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Abstract: Some highly successful algorithms for unconstrained minimization
without derivatives construct changes to the variables by applying trust region
methods to quadratic approximations to the objective function F(z), z€R". A
quadratic model has (n+1)(n+2)/2 independent parameters, but each new model
may interpolate only 2n+1 values of F', for instance. The symmetric Broyden
method takes up the remaining freedom by minimizing the Frobenius norm of the
difference between the second derivative matrices of the old and new models, which
usually works well in practice. We consider an extension of this technique that
combines changes in first derivatives with changes in second derivatives. A simple
example suggests that the extension does bring some advantages, but numerical
experiments on three test problems with up to 320 variables are disappointing.
On the other hand, rates of convergence are investigated numerically when F'is a
homogeneous quadratic function, which allows very high accuracy to be achieved
in practice, the initial and final errors in the variables being about 10 and 107599,
respectively. It is clear in some of these experiments that the extension does
reduce the number of iterations. The main difficulty in the work was finding a
way of implementing the extension sufficiently accurately in only O(n?) operations
on each iteration. A version of the truncated conjugate gradient procedure is
suitable, that is used in the numerical experiments, and that is described in detail
in an appendix.
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1. Introduction

The symmetric Broyden method provides a very useful technique for updating
second derivative matrices of quadratic models in iterative algorithms for uncon-
strained minimization when first derivatives of the objective function are available.
At the beginning of the k-th iteration, the model has the form

Qu(z) = F(zy) + (z—zy)" VF(zy) + 5 (z—2) Be(z—2), zeR", (1.1

where F'(x), x € R™, is the objective function, where z;, is the current best vector of
variables, which means usually that F'(z;,) is the least calculated value of F(x) so
far, and where By is an nxn symmetric matrix, chosen before the start of the k-th
iteration. Termination may occur if |V F(z; )| is sufficiently small, but otherwise
the iteration generates a new vector of variables, z,+d; say, the construction of
the nonzero step d;, being guided by the approximation Qy(z) ~ F(z), = € R".
If the strict reduction F(z,+d;) < F(z;) is achieved, then z; . is set to x,+d,
and the quadratic model for the next iteration is expression (1.1) with & increased
by one. The symmetric Broyden method includes a formula that defines the new
matrix Byq.

That formula is derived from two considerations. Firstly, when F' is twice
differentiable, it has the property

{/1_0 VPF 2+ ady) da} d, = VF(z,+d;,) — VF(z), (1.2)

so the constraint

Busidy = YF(2e,1) - VF(xy) (1.3)

supplies Bjyy1 with some true second derivative information from the objective
function. Secondly, changes to models should not be unnecessarily large, in order
to avoid both instabilities and the replacement of good models by less accurate
ones. Specifically, By, is set to a symmetric matrix that satisfies equation (1.3),
and all the remaining freedom in By, is taken up by minimizing the Frobenius
norm || By+1— By||r, the Frobenius norm of a real matrix being the square root of
the sum of squares of its elements. It is well known that the difference By, — By
is a matrix of rank two, and that By, can be calculated from By in only O(n?)
operations, as shown in equation (3.6.5) of Fletcher (1987), for instance.

Let Q be the linear space of polynomials of degree at most two in n variables.
We regard Q as an inner product space by equipping it with the semi-norm

1Qls = {IV2QIE +20|%Q)I3 )}, QeQ (1.4)

where 6 and v for the moment are a nonnegative constant and a fixed point in R",
respectively. The title of our work begins “Beyond symmetric Broyden”, because
we study the idea of letting 6 be positive, which extends the usual approach of
taking up the freedom in Qi1 by minimizing ||Qxi1 — Qklle with 6 = 0, after
satisfying the constraint (1.3) and the equations

Qk+1(£k+1) = F(£k+1) and kaH@kH) = EF(&:H)- (1-5)



From now on, however, our attention is given to algorithms when first derivatives
of F' are not available. Then, instead of the constraints (1.3) and (1.5), we let the
conditions on Qx4 take the form

Qk-l—l(gj) = F(y—i_)? ]:17277m7 (16)

J

where the set of points {g;r eR":j=1,2,...,m} includes z;,, and is revised
automatically as the iterations proceed. The number m is a prescribed constant,
the choice m=2n+1 being mentioned in the abstract.

We combine the situations with and without first derivatives by defining A to
be the affine set in the linear space Q, such that () € Q satisfies the constraints on
Qr41 if and only if @ is in A. Thus, when calculating Q1 from @y, we require
Qi1 to be the quadratic () € Q that solves the subproblem

Minimize |[|Q—Qxkl|l¢ subject to Q€ .A. (1.7)

In other words, Q41 is the closest point to @, in the affine set A, distance being
measured by the semi-norm || ||g. It follows from the basic theory of inner product
spaces and least squares projection that ()1 has the property

1Qei1—QllF = 1Qk— QI — 1Qri1— Qillz,  QEA. (1.8)

The case when F' is a quadratic function is of interest. Then F' is an element
of the affine set A, because it must satisfy the conditions on ;1 that are taken
from itself. Therefore the property (1.8) gives the equation

1Quii— FIE = Q= FIZ— |Qei— @l k=1,2,3....  (19)

We see that the errors |[|Qr—F|lg, k=1,2,3, ..., decrease monotonically and that
|Qrr1—Qkllo tends to zero as k— oo. It follows from the definition (1.4) that, if
6 >0 and v € R" are fixed, then the changes to the quadratic models achieve both
of the conditions

lm [[V2Qui1— V2Qillp =0 and  lim [[VQpii(v) — VQi(v)ll2 = 0. (1.10)

If & were zero, however, then equation (1.9) would yield only the first of these
limits. Therefore positive values of # may be very helpful to proofs of convergence.

The book by Conn, Scheinberg and Vicente (2009) includes much careful work
on optimization without derivatives, with some convergence theory of algorithms
that employ quadratic models. That analysis requires the derivatives of the models
to be sufficiently accurate approximations to derivatives of the objective function,
and, when necessary, there are some extra evaluations of F' in order to achieve
these conditions. The remarks in the last paragraph suggest, however, that a
version of the symmetric Broyden method may provide some useful theory without
any extra calculations of values of F'. Further attention is given to this possibility
at the beginning of Section 5.



An advantage of # > 0 over # =0 is shown by a simple algebraic example in
Section 2, the number of variables and the number of interpolation conditions
(1.6) being only n =2 and m =4, respectively. Choices of § and v for the norm
(1.4) are the subject of Section 3, with an explanation that constant values of
these parameters are not suitable in practice.

Section 4 compares >0 with § =0 by presenting numerical results for three
different forms of I’ that allow large numbers of variables, the values of n being
20, 40, 80, 160 and 320. Many features need careful attention in such calcula-
tions without derivatives, including the changes that are made to the variables
by the iterative procedure, the positions of the interpolation points of expression
(1.6), the adjustments of trust region radii, and the stability of updating pro-
cedures that provide economically some required factorizations and inverses of
matrices. Answers to these needs have been included already in the development
of the BOBYQA Fortran software (Powell, 2009), so our numerical results were
obtained by an extended version of BOBYQA, where the extension allows 6 to be
positive in the subproblem (1.7) that provides the new quadratic model Q. 1, the
choices of # >0 and v being taken from Section 3. The subproblem is not solved
exactly, because in experiments with hundreds of variables it is very welcome if
the amount of computation for each & is only O(m?*+n?). Instead a conjugate
gradient procedure is truncated when enough attention seems to have been given
to the contribution from € to the norm (1.4), a full description of this construction
of Qry1 being supplied in Appendix A.

