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Abstract. A new and unified methodology for computing first order derivatives of functions ob-
tained in complex multistep processes is developed on the basis of general expressions for differ-
entiating a composite function. From these results, we derive the formulas for fast automatic
differentiation of elementary functions, for gradients arising in optimal control problems, nonlinear
programming and gradients arising in discretizations of processes governed by partial differential
equations. In the proposed approach we start with a chosen discretization scheme for the state equa-
tion and derive the exact gradient expression. Thus a unique discretization scheme is automatically
generated for the adjoint equation. For optimal control problems, the proposed computational for-
mulas correspond to the integration of the adjoint system of equations that appears in Pontryagin’s
maximum principle. This technique appears to be very efficient, universal, and applicable to a wide
variety of distributed controlled dynamic systems and to sensitivity analysis.

Keywords: Fast automatic differentiation; optimal control problem; differentiation of elementary
functions; rounding error estimation; parabolic system; hyperbolic system; adjoint equation; sensi-
tivity analysis.

1 INTRODUCTION

In 1970-1980 we developed a number of numerical methods and software for solving practical optimal control
problems. Our technique was based on the reduction of the original problem to the nonlinear programming problem
(NLP). This approach turned out to be very efficient for many reasons. It allowed the use of numerous sophisticated
NLP methods; many earlier heuristic methods developed for optimal control became evident; it permitted us to
solve complicated problems with delay, and with mixed phase and control constraints. We obtained formulas for
computing the first and second derivatives of the cost functional for the integration by Euler and Runge-Kutta
formulas of a system of ordinary differential equations that describe a controlled process. Using these results, we
created the library of algorithms for solving a wide class of optimal control problems [7, 8].

This paper extends our technique further to general complex computational processes. We apply the approach
to the optimization of distributed dynamic systems. The mathematical model of a controlled system and its initial
and boundary conditions are approximated by a corresponding optimal parameter selection problem which, in turn,
is viewed as a mathematical programming problem and hence can be solved by existing optimization algorithms.
Using our formulas, we derive the expression for the exact gradient of the objective functional. Once this is
accomplished, efficient gradient based algorithms for solving mathematical programming problems can be easily
applied to solving the parameter selection problem. These gradient algorithms usually require significantly fewer
iterations and function evaluations than derivative-free methods which only use function values.

Our computational formulas were similar to ones developed for fast automatic differentiation (FAD), used for
differentiating multivariate functions. Many publications have been devoted to the FAD technique. We refer
the reader to the proceedings of the first SIAM Workshop on the Automatic Differentiation of Algorithms held
in Breckenridge, Colorado in 1991 (see [10]). An overview of the history and the state of the art in automatic
differentiation and related techniques is given by Iri in [12]. In many cases, FAD is far superior to symbolic
differentiation or to divided differences approximation.

Having studied literature on FAD, we realized that the expressions which we used for computing a gradient
included the FAD formulas as a special case, where an explicitly defined elementary function was differentiated. It
turned out that our formulas are more general and could be used for gradient calculations in both explicitly and
implicitly given functions and for computational processes that arise from discrete approximations of continuous
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systems governed by ordinary and partial differential equations. Later we called these results “generalized FAD
formulas”. Our preliminary investigations in this field were published in [1, 5, 6, 7, 8].

In Section 2, we present general expressions from which we obtain the so-called “forward” and “reverse” dif-
ferentiation expressions as a special case. We introduce a new auxiliary function and use a canonical form which
turns out to be very convenient for the representing the generalized reverse differentiation formulas.

In Section 3, we consider the algebraic complexity of computing a function of several variables and its partial
derivatives with respect to all the variables. If FAD is used, then the ratio of the computer time for calculating all
partial derivatives of an elementary function to the time for calculating the underlying function value is bounded
above by 3.

In Section 4, we derive expressions for the gradient of a function defined by the solution of an initial value
problem for ordinary differential equation. We discretize the problem and, applying the expressions from Section 2,
we obtain the gradient by using forward and reverse computations. Going from the discrete to continuous case, we
obtain the gradient expressions well known in the theory of ordinary differential equations.

Similar results for optimal control problems are given in Section 5, where we describe a general approach
to approximating the infinite-dimensional optimization problem by a finite-dimensional problem. The dynamic
equations are discretized and the optimal control problem is transformed into a nonlinear programming problem,
which is solved by direct gradient numerical methods. We show that the reverse computation of the gradient
corresponds to integrating the adjoint system of equations that appears in Pontryagin’s maximum principle.

Our approach permits us to develop a new methodology for calculating the gradient in a controlled system
described by a partial differential equations (PDE) which we call the “state equation”. In Sections 6 and 7, we
derive the required exact functional gradient using the general expressions given in Section 2. We show how to
apply this technique in two simple cases of parabolic and hyperbolic controlled equations. The adjoint variable
formulations for computing the gradients for continuous systems were obtained in [21, 22, 23] based on calculus of
variations. In these and many similar papers, the adjoint equation technique is employed. The adjoint equations
are derived in the PDE form. This classic approach has a drawback — it is not clear how the state and adjoint
equations should be discretized in order to find the exact functional gradient for a chosen discrete approximation
of the state equation.

The difficulties in integrating the state PDE and adjoint PDE independently are described in numerous papers.
For example, in [16] the authors write, “it is difficult to pass from the continuous to the discrete formulation,
especially for nonlinear advection terms. This has led many researchers to use methods working exclusively from
the discrete equations of the model... it can be noticed that the problems to find the “good” gradient arise from
some of the nonlinear terms of the equation.” In [16], a special “matrix approach” was proposed to overcome these
difficulties.

In our approach, we start with a chosen discretization scheme for the state PDE and initial and boundary
conditions, then we derive the eract gradient expressions which involve adjoint variables. Thus we automatically
generate a unique discretization scheme for the PDE formulation of the adjoint equation. This technique appears
to be very efficient, universal, and it could be used for differentiation in numerous complicated distributed systems
and for sensitivity analysis.

