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Adjoint-based space-time adaptive solution algorithms for sensitivity
analysis and inverse problems

Mihai Alexe
(ABSTRACT)

Adaptivity in both space and time has become the norm for solving problems modeled by
partial differential equations. The size of the discretized problem makes uniformly refined
grids computationally prohibitive. Adaptive refinement of meshes and time steps allows to
capture the phenomena of interest while keeping the cost of a simulation tractable on the
current hardware. Many fields in science and engineering require the solution of inverse
problems where parameters for a given model are estimated based on available measurement
information. In contrast to forward (regular) simulations, inverse problems have not exten-
sively benefited from the adaptive solver technology. Previous research in inverse problems
has focused mainly on the continuous approach to calculate sensitivities, and has typically
employed fixed time and space meshes in the solution process. Inverse problem solvers that
make exclusive use of uniform or static meshes avoid complications such as the differentiation
of mesh motion equations, or inconsistencies in the sensitivity equations between subdomains
with different refinement levels. However, this comes at the cost of low computational ef-
ficiency. More efficient computations are possible through judicious use of adaptive mesh
refinement, adaptive time steps, and the discrete adjoint method.

This dissertation develops a complete framework for fully discrete adjoint sensitivity analysis
and inverse problem solutions, in the context of time dependent, adaptive mesh, and adaptive
step models. The discrete framework addresses all the necessary ingredients of a state—
of-the—art adaptive inverse solution algorithm: adaptive mesh and time step refinement,
solution grid transfer operators, a priori and a posteriori error analysis and estimation, and
discrete adjoints for sensitivity analysis of flux—limited numerical algorithms.

This work was supported in part by the US National Science Foundation, through the fol-
lowing awards: NSF-CCF-0635194, NSF OCI-0904397, NSF CCF-0916493, and NSF DMS-
0915047.
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Chapter 1

Introduction

The goal of this dissertation is to advance the current state of the art adaptive algorithms
used in numerical solvers for sensitivity analysis and inversion of space-time dynamical mod-
els. This objective is achieved through the derivation of new theoretical results useful towards
the definition of a fully adaptive inversion framework based on automatic differentiation, as
well as through the development of efficient software tools for sensitivity analysis.

Inverse problems (IPs) consist in using a priori available measurements to infer the values
of the defining parameters for a given model. IPs arise in various applications of engineering
and mathematics, e.g., seismography, meteorology, oceanography, medical imaging, systems
biology, and fluid dynamics (see, e.g., [5, 6, 7, 8, 9, 10]). IPs are usually described as
constrained optimization problems, where the constraints are ordinary (ODE) or partial
differential equations (PDEs) defining the model. Alternatively, the inverse problem can be
stated in terms of probability densities. Using Bayes’ theorem we arrive at the optimization
formulation [11].

State of the art PDE solvers use adjoint-driven adaptive space-time refinement, and other
dynamic computational patterns such as upwinding, slope or flux limiting, interpolations,
extrapolations, variable order approximations (p-refinement), moving meshes, etc. (see, e.g.,
[12], and references therein). Space-time adaptivity controls the numerical errors introduced
by the spatial and temporal discretizations, preserves the quality of the solution, and helps
maximize solver efficiency.

In contrast, most approaches to numerical inversion have so far favored non-adaptive meth-
ods. There has been recently a growing trend of research into the use of adaptive inverse
problem solvers (see, e.g., [13, 14, 15, 16, 17, 18, 19]), but there remains a considerable gap be-
tween the state of the art forward model solvers and the strategies used in inverse problems.
This discrepancy is mainly caused by the difficulties with obtaining and using derivative
information in adaptive simulations. Consistency of the derivatives computed through the
adjoint equations is also an issue, as is the derivation of useful error estimates to judiciously
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guide the space-time mesh adaptation during the solution process. This dissertation aims to
narrow this gap, using both theoretical and practical arguments to demonstrate the feasi-
bility and efficiency of adaptive solvers for inverse simulations of time and space-dependent
dynamical models.

The framework we propose in this dissertation is built around the discrete adjoint method
for solving inverse problems.

1.1 The mathematical formulation of inverse problems.

Given the model state u € U, the inversion parameters q € Q, and the real-valued target
functional 7, the general continuous formulation of an inverse problem reads as follows:

Find q. = i q 1.1
ind g arg min 7 [u,q] (1.1)

subject to A [u, q] () =0, Vo, €U .

Here A[-, -|(-) is a semi-linear form (linear in the test functionals 1,). We use square
brackets for the nonlinear arguments, and round parentheses for the linear arguments. The
numerical solution of (1.1) is the objective of the differentiate — then — discretize approach
[13]. Here, one leverages the first order necessary conditions for a local optimum [20] to
obtain a linearized system of optimality equations that are satisfied by all local solutions to
(1.1). Given the optimal solution pair {u,, q.} for (1.1), constrained optimization theory [20]
guarantees, under suitable a priori assumptions on J and A [21], the existence of Lagrange
multipliers A, such that the following Karush-Kuhn-Tucker (KKT) first order necessary
conditions hold for the triplet &, := {u,, Ay, qu} € X =U XU X Q:

Alu,,q.)(w) = 0,Vwel, (1.2a)
Auu, q (A) () = Julu,qu] (o), You €U, (1.2b)
Ag [ue, a] (M) (9q) = Tqluea (tq) s Vipq € Q. (1.2¢)

The subscripts denote partial derivatives of the semi-linear form A.

Assumption. For any admissible parameter function q € Q™ the forward system has a
unique solution. Similarly, the adjoint system has a unique solution. We denote them by:

u="Ulg], A=A(q). (1.3)
The reduced cost functional depends only on q, as follows:

j@)=J[Uld}, d] . (1.4)
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The continuous optimality equations. Consider the Lagrangian functional £ : A x
X — R [20] associated to the constrained problem (1.1):

The KKT system above can be written more compactly as:

Lelu, A, q.] () =0, Vepe X

Here L¢ : X x X — R denotes the first variation of the Lagrangian, and is equal to

Le[u, N, d] (Yo, Yr,%q) = Tulu, d(¥u) + T4u, d](¢q)
—Afu,q] (r) = Aulu, g (A) (¢Pu) — Aq [0, q] (A) (bg)
= —Afu,qf (¥a) + {Julu, qf = Au[u,q] (A)} ()
+{J4[u, a] — Aq[u,al (M)} (¥q) -

The second variation of the Lagrangian reads:

‘CS,E [u> )‘a q] (¢ua ¢Aa ¢q ; lbu, ¢Aa ¢q)
= Juu[W, d(Pu, Pu) + Juglt, dl(g, Pu)

+ Tqulv, d(Pu, q) + «701 alu; d)(@Pq, Vq)

— Au[u,d] () (Pu) — Aq [u, d] (¥x) (Pq)

— Au[u,d] (@2) (Yu) — Auu [0, 0] (A) (Pu, Pu) — Aug [0, d] () (@g, Phu)

— Aq[u,d] (éa) (Yq) — Aqu [0,9] (A) (du, Yq) — Aqq [0, ] (A) (Pg, 1q) -
This equation can be rearranged as follows:

‘6575 [E] (¢ua ¢Aa (pq; wm %, ¢q) = {ju7ll[u> q] - Auu[ ] (A)} (¢u> ¢U) (1 6)
+{Jualw, dl = Aug [u, ] (A)} (g, Pu)
+{Jqulu, dl = Agu [0, d] (A)} (Pu, Yq)
+{TJaqalu, d = Aqq[u,a] (A)} (@g, %q)

—Au[u, q] (¢, %) Au [u, q] (¢, %hu)
_'Aq [uv q] ((»bq’ ka) A ((»b)u Ipq)

The primal, dual, and optimality equations are often solved simultaneously (all-at-once), to
yield a new search direction for the nonlinear solution algorithm. For example, the Newton
update with the solution increment §&; at iteration k reads:

Leel€r](0&r; ) = —Lel&l(y), Ve X,
1 = &k +0&.

The advantage of the continuous formulation lies in its flexibility. The complete solution
algorithm, i.e., both the model equations, and the nonlinear minimization algorithm for 7,
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can be formulated in function spaces [13]. This allows arbitrary choices of finite-element type
discretizations once the problem has been fully specified in a functional space setting. Space-
time meshes can be changed between nonlinear iterations, and convergence can be quantified
in a mesh-independent fashion. There are also few restrictions on the mesh types and trial
function spaces [13, 14]. The main drawback of this method is its additional complexity in
both derivation and implementation, since it is not amenable to automatic code generation.

The discretize—first approach starts from the discrete counterpart of (1.1), obtained using
the discontinuous Galerkin finite element method [22]:

Findq" = arg min J"u" q"], (1.7)
* qheQp,uteuy,

subject to A"[u", q"] (") =0, Vo' c U, .

The discrete variables and function spaces are denoted by the superscript (or subscript) h.
The discrete function spaces are U, C U, and Q;, C Q. The weak form A" is linear in ¥,
but may be nonlinear in both g" and u”. The discrete weak formulation of the primal model

is a priori assumed to be a consistent and stable discretization of the original weak-form
PDE in (1.1).

The discrete optimality equations. Again, we assume there exists at least one locally
unique solution to (1.7). Such a solution &€ := {ul, A", "} € &}, = U}, xU,, x Q), is required
to satisty the discrete KK'T necessary conditions:

AMlul, dl](yy) = 0, Vb €U, (1.8a)

A [0, @) () (AL = T ul, al(epy)  Vepy € U (1.8b)
Aunlul, qt)(6q") Tl q](8q") , ¥ 6q" € Qy (1.8¢)

or, in more compact notation
Lo, AL Ql)(9") =0, Vo' € &,
with the discrete Lagrangian functional
LMEN = T ", "] - AM[u", q"](N") . (1.9)
The subscripts denote partial derivatives with respect to the discrete variables.

While the discretize—first approach lacks the flexibility of its differentiate—first counterpart,
the main advantage of the former approach lies in the observation that the KKT system
can, even for complicated problems, be generated with relatively low effort using automatic
differentiation [23]. The grid transfer operators used for mesh refinement and coarsening
in discontinuous Galerkin are also amenable to automatic differentiation [24]. This can
significantly reduce the software development time required for a full implementation. Also,



Mihai Alexe Chapter 1. Introduction 5

for some practical problems, the solution algorithm interface may need with other numerical
optimization or ODE solvers that require the inputs to be discrete mesh variables. If this
is the case, then discretize-first is the only feasible approach. Finally, we mention that
the discrete adjoint approach is a natural fit for multigrid optimization [25, 26], which may
compensate its inability to adapt the mesh between consecutive nonlinear iterations.

As previously indicated in the literature (see, e.g., [27]), the linearization and discretization
steps do not generally commute.

1.1.1 Consistency of the DG discretizations

We now define consistency for the primal, dual, and optimality equation discretizations
(1.8a)—(1.8c). The primal and dual consistency definitions follow the ones given in [28]. In
addition, we consider the consistency of the primal discretization. Consistency of (1.8¢) is a
crucial requirement for the convergence of the discrete optimal solution g” to its analytical
counterpart q.

Definition 1.1.1 (Primal consistency). The primal discretization (1.8a) is said to be con-
sistent if the exact solutions u and q to the weak form primal equation (1.2a) satisfy:

A'u, q)(pu) =0, V ey €U . (1.10)

Definition 1.1.2 (Dual consistency). The primal discretization (1.8a) is said to be dual
consistent, if any triplet & = {u,A,q} € X that verifies the primal equation (1.2a), also
satisfies:

Al lu, q)(u, A) = Th[w,q) () , Vpu €U (1.11)

Definition 1.1.3 (Optimality equation consistency). The discretization (1.8¢) is said to be
consistent, if any triplet &€ = {u, A\,q} € X that verifies (1.2¢c), also salisfies the equation:

Agh [u,q](dq) = j(fh [u,q](dq), Vdéq e Q. (1.12)

The definitions above can be extended to time-dependent problems, where the time dimen-
sion is discretized using a Runge Kutta quadrature [24].

The strong form of the primal equations.

For reference in Chapter 5, we also give the strong formulations of the primal equations
in (1.1) and (1.7). The inclusion of the time dimension is explicitly indicated through the
addition of the time variable ¢, or the time superscript n (for discrete functions). The strong
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form of the primal constraint in (1.1) reads:

F(u, ug, Uy, Ugy, ..., q, £, x) = 0, xcQ, V<t <tV
Fp(u,uy, ..., q, t, x) = 0, x e :=00
u(t’, x) = u(q), xe.

The discretization of (1.13) can be written as:

'Fhm (uh,n(xh)’ uh,n—l(xh)’ qha tn) Xh € Qﬁ, 1 S n S N
uh,O(tO7 Xh) — uh,O’ Xh c Qho — Qg U Fz ‘

I
o

Note that F™" incorporates both volume, and boundary residuals. Let the discrete time
step be denoted by 77 := t"*! — ", We assume that the discrete primal solution u" is
L2-convergent to u on € in the limit of the discretization, i.e.:

lim Hu— =0.

h,n
h—0,77—50 u HEQ(Q)
For compatible cost functionals, which will be formally defined in Chapter 5, the strong
forms can be given for the dual and optimality condition equations (1.2b)—(1.2c).

1.2 Research accomplishments

We summarize the main contributions of this dissertation in the following paragraphs.

Adjoint sensitivity analysis of flux-limited finite volume solvers. As previously
noted by other authors [29], the discrete adjoints of computationally adaptive schemes,
such as the well-known upwind methods, can display spurious oscillations resulting from the
black-box automatic differentiation of the upwind switching mechanism. For certain types of
physical problems that model naturally occurring phenomena, the numerical solution must
lie within a priori defined bounds to be considered admissible. For example, concentrations
of pollutants or tracers in the Earth’s atmosphere or oceans must remain positive throughout
the whole numerical simulation. Discontinuities in the analytical solution profiles are also
common: one can think of interfaces between regions of distinct saline concentrations in the
Earth’s oceans, or between layers of rock with different porosity or permeability in the Earth’s
crust. The finite volume method (FVM) is a very good fit for conservation laws or other type
of transport phenomena. It is in widespread use in numerical simulations. However, simple
finite volume schemes may introduce unacceptable oscillations in the numerical solution
around these regions of discontinuity. To prevent such numerical undershoots or overshoots
from occurring, the simulation must use either a discretization which is first order accurate
in space and does not introduce new extrema (but suffers from excessive diffusivity and low
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accuracy), or employ a flux limiter function that reduces the order locally in non-smooth
regions. Sufficiently far from the discontinuity the solution the limiter function is not active,
and the numerical solution remains highly accurate, as desired. This dissertation analyzes
the discrete adjoints of flux limited finite volume codes used in sensitivity analysis. We
find that discrete adjoints implemented by—the—book are not consistent with their continuous
counterparts. Adjoining the limiting mechanism introduce unstable oscillations in the adjoint
sensitivities. However, if the forward code is carefully re-factored before the discrete adjoint
derivations, stability and accuracy of the sensitivity solutions is restored. This result proves
very important in practice since discrete adjoints can be generated with low effort using
automatic differentiation from their primal model counterparts.

Continuous sensitivity analysis of adaptive time stepping methods. This disser-
tation also considers inverse problems with time adaptivity, from both differentiate—first and
discretize—first perspectives.

The differentiate—first approach allows the highest level of flexibility in the sensitivity com-
putations. The primal and tangent linear equations can be integrated simultaneously with
adaptive time stepping, as a coupled system of ODEs. This approach can be expected to
work well in practice, since both problems share the same eigen-structure through the Jaco-
bian of the right—-hand side term. The adjoint final-value problem can be solved separately
on a different mesh for maximum computational efficiency. However, for general nonlinear
problems, independent adaptation of the adjoint temporal mesh requires on—the—fly interpo-
lation of the primal and tangent linear solutions in the dual ODE solver. For the high order
accuracy that may be necessary for some problems in sensitivity analysis, this dissertation
proposes the use of high—order Runge—Kutta embedded methods, together with dense output
interpolation for the primal and tangent linear states. Use of high—order interpolants avoids
the order reduction in the dual solution that would be noticed when lower—order Hermite
interpolants are used. The advantages of dense output are thus three—fold: high accuracy,
ease of implementation (since the mechanism is already built in the Runge-Kutta pair), and
low overhead (it only requires a small number of additional stages, or function evaluations,
per time step).

We implement the Fortran 90 library DENSERKS for high accuracy sensitivity and (first/second
order) adjoint computations. The library comprises several explicit Runge-Kutta codes us-
ing embedded schemes up to 8th order. Cubic and quintic Hermite interpolants are im-
plemented for use with lower-order methods. The memory space requirements for reversals
are drastically reduced by the use of a two-level checkpointing mechanism. We find that
the overall performance (accuracy and efficiency) obtained with DENSERKS compared very
well against those of established sensitivity and adjoint ODE solvers like Sundials [30] or
DASPKADJOINT [31].
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Discrete adjoints of adaptive time integration algorithms. The alternative approach
starts, as discussed above, with the discrete formulation of the inverse problem. The adjoint
model is then obtained through a transpose operation of the linearized equations, which may
be performed automatically with the help of automatic differentiation. A very important
property of both implicit and explicit fixed-step Runge-Kutta methods is that they retain
their temporal order of accuracy p under the linearization and adjoining operations (for
arbitrary p > 1).

However, use of black—box AD does introduce several complications. First examined by Eber-
hard and Bischof [4], the forward linearizations of discrete time-adaptive adaptive models
are not consistent discretizations of the continuous sensitivity equations. This is due to
the automatic generation of unphysical derivatives stemming from the dependence of the
solution on the current (variable) time step size and previous time point, through the error
estimation formulas. Post processing of the TLM code is required to restore accuracy in the
tangent linear solution.

We extend the tangent linear consistency analysis in [4], to cover discrete adjoints of general
one-step explicit methods. The adjoint method is much more economical than the forward
sensitivity approach when the size of the control space is much larger than the number of
objective functionals (which is very often the case in practice). Similar to forward differentia-
tion, reverse mode black-box AD compromises the derivative values. Our numerical analysis
shows that AD engine detects and differentiates the dependence between the time step and
the primal solution at previous integration times. Non-physical gradients compromise the
discrete adjoint solution. However, we show that the discrete adjoint solution can be made
fully accurate by post-processing the adjoint code. Moreover, our derivations indicate that a
simple final time step adjustment in the forward simulation does not restore full accuracy in
the discrete tangent linear or adjoint solutions, contrary to what was argued in [4]. We also
consider second order adjoint models obtained by forward—over—reverse differentiation. The

theoretical findings are supported with comprehensive numerical results for several adaptive
ODE models.

Inverse problems with space—time adaptivity. Apart from temporal mesh refinement,
space adaptivity is the other key ingredient in fully adaptive inverse simulations. Adaptivity
in the space dimension raises several complications in the inversion process that are not
encountered when using exclusively static meshes. The prototypical numerical method used
in this dissertation for the space discretization is the discontinuous Galerkin finite element
method (DG-FEM) [22]. The method is extremely well suited for h/p-refinement and parallel
computation, due to the low degree coupling between elements of the spatial triangulation.
The dual consistency theory for spatial DG discretizations is well developed [28, 32]. How-
ever, these consistency definitions and results cannot be immediately extended to space-time
discretization, unless the time dimension is also discretized by DG. For the more popular
case of Runge-Kutta DG (RK-DG) methods, extensions of the definition of consistency to
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the full space-time weak discretization are not immediately apparent. Using tools from the
consistency theory of RK temporal discretizations, and from the formal RK adjoint theory
[33], this dissertation proves that RK-DG discretizations that are dual consistent in space,
are also adjoint consistent in time. Moreover, these discretizations retain the temporal or-
der of accuracy of their primal counterparts. Empirical order of accuracy experiments for
a two—dimensional inverse problem back up the theoretical derivations. The discrete dual
solution is used for the determination of a descent direction for the discrete target functional
in a robust truncated—Newton optimization algorithm. Good quality analysis solutions are
retrieved even with significant noise levels in the observation data.

Discrete adjoints of mesh transfer operators with the DG and finite volume
methods. The adaptive solution algorithm also introduces the intergrid transfer opera-
tors that project the primal approximation between meshes at every refinement step. The
linearized transposes of these mesh transfer operators are then reused in the adjoint time
reversal simulation for back—projection of the discrete dual solution. This immediately raises
the question of whether the intergrid transfer operators are dual consistent, in the sense that
they do not negatively impact the quality of the dual solution (i.e., all reduction in accuracy
is due to local coarsening, and not to inconsistent interpolation). This dissertation analyzes
the discrete adjoints of h/p-mesh transfer operators for both hierarchical refinement (com-
mon technique in practice, due to high performance data structure implementations), and
unstructured mesh adaptation (where the domain is completely re-meshed at each refinement
step). We find the mesh transfer operators for DG to be dual consistent. However, this
property is not valid for all types of discretizations. Finite volumes intergrid interpolations
and restrictions are found herein not to satisfy this transpose requirement. It is shown that
the use of the inconsistent dual mesh transfer operators will reduce the local order of the dual
solution, and introduce first order perturbations in the neighbors of coarsened elements.

A priort error analysis of the discrete KKT equations. Given the optimality sys-
tems (1.2a)—(1.2c), and (1.8a)—(1.8c), this dissertation examines the differences between the
continuous and discrete dual and optimality conditions. As discussed above, the dual con-
sistency theory for (1.8b) has been previously examined by other authors. This dissertation
extends the consistency concept to the discrete optimality equation, i.e., the third equation
in the KKT set. Since (1.8c) is linear in the unknown discrete optimal variables q”, sta-
bility and consistency implies convergence of the discrete optimal solution to the analytical
value, by the Lax—Richtmyer equivalence theorem. Similar to the case of adjoint equations,
consistency of (1.8¢) is dependent on the particular choice of primal discretization. The
model problem considered in Chapter 6 illustrates this problem. This dissertation proves
that, while equation (1.8¢) may not be a priori consistent, consistency and stability can be
retrieved through the introduction of stabilization terms via a consistent modification to the
discrete target functional, in a manner similar to that described in [28] for ensuring dual
consistency. We give a priori bounds for the additional terms introduced in the optimality
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condition through the linearization of the DG interface terms in primal discretization. The
discrete optimality equation is proven to be asymptotically consistent. Numerical results with
a DG implementation confirms the theoretical derivations.

A posteriort error analysis for parameter identification problems. Another key
ingredient in a space-time adaptive inversion algorithm is error estimation. An element—
wise error indicator needs to guide the coarsening and refinement in the primal/dual and
parameter meshes, on—the—fly during the solution process. The framework for optimal control
of target functionals using the adjoint method is very well developed, see, e.g., the survey
by Becker and Rannacher [34], and references therein. The dual-weighted residual approach
(DWR for short) [35] has been successfully used for error estimation and grid adaptation in
a variety of numerical studies (see [36, 37, 38, 39, 40, 41], to name just a few). However,
the progress with error estimators for the error in the optimal solution has been so far much
slower. Several energy norm estimates for the optimal solution error Hq — qhH have been
derived in the literature based on a coercivity estimate for the KKT saddle-point problem
42, 43], but their practical use is severely limited by their reliance on generally unknown
stability constants [35]. This dissertation extends the estimates for the control error from
Becker and Vezler [25] to the general case of an infinite dimensional control space. To
keep the computational cost of error estimation low, the Hessian jqq 1S computed using a
reduced-space BFGS approximation.

1.3 Dissertation layout

This dissertation is structured as follows.

Chapter 2 discusses the background of the work presented in this dissertation, and gives a
short literature review on the topic of adaptive solutions of inverse problems. It also contains
a short introduction to derivative computations for inverse problems, including the automatic
code generation approach using AD. Chapter 3 considers the stability and consistency of
discrete adjoints for flux-limited finite volume schemes, where physical considerations require
the solution to be within a given admissible domain (e.g., positive). In chapter 4 we study the
problem of time adaptivity for both continuous and discrete formulations of inverse problems,
together with the complications that arise in forward and adjoint sensitivity calculations from
variations in the time step size in a ordinary differential equation (ODE) or partial differential
equation (PDE) temporal integration. Spatial (mesh) adaptivity is the subject of chapter 5.
Here we discuss the adjoint formulation of spatially adaptive PDE problems. We consider
both the formulation of adjoint problems, and the computation of gradients in function
spaces (with the standard £? inner products), for general space-time differential operators.
Then, we investigate adjoint (dual) consistency for two common types of discretizations
particularly amenable to h-refinement: finite volumes [44], and discontinuous Galerkin [22].
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Chapter 6 investigates the first-order discrete optimality system (also called the KKT system)
for adaptive problems, and relates it to the continuous formulation of the problem. A priori
and a posterior: error estimates are obtained for the optimal solution. Finally, chapter 7
discusses the conclusions and implications of this work. Also, we outline several research
directions that appear promising for future investigations.



Chapter 2

Fundamentals of sensitivity analysis

Introduction

In this section we review fundamental elements of forward and adjoint sensitivity analysis
in the context of system described by differential equations.

The objective of sensitivity analysis is to obtain qualitative and quantitative information
about the variations in a given dynamical model output, that are caused by perturbations in
the model inputs. Most frequently the information collected is in the form of derivatives (also
called sensitivities) of output functionals, with respect to a selected set of model inputs. This
derivative information leads to an approximation of the output variation, that is accurate
to first order in the (small) input perturbations. Probabilistic methods [45] are another
approach to performing sensitivity analysis; however, they fall outside the scope of this
dissertation.

There are two approaches to computing sensitivities: direct (or forward) and adjoint. The
forward sensitivity approach relies on the solution to the linearized model equations. The
linearized is performed with respect to the control variables of interest, resulting in the so-
called tangent linear equations. The analytical form of these equations can be derived using
the chain rule of differential calculus (given below). Alternatively, in the discrete approach,
automatic differentiation of the primal discretization may be used to construct the discrete
tangent linear equations. Section 2.1.1 gives further details on algorithmic differentiation,
and discusses its uses in sensitivity analysis. The forward sensitivity approach is most
economical when the number of functional outputs of interest is significantly larger than
the number of inputs. For the class of problems that we will consider in this dissertation,
this requirement is not satisfied; indeed, the converse is valid. One then resorts to the adjoint
approach.

Continuous adjoint sensitivity analysis [46, 47, 48, 49, 50, 51] relies on the concept of duality
for differential operators. The derivation of the adjoint system for a general PDE constrained

12
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optimization problem fits in the scope of calculus of variations and functional analysis (see,
e.g., [27] and references therein). The cost functional and the required derivatives may be
expressed in terms of the adjoint (also called dual) variables. For time dependent systems,
the adjoint equation is a final-value problem. It is also coupled with the primal equation.
Additional constraints may need to be imposed on the model differential operators, and
cost functional, to guarantee a well posed adjoint problem. These complications are very
important in practice, and will be discussed at length in chapters 4 and 5. The computa-
tional process may be obtained through the discretization of the adjoint PDE system. It is
important to note that the derivatives obtained with the continuous adjoint approach are
only approximations to the true gradients of the analytical cost functional. They become
exact only in the limit of the space and time discretizations.

Alternatively, in the discrete adjoint sensitivity approach, the adjoint problem may be de-
rived directly from the primal discretization. The discrete adjoint model code can be gen-
erated by automatic differentiation. With this method, one obtains the exact derivatives of
the discrete cost functional. The discrete adjoint approach is the method we advocate for
use in adaptive inverse problems throughout this dissertation.

The adjoint method is most beneficial from a computational point of view, when the model
parameter (input) space size is much larger than that of the number of functional outputs of
interest. This is the case for a large class of practical applications, such as data assimilation,
model calibration, or parameter identification problems.

This dissertation advocates the use of the discrete adjoint method to calculating sensitivities.
The tangent linear equations will be discussed in Chapter 4. The adjoint PDE framework
will be revisited in Chapter 5.

2.1 Derivative computations for sensitivity analysis

This section gives a introduction to the numerical computation of derivatives for sensitiv-
ity analysis and inverse problems. The theoretical concepts introduced here will be used
frequently in the subsequent chapters of the dissertation.

2.1.1 Derivatives over discrete spaces

Recall from previous chapters that inverse problems may be formulated as discrete numerical
optimization problems (equation (1.7)). Some form of derivative information for the discrete
target functional 7, is required in the solution process. The same derivative computation
problem arises in sensitivity analysis studies, where the tangent linear and adjoint equations
(see 1.8a—1.8¢c) are obtained by differentiation of the primal constraints around specified
points in the discrete space Uj,.
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We begin with a few definitions [52, Section 5.3].

Definition 2.1.1 (The Fréchet derivative). Let K C R"™, with xo as an interior point, and
define F : K — R™. We say F is Fréchet differentiable at xq if there exists a matriz (linear
operator) J € R™*" such that

F(xo+h) =F(x0) + Jh+o(||h]]), as|h| —0.

OF;
an

the gradient of F, otherwise J is the Jacobian matrix of the vector-valued function F.

One can prove that J := VF(xq) = ( ) . For m = 1, we refer to J € R'*" as
i=1..m,j=1..n

Definition 2.1.2 (The Gateaux derivative). Let K C R", with x¢ as an interior point, and
define F : K — R™. Also, let h be a fized vector in R™. We say F is Gateauz differentiable
at Xq if there exists a matriz J € R™™ such that

F(xo +th) — F(xo)

0F[x¢](h) := 11_1)15 ; =Jh.
For ||h|| = 1, the Gateaux derivative is also referred to as the directional derivative (or

first variation) in the literature. Note that Fréchet differentiability at xq implies Gateaux
differentiability, but the reverse is not true.

The most frequently used techniques for derivative calculations are described below. We
assume that F is at least twice Fréchet differentiable at all x € K.

Hand coded differentiation.

For some codes of relatively low complexity, manual differentiation is possible. Starting
from the implementation of F, new code is written that calculates the Fréchet or Gateaux
derivatives of F' at the points of interest. However, the approach is extremely bug—prone,
and usually very slow to implement. Hence, we do not recommend it for practical problems.

Finite differences.

The method of finite differences relies on Taylor's theorem for smooth functions [20]. By
considering small perturbations in the arguments of F, we can approximate the Jacobian J
component—wise:
8FZ - FZ(X + hej) — FZ(X>
an - h ’

(2.1)
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Here h > 0 is sufficiently small. Here e; € R™ is the j-th unit vector. Note that we require
m -n + 1 function evaluations to approximate the entire J matrix. Also, the optimal choice
for h is usually unknown. Large values for h yield poor derivative approximations, while for
small h the computation results can be corrupted by truncation errors. A frequently used a
priori estimate for the optimal value of h is

h=e,

where € denotes the machine precision [20]. One can immediately generalize (2.1) to approx-
imate directional derivatives along d € R", for sufficiently small A:

VFxo(d) ~ F(x+ h(;lL) - F(x) ‘

Sparse Jacobians can be approximated at a much lower cost by merging multiple derivative
approximations into a single computation (see, e.g., [20, Chapter 6]). Similarly, higher
order derivative tensors can be built on top of lower-order terms. For example, Hessian—
vector products for F can be computed as a finite difference of two first-order directional
derivatives:

°F od) . VaF(x+ hd) — V4F(x)
0x2 h )

Here the operator ® indicates the Hessian-vector tensor product operation. The Hessian
0’F

tensor of F is denoted by H(x) := R
X

Symbolic differentiation.

The symbolic differentiation approach (implemented in software products such as MAPLE or
MATHEMATICA) relies on algorithmic manipulation of algebraic symbols in the definition of
F. Complex algebraic expressions (that may or may not be simplified) are produced for each
derivative component. Symbolic differentiation sometimes leads to expression blow-up, due
to its inability to eliminate common sub-expressions through intermediate variables. Also,
it is relatively slow to produce a result, and the evaluation of the resulting expressions is
usually not efficient. While both automatic and symbolic differentiation rely on the same
differentiation rules (stemming from the chain rule from basic differential calculus), they do
differ in one crucial aspect. Symbolic differentiation works on the formula for F, hence the
results are additional formulas instead of numerical values. Automatic differentiation, on the
other hand, works on the algorithmic implementation of the function, and yields point-wise
(floating-point) values for the required derivatives.
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Automatic differentiation.

Automatic (or algorithmic) differentiation [23] is our method of choice when performing
adaptive inversions. It is a technique for computing derivative information for functions
defined by computer programs. Suppose we are given the source code for the implementation
of:

y = F(x) . (2.2)
Automatic differentiation tools rely on the observation that the code to compute F can be
viewed as a sequence of elementary and differentiable arithmetic operations. One can then
apply the basic chain rule of differentiation to obtain derivatives. AD takes the original
function code as input, and generates a transformed code that calculates derivatives of
F(x). Naturally, the function F(x) needs to be mathematically differentiable at the points of
interest for automatic differentiation to yield correct results. However, experimental support

for calculating left and right derivatives at a discontinuity point of F exists in some automatic
differentiation tools [53].

Comprehensive support for automatic differentiation is available for most of the programming
languages used in scientific computing [53, 54, 55, 56, 57, 58, 59, 60]. It is useful to note
the following strong points of the AD approach. First order derivative information can be
computed at a very low cost (a very important result that motivated the widespread use
of AD in the numerical modeling community is the cheap gradient theorem in [23]). The
derivatives computed by AD are usually as accurate as the function computation itself, thus
surpassing traditional approaches like finite differencing (which suffer from truncation errors).
There is no code size blow-up like in the case of symbolic differentiation [61]. Finally, note
that automatic code generation is also much less bug prone than hand coded differentiation.

Forward and reverse mode AD. Following Griewank [23], consider the nonlinear equa-
tion (2.2), with x € R", y € R™. We assume F is at least twice continuously differentiable
in x. The forward mode of AD with x as input and y as output yields

dy = J(x) 0%, (2.3)

whereas the reverse mode computes

X

y:

+yJ(x)

[«

(2.4)

Here the tangent linear variable and the adjoint variable corresponding to x are denoted by
0x € R" and x € R*", respectively.

The adjoint (or co-state) variables are defined as row vectors. For n > m, the reverse mode
of AD is significantly more economical in practice than forward mode differentiation. This
is important in inverse problems, where the cost functional that needs to be differentiated
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is single-valued (m = 1), whereas the independent variables (the inversion parameters) may
run in the millions or more. However, the adjoint mode of differentiation introduces several
complications over the (more straightforward) forward approach. An automatic reversal of
the original program control flow is required for reverse mode differentiation. Additional
storage is needed for the intermediate variables in the forward code that may need to be
reused in the reversed code. Recently, there has been significant progress in both off-line and
on-line reversal schemes for computer programs [23, 62, 63, 64, 65, 66], that make reversal
of complex codes computationally feasible.

