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Abstract—In the presence of nonaffine and highly nonlinear
terms in parametrized partial differential equations, the stan-
dard Galerkin reduced order approach is no longer efficient,
because the evaluation of these terms involves high computational
complexity. An efficient reduced-order approach is developed
to deal with “nonaffineness” and nonlinearity. The efficiency
and accuracy of the approach are demonstrated on several test
cases, which show significant computational savings relative to
classical numerical methods and relative to the standard Galerkin
reduced-order approach.
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[. INTRODUCTION

Many systems/processes in engineering and science are de-
scribed by parametrized partial differential equations (PDEs).
Typically, the quantities of engineering interests are not the
full field variables, but rather certain outputs, s, best articu-
lated as functionals of the field variables u. Typical outputs
include flowrate, pressure drops, concentration and flux, crit-
ical stresses or maximum displacements, and lift and drag
forces. These outputs are functions of system parameters,
or inputs, u, that serve to identify a particular configuration
of the system — geometry, material properties, initial and
boundary conditions, and loads. The relevant system behavior
is thus described by an implicit input-output relationship,
s(p), evaluation of which demands solution of the underlying
PDE. The design, optimization, control, and characterization
of engineering systems often requires repeated, reliable, and
real-time prediction of s(p).

In this paper, we describe an efficient reduced order approach
for the very rapid prediction of functional outputs of nonaffine
linear elliptic PDEs. The abstract formulation for a nonaffine
linear elliptic problem can be stated as follows: given any
€D CRP, we evaluate

s(p) = €9 (u(p); 1) (1)
where u(p) € X is the solution of

a(u(p),vip) = L(v;p), Yo e X . 2

Here D is the parameter domain in which our P-tuple (input)
parameter vector p resides; X (2) is the appropriate Hilbert
space; and  is a bounded domain in R?=2 with Lipschitz
continuous boundary 0f). Furthermore, a is a continuous
parameter-dependent bilinear form as

Q
a(w,vip) =Y a¥(w,v, g%(x; 1)) ; 3)
g=1

and £(; ), €9 (+; 1) are continuous parameter-dependent linear
functionals as

f(wi) = © (i) = [ ohlaip). @)
(For simplicity we presume that £ = ¢9). Here the a?,1 < ¢ <
@, are continuous parameter-dependent trilinear forms which
take the nonaffine functions g%(x; ), 1 < ¢ < @, as the third
argument; and the functions ¢%(x; ), 1 < ¢ < @, h(x; p) are
defined in ) and dependent on .

In our approach, we first construct a reduced set of basis
functions for the field variable and apply a standard Galerkin
projection of the underlying PDE onto a space spanned by
these basis functions. We then develop a collateral reduced-
basis expansion for the nonaffine functions. Finally, in the
Galerkin representation of the underlying equation, we replace
the nonaffine functions with our collateral reduced-basis ex-
pansion to obtain a reduced-order model. This reduced-order
model is of very low dimension that significant computational
savings relative to classical numerical methods and relative to
standard Galerkin reduced-order approaches can be achieved.
In this paper, we use the best points interpolation method
introduced earlier in [13] to provide the collateral reduced-
basis expansion for nonaffine terms. We shall briefly review
the method in Section II.

In addition, we extend the approach to develop the reduced or-
der approximation of nonlinear convection-diffusion equations
of the form

(2D ) [ ) Vo4t ),0) = 0, 5

for all v € X,t € (0,7], with initial condition u(u,t) =
uo(z); the output of interest s(yu,t) is related to u(u,t) by

s(p,t) = 09 (u(p, t)) . (6)

Here the viscosity parameter p varies in a parameter space
D e RY and £(u(p.t) = (fu(u(,t), folu(p,t)) is the
flux vector in which the ith-coordinate flux f;(u(u,t)) is a
nonlinear function of the field variable u(yu,t). Furthermore,
a and m are symmetric positive-definite bilinear forms; and /¢
is a continuous linear functional. For simplicity of exposition,
in the nonlinear case these forms and functional are assumed
to be parameter-independent.