Section 5 provides numerically some insight into whether or not positive values
of # may help the theoretical convergence properties of algorithms for minimization
without derivatives. The objective functions F' of that section are homogeneous
quadratics, which means that they have the property

F(Az) = N F(2), AER,  z€R", (1.11)

and every second derivative matrix V2F is positive definite. Therefore the calcu-
lated vectors x, k=1,2, 3, ..., should converge to the zero vector, and the speed of
convergence can be observed even if the limited precision of computer arithmetic
causes substantial relative errors in every x;,. Furthermore, the property (1.11)
implies that, if all calculated function values and all calculated vectors of variables
are scaled by A\? and \, respectively, at any time during the iterative procedure,
where A\ is any positive constant, then the resultant changes to the later itera-
tions are by the same scaling factors. Thus the current problem is replaced by an
equivalent one occasionally in a way that avoids computer underflows. In terms
of the original scaling, this technique allows the initial and final values of ||z;]|
in the experiments of Section 5 to be of magnitude 10 and 1075 respectively,
which is sufficient to expose situations where positive values of 8 are beneficial to
the achievement of very high accuracy.



2. An algebraic example

Only one new value of the objective function F' is calculated on each iteration of
the BOBYQA algorithm. Let F(z;+d;,) = F(yt ), say, be the new value of the
k-th iteration, the reason for the notation y; t=1,+d, being that the new value is
always included in the interpolation conditions (1.6) on Qg41. It follows that the
other m—1 function values F'(y (7j ), j#t, were available when ) was chosen, and
BOBYQA provides the property

Qk(g—’—) :F(gj)v j€{172""7m}\{t}' (2'1)

J

Hence the difference Qp1(2)—Qr(z), z € R", is a quadratic that vanishes at the
points z = gj , 7#t, which allows Q51 to be written in the form

Qen(z) = Qulz) + {F(y))—Quly))} Mlz),  z€R”, (2.2)

for some quadratic function A; that satisfies At(g;“) =0, j=1,2,...,m, where
d;¢ is the Kronecker delta. We recall from Section 1 that Q1 is derived from
the projection (1.7), which is equivalent to the construction of A; € Q from the
subproblem

Minimize ||A¢llg subject to At(y;r)zéjt, j=1,2,...,m. (2.3)

The example of this section addresses the dependence on 6 of the solution A,
of subproblem (2.3) in a case with n=2, m=4 and v=0 in the definition (1.4).
We pick the interpolation points

i=(o0) w=(o) w=(n) mt w=(,5) @0

M being large and positive and 7 being of magnitude one, and we pick ¢ = 4.
These values are possible if the initial interpolation points are about distance M
apart, one of them being at the origin, and if the first three iterations of BOBYQA
replace the far interpolation points by new ones that are within distance one from
the origin. Then the situation (2.4) would occur during the second iteration, y;
being the new point of the first iteration, y; = g:r being the new point of the
second iteration, and g;; being the initial interpolation point that is going to be
replaced by the third iteration.

The positions (2.4) with ¢ =4 imply that A, € Q satisfies Ay(y) =0, j#¢, if
and only if it has the form

MA(z) = M(z,y) = px(l—2)+qy(M —y)+ray, rER?, (2.5)

for some real multipliers p, ¢ and r. Therefore the calculation (2.3) is equivalent
to finding the values of p, ¢ and r that minimize ||A;|| subject to the constraint

A(yl) = p/A+n(1—n/M?)q+nr/(2M) = 1. (2.6)
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In the case v=0, equations (1.4) and (2.5) provide the expression
TIAG = 52+0)p* + 5 (2+0M%) ¢ + 3% (2.7)

It follows from first order conditions for optimality that we require p, ¢ and r to
be such that the gradient of expression (2.7) with respect to them is a multiple of
the gradient of the constraint function (2.6). Thus the subproblem (2.3) has the
solution

af 1 n(1—n/M?) U
A =x! 1— — 1y (M — — R?
(2.8)
for some denominator x € R, which takes the value
1 7 (I—n/M?)? o
_ 2.9
XZ 33160 T 24002 aM® (29)

in order to satisfy the constraint A;(y;")=1.

When @ is zero, which holds in the construction of @)1 by the unextended
version of BOBYQA, equations (2.8) and (2.9) imply that A, is approximately
the function

M(z) = {5+ 57"} H{ge(—2) + 3ny(M—y) + 50 M 'zy}, zeR? (2.10)

the approximation being the removal of the n/M? and n?/M? terms because they
are much less than one. We find that expression (2.10) gives the values

IV 3 ~ 40P+ 45) 7 and [AO)]3 ~ (PM>45) (P +45) 7% (2.11)

where again an n?/M? term has been dropped. The fact that ||[VA:(0)|s is of
magnitude M is highly unwelcome, especially because the quadratic

Az) = 42 (1 —2), zER? (2.12)

also satisfies the constraints A(gj) =0, j=1,2,...,m, of subproblem (2.3), and
it is not troubled by large values of M.

We wish to update the quadratic model in a way that avoids changes to first
and second derivatives that are much larger than necessary near x ;. In partic-
ular, in the example of this section where M is large, we would prefer to employ
the function (2.12) instead of the function (2.8) in the case § =0. The use of a
positive value of @ in the norm (1.4) is intended to provide such a replacement
automatically, because then the construction of A; gives attention to both first
and second derivatives.

We compare A; with A when the magnitude of 6 is one, which is assumed to
mean that both M /6 and M6 are of magnitude M. Then the denominator (2.9)
has the property

X' =48+40)+0(M?). (2.13)
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It follows from equations (2.8) and (2.12) that the multiple of z(1—=x) in A(x)
is an excellent approximation to A(z), z € R*. Further, if ||z|| is O(1), then the
other terms of A;(z) in equation (2.8) have magnitude M ! or less. Therefore, in
the present setting, the subproblem (2.3) supplies a quadratic A; that is suitable
for the updating formula (2.2), provided that 6 is O(1), without any need to
give careful attention to the actual value of #. Similarly, estimates of magnitudes
are employed in the technique of the next section, that defines § and v for the
subproblem (2.3) on every iteration of the extended version of BOBYQA.

The value § =00 is also of interest. Then, because of the definition (1.4), the
subproblem (2.3) becomes the minimization of || V?A;||% subject to the constraints

At(gj) = ¢, j=1,2,...,m, and  VA;(v) =0. (2.14)

It is possible that these constraints cannot be satisfied by any quadratic A; when
the subproblem (2.3) has a solution for finite 6, this situation being usual in the
case m=(n+1)(n+2)/2. In the example of this section, however, the choice =00
in expressions (2.8) and (2.9) gives the function

M(z) = 2M/n)zy,  zeR? (2.15)

that has the properties (2.14), but ||[V2A;||% is unacceptably large. Instead we
want 6 to be reasonably small.

