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1. Introduction

Accurate modeling and numerical simulation of subsurface flows are im-
portant for various applications such as petroleum engineering and contam-
inant transport. In subsurface flow models the fault (or fracture) structure
has a great influence on the fluid flows. Therefore, modeling fault structures
with appropriate physical parameters is important for accurate simulations
of the subsurface flows when fault structures exist in the subsurface domain
(see, e.g., [1, 2, 3, 4] and more references in a recent review article [5]).

Faults in oil reservoirs can be complex geometric structures with rel-
atively thin volumes compared to the whole domain of reservoir models.
Therefore, high resolution modeling of faults as volumetric objects requires
very fine grid/mesh to describe the full geometric complexity of faults. Such
an approach, though providing high fidelity simulations, is at the expense of
extremely high computational costs. Moreover, faults’ detailed information
for high resolution models are usually not available in practical applications.
Existing approaches typically model fault structures as a manifold of codi-
mension one in the whole domain. This is meaningful as the thickness of
faults is negligibly small compared to the length scale of the whole reservoir
model [6, 7, 8]. In this paper, we also adopt this approach for modeling fault
structures.

Some previous studies on subsurface flow models with faults consider a
geometric multiscale framework in which specifically designed interface con-
ditions are used to couple the flow equations in the whole domain with those
in the faults’ domain [6, 7]. In this paper, we assume that the permeability
parameters on faults are much lower than the surrounding media, so there
is no fluid flows along fault structures [9]. As a consequence, we obtain a
reduced single-phase flow model that does not need the velocity and the
pressure fields on faults as independent unknowns. Moreover, the physical
parameters associated to the permeability on faults are reduced to the fault
transmissibility fields (see Section 2 and [9]).

In this paper we discuss fault modeling and numerical methods together
with their analyses for both forward simulation and inversion of the fault
transmissibility for the aforementioned single-phase subsurface flow model.
For discretization of the forward model, one can use many different numerical



methods such as the mixed method [6, 9], the multipoint flux approximation
9], the finite volume method [7], and the mimetic finite difference method
[10]. In this paper we use the mixed finite element method as it is well-
supported by FEniCS [11, 12] and hIPPYlib [13, 14], the two open source
software packages for finite element methods and Bayesian inversion problems
that we use for numerical results.

The remainder of the paper is organized as follows. In Section 2 we present
preliminary background notions on function spaces, derive the single-phase
forward partial differential equation (PDE) of subsurface flow id domain with
faults, and show its Babska—Brezzi stability. In Section 3 we discretize the
model with mixed finite elements and prove a priori error estimates. In
Section 4 we first present an infinite Bayesian inversion framework and show
its well-posedness. This is followed by FEM discretizations of the prior and
the likelihood and their error analyses. We then combine prior and likelihood
discretizations to construct a FEM discretization of the infinite Bayesian
posterior measure and provide its convergence analysis. MAP computation
as deterministic optimization and a Laplace approximation of the Bayesian
posterior are also presented. Numerical results illustrating our theoretical
findings are presented in Section 5. Section 6 concludes the paper with
future research directions.

2. Preliminaries

2.1. Notations

Let Q be a bounded domain in R™ with n = 2 or 3. For a nonnegative
integer m, H™(Q2), H™(£2; R"™) denote the standard R and R"-valued Sobolev
spaces based on L? norm, and || - ||,, with m > 0 the scalar- or vector-valued
H™-norms. Boldface letters are preserved for vector-valued functions.

For functions f,g € L?(Q2) and f,g € L*(Q;R") let

(f,9) iz/ﬂfgdﬂm (f.9) :z/Qf-gdx.

Similarly, for an (n—1)-dimensional submanifold D C  and functions f, g €
L*(D), f,g € L*(D;R") we define

<fag>D ::/[v)f'gd& <fag>D:/ngd5



2.2. Modeling fault transmaissibility

In this section we derive the fault transmissibility model under the as-
sumption of an infinitesimal fault thickness. Let us consider the model do-
main illustrated in Figure 1 comprising two subdomains €2, and €2_ divided
by a fault domain I'y with thickness d;. For simplicity we assume that the
two interfaces I'y := 0Q; NIy, I'_ := 0Q_ NOI'y are parallel to each other.
The constant permeability parameters on the subdomains are ki, k_, Ky,
respectively, and p,, p_ are the pressure values on the interfaces I', I'_. We
denote by n the unit normal vector field on I'y from Q_ to €2,. We assume

Figure 1: Modeling of fault.

that fluid flows follow the Darcy law, i.e., the velocity of fluid is —xVp for a
pressure field p. Here we assume that the pressure field p is continuous, so if
we denote the pressure field in the fault of thickness d¢ by py, then p_ = py|r_
and p; = py|r,. We also assume that I'y is thin and ky < Ky, k-, so the
fault has no absorption, drainage of fluids, and tangential fluid flows. By this
assumption and flux conservation

—(k+Vp) - mfr, = —(k;Vps) - nlr,,  —(k-Vp)-n|r. = —(k,Vps) - nlr_.

By the fundamental theorem of calculus along the direction orthogonal
to I'y, we have

ds/2

—Kp(py —p-) = — /d /2(fiprf) -mdl.
—af



In our modeling, d; is small, so we may assume that x; is nearly a constant
on the fault. The approximation of the above integral with the trapezoidal
rule and the flux continuity give

dy

5 (5:VP) - mfe, + (5-Vp) - nfr_).

Q

—kf(py —p-)

and the pressure gradient in I'y is high. The difference of p; and p_ is thus
not negligible. In addition, since we assume that there is no tangential flows
along the fault, we have

(54+Vp) -mlr, = (k-Vp) - nfr_,

which results in the following constitutive equation for the fault

d
[p] := ps —p- = tp(ks - Vp) -mle, = tp(k- - Vp) - mlr_, ity = :f« (1)
Since dy is much smaller than the characteristic length scale of our subsurface
model, I's is considered as a zero thickness fault in our partial differential
equation model in Section 2.3.

