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1 Introduction

The main aim of model order reduction is to find a lower dimension approximation of a full model solution
by projecting it onto a lower dimensional space. Proper Orthogonal Decomposition (POD), also known as
Principal Component Analysis (PCA), is one of the most popular methods used to construct this projection
operator. In this method the proper orthogonal modes of a system of equations are constructed and then
these modes are truncated as required to construct the lower dimensional approximation. Model reduction
for the strong form Reproducing Kernel Collocation Method (RKCM) [3] is proposed, where a Least Squares
Galerkin projection is used to project the over-determined system of equations. Examples are provided for
linear problems for the RKCM framework.

2 Reduced bases from Proper Orthogonal Decomposition (POD)

In this section the detailed derivation for obtaining the reduced order POD bases is given [2, 4]. Consider
a function u(x,t) defined on the domain & € R", for which a approximate reduced order function is to
be obtained by projection on to a reduced bases (here POD bases). The POD bases are obtained under the
following statement of optimality:

Find a bases ¢ such that; the averaged squared error between u(x, t) and its orthogonal projection on to ¢ is
minimized, [2]. This is given by the following expression:
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conjugate. || e || = (e, )2 is the induced norm and (e) is the averaging operator. This is equivalent to
maximizing the averaged inner product between u and ¢ suitably normalized [2, 4]:
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subject to the condition ||¢||*> = 1. Here | ® | denotes the absolute value. The proof for equivalence of



equation (1) and (2) is given as follows:
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From the above proof, it can be seen that:
U
min < (u, ¢)
¢EL2

[l
For example, consider the case when u represents velocity. Equation (2) means that if u is projected along ¢,
the average energy content (kinetic energy) is greater than if w is projected along any other bases function.
The maximization problem in equation (2) can be recast into a constrained minimization problem with the
functional defined by:
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where )\ is the Lagrange multiplier. Using calculus of variations, the necessary condition for extrema is
reached when the functional derivative vanishes for all variations of ¢ +en € Lo. Here 17 # 0 is an auxillary
function and € € R is a small parameter.
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Using the inner product property; (f, g) = (g, f)*, the above equation can be written as:
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Interchanging the order of the averaging operator and inner product (averaging operator commutes with the
integral):
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This results in the following Euler-Lagrange equation:
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The above equation gives the integral eigenvalue problem. Here R(x, ') = (u(x)u*(x)) is the averaged
auto correlation function. The solution to the integral eigenvalue problem given in equation (9), gives a
series of eigenvector or eigenfuctions which are called Proper Orthogonal Modes ¢; (x)fil (POM’s or POD
modes) and the corresponding eigenvalues A52; are called Proper Orthogonal Values (POV’s). The energy
contained is defined as:

E= Z i (10)



and the energy captured by the i" POM is given by \;/E. The reduced order solution to u is obtained by
truncating the bases and considering only the first 7 modes which capture say around 99% of energy. From
the mathematical statement of optimality used for constructing the POD bases, it can be seen that on an
average, the reduced POD bases form the ‘best’ bases as the POD eigenvalues decay rapidly and capture
more amount of energy in the first » POD modes, than any other bases.

Finally the approximation of u denoted by u” is obtained by projecting  on to the reduced POD bases as
follows:

u(x) =~ ul(x) = Z(b(w)ai =Ua (11)
i=1
where U = [¢1, - - , ¢,] are the reduced bases functions and a = {a1, - - - , a, } are unknown coefficients.

2.1 POD computation in the discrete case using eigenvalue analysis

In general the continuous governing equations are discretized in space when solving using finite difference,
finite element or meshfree methods. For example consider solving a linear elastodynamics problem using
the meshfree Reproducing Kernel Particle Method (RKPM), where u(x, t) is the field variable which is the
displacement at point « at time ¢. The Galerkin weak form in w is discretized in space using the meshfree
RK approximation to obtain the following matrix equation:

Md+ Kd=F (12)

where, M is the mass matrix of size n x n where n is the number of degrees of freedom, K is the stiffness
matrix of size n x n, F is the force vector of size n and d is the vector of nodal coordinates of size n.