3. The parameters of the semi-norm

It is suggested in Section 1 that the parameters 6 and v of the semi-norm (1.4) be
fixed with 6 positive, in order to provide the theoretical limits (1.10) when F itself
is quadratic, but this suggestion is unsuitable in practice. Our explanation of this
assertion begins by asking whether a good choice of § in expression (1.4) remains
good if the variables x € R", are scaled by the factor 0 >0, say. Then the general
quadratic Q(z), z€R", becomes Q1 (z7)=Q(c'z™), zT €R", where 2" =0z is
the new vector of variables. Further, because first and second derivatives of Q" at
xT =0z are the same as first and second derivatives of Q at z =0 "'z multiplied
by o' and 072, respectively, the semi-norm (1.4) has the property
1/2

(IV2QIE + 20 IV QWIE " = o{IV2Q* I + 267 [¥Q* (w3}, (3.1)

where 07 =0720. Thus, if 0 provides a good balance between the first and second
derivative terms on the left hand side, then 67 =020 provides a good balance on
the right hand side.

The objective function F' is irrelevant to the present argument, because the
purpose of the semi-norm is to take up the freedom in the quadratic A; that is
constructed from the subproblem (2.3). In particular, the right hand sides 6;; of
the constraints on A; do not depend on F. Further, the main difference between



the positions of the interpolation points g;r, 7=1,2...,m, on the early and late
iterations of BOBYQA is that, as the calculation proceeds, the points become
much closer together, perhaps by the factor o =107% when six decimal places of
accuracy are required in the final vector of variables. This factor would cause
first and second derivatives of A, to increase by factors of about 10° and 10'2
respectively, as mentioned already, and such factors can also be deduced directly
from the conditions At(yj) =0, j=1,2...,m. In this setting a good balance in

the semi-norm (1.4) requires 6 to be increased by about the factor 10'?, as shown
in equation (3.1), so we abandon the idea that 6 be a constant.

Keeping v fixed would be even more disastrous in practice, unless its position
is very close to the final vector of variables, but this condition is unacceptable in
the usual practical situation when the solution to the optimization calculation is
not known in advance. One can pick v within the initial cluster of interpolation
points. When the points come closer together, however, it would be usual for
v to become outside the convex hull of the cluster, and then eventually all the
distances Hy—g;“Hg, j=1,2,...,m, may be bounded below by a positive constant.
Moreover, if the algorithm were working as intended, then the magnitudes of the
terms | VZA¢||r, 6 and || VA (v)]]2 of || A¢]l¢ would be O(A™2), O(A~2) and O(A™1),
respectively, where A is about the distance between the current interpolation
points. A positive lower bound on |[v—z; | with the identity

VA (zp1) = VA(v) + VA (240 — ), (3.2)

however, would imply that the magnitude of the term ||VA;(zy,)]]2 is likely to be
O(A~?) instead of O(A™1) as required. Therefore we want the ratio ||v—z; 4 |l2/A
to be not much larger than one throughout the calculation. The extension to
BOBYQA achieves this condition by setting v = z;,,; on every iteration, the
vector z;,, being available before the updating formula (2.2) is applied, as stated
in Section 1.

The choice of 6 for the subproblem (2.3) on the k-th iteration of the extension
to BOBYQA is 0 =mn/(20), where 1 and d; are estimates of the magnitudes of
[V2A4]|% and ||V A+(v)]|3, respectively, the actual values of n, and d§; being given
below. Thus we try to balance the two terms of the semi-norm (1.4). Because
distances between interpolation points on the first iteration are about ppey, where
Poeg 15 the initial trust region radius supplied by the user of BOBYQA, and because
A; has to satisfy the constraints of subproblem (2.3), the values

M= Pheg  and 0= ppg (3.3)

are picked for the first iteration.
Both 71 and 0,1 are set after the construction of A; on the k-th iteration,
partly because the actual value of [|[VA;(z;,1)]|3=|VA:(v)]3 gives an indication

of its magnitude. On the other hand, if m=4 and n=2 occur in the subproblem
(2.3), and if we pick the points

t=(3) w=(4) (1) mou=(3). oo
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with t=4, 0=0and v=2;,, =2, = gf, then straightforward calculation shows
that the subproblem has the solution

Me(z) = 1 (@=y%),  z=(z.y)eR™ (3.5)

The data (3.4) were chosen so that the function (3.5) has the property VA;(v)=0.
It follows that this function is also the solution of subproblem (2.3) for any 6 >0.
Further, the obvious choice &1 = ||V A(v)]|3 would cause 0 =n;11/(20541) to be
infinite on the next iteration, which would introduce the disadvantages that are
mentioned at the end of Section 2. We respond to this possibility by imposing
the lower bound A, ? on &,;, where Ay is the current trust region radius, this
bound being a reasonable estimate of ||[VA.(v)|? on the next iteration, due to
the constraints At(y;r) =0, J=1,2,...,m. We also try to take advantage of
information from previous iterations. Specifically, the value of ;. in the extended
version of BOBYQA is given by the formula

Spr1 = max [0.76, A% (IVA ()3 ], k=1,2,3,... . (3.6)

The term 0.70; occurs instead of d; on the right hand side, in order to admit the
possibility 05,1 < g, which is often helpful if there are several increases in the
trust region radius.

It may be adequate to pick nx11 = ||V?A||% after A; is constructed on the
k-th iteration, but, instead of being guided by A;, we prefer to give attention to
HVZAEO)H%, where AEO) (), x € R™, is defined to be the solution to subproblem
(2.3) in the case # =0, which has the property ||[V2A{”||2 < ||V2A,||2. The main
reason for this preference is that, if  became unsuitably large, there would be a
tendency for ||V?A¢|% to be unsuitably large too, and then ny1 = ||V?A||% with
0 = N41/(20k11) would cause the large value of 6 to be inherited by the next
iteration. Instead the choice 41 = || V2AL”||2 with formula (3.6) gives an upper
bound on the next value of # that is independent of the current value of 6, this
bound being the product ||V2A§O) |% A%, Tt is prudent to let 6 be too small in cases
of doubt, because of the good performance in practice of the unmodified version
of BOBYQA, which corresponds to setting =0 on every iteration. Furthermore,
we also wish to take advantage of information from previous iterations, without
forcing the sequence n;, k=1,2,3,..., to be monotonic. Therefore the extended
version of BOBYQA employs the formula

Mpr = max[0.7m, VA3, k=1,23,... . (3.7)

The specification of the values 0=m/(2dx), k=1,2,3,..., is complete.

4. Numerical results

The data that are required to run the extended version of BOBYQA with 6 >0
are the same as the data for the unmodified BOBYQA Fortran software that has
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been sent by e-mail to about 200 people. The objective function is specified by
a subroutine, provided by the user, that calculates F'(z) for any z in R" that
the user. The components of a and b are set to —10% and 10%, respectively,
in all our numerical experiments, which makes the bounds irrelevant. The user
also supplies the number of interpolation conditions m, introduced in equation
(1.6), and we are going to compare m = n+6 with m = 2n+1. A starting
point z, € R", say, has to be given too, and the first quadratic model satisfies
Ql(gj) :F(yj), j=1,2,...,m, where x, is one of the points Y the other points
being positioned nearby automatically (Powell, 2009). Finally, the initial and final
trust region radii, namely ppes and penq, are required, the choices ppeg=0.5 or 0.1
and penq = 107% being made for the numerical results of this section.

