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1. Introduction

In recent years, noisy optimization has become an important research topic, especially due to the increased use of
simulation optimization and the advances in computer hardware development. Therefore, an interesting aspect concerns
the question as to what kind of strategies one should use for such optimization problems. To answer this question, one
needs to compare these strategies. One way is to do this on a purely empirical level, as it was done in the recent Black Box
Optimization Benchmarking (BBOB) at the Genetic and Evolutionary Computation Conference (GECCO) in 2009 and 2010.!
However, there is also a desire to compare strategies on a deeper and more theoretical level. Given the diverse research
fields concerned with noisy optimization (e.g. operations research, engineering optimization, evolutionary computation,
robust optimization), the strategies developed were mainly analyzed with methods tailored to their specific fields. This may
cause obstacles in the comparison across fields, since the derived results are not compatible and do not allow for a direct
comparison. A solution is to use a unified approach which results in the same performance measures which can then be
used as the basis for a comparison.

Such a unified approach is presented in this work for the analysis of Simultaneous Perturbation Stochastic Approximation
(SPSA) [1,2]. The approach itself was developed for evolution strategies [3] and will be applied here to a different type
of strategy for the first time. The aim is to derive equations for the dynamic behavior, convergence criteria and optimal
strategy parameter settings. We will show that the approach also provides insight in the short term dynamics which are
usually not captured with common analysis methods for SPSA. See Appendix A for an overview of the proofs obtained in
[1]. The presented analysis method will be applied to a restricted class of test functions. That is, simple test functions are to
be considered which allow for mathematical tractability which in turn allows to derive conclusions not (always) available

* Correspondence to: FH Vorarlberg University of Applied Sciences, Hochschulstrasse 1, 6850 Dornbirn, Austria. Tel.: +43 5572 7927122; fax: +43 5572
7929510.
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from other approaches (e.g. optimal parameter settings). While this might be considered as a too less general approach,
we like to point out that the same approach was successfully applied to other test functions, e.g. the ridge function [4] or
ellipsoidal-type functions [5,6]. However, such analyses present a demanding task which in turn means that progress in this
field proceeds gradually. That is why we will consider the sphere model test function, however, in combination with three
different noise models:

e noise-free
e constant noise, where the variance of the noise remains constant
e state-dependent noise, where the variance of the noise depends on the current location in the search domain.

These models can be analyzed using the same analysis approach, which is not possible for SPSA with the method presented in
[2], where an additional treatment of the noise-free case was necessary [7,8]. Later on, we will compare the results obtained
with the respective results from literature.

After introducing SPSA in Section 2, a detailed description of the steps for the theoretical approach will be given in
Section 3. A peculiarity of the approach used is that one has to consider the test function in the limit of infinite search space
dimensionality. However, in Section 4 it will be shown that the derived results will provide good approximations for finite
search space dimensionalities as well. This will be done by simulation experiments. Afterward, in Section 5 a comparison
with evolution strategies is performed. There, the equations derived will be used to obtain performance measures. In
Section 6 a summary of the work is given and conclusions from the results derived are drawn.

2. The basic SPSA algorithm

This section reviews the basic SPSA algorithm. This algorithm belongs to the class of stochastic approximation algorithms
[9], performing basically an approximate gradient descent. The pseudo code of SPSA is given in Algorithm 1. In lines 1-3 the

Algorithm 1 Simultaneous perturbation stochastic approximation

1: initialize xV

2: initialize a® and ¢©@

3: choose «, y, and A

4: fort := 1to ty.x do

5. choose perturbation vector A®
c® = cO¢=y

f+<f> =f (X(r) + C(oA(r))

fjﬂ =f (Xm —c® A(t))

© _¢(0)

o. g0 =TT A0 b AT = (A7) A7 L, Ay
100 a® =aO +A)™

11: XD = xO _ qOg®

12: check termination_criterion

13: end for

®° N2

initial solution vector XV € RY is set and the strategy parameters are chosen. In SPSA the following strategy parameters 2
are used:

a € [0, 1] — reduction rate for the gradient step size factor a®®

y € [0, 1] — reduction rate for the gradient approximation step size factor ¢
a® > 0 — initial value of the gradient step size factor

c¢® > 0 — initial value of gradient approximation step size factor

A > 0 — stability factor.

The core of SPSA is represented by the loop within lines 4-13. Defining t,,x as maximal number of iterations, the loop is
repeated until ¢, or any other termination criterion defined in line 12 is satisfied. At the start of the loop the perturbation
vector A® is chosen from a given random distribution. This distribution must satisfy the following properties [2]:

1. symmetry,
2. zero mean and finite variance,
3. finite inverse moments.

2 There exist SPSA variants which use more than these basic parameters. For examples see [2] and www.jhuapl.edu/SPSA. The web site also provides
many examples for practical problems solved with SPSA.


www.jhuapl.edu/SPSA
www.jhuapl.edu/SPSA
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The components of the perturbation vector must be independent and identically distributed (iid). A common choice is the
symmetric 1 Bernoulli distribution. This distribution generates £1, each with a probability of p = 0.5. Surveys [10,11]
showed that this distribution is well suited for most test functions considered. Therefore, this work will only consider this
distribution for A®. Next, the current gradient approximation step size factor c” is determined (line 6). As recommended
in [2], ¢© should be set approximately equal to the noise at the initial point and ¥ = 0.101 being the smallest admissible
value fulfilling the assumptions of Spall’s convergence proof [2]. Afterward, the gradient is approximated in line 9 by means
of the function values at the points x© 4 ¢® A® (line 7 and line 8). Note, A~ is defined as

A= (A7 AN LAY (1)

where Aq, ..., Ay are the components of A. It is a remarkable property of SPSA that it needs only two function evaluations
to approximate the gradient. This is in contrast to other methods relying on, e.g, N + 1 or 2N function evaluations using
forward and central difference approximation schemes, respectively (e.g. Implicit Filtering [12]). The update of the current
solution is done in line 11, where the approximated gradient is multiplied by the gradient step size factor a'. This factor
depends on a©, t, A, and « (see line 10). The recommendations for these parameters are: & = 0.602 and A =~ 0.1tmax.
With these values and the desired minimal change in the magnitude of the components of x(V in the first iterations one
can determine a® [2]. As for y, the setting for « is equal to the smallest admissible value fulfilling the assumptions of
the convergence proof. Choosing the smallest values is beneficial for practical applications with strong noise. Note, these
recommendations are based on empirical investigations on several test functions. The theoretical asymptotic optimal values
were determined as @ = 1and y = 1/6in [1]. The interested reader is also referred to [2, Chapter 7].