Our approach for the nonlinear convection-diffusion prob-
lem (5) will be quite similar to that for the nonaffine linear
elliptic problem (2). However, the presence of time parameter



and nonlinearity requires a more sophisticated reduced-order
treatment.

A. Previous Work

The reduced-basis methods and proper orthogonal decom-
position (POD) reduced-order techniques have been widely
used for the rapid solution of linear and nonlinear problems.
Success and applications remain largely to affine linear prob-
lems [9], [8], [25] and quadratically nonlinear problems such
as viscous Burgers-type equations and incompressible Navier-
Stokes equations [17], [5], [6], [11], [23], [24], [14], [22]. Re-
cent progress on the development of nonlinear reduced-order
model techniques has been made. In particular, linearization
methods [1], [19], [18], [12] and polynomial approximation
methods [15], [4] have been proposed to treat nonlinear prob-
lems quite satisfactorily. However, inefficient representation of
the nonlinear terms and fast exponential growth (with the order
of nonlinear approximation) of the computational complexity
render these methods quite expensive, in particular for strong
nonlinearities.

More recently, in [2], [7], Maday et al. introduced the empir-
ical interpolation method (EIM) and incorporated the method
into the reduced-basis techniques to provide effective reduced-
basis treatment of nonaffine and nonlinear parametrized PDEs.
This reduced-basis approach has been applied to nonaffine
linear and highly nonlinear elliptic and parabolic equations [2],
[7] as well as certain quantum chemistry problems [3], and
has resulted in quite significant savings relative to traditional
solution approaches. We refer the reader to [2], [7] for a
detailed discussion of the EIM and the reduced-basis approach
presented therein.

B. Structure of the Paper

In Section II, we present a short review of the best points
interpolation method introduced in [13]. In Section III, we
propose a reduced-order approach for linear elliptic problems
with nonaffine parameter dependence based on the BPIM. In
Section IV, we extend the methodology developed in Sec-
tion III to nonlinear convection-diffusion problems. Numerical
examples are presented in each sections in order to assess the
efficient and accuracy of our approach. Finally, in Section V,
we close the paper with concluding remarks and directions for
future research.

II. BEST POINTS INTERPOLATION METHOD

In this section we briefly describe the BPIM to construct a
“coefficient-function” approximation of parameter-dependent
functions. The approximation of such class of functions is
of considerable interest in model reduction contexts, since it
permits the effective reduced-order treatment of nonaffine and
nonlinear PDEs.

A. Interpolation Procedure

We consider the problem of approximating a given pu-
dependent function g(z; p) € L>=(Q2)NC%(Q), Vu € D, by a
collateral reduced-basis expansion gy (x; p1); here D € RF is
the parameter space in which our P-tuple parameter y resides.

We assume that we are given an approximation space spanned
by M orthonormal basis functions, @y = span{¢1, ..., o},
with ((bi,(bj) = 0;5,1 < 4,5 < M; here ¢ is the Kronecker
symbol and (-,-) denotes the L?({)) inner product with an
induced norm || - || = +/(-,-). We further assume that we
are given an associated set of M interpolation points {z,, €
Q}M_ . We then define our coefficient-function approximation
as

g (@) =Y By, (1)dm(x) @)

where the coefficients 3, () are the solution of

M
> dm(2)B,, (W) =glzisp), i=1,...,M. (8)
m=1

We observe from (7)-(8) that gas( - ;1) and g( -; p) are equal
at the interpolation points {z,,}}_. Note further that we can
express gps(x; p) in terms of the cardinal functions (Lagrange
interpolation functions) as

M

gar (1) = Y 9(zms 1) () - ©)

m=1

Here the cardinal functions {1, }}/_, are defined by ¥;(2;) =
di;, and hence given by