We recall that Ay is the trust region radius of the k-th iteration. It satisfies
Ay > pi, where the sequence p, k=1,2,3, ..., decreases monotonically from ppeg
t0 pend- The reduction pry1 < pi is made only when it seems that the bound
Ay > py is preventing further progress, a typical reduction being pgiq = 0.1 pg.
Therefore it is usual for p; to remain fixed for many consecutive iterations, during
which well-known techniques are employed for updating A subject to Ag > ps.
Termination occurs when the criteria for reducing p, are achieved but p; has
reached its final value pe,q. Therefore we expect the error in the final vector of
variables to be of magnitude penq, and this parameter provides a crude control of
accuracy.

Four versions of the extension to BOBYQA are compared for each test problem
of this section, these versions being given by combining m =n-+6 or m=2n+1 with
=0 or #>0. Every >0 is taken from the previous section, the value of 6 being
changed automatically from iteration to iteration. When 6 is zero, however, the
unmodified BOBYQA software could have been used, but instead all updating of
quadratic models is done by the procedure in Appendix A, so all our numerical
results are new. The three different forms of F', mentioned in Section 1, are given
below. For each of them, and for each n from {20, 40, 80, 160,320}, we pick five
test problems by making five different choices of random numbers. Thus there are
75 different test problems altogether for our experiments with the four versions of
BOBYQA.

The first form of F' has been used very much by the author, in particular in
the development of the original BOBYQA software. The objective function is the
sum of squares

2n n

F(z) = > {cl- — > [ Sy sin(z;/0;) + Cij cos(x;/o;) ] }2 , zeR", (4.1)

i=1 j=1

the parameters S5;; and Cj; being independent random integers from [—100, 100],
and the divisors o; being random constants from the continuous logarithmic distri-
bution on [1,10]. Then the components of c€ R** are defined by F(z,)=0, after
choosing z, randomly from the uniform distribution on [—m,7]". The starting
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m=n-+6 m=n-+6 m=2n-+1 m=2n-+1

6=0 6>0 6=0 6>0
20 1419—1584 1354—2223 786—919 991—1230
40 3622—4445 44425440 1692—1990 2201—3535
80 8549—9528 9048—12081 3186—3510 5535—6746

160 | 20169—21901 2202139455 27336483 1122819128
320 | 46923—51964 5037975588 11064—12034 2172335208

Table 1: Ranges of #F when F is the sum of squares (4.1)

vector z is picked by letting the weighted differences [zy—z,];/0;, 1=1,2,...,n,
be random numbers from [—7 /10, 7/10], where [zy—z,]; is the j-th component of
2o—x,. The values of ppes and penq are set to 0.1 and 1075, respectively.

Table 1 presents some of the numerical results when F' has the form (4.1).
There is a row in the table for each n, and the four main columns are provided
by the four versions of the extension to BOBYQA. We recall there are five test
problems for each row, generated by different choices of random numbers. Entries
of the form a—»b in the table show the least and greatest of the five values of #F
that occurred, using the version of BOBYQA that belongs to the column, where
#F is the total number of calculations of F'(z) when a version of BOBYQA is
applied to a test problem. We see that, in most of the experiments of Table 1, it is
hardly ever advantageous to prefer # >0 instead of =0, which is disappointing.

Next we let the objective function have the form

F(z) = X {(a5 4 22)?— 42+ 3}, zeR", (4.2)

taken from the Appendix of Conn et al (1994), and having the name ARWHEAD
because of the sparsity structure of V2F. We employ the usual starting point of
this example, namely 2o =e€R", e being the vector of ones, and we set pree =0.5
and peng = 107, These data define the first test problem for every n, but there
are no random numbers yet for supplying four more test problems. Therefore we
investigate whether changes to the order of the variables make much difference
in practice, by working with the five objective functions Fj(z)=F(P;z), z € R",
i=1,2,3,4,5, where the definition (4.2) is retained, where P; is the n xn unit
matrix, and where P;, i = 2,3,4,5, are n xn permutation matrices, generated
randomly for each n. The least value of F;(z), z € R", occurs at the point z,
that satisfies P, x, =e—e,,, where ¢, is the n-th coordinate vector in R", but the
reorderings of the variables do not disturb the starting point x,=e.

Table 2 gives some results of the ARWHEAD calculations, all details of the
format being the same as those of Table 1. We find again that most of the >0
values of #F' are greater than the § = 0 values. It is interesting that several
of the a—b entries in the table have the property b > 1.5a, because now all the
differences between the five test problems for each n are due only to the ordering
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n m=n-+6 m=n-+6 m=2n-+1 m=2n-+1

6=0 0>0 =0 6>0
20 305—616 367—576 738—801 678—765
40 822—1401 929—1569 1758—2201 2504—3083
0 | 1665—1915 1623—1989 5795—7016 6702—7530

160 | 3543—4004 36589492 1189812970 1596320382
320 | 82958992 1246213624 8327—30130 3349144068

Table 2: Ranges of #F when F' is the ARWHEAD function (4.2)

of the variables. In particular, the five values of #F that provide the n = 40
entry in the first column are 822, 845, 852, 870 and 1401, so only one of the
calculations is much more inefficient than the rest, which suggests some kind of
instability. The author had hoped that such inefficiencies would be removed by
making 6 positive, but the n =40 entry in the second column of Table 2 comes
from the values 929, 932, 985, 1008 and 1569 of #F', while the n =160 entry in
this column is due to the values 3658, 3757, 4697, 4958 and 9492, so it seems
that any instability has survived. Furthermore, the very wide a—»b range at the
bottom of the third column is given by the numbers 8327, 12103, 28403, 29195
and 30130. Fortunately, the accuracy of the calculations is not impaired by these
anomalies, the greatest value of ||zg,—2, ||« throughout the experiments of Table
2 being 1.7x107°, where x4, and z, are the final and optimal vectors of variables,
respectively. Another interesting feature of Table 2, unlike Table 1, is that many
of the m=n+6 values of #F are much smaller than the corresponding m=2n+1
values.

The third and final form of F' for the experiments of this section is the “chained
Rosenbrock” function

F(z) = S5 {4 (2= 2 )"+ (I—zja)}, z€R”, (4.3)

which can be found in the Buckley (1989) collection of test problems. Again
the least value of F' is zero, the optimal vector of variables being e € R". The
usual starting point for minimization calculations is x, = —e € R", but then
convergence to a local minimum may occur. Instead we let the components of
zy be independent random numbers from the logarithmic distribution on [0.5, 2],
and we let this randomness provide five different problems for each n. We pick
Poeg = 0.1 and peng = 107%. Some results of these calculations are presented in
Table 3, using the same format as before. The entries in the m =n+6 columns for
n =160 are unusual, because they suggest clearly that #F becomes smaller when
6 becomes positive. Therefore ten more random starting points z, were tried for
these choices of m and n. The new values of #F are in the intervals [9350, 11412]
and [7675,8986] for # =0 and 6 > 0, respectively, which confirms that positive
values of 6 are helpful in this case. The author is puzzled by this finding.
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n m=n+6 m=n-+6 m=2n-+1 m=2n-+1
0=0 0>0 0=0 0>0

20 609—880 697—1664 672—808 747—970

40 1661—2222 2272—5763 1732—2164 2010—2623

80 4015—4876 4045—18547 3849—4362 3694—5406

160 | 9556—11557 7048—7994 8388—9280 7621—15275

320 | 22684—28862 16954—51500 10559—33477 19925—40106

Table 3: Ranges of #F' for the chained Rosenbrock function (4.3)

There are more numerical results in the next section, but they are not relevant
to practical computation, because they investigate rates of convergence in a set-
ting that requires the optimal vector of variables to be at the origin, in order that
very high accuracy can be achieved. Therefore we ask now whether or not positive
values of # in the semi-norm (1.4) are likely to provide more efficient software for
general optimization calculations without derivatives. Most of the comparisons
of values of #F in Tables 1-3 are not promising. Furthermore, it is disadvanta-
geous that the procedure in Appendix A for the subproblem (2.3) requires much
more work than the updating of quadratic models in the unextended version of
BOBYQA. Good support for 8 > 0, however, is given by the example of Section
2. Another consideration is that Tables 1 and 2 show that efficiency can depend
strongly on the choice of m, which provides encouragement for the development of
new techniques that choose and adjust m automatically. Therefore more research
is expected, and it is too early to advance the view that going beyond symmetric
Broyden will not be useful in practice.

