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Abstract. Partial differential equations (PDE) often involve parameters, such as viscosity or
density. An analysis of the PDE may involve considering a large range of parameter values, as
occurs in uncertainty quantification, control and optimization, inference, and several statistical
techniques. The solution for even a single case may be quite expensive; whereas parallel computing
may be applied, this reduces the total elapsed time but not the total computational effort. In the
case of flows governed by the Navier-Stokes equations, a method has been devised for computing
an ensemble of solutions. Recently, a reduced-order model derived from a proper orthogonal
decomposition (POD) approach was incorporated into a first-order accurate in time version of the
ensemble algorithm. In this work, we expand on that work by incorporating the POD reduced
order model into a second-order accurate ensemble algorithm. Stability and convergence results
for this method are updated to account for the POD/ROM approach. Numerical experiments
illustrate the accuracy and efficiency of the new approach.
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1. Introduction

In science and engineering, mathematical models are utilized to understand and
predict the behavior of complex systems. Two common input data/parameters for
these types of models include forcing terms and initial conditions. Often, for any
number of reasons, there is a degree of uncertainty involved with the specification
of such inputs. In order to obtain an accurate model we must incorporate such
uncertainties into the governing equations and quantify their effects on the outputs
of the simulation.

In this uncertainty quantification setting, one needs to determine many realiza-
tions of the outputs of the simulation in order to determine accurate statistical
information about those outputs. A similar need occurs in other settings such as
inference, optimization, and control and the need to determine solution ensembles
arising in many applications, e.g., weather forecasting and turbulence modeling.
Thus, in this work, we are interested in computing ensembles of solutions for the
Navier-Stokes equations (NSE) with uncertainty present in the initial conditions
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and body forces. Specifically, for j =1,...,J, we have
wl +u? -Vl — vA 4+ Vp = fI(x,t) Vo € Q x (0,7

) V-u =0 Vo € Q x (0,7
uw =0 Yz € 09 x (0,7
u (2,0) = w0 (z) Vo € Q,

where Q C R, d = 2,3, is an open regular domain. In most settings, in order
to guarantee a desired accuracy level in the outputs, a fine spatial resolution is
usually required, which renders each realization to be computationally intensive.
Traditionally, the simulation for each ensemble member is treated as a separate
problem; therefore the focus has been to cut down on the total number of real-
izations needed. However, in recent works [11, 12, 13, 20|, new algorithms were
designed that allow for the realizations to be computed simultaneously at each
time step. In those papers, the focus has been on creating algorithms which allow
for the same linear system to be used for all right-hand sides. Hence, the need to
solve a different linear system for each right-hand side is reduced to solving the a
single system with many different right-hand sides. This is a well studied problem
for which efficient block iterative methods already exist. A few examples of these
include block CG [2], block QMR [3], and block GMRES [4].

The next natural step to take to further improve upon the efficiency of these
ensemble algorithms is the introduction of reduced-order modeling (ROM) tech-
niques. Specifically, we are interested in the implementation of the proper orthog-
onal decomposition (POD) approach into the ensemble framework. POD works by
generally extracting from highly accurate numerical simulations or experimental
data the most energetic modes in a given system.

One can then project the original problem onto these POD modes to obtain the
Galerkin proper orthogonal decomposition (POD-G-ROM) approximation to the
original problem. It has been shown for laminar flows [1, 10] that it is possible
to obtain a good approximation with few POD modes, hence the corresponding
POD-G-ROM only requires the solution of a small linear system. Recently, in
[6], a POD-G-ROM ensemble algorithm based on the first-order accurate in time
ensemble algorithm first introduced in [13] was developed. However, in applications
that require long-term time integration, such as climate and ocean forecasting,
higher-order methods are highly desirable. For this reason, in this paper we expand
on the work of [6] by introducing the POD method into the second-order ensemble
algorithm introduced in [11].

2. Notation and preliminaries

We denote by || - || and (-,-) the L?(©2) norm and inner product, respectively,
and by || - ||r and || - ||WI£c the LP(Q) and Sobolev W} (Q) norms, respectively.

HF(Q) = WE(Q) with norm || - ||x. For a function v(x,t) that is well defined on
Q2 x [0,T], we define the norms

T 1
2
olllz.s := ( / loDI2dt)" and  [llollloe,s = esssupp gyllo(-, )]s

The space H~1(Q) denotes the dual space of bounded linear functionals defined on
HY(Q) = {ve HY(Q) : v=0 on 0Q}; this space is equipped with the norm

(f.0)
fll-1= sup
e

Ve H ().
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The solutions spaces X for the velocity and @ for the pressure are respectively
defined as

X :=[H} ()] = {v e [L2()]? : Vv e [L2(Q)]"*? and v = 0 on HQ}
Q:=L3(Q) = {q € L*(Q) : /qux = O}.

A weak formulation of (1) is given as follows: for j =1,...,J, find v’ : (0,7] = X
and p? : (0,T] — @ such that, for almost all ¢ € (0, T], satisfy

(ul,v) + (v - Vu?,v) + v(Vu?, Vo) — (7, V -v) = (f7,v) Yo e X
(2) (V-u,q) =0 VgeqQ
u (2,0) = u?0(z).
The subspace of X consisting of weakly divergence-free functions is defined as
Vi={fveX :(V-u,q)=0VgeQ}CX.

