INTERNATIONAL JOURNAL FOR NUMERICAL METHODS IN FLUIDS
Int. J. Numer. Meth. Fluids 2011; 66:976-999
Published online 1 March 2010 in Wiley Online Library (wileyonlinelibrary.com). DOI: 10.1002/f1d.2297

The independent set perturbation adjoint method: A new method
of differentiating mesh-based fluids models

F. Fangl’*’T, C. C. Pain!, I. M. Navon?, G. J. Gorman', M. D. Piggottl
and P. A. Allison!

IApplied Modelling and Computation Group, Department of Earth Science and Engineering, South Kensington
Campus, Imperial College London, SW7 2AZ, UK.
2Department of Scientific Computing, Florida State University, Tallahassee, FL 32306-4120, U.S.A.

SUMMARY

A new scheme for differentiating complex mesh-based numerical models (e.g. finite element models), the
Independent Set Perturbation Adjoint method (ISP-Adjoint), is presented. Differentiation of the matrices
and source terms making up the discrete forward model is realized by a graph coloring approach
(forming independent sets of variables) combined with a perturbation method to obtain gradients in
numerical discretizations. This information is then convolved with the ‘mathematical adjoint’, which
uses the transpose matrix of the discrete forward model. The adjoint code is simple to implement
even with complex governing equations, discretization methods and non-linear parameterizations. Impor-
tantly, the adjoint code is independent of the implementation of the forward code. This greatly reduces
the effort required to implement the adjoint model and maintain it as the forward model continues
to be developed; as compared with more traditional approaches such as applying automatic differen-
tiation tools. The approach can be readily extended to reduced-order models. The method is applied
to a one-dimensional Burgers’ equation problem, with a highly non-linear high-resolution discretiza-
tion method, and to a two-dimensional, non-linear, reduced-order model of an idealized ocean gyre.
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1. INTRODUCTION

Adjoints to computational codes have been used for diverse applications including data assimilation
[1-4], sensitivity analysis [5, 6], adaptive observations [7] and mesh-based error measures [8, 9].
However, differentiating discrete numerical models is generally impractical to perform by hand
and remains challenging when using automatic differentiation (AD) tools ([10], more details on
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THE ISP-ADJOINT METHOD 9717

AD are available at http://www.autodiff.org). Automatic differentiation also restricts the use of
many advanced programming features, further increasing the difficulty of developing a forward
and adjoint model. Both approaches often require intimate knowledge of the forward code in order
to design a hand differentiation method or to alter the automatically produced code so that it works
efficiently [11-14]. The time it takes to conduct this task may be greater than writing the forward
model and there may also be computer science-related issues arising from the complexity of the
computation of derivatives and memory usage [10, 15]. These challenges often preclude the use
of gradient or adjoint variational (4D-VAR; three spatial dimensions plus time) data assimilation
methods, sensitivity-based methods or any other method that uses gradients of key functionals with
respect to the control variables (controls), e.g. material properties or initial/boundary conditions
of flow models.

To reduce the computational cost and memory, Coleman and Moré [16] introduced the graph
colouring scheme in the computation of derivatives. This allows for the efficient calculation of
the gradient of a sparse matrix Jacobian (matrix containing key derivatives of the model w.r.t. the
state variables) using AD software [17—19]. Other related research work and applications of graph
coloring approaches in the numerical determination of large sparse derivative matrices (Jacobians)
can be found in [20-24]. An overview of colouring schemes is provided in [22].

A forward model may have an actively developed dynamic core or utilize rapidly changing and
complex parameterizations. Therefore, the application of consistent or exact gradient methods of
differentiation to the discrete problem tends to lag behind developments in the forward model
code. Despite this, there have been major successes in differentiating large models [25-29]. AD
methods have been utilized on stable models at compile time after code modifications [30-33].
In addition, Marta et al. [10] developed a selective AD approach where AD is used to compute
only certain terms of the discrete adjoint equations, and not to differentiate the entire solution
algorithm.

The ISP-Adjoint approach, outlined here, is largely independent of implementation details of the
forward model. The modelling software only needs to be modified so that it can accommodate the
adjoint, i.e. the formation of the ‘mathematical adjoint’ transpose matrices of the forward problem,
as well as the accommodation of the data structures necessary to provide access to the forward
solution when time marching backwards in the gradient calculation. Similar approaches may be
applied to reduced-order models such as proper orthogonal decomposition (POD) surrogates of
full models.

The colouring approach, as shown here, can also be used to help accelerate the matrix
equation assembly process on the assumption that the discretized system of equations has a
polynomial representation and can thus be formed by a summation of pre-formed matrices.
These matrices are formed before time marking or the non-linear iterations are begun and
thus provides very rapid forward model assembly. They also enable differentiation to be easily
performed, but again on the assumption that the discretized system of equations has a polynomial
representation.

The remainder of this paper is set out as follows. The next section outlines the model governing
equations followed by their discretization. Section 4 provides a description of how discrete system
assembly may be performed using graph colouring methods. This is then followed by the extension
to reduced-order POD models and the extension of the method to non-quadratic discrete systems of
equations. In Section 5, the gradient of the discrete system (ISP-Adjoint) method is outlined and this
is followed by an summary of the algorithm for forming the gradient based on the ISP-Adjoint. The
method is applied to two problems: the Burgers’ equation and the Navier—Stokes equations applied
to ocean gyre circulation in Section 7 followed by discussion. Finally, conclusions are drawn.

2. GOVERNING EQUATIONS

Two systems of partial differential equations used to illustrate the application of the method are
the Burgers’ equation and the Navier—Stokes equations.
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The one-dimensional (1D) Burgers’ equation is defined as

o, ou ou 0 o
—+u——v—=0.
ot Ox  0x?
where u is the velocity, x is the spatial coordinate, ¢ is the time coordinate and v is the viscosity
coefficient.
The 3D Navier—Stokes continuity and momentum equations are considered in the form

V.v=0, )

aa—l;z—u-Vu—kau+V-t—Vp+su, 3)
where u=(uy,uy, uZ)T is the velocity vector, x=(x, y, Z)T are the orthogonal Cartesian coordi-
nates, p is the perturbation pressure (p=p//pg, po is a constant reference density), s, contains
the body forces (wind stressed in the applications), f represents the Coriolis inertial force and
k=(0,0,1)T. The stress tensor 7 is used to represent viscous terms and are expressed in tensor
form. The pressure variable is split into geostrophic and non-geostrophic parts that are solved
separately. This allows for the accurate representation of geostrophic balance (for further details
see [34]).

3. DISCRETE EQUATIONS

The discrete forward model representation of the governing equations above can be expressed in
matrix form

AD=s, “4)

where <D=((D1T (1)2T (1)””VlT)T is the vector of state variables, s:(s]T s2T S""/’T)T, A
is the global matrix making up the discretization in the forward model at all the time levels
where A; is the number of time levels. At each time level n, the state and source vectors are
Q" =(P] D ... (D_'fV)T and s" = (s} 55 ... sfv»)T, respectively, in which @7 and s are scalars. In
addition, /" is the number of unknowns solved for at each time level and for steady-state problems
N=1.

