' CREWES

Elastic FWI in the P/S domain

sensitivities and rock physics parameterizations

Kris Innanen

Computational Issues in Oil Field Applications

Workshop II: Full Waveform Inversion and Velocity Analysis
IPAM, UCLA, Los Angeles, CA

May 2 2017

=2 UNIVERSITY OF

&%) CALGARY



 P-, S- domain and standard multicomponent methods
« Elastic FWI formulation in the P-, S-domain

¥ ‘

§ - & 4! 2 g o S
SSY(;\T a N Hy @ 1) H,‘r(_x,x) H,‘&(‘A’,x ) g+()
§5u(R) | = A &S BB He & E) || 9,6)

! SS((&) 1\ \S i H(*l (j:i‘, Hv,(_'i,i') H({ kX ) - _3t({\ |

Features of (2D) PP, PS, and “joint” PP-PS FWI
P/S FWI and AVO relationships

Un-accounted for sensitivities
Re-parameterizing for rock physics FWI



P / S wWave dow\.q'w\

The Sewed asSuuftioM COACEMING Wave

BICTQM ?foeo\gach..w\ o\v\d Sc.n:k’(eﬂ'm} that oe
Mﬂ‘-de— W\ N\u.l{;c_oM?vm,d\,& ?{ouss"v\%, ""I\b

FEI '\N(’O""l'.cul\{. ?/S dmomros'\sm is.



? / S Wave dow\.q'w\

The Sewed MSuuftioM COACEMING Wave

chr uM ?~(o€o\30¢:od\ o\v\d Scn.‘k’(cﬁh} ﬂ/\q:b ov'e
we— W\ Mulﬁc_oM?de\.{ ?{061461'/\%, ’\"I\b

FEI '\W\(’O""t&l\{. ?/S d@ComroleM is.

e while cuveeal medal ecate s smooth (e.g., Qa‘f(\/
';-kgra.k\‘ons)' 4>/ q} a¥e {«V\?lu ‘“Aa.r\' 'Jt
o fcuo\s'c-cv\:—kiu (skqﬁcs/“mv-sw‘ﬁau., wauelet ) may
make 50,‘:0\0‘&& treatwmenat of P, S, efc Qn-kmb\e,
® a\’c\\ou;\\ W \M.’tc.d'o%e«eouc medies ¥ / S wodes u,u‘,le_,
Sie\d date <uppoets inergcetafion oF f /Sy [Sw
?Co?a%q‘é% %‘m‘.".‘"\dq“dmjdl‘
© Sv\?fof&s a\u.(e.b W‘\d‘f‘“&kay\d:l\i o&' Wi beha yiownt .



u{\-&v\daf& ’ Mm\kic.omfol\e—w“{ ‘?ea..“:hg 4. ‘N\k(‘p\:.-\oc\"{.w

Stewoack o 0&.) 2001, GCOY\rs:cS £33 134%- 13C3,
“wdaci_e_ & q.\., ’)@\%, on‘,k..lg:c‘k ReSerence deries [3' SEG .

Mb\\\\'umfu\u\t eurvSe - time mica_m'b.cn /ms&c dcum‘,os.ﬁb’om

and McMechan 198%, Qeophysies Se (305 -133S

C“\\v\}
1S15- (S18

SM,V\ Qo\. “\-, ’_Dbl’ Qeg?kys:og LQ
Dellingese and Edgen, 1770, Greophysics 55 T4~ T

Vector veconstcuchion of mM\HCom\oonu\.’( s'\s_v\a.\s
Shoqton and chc.k:’ %o\, ch?k76t¢$ I8 VI3i-Vi14S

P’\u\'\-icsmrom.q{ dastie Bl
Opetke ek al., Ao13, The quo\ing Edme., |o4 o= |05 4

L‘" and ve§s w(-\’k'm)



s D] [ [He®E) H G Ay G Tget)]
. ' o 4
Ss/‘(i\ = | dw H,,c‘({j') H,‘r(i’,i) H,.{(x,{') 2 %)
_ SS(M_\ R v &) HepRE) H(((f,i’)‘ —%m.
~ (x\/) T
f =[50, ) Py
8? (wi S?SS (XV) mausutec\ A dotra
| OVse = / L/?\’?‘v\:&“‘
= ? (xv) - Q (xv) &ﬁ Aato
S\).(F AP “p
W v
£,f =t
M'\Mmifbe, = ex?e.dn\u\'\—u\
R :
= e} SP S g vasiao\es
C'> -’1 g i V (\c% , \‘s‘ w)

|

(e.ye.“uﬂ



NG (xv)
VSxx,

O N—
T

i .
W) 36,0 | [ %8, ) 58 ) Z
3y (x,2) : -£ te }sx(x,;) ;Sx("'ﬂ

v | X
msv(‘“ﬁ VGO st?(*‘ﬂ %?“(XV)