We denote conforming velocity and pressure finite element spaces based on a
regular triangulation of 2 having maximum triangle diameter h by X, C X and
Qn C Q. We assume that the pair of spaces (X}, Qy,) satisfy the discrete inf-sup (or
LBBy,) condition required for stability of finite element approximations; we also
assume that the finite element spaces satisfy the approximation properties

inf |jv—uwp| < CRTY Vo e [HTH(Q)]?

vh€Xp
inf |[V(v—wn)| <Ch*  Woue [H Q)
vh €Xh
inf |lg —qnll < Ch* Vg € H*(),
qn€QR
where C' is a positive constant that is independent of h. The Taylor-Hood element
pairs (P*-P71) s > 2, are one common choice for which the LBBy, stability
condition and the approximation estimates hold [5, 7].
In this paper, we solve the NSE (1) (to generate snapshots) using a second-order
time stepping scheme (e.g., Crank-Nicolson). Thus, we assume the finite element

approximations satisfy the error estimates, which are used in the analysis in Section
9,

lu— un|| < C(RST! + At?)
IV (u—up)|| < C(h* + At?).
We define the trilinear form
b(w,u,v) = (w - Vu,v) Vu,v,w € [H'(2)]?
and the explicitly skew-symmetric trilinear form given by
b* (w,u,v) := %(w -Vu,v) — %(w - Vo, u) Yu,v,w € [HY(Q)]?

which satisfies the bounds [18]
3) b (w, u,v) < Cl[Vw|[[Vull([oll[IVol)? Vu,v,w e X
(4) b (w,u, ) < O(lw]|[Vw]) /2 Vul[| Vo] Vu,0,w e X.

We also have for Yuy, vy, w, € Xp

1
(5) b (wp, up,vp) = / wy, - Vuy, - vpde + 3 / (V- wp)(up, - vp)da.
Q Q
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We also define the discretely divergence-free space Vj, as
Vii=Avp € Xy, : (V-vp,qn) =0Vq, € Qr} C X.

In most cases, and for the Taylor-Hood element pair in particular, V}, ¢ V, i.e.,
discretely divergence-free functions are not divergence-free.

In this work, we focus on extending our previously developed second-order ac-
curate approximation for computing the solution of an ensemble of Navier-Stokes
equations. These methods require a new definition for the ensemble mean as op-
posed to that used in [6].

Definition 2.1. Let t" = nAt, n = 0,1,2,..., N, where N := T/At, denote
a partition of the interval [0,7]. Let | - | denote the Euclidian length of a vec-
tor. For j = 1,...,J and n = 0,1,2,..., N, let v/"(z) := u/(x,t"). Then, the
ensemble mean, fluctuation about the mean, and magnitude of fluctuation
are respectively defined, for n =1,2,..., N, by

J
1 , o
<u>ti= o ;: (2u/™ — ")

W=l — Il <y S

- ()

The full space-time discrete model given in [14] that we refer to as EnB-full is
given as: for j =1,...,J, given u}’ eXhandu € Xp, forn=1,2,....N—-1
find u)" " € X, and pj e Q) satisfying

3l g jn—1
( i QUAt ) , h) + b0 (< up >" ui/ﬁ ,Up) + V(Vu] mtl ,Vup)

©) b (W 2™ — ™ o) — (P V) = (7 un) Vo € Xa

(V- u nH,Qh) =0 Yan € Q.

3. Proper orthogonal decomposition (POD) method

We next briefly discuss the POD method and how we can apply it to the
previously discussed ensemble algorithm. For a more in depth description, see
[8, 1, 16, 15]. In Section 6, the results of numerical experiments are given to illus-
trate the efficacy of our new algorithm.

Given a positive integer Ng, let 0 =ty < t; < --- < tnyg = T denote a uniform

partition of the time interval [0,7T]. For j = 1,...,Jg, we select Jg different initial
conditions w/*(x) and denote by u}’s(z) € Xp, j =1,...,Js, m = 1,..., Ng, the
finite element approximation to (2) evaluated att=t,,m=1,..., Ng, correspond-

mg to an approximate initial condition u} ( ) € X}, such as the Xh interpolant of
u?%(z). We then define the space spanned by the Js(Ng+ 1) discrete snapshots as

X5 = span{ui’fg(x)}jiﬁi:o C Vi, C Xp.