For the two-level time marching methods used here, the global matrix A has the structure

Pl

H? P?
A= . . ) (5)

H»/V, PUV t

3.1. Burgers’ equation

A backward Euler time stepping method at time level n and centered on control volume (CV) i
for the Burgers’ equation (1) can result in the following schemes (#; is an approximation to u in
CV i)

1. With central differencing in space

n+1 n+1 n+l1 n+1 n+1 n+l1
wp —uy O £ W/ = W £ +2u; T —u _o: ©)
At ! 2Ax (Ax)? ’
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2. With first-order upwind discretization in space:

uttt_yn

' ! : 1
# —max (O, m(u;1 +u:7_1)) W1 —min (0, m(u? +u?_1)> A

1 1 . 1 !
“+max (0, T Wit +u?)> u ™ 4+ min (0, Tas Wi +u;')) '

n n n+1 n+1 n+1
M Ty g T +2u T —u
2Ax ! (Ax)?

=0, (7

3. With high-resolution discretization in space:

ur_l+l_ n
+1 +1 +1 +1
lAt Sy (S o D A=E ) T Ful (L pud T A= E D)
+1 1 on+l
_”?+1_”?—1u¢+1+v_”?+1 +2u - _o ®)
2Ax ! (Ax)? ’

in which Ax is the size of the CV’s.

To determine in the high-resolution method where to apply first-order instead of high-order
fluxes, there is a need to be able to detect an extrema and if there is to be a smooth transition
between the two fluxes then there is a need to quantify how close to an extrema the solution
is. This is achieved here using the normalized variable diagram NVD method [35]. Suppose u!,,
uy, uyy are ordered consecutively and u’} is the face value between CV’s c and d. If f=i—1/2
and u’}>0 then subscripts u=i—2, c=i—1, d=i and if u’]’c <0 then subscripts u=i+1, c=i,

d=i—1 and ”?71/22 %(”?71 +u(). For a monotonic solution,

u, —u”
A= el0,1], ©)

n__.n
Ltd uu

which is the non-dimensional high-order face value. The non-dimensional upwind face value is

= u (10)

The idea is to obtain a linear combination Z'} of «'; and «¢ such that 22’} equals « when there
exists an extrema (« ¢ [0, 1] and the scheme becomes first order) and 22’} moves smoothly between
this and the high-order flux /} ﬁ’} is calculated from

5n n

u.—u
~ f u
u
The flux limited solution is
Wy =2 (ufy—uiy) +uly. (12)

Z/} in this equation is calculated from the normalized variable diagram, that is

—_ min{l,ZMZ,max{aZ,M'}}} if 2 €(0,1);
ar=\ (13)

o), otherwise.
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Thus, at an extrema the first-order non-oscillatory method will be applied:

1 ut—u 1 )
5(1—%)—!—5 1fu'}>0;
& =

u'y—ull
! L wp—ug\ 1 .
1—(=[1-— |15 otherwise.
2 'y —ug 2
3.2. Navier-Stokes equations

The variables (uy,uy,u;, p) at time level n are approximated with a finite element representation:

Ny Ny Ny M
n__ on n__ n n__ on n__ on
MX—Z]Njij, uy—ZINjuyj, uz—lejqu, p —;Mjpj, (14)
Jj= j= j= Jj=

where N; and M; are finite element basis functions associated with velocity and pressure, respec-
tively, and with corresponding number of basis functions ./, and .#. The discrete model for
incompressible fluids’ (Equations (2) and (3)) calculations can be written for finite element methods
as explained in [34] as

En+1un+1 :Bn+1un +Cn+lpn+l+sn+l (16)
where n is the time level and s includes the discretized sources, initial and boundary conditions
and body forces. The vector of velocities is defined as

nT .nT _nT\T
yooug)

’

with sub-vectors associated with the velocity components,

n n n n T
uxz(uxl7ux2""7ux./1/‘u) )
n__ n n n T
uy—(”yw”yz’""”yV/V',,) ,
n n n n T
uzz(uZ],uZZ,...,uZJV”) ,

where all subscripts indicate nodal values of the associated variables. The pressure vector is

=t DT
The matrices E**! and B"*! are non-linear in u and C"*! is the matrix associated with the
pressure vector.

For the Navier—Stokes discrete equations (15) and (16), the vector of state variables at time
level n is @ =" T, p"T)T. Given the structure of matrix A Equation (5) the matrix that is solved
at time level n typically has a structure that is a block matrix representation of the discrete
system (15):

En Cn
P”:( o ) a7
C 0
and
. B" 0
H" = . (18)
0 0
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4. DISCRETE SYSTEM ASSEMBLY USING GRAPH COLOURING METHODS

This section provides a description of how discrete system assembly can be performed using
graph colouring methods for a discrete polynomial system (polynomial in the state variables). The
matrices associated with the non-linear terms can be expressed by a set of sub-matrices. For time-
dependent problems these sub-matrices are time-independent and can be easily differentiated to
form adjoint systems of equations (this will be discussed in the following section). This approach
is also extended to POD reduced-order modelling and in this case the number of POD bases is
equal to the number of colors used in the graph colouring method.

4.1. Graph colouring

Graph colouring methods are commonly used to model the dependency between different subtasks
or data. Here we define the graph G, = (Vg, Eg), where the vertex set, Vg, are the nodes or cells
of the finite element or CV mesh (i.e. the rows of a discretization matrix), and the edge set, Eg,
is defined by the connectivity under a given stencil, see below. The chromatic number, y(G,), is
bounded by

o(G)<U(GHSAG)) +1,

where w(G,) is the clique number and A(G,) is the maximum vertex degree [36]. x(G,) is the
minimum number of colors necessary to color a graph. However, the number of colors obtained
by a colouring algorithm .4, might be greater than this minimum.

When forming non-linear discretizations like fQ NigN;dQ, for some qzz;?zl Okqr and
domain €, it is important to look at the independent sets of basis functions Qf used in
fQ N;QyN;dQ for any nodes i and j. Qp (1<k<2, 2 is the number of basis functions Q) is
the finite basis function of a variable ¢. That is for the ith row and jth column of the matrix
associated with fQ N; Qi NjdQ no two basis functions Qy of the same color contribute a non-zero
value to this row and column. The colouring scheme (dependence) is shown in Figure 1. In
practice for a node-wise QO shown in Figure 1(b), the graph associated with the non-zeros of the
matrix MM (for example, the linear matrix that has the element of M; ;= fQ N;N;dQ for nodes
i and j) can be colored to achieve the required independent sets of fQ N; Qx N dQ. This is also
known as a distance-2 colouring of the sparsity pattern of matrix M [22]. A typical colouring is
also shown in Figure 1(b). Thus depending on the form of Qy, the matrix stencil and the vertex
degree of the graph will vary. This would be the case for a material property or non-linearity
that would be expanded as ¢ =Z;:2=1 gr O where q=(q1,¢2,...,g2)". For the case where Qy is
constant throughout an element (element-wise) and for the case when Qy has a bi-linear node-wise
variation, the colouring needs to be chosen as shown in Figures 1(a) and (b), respectively.

