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Part One: The recurrent neural network

Part ONE: The recurrent neural network
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A recurrent neural network (RNN) is a class of artificial neural networks where
connections between nodes form a directed graph along a temporal sequence.
This allows it to exhibit temporal dynamic behavior.
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Forward network
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Backpropagation of the recurrent neural network
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Part TWO: Viscoelastic VTI full waveform inversion based on RNN

The constitutive relationship for the VTI viscoelastic media can be expressed as formula (1):

Y - — )
Tij = f?'-!'_.l'i!cl' FER = "-{*s_,i;.-a‘ * L] (1)

The expression for the viscoelastic stiffness parameter based on the GSLS framework
can be expressed as formula (2):

L - .
Cit)=C (1 > (1 - %) . r) o(t). (2)
Ii‘=] III"'II

,where C is the elastic modulus, L is the number of the relaxation scheme for the
viscoelastic media.

The time derivative of the relaxed stiffness parameter can be expressed as formula (3):

. ] — rC . - TS e\ .
C'=C (j Z (l — ;Tr) ¢ r-"Tﬂ') #t)+C (l — Z (l — “—{F) e “-‘Tm-) a(t). (3)
II!T-"II F=1 'I-f.-_I’ T,
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Thus the 2D viscoelastic VTI stiffness matrix is formula (4):

Chi Chy 0

1 1 -y 4
C’hH VTI — (fl_‘] (._-;g_'i_ {]' , ( )
() 0 'y
The stress velocity relationship between the stress and strain in the viscoelastic media can be expressed as (5)
":Jn' Ty {I?;l 1 P] 3 0 'r*}.' Uy
ho..| = [Crg Cys 0| = v, : (5)
e - 0 0 Oy s + Davy
When [ = 1 the stress in x direction can be expressed as equation (6):
f}! Ty = {;“Tlltr}.a"”.a' T h].’if}:'”: -
. Tf-ll . Tf-lii‘
FHRi—.Jl'I - [P“ ( r:'H )] ‘:’}--'."F:r'+ F]:iﬁ-i:l'i T [FH ( ‘:_H)] ”:T:: (6)
T!_H TFF '
Rg}cl and R,ff are the relaxation fields for parameter C;; and C;3 and can be expressed as (7) and (8):
- | . | Tou
RS = —;—-Hﬁi-f-l — —=-Ch ( ',;I-“ — 1) v, (7)
Tal Tal Tal
c L ey, L e (8)
! 13 13 -1 3 ! )
IJJR:: — ].-":I!Il--"r R:: — Tf—‘!l_]:ifalj; (T{E‘li'ﬂ — J.) szl' =
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Algorithm 1 Sequence of calculations in the viscoelastic VTI RNN cell

Input: Source: s, s.; Space partial derivative convolution kernel. k., k. k. k., time
step: dt. Stiffness parameters: ('11,03,051.0 4y,
Output: Update velocity field at t + % and stress fields at £ + 1
ot ol +s,
2: 0., 4 0., + 5 Add source into stress fields

Records

kke)/p Calculate space partial derivative for stresses Fields
D Py P dH(00l,) +dt(0.0t))

Iz

7
t+3 -3 : .
8 ve ® . T +dH(dol,) + di(d.0.) Update velocity fields
——975:!'—%:_—7‘111- ————————————————————————————————————————————
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e
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h P

- =

[ T P

o)

e T K o e e e e e e e e oo Calculate space partial derivative for velocity Anelastic VTI RNN

Cag
13: !TEII - CTL: + fff{(ﬁl;}??}i + |:Cl;; C.‘ili (T_‘::':_;):| E}:T]z}
Tari

. R
Oty + C1:~1R(:z‘"" + {Cl.‘-} (frr'ﬁ

ok

+
| |
e
r;‘i’_ﬂ

o

Ca4
) (&m+¢ﬂ% .
I SR w o ___._ Update stress fields_ _ _ _
. _Cn
17: ol Rﬁ;}‘ = — (1” Rf;.‘ ——Cn | &5 1) deta

19 f}ng;H = — IH RE?J'{ — _-.’T'ﬁcli _(é'ﬁ —1 t:jz'f 5
T Tl ol
~Claa
HMMW:—&MT—%Q{ﬁrlah
ol Tl Yot
. LY
210 HREM = — = ROV — Oy | S — l) (Dovy + dyvs) Update relaxation fields
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Acquisition 1 Acquisition 2 ¥ shot
V' Receiver
%% % % % % & &
VVVVVVV[;;:VVVJ VVVVVVY
Anelastic media Anelastic media

Surface acquisition Cross well acquisition
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Part TWO: Viscoelastic VTI full waveform inversion based on RNN

High order TV regularization misfit

‘I’f:;'alicll- Cis, Cas, Cuy, Q. Qey;, Qegy, Qeyy, ) =
1

E Dﬂ,m{cll' Cl'i' C'i"’n' C-i-l' chl' ch'i' Qc;i,'-'..: Qc.i.L} - De’.:'l!.l.":i |§+
HlllH_,rll {Cllj -+ flilif}ft {Cl-;] =+ ”[1 ‘;HII [IC;J,;\;} -+ fkrl-'illﬁj-g.-lic_l_i:l-l— Erist d TV lati
£Jell o~ . Jeld If;lr 33 fJedd . rist oraer regulation
ay Opy(Qeyy) + a7 Oy (Qegg) + a0 (Qegy) + oy Orr (Qeyy)
ﬂ‘jllT_,rll{Cllj—|‘ﬂ£1{T;L{C1-§]+ﬂ;HT;1[IC }+H}HTIH{C1LJ

ad M T (Qeyy) + o T (Qers) + af U Trv(Qess) + af ™ T (QC,, ).