"J ™ the vector of coefficients corresponding to the finite element

Denotlng by 4
function uh S(x), Where K = dim X}, we define the K x Jg(Ng+1) snapshot matrix
A as

1,0 1,1 qLNs G20 g2l _2,Ng _J5,0 —Js,1 ~Js,Ng
A= (S,us,...,us Ug UG vy Ug Oy, Ug UG .., Uy ),
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i.e., the columns of A are the finite element coefficient vectors corresponding to the
discrete snapshots. The POD method then seeks a low dimensional basis

Xp = span{goi}f:l CXpsCVpCXy

which can approximate the snapshot data. This basis can be determined by finding
an orthonormal basis {¢;}5, for X, 5 such that for all R € {1,...,S}, {¢:} %,
solves the constrained minimization problem

(7) mmZZH “hsv% %H

k=11=0
subject to ((pi,gﬁj) = 51']' fOI‘ Z,] = 1, . . .,R,

where §;; denotes the Kronecker delta and the minimization is with respect to all
orthonormal bases for Xj, . We define the Jg(Ng + 1) x Jg(Ng + 1) correlation
matrix C = ATMA, where M denotes the Gram matrix corresponding to full finite
element space. Then, the problem (7) is equivalent to determine the R dominant
eigenpairs {\;, @, } satifying

Ca; = )\ZC_L'“ |C_1:1| =1, 5T5] =0if1 75 7 and A\, > \;_1 >0,

K2

where | - | denotes the Euclidean norm of a vector. The finite element coefficient
vectors corresponding to the POD basis functions are then given by

- Lo
G = \/}TiAaz, t1=1,...,R.
3.1. POD-ensemble based reduced-order model. We next show how the
POD method can be used to construct a reduced-order model within the framework
of the EnB-full algorithm. The formulation of the POD approximation is identical
to that of the full finite element approximation. Instead of seeking a solution in the
finite element space X}, we seek a solution in the POD space Xy using the basis
{pi}E . Now, for j = 1,...,J, we define the POD approximation of the initial
conditions as uzéo(x) = Zf l(uj Y pi)pi(r) € Xg and POD approximation of the
of uht as uly! (z) = Zf Lt 0i)gi(x) € Xg, where u)' denotes a finite element
approximation of u?'! using a second-order (or higher-order) time stepping method
such that [|u/! —ul||; = O(h® + At?) accurate or better. We then pose the follow-
ing problem: given uRO( ), u -’1 € Xg, forn=0,1,.... N—1and forj=1,...,J,
find u]’"Jrl € Xg satisfying
) 3u§%’"+1 — 4u§én + uﬁ"71
( 2At %)
+ (U 2ul — T o) + (VT V) = (L ) Vo € Xg.

We refer to (8) as EnB-POD. We note that because Xr C V},, the POD basis is
discretely divergence free by construction. Therefore, there is no pressure term
present in (8) and the only unknown in our system is the approximate velocity
vector.

,sO) + b (<upr >" uﬁnﬂ

4. Stability of EnB-POD

In this section, we present results pertaining to the conditional, nonlinear, longterm
stability of solutions of (8).

We denote by ||| |||z the spectral norm for symmetric matrices and let Mg denote
the R x R POD mass matrix with entries [Mg]; + = (@i, i) and Sg denote the
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R x R matrix with entries [Sgl; i = Mgl + v(Vei, Vi), i,9 = 1,...,R. By
construction the POD basis functions are orthonormal with respect to the L?()
inner product, hence the mass matrix is actually the identity matrix and ||[Mg|||2 =
[[Mz"[ll2 = 1. Then, we have the inequality [16]

_ 1/2 1/2
(9) IVell < (IISklll2IME l2) el < lISkIYZIell Yo € X

We now show that EnB-POD is stable under a time-step condition similar to
that for EnB-full except the norm of the POD stiffness matrix now plays a role in
the stability condition.

Theorem 4.1. For the method (8), suppose that
LAt 12 .
(10) CliSrllz —-IVup™IF <1 forj=1,....J.

Then, forn=20,...,N —1

L gaysy Yoo g jetys, Aty dn’ 412
EH’U‘R | +ZH2U’R —up | t > vt
=1
(11) ¢ n—1 !
in! i1 0
= 2+ Hu 2+ *”2“5{ —uf ||
n/=1

Proof. The proof is very similar to that for [11, Theorem 1], the main difference

being the use of a different basis function. Setting ¢ = uﬂ;b""r using skew-symmetry

of the trilinear form, and applying Young’s inequality to the right-hand side, we
have.

1 ,n+1 n+l n—1
Z(nuf R l2ag - 7Y — 3 (I + 2 — )
_|_

|| 7,n+1 — 2 ]n+ujn 1||2+Atb*( 1j,m 2u§n u%%n 1,’U,gén+1)

(12)
jn+l)2 YV At Jmt12 At G412
VAV < L VR 4 22

We can then rewrite, using skew symmetry, the trilinear term as

/ 1 1 ’ 1 1 1
b (up g QUE uﬁ" u}’i"Jr ) =0b"(up g ui{”‘ uﬁ"Jr 2u§;b" —I—UJ’" ).