WouxD Vsl
j" — L - J

]
)= T () \ [ G for Gowss- Newton
H«Yb‘}‘x‘t) - XV t{i (bG - )( _—’,)i u?da’tes .

T (x }S‘( 2
%

—




’DG,&(, (xv) )

?s,(x, )






o
L >
)ﬂ-l ax‘;

e
.—-——‘ L g 5{ * W(“’:

s, = 55(x2) = Y(x2),  sp= plor),

[a] 18]

'B,‘(sv-?.f.»/,.\}2 YA |

WSy * % 5,3«2

3.&(57- 7.5,.\'5,‘ + ’a,‘ ‘,A}'{

so) 0‘%1 XDS‘;*Q-/AQ,‘

5( = ((x,;\

%,“x

'}‘& 57}1 ¢ \xsf»)x o




I,:rao?i YWwe O o= \DPS.+tLpe;
Y g T QR I AR
1)

Sy = sy(x2) = YD, su= m,), s =

<21 (3]

( = ‘}; 57)‘ + }% 5,‘}% %x(s‘(’l‘-‘/ﬁ\ ‘}} + };‘r}x | © 2
. wsg

31(57'25/*\3::* 3%‘/«}\ '}157}1‘ \*sf‘}" e

For conshut sy, Spe, Sgo K =L, where

!
LO = | sye ¥ ¢ S,n}l"' * w“g(. (sg.- 29 RIS 5""31}‘ i

2+
(sge'lsfo) }'t}" + 5ro %y’bt S.“,}: + 6,,,0\, ¥ V“sto

C—



‘i’ % . L'i, (30 : &-0‘ ’ Hher (dcs-é‘nn\a 0= Kb_'(")

Sg° GG * §09 - 909
N
Scatbesing /LS.

ELW

S O Cofwu\ie_c\,{ s{-:.P 'bbwo...rc!,s caa\e,wl‘o\’(,\'ng se.nci-\'i\:{\"?cs ;

2 . "‘
r,)x S;,,}x + W, Ssr}% rw 55( \X(Sst-lss’ﬂ)} ‘); 5’,.'3,

<

'}-;Q‘S, 31 ¥ ), 59,,.\* ¥ ow 35(

o

3y (§5,-1 850+ % S0 22
L

wheee Ssx = Sylx,3) - Sy, ete.



ecom osih o ,_ e :
,):D HC\M‘\.“3 J ? r'a bj %aq’l 'aa n
‘; q’ ¥ '}t*)\ ")xq)z
: 4
L}ﬂ’t L‘),q'a*‘}.a x |
XY | |

. L
[ w, ‘ "V*d,*%“_‘_ -




1

’):D Hd"“““3 de c.om?°sz‘\'r:6\~ :

| A | 3& 6_ -~ r'a,‘ 6 ) ‘33%- 'B;\*n
- X -
Uy | = + Uxy M ¥ ')% %
L “‘
- | % 4’,\ LR A N




’):D Hd"“““3 de c.om?°sz‘\'r:6\~ :

but  weth

4 4 Jue P}/M»
AR [ ¥ PO NP
L}W“‘ R ‘}‘a%,
g=lo, 40T ad B =0
RAAESA w1 [ -
L:d’\* L';:‘\' | ) LA L% ?x“‘\"}

N

MR

& ¢.q., Stolt & Weglein 2017,



The T opevortor Aiazov\c\\:y_s Lo :

CL, = WL 0

w
wheve 7, = |H @ and L., = .7:4,\7
o Mo

anch V;; : \J"/(", Vso * /"/Q’ :

Tkg_ :NM('SC-‘ °§ "K&(, d‘ﬂ\en-\'} 08 l’o
wwolue  Geen's  Tunchions gatis §ying

[V‘L* %::]G\f. (x,%,K""\ = S(k"x.) S(%‘t'.)
[Vm*r f., ]Gy.(x,%. W 2) = §(x- XY S(2-2)
VSo

