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Abstract To increase the computational accuracy and efficiency of frequency-domain finite-
difference (FD) modeling method, the optimal FD scheme with rotated coordinate system were
widely used. It requires the same spatial sampling intervals in horizontal and vertical directions,

which limited their applications in practice. Later the average-derivative method (ADM) was
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proposed to work with the rectangular-grid modeling. However, these frequency-domain FD

operators, unlike the time-domain FD operators of which the coefficients can be determined by a

general optimal method even with different stencils, usually have their own forms of differential

equations with different distributions of optimized coefficients. In this paper, we develop a general

optimal method for frequency-domain FD modeling based on 3D acoustic wave equation. For a

given finite-difference stencil, this method can generate the dispersion equation and optimize the

expansion coefficients. The advantage of this method is that the optimized coefficients correspond

to the grid nodes of FD stencil and it is very easy to expand to other FD schemes. We computed

the optimized coefficients of 27- and 7- point schemes with different aspect ratios. Numerical

experiments demonstrate that our optimal 27-point scheme have the same accuracy with ADM 27-

point scheme and our optimal 7-point scheme have higher accuracy than the classical 7-point scheme.

Keywords

0 5lH

WA S B 22 73 TE AU R T 42 e i A
WIS GBS L 75 R P 7 AU b 5 A T A Ce. g
Pratt, 1999; Brossier et al. , 2009; Virieux and Operto,
2009; Loewenthal and Mufti, 1983; Plessix and Mulder,
2004; Kim et al. » 2011). A B F i (] S5 480, BA7 TC i
() 530 H AN 2R AR 22 3 B 2R T AT IE B R IR
I+ o TS AU A 58 4 2000 55 4G £, Pratt F1 Worthington
(1990) J& T 2D i A8 th T & LAY 5 R 3 55
A PR 22 4% 2 (2 BB A BIO™ B O R T RS
JE BT AR AR FD A Xz W Ce. g. Jo et
al. » 1996; Shin and Sohn, 1998; Stekl and Pratt,
1998; Hustedt et al. , 2004; Operto et al. , 2007, 2009,
2014; B HLIRIFRSNE . 2012). Jo % (1996) A F 0° A0
A5 ] B 2H A 2 43 A % iz 0 58, X 2D A
TR 7O 9 K25 0 ks 3L IR 2 A B BOR
Ak, Z )5 Operto 85 (2007) K HA™ g 2= 4k T 3D
RE RS P T R 27 Mg L H R e AL bR i FD
A% 2 U T % T N e 45 ) B SR A A 1 O (7S
WO AR 7 AR SE B i B 48 rp 2 R O T 3E B A T B
WA B A5 4L L SE 1 S 800k (ADM, average-derivative
method) i 3Z 1 4 (Chen, 2012; K #74%, 2014; Zhang
et al. , 2015; Tang et al. 2015; Chen and Cao, 2016).
Chen(2012) %} 2D i 5 e de 1 56 T 7 1 S 80k
Al 9 sk X Al U & T eRE 9 il Z
J& Chen (2014 % P J & 3D =g o, LA B F
JiE 2 Al A 1 D0 A A% =X 347 2 0 iy 6k - 1 S B Ak

3D acoustic wave equation; Frequency domain; Finite difference; Optimized coefficients

A — R R R 20, B8 2 S 8 ks XY
e BEAJG F HE L £ e B A b I A A% .

T I 18] S8 A7 R 22 73 IE 8 S0k b AR — iR
P38 Y FD 57 R 500 777k (e g Holberg, 1987;
Liu and Sen, 2009; Chu and Stoffa, 2012; Zhang and
Yao, 2012, 2013). H 845 % FD 51 p Al . L e )
P A0 Ak B33 OG 2R 0 R B A FD AR X iz
(4 225 T H TR T 2D RO B AR FD 5 AR
AAZHL I 9 f.15 £1.17 511,25 f5F & P XY
T OO L 3 R B0 5 7 a5 A A TR Ce g Jo
et al. , 1996; Min et al. » 2000; Chen, 2012; k145,
2014; X &4, 2013; Tang et al., 2015; Gu et al.,
2013), Fan 252017 3T 2D =i e i T — 1 & A
PR e I 2% M7 LTl LAGAE 2D 16 50 R 1Y
B 2E 3k 3 A SCRE Fan 55 (2017 #2 HY Y 2D #5545
ATy i 2 3D A clE ol HE 4 7%E 3D (1) FD it
A% 2 5 7] A1) P b 5 v SR A H S I ) £ A 2R R