31 2 3
21|21 S
e G )W PR & B T
41314 |3
DI G| G S PR N 1 S
201 |21
Gl W W S R 9
r T e T e
9 ——7

Figure 1. Extended colouring for material properties and non-linearities. Left: graph colouring

scheme for an element-wise material property or non-linearity. Four colors are needed for 2D

linear quadrilateral elements. Middle: graph colouring scheme for a node-wise material property

or non-linearity. Nine colors are needed for 2D linear quadrilateral elements with a distance-2

colouring. Right: for the case shown in (b), the dotted line indicates the nodes that are directly

linked to both nodes 1 and 2. These are the nodes for which there needs to be an independent
set and they must be colored with a different number than 1 and 2.
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4.2. Matrix representation of non-linear discrete systems

For a non-linearity with a polynomial representation in the discrete system (e.g. the Navier—Stokes
equations discretized with a continuous Bubnov Galerkin method), the matrix equations can be
formed from a summation of matrices. For illustration, the following are considered here: quadratic
discrete systems, high-order polynomial discrete systems and non-polynomial systems.

4.2.1. Quadratic discrete systems. As discussed above, an example of a quadratic non-linearity in
the can be written in a matrix of the form

Q= /Q NigN;dQ, (19)

where ¢ is a variable, for example, the velocity. The application to other finite element matrices,
such as those formed from inertia or advection terms of the form [, N;ut0N;/dx dQ, follows
along similar lines, in which ¢ =u"!. The matrix Q, j] in the colouring scheme can be expressed as

Q5= /Q NibN; dQ, (20)

where

) 1 if node k is of colour c,
b=y kaz, b,f: (21)
k=1

0 at other nodes.

Applying the same approach as outlined here for matrix Q to matrices E"*! and B**! in
Equation (16) means that the methods outlined here to efficiently construct the matrix Q may also
be applied to form the matrices E"*! and B"*!. The matrix Q can be constructed by a set of
sub-matrices using graph colouring,

.,/VC _ N Ac
quj=C§Qf,ijqu=Qq,~j+c§Qf,ij(qu—qu), (22)
where ¢;: is the value of ¢ at a node of color ¢ neighboring both nodes i and j (see Figure 1(c)),
N is the number of colors. A" is four for 2D linear element cases, see Figure 1(b). This graph
is colored with nine colors, which are needed to form the independent sets in this work and form a
distance-2 colouring. Note that it is useful to write the matrix (22) as a perturbation from a mean

matrix Gq = JoNigN;dQ= 221:‘1 Zijéicj in order to linearize about a solution g = Zle Okdr,
e.g. the mean of ¢ or the most recently available value of g.
For a quadratic discrete model like a finite element Bubnov—Galerkin discretization of the

Navier—Stokes equations [37], the matrices Gq, Qf] are time-independent. In practice, the matrices

E"t! and B"*! in Equation (16) would need to be formed in this way. The matrices 6(1, Qf]' can
be constructed by sending down different values of the non-linear terms into the matrix assembly
routines.

4.2.2. High-order polynomial discrete systems. For a high-order discrete model, e.g. cubic discrete
model, the matrix Q,, can be written as

quijZLNiquj dQ, (23)

where the velocity g = Zle 0Okqk- The above is repeated but assuming a specified r. That is the
matrix Q, is formed using the colouring method of the previous section applied to Q. Then the
same method is applied to this matrix as outlined previously to form the Q,,. Thus

— Ne o
quij:quij+ ZlQﬁqij(qu—qi‘j), (24)
c=

Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2011; 66:976-999
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where
quf,:/QNirchde Grq;}Z/QNf”?Nj dQ. (25)

4.2.3. Non-polynomial systems. The extension to non-polynomial discrete systems, which may
be obtained for certain discretization methods (e.g. upwind methods, discontinuous Galerkin, flux
limiting methods, or model parameterizations such as large eddy simulation (LES) methods), is
realized by linearizing the system about g say, if ¢ is the non-linear variable. The linearization
realized through ¢ may have to be re-performed often throughout a time-dependent simulation in
order to achieve accuracy. Thus, the matrices may be formed by a summation of matrices. This
makes the matrices easy to differentiate and fast to assemble, but it involves an approximation.
A similar approach may also be applied to reduced-order models to help in the rapid assembly of
their equations as described below.

4.3. Discrete system of reduced-order model equations

The aim behind reduced-order models is to find a relatively small number of basis functions (few
relative to the full model) that can accurately represent the system dynamics. These basis functions
are often obtained from the full forward model results by applying a singular value decomposition
analysis to a number of snapshots of the forward solution to determine the most energetic modes
of the system and in this way optimally obtain basis functions. This is the approach taken in POD
to obtain the basis functions, see [38]. In this section, the matrices are generated by a summation
of matrices similar to the colouring method used above for the finite element equations.

For the Navier-Stokes model for example, once the reduced-order basis functions are
obtained the velocity variables u can be expressed as an expansion of the POD basis functions
{W,, 1,...,‘I’ux%}, {Wu, 1,...,‘1‘,4},2],14} and {¥,, 1,...,‘1’%%} (here 2, is the number of POD
bases for velocity):

uy(t,x,y,2) Uy
_ P Wy
uy(t,xJ’,Z) = My +2Nku(x)auk(t)v (26)
k=1
uZ(t7x7y7Z) ﬁZ

and pressure is decomposed into p=pne+pe in which ppe, p. are the non-geostrophic and
geostrophic pressures (see [38] for details associated with py) and the POD basis functions

{¥p1,....,¥pz,} (here ) is the number of POD bases) for non-geostrophic pressure are used to
obtain
2,
png(t7xay,Z):I§ng+Z\Ppk(x)apk(t)a (27)
k=1

whereas the geostrophic pressure can be represented by a summation of the two sets of geostrophic
basis functions Wy, , and ‘Pgu), o which are obtained by ¥, , and ‘Pu), k [38]:

Py Py
Pg(ta X,¥,2) =l_7g+ Z \Pguxk(x)auxk(t)"‘ Z nguyk(X)auyk(t)a (28)
k=1 k=1

where aukz(auxk,auyk,auzk)T and ap, are the coefficients to be determined for velocity
(ux,uy,uZ)T and p, respectively, pne, pg and (ﬁx,ﬁy,ﬁZ)T are the means of the ensemble of
snapshots for the variables png, pg and (ux,uy,uZ)T, respectively, NZ’“ is a diagonal matrix
including the POD basis for the velocity variable (uy, uy, uz)T, in the finite element method, the

POD basis Wy (x) :Z,Q{ NiWyi; and ¥, , (%) :ZIZ‘{ N;\¥p,;» where N; is the basis function
in the finite element and /", is the number of velocity nodes in the computational domain.

Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2011; 66:976-999
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Substituting Equations (26), (27) and (28) into (2) and (3) and taking the POD basis functions

¥, and ¥, as the test function for (2) and (3), respectively, then integrating over the computational
domain Q,

Uy
t?u
/N[pr iy +ZNZ’“(X)auk,p,t,X dQ=0, (29)
Q k=1
us
Uy
w0 - el Yy
N, % iy |+ > N "(®ayg, |dQ
Q _ k=1
Uz
Uy
\I’ '5]1{ ‘I’
=/N1“Fu Uy |+ 2 N "(aug, p,t,x | dQ, (30)
Q k=1

where F), is defined as the left-hand side of (2), whereas Fy is defined as the right-hand side of (3),

Nf =Y, for the continuity Equation (2) and N;P“ =diag(¥,, ‘I’uy Iz W, ;) for the Navier-Stokes
equation (3).

The POD reduced-order model is then obtained:

Uy

\P]) _ Pu ¥,
N PV |y —I—kZlNk X)ayi () | )=0, 31)
i)
and
daw (1) ).z "\ &
ay (7 Y, _ L - ¥,
;t +<N1 , iy —i—];lNk Xaur @) |-V || uy +ZNk au (1) >
i.) i.) !
Uy 7
_ -g/u v
+<Nl SRy |+ 22 Nt (X)au () >
k=1
Uz
Uy
A 4 2 - Zu v
+(N " | Vp—uV Uy |+ 2 N " (®)au () =0, (32)
k=1
Uz
subject to the initial condition
ug—ﬁx
0_ - Yu
aul(O):< uy—iy | N, > (33)
ug—uZ

where <-,-> is the canonical inner product in the L? norm, a:(aE,aP)T, 1<I<Z,, for the
continuity equation (2) whereas 1</<Z, for the momentum equation (3).
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The discrete model of (31) and (32) at the time level n+1 can be written in a general form in
a subspace:

Chop %' =0. (34)
and
En+1 an+1 _Bn+1 a" +Cn+1 an+1 +sn+1 (35)
POD“u  — F“POD“u POD“p POD’

where E%FIID, B’;&g (associated with the non-linear term) and ngllj (associated with the pressure

term) are the matrices including all the discretization of (31) and (32), sgalj is a discretized source
term.
The (k,l)th (here 1<k, [<32,) entry of the matrices E;&ID and B;&]) can be constructed by

the entries of the matrices E"t! and B"*! in the full model (16):

41 3N 03N W W
n _ n u u
EPODkl_ Zl Zl Eij D,; Dlj ’ (36)
=l j=
3N 03N
n+1 _ n+1yPumy Pu
BPODkl_ Zl Zl Bij D,; Dlj ’ (37
=l j=
and
3N
n+l n+1pnYu
SpoD k = 21 i Dyt (38)
1=

where E?J.H and B:'le are the (i, j)th entry of the matrices E"*! and B"*!, respectively, which in
n+1

the colouring scheme can be formed by summation of matrices (see (22)), s; " is the ith entry of

st DZ‘[“ and D;vj“ are the ith and jth entries of the diagonal matrices DZ’“ and D;y“, respectively,

Y. .

D, " =diag(Wu, 11> > Yurp i) (39)
Yoo

D, " =diag(Wu, oo Wy ) (40)
‘I’ll7 :

D, =diagWu, oo Yurg - (41)

For quadratic discrete systems and a large reduction of the model space, the matrices Epop and
Bpop are most efficiently formed by a summation of matrices in a manner similar to that used
above to form the finite element equations using a colouring method. However, due to the global
nature of the POD basis functions the number of colors is equal to the number of basis functions.
Thus, splitting them into the mean matrices Eqbrop, Bsubpop and matrices perturbing the system
from these EgubpoDpx k> BsubPoDxx (and similarly for y and z) to obtain:

j/u ?}u ?]u
5 +1 +1 +1
Epop =Esubpop + Y EsubPoDxkduxy + 2 EsubPoDypduy; ' + D EsubPODegtuzy > (42)
k=1 k=1 k=1

2, 2, 2,
n+l _ @ n+1 +1 n+1
Bpop =Bsubpob + Y BsubPoDxkuxy  + 2 BsubPoDygduyy  + 2 BsubPoDzg@uzy - (43)
k=1 k=1 k=1

This decomposition enables any differentiation of these matrices to be easily performed as well
as for the reduced model to be rapidly formed every time step.

Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2011; 66:976-999
DOIL: 10.1002/fid



986 F. FANG ET AL.

5. A PERTURBATION APPROACH FOR FORMING ADJOINT EQUATIONS

This section forms adjoint equations and differentiates mesh/grid-based finite element, spectral
element, finite volume, finite difference and reduced models. In general, the global matrix A (see
Equation (4)) is a function of the controls m=(m| mj ... mg)T (% is the number of controls)
and state variables @ that is A=A(m, ®). Differentiating (4) with respect to the control variable
my, the tangent linear model (TLM) can be expressed as

dA do d
DLopaZ 8 (44)
dmy dm; dmy
The gradient of a cost functional J can be expressed as
d/  (do\Tos
—=—] —. (45)
dmy dm;) 00
The TLM (44) can be re-expressed as
do dA d
A B B (46)
dm; dm; dm;
In addition, it will be convenient to use
Js ds
—_— = 47
om; dmy “7)
and
dA 0A dd
—O0=—0+G—, (48)
dm; omy dmy

in which G=(g1, g2, ...,g.+) where g =(0A/0¢;)PD. Also

A A L 6A d
Ay Agy 5 Ao (49)
dm; om; (=1 0¢, dmy

where
A 0A _d A d dd
A p 9% _ 5y 90k 9P (50)
k=100, dm; = dmy dmy

Therefore, the perturbation of the state variables with respective to the controls can be
calculated as

do\T oA os \ '
(_) =(__q>+_s> A+G)T. 51)
dm omy omy

Substituting (51) into (45) yields
dJ oA os \ ' oJ
— =(-—0+—) A+G)T=. 52
dm; ( omy +5m1> A+6) oo (52)

Defining (A+G)~10J/0®=d*, the adjoint model is

Tax OJ
A+G) D =0 (53)
The gradient of the cost function can, therefore, be calculated using
dJ oA s\
—:(——(I)+—> O*, 54)
dm, omy om;
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Notice that the differentiation of the matrix A is achieved in a particularly simply way if the matrices
are formed for a polynomial system as described in the previous section. Thus for a quadratic
system, since the matrix A can be represented in the same way as matrix Q,, in Equation (24),

Aij . L
oy i ©3)

in which cl is the color of node / and blcj1 =1 if nodes i and j are neighbors to node /; otherwise,

blc]l =0, see Figure 1—far right. The equality becomes an approximation when the discrete matrix
A has been approximated by a polynomial system. However, even for more complex problems
the colouring approach can still be used to simplify the differentiation as described in the next
sections.