2.8. Partial differential equation model (forward problem)

A fault I' is a union of disjoint (n—1)-dimensional Lipschitz submanifolds
in © and we denote Q\IT" by (). We assume that there exist open subdomains
Q,.,0_C ) with Lipschitz boundaries such that O = Q UQ_, T Conn
0€)_, and only one side of I' is in contact with Q, or Q2_. Let n, and n_ be
the two unit normal vector fields on I" with opposite directions (n,. = —n_)
such that n4 correspond to the unit outward normal vector fields from .
Suppose that I'p and I'y are (n — 1)-dimensional open submanifolds on 02
such that Tp Uy = 9Q and T'p N Ty = (. Here we use the convention that
(+,-) is the integration on © and (-, ) is the integration on I

We also assume that

(A1) for any ¢ € L?(Q) there exists w € H'(Q;R") such that w|pr = 0,
divw = ¢ and ||wl||; < C||q|lo with a constant C' > 0 depending only
on 2 and I'.



The assumption (A1) holds, for instance, if both of 92, NI and 92— N O
have positive (n — 1)-dimensional Lebesgue measures. A proof can be found
in [15, Corollary 2.4].

Let vy : HY(,) — HY?(T') and v_ : H'(Q2_) — HY*(T') be the trace
operators. For a function p € H 1((2), we define p+ on the fault I' as

p—(x) =v-p,  pi(@)=7p, Vrel.

Suppose that t; > 0 is a fault transmissibility function on I" and u is a
vector-valued function on 2 such that w-n, = —u - n_ is single-valued on
.

Assume that k is a permeability symmetric positive definite tensor on
Q. The pressure and flux boundary conditions are given as gp on I'p and
gy on I'y. Recalling (1), for pressure p and flux u = kVp in ), a mixed
formulation of the Darcy equation in domain €2 with fault I' reads:

K lu4+Vp=0 inQ, dive=f inQ, (2a)
u-n=gy only, p=gp onlp, (2b)
u-n—t;l[[p]]:O on I (2¢)

Hereafter, we assume that I'p = 02 and gp = 0 for the simplicity of the
exposition. Let Q = L?(Q), and H(div,) be the space of R"-valued L?
functions on © such that its distributional divergence is in L?(£2). We define
V as

V ={ve Hdiv,Q) : v-n|r € LD)}

and the norm on V' is defined by

N|=

lvllv = (lvll§ + | divv[[§ + [[v - nl5 )
where ||g|lor = (q,qﬁ/ ?. Here we derive a variational formulation with
the interior Robin-type boundary condition (2c¢) on I' with an additional
regularity assumptions on the exact solution w and p. More specifically, we
assume that the exact solution w and p satisfy p € H 1(Q) and w € V with
additional regularity satisfying (2c¢) almost everywhere on I'. We remark that
this approach is inspired by [16] on mixed finite element methods for Robin
boundary condition problems.



From the integration by parts of the first equation in (2a), we have

//f_lu-'vd:p—/pdiv'vdx+<p+,'v-n+>r+<p_,'v-n_>r:O Vv eV,
Q Q

which, after invoking v -ny = —v-n_, (py,v-ny)p + (p_,v-N_)p =
([p] ,v-ni)p, and uw-ny — tj?l [p] = 0, becomes

/lf_lu-'vda:—/pdivvda:+<tfu-n+,v-n+)r:O YveV. (3)
Q Q

In the following, we use (tju-mn,v - n), to denote (t;u-ny,v-ny). since
the bilinear form (tju-n,v - n)p is same forn =n; and n =n_.
In the final variational formulation the exact solution (u, p) satisfies
(ktu,v) — (p,divo) + (tyu-n,v-n). =0 Yo eV, @
(divu, g) =(f,9) YeeQ.

When ||t ¢[| oy — 0 the above system approaches the mixed formulation of

Darcy equation with no faults. On the other hand, the above system becomes

the complete sealing fault case as Ht]?lHLoo(p) — 0 because u-n, — 0 in (2¢).
The system (4) can be viewed as a saddle point problem

a(u,0) + b(v,p) = F(v),
{ b(u. q) e (5)

with the two bilinear form and two linear forms

a(u,v) = (m’lu, v) + (tyu-n,v-n)p, b(v,q) = (divw,q),
Fv)=0, Glg)=—(f9)

Theorem 1. Suppose that ||tf| rr), Ht;lHLw(p) < 400 and F and G are
bounded linear functionals on V' and L*(Q) in (5). Then, (5) has a unique
solution (u,p) € V x L*(Q).

Proof. By the definition of ||v]||y it is easy to check
ja (v, 0) | < [lal[[[v]lv[[v'[lv, b(v, @) < [lvllvllqllo
with

lall == max{[|&™" |z, [[tlloe e }- (6)



By (A1) we can obtain the inf-sup condition for the Babuska—Brezzi stability
theory (cf. [17])

b(v,q)
inf sup———> (>0 7
1€Q vev [[v]lv|lgllo ")

where 3 depends on (2. Since we assume ||tj71|| L) < +00 the coercivity

inf alv, )>a>0 Z:={v eV :divv' =0} (8)

veZ ||’l)||2
with oo = min{H/ﬁHz;(Q), Ht;lHZL(F)}, is obtained by
a(v,v) = (k'v,v) + (t;v-n,v-n),

> min{ || gy 17 1z% o ol

or)

for v € Z. Then, the well-posedness of (4) follows from the Babuska-Brezzi
theory [17]. O

For an analysis of inverse problem presented in Section 4, we claim that
the solution of (5) depends continuously on ¢; under additional assumptions.

Theorem 2. Suppose that m,m are Holder continuous functions in C%*(T)
for some t > 0. Suppose that (u,p) and (u,p) in V X Q are the solutions of
(5) forty =e™ and t; = €™, respectively. Then,

lw —a@llv + lIp = Bllo < Cllty — llo=r)
with C > 0 depending on |7 || 1), |Its]l=r), and ||tf]rem)
Proof. For t; = e™ and t; = ™ the coercivity constants of a(-,-) are
o = min{ | 2 ), "0}, 6 = min{] g, e I}
By [17, Theorem 4.2.3], the solution (u,p) of (5) satisfies

2||a|*

all2p

2l gy, Ll y
Ipllo < = a5 1 v+ TGl (10)

lullv < —[1Fllv + 1G o, (9)




with «, 8, ||lal| in (8), (7), (6) where
F(v)

G(q
| F||v+ := sup , |Gllo := sup ()-
veV ||'v||V qeL2(Q) HQHO

From (5) it is easy to see that

(k' (u—a),v)+ {t; (u—a) n,v-n),+bp—pv)+bu—1u,q)
=—{((ty—tp)a-n,v-n)

.
By (9), (10),
lu—ify < éf?@ —{(ty - tﬁltﬁvnv ‘),
< L, ) = il -l
and similarly,
2|al|*/?

lp = pllo < PRVERS C(m,m)|[m — m||reo @)l - 7| r2(r).

