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Abstract: The traveltime formula based on Taylor expansion is a common method to calculate
P-wave traveltime. The Taylor expansion is accurate only near the calculation point, and the inaccuracy
of the traveltime approximation is further magnified in the medium of transverse isotropy with vertical
symmetry axis (VTI). An improved method for calculating P-wave traveltime is presented in this paper.
This method utilizes the 8th — order offset-traveltime equation based on the Taylor expansion, and the
coefficient matching method is used to determine the coefficients of the series expansion. Then the

integration processing is used to optimize the parameters. Finally, the 4th — order P-wave traveltime
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calculation method is formed based on coefficient matching and parameter integration. The test results

for horizontal layered VTI medium models show that the proposed method has relatively small

numerical errors and relatively good performance at the far offset. The experimental results for 3D VSP

data show that after parameter adjustment, the method effectively analyzes the data, exhibiting stable

performance at middle offsets and a certain advantage at far offsets.

Key words: traveltime calculation; coefficient matching; parameter integration; VTI medium
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Table 1 Parameters of the horizontal layered model
RS RE/km vee/Gam/s) o,/ (km/s) !

¥ EH5

1 0.22 1.80 1.85 0.5 0.030
2 0.28 1.85 2.05 0.5 0.028
3 0.25 1.95 2.00 0.5 0.080
4 0.35 2.15 2.10 0.5 0.175
5 0.35 2.25 2.15 0.5 0.165
6 0.25 2.10 2.18 0.5 0.032
7 0.45 2.00 2.08 0.5 0.045
8 0.30 1.90 1.85 0.5 0.050
9 0.35 2.35 2.45 0.5 0.125
10 0.20 2.01 2.25 0.5 0.088
11 0.45 2.45 2.50 0.5 0.025
12 0.55 2.85 3.05 0.5 0.040

Eivpo. PSR E A,

2(p) =D 2, (p)at(p) =Dt (p).  (16)

=

x; (p)=
Lo DUs.;
(1—29,p 00" l—pzvi,i/(l—ZmPZvi.,-)’
t;i (p)=
to,L(1—2p.p"vi)" 4290 vl ]
(=29 p" ) /1= p 0l /A — 2 p’vl)
an
Kb a(p) AZBOTBTA B W ((p) H
SRR E M P U AE R R p RS

Lo ~Uni ~ 7 ﬁ%ljﬂy}%'é’ﬂﬁﬁﬁﬁﬂ‘NM() EEE%’

] SPES N R ED
— | t(;()p) (18)

Kb, o P WORAT I A,
2.1.1 ¥ 4YEK VTIAREAR

XFFHA R VT A B 58 i X (18) 1154
R 2E A 2 R, ERIKIRAE L PT
JES RATEMITREIRZE K, 5 PT.RA ik
FHE . TCMI Dk /NS R 25 . YR I
0~8.6 km B}, TCMI J7 ¥ 1Y% 2% /N F EGMA J5
B M wAL I 8.6 km B, TCMI J7¥: 5 EGMA J5
BiRzE LG m EA WM E KT 8.7 km A,
EGMA F kiR 20 4 #orik i h, e R
BE 10 km &b :PT.RA.TCMI Fl EGMA J5 3 5% 2%
IyHR 2.34%.1.63%.1.33%.0.95%; 5 PT.RA
JE A, TCMI 5 3 3 Bk B o 42 s 7
1.01%.0.30% 4 Lk T EGMA J5 1 . 80 K B B A%
T 0.38% . £ LAl AR S )2 AR A ) SR T
TCMI JETEM B IR 0~8.6 km 3t Fl 9 B A &/ iy
W LIEMMAIE 8.6~ 10 km 0 [l N A iR Z (/N T
EGMA J#.
2.1.2 HEHHER VTIA AR