5.1. Independent Set Perturbation Adjoint (ISP-Adjoint)

The terms (0A/dm;)®, ds/0m; in Equation (54) can be determined by hand or AD in the traditional
approach to forming discrete or exact gradients of the functional of interest, J. An alternative
method for calculating the gradient is to apply a small perturbation, Am;, to each of the controls
m; (see Hoffman [39]—one of the first works to form Jacobian’s using perturbations). In vector
form the perturbation is a vector of length 4 with only non-zero at the /th entry, i.e. Am;=
©,...,0,Am;,0,...,0)T. Using this approach the gradients, for small perturbations, are formed
using the following approximations:

0A o AMEAm, ®)—Am @) Am+Am;, D)D—A(m, D)

56
omy Amy Amy (56)
ﬁ __s(m+Am;) —s(m) 57)
omy Amy )
Combining these, the key gradient in (54) can be determined:
0A 0 —-A Amy;, O)D A —(—A(m, 0)®
OA o 05 (CAM+Am;, D)O-+s(m-+Am) — (—AGm, O)P+s(m) 58)

B omy om; Amy

Moreover, perturbations of a number of variables m; at a given time can be taken without affecting
the gradients. However, these must form an independent set of variables, i.e. one variable perturba-
tion should not affect the results of perturbing any other variable. This can be done for the source
s and for the matrix A. In fact, the matrix need not be formed as what is required is matrix vector
multiplication:

A(m+Am;)—A(m) o
Amy '

One can use a higher-order Taylor series expansion than first order to form approximations to

g0
om; omy

from perturbations in m;, but this requires more computational effort. However, as long as Am;
is small enough (ignoring round off errors) it will be accurate enough. A good example is the
use of (A(m+Am;, ®) — A(m—Amy, ®))/(2Am;), which will exactly represent a quadratic A. It
should be noted that for quadratic equations (e.g. Burgers’ and the Navier—Stokes equation) and
with quadratic discretizations, arbitrary large Am; can be taken as the results are independent of
the size of Am; as A and s are linear in m.

The r.h.s of the adjoint equation (53) can be formed algebraically (if it has a simple form as
it does in the examples presented here) or using the same perturbation approach that is used to
differentiate the source, Equation (57). This would enable covariance matrices to be incorporated
into the functional J in data assimilation for example.
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The final aspect of the ISP-Adjoint method is the calculation of the matrix G used in the adjoint
calculation, which is again formed using the independent set colouring approach. Suppose the
perturbation vector is A®;=(0,...,0,A¢;,0,...,0)T for a perturbation A¢, of the kth entry in
@, then the kth column of G is

_OA L AMOTAD) —Am®) o AMm O +ADHD—Am, D)P
i Ay ’ Ay '

8k (39)

Notice that this equation has similar form to (56) and thus the same algorithm, and therefore same
source code may be used to evaluate both. Suppose all perturbations are equal to A¢, =e¢, then

G= %(G’—G), (60)

where G=(AD,AD,...,AD) and G' = (81,85 giAf”.A/‘,) with
g, =A(m, O+AD;)O. 61

In an implementation of the formation of the matrix G, one needs to perform matrix vector
multiplications involving ./, vectors. Thus, the entire matrix G’ can be stored within ./, vectors
of length A" A7;.

Increasing the efficiency of the implementation of the ISP-Adjoint method can be achieved by
taking one or more of the following steps:

e Using a discretization or assembly subroutine that does not form the matrices but simply
performs matrix vector multiplication while assembling the equations.

e Enabling this subroutine to perform a matrix vector multiplication with a number of solution
perturbations simultaneously; thus, to form G for finite element discretizations one only needs
to integrate across each element once.

e Reducing the number of independent sets or colors by introducing more variables in the
solution ®. For example, by severing the link between elements in continuous (C' continuity)
finite element discretizations and perturbing this new system. We refer to this method as the
Reduced ISP-Adjoint or RISP-Adjoint, which, to round off error, produces identical results
to the ISP-Adjoint method. Moreover, a general finite element code, for example, requires no
modification to the assembly subroutines since a different linked list for the global solution
variables associated with each element is passed to the se subroutines.

e Performing the matrix vector multiplication GT®* without storing matrix GT.

5.2. Time dependence and non-linear iteration

The last point in the efficiency list above can be realized because in time marching methods,
typically all of the adjoint solution operates in a lower block structure in which each block is
associated with a solution variable at a particular time step. This means that one can solve the
adjoint equations by marching backwards in time and the matrix G has zeros on the block diagonals
of the matrix. Thus, matrix vector multiplication, GTd*, can be placed on the r.h.s of the matrix
solution for the adjoint in Equation (53). In this case, the matrix G need not be formed and the
matrix vector multiplication GT®* involving G’ ®* can be made highly efficient for the kth row
using

(G/T D), =g 0* = *T (A (m, DAD;) D). (62)
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The structure of the matrix G in time for the two-level time marching methods is of the general
form:

Ll

K2 L2
G= ) (63)

K./V, L./V;

If, instead of linearizing the previous time level value of the solution, one has to iterate to
convergence within a time step in order to calculate the non-linear terms at the future time level then
the matrices L" appearing on the block diagonal of the system of equations occupying the same
place as P" in the system of adjoint equations would be non-zero. The use of these submatrices L"
on the block diagonal of G distinguishes the current approach from that described in [40,41] for
steady-state problems in which a second-order perturbation approach to forming adjoint equations,
similar to that used here, is applied using a novel complex variable formulation. Within [40, 41]
they maintain the explicit off block diagonal nature of the G" matrices (that is L" =0), which
means that the adjoint solution has to follow backwards the non-linear iteration trajectory through
the iterative process, which is expensive in terms of memory and computation. Placing non-zero
L" matrices on the block diagonals of G means that for steady-state problems, in which non-linear
convergence has been achieved, a single linear steady-state adjoint solution is all that is required to
form the sensitivities. A second aspect that distinguishes the current approach from that of [40, 41]
as well as others is that colouring is not applied to the full sparse Jacobian (A+G)T but only to
G. G may have a smaller stencil than (A+G)T and therefore needs fewer or equal number of
colors than (A+G)T, which can improve the computational efficiency. For example, the central
difference scheme (Equation 6) has matrices P" (used to form matrix A) with three non-zeros per
row, yet K” (used to form G) only has one non-zero per row.