M
$i(r) =Y i(z) ¥i(x), 1<i<M. (10
j=1

Clearly, {t,, }**_, depends on both {¢,,}M_; and {2, }2_,.
In order to achieve an accurate approximation, it is im-
portant to equip the basis functions {¢,,}M_, with good
approximation properties. The critical observation is that the
manifold M9 = {g(x; u) | u € D} induced by the parametric
dependence is typically low dimensional. This observation is
exploited to compute a specific problem-dependent basis set
{pm }M_, which is extremely effective for the approximation
of functions in M9. More specifically, the set {¢m,}2_, is
constructed from a set of (linearly independent) snapshots

Ok = {g(x) = g(w; ), p € Sk, 1 <k < K},

where Sx = {1, ..., K} is a pre-selected parameter sample
set. Typically, Sk is chosen such that any g(-;u) € MY can
be approximated very well by a linear combination of the gj:
for any p € D, there exist coefficients cx(p),1 < k < K,
such that Zkl,(zl cr()gr(x) is very close to g(z; ).

In this paper, we employ the POD procedure [21] for the
construction of our basis set from the set of snapshots G.
For an alternative approach of selecting a different basis
set with good approximation properties — in particular, the
greedy selection process generates maximally independent
basis functions — see [2], [7].

Of course, the quality of our coefficient-function approxima-
tion depends critically not only on the basis set {¢,, }22_, but
also the interpolation point set {2, }22_, . In the following, we
describe our approach to determine the interpolation points.



B. Best Interpolation Points

We choose the interpolation points via exploiting the best
approximation. The best approximation is defined as

(s

It is easily derived from the orthonormality of the ¢,, that

gis(-i1) = arg_min W —wul? . AD

wn €EP s

g]W €L p’ Z aMm (,bm ) ’ (12)
m=1
where the coefficients are given by

We introduce a set of functions Gj, = {g};’f (2),1 <k <K},
where g3¥ is the best approximation to gj. It thus follows that

M
- Z Q]X/I7n¢m(l’) )

m=1

(14)

where for k =1,..., K,
= ((bmvgk)v

We then define {z,,}}_, as the minimizer of the following
nonlinear least squares problem

ak, 1<m<M. (15)

x1EQ,.. ZMEQZ Z aM m m(xh. o 7IM))%16)
k=1m=1

M

Z%(mm)g’gm = gi(Tm), 1<m<M1<Ek<K.

The points {2, }M_, shall be referred as “best” interpolation
points, since they are optimal to the interpolation of the best
approximations. The reader is referred to [13] for the solution
procedure of the above problem.

In summary, the best interpolation points are found as so-
lution of the minimization problem (16) and the associated
cardinal functions are computed via (10). Our coefficient-
function approximation gas(z; ) can then be obtained from
the interpolation formula (9).

III. NONAFFINE LINEAR ELLIPTIC EQUATIONS

In this section we devote to developing the reduced-order
approximation of nonaffine linear elliptic equations of the
form (2). The main idea is to replace the nonaffine terms
with the collateral reduced-basis expansions constructed with
using the BPIM. A simple example with geometric variation
is provided to illustrate the usefulness of the reduce-order
approach for nonaffine problems.

A. Full-Order Approximation

We introduce a suitably fine piecewise-linear finite element
approximation space X; C X of very large dimension N.
The FE discretization of (2) is that: given any p € D, we
evaluate

sn(n) = €9 (un(p); ) (17)

where uy (@) € X, satisfies

Q
;a (un (1), v, 9° (5 1)) = /Q h(a: )

We shall assume that the discretization is sufficiently rich such
that wp, (@) and u(u) and hence sp(p) and s(p) are indistin-
guishable at the accuracy level of interest. For future reference,
we call the FE discretization by “full-order approximation”.
Of course, for any parameter value p, the computational cost
associated with the full-order approximation is dependent on
N and thus expensive.

In the following, we develop the reduced-order approximation
of (2) for the rapid prediction of the output. The reduced-order
approximation shall be built upon the full-order approxima-
tion, and the reduced-order error will thus be evaluated with
respect to sp(u). Our reduced-order approximation must be
stable and efficient as N — oo.