Higher order derivatives. Higher order derivative information can be computed by AD
through multiple differentiations. Since the dimensions of derivative tensors scales up very
rapidly with both m and n, as their order increases (the curse of dimensionality), higher
order derivative codes are more complex, and take longer to run. There is no encouraging
upper bound for higher order Taylor coefficients. However, economical schemes exist [67,
68], which may make the computation of higher order derivative tensors computationally
feasible in numerical simulation as computer speeds scale up. Second order information
obtained via AD has been successfully used in various studies, such as data assimilation
(see, e.g., [69, 70, 71, 72|, among others). Various studies have found that the convergence of
optimization algorithms can benefit from the addition of second order information [69, 70, 72,
73, 74, 75, 76]. Second order code optimizations, judicious computations of low-rank higher-
order tensors, and reductions in the number of optimization iterations required to reach
convergence, may offset the additional development effort and computational overhead of
higher order derivative calculations.

Optimization algorithms were found to benefit from second order information up to the point
that the additional cost of obtaining these derivatives is offset by the increases in performance
and accuracy. We give a short overview of how to obtain Hessian-vector products via AD
below.

From (2.3), forward mode differentiation yields:

0x = 0y J(x) + y H(x) dx .

Note first that, for a symmetric Jacobian matrix F’(x) = F’(x)”, we have

yJ(x) = (J(x)dx)" , with ox=y".

Thus the adjoint vector x = y J(x) can be computed by forward differentiation if J(x) is
symmetric (i.e., it is the Hessian V?(x) of some scalar function ¢(x) with the gradient
Vi(x) = F(x)). Thus, it is never efficient to apply the reverse mode to vector functions
that are gradients. This is important for symmetric Jacobians, because if we apply reverse
mode differentiation to the forward model, we get:

[F(x)7, y3(x)]" = Vyx yF(x) .
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If we view the forward model (2.2) as an optimization problem, the result of reverse mode
differentiation is the gradient of the Lagrangian functional y F(x). Hence, a second differ-
entiation can be carried out without loss of generality in the forward mode. This is always
computationally cheaper than adjoining, since no flow control reversals or checkpointing
algorithms are required.

2.1.2 Derivatives over function spaces

We now give the formal definitions of derivatives for smooth nonlinear operators over function
spaces [52].

Let F: K CV — W, where V and W are normed spaces. Denote by L£(V, W) the space
of linear functionals from V onto W. We define differentiability of F at an interior point
Xg € V.

Definition 2.1.3 (The Fréchet derivative). The operator ¥ is Fréchet differentiable at xq if
and only if there exists J € L(V, W) such that

F(xo +h) = F(xo) + J(h) + o(|[h]}) , ash = 0.
The linear mapping J := F’'[x(] is called the Fréchet derivative of F at x,. Similarly, F’'[x](h)

is the Fréchet differential of F at x along the direction h. If F is Fréchet differentiable at
all points in K, then the (unique) Fréchet derivative of F on K is

F.K—LWVW). (2.5)

Definition 2.1.4 (The Gateaux derivative). The operator F is Gateauz differentiable at xq
if and only if there exists J € L(V, W) such that

lim F(xo +th) — F(x)
t—0 h

—Jh),VheV.

Similar definitions and notations as above apply for the Gateaux derivative. The Gateaux
and Fréchet derivatives obey the classical sum and product rules of differentiation. An
important result is the chain rule of differentiation, on which many of the derivations in this
dissertation will be based. It is stated below; for a proof, see [77].

Proposition 2.1.1 (The chain rule of differentiation). Let V, W, and U be normed spaces,
andF: KCV—->W,G:LCW —U, with F(K) C L. Assume Xq is an interior point of
K, and F(xq) is an interior point of L. Then:

(a) If ¥'[x0] and G'[F(x0)| exist as Fréchet derivatives, then G o ¥ is Féchet differentiable
at Xq, and the chain rule holds:

(G o F)'[x0] = G'[F(x0)] F'[%0] -
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(b) If F'[xo| exists as a Gateauz derivative, and G'[F(X¢)] exists as a Fréchet derivative,
then G o F is Gateauz differentiable at Xy, and the chain rule given above holds.

2.2 A brief literature review

This section gives a short overview of prior research in sensitivity analysis for the solution
of inverse problems.

As stated above, the adjoint approach to calculating sensitivities is the method of choice
in most practical problems. Let us consider the continuous approach. There are a few
complications that arise when making use of the duality framework over function spaces. The
theory of calculus of variations can lead to ill-posed adjoint systems for certain inadmissible
cost functionals [78, 79, 80]. Giles et al. [50] give several conditions that need to be satisfied
for a specific type of functional to be admissible. Here admissibility of the cost functional
implies the existence of a well posed adjoint final boundary value problem. Arian and
Salas [79] add additional boundary conditions (based on higher-order solution derivatives)
to the forward model equations to obtain well posed adjoints. In chapter 5, we formulate
a more general set of compatibility conditions that need to be satisfied by both the primal
differential operators, and the target functional, for the adjoint PDFE to be well posed. These
considerations, important in the function space adjoint formulation, do not apply to the
discrete duality framework. The target functional in the discrete adjoint approach is by
construction compatible with the adjoint problem [27].

An important point is whether the discrete adjoint variables converge to the solution of the
continuous adjoint equation (i.e., if the discrete adjoint is a stable and consistent discretiza-
tion of the continuous problem). Spatial consistency is not automatically inherited by the
adjoint method: the DA solution can display strong non-physical behavior, as it has been
noticed in [81, 82]. Spurious spikes in the DA may appear near the domain boundary due
to the strong boundary conditions imposed in the forward system [50, 83]. Other inconsis-
tencies stem from the use of a smaller finite difference stencil, or from changes in upwinding

29].

Previous research efforts in adjoint sensitivity analysis for adaptive mesh refinement include
the work of Li and Petzold [15]. The authors attempt to combine the advantages of both
approaches to adjoint sensitivity, DA (discretization of the adjoint) and AD (adjoint of the
discretization) into their ADDA method. However, their approach uses discrete adjoints only
for a fixed grid inside the boundary layer, where the DA is assumed to be consistent, while
employing the continuous adjoint method in the interior of the domain [15]. This avoids
the difficult determination of suitable boundary conditions for the adjoint PDE. Anderson
and Venkatakrishnan [78] describe a continuous adjoint sensitivity analysis approach on
unstructured grids. It has also been shown that adaptive mesh refinement can also improve
discrete adjoints in the presence of shocks, as pointed out by Giles et al. [84, 85, 86].
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Marta [87] applies automatic differentiation on selected parts of two 3D CFD solvers (on
unstructured meshes) to derive a consistent discrete adjoint model.

Recent work on four-dimensional data assimilation (4D-Var) for discrete models on nested
grids includes that of Simon et al. [88, 89, 90]. The nested meshes are obtained through local
hierarchical mesh refinement. The feature of their work is the inclusion of information from
multiple grid length scales in the discrete adjoint model, the 4D-Var objective functional,
as well as the background covariance matrices. Their numerical results of a shallow—water
inversion problem on nested grids prove to be significantly better than those obtained through
a single-grid approach [88].

Although the discrete adjoint approach is attractive in practice, most of the research effort
for large scale inverse problems has gone into analyzing the continuous sensitivity approach.
Bangerth [13] introduces a framework for the solution of parameter estimation problems on
adaptive grids using finite element discretizations. The optimality system for the Lagrangian
is solved using an all-at-once approach in a function space setting. This formulation allows
maximum flexibility of the inversion algorithm, through the use of separate meshes for the
primal, dual, and inversion variables. Moreover, convergence can be quantified in a mesh-
independent fashion. Fang et al. have developed a fully adaptive 3D finite-element ocean
model equipped with adjoint sensitivity analysis [16, 18, 19, 91, 92, 93]. The adjoints of
the forward dynamics equations are discretized on fully adaptive meshes, with the forward
variables interpolated onto the adjoint mesh on—the—fly wherever needed. For faster forward
and backward simulations, the POD method [91] is used for reducing the state space of the
model and its adjoint, while capturing their essential dynamics. Use of separate meshes
for the primal and dual variables allows for maximum solver efficiency. However, numerical
errors are introduced through the interpolation of forward variables onto the dual mesh
in the time reversal procedure. The effect of such errors on the adjoint solution has not
yet been fully analyzed. We advocate the use of discrete adjoint sensitivities throughout
the inversion process, due to their accuracy and ease of implementation (through automatic
differentiation). However, if continuous sensitivities cannot be avoided, this dissertation
provides a framework for the derivation of the tangent linear and adjoint PDE for general
nonlinear time dependent models and cost functionals (see Chapter 4, and [24]).

Time consistency of the adjoint discretization has also been investigated by several authors.
Discrete adjoints of Runge-Kutta methods of arbitrary order were proven to be consistent
with the original continuous adjoint equations [94, 95]. Moreover, the discrete adjoint Runge—
Kutta quadratures retain the order of accuracy of the primal discretizations. Multistep
methods, however, are not dual consistent [96]. Sensitivity analysis for ODEs with multistep
methods has made exclusive use of the continuous approach [30]. Adaptive time integration
has also received some attention. Eberhard and Bischof [4] have shown that black—box
application of forward—mode AD yields unphysical gradients due to the dependency of the
time step on the forward solution. The spurious sensitivities can be removed by code post-
processing [4]. This dissertation extended the work in [4] to discrete adjoints of one-step
explicit methods. We show in chapter 4 that dual consistency is lost due to the emergence of
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spurious gradients; however, accuracy may be restored through adjoint code post-processing
(see also [97]). The analysis also proves that a simple final time step adjustment in the
forward simulation does not restore full accuracy in the TLM or DA solution, contrary to
what was argued in [4]. A full adjoint trajectory correction is necessary.

Consistent adjoint sensitivities have been successfully used in spatial and temporal mesh
refinement by several authors. Dual weighted residuals and error estimation [34] were shown
to significantly improve grid adaptation and efficiency for types of model calibration problems
with ODE or PDE constraints [98, 99, 100, 101, 102, 103, 104], including in the presence
of shock discontinuities [105]. Cao and Petzold describe in [106] a duality framework for
ODE global error control. Recent work includes the space-time adaptive mesh refinement
strategy set forth by Carey et al. [12]. In their study, the refinement in the primal simulation
is guided by coarse—scale dual solutions.

The framework for adjoint-based error control in optimal control problems, where the func-
tional J is the quantity of interest, is well established (see, e.g., [34, 107] and references
therein). Moreover, super-convergence in the functional approximations can be achieved
through duality-based post-processing [108, 109].

There has been comparatively little work in error estimation for parameter identification
problems. Previous research in this area includes that of Feng et al. [42, 43|, Becker and
Vexler [110, 111], and the recent survey by Rannacher and Vexler [35]. The energy norm
estimates that have been derived for the optimal solution error [42, 43] are of limited use
in practice due to their dependence on unknown stability or coercivity constants. A more
practical approach is the one given by Becker and Vexler [110, 111]. Their error estimator
is built for a modified problem that is defined in terms of a suitably chosen cost functional.
In this dissertation, we generalize the approach in [110, 111] to the case of an infinite di-
mensional control space. The Hessian of the reduced problem is replaced by a quasi-Newton
approximation. For the time dimension, we advocate the use of dual-consistent adaptive
Runge-Kutta discretizations.



Chapter 3

Adjoint sensitivity analysis with finite
volume models

This chapter investigates the behavior of discrete adjoint for high resolution finite volume
codes. Equations modeling natural phenomena (such as basic advection or diffusion) often
require that their solution belong to a certain physically admissible domain. For example,
solutions to transport equations modeling the advection of pollutants in the Earth’s atmo-
sphere, must remain positive at any given time of the simulation. To add to this complication,
the solutions of the analytical are often discontinuous, due to e.g., physical interfaces be-
tween regions of distinct concentrations in a certain pollutant or tracer. The discretization
methods may introduce numerical undershoots or overshoots, like the Gibbs phenomenon in
truncated polynomial approximations for non-smooth functions. Such under-, or overshoots,
are unacceptable in numerical simulations of some phenomena, since they may render the
numerical solution physically unfeasible.

Simple discretizations that are monotonic and do not lead to overshoots, have only first order
accuracy [112], and suffer from excessive diffusivity. To enforce the positivity requirement for
numerical solutions, and retain high temporal and spatial accuracy in smooth flow regions,
one must employ high resolution schemes [1], that make use of solution or flux limiting
functions to strictly damp oscillations in regions of discontinuity. This comes at the expense
of local order reduction in regions of non-smooth flow. In smooth areas of the domain,
however, the order of accuracy can be kept arbitrarily high.

Limiters are frequently used with the finite volume [1], discontinuous Galerkin [22], and other
types of spectral methods (see, e.g., [113] and references therein). The following analysis
concerns the finite volume method. We find that the discrete adjoints of forward models
that use limiter functions leads to numerically unstable adjoint implementations. A detailed
analysis of the forward model code structure reveals that refactoring is required before the
derivation of the discrete adjoint equations. This strategy yields a stable adjoint solution.
Numerical examples illustrate the behavior of discrete adjoints obtained through black-box

22
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AD on two prototypical advection problems, before and after stabilization.

3.1 A brief overview of the finite volume method

Consider the following time dependent hyperbolic initial boundary value problem (IBVP):

uw+V-Fu = f, xeQ,tel0,T]
U(t, X) - g(tu X) , X € aQin
u(t =0,x) = u'(x).

The finite volume method (FVM) [1] is built on the physical properties of the hyperbolic
conservation law (3.1). It can be used on structured and unstructured meshes, and has
excellent geometric flexibility. The formulation of the FVM relies on conservation of mass
(in the general sense, some solution average) principles inside a given control volume (or cell).
Our discrete spatial mesh at " is now defined as the union of K distinct control volumes:

Ky
Q= U Cif . We define the approximate solution average inside a cell C* at time " to be:
k=1
Uh" ~ ;/ u(x, t")dx . (3.1)
Vol(CF) Jex

From (5.18) we obtain:

1 0
- (= F-ids— | f —0.
Vol(CH) (0t /07]g u(x,t)dx + /ac{; nds /(J;g (x,1) dx) 0

Let o be a boundary edge (or face) for the control cell C*. Using a conservative and consistent
approximation FEVM(x" #7) for the analytical flux F(x, ") through o, we arrive at the semi-
discrete finite-volume formulation of (5.18):

L SOV ) — [ f( ) dx | =0
di Vol | A T P o ‘

n

By virtue of the conservation principle, the net flow through the boundaries of the control
volume must be zero in the absence of any forcing terms f. The numerical reconstruction
of the solution at the control volume interfaces is done locally. Hence, generalizations to
unstructured grids and higher dimensions are straightforward. The various choices of nu-
merical fluxes lead to different finite volume methods [1]. However, the FVM in two or
three space dimensions is not easily amenable to p-refinement, since higher order solution
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approximations rely on polynomial reconstructions over multiple cells. In d dimensions, one
needs at least |
7 (J+d—1)! (3.2)
(J—1'd!
finite volume cells to build a J-th degree polynomial approximation to u(x,t). Structured
meshes make p-refinement easier by allowing straightforward stencil size adjustments. How-
ever, general unstructured grids are more complex to handle [114, 115, 116]. Another draw-
back of larger stencils is the order reduction in the primal and dual solutions around the
boundaries of the domain [29], where the stencil cannot be extended to allow sufficient
accuracy (except in the case of periodic boundary conditions).

We are concerned with the accuracy of intergrid operators for finite volume solvers on struc-
tured meshes. For simplicity, we first consider one-dimensional problems; the analysis will
be extended to higher dimensions in section 5.3.5. This one-dimensional discussion fully il-
lustrates the accuracy issues encountered with adjoint (transposed) intergrid operators. Fur-
thermore, we omit the time dependent notation, for ease of notation. The kth finite volume
cell is CF = [2F=1/2 2k +1/2]  where z¥T1/2 = (a"! + 2%) /2. Let h¥ = Vol(CF) := aF 1 — ok,

This leads to the finite volume scheme for equation (5.18):

dU*
h’“WJrFE_‘[MQ—FgX%:h’“f’“,Vk::l...K. (3.3)
The polynomial reconstruction approach approximates the solution through the interface

between two control volumes as a polynomial with unknown coefficients:
Ry . k\j
u'(z) = Zaj(x —z) . (3.4)

Note that we dropped the explicit time dependency in the numerical solution, since we
assume this holds at some particular time point t". The a; coefficients are determined by
requiring that

/uh(x) = Vol(CHU? | Vj=0,...,J.
i

The reconstruction may be either centered, or biased (upwind). We will show that the
transpose relationship between the interpolation and restriction operators does not hold for
operators with orders of accuracy higher than one. The adjoints of quadratic or higher order
flux interpolations reduce to a simple first order conservative reconstruction. Hence, the
adjoint solution cannot be expected to retain the order of accuracy of the forward discretiza-
tion, due the order reduction in the intergrid solution transfer process. This is an additional
drawback of the finite volume method, which negatively impacts the accuracy of black-box
generation (via AD) of h-refinement operators in the discrete adjoint solver.
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3.2 The model problems

We focus on the following two model problems:

ou OJ(Bu) o
8t+ o =0, z€Q:=[]-1,1],

u(t,~1) = 0,0<t<T,
ut,1) = 0,0<t<T,
u(0,x) = u(x),xecN. (3.5)

and

—4+V-(Bu) = 0,xe0Q:=100,1]x[0,1],0<t<T,

u(t,x) = 0,xel:=00,0<t<T,
u0,x) = u(x),xeN. (3.6)

The unknown primal solutions u(x) € £2([0,7] x €) are in both cases assumed to be con-
tinuously differentiable a.e. on §2. We require for both (3.5) and (3.6) that

u(t,x)>0,v¥xeQ, Vo<t<T. (3.7)

with the possible exception of very small undershoots (which may be treated as zero values).

We have the following definition [117]:

Definition 3.2.1. A numerical scheme for (3.1) is called positive if for any positive initial
condition UM > 0, the numerical solution UM" remains non-negative at all times 0 < t" <

T.

Positivity of a numerical scheme is intimately connected with phenomena of overshoot and
undershoot of the numerical solution (see [117] for details). Apart from consistency and
stability, positivity is the essential property that we require from any numerical scheme used
to discretize (3.5) and (3.6). Thus, any acceptable scheme may not allow the development
of new local extrema in the numerical solution (other than the ones present in the initial
condition u™?).

Definition 3.2.2. A scheme is monotonicity preserving if, for all time levels n,

Ur > Uk v — UF | >UMD v (3.8)

n+1 n+1

The celebrated Godunov theorem restricts the spatial order of monotonicity preserving
schemes to one.
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Theorem 3.2.1 (Godunov’s order barrier theorem). Consistent, stable, and monotone linear
schemes for linear partial differential equations are at most first-order accurate.

Proof. See, e.g., [112, Section 4.4]. a

When spatial and temporal accuracy higher than first order are necessary in the numerical
solution algorithm, condition (3.7) and Theorem 3.2.1 impose the use of a high resolution
method with flux limiting [1]. The flux limiter function becomes active in regions of high
variation in the primal solution u™", preventing the occurrence of new extrema in the nu-
merical solution. Flux limiter functions can be either active or inactive on a per-cell basis,
as determined by the limiting algorithm.

We now proceed to investigate the effect of black-box automatic differentiation on flux lim-
iting functions. The exact form of the boundary flux F,, 1 in equation (3.3) depends on
the mesh stencil used for spatial discretization. Let f; := BU*. The upwind ratio of two
consecutive flux gradients can be then computed as:

_fk+1—fk+€

0
kot fk — fk:—l + €

, (3.9)

NI=

with € ~ 107 a very small mesh-independent constant, that prevents division by zero in
regions with uniform flow.

Let ¢(6) denote the limiter function. The general flux expression at the inflow boundary of
the k-th finite volume cell reads [1]:

Fi1 = Folfe, frmr) + 001 ) (Fu(fe, frm1) = FL(frs fo-1)) - (3.10)

Here F, is the flux given by a positive low-order scheme (such as first order upwind); Fy is
the flux of a high-order numerical scheme, such as Lax—Wendroff [1], or third order upwind
[117].

3.3 The discrete adjoint model

The one—dimensional problem If we consider the third order upwind scheme and the
limiter function ¢(#) proposed by Hundsdorfer et al. [117], then the numerical solution
of (3.5) is positive throughout the domain, with only some negligible O(€) undershoots.
However, the discrete adjoint solution behaves unexpectedly. Denote the continuous adjoint
variable A(t,x). Then, X satisfies the following final-value problem:

oA oA

— — =0 1,1, T>t>0

ot " Pox x e, T2820,

At,-1)=X(t,1) = 0, VT >t>0,
ANT,x) = AM(x),VxeQ. (3.11)
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t=1.5; min: -2.82e-14; max: 1 t=1.5 min: —-4.289e+14; max: 4.288e+14

Figure 3.1: Unstable behavior for the discrete adjoint of flux-limited schemes implemented
by the book.

Choose A" = u(tf',x), Vo € [—1,1]. For constant B(x), we have A(t,x) = u(t,x) for all
times 7.

Consider the discrete adjoint solutions. Let u(0,x) in (3.5) be a square wave of unit ampli-
tude (see Figure 3.1). The advection coefficient 8 = —2. The time steps are fixed through
a mesh Courant number v = 0.76. Unexpectedly, as Figure 3.1 shows, the discrete adjoint
solution develops unstable oscillations after just a few time steps.

Let us seek the source of this instability. Let phi, be the value of the limiter function for
given in (3.9). Similarly, adfy is the adjoint of the f}, variable, and adfluxy is the adjoint of
the boundary flux Fj /2. The flux limiter function has the following form [117]:

#(0) = max (0, min (2 6, min (2, % + % 0))) . (3.12)

fk — fk+1 +e€ )
fro1 —fio+€)

With our notation

phi, = ¢ ( (3.13)

This formulation is not suitable for direct differentiation. Since differentiation of intrinsic
functions such as max, min or abs can result in incorrect code [118], we write (3.12) as an
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Figure 3.2: Instabilities in the adjoint fluxes at various time moments. The spurious modes
are not damped by the discrete adjoint scheme. K, = 128, 7" = 0.03, and Courant number
v = 0.765.

if-then—else expression, and differentiate it in this form. Assume a negative velocity field
u (the case when u > 0 is similar). If we examine the differentiated code, we notice the
following statements that compute the adjoints of f = 3 U:

adfk+2 = adfk+2 —0.5- adﬂuxk . phie
adfy,; = adfy,; + adfluxy - (1 + 0.5 - phiy) .

Initially adf, = 0, V k. At the first time step the values are updated twice, since we are
using a two-stage Runge-Kutta integrator. It follows that for the cells where adflux; # 0,
the variations in the adjoint variable adf are amplified by the multiplicative term containing
phi,. This happens in the non-uniform regions of the adjoint model solution. High-amplitude
spurious spikes are noticeable after a single time step around the discontinuity points of u”
and A"", as shown in Figure 3.2. This excitation is being added at each subsequent time
step. The discrete adjoint A"" is computed using the adf values so it will essentially behave
in the same way.

Refactoring of the forward code to avoid discrete adjoint instability. The discrete
adjoint model is therefore unstable, failing to provide a positive, non-oscillatory solution sim-
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Figure 3.3: Limiter functions ¢(#). (a) The shaded region is the TVD region of the #-¢ plane.
Both Lax—Wendroff and the 3rd order upwind method have a ¢(¢) that are not contained in
this region. (b) The shaded region is the second-order TVD region of Sweby [1]. The limiter
function stays within this region (on its lower boundary). (¢),(d) Both limiters are smooth
at @ = 1. This ensures full second-order accuracy.

ilar to the one obtained by running the forward code. To eliminate this undesired behavior,
we need to examine the limiter function ¢(f) in more detail. The goal is to remove the
explicit dependence on # (and implicitly on ¢) of the forward model code. To do so, consider
the graph of ¢ = ¢(0) for various values of 6 in Figure 3.3. The solver is built upon the
Hundsdorfer flux limiter function [117], and the third order upwind method.

Since ¢(f) is a piecewise linear function, one can refactor the forward model code to take
advantage of this property. Consider each interval on which ¢() is linear. The exact expres-
sion of the flux function inside that interval, is straightforward to compute as a weighted sum
of fr. We are thus able to remove the explicit dependency on 6 that causes the numerical
instability in the discrete adjoint solution A",
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If u > 0, we obtain the following;:

If6 <0 = Fp1=fi

Else if 6 < 0.25 = Fk+% = fr41

Else if 6 <25 = Fh—‘,—% = fh + fk—gkfl + fk+§—fk
Else = Fp =2 — fr-1 -

It is useful to examine the adjoint code generated by a source-to—source AD tool such as
TAMC [58]. Using the same notation as in (3.14), the discrete adjoint code reads:

Ifo<o0 = adf, < adf;, + adflux;

Else if 6 < 0.25 = adfg, < adf; 1 + adflux,

Elseif 0 <25 = adf,_; < adf,_; — %adﬂuxk
adfy; < adfpq + %adﬂuxk
adf;, < adf;, — % adfluxy,

Else = adf,_; + adf,_; — adflux;

adf;, <+ adf;, + 2 adflux;, .

The second branch (for 6 € (0,0.25]) in (3.14) gives an unstable downwind approximation
of the flux. However, the influence of this downwind flux is only local, and any oscillations
that arise are quickly damped by the scheme. The final solution of the forward model has
the desired properties: u®” both sharp and positive: any undershoots or overshoots that
occur have an amplitude of order O(e). The same holds true for the discrete adjoint model:
branches 2 and 4 are unstable, but due to the fact that the stable branch 3 is taken most
frequently (in uniform flow regions we have 6 ~ 1, so branch 3 is favored), no instabilities
develop and we obtain a good approximation to the exact adjoint model solution.

After the forward model has been differentiated, we notice that the explicit dependency of
the adjoint code on phi, has disappeared. This is reflected in the results of a forward and
adjoint model run in Figure 3.4: no instability is present and the adjoint solution is very
similar to the forward model solution of an unlimited third order upwind scheme. Since the
adjoint flux formulation depends on the value of 8 from the forward model formulation, and
not on the differentiated values of the gradient ratio, the flux limiter will be active only in
regions of strong variation of the forward solution. In regions of smooth flow, branch number
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Figure 3.4: After the reorganization of the forward code, the discrete adjoint solution of the
flux-limited scheme is stable and similar to an unlimited forward model solution. K, = 256,
and 7" = 0.01.

3 (0 € (0.25,2.5]) is taken. This yields a stable discrete adjoint solution shown in Figure
3.4.

Examine the variation of adf in this case. Figure 3.5 shows that oscillations in adf remain
bounded as t — 0. This does not come as a surprise, since we already noticed a well-behaved
solution of the adjoint equation (3.11).

The two dimensional problem Consider now the two-dimensional problem (3.6). Our
test scenario consists of the Molenkamp-Crowley test of solid body rotation. In equation
(3.6), let B be a rotating velocity field with angular velocity w = 7, described by the following

equation:
sen=[ 5] =[] 614

We use the same initial conditions for both discrete forward and adjoint models (see Figure
3.6). If the boundary fluxes used in the forward numerical scheme depend explicitly on the
gradient ratios 6, and 8, the adjoint model solution develops strong oscillations after just
a few time steps. These oscillations rapidly increase in amplitude at every time step.
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Figure 3.5: Stable adjoint fluxes. The adjoint model damps out all oscillations. K, = 128,
At = 0.03, and v = 0.765.
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Forward model initial condition (mx=my=128) Adjoint model initial condition (mx=my=128)

x 10

Figure 3.6: Unstable discrete forward and adjoint solutions to (3.6). K, = 128% and ¢ = 0.25.
Unstable modes in the discrete adjoint A" display a very fast growth.
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If we once more eliminate the explicit dependence F = F(0) through the same procedure
presented above, the results in Figure 3.7 illustrate the expected behavior: the solution of
3.6 remains positive and the initial profile is reproduced quite accurately, while the adjoint
solution is strongly affected by spurious highly oscillatory modes. This is due to the fact that
the adjoint model ceases to be a consistent approximation of the continuous adjoint equation
in regions where the velocity field changes pattern [119]. Nevertheless, these oscillations do
not grow unbounded, and one can still retrieve useful sensitivity information from the discrete
adjoint profile.

The next numerical experiment uses the minmod limiter in Figure 3.3(b) ([1]) with a second-
order Lax—Wendroff numerical scheme for (3.5). For u > 0, the flux at the right boundary
of the kth cell is a function of the Courant number v:

fLW == fk + 05(1 - V)fk—i-l - 05(1 - I/)fk . (315)

Using the piecewise linearity of the minmod function one can write the following implemen-
tation of the limiting algorithm:

Ifo <o = Fk+% = fj
Blseif 0 <1 = F1=f+ 36— 5 (3.16)
Else = Fz+%:fz+1_Tyfk+1—1_Tyfk

The results of a forward and adjoint model run are illustrated in Figure 3.8. The forward
and adjoint solutions are virtually identical. The discrete solutions are stable and positive
for all 0 < ¢ < T'. This is due to the fact that the branch most frequently taken in the adjoint
scheme gives a positive solution. The trade-off is that the wave profile is not so sharp: there
is more numerical diffusion, since the Lax—Wendroff method is only second-order accurate.
By examining the adjoint code in (3.17), we notice that the source of the instabilities has
disappeared:

Ifo<o = adf, < adf; + adflux,
Elseif0 <1 = adf,_; <+ adfi,_; — 1;2” adfluxy,

adf; < adf;, + 3’_7” adflux;, (3.17)
Else = adf 1 « adfyy + 5% adfluxy,

adf, < adf, + 1JFT”adﬂuxk )

We now extend the technique shown above to flux limiter functions that are not piecewise
linear. This requires the construction of piecewise linear approximations to ¢, that are then
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Forward model initial condition (mx=my=128) Adjoint model initial condition (mx=my=128)

Forward model solution Adjoint PDE solution

Figure 3.7: Stable discrete forward and adjoint solutions to (3.6). After a full rotation of
the initial profile, we notice spurious modes in the numerical adjoint. They are caused by
the point-wise inconsistency of the discrete adjoint formula with the continuous formulation
at the mesh nodes where 5 changes direction. However, these wiggles remain bounded as

t— 0.
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Figure 3.8: Forward model and adjoint model solutions of Lax—Wendroff scheme with the
minmod limiter. K, = 2048. We have more numerical diffusion than in Figure 3.4, but here
the adjoint solution is both stable and positive, with negligible undershoots.
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05 b

Figure 3.9: van Leer’s limiter: exact formulation (dashed line) and a piecewise linear ap-
proximation (solid line). Note that the approximation lies in the TVD region and is smooth
in the neighborhood of 8 = 1.

used in the flux computations. The TVD properties and smoothness properties around 6 = 1
need to be preserved. To illustrate this approach, consider the well-known example of van
Leer [120]:

0+ 0|
0) =
¢(9) 1+ 6

(3.18)

Figure 9 shows a piecewise linear approximation of the van Leer limiter function that is
confined to Sweby’s second order TVD region and is also smooth around @ = 1. The slope
of the linear approximation around 6 = 1 is equal to that of the third order upwind method
slope, so the scheme will be fully accurate around that point. This is desirable since @ ~ 1
indicates that we are in a uniform flow region.

The discrete adjoint solution behaves similarly to the limited third-order upwind scheme from
Figure 3.4. We do have undershoots and overshoots (approximately 9% in our test case).
This is due to the fact that the branch most frequently taken by the adjoint code corresponds
to 8 ~ 1, i.e., the third-order upwind local approximation, which is an oscillatory scheme.
However, A" remains stable and fairly accurate. Hence, useful sensitivity information can
still be inferred from the discrete dual solution.
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Figure 3.10: Discrete solutions u” and A"" obtained with a piecewise linear approximation
of van Leer’s flux limiter function. The solution is similar to the one in Figure 3.3. K,, = 256,

and At = 0.002.
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3.4 Conclusions

We have investigated the problem of constructing a stable discrete adjoint model of a flux-
limited numerical scheme used to solve the one- and two-dimensional advection equation.
Explicit dependencies of the boundary fluxes F, on the flux gradient ratios 8 lead to numeri-
cal instabilities in the adjoint model solution. These are due to the fact that the differentiated
value of @ leads to nonphysical growth in the differentiated flux function. The piecewise lin-
earity of the flux limiter functions ¢(#) allows a re-factoring of the discrete forward model
code, such that these dependencies are removed, and stability is preserved. This is readily
extended to nonlinear limiter functions (e.g. van Leer’s limiter) by constructing a piecewise
linear approximation of ¢ and using it in our flux computations. Of course, for this procedure
to be effective, the piecewise linear limiter must preserve the TVD property and preferably
also the smoothness at @ = 1 of the nonlinear flux function ¢ that it approximates.



Chapter 4

Inverse problems with time adaptivity

Introduction This chapter discusses adaptive time integration algorithms for inverse prob-
lems. A majority of inverse problems encountered in geophysics or the atmospheric sciences
are time dependent, that is, they require the inversion of a dynamical model that depends
on time as well as space. Thus, some temporal integration using numerical quadrature is
a required part of any solution algorithm. This raises several complications that were not
present with space-only discretizations. An essential component of solution procedure is the
adjoint of the forward time stepping procedure. This reversal of the time integration will
produce the gradient of the target functional under consideration with respect to the given
control variables.

Again, there are two inversion approaches. The differentiate — then — discretize method,
explored in the next section, implies the analytical derivation of the time-dependent adjoint
equation, together with appropriate final conditions. This is a procedure that cannot be
done automatically. Once the adjoint and quadrature equations have been derived, adaptive
time integration together with dense-output based polynomial interpolation may be used for
a highly efficient reversal of nonlinear models. The DENSERKS software [121] implements
several well-known Runge-Kutta embedded pairs with adaptive step control. The imple-

mentations are shown to be competitive with established software for sensitivity analysis,
such as DASPKADJOINT [31, 3|, and Sundials CVODES [2].

The second section in this chapter explores the alternative route: discretize — then — differen-
tiate. This approach is very attractive in practice due to the use of automatic differentiation,
which allows the derivation of adjoint models for time dependent problems with relatively
low effort (compared to the hand-coded approach above). Moreover, it relies on the dual con-
sistency results for Runge-Kutta discretizations [122]: the discrete adjoints of Runge-Kutta
schemes are known to have the full accuracy of the forward method.

However, there are several caveats with this approach. The black-box application of AD on
adaptive time integration routines may generate erroneous values for the adjoint gradients,

40
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if care is not taken. For discrete tangent linear models, the AD mechanism may pick up the
dependency between the solution and the time step (through the error estimation and control
mechanism), and generate spurious gradients that corrupt the accuracy of the sensitivity
solutions [4]. We explore the effects of reverse mode AD on time-adaptive Runge-Kutta
methods in the second section of this chapter. Similar to the forward approach, unphysical
derivatives appear due to nonlinear dependencies between the forward numerical solution
y", the time step A", and time points t". When passivation of the error mechanism is not an
option, post-processing of the adjoint code is required to restore full accuracy in the adjoint
solution.