5. On the speed of convergence

Algorithms for unconstrained optimization that employ quadratic models are ex-
pected to achieve fast convergence eventually if the models become sufficient-
ly accurate approximations to the objective function within a suitable region of
R™. Furthermore, Broyden, Dennis and Moré (1973) identify conditions on quasi-
Newton methods that are sufficient for superlinear convergence, this work being
a major breakthrough, because the errors in the approximations By = V2Q, ~
V2F(z;), k=1,2,3,..., may remain bounded away from zero as k — oo, where
the notation is taken from equation (1.1). Similarly, BOBYQA often completes its
iterations successfully without calculating enough values of F'(z), x € R", for the
construction of an accurate quadratic model. For example, in all five experiments
of Table 1 with n =320, m =2n+1 and 0 =0, the difference between the final
vector of variables zg, and the optimal vector x, satisfies ||zg,—2,||c0 <1.5x1077,
but a good quadratic model cannot be constructed from only 12034 values of F,

13



n i3 |2 — Zulloo 1EA[lF ([ Efnllr

20 967.2 1.7x107° 116.3 57.2
40 2069.4 2.6x1076 161.9 114.7
30 4176.8 2.9%x10°¢ 226.3 191.8
160 7633.0 3.0x107 317.9 294.3
320 13751.6 6.4x10°¢ 448.3 433.9

Table 4: Some results when F is quadratic, m=2n+1 and pe,q =107

as a quadratic in 320 variables has 51681 degrees of freedom.

The author ran some numerical experiments in 2009 that investigated the
monotonically decreasing sequence ||V2Qr—V?F||r, k=1,2,3,..., when homo-
geneous quadratics are minimized by the unextended version of BOBYQA. The
eigenvectors of V2F, namely v;, j=1,2,...,n, were generated randomly, v; being
from the uniform distribution on the surface of the unit ball {z : ||z|s =1}, and
v;, j=2,3,...,n, being from the uniform distribution on the set {z : [|z||s = 1;
zTv,=0,1=1,2,...,5—1}, but the eigenvalues were in a geometric progression
from 1 to 100, which provided the objective function

F(z) = %gT{ ” 100(;’—1)/(71—1)%@?}% z€ER". (5.1)

i=1

The initial vector of variables z, was also chosen randomly subject to ||zy[/2 =1,
five different values of m were tried, and BOBYQA was given ppe; = 0.1 and
Pena = 107%. Further, five sets of random numbers supplied five different test
problems for each n, as in Section 4. Some results of these calculations with
m=2n+1 are shown in Table 4, all the entries being averages over the five test
problems of each row of the table. In the column headings, xg, is still the vector
of variables that is returned by BOBYQA, the matrix Ej is defined to be the
difference V2Q,—V?2F, and Ejg, is the error of the approximation V2Q~ V?F on
the last iteration.

We see in the table that #F grows no faster than linearly as n— oo, so again
#F becomes too small to allow the construction of good quadratic models when n
is large. Nevertheless, the author had not expected the entries in the last column
of the table to be so close to the entries in the previous column. When n =320
and #F = 13751, there are about 13110 terms in the monotonically decreasing
sequence ||Egl|r, k= 1,2,.. fin, and the final term is about 96.8% of the first
term. Hence, on average, the improvement to the approximation VZQ~ V2F by
each update of the model is less than 0.00025%. Therefore, although BOBYQA
achieves good accuracy in xg,, it may be the world’s worst procedure for estimating
second derivatives of objective functions.

The function (5.1) is useful for investigating whether positive values of 0 in
the semi-norm (1.4) may be helpful to the rate of convergence of the sequence zy,
k=1,2,3,..., generated by the extended version of BOBYQA. We recall from
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n m=n+6 m=n-+6 m=2n-+1 m=2n-+1
=0 0>0 =0 0>0

20 33.6—34.6 34.1—34.8 30.1*—35.4* 31.5—34.4

40 106.7—110.6 103.1—107.0 102.8—105.9 102.8—105.4

80 436.9—447.1 399.8—405.5 364.8—371.9 356.3—366.5

160 | 1819.9—1839.6 1537.6—1553.8 1180.5—1194.9 1159.3—1170.2

Table 5: Ranges of 1073 #F when F is quadratic and peyq = 107500

the last paragraph of Section 1 that the homogeneity of expression (5.1) gives a
way of avoiding underflows in computer arithmetic when peyhq is tiny. Specifically,
the values ppeg =1 and penq =107°°% are assumed in the experiments below, and
every initial vector z, is chosen randomly from the set {z : ||z||2=10}. Because
the reductions in the lower bound p; on Ay are by factors of ten, as mentioned in
the second paragraph of Section 4, we employ the identity

100° F(z) = F(10%z), zeR", (5.2)

which is equivalent to equation (1.11), and we let o take integer values in the range
[0,5000], beginning with o =0 and ending with o = 5000 on the final iteration.
Also, o is increased by one whenever the reduction pg.1=0.1p; occurs. It follows
that, if z is of magnitude py for any iteration number k, then expression (5.2) is
of magnitude one, so its value can be calculated without overflows or underflows
in floating point computer arithmetic. Further, instead of storing such an x, the
values of ¢ and 107z are retained, which avoids underflows too. In particular,
the vectors 10"gj+, 7=1,2,...,m, are stored with ¢ instead of the interpolation
points of the conditions (1.6), and these vectors are multiplied by 10 whenever
o is increased by one. Overflows do not occur, because the replacement of one
interpolation point on each iteration of BOBYQA tends to avoid automatically
the retention of points that are relatively far from z;.

The four versions of BOBYQA that gave the numerical results of Section 4 were
extended further to include the device in the previous paragraph, for minimizing
a homogeneous quadratic function without underflow when pe,q is tiny. We apply
the extended software to the functions F' that occur in the calculations of Table
4, except that the functions with n =320 are omitted, because otherwise the tiny
value of peng would cause the total amount of computation to be inconvenient.
The choices ppeg =1, pena = 1077 and ||zy||2 = 10 are employed, as mentioned
already. Some results of these calculations are shown in Table 5, with #F scaled
by 1073, but otherwise the format is taken from the tables of Section 4. We find
now that, in most cases with m=n+6 and in all of the tests with n=160, going
“beyond symmetric Broyden” does reduce the number of iterations.

