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 In order to obtain the most reliable results from the seismic data processing, it is 
necessary to test the velocity model in distance-depth domain. For the reason, often 
these model have been transferred into ray tracing method from (X, Z) to (X, T) being 
compared to the obtained data of the seismic data acquisition. In this study the given 
model for the paraxial ray tracing on the geometrical spreading is subjected to the 
geological syncline model as the most complex reflective structures. The present study 
showed that this method has been applied successfully in the velocity reflective 
structures in the domain of (X, T).  
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INTRODUCTION 

 
 One of the most important challenges of the geologists is subjected to determine the crust structure and the 
seismic modeling assists them to observe the upper crust as two and three dimensional picturesque. In order to 
reach to the related purpose, it is required to carry out many processing cases on the seismic reflective data, 
representation and finally seismic imaging over the sub surface of the ground [14]. The seismic modeling is one 
of the most common methods leading to obtain the most accurate images from the low-depth structures of the 
crust. For the reason, the seismic modeling is one of the most essential issues regarding to the geophysical 
projects to determine the velocity structures in representing the seismic data optimization in this pavement. The 
calculation of the layers' velocity is one of the most important challenges and processes that other seismic 
processes can be achieved based on the same case to give the velocity modeling in the distance-depth domain 
for every district. Since the geological data regarding to the time-distance domain can be recorded, it should be 
applied the most suitable method to transfer the data in relation to the distance-depth domain for making real 
district seismic image to determine the geological model representing the location status, tectonic position, 
velocity and finally the layers' type and specification in this pavement. Since the reference model does not exist 
for comparing the image and the obtained model and accurate determination, it should be constructed by the 
seismic modeling coming along with the geological conditions and other early district data. Usually, a 
mathematical modeling is applied in order to achieve the forward modeling in the distance-depth domain and by 
solving the [1](eikonal)) equation, the travel time of the calculation model can be achieved in this regard. The 
obtained model is comparable for the real data processing. The importance of the forward modeling is caused 
many researchers to give many various methods establishing based on the same Eikonal and ray tracing. 
Cameron et al represented a method using the geometrical spreading and ray tracing instead of solving the 
Eikonal equation. In the present study, this method has been carried out on the geological syncline model and its 
ability has been also investigated for recovering the velocity model in the distance-time domain. The selection 
of the syncline model can cause to complex patterns making the process of the related data complicated in this 
regard.  

METHODS AND MATERIALS 
 
 The forward seismic modeling includes the algorithms that the velocity in the domain of (X, Z) andv (X,Z) 
or the early mathematical model regarding to the velocity in the domain (X0, T) and V (X0, T) should be 
comparable with the seismic operations. The related algorithm is as following: 
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 The applied algorithm is relied on the image ray concept. Hubral [8] has defined the image ray for the 
reflective point between the coordination of the time and depth coordination together. According to the figure 1, 
the rays have been started from the sub surface R reaching to the ground. The rays such as RI passing the 
vertical path on the ground surface havethe minimum time and they are called the image rays. The point R in 
both systems are definable based on (X, Z) and in time coordination (X0, T0).In order to construct the ray 
periodical coordination, a point is taken up on the axe X0 (ground surface) so that the image ray is get out of X0 
reaching to the point R in a certified time. For the reason, X0 is the output of image ray and T0 is the mutual 
approach time along the ray length. The status of point R on the axe X is vertical on the Q that has been shown 
in the image ray I.  

 

 
Fig. 1: Image rays and periodical coordination [2, 3]. 