Now bounding the trilinear form using (9)

(13) ' _ _ _
Atb*( /3,n ug%,nJrl, ujR,nJrl o 2u%%,n + uﬂnfl)
< CAt||Vu’J n|H|Vu] ""’1|||\uj’"—~'1 Qu%{n + uj ) 1H 2||V(ug Jintl 2u§%’" + ugén_l)H%

< OOV IVay™ ™ — 2uf™ + IS5 -
Applying Young’s inequality gives
. 1
CAL|Vug" [V g™ = 2ui™ + ui" ISkl

< CAP VU™ PIV i IPSall + 3l — 26" + 2
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Using this bound we then combine like terms. (12) becomes

1 7 1 7
7 (a2 2y = e 12) = 5 (12 + 2wy — w1
VAt bl VAt LAt 1
(14) VP (1—C|||SR|||2||V 7 )nw 2
At .
< Sz,

Now under condition (10), it follows that

v At
2

(14) and then simplifies to
1 — — . 1 ) ) 1
7 (a2 2y — g 12) = 7 (12 + 2w — 1)

v At 1 At .
PO a2 < Bl e

(1 ~ Clisall} 2 v ) I+ > 0

Summing up the above inequality results in (11). (I

4.1. Improving the time-step condition. While Theorem 4.1 is true univer-
sally in two and three dimensions, there are also certain cases for which we can
improve upon our estimate. We are specifically interested in the three-dimensional
case for which we make use of the Sobolev embedding inequality: for v € X and
d = 3, the L norm satisfies [17]

(15) llvlre < Csel| Vo] Yo € X,

2

where the constant Cs. = —=. In the following stability estimate, we see that

instead of needing to control the gradient of fluctuations about the mean, we now
are only concerned with L2 fluctuations about the mean.

Theorem 4.2. Consider the method (8) when d = 3. Suppose that
At in .
(16) ClllSrl—lluiz s <1 forj=1,....J.

Then, forn=0,...,N —1

L gz Lo g gtz L AW RS i
EHUR | +ZH2UR —ug +T Z [Vug |

(17) v
At jon 4112 2 7,1 73,0712
< AU ez D o Lt - o
n’/=1
Proof. By (5) and Holders’ inequality, we have
b (u%n’ukn+l,uﬁn+l _ 2u;%n +uﬁn—l)
L T

*Hu’“ sl 1V (g™ = 2R + ™) e,

Now applying (15) and (9) we have

™ = 20" " oo < CaclIMFHIZ SRI ™" — 2u” + ufy ™|
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[ e < Coell Vg™ |

n+1 1 1 1
IV (™ = 205" 4l e < IMEHIE NSNS ™" — 20 + udy ™|

By construction the POD basis functions are orthonormal with respect to the L?(£2)
inner product, hence ||[Mg|||lz = [|[Mp"[l2 = 1. It then follows that

Atb*(u'}%",uﬁn+1 uﬁnﬂ 2u%%" —i—u”” 1)
< CuelISlIF At ||| Vel ™ — 20" + ™.
Now applying Young’s inequality, we have
CucllSrll3 Al ol Py g™ — 20" + |
< CrlISrI2AL [z | 7a | Va1 + ZHU?%"“ = 2uR" +up
We then combine like terms and have

; 1
S (™ = o 12) = % (12 + 2 —
4
v AL n+1 VAt n in+1
a8 I 25 (1= CRlsalla S o ||L3) Va |

< By ppmrr2
v

Now under condition (16), it follows that

23 (1= Clisalla I ) vl o
(18) then simplifies to
7 (e 12 2ug = o 12) = 7 (2 + 2 — o 2)
+ Vv < Ay
Summing up the above inequality results in (17). O

5. Error analysis of En-POD

We next provide an error analysis for En-POD solutions. First, we present several
results obtained in [6], which we use in the analysis.
We first define the L?(Q) projection operator ITz: L?(2) — Xp by

(U7HRU,QD):O Vo € Xg.

Lemma 5.1. [L%(Q) norm of the error between snapshots and their projections
onto the POD space] We have

9 Ns-‘rl
="

i=R+1

jm
Z Uh757<Pi)
=1

Ns+

and thus for j = L...,JS,

Ns+1)

QSJS Z Ai-

i=R+1

1 Ng R
ST 000
Ns-l—lmX_:OH h,S ;( h,S Pi) i
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Lemma 5.2. [H!(Q) norm of the error between snapshots and their projections
in the POD space.] We have

Js Ns R s(Ns+1)

NSH;Z\V(%S S @i g \2= > Vel

=1 i=R+1
and thus, for j=1,...,Jg,
Js(Ns+1)

Ns R
1 ™ o 2
Nor 2 V(s - s ede) [ < g X Mived®
m=0 i=1 i=R+1

Lemma 5.3. [Error in the projection onto the POD space] Consider the partition
0=tg <ty <+ <tng =T used in Section 3. For any u € H'(0,T;[H***(Q)]¢),
let u™ = u(-,t,,). Then, the error in the projection onto the POD space X g satisfies
the estimates

1
u™ — Mpu™||?
e DU

9 Ns Js(Ns+1)

< inf u™ — uh™? + C (W22 4 AtY) 20 i

IV (u™ = Tgu™) |2
Ng+1 0
Ns

2
< inf (v m 24 Is 2)
< el Wy 1 2 (196 ™ 4 Sl )

Js(Ns+1)
+(C + R2[[Srll2)h* + (C+ lISkll2) At* + 205 > [[Ves]*As.
i=R+1

To bound the error between the POD approximations and the true solutions, we
assume the following regularity for the true solutions and body forces:

u! € L0, T; H*TH(Q)) n HY(0,T; H(Q)) N H*(0,T; L*(R)),
p’ € L*(0,T; H*()), and f7 € L*(0,T; L*(Q)).
We assume the following estimate is also valid as done in [10].