Vv e Xy, . (18)

B. Reduced-Order Approximation

We assume that we are given an approximation space Wy =
span{(1,...,{n}, where the basis functions ¢, can be con-
structed using the POD procedure on a set of snapshots; these
snapshots are solutions of (18) at selected parameter points.
We might seek an approximation u3" (1) € W that satisfies

Q
SG
> al(uif (), v
q=1
in terms of which the output approximation is calculated as

(20)

g(wi0) = [ hlasp)o. vo € W, (19)
Q

sn- (1) = €0 (i () ) -
Unfortunately, because of the nonaffine terms ¢%(z,p) and
h(x,u), the cost of solving the system (19) will depend
on A/ — the dimension of the finite element approximation
space. Hence, the computational advantage of the standard
Galerkin reduced-order approach relative to the full-order
approximation is quite modest. See [7] for more detailed
discussion about this point.

To obtain an efficient reduced-order approximation we employ
the BPIM to construct the point sets {29’ }M_  {z"1M_ and
caridinal basis sets {9 }M_  {yprIM_ for g9(x;p), 1 <
q < @, and h(x; u), respectively, as described in Section IL
We define collateral reduced-basis expansions g%, (z,u) and
has(z, 1) by the formula (9). For notational simplification we
have assumed that these expansions have the same number of
basis functions. We may now replace g%(x, u), h(x;u) with

g1y (:,p), har(x; p) to obtain: for any p € D, we evaluate
s (1) = €°(un (n); p) @
where for all v € Wy, uny () € Wy satisfies
Q
> atlun(u)o (o) = [ hastzno . @)
q=1 @

We proceed to derive the fully discrete equations for this
reduced-order approximation.



We first express un (i) = YO0 un (1)Ge gh(w.i) =

Sy 985 g har(w,p) = S0 g(2h; vl and
choose v = (; to write (22) as

Q M M
(D23 oGt mAY Jun () = S hleth ER, (23)
g=1m=1 m=1
where for 1 < 4,5 < N, 1 < ¢ < @Q,1 <m < M, the
parameter-independent quantities AY™ € RV*N and F €
RY are given by

AT a?(Gi, G, %9, ), (24)
Fyi = U, G) - (25)
The output approximation can then be calculated as
M T
sw(m) = (3 hho mER) uy(n) . @6)

m=1

Finally, we develop the offline-online procedure [16], [20],
[14] for the very rapid evaluation of the output (26) as follows.
In the offline stage, we compute and save the quantities A%™,
1<¢<@Q,1<m< M,and FY, 1 <m < M. The offline
computation is expensive. However, in the online stage — for
each new parameter value y — we perform the sum in the
parentheses and the right-hand side of (23) at cost O(QM N?),
invert the linear system at cost O(N?), and evaluate the output
sy (p) at cost O(MN). In summary, the operation count for
the online stage is only O(QM N2+ N?3). Since N, M < N,
we expect significant computational savings in the online stage
relative to the full-order approximation (18) and relative to the
standard Galerkin reduced-order model built upon (19).

C. Example 1: Geometric Variation

We consider the Poisson equation V2u = 1 on a parameter-
dependent domain (R, ) with homogeneous Dirichlet con-
dition. The physical domain Q(R, k) shown in Figure 1
depends on the parameter vector 1 = (u!, p?) = (R, k) € D
in which R controls the size of the domain and x controls
the shape of the domain; here D = [1,10] x [1,10]. Due to
symmetry, the problem can be reformulated as V2u = 1 on
Q°(p) with homogeneous Neumann condition on I'g, =T'9 U
I'S and homogeneous Dirichlet condition on I'}y = I'§ UT'};
here 2°(u) is a “cut” domain as shown in Figure 2(a). The
output of interest is the average of the field variable over the
physical domain s(u) = [qo(,) u(n)-