O
% 3
2,9
V.‘m




10 “\“ demaia e 5&‘\““"‘\'\% eiuocb“m 14

$G.e (x+) SG“(W)
S NN

vavi alNow will
be wi.t. mode- ‘)r«e_mei
cnd mod ¢ - convteied

§iatds

| .G o(xy, "','i-') o |
§ Gop (X0 §G o) : S " ¢

| O Gse (XY, X3y

| I
|

V (X-‘, t' )

w

conveaient, mode ~
decom resc.d

-qp. (I‘-' 2' XV\ (o

| © Qs.(x'z' XV)

N

oy

-

o SeurCR ond\
cCcewvee <$ide

J



.I_t\ “\C( demaia e 5C‘\.ﬂ“f|'\% eiuocb“m 14

$ Qop XV gg“(xo)

$G.e (x+) SG“(W)
S NN

vavi alNow will

-.Sa;a-;

Gro(*y,xn) © ]

| O Gse (XY, X3y

| I
|

V (X-‘, t' )

w

conveaient, mode ~

be wi.t. mode- ‘)r«e_mei
cnd mod ¢ - convteied

§iatds

Sti\\ e e done :

decem resc.d

-qp. (I‘-' 2' XV\ (o

| © Qs.(x'z' XV)

N

oy

-

o SeurCR ond\
cCcewvee <$ide

J



10 '&\\‘( demaia e $C‘\.ﬂ"f\'\% eiu_ocb“m 14

) " l" T ~ ' ~
SQp 1) $Go) | “&:&t Gro(,Xx) © G &2 xv) o

$Gyq (x) §Gc(x)

| O G\so( XY, %, Y ] o ePRNY )

-

oS : lent e ~ V"
vaviaNon will conveaent, mede .
dacem pssed ors s'w and
f cecelvee <ide

be wi.t. mode- ‘)r«e_mei
cnd mod ¢ - convteied

S;a..\‘ls
ctill te be done : Foem of VI

WNe \\avc I, ‘t\qno‘ %g_ Aisv\qcc.mc.w{ 'O, qv\o\ 40

Viga) = T0 xa) T 0 (323
A
g But, be %uﬁde& w aed dc?s bug_
'\“\b ConNULAIENCRL o% ‘Q S-»(" e.‘.) 1‘¢.~‘9amm€k(:3qﬁo~



\v\-\t.g_rah\.} \,.3 ‘mds t wmove dhe o‘n.va,\-avg 053 ')
T

= ' | " G,,(Y-V‘x"g') 0 1! fr\-]ﬁ‘l:q%({oz',x\l) o 7
SG\(%V> ‘\‘ [d“‘z [W (O G\s.(X",x',t'))X(xx't) t

Yowt + ‘s e

/ o Yo Guleiain)
L MoV J

we can hen use

£

-
- - Los ' (

la) | 0 Sslua) ¢ U o, l2)d 288 naNd 3, [ 85,020~ L5 ]y ¢ 3, 55,00,

(x2)3,
_J

% 85, (s,0) -7.ss,,(¥,;)]3x R LA RN wa8sln) ¢ N, F DY, Y, S5
L

Not yd'- an c.x?rc_ss'.m Soe Sus’.'liv:{Iesl becowse :

o ?o.-r‘tw\oat;o'\s n all 3 rq.mmé@‘(s are
S’\mwl\:am“s(& acc.ommoelq{-tc{;

e ‘:e_'\"l:ui'\)ed-.\ol\; ace d\it\:\bv\ka W) 6?@0— .



To 9et at  Teal sensrbivities ) grocedure
v set SS Is S’U" 2 t.to?g.c'b.cs ta jeco
« seb cuncceak %sx(ﬁ:t'X 4o Ssx(x,ﬂ S(X”")S("‘tl)

T\r__\:.q Sind the (%Y ocdec coefficieat Fer  ¥s,(x2) -

. XV = kg,ks w : .
\ntevrim  vesults ( ) X )R s contaiming

\.\c."?\v\s deciyatves m’c\'az

w ¥ q ’
‘}Q(ks.ka. ) - - q‘— \’“ “’Xclﬁ N Q?O R qSo .
Vsy(x,2)