Finally, ||%-n||12(r) is bounded by the formulas (9) with /' = 0, G = f where
|la]| and « are replaced by

lall = max{|lx™" | ), [l }

and @, and it leads to the conclusion. O

3. Discretization with mixed methods and the a priori error anal-
ysis

In this section we discuss the finite element discretization and the a priori
error analysis of (4). Throughout this section we assume that €2 is a bounded
domain with a polygonal/polyhedral boundary.

Let 7, be a triangulation of €2 with n-dimensional simplices without hang-
ing nodes with discretization parameter h > 0 which is the maximum diam-
eter of n-dimensional simplices in 7. &, is the corresponding set of (n — 1)-
dimensional simplices generated by 7,. We always assume that a subset of &,



denoted by &}, forms a triangulation of the fault I', and 7}, is shape-regular
with an upper-bound of shape regularity which is uniform in A (cf. [18]).
For an integer k > 0 and a set D C R", Py (D) is the space of polynomials
defined on D of degree at most k. Similarly, P(D;R") is the space of R"-
valued polynomials of degree at most k. For given £ > 1 let us define

1
Vi (1) = Pea(TiRY) + | 1 | Paa(T),
Tn
ViPH(T) = Py(TiRY), T ET,
Suppose that V), C V is the Raviart-Thomas-Nedelec (RTN) or Brezzi-
Douglas-Marini (BDM) element defined by
Vi={veV :vlpeVINT, VIeT},
or Vy={veV :vlpc VT, vIeT,)

The finite element space (), is defined by

Qh = {q € Q : q|T € Pk_l(T) VT € ﬁl}

Then div V), = Qp and it is well-known that the pair (V, Q) satisfies (7)
with a discrete inf-sup constant 5 independent of h [17, p. 406].
The discretization of (4) is to seek (un, pn) € Vi, X @), such that

(11)

(k7 up, v) — (pn, divo) + (tyup -n,v-n)r =0 Vv e Vy,
(div up, q) = (f,q) Yq € Q.

Since (7) and (8) hold with (V, @), well-posedness and the stability of this
system follow from the standard Babuska-Brezzi theory.

3.1. The a priori error analysis

For error analysis we consider the difference of (4) and (11) which reads

(k7w —up),v) — (p — pp,divo) (12a)
+ (tr(u —up) -n,v-n)r =0 Vv € Vi,
(div(w —up),q) =0 Vg € Q. (12b)

10



Let ITI;, be the canonical interpolation operator into V', by the standard
degrees of freedom and P, be the L? projection into (),. Then it is known
(cf. [17]) that

Ph dive = div Hh'v (13)

holds for v € V.0 L"(; R™), r > 2.

Theorem 3. Suppose that (u,p) and (up,py) are the solutions of (4) and
(11). Assuming that w and p are sufficiently reqular to make the norms below

well-defined, then

15772 (e = )|, +

1/2 H
¢ _ . 14
a—w)on| (149)

< ChE=Y2 ||, if Vi, is RTN element
e 2 |, if Vi is BDM element’

Ch*=12(||u|, + |Ip if V', is RTN element
|@_m%§{ (lally + o) Vi

5 j . - (15)
Ch(lullyyryo +1ply) ¥ Vi is BDM element

Proof. We decompose the errors as the following

u—uy = (u—Iu) + (Mu —uy) = (u—Iu) + e,
——
p—pn=(p— Fup) + (Pop — pn) = (p— Pup) + €.
N——_——

From (12b) P, divu = div u;, holds, therefore dive,, = 0 by the definition of
ey. Taking v = ¢, in (12a), we have

(K ew, €u) + {tfey - M, €y - M1
= —(k (u—Hu),e,) — (tr(u— ) -n, e, n)p. (16)

Applying the Cauchy—Schwarz inequality to (16) we obtain

1/2

H/flﬂeuHo + tf Cu " nHo,r

1/2

<2 H/@’l/z(u - Hhu)Ho + 2 ||ty (u—1u) -n

o,"

The interpolation II;, gives an optimal order of approximation in L?(Q) [17]

but we lose 1/2 order in the approximation of Ht;/ 2 - nH because of the
0,1

11



scaling factor in trace inequalities in the theory of finite element methods (cf.
[19, Lemma 1.49]).
Assuming that w is sufficiently regular, we obtain error estimates

157 eull, +

t ” < ChF—1/2 ||l if V', is RTN element
€u T =~
! or = | Ch**2 ||u|,,, if V), is BDM element

where C' > 0 depends on ||k« and ||tf||,.. Then, (14) is obtained by
the triangle inequality.

To estimate ||p — pxl|,, note that (p — ps,dive) = (e, divw) for v € V7,
owing to (p — Pyp,dive) = 0 by definition of P,. By (Al), there exists
w € H'(;R") such that divw = e,, |w]i < Cllepllo, wir = 0. Then
v = Il,w € V), satisfies

divo =e,, [l Sleplly,  v-ne =0, (17)
thanks to (13). Taking this v in (12a), we have
2 —
lepllo = (7" (w — un),v) < C'llu—unll[[vlly < C'llu—wnlly lleyll,
As a consequence,

el < CRF=12 |||, if V', is RTN element
e
PIO =) opkt1/2 |wl[,, if Vi is BDM element

In this estimate, the convergence order of |le,||, is 1/2 order superconver-
gent if the BDM element is used. Finally, (15) is obtained by the triangle
inequality. O]