We treat the geometric variation by using an geometric
transformation that maps the parameter-dependent cut domain
Q°(u) to a fixed reference domain Q =]0, 1[x]0, 1[ shown in
Figure 2(b). It can be shown that in the reference domain the
weak formulation has the form (2)-(4) in which the trilinear

Fig. 1: The physical domain ) varies with geometric param-
eters R and x. The “cut” domain 2° is formed by the dash
lines and the boundary of the physical domain.
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Fig. 2: (a) Original cut domain and (b) Reference domain.

forms, linear functionals, and nonaffine functions are

ow Ov
1,..
/ﬂg (x’“)axl ol

ow Ov
2.
/Qg (fc,u)&82 5

a*(w,v, g (x;p)) =

a*(w, v, g*(x; 1))

a*(w,v,g°(w; 1)) = /Qgg(m;ﬂ) (g;;;+g;cfai),
lLvsp) = ; h(xz; p)v,
g'(wip) = %(fl)),
) B R(21)2572(22) + Ra? + ()22 + 1

g2(x,u) = R((zV)* +1)2

3( . ) B (l.l)mfl —
gEH B (xl)hﬁ+1 )

hzip) = R+ (2H)%)"2/%(Ra? +1).

The output is evaluated as s(u) = £ (u(p); ) = £(u(p); ).
We now present numerical results for this problem. We first
show in Figure 3 the finite element solutions for different
parameter values. Here X, is a piecewise-linear finite element
approximation space of dimension A/ = 10, 000.

We next present results obtained with the reduced-order ap-
proximation. We choose the test sample =r.st as a regular
20 x 20 grid over D and define the average relative error in

)
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Fig. 3: The FE solutions for different parameter values: (a)
w=(1,1), (b) p=(1,2), and (c) p = (1,10). Note how the
geometry and solution change as us increases.
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Fig. 4: The average relative error €} .. o as a function of N
and M for the Example 1.

the solution as

[[un (1) = un (p)l
lJun ()|

Figure 4 shows €}y ..., as a function of N and M. We
observe that ux (u) converges very rapidly to uy (u). Further-
more, the quality of the reduced-order approximation depends
on N and M in a strongly coupled manner: for a fixed value
of M the error decreases with /N for small N and then levels
off for N large enough; when the error does not improve with
increasing N, increasing M tends to reduce the error.
Finally, we compare our approach with the standard Galerkin
reduced-order approach. For this purpose, we define

sn(p) — sn(p)

U — —
6N,ave,rel = mean e=r.,

s —
6N,max,rel - max

HEETest sh(p)
SG
s — S
E}g\}sn?ax rel T max h(‘u) N (lu) ’
A HEE Tost sp(1)

and introduce Ty and T?VG as the normalized computational
times for the reduced-order approximation and for the standard
Galekin reduced-order model, respectively. Here the times
are normalized with respect to the time to solve the full-

. . s m
order approximation. In Table I, we present €y .. . T,

s,5G

—=SG .
€N maxrel» and Tr as a function of N for a fixed value

= —=5G
N M 6?\7 max,rel TN ?\}Srfax rel TN
4 [ 12 ]| 428E-02 [ 234E-04 || 428 E-02 | 1.98 E-01
8 |12 || 2.14E-02 | 5.75E-04 || 2.14E-02 | 1.98 E-01
12|12 || 1.49E-02 | 941E-04 || 1.49E-02 | 1.98 E-01
16 | 12 || 5.32E-03 | 1.23E-03 || 5.32E-03 | 1.98 E-01
20 | 12 || 9.76 E-04 | 1.59E-03 || 9.75E-04 | 1.98 E-01

TABLE I: Numerical results for the Example 1: €} oy ol

m . . $,5G Il
and T as a function of NV and M; €y and Ty as a

function of N. The online computational times are normalized
with respect to the time to compute sp(1).

of M = 12. We see that while €% .. ., is very close to

5,SG = . =SG
N max,rel’ Ty is two orders of magnitude smaller than T .