4.1 The differentiate — then — discretize approach

This section focuses on sensitivity analysis time-dependent models described by ordinary
differential equations (ODEs). The sensitivity analysis framework under consideration com-
prises continuous forward, tangent linear, and adjoint models of Runge-Kutta methods.
While the discrete adjoints of explicit Runge-Kutta methods are consistent with the con-
tinuous adjoint equations [33, 122, 95|, and automatic differentiation (AD) tools such as
TAMC [58], TAF [57], and TAPENADE [54] considerably speed up the adjoint code generation,
the code obtained through AD is frequently sub-optimal. Moreover, hand-coded modifica-
tions of adaptive discrete adjoint codes are normally required in order to guarantee their
correctness [4, 121].

Adjoints of nonlinear models depend on the original model trajectory. Since adjoint models
are integrated backward in time, they will require an approximation of the forward model
solution at time points that cannot be known a priori. Some form of interpolation is necessary
to provide these approximations. Existing software uses Hermite polynomial interpolation
of up to 5th order. This is insufficient if one needs a higher order of accuracy for the adjoint
solution. However, continuous extensions of Runge-Kutta schemes [123, 124, 125] have built
in interpolants that are as accurate as the numerical schemes themselves. We propose to
use this dense output mechanism to interpolate the original model solution. This approach
is found to lead to a highly-accurate adjoint solution, with only a small increase in the
computational cost of the forward integrator.

Our Fortran library, DENSERKS, implements several well-known continuous Runge-Kutta pairs
for forward and adjoint sensitivity analysis. A two-level file checkpointing mechanism is used
to minimize the solver memory requirements. This makes long term adjoint simulations feasi-
ble. Also, unlike other publicly available software, DENSERKS can directly be used for second
order adjoint sensitivity analysis. Second order adjoint variables provide more accurate
sensitivity information. They are computed most efficiently through forward-over-adjoint
differentiation of the original model code [69]. A numerical experiment in section 4.1.4 dis-
cusses the computational and numerical advantages of the second order adjoint approach
over the finite difference method.
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4.1.1 Related work

A significant effort has been invested in the development of efficient sensitivity solvers, and
currently there are several high quality, publicly available implementations. SUNDIALS [126]
is a suite of ODE solvers with forward and first order adjoint sensitivity analysis capa-
bilities. The CVODES package [30], part of SUNDIALS, is a collection of sensitivity-enabled
ODE solvers. CVODES users can choose between backward differentiation schemes or Adams—
Moulton methods for forward, tangent linear and adjoint model integrations. Either cubic
Hermite interpolation or variable-order polynomial interpolation is used for approximating
the forward model solution during the adjoint problem run [2].

Cao, Li and Petzold designed and implemented software for both the forward and adjoint sen-
sitivity analysis of differential-algebraic equations (DAEs) with index up to 2 [46, 31]. Both
their DASPK and DASPKADJOINT [31, 3] packages use variable-order backward differentiation
formulas to solve the DAE sensitivity systems. Sandu et. al. [94] discuss the implementation
of implicit Runge-Kutta and Rosenbrock methods and their discrete and continuous adjoints.
Third order Hermite interpolation is used to approximate the original model solutions at the
points required in the continuous adjoint model solvers. Their code is integrated into the
Kinetic PreProcessor (KPP) software for solving chemical kinetics [127, 128, 129].

4.1.2 Theoretical background
Runge-Kutta schemes

Consider a system modeled by the following initial-value problem, henceforth referred to as
the forward model:

y = F(ty(t,q),q), t"<t<t",
y(t) = y’(q), (4.1)

where y(t,q) € R™ is the state vector, g € R™ denotes a vector of system parameters, and
F : RM™wtne — R™ is a prescribed function. We assume that (4.1) has a unique solution
y = y(t), and that F' is twice continuously differentiable with respect to both y and g, and
for all t° <t < tF.

Runge-Kutta schemes are a well-known class of numerical methods for solving initial value
problems (IVPs) like (4.1). We focus on embedded explicit Runge-Kutta pairs. Let y" =
y(t") be the numerical solution at time ¢”. An s-stage embedded explicit Runge-Kutta pair
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computes two approximations to y(t"!) using the formulas:

N

j=1
j=1
where
j—1
k;? =F (t” + h'c;, y" + h" Z a;k;, Q> ) (4.3)
i=1

and "t =" 4+ p".

Let p be the order of accuracy of the Runge-Kutta pair (4.2). For a sufficiently smooth
solution y(¢,q) € CP, we expect that

y" —y(t") = O"), (4.4)

where h = max;<;<, h’. Both solution approximations y"*! and y"*! use the same function
values (stages) k?. However, they have different orders of accuracy, depending on the par-

ticular choice of method coefficients a;;, b;, Zj and ¢;. Here y"*! is accurate of order p and
is used to continue the time integration. The second approximation, y**!, has an order of
accuracy less than p, and helps to estimate the local truncation error of the scheme as

el =yl _ gl (4.5)

This error estimate is used to automatically control the integration time step size (see Hairer
et al. [124, Section 11.4] for further details on the topic).

Dense Output for Runge-Kutta pairs

In many applications one needs the approximate solution at certain prescribed time points.
It is highly inefficient to force the Runge-Kutta routine to compute those approximations,
since this would impose unnecessary constraints on the size of the integration time steps.
This situation motivated the construction of dense output formulas [124]. Given a numerical
solution y", the dense output formulas yield cheap numerical approximations to the exact
solution y(t" 4+ 6h™), where # usually satisfies 0 < 6 < 1. Extrapolations with § > 1 are
possible. However, in this case the approximations are often less accurate, and will not be
considered further.

For most s-stage high-order Runge-Kutta schemes, one needs to append s* —s extra stages in
order to accommodate the dense output interpolant. Thus, the performance penalty incurred
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by the use of dense output formulas is equal to the cost of a few extra function evaluations
per time step.

A p*-th order dense output formula for (4.2) has the form
u(f) =y"+h" Y b0k}, (4.6)
j=1

where the k7 are defined in (4.3), and b;(0) are polynomials in # determined such that
u() —y(t" +h"0) = O ((h")”"*) . (4.7)
Following Hairer et. al. [124], we consider the time interval [¢", ¢" '] (with {" assumed to be
sufficiently far from the initial time ¢°), and denote by z(z) the solution of the local IVP
z = F(tz,q), t"<t<t",
z(t") = y". (4.8)
Then the error of the dense output formula can be written as:

u(f) —y (" +h"0) = [u() — z(t" + h"0)] + [2(t" + h"0) —y(" + h"0)] . (4.9)

- -

g

o((hmyp*+1) O((hm)P)

The first term (u — z) in the right hand side of (4.9) is the interpolation error, and has
magnitude O ((h")P" ™). The second term (z — y) denotes the global error of the method,
therefore is of order O ((h™)?). Thus, to guarantee an order-p dense output approximation
to y(t™ + 0h"), it suffices to require that

pr=p—1. (4.10)

For p < 4, cubic Hermite interpolation is sufficiently accurate. However, for larger values of
p, performing polynomial interpolation while preserving the number of stages becomes an
increasingly cumbersome process, and the quality of the interpolated solution depends on
the choice of interpolation points. Continuous Runge-Kutta schemes allow for an efficient
interpolation, with only a modest increase in the computational cost coming from the s* — s
additional stages incorporated in (4.2). Since the accuracy constraints on the dense output
coefficients usually allow for one or more degrees of freedom, one selects the coefficients of
the polynomials Bj (0) such that a certain error norm or cost function is minimized (see, e.g.,
[123]). Various dense output methods for constructing high-order interpolants have been
proposed, notably by Sharp and Verner [125], based on the bootstrapping scheme of Verner
[130].
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Finally, we note that the formulation of the tangent linear and adjoint ODEs described
in the next section is evidently independent of the numerical method used to solve those
equations. All that is needed is that the numerical method be fitted with a continuous
extension, to allow an efficient on the fly interpolation of the forward trajectory during the
adjoint model integration. Rosenbrock methods, extrapolation methods, as well as implicit
Runge-Kutta methods, support continuous extensions [131, 132, 133]. Thus, the sensitivity
analysis framework described herein can be seamlessly extended to such methods.

First order sensitivity analysis

We are interested in solving the following optimal control problem:

Find q. = min J(y,q) , subject to (4.1), (4.11)
q

where the cost functional J is defined as
tF

J(y,q) = A} g(t,y(t,q),q)dt. (4.12)

Here g : R™*! x R™ — R is a given real-valued function. Most optimization algorithms
require some type of derivative information to build successive approximations to the optimal
solution. If first order derivatives are required, we compute the reduced gradient:

N4

It has been shown [30, 46, 129] that (4.13) can be computed from the solutions 7;(t) =
Jy/0q; (t) to the tangent linear model (TLM), i.e., the linearized primal:

7= Fy(ty)n+ Fy, t0<t<t”,
oy’ .
m(t%) = G L (4.14)

The gradient is computed component-wise by solving the following quadrature equations
together with (4.14):

= gffﬁgqi,
Gt = 0, i=1...n,. (4.15)

The i-th quadrature solution equals the i-th component of the gradient:

= Gi(t") . (4.16)

dq;
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Note that we have to solve (4.14)—(4.15) once per gradient component. The two models
are usually integrated as a coupled system of n, + 1 equations. Since (0J/0q) € R", n,
TLM and quadrature solutions are needed to obtain the gradient vector. Hence, the forward
sensitivity method quickly becomes impractical for large n,.

The adjoint method [69, 126, 46| significantly reduces the cost of a reduced gradient compu-
tation. It can be formulated as follows. Let the adjoint variable be A € R, and define the
extended cost functional

F@ = J(q) - / N (§ — Flt,y,q)) dt . (4.17)

From (4.1), J (q) = J(q). It follows that the sensitivity of J with respect to the parameters
q is

tF

~\ T F
0T oI\ _ [ .
<a—q> = (%) = /to (gquJrgg) - / AN (—Fyq = Fyyq +yq) dt. (4.18)

+0

Integration by parts leads to:

tF tF

aT\" ' )
(%) - / , (B ATF)dt = / (g = ATE, = AT)yqdt — (WTyg)li - (4.19)
t ¢

To avoid the computation of the forward sensitivities yq(t) at ¢ > t°, one defines A € R™ as
the solution of the first order adjoint model, described by the following final-value problem:

A= —Ftyx—gy, t">t>1t,
) = 0. (4.20)
Then ., )
oIN\T " . .
aq) =/, &L+ NTF)dt+ (Nyq)|,_p (4.21)
t

where the integral can be evaluated concurrently with (4.20) using the solution of a quadra-
ture ODE:

wi o= —gl - XTF,, ">t >0,

wi(tf) = 0. (4.22)

Hence,

OTN" _ 100y o \T(0) 4 (40
(8_(1) = wT (%) + AT (£) yq(1°) . (4.23)
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Equations (4.20) and (4.22) are attractive since they give the entire gradient vector, at the
expense of only a single first order adjoint and quadrature solve. However, the adjoint
equation depends on the forward model trajectory through the Jacobian Fy (t,y). Moreover,
(4.20) is integrated backward in time from ¢ to t°. Thus, solving for A(t°) and w(¢°) requires
solving the forward model first, with a continuous Runge-Kutta method. The dense output
interpolant is given by (4.6). The polynomials I;j(ﬁ) are given by the continuous extension.
To build u(f) on the fly during the backward run, the time steps k", the corresponding time
points ¢", and the interpolation weights k7 all need to be stored. Then, in the backward time
integration, (4.20) and (4.22) are solved simultaneously as a system of n, + n, differential
equations, using the interpolated forward solution u(f) ~ y(t" + h™6) when needed.

Second order adjoint sensitivity analysis

In this section we obtain second-order derivative information for the cost function (4.12).
For large-scale models, where n, and n, can reach into the millions (or more), computing the
full Hessian is not computationally feasible. Instead, one calculates Hessian-vector products:

*T

where dq € R™ is some perturbation in the time-independent parameters q. A forward
differentiation of (4.18) results in the second order adjoint final value problem [69, 72]:

o = _FyTo'_(Fny(Yq‘sQ))TA_(Fyq@dcl)T}‘_gyy(Yq‘SQ)_qudqv th >t 1",
oty = 0, (4.25)

where o € R™ is the second order adjoint variable,

0*F, )
F,, = , 4.26
v (83’1' Yk ijk=1..n, ( )

and the ® symbol denotes the tensor product

Fyy © (yq0q) = (Zy: (FYY)i,ch (YPéq)k> . (4.27)

k=1

The tensors Fyp, Fpp, Fpy are defined by similar formulas. Using the second order adjoint
model trajectory o(t), we can compute the Hessian-vector product for any given vector
0q € R as:

+F

N
(8—(12) -0q = L) <gqq5q + 8qy (Yqd4q) + FqTo' + (Faq © 5Q)T At (Fay © (Yq5Q))T >‘> dt

(4.28)

+—me®6@TA+y£b>

t=t0
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The integral term in (4.28) can be evaluated concurrently with (4.25) through a set of n,
quadrature equations:

v o= —FqTU — (Faq © 8q)’ A — (Fay © (quq))T A — 8400 — gpy(yada) , t">t>1",
v(t!) = 0. (4.29)

It follows that
(4.30)

t=t0

62G . 0 T T
(55 ) 00 =v()+ (a0 ©30)" A+ 5370

We note that a TLM integration starting from 7(t°) = yq4(t°) - dq is necessary, to obtain
the yq(t)dq term in (4.25) [46, 72]. One can generalize this technique to derive the tangent
linear and adjoint models for point-wise functionals [30, 46]:

J=g(t",y(t"),q) . (4.31)

Similarly, a simple change of variables [72] in the forward model leads to the differential
equations used for calculating first and second order sensitivities with respect to the initial
conditions y'.

Using dense output in adjoint sensitivity analysis

For general nonlinear models (4.1), the first order adjoint variable A(¢), and the second
order adjoint solution o (t) depend on the forward and tangent linear variables y(¢) and
7(t). Moreover, adjoint models are final value problems integrated backward in time, and the
time steps in the adjoint simulation are adapted independently from the forward integration.
Thus it is necessary to approximate the forward solution y(t) at a set of time points that
cannot be known a priori. To do this, we use the continuous extensions of the Runge-Kutta
pairs. Dense output allows for a cost-effective and accurate interpolation. This is confirmed
by the numerical experiments described in section 4.1.4. The computational overhead of
dense output is equal to a small number of right-hand-side forward or tangent linear model
evaluations per time step.

4.1.3 Implementation details
Runge-Kutta implementations

DENSERKS implements several explicit Runge-Kutta pairs, listed in Table 4.1. It is important
to note that the user needs to employ the same Runge-Kutta process for both the forward
and adjoint mode integrations when solving (4.20) and (4.25). This is required by the fact
that the adjoint code uses the interpolation weights k7 computed by forward or tangent
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linear code when it builds the interpolant u(6) (4.6). Thus, order ¢ accuracy in the adjoint
solution is possible only if the the stages k7 corresponding to the forward Runge-Kutta
scheme are stored during the forward integration. The Butcher tableaus and the dense output
coefficients corresponding to the Runge-Kutta schemes in Table 4.1 can be found in [123,
124, 134, 135, 136]. The DENSERKS adjoint model integrators can use either cubic/quintic
Hermite polynomial interpolation or dense output for forward trajectory recomputations.
The interpolation options are dependent on the particular choice of Runge-Kutta pair.

Checkpointing

For nonlinear models, the adjoint equations (4.20) and (4.25) are dependent on the forward
and tangent linear model solutions y(¢) and 7(t) = yq0q. Moreover, since both adjoint
equations are final value problems, they cannot be integrated alongside (4.1) and (4.14).
The error estimators and time step controllers for the adjoint problems are independent from
those used in the forward integrations. Thus, (4.20) and (4.25) will require an approximation
to y(t) and 7(t) at time points that can not be determined a priori. Continuous Runge-Kutta
schemes can, as explained above, provide the interpolated values. However, to construct the
forward solution interpolants on the fly the adjoint model run, all the interpolation weights
need to be stored in memory during the forward model simulation. This can be prohibitive,
especially for long time integrations.

To mitigate the memory storage problems that may arise in an adjoint model integration,
DENSERKS employs a two-level checkpointing strategy [137, 126, 47]. The checkpointing
algorithm can be briefly explained as follows. We perform one forward model simulation from
t% to t¥". During this integration, DENSERKS writes the integrator state to a disk file every Nd
time steps, and discards all other solution information. The library user can control the value
of Nd. The forward model run yields Nc state snapshots (also called file checkpoints) that
will be reused in the adjoint model integration. The information contained in a checkpoint
must be sufficient to allow a hot restart of the forward integration from the time point at
which the checkpoint was written. This means that the forward model trajectory computed
after a restart is identical to the one calculated during the initial simulation, when all the
checkpoints were written.

During the adjoint model run, DENSERKS divides the forward problem into N¢ smaller prob-
lems, each solvable in at most Nd time steps. To do so, the software automatically reads the
file checkpoints in reverse order. Consider any two consecutive file checkpoints corresponding
to time points t* and t* (1 < t*). First, DENSERKS recomputes the forward trajectory from
% to t*, using the checkpoint written at t* as the initial data. The interpolation weights is
stored in the working memory. Since the forward subproblem can be solved in at most Nd
steps, the memory requirements are lowered significantly. The user can set Nd according to
the amount of available memory. Then, DENSERKS integrates the adjoint model from #° to
t*, making use of the interpolated forward trajectory when needed.
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Table 4.1: Explicit Runge-Kutta schemes implemented by DENSERKS: RK2 - Fehlberg-type
Runge-Kutta method of order 2(3); RK3 - 3rd order Runge-Kutta with second order error
control; RK4 - 4th order Runge-Kutta method with 3rd order error control built on the
classic “3/8 rule”; RK5 - DOPRI5(4); RK6 - Runge-Kutta pair built on top of RK6(5)9FM;
RKS8 - DOPRIS(6).

Runge-Kutta | Order of Error Interpolation method
method accuracy control
order
RK2 2 3 Hermite (3rd/5th order)
(Fehlberg)
RK3 3 2 Hermite (3rd/5th order)
RK4 4 3 Hermite (3rd/5th order)
(“3/8-rule”)
RK5 5 4 Hermite (3rd/5th order), dense output

(4th order)

RK6 6 5 Hermite (3rd/5th order), dense output
(DOPRI5) (6th order)
RKS8 8 6 Hermite (3rd/5th order), dense output

(DOPRIS) (7th order)
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The same strategy is used for the TLM. The checkpointing mechanism lowers the memory
storage requirements considerably, at the expense of additional recomputations of the for-
ward model or TLM trajectories. This makes long-time adjoint integrations computationally
feasible.

Let us denote the computational cost of integrating (4.1) from t° to ¢! (a complete forward
model integration) by Cpwp. Let Capy be the cost of solving (4.20) backward in time from
t" to Y, assuming the forward model state is available at all required time points (i.e.,
all the necessary interpolation weights are stored in memory). Finally, let Cqap be the
computational cost of solving (4.22) for w(t®). Then we have the following bounds for Cgxwp,
the cost of computing A? &~ A(t°) given only y(t°) (i.e., a backward problem integration with
two-level checkpointing):

Crwp + Capy + Cqap < Cekwp < 2 X Crwp + Capy + Cqap - (4.32)

The upper bound in (4.32) follows from the observation that we need to integrate (4.1)
at most two times: once when writing the file checkpoints, and a second time during the
integration of (4.20), to obtain the interpolated forward solution at the time points needed
by the adjoint integrator. The second inequality in (4.32) becomes an equality when the last
step in the forward model integration is written as a file checkpoint.

The computational cost Cpxwpz of a second order adjoint solve ((4.1), (4.14), (4.25), and
(4.29)), can be similarly bounded as

Cr, < Cerkwp2 < Cn, (4.33)

where

Ci, = Crwp + Crim + Capy + Csoa + Cqsoa
Cu = 2XCpwp + 2 X Crm + Cany + Csoa + Cqsoa - (4.34)

Here Crim, Csoa, and Cgsoa denote the computational cost incurred when integrating (4.14),
(4.25), and (4.29), respectively.

Code organization and usage

Table 4.2 lists the integrator subroutines in DENSERKS, together with short descriptions of
their purpose and usage. We provide the code for the test problems described in section
4.1.4 in the DENSERKS package. Note that backward time integration in the forward mode is
not supported, nor is forward time integration in the adjoint mode. Thus, all integrators in
Table 4.2 require that ¢° < ¢

We now describe a step by step procedure describing how to enhance an existing embedded
Runge-Kutta code with sensitivity analysis capabilities. As before, we let ¢ be the order of
accuracy of the Runge-Kutta pair.
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Table 4.2: DENSERKS integrator subroutines.

Integrator

Description

RKINT

Forward model integrator. Writes forward model trajectory data to the
memory buffers and file checkpoints, if the memory buffering and file
checkpointing mechanisms are enabled. This routine is user-callable.

RKINT_TLM

Tangent linear model integrator. Simultaneously integrates the forward
model (the resulting system has size 2 xn,). Writes forward and tangent
linear model trajectory data to the memory buffers and file checkpoints,
if the memory buffering and file checkpointing mechanisms are enabled.
This routine is user-callable.

RKINT_ADJ

First order adjoint model integrator. The routine is used to integrate
the first order adjoint model and the associated quadrature equations
(for a total backward problem size of n, +n,) between two given consec-
utive checkpoints. RKINT_ADJ reads forward model trajectory data from
the memory buffers, implicitly assuming they hold valid forward inte-
gration information. The user should not call this subroutine directly.
Instead, all first order adjoint integrations should be done via calls to
the RKINT_ADJDR wrapper subroutine.

RKINT_SOA

Second order adjoint model integrator. Simultaneously integrates the
first and second order adjoint model equations and the quadrature equa-
tions (the resulting system has size 2 x n, + n,). Reads data from the
memory buffers only. The user should not call this subroutine directly.
Instead, all first order adjoint integrations should be done via calls to
the RKINT_SOADR wrapper subroutine.

RKINT_ADJDR

Wrapper for RKINT_ADJ. Handles all checkpoint reads and calls RKINT
to calculate the forward model trajectory, should such recomputations
be required. Calls RKINT_ADJ for first order adjoint model integration
between consecutive checkpoints. This routine is user-callable.

RKINT_SOADR

Wrapper for RKINT_SOA. Handles all checkpoint reads and calls
RKINT_TLM to calculate the tangent linear model trajectory, should such
recomputations be required. Calls RKINT_SOA for second order adjoint

model integration between consecutive checkpoints. This routine is user-
callable.
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1. Fit the Runge-Kutta pair with a dense output interpolant of order p*. This may require
an increase in the number of stages over the original scheme. For smooth y and 7, the
interpolated forward and TLM trajectories will be ¢-th order accurate if p < p* + 1,
as shown in section 4.1.2. If p > p* 4+ 1, one should expect a loss of accuracy in the
adjoint model solution, due to less accurate forward interpolation data.

2. Implement a checkpointing mechanism for the Runge-Kutta pair to reduce the memory
requirements of an adjoint integration.

3. Write a Runge-Kutta integrator for the first and second order adjoint model based on
the original Runge-Kutta pair. This solver should be able to use the checkpoint infor-
mation to interpolate the forward or tangent linear model trajectories when needed.

4. Build the right hand sides of the forward and adjoint sensitivity equations (4.1), (4.14),
(4.20), (4.25). These subroutines can be either hand coded, or generated using auto-
matic differentiation (see the appendix for more details). When computing derivatives
of nontrivial cost functions, we also need to code the corresponding right hand sides of
the quadrature equations (4.22) and (4.29).

5. Set initial or final values for all the state variables: y(t°), 7(¢°), ¢(t°), A(¢"), w(t"),
a(th), v(th).

6. Solve the equations (4.1) - (4.29) for the desired sensitivity information using the
appropriate Runge-Kutta solvers.

This procedure can be extended to, e.g, Rosenbrock, implicit Runge-Kutta, and extrapola-
tion methods, since they all support continuous extensions [131, 132, 133]. Only the actual
construction of the dense output interpolant is different; steps 2 to 6 are identical to the
ones described here.

To use the DENSERKS subroutines in Table 4.2, skip directly to step 4 in the procedure listed
above. A first order adjoint problem can be solved by the following steps:

II' define the size of the forward and adjoint model state vectors
integer ny = ...

Il define the size of the quadrature system state (number of parameters)
integer nq = ...

II' set the initial and final integration time
double precision tO = ... tF = ...

II' define the forward and adjoint model state vectors
double precision y(ny), ady(nx)

II'w is the quadrature system state vector
double precision w(nq)

Il write a file checkpoint every Nd time steps
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integer Nd = ...
II' allocate the memory buffers and initialize the checkpoint files, if needed
call rk AllocateTapes(...)
II'initialize y, and other integrator parameters as needed
y(t0) = ...
II'integrate the forward model
Il FWD_RHS = subroutine computing the right hand side of (4.1) at given (t,y(t))
II'if we disable file checkpointing, the values of Nd and Nc are ignored by the algorithm
call RKINT(nx,y,RHS,t0,tF,Nd,Nc,...)

Il upon return from RKINT, Nc (integer) = the total number of file checkpoints written to disk

II'set final values for ady and w
ady (tF) = ...
w(tF) = ...
II'integrate the first order adjoint model

Il ADJ_RHS = subroutine computing the right hand side of (4.20) at given (t,y(t),ady(t))
Il QUAD_RHS = subroutine computing the right hand side of (4.22) at given (t,y(t),ady(t))

call RKINT_ADJDR(nx,ady,ADJ _RHS,...,nq,w,QUAD_RHS, ..., ,RHS,... ,Nc,...)
! upon exit from RKINT_ADJDR:
N ady ~ A(tY) in (4.20)
N waw(t) in (4.22)
II' close the checkpoint files and deallocate the memory buffers
call rk DeallocateTapes

Second order adjoint models are handled similarly. In the case of multiple integrations
of the same first or second order adjoint system (with different final conditions), it is not
recommended to call RKINT_ADJDR or RKINT_SOADR multiple times. Instead, RKINT_ADJDR_M
and RKINT_SOADR_M allow for significant performance gains, due to the reuse of forward and
tangent linear model trajectory data over all adjoint model integrations. This lowers the
cost of M first order adjoint model integrations, Cy_pxwp, from M x Cgxwp in (4.32) to

Crwp + M X Capy < Cusrkwp < 2 X Cpwp + M X Capy . (4.35)

A similar reduction in computational cost is noticed in the case of M second order adjoint
model integrations with RKINT_SOADR_M. The corresponding cost bounds Cr, and Cy in (4.34)
become

Cim = Cpwp +Crim + M X Capy + M x Csoa
Cum = 2XCpwp +2 X Crim + M X Capg + M X Cs0a - (4.36)

Thus
Covm < Cusrwpz < Cam - (4.37)
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Comparison with other related software

Table 4.3 provides a quick overview and comparison between the main features of DENSERKS,
CVODES, and DASPKADJOINT.

Code availability
The DENSERKS source code is released under a GNU open source license and is available for

download at:
http://people.cs.vt.edu/ asandu/Software/DENSERKS.

4.1.4 Numerical experiments

All numerical experiments were performed with double precision Fortran on a 3 GHz Intel
Pentium 4 workstation running Fedora Core 6 Linux.

The Arenstorf orbit

The Arenstorf orbit IVP is usually given as a set of two second order ODEs, which can
readily be transformed into a first order initial-value problem [124]:

Yi = Y3

Y2 = Ya

) - yi+up y1—H

Y3 = Y1 t2ys—pu — K —
(1 + w2 +y377 oy — )2+ y3

. ~ Y2 yo

Vi = Y2—2y3— [k — — : (4.38)
(1 + w2 +y37% oy — )2+ v

where 1 =1 — 1 = 0.012277471. The initial conditions are:

yi(°) = 0.994
y2(t") = 0
ys(t’) = 0
yi(t°) ~ —2.0016 . (4.39)

We compute the sensitivities of the model trajectory with respect to variations in the initial
value of the first solution component y;(t°). Thus, the cost functionals chosen for this
example are:

Jiyni(t°) =yi(t") , i=1...4. (4.40)
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Table 4.3: High-level comparison of DENSERKS against CVODES v2.5.0 [2] and DASPKADJOINT
[3]. DASPKADJOINT implements sensitivity analysis for DAEs (not available in DENSERKS or
SUNDIALS). Note that DENSERKS has built in support for second order sensitivity analysis, a

Chapter 4. Inverse problems with time adaptivity

feature not directly present in the other two sensitivity solvers.

DENSERKS CVODES DASPKADJOINT
Numerical Explicit Adams-Moulton and BDF
methods Runge-Kutta BDF
implemented
Orders of 2-8 1-12 1-5
accuracy (Adams-Moulton)
1 -5 (BDF)
(variable order)
Interpolation Dense output Hermite, Hermite
method (built-in) variable order
polynomial method
Interpolation 3-8 3/5 3
order
Built-in 1st order forward | 1st order forward / 1st order forward /
sensitivity / adjoint adjoint adjoint
analysis 2nd order
(forward-over-
adjoint)
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Figure 4.1: The Arenstorf orbit: Relative errors in y(¢) and 7, = (9y;/dy?) (tF). t° =0,
t" 2~ 1.707 (1/10 of an orbit period).

We consider one-tenth of a full orbit period as our forward model integration window: t° = 0
and t¥ = 1.7065. Figures 4.1 and 4.2 illustrate the absolute errors of the forward, tangent
linear and first order adjoint model solvers using the DOPRI5(4) and DOPRI8(6) Runge-
Kutta numerical schemes with 4th order (p* = 4) and 7th order (p* = 4) dense output. Since
the necessary condition p < p*+1 is satisfied for both Runge-Kutta pairs, the corresponding
tangent linear and adjoint model solutions are 5th and 8th order accurate, respectively. This
shows that the dense output interpolants make it possible to compute a high-quality adjoint
solution that has the same order of accuracy as the underlying Runge-Kutta method. The
reference solution was obtained by a TLM integration with very tight absolute and relative
tolerances (ATOL = RTOL = 10~'*), using the DOPRIg(53) code in [124].
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Figure 4.2: The Arenstorf orbit: Work-precision diagrams for the DOPRI5(4) pair ((a),(c))
with 4th order dense output, and the DOPRI8(6) scheme ((b),(d)) with 7th order dense
output. t° =0, t" ~ 1.707. We ran two series of tests. In the first, we integrated the adjoint
model with variable tolerances, while keeping the forward integration tolerances constant
((a) and (c) illustrate this case, with ATOL™! = RTOL™? = 107'2). Second, we varied
both the forward and adjoint model tolerances during several adjoint model test runs ((b)
and (d) show the results of several adjoint model integrations where the prescribed absolute
and relative forward and adjoint integrator tolerances are equal and vary between 10~* and

10712).
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The Van der Pol oscillator

First order sensitivity analysis We now consider the Van der Pol oscillator [131]. The
first-order ODE system reads:

Yi = Y2
1

Y2 = - (Ya—y1—Yiy2) . (4.41)

with € = 1072 and initial conditions

yi(t?) =
y2(t°) = 0 . (4.42)
Consider the cost function
T (y(t) = y1(t") . (4.43)

The corresponding adjoint model can be computed using the Lagrangian method described
in (4.17) — (4.21), where J can informally be written as

a6y = [ o ma, (4.44)

t0

where §(-) is the Dirichlet delta function:

(5(2):{(1) j;g. (4.45)

Hence the adjoint final value problem for (4.41) — (4.43) has the following form:

. 1
A= —2yiy2+ DA

€

: 1
Ay = —)\1+E(Y%—1)>\2

M) =1

Xo(t) = 0. (4.46)

The time integration interval spans from t° = 0 to t/” = 2. Note from figure 4.3(c—d) that
both forward and adjoint integrators use adaptive time stepping, and step size control is
performed independently during the forward and the reverse integrations.

Figure 4.3(e—f) shows how the forward integration errors affect the accuracy of the adjoint
solution. It can be seen that for this particular problem, we obtain an 8th order decrease in
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the error of the adjoint solution even when interpolating data from a less accurate forward
integration. This error behavior reflects the order of the Runge-Kutta method. Thus, using
the adaptive forward model integrator with looser tolerances still results in a fully accurate
adjoint model solution. As a general rule of thumb, we recommend that the forward toler-
ances be set equal to or slightly lower than those used in the adjoint simulation, to avoid
losing accuracy in the adjoint solution.

Figure 4.4 compares the performance of DENSERKS and CVODES for the Van der Pol prob-
lem. The results indicate that the high-order Runge-Kutta pairs implemented in DENSERKS
outperform the multistep methods implemented in SUNDIALS when solving the forward and
tangent linear models, requiring considerably less right-hand-side evaluations to reach a pre-
scribed solution accuracy. When integrating the adjoint of (4.41), CVODES fares better than
DOPRI5(4), but is still surpassed in performance by the DOPRI8(6) implementation. These
results indicate that the Runge-Kutta methods and dense output-based interpolants imple-
mented in DENSERKS can be competitive with other high quality implementations, yielding
very accurate solutions with relatively low computational efforts.

Second order sensitivity analysis To illustrate the second order sensitivity analysis
capabilities of DENSERKS, we look at a variant of the Van der Pol system with a larger number
of parameters and more nonlinear dependencies between the variables (adapted from [69]):

yvi = (1-y3)y1—y2+v(tp)
S’2 = Y1
Vs = yi+ys+vi(tp), (4.47)

with t© =0, tI' = 5,
ng—1

v(t,p) = Z tdiQiy1
i—1

and initial conditions y;(°) = 0, y(t°) = 1, y3(t°) = 0. The objective functional is chosen
as

J(p) =ys(t".p).