The method of snapshots is used to find the reduced order solution to the above equation [2, 4]. In the
off-line phase where the full model simulations are run, a set of °‘S” snapshots of the nodal coordinate vector
d € R", at different time intervals are collected in a matrix D, which is called the Response matrix and is
of sizen x S.
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In this chapter, when a subscript is used for matrices and vectors, this denotes their size. The discrete
averaged auto-correlation matrix R is given by:
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The eigenvalue problem in the discrete form is given by:
RU =UA (15)
where
U=[¢p1, -, ¢n] (16)
is the matrix containing the POD bases, and
A =diag(A1, -+, An) 17)

is the matrix having the eigenvalues as the diagonal entries. This discrete eigenvalue problem is analogous to
the continuous version given in equation (9). The above discrete eigenvalue problem given in equation (15)
can be solved to obtained the POD bases. In equation (15), the discrete averaged auto-correlation matrix



R, isa self-adjoint matrix. The Hilbert-Schmidt theorem states that: ‘The eigenvalues of a self-adjoint
matrix are real and the eigenvectors corresponding to distinct eigenvalues are orthogonal’. According to this
theorem the POD bases vectors are orthogonal.

It can be seen from (15) that a n X n eigenvalue problem needs to be solved to obtain the POD bases, but
as this part of the process can be carried out off-line, this computational expense need not be considered. In
general if n >> S and if it is required to reduce this off-line computational cost, the method of snapshots as
proposed by Sirovich et al. in [S5] can be used. In this method the n x n eigenvalue problem is transformed
to a .S x S eigenvalue problem as follows. Since the POD bases and the snapshots span the same space, each
eigenvector ¢ can be expressed as a linear combination of the snapshots.

¢ = D(nxs) a(sx1) (18)

where a” = {ay,--- ,ag} are the unknown coefficients. Substituting this in the discrete eigenvalue problem
given in equation (15) gives:

RU =UA
1
:>§DDT¢ = A¢; (n X n eigenvalue problem)

1
=>§DDTD6L = \Da

1
égDTDd = \a; (S x S eigenvalue problem) (19)

In order for the above equation to be a necessary condition, the snapshots need to be linearly independent
[2]. Provided & is scaled to be orthonormal, that is, a7 a = I:

dTop=a"DT'Da = \S (20)
To get a set of orthonormal bases ¢ divide by:
1

= TN ' @D

This results in ¢7'¢ = I. In this way the first *S” POD modes can be obtained.

2.2 POD computation in the discrete case using Singular Value Decomposition (SVD)
Alternately the POD bases can be equivalently obtained by SVD of the response matrix as follows:
D(x5) = Unxn) Xnxs) V(Exs) (22)

here U € R™ ™ and V' € R5*S are the orthogonal matrices containing the left singular vectors and right
singular vectors of D, respectively. The matrix U gives the POD bases. ¥ € R™*® is a semi positive
definite psuedo-diagonal matrix and contains diagonal entries with singular values of D, given by o;.

Y (i,4) = 045 = min(n,S) (23)

andoy > o090 > -+ > Omin(n,S) > 0.

2.3 Equivalence of EVD and SVD

The equivalence between EVD and SVD and the relationship between the eigenvalues and singular values
can be obtained from the following equations:

LppT - LussTuT — U dia (‘ﬁ "i) U’ (24)
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From the above equations, the relationship between the eigenvalues and singular values is given by:
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3 Galerkin and Petrov-Galerkin projections

Consider the general case of the matrix equation for a linear elastodynamics problem as given in equation
(12). The reduced order approximation for d denoted by d” is given by the expression:

h 7 T
dix1) = Unxr) dipxy) (27
where 7 is the order of reduction with r << n, U = [¢1,--- , ¢,] is the projection matrix containing the

reduced set of POD bases and d” are the reduced nodal coordinates. Substituting equation (27) in the system
of equations (12) gives: o -
MUdr + KUd" —F =e (28)

where ‘e’ is the residual error as the approximation of d is substituted in the matrix equations (12). In order
to minimize this error, the residual error is constrained to be orthogonal to a subspace W, defined by the
bases W € R™*", which gives:

WTe=0
WIMUd" + W'KUd" - W'F =0 (29)
For the case of Galerkin projection, W = U and in the case of a Petrov-Galerkin projection, W # U.