The basic algorithm can be enhanced by using some kind of gradient smoothing and applying thresholds for the updates.
See [2] for a discussion of these options. Another improvement is the use of adaptive SPSA [13,14]. Where the Hessian matrix
is also approximated (by at least 2 more function evaluations per iteration) and then it is used for the update of the solution
vector. In this work we are only concerned with the basic algorithm, although a slight modification will be introduced shortly.

3. Analysis of the dynamical behavior

For a comparison of different algorithms one can use a benchmark suite (e.g, [15, Chapter 6] which especially considers
noisy optimization and the one used in the BBOB 2009 workshop, see footnote 1), which gives information about the
performance of the algorithms over a range of test functions. But there is still a need (and desire) to compare strategies on a
theoretical level. This gives more insight about the behaviors of the algorithms. A first step was presented in [16] where
five different methods (Random Search, SPSA, Evolution Strategies (ES), Genetic Algorithms, and Simulated Annealing)
were compared. The comparison was based on the respective theoretical convergence rates for an unimodal and separable
objective function. The restriction to this function class was necessary, since for other function classes the theoretical results
were not comparable.

The approach pursued here is slightly different. Rather than using different formulations for the convergence rate, a
unique formulation for all algorithms is considered. The approach was developed in [3] for the analysis of ES. It was
successfully applied to different variants of ES and different test functions (e.g., sphere model, ridge, and quadratic functions).
In the current paper the approach will be applied to a non-ES algorithm for the first time. To this end, we restrict ourselves
to the sphere model (which is unimodal and separable) in combination with three different noise models. In the following a
detailed step-by-step description of the analysis approach will be given. First an one-iteration performance measure will be
derived. The result obtained will then be used to derive convergence criteria, optimal gradient step sequences, and equations
representing the overall dynamic behavior. Afterward in Section 5, a comparison of the results obtained with respective
results for ES will be presented.

3.1. Deriving the fitness gain - a one-step performance measure

First, let us start with the definition of the sphere model

f0) =x'x, (2)
where x € RN and f : RY — R. Since we are interested in noisy optimization, the function definition is generalized to
fX) =x'x+0.(0N(0,1) (3)

where the first term in (3) represents the true (non-noisy) function value and the second term represents a scalar noise
term. The noise term consists of the noise strength o, (Xx) and a standard normally distributed random scalar & (0, 1), a
common model in noisy optimization. The investigation of other noise distributions is beyond the scope of this paper. The
three different noise models under consideration are: o, (x) = 0 (noise-free model), o, (X) = const. (constant noise model),
and o, (X) = froise(X) (state-dependent noise model) where the noise strength depends on the location and vanishes at the
optimum. In the constant noise model, the variance of the noise will be constant. For the state-dependent noise model it
is assumed that o will only depend on the current x| i.e. 0. (x?) = 0. (x® £ ¢© A). With this simplification the math
involved is much more amenable as if o, would depend on the actual evaluated point. The same noise model was used
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Fig. 1. Decomposition of the update step —a®g® with the help of Pythagoras’ theorem.

for the analysis of ES [15] which allows for a comparison of both strategies. However, as shown in [15], for N — o0, a
frequently used assumption in the derivation process, the behavior of both models is the same. Last but not least, for all
models considered no correlation between different evaluations of the noise term is assumed, i.e. & (0, 1) is iid.

The analysis starts by considering the gradient approximation in SPSA

® _ (0

g0 = 1=

(G
e 4 (4)

whereff) represent the evaluation of (3) at the points X + A®_ Due to the noise in (3) and the manner in which the gradient
is estimated in (4), the resulting g has only limited accuracy. After all it is an approximation. To improve the accuracy, one
can use an average of multiple gradient approximations. This is achieved by adding a loop into Algorithm 1, which encloses
lines 5-9. Thus, each approximation has different A®, but the same c¢®. To differentiate between the different gradient
approximations a subscript w is added. Applying this idea, the gradient approximation changes from (4) to

gt = O _ f(t) — £’ !
t t - t
Z Z_‘: 2 S ®)
where W is the number of gradient approximations. The function evaluations at the test points can be written with (3) as
fur (xO £c0A0) = (x“> +cOADY (xO £ cOAD) 4+ 0F (x0) N, (0, 1)
xO'xO 4 2cOxO" A 4 O AOTAO | 5= (xO) v, (0, 1). (6)
Thus, the fitness difference in (5) can be expressed as
T
= £ = 4cOx® 4D + 59N, (0,1) @)

where &fm represents the difference in the noise factors and depends on the chosen noise model. Substituting (7) into (5)
yields

1 ¢ T 5O N, (0, 1) -
(t) _ § : )" A € W™ (t)
8 = w 1<2x At 2c® )A“’ ' (®)
w=

An analysis of above equation shows that for ae(f) = 0, the value of ¢®® has no influence on the gradient approximation. This
is typical for SPSA on quadratic functions. If as” > 0, increasing ¢ will reduce the noisy disturbance.