 

 In order to approximate the approach time according to figure 2, S is the stream location, G is the receiving 

location, R is the reflective location, V is the ground internal velocity and the designed eclipse is the geometrical 

location of reflective R. the total time of wavelength is ranging from S to R and R to G being measured by the 

relation (1) as following: 
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 If the X0 the image ray output is ranging from R and T0 as mutual approach time along the ray length, it 

can apply the travel velocities Vm (X0, T0) instead of velocity V in relation (1).  
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Fig. 2: Approximation of the approach time; the wave is approached from S towards the point R into the ground 

and after the reflection the same will be received in point G. R is assumed on the surface in the vertical 

point R towards X0 (vertical on the ground surface) while the real point of the point is the vertical point 
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from the reflective layer (2 and 3). Based on Dix Equations (7), the migration velocity (Vm (X0, T0) 

getting equal and it will be obtained from the relation (3) as the internal velocity is changed in depth.  

𝑣𝑚  𝑡0 =  
1

𝑡0

 𝑣2(𝑧(𝜏))𝑑𝜏
𝑡0

0

 

 If the velocity is changed horizontally, the reversed Dix (7) is applied in order to find the distance velocities 

by the use of migration velocities according to equation (4).  

 𝑣 𝑥0, 𝑡0 =  
𝜕

𝜕𝑡0

(𝑡0𝑣𝑚
2 (𝑥0 , 𝑡0) 

 Hence, if the image ray is approached to the T0 with the wave of R (9) to the surface X0, the approaches 

time will be obtained from A towards the ground surface along with the other rays near to the image ray and the 

relation (5) will be also obtained as following: 

𝑡 𝑥, 𝑦 = 𝑡0 +
1

2
∆𝑋𝑇M∆𝑋 + 𝑂(𝛿3) 

δ =  (𝑥 − 𝑥0)2 + (𝑦 − 𝑦0)2،∆𝑋 =  
𝑥 − 𝑥0

𝑦 − 𝑦0
 Mو 

The second derivations of time T(X, Y) are established in early point (X0, Y0).  

 The image rays (6-8-10) have been considered as the early assumption that they get started from the ground 

surface towards (X, Z) coordination and they will reach to X0 point after T0. There have been defined two webs 

for these rays as following: 

1- The net (X, Z) with degrees v(x, z) so that≤X≤xminxmax and 0≤z≤zmax 

2- The net (x0, t) with degrees (x0, t0) that xmin≤x0≤xmax and 0≤t0≤Tmax 

 For every point on the net (x, z) having v(X, z), the (x0, t) and v(x0, t0) will be determined, too. The 

forward modeling through algorithm of the paraxial ray tracing (6) will be carried out by solving the equations 7 

with the territorial conditions 6 as following: 

1. Definition of mathematical model v(x, z) on the net (x, z) 

2. Finding the image rays of these nets with the territorial conditions and solving equations as following: (2) 

3. 𝑣 𝑥0𝑖 , T = 0 = 𝑓 𝑥0𝑖 , T = 0  
4. 𝐐 𝑥0𝑖 , T = 0 = 1  , 𝐏 𝑥0𝑖 , T = 0 = 0 

5. 𝑥𝑇 = 𝑣 sin𝜃  ,     𝑥 0 = 𝑥0𝑖  

6. 𝑧𝑇 = 𝑣 𝑐𝑜𝑠 𝜃  ,    𝑧 0 = 0𝜃𝑇 = −𝑣𝑛 = −𝑣𝑙    ,      𝜃 0 = 0 

7. 𝑸𝑇 = 𝑣2𝑷  ,     𝑸 0 = 1 

8. 𝑷𝑇 = −
𝑣𝑛𝑛

𝑣
𝑸 = − 

𝑣𝑙𝑙

𝑣
+

𝑘𝑣𝑇

𝑣2  𝑄  ,    𝑃 0 = 0 

 The above mentioned parameters have been defined as following: derivations V in vertical orientation on 

the ray: 

vn = vx cos θ − vz sin θ         ,             vn ≡ vq  

The second derivations V1 on the proportion V towards the radius length 

The second derivations V in the vertical orientation on the ray: 