2 GENERAL EXPRESSIONS

There are many ways to derive the formulas for differentiation of a composite function. Among these the
shortest and most general way is based on the well-known implicit function theorem. Suppose the mappings
3 :R"xR" - R"and W : R" x R"” — R" are differentiable. Let z € R" and u € R” satisfy the following
nonlinear system of n scalar algebraic equations:

D(z,u) = 0y, (1)

where Oy is the s-dimensional null vector.

We will use the following notation. For f: R"™ — R™, let fT denote the n x m-matrix, which ij-th element is
equal to 0f7/0z", and mean the first derivative of the vector-row f over the vector-column z. When m = 1, the
transposition sign in the vector-column f, is omitted. We use partial derivative for differentiation of an explicitly
given function (e.g. 8f/0x = f,) and total derivative for differentiation of implicitly definite composite function
(e.g., dQ/du).

We assume that the matrix ®7(z,u) is nonsingular. According to the implicit function theorem, system (1)
defines a continuous vector-valued function z = z(u) which is differentiable and whose derivative dz” /du, denoted

by N(u) € R™ " satisfies the following linear algebraic system:

@, (2(w), u) + N (u)@7 (2(u), u) = O, (2)




where 0,3 is the @ x § null matrix. Thus,
N(u) = =07 (2(u), u)[®] (2(u), u)] . 3)

As a rule, z and u are referred to as dependent and independent variables, respectively. The composite function
Q(u) = W(z(u),u) is differentiable and the gradient with respect to the independent variable u (the reduced
gradient) is equal to

dQ(u)/du = Wy (z(u),u) + N(w)W,(z(u),u). (4)

We introduce the Lagrange function L(z,u,p) = W (z,u) + ®7 (z,u)p with the Lagrange multiplier p € R", which
is required to satisfy the linear algebraic system:

LZ(Z(U), uap) = WZ(Z(U), u) + @Z(z(u),u)p = 0p. (5)

If the matrix ®7'(2(u),u) is nonsingular, then the vector p is uniquely defined by (5) and the formula (4) can be
rewritten in the form

d(u) /du = Wy (2(u), u) + @ (2(u), u)p = Lu(2(u), u, p)- (6)

Expressions (4) and (6) are mathematically equivalent, but from the computational point of view there is a crucial
difference. A slight variation in the way the function is differentiated will result in a drastic change in the efficiency
of computation. In the first case we use the auxiliary matrix IV; in the second case we use an additional Lagrange
vector p. We shall show that expression (4) corresponds to the so-called forward differentiation, and formula (6)
— to reverse differentiation.

Instead of system (1), let us consider a perturbed system

®(z,u) + e =0,,

where € is an n-dimensional vector.
Assume that this system defines a continuous function z = z(u, €). Taking into account (5), we obtain that the
Lagrange multiplier p(e) satisfies the following condition

W (2(u,€),u) + BT (2(u,€), u)p(e) = 0,,.
In view of (5), we have p(0,,) = p. Then, using (6), we find
a2, 2)/d= = p(c)

That is, the vector p that satisfies (5) is the sensitivity of the composite function Q(u,e) = W(z(u, ), u) to changes
in system (1), if the derivative is evaluated at the point € = 0,,.

Similar result was obtained in nonlinear programming (e.g., [3, p.70]) with an additional condition dQ(u,¢)/du =
0,-. Our results do not require this condition. Indeed, let us consider the following nonlinear programming problem:

minimize f(z) subject to g(z) + & = 0y,

where z e R, c=n+7r, eecR", f:R° >R, ¢g:R° = R".

Here 27 = [T, uT] and f(z) = W(z,u), g(z) = ®(2,u). A well-known constraint qualification (CQ) in NLP
is regularity, which requires linear independence of the columns of the constraint gradient matrix gZ'(z) at feasible
points. We use a weaker CQ, namely that the matrix g7 (z(u,e),u) be nonsingular. If this CQ holds, then the
Lagrange multiplier p(g) is uniquely defined. Substituting z(u,e) and p(e) for z(u) and p, respectively, we find
from (6) the total derivative of W (z(u,e),u) with respect to u. The derivative is zero only in stationary points
u = u,. As a consequence of the expressions above, the derivative of W (z(u,¢),u) with respect to ¢ is equal to
p(e) everywhere in a neighborhood of a stationary point w,. This is another distinction from the conventional NLP
analysis.

As we will show, all the formulas derived above can be viewed as a basis for a number of expressions for
calculating exact gradients in various complex problems and can be used in numerous minimization algorithms.

In multistep problems, the variables z and u are usually naturally partitioned into %k variables of lower dimen-
sionality:

T T T T T s m ,
e zi )y uh =[uug, vy, zeRY w e R O1<i<E

Under this assumption, relation (1) is split into k relations as follows:

zi =F(,Z,U;), 1<i<k, n=s-k, r=m-k,




where Z; and U; are given sets of variables z; and u;, respectively, and the index 4 takes integer values from 1 to
k. A more general case, when i € D C {1,...,k}, can be considered, but just for brevity, we suppose further that
D ={1,...,k}. For each i € D, we introduce two sets of indices Q; and K;, containing the indices of all variables
z; and u; belonging to the sets Z; and U;, respectively. Then

Qi={jeD:z€Z}, K, ={jeD:u;cU}
Let us introduce the conjugate index sets
Qi={jeD:z¢e€Z}, K, ={jeD:u U}
and the corresponding vector sets
Zi={2:7€Qi}, U={uj:jekK}

The definition of these sets implies that if z; € Z;, u. € U, (that is, if j € Q;,e € K,), then the following explicit
functional dependencies are valid:

2z =F(j,...,%,...), ze=F(e,...,uq...).

Therefore, the sets Q; and K; may be called the input index sets at i-th step, while Q; and K; are the output index
sets at i-th step.