5.3. Simultaneously performing perturbations using graph-colouring methods

In practice, the perturbations associated with each node or variable k say are grouped in terms of
colors and in this way a number of these matrix vector multiplications in (62) can be calculated
concurrently, i.e. form the dot product of g, with the part of ®* associated with node k and form
(G'T®*); for each row k and for colour ¢ in which & =" _oiour « &-

The sparse Jacobian matrix (A® —s)/0®=(A+G)T can be efficiently computed using graph
or matrix colouring. Since the matrix A is known, the remaining part of this is the formation of
the matrix G (Equation 48) and in particular the formation of the part of G associated with a given
time level n say, i.e. K" (similar issues will apply to L" if it is no-zero). Once the K" sparsity
pattern is determined, K" and therefore G and the sparse Jacobian can be computed efficiently.
Curtis et al. [42] were the first to observe that an orthogonal partition of a Jacobian matrix partition
of its columns in which no two columns in a group share a non-zero at the same row index could
be used to efficiently determine sparse Jacobian matrices. An orthogonal partition of a Jacobian
(or K" in this case) can be represented as a distance-2 coloring of the graph representation of
the structure of the matrix K”. Two column vertices that receive the same color in a distance-2
colouring are at a distance greater than two edges from each other (in the graph associated with
K") and hence are orthogonal. Thus, a distance-2 colouring is a partitioning of the columns of the
matrix K" into groups of orthogonal columns.

As an example of the structure of the matrix K" for a single time step, the sparsity and
corresponding graphs for three cases each with five CV cells are shown in Figure 2. These are
used by the three schemes that solve Burgers’ equation in the applications section. Figure 2 shows
from top to bottom the three cases:

(1) A diagonal K" matrix (part of the Jacobian matrix) of order 5. The corresponding graph
has just vertices (cells) ordered 1 to 5 in 1D with no edges between the vertices although
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Figure 2. Sparse part of Jacobian matrices K" (left panel, X represents the non-zeros in the matrices) and

their corresponding bi-partite (middle) and bi-directional (right) graphs. Top panel: a diagonal K" matrix

is used to determine the sparse Jacobian matrix where one colour is used: rows 1-4 are assigned the first

colour; middle panel: a K" matrix with 3 non-zeros per row where three colors are used: rows 1 and 4

are assigned the first colour, rows 2 and 5 are assigned the second colour and row 3 is assigned the third

colour; bottom panel: a K” matrix with 5 non-zeros per row where five colors are used: rows 1, 2, 3, 4
and 5 are assigned one, two, three, four and five colors, respectively.

each vertex is connected to itself (the loop connecting a vertex to itself is not shown in the
graph for simplicity).

(2) A K" matrix with three non-zeros per row. The graph has links between the cells so that
cell { is linked to i —1, itself and i +1.

(3) A K" matrix with five non-zeros per row. The graph has links between the cells so that cell
iislinkedtoi—2,i—1, itself and i +1, i +2.

The pictures in Figure 2 of the matrix structures use ‘X’ to mark the potentially non-zeros in
the K" matrices for the three cases. The graphs have a series of five vertices along a line and
have lines (graph edges) below these linking the vertices. Also a line or edge linking each vertex
(representing a CV cell and shown on the right) shows the non-zeros in the matrices (on the left).
For completeness the bi-partite graph is also shown between bi-directional graph, on the right,
and the matrix structure, on the left. It is worth noting that some colouring methods, like the
mean field theorem neural network method of obtaining an optimal colouring [43], use matrix
vector multiplication as the central part of the approach. This means that matrix equation solver
technology (often readily available in FEM and CV codes) may be used to extract parallelization
as well as efficiency of the colouring code.
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6. SUMMARY OF THE ALGORITHM FOR FORMING THE GRADIENT
BASED ON THE ISP-ADJOINT

e Solve Equation (4) for the forward solution ®;

e Determine the two vectors A(m)® and s(m);

e Form the vectors A(®, m+Am;)® and s(m-+ Amy) for all variables [ with colour ¢ simulta-
neously, and repeat Vc such that 1<c< A ¢;

e Form the vectors A(®+A®;, m)® for all variables / with colour ¢ simultaneously, and repeat
Ve such that 1<e< A

e Form the matrix G in Equation (59) from the vectors calculated in the previous step;

e Solve adjoint equations (53): (A+G)T®* =0/ /0® for the adjoint ®*;

e Determine the gradient using Equation (51).

7. ISP-ADJOINT APPLIED TO BURGERS’ EQUATION

For the solution of the Burgers’ equation, the global matrix A (see Equation 4) has the structure
with the number of time level A", =3:

P! 0 0
11 P2 0
A=| "%, 1 , (64)
0 —I P
At

whereas the matrix P" at time level n (here, the number of nodes 4 =11) is
1
Py, PY,

7 n 7
21 P22 23

P = P, PP

ii—1 ii+1 (65)
Ploo Ploo Plon
Pliw Pl
Using the upwind scheme (7) as an example, the matrix contributions are
Pn — 0 1 n n 1
Y ,_] = —max ,m(ui—i-uFI) —vw,
1) 1 1 n n s 1 n n
P. = E—I—max 0, E(”Hl"‘”i) —min | 0, E(“iﬂ"‘”i)
; ; | (66)
i1~ Ui
— 2 ,
A2
P” o 0 1 n n 1
P =min{ 0, 7 Gy Fup) VAR
The matrix G used in the adjoint calculation has the structure
0 0 O
G=[K* 0 0 (67)
0 K 0
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Thus, the matrix equation (53) can be solved by time marching backwards. For all the discretiza-
tion of Burgers’ equation, K" is sparse with potentially non-zero values of K, _, K7, | K,
K. n K 4, taken from the coefficients of ul o, ul o, ul, ull 1 ul! > Tespectively, of the advec-
tion terms in Equations (6), (7) and (8). The central and upwind discretizations in addition have
only the diagonal K7; and tri-diagonals K7, | K7;, K/, | being potentially non-zero, respectively.
Moreover, the point of the ISP-Adjoint method is that the K" are formed using a perturba-
tion and colouring method.

The upwind difference scheme (7) has a lower bi-diagonal matrices K" for positive advection
that is when uj n> 0 (assuming the cells are ordered consecutively from left to right) and two
colors (A . =2) are needed to form the matrices K. When there is a mixed sign , the matrix has
a bandwidth of three with a maximum of three non-zeros per row and in this case three colors
(N =3) are needed. Owing to the use of the far field upwind values in the flux limiting calculation
of the high-resolution method (8), its matrices K" have a bandwidth of five with five non-zeros
per row and thus five colors (/. =35) are necessary and are used here to form the matrices K”.