Wk, gL G - G |5 G
o ?Sr(x,a '
X & o]w.:g,c.e, 3G
ol

‘}Q(k?k"“\ = —C " _XG o
WS (¥ 2) /‘ % .G \ﬁ: %, Gen

&t - Y’ \’bxG\e- ‘eG\eox e P
o W "}QQSo ,q“




v o \ﬂomota ALOLLS

ge. ( \C.’,o,x"l'w\ =

Gf'(%l%o k‘polw)

QSo(\‘z 0%, Y, "’)

Grse (220 K, 0, w)

de«um

b el
.
k -
& o
-—
1(’\)}
g
. (kf'f
&
29
)s -
cks ¥
& .
13%}
ot § S
ckeoX




Avp\\a:n; fhe deviyabues 4 uocu‘%!\\'ﬁ .

? G(“g."-s.“) C L2 C\f
sylx,2) . ‘,l \ ] ¢
= \ k; Geo °; Gye t 1 ":‘_f(::-::‘ k: QQ. )’%‘;’ ks Qe
\‘3%659 'kg*l,’c\u v\ -\%._.“‘" 0‘: G‘. —Y;::“‘_ WeVls Gso

= [Gr(kyox2) © K;‘f K':‘ Grolx x ks0) O
o q,.(k,on)\sd, K':.] 0 Galrrkso)
which ‘\Mou}"\ shoun For the MOMO}OJ\QOKS case,
helds "\‘“““U. well o SMoo“\(l-vatg_?v\a kz.\-uoau\eous media .



Gy ks )
'}s,(x,%)

‘}G(\‘g k, “) _
'\s,,(x,%.\ ]

(o]

')Q(“jk: '-’)- [

’bst(x, Y o

[ Ges

o |

~G Po

G'D

Gso

J

o |

[
™

-K"'O

L o GS‘o

O

o T kee Cied> &>

o ] )

Gte
ollo Gso

(e (k&P K;'(i:xt:WTKe'. °

K (kIxkp) g (3 F5)

bV
s

o Gs

Ko (R

LGRS CRAN M GRS (*HY

\

e
ks
-
% o
k ’\/: ]
r 4 \" |

o
]

-t

ch 0-‘
o &




 P-, S- domain and standard multicomponent methods v/
 Elastic FWI formulation in the P-, S-domain v

¥ ‘

§ - & 4! 2 g o S
SSY(;\T a N Hy @ 1) H,‘r(_x,x) H,‘&(‘A’,x ) g+()
§5u(R) | = A &S BB He & E) || 9,6)

! SS((&) 1\ \S i H(*l (zli‘, Hv,(_'i,i') H({ kX ) - _3t({\ |

Features of (2D) PP, PS, and “joint” PP-PS FWI
P/S FWI and AVO relationships

Un-accounted for sensitivities
Re-parameterizing for rock physics FWI



[ i K,
bs _
Ke S <, :z,/‘ 5 -
7 . "
\:3 ks P \‘: $
¢
YQ/I I I \
v . i !
|
-\ ,{ -r _
(- R ke skl

-1 Mo . v B
K:c = -8 (Yovpe) sin®  Kes© -'L(r.Vg.,\ (\ _b)sn

vi.
2 -\ . . P = -~ -\ - 8 ,‘“1-¢
K:f -3 —')..(‘(OV{.) K‘* %°\S\ﬂe’ Kss (r.vs.) {\ S -l
§ ¢ -! \Y wO
' . - : \ 2 S\n
Kee = % (4- Lsh®) | Koo = p ( v \oe )

Vco

K';? = Y:. (\i’.)(\ v !ﬂ’) sn9, Kg‘ : ,,'o‘ (\ ~ '2.".-:'@)

Vo Voo



“L Yagqlst ) g?:(, (k. ks, )

kg, ISy (%)




—t }Cq*?(kj,\‘s ) g?&f “‘3 ks, W )

ky,w DS (%, 2

/\,é(t) = io 2ee

?\e(F K"f W("’\ P) S(?: T, ) Lo

), ete.