451 200K VTT A A A0 19 1 22 i Ze 1] 3
Fin. £ 3 . TCMI J7 ik 5 HAlb 3 7 ik it
AR ZEA AR BN T RA 7k 5 PT Jrikit
FARZE M ZE BN T S I I E S, bR
FPT H¥EMBREETE R, fFEXWBE 10 km 4.
PT.RA, EGMA Fl TCMI J5 i B i% 22 5 % N
5.74%.5.73%.5.03% ., 1. 83%; 5 PT. RA A
EGMA FiEM e, TCMI 5 i i ER 4 5l 42 e T
3.91%.3.90%.3.20% . Z& LAl AEAE5) VTI
A, TCMI 5 i 7 38 R L) Kz i B BE 4b ¥ B A7
BN R 2
2.2 ZiRMEHELE R

VTI v i — B BE 5 3 oL 36 7R il 2L A K F 2
R B S 3 R A O, A S B b R RN T O R
UL o SE566F b AH R Y B2 A 5 X = 4t Al M RR ) T
(3D vertical seismic profile, 3D VSP) % ¥z [7] ££ B
2B A I g 2k 160 2, WEIIR B Sy 275.84 ~
2 700.00 m,



%1 B S ETREICE S SHCES M P BORAT I 8 5 341
15 15
—PT ——EGMA
——EGMA ——TCMI
10 . 10
° — TCMI o
" i
K K
5 5
a b
0 0
0 2 4 6 8 10 8.5 8.8 9.1 9.4 9.7 10.0
R # EE/km W # BE/km
a. 4 PRI PR 2% b, EGMA J7ik 5 TCMI 7k iR 2,
2 HMEABRKEBRIREX L
Fig.2 Error comparison of uniform layered model
13 BRFm . AT TCMI J5 3 5 4f b 5 T 52 br
Bl BT LD B E R O N 3 A R 28 B
ol IRy A
Q\° B:bz'bllo (20)
ﬁ e W TCMIT 6 3 58 i 2% 401 1 6 97 7% i 1)
5 -
1 600
0 : : . - 1400
0 2 4 6 8 10 0
1 % BE/km §1200 -
3 EHARREE 4 W RIRER 2 Loool
Fig.3  Error comparison of four methods for non-uniform ®
layered model 800
600 - - . .
0 1000 2000 3000 4000 5000
T 52 B by 72 550008 B UE v L 4 FH 0 R I A5 4 ffis BE/m
f B 22060 e 7 3 BIA 3D VSP #9402 I ] 7R O B4 3D VSP FE R
bR 8 2 I 22 A R AT I A SR SR B, 22 g Fig.4 First-break time of 3D VSP
Broran .
tqg =1, — Ll (19 30
K, HF 22 500, AW R WA,
2.2.1 FEERAMK
B0 S R B B BT 5T S AR 1 784,76 m f
() SE 45 R L, B) RS W 4 iR, TCMIL 7 &
Pl O TR B 22 85 R E 5 iR . |
5 AT AN WAL E 1 500 m Z J5 A9 B 22 IF 5 £ 45 A X
7 =] | iy LR, —100 L L L L
KR S S AR L - 0 1000 2000 3000 4000 5000
T DL LA K a3 B TCMIT J5 ik 4L, & {fi # BE/m
E&lz‘r%%%ﬁﬂ %%ﬂ‘fiﬁ%@] E"Jé%ﬁ B (fﬁ (12) )Z‘L%'j B 5 TCMI 7?:251‘[’§E’]H'J§
Wy, A2 Bl FEET WA E. — 2 Fig.5 Time difference calculated by TCMI method

Ursin 5570 5 9 43 2025 4 1) JEUREL s — 02 LA B 45



342

BOMK R o RO BR B 2 O %554 %

6 1] & W, SRR I 22 45 AT K, S5 S
25 500 5 UL B R 2 2 805 0 TCMI J7 = BE g v
TS s = s

50
£
e
=
750 -
—100 . . . .
0 1000 2000 3000 4000 5000
R H FE/m
B 6 AESHF TCMI FikitEHMAZE
Fig.6  Time difference calculated by TCMI method after

adjusting parameter

BT R 5 S PR RS B 45 R I R 2 8 B
FRRENE S XA G200 TCMI Fiktibh A&
NI X B 1 LAl .