The problem solved here has a unit 1D domain and zero boundary conditions at both ends

and space and time steps of Ar=0.01, Ax=0.1 (11 cells) and a functional J = %Ax Z;Ll(u’l./‘/’)z
whose sensitivity with respect to the initial conditions (u?:exp(—(x i —0.5)2/0.12) for all CV
center positions x; €[0, 1], see Figure 3(a)) is sought and x is the 1D spatial variable. The number
of time steps for the 11 cell mesh is .#";=50. As with all calculations presented in this paper,
they are performed in double precision unless otherwise stated. The value of Au=107° is used in
the ISP-Adjoint sensitivity calculation. There is also a fine mesh with 100 cells and Af=0.001,
Ax=0.01, 4" =500. The initial and final solutions at the final time level are shown in Figures 3(a)
and (b) along with the adjoint at the start of time n=1 in Figure 3(c) and the sensitivity 0J/ ('ht?

1 T T T T T T T T T T T T T
— fine mesh | | — fine mesh 1
GO 11 cell mesh 0.6 |-| G—© central B
0.8 - - | | 3—E1 upwind i
0.5 | ©— high-res -
0.6 - 7] 04 —
N = i
04 E 031 7
02 —
02 - F 1
0.1 - -
0 o & & o 0 1 1 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X X
0.0005 —— 1 0.05 . — .
L — fine mesh | | L — fine mesh | |
GO central GO central
0.0004 Gl upwind | 0.04 3£ upwind
&— high-res &— high-res
0.0003 0.03
S z2
5
0.0002 = 0.02
%2}
=
5}
12}
0.0001 0.01

04g

Figure 3. Burgers’ equation solution. Top-left: initial conditions for a coarse (11 cells) and fine (101 cells)

mesh. Top-right: the forward solution at the end of time t=0.5 and for the central difference method, the

upwind method and the high-resolution methods along with a fine mesh high-resolution result. Bottom-left:
corresponding adjoint and bottom-right: sensitivities for the four simulations shown in top-right.
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©—o high-res. - double prec. A-A high-res. - 2nd order double prec.
G-o high-res. - single prec. < high-res. - 2nd order single prec.
-0 central scheme - single prec.

0.01 |
0.0001 |-
1e-06 |

1e-08 |

normalised error in sensitivity

le-08 le-06 0.0001 0.01

perturbation in u

Figure 4. The normalized maximum error in the sensitivity for the coarse mesh calculation against
varying Au in the ISP-Adjoint calculation. The error is normalized with the maximum magni-
tude of the sensitivity/gradient and the error is determined for both single and double precision.
The central scheme has an exact gradient (ignoring round off error) and thus its minimum value
yields the best error achievable using single precision. Also shown are the normalized errors in the
high-resolution gradients for single and double precisions when a second-order finite difference method
is used—that is (A(m+Am;)—A(m—Am;))/(2Am;), (A(m+Ad,)—A(m—Ad,))/(2Ap;) instead of
(AGm+Amp) — A(m))/Amy, (AGm+Ady) —A(m))/Ady.

in Figure 3(d). The adjoint solution advects from its source,
% = Axu'i’h ;
1
(which mirrors the forward solution at adjoint time level .4/";) backwards through the domain. This
propagates the kinetic energy information at the final time level to the initial conditions where the
importance of the initial conditions contribution to J can be determined.

It should be noted that the accuracy of the sensitivity/gradient is such that no difference
can be observed visually between the exact gradient (obtained by taking perturbations of the
individual variables in the initial conditions with a perturbation of 10~'%) and the gradients shown
in Figure 3(d). The maximum error in the sensitivity 0J / Gu?, which is normalized by the maximum
value of 0J/ aug, Vk, is shown for the high-resolution method versus the perturbation Au used in
the ISP-Adjoint calculation in Figure 4. The sensitivity calculated by the ISP-Adjoint becomes
more accurate as Au is reduced until it gets to the point where round off error interferes with its
accuracy and its rate of decrease slows and eventually the error starts to increase. It should be borne
in mind that due to the highly non-linear nature of the high-resolution method, the matrix A is not
linear in " Vn and thus the perturbation used in the ISP-Adjoint calculation is an approximation.
The central difference method (6) has a linear A in u”" Vr and thus the ISP-Adjoint is exact to
computer round off error. In addition, the first-order upwind scheme in (7) is ‘mostly’ exact. It
is only non-exact and non-linear when a face value of the advection velocity (used to advect the
velocity u+1) switches sign on application of the perturbation Au, which is not very likely to
happen at least for small Au relative to the size of u. In addition, when it does happen the advection
velocity will be small and will thus contribute little to the gradient calculation.

The accuracy of the adjoint code can be ascertained through a gradient test [44], where the
quantity w(a) is calculated and it is verified that it satisfies w(o) =14 O(a). The quantity w is
defined as

_ J(’+ah)—J (")
W) === 1TV T )

; (68)
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Figure 5. The accuracy of the adjoint model. Left: first-order unwinding; right: flux limiting. Equation (68):
w(a)=(J (W +ah)—J (@) /ahTVJ@®) (here h=VJ/|VJ|>) is used. The cost function J is defined
as the kinematic energy at #=0.5 and the control variables are the initial velocities u®

where the cost function J = %Ax 21{1 (u;V’)Z, VJ % =0Ju%/ou’ and h is an arbitrary vector

of unit length (here h=VJ/||VJ|2). The vector u0=(u?, ug, ey u?V)T of initial CV values of

velocity represents the control variables. Here, the initial velocity uO=Z‘]£1 M ju(j). with basis
function M; unity in j and zero elsewhere. For values of a that are small, but not too close
to the machine zero, it is expected that w(a) should be close to unity. To quantify the gradient
accuracy, Figure 5 shows the variation of the function w with respect to a. It can be seen that,
as required, the function w(a) is close to unity when a varies between 103 and 10~'%. Notice
that the gradient of the first-order upwind scheme seems independent of the perturbation, which
is because it is ‘mostly’ independent of the size of the perturbation Au. This property may also
be shared with other schemes that have a switch in the discretization depending on if information
is going into or out of a cell or element, e.g. Discontinuous Galerkin methods, see [45]. It can

thus be concluded, at least for this model problem set-up, that the adjoint model developed here
is correct and accurate.

8. ISP-ADJOINT APPLIED TO THE MUNK GYRE

The approach for sensitivity analysis is applied to an idealized ocean gyre problem discretized
with a reduced-order model. The sensitivity of the kinetic energy at the end of the simulation with
respect to the initial conditions will be sought. Although this is a relatively easily differentiated
problem because the discrete system of reduced equations is quadratic and the matrices that change

every time step are given by Equations (42) and (43), it does demonstrate how easily applied the
ISP-Adjoint algorithm is.

8.1. Discrete adjoint model

For the Navier—Stokes equations, the adjoint model of (4) is written as

oJ

P o ol 0!

PzT o2 ﬂ

AT+GhHo = +GT =| a* |, (69)
H{/VIT : :
P,/V tT (D*V/V[ aJ
ooV
in which the adjoint solution is ®*" = (u*'T, p* 1T

Copyright © 2010 John Wiley & Sons, Ltd.