The next step is to decompose the gradient step, —a®©g®, into a vector v; which points in the direction of the optimum
Xopt and a vector with perpendicular direction v,. This enables one to determine the achieved gain in the iteration step and
the influence of the algorithm parameters on this gain. The decomposition is outlined in Fig. 1. The optimum is marked with
Xopt, the solution at the start of the iteration with x', and the solution at the end of the iteration with x**V. The gradient

step from x® to XV is marked with —a¥g(®. From the definition of the noisy sphere (3) it is clear that X, = 0.> Writing
R = |x®| and r = ||x**V| and using Pythagoras’ theorem one obtains
il + v [ = la®@g®? 9)
R— [v1lD* + w2 > = 2. (10)

3 The obtained results will still hold if an additional translation is applied to (3).
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Solving (9) and (10) yields the so-called evolution equation
r* = R = 2R|vi[| + la Vg )

which describes the change in the distance to the optimum after a single iteration step. The unknown in (11) is the norm of
vector vy, hence deriving an expression for ||vq]| is the next step.
By means of the scalar product one obtains

07 50 gD
X a'g
7X(t)

Vi = — R2

(12)

The minus in front of the fraction is due to X and v; having anti-parallel directions. Recalling that || x| = R, the norm of
v, yields

T
la©x© g®)]
vill = —r (13)
Using (8) the scalar product in (13) can be written as
1 & 5O N, (0,1 -
aOxOTgl) — gOxOT (W Z <2x<r)T AD e T o 2;"“() )> A0 (14)
w=1

From now on, we will use that A® obeys a symmetric 41 Bernoulli distribution. Hence, the components of A® are +1 and
according to (1) A©™" = A® is valid. Rewriting (14) yields

(GI 2 50

a o My(0,1

aVxV'g® = w Z<2 (X(t)TAl(ff)) + 2w<r(> : mTA(t)) 1>
w=1

So far the quantity defined by the right-hand side (rhs) of (15) is a random variable. A main idea of the analysis approach is
to use expected values and to neglect the fluctuation, similar to an ordinary differential equation approach. This will yield
asymptotic correct equations for N — oo. As a consequence, this requires validating the obtained results for finite N by

2
simulation experiments as it will be done in the next section. The expectation of (x(“TAg)) is

E[(xa)’ x| =E (Zx, 1) X :ﬁ;x?E[Aiz]—i-XN:Zx,-ij[AiAj]. (16)

i=1 jAi

Note, the iteration index t and gradient approximation index w were omitted for brevity. Since A has i.i.d. components,
A; = £1,and E [A;] = 0, the relations

E[AiA]] =E[A]E[4]]=0 and A} =1 (17)

are valid. Using (17), (16) can be written as

E[(xa)” x| = ix,.z =R (18)
i=1

Now substituting (18) into (15) and taking the expectation yields

t W (f)N 0,1
OF [«OTg® ] — & 2 ( xOTE[A®
a E[x g |x]_ - Z(ZR + E[Al ]>. (19)

w=1

Recalling that E[A;] = 0, the last term in (19) vanishes. Thus, the resulting expectation for the norm of vy is
a® G (t) a® J (t)
ElllviIR] = €[ x"g®IR] = T W k= 2R (20)

For further analysis we would like to have the evolution equation (11) only dependent on R, the strategy parameters (a®,
c®, W), and the function parameters N and o. Thus, the term ||g”||? in (11) needs to be expressed with those parameters.
With (8) and recalling A~! = A one obtains

w

2
1 T ON,(0,1)
w Z <2xm A+ = z:m )Ag)

w=1

lg® ) = ’ (21)
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This is a random variable and again we are interested in its expectation. To determine this expectation we will use the fact

that V,, (0, 1), resulting from the noise, and A, used within the gradient approximation, are statistically independent. The
derivation of E [|| g® ||2] is rather technically involved and is given in detail in Appendix B. The result obtained is

N 50? 1
(t) 2 _ 2 € 2 _
E[llg”1?IR] = m <4R + PG + 4R (1 W)' (22)

Substituting (22) and (20) into (11) yields

©*N 5 (02 1
2p] _p2 _ gs0p2 @ 2, % ®*p2 4 _ 1
E[r’IR] =R — 4aR* + W (4R + 4C([)2> +4a"R (1 W). (23)

With (23) it is possible to determine the expected gain by a single iteration step. Since (23) depends on R? and r?, the non-
noisy function values at x© and x*+P, this performance measure will be called the quality gain. Defining the quality gain as

q© =E[R* —r*R], (24)
one obtains with (23)
©® O NG ©?
© _ gq0p2 (1_ % _p) =N
q® = 4a™R (1 o (N+w 1)) PIVATE (25)

From above expression one obtains the necessary condition for convergence in expectation as ¢© > 0 V t > T, where
To > 0 s constant. In the following we use (25) to derive convergence criteria and optimal gradient step sizes a®® for the
three noise models.

3.2, Convergence criteria and optimal gradient step sizes

First, the noise-free model, o, = 0, will be considered. In this case the quality gain reads

(3]
a
q® = 4aOR? (1 —— (N+W - 1)) : (26)
w
Convergence to the optimizer in expectation will be achieved if
a®
(t) p2

4a R(l—W(N+W—1)>>O (27)

necessarily holds. Given that a®® and R? are positive scalars one obtains
w
a¥ <« ———. (28)
N+W-—-1

Further, one can derive an optimal step size a®© from (26) yielding the maximal change toward the optimizer. Requiring
dq® /da® = 0yields

S8RE(N+W —1
4R — q© ((;/)) -0 (29)

which can be solved for a', obtaining
o _ w _
AN+ W —1)

The denotation afff) stands for optimal a'® in the noise-free case. As one can see, it does not depend on t or R, thus, it is constant

(e = 0, cf. line 10 in Algorithm 1) throughout the optimization process. Note, this result is specific for the noise-free sphere

model and cannot be applied to other test function classes. Still, it allows for an insight in the algorithm’s behavior and will

be later used for the comparison with evolution strategies.

(30)

. . . . L 2 2
Next, the constant noise model, o, = const., will be considered. In this case the substitution 6"’ = (aj) + (a;) =

V20, will be applied to the quality gain (25). Hence, the requirement for convergence reads

a® ) d*No?