Assumption 5.4. Consider the partition 0 = tg < t; < --- < ty, = T used in
Section 3. For any u € H*(0,T;[H**1(Q)]?), let u™ = u(-,t,,). Then, the error in
the projection onto the POD space Xg satisfies the estimates

IV (u™ — ™) ||

Ns
2 ) )
< inf mo__ s (|12 S mo__ M2
ety Wa 77 2o (V07 = I+ Sallaf” = )
Js(Ns+1)
(RSl + (C + I8all2) At +2T5 3 [VeilP A
i=R+1

Let /" = ¢/ — uﬁn denote the error between the true solution and the POD
approximation; then, we have the following error estimates.
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Theorem 5.5 (Error analysis of En-POD). Consider the method (8) and the par-
tition 0 = tg < t; < --- < tng = T used in Section 3. Suppose that for any
0 <n < Ng, the following conditions hold

cat|iSglly’ 4 e .
(19) 7”' il g oug -l e <upSIP <1, =1,
Then, for any 1 < N < Ng, there is a positive constant C such that
N—1
1, . At :
“led N2 L =2 v j,m+1)12
SN+ 35 3 Vv

< C<At4 +ISrllz /A + [[SrllAt* + [ISkll:h>+>

+ ISy 2h2 At + |ISkllly 222 A + ISkl A + h2e
1 s

(U N lI8allz ) (it 5 Do (9 — ™)
m=1

JsNg
+ISllallw™ = w§™ ) + Js Y ||wi||2xi)>.

1=R+1

Proof. For j =1,---,J, the true solutions u’ of the Navier-Stokes equations satis-
fies

3udntl — gydm 4ogdnl ) ) )
(20) AT ,) + (WLl @)+ p(Va L V)

= (V) = (F ) + Intp(u T ) for any ¢ € Xp,
where Intp(u?"*1; p) is defined as

3uj,n+1 _ 4uj,n + uj,n—l .
OAL —ul(tny1), ).

Intp(u" ;) = (

Let
ehm = uj’”—uﬁn = (uj’"—HRuj"")—F(HRujm_uﬁn) = nj’”—|—§fén , j=1,...,J,

where Ilguj € Xp is the L? projection of u/™ in Xg. Subtracting (8) from (20)
gives

3£j ,n+1 45 + fj ,n—1

( oAt ) + ll(Vg‘%nH7 Vo) + b* (w1 ydmt o)
b (2uf" — = <ug > 20— wf )
(21) _b*(< UR >n ui%n-l—l7 QO) _ (pj,n—i—l’ V- 4,0)
377j,n+1 _ 477J,n + nJ,n 1 - 4
=~ 2At L) = (Vi Vo) + Intp(u?" 5 0)
J n+1

Set ¢ = € Xpr and rearrange the nonlinear terms. By the definition of the
L? prOJectlon we have (37" +1 — 4pim +n3’” L gl 1y = 0. Thus (21) becomes

(uw“nunzgwﬂ 1) - o (1671 + l2el - 6 1?)
,n+1 j,m n—1 ,n+1
bl — 2ek — R + e

(22) —_ 71)* (uj n+1’ u],n+1, é-g%,nJrl) + b*(2u],n uﬁn 17 u%%nJrl7 £n+1)

4At
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/) 1 1 /s jn—1 ¢jmn+1
b (2u — wl T <ug STl 2ud bl

_’_(pjm—i-l’ V- gﬂnJrl) (vn],n—i-l v&-] n+1) + Intp(uj’”+1; g%nJrl).
We rewrite the first two nonlinear terms as
_ b*(uj,n+17uj,n+17€£n+l) + b*(2u§%’ ug%n 1, ugén—i-l7 g%,n-&-l)
= —b*(2e)" — ej’"_l,uj’"+l,§ﬁn+1) - b*(2uﬁ" uﬁ" ! ej’"+1,§f§n+l)
o b*(uj,nJrl o zuj,n + uj,nfl’ uj,n+17£;{,n+1)
i e e B A b N AN A
_ b*(2uﬁn _ ug%,n717 nj,n-‘rl’ é-génJrl) _ b*(uj’"+1 2’[1,]’ + u],n 1 u_],n-i-l é—j n+1).
With the assumption that v/ € L>(0,T; H(Q)), we estimate the nonlinear terms
as follows
b*(uj,nJrl _ 2uj,n _|_uj,n71 uj,n+1 fjﬂl-‘rl)
< CIIV(uj’"+1 20 ) |||Vl [ VERH|
< 64 vaj n+1||2 + CV_1HV(U,]’"+1 _ 2u],n + uj,n—l)HQ

oAttt
jn+lp2 | Y20 71124
< 64HV€ I +— (/ﬂH [V, ||2dt)
and
b*(277j,n . nj,nfl uj,n+1 é-j,n+1)
< OV @P™ = [Vt | Ve

= 64||V§j ”+1||2+CV‘1(HWJ”II I+ V"),

Using Young’s inequality, inequality (4), and the result (11) from the stability
analysis, i.e., [[u%"]|? < C, we have
b (2l =y )
< OV 2up™™ = u")1M2|20" T — o2V Ve

n+1 — R0 n— n
< 64||V£] P+ CvT IV @2uR” = a2

Using inequality (4), Young’s inequality, and v/ € L°°(0,T; H'(Q)), we have
—2b7 (" g
< CIVER M2 1MV Ve |
< CIVER IV lIER™ I 2w eR"