~ (ka \‘s\ “‘“kf

nwws w M %"




—t '}C—HP(\‘),\% ) s?.Lf “‘3 ks, W )

ky,w DS (%, 2

/\é(z) = io 2ee

?\e(F K.‘? W("’\ (’) S(?i T, ) Lo

ke

o (82K, (ki ke),

3 %
«

o it 9 T Vet

4 cosg Co;i
a(xz)‘53W Xy, V, N,
o L Ree Kpp = & Res Kes & 5

+ k‘ c.{?e “?e‘“¢

~ 3



(wTs, PATR) Shh-2)

L(NTS,1>'=~M) S(x-2)

J(\NT S, DATA) Se-2.) 1

=147

P ]

\/T’
%

d

TwiS Sta-2) o0 (Wi9) - [ 8y SlE-2) )
. ¥ Sl-2)
(w-rs)%(x ) (W) Gh-2) ) L‘Ss( s(@-a )..
e S
wize) ﬁs



Case 1: PP data only

r

e [k Téx ek
‘Z:- Kﬂ’ K“’ 9: ' rr ©s e " e'.:l ‘
6= " N
N N M < _N,. M M &
r Koo K s
v ¢ R B
E Rae ¥ort E Keo KP? é'_:‘K“K'? = K?? j L%SQ J
A 9:\
- L\/"\/ —
(N)
L-\’\’ Aet L_‘,?(\\ = o



Case 2: “Joint” PP-PS data

— ~ N v ] r j
v ¥ A Y Koo K 7; Ker \<g o5,
g; Reckr, E:‘Kw 7; pp Kot Kz ep Sep

N
T Rekrp tReckey | LK?:K" L(Kv\"’ kﬂ*) Z:(.Kr(’ R*Ksrkﬂ\ %3,
oo, P eosp oy o,

v 3 ¢ LA ¥ & roC P
Le:“ ‘_\ Le""‘ =" CER -
_/
\/’_—\K'

Lepps (V) _

c\(k Lﬂ:-ys('z—\ "" ©



Case 3: PS data only

pu—

O

e‘.‘.l

g

Lo:—\

"N
L Ry Ko

y ¢
T Re ¢

.

"

J

1 4
Comes qSoow\, bguu_{g K‘f = K?S -

\°¢..)

on '“g'

L

o

?— 'h" S' S--to—?'

O ar

g

ra

and. S-t6-S meodes.

95, |

s, |

/A

o

$5¢

r -
K¢ = ©

-

o ?r.ftw"boeh'on w X has ne Wwfluencw

)



 P-, S- domain and standard multicomponent methods v/
 Elastic FWI formulation in the P-, S-domain v

¥ ‘

§ - & 4! 2 g o S
SSY(;\T a N Hy @ 1) H,‘r(_x,x) H,‘&(‘A’,x ) g+()
§5u(R) | = A &S BB He & E) || 9,6)

! SS((&) 1\ \S i H(*l (j:i‘, Hv,(_'i,i') H({ kX ) - _3t({\ |

Features of (2D) PP, PS, and “joint” PP-PS FWI v/
P/S FWI and AVO relationships v/

Un-accounted for sensitivities

Re-parameterizing for rock physics FWI



Case 3: PS data only

pu—

O

e‘.‘.l

g

Lo:—\

"N
L Ry Ko

y ¢
T Re ¢

.

"

J

1 4
Comes qSoow\, bguu_{g K‘f = K?S -

\°¢..)

on '“g'

L

o

?— 'h" S' S--to—?'

O ar

g

ra

and. S-t6-S meodes.

95, |

s, |

/A

o

$5¢

r -
K¢ = ©

-

o ?r.ftw"boeh'on w X has ne Wwfluencw

)



C.S. Aki- g'\ckd'ds qv?-(ox:mc&\&n S'O'r K‘f :

BV 5) &¢
R, () » (&) ¢, cl&

Vs ¢
0.2

1T V, = 2.7km/s V, = 2.7km/s

VP = 3.3km/s VP = 3.3km/s

” 0.5t VP =5.0km/s | | i Or VP = 5.0km/s

o o
o o
[ [
o 0} o
-0.2
-05¢
' ' - - -0.4 - - -
0 20 40 60 80 0 5 10 156
0 (deg) 0 (deq)

Wi nsic featre ofF W) sensibures — loased. ea
~ IOCQ\;%Q.&) N .\‘\;\(,S;w\a’\ vq,f;ak;bv\.‘ A'\-a_‘\“l\;v\a_

20

Mmete rc_&“\-re,s an ad{-,u'e.d SJMM.\ ovb' oan, (SQ.Q— Qu\s' ’ 20\?}



 P-, S- domain and standard multicomponent methods v/
 Elastic FWI formulation in the P-, S-domain v