3.2. Improved error analysis

In this subsection we show an improved error analysis under additional
assumptions on t;. Recall that a function g on a domain D is in W1*°(D) if
g is differentiable in the sense of distributions on D and the derivative of ¢
is in L>°(D). For more details on W we refer to standard references, e.g.,
20, 21]. We say that ¢, is element-wise W' on T if t¢|. € W>(e) for all
e €&, and HtfHW;vOO(F) = MaXeeel 1E7lellyproe-

Let ¢; be the piecewise constant function on I' such that ¢¢|. is the mean
value of t; on e € &

12



Theorem 4. Assume that t; is element-wise W5 on T'. Then,

h¥ ' s RTN el t
H"f_l/Q(U—Uh)”O < C k||u||k z'th 2.8 R elemen (18)
Ch** ! ull,y,  if Vi is BDM element
and
Ip = pilly < CH* ([lull, + 121l - (19)

Proof. Let P! be the L? projection to the space
Ay :i={A€ LX) : M. €Pie) Vee Fy}

with [ = k if V', is a BDM element and [ = k — 1 if V, is an RTN element.
From the definition of IT;, one can see [,u - n|, = PF(u-n)|, for all e € F.
Then

(tr(u—1Iu) -m, ey -n)p = ((t —t)(u — u) - n, e, - n) (20)

r:

Applying the Holder, the Cauchy—Schwarz inequalities, and the Bramble—
Hilbert lemma to (20) gives

| (tr(u —Ipu) - n, e, - ">r |
< Chlltsllyree oy l(w = Thw) - nflpflew -l (21)

If we use the above inequality to (16), then the Cauchy—Schwarz inequality
gives

1/2

H/@’lmeuHo + tf Cyu N

o,r

< C (|Im2(w = ) [ + ol gl 1w = o) - mllo ) (22)

with a constant C' > 0 depending on ||t]71|| reo(ry- From this and the triangle
inequality we have an improved estimate

Ch* |Jul], if V', is RTN element

23
Ch**Hull,,, if V), is BDM element (23)

2= )] < {

13



To estimate ||p — pp||, we take v € V7, satisfying (17) in (12a), then we
have

2 —
lello = (7 (w — un), v) < C'lu—wnllg vl < C'llw =l llepll, -

As a consequence,

el < Ch* |Jul], if V', is RTN element
e
PRO =1 opkt |ull,,, if Vi is BDM element

In this estimate, the convergence order of |le,||, is one order superconver-
gent if the BDM element is used. Finally, (19) is obtained by the triangle
inequality. ]

4. Inversion of Transmissibility

In this section we present a statistical inversion of ¢y. We start with a
Bayesian formulation, prove its well-posedness, present and analyze FEM
discretizations of both the state and parameters, and rigorously establish the
convergence of a FEM approximation of the Bayesian posterior measure. We
conclude the section with the existence of the maximum a posteriori (MAP)
point. A Gaussian approximation of the posterior at the MAP point is also
discussed.

4.1. Bayesian inversion on infinite dimensional parameter space

Since t; is positive on I' we can define ¢ty = e™ for m € L* (I'). We choose
to solve the inverse transmissibility problem using the Bayesian framework
as it allows us to take into account of uncertainties. We assume that there is
no model inadequacy and thus only uncertainties due to limited noisy data
and the prior knowledge are taken into account. The Bayesian framework
starts with a prior distribution p,, of the parameter m and then update it
to the posterior distribution pipes using information from observable data by
the Bayes’ rule

dupost

X Tike(Ya | 24
Gt o mieyilm) (24)

where dipost/dptpr is the Radon-Nikodym derivative of the posterior measure
Hpost With respect to the prior measure pp,, and ke (yalm) is the likelihood

according to the observation data yg.

14



To show that (24) is well-posed, we postulate the prior distribution of m
as a Gaussian measure in L? (T'), i.e., ppr = N (mypy, Cpr), where my, resides
in the Cameron-Martin space M of Cp,. It is sufficient for the prior Gaussian
measure to be well-defined if we choose Cp, = (0 —yA)~7 for o > (n—1)/2
with constants d,v > 0 [22, 23, 22], where we have assumed that I is piecewise
flat so that the standard Laplacian operator A is meaningful. In this case,
the parameter m, distributed under the prior p,, is almost surely r-Holder
continuous on I' for any 0 < r < min{1,0 — (n —1)/2}, i.e., m € C°"(I),
and almost surely in H" (') for 0 < r < 0 — (n — 1)/2. By forcing the
domain of 0/ — vA to consist of functions having homogeneous Dirichlet
and/or Neuman boundary conditions, we can show that the Cameron-Martin
space is M = H? (I).

For the likelihood, we adopt the additive noise model

ya = F(m)+n (25)

where F : L?(T") — R"®s is the parameter to observable map and the noise
n follows a Gaussian distribution N (0, T'eise). For a fixed radius R > 0 the
local average operator of a function g at a point x is defined by

1
we,(9) = G / o (26)

where b(z, ) is the ball of radius R centered at x. The observation operator
B is defined by the linear operator B : ) — R™®s which takes the local
average of pressure at ngs-points in Q (with given 0 < R < 1)

F(m) := Bp(m), . (27)

where p(m) solves (4) with ¢; = ™. In this case the likelihood has a form

1
Trike (Ya| M) o< exp (—§H.7-"(m) N de%nolis) '

Lemma 1. The Radon-Nikodym derivative in (24) is well-defined in L* (T),
and the parameter m, under the posterior [ipest, almost surely resides in X 1=
C%"(T) for any 0 < r < min{1,0 — (n — 1)/2}. Furthermore, the posterior
measure s Lipschitz continuous with respect to the data y, in the Hellinger
distance.