< (Ve + LIveR I
gtz 1 gz Lycin
<o (g + L (sIvegmie + e

n v j,n C j,n
ZIVER TP + T IVER ) + ek I,
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Similarly,
b*(g’én—l whntl ﬁj7n+1)
< CIVER™ M2l M2V Ve |
< C|IveR" 1||1/2||§“‘ ARG

<0 (AP + Ve 1||||53;"‘1|)
<o (e + 1 (19 + 516
1 1 1
< (GIVERIZ + L IVEIP) + ekt
Next, we rewrite the third nonlinear term on the right-hand side of (22) as
(23) b*(2uﬁn uﬁn — <upg > uazin-i-l 2’“";{” + u] ,n— 1, fi_én-',-l)
_ 7b*(2uj,n ] n— 1 _< uR > ’eg,n+1 o 26],71 4 ej,n717£§én+1)
( Tl < ST w T — 208 4 uj’"71,§£n+1)
= —b*(2U§é" up" T = g ST = 2 g
+ b*(2u§é uR’ o <up >n,2§g¥’" - ;%’"_1, g%’""'l)
(2u§én uﬁ" Lo cup >™ w0t — oy 4 uj’"_l,fgénﬂ).
Then, we have the following estimates on the above terms:
_ b* (zuﬂn ugzn 1_ < uR >n’ nj,nJrl _ 27,]j,n + nj,nfl gj,n—i-l)
< CIVQuR" —up" ™ = <ur >M|IV (P =20 ) ||| VERT
< O V(" — T = < g STV (P = 2 ) P
v 1
+ 6*4||V§§zn [
By skew symmetry, inequality (3) and the inverse inequality, we have
b>a<(2uité u_}%n 1 < ug >n’2§j,n _ %n—l7 %n-&-l)
— b*(Q’U,ﬁ,n Ui%n 1 — <ug > 7, n+1’§j,n+1 2£ L é-j ,n— 1)
, 1 +1 1/4) ¢d,n+1 1
< HV(QU%JL up" = <up > )IIIIVEJ "SRl R - 265" + €
1 jn 1
I — 2 e
1/2 j
+ CAL[Sall, IV (2} — uf" ' = < ug >")P|VET

/\

-8

For the last nonlinear term we have
* YR jmn—1_ n . jn+l j,n in—1 ¢j,n+1
b (2up" —up" T = <wug >", W —2uP" T ERTT)

< OIVQup" —uf" ™ = <ur >[IV (@ = 205" + ") |||V

v " CAt3 : n tnt1 ;
< ZIve 1+ Co8 v ug — - < un > ( [ v dt)

tn
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Next, consider the pressure term. Since fJ "t e Xp C V), we have for qﬁ“ € Qy

(pj,n-H §J,n+1) (pj n+1 qh+1 v 5],n+1)
j 1
< ||p””+1 — gV - g5
HW "HE - evT i — g P

\ /\

The viscous term is bounded as
V(T Ve < vl I VeR "“H

< C|| VP12 + Hfo]’"HH2 -
Finally,
, _ It gy g i1 :
Intp(u?" e = ( AT — 1 (tpa1), fénH)

il _ gin g gl N
SAL —u (tnr ) [IVEL |
O 3uintl _ qyimn 4 gim—1

n+1
< ZIVER + o

CAt?’ tnt1 .
+1
< goem e - S50 [T e

n

<C|

= uf (tns1) ]

Combining, we now have the inequality

o (N2 + et - *"HQ)—E(”f P e - )
1 K3 K3 n— ,n ,n
+@||§g Ho 2+ TR + Ve R+ I (IR - IveR )

16

+ o ((Ive 12 + Ive1?) - (Hvs "+ ||ve” 7))
+ (5 — Cotlisally* IV (@uy" -l

= <up >N IVERH?

(24)

<cv s (i + i) + €A1 (/j”ﬂmztn?dt)

O (I V) +0u-1||v<2uz;" I At

OV — T < up >")||2||V(77j’"+1— o 4 [P
+ L v — = < g > ( / ||vu,z;||2dt>

tn—1

1y n n CAE [ [t
CvHlp ™ = g P + Cu I — (/ IIU§tt|2dt> :

By the time-step condition (19), we have ¥ — CAt|||SR\H1/2||V(2u§%n S
ur >")||> > 0 and thus can be removed from the left hand side of the inequality.
Taking the sum of (24) from n =1 to n = N — 1 and multiplying through by 2At,
we obtain

1N Logei N gj,N—1 nt1 i, in—1
SERNIE + D12k - e e 4 L Zne"* ol
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At " At At
? Zuvef PR+ TNV + 5o Ives P

1 . vAt

< Sl |\2+f||2s§1 IR+ IR + ||vs 02

N—-1

CA [ [tn+ ;

+AEY 3||£ ||2+At2{ > (/ |Vuzt||2dt)

n=1 n=1 tn—1

+ O ([T 2 4 VP 2) + O |V e — Vi
+Cv VU — T = < un >”)||2||V(77j’”“—2n7’”+n]’" H?