The n=20 entry in the third column of Table 5 includes asterisks that denote
failure to achieve the required accuracy in one of the five test problems, but all

15



Average #F' for each Average #F for each
n | Eginl| 7 p € [1071500, 10=501] p € [10-5000 1(—4001]
20 0.000032 / 0.000027 6.67 / 6.76 3.91 / 3.90
40 0.002107 / 0.001448 23.56 / 22.89 9.18 / 8.96
80 0.304445 / 0.230877 119.05 / 103.92 32.86 / 32.21
160 34.62499 / 26.13208 436.25 / 352.69 200.73 / 173.07

Table 6: On the rate of convergence of the Table 5 tests with m=n+6

the other runs finished successfully. In the bad case, an error return occurs after
26370 calculations of F, the final accuracy being ||zg, —2,[|c = 0.84 x 107379 so
this value of #F' is excluded from the table. In all other cases of Table 5, the
norms ||zg, — 1, || are satisfactory, the greatest of them being 1.64 x 107590, A
major difficulty in maintaining adequate accuracy is that some of the distances
ng—gkﬂ |, 7=1,2,...,m, from the interpolation points to the trust region centre,
become much larger than A,. For instance, in the experiment of Table 5 with
n=20, m=2n+1 and §=0 that gives 1073#F =30.1, there are on average about
6 calculations of the objective function for every reduction in A, by a factor of
10, so m =41 implies that on average Ay is decreased about 7 times during the
retention of each new F. Thus some of the ratios Hg;“ l/Ak, j=1,2,...,m, exceed

107. At the error return mentioned above, the greatest ratio is 1.06 x 10°, and
there are even larger ratios in some of the other calculations.

One purpose of the tests of Table 5 is to investigate the sequence of errors
E,=V?Q,—V?*F, k=1,2,3,..., as k becomes large. We recall the property of the
symmetric Broyden method that ||Ej|r decreases monotonically as & increases
when F'is quadratic and 6 is zero. The accuracy of our experiments is sufficient
to demonstrate this property numerically with pe,q = 107°%° and n > 20, but,
for n = 10, the norms ||Eg||r become of the magnitude of computer rounding
errors in the difference V2Q,—V2F. The final values of these norms provide the
| Efin||r column of Table 6 for the m =n+6 calculations of Table 5, each entry
being of the form a /b, where a and b are taken from the § =0 and 6 > 0 tests,
respectively. Both a and b are averages of the final values of || Ey|| for the five
objective functions that are generated randomly for each n. We see that smaller
values of ||Eg,||F are obtained by going beyond symmetric Broyden, in spite of
the loss of monotonicity in the sequence ||Fg||r, £k =1,2,... fin. It seems that
|| Ex||F tends to zero in exact arithmetic as k— oo, although, when n is 160, more
than 10° iterations are required to reduce ||E||r from its initial value by a factor
of ten.

If our extended version of BOBYQA had superlinear convergence, then, in
exact arithmetic, the number of reductions in the lower bound p on A by a factor
of ten would be infinite, and the average number of calculations of the objective
function for each p would tend to zero. This situation would be unsustainable
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/ m=n+6 m=n-+6 m=2n-+1 m=2n+1
=0 0>0 =0 0>0

1 222.4—228.2 198.9—200.9 157.1—159.9 161.2—166.0

2 308.4—317.5 277.2—279.8 229.8—234.2 231.6—238.4

3 363.2—373.5 328.9—332.9 283.5—289.1 280.4—289.0

4 404.0—414.3 367.9—373.0 326.8—333.5 320.0—329.7

5 436.9—447.1 399.8—405.5 364.8—371.9 356.3—366.5

Table 7: Ranges of 1073 #F to achieve F(z),) <1072%% twice when n=_80

in practice, however, because, as mentioned at the end of the paragraph before
last, some of the ratios ||g;r II/Ak, j=1,2,...,m, would become infinite. Therefore
BOBYQA includes the feature that usually a reduction in p is not allowed until at
least three new values of F' have been generated for the current p, which excludes
superlinear convergence. This limiting behaviour is nearly achieved in practice by
the n =20 experiments of Table 5, the average number of calculations of F' for
each new p in the interval [10759%° 107190!] being less than four. The last column
of Table 6 shows these averages for m = n+6 and our usual choices of n, the
notation a / b being employed as before to separate the § =0 results from the 6 >0
results. The averages when p is in the interval [10715% 10759 are also recorded.
We note that the entries in the last column of Table 6 are much less than the
corresponding entries in the previous column. The growth in the entries of the
final column as n increases may be due to the magnitudes of ||V2Qy — V?F||p,
which have been addressed briefly already. All the figures in the last three rows
of Table 6 suggest that # > 0 is more efficient than § =0, but the reader should
look again at the last paragraph of Section 4.

Table 7 was added to the original version of this paper, in order to show
faster convergence as k increases in a way proposed by a referee. It goes beyond
the n = 80 row of Table 5 by providing values of 1073#F when the algorithm
achieves F(xz;,1) <1072 for the second time for £ € {1,2,3,4,5}, except that
each ¢ =5 entry is replaced by the final value of 1073#F. The use of second
time instead of first time avoids distortion of the results by iterations that cause
F(241) to be much smaller than usual for the current p. The differences between
the rows of Table 7 demonstrate that, for all four versions of BOBYQA, the speed
of convergence becomes faster as the iterations proceed, the gains being stronger
when 0 is positive.
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Appendix A. The calculation of A;

We recall from Sections 1 and 2 that the quadratic model of our extension to
BOBYQA is updated by the formula

Qrri(z) = Qu(z) +{F(y) — Quly)} Mi(z),  zeR™ (A1)

The vector g:“ = x;+d;, is the new interpolation point of the k-th iteration, and the
function A; is a convenient estimate of the quadratic polynomial that minimizes
the semi-norm

1/2
IAdle = {IV2A: + 201X A )15} (A2)
subject to the Lagrange interpolation equations
At(gj) = Ojt, j:1,2,...,m, (AB)

the choices of # and v being specified in Section 3. The procedure that constructs
A; in all the calculations of Tables 1-3 and 5-7 is described in this appendix,
after some relevant theory. Usually it requires only O(n?) operations when m is
of magnitude n, this small amount of work being achieved by applying a version
of truncated conjugate gradients that provides an approximation to the optimal
A;. Then a refinement procedure satisfies the conditions (A.3) exactly except for
contributions from computer rounding errors.
We write A; in the form

A(z) = ¢+ (l—Q)Tg + % (z—v)"G (z—v), zeR", (A.4)

and assume for the moment that the number c€R, the components of g €R" and
the elements of the n xn matrix G have the values that minimize the expression

TG = FIGIE+ 501l (A.5)
subject to the constraints
ety —v)g+5y —0)'Gly —v) =&, j=L2....m, (A.6)

which is a quadratic programming problem. The contributions to the first order
KKT conditions of this problem from first derivatives with respect to the elements
of G supply the identity

G = Xy pe(y) —v) (y) —v)", (A.7)
the multipliers ug, =1, 2, ..., m, being the Lagrange parameters of the constraints

(A.6) in the KKT conditions. Furthermore, differentiation with respect to ¢ and
the components of g shows that these multipliers also have the properties

2ty e =0 and 2o M (QZ_Q) =0g. (A.8)
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By substituting the form (A.7) into expression (A.6), we deduce that these con-
straints with the properties (A.8) provide the (m+n+1)x(m+n+1) linear system
of equations

Ale | YT 14 [N
e 0] o0 c =101, (A.9)
Y | 0] 0 g ]

where A is the m xm matrix with the elements
2 .
Ay = %{(gj—y)T(g—y)} : j=12...,m, (=1,2,....m, (A.10)

where all the components of ¢ € R™ are 1, where Y is the n x m matrix with
the columns g?— v, {=1,2,...,m, and where ¢, is the t-th coordinate vector in
R™. Putting the fg term of the system (A.9) on the right hand side brings the
advantage that the matrix on the left hand side is independent of 6.