𝑣𝑛𝑛 = 𝑣𝑥𝑥 𝑐𝑜𝑠
2 𝜃 − 2𝑣𝑥𝑧 𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝜃 + 𝑣𝑥𝑥 𝑠𝑖𝑛

2 𝜃  , 𝑣𝑛𝑛 ≡ 𝑣𝑞𝑞  

 Vii the second derivations of V along with the radius length and K the curve, n the vertical coordinator on 

the related case as following: 

𝑣𝑛𝑛𝑥 + 𝑣𝑧𝑛𝑧 = 𝑣𝜏 =
𝑣𝑇

𝑣
 

1. Solving the ray tracing system on the above mentioned ray Ith with forward method for K= 0 to K= P-1  

According to A phases to C phases (2)  

A: According to  

𝑣(𝑥0𝑖 ,𝑇𝑘) , 𝑖 = 0,1,… ,𝑛 , 𝑘 = 0, 1 ,… , 𝑝 − 1 

Forward Oiler (𝑥(𝑥0𝑖 ,𝑇𝑘), 𝑧(𝑥0𝑖 ,𝑇𝑘)) 

- For Li (length of the radius between the ray of zero and ray Ith and Vi (Tk) (the velocity of ray Ith) in Tk; 

multi statements squares as a group with coordination (Li, Vi (Tk)) and vu (Tk) and v1 (Tk) from the first and 

second derivations can be obtained and then the degrees of velocities vi (Tk) have been substituted for these 

multi statements.  

- If the points with coordination I (number of ray) and xi, zi (coordination of x, z the ray ith in Tk) can be 

established, ((I, xi (Tk)), (I, zi (Tk)) will be considered as the multi statements of the minimum squares and Px 

and Pz are the first and second derivations and then the degrees of curve k (Tk) and vt(Tk) will be obtained from 

relations 8 and 9 as following: 

8) 𝒌 =
𝒑𝒙

′ 𝒑𝒛
′′−𝒑𝒛

′ 𝒑𝒙
′′

(𝒑𝒙
′𝟐𝒑𝒛

′𝟐)𝟑 𝟐  
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9)  𝒗𝒕 𝑻𝒌 =
𝒗 𝑻𝒌 −𝒗 𝑻𝒌−𝟏 

∆𝑻
 

B: The recovery of accuracy v (X0i, Tk) with phase A for every ray;  

C: The calculation VI (tk+1) = fi (Tk+1) Q (Tk+1) for every ray has been carried out by considering the following 

condition:𝑓𝑖 𝑡𝑘+1 ≡ 𝑓 𝑥0𝑖 ,𝑇𝑘+1   , 𝑖 = 0,1,… ,𝑛 − 1 

 For the reason in every phase, along with the ray ith the point of coordination (x, z) and velocity v (x,z) and 

time T (one way travel time) will be kept stable and these have been determined in the paraxial ray tracing 

equation system simultaneously and x0 equations of these Xs and Zs equal to Ts and velocity on the new points 

based on (X0, T0) as v(X0, T0).  

2. Designing the calculation results as diagrams v(X0, T0), rays and wavelengths 

3. Using the outputs t0 (Xi, Zj) and X0(Xi, Zj) for changing the periodical model to the depth velocity 

modeling and investigation the accuracy of the forward modeling 

 

Discussion: 

 In this section due to the mathematical function defined before, the real velocity modeling is designed in 

coordination (X, Z). The axe X is the horizontal distances between the ground surface and Z is the vertical 

distances of the depth. After carrying out the forward modeling, the results have been given as following: 

a- The velocity modeling in coordination (X
0
, t) as the comparable model is designed with the real data. The 

axe X0 represents the output location of the rays and their migrations towards the internal ground and t 

represents the passed time of the ray from X0 to the output of the model territory. The obtained points on the net 

(X0, t) have got new location on the net (x, z) determining the velocity model on these new net (x, z).  

b- The rays and wavelengths have been designed for the velocity model on the net (x, z) 

Defined syncline model: 