Consider in (1) the mapping ®(z,u) composed of the mappings F(j, Z;,U;) — z;, where j € D. Denote
N;j = dz]T/dui e R™**. Then for process (7), we can rewrite (2) and (4) as follows:

Nij = FL(,Z;,U) + > NigFL (3, 25, U;),
q€Q;
dQ(u)/du; = W, (z,u) + Z Ni; W, (2,u).
jebD
With multiplier vectors p; € R® we introduce the new auxiliary function
E(Z,U,p) = W(z,u) =+ Z FT(jazjan)pj'
jeD

Now, to consider the multistep process, let us turn from nonlinear programming to optimal control. In the last
field the vectors z;, u;, and p; are called state, control, and adjoint variables, respectively. In the sequel we shall
use both terminologies.

It is very convenient to rewrite (7), (5), and (6) in the following canonical form:

Zi = E;Di (z,u,p),

Di = Ezi(za pr) = Wz,- (Z,U) + Z FZ(Q: Zq7 Uq)pqa
qeQ;

dQ(u)/du; = By, (z,u,p) = Wy, (z,u) + Z Fg (¢, Zq,Uq)pgs
qeK;
where i € D.
We say that z; is an output vector in process (7) if the index set Q; is empty. In this case, p; = W, (2, u).
If we regard each step of computational process (10) as a constraint with corresponding Lagrange multiplier p;,
then instead of E we can use the Lagrange function

L(z,u,p) = W(z,u) + > _[F"(j,2;,U;) - 2] Ip;.

jeD
The main expressions (10)—(12) can be rewritten as follows:
L;Di(zvu7p) =0, in(z7u7p) =0, dQ/duz :Lui(z,u,p).

The latter representation is traditionally employed for first-order necessary optimality conditions where the
statement L, (z,u,p) = 0 is added and all conditions acquire a symmetric form. Since the representation (10)—




(12) is based essentially on a particular structure of the mapping ® given by (7), this representation suits our
purposes better. Therefore, it will be used in sequel.

The multistep process (7) is said to be explicit if for every step j € D the input set @; is such that for any
element g € Q); the inequality ¢ < j holds. By definition, in this case two sets )1 and @, must be empty. According
to (8) and (10), each matrix N;; and each vector z; can be expressed for explicit processes by means of the already
computed in previous computational steps matrices N;, and vectors z,, respectively, where 1 < ¢ < j. Expression
(9) yields all required derivatives. We say that all matrices N;; and derivatives (9) are computed in forward, or
bottom-up, or from left to right, or contravariant mode. During their computation the index j increases from 1 to
k.

Let us show that if the multistep process (7) is explicit, then for all i € D the output set Q; is such that for
any element ¢ € Q; the inequality i < ¢ holds. Assume the converse. Then there exists ¢ € Q; such that ¢ < i. It
means that ¢ € Q,. But taking into account that the process (7) is explicit we obtain that ¢ < ¢g. The contradiction
proves the statement.

In the last computational step of explicit process (7) we obtain a vector z; which does not belong to all sets
Qi, 1 <i <k and, therefore, zj is output vector in process (7). From (11) we obtain

pr = W, (2, u). (13)

Hence starting from ¢ = k we can sequentially find from (13), (11) all vectors p; and using (12) compute all
derivatives. We say that all vectors p; and derivatives are found in the reverse, or backward, or top-down, or
from right to left, or covariant mode, which means that i decreases from 7 = k to 4 = 1. This makes the explicit
processes very simple for computations, they are very often used for solving discrete optimal control problems,
where continuous differential equations are integrated using explicit numerical schemes. But sometimes we have to
deal with implicit formulas. The simplest example of such case is the process (34) given in Section 5.

There is an interesting graph representation for the computational process of evaluating functions and their
derivatives (see for example [12]). The process is visualized figuratively and graphically. However, applying this
technique to an implicit scheme is more complicated. There is a cyclic computational graph and we have to use our
unified approach based on expressions (10)—(12), where we did not postulate the explicitness of the computational
process (7). If implicit integration expressions are used, then at each step ¢ we have to solve the system of nonlinear
equations (7) and find the vector z;. Next, from the linear algebraic systems (8) and (11), we obtain N,; and p;,
respectively.

We should emphasize that there is an important difference between our expressions (8)—(12) and the well-
known “forward” and “reverse” differentiation formulas. Our expressions reduce to the latter when process (7) is
explicit. In the general case, our expressions could not be called “forward” or “reverse”. The difference occurs
when the equation (7) is implicit. In this case, the computation p; requires solving the system of linear equations
where the vector p; appears on the left and right-hand sides of (11). Similarly, the matrix N,; appears on both
sides in (8). Therefore, we cannot define N;; and p; sequentially. We have to solve all linear algebraic equations
(8) or (11) simultaneously.

Let us introduce the so-called z-graph and p-graph. Both these directed graphs have k£ nodes, each node is
numbered from 1 to k. Nodes are connected by some of possible edges, which are directed by arrows. In z-graph
at each i—th node we have edges coming out of all nodes whose numbers belong to the index set @;. Similarly in
each i-th node of p-graph we have edges coming from the nodes whose numbers belong to Q;. This way in z-graph
at each i-th node we define all vectors z; € Z; which are required in (10) to calculate z; (input data). Analogously
in p-graph at each i-th node, the incoming edges determine all vectors p;, j € Q; which are required to calculate
p; in (11). If i € Q;, then we have a loop from node to itself. Assume that ¢,j belong to D, then j € Q; if and
only if i € @;. We obtain this property from the following functional dependency:

Zi:F(Z',...,Zj,...).

Hence z-graph and p-graph are the same except the directions of edges which are, respectively, opposite.
Both graphs can be called “informational graphs”, because they illustrate the structure of dependencies between
components of vectors z; and p;, respectively. Beside these graphs two computational graphs must be defined, which
describe the sequence of computations. These graphs are apparent in explicit case (from left to right for computation
z; and opposite for p;). In general case we confront loops, which may contain many nodes (subsystems of nonlinear
equations) and computational graphs are not trivial. We should mention that the “computational graph” described
in [12], coincides with z-graph defined above.