15



Proof. From the definition of observation operator we have, for any ¢ > 0
and m e X

){ \/ nobs|Q|

I7 0l < Vo s o (0] < g7y Il

V Thobs |5 6] Nobs |Q HaH \/ Tlobs |Q HfHO Il
1fllo < C(r)e

= BO.R) 4 [6(0, R)|

where C' (k) is a constant depending only on x and we have used the bounds
on ||pll, and ||la| in the proof of Theorem 2. In addition, from Theorem 2,
p, as a function of ¢;, and hence m, is Lipschitz continuous, and as a result,
the forward map is locally Lipschitz continuous in m, i.e.,

17 (m") = F (m?) ||, < Cf|m" —m?|

for some constant C'. The well-definedness of the Radon-Nikodym derivative
in (24) then follows [22, Theorem 4.1] and the local Lipschitz continuity with
respect to the data in the Hellinger distance follows [22, Theorem 4.2]. [

4.2. Analysis of a FEM approximation of the Bayesian posterior

In this section, we first approximate the forward (and hence the like-
lihood) of the Radon-Nikodym derivative (24) using the mixed FEM pre-
sented in section 3. We then approximate the parameter, and hence the
prior measure, with a continuous FEM method. We then combine these two
approximations to arrive at a FEM approximation of Bayesian posterior.
Rigorous analysis of each approximation will be presented.

4.2.1. Likelihood approzimation with mixed FEM

For clarity of the exposition, we consider only the mixed FEM with BDM
element as the analysis for RTN element follows similarly. We denote by
Fr (m) the observation operator Bpj, where (wy,pp) is the solution of (11)
with ¢y = e™. The following result is a direct consequence of Theorem 3.

Lemma 2. For any R > 0 in (26), and m ~ pp,, there exists a constant C
independent of the mesh size h such that

1 (m) = Fi (m)|| < Chel™l
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4.2.2. Prior approrimation with continuous FEM

We denote by my; = IIm the discretization (interpolation) of m using
the standard C° finite element method of degree k,, > 1 on the triangulation
EF of T (cf. [18]). Note that due to the low regularity of m € C%"(I),
the usual O(h¥=) convergence rate of the FEM interpolation error does not
apply here. To obtain such an estimate, we first recall an embedding result
of Holder spaces into Sobolev spaces: for (s,q), s > 0, 1 < ¢ < oo satisfying
(n—1)/q+ s =r we have

[mllwsamy < Climllcorw, (28)

for C' > 0 depending only on I". By choosing a sufficiently large ¢, we can
take s < r as close to r as we desire. For fixed 0 <r < min{l,0—(n—1)/2)},
we can use (28) to conclude that m € W#4(T") for (s, q) satisfying

n—1 ¢

£
2’ q 2’

s§=1r—

with an arbitrarily small 0 < ¢ < min{1l,0 — (n — 1)/2}. For this (e, s, q),
by [18, Theorem 4.4.20], we have

S_L_l rT—E&
I = e < CB T ey = OF ey (29)

Here, the FEM interpolation order k,, is not involved! in this estimate due
tor < 1.

The following is a simple application of Theorem 2 to the discrete system
(11) together with the error bound (29), Lemma 2, and (28).

Lemma 3. Let p, and pp1 be the solutions of the discrete system (11) cor-
responding to m and my, 1, respectively. Let m ~ piy, and thus m € C%"(T),
where r € (0,min{l,0 — (n —1)/2}), and 0 < ¢ € min{l,0 — (n — 1)/2}.
Then there exists a constant C' independent of the meshsize h such that

| Fn (m) — Fn (mp)]| < Ch —eelmle.

f o > (n—1), then m resides in C%" for 0 < r < min {1, — (n — 1)/2} and ||m||s <
Cllm||grry for (n —1)/2 <7 < o — (n —1)/2. In this case, a higher order estimate by
polynomials of degree k,, can be obtained as

_n—1 n—1 .
lm —mpill g < CR°7 = Iml oy 5 < < min{r, kn },

by [18, Theorem 4.4.20].
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and

|1F (m) — Fi (mpa)|| < C (b= + b¥) el

Since the interpolation II; is a linear operator on m € X and p, is
Gaussian, my, ; = IIm is distributed by the pushforward measure ugr induced
by II;, that is also a Gaussian. Let us denote by u the complement measure
of pul in X := C%(T) such that ju, = pl', @ pipy, as this will be useful for
the fully discrete Bayes formula presented below.

4.2.3. FEM approximation of the Bayesian posterior
Let us denote by u};;}st the FEM approximation of the posterior measure
Ipost Using the likelihood and prior approximations in sections 4.2.1-4.2.2.

Theorem 5 (Well-posedness and convergence of FEM posterior ugg)lst). The

FEM posterior measure u’g;}st 15 absolutely continuous with respect to the prior
measure [, and the Radon-Nikodym derivative is given by

1 o oxp (=517t~ wll ). (30

pr olse

Furthermore, there hold:

e the FEM posterior measure uZ;}St 18 locally Lipschitz continuous with
respect to the data yq in the Hellinger distance.

o dyen (,uposmﬂzgst> < (h"’6 + hk), where dgey (+,-) is the Hellinger

distance and 0 < ¢ < min{l,o0 — (n — 1)/2}. Thus, the FEM poste-
rior u’gglst converges to the true posterior measure [ipos; aS the mesh is
refined.

Proof. Similar to Lemma 1, it is sufficient to show that Fj,(my,1) is exponen-
tially bounded in m and locally Lipschitz continuous with respect to m. For
the boundedness, we have

\/ Nobs |Q

\/ nobs‘ ||Cl||
||]:h (mh,l)HQ = |b(0 R)| || 1||0 = |b 0 R)| ”fHO
< Vo [QL 1] [rns V1oss 2] |1/ il
< B0 5200( w)ellmlle < ¢ YO0 00( )e
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where, in the second last inequality, we used the linearity and the bound-
edness of the finite element interpolant II, . For the Lipschitz continuity,
Theorem 2 is also valid for pj 1, and thus

17 (o) = Fu (i) || < Clmiy = misf| < Clm" = m?[
O

Now, owing to the fact that ju,, = pl @ i, ug’olst is absolutely continuous

with respect to y,,, and the right hand side of (30) is a function of only my, 1,

we deduce that p/n = pl & p, where

1
TR X exp (—§H}-h(mhyl) o yduinoﬁsj (31)

is a well-defined finite dimensional approximation of the infinite dimensional
Bayes’ formula (24). This expression can then be employed in the computa-
tions, including the Laplace approximation presented in the next section.

Remark 1. [t should be emphasized that ,u];;,lst s the FEM approximation of

the posterior measure [ipos; While ugost s the computable part of ugg)lst. Thus,
unlike the forward error analysis presented in sections 3.1-3.2 for which we
can verify the convergence rates numerically, it is not trivial how to verify the
theoretical convergence result via Hellinger distance in Theorem 5 as ,urfr—a

measure on infinite dimensional space—is not known.

