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*The importance of forward modeling:
|.It can be used to generate synthetic seismograms with the acquired seismic data
2.To develop models addressing the problems of structure and stratigraphy during
the interpretation of seismic data
3.To simulate the seismic response that would occur if the target objectives were

met
4. ..

Recording Unit

Receivers

* http://www.arcis.com/Satinder/PDFs/INTRODUCTION%20TO%20TLE%20SPECIAL%20SECTIONS/Intro_Seismic_Modeling TLE_May09.pdf
[figures]: http://www.tgs.com/geophysical/onshore-seismic-data/seismic-acquisition-basics.aspx

Monday, February 18, 13


http://www.arcis.com/Satinder/PDFs/INTRODUCTION%20TO%20TLE%20SPECIAL%20SECTIONS/Intro_Seismic_Modeling_TLE_May09.pdf
http://www.arcis.com/Satinder/PDFs/INTRODUCTION%20TO%20TLE%20SPECIAL%20SECTIONS/Intro_Seismic_Modeling_TLE_May09.pdf
http://www.tgs.com/geophysical/onshore-seismic-data/seismic-acquisition-basics.aspx
http://www.tgs.com/geophysical/onshore-seismic-data/seismic-acquisition-basics.aspx

The wave propagation problem (forward modeling)

Wave Equation:
1

C2

Initial Condition

c’)_U
ot

Uee(t, X) — 72U(t,X) =0 te|0,T],Xel0,X]xI0,Y]x[0,Z]

1 X= (53,8

(OaX) = 0, U(O’X) = { 0 else

Boundary Condition

UO0,X)=0if x=0o0r X,y=0o0r Y,z=00r Z
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+ + +

Finite difference scheme(2-4) and corresponding stencil codes for the elastic wave

equation

1 U(t+At,X)—-2U(t, X)-rU(t At,X)
c? At?

(532 + 3502 + 322 U(t, X)
sazz(U(t, x + Ax,y, z) + U(t,x — Ax,y, 2))
ﬁf(U(t,x,y+Ay,Z)+ U(t,x,y — Ay, z))
3T45(U(t x,¥,2 + Bz) + U(t,x,y,z — Az))
=4 —L_(U(t,x +20x,y,2) + U(t,x — 2Ax, y, 2))
W(U(t’x’y +2Ay,z) + U(t,x,y — 24y, z))

ﬁf(U(t,x,y, z+2Az)+ U(t,x,y,z — 2Az))

U_out[k][j][1]

U_in[i][j][]

U _out[i][j][K]

C

C

C

= -U_out[k][j][1]
c[0]+U_in[k][j1[i]

0
1
4

U(t,i* Ax,j*x Ay, k x Az)
U(t — At,i*x Ax,j* Ay, k *x Az)

2
At (2A 2 +2Ay +2Az§)+2

2 2 2
4At C[2] ;ﬁ; ,C[3] 4At
i 2 . O
122;§’C[5] = 12?;;5":[6] = 12ﬁtz’¢s

+ 4+ + + + + +

c[31x(U_in[k+11[3j]1[1]+U_1in[k-1]1[3]1[1])
c[2]x(U_in[k][j+1]1[1]+U_in[k][j-11[1])
c[1]1x(U_in[k][j1[1+1]+U_in[k][j]1[1-1])
c[6]x(U_in[k+2][j1[i]+U_in[k-2]1[j]1[4i])
c[51x(U_in[k][j+2]1[1]+U_1in[k][j-2]1[1])

c[4]*x(U_in[k][j1[i+2]+U_in[k][j][1-2]);
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Stencil sweep in terms of planes

for(k = start;k <= end;k++)

for(j

= 1;j
for(i

< ny;j++)
= 1;i < nx; i++)

U_out[k][j1[1] = —U_out[k][j][1i]

-+

+ 4+ + + + +

AN 4/

c[0]xU_in[k][j][il]
c[31x(U_in[k+1]1[j1[1]1+U_in[k-1]1[j]1[1])
c[2]x(U_in[k][j+1]1[1]1+U_in[k][j-1]1[1])
c[1]x(U_in[k]I[j1[1+1]+U_in[k][j]1[1i-1])
c[6]x(U_in[k+2][j]1[1]1+U_in[k-2]1[3]1[1])
c[51x(U_in[k][j+2]1[1]1+U_in[k][j-2]1[1])
cl[4]1*x(U_in[k]l[j1[1+2]+U_in[k]1[j]1[1-2]1);

U_out[k][]I[] U in[k-2:k+2][]1[]

L/

s ¢

Stencil Order = 2

k
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Naive Implementation

@ vu_outikl[1[1 A U_in[K][][]

?AAAA

U_in[0][][]

http://blog.stuffedcow.net/2013/01/ivb-cache-replacement/
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Naive Implementation
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?AAAAAA ......

U_in[0][][]

http://blog.stuffedcow.net/2013/01/ivb-cache-replacement/
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Naive Implementation
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?AAAAAA """ AAA?