This is because the standard Galerkin reduced-order model
suffers from the A/-dependent cost of evaluating the nonaffine
parameter-dependent forms. Consequently, its computational
advantage relative to the full-order approximation is quite
modest as observed in Table 1. In contrast, our reduced-order
approximation achieves significant computational savings rel-
ative to the full-order approximation and yields a convergence
rate similar to that of the standard Galerkin reduced-order
model.

I'V. NONLINEAR CONVECTION-DIFFUSION EQUATIONS

This section is devoted to the reduced-order approximation
of nonlinear convection-diffusion equations of the form (5).
A full-order approximation of (5) is first formulated using the
FE discretization and the Euler-Backward scheme. A reduced-
order approximation of (5) is then developed by using a
Galerkin projection and the BPIM. Finally, numerical results
for a non-polynomial nonlinear example are presented.

A. Full-Order Approximation

We will directly consider the finite element approximation for
the spatial discretization and the Euler-Backward scheme for
the time integration. We denote the number of time steps by
J and let At = T'/J. We further introduce a piecewise-linear
finite element approximation space X, of very large dimension
N. The FE discretization of (5)-(6) is that: given any u € D,
for j =1,...,J, we evaluate

sn(ust7) = 09 (un(p, ') |

where wuy, (i, t7) € X}, is the solution of

27)

m(un (1 ), 0) — /Q £ (un (1, 7)) Vot A aun (1, 49), 0)

= m(p, un(p, 1), 0), Vo€ Xp, (28)

and is subject to the initial condition (u(w,0),v) =
(up,v), Vo € Xy, for a smooth data up(x).

In essence, the full-order approximation (28) is a nonlinear
discrete system which can be solved by using a Newton’s
method. Hence, the computation of the full-order approxima-
tion is typically extremely expensive.



B. Reduced-Order Approximation

We assume that we are given an approximation space Wy =
span{(1,...,(n}, where the basis functions ¢, can be con-
structed on a set of solutions (snapshots) of (5) at selected
parameter points and timesteps. We might then find that
ui (p, ) € Wi, 1 < j < J, satisfies

P p,t),

—N/b

Observe that if f; and f> are low-order polynomial nonlin-
earities of u, we can then develop an efﬁcient offline-online
procedure by resolving f1 (u3 (u1,#7)) and fa(ulS (11, 7)) into
the sum of products of the bas1s functions and coefﬁc1ents [22],
[10]. Unfortunately, this strategy can not be applied to high-
order polynomial and non-polynomial nonlinearities: the asso-
ciated flux integrals can only be evaluated by explicitly con-
structing f1(uS (11,t7)) and fo(u3S (11,#7)). Consequently,
the operation count for the online stage will thus scale as some
power of A. Due to this O(N') dependence, it is somewhat
disingenuous to interpret (29) as a reduced-order model since
the resulting computational advantage relative to the full-order
approximation (28) can be modest.

We seek to develop a reduced-order approximation with an
online evaluation cost independent of N'. Towards this goal,
we first compute two sets of snapshots

m(uy

0
At/fl (0, 9)) 2

P, %), v)

veEWn .

Fu,t? )

= m(uy’ (uvtj h,v),

5 + uAt a(uy

(29)

fL_{{fl Uh, Vlvt )) ;] SRR {fl(uh v, t! ] 1}

}3‘]=1} .

Upon the two sets of snapshots we construct {z1 }M_,
{w’rn m 1 and {ZWL m=1> {wnb m=1 by fOHOWIHg the pro-
cedure described in Section II. Then for any given w € Xj,
we approximate fi(w) by fiy; = Zﬁ;l f1(w(zm))m and
12() b5 i = Tones S0 o
Hence, we can now replace f1(u3" (11,t7)) and fo(ul3" (1, 7))
— as required in the Galerkin prQ]eCthIl for u?VG( I, tﬂ ) — by
N (u,t7) and fa N (1, %), respectively. Our reduced-order