| oAr R
IV@u — uf = < ug > ( / ||Vuzt2dt)
th—1

n—

: CAE [ [t
_,’_Cy—alJ,n-&-l n+1H2 —|—CI/HV’I7]’"+1||2 — (/ |ugtt||2dt> } )

tn—1

Using the stability result, i.e. At En 1 u||Vu]’"+1||2 < C and Assumption (5.4),
we have

N-1
Co ALY [V (ufy” — ul [T
n=1

Ng
2 .
<072 inf (v m __ . J,m\ |2 S Jm2>
<ov <je{11,‘3.,Js}Ns+1m§_:o IV = ™) + liSallalla™ — ™
Js(Ns+1)

+(C + B|IISrll2)h® + (C + ISrll) At + 205 Y~ IIV%II2>\Z->-
i=R+1

Because ugéo = Zle(uj’o,cpi)cpi, we have ||f{%0||2 = 0 and ||V§{14;/OH2 = 0. Now
applying Lemma 5.3 gives

1, 1 i n n—
SR 17 + S 126R" — €™ M7 + 4Z\|£ﬂ RS i
VAt n VAL
vae 4 PR 4 e
N-1
C CAt* _ -
< ALY SIE P + == NIVl o+ (cu 24 ONsAt?
n=0

Ns

1 ,
+ CNslISrll5 % + CNgvAt | - inf < — V(u™ —ul™)|?
slISel; s o™ 9 290 =]

+[ISrllzlw™ = ug™|1*) + (C + B2[ISrll|2)h* + (C + lISrll2) At

JsNg

+Js Y |wi|m) +CAL|ISkll;
1=R+1
2 CAt*

+C N [MIIETS
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We use the discrete Gronwall inequality [5 p. 176] to obtain

1, N LigeiN ¢ N—1 nt1 n—1
SIERN I+ S l26r™ — &5 1P + 42||€+ =265 TP

I/At n VAt
Z Vg + e 1 - P v e
(25)
CT\ | CAt? -
< exp (2){ (0 + ONsAt ™ + CNs [l /2

Ng

1 :
CNgvAt | - inf V(u™ — ul™)||2 S _ o dmy2
+CNgv ) ({ oy Ny 2o 9 ™ 4 Sl — ™)

JsNg
+(C + B|IISrll2)h® + (C + lISzll2)&t* + Js Y IIV%I%)
i=R+1

CAt*
+ V|||uitt||§,0} .

Recall that e/ = i + fﬁé". To simplify formulas, we drop the second, third, fifth
and sixth term on the left hand side of (25). Then, by the triangle inequality and
Lemma 5.3, absorbing constants, we have

—-1/2 1
+CAL|ISkII; Va3, +

N—-1
1, . At .
§||63’N||2 + 372 E V|‘ve],n+1”2

n=1

= C<At4 ISl A + ISkl At + Skl2h2+?

—1/2 s — 1/2 s — 1/2 s
+[ISkll; 2 R2 ALY + [ISk[IS2h2 2 A + ||Sklly A + h?

Ns
N Sl (ot SS9 -
JsNs
+ [ISrllzlw™ = wg™ %) + Js Y IVsoiIIQ/\i))
i=R+1
This completes the proof. O

6. Numerical experiments

In this section, we examine the efficacy of the EnB-POD method via the numeri-
cal simulation of a flow between two offset circles. We focus on testing the accuracy
of our methods compared to EnB-full.

The computational cost of the EnB-POD algorithm can be split into two phases:
an expensive offline phase and a cheaper online phase. In the offline phase, we
assemble the snapshot matrix A and, as outlined in Section 3, use this system to
generate the reduced basis. Then, in the online phase we use the reduced basis
to assemble (8) which we then solve. The major computational gain of FnB-POD
comes from the fact that it should be much cheaper to solve (8) than the original
system (6). For a more detailed discussion about the computational efficiency of
the ensemble-POD algorithm, see [6, Section 6.1]. The method we develop here has
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the advantage of higher-order accuracy, which allows larger time steps than that
of the first-order algorithm studied in [6] which further reduces the computational
cost which especially useful in long-time simulations.

We consider the two-dimensional flow between two offset circles similar to the
one investigated in [6]. The domain is a disk with a smaller off-center disc inside.
Let 11 =1, ro = 0.1, ¢; = 1/2, and ¢p = 0; then, the domain is given by

Q={(z,y):2* +y* <r{ and (z — 1)’ + (y — 2)” 2 713}

For our test problems, we generate perturbed initial conditions by solving a steady
Stokes problem with perturbed body forces given by

fe(z,y,t) = f(z,y,t) + e(sin(3mz) sin(37my), cos(3mx) Cos(37ry))T

The deterministic flow is driven by the counterclockwise rotational body force

Flayt) = (= 4y(1—a? —y?), da(1 — 2% — )"
No-slip, no-penetration boundary conditions are imposed on both circles. All com-
putations are done using the FEniCS software suite [19]. Different perturbations
defined by varying e are applied. We discretize in space via the P2-P! Taylor-Hood
element pair. The mesh utilized is generated using the FEniCS built-in mshr pack-
age resulting in 16,457 total degrees of freedom; see Figure 1. We set the viscosity

coefficient v = %

oy
e
b i

FIGURE 1. Mesh for flow between offset circles resulting in 7,405
total degrees of freedom for the Taylor-Hood element pair.