(t) p2 _ _
4a®R (1 o N+W =) o (31)
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The convergence criterion w.r.t. a® yields

w
a® < . (32)

2
N4+W—-1)+ 2L (C%)

8RZ

Comparing (32) with the noise-free criterion (28), one can see that the upper limit of a®® is smaller for the constant noise
model. Furthermore, a® now depends on the current location R and iteration t. Moreover, if R — 0 (convergence toward
Xopt) a® must decrease. Additionally, one can derive convergence criteria w.r.t. R and o.. These are

5 a®N O \2
R > (7) , (33)
8(W —a®(N+W —1)) \c®

L (W—a®(N+W —1)
¢ a®N

. (34)

The first criterion (33) states that for a given set of a®©, ¢®®, W, and o, SPSA will converge until the distance to the optimizer
is equal to the term on the rhs of (33). Thus the optimum will not be reached (for that given set), however, decreasing a®
or increasing ¢ or W will further reduce the distance. Since, the rhs of (33) will appear frequently throughout the text we
define

a®N (06 )2 (35)

®) ~y —
in(@"”’,c") = e
fmm( ) S (W _ a([)(N + W — ])) c®
recalling that f (x®¥) = R%. Note, so far f(x) was used for the observable (noisy) function value, however, fni, represents
a true (non-noisy) function value. The second criterion (34) gives an insight on how large the noise strength can be while
SPSA is still able to converge. Note, the criteria (32)-(34) are not independent and all parameters must satisfy criterion (31).
Similar to the noise-free model, one can derive an optimal a®. Performing the same steps as before yields

4WR?
(8R2(N+W— 1) 4+ N )

c0?

®) _—
acn -

(36)

where agf is the optimal a® for the constant noise model. Comparing agl) with afff) reveals that aéf) depends on R and t. If

R > 02/c0’ = o) ~ a, while forR — 0 = a{?) — 0.

Finally, let us give some comments on ¢(© for the constant noise model, which also apply to a certain extent to the state-
dependent noise model considered next. The common sequence for ¢ is given in line 6 of Algorithm 1. It is a decreasing
sequence with the constant ¢® being chosen approximately equal to the observed standard deviation of several function
evaluations at the initial point x‘V. It appears from the quality gain (25), that c® only influences the noise term and choosing
c® large and constant is advantageous. 4 On the other hand, if the observed standard deviation at x(V is sufficiently large,
this will yield a choice of ¢® (especially for the state-dependent noise-model where the noise strength increases with the
fitness) causes a reduced accuracy close to the optimizer due to numerical problems. Decreasing ¢ would increase the
noise factor o, /c© and thus decreasing q (25). From previous analyses of SPSA [1] it is known, however, that the bias of

the gradient approximation for non-quadratic test function is @ (c(t)z) and hence a decreasing c©-sequence is beneficial

in the general case.

In the state-dependent noise model the noise strength o, will depend on the underlying true function value. Such a
relationship is for example observed in physical measurements where the observed errors are relative to the value of the
measurement. Using o = const. and definition

N

*
g, —O}ﬁ

€

(37)

yields o, o< R%. As stated in the introduction we assume o, (X) = o (x & c® A) for N — oo for the state-dependent noise
model.
Now substituting .’ in (25) with

2R?
O~_€(t) _ \/EU:T (38)

4 Increasing c® is only beneficial if xX© % c¢® A® remains inside the feasible domain. However, such problems will not be considered here.



S. Finck, H.-G. Beyer / Theoretical Computer Science 419 (2012) 50-72 57

yields the necessary condition for convergence

a® 2a(t)20€*2R4
- (39)

4R (1— — (N+W -1
¢ W( + ) NWc®?

As before, convergence criteria for a®, R, and o} will be determined next. Convergence w.r.t. the step size factor a® is
achieved if

2NW
a® < (40)

N2
IN(N+W — 1) + R? (W)

holds. Similar to the constant noise model, a® depends on the current location. Assuming c*) to be constant, the upper limit
for a© increases toward the rhs of (28) if R — 0. The criteria w.r.t. R and o} read

& < 2N(W —a®(N +W — 1))

o \?
“ ()
. O 2NW —a®(N+W —1))
< — .
€ R a®
Note the difference in the sign between (33) and (41). For the state-dependent noise model SPSA converges only if the initial
distance to X,y is smaller than the expression on the rhs of (41). A respective conclusion concerning the maximal admissible

o} can be drawn from (42). From (42) one can conclude that choosing c¢® o R is an alternate valid choice for this factor.
Apart from that one is referred to the discussion on the choice of ¢ at the end the constant noise model analysis on page 56.
As before, valid parameter sets must still satisfy (40).
Finally, an optimal setting for a® is determined by performing the same steps as before. One obtains
w
al) = —— (43)
R O¢
2(N+W—1)+ﬁ(c(—t))

: (41)

(42)

where agff is the optimal a® for the state-dependent noise model. Comparing agﬁ) with afff) shows that both are approxi-

mately the same forR — 0.1fRor o/ c® is large a§§3 tends toward 0.

3.3. Determining the dynamics with the ODE approach

To analyze the dynamic behavior for successive iterations, one could iterate (25) or use (25) as basis for a differential
equation which describes the dynamics. In the following the latter method is considered. One starts by assuming

daf

dt
where f represents the non-noisy function value. The restriction for this assumption is that the higher order derivatives of
f w.r.t. t are small. For the step sequences a® and c® the expressions from Algorithm 1

a® = a©(t + A)°, (45)
c® — cOpy (46)

—q (44)

will be used. This additionally allows to determine the influence of the reduction rates & and y on the dynamics. Moreover,
since we only consider the dynamics in the non-noisy fitness space, we will replace R? with f in the respective equations.
Starting with the noise-free case, one obtains

40’ (N +W — 1)
w

f+ (4a(0)(t +A)Y— (t +A)2"‘>f =0 (47)

where f = df/dt. Since we are mostly interested in the long-term behavior we assume t + A ~ t and for « > 0 that
t~2%/t=® — 0 holds. Further note that t > 1 holds. See Appendix C for the detailed solution steps.
Eq. (47) is a homogeneous differential equation, stated as an initial value problem. Using