Hi = {Ff2(un(vi, )} 0, {Foun(ve, )

approximation is thus: givenany € D, for j=1,...,J, we
evaluate
N, t7) = €9 (un (1, )) (30)
where ux (u1,t7) € Wi satisfies
m(uN(:uv a — At / f 8x1
v .
—Ag/ﬁ%@mw—g+uAmwwa»m
o ox
=mun(p,t' 1), v), veWx. @)

To derive an algebraic discrete system for (31), we first expand

N
Nt = > un ()
n;{l |
IA{(ﬂth) = Zfl(uN(Z}n;/Jﬂt]))'w}n
mAjl |
QILI(/J’th) = Zf2(UN(Z§1§M»t])W?n-
m=1

Inserting these representations into (31), and choosing v = (,,
we immediately obtain the nonlinear algebraic system

Myuy(p,t7) = AtEy v F i (uy (p,))
— ALER i E3y(un (s t) + pAtAyuny (u,t/)
:MNQN(/’[@tj_l% jzla"'a‘]a (32)
with the initial solution wuy,,(0) = (ug,(n),1 < n < N.
Here M € RV*N and Ay € RV*Y are SPD matrices with
entries
My ;;=m(,G)s An iy =al(,G)
for1 <1,5 < N; E}\}’M e RNXM 4n4 E?\Z,M c RVNXM 4pe

given by
E}V,]Wi,j = /Q%l gjlv E?V,Mi,j = /9%2235127 (33)
for 1 <i<N,1<j<M;and Fi;(uy(p,t')) € RM and
E2 (un(p, 7)) € RM are given by
Fa(un(p,t)) = f1 (Dar vun (1, 9)), (34)
iy (un (1) = f2(Digvun (), (39)

where Q}M’N € RMxN and Q?\I,N € RM*N are matrices
with entries
1 1
QM,N ij = Cj('zi )s
for1<i< M, 1<j<N.
The nonlinear algebraic system (32) can be solved by using

Gi(2)

2 _
Dirnij=

a Newton’s method for the coefficient vector uy (11, 7). The
reduced-order output is thus calculated as
sn(it)) = (LR) un(p.t') | (36)

where LS € RV is given by LY, = (°(¢,),1 < n < N.
The offline-online procedure for the very rapid computation
of (32) may now be developed as follows.

In the offline stage, we compute and store the parameter—
independent quantities ux(0), An, My, EN Mo EN Mo
Dj D ns D? D7y - In the online stage — for each new parameter
value 1 — we solve the nonlinear algrebraic system (32) for
the coefficient vector u (i, t’) by using the Newton’s method
with a computational cost (per Newton iteration per timestep)
of only O(MN? + N3) (see [7] for a detailed complexity
analysis). We see that the complexity of the online stage is
independent of N'. Hence, we expect significant computational
savings relative to the full-order approximation (28) and rel-
ative to standard Galerkin reduced-order approximation built
upon (29).



C. Example 2: Buckley-Leverett equation

We consider the two-dimensional Buckley-Leverett equation

ou_ Ofiw)  Ofe(w) o
ot Ey preRie uVeu =0, inQx (0,7] (37)
where z € Q =] — 1.5,1.5[%, u € D = [0.05,0.1], t € (0,7

with T' = 0.5, and f;(u) and f2(u) are two nonlinear non-
polynomial functions

U2

:uz—+—(1—u)27

we impose a homogeneous boundary condition on 02 and
an initial condition ug(z) = exp(—16((z")? + (22)2)). The
output of interest is the average of the field variable over the
physical domain.

The weak formulation is stated as: given p € D, find
s(pust) = [ou(p,t), where u(p,t) € X = Hj(Q) = {v €
HY(Q) | v|gpo = 0} is the solution of

0 0 0
(G [ g = [ pwgs

—I—u/Vu-Vv:O, Yoe X,te (0,T]. (38)
Q

fi(u) f2(u) = fi(u)(1 =51 —u)?);

Our abstract statement (5)-(6) then obtains for

m(w,v):/ﬂwv, a(w,v):/quwVv, e%):/ﬂv.