4.8. MAP computation and Laplace approximation
The Mazimum a posteriori (MAP) point of ji,es is a solution of

argmin & (IF0m) — g2+ lm — myel). (32)
mEM noise
The existence of such a MAP point is a direct consequence of the compactness
of the Cameron-Martin space M and the continuity of F(m).

Therefore the MAP computation can be considered as solving a deter-
ministic inverse problem in which the regularization naturally comes from
the prior distribution. When dy,, is Gaussian and the PDE model and F
are linear, then the posterior distribution is Gaussian with mean mpes and
covariance Cpos Of the form

Mpost = TMMAP, Cpost = (F*Fil 'F+ Cpirl)i1 = H(mMAP)il'

noise

19



If the linearity assumptions on the PDE model and F are not true, then the
posterior distribution is not Gaussian. Nonetheless it is reasonable to expect
in many applications that the Laplace approximation N (myiap, H(myap) ')
is still a good approximation of fi,es- An approach to compute the MAP
point myap efficiently using an inexact Newton method is discussed in Ap-
pendix Appendix A.

For the Laplace approximation we need to compute H(myap) ™t but it
is prohibitively costly for infinite dimensional parameter spaces because the
Hessian is a full matrix. For efficient approximation of H(muap)™!, we,
similar to [23], use the relation

H(mmar) " = (Humistit (maiap) +Cp') 7,

where H st (maap) is the Hessian of the misfit %H]—"(m) — yd||§,l at maap.

The dominant information gain from the data in H(myap)~' compared to

C’Ijrl can be estimated by finding the dominant eigen-pairs of Cp_rl/ U st (m Ap)C;}l/ 2
This allows us to replace Hpisat(maap) by a low-rank approximation with
sufficient accuracy. The computation of low-rank approximation can be done
independent of the parameter space dimension by randomized singular value
decomposition algorithms [24, 25]. Then an approximation of H(myap) ™

can be computed efficiently using the Sherman—Morrison—Woodbury formula

(see, e.g., [23, 14] for details).

5. Numerical results

In our numerical experiments we use hIPPYlib [13, 14] and FEniCS
2019.1.0 [12].

5.1. Forward problems

In this subsection we numerically assess the convergence rate of the FEM
approximation of the subsurface flow model in faulted domains (forward
model). In all numerical experiments below we use the lowest order Raviart—
Thomas element and piecewise constant element for w and p, so the expected
optimal convergence rates are 1 for w and p if they are in H'(Q;R*) and
H'(Q). In the first numerical experiment we manufacture a solution that
has enough regularity to achieve the expected rate of convergence. In the
second numerical experiment we consider a fault geometry of practical inter-
est and a manifactured solution w with the Sobolev regularity only H® for
some s < 1.
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In the first numerical experiment of forward problems we consider a spe-
cial manufactured solution with smooth functions on € := Q\TI'. Specifically,
on the unit square domain © = [0, 1] x[0, 1] with fault I' = {(z,y) : = = 1/2},
let p, u be

u(zr,y) = (327,0). (33)

(z.1) x3 if © <
x? == .
Pty 2+1 ifx>

D= D=

Note that u can be extended to I' as a smooth function on €2, and one can
check that (2c) is satisfied with ¢, = %. Let 'z, T'g, I'r, I's be the left,
right, top, and bottom boundary parts of 2. We impose Dirichlet boundary
conditions on I';, U ' and Neumann boundary conditions on I'y U I'g with
the manufactured solution. For f = divw convergence rates of numerical
solutions are obtained in Table 1. Note that ¢; satisfies the assumption in
Theorem 4, so the results in Table 1 show the expected convergence rates in
our error analysis.

lw — | [P — pll
Rmax error rate error rate
0.3750 | 2.25e-01 - 7.88e-02 -

0.1875 | 1.13e-01  0.99 | 3.93e-02 1.00
0.0938 | 5.67e-02 1.00 | 1.96e-02 1.00
0.0469 | 2.84e-02 1.00 | 9.80e-03 1.00
0.0234 | 1.42e-02 1.00 | 4.90e-03 1.00
0.0117 | 7.10e-03 1.00 | 2.45e-03 1.00

Table 1: Convergence rates for the example with the manufactured solution (34).

In the second numerical experiment we consider a domain 2 = [0, 1]x [0, 1]
with fault I' = {1/2} x [1/4,3/4] C Q (see the left panel of Figure 2). The
manufactured solution (see the middle and right panels of Figure 2 for its
graph) for this test case is given by

0 ify<iory>§L
p(z,y) = < sin 22 cos? (27 (y — 3)) fz<landl>y<2 (34)
_SiDMCOS2(2ﬂ'(y—%)) ifz>%and{>y<3



Setting K = 1 we can compute u = —Vp and f = divu on Q. It can be
verified by direct computation that limits of the normal component of u on
I' is continuous across I' and the condition t;u - n — [p] = 0 holds with
ty =4/(3m). However, by computing dp/dy of p in (34) and taking limits as
T — %Jr and r — %7, one can check that the tangential component of u is
not continuous on I'. Therefore, the regularity of w is lower than H'(; R?).
By using I'y, I'g, I'r, ' to denote the boundary parts as before, we impose
boundary conditions

p=0 onlpUTlg, u-n=0 onl7UTlg.

%

Figure 2: The domain with a vertical fault in numerical experiments (left figure) and the
graphs of the pressure field in (34) (middle and right figures).

lw — | [P — pall
Rmax error rate error rate
0.3750 | 1.79e+00 - 1.53e-01 -

0.1875 | 1.06e4+00 0.77 | 9.86e-02 0.64
0.0938 | 5.51e-01 0.94 | 4.67e-02 1.08
0.0469 | 2.96e-01 0.90 | 2.34e-02 1.00
0.0234 | 1.64e-01 0.86 | 1.19e-02 0.97
0.0117 | 9.50e-02 0.78 | 5.84e-03 1.03
0.0059 | 5.85e-02 0.70 | 2.98e-03 0.97

Table 2: Convergence rates for the example with the manufactured solution (34).