Sstart 1=f(x(1)) (48)
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and the solution ansatz f = cexp (—Z(t)), where c is a constant and Z(t) is the integral over the respective term inside the
brackets in (47). With above assumptions the following solutions are obtained

fstan€Xxp (@(1 —t)), fora =0,

) _
Fx©) = { foarcexp <‘i”_a (1—1¢ "‘)) , for0<a <1, (49)
fstartt_‘la(()), fora = 1.
The term
_ 4d© o
q=W(W—a()(N+W—1)) (50)

is reminiscent of the noise-free quality gain (25) with constant step size factor and normalized by R?. The respective
asymptotic behavior (t — oo) which yields

logf(x®) ~ —t'=% for0<a <1, (51)
FO) ~ 747 forq = 1. (52)

From (51) one can deduce that the fastest convergence rate is obtained for « = 0, i.e constant a®. For « < 1 one observes
a log-linear convergence behavior, while for « = 1 sublinear convergence is attained. The result obtained in [7] reads

o1 ©
lim - log ||x"|| = B a.s. (53)
t—oo t

where 8 < 0 is a small constant depending on a'. Further the proof assumes ¢ and a® to be constant, f three-times
continuously differentiable w.r.t. X with bounded derivatives up to order three in any bounded domain, and X,,; = O to be
unique. For more details and an extension of the proof see [7,8]. Fora = 0(51)and (53) both predict a log-linear convergence
behavior. In [14] a convergence for noise-free quadratic function is presented for SPSA with additional Hessian matrix
adaptation. There the fastest convergence rate for the expected error of the trace in the Hessian matrix is ~exp (—tl/ 2)
which is constrained by the parameters for the Hessian approximation.

In the constant noise case, the differential equation reads

(0)2 _ 02N 2
f+ (4a<°>c-°f ik Df‘z") = &9 2

w ©2Wc0? ’ (54)

where t + A & t was used. To solve this inhomogeneous differential equation a particular solution will be added to the
solution of the homogeneous equation (47). Using variation of constants, the following integral is obtained >

a9’ No2 4q© 44 (N+W —1
/c’(t)dt = %/rz(y“”exp — (N + )r“2“ dt. (55)
2Wc©) 1—«a W1 - 2a)

Unfortunately, this integral has a closed-form solution only for some special cases. One case of interest is « = 0 and
y = 0, which represents constant step sizes factors a®® and c¢). Using the initial condition (48) and adding the respective
homogeneous solution (49) to the obtained particular solution yields

FEDaz0,y—0 = fmin(@®, ¢?) + (fitare — finin (@@, @) exp @(1 — 1)) (56)

where fin(a?, c©) is defined by (35). The asymptotic behavior (t — o0) of (56) reads

a®n (%) (57)

. Oy — f_. (q© ~0)y _
[llglof(x ) = fmin(a™, c )_S(W_a(o)(N+W—l)) c©®

Eq. (57) shows that X, cannot be reached if SPSA with constant gradient step size factor a® is used.
Next, the case with o = 1 is investigated, which represents SPSA with a fast decreasing gradient step size. Performing
the same steps as above yields
a9’ No?
2Wc©? (2y — 1+ 4a®)

— —4q© —4q©
FO)gmt = (GEET B (58)

where 72/t~ — 0 was used. Due to a®® oc 1/N (see (32)) the asymptotic convergence rate for N — oo can be written

as
FxO) ~ 21 fort — oo. (59)

5 For brevity some intermediate steps are not shown. See Appendix C for detailed solution steps.
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The result obtained by Spall [2] reads

8 st
7 (X9 — Xop) Bt N, E) ast — oo, (60)

under the conditions given in Appendix A. Further, u and X' are mean vector and covariance matrix of the attained normal
distribution and 8 = « — 2y, which in the considered case equates to 8 = 1 — 2y. Since one of the requirements for the
proof is

o
3y— =20 (61)
2
the maximal 8 is 8 = % withy = % Details of the proof can be found in [1,2]. Noting that (59) is stated in terms of f (x©)
and (60) in terms of x both state the same asymptotic convergence rate for the sphere model.
Finally, the state-dependent noise model will be considered. Using the quality gain formulation (39) where the normal-
ized noise strength o (recall o is constant during the optimization process) is used, the resulting differential equation
reads

2(1(0)20*2

a©@¢—«
(N+W — 1))f — e 22 g, (62)

"+ 40t (1 -
[+ da NWc(©?

This differential equation is a first-order non-linear differential equation. However, (62) is a Bernoulli differential equation
which can be transformed into a linear differential equation. Using the substitutions

u=f"1 and u =—f"%, (63)
one obtains

2a(0)2 *2
(N+W— 1)) u= 22 % pu-w (64)

a(O) o
NWc©?

u — 409t <1

This equation is of the same type as the inhomogeneous differential equation for the constant noise case (54). Hence, the
same solution steps can be performed and the same restrictions (closed-form solution only for special cases) apply. As done
for the constant noise model, the setting « = 0 and y = 0 is considered first. Performing the appropriate steps yields

startNc®” (@O (N + W — 1) — W)

FO®)am0.y=0 = ) - - (65)
. — Ol (fstarta(o)o‘:z + o7 (a<0> (N+W—-1) — W)) exp (—q(1 —1t))
The asymptotic behavior of (65) is
ogf(x') ~ —t fort — oo.
logf(x") f (66)

This is the same asymptotic rate as for the noise-free scenario with @ = 0. In Spall’s proof, no differentiation between the
constant noise and state-dependent noise was made, hence the same result (60) applies. The second case under considera-
tion is the one with @ = 1. The solution for the dynamics in this case reads

2
NWc© foare (27 — 4a® — 1)

&gzt a0 = . (67)
1,4=0 _Za(O)ZG:ZfStart (tZy—l _ t4a<0)) + NWc©? (2)/ 1= 4a(0)) 4a©@
The asymptotic analysis yields
FEO) ~ 74 fort = oo, (68)

i.e, the same rate as for « = 1 and the noise-free model. Note, the exponent 2y — 1 is negative.