In order to generate the POD basis, we use two perturbations of the initial
conditions corresponding to €; = 0.001 and e2 = —0.001. Using a mesh that results
in 16,457 total degrees of freedom and a fixed time step At = .01, we run the EnB-
full using both perturbation from ¢ty = 0 to T" = 5, taking snapshots every 0.04
seconds. In Figure 2, we illustrate the decay of the singular values of the snapshot
matrix. We note that by subtracting the mean snapshot from all the snapshots in
the system A known as the centering trajectory approach [9] the numerical results
may be improved. Specifically we expect the size of the eigenvalues (especially the
first) to be smaller. In order to keep the numerical setting as close as possible
to the theoretical setting we do not use the centering trajectory approach in our
experiments.
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FIGURE 2. The 30 largest eigenvalues for the snapshot matrix gen-
erated from the flow between two offset circles.

6.1. Example 1. We will illustrate our theoretical error estimates by performing
the “data mining” test used in [6, Example 1], that is, we compare the flow gen-
erated by the EnB-POD algorithm with that generated by the EnB-full algorithm
for the same perturbations, mesh, and time steps used for the generation of the
POD basis. To demonstrate the accuracy of the EnB-POD algorithm, we plot the
velocity field of the ensemble average at the final time 7' = 5. In addition we plot,
for both methods, the energy 1||u||? and the enstrophy 1v||V x ul|? over the time
interval 0 <t < 5.

As can be seen in Figure 3 (left), the difference between the average EnB-POD
and EnB-full velocities method appears to be quite small at T'= 5. We can also see
in Figure 4 that the energy and enstrophy of the EnB-POD method matches that
of the EnB-full method when 6 POD basis vectors are used in the approximation.
Lastly, it is seen in Table 1(a) that the L2 error of the approximation reduces
monotonically as the number of POD basis functions used increases.

0.0200 0.0200
0.0150 0.0180
0.0100 0.0100
0.00500 0.00500
0.00 0.00

F1GURE 3. The difference between velocity field at the final time
T =5 of the EnB-full approximation and the En-POD approxima-
tion with 6 reduced basis vectors for example 1 (left) and example

2 (right).

6.2. Example 2. We next wish to test our reduced basis method in the extrap-
olatory setting, that is, for values of the perturbation parameter e different from
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— EnB-full-FE — EnB-full-FE

EnB-POD 2 0.5 EnB-POD 2
— EnB-POD 4 — EnB-POD 4
— EnB-POD 6 — EnB-POD 6

1 2 3 4 5 1 2 3 4 5
t t

FIGURE 4. For 0 <t <5, the energy (left) and enstrophy (right)
of the ensemble determined for the EnB-full approximations and

for the EnB-POD approximation of several dimensions for example
1.

TABLE 1. The L? relative error ||uf® —u%¢||2,0 vs. the dimension
R of the POD approximation for Examples 1 and 2.

(a) Ezample 1 (b) Example 2
R | error R €error

2 1 0.035785 2 | 0.035869
3 1 0.021379 3 | 0.021437
4 |0.013802 4 | 0.013910
5 | 0.009067 5 | 0.009073
6 | 0.004886 6 | 0.004969

those used to generate the reduced-order basis. To do so, we examine the prob-
lem used in Section 6.1 with the reduced basis for the EnB-POD approximation
still generated by €; = 0.001 and e = —0.001, but now we use five perturbations
€1 = 0.2, e = 04, e3 = 0.6, ¢4 = 0.8, and €5 = 1.0 in the calculation of the
EnB-full and EnB-POD solutions; all these values of € are well outside the interval
[—0.001, 0.001].

The results for the ensemble average are given in Figures 3 (right), 5 and Ta-
ble 1(b). We see that the results are identical to the first example except that,
understandably, the relative error is slightly larger.

7. Conclusions

In this work, a second-order ensemble-POD method for the non-stationary Navier-
Stokes equations is proposed and analyzed. This is an extension of the method first
proposed in [6] and should prove useful in settings that require long-time integra-
tions.

The method proposed in this work as well as in [6] only work well with low
Reynolds number flows. Whereas there is a vast array of methods for the Navier-
Stokes equations for high Reynolds number flows, within the POD/ensemble frame-
work the literature is much more limited. A few recent works within this setting are
the regularized reduced-order models developed in [21, 22, 23] and the regularized
ensemble models in [14]. A natural extension of this work will be to incorporate
these regularized methods into the ensemble-POD framework.
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3 >
g 215
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4 EnB-POD 2 05 EnB-POD 2
— EnB-POD 4 — EnB-POD 4
— EnB-POD 6 — EnB-POD 6
1 2 3 4 5 o 1 2 3 4 5
t t
FIGURE 5. For 0 <t <5, the energy (left) and enstrophy (right)
of the ensemble determined for the EnB-full approximations and
for the EnB-POD approximation of several dimensions for example
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