2.2.2 ikt

EGMA . RA.PT J5 ¥ Fl 8 % 2 85 1) TCMI

T k38 5 (1) T A B 22 %0 e g5 R an 1| 7 P

EGMAJ ¥

50

i #%/ms

—100

0 1000 2000 3000 4000

5000
i 7% BE/m
PTJ5 %
50 T T
C
E
=
—100 : : : :
0 1000 2000 3000 4000 5000
i #% #5/m

N. BME 7 A[F M TCMI 7k 5 2 )y ik, |
EGMA RA PT J5 ¥ . 15 i i 22 $49 78 — & 3
WL UL IR S 50U TCMI kA 5%

T X4y TCMI J5 5 HoAth 3 Fh 5 25 09 22 51
FATIHA T EGMARAPT Fikmf 25 TCMI J
R 2R 2E, R WA 8 Fiax., A HrE 8 Tl .
TCMI 75 EGMA . RA.PT Jrik it 22 2 25
BN ABFE B B 500 ~ 2 500 m 3 FE .
TCMI J5 % B A 8K W I 22 7H 588, T L EGMA
RA.PT J7ik 5 TCMI J5 i Bf 22 22 {8 it 22 25 1 3/
T 0 B O s 1 7E 3 B BE L, BI KT 2 500 m B,
TCMI 7 3 ISR /N, AT F1% 07 15 A6 130 L 2
AR XTI Al 3 Fh 52 A RS BB LY
EGMA 775 RA ik ZHB /N 385 PT ik
1) 25 (B35 K 5 76 8 O B8 R 3 BT PN, EGMA J7 ¥& 1
FRT RA M PT Jrik ., PT ik R —M.

3 it

AR SCHE A 35 A /N7 TR R A7 I 2 e & 1
— PR YRR AT I T 07 ¥k . A U L 8 T LUK
T B BE 1 B B 2 2 A R R R T R AT e
i AR A A B 5 32t R 75 B AT . RIS
PR AT I A I 45, 3 T LA e 5 A Y 4% i) o

RAH
50 - .
b
E
=y
—100 : . : :
0 1000 2000 3000 4000 5000
i #% FE/m
. TCMI7 2 (A S 5 )5)
35 - - - .
d
E
ey
—100 : ; - .
0 1000 2000 3000 4000 5000
m % FE/m

7 4AMATEREIL

Fig.7 Time difference comparison of four methods



%1 B, AT RBUCH S SHE A0 PR T R O R 343
EGMA—TCMI it G5 A SRR S B T S8 B PR
1.5t

._.
S
T

I % 2 #/ms
(=}
o W

—0.5 , f . . ]
0 1000 2000 3000 4000 5000
i #% FE/m
RA—TCMI
1.5t b
o 1.01
£
e
N 05
e
= 0
—0.5 \ , . . ]
0 1000 2000 3000 4000 5000
i #% BE/m
PT—TCMI
1.5} ) )
w 1.0f
£
e
N 05
e
= 0
—0.5 . , . . ]
0 1000 2000 3000 4000 5000
fi % BE/m
8 MEREMEIL

Fig.8 Difference comparison of time difference

— A B IR 23 B B — KB I IR 22 0 A . AESEPR
By se g AT 32 T SRR F o U [H]
MZE B, XML TCMI J5 3 3 4= &
HL583% O e 2ok LA AL o B 3d L B9 3153 07 75 B8
THER . F3AN 5 AP B T AR LU R AT 28 20T
FAAE—E AN B LL L WF TR AT I 2 200 5 P 7E B 1Y
IO b AR S B S i O R
it 22 AT 20 5 2 R0 . X T TCMI Uy ik,
7] D=7 0t7 S S 11 el /AN W i 1 D € T
Bro X g — Al I AT SE R I7 19

=]
4 Hig
G 5 B T — A i A% B\ 9 R AT I 52

2 F AR BT Oy vk 45 3] T Ak B B S 7 2S5
by by SRIGFIH S RO R B8 B2 5 R 2 0T B

KIE TE TR RZBILE S S HBEA K P Ik
TPk A B LR 4598 .