U_in[0][][] U_in[END]J[][]

http://blog.stuffedcow.net/2013/01/ivb-cache-replacement/
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g
—->p @

http://blog.stuffedcow.net/2013/01/ivb-cache-replacement/
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Naive Implementation
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?AAAAAA """ A
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> O
—->p @
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Naive Implementation

@ vu_outikl[1[1 A U_in[K][][]

000000 Q000
?AAAAAA """ AAA?
U_in[@][][] U_in[END][1[]

How can | further speed up the code!?
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Naive Implementation

@ vu_outikl[1[1 A U_in[K][][]

000
?AAAAAA """ AAA?

U_in[0][][] U_in[END]J[][]

T T | Accessing Time: L1, L2, L3 < 50 CPU cycles
RAM 200~250 CPU cycles

SR Cache Replacement Policy (FIFO, LFU)
L3 cache size is |2MB* shared by 6 cores in
one Westmere node(DAVinCl, Rice U)

cy (CPU

Consider the array size is 260%260%*260

: } 121 0"6/4/(260%260) = 44.379 (using float)
It implies that at most 22 planes of each
data array can be inserted into the cache.

* http://www.cpu-world.com/sspec/Q4/Q4EN.html

http://blog.stuffedcow.net/2013/01/ivb-cache-replacement/
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Naive Implementation

@ vu_outikl[1[1 A U_in[K][][]

.
Q00000

AAAAAA
4

U_in[0][][]

23 )

cyel

clock

PU

Random accass latancy (C

P P

T

i
3
131072
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4194304

Q000
M.AAA?

U_in[END][]1[]

Accessing Time: L1, L2, L3 < 50 CPU cycles
RAM 200~250 CPU cycles

Cache Replacement Policy (FIFO, LFU)
L3 cache size is |2MB* shared by 6 cores in
one Westmere node(DAVinCl, Rice U)

Consider the array size is 260%260%260

121 0"6/4/(260%260) = 44.379 (using float)
It implies that at most 22 planes of each
data array can be inserted into the cache.

* http://www.cpu-world.com/sspec/Q4/Q4EN.html
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Naive Implementation

@ vu_outikl[1[1 A U_in[K][][]

-

0000
AAAAAAA T AAAA
|

T~ \

U_in[0][][]

Random access

266 | M

i
| vy
o)
-
™
-
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The Time-Skewing Approach

Time skewing is an optimization that can be used to optimize certain regular scientific codes
for machines vastly outperforms the memory systems.

http://www.haverford.edu/computerscience/faculty/davew/cache-opt/cache-opt.html

Hall-Clock Execution Time for 4.0e+10 Operations as a Function of Array Size

/

¢.04

2.12

*In the acquisition design studies for

legend

N |..  subsalt imaging, the computational
e model has 640%640%400 grid points. For

ine

the vector acoustic method, 14 3D
arrays(approximately 10 GB of

: addressable memory) is required.

* John T. Etgen, Michael J. OBrien, Computational methods for large-scale 3D
acoustic finite-difference modeling: a tutorial. Geophysics 72 (2007)

+
MFLOPS

- 10
tr - SM223SM230.
i R — / &3
# 24
19000 P | . . ah - A P N - ad A A ol . A ah a0
129 Lo0e 10000 igQenn le+de les/”

Domain Decomposition!?

If high-speed communication among processors is possible, the approach has the merit.
Drawbacks: complicated language, increasing the probability of failure

Monday, February 18, 13


http://www.haverford.edu/computerscience/faculty/davew/cache-opt/cache-opt.html
http://www.haverford.edu/computerscience/faculty/davew/cache-opt/cache-opt.html

Time-Skewing Approach Description(5 steps, tile size = 4)

@ U_outlkI[I[] A U_in[KI[][]
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stepl
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Time-Skewing Approach Description(5 steps, tile size = 4)

@ U_outlkI[I[] A U_in[KI[][]

stepl . .

O
stepod ? A A

U_out[@][]1[]

000
AAAAAAAAA
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Time-Skewing Approach Description(5 steps, tile size = 4)

@ U_outlkI[I[] A U_in[KI[][]

step2
strl QO OO0 0000O
stepd A A A AAAAAAAAA

t

U_out[0][]1[]
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Time-Skewing Approach Description(5 steps, tile size = 4)
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Time-Skewing Approach Description(5 steps, tile size = 4)

@ U_outlkI[I[] A U_in[KI[][]

step3

ste2 A A A A A A A A

strl] QO OO0 00000O0

stepo ?AAAAAAAAAAA
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Time-Skewing Approach Description(5 steps, tile size = 4)

@ U_outlkI[I[] A U_in[KI[][]

ste;3 QO O0O0O0O0

stz A AAAAAAA

strl QOO0 0000000

stepo ?AAAAAAAAAAA

U_out[@][]1[]
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Time-Skewing Approach Description(5 steps, tile size = 4)