1 Mg
1.1 Z4%K
BRI = Y R RS Ry
*P | &P , &*P

ox’ + oy’ . ozt

Horpr, PORAIAS I o SRR Lo P P

B BE A FLAS m A B S A ol il — B 23 6] 2
B0 T AR A — R R B Y TTK . EL B PO i B R A
SIS ARUEL R /MR A5 FRATTE R AT LAR W A A9 3D
27 A% 2 ol 25 1) S 20 D)

2
+2P=o0, (1
U



33 OB 55 - — i OI0 Ak 114 350 S8 B = 4k 75 Dl A PR 2 o A4 O vk 1097

P 1

Py = E[C()Pnl.[.n F e (Poyi + Puirn) 2Py + Posn) + s (P + P
+ i (Pormr + Porrinn + Pocviinn T Poim) o5 (Pt + Pt T Pt + Poe)
+C6 (Pfllql71-7171 + Pm.H»l.n*l + Pm.[*lﬂﬁ’] + P/n./‘#l.n*l)

+ C7 (Pm*l.[*l.n*l + Pm\ 1.,—1,n—1 + Pm*l.[{ 1.,n—1 + Pnﬂ 1,041,n—1 + mel./*l.n' 1 + Pm\ 1,—1.nt1
+ mel-,lfl.rrH + Pm+1,/+1,n+1 )] ’ (Za)

o'P 1
ayz =~ Ayz [e()Pm.[.n + € <mel.m +P0) + € <Pm.[*lwl + Pm.” 1) + [} <Pm.[.71*l + Pm.z.n\ )
+ e (Pm—l.z—l.n + Pm\ L.41.n + P, . + Pm\ 1) +e; (Pm—l.z.n—l + Pt + Pm—u.u\ Lt Pm\ Voto1)
+e(i (P/n,/*l.n*l + Pm.H»l.n*l + Pm.l*l,qul + Pnl./‘#l.n*l)

+ €7 (mel.lfl.nfl + Pm} 1.—1,n—1 + mel.l\ 1Ton—1 + Pm\ 1.41.n—1 + Pm*l.[*l.n} 1 + Pm{ 1.0—1.nt1

+ Pm*l,/Jrl.nJrl + Pm+l.[+1.n+1 )] b (Zb)
P _ 1r,p d, (P P d, (P P d,(P P
8z2 -~ E[ 0 l7l~,[.ll+ 1( m—1.l.n + m\l./.n> + 2( mil—1.n + 1n.”l.,71> + '3( maolon—1 + m.l.,n}l)

+ dr'l (mel.[*l.n + Pm\ 1.41.n + Pm*l,[} L.n + Pm} l.[*l.n) +d‘3 <mel.[,7171 + Pm' 1olontl + me].l.n{ 1 + Pm\ 1.l.n—1 )
+ d(i (Pm.lfl.ufl + Pm.l+1.n+1 + Pm.[*l.qul _'_ Pm,/+l,nfl)
+ d7 (Pm*lylfl.nfl + Pm} 1.—1.,n—1 + me].l\ lL.n—1 + Pm\ 1,41,n—1 + Pm*l.[*l,n} 1 + Pm{ 1.—1,nt1

+ P/n*l,IJrl.rH»l + Pm+l,l+1.n+1 )] ’ (ZC)

K, P, =PlnAx, Ay, nAz) , Ax. Ay Fil Az 535
.y Moz 7 I B A5 R FERIBR . cove v d o3 I 3
2 2 2
wA B s 2L 2L O L . A
ox” 9oy oz
bR B9 S E A 1 TR ¢ ey TRLL T RAR:
co +2¢1 +2¢c, +2¢5 +4cy +4c;s +4cs +8c; =0,
(3a)
e, +2e + 2e, + 2¢; + de, +4des +4eg +8e; = 0,
(3b)
do +2d, +2d,+2d, +4d, +4d; +4d; +8d, = 0.
(3¢)