The techniques of BOBYQA for updating the interpolation points y7,

wn

‘o
F,
j
1,2,...,m, ensure that the matrix on the left hand side of expression (A.9) i
nonsingular. We write its inverse in the partitioned form

-1

Ale | YT Q, | g | LT
QT 0 0 - §UT gv @Z ’ (A 1 1)
Y|0]| 0 L |w, | T

the dependence on v that is indicated by the subscripts being important later.
We also assume for the moment that the submatrices €2, I, and Y, are available,
their dimensions being mxm, nxm and nxn, respectively. Let the system (A.9)
be multiplied by the inverse matrix (A.11). Then the last n components of the
product are the relation

g =T,e+07,g. (A.12)

The elements (A.10) make A positive definite or semi-definite, which is going to
be demonstrated neatly when we address the calculation of the term HV2AEO) 1% in
formula (3.7). It follows that Y, in expressions (A.11) and (A.12) has no positive
eigenvalues, so the eigenvalues of the nxn matrix I —#7Y, are bounded below by
one for #>0. We regard the solution of the system (A.12) as the unconstrained
minimization of the strictly convex quadratic function

P(g) = —QTD, e + %QT(I -071,)yg, geR". (A.13)

Indeed, unless the choice g = T',e; is made as mentioned below, we construct g
by applying a few iterations of the conjugate gradient method with exact line
searches to the function (A.13), starting at g =0 :g(o), say, this method being
described in Fletcher (1987), for instance. The ¢-th conjugate gradient iteration
obtains g“) by searching from g“‘l) along a direction d, the work for each ¢

being only O(n), except that d® has to be multiplied by the matrix (I-67,).
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The numbers ®(g\9), £>0, and the gradients V& (g"“) are calculated during
the conjugate gradient iterations, y@( ) being important to the choice of .
The iterations are terminated, g(e) being accepted as a sufficiently accurate esti-
mate of the minimizer of the function (A.13), g(°P" say, when one (or both) of the

conditions
(g V) — 0(g®) < 0.01 {@(g?) — B(g* M)}

(A.14)
and [[VO(¢“)| < 0.01[lyf — 2™

is achieved, where y is the closest point to z; in the set {gj cj=1,2,...,m}
excluding z; ;. The first test causes truncation if the reductions in ® become
relatively small. The other test is derived from the view that, because gradients
of magnitude ||y —x;.]|7" are unavoidable near + in some Lagrange functions
even if ¢ is huge, errors of at most 0.01 [y — 217" in the estimate g & g(°PY

are tolerable. The negative definiteness of Y, in the definition (A.13) provides the
bound

19" = g®Pl < |[(1 = 07) (g — g™

= [ Ve(g") - V(g™ = [Ve(g9)l.  (A15)

Therefore the second test of expression (A.14) is suitable.

We return to the case when the estimate g\~ g(°P) is picked with ¢>1, after
considering two other situations that are without conjugate gradient iterations.
This happens when 6 is zero, because then expressions (A.9) and (A.11) show
that the parameters g=1I\,e, and p=€,e, provide the required Lagrange function
(A.4), G being the matrix (A.7). The value ¢=A;(v) is taken directly from the
constraints (A.3), as v =1z, is one of the points g;“, j=1,2,...,m. Furthermore,
this Lagrange function is selected in all situations without conjugate gradients
even if 6 is positive.

In particular, the second of the inequalities (A.14) is tested for ¢ =0 before
any conjugate gradient iterations, and if it holds we switch to the procedure of
the previous paragraph. In this case V®(g\¥)) is the vector V®(¢?) = V&(0) =

—TIe, and g is set to I'e,, which supplies the estimate I'e, ~ g(OPt) instead of

©pt) that occurred before. Therefore we ask whether

the approximation g( ) ~ g
the error ||I,e,—g°"Y]| is also bounded above by 0.01 [|yF—z;,]| ™. The identity

g°PY = (I—07,) 'T,e, provides the equation
IToe—g P = (1 =070)" (—07) Tell, (A.16)

and the negative definiteness of T, with # >0 implies that all the eigenvalues of
the symmetric matrix (/—607,)~1(—607,) are in the interval [0, 1). Thus expression
(A.16) is at most ||Tye || = ||V ®(g'?)||, which gives the required result.

We now address the situation when the inverse matrix (A.11) is not available,
which happens on most iterations, because the task of calculating the matrix
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directly, or of constructing it by an updating procedure from the inverse matrix
of a previous iteration when v is changed, requires O(n3) operations, due mainly
to the property that the elements (A.10) are quartic functions of v. Therefore
BOBYQA works with the inverse matrix on the right hand side of the equation

-1

Ay | e | YT Q | & | I
el o] o = | & | & |w |, (A.17)
Yo 0 0 o | wo | Yo

where Ay has the elements %{(gj—go)T(g;—go)}z, 1 <j, £ <m, where Y; has
the columns yz— o, {=1,2,...,m, and where z, is a suitable point that usually
remains fixed for several consecutive iterations. When the k-th iteration replaces
the old point y, by g;L =z, +d;, as mentioned in the first paragraph of Section
2, only the t-th row and column of the matrix on the left hand side of expression
(A.17) are altered for fixed z,, which allows the right hand side to be updated
in only O(n?) operations, details being given in Powell (2004b). That procedure
has excellent stability properties, it stores and revises only the submatrices (g,
Iy and Yy, and g is in a factored form that preserves its rank and its positive
semi-definiteness. These features are retained in our extension to BOBYQA.

It is important to the accuracy of BOBYQA in practice to keep z, fairly
close to the interpolation points gj*, J=1,2,...,m, so x, is shifted occasionally.
We assume temporarily that the k-th iteration moves z, to the new position
v =2,,, knowing this does not happen on most iterations, because then the
matrices (A.11) and (A.17) become the same. Thus the operations of the shift,
described in Section 5 of Powell (2004a), include formulae that express €2, I, and
T, in terms of the available submatrices €2y, Iy and Y. Specifically, for fixed z,
the required submatrices are given by the product

Q |FY  (I]o Q| IF 1] 2"
(n n)‘(zh)(mln)(oh) (4.18)

where Z is the nxm matrix that has the columns
z = {( =2 30)" @ —20)} (yf —3zo—§v),  J=1,2,...,m. (A19)

The reader may notice that this choice of z; is without the term 1{jv—z||*(v—z()
that occurs in the definition of z; in Powell (2004a). These terms alter Z by the
rank one matrix f|lv—zol|*(v—2z¢)e’, which does not disturb the product (A.18),
because the definition (A.17) gives the conditions e’y =0 and e’ T =0.