Finally the reduced system of equations are given by:

Md + Kd" = F (30)
where
M(rxr) = W(,Z;Xn) M(nxn) U(nxr) (31a)
K(’I'XT) = W(,Iq:xrb) K(nxn) 0(n><7') (31b)
F(rxl) = W(fxn) Fix1 (31¢)

The matrices M(Tw) and K, (rxr) are usually fully populated. POD transforms large sparse matrices to
small dense systems. Equation (30) gives the reduced system with r degrees of freedom and can be solved
for d”. The reduced solution d” can be obtained from equation (27). It can be seen that when r << n,
the computational cost for solving the system is greatly reduced. For discrete systems, the number of POD
modes to be considered for the reduced system can be chosen such that the energy given by:

22:1 Ai
Z?:l Ai

is greater close to 1. The critical part in model order reduction using POD is choosing the correct snapshots
which capture the response of the full model which is essential to give results close to the full scale model.

E= (32)

4 Model order reduction using least squares Galerkin projection for
RKCM

In meshfree RKCM [3], the formulation results in solving an over-determined system of equations. This
over-determined system of equations cannot be projected using a standard Galerkin projection, as this pro-
jection is not compatible. To overcome this, the Least Squares Galerkin (LSG) projection is proposed to
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be used in conjunction with RKCM to form the reduced set of equations in the RKCM framework. Using
the LSG projection the bases W is chosen to be K, xpn) U(nxy)- This method is detailed in the following
section with linear problems as examples and error estimates are given to demonstrate the effectiveness of
the method.

4.1 Linear problems - Elastodynamics

Consider the following general linear elastodynamics problem for RKCM.

ati(z,t) + Lu(x,t) = f(x,t); =€, te€(0,T) (33)

with boundary conditions,

B'u(x,t) = h(x,t); =€ te(0,T] (34a)
Biu(z,t) = u(x,t); x €0, te(0,T] (34b)
and initial conditions
u(z,0) =u'(z); =€ (35a)
a(x,0) =0 (x); <€Q (35b)

where L, B" and BY are the spacial differential operators in the domain, on the natural and essential bound-
ary, respectively. w is the displacement vector, f, h and u are the body force, applied boundary traction
vector and prescribed displacement vector, respectively. « is the density. u° is the initial displacement
vector, v is the initial velocity vector and Q = Q U 9Q" U 9Q9 represents the entire problem domain.

The temporal discretization is carried out using the central difference scheme as follows:

(U1 (x) = 2up(x) + up_1(x)) + At?Lu, (x) = At f(x,t,); x €9 (36a)
—_———
Fn(x)
B'u, 1 (x) = h(z,t,y1); « € Q" (36b)
——
hn+1(m)
Buyiq(x) = u(x,the1); € 0 (36¢)
~——
Un 41 ()
ug(x) = u’(x); xcQ (36d)
ui(z) —up(z) = At (z); x€Q (36e)

Here n is the time step counter and w,, () = u(x, t,). For the spatial discretization, u,, (x) is discretized
using the Reproducing Kernel (RK) shape function as follows:

un(x) = up(z) = ¥ (2)a, 37

where U7 = [, @y, .-, Wy | with @) = U, I; ;and

al = {(af)n, (@), -, (a%s)n} with (at),, = {(au)n, (a2r)n, -, (adl)n}~ Here W represents the
RK shape function at node ‘I’. The discretization points for constructing the approximation of u,, are the
source points Ng. I; ; is the identity matrix of size d x d where u,, € R?. Consider a set of collocation
points in the entire domain including the boundaries, with Np points in the interior of domain, N¢ points on
the natural boundary and Ng, points on the essential boundary. The approximation of u,, given in equation
(37) is substituted in the strong form of the governing equations (36) and the residual is enforced to be zero



at the collocation points which leads to an over-determined system of equations given by:

Ma, ., =2Ma, — Ma,_, — At*A'a,, + At*F, (38a)
bl s
A’a, 1 = be_l (38b)
Ala,1=b2 (38¢)
where
[ a¥(p) L¥(p1) f(p1,tn)
M = ; ; Al = : ;o Fut) = : (39a)
[a¥(pN,) LY(py,) f(Pnpstn)
[ B"¥(q) h(q1,tn+1)
A’ = : obh = : (39b)
| B"®(qn,) h(gng,tn+1)
[ BI9®(r) g(ri,tnt)
A’ = : ; b§1+1 = : (39¢)
| B (rNy) 9("Ngstnt1)
Re-writing equations (38) with added weights on the essential and natural boundaries:
M b}mq
\/67A2 Ani1 = \/@bfl_H (40)
VB9 A VBB, 1y
—x v

here, /3" and /39 are the weights to be applied on the natural and essential boundaries, respectively, to
balance the error between the domain and the boundary terms. They are given by [1]:

VBl = O(k™'Ng?0) (41a)
VB = O(N5a) @ib)
where & is the material constant and ¢ = maz(a, At?, N2). The initial conditions are given by:
Hay = ug (42a)
H(a;, — ap) = Atvg = Hay = Atv + Hayg (42b)
where the matrices are given by:
T (x1) uo(x1) vo(x1)
H= ; Cowo=| |3 wo=]| @3)
T (xne) uo(XnNe) vo(XNe)
where x = [x1,"** ,Xne) = [P1,-* sPNp, Q1+ ,GNG.T1,+ TNy | are the collocation points and

N¢ = Np + Ng + Ng. The over-determined system of equations (40) can be solved using the method of
least squares.

4.1.1 Model order reduction using Least Squares Galerkin projection:

The over-determined system of equations Aa, 11 = b are reduced as follows. Consider a one-dimensional
case where the over-determined system matrices have the following size:

A(NexnNs) (@ni1)(vg,1) = (B)(Ne,1) (44)
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The reduced approximation of a is given by:
a~ aéLNsxl) = U—(Ns ><7”)a7(nr><1) (45)

where U = [¢1,-- - , ¢,] is the reduced bases obtained by truncating POD modes of the response matrix and
r is the number of reduced modes or the reduced degrees of freedom for solving the reduced system. a” are
the unknown coefficients in the reduced system. Substituting the reduced approximation (45) in (44) results
in the equation:

ANexns) Unsxr)@(rxty = (D) (vo1) = € (46)

where e is the residual error. To minimize this error, the residual error is constrained to be orthogonal to a
subspace W, defined by the bases W € RNe*" which gives:

Wle=0
=SWiine)ANexNs) UNsxn @(rxt) = Winsne) (0)(ve 1) (47

It can be seen that the bases W' should belong to RNe X7 for projecting the RKCM equations. A projection
using W = U is not possible since in this case W € R™s*" Hence a Least Squares Galerkin projection is
used with: B

W = A(ngxns) Ungxr) (48)

This results in the reduced equation:

(Avexns) Unvsxr) T Ane xvg) Unexm @(rx1y = (Aexns) Unvsxr)’ (0) vy (49)
which is re-written as:

U—(Z;XNS)A{NSXNC)A(NCXNS) l_](NsXT)aZ,rxl) = l_]g;st)A{Nstc)(b)(Nc’l) (50)

As the above system of equations (50) has a symmetric matrix U7 A” A U on the left hand side, Cholesky
decomposition can be used to solve these reduced determined system of equations.
4.1.2 Error analysis for linear dynamic problems
The error between the full and reduced solution is determined using the following error estimate:
(]2t — wreal|
full — red
e = — (5D
t; ( Il 2egun ] )

where ¢, denotes the time step counter and n is the total number of time steps, wg is the full scale solution
evaluated at a set of V points in the problem domain and obtained off-line, wq is the reduced order solution
evaluated at the same set of N points. The norm ||| e ||| is defined as follows:

S (@)?
|| = ——=— (52)
VN

where N is the length of the vector .
4.1.3 Numerical examples
Example 1: 1D Wave equation
Consider a 1D string clamped at both ends. The governing equation of motion is given by:

all=Fu,,.; x€[0,L],tel0,T] (53)
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with boundary conditions:

u(0,t) =0 (54a)
u(L,t) =0 (54b)
and with initial conditions:
u(z,0) =0 (55a)
i(x,0) = wsin(kx) (55b)