Xob T 5 i T ‘;’—ZP (19 3 B TR A SR T 27

B ﬂbﬁ/\f‘ (1), 75 31 3D 75 5 J5 72 1Y b’ﬁﬁ%iﬁ Fig. 1 Grid configurations for 3D frequency-domain
2516 FD operator

Lo P+ e P+ Puvcn) 6 P+ P + 6 Prts + P

M1 SR =R RESET

+ ¢y (mel.lfl,n + Pm+1,z+1.n + Pm*l.H’l.n + Pm+1.171.u) “+ ¢ (Pm—l./.nﬂ + Pm+1.1.u+1 + mel.z,nﬂ + Pln‘#l.l.n*l)
+ s (P + Pm.u L1 T Pm./—l,n»  + Pm.u 1)

+C7 (Pm*l.lfl.ufl _’_PurH.lfl.ufl +P,,,71,[+1,,,71 +Pm+l./+1.n—l _’_P//ﬁl./*l.lr#l +Pm+1.[71,n+1 +mel,l+l.n+1 _'_PurH.lfl.u-H )]

1
+ Ayg [90 Powte (P +Poni) te(Pon + Porn) tes (P + Pos)
+e (P T Puwiiin T Poaiiia T Poniaan) Tes(Pyia +Pouwn + Poai T Poiia )

+ € (Pm.lfl,nfl + P1:1J+1.n+l + Pm.[*l.qul _'_ Pm.l+1,nfl)
+€7 (mel.lfl.nfl +Pm+1.[71,,,71 +mel.[+l.n*l +Puz+l./+l.nfl +mel.[71.u+l +Pnz+l.[71.n+l +mel.[+l.n+l +Pm+l.lvl.u+l )]

1

. AZ*

[%Pwm+ddRM¢f%meJ+dﬂRmLJ%Rmmﬂ+dﬂpmm1+waﬂ



1098 i BR ) PR 2% R (Chinese J. Geophys. ) 61 %

+ d’l (mel.lfl.u + P/quI,H»l.n + Pm*l-H’l.n _'_ PuH’l.[*l.u) + ds (mel.l.nfl + P//a+l,/.nfl + Pm*l.[,:ﬂrl + Pm*l.l,nfl)
+d6(Pm,[ 1.n—1 + Pm.l+l.n+l + Pm.[ 1.n+1 +Pm-,/+].n l>

+ d7 (mel.lfl.n*l +P//l+l~[7l.1171 _’_Pm*l,[Jrl.n*l _’_PUPH.H%.Nfl —’_mel./*l.irH _’_Pnﬁ’ly[*l,rﬁ’l _’_PUT*IJ‘FI-?H’I —’_Pnrkl./*l.u-H )]
2
w
+ 7[/?01’,",;.” T 01 (Pov + Posiin) + 02 (Poiv + P ) +05CP oy + Pon)

+b4 (Pm 1.,0—1.n + Pm+l.[Al.,n + Pm 1.041.n + Pm+1.l l.n) +[)5 (Pm 1.0.n—1 + P111+1.1.71A] + Pm 1.0.nt1 + PmAl.,l.u 1 )
+ bﬁ (Pl,l_[,1.7,71 + Pm.[+l.n+1 + Pm.[*lyn‘*’l + PmyH’l.n*l )
+b7 (Pm 1.0—1.n—1 + Pm+l.[ 1.,n—1 + Pm 1,04+1.n—1 + Pm+l.,l+l,n 1 + Pm 1.0—1.nt1 + Pm+l.l 1.nt1 + Pm 1.41nt+1

+ mel.l+1,u+l )J =0, 4
I

St e B T T @ p 27 AU 2R ) A TR R B

‘ D, T R R,

LR LG DL R e o) 1L

o o 2y 20+ 20y - Aby by by 8b = L RE i B LU ST 6. 14 R B B L
(5) r = Ax/Ay.r, = Ax/Az LA (1), IS

