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Executive Summary

This feasibility study (12-FS-007) investigated the current state-of-the-art for the construction of reduced
order models (ROMs) from dynamic PDE-based simulations. One novel result of was the demonstration
of a time-partitioned ROM for the advection-diffusion equation that achieved high accuracy with a small
ROM size. The time-domain of a model PDE was partitioned and a fixed-size ROM was tuned to each sub-
domain resulting in an effective method for achieving an efficient and accurate ROM for a dynamic problem.
This LDRD also investigated the construction ROMs for simulations that utilize overlapping grids. In this
case, it was found that weighting the discrete inner product in a manner that approximates the continuous
inner product yields a significantly more accurate ROM.This project demonstrated the feasibility of applying
reduced order models to complex PDE-based simulation tools and explored the benefits of adaptive ROM
techniques.The results of the work led to an Exploratory Research LDRD, funded for FY13, that will focus
on the development of composite adaptive reduced order models suitable for use with a number of LLNL
applications.



1 Introduction

Reduced-order models (ROMs) approximate the essential features of complex, large-scale, mathematical
models of physical systems. ROMs are designed to be orders of magnitude more efficient (in CPU and
memory) than their corresponding high-fidelity models. For example, a single high-fidelity Large Eddy
Simulation of a wind turbine may contain billions of unknowns and take days on a high-performance computer
while a reduced order model of the same problem would consist of only hundreds or thousands of unknowns
and execute in a few seconds on a desktop (or handheld) machine. This efficiency makes ROM-based fast
running adaptive codes (FRACSs) invaluable in applications that require large numbers of simulations such
as design optimization, parameter space sampling or rapid evaluation of an engineering model (e.g. optimal
control).

Currently, the most popular, and computationally effective, reduced order models project a high-fidelity
mathematical model into a lower dimensional subspace to produce a dynamical ODE system with many
fewer degrees a freedom: this smaller system forms the fast running code (see, for example [1, 2, 3]). Such
model order reduction techniques have been successfully applied to a number of specific areas; however, their
practical application to high-fidelity, nonlinear partial-differential (PDE) and differential-algebraic (DAE)
equation based simulations has been limited by a number of open research problems. Of particular impor-
tance to LLNL applications is the adaptation of the reduced model to efficiently capture highly localized
spatially and temporally evolving physics with many variable parameters. Current ROMs cannot efficiently
represent local features in highly complex and dynamic simulations of physical phenomenon without enlarg-
ing the entire reduced model [4, 5, 6, 2, 7, 8]. Some approaches provide a degree of dynamic adaptation by
interrupting the ROM’s execution in order to reconstruct the subspace using expensive full-fidelity simula-
tions [9, 10, 11]. While in some specific cases this may be acceptable, in general it defeats the purpose of
having a fast running code.

2 An overview of dynamic ROMs

The construction of reduced order models generally consists of two steps: the distillation of large-scale,
high-fidelity data into a lower dimensional subspace; and the projection (e.g. Galerkin) of the original
governing equations into the chosen subspace. The first step usually progresses by the collection of a number
of “snapshots” of the time-dependent and/or multi-parameter PDE (or DAE) solution at a number of times
and parameter space locations. To be more specific, consider a high-fidelity PDE model given abstractly by

Owu(t, z;p) = Lu(t,z;p), z €, tel0,T], (1)

which depends on time, ¢, space, x and a collection of parameters, p € P. The snapshots consist of solutions
at some times t; € T and some parameter values p; € P arranged into columns of the M x N snapshot
matrix

Ayxn = [u(thxl;m) u(ty, zi;pi) - u(tn, TN PN)|-

Of course, the exact solution to the PDE is usually replaced by the approximate solution uy resulting from
the discretization of the continuous problem. This data is then used to construct a lower dimensional basis
using techniques such as the proper orthogonal decomposition (POD, also known as principle component
analysis or the Karhunen-Loéve decomposition) [I, 2, 3] or the reduced basis method (RBM) [1, 2, 5, 6].
In the POD approach, for instance, the N snapshots are reduced into a small subspace by computing the
singular-value-decomposition (SVD) of Aprxnv = Unpxm XN« NV]gX ~» and then taking the first K < M
columns of U corresponding to the K largest singular values of A. This approach is often described through
the equivalent (and typically smaller) eigenvalue-eigenvector problem for the N x N covariance matrix A7 A.
For complex problems whose solutions vary greatly in space and time, K may still need to be large in order
to accurately represent the dynamics, particularly for complex physical systems, long time simulations and
large problem domains, as well as for varying values of the model parameters.