Suppose that at each step of process (7) we determine every state vector z; with error ;. Thus, instead of (7)
we use the following formula:




The auxiliary function can be written as

E(z,u,e) = W(z,u) + Z[FT(j, Z;,U;) + Ejr]pj.
jeD

The both vectors z; and p; have the same dimensionality. If process (14) is explicit, then the vector ¢; is the
machine precision of an arithmetic computation of the vector F(i,Z;,U;). In the implicit case, the error norms
|les]] tend to be much larger and are mainly determined by the accuracy of the solution to the nonlinear equations
(14). The solution is denoted by z(u,¢) since it is a composite function of the vector u and the error vector
el =[eT,el, ... eT]. Therefore, we can write Q(u,e)=W (2(u,¢),u).

Let us use the canonical equations (10)—(12). Consider ¢; in these expressions as a component of the vector w.
We obtain exactly the same expressions as (11) and (12). Substituting z(u, €) in (11), we obtain p(u, ). Moreover,
we find that the gradient of  with respect to €; is given by p;(u,e) = dQ(u,€)/de;. The vector p; corresponding
to the process (7) can be defined by

pi = dQ(u,0,)/de;. (15)

Suppose that the vector u is given with an error and that, instead of u, we use @ = u + 4. Then for process
(14) we have

k
0, €) — 2w,0) = Sl 0,25) + (2,5 )]-+ Ol + 61P) (16)
i=1 ¢

where the derivatives of {2 with respect to u; are obtained from (12) and (a, b) denotes the inner product of vectors
a and b. This estimate can be used instead of a laborious interval analysis. Theoretical and practical aspects of
error estimation were investigated by Iri [13].

The formulas (15), (16), and similar expressions below have been used often in debugging various programs for
computing vectors p;. In problems where the differentiation of functions F' is difficult, the codes for calculating the
adjoint variables according to (11) are not correct at times, and we must use an alternative method for computing
the sequence p;. Here we describe one approach for finding p; without solving system (11).

Suppose that the s-th component pj of the vector p; must be checked. Let £ denote a vector with all zero
components except the s-th component, which is equal to the s-th component & of the vector €;. The function
Q(u, ) is differentiable with respect to € at € = 0,,. Therefore, owing to (16) we have

Qu, &) = Uu,0,) + pjei + O((7)7).-

Hence pj is a derivative of Q with respect to € at the origin. Thus we can generate an approximation to p; by
computing perturbed process with different e and using the divided differences:

ps ~ [Qu, &) — Qu,0,)] /5.

Unfortunately, several computations of process (7) are necessary before a reasonable approximation to p{ can be
obtained.
Throughout the reminder of this section we consider explicit system (7). Let us denote

W (21, 22, oy 2, u) = W(z,u).

Using (10), we express the last state vector zj via the previous vectors and substitute this expression in W. We
now define a new function

Wk_1<21, 22y eeey Rl—1, u) = Wk(zl, 29y auey Zkfl,F(k, Zk, Uk),u).

Analogously, by reverse recursion, we define a sequence of scalar functions W* as
W (21, 22y oy 2is ) = W21, 20, 0 25, F(i + 1, Zig1,Usy1),u), 1<i<k-—1,
WO(u) = W (F(1, Z1,U1), u).
Here we realized a process of sequential elimination of the state vectors z;.
Theorem 2.1 Suppose that

1. all mappings F(i,Z;,U;), 1 <1i <k, and scalar function W are differentiable with respect to the vector z
at the point z, which is found from (7);

2. the multistep process (7) is explicit.




Then all vectors p; are uniquely defined by (5) and they are equal to
pi = OW' (21,20, ..., 2i,u) [0z, 1<i<k.
Proof. Consider the matrix ®7'(z,u) for explicit process (7). Define s x s submatrix
Yi; = 0(F"(j, Z;,U;) — 2 ) [ 0zi.

It is obvious that Y;; = Oy, if j < 4. If ¢ = j, then Y;; = —I,, where I, is the identity ¢ X ¢ matrix. Hence Yj;
is an upper triangular matrix and equation (5) can be rewritten as follows

k
STFEL GG, 25, Uppy —pi+ W (z,u) = 0,, 1<i <k (19)

i=i

The absolute value of determinant of the matrix ®7(z,u) is equal to one therefore this matrix is nondegenerate
and we conclude that the linear algebraic equation (19) has unique solution for any explicit process (7). Taking
into account the definition of the conjugate index set, we obtain that the system (19) can easily be solved by using
backward formula (11) with terminal condition (13). Thus (11) gives us the solution of (19). It is similar to “back
substitution”, which is used in the method of Gaussian elimination for solving a system of linear equations.

Differentiating (17) with respect to z; and using the chain rule, we obtain

6Wi(2,‘1, B2y e ey Ziy’u‘)
8zi

OWI (z,u)
6Zj ’

:Wzi(zvu) =+ Z FZ(]? Zj7Uj)
JEQi

1<i<k. (20)

From comparison expressions (11) and (20) we conclude that (18) holds. This completes the proof of Theorem 2.1.
O

Below we consider various examples that illustrate the characteristic properties of the different approaches
presented for evaluating gradients. For explicit processes in many cases the reverse mode of computation has an
advantage over the forward mode.

3 DIFFERENTIATION OF ELEMENTARY FUNCTIONS

The expressions presented above cover a wide range of problems. In this section, we apply them to differentiating
elementary functions.

The functions a® (a > 0), 2%, log, = (a > 0, a # 1), sinz, cosz, tan x, cot x, arcsin x, arccos z, arctan x, arccot &
are called main elementary functions. We assume that the codes for calculating the main elementary functions and
their derivatives are stored electronically and the calculations are carried out exactly (or with machine precision).
One can add new functions to the list of the main elementary functions, if necessary.

Assume that a real-valued function f(u) is given explicitly. We say that a function f(u) is an elementary
function if it can be represented as a finite composition of main elementary functions and arithmetic operations.

Suppose that we have to calculate partial derivatives of a scalar-valued function f(u), u € R" with respect to
all components u;, 1 < i < r. The function f is assumed to be a differentiable elementary function. Therefore,
f(u) can be defined by a sequential program. We introduce a new vector z € R* of intermediate variables. The
evaluation of f(u) is now carried out as a k-step computational process:

leF(l,Zl,Ul), ZQZF(Q,ZQ,UQ),..., ZkZF(k,Zk,Uk,), (21)

where all z; € Rl, zr = f(u); Z; and U; are sets of some components of the vectors z and u, respectively; Z; is
empty. The sets Z; consist of the already computed quantities z; with j < ¢. In other words, f is the composition
of basic operations whose derivatives are assumed to be computable for all arguments of interest.