27 f 2 AMH S () 52 B - Fi T s 58 A b= et et Pd G 0.1,20 D)5 (6)

B 3D %M UL I 7 AR SUR ADM 195,

i@ P b P+ Pais) e P+ P s P + P

+a, (P, ..+ Pm+1.l+1.n +P, 1.1 + Pm~1,/ 1) tas (P, 1,001 + PznAl.,!.n#»l + P, 1ot + Pm+l.l,u )
+as (Pt + Pt + Poctir + Pt

+(l7 (mel.lfl.nfl +Pm—~l,[*].11*] +Pm*l.[+l.n*l +Pnr~l,l+1.nfl +Pm*l.[*l.n+l +Pm+l.,17]-,n+1 +mel.l+l.n+l +Pm—HJA].,n+] )]
CL)2
+ y[boPm.z,” 01 (Pori T Posrin) 02 (Primrn + Prigrn) + 03 (P + Py

+ b0, (Poiimiw T Poiion ¥ Potivron + Portoim10) +05CP i it + Poivir + Pocitin + Pt i1
+05(Pit1 TP P + Poiioe1)

+ b7 (melylfl,nfl +Puﬁl./*1.u*l _'_melyﬁrl.ufl +Pm—l.1+l.ufl _'_mel,[fl,rﬁrl +Pm+l.171.u+1 —’_PIH*IVH’IMH’I +Pm+l.171.u+l )]

=0,

Hrp,

ao+ 2a,+ 2a,+ 2a;+ 4a,+ 4as+ 4as+ 8a.= 0, (8)
KD BN R IE e 41y 27 i 22 0w 0, b AUy
14 A AH T ST ) R B

D

|
1.2 S8

K FH 28 Wi A0RI 43 B 7 8 ¥ P T Py
zsw) = Pye et RN B 22 43 i (T L 15 3
DL R B A HIOC R R IA

Vpl\ . Q

o Ao —|— 2611 Tl + 2(12 T2 + 26{3 Tg + 461,1 Trl + 4(13 T5 + 4“6 TG + 8@7 T

v 2@

itEP’VPh %*Hﬁg,
T, = cos( 200N ) |, o (Zmeinting)

G -G
T, = COS(ZT;SZS@),

L, (9

bO + 2[)1 Tl + 2[)2 T2 + 2[)5 T3 + 4[)4 T4 + 4b5 T5 + 4[)6 TG + 8b7 T7

T, — COS(Znsinﬁcos@%OS(ZLos@) ’

G r,G
T, — cos(zmiﬁl‘?iné>cos(2’;:"s‘9),
T7 - COS(ZKSirgCOSSé)COS(Znsiila;insﬁ)COS(Z’::g‘S@) ’

BP9 R B R RG S f5 ROR FE 8] B max(Axs Ay



34 OB 55 - — i OI0 Ak 114 350 S8 B = 4k 75 Dl A PR 2 o A4 O vk 1099

A2) A T Ax = max(Azx,Ay,Az) BEN G =
2n/ (kAT O RFEPALRTT IS = T R fA . ¢ 2
T A RIA% 3% J7 1) 9K - B S o 07 1) 9 ke
. ERRR A, = ksinfcos¢, k, = ksinfsing, k.
= kcosO. Fr/NME LT AH R D% 22 R BRI AT SR IR 14
ANISEFREL a0 (=12, D RYE S

E(al sttt el 9/)1 9"'9[)7) - J’U [1 —
(10)

Hodr, k= 1/G, 4K 0 FJy (i ffy ¢ BUETEE K
[0 m/2] ke HOTUAE FE FELAR 48 FD AR 1 25 805 T8 4k
HEAT BEHL.

l

2
@} dkdgdg,
v

1.3 HR&EH
KA H B 26 PML O Y A 2 1.
PML )2 P4 35 1 53 % 35 75 3¢ )7 ol 5 4 (Tang et al. ,

2015; Fan et al. , 2017):
1 9P 1 o°P | 19°P | o
\ ox? ay

so oz* o
Hi, s, = 1 — 2raf - (Il) s, = 1 — 2xaf

= QD)