𝑣 𝑥, 𝑧 = 6.5 −
1.5

𝑒  0.18𝑍+ 0.15𝑋 2 2 
 

 In order to produce the syncline model, the following relation showing the velocity discriminations has 

been used: 

 As it shown in figure 3, the layers velocity is ranging from 5 to 6.5 km/s, the depth spreading 20 and 

horizontal spreading 10km/s. for carrying out the forward spreading with dimensions -5 ≤ X ≤ 5 and 0 ≤ Z ≤ 21 

should be transferred potentially. By allocating the mentioned algorithms of the velocity model from the 

distance-depth to distance-time should be transferred.  

 Figure 4 shows the obtained velocity in relation to the distance-time ((X0, T0)). The ray tracing during 4 

seconds can lead to the recovery of Tell Model in 20km depth and the velocity discrimination is variable from 5 

to 6.5km/s. the obtained velocity is v(X0, t)= vDix 

 Due to the construction of the complex tracings and intersectional rays from the synclines and the 

construction of Effectbow-Tie on the seismic intersections, the calculation and display of the traced rays is very 

important by this modeling potentially.  

 Figure 5 shows the rays traces and wavelengths. The upper to lower lines are colored by gray and the left to 

right sides are colored by black showing the wavelengths. As these rays should be curved from the low velocity 

towards the full-velocity areas;in every point the wavelengths are vertical on the rays and the curvature changes 

are adaptive on the velocity changes.by carrying out the inversion [11,12,13], the obtained velocity structure 

from the forward modeling is returned to the domain (X, Z). In order to investigate the Cameron et al (2007) 

algorithm, this model should be compared to the reference theory model (figure 4). In figure 6, the velocity 

contours have been displayed by two models. The red contours of the velocity have been displayed into the 

inversion model and the black ones can come from the reference model. It is observed that there is a good 

adaptation between the related contours.  

 The following equation is applied to measure and calculate the degree of both differences: 

 

 
𝑣𝑚𝑜𝑑𝑒𝑙 (𝑥, 𝑧) − 𝑣𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 (𝑥, 𝑧)

𝑣𝑚𝑜𝑑𝑒𝑙 (𝑥, 𝑧)
 × 100 = 𝑒𝑟𝑟𝑜𝑟 

 Figure 7 shows the calculation errors of the seismic inversion for the syncline modeling. By increasing the 

depth, the error will be also increased. The maximum error is estimated 2 percents in this case.  
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Fig. 3: The real velocity model or V (X, Z) designed based on the mathematical function of the defined net (X, 

Z) before carrying out the forward modeling. The colorful scale shows the velocity based on km/s and 

the depth and the surface distance are also considered based on km.  

 
Fig. 4: The input velocity v(X0, T) produced with the forward modeling on the periodical net (X0, t). The 

colorful scale shows the velocity based on km/s; the surface distance is also based on km and the one 

way time is also established based on s.  

 
Fig. 5: The relationship between the time, depth and input velocity of the model after the forward modeling on 

the net (X0, t). The colorful scale shows the velocity based on km/s and the surface distance is based on 

km and the time is considered based on seconds. 
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Fig. 6: The adaptation of the velocity model and the algorithm of seismic inversion and the velocity model of 

the syncline model.  

 
 

Fig. 7: The calculation errors of the seismic inversion for the syncline model. The net X-Z is shown after the 

seismic inversion and the seismic pre-modeling. The colorful scale shows the degree of the calculation 

error.  

 

Conclusion: 

 The investigation of the results shows that the Cameron et al model is very successful in producing the time 

section and the low error of the syncline model. In addition, this algorithm does not apply the Eikonal equation 

but it requires to the seismic forward modeling methods and low time section. The calculation time of the 

syncline model is about 5.243684s. based on this, the Cameron et al model is a suitable case for carrying out the 

seismic forward modeling in the geological syncline models.  
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