Here



Mihai Alexe Chapter 4. Inverse problems with time adaptivity 61

3
s ) )
2 2
1 1
0 ow
-1 -1
-2 -2
% 0.5 1 15 2 % 0.5 1 15 2
Time Time
(a) Forward solution: DOPRI8(6) (b) Adjoint solution: DOPRIS(6)
5)(10’3 5)(10’3
4 4
5 5
53 §3
Q. Q.
2 2
172} 172}
o2 o2
£ £
= =
1 1
C0 0.5 1 1.5 2 C0 0.5 1 1.5 2
Time Time
(c) Forward time steps (d) Adjoint time steps
10° 10°
T 0,
\ .0 -
5 10 . FE? 5107 --Fg8
5 . 5
s :
310-10 \\\\3\\\ \\\ 310_10 \*\*
107° - 107°
2400 3700 5700 8800 13500 20800 3040 4500 6560 9650 14150 20800
ADJ RHS evaluations (FE) ADJ RHS evaluations (FE)
(e) Relative errors: DOPRI8(6) (f) Relative errors: DOPRIS(6)
with fixed forward tolerances with variable forward tolerances

Figure 4.3: The Van der Pol oscillator (4.41): t° =0, t¥ =2, e = 1072. ATOL = 10~'? and
RTOL = 107'°. The adaptive time steps taken during the two model integrations are plotted
in (c) and (d). The bottom plots illustrate the absolute errors of the adjoint solutions A;
obtained using a fixed tolerance for the forward model run (ATOL™? = RTOL™? = 10-'2 in
(e)) and, alternatively, variable tolerance values for both the forward and adjoint integrators
(in (f)). The order of accuracy of the adjoint numerical solution is the same as that of the
Runge-Kutta pair.
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Figure 4.4: DENSERKS and CVODES work-precision diagrams for the Van der Pol system (4.41):
total number of right-hand side function evaluations versus solution accuracies, for the (a)
forward model, (b) TLM model, and (c) first order adjoint model. We tested CVODES with the
staggered direct (stg) and simultaneous corrector methods (sim) (the staggered corrector
method yielded results that are very similar to those obtained from its direct version).
Also, we enabled full error control for the forward sensitivities. The time step controller
implemented in DENSERKS includes tangent linear variables in the error estimator state.
DENSERKS’s DOPRI8(6) implementation achieves best all-around work - accuracy ratios.
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Table 4.4: Second order adjoint of the Van der Pol system (4.47): Runtime of the second
order adjoint method (BKWD2) versus finite differences (FDIFF). DOPRI8(6) has been

used for all model integrations.

g FWD [ms] BKWD2 [ms] BKWD2/FDIFF
100 1 67 1.18
200 2 79 0.99
400 3 96 0.95
800 7 137 0.87
1600 11 245 0.82
3200 20 118 0.81
6400 A1 794 0.77
12800 79 1659 0.78

The forward sensitivity system, the first and second order adjoint models and the quadrature
equations are given in [69] for a general function v(t,p). We approximate the Hessian-vector

product
*T
o ) %4

using two distinct approaches. We first compute a finite difference approximation to (4.48):

(4.48)

tF,q

PT
0q>?

N Vag (t",a+€dq) — Vqg (17, q)
€

. (4.49)

tF,q

Next, we compare the finite difference approach with second order adjoint method (4.30).
The ratios of the runtimes of these two schemes are given in table 4.4, for increasing values
of n,. We note that the advantages of the second order adjoint method are twofold. First,
its computational cost (measured as runtime to convergence) is lower than that of the finite
difference method in almost all of the test runs (as shown in the last column of table 4.4).
Second, the accuracy of the Hessian-vector product approximation can easily be controlled
via the user-chosen integration tolerances, whereas in the finite difference method (4.49) the
accuracy depends on the particular choice of € (in the best case, it is approximately equal
to the square root of the chosen error tolerance). Optimizers which exploit second order
information can thus use second order adjoint gradients to speed up convergence to (locally)
optimal solutions.
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The shallow-water equations

Our next numerical experiment concerns the two dimensional Saint-Venant approximation
to fluid flow inside a shallow basin:

0 0 8
a 0, b0 -
a( h)+3(uvh)+3( oy L h?) = 0, (z,y)eQ=[-3,3%, 0<t<t"=050)
at a]f ay 29 - ) 'r7y - ’ I = =

Here h(t, x,y) denotes the fluid layer thickness, and u(¢, x,y), v(t, x,y) are the components
of the velocity field. ¢ is the standard value of the gravitational acceleration. The cost
function quantifies the mismatch between a reference thickness h™' and some perturbed
solution h at the final simulation time £

J=5 ZZ "o yy) = W ) (4.51)

for all grid points (x;, y;) inside a verification area €, C €2. The adjoint final condition
reads:

A" = { h(t", x,y;) — D (2, yy) (2, ;) € Qo
0 ) (xh y]) ¢ Qv .
The shallow water PDEs (4.50) are converted to a semi-discrete form using third order
upwind finite differences. The boundary conditions are periodic. File checkpoints are written
every 50 time steps. The work-accuracy plots for forward and adjoint simulations with both
SUNDIALS and DENSERKS are shown in figure 4.5. Again, the high-order continuous Runge-
Kutta pairs yield performance comparable to that of the Adams-Moulton implementation
found in SUNDIALS.

Numerical optimization for a convection-diffusion problem We now use DENSERKS
to solve a parameter estimation problem. We consider the following IVP for y (¢, x) (adapted
from [138]):

0 62 0
y AN

o~ T2 o
P=0<t<tl' =1
ro=0<z<1 =2, (4.52)

with initial and boundary conditions

y(t, z0) = y(t,21) =0, Vit e [t° "],
y(°,z) = y°(2) = 2(2 — ) e** , Va € [m0, 71] . (4.53)
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Figure 4.5: Performance comparison of the high-order Runge-Kutta pairs in DENSERKS
and the Adams-Moulton implementations in SUNDIALS, for the forward and adjoint two-
dimensional shallow water problem: (a) Root mean square (RMS) errors in the fluid layer
thickness h(¢f") and (b) RMS errors in the gradient V07, for the cost function (4.51).

Let the solution of (4.52) with q; = 1 and qy = 0.5 be denoted by y™ (¢, z). The objective
function reads:

@)= [ (i) -y ) do, (4.54)

The objective is to find the parameters q, that minimize the cost function J subject to the

constraints (4.52). To solve this minimization problem, the L-BFGS-B optimization routine
described in [139] is used. The exact solution is q, = q**f, with J (tF , q*) = 0. The gradient

(4.54) can be obtained as:
N o Py
— (t = A—dzdt
( ) q) /to LO axQ €

dq:
0T x /tF / dy
— (t = A—dzdt 4.55
0qs ( ’q) 0 Jaxg Ox e ( )
where A(t, x) is the solution of the adjoint PDE:
N PAL A
A R
At z) = y(t" ) —y*(t", 2)
At,xg) = A(t,z1)=0. (4.56)

We discretize the spatial derivatives in (4.52) and (4.56) using centered finite difference
formulas on a uniform grid. Eliminating the homogeneous Dirichlet boundary conditions,
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it follows that (4.52) and (4.56) are each described by a system of n, ODEs. The gradient
(4.55) is calculated via two additional quadrature equations:

) 1 82}’
W, = — . )\wdﬂ?
T ay
vy = — A ==d
Wo /g;o O i
wi(t") = wo(tf) =0, tF'>t>14". (4.57)

The spatial integrals in (4.57) are approximated using the trapezoidal rule, with the grid
points chosen as quadrature nodes. Figure 4.6 illustrates the decrease in the cost function
J(q) and its projected gradient norm during several L-BFGS-B iterations. The starting point
is (@), q%) = (3,3) and n, = 70. After about 10 iterations, the parameters have converged
to the reference values (', gif) = (1,0.5).

4.1.5 Summary

In this section we investigated the solution of forward and adjoint sensitivity ODEs using
continuous Runge-Kutta schemes. Previous work in this area has focused on linear multi-
step methods. Adjoints of nonlinear models are dependent on the forward model solution.
Since adjoint models need to be integrated backward in time, they require the original model
solution at time points that cannot generally be known a priori. Hence some form of inter-
polation is needed. We propose using the dense output mechanism built in the continuous
Runge-Kutta pairs as a forward solution interpolant. Since high-order Runge-Kutta pairs
such as DOPRI5(4) or DOPRIS(6) support continuous extensions, dense output is shown
to lead to the computation of very accurate adjoint model trajectories with only a small
increase in the computational cost over the original Runge-Kutta pair. The overhead of
dense output is approximately equal to the cost of the few extra stages introduced in the
Runge-Kutta method to accommodate the interpolant.

Our DENSERKS library implements several well-known continuous Runge-Kutta pairs. High
order accuracy, as well as other features such as fully adaptive time stepping, easy coupling
with AD-generated code, two-level file checkpointing, make DENSERKS an attractive option for
sensitivity calculations. We tested the feasibility and efficiency of our approach on a range
of numerical examples. Their results indicate that, for non-stiff or mildly stiff problems,
the performance of our code is comparable to that of existing high-quality implementations
based on linear multistep methods.
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Figure 4.6: The convection-diffusion equation: Optimization results using L-BFGS-B. (a)
The decrease in the cost function J (tF , q) and (b) the decrease in the projected norm of
the gradient of the cost function versus L-BFGS-B iteration count (M). (c) The convergence
of the parameters towards the reference values (q{ef, qgef) = (1,0.5), where J (tF , qref) =0.

The starting point is (q¥,q3) = (3, 3) and the size of the spatially discretized forward ODE
system is n, = 70.
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4.2 The discretize - then - differentiate approach

4.2.1 Introduction and motivation

The behavior of numerical integration algorithms under automatic differentiation was first
studied in the broader context of general iterative solvers [140, 141]. It has been shown
that derivatives of iterative solvers converge to the derivative of the original solution, under
suitable assumptions [141]. Hager [33] investigated Runge-Kutta adjoints for distributed
optimal control. He formulated the adjoint of a Runge-Kutta scheme of order ¢ < 4,
through a full discretization approach where both the forward and the adjoint systems are
treated together. On the other hand, as explained in section 4.2.3, the reverse mode of AD
employs a recursive discretization.

Discrete adjoints of numerical integration algorithms are attractive, because, unlike solvers
for the continuous adjoint equations, they can be generated automatically using AD. Walther
[95] proved that explicit Runge-Kutta methods retain their order of accuracy ¢ under reverse
mode AD, for ¢ < 4. Sandu [122] extended the results to both explicit and implicit Runge—
Kutta methods of arbitrary order q. Hager, Sandu and Walther all assume that any adaptive
mechanisms, if present, are not differentiated. Hager and Walter also considered distributed
controls in their work, which further complicates the analysis. The analysis in [122], similar
to the present work, considers only initial conditions and time independent parameters as
control variables.

Adaptive features induce additional complications when differentiating a numerical integra-
tion algorithm. This issue is of great importance, since virtually all modern ODE integrators
make use of time step controllers, error estimators, or numerical extrapolation to maximize
efficiency and speed. In some cases, one can isolate these parts of the code and prevent them
from being differentiated, but the difficulty of this approach is highly problem dependent,
and such decoupling is certainly far from trivial for more complicated large-scale integration
codes [4].

Forward mode automatic differentiation of the adaptive mechanisms leads to spurious deriva-
tives, as demonstrated by Eberhard et. al. [4]. These non-physical sensitivities introduce
large errors in the tangent linear model trajectory, leading to an incorrect TLM trajectory.
Analyzing explicit Runge-Kutta - like methods, Eberhard et. al. proposed a code correc-
tion that restores the accuracy of the discrete TLM solution. Also, they noted that forward
mode AD will improve the accuracy of the final-time sensitivities when the last time step is
trimmed such that the integrator stops at exactly the final integration time [4].

In this section, we investigate the behavior of adaptive ODE integration schemes under
reverse-mode automatic differentiation. We show that the discrete adjoints of adaptive
methods are inconsistent with the adjoint ODE due to the differentiation of the time step
controller. Adjoining results in more complex code than forward mode differentiation, due to
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the reversal of the original control flow. We build the discrete adjoint of a general adaptive,
one-step explicit integration method, and quantify the perturbation introduced by the adjoint
time step gradients in the adjoint solution. The discrete adjoint solutions are found to have
a O(1) error. Hence, the naive invocation of reverse mode AD yields incorrect gradients.
This is shown to hold for the particular case of a ¢-th order Runge-Kutta method. Thus,
one has to eliminate the perturbations induced by AD before the discrete adjoint solution
can be trusted to be accurate.

We propose two equivalent and easy to implement code corrections, that make the discrete
adjoint consistent with its continuous counterpart. Moreover, we extend our analysis to
second order adjoints of adaptive integrators, and show how to cancel the influence of the
spurious derivatives.

We also investigate the effect of adjusting the time step of the integration to arrive exactly at
a given final integration time. Eberhard et. al. [4] noted that a forward mode differentiation
of this time step adjustment will act as a correction to the discrete tangent linear variables.
For simplicity of exposition, we derive the tangent linear and adjoint models of a three-
time step integration routine. We show that, while there is indeed an improvement in the
accuracies of the tangent linear and adjoint model trajectories when the last time step is
trimmed, not all spurious derivatives are eliminated. Thus, this strategy does not lead to
sensitivities or gradients equal to those resulting from a full passivation of the time step
controller (i.e., setting all spurious sensitivities to zero).

4.2.2 Forward and adjoint sensitivity analysis

Consider again the dynamical system modeled by the IVP (4.1). Through a simple change
of variables, and without loss of generality [142], one can recast (4.11) into the following
inverse problem:

Find y? = arg min J := j(yF) : (4.58)
y

where the primal variable y(¢) now satisfies the equation

y = Fty), t*<t<t",
y(@°) = y°. (4.59)

Comparing this with equation (4.1), we note that (with a slight abuse of notation)

y F
y = qleRY, F=|0|, N:= L+n,+n,. 0t°=0. (4.60)
4 g
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The propagation of small perturbations dy° in the initial conditions of (4.59) is governed by
the tangent linear model [46, 129, 30, 72]:

F
Jy
Sy (t”) = =) 4.61
() = 55(t) (1.61)
A small perturbation dy° in the initial condition of (4.59) will cause a small change in J:
- 87
6T = = 0y’ 4.62

up to first order in 8y°. Thus, we will need N TLM integrations with IV linearly independent
perturbations to obtain the complete gradient vector Vyo 7. On the other hand, the adjoint
of (4.59) can yield the same gradient at the cost of a single backward-time integration:

A = —(%(t,y))T)\, tr >t >0,
A5 = (86—‘;) (y(tF)) , (4.63)
Then: R
g—yjo = A(t"). (4.64)

Higher order derivatives [70] have proved to be useful in areas such as data assimilation
and chemistry transport modeling [72, 71]. The second order adjoint framework provides
sensitivity information in the form of Hessian - vector products. The second order derivatives
can be obtained from the final value problem [69, 72]:

, OF ! O°F !
o = —(G0) o (Gatven) A
N
o(t") oy (y(t")) - oy (t"), (4.65)
where dy is the solution of the TLM (4.61). One can then show that
*T
o(t’) = a—yz(Y(tO)) - oy”. (4.66)

For cost functionals such as (4.58) and large NV, equations (4.61) and (4.63) show that it is
considerably more efficient to compute the gradient of the objective functional through the
adjoint method, since only one adjoint model solve is required. One can compute adjoint
sensitivities numerically through one of the following methods:
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a. Use the differentiate - then - discretize approach: see the previous section of this
chapter. Note that we can use AD to generate the right-hand side of the adjoint ODE,
but the Runge-Kutta method itself is not differentiated. Assuming the numerical
scheme is stable, the algorithm will yield a ¢-th order accurate approximation to the
adjoint A(t). One can successfully employ this method when the integration code is well
separated from the model. This allows an easy division of labor where the developers
can separately focus on their domain of expertise. However, this approach may entail
a significant programming effort, if a suitable adjoint code is not readily available.

b. The alternative is to discretize - then - differentiate the IVP (4.59). First, one dis-
cretizes the forward model equations, and then integrates this discrete model using
an adaptive time stepping method. The next step is to build the discrete adjoint of
the numerical integrator using reverse mode AD. This approach is obviously attractive
since it can be done in a fully automatic fashion. Moreover, the adjoint variables are
the exact sensitivities of the discretized cost functional. It is the method of choice for
practitioners when the integration and model codes are strongly coupled, which is often
the case in large-scale legacy codes. However, there are no a priori guarantees that
the black-box application of reverse mode AD on an adaptive numerical integration
method will result in a correct adjoint model, for the reasons explained below.

We assume that the forward integration algorithm gives a p-th order accurate approx-
imation to the exact solution y(t/). We investigate numerical methods that retain
their accuracy under adjoining if the time step h is kept fixed, i.e. the discrete adjoint
solution A" satisfies

AT = X)) ~ O (hT), Yn, ash—0. (4.67)

This is true for Runge-Kutta methods [122, 95], but not for multistep methods [96]. For
adaptive algorithms, the time steps taken during the forward integration will depend on
the forward solution y”. Reverse mode AD will pick up this dependence and generate
non-physical adjoint time step gradients. We will show that these spurious derivatives
lead to incorrect discrete adjoints. To recover an accurate adjoint solution, one has to

eliminate the AD artifacts from the discrete adjoint update, as discussed in sections
4.2.3 and 4.2.4.

Another method to prevent spurious adjoint gradients would be to avoid the differen-
tiation of the time step controllers or error estimators. The difficulty of this approach
is problem dependent; parts of the code must be isolated manually, and that can be a
cumbersome task for tightly coupled large-scale models.
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4.2.3 A general framework for adaptive-step differentiation

One-step, explicit adaptive integration schemes for (4.59) can be written as

ytt o= f(y" A" ") (4.68a)
R = g (y™ A"t (4.68b)
"t o= R, 0<n<M-—1. (4.68c)

Here M denotes the total number of integration steps, i.e. tM = ¢f. f : RN*2 —» RV
is chosen according to some prescribed accuracy criteria, and g : R¥™? — R (not to be
confused with (4.12)) is a step size controller, used to compute the new step size h"™! based
on an estimate of the local error at ¢". The initial time step A" is assumed to be equal to a
sufficiently small constant. Superscripts are used to indicate discrete time moments, while
subscripts denote partial derivatives, unless noted otherwise.

We consider methods with the following properties. For a fixed time step h™ = h, the method

y"H=f(y" ht") - (4.69)

a. is asymptotically consistent with the adjoint ODE (4.63),
b. is accurate of order ¢, and

c. retains its order of accuracy under forward or reverse-mode differentiation, i.e., its
tangent linear and adjoint formulations are ¢-th order accurate numerical schemes for
the solution of the tangent linear and adjoint ODE, respectively.

Any ¢-th order Runge-Kutta method satisfies these assumptions [122].

The discrete adjoint of an integration scheme with above properties reads [72]:

of T
A = (—(y”,h”,t”)) AL M —1>n>0,
dy

0T
M _
M= o (4.70)

We will show that the reverse mode of AD applied to (4.68a — 4.68c) does not yield (4.70).
Instead, the AD engine introduces spurious derivatives of the time step controller into the
discrete adjoint solution. Our correction eliminates the AD artifacts. Consider the integrator
state vector for (4.68a — 4.68c):

vi=| . (4.71)
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The derivation of the tangent linear model of (4.68a — 4.68c) amounts to constructing the
local Jacobian matrix [143] for the state evolution

n

vt v (4.72)

The TLM of (4.68a) — (4.68¢) has the following form:

n of  of of n
oy i Jy oh Ot oy
Shitl _ 3_5 % % Sh" |, 0<n<M-1. (4.73)
s Oy 1 1 ot"

All partial derivatives are evaluated at (y™, h", ¢"). The adjoint model is built by transposing
the Jacobian of (4.72). Denote the adjoint state vector at step n by
At=| | (4.74)

I/TL

The n-th step in the discrete adjoint of (4.68a — 4.68¢c) can be written as

T
A" (Z) (%) o | [am
WL = (& og 1 Pt (4.75)
1% (ﬁ)T g 1 14
ot ot
This leads to:
o\ " og\"
A = [ =—] At = el 4.76
<3y) " <0y) 8 (4.76)
n of\" nt1 |, 98 i n+1
ofr\" 1, 98 . +1
o= | = " =" " M—-1>n>0. 4.
v (81‘) A +8t'u +v >n>0 (4.76¢)

The last term in the adjoint update (4.76a) is a side-effect of AD, generated by the differ-
entiation of the time step controller mechanism (4.68b). p is a spurious adjoint derivative
of the time step h. These perturbations can generate O(1) errors in the discrete adjoint
solution at %

AP =X +0(1).

In section 4.2.4 we prove that this happens with Runge-Kutta methods. The numerical
experiments in section 4.2.7 confirm this conclusion (see Figure 4.7 and Figure 4.8).

We present two strategies to eliminate the spurious gradients. One can:
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1. Zero out the non-physical adjoint time step derivatives. This “passivation” effectively
cancels the influence of the time step controller on the solution adjoints. In the adjoint
code, we set:

n+1

i +— 0, (4.77)

before the update (4.76a). This modification requires both the identification of the
time step adjoint variable (straightforward once the user is familiar with the forward
model code), and knowledge regarding the location of (4.77). Depending on the code
complexity, (4.77) may be easier or harder to apply than the following alternative
strategy.

2. Alternatively, implement a correction of the form:

n n agT n+1
R & (4.78)

Suppose that (4.68b) is implemented in FORTRAN as
subroutine g (t,y,h,hNew)
with h = A" and hNew = h"*!. When t = ", y = y", and h = h" are chosen as the

independent variables, and hNew = A"*! is the dependent variable, an AD tool such as
TAMC [58], or TAPENADE [54], will generate:

subroutine adg (t,y,h,adh,ady,adt,adhNew) |,

with adh = p™ and adhNew = ™", Since the value of adhNew is lost after the call to
adg (), we need to save it into a temporary variable and reuse it in (4.78):

tmp < adhNew .

We now post-process the adjoint trajectory A" right after the call to adg() inserted
by AD by calling

call adg (t,y,h,0,ady,0,-tmp) .

This call implements (4.78). Since an evaluation of g is computationally inexpensive
relative to a call to f, and the additional cost of adjoining is not greater than that of
a (small) constant number of forward model evaluations [23], the overhead of (4.78) is
small compared to the overall cost of an adjoint Runge-Kutta step.
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4.2.4  Explicit adaptive Runge—Kutta methods

We now focus on explicit Runge Kutta methods. Let ki,k, ...k, € R" be the Runge-
Kutta stages, which are now part of the discrete integrator state. Also,k = [k; ko ... k,] €
RY*". As in the previous section, we will identify the integrator state variables at t” by the
superscript n.

The Runge-Kutta method can be written as follows:

k = k(y",n"t") (4.79a)

Yy = Yy Y bk (4.79b)
m=1

At = hrg (y", " k) (4.79¢)

= "R, 0<n<M-1. (4.79d)

Here b € R" denote the Runge-Kutta weights. We assume that k™! are the stage values
after the update (4.79d), and k™ = 0. The time step controller (4.79¢c) has a form that is
widely used in practice (see (4.120) for an example). Therefore, the forward integrator state
is described by the following vector:

ki

vi=| k| (4.80)
yn
h?’L
tTL

The Runge-Kutta discrete adjoint consistent with the adjoint ODE (4.63) is computed using
the chain rule of differentiation:

T

. k

A" = (IN+h”me%—ym(t”,h",y")> AL M —1>n>1,
m=1

%4
AM = 4.81
" (4.81)
Next, we will show that the discrete adjoint of (4.79a) — (4.79d) given by AD is different
from (4.81).

Since both forward-mode differentiation and adjoining can be performed line by line [23], we
can first build the TLM for (4.79a) and then for (4.79b) — (4.79d). This mimics the behavior
of AD, since it necessary to account for the dependency arising between (4.79a) and (4.79b)
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through the stage values k. Hence, the n-th step of the TLM reads:

o ok, Ok, Ok
ok, dy Oh Ot sy"
: = S oh" (4.82)
Sl ok, Ok, Ok, 5tn
dy Oh Ot
B 5k111+1/2 7
sonc Wby o kb Iy Iy Y buke Oy :
y m TL‘
st | = | 08 08,08 08 || 0T )
5ttt ok, " Ok, dy ot oy"
01><N 01><N 01><N 1 1 on"
L. 5tn -

Here Iy denotes the N-by-N identity matrix, Oy stands for the zero N-by-N matrix, and
the index n + 1/2 indicates an intermediate step. We note that all entries of the Jacobian
matrices are evaluated at (t",y™, h"). The adjoint variables form the costate vector:

(4.84)

>
3
I

The discrete adjoint follows immediately by transposing the Jacobian matrices and reversing
the direction of integration:

a~ T
P2 =, AT 4 B (aTg) prtt L m=1.r

~\ T
}\n+1/2 _ }\n+1_'_hn <g_§) Iun+1

un+1/2 _ Mn+1 +gun+l + Z bmk%;)‘n—i_l

m=1

Vn+1/2 _ hna_g n+1+yn+l

o 1 (4.85)

Y
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and

r T
A" — Z <8km> ¢21+1/2_'_>\n+1/2

m=1 ay
r k T
o= B () e
m=1
r 6k T
V= Z(a—f) P2 M 120 >0, (4.86)

m=1

Thus AD computes the following discrete adjoint update:
r ok T
A= [ In+0") by | 2 N
e (5))
A n+1 bm m -2
I (; ( dy ) <8km) i (33’)
— (1 +»h”j§:b Ok " AL O (b (4.87)
= N P m ay . .
All partial derivatives are evaluated at (y",h™,t"). The update (4.87) is clearly different

from (4.81). The O (h™) perturbations introduced at each step in the discrete adjoint A™
add up to a O (1) perturbation in the adjoint solution A°:

A" = A" =0(1). (4.88)

To eliminate all perturbations, one can zero out the adjoint derivative p"*! as in (4.77).
Alternatively, we can insert

~ N\ T
N\ T
A2 Z\ntLl/2 _ g (g_i) T (4.89)

after (4.85). The FORTRAN implementation of (4.89) is based on a second call of adg (the
adjoint of (4.79¢)), and is very similar to the one described in the previous section. Both
correction strategies will result in a discrete adjoint solution that is a ¢-th order accurate
approximation to the true adjoint X(#°). Section 4.2.7 shows the divergent AD adjoint, as
well as the convergence of the corrected solution, for a 5-th order Runge-Kutta method.

4.2.5 Final time step adjustment

Like in the case of forward mode differentiation [4], adjusting the last time step before the
final integration time does usually improve the accuracy of the adjoint model trajectory.
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However, not all spurious gradients present in the uncorrected discrete adjoint (4.76a) are
eliminated. We show this by considering a three step integration procedure. We let

th =43 =1"+ n® + ' + A2, (4.90)
where t° and h° are fixed, and hy, hy are estimated using (4.68b). We investigate four
different test cases:

a. The spurious sensitivities dh’, §t', and gradients u’, v’ are set to zero in the AD-

generated code. This obviously ensures the correctness of both linearizations.

b. h? is artificially adjusted:
h? =t — ¢t (4.91)

This is not strictly needed in our algorithm (because of (4.90)). However, we will look
at the impact of (4.91) on the discrete tangent linear and adjoint solution variables.

c. No changes are made to the AD-generated tangent linear and adjoint codes.

d. The TLM solution is post processed as described in [4]. The discrete adjoint code is
corrected using (4.78).

We investigate the behavior of the tangent linear and adjoint trajectories in all of the above
cases.

Tangent linear differentiation

The cases under discussion lead to different formulations of the tangent linear model:

a. If the TLM is modified to ensure to ensure dh! = dh%? = 0 and §t! = 5t = 0, then we

have: .
oy oy’
o3 | = ASHATHA, | h°=0 |, (4.92)
513 5t =0
where
In  Onxi Onsxa
H=| Oixn 0 0 , (4.93)
01><N 0 0
and
of of of
. dy Oh Ot
A= g 0Jg 0Og : (4.94)
dy Oh Ot
Oy 1 1

(yl’hz7tz)
fori=1,2,3.
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b. The time step adjustment introduces an extra step in the tangent linear model:

% ay°
o3 | = AABATAy | 60 =0 | . (4.95)
53 6t° =0

Here B is the Jacobian of the time step adjustment (4.91):
Iv  Onxi Onsxa

B=1 0y 0 —1 |, (4.96)
01><N 0 1

c. The TLM is similar to (4.95), except B = Iy, since no time step adjustment is made:

oy? oy’
Oh? | = A3 AT AL | 600 =0 | . (4.97)
ot? 6t° =0

d. We cannot easily fit the post-processing error correction formula given in [4] into our
general framework without assuming a specific Runge-Kutta method. Hence, we will
only report the numerical results obtained with this correction for a model problem in
section 4.2.5.

We also note that the tangents of the first time step and time point are zero, since these
quantities are assumed to be constant. Multiplying through in (4.92)—(4.97) gives:

57 — (8f)2(8f) (g_}f’) 5y" (4.98a)

7w [ () () (D)) o

o = ave((5), ), (), (5, (R)) (),
“@).&). &), o

In the above equations, the integer subscript on the partial derivatives denotes the time level
where the Jacobians are evaluated at, e.g.,

(%)i - (g_;) ', 5 1) (4.99)
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As shown in [4], dy +£ 0y3. Moreover, it is apparent that adjusting the fi final time step with
(4.91) eliminates only part of the spurlous terms in dy>. Hence 5y #+ 6y3 For an arbitrary
dy", we can expect the perturbation in (5y (equation (4.98b)) to be small if

&), ), (). (@) (), o

is small with respect to [|[dy”||, but this may not always be the case. The spurious derivatives
in dy3 may accumulate over time and reduce the order of accuracy of the TLM solution.

The discrete adjoint

The discrete adjoints for the test cases a., b., and c., are obtained by transposing each
sequence of TLM transformations (4.92), (4.95), and (4.97), respectively:

A0 )\3
o | = (ADTHT (A HT (A | =0, (4.101a)
0 3 =0
55 ] N
< WNT (42T 2T ( 43\ 3
1O - (Ao) (‘Al) B (A2) pe =01, (4.101b)
0 3 =0
C A0 X\’
W= (A (A () | =0 (4.101c)
i 0 ] 3 =0
Additionally, we look at the corrected adjoint, where
Al )\3
wo| =cy ey u =0 (4.102)
0 ¥ =0
Here C}, C?, and Cj are the corrected (transposed) Jacobians:
[ /of\" og og\" | [ /of\" |
- — Onx - Onx1 Ownx
(8.\/) (8.\/) ’ <8Y) o (83') R
T T
Citl = of 98 1 = of 98 1
oh oh oh oh
I NI
i ot ot 1y i, 1) | ot ot Jd (yt, hi, )

(4.103)
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Hence:
T T T
X = (ﬁ) ﬁ) (ﬁ) bC (4.104a)
oy ), \9y /), \09y/,
—~ — roaeN\"[roe\T roe\T soe\T sor\T
0 — x4 (%5 el 2) (£ < 3 4.104b
A A +<a}’)o _(8]1)1 <8Y)2 (ah)z +(8t)2 AT ( ! )
- dy )y |[\on), \on), " \on), \on), ot ),
of\" fog\" roft\" .,
9 8 7 4.104
+( y)o <@Y)1 (ah)z)\ ’ (4.104c)
A0 = 0. (4.104d)

If the last time step is adjusted in the forward code, the discrete adjoint A0 + 3\\6, therefore
the correction (4.78) is still necessary.

A numerical example
We implement the three-step algorithms discussed above for a scalar IVP:

y = 7ty,
y(0) = 1, "=0<t<t=0.1031, (4.105)

with v = —1. The exact solution of (4.105) is
t2

y(t) = exp (75) : (4.106)

Since (4.105) is a linear IVP, its tangent linear model has the exact same form. We choose
the same initial condition dy(0) = y(0) = 1, hence dy(t) = y(t) for all ¢.

The final value problem adjoint to (4.105) is:

A = —vtA,
MY = ytO =1, 2>t>1, (4.107)

with

A = y () = exp (V (t3)2) . (4.108)



Mihai Alexe Chapter 4. Inverse problems with time adaptivity 82

Table 4.5: Errors in the discrete tangent linear solutions for the IVP (4.105) induced by
the spurious AD-generated sensitivities. Here, dy? is the post-processed TLM solution,
using the error correction formula in [4]. dy?3 and gy\?’ are defined in (4.98a) and (4.98b),
respectively. The time step adjustment (4.91), and the a posteriori error correction [4], lead
to improvements over the uncorrected solution dy®. However, these two approaches are not
equivalent to a full passivation of the time step controller mechanism. The extra derivatives
in (4.98b) and (4.98¢) are found to exactly account for these errors.

Sy® — &y? 1.61063 x 10~
Sy3 — 8y’ 4.37644 x 106
Sy? — 8y3 4.52807 x 10~©

One step of the forward integration algorithm looks as follows:

yn+1 — f(yn7 hn’tn> _ yn 4 hn,ytn yn 7

ATOL
hn+1 — n7 hn’ ) = p» ’
Bl A% E) \/ exp (3 106" + A2 — ey

= e pm (4.109)

We evolve the solution with the forward Euler method. The time step estimator controls
the absolute local error based on the exact solution, with ATOL = 10=3. We wrote the
code using in double precision FORTRAN, and we generated the tangent linear and discrete
adjoint models with the help of TAMC [58].

Tables 4.5 and 4.6 show the numerical errors generated by the spurious forward and adjoint
derivatives. While small in absolute value for this example, they may grow in time and
impact the overall accuracy of the numerical solutions. This may happen even when the
final time step is adjusted, if (4.100) is O(1) for a given numerical method. The time step
adjustment partially corrects for the spurious factors in (4.98c), and (4.104¢). Also, the post
processing technique derived in [4] improves the accuracy of the tangent linear and adjoint
solutions. Still, both approaches do not eliminate all the AD arﬁf&cts, and are El\lerefore not
equivalent to a full controller “passivation”: dy?® # dy?>, dy? # dy?3, and A # AO.

We note that d/y\?’ = 0, §y3 = A%, and dy? = A0 (up to machine roundoff). This is expected
from the set up for our problem, and is also due to the transpose relationship that holds

between the discrete tangent linear and adjoint models (compare, for example (4.92) and
(4.101a)).



Mihai Alexe Chapter 4. Inverse problems with time adaptivity 83

Table 4.6: Errors in the discrete adjoint solutions for the final value problem (4.107) gener-
ated by the nonphysical time step adjoints. Here, AU is the post-processed discrete adjoint

at £°. A0 and A0 are defined in (4.104a) and (4.104b), respectively. The adjoint correction
(4.78) leads to an accurate discrete adjoint. Adjusting h? to hit ¢* exactly improves the

quality of A? over the default solution A° for this problem, but not all spurious derivatives
are eliminated, as shown in (4.104b). Hence, in general, A0 # A°.

A0 — A0 1.61063 x 104
A0 — 0 4.37644 x 106
A0 — X0 0

4.2.6 Discrete second order adjoints

It is known that second order adjoints can be computed either by two reverse-mode differen-
tiations (adjoint-over-adjoint) or, more efficiently, through a forward mode differentiation of
the original model’s adjoint (forward-over-adjoint) [23, 69]. Thus, it is natural to ask if we
can couple the adjoint corrections (4.78) or (4.89) with the tangent linear code modifications
described in [4]. We will show that this approach leads to accurate discrete second order
adjoints of adaptive numerical integrators.