Xi<%> 5. = 1— 2naf Z(f)z, L & PML 2
BOJERE . f — A ZE IR T E.a BUE 1. 79. B
SRLOPML FRERX (D THEEMWE e d WE, BIR
f AT R e 23 C6) AR B S 3k A LAk O R 2

AL it M LA BRI

E — +2c. T, +2¢, Ty +2¢5T5 +4dey Ty +4des Ts +4es Ty + 8¢, T, (27rsin<9cos¢ )2 (122)

! /7() + 2[7] T] + 2])2 Tg + 2[73 T3 + 4/)1 T,1 + 4[)5 T5 + 456 TG + 8[)7 T7 G ’
E, - €y +2€1 Tl +2€2 TZ +2€3 Tg +4e,1 Tl +4e{; TS +4eﬁ TG +867 T7 + <2nSingsin¢>z <12b)

? by +20, T, +2b, T, +2b;Ts + 40, T, + 4bs T + 4bsTs + 80, T, G ’
E do+2d, T, +2d, T, +2d, T, +4d, T, +4d-T; +4ds Ts + 8d. T (2ncos<9)z (120

’ by + 2[71 Tl + 2[12 Tz + 2[73 Ts + 4b, T4 + 4b5 Ts + 4bs TG + 8b; T7 7’2G )

I
W5 /MELATS H AR R BRI TSR ¢; ve; odi BY1H %5 as\aivazas asaqva; BIATR 3] Ax = max(Ax,

= ﬂJ(Ef +E, + E)dkdodg (13)

X, k0. BUEIEF S X QO RFE—5 T o,
eindi (G=1,2, . D R R R 6D, b3 H AR s %L
LR HURR BEOR AR 14 A A E BT R AR

XFF 27 mihg 2 A A Ak =X (10D SR E a
o G=1.2, T ME AR5 8 3 oA (13) 3R I
cindive (i=1,2, 1) PMH, 8T FEp S LT 2
g 28 DAL R B AR MATLAB ﬂ’\ﬁ:q“
1 24 SR A 2 1 e A6 A B8 B fmincon SRR (10) Fl
(DI R B 15 55 0 B 0 F1 ¢ SRV L2 Oy
[0.mc/2] [ Ff M /200, & BYBUE LR M[0.0.25],
6] B o 0. 0025. 25 AN ALY o Ay s BRI AR 27 1
w28 A AHE M S R P fk R B ER 1. ADM 27
FAE R 27 g 20 — PP AR RO XL RF 5%
2 g5 W PRI A A% =X A0 Al 2k e B R AN TR
G 114 i AR 8] 1 4% 45 J7 1] W] LA H 9 b I
s =X 2R [R] R 2

B RFEE T Ar = max(Ax,Ay.Az) BIIED,
X F Ay = max(Azx,Ay.Az) Fil Az = max(Ax,Ay,
Az) WTEB . i T 27 S RA U X R Ar =
max(Ax, Ay, A2) FFWT a; G=1,2, -, 7) {HA
FN T S az vas vaivas vaqvas var BIA]1RE] Ay =
max(Az, Ay, A=) 50T 106 A 2 %, 25 H Y R

Ay, A THBLT Lk R 5L

Pl J7 e 7 RetAL 27 AAg L W RE LAk Hi A
3D BRI A BR 22 4 A% 5, Hodn 7 s . B R
W YE B [0, 0. 11, 18] B 0. 001 X F Ax =
max(Ax, Ay, Az) GO 25 8 A r Fl ey TR
7 R 12 A R ST B A0 R R 2. 28
1) 7 AR AR S 7 A% A — Rl AR R TE 2
CULRM 530 3 45 7 PR 22 43 s =X 400 At 2 %)
o AT AR AR 7 ks g diny 7 SR
A RS BE. LA 1 V0 (1R A T RE R 25 R b o L 48 B
) 7 s A P R ST A B 12. 7 A A S
Pl 7 s HT 2 8. 8 4.