¥ ‘

§ - & 4! 2 g o S
SSY(;\T a N Hy @ 1) H,‘r(_x,x) H,‘&(‘A’,x ) g+()
§5u(R) | = A &S BB He & E) || 9,6)

! SS((&) 1\ \S i H(*l (j:i‘, Hv,(_'i,i') H({ kX ) - _3t({\ |

Features of (2D) PP, PS, and “joint” PP-PS FWI v/
P/S FWI and AVO relationships v/

Un-accounted for sensitivities v
Re-parameterizing for rock physics FWI



Pckfbf(&ns(c-k fl‘oeau"t;ls "’.%‘.A“?, c.m?r‘ss.‘b.’);,h; ose
- IMR (Qeocluu-a_ (997) </ mere sensitive P Yusmu‘-i

pere Stuids, \-’A\b‘-)-} )
+ forostastie ((Russell 4 Gray 1) e, Aean ave

~pevies ec &3:0&
o " ‘) dlows et af., (9ax) 7P L
Gcosa * ( q ’ o TeHleet Selsmic

» veleciiNes

aL_ ﬁmh ‘.
LMR + e, M (s \\
'\ { | ) chall nv\a:‘ na_
rdoust!
dg{-.e(‘m;l\cua'

Ssy ¥ IxisL ~ (3}4-').3})55( * LT, S5m
isﬁ -~ IPSsM— 'S,., SS(

ss( > Ss(



Wk ew) [Gro o Wt © NG ©
(}57(“'%) LO GS‘o (o] (o) o G

}G(u,\c,u)_\qp. o || Kee Cid= i Kee (- EX( LKD) Gee o)
s (Y.,%‘ Aa A A 14 P, A, Y3 3 spa A5
P e Ge | ke (- R D KGR BY-@N]||lo 6

WGl ko) (G o ke Ckf-kp) Ko (exkid|[ 6 ©
WD o Qs LK:; ({ngt;) kS Y| o Ge

A
R

«




Wlkks)  [Gee o J[Hr © \Gf. o\

= K,

}SL(’.’ l) Lo GS'O | o (o) o GSD

3@((‘3\‘: u) ‘qro o K:‘;(c?*t;)t Kg:.(l::'\‘f—:)(\tle(;:) —H-Gf. o) -‘
= KM o . % a A 4, ST, An Y5 .3 spra * o
o ° qso.t ke (7 - Tep Yk ke) K:, [("3 ko) - (R KY) | N o )
R Q(\‘) k: ‘-’) -G‘h o ] 9 r G"o O
WY o Ge | ' | © Gse
L )




Wlges) (G o Nkt © ([Ge ©
= Kk,
}SL(*' l) Lo GS'O o (o) o GSD
)G(k,\‘gu) K ‘qfo O.W K:“"(c?*t;)t K:;.(Q"\‘r-:)(\t:xt:\ —H
* K ot 48 ,%a 4 *T, A0 V5.3 sre s
08 e G || K (2 RE R KRR - (@)

] 5( (*: %\

o Qs

K¢

Aq 4 A_ng 3 0,7 4 Ly Pryly ¢
= “"".[Gn b]h () ke (kW) ok K (k) « s (K Xke k) G o

o,% A A A ® A A Ira re ALY
o (ke gy (k2Mp ) (k3= ) K:s(kz-lf-“)*llss[(k?‘ﬁi)‘*(k?xk‘,)l © G |




0[S - domairy FwWi
. NS AR
o Sensitivihies N tetms 6% Kin v Kput )

wen wke

o wismakda betwesn To\m{:w? e sens \\’u;\’n_
OL'\* %i'oss sens ‘\"N:J(ie.s due to $?¢¢-‘~\°~’r

scotber: Na_

v\\,s;qs{'s s{ma'w\% 'u\dus*f‘-a_—fdma’\* /

® cae.eY
- 8

Con we learn Srom %ucmh"ﬁ' ajwe Ayo on
frame cock ?k\lsid Fwi\ ?_ 3

o Hessian o?&rdh)"‘ cv;tic.c& o Hats ond
-to %\k‘S&’.\OAs’ 0% ﬁ?frk“sA q,\&d o\&‘\"k Sk%S'\.C_'wJ\Ga“



Acknowledgments

IPAM workshop organizers

‘A{;‘CREWES industrial sponsors
NSERC-CRD (CRDPJ 461179-13)