DX T4 S EHR 2R VIT A . 5
PR T SO 223 v L =B A G U A B
ETWIRABICE S S 80860 P JRAT B
D7 VAR B B 10 Jem Kb 09 35K xR T
1.01%.0.30 % ; A L F 4 R (0 ) SCR 22 35 )L 5 i
TPEAE AR T 0.38% , X F 4 m 7S HORF Y
VTIAN R, 59 R T A 230 U k. = ra
RN 9 R R B T SCRRE 22 30 A0 2 M L o R
A3 EEE T 3.91%.3.90% .3.20% .

2)%F T 3D VSP ¥t#i. i@ W 25 B 1B
AT MR RBICE 5 S 80% 501 P k1T B
T 7 VR 35 T S bR B5HE 4 A o S A0 X L, B
FHRABICE S5 S HE A P B HRAT I 57
T TE L S B R LA — e

DETHRAICH 5 SHE G 1 P BURTT
B8 P AE AT 5 S R B S 0 b i) R BB
FHUUC L5 S R0 A b BT LA 4R R R AT I A v
Bt 1R B AR 7 — R 2 Ry
TR E .

D) B G A 5 S R S 5 v i 2R AT . R
FHRABICE S5 S HE A P B RATR 57
] DU A BB AT I 0 — Fh ik 6 . An il 48 &
IR LUK S8 B 1 PR E X8 b i 5
BEEG T RET R E A

5 2% Lk (References) :

[1] Abedi M M., Stovas A. Extended Generalized

LT 1
Geophysical Journal International,2019,26(2) 1428 —
1440.

[2] Castle R J. A Theory of Normal Moveout [ ] ].
Geophysics, 1994, 34(6): 859 —881.

[3] Alkhalifah T, Tsvankin I
Transversely Isotropic Media [ J]. Geophysics,1995,60

(5):1550 - 1566.

Nonhyperbolic ~ Moveout  Approximation

Velocity Analysis for

[4] Ursin B, Stovas A. Traveltime Approximations for a

Layered Transversely Isotropic Medium [ J J.
Geophysics, 2006, 71(2). D23 - D33.

[5] Ursin B, Stovas A. Improved Geometrical Spreading
Approximation in lLayered Transversely Isotropic

Media [J]. Geophysics, 2009, 74(5); D85 - D95.



344

BOMK R o RO BR B 2 O %554 %

[6]

7]

[8]

[9]

[10]

(11]

(12]

(13]

[14]

[15]

[16]

[17]

Xu S, Stovas A, Mikada H. Traveltime and Relative

Geometric Spreading Approximation in Elastic
Orthorhombic Medium [ ] ]. Geophysical Journal
International, 2020, 85(5). C153 - C162.

Fomel S. On Anelliptic Approximations for qP

Velocities in VTI Media [J]. Geophysics, 2004, 52
(3): 247 - 259.

Xu S, Stovas A, Hao Q. Perturbation-Based Moveout

Approximations in Anisotropic Medial J]. Geophysical

Prospecting, 2017, 65(5): 1218 - 1230.

Abesdi M M, Riahi M A, Stovas A. Three-Parameter

NMO Correction in Layered Anisotropic Media: A

Stretch-Free Approach [J]. Geophysics, 2019, 84(3):

C129 - C142.
Fomel S, Stovas S A. The Generalized Non-
Hyperbolic Moveout Approximation [ J]. Geophysics,

2010, 75(2). U9 - U18.