We introduce scalars p; € R" and define the function

k
E(z,u,p) = W(z) + Z F(i, Z;,U;)p;.

i=1
In (10)—(12) we set W (z) = zj, therefore, (13) yields p = 1. Using (11) and (12), we find the gradient of f(u)

in reverse mode. In this way we obtain the following expression for FAD:

pi = Z Fg(qv Zg, Uq)pqa af(u)/a“i = Z Fg: (q, Zg, Uq)pq- (22)
q€Q; qeK;




Many publications analyze various algorithms for automatic differentiation from the point of view of the alge-
braic complexity of the computation, i.e., the total number of arithmetic operations required to compute a function
and its partial derivatives. For results in this field, we refer the interested readers to [2, 9, 10, 11, 12, 13, 14, 15]
and the relevant references cited therein.

Let Ty denote the total time required to calculate the value of the underlying function f(u). Let T, denote the
additional time required for computing all partial derivatives 9f(u)/0u;, 1 <i <r.

Theorem 3.1 Suppose that
1. f(u) is an elementary scalar-valued differentiable function of the vector u € R";

2. the time for computing the derivative of each main elementary function is less than twice the time required
to evaluation the main elementary function itself;

3. the time required for memory processing and for execution of the assignment operator is negligible.

If the formulas (22) for fast automatic differentiation of f(u) are used, then the gradient f, is exact and the
ratio R =T, /T is bounded above by 3.

For comparison, recall that if we approximate the derivatives by divided differences, this ratio is R = r, and the
gradient is not exact for any nonlinear scalar function f. The Theorem 3.1 is proved on the basis of the approach
developed in [10, 11, 12, 13, 14].

Let us consider a simple example of an elementary function

flu) = e“* ™2 4 sin(uy + ug)?.
The evaluation of this function is represented as the sequence of computations

21 = U1+ ug,
29 et

23 (21)27
24 sin 23,
25 = 22+ 24.

We introduce the Lagrangian multipliers and function E:

E(z,u,p) = z5 + p1(u1 + u2) + p2e™ + p3(21)? + pasin 2z + ps (22 + 24).

The reverse computation of multipliers is represented by

p1 = p2e®t + 2p32,
D2 Ps,

b3 D4 COS 23,

D4 Ds,

Ps = 1

Solving this linear system, we obtain
pr=e*' +2z1co823, py=ps=ps=1, p3=coszs.

Therefore, (12) yields
df (u)/duy = df (v)/dug = €“* 2 4+ 2(uy + ug)cos(uy + uz)?.

In reverse direction we define the sequence of functions W* and their derivatives:

W5 = Zb5, 8W5/8Z5 = 1,

w4 22 + 24, 8W4/324 1,

w3 Zo + sin z3, OW?3 /023 COS 23,

w2 2o + sin(21)?, OW?2/02, 1,

wt e* + sin(z1)?, OW'/0zy = e*' + 2z cos z3,
wo = f(u).

It is obvious that (18) holds.




4 DERIVATIVES WITH RESPECT TO INITIAL CONDITIONS

The expressions for the forward and reverse modes of differentiation should not be considered as a stand-alone
topic in mathematical analysis. In this section we present similar results which were obtained in the theory of
ordinary differential equations. These results can be derived from expressions given in Section 2. We briefly
illustrate how this can be done. To compare the forward and reverse modes of differentiation, we consider the
simplest problem in which we have to differentiate a function W (z), z € R" with respect to initial condition of a
solution of ordinary differential equation.

Let the process be described by the following system of ordinary differential equations:

dz/dt = f(z), Ty <t<Tp. (23)

The solution of (23) is a function z(t,71,21), with initial condition z(Ty,Ty,21) = 2z;. Assume that for each
z the right-hand side of (23) is a continuously differentiable function of z and satisfies the known existence and
uniqueness conditions for solution of Cauchy problem for the equation (23). In this case for all T} <s<t< Ty
we have
2(t, T, z1) = 2(t, 8, 2(s,T1, 21)).

We will find the derivative of the composite function Q(z1) = W (z(Ts,T1, 21)).
By applying Euler numerical integration method, we obtain the following discrete approximation of continuous
system (23)
z21=u, 2 =z-1+hf(zi-1), 2<i<Ek,

where h = (To — T1)/(k — 1).
In discrete case Q(z1) = W (2z). Denote N; = dzT /du, 1 <i <k, N; € R™*". Then, using (8), we obtain
Ny=1,, N,=N,_ 1+ hNiflsz(Zi), 2 <i<k. (24)

. Introducing the auxiliary function

k
E(z,u,p) = W(zi) +plu+ Y pl (zi-1 + hf(zi-1)),

i=2
and using (11) and (13), we obtain the difference equations for vectors p; € R":
pi = pit1 + hfE(zi)pis1, Pe=Wa(2), 1<i<k-—1. (25)

According to Theorem 2.1 the vector p is uniquely defined by (25). The desired gradient can be computed by either
of the two formulas:
dQ(z1)/dz = NyW,, (21), dQ(z1)/dz1 = p1.

For continuous process described by (23) we define a n x n matrix-function

dzT(t, Ty, 21)
le

N(t) =

with the initial condition N(T1) = I,,. In the limit, as h — 0 and k£ — oo, we find from (24) that the resulting
continuous trajectory is described by the following matrix differential equation:

AN (t)

o = N (2(t, T, 21)). (26)

Using (25), it easy to show that in the limit as h — 0 and k — oo, the adjoint (or costate) vector p(t) satisfies the

following vector differential equation:
dp(t)

P = Tt T, 2))e0), (27)
here we defined a n-dimensional vector-function p(t) with the terminal condition

p(Tz) = W, (2(T2, T1, 21)). (28)

The equations (26) and (27) appear in publications devoted to the theory of ordinary differential equations [4].
Equation (26) can be found by differentiating both sides of equation (23) with respect to z;, and using the chain
rule.