Once the projection subspace has been selected, the original PDE or ODE model is projected into this
lower dimensional subspace; this projected dynamical system then forms the actual reduced order model, or



“fast running code”. For example, let the semi-discrete approximation to our continuous problem be

Ovun(p) = Lnun(p) (2)

where we have suppressed the explicit dependence on time, space and parameters for clarity and Ly is the
discrete approximation to the operator L. Given a POD or RBM basis of size K, constructed from snapshots
of solutions to this discrete system, we can perform a Galerkin (for example) projection to form a smaller
ODE system of K unknowns, v € R¥,

W o (oo + Fr(p.1). (3)

dt
Equation (2) may have many billions of unknowns (M = 10%) and take days on a high-performance computer
to solve while Equation (3) is only of dimension K which can be orders of magnitude smaller. The reduced
order model approximation of uy is then ug = Qu where Qi i the rectangular matrix whose columns are
the POD or RBM basis vectors. The matrix () and the projected system are dependent upon the parameters
p; € P and times t; € T used in choosing the snapshots.

Of course, the real purpose of a ROM is to efficiently provide the data necessary to compute an objective
function in an optimization procedure, the system model in a control law or even rapid results to a real-time
simulation. These situations boil down to using u% instead of uj, (or even the exact solution u) in a functional
that computes a diagnostic quantity of interest (QOI) such as drag in an aerodynamics problem or average
room temperature in a building air flow simulation. In order for ug to be useful it must accurately predict
the QOI while keeping the cost of evaluation to a minimum.

3 Adaptive ROM methods

The current state-of-the-art “adapts” ROMs to localized phenomenon by either enriching the subspace (i.e.
increasing M) [6, 12]; or completely recomputing the subspace using the original high-fidelity model [10, 11].
Both approaches retain the “global” nature of the subspace while incurring costs that reduce the efficiency
of the technology. Pope’s ISAT (in-situ adaptive tabulation) procedure[9], developed for chemical kinetics
applications, does provide some degree of locality, however it still requires the ability to summon the full-
scale simulation when the local approximations are deemed insufficient. ISAT-like schemes have currently
only been applied to stiff forcing terms of larger (unreduced) models [9, 13, 14].

We propose the development of locally (in space, time and parameter domains) adaptive reduced order
models using a constructive approach in which the ROM solution is represented as a composite collection
of localized model reductions.An example of a spatially adaptive ROM would be based on partitioning the
computational domain (e.g. for the flow solver) into sub-domains and using different numbers of POD vectors
in the different sub-domains. A sub-region where the solution is changing rapidly could use a locally defined
ROM with more degrees of freedom compared to a sub-region where the solution does not change very much.
Developing rigorous and efficient mechanisms for coupling spatially and temporally partitioned ROMs, using
tools such as partitions of unity, will be a novel contribution of this LDRD.

Adaptive ROMs could also be utilized as “sub-scale” models within even larger high-fidelity models. For
example, a wind farm simulation might consist of a spatial domain tens of kilometers in extent and hours
in time while an individual wind turbine exhibits physics on the sub-meter and sub-second space and time-
scales. A ROM based on the high-fidelity simulation of a single turbine could be used as a sub-scale model
in wind park simulations consisting of 10s or 100s of wind turbines.

