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Abstract

In an earlier study it was proven and experimentally confirmed on a 2D Euler code
that fixed point iterations can be differentiated to yield first and second order derivatives of
implicit functions that are defined by state equations. It was also asserted that the resulting
approximations for reduced gradients and Hessians converge with the same R-factor as the
underlying fixed point iteration.

A closer look reveals now that nevertheless these derivative values lag behind the functions
values in that the ratios of the corresponding errors grow proportional to the iteration counter
or its square towards infinity. This rather subtle effect is caused mathematically by the
occurrence of nontrivial Jordan blocks associated with degenerate eigenvalues. We elaborate
the theory and report its confirmation through numerical experiments.

1 Introduction and Assumption

The effect to be analyzed arises in the context of design optimization by what has been called
piggy-back optimization [2]. Design optimization problems are distinguished from general non-
linear programming problems (NLP) by the fact that the vector of variables z is a priori par-
titioned into a state vector y € Y and a set of design variables u € U. For application of this
scenario in computational fluidynamics see for example [7], [5], [6], and [4]. Throughout we
assume that the "user” has provided an iteration function

G:YxU—=Y
that is contractive with respect to an inner product norm on Y so that forallu € U and y,y € Y

1G(y,u) = G(g,u)|| < elly — gl

Here o < 1 may vary continuously as a function of the design v and its exact size will usually
not be available to a practical algorithm.

As an immediate consequence it follows by the Banach fixed point theorem that for fixed u
and any initial yo € Y the sequence {yj} generated by

Yk+1 = G(yr, u)

must converge to the unique fixed point y. = y.(u) with y. = G(y«,u). In other words, the
assumptions made so far ensure that one can obtain for any u a solution y,(u), a process which
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one may call "simulate” the underlying system. In a practical simulation the variables u and y
will often be restricted to open subsets of the spaces U and Y, respectively.

In order to progress from simulation to design we require more smoothness of GG, namely,
that it is at least once continuously differentiable in the joint variable vector (y,u). The same
assumption will be made for the objective function

f:YxU— R,

which is meant to be minimized. Provided at least f € C'(Y,U), one can obtain in a completely
automated fashion the adjoint iteration function

G(yvga ’LL) = gGy(f%u) + fy(y7u) <1>

Here subscripts denote partial differentiation and ¥ like the gradient f, is considered a row-
vector belonging to the dual space of Y, which we identify with the Hilbert space Y itself. Then
we have in the induced matrix and operator norm

o(u) = max [|Gy(y, u)[| <0 <1
yey
so that also in the dual norm

for any two row-vectors g, € Y =Y.

2 Piggy-Back Convergence of Adjoints

Throughout the remainder of this paper we consider u as constant and may therefore omit it
occasionally as an argument in analyzing the simultaneous iteration

[yku} _ [G(ykau) ] )

gkﬁ-f—l G(yk‘a gka u)

Even if G is merely C! and thus Gy (y) = Gy(y,u) continuous with respect to y it follows from
Yr — Y« that Gy (yx, u) — Gy(ys, v) and hence the adjoint iterates yj converge to g, the unique
solution of the adjoint equation

Ys = ﬂ*Gy(y*, u) + fy(y*, u) (3)

The vector g, can be used to compute the so called reduced gradient

This row vector represents the total derivatives of f with respect to u, after the elimination of
the state vector y using the implicit function theorem. In order to be more specific about the
rate of convergence we assume that G, and f, are Lipschitz continuous with respect to y so that
for some v > 0

1Gy(,w) = Gy(y, wll < vig—yll = [1fy(7,u) = fyly,uw)l.



Then we find immediately for the discrepancies Ay = yi — ¥« and Ay, = J — yx that

A

ATkl < [aGy(yr, w) = GGy (g, Wl + 1y (wr, 1w) = Fy(ys, )]
= AT Gy(yr, ) + 5(Gy(yr, w) = Gy(ys, )| + vllyr — yol
< ollAgkll + Ayl (g« + 1)

Consequently we have for any weighted error combination
er = || Aykll + wl[ Ayl

the recurrence

err1 < ollAykll + w(ell Azl + v(I7ll + Dl Ayel)
= (e+wr(lg-ll + D)l Aykl + wol|Agkl
< (et wr(lgsl +1))ex

This implies for any w < (1 — 0)/(v(||y«|| + 1)) the Q-linear convergence result

limsupegii/er < o+wr(||ys]+1) <1

k—o0

By standard arguments one derives the R-linear convergence results
timsup A5 < Jim {/o/w < o+ wr(lpl +1) <1
k—o0 o0
Taking the infimum over all w > 0 one finally obtains as in [1]

lim sup VIAgl < o > lim sup VIIAy].
— 00 — 00

Here the inequality on the right was just added for comparison. Since these convergence speed
cannot be improved under our assumptions (namely G, has maximal norm g and is Lipschitz
continuous with respect to y) one may arrive at the conclusion that the sequences {y} and
{yx} converge essentially at the same speed. In fact this claim has been made repeatedly in the
literature and the present author has suffered from the same impression for a long time. On the
other hand there has been the persistent notion that the convergence of derivatives is lagging
behind those of the underlying fixed point iterates.