As in the discrete case above, the gradient of the composite function 2 can be computed in two ways. The
first computational process (from left to right) is based on the integration of differential equations (23) and (26)
forward in time from ¢ = T} to t = T» for the given z; and initial condition N(7T}) = I,,. The other one is based
on the integration of differential equation (27) with the terminal condition (28) backward in time from ¢t = T» to
t =T (from right to left).

The gradient of 2 can be computed, respectively, by one of the two formulas:

dQ(zl)/dzl == N(TQ)WZ(Z(TQ,Tl,Zl)), dQ(zl)/dzl == p(Tl)

The last expression was obtained in [13]. Both expressions give exactly the same result, but in the first case, we
have to integrate the matrix system (26), which consists of n? scalar differential equations. In the second case, we
integrate vector system (27) which consists of only n scalar differential equations. Thus the second approach will be
n times less costly than the first one. The formula (27) can be used for numerical solution of two-point boundary-
value problems. The technique is based on the multiple back-and-forth shooting method which transforms a given
boundary-value problem into a sequence of initial-value problems. The method involves forward integration of (23)
and backward integration of (27).

The vector p(T7) is a total derivative of the function W with respect to initial condition z;. We can take as an
initial condition for system (23) at time ¢ the state vector z(¢,¢,2(¢,T1, 21)). The solution of (23) initiating from
this point will be the same as a solution z(t, T}, z1) of (23) (because of uniqueness of the solutions passing through
the point z(¢,t,2(¢,T1,21)) at time t). The same function p(t) will be found from integration the adjoint system
(27) with the terminal condition (28). Consequently we obtain that the total derivative of W with respect to new
initial condition is equal to
AW (2(Ts, t, 2(t, T1, 21)))

dz(t, Th, z1) .

This result is similar to (15) and (18) but in contrast to general case considered in the second section it gives us a
very simple, clear explanation of vector-function p(t) and it can be also used for debugging computational codes.

We should mention the less common case where forward differentiation is less time consuming than backward
differentiation. This case arises when we need to find the gradients of m functions Q%(z;) = B*(2(Ts,T1, z1)), where
1 <i<m. We define N(T3) from (26), and all gradients are found as follows:

p(t) =

dQ%(z1)/dz1 = N(T3)B:(2(Ty, T1, 21)).

Therefore, if m > n, then the forward mode is more efficient than the reverse mode.

5 THE OPTIMAL CONTROL PROBLEM

Optimal control theory has been formalized as an extension of the calculus of variations. It has many successful
applications in various disciplines ranging from mathematics and engineering to economics, social and management
sciences. Many numerical methods for solving optimal control problems have been proposed, and the research
continues, especially in the field of nonlinear problems.

The basic optimal control problem can be described as follows. Let a process be governed by a system of
ordinary differential equations:

dZ/dth(t,z,u,f), Tl StST% Z(TlaTlvzl):zh (29)

where the state vector z € R", the control u is an arbitrary piecewise continuous function of ¢ having its values in
U. The feasible set U is a given compact subset in the space R". The vector of design parameters is £ € V c R”.
As a rule, the scalars T, T5 and vector z; are fixed. If T7, 15, z; must be optimized then we include them into
vector &.

The problem is to find a control function u(t) € U and a vector of design parameters £ € V that minimize the
cost functional W (z(Tz,T1,21),§), subject to mixed constraints on state, control and vector of design parameters:

g(t,z(t),u(t),{) = 05 q(t,z(t),u(t),{) S 0, Tl S t S T2~

As arule, this problem is reduced to a mathematical programming problem by using the control parameterization
technique. As an example, we consider here the simplest discretized version of (29), which is given by the Euler
formula

Zi = zi—1 +hic1f(tio1, zic1,wim1,8) = Ftiz1, zim1,ui—1,€), (30)

k
where Z hi1=To—T1,0< hs, t1 =Ty, tp, =To, t; =t;_ 1+ hi_1,2<i<k.
1=2
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Thus we approximate the control by a piecewise constant function. We take into account the mixed constraints
at each grid point:
g(ti7zi7ui7£) :07 q(tivziuuiag) SO, 1 SZ S k. (31)

Now the objective function is W (zy, &) and the auxiliary function is expressed as

k

E(z7uup7 é-) = W(Zk,g) + ZFT(ti*17Zi717uifl7€)pi-
=2

Discretizing control and constraints, we arrive at the following parameterization-discretization scheme for an
approximate solution of optimal control problem.

Minimize W (zg, &) with respect to u; € U, 1<1i <k, and £ € V, subject to mixed constraints (31).

In order to apply NLP solvers to this problem we must have an efficient algorithm for computing the first order
derivatives of the objective and the constraint functions. Applying the results of Section 2, we find that all vectors
p; € R" and the derivatives of Q(u, &) = W(z,£) can be calculated from

Pi = Pit1 + hifi (ti 2w, Opipr, 1<i<k—1, pr = W2, (2, §),

dQ/du; = hifL (ti, 25, wi, E)Pit, 1<i<k—1, dQ/duy, = 0,
k
dQ/dE = We(zk,€) + Y FE (tio1, 201,01, E)pi,
i—2

p; = dW (2, &) /dz;, 1<i<k-1.

The finite-dimensional approximate problems are solved by standard or adapted nonlinear programming meth-
ods (penalty function method, modified Lagrangian, gradient projection method, linearization, interior point tech-
niques, etc.). The gradient methods have been successfully implemented and have been found to be more effective
and robust than derivative-free methods. Second derivative methods are most attractive, but suffer from high
dimensionality.

To solve the discretized problem by standard nonlinear programming methods we introduce additional functions
(for example, a penalty function, the Lagrangian, the modified Lagrangian and so on). According to (11)— (12),
the expressions for computing their derivatives will be similar to (32) if instead of W we substitute these functions
and take into account all nonzero derivatives W, W¢ and W,.