For error computation we take element-wise L? projection of the manufac-
tured solutions to element-wise polynomial spaces of degree 4, and compute
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the L? norms of the difference of these projected functions and numerical
solutions. The errors and convergence rates due to mesh refinements are
presented in Table 2. In the result the asymptotic convergence rates are not
clear because we reach the limit of our computational resources due to the
mesh refinements. However, it is clear that the convergence rates of w is lower
than 1. This low convergence rates are expected because u € H*(Q;R?) for
some s < 1. We also observe that the pressure errors seem to have higher
convergence rates although this is not explained by our error analysis.

5.2. MAP computation as deterministic inverse problem

In our numerical tests for deterministic inverse problems we find the MAP
point of the problem (32) using the inexact Newton-CG algorithm in Ap-
pendix A. The domain and fault are Q = [0, 1] x [0, 1], I" = {1/2} x[1/4, 3/4],
and boundary conditions are

p=0 only, p=1 on g, u-n=0 onlpUlp.

We set Kk = 1 on 2 and assume that the true transmissibility field on T' is
ty =™ with

m(y)=2sin(87r (y—%)) tay<? (35)

For the prior we use Cp, = (6§ —yA)~! with § = 0.4, v = 0.004, and m,,, = 0.
For the likelihood term, pointwise observation of pressure are measured at
kxk (k =4,6,8) uniform lattice points on the observation domain [0.2, 0.8] x
[0.1,0.9] as shown in Figure 3 for the case of 4 x4 and 8 x 8 observation points.
We corrupt the observed data vector d € RY, N = 16, 36, 64, by adding a
Gaussian noise vector ( € RY. Entries of ¢ are independent identically
distributed and follow a normal distribution A/(0,0?) with & = 0.01]|d||;~.
Then, transmissibility inversion by constrained minimization is done with
the noisy data d + (.

The approximate MAP points? by deterministic inversion for 4 x 4, 6 x 6,
and 8 x 8 observation points are shown in Figure 4. Since 4 x 4 observations
do not provide sufficient information to inform the inverse parameter, the

2Note that our optimization method is local in nature and thus approximate MAP
points can be a local maximum of the posterior.
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Figure 3: The pressure and velocity fields with fault parameter t; = €™ for m = Mmyye in
(35), and 4 x 4 and 8 x 8 observation points for fault parameter inversion.

approximate MAP point is not much different from the prior mean m = 0
(also used as the initial guess in our algorithm). Nevertheless, the approx-
imate MAP points with 6 x 6 and 8 x 8 observation points capture major
feature of the true parameter field: clearly it is impossible to capture the true
parameter field exactly due to limited and noisy data, the ill-posed nature of
the inverse problem, and the smoothing effects of the prior.

5.3. Bayesian inverse problem

We limit ourselves to the Laplace approximation N (myap, H(myap) ')
as numerical results for Bayesian inversion. A more complete exploration of
the Bayesian posterior can be done by standard sampling methods such as
Markov chain Monte Carlo methods [26, 27, 28, 29]. While such sampling
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Figure 4: The log(ts) fields of true parameter and approximate MAP points for 4 x 4,
6 x 6, and 8 x 8 observation points.
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Figure 5: Eigenvalues corresponding to different sets of observation.

methods provide a full characterization of the discrete finite dimensional
posterior (31), they do not provide additional insights or novelties to our
work, and thus are not considered.

In the first experiment we consider a simple model with one vertical
fault shown in Figure 3. We first present the dominant eigenvalues of prior-
preconditioned Hessian of data misfit cp?/ QHmjsﬁt(mMAP)Cl;-l/ *in Figure 5.
In all cases, at most four eigenvalues are greater than 1 indicating that only
a handful of directions in parameter space can be inferred from the data
with high confidence. This allows us to compute the Laplace approximation
N (myap, H(maap) ') efficiently with low rank approximation (see, e.g., [30]
for more details).

In Figure 6, we compare the credibility intervals of

N(0,Cp) and N (mumap, H(maap) ™)

for 4 x 4 observation points. The shaded (yellow) regions denote the union
of pointwise credibility intervals with the length 2044 where ogq are the
empirical pointwise variances. We draw 5 random samples from N (0,C,,)
and N (myap, H(maap)t) and plot them in the corresponding subfigures.
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Similarly, in Figures 7 and 8 are the credibility regions of N (0,C,,) and
N (myap, H(maap) ™) for the cases with 6 x 6 and 8 x 8 observation points,
respectively. It is clear that N (myap, H(maap) ™) gives a much narrower
credibility region than the one given by N(0,C,,). This is expected as there
are more observational data. This in turns significantly reduces the uncer-
tainty in the posterior distribution compared to the prior distribution. We
also present 5 samples drawn from N(0,Cp,) and N (myap, H(maap) )
again those drawn from the Laplace approximation of the posterior are closer
to the true parameter field.

In the second numerical experiment we present inverse results for a prob-
lem with 3 faults with 6 x 6 observations in the rectangle [0.15,0.85] x
[0.15,0.85] as in Figure 9. The prior Cp, = (6—yA) ™ with § = 0.4, v = 0.004,
and my,, = 0 is used for all faults. Observational data are synthetically gener-
ated using the same procedure as above, and the Laplace approximations on
each fault are computed using low rank approximations. The credibility re-
gions and 5 randomly drawn samples of N'(0, Cp,,) and N (myiap, H(myap) ™)
are shown in Figure 10. This problem is more challenging compared to the
one-fault case. As can be seen, the prior mean and samples are very different
from the ground truth parameter. With the help of observational data, the
posterior results using the Laplace approximation are closer to the ground
truth parameter field for each fault. As can be seen, the inversion result for
the second fault is better than the others. This is not surprising as the second
fault is the longest and is surrounded by the largest number of observation
points. In order to obtain better inverse results for faults 1 and 3, more
observations are needed. Indeed, Figure 11 shows that the inverse results,
both the MAP and uncertainty estimation, are more accurate with 12 x 12
observation points.