3.4. Summary

This section presented the detailed steps of a theoretical analysis approach developed for evolution strategies and its
application to SPSA. The function under consideration was the sphere model in combination with three different noise
models. First the quality gain, a performance measure for the one-iteration gain for the non-noisy function values, was
derived. Using the derived equations, convergence criteria and optimal gradient step sizes were determined. Afterward, an
ordinary differential equation approach, based on the quality gain equations, was used to derive the overall dynamics. The
results obtained were then compared with previous results from literature. A core assumption of the presented approach
is the neglect of the stochastic fluctuations. Therefore, the derived equations are asymptotically correct for N — oo. To
validate the equations for finite N, simulations will be performed and compared with the equations. This is the topic of the
next section.



60 S. Finck, H.-G. Beyer / Theoretical Computer Science 419 (2012) 50-72

12e3 X
Experiment f
===Fitness Gain 10e3 o
-u-ODE x

target
®
)
)
.'H
e
o

e
5 6e3 =
8 Ki
£ 4e3 -
E 4e o
=
263 >
|N=10| [N=20] [N=40] N
-
107 0=
0 1000 2000 3000 4000 5000 0 20 40 60 80 100 120
Function Evaluation Search Space Dimensionality N
10° 1.2e4 ]
X 3y o -"’
k X Bxperiment E 1.1e4 -==Fitness Gain| R
. === Fitness Gain H -u-ODE L
e :‘ -m ODE :. 1e4 o Experiment ; ."
ER i 3 B
I J g R
= o, _ " = 93 .
AN A 4
B -: ..’G'- -X'. ll ; “.' ) __-*‘
= 10° 1 ¥« s Y :’I [Z 8e3 ‘,. _‘_*.. {
= ] = . S ]
I X I 3 . . {
. J 7e3 Rl x”
‘ X e
‘X"'}c . A |
.~ N e3 |y**
10° x:.m(* x. ¢
5e3
0 0.5 1 15 2 0 10 20 30 40 50
iy a, Number of Gradient Samples W

Fig. 2. Results of the simulation experiments for the noise-free case. Top left: sample runs and theoretical predictions for different search space
dimensionalities. Top right: influence of the search space dimensionality N on the number of function evaluations necessary to reach fiarger. Bottom left:
influence of a” to reach fiarger in terms of necessary function evaluations. All sequences of a*) considered are constant, i.e., a® = a© Vt. Bottom right:
number of function evaluations to reach fi,gec for different number of gradient samples W for N = 50.

4. Experimental analysis

In this section the results derived from the previous section will be compared with simulation experiments. The aim is to
show the quality of the theoretical equations for finite N. Additionally, parameter studies will be performed to gain insight
on the influence of the strategy parameter. These studies will yields insight in the general relation between the parameter
and the performance of SPSA. First, the experimental settings will be described. The basic settings for the noise-free and
constant noise model analysis were:

e The components of the start point were chosen from the (100, 25) normal distribution for each sample anew.
e 10 samples were performed for each setting.
e The maximal number of function evaluations was set to FESp.x = 10*N.
e The run was terminated when fiarger = f (Xopt) + 1072° was reached.
Py )

e The default strategy parameters were: c® =1,y =0, =0,A=0,W = 1,and a®¥ = s = nt -
e The default value for the noise strength was o, = 1.

For the state-dependent noise, a slightly different setup has been used.

The analysis is performed for the noise-free model first. In the top left-hand plot of Fig. 2 the dynamic behavior of 10
sample runs for N = 10, 20, 40 is shown. One can clearly see the predicted log-linear convergence behavior of SPSA. Also
the theoretical predictions based on the iteration of the quality gain (25) and the solution to the homogeneous ordinary
differential equation (47) are shown. The theory predicts in both cases a slightly worse performance w.r.t. the number of
function evaluations necessary. In the top right-hand plot of Fig. 2 the influence of the search space dimensionality N on
the dynamic behavior is shown. From the curve it appears that there is a linear relation between N and the number of
function evaluations for a given value of figer. In the bottom left-hand plot of Fig. 2 the influence of a® on the dynamics

is shown. All sequences considered of a are constant w.r.t. t. Note the scaling of the horizontal axis for a® by 1/ afff). As

one can see, the actual choice of a'*) is rather uncritical for the performance, as long as a® is in the range O.Safff) . 1.5(1;?.
For non-constant sequences of a), one can conclude that performance will be poor if a®® will be outside this range. As to
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the influence of gradient samples per iteration W, shown in the bottom right-hand plot in Fig. 2, increasing the W always
increases the number of function evaluations to reach firger. Given that W can be interpreted as a form of resampling, the
results discourage the use of it for the noise-free sphere model. More interesting is the fact, that the approximation quality
of (25) is not reduced by increasing W, while the results of the ODE approach (49) deviate strongly for large W. The reason
is that the gradient step is increasing with W (30) and thus the granularity cannot be accurately represented by the ODE
approach. However, the ODE approach still can be used as an approximation for the lower bound of the performance.

Next, the noise model with o, = const. is considered. First, in the left-hand plot of Fig. 3 the dynamic behavior of SPSA
with step size factor sequence ' and o, = 1is shown. Initially the same behavior as for the noise-free case is observed (see
top left-hand plot of Fig. 2), until the noisy influence is not negligible anymore and SPSA finally stagnates. As for the noise-
free model, theory and simulation results agree very well and the predicted dynamics appear closer to the observed mean
value dynamics than for the noise-free case. The (mean) fitness value were stagnation occurs is defined by fi, (35). In center
plot of Fig. 3 the influence of the number of gradient samples per iteration W is shown for search space dimensionalities
N = 10, 100. Increasing W yields decreasing values of f;,, albeit at the cost of more function evaluations per iteration
step. The influence of the noise strength on f,;, is shown in the bottom right-hand plot of Fig. 3. Instead of using the noise
strength o, as main parameter, o, /c?) is used. This reflects the situation where one does not exactly know the value of o,
and thus must estimate ¢© (which should be chosen equal to o, according to [2]). For the sphere it makes no differences if
either o is increased or ¢ is decreased. Again, the results of the simulation experiments and the theoretical prediction by
(35) agree well.