We now return to the calculation of g(e) from g(e_l) by the (-th iteration of
the truncated conjugate gradient procedure. Equation (A.18) provides our way
of multiplying the direction d by (I—6Y,) in only O(n?) operations. Indeed, it
gives the formula

T, d" = {Z2Q2" + 2T] + ToZ" + No} d
= Z{Q(27dY) +T7d9} + Ty (27dD) + Tod.  (A.20)

22



The vector (Z7d"¥) € R™ has the components %wa), j=1,2,...,m, and the
product Z{Q(Z7d"9)+TTd®} can be formed as a linear combination of the
columns of Z. The other multiplications of vectors by matrices in expression
(A.20) are straightforward, the matrices being €, Iy and Yy, which are available.
The description of the truncated conjugate gradient procedure for seeking the
approximate minimum of the function (A.13) is now complete, except for the
calculation of the initial search direction d") = —Vo(9")=-VP(0)=TL,e,.

Equation (A.18) implies that I'ye, is the vector (I'y+ Z€)e,, but we prefer
an equivalent form that is without the dependence on Z, this form being the
expression

Lve, = Toe + 2311 27 (gj_ v) (E;r_ Q)T@ — Zy), (A.21)
where p;, j=1,2,...,m, are now the components of €)ye;. In order to show the
equivalence, we note that, because Z€)¢, is the sum 7", p;z;, a rearrangement
of the definition (A.19) supplies the identity

ZO0e, = S5ty iy Yy — 520— 50) (¥ — 520~ 32)" (L—1o). (A.22)

Moreover, equation (A.17) gives not only e’ Q=0 but also Yy =0, providing
both e’Qye, =0 and YyQoe, =0, which are the conditions

j=1 by =0 and 21 Mg (Ej‘%) = 0. (A.23)

It follows that the sum of equation (A.21) is the vector ZQge, as required.
Formula (A.21) is also useful in the construction of ALY (), x € R™, which

is defined in the last paragraph of Section 3 to be the quadratic that minimizes

expression (A.2) subject to the constraints (A.3) when 6 is zero. The parameters

of A are given by the system (A.9) with =0, so the definition (A.11) provides
=S¢, and g=I,e,. Therefore, because the product (A.18) implies €2, =), the
components of p are those that occur in the previous paragraph, and g is the vector
(A.21). These remarks give the parameters of A; when A; is set to ALY which
happens if and only if there are no conjugate gradient iterations. Furthermore, the
value of ||V2A£0)||% is required for equation (3.7), its calculation being addressed
next.

The square of the Frobenius norm of a real matrix is the trace of the matrix
times its transpose. Thus expression (A.7) provides the formula

1G5 = Trace{iuj (gj y —v) i gzr—y)T}
_ Trace{fjlEf;W@;—m<y;—v>T@—v><g;—v>T}
= i iuyue {(gj—y) (y*—y)}2 = 2u Ay, (A.24)
i=1 =1
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where A has the elements (A.10). This equation is valid for general yeR™, and
the left hand side is always nonnegative, which establishes the result stated earlier
that A is positive definite or semi-definite. The work of applying this formula is
reduced to O(n?) operations by employing the scalar products

S =y —0)" (g, ) = (U —z)” (U —zen), 50=12,...,m. (A.25)

They are calculated for v=2x,; before the first iteration, and they are updated on
every iteration, the work of this updating for each k being only O(n?), even if
241 is different from z,. We recall from the previous paragraph that G :VQA,(tO)
is the matrix (A.7) when the multipliers p;, j=1,2,...,m, are the components
of Qpe;. Then equations (A.24) and (A.25) supply the value

IVAONG = 303w =2 (A.26)

j=1 ¢=1

Thus the implementation of formula (3.7) by the extended version of BOBYQA
takes only O(n?) operations, due to our assumption m=0O(n).

The remainder of this appendix completes the description of the choice of A;
after the truncated conjugate gradient method has constructed an estimate g(e)
with £>1 of the vector g(‘)pt) that minimizes the function (A.13). We recall that
g(om) is the g defined by the system (A.9), and we let H(Opt) be the corresponding
value of y. By multiplying the system by the inverse matrix (A.11) again, we find
that the first m components of the product are the expression

p = Qe+ 0T g = Qoe, +60(IF + Q0 27) g, (A.27)
where the last equation depends on the relation (A.18). The replacement of g(‘)pt)
by g =g*" say, provides the estimate

H(est) = O e + 0 Fng(est) + 09, (ZTg(est)) (A28)

of H(Opt), which is calculated in a way that depends on the properties 2e=0 and
QoY =0, mentioned already and implied by equation (A.17). Specifically, the
definition (A.19) allows the components of Z7g(*" to be replaced by the numbers
(v~ (w—z0) (yf —0)Tg"™", j=1,2,...,m.

After g(eSt) = g“) and H(e“) are constructed, it is assumed there is no need to
give further attention to the fact that 0 is positive in the semi-norm (A.2). Indeed,
our stopping conditions for the conjugate gradient iterations are intended to take
sufficient account of # > 0 in a way that keeps ¢ small. On the other hand, we
require our choice of A; to satisfy the Lagrange interpolation equations (A.3) to
high accuracy, assuming that computer rounding errors are negligible.

Therefore the final choice of A; is a perturbation of the estimate

Agest)(z) — At(ﬁ) + (E_Q)Tg(eSt) + % (&-Q)TG(GSO(Q—Q), @ER”’, (A29)

24



where the value of A,(v) is taken from equation (A.3) with v=x,_, where G("
is the matrix
G =y ™ () (o) (A.30)
and where the perturbation is defined in a way that achieves all of the conditions
(A.3).
The values AgeSt)(yj*), 7=1,2,...,m, are calculated by applying the formula
A () = M) + (g -0 9" + 5y - ) GV - )

= M)+ (g =) g+ 5 Y W™, =12, m, (A31)
(=1

which requires only O(n?) operations altogether, because the scalar products

(A.25) are available. Then A, is the sum A" (z)+1II(z), z € R", where the
perturbation II is a quadratic polynomial that satisfies the constraints

M(y") = 4 _A§est>(gj+), j=1,2,...,m. (A.32)

It is convenient to take up the freedom in II by minimizing | V?II||r, which is the
familiar symmetric Broyden method.

Indeed, by putting § =0 and v =z, in the variational calculation that gives
the linear system (A.9), we find that the perturbation II is the function

I(z) = (ze) + (z—20) g™ + & (2—20) "G (z — zy), z€ER", (A.33)

with the second derivative matrix

G = S () — x) (yf — 20)", (A.34)
where g(”) €R"™ and H(W) €R™ are defined by the linear system of equations
Ay | e | V" ™ r
el 0] 0 Mz, | = | 0|, (A.35)
Yo 0] O gm 0

the components of r being the right hand sides of expression (A.32). Therefore
the inverse matrix (A.17), which is available, supplies the values g(”) =Iyr and
ﬁ(”) =Qor. Further, because the properties e’y =0 and Y, Q=0 provide both
el u™ =0 and Yy pu™ =0, which are the constraints (A.23) with g=pu™, we may
change x, to v in expression (A.34). It follows that, writing A, :Age“)—l—ﬂ in the
form (A.4) with the second derivative matrix (A.7), its parameters g € R" and
pER™ take the values

g = g(eSt)+YH(Q) — g(est)+g(7r)+G(7r) (Q_io)
= gV 4 Tor + X0, 1™ (g7 — ) (] — v)7 (u—2) (A.36)

and p = H(eSt)+ H(’T). The description of the construction of A; by the extended
version of BOBYQA is complete.
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