For the full-order approximation (27)-(28), we take J = 50
time steps and X; € X as a piecewise-linear finite element
approximation space of dimension N = 10, 000.

We now present numerical results obtained with the reduced-
order approximation (32). For this purpose we define the
average relative error in the solution as

[[un(p, t7) — un (p, t7)]]
[wn (e, )]

Here Z1est C D is the parameter test sample of size 12.
Figure 5 shows €}y ... o as a function of IV and M. Again
we observe very rapid convergence of the reduced-order
approximation to the full-order approximation and the same
convergence behavior already seen in the Example 1. This
trend of convergence is typical of our reduced-order approxi-
mation and basically suggests that optimal combinations of N
and M are at the “knees” of the error curves.

Finally, we compare the reduced-basis approximation with the
standard Galerkin reduced-order model. For this purpose, we
define

u _ — .
6N,ave,rel = MeAN €=y, 1<5<J

[sn(p,t7) — sn(p, 7))

s —
eN,rel,max -

PEETeet, 1< < |sh(u,27)]
s,5G _ max |Sh (/’% tj) B S?VG (/J/v ﬂ))‘
Norelmax ) e g e, 1<5<J |sh (1, t7)]

. = =5G . .
and introduce T and T as the normalized computational
times for the reduced-order approximation and for the standard
Galekin reduced-order model, respectively. Here the times

AVERAGE RELATIVE ERROR

4 L L L L L

10

10 20 30 40 50 60

Fig. 5: The average relative error €}y .. . as a function of N
and M for the Example 2.

= ; G
N | M 6]S\f,max,rel T S]\}Srgax rel TN
10 [ 20 || 2.19E-02 | 491 E-05 || 218 E-02 | 415 E-01
20 | 30 || 4.78E-03 | 7.69E-05 || 471E-03 | 4.15E-01
30 | 40 || 8.13E-04 | 1.26 E-04 || 7.94E-03 | 4.15E-01
40 | 50 || 2.56 E—04 | 1.93E-04 || 245E-04 | 4.15E-01
50 | 60 || 1.19E-04 | 298 E-04 || 9.62E-05 | 4.15E-01

TABLE II: Numerical results for the Example 2: €} .. 1o

= . —9
and T as a function of N and M; e?\’,ifa“el and Ty asa

function of V. The online computational times are normalized
with respect to the time to compute sp,(p, 7).

are normalized with respect to the time to solve the full-
order approximation. We present in Table II €%, .. . and

Ty as a function of N and M, and e%,(?rel’max, and Ti,
as a function of N. We see that for a relative accuracy
of less than 0.03 percent (N = 40, M = 50), the on-
line time to compute sy (u,%/) is about 1/5000 the time to
directly calculate sp,(y,#7). In addition, thanks to the fast
convergence of the collateral reduced-basis expansions and
the A -independent computational cost of the online stage, our
reduced-order model achieves three orders of magnitude less
expensive than the standard Galerkin reduced-order model,
while yielding almost the same convergence and accuracy.
Meanwhile the standard Galerkin reduced-order model suffers
from the A -dependent cost of evaluating the nonlinear terms,
thereby having a very modest advantage relative to the full-
order approximation.

In summary, the present approach is able to provide efficient
and accurate reduced order approximation of highly nonlinear
convection-diffusion equations.

V. CONCLUSIONS

We have presented a numerical approach for efficient reduced-
order approximation of nonaffine and nonlinear partial differ-
ential equations. The approach is based on the BPIM devel-
oped to provide effective reduced-order treatment of nonaffine
and nonlinear terms. Numerical results have shown very rapid



convergence of the reduced-order approximation to the full-
order approximation. In addition, significant computational
savings relative to classical discretization approaches and
relative to standard Galerkin reduced-order approach were
evident from both the complexity analysis and the numerical
examples presented.

We are currently investigating in the application of this ap-
proach for compressible Euler and Navier-Stokes equations.
Our future research shall also focus on a posteriori error
estimators and basis adaptivity for the nonaffine and nonlinear
problems.
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