Int. J. Numer. Meth. Fluids 2011; 66:976-999
DOI: 10.1002/fld



THE ISP-ADJOINT METHOD 995

8.2. Application to the Munk gyre

The ISP-Adjoint approach has been applied to 2D gyre flows in a computational domain, 1000 km
by 1000 km with a depth of H =500m. The underlying model equations consist of the 3D incom-
pressible Navier—Stokes equations (for 2D flow cases, one element in the vertical). The wind
forcing on the free surface is given by

Ty =10c08(my/L), 7,=0.0, (70)

where 7, and 7, are the wind stresses on the free surface along the x and y directions, respectively,
and L =1000km. A maximum zonal wind stress of 7o=0.1Nm~! is applied in the latitudinal (y)
direction. The Coriolis terms are taken into account using the beta-plane approximation ( f = fy),
where f=1.8x 107! and the reference density is Po= 1000kgm™~".

The problem is non-dimensionalized with the maximum Sverdrup balance velocity

0
ﬁHpovza_fgfoL_”;wgs.sx10—2ms—1, (71)
y

(and so the velocity scale U=3.5x10"2ms™! is used here) and the length scale is L =1000km.
Time is non-dimensionalized with T=L/U. The spin-up period is 0.1512 (50 days). The equi-
librium state at 50 days is taken as the initial state for both the full and the reduced models.
The snapshots are collected from the results obtained in the full model during the simulation
period [50,150] days. The time step is 3.78 x 10™*, equivalent to 3 h. Incorporating the beta-plane
approximation yields a non-dimensional f*=L?f/U =514.3. The non-dimensional wind stress
(applied as a body force here averaged over the depth of the domain) takes the same cosine of
latitude profile with tj=1toL /(U 2pOH )=163.3. No-slip boundary conditions are applied to the
lateral boundaries. The Reynolds number is defined as Re=UL /v (here the kinematic viscosity
is 140m?s~1). It should be pointed out that since the discrete system of equations is quadratic,
application of the ISP-Adjoint is exact (to computational round off) for both the reduced order
and the full system of finite element equations.

The POD bases are constructed by the snapshots that are obtained from the numerical solutions
by forcing the full forward model with the initial velocity (the background flow). Forty snapshots
with 35 POD bases for each component of the velocity field u,, uy, u, and pressure are chosen to
capture more than 99.5% of energy (calculated by the first 35 leading eigenvalues). The effect of
the number of POD bases on the accuracy of the POD results and the energy percentage captured
by the POD bases have been discussed in detail in [38, 46].

In ocean modelling, the pressure term also plays an important role in the geostrophic balance.
In this study, taking into account the role of the pressure term in both the POD-Galerkin model
and the geostrophic balance, the pressure in the momentum equations is divided into two parts:
P = png + pe. To accurately represent geostrophic pressure, its basis functions are split into two sets:
®pgy, and Png,,, which are associated with the uy- and uy-velocity components. The geostrophic
pressure can be obtained from a quadratic finite element representation while linear finite element
representations are used for the velocity components. Furthermore, the geostrophic pressure can
be represented by a summation of the two sets of geostrophic basis functions, which are calculated
by solving the resulting elliptic equations using a conjugate gradient iterative method (for details
see [38]).

In this experiment, the cost function J is defined as the kinematic energy at the final time level
(n=" or 200 days):

J=§/Q((u;’ D2+ g )P+ )P dQ. (72)
The sensitivity analysis of J with respect to the initial velocity (ug, u(y), ug)T has been carried out,
and the corresponding results are shown in Figure 6. The result of applying the ISP-adjoint method
to the POD model is similar to that described in Vermeulen and Heemink [47]. This is because in
this example the number of colors is equal to the number of POD basis functions used.
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Figure 6. (a) Initial velocity vector (t =100 days); (b) the velocity vector at t =200 days
on a regular mesh; and (c) adjoint sensitivity/gradient of the final kinetic energy at r =200
days with respect to the initial velocity.

9. DISCUSSION

This section speculates on the main advantages of the ISP-Adjoint method as well as the problems
it is best and worst suited too. Although the method has been applied to fluid-related problems
within the current work, it may be applied to any grid-based differential equation, for example
finance, solids mechanics or Boltzmann particle transport. The biggest advantages are realized
using mesh/grid-based finite element, spectral element, CV or finite difference methods that result
in global matrix stencils that have compact support and thus lend themselves to matrix coloring
methods in order to extract the efficiencies described here. The approach outlined here would
perform poorly for large number of controls or solution variables that have global support, examples
of which are provided by full spectral methods of discretizing the differential equations.

The approach may be applied to linear (with or without non-linear discretization methods like
flux limiting methods, see application section) or non-linear problems. It may be applied to steady-
state or time-dependent problems and is perhaps most simply applied to steady-state problems
in which any non-linearities are converged. The latter leads to a rather simple adjoint system
of equations that is linear and does not have to follow the trajectory of the forward solution
backwards through the non-linear iteration. This advantage is also realized, to some extent, in
non-linear time-dependent problems as long as convergence of the solution is realized within the
time step. If these solutions are not converged then the only way to form a consistent adjoint is to
follow the trajectory of the iteration backwards in the adjoint equations, which can be a lengthy
process. Following the forward solution trajectory backwards is effectively what is required, within
the adjoint equations, for time-dependent problems and is impossible to avoid. The integration
backwards in time aims to obtain, in as efficient manner as possible, the gradient of the cost w.r.t.
the control variables. This enables, for example, gradient-based minimization of the functional J.

The ISP-Adjoint method is designed as an alternative to AD methods and thus like AD methods
needs further work to deal with situations where the functional that is differentiated has disconti-
nuities (or is non-smooth) for example.

10. CONCLUSIONS

A new method of differentiating potentially complex mesh-based numerical models is presented
and applied to simple Burgers’ equation and ocean gyre example problems. This method is referred
to here as the ISP-Adjoint since differentiation of the matrices and sources of the discrete forward
finite element or CV model is realized by colouring variables to form a number of independent
sets of variables.
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Three discretization methods namely central difference, first-order upwind and for instance high-
resolution schemes were applied to discretize Burgers’ equation to demonstrate that exactly the
same ISP-Adjoint code can switch between discretizations or parameterizations without changing
anything associated with the adjoint or gradient calculations—high-resolution methods are often
used for parameterizations or models e.g. for turbulence. A reduced-order Monk gyre problem is
solved here to demonstrate the application of the ISP-Adjoint to more complex fluid flow problems.

The ISP-Adjoint method could make more tractable the formation of arbitrarily complex multi-
physics mesh-based (4D-VAR) models. It can enable low- and high-order adjoints of models to be
manipulated much more freely so that quicker progress can be made in data assimilation, sensitivity
and uncertainty analysis, error analysis, adaptive observations and a whole host of other adjoint
applications.
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