4 LDRD results

4.1 Time-composite ROM

This LDRD has demonstrated that even a simple partitioning of the time domain of a problem using tuned
reduced order models for each time-partition can produce very accurate ROMs with small system sizes.
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Figure 1: Even a static partitioning of the time domain produces more accurate ROMs

Consider a model problem consisting of the one dimensional advection diffusion equation:

Ut + auy — Vg, = 0 with u(¢,0) = u(t,1) = 0,z € [0,1],¢ € [0,T] (4)
1 for 0<ax<0.5
u(t—O,x)—{ 0 for z=0andx>05 (5)

The discrete “high-fidelity” approximation, wuy, to this PDE is obtained using second order central finite
differences in space and a second order accurate predictor-corrector method in time. We a-priori break up
the time domain, [0,7], into S intervals and collect snapshots for each interval. A POD basis of order K
is computed for each interval and is used to compute the ROM solution ug’s using a different projection
and set of ROM coefficients, v, for each interval. Upon entering a new interval S, the change of basis from
interval S — 1 to S is easy to accomplish using the projection matrices Qg_1 and Qg

0¥ = Q§Qs 10" (6)

The K x K matrix Q5 Qs_1 can be computed before the ROM simulation begins and is only applied once
at each transition between time partitions.

Figure 1 compares ROM solutions to wuyp, for the model problem for K = 5 with one (traditional OD)
interval and two intervals. FEven splitting the time domain into just two intervals improves the accuracy
considerably, as shown in Table 1. Future work will include an analysis of these errors in an effort to
determine efficient interval sizes and to make the process of selecting appropriate intervals dynamic and
adaptive.

4.2 Reduced Order Models on Overlapping Grids

4.2.1 Choice of the inner product on an overlapping grid

The POD vectors ¢, computed from the SVD decomposition are orthogonal (orthonormal) with respect to

the usual Euclidean inner product,
b b; = bij. (7)

One advantage of using this inner product is that the mass matrix M in (21) is diagonal.
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Table 1: Multiple partitions can improve the answer, but only up to the resolving ability of the reduced
POD basis.

We could also choose an area-weighted inner product (volume-weighted in 3D),
(08100 = 2 by = W ~ [ iy ) . (®)
k

where u; and u; are the continuous functions corresponding to ¢, and ¢; respectively. Here wy > 0 are
integration weights which are some approximation to the local element of area dx. W is the diagonal matrix
with entries wy. On an overlapping grid, the weights wy should be adjusted in regions where grids overlap
to take into account the multi-valued nature of the discrete solution (i.e. we need to avoid double counting
where two grids overlap). The mass matrix will no longer we diagonal using the area inner product (8)
Weighted snap-shot vectors: Instead of using the area-weighted inner product, one could instead
consider weighting the snap-shot vectors {w,} used to form the SVD. Suppose we weight the snap-shot
vectors by a matrix D, w" = Dw". The SVD for the new snap-shot matrix DA = [Dw! Dw? .. ] is

DA=UxVT. (9)
If the columns of U are denoted by &Si then

T~

b &;=0dij. (10)

Note that the basis vectors we should use to represent our solution u(x,t) are sz = D‘lggi, since we need
to scale back to the original representation. In this case we look for a ROM solution to our PDE of the form

K K
u (x, ) =Y a(t) D', =D ai(t)e;. (11)
i=1 i=1
Note that
~ T ~ ~T o ~
¢i ¢j = ¢j D D¢j = 5z'j- (12)

Therefore if we choose D to be the diagonal matrix D = W'/2 then qu are orthogonal with respect to the
area-weighted inner product,

(ﬁ?’ia (}j)h = Zwka)j,ka)i,k = ¢;jTW¢;j = 6ij- (13)
k

Thus the mass matrix will be diagonal w.r.t. the area-weighted inner product when we weight the snap-shot
vectors using D = W1/2.

4.2.2 Reduced order models for an advection-diffusion equation on an overlapping grid

Consider solving the advection diffusion equation on some domain §2,

T+ (a- V)T = kAT + fi(x,1), for x € Q (14)
T(x,0) = To(x), for x € Q, (15)
oT + B0,T = g(x,t) for x € 092, (16)



with some body forcing fy(x,t). We will solve these equations on an overlapping grid, G = {G, } g1
consisting of N, component grids. On each component grid G, we define a discrete approximation, T} ~
T(x;,t").

Given a reduced (POD) basis {¢;}/,, where ¢, € RM are vectors representing 77 at all grid points on
all grids (there being a total of M grid points).