2 BESE

ST IAAS SO 27 LA R B L 43 )R
F ADM 27 s5iag X AR SO 27 a5 =X DA B i AT i
X — A4 57 4% 1) [R) P B4 A R Y R AT I AR 3
FEFTARE S Chen (2014) (77 ¥ — 2. BEEL R /N Ry
960 m>X 960 mX 960 m, K 3500 m + s 'L E
AL T AR b b 5 TR] pR R T 85 30 Hz B
S F Uk BERR I E T R BOAR E 43 B =100, =
1O, A& EIE Av=Ay=Az=16 m. ¥ 4 251 T =Fp
T2 SRk b T b B 4 a R4 b o R R



1100 H Bk ¥ B % R (Chinese J. Geophys. ) 61 %
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Table 1 Optimized coefficients for 27-point scheme with different r, , r, values and Ax= max(Ax,Ay,Az)
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dy —1.456880958 X 107! 1. 6553930721071 —1.695440612X 101 —7.768719545X 1072 —9.729526077 X102 —1.543561121X10"!
d;  —1.456865119 <10 1. 654838828 X107 —1. 694958885 X101  —9, 273854313 X102 —9. 352545297 X 1072 —1.416874148X 107!
d; 6.536173734 10! 6. 485362400 X10! 6. 463729758 X10! 7.077679108 <10 ! 3. 492401622101 6. 74553266310 !
dy  —2.672431143 X102 9.908997971X107° —7.125038541 X103 —6.206323432X1072 —3.131624561X10"* —1.450760251 X102
ds 7.252226976 X102 8. 305477801 X102 8. 493509694 X102 3. 591048406 X102 4. 860114498 X102 7.731646592 X102
dg 7. 252165020 X102 8. 302607490102 8. 491091046102 4. 408359015102 4, 677442591 X102 7.101584351 X102
dy 1. 369755530 X102 4, 783817066 X103 3. 463779833103 3. 274847844 X102 1. 685658610 X 10 * 7.167872219X 103
b 7.611612930X10? 8.067613318 X102 8. 599282531 X102 8. 485269485102 8. 973660295102 9. 037768886 X102
by 7.611056590 X102 8. 067478690 X102 8. 576090549 X102 8. 464951588 X102 6.510346810 X102 6. 325960304 X102
bs 7. 635952696 X102 7.523603305X1072 8.362767072X1072 8. 588542258 X102 6. 457293532 X102 6. 211804033 X102
by 3.628944362X1073 2.759218107X103 2.585400175X 103 1. 144594013 X 10~* 1. 908643529 X 10+ 1. 660505072X 10"
bs 3.949576871 X102 2.477801578 X103 8. 770435968107 3.114570198 <103 5. 485650955 10* 3.096224488><10*
bs 3.952631340X10% 2.478603936 X103 2.045599559X10* 3.390316869X 107 9.727342349X 103 1. 069576718 X102
b7 9. 974222154 X10¢ 6.138514767X10° 1. 524868963 X 10° 1. 042364363 X107 6.879278612>X10° 5. 357530062X 107

F2 & Ar=max(Ar,Ay,Az)B, RE - M ERT 7 2EXHRLRE

Table 2 Optimized coefficients for 7-point scheme with different r, , r, values and Ar=max(Ax,Ay,Az)