The following values for the parameters are used: density « = 1, length L = 16, Young’s modulus £/ = 1,
wavenumber k& = 57/L and the total time 7" = 6. The angular frequency is given by w = kc, where
c= \ﬂE/a). A time step of At = 0.2 is used. For RKCM the domain is discretized using Ng = 51 and
N¢ = 2Ng — 1 collocation points. A support size of 3k is used in the RK approximation function where
h is the nodal spacing of the source points. A total of 31 snapshots are collected. The decay of the first 31
POV’s is shown in figure 1. As the eigenvalues decay very rapidly after the first eigenvalue, for the reduced
order solution the number of POD modes is chosen to be » = 1 which is 1.96% of degrees of freedom (DOF)
of the full model. Figure 2 shows the comparison of the full solution for » and the reduced solution for u
at the mid point of the domain at each time step. Figure 3 shows the comparison of the full solution and
the reduced solution at all the points in the domain at the final time 7" = 6. It can be seen that the reduced
solution is very close to the full order solution. Table 1 gives the error e; for different values of r. It can be
seen that the error reduces as the number of modes r are increased, as expected.
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Figure 1: Decay of Proper Orthogonal Values for the 1D wave equation problem
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Figure 2: Comparison of the solution at the mid point of the domain, plotted for ¢ € [0, 7] for 1D wave
equation problem
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Figure 3: Comparison of the solution at the final time 1" = 6 plotted over the domain, for 1D wave equation
problem

Table 1: Error e; for 1D wave equation problem
. % DOF of full .
model !
1 1.96% 3.202E-003
9.8% 4.791E-004
25 49.02% 5.597E-009

Example 2: 1D Bar with heterogeneous material

Consider a 1D heterogeneous bar clamped at both ends as shown figure 4.

- [

E1=0.2 Ex=1

Figure 4: 1D bimaterial bar with clamped ends

The governing equation of motion is given by:

ali= (B(x)uy); x€[0,L], t€[0,T] (56)

with boundary conditions:
u(0,t) =0 (57a)
u(L,t) =0 (57b)

and with initial conditions:
u(z,0) =0 (58a)
u(x,0) = sin(kx) (58b)

A smooth transition of material properties at the interface is considered where the
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Young’s modulus is interpolated using the RK approximation functions with linear bases and a support size
of 4h. The interpolated £ values and E , values plotted over the domain are shown in figure 5.

0 5 10 15 0 5 10 15
X X
(a) Interpolation of (b) Interpolation of E ;

Figure 5: Interpolation of E and £ , in the domain using RK approximation function

The following values for the parameters are used: density o = 1, length L = 16, wavenumber k = 27/L
and the total time 7' = 6. A time step of At = 0.2 is used. For RKCM the domain is discretized using
Ng = 51 and No = 2Ng — 1 collocation points. A support size of 3h is used in the RK approximation
function where h is the nodal spacing of the source points. A total of 31 snapshots are collected. The decay
of the first 31 POV’s is shown in figure 6. Considering the eigenvalues decay, for the reduced order solution
the number of POD modes is chosen to be 7 = 5 which is 9.8% of degrees of freedom (DOF) of the full
model. Figure 7 shows the comparison of the full solution for v and the reduced solution for « at the mid
point of the domain at each time step. Figure 8 shows the comparison of the full solution and the reduced
solution at all the points in the domain at the final time 7" = 6. It can be seen that the reduced solution is
very close to the full order solution. Table 2 gives the error e; for different values of r. It can be seen that
the error reduces as the number of modes r are increased, as expected.
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Figure 6: Decay of Proper Orthogonal Values for the 1D heterogeneous bar problem
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Figure 7: Comparison of the solution at the mid point of the domain, plotted for ¢ € [0, T'] for 1D heteroge-
neous bar problem
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Figure 8: Comparison of the solution at the final time 7" = 6 plotted over the domain, for 1D heterogeneous
bar problem

Table 2: Error e; for 1D heterogeneous bar problem

% DOF of full
" model €1
1 1.96% 5.776E+000
5 9.8% 3.547E-002
25 49.02% 3.018E-007
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