We will work within the general framework described in section 4.2.3. The second order
discrete adjoint system allows one to obtain second order derivative information for the cost
function (4.58), in the form of Hessian-vector products
T
Oy oy, (4.110)
with dy? € RY an arbitrary vector. We henceforth mark all discrete second-order adjoint
variables by an upper dot. Thus, the second order adjoint state vector at t" has the following
structure (compare with 4.74):
' A
A= || (4.111)
%

The discrete second order adjoint consistent with the ODE (4.65) reads:

T
ﬁ AT ﬁ
0Y lyn . dy*

: 2T
M = (ayM)z"syM' (4.112)

T
A" ®6y”> AL M —1>n>0

(y™,hmtm)
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In (4.112) A" satisfies the first order adjoint equation (4.70), and dy” is solution of the
discrete TLM model:

f
dy" = a—éy"_l, 1<n<M. (4.113)
Jy
Note that the initial tangent linear model state is set to dy°. Solving (4.112) yields [72]:
: 2T
A0 = oy 4.114

We now investigate the second order adjoint model of (4.68a — 4.68¢c) given by two succes-
sive invocations of AD. For efficiency [69], we take the forward-over-adjoint path, i.e., we
differentiate (4.76a) — (4.76¢) in the direction

T

oy’
ovl=| on° | . (4.115)
5t°

Hence, the second order adjoint model generated by AD has the following structure:

. 0 A A
A = (ay2®5y) A +($) A

n an g n+1 n an n+1 g
o (ayah) AT (ayat) ( )
2 T 2
+#n+1 (gy%) Sy" + Mn—i—l (88 gh) Sh™ + un+1 (

2 2
o= (8y")" (a(z—;) A”+1+5h”<§h2) )\”+1+5t”(

) ot" (4.116a)

)

* “nﬂa?;a (6y")" +8n" gh? pr ot ah o

N (%) An L gi [ g p (4.116D)
. <5yn>T(8§i;y) et () et (g_)

+%A"+1+g—fun+l+w+l, M—-1>n>0. (4.116¢)

The update (4.116) is not identical to (4.112): several spurious terms are added at each time
step. Also, note that dy" gets updated by the AD-generated TLM model (4.73)

of of of
— Syl 4 Zmgpt gl 1<n<M 4.11

n

oy
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instead of (4.61). This mismatch is another source of errors in the second order discrete
adjoint solution A", since the second order adjoint computations need to make use of an
accurate tangent linear model trajectory.

To cancel out all the AD-induced perturbations in the discrete second order adjoint, one
should follow this two-step procedure:

1. restore the TLM solution dy™ to the value given by (4.113). This can be done by
zeroing out the spurious tangent derivatives in the TLM code:

oh" «— 0
5t" — 0 (4.118)

before the update (4.116). Alternatively, one can apply the post-processing strategy
described in [4] at each time step. Both of these approaches will result in a TLM
solution accurate to order p (under suitable smoothness assumptions on the solution
dy(t)). Note that (4.118) implies that the forward differentiation of (4.76a) — (4.76¢)

T
is now performed in the direction of §v° = [(dyO)T 0 0] :

2. Next, in the second order adjoint code, zero out the non-physical first and second order
adjoint derivatives of the time step:

Iun-i-l — 0

a0, (4.119)

After (4.118) and (4.119), the second order adjoint trajectory is restored to the value given by
(4.112). For completeness, we remark that an approach equivalent to (4.119) is to implement
(4.78), and then post-process [4] the second order adjoint solution.

It is important to note that any correction to the TLM or first order adjoint variables, such
as (4.118) or (4.119), should be made after the second (forward) differentiation. If (4.118)
is introduced before the second order adjoint code is generated, then it may influence the
behavior of the AD engine and result in unusable code.

4.2.7 Numerical experiments

All numerical tests were performed on an Intel Pentium 4 Workstation running Fedora Core
Linux, with the Runge-Kutta routines coded in double precision Fortran 90.

We used the 5th order DOPRI5(4) Runge-Kutta method [134] with variable time stepping
in all numerical experiments. DOPRI5(4) uses the stage values to compute two solution
approximations of different accuracies at every time step. The first of these two numerical
solutions is used to advance the integrator state, and the other (less accurate) solution serves
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to control the local error and the time step size. This approach significantly lowers the cost
of step rejections. The time step controller is based on the following formula [124]:

A" = b - min {5, max {0.2, 0.9][e"||7/°} }. (4.120)

Here ||€"|| is an estimate for the weighted norm of the local error at step n. This estimate is
computed based on the relative (RTOL) and absolute (ATOL) integration tolerances:

N

o |1 v (i) ’
lell = N;(ATOL(1)+RTOL(1)-|y;I|) ’ (4.121)

with y.., approximating the local error of the Runge-Kutta method. We do not adjust the
final integration step. The reference solutions were obtained with MATLAB’s ode45 [144].
Here ATOL = 10713, RTOL = 1072,

First order adjoint sensitivity analysis
We first investigate the discrete adjoint of the Prothero-Robinson IVP [145]:

vy = 7(y—ot)+o),
" = 0<t<ti~2,
y(t®) = [0.5 05", (4.122)
with v = =5, and ¢(t) = [sint cos t]T.

We choose:

J(y)=yi(t"). (4.123)

Hence, the continuous adjoint of (4.122) reads:

A= X, thr>e>1°,
Aty = [1 0. (4.124)

We differentiate our Runge-Kutta implementation using the reverse mode of TAMC. Figure
4.7 shows the two discrete adjoint solution components and their root-mean-square (RMS)
errors, both before (A1, A2) and after (A{, A$) the adjoint correction (4.78) is applied. The
RMS errors are computed using the formula:

Aref(tn) An‘ 2
= 4.12
CRMS MZ (max{|)\ref @3], ToL} ) (4.125)
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Figure 4.7: (a-b) Discrete adjoint trajectories (ATOL = RTOL = 1077), and (c) RMS errors
for the system (4.122). The AD adjoints Ay, Ay, and the corrected solutions A§, A§ were
computed with DOPRI5(4). The reference solution A™f was obtained through a backward
time integration of the continuous adjoint (4.124), using MATLAB’s ode45 function. It
is clear from (c) that the AD discrete adjoint of the DOPRI method is inconsistent with
the continuous system (4.124). After the correction, the adjoint solution and the reference
adjoint trajectory are visually indistinguishable. As seen in (c), post-processing restores the
discrete adjoint solution to full accuracy.
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with TOL ~ 1072, One can see in Figure 4.7(a-b) that black-box invocation of AD results
in very large errors in both components of the discrete adjoint trajectory. This is consistent
with the behavior predicted by the mathematical derivations (4.87). The adjoint solution
is completely wrong. After the correction is applied, the accuracy of the discrete adjoint
solution matches that of the underlying Runge-Kutta method, as Figure 4.7(c) illustrates.

Note that the two adjoint corrections (4.77) and (4.78) yield the same adjoint solutions (up
to machine roundoff). Figure 4.7 only shows the numerical results obtained with (4.77).

Second order adjoint sensitivity analysis

For second order sensitivity analysis, we introduce a nonlinear term in the right-hand side
of (4.122):

yi = 7(y1 —sint)+yscost,
yo = 7 (ys—cost) —yisint,
= o0<t<th =2,
y(t®) = [05 0.5]". (4.126)
Let the cost function J be defined by (4.123), and
oy’ =11 0" (4.127)

in (4.110). Then, the first-order adjoint system for (4.126) has the form

)\1 = —yA1+ 3yf}\2 sint
AQ = —3y§A1 cost — ’)/AQ
At = 11 o', (4.128)

whereas the second order adjoint model reads:

o, = —yo+ Byfag sint + 6y10y1 A sint
oy, = —3yioicost —yo, — 6ysdys; cost
o (t) = ay(tf) =0. (4.129)

Here o (t) denotes the second order adjoint variable, and dy is the solution of the tangent
linear model:

oy, = 76y1+3y§6ygcost
8y, = —3yidyisint+dy,
y(t°) = &y°. (4.130)
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We build the second order adjoint of our DOPRI5(4) implementation through forward over
reverse differentiation. The results are shown in Figure 4.8. As expected from (4.116), the
second order adjoint of the DOPRI method is inconsistent with its continuous counterpart
(4.129). The reason for this is twofold: the errors in the second order adjoint variables
are generated both by the perturbations present in the first order adjoint solution X (see
4.87), and the spurious derivatives generated during the second (forward) differentiation
[4]. Figure 4.8(a—b) contrasts the discrete solutions before — Aj,A2 — and after — A§, A§ —
the post-processing (4.118 — 4.119), for ATOL = RTOL = 10~7. The corrected solution
is visually indistinguishable from the reference A™f, whereas the AD-computed adjoint is
several orders of magnitude away from the true solution. Finally, Figure 4.8 shows the order
of accuracy of the post-processed discrete adjoint, which matches that of the DOPRI pair
used in the forward model integration.

Figure 4.8 only shows the solutions obtained after zeroing out all spurious forward and
adjoint time step derivatives. Applying (4.89) gives virtually identical results.

4.2.8 Conclusions

In this section we investigate the behavior of adaptive numerical integration algorithms
under the reverse mode of automatic differentiation. To maximize efficiency and reduce
computation time, such algorithms rely on time step controllers and local error estimators
to keep the solution accuracy within user-specified bounds. The discrete adjoints of such
integrators can be automatically generated using automatic differentiation. If the time step
controllers and error estimators are not differentiated, adjoints of explicit Runge-Kutta
methods remain consistent with the corresponding continuous equations, as shown in [95,
122|. However, isolating parts of the integrator code, in order to hide them from the AD
engine, can be far from trivial for legacy or industrial-scale numerical codes.

If the controllers or the error estimators are differentiated, the AD mechanism will pick up the
dependencies between the time steps taken by the forward method and the model solution.
This results in spurious adjoint time and time step gradients. These non-physical derivatives
influence the discrete adjoint trajectory at every time step. We show that the perturbations
add up and generate a O(1) error in the final solution. Thus, using the discrete adjoint code
as-is will yield incorrect gradients. An analysis of the adjoint of a general one-step explicit
adaptive integration scheme, reveals that simple code modifications lead to a discrete adjoint
solution that has the same order of accuracy as the underlying numerical method.

As a special case, we discuss the case when the last time step is adjusted to hit a prescribed
final integration time. This is a common feature of adaptive numerical integration codes. The
time step adjustment leads to a significant improvement in accuracy of the discrete adjoint
solution over the discrete adjoint computed with the original code (which has a O(1) error).
This is due to the result in [4], and the transpose relationship between the discrete tangent
linear and adjoint models [143]. However, we show that not all the spurious derivatives
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Figure 4.8: Discrete second order adjoints (a—b) and RMS errors (c—d) for the IVP (4.126).
The AD discrete second order adjoint o 5 differs from the reference trajectory o™ by several
orders of magnitude. However, the corrected solution o7f, is visually indistinguishable from
o™ (ATOL = RTOL = 1077). Also, the decrease in the RMS errors of the corrected
trajectory (c—d) confirms that canceling the spurious adjoint derivatives yields a 5th order

accurate second order adjoint solution.
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from the tangent linear or adjoint solutions are eliminated. The surviving perturbations
may impact the accuracy of the numerical sensitivities, leading to an artificial drop in the
order of accuracy of the numerical integration scheme. Hence, an adjoint correction is still
necessary. The mathematical derivations are validated on a three-step numerical integration
problem.

We also consider second-order adjoints of adaptive integrators, obtained through forward-
over-adjoint differentiation. The analysis shows that it is possible to obtain accurate second
order derivative information through straightforward post-processing of the second order
adjoint code.

Two examples that use Dormand and Prince’s DOPRI5(4) Runge-Kutta pair with adaptive
error control are given. The numerical results fully support the mathematical derivations in
both cases. The AD-generated Runge-Kutta adjoints are inconsistent with the continuous
adjoint ODEs. However, once the adjoint corrections are applied, the first and second order
discrete adjoint solutions have the same order of accuracy as the underlying Runge-Kutta
algorithm.



Chapter 5
Space adaptivity

Introduction We demonstrate the feasibility and efficiency of the discrete adjoint method
for adaptive time-dependent inverse problems. While the efforts of other authors have con-
sidered almost exclusively on steady-state problems (with some exceptions, see [91, 66]), we
examine discrete adjoints for evolution problems, and highlight the benefits of both time and
space adaptivity. Recent advances in adjoint computation strategies have made reversal of
time-dependent codes computationally feasible (see [65], and references therein). The main
computational advantage of the discrete adjoint approach is that the adjoint model code can
be obtained through automatic differentiation, hence saving a significant amount of software
development effort. Automatic differentiation tools are available for all the major program-
ming languages used in scientific computing [58, 54, 57, 56, 60]. Specialized finite element
software such as DEAL.II allow the mesh adaptation to be performed in a transparent fash-
ion, and independent from the numerical core of the solution algorithm. Thus, automatic
differentiation can be used in a targeted fashion, such that we obtain the adjoint of only the
time marching procedure, and that of the (linearized) right hand side of the discrete model
equations. This simplifies both the derivation and verification of the discrete adjoint model.

We first present the general form of the discrete adjoint method, and then discuss the issues
that arise with adaptive mesh and time refinement. For spectral-type numerical methods
such as discontinuous Galerkin (a method particularly amenable to space-time adaptivity),
the discrete intergrid operators are implemented through orthogonal projections. Thus, there
are no inconsistencies introduced through the use of the adjoint interpolation and restriction
operators obtained by automatic differentiation. The analysis is then extended to general
meshes, where the same operator properties are verified. However, this orthogonality prop-
erty is not recovered for all numerical methods. The adjoint analysis of finite volume mesh
transfer operators shows the adjoint of high-order interpolation (through solution averaging)
to be only first order accurate in the general case.

We then focus on the concept of adjoint consistency for time-dependent discontinuous
Galerkin discretizations. The concept of adjoint consistency, defined, e.g., in [28, 32] for

92
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elliptic problems, plays an important role in the analysis of the dual (adjoint) problem solu-
tion, in the convergence of the primal approximation, as well as in the accuracy of the target
functional under consideration. Building on previous duality results for time [33, 122, 95
and space discretizations [28, 146], we develop an unified framework for investigating dual
consistency of discretizations for a general type of time-dependent PDEs.

This chapter is structured as follows. Section 5.1 discusses the adaptive inverse problem
framework and the difficulties associated with adaptivity and the discrete adjoint method.
In section 5.2 we review the mathematical foundation of the discontinuous Galerkin (DG)
method. Section 5.3 concerns intergrid transfer operators for Galerkin-type discretizations.
We remark that both h- and p-refinement with structured AMR are performed through
orthogonal projections, hence the accuracy of the discrete adjoint solution will not be affected
by intergrid solution transfer operators (beyond the intrinsic loss in accuracy associated
with mesh coarsening). Section 5.3.4 discusses the interpolation and restriction operators
for the h-adaptive finite volume method. Subsequently, section 5.4 discusses in detail the
derivation of formal adjoint systems for general differential problems that obey a given set of
compatibility conditions. Section 5.5 considers the dual consistency of time discretizations
in Runge-Kutta DG methods. The accuracy and computational advantages of the discrete
adjoint approach are demonstrated on a two-dimensional numerical test problem in section
5.5.3.

5.1 The adaptive inverse problem framework

5.1.1 Model problems

We use the strong formulation of the model problems given in the introduction, i.e., equations
(1.13), and (1.13). For convenience, we restate them here.

The continuous inverse problem

Find q = arg uerbrlliqnegj(u, q) , subject to (1.13) . (5.1)

The discrete inverse problem

Find q" =arg  min  J,(u™*", q") , subject to (1.13) . (5.2)
uhéuh,thQh
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5.1.2 Derivation of the discrete adjoint equations

Consider the steepest descent method [20] applied to minimize the cost functional J". The
solution update has the following form:

a7\ "
h h
= — _ s
Unew Qold ( dqh )
where « is a suitably chosen step length, and the reduced gradient reads:

i7" _og, | & 0, ous
dqg"  oq" e ouln ot -

(5.3)

Since equation (1.13) is discretized in residual form, the implicit function theorem gives the
following equation, also called the tangent linear model (henceforth referred to as the TLM):

afh,n auh,n afh,n auhm—l afh,n

= — =1...N. 5.4
dubn Hqh +auh,n—1 aq" aqh n (5.4)

Hence, the space-time matrix formulation of the sensitivity equations reads as follows:

r auh,N 1 _ achV -
oq" T ogh
ouN-1 a}“ng—l
M aqh - aqh 5 (55)
ouh oF"o
L oqr . oqt
where
[ oFM N 9FMN i
SN Juh Nl 0 o 0
afh’N_l aJT_'h,N—l
M = 0 ounN-1  JuhN-2 0
0 0 ’ o
OF M0
i 0 P PR O W i

The sensitivity matrices du™"/dq" are very expensive to compute, since they scale with both
the number of states and that of the control variables. When a new control variable is added,
(5.4) needs to be solved anew. The discrete adjoint method [27] calculates the gradient (5.3)
at a significantly lower cost than finite differences or forward sensitivities when the number
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of parameters is large compared to the number of outputs of interest. By defining the N
discrete adjoint variables A" as the solution components of the discrete adjoint equation,
which reads:

— ( ajh )T —
ouh-N
Ah’N
AN 0% '
M* : — ouhN-1 : (5.6)
A;L,l :
0T \"
L oul! _
we obtain
AT 0T" N a1 OF"
i ~oq =™ o o

n=1 aqh
Note that both the adjoint matrix MT, and the right hand side of (5.6), are independent of
the number of inversion variables. If the size of q" does not scale directly with the model
state size u”, the cost of the discrete adjoint approach does not depend on the number of
inversion variables. From the block lower bidiagonal structure of (5.6), we remark that the
adjoint equations are solved backwards in time, i.e. from n = N to n = 0. The size of
the blocks may vary with n because of the mesh adaptation mechanism. This change in
local solution size is easily accommodated by standard single-step Runge-Kutta-type ODE
solvers such as the ones employed in this chapter. Should a s-stage Runge-Kutta be used,
the forward and adjoint systems (5.5)—(5.6) will have s non-zero block diagonals, and the
computational cost scales accordingly. We do not consider linear multistep methods [131] in
this chapter, since they are not generally adjoint consistent [96].

5.1.3 Computational advantages of the discrete adjoint method

One frequently raised objection to the discrete adjoint method (besides consistency issues
with the numerical discretization) is that the forward mesh is frequently sub-optimal for
the adjoint problem. While independent mesh refinement for the adjoint problem would
enhance both the accuracy and the efficiency of the discrete adjoint solver, the additional
complexity may increase the overall cost of the inversion process. The development effort
required for the discretization of the continuous adjoint equations becomes significantly larger
(there is no possibility of automating the computation). Features in the newly computed
adjoint solutions may also be degraded when interpolating the gradient (5.7) to a reference
optimization grid [15].

If we consider the Lagrangian interpretation of the adjoint variables, A" tracks how well
the forward solution u™" satisfies the state equation [147]. Hence, it is a reasonable choice to
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define both the u" and A™" on the same mesh. Note from equation (5.7) that the discrete

adjoint method can easily accommodate a different mesh for the inversion variables. While
h afh7n
the discrete partial derivatives 8jh and 5ol are now defined on a separate “parameter
q q
mesh”, the adjoint system (5.6) and its solutions A™™ do not change. This approach was
proven to be very beneficial in practice [147, 148].

5.1.4 Mesh adaptivity and the discrete adjoint method

The mesh adaptivity raises several complications for the discrete adjoint approach. The
issues that arise with adaptive temporal discretizations and automatic differentiation have
been discussed in [4, 97]. We focus our analysis on the mesh refinement process. The mesh
at a given nonlinear iteration and/or time step is refined or coarsened based on some a
posteriori (residual-based) error estimation for the current solution approximation. Thus,
the forward solver is required to transfer the solution between different meshes. We can
write the forward solution process for (1.13) as:

uh,O _ uh’O(Xh) 7
hn+1 h,

h,n tn—i—l

Here S, _,,+1(+) is the nonlinear solution operator that advances u™" in time from " to
on Q. The linear intergrid transfer operator is Z,,_,,.1 : QF — QF +1- Hence, the discrete
adjoint procedure for solving (5.6), that may be generated through automatic differentiation,

reads:

Ah’N — Ah,N(Xh)

)‘hm = S;:i—l—m (Ig—m-‘rl Ahm—i_l) ) N -1 Z n 2 0 )

where the adjoint solution operator

/- oF \ T [ foFNT 07" \"
n+1—m(‘) - (auh,n) [( ouhn ) )+ <8uh’”)

is the discrete adjoint (i.e., transpose) of the linearization of S, ,,.1. The grid transfer
operator is (In_mH)T : Q' — Q! Barring consistency issues in the discrete adjoint of
the spatial discretization, or in the reversal of the time integration procedure, there remains
the question of the impact of the intergrid operators on the accuracy of the discrete adjoint
solution. If

In—i—l—)n =C-. (In—>n+1)T ) (58)

with a constant C independent of mesh and time step size (a valid assumption in most
multigrid implementations, see e.g., [149]), the discrete adjoint accuracy is not compromised,
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and the adjoint code generated by AD can be used as-is (with a simple scaling to take into
account the constant factor).

Note that the solution transfer may also be done before S, _,,11(-) is applied:

uh70 — uh70(Xh) 7
u" "t = S (Zespnu®?) L 0SSN -1,
Ah7N — Ah’N(Xh)
h T h
b= I (S, AT U N=12>n>0.

With few modifications, the analysis above remains valid.

5.1.5 Multigrid optimization with the discrete adjoint method

When the inversion variables are spatially distributed, e.g., g* = u™?, they are represented
on a given mesh, e.g., Q. As the optimization proceeds the shape of the field " changes,
and the grid may require adjustments in order to accurately represent the new g". One
possible solution is to apply grid refinement operations at the end of each optimization
cycle. This approach has the disadvantage that the dimensions of the parameter and gradient
vectors change during optimization. We do not know of any optimization algorithm that can
handle a variable optimization space. To overcome this problem an alternative strategy is
to define a fixed optimization mesh ©%, to project the parameter and gradient vectors from
the computational mesh to the optimization one before the optimizer step, and to project
the results back for the next function and gradient evaluation [150]. This approach has the
disadvantage that the optimization mesh does not adapt to the changing solution profile;
moreover, accuracy can be lost in the repeated interpolation process.

We propose to use a multigrid optimization approach [26]. The optimization grid is the
computational grid Qff and is fixed throughout the inversion process. The optimizer need
not accommodate changes in the discrete solution space size, and the code complexity is
reduced as no interpolation onto a reference mesh is required. The optimization on the
(coarser) QU converges to obtain the solution q!. Through grid refinement operations both
g and u? are projected onto a finer Qff grid that allows a more accurate representation
of the fields of interest. The optimization process is then restarted on QF, using the current
best solution approximation q”* = Tom on g as the initial iterate.

5.1.6 Dual consistency for space-time discretizations

In the following we extend the dual consistency analysis in [32, 28] to space-time discretiza-
tions. Discretization of the time dimension by a Runge-Kutta quadrature [131] introduces
several complications that preclude a simple extension of the spatial dual consistency con-
cept, defined, e.g., in [32]. Consider the following framework for sensitivity analysis:



Mihai Alexe Chapter 5. Space adaptivity 98

The continuous primal problem is defined by (1.13)—(5.1).

The tangent linear problem, i.e. the linearization of the continuous primal formulation:
F'lu,q](0u,dq) =0
0J = J'[u,q)(0u,dq) . (5.9)

Here the ’ symbol denotes the Fréchet derivative of F, while the bracket notation
indicates the state about which the linearization is performed. The direction of differ-
entiation is (du, dq), i.e. the full state vector of the tangent linear model. Note that
J’ =0 at the exact solution (u)

The continuous £2-dual problem:
F*u,ql(A) =0
g = Tl q(Aq). (5.10)

The * superscript denotes an adjoint operator. Also, A is the continuous dual variable,
and J* = 6.7 is the expression of Fréchet derivative of 7 in terms of the dual variable.

The discrete primal problem (1.13)-(5.2).

The linearization of the discrete primal, i.e., the discrete tangent linear model
(.Fh’”)/ [u"", q"(6u™", 6q") = 0
5J" = (J") [, ¢"|(3u"" 5q") . (5.11)

This is obtained directly by Fréchet differentiation of the discrete primal formulation,
in the direction (du”, §q").

The discrete dual problem, obtained, e.g., through automatic differentiation, directly
from the discrete tangent linear model (5.11):

(fh,n)l* [uh,n7 qh](Ah,n) -0
Tl = (") [ " (AN g (5.12)

In the discrete space formulation (5.12), the adjoint operator is equivalent to a matrix
transpose.

Consistency of the primal and tangent linear discretizations

The primal discretization is space-time consistent of order (¢, /3), if, in the limit of the spatial
and temporal discretizations, it holds that:

| 7" (u,q) || ~ O, 77)
| T"(w,q) = T(u,q) | ~ O, 77) . (5.13)
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We assume that the discrete primal variables are a prior: consistent with their continuous
counterparts. We will also refer to (5.13) as the residual consistency condition. Here u and g
are the exact solutions to the continuous primal problem (1.13)—(5.1), while A and 7 denote
the size of the time and space meshes. Residual consistency is defined in a very similar
manner for the discrete TLM (5.11):

H (F2) [u, q(du, 6q) H ~ O(h*, %)

‘(jh), [u, q](0u, 6q) — J'[u, q](6u, dq)| ~ O(h,77) . (5.14)

Here du and dq are the exact solution to (5.9).

Consider now the convergence of the linearized primal variables. Note that this is a stronger
property than (5.14), for it automatically implies residual consistency. Since the tangent
linear problem (5.11) is linear in (du™", §q"), stability and residual consistency (if proven)
imply convergence of the linearized variables, in the limit of both discretizations:

|ou™ — ou(t")|| ~ O(h*, 7°) ,ash — 0,7 = 0. (5.15)

Note that neither stability nor consistency are automatically inherited by the tangent linear
equations from the primal problem.

Consistency of the dual discretization

Space-time consistency definitions for the dual discretization follow those for the primal
problem and its linearization. We say that the adjoint discretization (5.12) is space-time
consistent of order («, /3) if, in the limit of A and 7, the following relations hold:

| )" a3 | ~ 0h, 7
T A a) - T ) | ~ O ). (5.16)

The asymptotic order of consistency in the cost functional may be higher than («, 5) due to
super-convergence effects, or dual post-processing of J* [108].

Equation (5.16) is equivalent to saying that the linearized primal discretization (5.11) is dual
consistent of order («, 3). Note that the dual discretization (5.12) automatically inherits the
stability properties of the discrete tangent linear formulation (5.11). A crucial point in the
discrete adjoint analysis is the convergence of the discrete adjoint variables. This does not
follow automatically from (5.16). Instead, we need both stability of the dual formulation
(5.12), and residual consistency (5.16). In that case, convergence of the A" follows:

HAh,n_A(tn)H NO(hO‘,T’B) ,ash —0,7—0. (5.17)
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5.2 The discontinuous Galerkin method

We illustrate the general derivation of the discontinuous Galerkin (DG) method on the
hyperbolic conservation law (see 3.1):

uw+V-Fu = f, xeQ,tel0,T]
U(t, X) - g(tu X) , X € aQin
u(t = 0,x) = u'(x),

The exact solution to (5.18) is u € £2{[0, T];U}, where U is a function space that guarantees
sufficient smoothness for u. The discrete spatial mesh consists of polyhedral elements, i.e.,
Q! = Ui DF, and the inflow boundary d¢%,. In the modal DG formulation, the solution

to (5.18) is approximated on a given element D* by a truncated expansion of orthonormal
polynomials (up to and including degree J):

J

a" [ =AY (x") (5.18)

j=0

with [, ¥i(x) 1;(x) dx = ¢;;. The unknowns are then the time-dependent expansion coeffi-
(),

cients u; " j=0...J. In the nodal DG formulation, the solution is given by:

T
u""| L, =V [agw ar APt = vahn (5.19)

Here V is a block-diagonal Vandermonde interpolation matrix [22]. Note that if either the
modal or nodal form of DG for (5.18) is proved to be adjoint consistent, the consistency of the
other formulation follows from (5.19). The global vector of unknown expansion coefficients
at t" is

G

G
u" =

GE)m

We follow the DG notation in [28] throughout this derivation. Since we will be concerned
mainly with the space discretization, we omit the time dependency for the rest of this section.
Let U, C U denote the discrete solution space. The test functions v" are assumed to be
bounded in the H! Sobolev norm on each mesh element. Given two neighboring elements
D% and D¥ (with a common face or edge), we let u* := ul opy denote the trace of u taken

from the interior of D, respectively. The jump in the solution over an edge (or face) is
given by

[u"] :=uii, +u"d_,
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whereas the average at x € D¥ N DX is {u} := (u" +u)/2. On a boundary edge, we have
that {u"} :=u”, and [u] :=u" 0.

Define the following two discrete volume and boundary inner products:
<uh Vh> = / (uh)T v dx
) Dh T
Dh
b h — mT _h
<u’V>8Dh'_ (u) vi'ds,
o

Dh
where D" is the boundary of the element D*. A Galerkin projection onto the solution
space Uy, followed by an application of the divergence theorem, lead to the semi-discrete DG

formulation: Find u” € U, such that for all v € U, we have that

(G ) (R 9V (v, )

Dk

—Z<f, vh>Dh =0.
Dk

The numerical flux FP¢(u”  u”, 1) is obtained through the solution of a Riemann problem

at the boundary between two adjacent elements [22]. For Runge-Kutta DG methods, the
time derivative is discretized through a Runge-Kutta quadrature [131]. Alternatively, the
time dimension may also be discretized by DG, leading to a space-time DG discretization
[151, 152]. The consistency of Runge-Kutta time discretizations will be discussed in detail
in section 5.5.

We focus on the discontinuous Galerkin method because of its multiple advantages over
the finite volume, finite differences, and continuous Galerkin approaches. DG is particularly
amenable to adaptive mesh refinement and parallelization, due to the weak coupling between
elements (which are connected only through the boundary fluxes FP9). The order of the
numerical approximation can easily be varied inside each element, since the basis functions
have only local support. This avoids the AMR complications introduced by global basis
functions (necessary in the continuous Galerkin approach). Also, there is no increase in
stencil size when higher order approximations are used, in contrast with the finite difference
and finite volume methods, where p-refinement can only be implemented by adding extra
points or cells to the computational stencil.

As remarked previously, consistency of discrete adjoints with the continuous problem is by
no means guaranteed, even in the fixed mesh case. Hartmann [28] proposed a framework for
investigating adjoint consistency of DG schemes for elliptic problems. Lack of this adjoint
consistency property leads to non-smooth discrete adjoint solutions, as well as suboptimal
rates of convergence for the primal problem [153, 154, 32]. This adjoint consistency concept
can be extended to hyperbolic problems by considering a semi-discrete version of the primal
problem. In this case, time derivatives can be implemented with a strong-stability preserving
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Runge-Kutta method [155]. Care must be taken such that source terms are also discretized
in a dual consistent manner [146].

We show below that the interpolation and restriction operators for h— and p—refinement
DG are exact transposes of each other (note that this transpose relationship holds if we have
an embedding between the coarse/fine solution spaces, which may not be the case for curved
domains).

5.3 Adjoint interpolation and restriction operators for
h/p-adaptive DG

In this section we investigate the discrete adjoints of the projection and restriction operators
for h- and p-adaptive DG. These are the grid transfer operators used in an adaptive adjoint
code obtained through automatic differentiation. The analysis does not consider the differ-
entiation of the mesh refinement logic that decides a new grid size based on truncation error
estimates. It is expected that differentiation of the spatial mesh refinement logic leads to
inconsistent discrete adjoints, as it does in the case of temporal mesh refinement [97].

The analysis in the three subsequent sections proves the following claim.

Proposition 5.3.1. Consider the discontinuous Galerkin method with h/p-refinement. As-
sume the meshes QU and Q.| are comprised of polyhedral elements. Furthermore, let the
mesh transfer operators L, .1 and L1, be defined as above. Then, it holds that

T
In—m-l—l =17,

n+l—n °

(5.20)

Proof. See sections 5.3.1, 5.3.2, and 5.3.3. O

5.3.1 Hierarchical h-refinement

We first analyze the refinement and coarsening operators in the context of hierarchical mesh
refinement, i.e., an embedding of nested meshes with finer and finer spacing. Implementation
of this refinement strategy is facilitated by data structures such as quad- or octrees [156].
Note that the shape and dimension of the elements is arbitrary; we only assume the existence
of smooth bijective mappings from a canonical (reference) element D to the active element. A
quick analysis shows that both h~— and p—refinement are done using orthogonal projections.
Hence, we do not lose solution accuracy (beyond the aliasing introduced by coarsening itself)
by using the code generated by AD for the adjoint intergrid solution transfers.

Consider the element D* that is refined by the AMR mechanism into P smaller elements,
ie. DF = Ule Df. Let M : D — D be a bijective mapping from the reference element D
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to the active element D*. Similarly, M, is a one-to-one and onto map from D to D}’,f c DF.
We denote the orthonormal set of basis functions on D by {¥;(z)},—0....

The interpolation operator from D to its set of P children elements Up D’; reads:

7)1
Pasn:= 1| 1 |, (5.21)
PP
where
P = /Dk (M (2) UM, (@) dw i, j=0...]. (5.22)

P

Mesh coarsening collapses the P child elements into their parent element. The restriction
operator that performs this operation is:
Ruom:=|R' ... RV ]. (5.23)
with
RY = /D UM (@)U (M () dr , i,f = 0. | (5.24)
From (5.21-5.22) and (5.23-5.24):
Risn = Pip - (5.25)

5.3.2 p-refinement

Adaptive order refinement (also called p-refinement) is useful for nonlinear problems, and
implies the reduction or increase of the local order of the solution on a chosen subset of
the grid elements. This is equivalent to adding or removing expansion coefficients (for the
modal formulation), or interpolation points (in the nodal approach). Suppose for simplicity
that the AMR mechanism flagged a set {D%} 4=1..0 Of @ out of the K" mesh elements for

p-refinement. Assume the order of the solution is increased by @ on each of the ) mesh
elements. Then, the p-refinement operator on element D% has the following form:

Lyxy ]
A 5= [ : (5.26)
J—=J+Q OQXJ
The reverse operation on D% can be written in operator form as
aglq)
e :
_ YT ~(iq)
| _‘AJ—>J+© uy' : (5.27)
! :
/\(iq)
| “na
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Since the solution coefficients on all elements outside the refinement set remain unchanged,
the transpose relationship for the global p-refinement operator follows from (5.26)—(5.27).
This result and equation (5.25) prove the transpose relationship (5.20) holds with C = 1:

Toy1on = InT—>n+1‘ (5‘28)

This implies that the adjoint grid transfer operators generated via reverse mode automatic
differentiation retain the accuracy of their forward model counterparts. Hence, h-adaptivity
together with an adjoint consistent DG discretization [28] (see also the next section), lead
to a stable and consistent discrete adjoint solution. Moreover, the adjoint DG code can
be generated automatically from the forward problem discretization, without requiring any
post-processing of the adjoint solution.