r=1rn=1 r=1r=2 ri=1r,=3 r=2r=1 rn=2r,=2 r=2r;=3
o 1. 004275735 10° 1. 004623397 X 10° 1. 004688723 10° 1. 004498033 10° 1. 004760659 10° 1. 004824376 10°
e —1.999011439X10 % —2,382586170X10 3 —2, 45253336710 % —1,784218541X10 % —2,994787202X10 # —3,269041211X10
e; —1.506861133X107% —1,488553484X10% —1,490770355X 107 —1,687039517X10 % —2.237778229X 10" % —3,172625191X10*
e —1. 999008010 X103 —2, 382568736 X 10 % —2,452541420X107° —4.390504210>X10~* —5,310224808 X 10" —5, 474097443 X10"*
e 1.004275722 X 10° 1. 004623379 X 10° 1. 004688675 X 10° 1. 000394172 X 10° 1. 000904942 X 10° 1. 000971925 X 10°
e3 —1.506849620 X103 —1,488537842X10° —1.490786693X10"° —3.311167620X10"* —1.829372736>X10"* 5.026262215>X10°
dy —2.256187965>X107% —5,609976495X10"* —2.491079264X10"* —2.638821953X10"° —6.630236060X10"* —2.948678606><10*
ds  —2.256173180>X107% —5,609882033X10"* —2.491034346X10"* —1.010160725X10 % —1.494314961X10"* —6.583240051X10°
d; 1. 002989230 X 10° 1. 000748912 X 10° 1. 000336064 X 10° 1.003019306 X 10° 1.000744793 X 10° 1. 000333484 X 10°
by 4. 461539811 X102 5. 277420657 X102 5. 425156845X102 4. 960964443>X10"2 5. 852827273 X102 6.001945148<102
by 4, 461540291 X102 5.277418366 X102 5. 425156841 X102 1. 492746662 <10 ° 2. 206948637 X102 2.782939054 X102
b3 6. 608322747 X102 4. 161908378 X102 2.136882647X107° 6. 882268261 X102 5. 348910794 X102 2.873541820 X102
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Fig. 2 Normalized phase velocity curves for the ADM 27-point scheme (left column) and

our optimal 27-point scheme (right column)

Rows from top to bottom are for r;=1.0 and »,=1.0 (a,b), r1=1.0 and r,=2.0 (c.d), r1=1.0 and . =3.0 (e.D),
r1=2.0and r»=1.0 (g,h), r1=2.0 and r,=2.0 (i,j), r1=2.0 and r, =3.0 (k,1). The colorful curves denote the

different propagation directions. The ranges of propagation angles 0 and ¢ are both within [0,x/2] at an interval

of ©/20.
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Fig. 3 Normalized phase velocity curves for the classical 7-point scheme (left column) and

our optimal 27-point scheme (right column)

Rows from top to bottom are for 1 =1.0 and > =1.0 (a,b), r1=1.0 and r,=2.0 (c,d), 1 =1.0 and »=3.0 (e, D, =

2.0and =1.0 (g,h), 1 =2.0 and ,=2.0 (i,)), r1=2.0 and r.=3.0 (k,]). The colorful curves denote the different

propagation directions. The ranges of propagation angles § and ¢ are both within [0,7/2] at an interval of =/20.
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Fig. 4 Simulation results for ADM 27-point scheme. our optimal 27-point scheme and

analytical solution in homogenous media

Panel (a) and (b) are the wavefield snapshots of ADM 27-point scheme and our optimal 27-point scheme at £=0. 16 s

in the xoz plane at the y=480 m. Panel (¢) is the horizontal cross sections of snapshots at the depth of =480 m

comparing with analytical solution. Panel (d) is the vertical cross sections at the distance of x=480 m. The curves in

three different color represent the simulation waveforms for ADM 27-point scheme (blue), our optimal 27-point

scheme (red) and analytical solution (black).
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Fig.5 Simulation results for classical 7-point scheme. our optimal 7-point scheme and

analytical solution in homogenous media

Panel (a) and (b) are the wavefield snapshots of classical 7-point scheme and our optimal 7-point scheme (1 =1.0,

r2=1.0) at the same time in the xoz plane at the y=420 m. Panel (¢) is the horizontal cross sections of snapshots

at the depth of =420 m comparing with analytical solution. Panel (d) is the vertical cross sections at the distance of

=420 m. The curves in three different color represent the simulation waveforms for classical 7-point scheme (blue) ,

our optimal 7-point scheme (red) and analytical solution (black).
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Fig. 6 Simulation results for classical 7-point scheme (blue line), our optimal 7-point scheme (red line) and
analytical solution (black line) in homogenous media
The spatial intervals for two numerical methods are Ax=Ay=Az=10 m. Panel (a) are the horizontal waveforms along the
line of y=300 m, =300 m for three methods. Panel (b) are the vertical waveforms along the line of =300 m, y=300 m for