3 Relative Convergence Speed of First Adjoints

In the remainder of this paper we require that ¥ = IR"™ and U = IR™ are finite dimensional
Euclidean spaces so that all linear operators can be identified with their matrix presentation.
Assuming furthermore, that G and f are twice Lipschitz-continuously differentiable, we may

rewrite the recurrence (2) as
|:yk+1:| _ |: G(ykau) :| (5)
Yr+1 Ny (Yk Uk w)

Here we have expressed the G from (3) as the gradient of the function

N(y,y,u) =y Gy,u) + f(y,u)



with respect to y. Notice that this function N differs from the familiar Lagrange function L of
the optimization problem Minf(y,u) s.t. G(y,u) —y = 0 by the shift

yy=N(y,y,u) — Ly, y,u)
Consequently, we have
Ny=L,+y and Ny=Lz+y but N,=1L,
and, for the subsequent analysis more importantly, all second derivatives are identical:
Nyy = Lyy, Nyu = Lyu, Nuy = Ly
Differentiating (5) we obtain the block-triangular Jacobian

Jp = Oyrt1,Uke1) _ | Gylyr,w) 0
8(2/]4:7 gk) Nyy (yk‘7 gk‘a U) Gg(yk‘a u)

Obviously we have the characteristic polynomial
det(Jy — A1) = det?*(Gy (yr, u) — M)

which means that Jj, has the same eigenvalues as G, (yg, u) but all of them with the multiplicity
2. Moreover, unless the corresponding left and right eigenvectors of GGy, happen to be conjugate
w.r.t. the Hessian Ny, these eigenvalues will be defective and thus generate a Jordan block of
dimension 2 or bigger. As a consequence one can deduce a linear-geometric decline in the adjoint
error as follows.

Linearizing about the fixed point (y., 7.) we obtain the Taylor expansion

Aykﬂ [A 0] [Ayk] , L
i = 4+ 0(|A +||A
[Ayk+1 B AT| | Ay (IAYRl” + [[AG]7)

where A = Gy(y«, u) and B = Nyy (Y, Ys, v). From this it follows by induction using the R-linear
convergence of ||Ayg|| + ||Agg|| that for any k& and j > 0

Aykﬂ} [A 0 ]j [Ayk] 2, 1A [12
m = T +o(|1A +1A 6
[AykJrj B 7| |ag| T OUAUI A7) (6)

Similarly it can be easily verified by induction that
A 0
Jo= A 07 = | J , - , (7)
* B AT Z(AT)Z—lBAj—Z (AT)]
i=1
To simplify the matrix on the bottom left we assume that A = G, is real diagonalizable so that
A=TIT™' with T = diag(y)L,,

where

= i <
04 gjagxnlwl <p<l1



Then we can perform a two stage reduction to obtain the Jordan-like representation
A o] _ [T o0 r o|[rt o
B AT| — o T T||r"BT T|| 0 1T

[T o I o|l[r o][f ol[Tt o

— o T T||cT I||D T||C I]|0 TT
Here D is the (real) diagonal of TT BT and C = —C7 is the antisymmetric solution of the
Liapunov equation

IC-Cr=7T"BT-D.

It is well known that the linear mapping from C' to I'C — CT" has the n? eigenvalues ~y; — o7
and the eigenvectors eie]T for 1 <4,5 <mn, so that the Liapunov equation must be solvable if all
eigenvalues of A are distinct, as we will assume for simplicity. Then it follows immediately that
the j-th power of J, is given by

[g AOTT: {(CTTl)T TOT} [j Drljj* r(*)a] [CTT_ll 19T] (9)

Thus we see that unless the diagonal D of B happens to vanish there might be a pretty strong
growth in the adjoint error component Agg. To compare it to the original error Ayy, itself we
firstly have to analyze its recurrence a bit more carefully. Using the Lipschitz constant v one
finds by standard estimates

|Ayk11 — AAyx|| < ]| Ay,

Abbreviating

Afri1 =T 'Aypr and w =TT
one has consequently

1AGr+1 = TAG| < il Agi .