A, S. The

Moveout Approximation: A New Parameter Selection

[T]. Geophysics, 2017, 65(3): 687 — 695.

Abedi M M, Riahi M A, A. A New

Moveout

Stovas Fomel Modified Generalized

Stovas

Parameterization for Generalized
Approximation Based on Three Rays [J]. Geophysical
Prospecting, 2019, 67(5): 1243 — 1255.

Jin S, Stovas A, Hu X. Improved Generalized
Moveout Novel
Parameterization [ ]J]. Geophysics, 2022, 87 (3):

C49 - C61.

Approximation with a

Ravve I, Koren Z. Traveltime Approximation in
Vertical Transversely Isotropic Layered Media []].
Geophysical Prospecting, 2017, 65(6):1559 — 1581.
Abedi M M. Rational Approximation of P — Wave
Kinematics: Part 1: Transversely Isotropic Media
[J]. Geophysics, 2020, 85(5): C175 - C185.

Abedi M M, Pardo D. Large-Offset P - Wave
Traveltime in Layered Transversely Isotropic Media
[J]. Geophysics, 2021, 86(3): C65—C74.

B, IVFE . VTT A Jo i ik T e B b 422 Ak 20 1 iR A7
WP DT EE L W AR BB R 2 24 4l CH AR B4 1RO
2022,41(1):86 - 91.

Wei Jian, Sun Xiang’ e. A Method of Traveltime

Calculation Based on Descending Order Compensation

[18]

[19]

[20]

[21]

[22]

Processing in VTI Medium[]J]. Journal of Shandong
University of Science and Technology ( Natural
Science) , 2022, 41(1): 86 - 91.
INFE, e L A L A SRR AT S
VSP 5 #f T Hb 7% £ 4R iR A7 22 23 K 2 HORIT .
A L ER ) BB . 2009,44(6) : 720 — 725.

Sun Xiang’ e, Ling Yun, Gao Jun, et al. Travel
Time-Difference Analysis and Parameter Extraction
for 3D VSP Data and Surface Seismic Data in
Anisotropic Media [J]. Oil Geophysical Prospecting,
2009, 44(6) . 720 - 725.

SRR PR E AR AR SFL TR B AR A 2K
EN RN R I EL ] YR 5 R, 2023, 47 (5)
1198 —1205.

Zhang Lizhen, Sun Chengyu, Wang Zhinong., et al.
First Arrival Wave Travel Time based Tomography
Wave Information as

Inversion with  Surface

Constraints [ J ].  Geophysical and Geochemical
Exploration, 2023, 47(5):1198 - 1205.

ARG L PN PR, B L AL 5 I R T R R RS 1R T
AR E N R A [T A M T, 2022, 41
(2):349 - 364.

Zhang Zhipeng. Sun Zhanggiang, Han Fuxing. et al.
Analysis of Main Factors Affecting Imaging Quality
and Efficiency of Gaussian Beam Migration[ ]J]. World
Geology, 2022, 41(2): 349 — 364.

AU L XL AL S E AR AL S A5 A Y 3 R 2
BEBUR L], 4 Ak K 2 2 ik Gl 3R BL 24 BD L 2022, 52
(1):270 - 280.

Li Hongli, Liu Cai, Tian You. et al. Seismic
Tomography of the Crustal Structure in Northeast
Chinal J]. Journal of Jilin University (Earth Science
Edition), 2022, 52(1) . 270 - 280.

TTBEA LI, AR 45, & T DeCNN i1 33 i fif
AT 75 R T vk [T ] 75 RO 2 2 e CHb R B 24 0D
2023,53(5):1593 - 1601.

Wan Xiaojie, Gong Xiangbo, Cheng Qiao, et al.
Eliminating Low-Frequency Noise in Reverse-Time
Migration Based on DACNN [ J]. Journal of Jilin
University (Earth Science Edition), 2023, 53(5):

1593 —1601.