three methods.
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Fig. 7 Simulation results for classical 7-point scheme (blue line) , our optimal 7-point scheme (red line) and
analytical solution (black line) in homogenous media
The spatial intervals for two numerical method are Ax=Ay=Az=8 m. Panel (a) are the horizontal waveforms along the
line of y=240 m, =240 m for three methods. Panel (b) are the vertical waveforms along the line of x=240 m,y=240 m for

three methods.
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Fig. 8 Simulation results for classical 7-point scheme, our optimal 7-point scheme and
analytical solution in homogenous media
Panel (a) and (b) are the wavefield snapshots of classical 7-point scheme and our optimal 7-point scheme (r; =1.0, r,=2.0) at the
same time in the xoz plane at the y=420 m. Panel (c¢) is the horizontal cross sections of panel a and b at the depth of *=420 m
comparing with analytical solution. Panel (d) is the vertical cross sections at the distance of =420 m. The curves in three different

color represent the simulation waveforms for classical 7-point scheme (blue), our optimal 7-point scheme (red) and analytical solution (black).

MREIE. 7 M 2 Y 7 Gk R A B/ i 2L

2518 (ELAT I 20 IR 7 2R 2 /N I A A B 3
5 12,7 A TRATAAL 7 SR 8.8 4~
T 3D WAL RATE R T — RO B B DR 24 S T M BR A B R T
WE WG A7 3. T O e T DB FD O TAE 60 JA4E.

B BRIV RT L 4 A 3 RO AR S SR i Dz A 8 A AR
0 FLARAE ZR RO BT AR I FD B 141 A
AT AR AR A% S NPT s Ak T
W BATH AR B T AN [ 25 18] R R (8] BE L AR 20 K 27
SR T SR 2 PR Ak R B B S AR 4 BT R M S
B RIIBATH 27 fiks X5 ADM 27 4% :0A A1 )

B %

22 A% () SEBr b & — Pl Y 3D B R 3
ARZEIDE X LE T ADM 27 gitg UM Sy 7

A%
é\



1107

334 VIS - — i Ol Al f) 391 25 0 = 24 7 e A IR 22 20 AUy 1
100 250
(a)
275
£ 200 A
<
& 300
= 300
325
480"
360 240 360 480 M55
T-axjg, 120 120 240
S/m 00 y_axiS/m
7-point 27-point TDFD
0 0 0
120 120 120
= g &l
| = a5
= 240 £ 240 £ 240
L ] L
=) \ ’ [a] A \ ’
360 360 360
a 240 360 480 el 480 480 120 240 360
x-axis/m x-axis/m x-axis/m
1o} © —— TDFD |
—— 7-point
Q » .
g 0.5 —— 27-point
E-
g 0.0
-0.5F 5
0 120 240 360 480 0 120 240 360 480
x-axis/m Depth/m

9 AR AR 5 T L2 A B A B i) A 4 45 2R
FEFIR /N 480 m X480 mX 480 m, (a) FEEARTE R (bye,d) 402 R AA SR 7 itk 2,27 g% 2R o] 504 R 22 73
(TDFD) #4805 5 15045 B M 1L R — I %) v =240 m &b zoz 10 A AP HRIRIE s (e D 2352 37 TR IR B TEIR B == 240 m 4B YY
K- 75 il (4 B A B R RITE 2= 240 m A9 3 5 1] B9 R A 11 TR0 vl = 4 AN I 231 1% ol 28 40 300 % 1o AR SC I 7 ks =0 Gl (i 200
ARSCH) 27 AR (L2 UL TDFD Jy ik CRE I Z0 iR 45 51
Fig. 9 Simulation results for a two-layer model with a undulating interface using different numerical methods
The size of the model is 480 m>X 480 m <480 m. Panel (a) is the shape of the velocity interface. Panel (b,c,d) are the wavefield
snapshots for our optimal 7-point scheme, our optimal 27-point scheme and TDFD method at the same time in the xoz plane at the
y=240 m. Panel (e) is the horizontal cross sections of snapshots at the depth of 2=240 m. Panel { is the vertical cross sections at
the distance of x+=240 m. The three different color curves represent the simulation waveform for our optimal 7-point scheme (blue),

our optimal 27-point scheme (red) and analytical solution (black).
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