So far only constant sequences of a were considered. To improve the performance w.r.t. fin, SPSA with a decreasing
factor a® is analyzed next. The theoretical results (58) and (59) predict that SPSA should converge to Xopt, @S T — 00. In
the right-hand plot of Fig. 4 the dynamic behavior for different values of « is shown. One can observe that @ > 0 results
in a continuously decreasing non-noisy function value, but one also observes a simultaneous decrease in the convergence
rate. Since all the curves were obtained with W = 1, one can conclude that using @ > 0 has a more pronounced effect on
decreasing fni, than increasing W. Additionally, the dynamic behavior for a&) (36) is shown. It outperforms all other variants
in terms of convergence rate and obtains the lowest f;,,;, within the given budget of function evaluations. The reason for this
is shown in the left-hand plot of Fig. 4 where the history of aEQ is shown. As long as the influence of the noise is negligible
the strategy uses afff). As soon as the noise has a noticeable influence a© will be decreased. For comparison the curves for a®
with different values of « are shown. This result suggest that an improvement of the performance can be achieved if SPSA is
operated with non-constant «-values. The development of such a sequence is beyond the scope of the presented work and
also should be further based on the performance on different objective functions.

Finally, the state-dependent noise model will be investigated. Contrary to the previous analyses, looking at the dynamic
behavior reveals no new information, cf. left-hand plot of Fig. 6. If SPSA is able to reach X, the dynamic curves are similar
to the noise-free case behavior in Fig. 2. Further, the quality of the agreement between the theoretical predictions and the
simulations is the same. On the other hand, if SPSA diverges one only observes the diverging behavior without gaining any
insight. However, of particular interest is the question as to when SPSA does diverge (e.g. for which parameter setting). Since

our theoretical analysis is based on a mean value approach, it only can predict either diverging or converging behavior. To
gain more insight we define the success probability

# samples where fiarger Was reached
# all samples ’

Dsucc =

(69)

This allows to track settings where some samples reach fager and some do not. This requires a change in the experimental
settings to account for this behavior. The new experimental setup is:
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performance #FEs/psycc for different constant ¢(¥-sequences. Bottom right: success performance #FEs/psqc. for different normalized noise strengths o*.

e For each set of parameter 100 samples were performed.
e The termination criteria were furget = 1072° or a maximal number of function evaluations of 10°N.

e The default parameters were: W = 1,0 = 1,a® = a\¥, fyarr = 3N%, y = 0,and c© = o*.

The choice of a® was made with the intention to show how the state-dependent noise model influences the behavior of
SPSA. On the other hand, the choice of c® is somewhat artificial and will be discussed later.
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From the convergence criterion of R? for the state-dependent noise model (41), one can infer that f;,; must be smaller
than a certain value in order to achieve convergence. This is investigated firstly and the results are shown in the top left-hand
plot of Fig. 5. Using above parameter settings one can derive from (41)

Sstare < 2N? (70)

as necessary convergence condition. For N = 10 there are runs with pge. > 0 for fyax > 2NZ2, however, increasing N
reveals a sharp drop in pgy in the vicinity of fi.;c = 2N2. One can speculate, that for N — 00 a jump in pgycc at fgar/N? = 2
from 1 to O will appear. The middle plot in the top row of Fig. 5 shows the influence of the number of gradient samples per
iteration W. Increasing W increases ps,cc, albeit with a simultaneous increase in the number of function evaluations. In the
top right-hand plot of Fig. 5 the influence of using different constant gradient step sizes is shown. The results are shown in
terms of #FEs/psucc, where #FEs is the mean of the numbers of function evaluations to reach fiarget = 10729, This measure
was introduced in [17] and represents an estimation of the success performance, i.e., the number of function evaluations
necessary to reach a given target value. It accounts for sample run being unsuccessful, meaning the target function value was
not achieved. In the remaining plots of Fig. 5 circles indicate runs where ps,.c < 1and crosses indicate runs with pg,cc = 1.
One can observe, that a small a© is necessary to reach psuc = 1, which goes hand in hand with a slow convergence rate.

The best convergence rate is reached close to afff), however, with ps,c < 1. Using decreasing gradient step sizes as defined
by (45) with @ > 0 can improve the success rate as shown in the bottom left-hand plot of Fig. 5. However, the performance
in terms of function evaluations is considerably reduced. The values for & not shown in the plots indicate runs where fiarget
was not reached within the budget of function evaluations for all samples. Finally, the influences of ¢ and c® are shown
in the bottom middle and bottom right plots of Fig. 5. While the measure #FEs/psy.c remains constant for all values of o or
c®, one observes a drop in the success probability for large o} and small c® respectively. The curves suggest choosing c¢(®
large is beneficial since it only influences the noise term. However, as stated before this might results in a reduced accuracy
of the gradient estimation close to the optimizer due to X & ¢(® A ~ 4c® A. Therefore, using a decreasing sequence is
advisable. Such a sequence could be proportional to R which can be approximated from the function value or to o, which
can be obtained by measuring the standard deviation of several function evaluations during the run. Of course, the sequence
(46) commonly used is also valid, however, it does not use any information obtained during the run of SPSA.

Using agtn) (43) improves the performance considerably as shown in Fig. 6. The success probability is always psycc = 1and
the number of function evaluations is close to the best values for the constant gradient step sizes (where ps. < 1), cf. top
right-hand plot of Fig. 5. In the right-hand plot of Fig. 6 the history of a;? is plotted. One can observe that a®® increases as
predicted by the theoretical analysis (43). This is contrary to the requirement lim;_, oo @ — 0 which is used in the analysis
of SPSA by Spall et al. The explanation is, that at the initial point (away from the optimum) the noise is large and therefore
small a®® are necessary (same as for the constant noise model). Converging toward the optimum, the noise decreases until it
is negligible. Hence, a® should be converging toward a;?. Again, this behavior suggests that SPSA can be improved by some
(adaptive) rule for o which uses information obtained during the run rather than being pre-determined. Such rule must be
able to decrease and increase o depending on the underlying model.