5.3.3 h-refinement with general meshes

We now extend our analysis of interpolation and coarsening to general triangulations. Con-
sider two meshes that cover our domain Q: Q% = |J, A* and Qf = (J,, B™. Consider
also the elements generated by all intersections of elements of Q% and Q%: denote them by
Ctm = A¥( B™. The corresponding mesh is Q¢ = |, ,,, C*".

The solution on A* is

Wi = Y ap b (%) . by = 0 (MEL(x)
J

while the solution on element B™ reads:

upm = Z b{m,i}w{m,i} (X> ) ¢{mvi} = i (Mg}m(x)) '

We project the solution uy defined on Q% on the basis ¢ to obtain the solution ug on Q%.

Note that
Br=|Jokm
k
Consequently,

by = [ () 00 () dx
- m m, d
5 .. w0t e
= > / D ey Oy (X) Gpmay (%) dx
g JCRT T

= > ( o D1k} (X) Yim,iy (X) dx) kg -

{k.}
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The transfer matrix that maps the solution u, (defined by the a coefficients) to the solution
up (defined by the b coefficients) is:

{0} =T Aa} , T = /C D0y (%) Py (x) dx

We do similar calculations for the solution transfer from B to A. In the above formulas we
interchange the roles of a and b, and of ¢ and 1 to obtain:

Umiy = D ( /O ey (X) Sy (x) dx) bi.jy -

{k.g}

The transfer matrix that maps the solution ug (defined by the b coefficients) to the solution
uy (defined by the a coefficients) is:

{a} = TEA. {6}, ﬁi?f{hj} - /Cm k ¢{k’j}(X) Otmi () dx

Clearly the two intergrid operators are the transpose of one another, which means (5.28)
holds in this more general case:

B—A o A—B
Timaytkdy = Tikg)omay -

5.3.4 h-refinement via quadratic centered polynomial solution re-
construction

We use the finite volume notation from chapter 3, section 3.1.

Assume a smooth exact solution u(z,t) to (5.18). Consider three adjacent finite volume cells
of size h: CF, C¢, and CF, centered at =1, 2°, and 2'*!, respectively. Their corresponding
exact averages are Uy, Ug, and Ug. The cell C© is split into two cells C¢ and C%, each with
volume h /2. The solution inside C* | JC®|JC* is approximated by a quadratic polynomial
u” (), with the unknown coefficients determined from (3.4). We then obtain the averages
on the two finer cells using equation (3.1):

{g%]_{% 1_%] Ue | . (5.29)

1
8

We are interested in the order of accuracy of these approximations, i.e. we want to estimate
the errors of the two new cell averages

Ep, = Ug—g/ u(z)dx

i—1/2

2i+1/2

Er = Ug—g/ u(r)de (5.30)
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Using (3.1) (now assumed to hold exactly for the cells of size h), we get that:

3 3 d*u

max (|Ep|,|Er|) = o1 @(xi)

+0(h%),

hence the approximation (5.30) is third order accurate for our uniform centered stencil. We
now consider the transposed operator that coarsens C5 and C} into a single parent cell
Cc. From (5.29) it is immediately apparent that the transposed coarsening operator is
equivalent to first order (conservative) averaging. Moreover, using the adjoint (transpose)
of the discrete interpolation operator in equation (5.29) has the undesired side-effect of
perturbing the neighbor averages:

U, = UL+ UE
ﬁL = UL+1/8(U£~—U§> =Ur+¢1
GR = UR+1/8 (—Ué—FUé) =Ug+¢r. (531)

Since by our assumptions U, and U are exact averages, and u(x) is smooth over C* | JC° | OF,
one can bound the perturbations €, and e using Taylor approximations:

du

1
max (|ez|, |er|) = —=h &(xi) +O(h%) .

16

These numerical side-effects should be avoided in practice (preferably through post-processing
of the discrete adjoint code). Nevertheless, this grid coarsening operation remains only first
order. This can be also shown to hold for higher degree (centered or upwind) polynomial
reconstructions, and for higher dimensional problems, as outlined in the next section.

5.3.5 General intergrid transfer operators in the finite volume
method

We now consider a more general formulation of the intergrid transfer operators used in
the finite volume method. In what follows J is defined by equation (3.2). Consider the

polynomial reconstruction formula (3.4) over J cells ct, ..., CY:
¢1(x)
W) = al ||
¢5(x)
where a = [al, e aﬂT are the polynomial coefficients, and ¢y, ..., ¢; are a set of basis

functions for the space of multivariate polynomials of degree J under consideration. Then,
the average on cell Cj is
1

h — T. — .
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with w; denoting the integration weights:

1 . >
(W), = Vol C7) /. Gi(x)dx, Vi=1,...,J. (5.33)

Equation (5.32) leads to the matrix formulation over all .J cells:
Wa=U. (5.34)

In equation (5.34), the W € R7*7 is the weight matrix, and U denotes the column vector
of J cell averages. Suppose now that cell C? is refined into K non-overlapping sub-cells
Ci, ..., C%. The averages inside the smaller K cells are given by:

UF = via=viW'U,Vvi=1,..., K,

where the new integration weights vy are defined by

1 ~
Vi) = ———— (x)dx, Vi=1,...,J,

and satisfy the equation

K
ng =w! =e/W. (5.35)

k=1

Here e; is the i-th unit basis vector of R’. For small values of J, and smooth u(x,t),
the averages in the finer sub-cells can be shown to be accurate of order h’/*!. Larger-sized
stencils introduce oscillations in the approximating polynomials, hence some WENO-type
stabilization is required [157]. The analysis of the transpose of the stabilization algorithm is
beyond the scope of this chapter.

Proposition 5.3.2. The transpose relationship (5.20) does not hold for refinement and
coarsening operators used in finite volume mesh transfers. The transpose of the refinement
operator, when used for coarsening, introduces first-order perturbations in the neighbor av-
erages of the refined finite volume cell.

Proof. We can write the refinement operation in matrix form as:

U,
U,
U} I 0 0
: — Pr U, (5.36)
UK 0 0 1
Ui
L Uz |
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with the prolongation sub-matrix

viw-! .
Pr = : € RF*7 . (5.37)
viw—l

Use of the adjoint of (5.36) as a coarsening operator yields the following average for cell C;:
K

U =) (W), Uk (5.38)
k=1

From (5.35), we get a first order conservative reconstruction of the solution average inside
cell C;. However, there is one undesired side-effect of this operator. The average solution
values inside all of the other J — 1 cells in the interpolation stencil are polluted by a first
order perturbation stemming from the transposed restriction operator (5.38):

K
it ( W vy) UF VA
k=1

This perturbation is O(h) on general uniform and non-uniform grids. To establish this
estimate, note that, using (5.35), we have

K
D (W vy), =0, Vj#i.
k=1

In the general case this first order error term does not vanish. O

5.4 Space-time duality relations in function spaces

As mentioned previously, the concept of adjoint consistency, together with its implications
in optimization, have been investigated for steady-state problems by Lu [32], Harriman,
Gavaghan and Siili [154], Hartmann and Houston [158, 159], and Oliver and Darmofal [146].
Hartmann [28] proposed a general framework for establishing adjoint consistency for DG
discretizations of stationary PDE models. We leverage previous results on dual consistency
for temporal [122], and spatial discretizations [158] to give a unified framework for the
analysis of adjoint consistency of space-time DG discretizations. This section discusses space-
time duality relations for continuous model formulations. A general strategy to construct the
adjoint system is given, applicable whenever the cost functional and the associated model
differential operators satisfy a set of compatibility conditions. The next section will discuss
dual consistency of the time quadratures for Runge-Kutta DG discretizations (assumed to
be dual consistent in space).
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Consider again equation (1.13). For simplicity of exposition, we rewrite (1.13) in the form:
wu = NuJ+f,xeQ, te€l0,T]
Bl = g, xel, tel0,T] (5.39)
ut=0,x) = u,xeN.

The PDE system admits solutions u : [0,7] — U, such that u € £2([0,T];U), and
u; € L2([0,T);U), where U is an appropriate function space. Here N and B are Frechét
differentiable, nonlinear differential operators, containing spatial and boundary derivative
terms. We denote the Frechet derivatives by:

Lw = N'|uw
B'w = B'lulw.

Counsider a nonlinear cost functional of the form

T = /OT/QJQ[C’Qu}dxdtJr/OT/FJF[C’pu]dsdt
+/QKQ [Equ],_, dx . (5.40)

The differential operators Cq and Eq act on the domain €2, while CT is a boundary operator
(all are assumed to be Frechét differentiable). Their Frechet derivatives are denoted by CY,,
Eg,, and CYf, respectively. Also, let

o = (a[Cou])
i = (lcr))’
o = (Kh[Eau))

T

T

5.4.1 The tangent linear PDE

Small variations du in the solution u(x,t) of (5.39) satisfy (up to first order) the tangent
linear model. These equations can be obtained from (5.39) by linearization in the direction
(0u, of, 0g):

buy; = N'[u]du+df,xeQ,tel0,T]
B'[u] éu dg,xel', te[0,T]
Su(t=0,x) = 6u’,xcQ. (5.41)

T
(W, V)jp rer = / /uTVdsdt
o Jr

T
(W, V)jo 100 = / /uTvdxdt. (5.42)
o Jo

We denote
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The space-time weak form of (5.41) is written in terms of space-time inner products as:

(W, V>[07T}><Q = (L[u] w, V>[0,T]><Q + (of, V>[0,T]><Q
(B'lu]w, Viprxr = (08, V)jorxr (5.43)
(W, V)gli_g = <5u0, V>Q Vv eL2(0,T)U) .

The space of all possible solutions of (5.43) is:
U™ ={weid|3f, 6g, duy s.t. wis a solution of (5.43)} . (5.44)
Clearly U'"™ is a vector subspace of U. The variation of the cost functional (5.40) is
0T = J'[u] du, (5.45)

where

T T
J'ujw = / /Jé[Cgu} C&dedt—i-/ /Jf[C’pu] Clwdsdt
o Jo o Jr

+ </ K{[Equ] E&de)
Q =T

= <C£‘2W ) jQ>[0,T]><Q + <CI,“W ) jF)[O,T]XF + <E£2W ) kQ>Q‘t:T :

To compute the variation (5.45) due to du®, 6f, and dg, one runs the TLM (5.43) to obtain
du, and uses it in (5.45) to compute 07. A new TLM solution is needed for each set of
perturbations Ju’, 6f, and dg.

5.4.2 The adjoint PDE
We wish to express the variation (5.45) as

o adj adj adj
oF = <OQ A 5f>[0,T]ijL <OF A 5g>[07T}><F+ <EQ Ali=o 5u0>9 ’

(5.46)
for any perturbations du’, 0f, and dg. The adjoint variables A are obtained by solving the
dual problem

XA = LA+ xeQ, te0,T]
BN = g xeT,tel0,T] (5.47)
ANt=Tx) = EVkq,xecQ.

The operators B*4 and C2% need to be chosen such that (5.46) and (5.45) are equivalent.
Note that duality implies that the following relations hold:
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e The domain weight jo in the forward linearized cost function (5.45) determines the
adjoint domain forcing f*4. The domain forcing 6f in the forward linearized problem
determines the domain weight in the adjoint expression of the cost function (5.46).

e The boundary weight jr in the forward linearized cost function (5.45) determines the
adjoint boundary forcing g*¥. The boundary forcing dg in the forward linearized
problem determines the boundary weight in the adjoint expression of the cost function

(5.46).

e The domain forcing at the final time kg in the forward linearized cost function (5.45)
determines the final value of the adjoint variable A(t = T, x).

The time-space weak form of (5.48) is
— (W, Mprixe = W, L' N grjwe + (W, fadj>[0,T]><Q
adj _ adj
(w, B JA>[O7T}><F = (w.g J>[0,T]xr (5.48)
W, Aier)q = (w, )\F>Q :

5.4.3 Compatibility conditions

Consider the integration by parts formulas

(Lw,V)y = (w, L*V>Q+Z<FZ-LW,GZLV>F, Vw,velu (5.49a)
(CowW, V) = (w,CGv)g+ Z (FCw,G{v)., Vw,vel (5.49Db)
(EGw,Vv)g = (W, EGV),+ Z (FFw,.GPv)., VYw,vel (5.49c¢)

where 9 GFSP are boundary linear differential operators that come from the inte-
gration by parts of the linear operators L, Cf,, and EY,, respectively. We impose a first
compatibility condition which ensures that the boundary terms coming from the integration
by parts of Cf, vanish for all w that satisfy the boundary condition (5.44) of the tangent
linear model (5.43):

Compatibility condition 1 : Z <FZ-C w,G¢ V>r =0,

Vveu,Vweu™. (5.50)

The second compatibility condition ensures that the boundary terms coming from the inte-
gration by parts of EY, vanish for all perturbations consistent with (5.44):

Compatibility condition 2 : Z <FZE w,GF U>F =0,

Vvelu,Vweu'™. (5.51)
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The compatibility conditions (5.50) and (5.51) simplify the integration by parts formulas
(5.49) to

(Lw,v), = (w, L*V>Q+Z<FZLW,GZ-LV>F, Vw,vel (5.52a)
(Cow, V) = (W,CoV), Vweld™ K Vvel (5.52b)
(Bow, V) = (W,EGV)g, Yweld™, Vvel. (5.52¢)

After integration by parts the TLM (5.43) becomes:
T *
—(w, At>[07T}><Q+ (W, XNaly = (W, L )‘>[0,T]xn
L L
+Z <Fz W’Gi )‘>[0,T]xr

+ <5fa >‘> [0,7]x$2

<B/W7 A>[O,T]><F - <5g7 A>[0,T]><1“ )
(Wl=o, A)q = (0u’, A) . (5.53)
Equations (5.53) and (5.49) lead to
w, >‘>Q‘t:T = (w, A)Q‘t:o + (of )‘>[0,T}x9

+ D> (Fw G Ny (5.54)

(w, fadj>[0,T}><Q +

The variation of the cost functional (5.45) can be rewritten as:

J'aw = (Cow, jo)prixa +(CE W, dr) o + (Ea W, ka)ol,_p

- <W ) Cg jQ>[0,T}><Q + <Cll“w ) jF>[O,T]><F + <W ) Eg kQ>Q|t:T :
(5.55)

We make the following identifications:

P = O
g™l = jr

Ar = Elke.
Then, the adjoint problem (5.48) reads

X = L'AX+CGja,xeQ, te]0,T]
BX = jr,xel, tel0,T] (5.56)
At=T,x) = E"kq,xe,
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and equation (5.55) becomes:
Tw = —(w, Xgl_r+ (W, Agl_g + (Wi = Lw, ) p.171x0
L L c c
- Z (Fw.G] A>[O7T}><F + Z (Ffw,Gj ]Q>[O7T}><F

+(Crw, BN) ot (W Nglig
= (w, >‘>Q|t:0 + (of >‘>[0,T]><Q
/ adj L L
+(Crw, B J>‘>[0,T}xr + Z (Ffw.Gj )‘>[0,T]xr

+ Z <FZC W, Gic jQ>[0,T]><F :

If the adjoint boundary condition is defined by the relation

(BN, Ciw)pe = (CHIX, B'w)

[0,T]xT
—Z<FZ-LW,GZ-L)\>[O’T]><F , (5.57)
then
Jlw = <5u°,A>Q}t:o+<6f,A>[0,T]XQ+<O?dJ’A,5g>{0m. (5.58)

Equation (5.57) is ensured by the third compatibility condition. There exist well defined
boundary operators B*4 and C2Y such that the following holds:

Compatibility condition 3 :
(Lw, V), — <B'W , ol V)F = (w, L*v),— (Ctw, B V)F
Vweld™, vel. (5.59)
Here we have used (5.52) to relate (5.57) and (5.59).

Definition 5.4.1 (Compatibility). We say that the cost function and the PDE are compatible
if the three compatibility conditions (5.50), (5.51), and (5.59) hold.

Remark. The third compatibility condition (5.59) is discussed in [50, 28]. The authors
assume C' = [ (the identity operator), and E = 0, therefore (5.50), and (5.51) trivially hold.
Equation (5.59) is the only compatibility condition needed in this simpler setting.
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5.4.4 An example: the linear advection-diffusion equation

As an example, we will consider the linear advection-diffusion problem:

w = —V-(@du)+Au+f,xeQ, tel0,T]
u = gp, XE I'p=TI_
n-vVu = gN,XEFN:F\FD
ut=0,x) = u’. (5.60)
Here I'_. = {x € I'|d(x) - i(x) < 0} is the advective inflow boundary. The nonlinear cost

functional quantifies the mismatch between the model trajectory u(¢,x), and a given refer-
ence state u**l. We penalize high variations in the boundary derivatives (to avoid boundary
layers in our numerical solution). Thus, J is defined as:

1 T ref 2 1 T N2
J(u) = 5/0 /QHu—u Hdedt+§/0 /F (Vu-n)” dsdt . (5.61)

We immediately identify the operators

1
Ja [CQ u} =3 Hu — urefﬂz C jo=u—u;

Crp(u)=Vu-n; Cf (w)=Vw-n;

1 . . _
Jrp, [Crp, 4] :§(Vu-n)2 ; Jrp=Vu-1m.
The tangent linear PDE
The TLM of (5.60) reads:
w, = —V-(@w)+Aw+f, xe€Q, te0,T]
Bhw:=w = dgp,xelp
Byw:=10-Vw = dgy,xely

w(t=0,x) = ou’,

and the Fréchet derivative of the cost functional 7 in the direction w can be written as:

ou Ow
J'uw = (u—u w) +< :,—~> '
[0,7]x$2 on’ on 0.T]xTp
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The adjoint PDE

The integration by parts formula becomes

(=V-(@w)+ AW, V) rvg = (W, a@-VV+AV); 70
(v waa+ 55)
+(v,—wa -n+—

on [0, T]xT"

+< ov >
—h5 W .
on [0, T]xT

Then, we can easily identify the volume and boundary operators:

Lw = —V.(iw)+ Aw
L'v = d-Vv+Av
Fw = —Wc_i-ﬁ—l—a—v_‘f, Giv=v
on
Ew = w, GQV:—a—Y,.
on

115

The compatibility conditions (5.50) and (5.51) are trivially satisfied. The operators B*¥ and
C{?dj are determined by the third compatibility condition, which for our example reduces to:

(v,—-wd-n+n- VW>[0,T}x1“ + (—10- Vv, W>[0,T}xr
= (w, Cpiv) ~ (- vw, Biliv)

+<ﬁ-Vw,C’f1ijv> —<W,BF(11Vjv>

[0, T)xTp [0, T|xT p

[0, T]xTy [0,T]xTy

Using the linearity of the inner product integrals, we can establish that:

@
Bilv = —v,xeTlp
dj S5 o ov
Bilv = ad-iv+ ——,xely
N on
adj R - S
Cr)v = —a-nv 5 xelp
@
Crlv = v, xeTly,

and write the adjoint final value problem for (5.60):
X = A-VA+AAFu—u xeQ, te (T, 0
A = —Vu-n,xelp
n-Vi+d-oA = 0,xely
At=T,x) = 0.

We will revisit this example below, in the context of fully discrete models.
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5.5 Duality relations and space-time adjoints for dis-
crete models

If the time dimension is discretized by DG (see, e.g., [151, 152]), then we have a space-time
DG discretization. The consistency analysis follows closely the one presented in [28]. The
only difference is that the integrals are taken in space-time.

We now consider a time discretization by Runge Kutta methods. A semi-discretization in
space of the continuous primal problem (5.39) leads to the following semi-discrete model
[28]:

Find u" € £2([0, T]; Uy) such that (u"), € £2 ([0, T]; Uy,) and

ouh "
<W,V (t)>Q = N (t;u", v") + (£, Vh>Q+B(g, vh)
Vv e £2([0,T);Uy) , a.a.t €[0,T]. (5.66)

h h

Here the semi-linear form AN is nonlinear in u”, and linear in v". B(:,-) is a bilinear
form defined on the boundary I', which depends on the prescribed boundary data g”. Let
N'[u"] ;= ON /Ou" be the Fréchet derivative of N with respect to u”. The TLM of (5.66)
reads

(B 0) = N ) ) + (510, 4 5 0, )
vvh e £2([0, Tl U™ | aa. t €[0,T], (5.67)

where the TLM solution w" € £2 ([0, T];Uy). The semi-discrete cost functional
T T
Tp(u") = / /jg [CQ uh] dx d¢ +/ /jp [C’p uh] dsdt
0o Jo o Jr
+ / ko[Equ"],_ . dx, (5.68)
Q

is a discretization of the continuous functional J in equation (5.40), and has a variation
given by

Twh = /OT (GalCan @) . Chw'(), s

v [ {Grlerat o))" chwtn)
+ (ko [Ba, w'()])", By whT)) (5.69)

A full discretization of the PDE is obtained by discretizing the time derivative in (5.66) using
a Runge-Kutta method [131]. In the following, u™ € U, is the fully discrete solution at ¢",
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U” € U, is the i-th stage vector at time step n, and T = t" + ¢; A"™! is the stage time
moment. The time grid has N + 1 points: from t° = 0, up to t¥ = T, and t"*! = " 4 77 F1,
For simplicity of notation, we omit the discrete space superscripts in the following discussion.
The Runge-Kutta discretization of (5.66) reads:

(U, v)g = (u",v)q + 7t Zam [./\/'(T]?"L;U?, V)
+ (", v)+B(g},v)],Vveu™ (5.70)

(u"th vy, = <u",v>Q+T"“Zbi (N(T U, v) + (£, v) + B(g!, v)] -

Proposition 5.5.1. Assuming that the spatial semi-discretization (5.66) is dual consistent,
where consistency is defined as in [28]. Then the space-time discretization (5.71) is also
dual consistent in time. Moreover, it inherits the temporal order of accuracy from the primal
discretization.

Proof. Due to the linearity of the Runge-Kutta procedure, the TLM of the fully discrete
system reads:

(W

1

Vo = Wi+ S ay (AU (T WY V)
7j=1

+ (of}, v>+B(5g§L, v)| ., Vvel,

(W vy, = (W' V), +T”+IZb (N[O (T, WE, v)

Q
=1
+ (ofF, v) + B(dg], v)] .

The time integration of the cost functional is discretized according to the Runge-Kutta
quadrature. The variation of the fully discrete cost functional is:

Tiw = 2; rt Zb ((GalCatr])", Cow(Ty)),

N s

__1 Lt Z b; < jr[Cr U} ]) fW(TZ-”)>F
+<(/<: [EQuN]) , B W(tN)>Q .

+

We rewrite the TLM of the fully discrete system, to outline the use of different discrete test
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functions A(t",x) € Uy, (which will later be interpreted as the adjoint variables):
(WO N = (5u%, A YA e U

(Wi, 00q = (w",6])q +T”“Zam [ N[UF] (27 W3, 67)
7=1

+ (of7, 0’-"‘>+B(5g§‘, or)] , ver eu,

<an—i-17)\n—i-1>Q _ <Wn An—i—1>Q +7_n+1 Zb Nl Un] (Tn Wn An-{—l)

=1
+ (ofF, )\”+1> + B (g7, }\”HH VAT ey, .
Consider all of the above relations for n = 0, ..., N — 1. We identify the terms involving

the same W', and w” arguments on the left and right hand sides, and obtain the following
correspondence:

(W, 0 < ’leah/\ﬂun] (/s W, 0,)
=1

b N U (T”' W, )\”“)
(W' A" g e (W AT+ Z w", 0!),
=1
We now define the discrete adjoint system as:

(w. )y = 7 ANU) (n”;w,bMWZaz,iez)

/=1

n+1 Zb < ]Q CQU ])T 3 CéW>Q
7t Z b (Geleru])" Crw) L vw e

(W, A" g = (w, A"+ Z (w, "), , Vw elU™ (5.71)

i=1
The sum of the TLM relations for n =0, ..., N — 1 gives:

Trw’ = (0u’, X%, — (W AN+ <(/«l:g2 [Equ])" | E, wN>Q +S¢+5g ., (5.72)
where

N-1
Se = Y Z a;; (6F7, 0) + ZT"H Zb (o7, A1)
n=0

2,7=1

(5.73)
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and
N—-1 s N—-1 s
Sg Fntl Z a” 5gn] Bn) Z n+1 Z b; B (5&@’ }\n-l-l) .
n=0 i,j=1 n=0 i=1

(5.74)

We examine in more detail the terms Sy and Sg. From the correspondence between the
discrete adjoint “stages”

0;1 oyl bj P + Frrl Z i 9;1 ’ (575)
i=1
it follows that
N—-1 s
> (o7, 07, (5.76a)
n=0 j=1
N-1 s

ZB ig)', 07) (5.76b)

3
o

Following Hager [33], change variables in (5.76) using the correspondence (5.75). First, from
(5.75), assuming all Runge-Kutta coefficients b; # 0, one gets

n n+1 - A5 an
0] & X"y 6y

ntlp.
J /=1 J

Let 5]” denote the stages of the formal adjoint Runge-Kutta method (see [94]), where

- 1
o = 0.

J ,7—71—‘,-1 b] J

Then, the formal adjoint stage correspondence becomes

~ ° b
6 & Ny S gy
=1

Replacing this expression in equation (5.76), we arrive at:

N-1 s
= Z it ij <§?, 5f?>ﬂ ~ (A, 0f) o 1yxa - (5.77)
n=0 J=1

The last (approximate) equality follows from the consistence theory of Runge-Kutta quadra-
tures for time integrals [131]. We note that for control problems (unlike inverse problems),
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some additional order conditions are needed for the formal adjoints of Runge-Kutta methods
to achieve orders 3 and above [33]. A similar result can be derived for Sg, namely:

T
Sy ~ / B(og, A)dt .
0

Define the final adjoint condition by
(A, W)y = ((ka[Eaw®™ )", Byw) . ¥w e, (5.78)

to get
T
T w = <51107 >‘0>[0,T}x9 + (of, )‘>[0,T]x9 +/0 B (dg, A) dt .

This completes the proof.
O

The discrete adjoint variables A" can yield different sensitivities, depending on the direction
in which the Fréchet derivative of 7, is computed:

e Differentiation of 7}, along (du’, 0, 0) yields the gradient of the cost functional with
respect to the initial conditions:

adi\ " dg"
(EQdJ) N = (5.79)

e If the tangent linear model is obtained by linearization around (0, df, 0), then we
obtain the sensitivities with respect to changes in the primal equation volume forcing:

(C;;dj)h A" = (i{; " (5.80)

e The consistency of the boundary sensitivities does not follow directly from the con-
sistency of the dual discretization. Indeed, for the example given in the next section,
we obtain inconsistent boundary sensitivities from a dual consistent DG discretization.
Along with dual consistency of the DG discretization, one also needs adjoint consis-
tency for the boundary functional B (defined by the primal discretization). We say
that B is dual consistent iff, for any admissible boundary perturbation dg, there exists

N .
a consistent discretization <C’1§dj> of the continuous differential operator C2Y, such
that

B(dg, \) = <(5g, ((;'f:dj)h A> . (5.81)

r
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This does not hold true for all discretizations. The next section will look at the
symmetric interior penalty DG discretization of the advection-diffusion system (5.60).
While the discretization itself is dual consistent, the boundary functional B" is shown
to be adjoint inconsistent.

Note that the discrete adjoint model (5.71)—(5.78) is obtained by applying the discrete
Runge-Kutta adjoint numerical method to the semi-discrete adjoint system

<W, 68_?>Q = N'u] (t; w,A) — (w, jo[Caul),
vwe L2([0,T]; U™) |, aa.t €[0,7]. (5.82)

According to [122] the discrete adjoint Runge Kutta method provides the same order of
consistency as the forward Runge Kutta method.

In conclusion, the fully discrete adjoint model (5.71)—(5.78) is equivalent to applying a
method of lines discretization to the continuous adjoint PDE. The space discretization is
done with the discrete adjoint DG method, and is consistent with the same order as the
forward DG discretization. The time discretization is done with the discrete Runge Kutta
adjoint method; the time consistency of the adjoint discretization is the same as the one of
the forward method.

5.5.1 Space-time consistency analysis of the upwind SIPG advection-
diffusion DG discretization

The upwind symmetric interior penalty (SIPG) DG semi-discretization [28] for the advection-
diffusion PDE (5.60) reads:

ou” h h _h h _h h o h
W’V Q:N(U,V)+B(g,V)_£(f,V), (583)

with

N@", v = Ngg(u", v") + Nogy (0, v) |
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and
Nagw (", v = —/uh6~Vvhdx+2/ 6-ﬁu}ivids
Q Dk dDF\T
+ / a-fu"v"ds
%; T
1
Nag(u", vh) = Vu" . Vv dx — Z/ —[u"] - Vv"ds
Q ~ Jopmr 2
—Z/ {Vu"} ﬁvhds+Z/ ¢ [u"] - 6v"ds
n JODK\I'y
—/ u'n-Vvids,
I'p
Furthermore,

LM v = /fhvhdx
Q
B(g", v") = / c?~ﬁg%vhds—|—/ gh v . fids
FD FD
= qﬁg%vhds—/ gh vds .
FD FN
Here we denote the penalization parameter by ¢ > ¢y > 0. The residual form discrete

adjoint of the bilinear forms Ngg and N,q, follows from integrating by parts the primal
discretizations [28]:

(WA = —/Whﬁ-V}\hdx—i—Z/ w @ [A"] ds
Q D oDk\T
+ wha-adA"ds .
INY;
Nig(wh A = /W AN dx

+z/

—Z/ low. [N']ds+ [ w'i-VAhds
1o}

DR\ 2 Ty

h {5 [VAM] + ¢[A"] - ﬁ] ds

ODk\T

dN'whds — [ Vw'-dAds .

FD FD
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The semi-discrete formulation of (5.61) reads:

g e e [ s

hence its Fréchet derivative is calculated as
1123 (<arh wh I h =
Tp"|(w") = (u"—u* >[0T><Q+<Vu -, Vw .n>[0:T]><FD ‘
The semi-discrete adjoint equation has the following form:

(W ) = N X NG A+ T (58

To investigate the dual consistency of the adjoint residuals for our particular discretization,
we must first recast (5.84) in residual-based form [28]. We get:

/thg(Ah) dx+2/ whrhH(A") + Vw' - ph(A") ds
Dk JOD\I

/w A+ VW pr (AN ds =0, Yw" e U, . (5.85)

From (5.84)—(5.85), we identify the following dual residuals:

e Inside €:

* h 8Ah h — h h ref
R,(AY) = —WjLA)\ +d-VA"+ (u" —u).

From the continuous adjoint equation inside €2 we see that R (A) = 0, so the volume
terms of the adjoint semi-discretization (5.84) are dual consistent.

e On the inter-element boundaries (excluding the domain boundary):
1
V) = —a V] - [N + oV 6
. 1
pa(A") = 5[[)‘h]] :

Using the continuity of the strong form adjoint solution A, we get that both dual
residuals are zero when evaluated at A.

e On the outflow boundary (with respect to the advective flux), I'y:
rp (A" = —Atd-n-1n-VAa',
pi’:N (Ah> - 0 °

Due to the boundary condition of the continuous adjoint system, we have that rj. (X) =
0. Thus (5.84) is adjoint consistent on the outflow boundary.
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e On the Dirichlet boundary I'p:
ri, (A") = —oA", (5.86a)
pr, (A" = (Vu"-d+ A0, (5.86b)

While these residuals do not cancel immediately when evaluated at the exact adjoint
solution (¢ > 0), they can be made consistent through a change in the target functional

J [28]. Let
(") = J, (") = [ o(ut—gh)(Vu"-i)ds (5.87)

I'p

be a consistent modification of J", since J(u) = J(u). The variation of the modified
cost functional (5.87) is

T (W) = Fiu (W) + (¢ Va1, w4 (g (" —g), VW' a)

All the discrete adjoint residuals remain unchanged, except for (5.86)—(5.86), which
now become:

rp (A = —¢ (N"+Vu"-q) (5.88a)
plfD()\h) = (Vu"- d+Aa+ou"—gh)i. (5.88b)
Both residuals (5.88)(5.88) are now identically zero when evaluated at the exact ad-

joint solution A. We have thus proved dual consistency for the DG discretization (5.83)
coupled with the modified functional (5.87).

Discrete adjoint boundary sensitivities Now let us consider the boundary bilinear
form B(g",v"). For any admissible perturbation g := (dgp, dgx) in the boundary condi-

tions, we get that:
N A\ h
B(ogh, Ah) = <5gD,(c;ig) Ah> +<5gN,(c;§§) Ah>
I'p 'y

— (dgp, A"). (5.89)

N N
where (C?‘;J) and <C{3CIE> are consistent discretizations of the continuous differential op-

erators defined in (5.65). Note the additional boundary penalty term: the nonzero penalty
parameter ¢ ensures stability and convergence of the method. However, it also leads to in-
consistencies in the adjoint boundary sensitivities, that must be removed by post-processing
of the adjoint Runge-Kutta DG implementation. The adjoint Runge-Kutta time integra-
tion, albeit consistent, cannot remove the inconsistent term in the sensitivity formula (5.89).
Proving dual consistency is a crucial step in the analysis of a dual DG discretization, al-
lowing one to establish whether or not the adjoint variable corresponds to the true gradient
of the discretized cost functional J". However, if one also seeks derivatives with respect to
the boundary values, further investigations pertaining to B are warranted, that go beyond
establishing dual consistency of the primal discretization.
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5.5.2 A one-dimensional test problem

The one-dimensional data assimilation problem is formulated as:
. 7h (10
Hlll%nj (u’) , (5.90)
subject to
w+2u, = f(z), € Q=[-3m 3], t€[0,1], (5.91)

with u’(x) = exp(—|z|) sin(z) cos(z), periodic boundary conditions, and 7' = 0.5. Equation
(5.91) is discretized with a upwind discontinuous Galerkin method, coupled with a fourth
order TVD Runge-Kutta scheme for time marching [155]. The space-time dual consistency
for this discretization can be easily proven (see, e.g., [28] for the spatial discretization).

The discrete cost functional reads:

(uo — uB)TB_l (uo — uB)

Ih=Tp+ T =

N —

DN | —

K
23 (Heut — o) Ry (Hiu® —yb) (5.92)
k=1

The background term J2 quantifies the departure of the inverse solution from a background
state u%o. It also acts as a regularization term that makes the inverse problem well-posed.
Jb quantifies the mismatch between the model predictions and a set of a priori available
observations y* at selected grid locations and time points (see Figure 5.1). B and Ry, are
the error covariance matrices for the background state u}g’o, and the observation values at
tx, respectively. Finally, H is a linear observation operator that maps the discrete model

state to the observation space.