If we use a differentiable exterior penalty function with penalty coefficient 7, then the function F is defined as

follows:
k

E=W(z,&) + ZFT(QA,thuiflaf)PrF
i=2
k

+7 Z[Ilg(ti,zi,ui,f)IIQ + llgs (t, 22, wi, )17,

i=1

where a denotes the vector in R’ with components

(ay)" = max[a’,0], 1<i<lI

The expressions for computing gradients of the objective and constraints are derived via the adjoint system
for the Euler and Runge-Kutta discretization schemes in [7]. These expressions and similar results for second
derivatives were used for solving the optimal control problem with mixed constraints by gradient and Newton’s
methods. The implementation of expressions (32), a short description of an optimal control package, and some
numerical illustrative examples are given in [7, 8].

In the limit as h; — 0 and k — oo, we find from (32) that the function p(t) satisfies the following differential
equation:

p=—fItzudp p(To) = W.(2(Ts, Ty, 21),6). (33)

This is the so-called costate (or adjoint, or conjugate) equation, which is used in Pontryagin maximum principle
[18]. The adjoint system is integrated backward in time, from the ¢ = T to t = T.
If system (29) is stiff, we have to use an implicit integration scheme [20]. For example, the application of the
implicit Euler formula leads to
zi = zi—1 + hif(ts, zi,u, &), 2<i<k. (34)




Although we have to solve a system of nonlinear equations at each step in this case, we can take a much bigger
step size h; in (34) than in (30). We obtain the following discrete costate equations from (11):

pi = Pis1 + hi f1 (ts, 2o, wi, €)pi, 2<i<k-1,

pr = W, (28, &) + hi f 1 (e, 21, Uk, )i
Hence all vectors p; are found from implicit linear algebraic system. The gradient expressions become
dQ/du; = hifL (ti,zi,u3,)ps, 2<i<k, dQ/du;=0.

In the limit (h; — 0, kK — 00) we obtain the same expressions as given in (33).

In some publications, the gradients are found from necessary optimality conditions by discretizing the initial
and costate systems. In this case, some errors may arise. Indeed, if we simultaneously discretize the system of
ordinary differential equations (29) and (33) using the Euler scheme, then we obtain (30) and

Pi+1 :pz_hzfg,j(thwuwg)p’u 1§’L§k_1a

dQ/du; = hifg; (ti, ziy uis §)pi-

These expressions do not coincide with (32) and therefore the gradient based on this approach is not correct. If
h; is rather small then the difference between this expression and exact expression (32) is O(h?). But the error
in the gradient calculation is not desirable when we use sensitive minimization algorithms (for example conjugate
gradients) or when the step size h; is not small enough.

We emphasize the following important conclusion. When we deal with optimal control problems, the discretiza-
tion of the costate equation must correspond to the integration scheme of the initial system. It should not be
performed independently. The same is required in the case of more complicated processes described by partial
differential equations. However, these requirements are not as obvious there as in the case of ordinary differential
equations.

6 THE OPTIMAL CONTROL PROBLEM OF A PARABOLIC
SYSTEM

Optimal control theory for distributed parameter systems has been extensively studied in [17, 21, 22, 23] and
in many others research publications. In this and in the next sections we will show that our approach gives us
a new methodology for finding exact gradients in complicated controlled systems governed by partial differential
equations.

We discretize the infinite dimensional optimization problem to obtain an approximate finite dimensional non-
linear programming problem. The determination of the functional gradient is done using the adjoint variable
formulation.

Consider, as an example, the second order parabolic heat equation

0z(x,t) 2 0%2(z,t)

ot 922 +u(z,t), 0<z<l, 0<t<T,

where z(z,t) is the temperature at time ¢ at a point « and u(x,t) is a distributed control.
The initial and boundary conditions are given by

2(2,0) = p(z), 0<a<l,

0z(0,t)
ox

where g(t) is a boundary control.
The problem is to find control functions u(z,t) and g(¢) that minimize the cost functional

=0, vig(t) — z(L,t)], 0<t<T,

W= /l\I/(z(s,T))ds,

where ¥ is continuously differentiable with respect to its argument.
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For given control functions u(x,t) and g(t), we solve equation (35) with conditions (36) and (37), and then
substitute this solution into (38) to evaluate W. This value is a composite function of u and g. Denote it by
Q(u, g).

Since the optimal control cannot be obtained as an analytic solution of the necessary and sufficient optimality
conditions, we attempt to find it numerically by minimizing  via a descent algorithm. We are thus faced with
computing the gradient of the cost functional for which we apply the expressions given in Section 2. The problem
is discretized by a finite difference approximation scheme. For the simplicity, we use a uniform grid and denote

z; =1iAx, t;=jAt, i=0,...,k, 7=0,...,m,

Az =1/k, At=t/m, zg:z(iAm,jAt), uf:u(iAm,jAt),
i = p(iAz), ¢ =g(jAt), i=0,....k, j=0,...,m

Let us discretize the parabolic equation (35) with an explicit forward Euler scheme in time, a centered scheme
in space and use the simplest discretization in the vicinity of boundaries. Then the cost functional (38), the
differential equation (35) and the conditions (36), (37) are replaced by

k
W= Az Z o U (2 (39)

(=202 T AT ) AT, 1<i<k-1, 1<j<m,
E i=0, 1<j<m,
pz,_y + prlzg?, i=k, 1<j<m,
Pi, OSZSkv ]:07

where «; are the quadrature coefficients, A = a®At/(Az)?, p=1/(1 + vAz).
We introduce the adjoint variables p! and the auxiliary function

k—1 m
E=W+> > [ =202+ A& + 200 + Atud 7 'pl+

i=1 j=1

m

+Z zlpo—l-u z,c 1+1/Aq:g —|—Z<p1pz
j=1

Applying formula (11) we obtain

(1 =22l 4+ Al + pzjll) 2<i<k—-2, 0<j<m-—1,
(1 =200 +pl + Aphtt, i=1, 1<j<m-—1,
(1 2A)pﬂ+1+upk+Ap;+§, i=k—1, 1<j<m-—1,
ALY m 4 POt 4 uporT 0<i<k, j=m
(1—2,\)p1+/\pl+1, i=1li=k—1, j=0,
)\p , 1=0, 0<j<m-1,

where 67 =1 if a = 33, else 62 = 0. Then, using (12) we find the derivatives

dQY/du? = Atpltt, 1<i<k-1, 0<j<m-—1,

dQ/duO—dQ/duk—O 0<j<m-—1, (41)
dQ/du™ = 4 0<i<k,

dQ/dg’ = /wAwpi, 1<j<m.