6. Conclusions

This paper concerns the forward and inverse modeling of subsurface flow
in domains with faults. In particular, inversion of the fault transmissibility
for subsurface flow models under appropriate assumptions on fault structures
is considered. Unlike most of the existing works, we address many challenges
associated with transmissibility inversion problems simultaneously including
fault modeling, well-posedness of the forward PDE, FEM discretizations of
the forward PDE and their rigorous analysis, well-posedness of the Bayesian
inverse formulation, discretizations of Bayesian inverse formulation and their
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Figure 6: The comparison of pointwise credibility interval, mean, and samples with
N(0,Cp,) and the Laplace approximation N (myap, H(mmap) ') with 4 x 4 observation
points. Left is for the prior and right for the Laplace approximation.

rigorous analysis, and numerical illustrations. We also presented transmissi-
bility inversion problems by a PDE-constrained optimization approach and
developed an efficient numerical optimization method utilizing the efficient
computation of Hessian action via Lagrangian approach. The results show
that our approach can provide reasonable inverse solutions together with their
associated uncertainty estimation. Ongoing work is to extend our framework
to problem with more realistic networks of faults and three dimensional prob-
lems.

Appendix A. MAP computation with an inexact Newton method

Below we present an inexact Newton-Conjugate Gradient (Newton-CG)
approach to compute the map point. For concreteness, we consider n = 2,
and it is sufficient to take o = 1 for the Gaussian prior to be well-defined. In
this case the Cameron-Martin space is M = H' (T') (in fact an equivalence
of H' (T') with ¢ and « as weights: see the definition [ below). Then the
MAP problem becomes the following: solve

argmin J (m)
meM

with
Tom) := 5 (1Bp = yally_ + (5m —m), (m —m))y))

45 (39 (m — ), Y (m — ),
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Figure 7: The comparison of pointwise credibility interval, mean, and samples with
N(0,Cp,) and the Laplace approximation N (myap, H(mmap) ') with 6 x 6 observation
points. Left is for the prior and right for the Laplace approximation.

where (u, p) is the solution of forward equation

(k7 'u,v) + (e"u-n,v-n) — (p,dive) =0, veV, (A.la)
(divu,q) = (f.q) q€Q.  (A.lb)
We solve this problem using inexact Newton-type methods with the gra-

dient and Hessian-vector project as in [30, 31]. To compute the gradient of
J(m) we use the Lagrangian functional

L£9((u,p),m, (v,q))
=J(m) + (/{_lu, v) + (e"u - n,v-n)p — (p,dive) + (divu,q) — (f,q) .
with (u,p), (v,q) € V x Q. The Lagrangian approach for the gradient com-

putation at m = mg leads to the forward equation (A.1) and the adjoint
problem: finding (vg, q) € V' x @ such that for all (u,p) € V x Q

(Bp, Bpy — yd)F;olisc + (Kv_l’l],, vo) + (" - n,vy - n)p — (p,divoy)
+ (diva, o) =0, (A.2)
where (ug, po) is the forwar solution obtained from (A.1) for m = mg. Then

the gradient of J(m) at m = mg in the weak form is: for any m € M

(Glmo), 1) = = ((5(mo — ), i)y + (YVmo, Viithy) + (Me™ug - m,vg - n),p..

2
(A.3)
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Figure 8: The comparison of pointwise credibility interval, mean, and samples with
N(0,Cp,) and the Laplace approximation N (myap, H(mmap) ') with 8 x 8 observation
points. Left is for the prior and right for the Laplace approximation.

For the Hessian-vector product we define £* as

L™ ((u,p), m, (v,q); (@, p), m, (¥,9))
= (G(m),m) + (Fa_lu, f)) +{("u-n,v-n) — (p,divo) + (divu, §) — (f,q)
+ (Bp, Bp — yd>I:01iSC + (k7 'a,v) + ("% - n,v-n)p — (p,dive) + (diva, q)

The variational forms of the incremental forward and incremental adjoint
equations are

A ~

(k7 ', 0) + (™ - n, D - n)p

Thus, for the Hessian of J evaluated at m = my, the action of H(my) to
m € M can be written in the weak form as

(m, H(mo)m) = (dm, m)p + (yVin, Vi) + (mime™ ug - n, vo - n)p
+ (k'ug, ®) + (Me™ug - n, b - Ny,
- (p07 le'lA)) + (diVUO, (j) - (f7 qA)
+ (me™u - n, vy - N

Based on the gradient and the Hessian action computation algorithms,
the maximum a posteriori (MAP) point can be found by a standard Newton
method. For efficient performance of Newton methods an inexact Newton-
CG algorithm can be used. In the inexact Newton-CG algorithm the system
H(my)or = —G(my) for Newton method is solved by a preconditioned CG
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Figure 9: A domain with three faults and observation points.

method with early termination of CG iteration using Eisenstat—Walker cri-
terion (to prevent oversolving) and backtracking algorithm using Steihaug
criterion (to avoid negative curvature) (see, e.g.,[32, 14] and the references
therein). The full algorithm is presented in Algorithm Appendix A.
140
while i < maz_iter do
Given m; solve (A.1) to obtain (u;, p;)
Compute J; := J(m;) using mg and (u;, p;)
Given m; and (u;, p;) solve (A.2) and obtain (v;, ¢;)
Evaluate g;, the gradient of J at m;, using (A.3)
if ||g;|| < tol, then
break
end if
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Find a search direction m; such that

[+ gl < mllgll. = (gl lgol) ™
j—0,a0 1
while 7 < maz_backtracking_iter do
Set mY) = m; + aWim,
Given mY solve (A.1) to obtain (u(?),pl¥))
Compute JU) using m" and (u, pi9))
if j(]) < jj + a(j)carmijog?mi then
Mip1 < m9), Ty «— JO
break
end if
At o) /2 j e j+1
end while
1 1+1
end while
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Figure 10: The comparison of pointwise credibility interval, mean, and samples with
N(0,Cpy) and the Laplace approximation N (myap, H(mmap) ') with 6 x 6 observation
points for the problem with three faults. The top row is for the prior and the bottom one
is for the posterior using the Laplace approximation.
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Figure 11: The credibility interval, mean, and samples with the Laplace approximation
N (mmap, H(myap)™!) obtained with 12 x 12 observation points for the problem with
three faults.
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