The setup is that of a twin experiment: the observations are recorded during a reference run
of the model, starting from the reference solution uref The background state uh 0—14 ufefo
is the initial guess for the optimization routine. We use a 5th order dlscontmuous basis for
the reference run, whereas the inversion is done using only cubic approximations, to avoid
an inverse crime [160]. The goal of the inversion process is to retrieve a good approximation

h,0 h,
to the reference initial condition as the a posterior: analysis state: u,” ~ u .

Numerical results

The data assimilation procedure follows the description in [72]. The observation times are
t' = 0.25, and t* = 0.5 (figure 5.1). Our tests were run with a C++ implementation [161] of
the limited memory BFGS method by Nocedal et al. [162, 139]. Figure 5.2 shows the results
of the assimilation experiment. It can be seen that the discrete adjoint gradient leads to a
considerable decrease in the cost function value, as well as in the RMS error of the computed
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Figure 5.1: Reference observations (circles), and the exact solution (continuous line) of (5.91)
at t! = 0.25 (left) and ¢* = 0.5 (right). The adaptive spatial mesh is marked on the z-axis.
It is locally refined in areas of high variations in the primal solution u””. The refinement
is done using an element-wise error estimator based on a finite-difference approximation to
the solution gradient u,.

a posteriori analysis uZ’O. We computed the analysis root-mean square error (RMSE) e using
the formula:

H a0 — 0
A ref
. L) (5.99)
H h,0
ref LQ(Q)

Figure 5.3 shows that the quality of the analysis obtained through the 4D-Var process is
much better than that of the initial guess (the background u’y").

5.5.3 A two-dimensional inverse problem
Problem description

The second test problem is built around the two-dimensional advection equation:

u + V- (gu) =
U(t,X) Tin = g
u(t’,x) = wx), t"<t<tV xeQ. (5.94)

Here Q = [0,1]2, 3 := x/ ||x||, and T}, := {xer|ﬁ-ﬁ<0}.
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Figure 5.2: Relative decrease (i.e. ratio to the background values) of the cost function J"
(left), and of the RMSE (right).

0.51 —=—Background i 1 0.5 -e-Reference 1 0.57 —+—Analysis

0.25¢

Figure 5.3: Background, reference, and analysis states at ¢ = 0 for the problem (5.90)—(5.91).

The discrete cost functional 7, is defined by (5.92). The particular choice of observation
mesh for this experiment is shown in figure 5.4(a).

The experimental setup

The primal and adjoint RK-DG discretizations are implemented with the DEAL.IT library
[163]. The optimization routine is a C++ implementation [161] of the well-known L-BFGS-B

algorithm [139]. The mesh adaptation is driven by an error estimation mechanism based on
h

a numerical approximation of the gradient Ix [147]. The optimization mesh Q2 holds the
X

inversion variables throughout the optimization process. It is shown in figure 5.4(b) to be

locally refined in regions of high variation in the background state. The final time in the

forward simulation is 7' = 0.48, while the observation times are t* = 0.03 x k, k =1 ... 16.
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Figure 5.4: (a) Observation grid for the two-dimensional assimilation problem. (b) Opti-
mization grid O that holds the parameters q" = u™® throughout the inversion process.

Space-time consistency and accuracy of the discrete adjoint solution

To check the consistency and the empirical order of accuracy of the discrete adjoint solver,
we will derive the corresponding continuous adjoint problem. Let 0(¢) denote the Dirac delta
distribution. We can rewrite the 4D-Var discrete cost functional as

N
Jh = ijh(u“) = /t Tn(u, 1) i&(t —th)at . (5.95)
k=0 0 k=0
Then, the strong form adjoint of (5.94)—(5.95) reads:
, 0T &
N—fF (VA = 8—u;6(t_tk)’ xeQ,tet,
BMA:=fF-BX = 0, X € Doy = T\ Ty

AV, x) = 0.

The exact solution to the inverse problem is chosen to be

u’(z,y) = Aexp (—(“;#) exp (—M) : (5.96)

o
where A =10, s =20, 0 = 2, and z, = y. = 4.

We use the dual consistent upwind spatial discretization given in [28]. The particular form
of the cost functional (5.92) implies that the discrete adjoint system has a forcing term only
at the observation times t* (5.96), where it is necessary to add the observation mismatch
[72]:

NF = NP HIRT (M —y"™h) [ k=1.. K. (5.97)
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The equation (5.96) is not in conservation form. We rewrite the nonconservative term as
f-Vu=V-(fu)—(V-pu,

Through a Galerkin projection onto the discrete function space U}, and integration by parts,
we arrive at the DG semi-discretization of (5.96):

For alln, find A" such that on Qr ywh el
OA _h Shntl 3 _h 7 —xhntl —h
(T, (e T, - (P,

(Feantwt) (A ) ) o (5.98)

n n

Again, at the observation times t*, we add the mismatch term in (5.97) to the solution A"".

The dual consistency of the spatial discretization, together with a third order strong stability
preserving Runge-Kutta method [164] for time integration, ensure space-time dual consis-
tency of our RK-DG discretization for (5.94). Moreover, the spatial and temporal order of
accuracy of the discrete adjoint solution match that of the corresponding discretization of
the continuous model, i.e., in the limit of both the discretizations we have that:

A" = XE) | 2
11m N
At h—0 H)\h’” - A(tn)HLQ(QZ)

~O(1) ,¥n=1...N. (5.99)

To verify this numerically, both the discrete adjoint, and the discretization of the adjoint
problem (5.98) are compared against a predetermined exact solution

Atz y)=ul(z—t, y—1t). (5.100)

Here U, are broken spaces of piecewise quadratic Lagrange polynomials. For the primal
problem, the volume and boundary forcing terms f and g are chosen such that

u(t,z,y) =u’(x —t,y—1). (5.101)

Figure 5.5 shows the order of convergence of the RK-DG discretizations on fixed spatial
meshes. To illustrate the behavior of the discretization on adaptive meshes, we run the
accuracy experiments on a variable mesh and report the numerical results in Figure 5.7.
All of the numerical results fully confirm our theoretical derivations: both adjoint solutions
are third order accurate in space and time. Hence, the adjoint of the primal discretization
inherits the order of accuracy of the discrete forward solution.

Another approach to adjoint code validation is through a truncated Taylor expansion [71]:

T"d" +e6q") = T"(d") +e (A", 6d"),,, + O [|6d" ) -
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Figure 5.5: Time-averaged L? and L errors for: (a) the forward state u", (b) the continu-
ous adjoint solution A", and (c) the discrete adjoint variables A", The exact solutions are
given by (5.96), (5.100), and (5.101). We use a quadratic Lagrange basis over an uniform
mesh. The time integration is performed with a third order fixed-step TVD Runge-Kutta
method: 77*' =7, ¥n =0 ... N — 1. The convergence order is O(h® + %) for all numerical
approximations.
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Figure 5.6: Adaptive spatial meshes used in the determination of the numerical order of
accuracy for A" and u™".
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Figure 5.7: Time-averaged L? and L> errors plotted against the mesh degrees of freedom for
AP (left), and A" (right). The exact solutions are given by (5.96), (5.100), and (5.101). We
use a quadratic Lagrange basis over an adaptive spatial mesh, and a third order Runge-Kutta
method for the time integration. The cubic convergence confirms the theoretical estimates
for the adaptive DG discretization.

Hence, we numerically verify that the following limit holds for small values of e:

W h R\ _ 7h{h
lim R" := lim AC SRl DRVAICY)
e—0 e—0 g <}\h7 6qh>Qh

=1. (5.102)

As shown in figure 5.8, the variable mesh discrete adjoint solution is found numerically
consistent. For e < 1072, truncation errors degrade the quality of the approximation (5.102).

Numerical results

The numerical results for the two-dimensional data assimilation experiment are shown in
Figures 5.9 and 5.10. Figure 5.9 (a)—(b) shows the background (the a priori state), and the
reference solution. Parts (c¢) and (d) of the same figure illustrates the analysis state, and the
analysis error, respectively. It is apparent that the quality of the solution approximation is
improved significantly over that of the initial guess (the background).

Figure 5.10 quantifies these improvements. We plot both the decrease in the cost functional
throughout the optimization procedure, relative to the initial value at the background state
jh(u%’h) = JB. The third order accurate primal and dual solutions lead to a good re-
construction of the optimal solution in our twin experiment. The robustness and accuracy
of the inversion procedure are tested with various levels of uniformly distributed noise in
the observation values. As expected, the quality of the analysis solution degrades when the
noise level is increased. However, as Figure 5.10 shows, we still get a significant decrease in
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Figure 5.8: Numerical validation of the discrete adjoint solution using equation (5.102).

both the cost functional 7", and in the analysis error. This indicates good performance and
robustness for the discrete adjoint-based adaptive inversion procedure.
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Figure 5.9: Reference (a), background (b), and analysis (c) states for the two-dimensional
data assimilation problem, with a measurement noise level of 5%. The analysis error is
shown in (d).
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dimensional data assimilation experiments, plotted against the number of optimization iter-
ations. Various observation noise levels are shown.



Chapter 6

Consistency analysis and error
estimation

Introduction

This chapter considers parameter identification problems. Unlike model calibration problems
[111], where the goal is to minimize a physically significant cost functional, such as lift or drag
in aerodynamics, parameter identification problems are directly concerned with determining
the optimal values of the parameters. The framework for solving model calibration problems
using a dual approach is well established [34]; that for parameter identification problems,
much less so. This work focuses on the discrete adjoint approach to solving parameter
identification problems. The starting point are the first order necessary conditions for a local
minimum of the continuous and discrete optimization problems given in Chapter 1. We then
extend the dual consistency framework given in [28] to the discrete optimality condition.
This equation, part of the discrete KKT set, is obtained by linearization of the primal model
along the inverse variables. Consistency and stability are both essential for convergence
of the discrete optimal solution to its continuous counterpart. Similar to dual consistency,
consistency of the discrete optimality equation does not hold for all discretizations. However,
the analysis shows that consistent modifications [28] to the target functional, may be used
to restore stability and consistency of the linearized discretization. The consistency analysis
results are confirmed by the numerical experiments.

The second major contribution of this chapter concerns error analysis and estimation for
adaptive mesh refinement in parameter identification problems. Energy norm estimates for
the control error have been derived for a general class of such problems [42, 43]. However,
such estimates are of very limited use in practice, since they rely on problem dependent
stability constants, and coercivity estimates for the saddle-point problems stemming from
the KKT equations [35]. Another approach is the one proposed by Becker and Vexler in
[110]. The error estimates are constructed using the dual-weighted residual approach [35],

135
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and apply to a modified problem defined in terms of an error functional. This error functional
may be chosen to be a weighted average of the optimal solution. The authors of [110] assume
that the parameter space is finite dimensional. We follow [110], and generalize their approach
to the case of an infinite dimensional control space. For high computational efficiency, the
exact Hessian of the modified problem is replaced by a quasi-Newton approximation.

This chapter will frequently use the notation, and reference the equations from Chapter 1.

6.1 The model problem

Let  C R? be a closed convex polyhedral domain with d € {2, 3}. T is the boundary of €.
Consider the following elliptic boundary-value problem, henceforth referred to as the primal
model:

-V-(qVu) = f , xeQ, (6.1)
u = g,xel.

Smoothness assumptions Let the volume forcing f € £2(Q), and the Dirichlet boundary
data g € H¥2(I'). Also, assume the inversion variables q € H?(2). The formulation of
the primal problem requires that q > 0, a.e. on ). Also, assume that any additional
conditions on the domain boundary I' [165] are satisfied, such that the exact primal solution
uecl CH Q).

The smoothness of the solution space U guarantees existence and boundedness of the follow-
ing trace operators for any function v € U [166]:

A0 HA(Q) = HAHD)
70(V> - V‘F )
and

A HE(Q) = HYAD)
7 (v)= Vvl

Inner products of functions in &/ on I' and €2 are defined as follows:

(u, v, ::/uvdx , (u, v)p ::/uvdS,Vu,VEL{.
Q r
They induce the corresponding norms on U:

HuHL2(Q) = (u, u)g ,

[ufl oy == /(@ wp, Vueld.
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Inner products on the space Q, and on the product space U x O, are defined in a similar
fashion.

The target functional reads:
1 2 1 v 2 B 2
Ju,d = §||7‘[11 - OHCQ(Q) + §|| (a— QB>H£2(Q) + §Hq - q3||c2(n) :

The background control qp € Q is positive a.e. on Q. H : U — O C L2(Q) is a linear
observation operator. The exact choice of regularization parameter 3 > 0 depends on the
discretization, as well as on the properties of primal model and cost functional, and is the
topic of current research: see, e.g., [167, 168, 169], and references therein. We will assume a
constant regularization parameter.

With this choice of model and cost functional, the inverse problem (1.1) has the following
form:

Find q, = arg Hliél J[u,q], subject to (6.1) . (6.2)
qe

Note that there are no explicit bound constraints on the inversion variables q. Rather,
we enforce positivity of the diffusion coefficient indirectly, by solving 6.2) in a sufficiently
small neighborhood of the reference profile. Another approach to guarantee positivity is to
explicitly enforce the bounds for the discrete parameter values in the optimization routine.

6.1.1 The continuous KKT system for the model problem

In what follows, adjoint operators will be denoted by a % superscript. Assume no boundary
terms arise in the definition of the adjoint operator H* (compatibility condition 1 in [24]):

(Hu, o)y = (u,H"0), , Vueld,0cO.

With this, the adjoint equation (1.2b) reads:

—V-(qVA) = H'(Hu—-o0),x€ (6.3)
A= 0,xel.

Remark With the smoothness assumptions on q, o, and u, the exact dual solution is
A € HA(Q).
For all test functions z € Q in the inversion variables ¢, equation (1.2¢) reads:

(Va, Vz), — (Vag, Vz), + 8 (4 —ap, z)g + (V- (zVu), A), =0.
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The strong form of the optimality equation is then obtained through an integration by parts:

-Aq+B(a—aqp) = —Agqp+Vu-VA, xeQ, (6.4)

—

Vq-n = Vqg-n,xel.

Remark Using the strong maximum principle [166], this Helmholtz boundary value prob-
lem can be shown to be well posed. Since the volume forcing (—Aqp + Vu- VA) € £3(Q),
and the Neumann boundary data Vqp - i € H/?(T'), the exact solution q. € H2(Q2). By
the Sobolev imbedding theorem [166], q. is bounded and continuous on €2 for d € {2, 3}.
Furthermore, for sufficiently large qp, the solution q, > 0 a.e. on €.

6.1.2 The reduced gradient

This section illustrates in detail the derivation of the gradient of the reduced cost functional

(1.4). Consider an arbitrary function dq € Q, and let du := g—u[q](dq), with du € U. The
q
reduced gradient V47 is defined through identification from the following equality:
0T oJ
(Vo 8 = Gofual(8a) + G u.al(dw), Voq € Q. (65)

We make use of the tangent linear equation, which is obtained from the primal model by
differentiation in the direction (du,dq) € U x Q:

—V:-(6qVu) -V -(qVdu) = 0,x€Q (6.6)
ou = 0,xel.

Using integration by parts, the adjoint equation (6.3), and the tangent linear model (6.7),
the reduced gradient formula becomes:

(VoJ, 6q)y, = /H*(Hu—o) 6udx+/VqV5qu (6.7)
Q Q
- [ VanVoaax+p [ (a-ap) dads
Q Q
= —/VA~Vu5qu—/Aq(5qu+/Aqgéqu
Q Q Q

+ﬂ/(q—qB) 5qu+/Vq-ﬁéqu—/VqB-ﬁéqu
Q T T
= <VQ‘7|Q7 5q>Q + <Vq«7|ra 6q>p .

We can immediately see that the gradient is identically zero at the optimal solution q, that
satisfies (6.4).
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6.2 A prior: error analysis for the discrete optimality
system

This section investigates the consistency properties of the optimality system for the discrete
counterpart of problem (6.2). The discontinuous Galerkin method [22] is used for the spatial
discretization.

6.2.1 Notation and preliminaries for the discrete problems

Assume the discrete domains cover exactly the analytical ones, i.e., Q" = Q, and I'" = T.
Let U} = span{x;(x)};=1..p C U denote (for any integer p > 1) the discrete solution space
consisting on discontinuous piecewise polynomial functions of degree less than or equal to
p. Similarly, Q) = span{xj(x)}i=1.r C Q is the space of piecewise polynomials of maximal
degree r > 1.

J
Following the notation in [28], the domain € is divided into shape-regular meshes 7, = U Kj,

j=1
1

and T,;! = U k!, comprised of polyhedral elements. The primal and dual mesh variables u”
i=1

and A" are defined on the mesh 7, while the triangulation 7,7 holds the discrete inversion

variables q". Let I'z and T'% be the union of all distinct interior edges of the 7y, and 7,7,

respectively.

From the definition of ¥, the restriction of any mesh function v defined on 75, to an
arbitrary element x can be written as follows:

Vh(X)}K = Zvi X;(x) . (6.8)

The coefficients {v7}, j = 1... P, fully determine the numerical solution inside . Similarly,
for arbitrary mesh functions in @ defined on the triangulation 7,7, one has:

R
2"(X)|., =Y 2 xi(x), V2" € Q) VI ETY. (6.9)
=1

Let h,. denote the diameter of kK € Tj,:
hy = max ||x — y||2 -
X, YEK

The area (or volume) of the element & is |k|, and its boundary is denoted by dk. Furthermore,
h := max.er, hi, and hyin := minger, hye, with the assumption that the ratio h/hmy, is a
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constant independent of h. Given two neighboring elements x_ and k; (with a common
edge e = k_ Nk, ), we let ult := uh} . denote the trace of u" on e, taken from the interior

of k4, respectively.

Let e = k. Uk_ denote an edge (or face) between two neighboring elements £, and k_. We
denote by |e| the length (or area) of e. Furthermore, the jump in the solution over e is given
by:

[u"] :=ud, +ud
whereas the average at x" € k_ Nk, is

h h
u_—i—uJr

fu'} = 2

On a boundary edge, {u”"} := u”, and [u] := u” 0.

Assume the mesh 7}, is regular enough such that, for some a;q, as > 0,

ath' < % < aphy

from which the classical trace inequalities for polynomial functions on x [170, 22, 171] follow:

[u"flon < Cilp)h [0, | (6.10a)

K

IVu" - 1il|g. < Co(p)h,Y?| VU ||, , Yu" el . (6.10b)

Here the constants C(p) and Cy(p) depend only on the polynomial basis order p.
Finally, we define two discrete inner product functionals over the space Uy :

<uh, Vh>,_i = /uhvth,VKJE’E,

K

<uh, Vh>e = /uhvhds, Veel'UI'z.

They are valid for any mesh functions u", v € &f. Inner products on  and inner/outer

boundaries are defined by extension of the definitions above:

(W' vy = 3 (V)

KETH

(', v = D (uh v,
eecl

<uh, Vh>FI = Z (u”, Vh>e ,vu v eu? .
ecl'z

The inner products also induce £2 norms on mesh elements and edges.
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Remark Similar assumptions and definitions hold for mesh functions in Qj defined on the
triangulation 7,7

Nested meshes and inner products on Qj x U?

To be able to use different meshes for the parameters and primal/dual variables, we make
some simplifying assumptions on the structure of the triangulations 7, and 7,7 [13]. Specif-
ically, we assume that 7, can be obtained from 7;’ by hierarchical mesh refinement. This

implies that the basis functions for Qj can be written as linear combinations of the bases
for U

P

i=1

With (6.8) and (6.9), we can define the inner product over U} x Q) for an arbitrary element
k€ Th:

P R P
<uh, zh>n = /uhzhds—zz ZU; Zea Mz (Xis Xj),

=1 j=1

Remark A similar definition holds on any element s, € T,’, using the reverse mapping
M? € RP*E,

We can extend these definitions to cover the whole discrete domain €2, boundary I', or inner
faces I'z, and I'%, respectively. To do so, it suffices to note that since 7,7 C Ty, the set of
inner edges for the parameter mesh 7, is included in that of the primal/dual mesh 7y, i.e.

I cry. (6.11)

Equation (6.11) will also be useful in defining and analyzing the discrete weak formulations
discussed in later sections.

6.2.2 The discrete KKT system

Consider the primal problem (6.1). Its SIPG discontinuous Galerkin discretization reads
[28]:

Find u" € U? such that, for all test functions w" € U?, we have: (6.12)

N (u" wh) = / " whdx + B"(g", w"), Y w" e U, ,
0
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with

N wh) = / q" Vu" - Vw"dx + ¢ [u"] - [w"] ds
Q

I'zull
- [ (1] T e T - ) ds
U
B (gh wh) = —/ qhgthh~ﬁds+/¢ghwhds
r r

Here T'z denotes the union of all interior edges. The penalty parameter is ¢ = h_* qg, where,
for any edge e, and dimension d = 2, 3, we define he(x) := |e|Y/@7).

We let H?*(7,) denote the broken Sobolev space, for any real number s:

H(Ty) o= {v € LX) |Vr € Tr, V], € Hi(k)} .

The norm on this broken space is defined by

e (z "

KETH

vl

1/2
e ) . (6.13)

Using the notation above, define the energy norm (or natural DG norm) [22, 171]:

1/2
Vlog = (Z/qw Vvdx+ Y on /[[v]] [[v]]ds> Yveu.  (6.14)
KETH

ecl'zUl

With this, we have the following theorem.

Theorem 6.2.1. Assume the exact solution to (6.1) belongs to H*(Q2), s > 2. For sufficiently
large penalty parameter ¢ > 0, there exists a constant C' independent of h such that

lu— uhHDG < O prin(p+1s)—1 la| (T (6.15)
and

= ¥l oxey < €A [ (6.16)
Proof. See [171, Chapter 2]. O

It is now useful to note that (6.14) implies:

N A |

ecl'z

£2(I'7)
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and
; Héh_m(u B uh)‘ e Hggl/z W uh)) £2(r) <l - (619)
The discrete counterpart of 7 reads:
J"" q") = ! /(%h b oM (H"" — o) dx (6.19)

ﬂ/ (" — o) dx

+5 [ (Va' = V)" (V4" - V) dx
+R"u", q"].

We have the following definition for R" [28]:

Definition 6.2.1 (Consistent modification of the objective functional). The term R"[u", "]
indicates a modification to the discrete functional J". R" must be Fréchet differentiable in
both of its arguments. This modification is said to be consistent if R" cancels when evaluated
at the exact solutions u, q of (1.2a)—(1.2¢):

Rh[u, q =0.

Remark. Any nontrivial consistent modification in (6.19) does impact both the value and
the gradient of the discrete cost functional J". The modification term R" can only be
expected to vanish in the limit of the discretization. Both R" and its Fréchet derivative are
nonzero for fixed values of h > 0.

Consistent modifications have been shown in [28] to be required for certain inverse problems,
to guarantee dual consistency of the primal discretization. This concept is extended here
to the optimality equation. We show below that, for the model problem (6.2), consistent
modifications to J" may introduce the stabilization terms necessary for convergence of the
optimality equation discretization 1.8c.

Given (6.19) and (6.12), we can formulate the discrete inverse problem as:

Find q" = arg min J"[u",q"], subject to (6.12) . (6.20)

qheQy

The discrete Lagrangian functional for (6.20)—(6.12) reads as follows:

LMu" X" q") = (" q") = N (" N+ (£, A"+ B (g A") (6.21)
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Then, the discrete adjoint problem corresponding to (6.19)—(6.12) is:

Find A € U} such that: (6.22)
h
N (wh, A = %[uh,qh](wh) CYwh el ,
with
N (wh AP = /qh Vw" . VA" dx + o [w"] - [A"] ds
Q I'zull
[ (T TN (e O ) s,
I'zurl
and
ogh
W[uh,qh](wh) = /(’Hh)T(”Hhuh —z")whdx .
Q

The primal DG discretization is shown in [28] to be dual consistent: its adjoint (6.22) is a
consistent discretization of the continuous adjoint PDE (6.3). Given that the strong form of
the adjoint equation is also an elliptic problem, and the dual discretization is of SIPG form,
the £2-error bound in Theorem 6.2.1 transfers immediately to the dual problem. Specifically,
we have the following corollary:

Corollary 6.2.1. For sufficiently large penalty parameter gg > 0, the dual discretization
(6.22) is a consistent and stable discretization of the adjoint PDE. Moreover, the following
a priori error bounds hold:

||A o AhHDG < Chmin(p+1,s)—1 ”P‘H

i) (6.23)

and

IX = N2y < CRmEHLT N

(T - (6.24)

Here C' is a constant independent of the mesh size h.

Remark. The discrete adjoint solution may be super-convergent in practice. However, we
shall use the conservative error bounds (6.23)-(6.24) throughout our derivations.

It remains to be determined is whether the discrete optimality condition (1.8¢c) is a stable and
consistent discretization of the strong form optimality condition (1.2c). The third equation
in the KKT set for problem (6.20) reads:

_ ON™
=5

_oB"
oqh

g—?[uh,qh](zh) [u", AM](z") gh, AM(wh) | V2" € Q) . (6.25)
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Now, for all admissible test functionals z" € Q; (which also denote the direction of differen-
tiation), one has:

h
%j(\l/ [u", A"(z") = /thuh~VAhdx
Q
— /1“ ) ([[uh]] Az" VA" 1 {z" vu"} - [[Ah]]) ds
zU
oBh .
e X - —/thghV)\h-nds.
Since
OT" . hih h hY h h hY h
o d'lz) = [ (V"' = Vdp) 2" dx+ | (d" —ap) 2" dx,
q Q Q
the discrete optimality condition reads:
ORM
/V —q}) - Vz'dx + 3 q —qp) 2" dx + 9 ", q")(z")
= / (Vu" - V") 2" dx — / (ﬂuh]] 2" VA"} + {2" Vu"} - [A"]) ds
Q 'z

—/(uh—gh)th)\h-ﬁds—/)\hVuh-ﬁzhds,VzheQz.
r r

We can recast this as an equation for

q":=q"—qjp,
to get
~h h ~h _h OR" h hyin
Vq'-Vz'dx+ 8 | q'z"dx + —-[u",q"](z") (6.26)
Q Q oq"
= / (Vu" - V") 2" dx — / ([u"] - {z" VAN"} + {z" Vu"} - [N"]) ds
Q 'z

—/(uh—gh)th)\h-ﬁds—/)\hVuh-ﬁzhds,VzheQz.
r r
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6.2.3 A priori analysis of the discrete optimality equation
The SIPG DG discretization of (6.4) reads [171]:
Find q" € O} such that, for all z" € Q}: (6.27)
/vah Vz'dx + 3 / q"z" dx
Q Q
- [ @192 4 98 () ds [ ot ] ds
7 7
= /Vuh VA2 dx
Q
Here the penalty parameter ¢ is defined for any edge e, € I'Z, and dimension d € {2, 3}:

and ¢7 > 0 sufficiently large for the discretization to be convergent (see, e.g., [171]).

Comparing the SIPG discretization (6.27) of the strong form optimality problem (6.4) against
the discrete equation (6.26), we note that the stabilization terms, as well as the fluxes on
interior faces are not present in the linearized discretization (6.26). Hence, despite being
consistent as defined in definition 1.1.3, the discrete optimality equation (6.26) is not stable,
and cannot be expected to yield useful results.

To add the necessary terms back into (6.26), a consistent modification of the functional 7
is needed. Precisely, let:

RM, §) / [ - [a"] ds - / [@] - {v@"} ds. (6.28)

For q, qp € H*(Q), consistency of the functional 7}, is preserved. Note that the jump in g
over any edge e € I'7\I'% is zero. This follows from the continuity of the discrete optimal
solution inside any element k7 € 7,

Remark. The residual R” is directly computable from the discrete approximations u® and
q", and it does not depend on the dual variable A". Moreover, its Fréchet derivative with
respect to @ along z" € QF introduces suitable interior edge and penalty terms in equation
(6.26), while leaving the discrete adjoint equation (6.22) unmodified:

T 1) = [ ot s (6.29)

—/Fq (2] (V') + [@'] - {V2"}) ds

T
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With this choice of R", equation (6.26) reads:

/vah~thdx+ﬁ/ahzhdx
Q Q

- [ @) {93 ) ds [ o] [ ]as

= /Vuh~VAhzhdx—/)\hVuh-ﬁzhds
Q r

_ /F ([u"] - (2" VA" + {2" Vu"} - [A"]) ds
— /1“ (uh —gh) z" VA" fids .

Let
Iy
Iy
and
I
Iy

for arbitrary z" € Q5.

= /(uh—gh) VA" iizhds
r

= /AhVuh~ﬁzhds,
r

= [u"] {z" VA"} ds,

I'z

- /Fl{zh Vu'} - [N ds,

With this notation, we have the following a priori estimates.

Lemma 6.2.1. Assume u, X € H*(Q), and g € H*(T), with s = s — 1/2.

upper bounds hold:
I

Iy

The constants C(p,r), C(p,r
polynomial bases.

(VAN VAN VAN VAN

C(p, 1) W H1975/2
Clp )0 I
Ca(p,r) B3 [y
Co(p,r) B3/ |

H5(Th)

H2(Th)

H2 (Th)

HE(Th) -

147

(6.30)

The following

), Ci(p,r), and Cy(p,r) depend only on the orders p,r of the
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Proof. We can write
I = / (0" —u)+ (u—g)+ (g —g")] 2" VA" -iids
r

— /(uh—u)th)\h-ﬁds+/(g—gh)thAh-ﬁds
r r
= Il+[2'

It follows that:

L] =

/F (u—u")z" (VA" i) ds

<y

ecl’

< Zce(r,p) Hh;1/2(u - uh)HLz@) “hl2 HZhHL2(e) ' HVM ' ﬁHL2(e) :

ecl’

hoV2(u —ul) 22" (VAR i) ds

e

with c.(r, p) a constant that depends only on the polynomial basis orders p and r. The trace
inequalities (6.10a)—(6.10b) lead to:

L] < C(r,p)h_l/QHu—uhHDG~ Z HZhHﬁ(nq)' Z Hv’\hHﬁ(n)

KINDAD KND#D
< Olrp) W2 lu =g - 12 oy - VA"l 2
< Cp,(r,p) KMPFEITI2 |y He(Th) - (6.32)

The constant C(r, p) has been chosen sufficiently large such that max ce(r,p) < C(r,p). We
ec

have used the fact that both z", and VA" are bounded up by a constant value (independent of
h) on any mesh element x € Ty, or k7 € T,;’. This is guaranteed by the numerical stability of
the primal and dual discretizations, and by the choice of cost functionals (piecewise smooth
polynomials).

The integral I; can be bounded using classical results from polynomial approximation theory
for finite element methods. Given that the boundary data g € H*(T"), the following upper
bound holds for the interpolation error on I' [170]:

e = 8"l oy < Colp) 219 g

W) (6.33)

with a constant C; independent of h. The functional | - | is the broken Sobolev semi-norm
onI'.
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The Cauchy—Schwartz inequality gives:
[l < Hg - thc2(r) : HZth2(r) : HVAh : ﬁHL:Q(F)
< C(rp)ls- thc2(r) ' Z HZhHL2(6) VAt ﬁHc2(e)

ecl’

< Cop) e ="l h e Do 12 oo 19Nl 2
KNL#D

< Cp) e ="y 7 12 oy - VA" 2oy

S Clz (Tv p) hmin(p+1,§)—1 |g|7.[3(1“) :

This proves inequality (6.31a). Note that (6.31b) follows immediately from an identical
argument, since A|. = 0, by equation (6.3).

Consider now the integral I} . Since the jump operator [-] is linear, and [u]] = 0 (for all
u € U), we can write:

L < /F [u" — u] {z" VA"}| ds

< |h 12" — u] K12 {z" VA"}| ds
I'z
< Hh_1/2[[“h - uﬂ”zﬂ(rz) h'? Z H{Zh V)‘h}Hm(e)
ecl'z
1
< flu—utfpg m2 D05 [l VAL + AL VAL L
ecl't
1
< gl nt? ZF: (112 TNy + 122 TN o)
eclz
< W2 u= g 3 (G A 12 sy 19Ny +
K+ €E€Th
Co (rop) 1 12 gy [IVN o)
C’mavx h_1/2 ‘ u-= uhHDG H‘ZhH}EQ(Th) MVAh‘HEQ(Th)

VANRNVAN

Cry (p) Rt =372 mumﬂs(n) :

where max C. L (r,p) < Chax(r,p). Thus (6.31c) holds. Since the SIPG discretization is dual
KE
consistent, (6.31d) follows. O

An immediate consequence of the lemma is the following corollary:

Corollary 6.2.2. For allp > 1 and s > 3/2, the discrete optimality equation associated to
the problem (6.20) is asymptotically consistent.
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Remark. With our specific smoothness assumptions (s = 2, § = 3/2), the integrals
(6.31a)—(6.31d) are O(h'/?).

6.3 A priori convergence order

Let e} = q" — 4", e, = u—u", and ex = A — A". Subtracting (6.27) from (6.30) gives the
following equation for ef:

Find eg € OF such that, for all z" € OF:
/QVeZ Vz'dx + B /Qezl 7" dx — /qu ([el] - {Vz"} + {Vel} - [2"]) ds + /qu ¢? [el] - [2"] ds
= /Vuh-V)\hzhdx—/Vu-V)\zhdx
Q Q
— /1“ A'vu iz ds — /1“ ("] - {z" VAN"} + {z" Vu"} - [A"]) ds
T
— /1“ (uh — gh) " VA" . i ds
= / Vu" - VA" 2" dx — / Vu- VA" 2" dx + / Vu- VA" 2" dx — / Vu- VAz"dx
—Q[%—[ﬁ—lﬁl—lﬁl. ' ' '
= —/ Ve, - VA'z'dx — / Vu- Ve, z" dx
—[ﬁﬂ— F-I -1 . ’
= —/ Ve, - VAN'z"dx — / vu" - Vexzhdx—/ Ve, - Ve, z" dx
—[;— E-I —I% ) )
Consider the following elliptic error equation defined over the broken Sobolev space H*(7p):

—Aeq+Beq = —Ve, VA" —Vu" Ve, — Ve, -Ver, xeQ, (6.34)
0,xel.