Using this estimate and the assumption that there is only one eigenvalue, say v; with the
maximal modulus g, = |y1| one can show that the angle between g, and the first Cartesian basis
vector e; satisfies a recurrence that has exactly one stable fixed point namely 0. Thus we we
have generically

TAj AV
lim M =1 and lim M = ¢, € (0,00).
k—oo ||Agkl k—oo  Of

From (6) and (9) it then follows that
TT Aty = [CTT + jDTI=1 + TICIAGy, + TITT Agy + O(|| Ayi]|* + | Agk[*)

Assuming finally that the first diagonal element d; of D does not vanish we find that the second
term in the above expansion dominates as j grows and we get the limit exactly

1 [|[TTAy d
lim _M e (10)

so that obviously

1 ||Ay d

ST

and approximately

| Ayl

| Ayl

Hence we see that the convergence of the adjoint vectors g really lags behind that of the
underlying iterates y; even though both sequences have the same R-factor g..



4 Convergence of Second Order Adjoints

The above analysis can be extended to second derivatives representing products of the projected
Hessian with certain direction vectors. More specifically, after picking a direction @ € U we may
append (2) by the iterations

yk+1 = G(Z/kw y/m u, U) = Gy(yka U)yk + Gu(yk7 U)U (11>

and

y;k—I—l = G(yk, Yk yka y;k;a u, 1'1,) = ngy + ngyyyk + fyyyk + ngyuﬂ + fyuﬂ (12)
= Gy, u) + Nyy(Yr, Uk, W)Uk + Nyu (Y, Ur, u)t

where all derivatives of G and f are evaluated at the current argument (yg,u). Then an analysis
along the lines of Section 3 shows that the g, and 7 also converge R-linearly to respective fixed
points 9, and ¥, solving

y* = G(y*,y*,u,u) and g* = G(y*’g*’y*ay;*auau)'

The vector g, represents the feasible direction in state space associated with the variation ¢ in
the design space. The vector 7, can be used to compute

Uy = ’!j*Gu(y*au) + Nuy(y*,g*au)y* + Nuu{?/*,g*,u)u (13)

which represents the product of the reduced Hessian with the direction %. To analyze the speed
of convergence more carefully let us consider the extended Jacobian

Gy(yr, u) 0 0 0
OWk+1, Ykt 1y Ukt 1, Yrt1) Nyy (Yrs G ) Gl (yk,u) 0 0
a(yhghykagk) P(yk"yk"u?u) ] O T gy(yk7u) . 0
H(ylmglmykagkauvu) P(yk7yk7u7u) Nyy(yk7gk7u) Gy (yk7u)
where
P(y,y,u,u) = ny(y’u)y + Gyu(yau)u
H(ya ga yv y;a u, U) = ﬂny(y, U) + Nyyy(ya gv U)y + Nyyu(ya g? u)u

We notice that the matrix H is symmetric, while P is general and the values of these two square
matrices at the fixed point (Y, Us, U, Jx) are independent of each other as well as A and B.

We are looking now for estimates of the corresponding discrepancies Ay, = §r — ¥« and
Ay = i — J« in addition to the Ay and Agy, considered before. Similarly to (6) we obtain the
linearization

Ayrs ;s A 0 0 07 Ay
Afpsi| _ |B AT 0 0 Ay, 2 _ 2 2 -0
M| TP 04 o A + O(| Ay |1 + [[Ak[I” + | ATk + [[Ayk]]?)
Ak H PT B AT| |Aj



Using the same transformation as in (8) the j-th power can be rewritten as following

A 0 0 0
B AT 0o o _
P 0 A 0|
H pPT B AT
T 0 0 0 IrJ 0 0 0177t o0 0 0
T-rctT T 0 0 | |jDT771 TV 0 oflcr—t 77 o 0
0 0 T 0 P; 0 0 o o0 T' o0
0 o T Tct 1T H; Pl jrv-'Dp TV o o ort 17

where with P =T-'PT and H = TTHT
Poo] i ri-1 07[P 0 ri=i 0
Hy Pf| & |(i-yr"2D ' |7 PT|(j-)r/"'D 177
1=
Here we used the relation (7) once again. Hence we have the expressions
5 I\ ic1 pr—i
P = er PIV
. . L= ) o
H; = _(i— )" 2DPIi—t 4 "1 HTI= + (j — )" LPTI—=1D
Taking norms we obtain for constants c¢; and co

1Pl < crjpl™ and ||Hj| < ezj® pl7?

The later inequality is true because I' has like A the spectral radius p, < 1. Thus we can
estimate all four error components as follows.