@ U_outlkI[I[] A U_in[KI[][]

step4

step3 QO OO0OO0O0

stez. A AAAAAAA

stol QO O0OO000000O0

stepo ?AAAAAAAAAAA

U_out[@][]1[]
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Time-Skewing Approach Description(5 steps, tile size = 4)
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stepd A A A A
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stez. A A AAAAAA
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Time-Skewing Approach Description(5 steps, tile size = 4)

@ U outkI[1[l A U_in[kI[1[]

stepd @AA&

step3 OOOOO@

stei2 AAAAN A A A

ster1 @@ OO@OOD O O O
mw?AAAAAAA@AA@

U_out[@][]1[]
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Time-Skewing Approach Description(5 steps, tile size = 4)

@ U outkI[1[l A U_in[kI[1[]
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Time-Skewing Approach Description(5 steps, tile size = 4)
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Time-Skewing Approach Description(5 steps, tile size = 4)
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Time-Skewing Approach Description(5 steps, tile size = 4)

@ U outkI[1[l A U_in[kI[1[]

step4 @AA&A

ste;3 QOO0 OO0

stez AAAANLAAAA
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mw?AAAAAAA@AA@A
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Time-Skewing Approach Description(5 steps, tile size = 4)

@ U outkI[1[l A U_in[kI[1[]

step5

step4

step3

step2

stepl

> QD> O
> @ >O)> 0O
> Q> O
> QO[>
> @O
»O> 0

> O>
> @ >

4

> @

stepod

- @ > O

U_out[@][]1[]
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Time-Skewing Approach Description(5 steps, tile size = 4)

@ U outkI[1[l A U_in[kI[1[]

step5

step4

step3

step2

stepl

> QD> O
> @ D> OO
> Q@ >O)>
> o> O>
>0

> @O

> O)>

p O

> ®
4©)

stepod

- Q> 0OD

U_out[@][]1[]
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Time-Skewing Approach Description(5 steps, tile size = 4)

‘ U_out[k][][]

step5

A U in[k][1I]

step4

step3

stepl
stepod

A
O
step2 /\
O
A
t

U_out[0][]1[]

Monday, February 18, 13



Time-Skewing Approach Description(5 steps, tile size = 4)

‘ U_out[k][][]

step5

A U in[k][1I]

step4

step3

stepl
stepod

A
O
step2 /\
O
A
t

U_out[0][]1[]

Monday, February 18, 13



Time-Skewing Approach Description(5 steps, tile size = 4)

‘ U_out[k][][]

step5

A U in[k][1I]

step4

step3

stepl
stepod

A
O
step2 /\
O
A
t

U_out[0][]1[]

Monday, February 18, 13



Time-Skewing Approach Description(5 steps, tile size = 4)
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Time-Skewing Approach Description(5 steps, tile size = 4)

@ U_out[kI[1[]

step5

A U_in[k1[1[]

step4

step3

stepl
stepod

A
O
step2  /\
O
A
)
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Time-Skewing Approach Description(5 steps, tile size = 4)

@ U_out[kI[1[]

A U_in[k1[1[]

step5 O O

stepd  /\ @ A /A @ A

ste;3 QOO0 OO OO

stz A AAAANAAANA

ster] Q@ OO0 OO O@®
mw?AAAAAAAA@AA@

U_out[@][]1[]

>
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Time-Skewing Approach Description(5 steps, tile size = 4)
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Time-Skewing Approach Description(5 steps, tile size = 4)

@ U_outlkI[I[] A U_in[KI[][]

step> O O

stepd A\ A @ A /A &

ste3 QOO0 OO0

stz AAAAAAL AAN)

ster] Q@O OQOOOO0 O OO
mw?AAAAAAAAA@AA®
U_out[0][]1[]

stepd /\ /\ /\ /\

ste;3 O O OOO0O0O
step2 /\/\/\/\/\/\/\/\

strl QQO0OO000000O
sterd A AAAAAAAAAAA
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Time-Skewing Approach Description(5 steps, tile size = 4)
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Time-Skewing Approach Description(5 steps, tile size = 4)
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Time-Skewing Approach Description(5 steps, tile size = 4)
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Time-Skewing Approach Analysis

TS denotes the number of time steps performed in one iteration described in the previous
slide

The number of planes expected in cache (cache_sizel + cache_size2): 4°TS + 8
(4*TS + 8)*2607260*4 <= [2*10"6 implies TS <= 9.0947

Comparing with the naive code

Time-skewing: 2 loads + 2 stores produces TS iterations
Naive: 2*TS loads + 2*TS stores produces TS iterations
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Future Research:

|. Perform experiments with stencil codes of higher order (Finite difference scheme with
higher spatial error order)

2.Work out a method to deduce the optimal tile size and time step without the need to
do the experiments

3. Integrate onto IWAVE package to enhance its computation capability of the stencil
kernel.

4. Modifications for the codes if the coefficients are not constant or changing between
two time steps.

5...

Thanks! Suggestions!?
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