We look for a reduced order solution of the form

K

)= gm(OTHGc )+ a;(t);(x). (17)

j=1

for some unknowns {¢;(t)}, and where T2 (x,t) are particular functions, chosen, for example, to satisfy the
boundary conditions.
Substituting (17) into the advection-diffusion equation (14) gives

TE 4+ (a-V)TH = kATE + f,(x,1), (18)

K K
Zdi +qu j :KZQjA¢.j +Fb(X,t)7 (19)
Fy(x,t) = fy(x,t) = Y {&t[gm(t)Tf,’L(x, O]+ g (1) @+ V)TL(%,8) + g () ATS (x,1)}. (20)

m

These last equations implicitly define (an over-determined) system of ODEs for the unknowns {g;(¢)}.
We can use a Galerkin projection to define a set of N ODE equations for the N unknowns ¢;(t).

Let < -,- > denote some inner product on RM. Different choices for the inner-product will be considered.

Taking the inner product of ¢, with (18) (i.e. we project the equations onto the space spanned by {¢,})
gives

ZM” dt +ZBw% Zquj )+ fis (21)

where

Mij =< (,z’)i,d)j >, Bij =< d)i, (a . V)d)J >, Kij =< d)ivVAd)j >, (22)
Ji=—<¢;Fp,> (23)

Equations 21 can be written as

dq
Ma + Bq=Kq-+f. (24)

4.2.3 Cgad: advection-diffusion of a pulse past a cylinder

In this example we solve an advection diffusion equation (Cgad) for a pulse moving past a cylinder. The
boundary conditions are Neumann (check me).

We save 200 snapshots over the time interval [0, 2] so that the snap shot time interval is Aty = .01

We consider two ways to form the projected equations: (1) A Galerkin projection using the standard
inner product and (2) a Galerkin projection using the integration weights in the inner product.

Here are the first 21 singular values:

151.71704 108.46108 79.70319 57.30043 33.02741 19.41691 10.25015 9.04892
5.27542 2.52297 1.30634 1.00365 0.48398 0.21195 0.08702 0.03895 0.02111
0.01361 0.00904 0.00629 0.00445



Figure 4 shows results using the weighted inner-product (WIP) projection. Figure 5 shows results using
the standard inner-product (SIP) projection. The projected initial conditions are accurate to about 4e-3
and 2e-9 for 10 and 20 POD modes, for either SIP or WIP. The WIP scheme has errors of about 1.7e-4 (10
modes) and 9.6e-4 (20) modes at t=1.5. Question: is the accuracy of the 20 mode solution being limited by
the frequency of snapshots?

The SIP scheme has errors about .1 (10 modes) and .12 (20) modes at t=1.5.

The WIP scheme is clearly much better in this case - but WHY?. We note that when solving the same
problem on a square Cartesian grid there is little difference between WIP and SIP so that the either the
overlap or the curvilinear grid has made a difference.

Convection  Diffusion, o=1, b=1, kappa=0.005 Convection Diffusion, a=1, b=1, kappa=0.005 T Convection Diffusion, o=1, b=1, kappo=0.005 T
t=0.000, dt=1.00e-02 t= 1.00e-01, dt=1.00e-02 t=0.200, dt=1.00e-02

Convection Diffusion, o=1, b=1, kappa=0.005 T Convection Diffusion, a=1, b=1, koppa=0.005 T Convection Diffusion, a=1, b=1, koppa=0.005 T
t=0.500, dt=1.00e-02 1=1.000, dt=1.00e-02 t=1.500, ¢t=1.00e—02

o

)

Figure 2: Advection diffusion of a pulse moving past a cylinder. Solution at various times.
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Figure 4: WIP: advection diffusion of a pulse moving past a cylinder: Galerkin projection WITH weighted
inner product. Left: solution computed with 10 POD modes. Middle: error using 10 POD modes. Right:
error using 20 POD modes.
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Figure 5: SIP: advection diffusion of a pulse moving past a cylinder:
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in the inner product. Left: solution computed with 10 POD modes. Middle: error using 10 POD modes.

Right: error using 20 POD modes.