} Second order TV regulation  (9)

Frist order TV regulation

n=1m=1 =1 m-=1
TVi((m)) =) > [Miwrj = Migl+ ) Y IMijan = Myl (10)
i=1l j=1 i=1 =1
Second order TV regulation
n—1m-=1 n—1m-=1
Z i = 2Mig A+ Mool + ) ) Mg —2M + M | (12)
i=1 j i=1 =1
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Part TWO: Viscoelastic VTI full waveform inversion based on RNN

(a) cl 1pred (GPa) (b) C44pred
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Part Three:
TTI full waveform inversion based on RNN
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‘s Part Three: TTI full waveform inversion

Most fractures are not vertically but with certain dips and azimuths, thus estimating the title angles along with the elastic
parameters are important for accurately invert the parameters.

For 2D TTI, the orientation of the anisotropic symmetry axis can be described using only the tilt angle.

Using bond transformation, the elasticity coefficients of TTI medium with any azimuths and dips can be transformed from
the constitutive coordinates to the Cartesian coordinates.

In Cartesian observation system, the elastic coefficient matrix of a TTI media can be expressed as:

Corr = My h’lrjcvfl'lh{[;fhi:{: (12)
where My and Mg can be expressed as:
C roscld 0 sinzg 0 —sin20 0 [ cos o sin‘g () 0 () —Stn2q]
0 1 0 () 0 ) sino cos*¢ 0 () () sin2g
sin? 0 cos0 0 sin20 0 M. — 0 : L0 0 0 (13)
Me=1| o ¢ 0 o5l 0 sind 0 0 0 cosp sing 0
Lein2 0 —Llsin26 0 cos20 0 () 0 ) —cosg cosg 0
. - 5 - —1sin2¢ —zxsin2¢0 0 0 0 0824
0 0 0 —sinfl 0 cosfl] - gSINep TSN cosze
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The stress velocity relationship can be expressed as:
Tpr = :Hll{Rllﬁll + Ry3Ch3) + Biz(R11Chs + Bi3Clag) + Rlﬁ{jﬁ.ﬁﬁlﬁ]?}:::

_[E-ﬁ-llf?ll + Ry3C3) By + (R0 + R3Cs3) Ry + Ifl.af-'.aﬁff:aa]f-'z;
+[(If11f"11 + B30 ) Rsy + (B Chs + B13C53) Rss + Hlﬁﬂiaﬁﬁﬁ]'ﬂ'u-;

(14)

Tzz = [{H:ﬂfjll T Rl:iﬁl.‘ijﬁll T+ 'LE':-SIE"IH + H:i:ifj:i:a}f?l:-'. an Hiiﬁ('rﬁﬁﬁlﬁ:'r::.a
‘|‘['1R:-'.1C11 + Ry f:'1:-s]R:a1 T {Rrﬂf?lr-} + Ry43C54) Ry + R35Css R :m] Uy
‘|‘:{R:¢1ﬂ'11 + Ha3Ch3 ) Hay + (Hs Oy + RasClg ) Has + Rfiﬁ{?ﬁ.ﬁﬁ.ﬁﬁ]'rrz

(15)

Tps = [EHSI{-_"H + Ry3C :-s_”?u T {Rﬂl(-’fl.‘-] + Ra3Clas) Hyg + RaChs i 15] U
+:{R51(j11 + R53C13) Rar + (R51C13 + FR53Cs3) Rag + R.aﬁfjﬁﬁﬁ:m:?‘;:
+[{R51f?11 + Ra3Ch3) Bay + (H5Chs + RasClys ) Ras + Ifﬁﬁ{-_'rﬁﬁffﬁi]f-':::

(16)

R is the rotation matrix and each element of R can be expressed as:
Ry Ry Rys cos ocostl  costosinl cos®osin2f

R = I‘J};ﬂ Rj-]:-; R;m = .‘-i'.’:'ﬂ.gfal {ZF_JHEIH sin26 , (17)

ssir2H s sin2i 'y
-E.;"rl R:’::‘S R":"r r-e'.:'.l-l'.I;t."l i rni.?-;.lu t’.’ﬂa‘il.'_:?t'ﬂ."ijﬁ
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Conclusions :

® RNN is a powerful tool for seismic inversion problem.

® Attenuation, azimuth title angle have influence in the inversion results and
should be considered into full waveform inversion

® \With automatic gradient method, gradient based on complex misfits can be

calculated
Future study:

@ Incorporate more data drive methods to mitigate modeling error problems.

® As we can now calculate more complex misfits for the inversion, we will search for
more suitable misfits more FWI that may suffer less from issues like local
minimum.

® Finding new parameterizations with less cross talk
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