[Ayrssll - < plenl| Akl + O] Aykl?)
ATk < P [eonl| ATk + c21 5 |AYk)l] + O(|Ayx | + | ATk |1)
[AGk1 < P [esl| Akl + c31 7 | Ayell] + Ol Ayx |1 + | ATk 1)

1AGetsll < ol [canl| Akl + card® | Ayl + cazi (| ATl + [ Agi|]
+  O(| Akl + | ATkl + | Ag]* + (| Agx]1?)

Using the assumption (10) one can actually obtain the proportionality relations
1AGE] ~ k([ Ayell ~ kol and  [|AGE] ~ & || Ayxl| ~ K pf

This means in particular that the second derivatives lag behind the first derivatives by a factor
of order k and thus behind the original iteration by a factor of order k2. A closer analysis of
the propagation constants in the above system of bounds might allow an optimized decision of
when to start propagating first and second derivatives. If this is done too early the error ||Ay;||
might still be so large that no reduction in the derivative errors occurs at all.
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5 Numerical Results

The following results were obtained on the boundary control problem

Agy(z) + eV =0 for z = (z1,29) €[0,1)?

with the periodic and Dirichlet boundary conditions

y(O7C) = y(la C)a y(C,O) = Sin(27rC)v y(C’ 1) = U(C) for (e [07 1]

The function w is viewed as a boundary control that can be varied to minimize the objective

function
(M 0y, Q)
o) = | P7%—

In the following calculations we used o = 0.001 and set constantly w(¢) = 2.2. This value is not
all that far from the fold point where solutions cease to exist.

We use a central difference discretization with the mesh-width 1/12.0 so that the resulting
algebraic system involves 144 equations in as many variables. Since the nonlinearities occur only
on the diagonal one can easily implement Jacobi’s method to obtain the basic function G(y,u).

For this simple example we also coded by hand the corresponding derived functions G, G and

2

1
«+al[moﬁwm0ﬂ%

— 4 — cos(27()
n=0

even G as defined in (1, 11) and (12), respectively. The results were later confirmed using the
automatic differentiation tool ADOL-C [3].

As can be seen in Fig.1 the convergence of the Jacobi method is rather slow with the common
R-factor being about (1 — 1/300). The lowest curve represents the natural logarithms of the
Euclidean norm ratios ||yx+1 — yx||/|ly1 — yol|, which provide some indication of the norm ratios
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IAyell /|| Ayol|. In view of the very slow convergence this relation need certainly not be very
close. Nevertheless the theory is basically confirmed with the first direct and adjoint derivatives
k1 — Ukll/llvr — voll and ||gkr1 — Ukll/lly1 — Yol lagging somewhat behind and the second
derivatives ||gx+1 — Ukll/||1 — Yol coming in last. The ratio between these derivative quantities
and the original iterates themselves is plotted in Fig. 2. After an initial transition phase one sees
quite clearly a growth proportional to k and k2 for the first and second derivatives, respectively.
While the adjoints were defined as in (3) by the gradient of f, the direct differentiation was
performed simultaneously with respect to all components of the discretized u so that the quantity
@ occurring in (11) and (12) was in fact the identity matrix of order 12. Consequently, ¢ and
i had also 12 times as many components as the underlying ¥, and 7, which are of the same
size.

6 Summary, Conclusion and Outlook

We studied the convergence behavior of fixed point iterations for derivatives of implicit func-
tions. These recurrences are generated in a completely mechanical fashion from a user supplied
contractive fixed point solver for evaluating the implicit function. While the contractivity and
thus the asymptotic convergence rate is inherited by the derived solvers there is a certain time
lag. This is not really surprising since the equations for the adjoints y and those for the feasible
directions 7 are dependent on y and both in turn impact the second order adjoint equation for %.
Mathematically we obtain Jordan blocks of size 2 for the double eigenvalues of the first deriva-
tive systems and of size 3 for the quadruple eigenvalues of the second order adjoint system. One
does not obtain blocks of size 4 since the (3,2) sub-block in the big Jacobian system vanishes
identically. Otherwise it would connect the two first derivative systems.

Generally if one were to iteratively evaluate derivatives of order d one can expect that the



relative errors compared to those of the underlying function iteration grows like k%, where k
is the iteration counter. In the context of constrained optimization one can expect that the
correct values of reduced gradients (4) and Hessians (13) are obtained slower than feasibility so
that optimality will be arrived at in the tangential fashion that is familiar from SQP calculations
[8, 9, 10]. In fact when the state equation only be solved by a slowly convergent fixed point solver
as we have assumed throughout it makes little sense to apply an SQP type algorithms. Instead
one will prefer a so-called one-shot optimization strategy [11], where feasibility and optimality
is achieved at the same time. We are currently investigating a piggy-back optimization scheme,
where a third iteration updating the design variables u on the basis of approximate reduced
gradient information is appended to (3).
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