, the coor-
dimate of ihe infemection point with the cell’s
edge, the travel time of the my o the cell’s edge
and vector which defines the direction of the new
ray. The coondinate of the intersection point be-
tween the my and the cell’s edge becomes the po-
sition of the new may lor the next cell,

{cos (yp —B)tan6+2sin{y-HNanboos(y-8)]

Figure 1-b
Ray having angle of Incldence  will ba reflected and
ransmitied by an Interface whose dip angle s §
with respect to x axie
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5. I there is an interface, calculate the length of the
raypath o the cell’s edpe and compuie the length
of the mypath o this interface. Compare both
lengths. If the length of the mypath 1o the cell’s
edge is shorier than the length of the raypath to
the interface, do step 4. If contrary, the my will be
reflected and transmitted by the interface. Calcu-
late the coondinate of the intersection point be-
tween ray and the inferface, the travel time of the
my to the interface and vector which defines the
direction of the new my. The coordinate of the in-
tersection point between the my and the cell’s
edpe becomes the position of the new my for the
next ocll. Back lo step 3.

6. Determine the coondinate of the ray ol the carth’s
surface (zero depth). Calculate the distance be-
tween that point to the nearest receiver. If the dis-
tance s equal to the defined distance befween
source and receiver plus its tolemnce, then the my
tracing process is completed. Otherwise, retum (o
step 1 with a new shooling angle.

In step 6, the smaller the increment of the shooting
angle, the better the result, but it consumes too much
computer time. To reduce the computer ime, an inter-
polation method was introduced (see Figure 2). The
principal is as follows :

Assume mays originate from a point source which
were shot regularly one after the other with a regular
interval Ad degrees. Suppose the fimst my was shot
with shooting angle @ degree. This my undergoes re-
flection by the imerface and ammives at the surface at
position x; to the lefi of the receiver. The next may
with the shooting angle of @ + A degrees was re-
flected by the same interface and reach the surface at
a position x; to the right of the receiver, The comect
shooling angle which causes my 1o arrive just at a re-
ceiver is :

A

'I"I-'tl‘l"'{"P""-:l'ﬁ__.- ser (L5}

whemne

X, is the distance {rom the source to the receiver, Ax
is the distance between x; and x;.

® i ‘ :g:
E.m!-n iy Hﬂ'ﬂﬂ K3
L
Langan { 1985 ) .
Figure 2

interpolation method for determining the comect
shooting angle so that ray originates from the
source will resch geophone on the surlace

IV. RESULTS AND DISCUSSION

Figare 3-a is a geologic mode]l which consists of
two layers. In the first layer there is a velocily gra-
dient as can be seen in Figure 3-b. In the second layer
the velocily is constant, The source was located al the
surface whose position is (8000,0). The unit length is
fect. We want to know the pattern of the seismic rec-
ord which may come out from this specific geologic
model if the geophone was planted on the surface
from position (0,0) to position (25000,0) with geo-
phone interval of 120 feet.

Figure 3-c is the result of the ray tracing using the
concept described in this paper. The corresponding
synthetic seismic record is illustrated in Figure 3-d.
Events A and B are ihe direct waves. The curvature of
the rays are due to the velocily gmdient. Events C are
the reflections from the dome of the stnacture. The
depths of the reflecting points vary between 3000 feet
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Figure 3-8

A geologic model with conslsts of two layers. A positive velocity gradient was assigned In
the first layer (see Figure 3-bj
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Figure 3-b
The velocity profile of the geologle model
shown in Flgure 3-a

io 5000 feet. Events D signify refllections from [he flat
part of the structure whose depths are 7KK feet

Figure 4-a is another geologic model wiich s &
little bit more complicated than the first model. lis
velocity log can be seen in Figure 4-b. There are two
positive velocity gradients, one negative velooity gra-
dient and one velocity contrast at a depth ol KKK
leet

The resull of my tracing s illustrated in Figure 2-
¢. The comesponding synthetic record can be seen in
Figure 4-d. Events A are direct wave, evenls B are re-
flections from the down dipping interface, events C
are reflections from the up dipping interface, while
events D are refllections from the flat interface

Figure 5-a is a geologic model which consists of
an undulating interlace with positive velocity gradient
in the layers above and below it. The source was lo-
caled at (12000,0). The receiver was arranged fto
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Flgure 3-¢

The tracing of the rays In the medium described by the geologle model Figurs 3-a
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Figure 3-d
The resulting synthetic selsmic record sssoclated with the geclogic model Figure 3-a and
the raypaths In Figurs 3-¢
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Fugure 4-a
A structurally more complicated gealogic model than Figure 3-a. The velocity gradients were assigned

The velocity proflle of the geclogic model shown In

Flgure 4-a

in layer 1,2 and 3

spread between (0,0) up o {25000, 0) with an interval
of 120 feel. The result of ray Iracing can be seen 1o
Figure 5-c and the corresponding synthetic recond s
illustrated in Figure 5-d. Events A-dan B are the direct
waves. Evepls © are refllections from the undulating
interface. Only a small part of this interface can be re-
corded uxing the given receiver spread, Events [ are
reflections from the Mat interface which is located
below the undulating inferface

Figure 6-a looks like a simple geologic model, bul
il consists of two lavers wilh positive velocity gra-
dients and a layver with negative velocily gradient as
can be seen in Figure 6-b, It was intended to demaon-
strale the bending of the rays (see Figure 6-c). Com-
pare the curvalure of the mys in the layer with
negative velocity gradient and layer with positive vel-
ocity gradient. Figure 6-d is the synthetic recond
comesponding 1o the my tmcing process illustrated in
Figure 6-c. Evenis A are the direct waves, evenls B
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Figure 4-¢c
The tracing of rays In the medium constralned by the structure s shown In Figure d-¢
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Figure 4-d
The synthetic record commesponding to geologle model of Figure 4-a and raypaths of Figure 4-¢
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Figure 5-a Flgure 5b
A geologlc model which Includes an undulating The velocity profile corresponding to the geologle
Interface and velocity gradient above and below It madel af Figure 5-a
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Figure 5-¢c
The result of ray recing In the medium described by the geclogle model In Figure 5-a
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Figure 5-d
The synthetic record corresponding to the geologle model of Figure £-a and raypatha of Figures 5o

Y g

NI

1l
Miai | et

faLiH

Flgure &-a
A geclogle model which consists of three layers
having velocity gradient. The negative velocity
gradient was assigned for the middie layer
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Figure 6-b

The velocity froflle cormesponding to the geologic
model shown in Flgure B-a
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Figure §-c

The tracing of the ray in the medium described by the gealogle model given in Figure 6-a. See the bending of the
rays In the medium having positive velocity gradient and negative velocity gradient
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Flgure B-d
The synthetic record correspanding o the geologic model shown In Figure 8-a and
the raypaths Hiustrated In Figure 8¢
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are the reflections from the find interface, while
events Care reflection from the second interface,

V. CONCLUSIONS AND RECOMMENDATION

1.

d

The ray tracing method as a forward modeling ap-
proach is very useful for understanding and inter-
preting seismic recond, This method can easily
genermle synthetic seismic record with higher ac-
curacy from complicated geologic model.

The computational process from the geologic
maodel 1o the synthetic selsmic record does not re-
quire specific high speed computer. The common
PC senes 486 available in the markel has already
sullicient for this purpose.

This paper stresses jls modeling aspect on the
travel time from the source (o the receiver. The
varation of ampliude and reflection coeflicient
as @ function of offset distance i3 recommended
for the next research work.
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