Veq -1

Under our solution regularity assumptions, the Lax—Milgram theorem [171, Theorem 2.8]
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guarantees the existence of a constant C' independent on h, such that:

wey S O [Veu VA" +Vu" - Vey + Vey - Vex|| 1 )
< C)

KETH
cy <||veu||£2(n) IV | 2200y + VAl g2y IV [l 220y (6.35)

KETH

lleal

/ (Vey - VA" + Vu" - Ve, + Ve, - Ve,) dx

IN

Veul gz [1Verl 2 )

Now, by the discrete Cauchy inequality, and Theorem 6.2.1, one has:

1/2 1/2
S IVeull 2o VA 2200 < <ZHVeu||,;2(R)> <Z||vxh||cw>
Ke’]’h Iien NETh
= [IVeull g2y - VNl
< Culp) P 7 |y (1) VA 2207, -

Similarly, using the convergence result for the dual problem (Corollary 6.2.1), we obtain:

Z ||Ve>\||£2 |Vuh]|£2 < Ca(p) fymin (p+1,s)—1 IA

w7 1V 0" 207

KETH
and
D Vel IVerllezwy < Culp) Calp) B2™ 5072 lullags 7, 1A [ls73) -
KETH
Substituting these upper bounds in equation (6.35), it follows that:
min(p+1,s)— h h
Iealls sy < CH 97 (e + 18 sy ) - (6.36)
The unperturbed SIPG discretization of (6.34) is:
Find €}, € Q) such that, for all z" € Q}: (6.37)

/Qvég.whdxjuﬂ/gégzhdx
-, 09 (7l BT) s [ ol s

—/Veu-Vz\hzhdx—/Vuh~Ve)\zhdx—/Veu-VeAzhdx.
Q Q Q
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The discrete solution €/ of (6.37) verifies the a priori error estimate given in Theorem 6.2.1,
hence:

leq —€hlpe < CR™ P fleg|l,.
< R ([ o+ W )
One obtains:
Iglloa < leallne + llea — @4l
< e ([t + N )

The equation for the discrete optimal solution error, denoted by eg, obtained by subtracting
(6.27) from (6.30), is a perturbed SIPG discretization. The perturbation is given by the sum
of the boundary and inner face integrals

Ry:=I + IR+ 1} +1I7,
Subtracting the SIPG discretization of the error equation from the equation for eh leads to:
Ne, (eh—€p, 2") = /Qv (eh—@t) - Vz'dx+ 3 /Q (eh —@k) z"dx  (6.38)
- /F% (leh — & {V2"} +{V (e} — &)} - [2"]) ds
¥ /F% #7 el — '] - [2"] ds

The bilinear form N, (el —&l, z") : RY x RN — R is of SIPG form. Thus, it is continuous
and coercive [171]. The right hand side of equation (6.38) is linear in the test functionals z".
By the Lax—Milgram theorem applied on R, and (6.31a)—(6.31d), we obtain the following
a priori bound:

< ClUF+ IR+ 15, + 12 (6.39)
< Cr,p) K™ @732 ((lu]| oy + [ Al c27) -

h el
llea =24

He (T,

6.3.1 The discrete reduced gradient

We now compute the reduced gradient VnJ" of the discrete cost functional (6.28). The
gradient VnJ" is defined by the following identity:

(Vg T", 64", = Th[u",d")(6q") + Th[u", o")(6u") , Vg € O}, (6.40)
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where

B ou”

5uh = a—(:lh

[q"](6q") € Q.

The discrete adjoint solution A" is a valid test function for the primal model (6.12). The
Fréchet derivative of (6.12), tested with A", in the direction (du”, 8q") € Ul x Q, gives the
discrete tangent linear model:

O N6 + o X' (6.41)
- Ol N5~ Sl X5 = 0.
From the adjoint equation (6.22) we get:
N (s, A = Jh ", g (du”) . (6.42)

Then, using (6.42) and (6.40), and the integration by parts formula on 7,7,

/th-Véqhdx = —/Aqhéqhdx
Q Q
o [ vd')-poatas + [ [Va']-{aa)ds.
réur e
we find that:
(Vg T", 8q"), = /Q VarI"|,, 69" dx + /F VarI"|, 89" ds (6.43)
+ Vg T"| e 09" ds .
re z

The cell, boundary and interior face contributions to the gradient, are computed, respectively,
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through the following equations:
/ thjh}ﬂ 0qtdx = —/Aqh dq" dx + / Aql 8q" dx
Q Q Q
—i—ﬂ/(qh —q%)6q" dx — / vu”" - VA" §q" dx |
Q Q
/ Vg I"|, 0q"ds = / (u" (VA" - ) + (Vu" - 8) A") 8q" ds
r r
+/(th-ﬁ - Vq%-ﬁ)éqhds—/ghVAh -ndq"ds,
r r

Vo 'lyy Sads = [ VGl (60"} as+ [ oda’]- [a']ds

7
+/ {Vd"} - [6q"] ds - / {Vdp} - [6d"] ds
7 7
+/ ("] - {64" VA"} + {6q" Vu"} - [A"]) ds .
'z
Lemma 6.3.1. If we have convergence of the discrete primal and dual solutions, then
1y Vo7 =V
i.e., the reduced discrete gradient is asymptotically consistent.

Proof. Use equations (6.7), (6.43), and Lemma 6.2.1. O

Remark In addition to cell and boundary components, which are present in the continuous

gradient equation (6.7), the discrete gradient (6.43) is also influenced by traces on the interior

element faces. Even though the contribution defined on interior faces VgnJ h ‘Fq vanishes in
s

the limit of the discretization, it is nonzero for fixed A > 0.

Computation of the discrete gradient

We now discuss the computation of the reduced gradient from an implementation perspective.
The more straightforward, albeit significantly less efficient approach is the component—wise
calculation of gradient entries. Let N be the total number of degrees of freedom (DoF's) for
the mesh 7,7, and the size of the discrete solution q". It follows that N = I x R, where [
is the total number of elements defined on 7,7, and the constant R denotes the number of
degrees of freedom per element.
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Assume the following ordering in the components of the discrete reduced gradient: the
((i — 1) x R+ j)-th entry corresponds to the j-th DoF defined in the i-th mesh element .
Note that all the discontinuous Galerkin DoFs are defined inside the mesh elements, given
that the numerical solution is discontinuous at the inter-element boundaries.

Let
q

8q" (x) = { X% xEr (6.44)

0, x¢gr! ’

in (6.43), and any indices i = 1...7, and 7 =1... R. Then
hos h h
(VarT", 8" = (Vo T") iy

XR+j °

With this observation, I x R evaluations of the functionals (6.43) are needed for a complete
gradient computation. For practical values of I, we need a significantly better approach.

The sparse structure of the test functional (6.44) can be exploited to dramatically increase
the efficiency of the gradient computation. To see this, use equation (6.44) in (6.43), to get:

(vthh)(i_l)xR+j = gQ + gF + gFI ) (645)
where the volume and boundary integrals reduce to
G = / Var I"| o x3dx

and
Gr == Z thjh}r Xjds .
e€l'NdkK] €

The inner face integrals warrant further examination. Consider for brevity only the integral
below (the rest of the inner face terms in (6.43) are treated similarly):

/Fq[[th]]-{éqh}dS = Z/[[th]]-{5qh}ds

eelL ¢
1 _ .,
= Z 5/(Vqﬁ-n—Vq}i~n) (69" +dq")ds,
eef‘% ¢
where we let the edge e = ky Nk_. Let k] = k. Then the integral above reduces to
/ [Vd"] -{6q"}ds = Z /(Vq}}r .n—Vqt- ﬁ) dqur ds .
7 ecor!Nl'y ¢

This locality implies that all three integrals in (6.45) can be assembled in parallel over all
DoF indices 1... N. Hence, the cost of a reduced gradient computation becomes comparable
to that of evaluating a single gradient component on the triangulation 7,’ using equation
(6.43).
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6.4 Targeted a posterior: error estimation based on an
error functional

We follow Becker and Vexler [110], and generalize their error estimate to cover the case where
the parameter space is infinite dimensional. From this we derive a computational procedure
applicable to our formulation using discrete adjoints.

Consider an error functional E[q] : @ — R. The gradient of E is defined by identification
from

(VqE, 6q) = Eq[q](dq) , Véq e Q.

As in [110], we seck an error representation of the type:
Elq] — E[q"] = e, +hoo.t. ,
where the higher order terms are ignored. Note that we assume an infinite dimensional
parameter space Q. Let M denote the associated Lagrangian for the functional E [110]:
M€ o] = Elq] — Le[€] (ou, 0, 04)
= Elql = Lq[€](0q) = Lu €] (0u) — Lx[E] (2)
= Eld] - Lq[§](0q) — Lu[€] (o)

where the last equality holds true if u = U[q]. The fist variation of this Lagrangian is

M€, 0](68) + Mo [§,94](60) = Eqgldl(dq)
_£€7§ [é] (6117 6>‘7 5(1; Oy, 0, G'q)
—L¢ [€] (d0u, 005, d0) .

The last term vanishes for an optimal solution (u, A, q) = &.. The Lagrangian variation
equation about the optimal point can be expanded as follows

Mel§.. o](88) = Eqla.](dq)
—Lq,q&](0a; 0g) — Lqu €] (0u; 0q) — Lo [€:] (0A; o)
—Lugq €] (0 ou) — Ly €] (du; ou) — Lun[€] (0N o)
= {Bqla] — Laql€] (0q) = Luglé](ou)} (5a) (6.46)
—{Lqulé (Uq)+£ ul€] ()} (0u)
Lo €] (gq) + Lua €] (au) ) (ON)

Using (1.6), and a compact notation for the nonlinear arguments, we have that

Me(68) + My (d0) = {Eq[&] — Tuqlé:] (0u) — Taqlé] (0q)} (6)
+ {Aqq [5*] (0q) + Aql€:] (o2) + Auq €] (0u)} (8q)
- {juu &) (ou) +\7QU[£*] (Uq>}(5u>
—{Aul&] (1) + Auu €] (0) + Agu €] (04) } (du)
+{Au €] (ou) + Aq €] (q) } (ON)

Y
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The variation (6.46) of the Lagrangian M is zero at its stationary points. Note that if
(€., 04) is a stationary point of M, then &, is a stationary point of £, since the first order
optimality conditions for £ are imposed as constraints in M. The equation for dq reads

0 = Eql&]— Juqlé](ou) = Tqql€] (0q) + Aq[€:] (02) (6.47)
+Aqq (€] (0q) + Aug €] (o).

The equation for d is the tangent linear model evaluated at the optimal solution

0=Ay 6] (on) + Aq€](0q) & ou=U'la]og. (6.48)

The equation for du is the second order adjoint model evaluated at the optimal solution:

0 = Juulé:(ou) + Tqulé] (04q) (6.49)
—Aulé] (1) — Auu €] (0u) = Aqu €] (0q) -

To derive the computational procedure we revisit the reduced cost function, which is equal
to the reduced form of the Lagrangian (1.5) for any q and for any A:

Jlas Al = L& =T [Uld], a] — A[U[d],d] (A),
LA, A =[q,Ulq,A], Yqe Q, Ael.

The notation &; reminds that this & depends on only two parameters, q and A. The reduced
gradient is

Jala; A(@) = Lql€2](0) + Lu[&2] (U'ld]¢) + La[€2] (Aq]0) (6.50)
= Lq[€](0) + Lu[&:] (U']d]9) -

The last term is the forward equation and vanishes identically since u = Ulq| in &;. Note
that

Jaal@ AJ(OX, 0) = Lqal€](0X,¢) + Lual€2] (6A, U'[q]¢) . (6.51)

The reduced Hessian is

Jaald Al(¥, 0) = Eq,q[éz](¢>¢)+£q7U[€2](U,[Q]¢a¢)
+Lug[€] (¥, U'[d]¢) + Luul€e] (U'lal, U'ld]¢)
+Lu[&] (U"[d] (1, 8)) -

With A = A(q) the adjoint equation £, = 0 makes the last term vanish identically. Let
&ld] = (q,U[q],A(q)), which depends on just one parameter, q. The reduced Hessian reads

jq,q[Q](¢> P) = Ecm[fl](% o) + Eq,U[El](U/[Q]¢> o)
+Lugl&1] (¥, U'[d]¢) + Luu[&] (U'laly, U'ld]¢)
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Consider the variation of the Lagrangian Mg (6.46) along the direction 6§, given by an
arbitrary dq, du = U’[u,]dq, and X = 0. Using (6.48) we replace oy = U’[q.] 04. Note
that & [q.] = &.. With these substitutions, the variation of the Lagrangian (6.46) reads

Mgl 0] (6&0) = Eq[qi] (0q) — Lqq[€+] (6d,04) — Luq €] (dq, U'lq.] Tq)

—Lqu 6] (U'w]dq, 0q) — Luw €] (U'Tn]dq, U'lq.] oq)
= FEqla.] (09) — jqqla.] (6q, o)

The variation of the Lagrangian M (6.46) along the direction d&, must be zero for any dq,
which leads to the following equation for the multiplier o

JaalQs] (¢, 0q) = Eqla. (¢) . Vo€ Q. (6.52)

Equation (6.52) can be solved by using a quasi-Newton approximation of the reduced Hes-
sian. This approximation is based on the sequence of reduced gradients obtained during the
optimization. The computational procedure is given in Algorithm 6.4.1.

Algorithm 6.4.1 Error estimation using the second order adjoint solution
1:  Solve equation (6.52) for o4 using a quasi-Newton approximation of jq 4.
2:  Given o, solve the tangent linear model (6.48) to obtain o.
3:  Given o4 and oy, solve the second order adjoint model (6.49) to obtain oy.

We recall the error representation of Becker and Vexler [110, Theorem 1], and extend it to
the infinite dimensional case as well. The error representation based on the error functional

reads:
1 h

Fla ~ Eld] = 5pul€!](Aox) + 5pal€l] (Aow) + Spal€l] (Aog)  (6:53)

1 1
_'_ipd'u[ iL? o-iL] (AA) + ipﬂx[ f?af] (All)

1
+5 P04l "ol (Aq).

The residuals p are given by the Lagrangian derivatives evaluated at the discrete solutions:

pul€l] () = —Al",qd"(),
pAlE) () = Julu",q"](-) — Auu
Pq[éf] () = jq[uh,qh](-)—/lq[u

= "=
Q
-
>

>

and

pdu[ ilao'il] (GU>+paq[ faaf] (Uq>+pa>\[ f?af] (UA>

= Juul€](0u) + Tqul€)(0q)
= Aul€l](0x) = Auul€l](ow) — Aqul€l](0q) — Aul€l](0u) — Agl€l](0q) -
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The simplest way to estimate the residual weights is through local higher—order interpolation
[35]. Consider, for example, the error weight

AO’)\ = O')\—Iha')\.

Here 7, : U — U, denotes the projection operator onto the discrete solution space. We can
approximate the weight Aoy through a patch-wise higher—order interpolation of o} onto a
coarser mesh. Suppose o is defined on a regular mesh 7,? (see section 6.2 for details on the
notation). The higher-order interpolant o¥ is defined on a coarser mesh 7,4 that is obtained
directly from 7,’ through pure hierarchical coarsening (e.g., H := 2h). Then, for all mesh
elements k € 7,1, we set:

Aasl, ~ (ol — )],

Similar computations are done for the other weights Aoy, Aoy, etc.

6.4.1 The dual weighted residual (DWR) method

If the error functional is the optimization cost function, Elq] = J [u,q], then a simpler
dual-weighted error estimation is available, cf. Rannacher and Vexler [35].

The continuous and discrete optimality conditions read:
Lel€(p)=0,Vpe
CETE (W) =0, Vel e A"
The error criterion is the difference in cost function values
J[qew] = T" [q},ul] = L[] - L [g
= (Cle] - clel]) + (c[er] - £ [€])

Let e := &, — €. According to [35]:
1
cle)- 18] = [ celet+ s (ods
0

1

5 { Ll () +Le (€1 () b+ 5 Le [€1] (0

=0

Q

Lelel] (&.—¢") , V& eu xu" x Q"
= LA O N DL€ (o) L Lol€l] (a — )

= LPulEl](AN) + SpalEl] (Au) + Spolel] (M)
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Here the residuals are the corresponding Lagrangian derivatives, e.g.,

pul€l] (0) = Lal€X] (¢),  PLIE] (0) = LA[E] (0), etc.

These residuals are defined on each element. The residual weights are defined as in equation
(6.53).

The remaining piece £ [éf}} — Lh [éf}] consists of the additional discrete terms added to the
cost function and to the discretized operators, and evaluated at the discrete solution.

Let the desired tolerance be |J — J"| < TOL - J". In a well balanced grid each element
brings about the same error contribution @ = TOL - J" - N} to the total error (by the
error equi-distribution principle). A local error indicator e is computed on each element
Te, k=1, Ngem, by the scalar products of local residuals and local solution differences.
The element is flagged for refinement if e, > f; €, and for coarsening if e, < fye. The safety
factors can have values such as f; =5 and fy = 0.2.

6.4.2 Norm error

Similar to [172], we derive error bounds on the norm of the difference. The following as-
sumptions are made. There exist ¢,y > 0 such that

la. —alf, <¢;
Jaald (0,0) > 7 [I¢llg; Vo€ Q; VaeQ, la—a.o<(.

Then the following results are established

Y 2 . .
2 | o < d) —j(a.).

a.—q’

and

A —d'l[y < pul€?] (A —AlQ"] - A"

+pal€l] (wo = Uldl] = u") + pql€l] (a. — ") ,

for any discrete variables A", u”, ¢" from the respective discrete spaces. U|[q"] and A[q"] are
the solutions of the continuous forward and adjoint problems corresponding to the optimal
discrete parameter. An auxiliary optimization is performed on a finer grid. The first iteration
stars with an interpolated value of q" and produces U[q"] and A[q"]. After a number of
iterations the auxiliary optimization problem produces approximations of u, and A,. The
projection out of the discrete space is performed as above.

o
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6.5 More on error estimation via an error functional

We follow Becker and Vexler [110], and seek an error representation of the type:
Elq] — E[q"] = e, + h.o.t.

where the higher order terms are ignored. Consider now a perturbation to the optimality
conditions, in the form of a small residual p. The perturbed optimality conditions have the
solution &P

(Le[€8]+p) () =0, VY ed.

For the unperturbed case p = 0 we obtain the solution £° = £,. Let M?” denote the associated
Lagrangian for the functional F, corresponding to the perturbed optimality conditions [110]:

MPlE o] = ElE] - (Lel€] +p) (o).

Let (€., 0) be a stationary point of M° for the unperturbed case p = 0. This means that

ME. o)) = Ee)(¥) — Leele (p,0), Vi, (6.54)

Consider now the residual p for which &° = £”:
b= Lel€]— Lo €] = —Lc €7 = (Ce[€] +p)(0) =0, VO,

The error in the cost functional reads:
E[é*] - E[éf] - MO[£*7 U] - Mp[ f? U]
= E[¢.] - E[€]] — (Lel€] — Le [€2] — p) (0)

= Eel&.](& — &) — Leel€(& — h o)+ (p,a) + h.o.t.
= (p,o)+ h.ot.,

where the first two terms disappear due to the stationarity of MY condition (6.54).
Combining the equations we are lead to the following error estimate:
Elg] - Bl&] = L[] (o) +hot.
= A", q"(Acy)
+Juu", "](Ady) — Adu”, q"](Aas, A")
+~7q[uh’ qh](Aa'q) - Aq[uh> qh](Aa'm )‘h) + h.o.t.

Remark. We note the following:

1. All the residuals in the above equation are for the continuous operators.
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2. By performing the integration by parts in reverse order, we arrive at the strong form
(high derivatives of the polynomials inside each element) dot product with the o

3. Each residual can be written as a sum of residuals within each element. Similarly,
each element-wise residual can be computed in strong form, by differentiating the
polynomials, to arrive at polynomial residuals.

A more accurate estimator is obtained as follows. Define

e = &-¢
M(s) = E[€ + se] — (Lels + se] + sp) (o)
M(1) — M(0) = / M'(s

Therefore we have that
MPIEt 0]~ Mol = [ (Bele. +s6)(0) ~ Lecle. + l(c.0) — (p.o1) s
~{p.o)+ 5 (Bele(e) — Legle)(e. )
L (Belel)(0) ~ Legl€le, @) + Rie.e.0)
~p

+

o)+ 5 (Bel€hl(e) — Legl€ll(e, @) + Rle.e.c)

where the residual of the trapezoidal integration method is of order three. Using the fact
that €" = £, + e, and expanding in Taylor series, leads to:

1

1
SEeeléd(e e) — 5Legelél(e, e, 0) + hot.

where the higher order terms are at least of order three. This analysis reveals the structure of
the second order error terms. It also shows that the additional terms considered by Becker
are the second order terms. These second order terms are the residual of the optimality
equation (6.54) for the optimal discrete solution. This residual is weighed against the error
e.

MP[ 270]_/\40[6*70] = —<p,0’>—|—

Consider how this applies to an elliptic equation described by

Alg, u](¢) = alq](u, ¢) — £(¢)
where a is bilinear, and ¢ is linear. The KKT conditions (1.2a), (1.2b), and (1.2¢) read
ala.] (ue,Pa) = Lpa), Vpa el (6.55a)

ald] (Yu, As) = Julue,qu (Pu), Vpu €U, (6.55b)
Qg [CI*] ('l/)qv U, A*) = jq [u*7 q*] ("/)q) , v 'l/)q €Q. (6‘55(3)
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The error Lagrangian is

MPE o] = E[g]—alg] (u,0x) + (o)

—alq] (ou,A) + Ju[u,q] (o)

—aqq] (g, 0, A) + T4 [u,d] (o)
Therefore

Mel€,al(h) = Eql€l(vhq) + Toa U d] (¥q,04) + Tua [0, d] (¥q, o)
_aq [Cﬂ (qua u, UA) — Oq [Cﬂ (’l/)m Ou, >‘> — lq,q [(I] (’l/)qv Oq, U, )‘)

+Eu[€](Yu) + Tuu [0,d] (P, 04) + Tqu [, 4] (Yu, 04)
(ﬂ (¢ua O'A) — Qq [Q] (a'q’ ¢u> )‘)
- {CL [d] (0w, ) +aqld] (oq,u, )}

The residual is

plo) = —Eg[fh}( ) {orel ., onclU oq4c Q}
= a[q!] (ul,o0) = lor) {=pulor)}
+a [d"] (0w, A) — Tu [0 d]] (00) {= pulow)}
+agqg [qﬂ (a'q,u ) Jq |1 [ *,qi’} (Uq) {= pq(o'q)} .

6.6 Numerical results for the coefficient identification
problem

Let H be the identity operator, o := Hu,, 8 = 100, and Q := [0, 1] x [0, 1]. The first
numerical test makes use of

Test A: qp(x) = 1422 +¢%, (6.56)

e - 10sp (0070 oy (OB

and the initial guess

Qx):=1+Tx+Ty,xe. (6.57)

The second set of experiments uses the following functions:

Test B:  qp(x) = 5+sin (%) cos(2my) (6.58)

) o 10y (1070 ey (OB
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and a constant initial guess

For both experiments we choose

f(x) = =V (qpVuw)(x),VxeQ.

Then, q. = qp, and J(u,, q.) = 0. The discrete solver uses the deal.II library [163]
for finite element computations. The spaces U} and Qj are spanned by the second order
Lagrange basis functions (p = r = 2). Moreover, T, = T,7. Note that for the first set
(6.56)—(6.57), the exact optimal solution q, can be represented exactly by the polynomial
basis spanning Q.

6.6.1 Consistency of the discrete gradient

An important step in adjoint code development is validation of the discrete gradient (6.43).
The classic approach to adjoint code validation is through the numerical verification of a
truncated Taylor expansion [71]. For smooth [}, and small perturbations € §q" around a
reference state g, the Taylor theorem gives:

T"d"+e8q") = T"d") +e (Vo T", 8d"), + O(?) .
We verify numerically the following limit for small values of e:

h( o h hY _ 7h(~h
lim G"(g) := lim T +eoq’) — T
e—0 e—0 € <thjh’ 5qh>Q

=1. (6.60)

As shown in figure 6.1, the discrete reduced gradient is found to be numerically consis-
tent. For e < 10!, truncation errors start to degrade the quality of the finite difference
approximation (6.60).

6.6.2 The numerical behavior of the discrete optimality condition

We now consider the solution of equation (6.26). Figure 6.2(a) shows the decrease with
h ~ DoF~"/? of the integrals I}, IZ, It , and IZ in (6.31a)-(6.31d). For p = r = 2, and
the C*(2) exact solutions (6.56)—(6.57), the integrals vanish asymptotically at least as fast
as h3/?, verifying the analytical bounds. Similar results are reported in figure 6.2(b) for the
problem (6.58)—(6.59).
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Figure 6.1: Asymptotic consistency test for the discrete gradient V » 7" using the first order
Taylor approximation (6.60), and the functions (6.56)—(6.57).

6.6.3 Multigrid optimization and solution convergence

The multigrid optimization procedure is described in Algorithm 6.6.1. The subscript &
indicates the current multigrid iteration. On each mesh level, we keep iterating until there
is a sufficient reduction in the cost functional 7,. A practical stopping criterion for the
multigrid iterations can be based on the value of the target functional J” at the current
solution, or some reduced gradient norm.

The algorithm requires the constant relative and absolute tolerance vectors ATOL and
RTOL, which decide if there has been sufficient decrease in the cost functional value on
the current mesh level. In practice, one may also want to limit the number of optimization
iterations on a given mesh, to prevent excessively long run times.

Algorithm 6.4.1 is used for the error estimation at step 9 of Algorithm 6.6.1. The mesh
adaptation is performed at step 12, which get executed once per multigrid iteration. The
exact choice of error functional is problem dependent. We will choose F to be a weighted
average of the optimal solution over €:

Bx) = /qudx | (6.61)

The weight function w € H?(Q) is positive a.e. on Q.

Figure 6.3 shows the convergence of multigrid optimization algorithm on several mesh levels.
We plot both the decrease in the cost functional, and in the optimal solution error for the
problem (6.56)—(6.57). For this experiment the mesh refinement process is guided by a simple
element-wise error estimator based on the scaled gradient Vq". The order of convergence is
consistent with the theoretical expectations: the optimal solution shows cubic convergence
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Figure 6.2: Asymptotic behavior of the integrals (6.31a)—(6.31d) for test A (left), and test
B (right).

with the mesh size h (for p = r = 2). We chose ATOL = 1071°, and RTOL = 1072 on all
iteration levels.

Figure 6.3: Convergence of the multigrid optimization algorithm: test A. The optimal solu-

tion error is plotted versus h ~ DoF~'/2. The errors correspond to the optimal solutions on
each mesh level.

Remark. The meshes 7,' and 7T, may also be locally coarsened in step 12 of Algorithm

6.6.1. The coarsening operation is analogous to that of refinement. Care must be taken to
maintain the mesh nesting property for 7,7 and 7j,.
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Figure 6.4: Convergence of the discrete optimal (left), primal (center), and dual (right)
solutions for test B. The errors correspond to the converged solutions on each mesh level,
and are plotted versus i ~ DoF~1/2.

Algorithm 6.6.1 Multigrid optimization with error—driven AMR
Require: ATOL[maxit], RTOL[maxit].
1: Define the initial guess " on (7,%)o, and calculate u”*, A" on (73)o.
2: Define the error functional E|q].

For example, E|q] := [ w(x)q(x)dx, for some positive weight function w.

Q
3: for k = 0 to maxit — 1 do

4:  Solve the primal model on (7)x to get J&' = J"(u", q").
5. while 7"/J0' > RTOL[k] and J" > ATOL[k] do

6: Run the optimization iterations on (75)x and (7,1)x, and update the current approx-
imation q”, and cost functional J".
7 Construct approximation to the reduced Hessian Vflh J" from the optimization it-

erates q" and gradients VI h.

8: end while

9:  Calculate the element-wise error indicators for all k7 € 7,7 using Algorithm 6.4.1.

10:  Flag the cells with highest estimated error on (7,7); for refinement.

11:  For any element x? € (7,7), flagged for refinement, flag for refinement all elements
K € (Tn)r such that x C k% This is required to maintain the mesh nesting property.

12: Refine the triangulations to obtain (73)k4+1 and (7,7)k41.

13:  Transfer the current optimal solution approximation q" to the new parameter mesh
(Ti )hsa-

14: end for

Figure 6.5 illustrates the sequence of meshes generated by algorithm 6.6.1 with the numerical
test B. The observed numerical orders of convergence for ", u", and A", are consistent with
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the theoretical bounds. Note that the perturbation integrals (6.31a)-(6.31d) - shown in
figure 6.6 - are sufficiently small to not affect the convergence of the optimization process,
see figure 6.7. However, if the optimal solution error is reduced further, the perturbations
may impact the convergence process, as indicated by the a priori error bound (6.39).
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Figure 6.5: Optimization meshes generated by algorithm 6.6.1 on numerical test B.

Conclusions

This chapter considers consistency and mesh adaptivity for discrete parameter estimation
problems. The discrete, or discretize — first approach is very attractive in practice, because
the dual and optimality equations in the KKT set, as well as the reduced gradient of the
target functional, can be generated with low effort by automatic differentiation. However,
the discrete approach introduces several complications in the inverse solution algorithm. A
consistency analysis of the full set of KKT equations is needed before convergence of the
discrete optimal solution can be established. Investigating consistency and stability of the
discrete KK'T system is one of the main objectives of this chapter. While the discretization
of the primal equation is a priori assumed to be convergent, the consistency of the dual and
optimality equations does not automatically follow. We extend the dual consistency frame-
work given in [28] to cover the third equation in the KKT set, namely, the discrete optimality
condition. While consistency and stability may not immediately hold for this equation, the
analysis shows that they can be restored through suitable consistent modifications of the
discrete target functional. An a priori error analysis is performed on the modified optimal-
ity optimality equation. The theoretical results are supported by the numerical experiments
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Figure 6.6: Asymptotic behavior of the integrals (6.31a)—(6.31d) for the a posteriori numer-
ical experiments with test B.

with a symmetric DG discretization of the primal problem. Discontinuous Galerkin is cho-
sen as the discretization method because of its amenability to parallel computations, and
h/p-adaptivity.

A crucial ingredient in any adaptive algorithm is the error estimation step, that guides the
mesh refinement process. Previous results in error estimation are either of limited practical
use (because of their dependence of problem—dependent unknown constants), or rely on
the assumptions that the control parameter space is finite dimensional. We explain the
construction of a practical error estimator for parameter estimation problems, in the more
general case of infinite dimensional controls. The estimation process is based on dual—
weighted residuals of first and second order sensitivity equations. The Hessian of the reduced
cost functional is replaced by a low—order BFGS approximation. The use of a BFGS Hessian,
obtained at very low cost from the optimization algorithm, keeps the computational overhead
of the a posteriori error estimation procedure sufficiently low to make it feasible in practice.
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Figure 6.7: Solution convergence for the multigrid optimization algorithm 6.6.1 using the a
posteriori estimation procedure 6.4.1: optimal solution (left), primal solution (center), and
dual solution convergence (right).



Chapter 7

Summary and outlook

The discrete duality framework proposed in this dissertation opens the possibility to perform
inverse studies using exclusively the discrete adjoint method, throughout the entire inversion
process. This purely discrete approach is very attractive in practice due to the fact that the
discrete first and second order optimality systems can be generated with low effort using
automatic differentiation. We analyze in detail the properties of discrete adjoints for the
main ingredients of state—of-the—art adaptive algorithms: space and time mesh refinements,
solution limiters, grid transfer operators, and error analysis and estimation. Our framework
enables the construction of consistent and stable discretizations of inverse problems that ben-
efit from all the above mentioned adaptive features. Our prototypical discretization methods
are nodal discontinuous Galerkin for space domains, and Runge-Kutta quadratures for the
time dimension. This particular choice of discretizations allows for maximum efficiency, and
versatility in h/p-adaptive algorithms. The finite volume method is also examined as an
alternative to DG.

Time and space refinement are essential components of any large—scale inversion algorithm.
Spatial meshes can be locally refined or coarsened to accurately capture the solution features
in regions of interest. Similarly, adaptive time stepping allows for maximum efficiency in the
inverse solution algorithm, by varying the time steps according to the local temporal error of
the constraint equations. However, adaptivity introduces important challenges in the inver-
sion process. While the primal discretization may a priori be considered to be convergent,
numerical consistency and stability of the discrete dual or optimality equation variables are
not guaranteed. We give two extensions of the dual consistency concept explained by other
authors. First, we define dual consistency for the well-known space—time adaptive Runge—
Kutta discontinuous Galerkin discretizations. The dual consistency definition for the spatial
discretization cannot be readily extended to the time dimension. However, a careful analysis
of the weak form Runge-Kutta discrete adjoints, reveals that primal RK-DG discretizations
that are adjoint consistent in space, are also dual consistent in time. Numerical accuracy
order tests, for a two-dimensional data assimilation scenario, confirm the theoretical order

171
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results for the discrete space-time dual problem.

The second extension of the consistency framework addresses the third equation in the dis-
crete KKT set, namely, the optimality condition. We introduce the concept of consistency
for the discrete optimality equation, by extending the consistency definitions for the primal
and dual discretizations. In this framework, consistency and stability of the dual and opti-
mality discretizations imply the convergence of the discrete optimal solution to its analytical
counterpart. The discrete optimality equation does not inherit the consistency automati-
cally from the primal discretization. However, our analysis indicates that consistency and
stability issues with the discrete optimality equation may be resolved by consistent suitable
modifications of the target functional for the primal problem. The theoretical analysis is
supported by numerical results for a prototypical elliptic inverse problem.

Other essential components of adaptive inverse solution are error analysis and estimation for
local mesh coarsening and refinement. We consider a general elliptic problem. After suitable
consistent modifications to the target functional, the discrete optimality equation is subject
to an a priori error analysis that establishes consistency and stability. We extend previous
results on error estimation for parameter identification problems, to cover the more general
case of infinite dimensional controls. The implementation of the error adaptation algorithm
relies on the discrete first and second order sensitivity conditions. For computational effi-
ciency, we recommend that second order derivative information (the Hessian of the target
functional), be replaced with a quasi-Newton approximation that is provided virtually for
free as a by—product of the optimization process. The second order optimality conditions
can be generated from the first order KK'T set by automatic differentiation.

Future work will extend the a prior: KKT error analysis to more complex operators. With
the continuous improvements in state of the art computing systems, the solution of large scale
inverse problems can benefit from the increasing computing power through parallelization
of existing numerical algorithms. The degree of transfer in the parallelization properties of
the primal discretization, to the discrete dual and optimality equations, warrants further
investigation.

The discrete inversion framework described in detail in this dissertation is the first effort
at a completely discrete solution algorithm for adaptive inverse problems. The rules and
guidelines given herein can be applied to models of high complexity. The use of targeted
automatic differentiation will allow practitioners to significantly reduce development time
for the numerical solvers, with minimal post—processing required to restore accuracy in the
linearized equations. A prior: error analysis arguments similar the ones given in this work
may be used to establish consistency of linearized sensitivity equations for general nonlinear
problems. Adaptive mesh refinement can be guided by computationally cheap a posteriori
error estimates, to achieve both high accuracy in the optimal solution (the end goal in any
inversion algorithm), and locally capture fine scale phenomena, without compromising run
time efficiency.
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