According to [19], the discrete approximation (40) is stable only if A < 1/2. We can replace it with the more
complicated implicit scheme which is stable for all A:
2 =2 AT - 220 ) AT

In the interior region, the vector p is now defined by the difference equation
) , . ,
Pl =p" + Mpl 2] +ply).

13




If we let k — oo, At — 0, Az — 0, then in both cases we find that the function p(z,t) satisfies the following

conditions: Op(z. 1) o2 (2.1
p .’L',t 2 p w7t

ot U on
p(z,t) = U, (2(z,T)), 0<z<l,

9p(0, 1) Op(L,t)
— =0, —F I,t)=0 0<t<T.
5 » g, Trpbt) =0, <
Discrete approximations of all these conditions were obtained on the basis of (11) and, therefore, (41) gives us
the exact gradients for the discretized process (40). Equation (42) is conjugate (or adjoint) to (35).

The gradients of the cost functional for the continuous problem are given by

=0, O<z<l, 0<t<T, (42)

dQ/du(z,t) = p(x,t), dQ/dg(t) = va’p(l,t). (43)

Using the expressions widely used in classical calculus of variations, we can rewrite (43) in the following standard
form:

T I z
50 = / / p(x, t)ou(x, t)dadt + va’ / p(l,)dg(t)dt.
00 0

This clarifies notation (43). These functional derivatives were obtained in [23] by calculus of variations.

7 THE OPTIMAL CONTROL PROBLEM OF A HYPERBOLIC
SYSTEM

Consider now a dynamical system described by the linear hyperbolic partial differential equation

9%z(x,t ?z(w,t
100 @28 e, 0<a<t 0<i<r,

with the initial and boundary conditions
2(x,0) = (), 2z(z,0) =¢*(x), 0<z<l,
2:(0,t) = g1(t), z.(l,t) = g2(t), 0<t<T.
Controls u(z,t), g1(t), g2(t) are chosen to minimize the functional:

l

W= /\I/(z(s,T),zt(s,T))ds,
0

where the function ¥ is continuously differentiable with respect to its arguments.
Replacing the continuous optimal control problem by its discrete version, we construct an approximation

k
W = AxZai\IJ(zlm, (2" — 2" Y /A,
i=0

2(1-N)z = TN AT AT, 1<i<k-1, 2<5<m,
7 —Axgl, i=0, 1<j<m,
2y T Azgy, i=k, 1<j<m,
1 0<i<k, j=0,
2) + Aty 1<i<k—1, j=1,
where \ = a?(At)?/(Ax)?, p! = pl(iAx), p? = p?(iAx), g{ = g1(jAD), gg = g2(jAY).
Applying here the results of Section 2, as in the previous section, we define
E=W+> > 20 =Nz =272 + MG + 270 + Aftu]pl+
j=2

=1 j=




k—1
— Awg))ph + (214 + Awgd)pt] + Z oip) + Y (20 + Atp?)p;
1=1

The adjoint variables are found from the following discrete algebraic difference equations

201 — N)pitt — p! +A(pj+1+p{jll) 2<i<k-2 1<j<m-2,
21— \)pj*t - ’+2+>\p + P}, i=1, 1<j<m-2,
21— Np =l P2l pl =k -1, 1<j<m-2,
ALY + App ok, i=0, i=k 1<j<m-2,
Wi +2(L=Np + AMpty +plt),  2<i<k—2, j=m-—1,
W, + 5 +2(1 = Npf + Mg i=1, j=m—1,
W5 +pp, +2(1 = N)pj* + Ap 4, i=k—1, j=m—1,
Wz;+ApT5°+ApL” L0F, i=0, i=k j=m-—1,
Wz7”+p051+pk5kl 0<i<k, ji=m,

pt =12, <i<k-1, j=0,

0 :

The required derivatives are defined by

dQ/dul = At?p] ™t

4/ dul) = dQ/dul, = 0,

d0/dul = dQ/dul =0, |
dQ/dg] = —Azp}, dQ/dgl = Axpl,
dQ/dg® = d$/dgd = 0.

If we let k — oo, At — 0, Az — 0, then the conjugate equation and boundary conditions are given by

2 t 2 t
8];(;27):a26g(m‘2’)’ O<£C<l, 0<t<T’

WO _ o LY _, 0<t<T.
Ox Ox

As earlier, we have automatically obtained the discrete scheme of the adjoint equation (45) and initial and bound-
ary conditions which yield an exact gradient. Once the exact derivatives of the discretized cost functional are
determined, the minimization can be performed by using any available gradient algorithm. Thus, we don’t see any
necessity to choose a special finite-dimensional approximation of (44) and other conditions in order to get “a good
discretized gradient”, which is the main aim of many publications including the cited paper [16].

8 CONCLUSION

We have described a technique that provides a unified tool for computing the gradients for complex systems
defined by explicit and implicit expressions. The proposed approach requires only a solution of the linear costate
system after the cost function is evaluated. The approach provides an opportunity to evaluate relatively easily the
exact gradient of the cost function for the chosen discrete approximation of a continuous process.

The technique used above is by no means restricted to the described problems. It can be applied to problems
that involve other types of distributed parameter systems and can be used for sensitivity analysis.

In order to distill our technique we have applied the proposed approach to the problem considered in [16] and we
have obtained some illustrative computational results. The corresponding paper has been accepted for publication
by the Journal on Computational Mathematics and Mathematical Physics and it will appear there late in 1997.

In conclusion, I would like to agree with M. Iri who wrote in [12] to the effect that the automatic differentiation
technique is a fundamental tool for the future computations in science and technology, and it is a most worthy area
of investment in research and development.
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