5. Comparison with evolution strategies

In this section SPSA will be compared with Evolution Strategies (ESs) [ 18]. At first, the concept of the ES will be introduced
shortly. Later, comparisons for each noise model will be performed based on performance criteria derived from the previous
theoretical analysis.
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ESs are nature-inspired strategies for optimization, which use a simplified model of Darwin’s evolution paradigm. For an
introduction into ES the reader is referred to [ 19]. Starting from an initial solution X, mutation is used to generate a population
of A offspring. In the ES variants considered here, the probability distribution for the mutation obeys a normal distribution
with variance o2, where o is the so-called mutation strength . The offspring are evaluated and selection is performed, where
the u offspring with the best function value(s) (smallest in the case of minimization) are selected. The u (1 < A) selected
offspring, also referred to as parents, are then used for recombination to create the new solution, which for u > 1 equals the
centroid of the selected offspring. Given the variety of ES variants we will consider two basic variants in this section only.
First, for the noise-free model the (1 + 1)-ES is used. This strategy generates 1 offspring in each generation. The selection
process compares the function value of the offspring with the function value of the current search point. In the case that the
offspring function value is better, the offspring will be the new solution, else the parental point is kept. A pseudo code of
this variant is shown in Algorithm 2. For the constant noise and the state-dependent noise model, the (t/u;, 1)-ES is used.
This variant generates A offspring from which the p best will be selected (the parental solution is always discarded). By
averaging these u offspring, the new parental centroid will be created. The respective pseudo code is shown in Algorithm 3.

Algorithm 2 The (1 4 1)-evolution strategy

1: initialize X and mutation strength o

2. g:=1

3: repeat

4 y=X; +oN(0,])

5: if f(y) < f(x,) then

6: Xg+1 <Y

7: else

8: Xg+1 < Xg

9: end if

10: o <« AF(o) > Adaptation of o

11: g<—g+1
12: until any termination criterion is fulfilled

Algorithm 3 The (1/ 1, A)-evolution strategy
1: initialize x and o

2: set strategy parameter 1 and A susually u ~ % ... %
3: repeat

4: for/=1toAdo > create offspring
5: Vi=X; +0oN(0,])

6: fi=fy

7:  end for

8: f < sort(f1,...,fi) > selection
9 Xgp1 < 4 et Vi
10: o < AF(o) > Adaptation of o

11: g<«—g+1
12: until any termination criterion is fulfilled

In most variants of ES, an additional adaptation procedure for the mutation strength o is needed. There exist different
variants for this procedure, ranging from the 1/5th rule [18] over self-adaptation procedures [20] to derandomized
adaptation procedures [21,22].° However, in this work we will not consider the influence of the adaptation procedure.

5.1. The noise-free sphere

In this section a comparison of SPSA and ES on the noise-free sphere is performed. In detail, we will compare SPSA with
constant gradient step al(ff) with the (1 + 1)-ES. From [3] it is known, that the (1 + 1)-ES is - apart from the (Aop)-ES [26]
not considered here - the best performing ES on the noise-free sphere. The comparison will be based on the quality gain.
Defining the normalized quality gain as

9 =q (71)

2R

6 For a more comprehensive overview see also [23,24,19,25].
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one obtains with (25)and W =1

Tipsp = 20N (1 —a®N). (72)
Substituting the optimal gradient step agf) (30) yields
" 1
spsa,opt = 5 (73)

For ES, there exist two common performance measures, the quality gain and the progress rate. The latter measures the
progress in the objective vector space. It was shown in [27] that both measures coincide for N — o00.” The equation for the
(1 4 1)-ES on the noise-free sphere is

AL L) o2 (1 (2 (74)
= exp|—=0*) — -o(—=1).
Tes = o P\ 78 2 2

where
N
oc*=0— and (75)
R
P (x) ! /x ( 1t2>dt (76)
X) = —— exp|—=
\/27‘[ —00 P 2

is the cumulative distribution function of the standard normal distribution. The maximal progress for the (1 + 1)-ES occurs
at o* & 1.224, cf. [3]. Finally, let us define efficiency as
*
@, for ES,
p=1 % (77)

3
qSﬂ, for SPSA,
2W

i.e., for the (1 + 1)-ES yielding v = gf,. The reason for the difference in the definition is, the difference in the number of
function evaluations per iteration step. In the left-hand plot of Fig. 7 the efficiency for both strategies is compared, based
on the theoretical equations and for simulations with N = 10 and N = 100. While SPSA reaches slightly higher efficiency
values, ES has a broader range for the step size to attain convergence. For N = 100 both strategies are close to the theoretical
value, while for N = 10 the theoretical predictions underestimate the efficiency. In the right-hand plot of Fig. 7, the number
of function evaluations (FEs) to reach frarge for different search space dimensionalities is shown. Again, SPSA performs better
than the (1 4 1)-ES, especially for low N.

5.2. The sphere with constant noise

For the constant noise model SPSA can reach the optimum (t — oo) if the optimal step sequence aéi,) (36) or (45) with
o < 1is used. For ES, on the other hand, it will always have a approximation error (residual location error) the expected
value of which is given by [28]

oN
fmin = <

a— (78)
AUCy )y 0

7' The same can be shown for SPSA, however, it is omitted for brevity.
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Fig. 8. Comparison of (y¢/ 4y, A)-ES with SPSA with constant gradient step.

where ¢, /,,,.» is the so-called progress coefficient [3]

A—p X OO 2 A—p—1 u—1

Cufuy i = exp (—t%) &(t) (1—@@)* dt (79)
2 \u/) Jow

with @ (t) defined by (76). A comparison of ES with SPSA is performed under assumption that a® = const. The residual

location error for SPSA with constant gradient step was determined in (35) and reads

fo a®N ( o )2 (80)
MT8W —dO(N+ W — 1) \c@/

Thus, both strategies will attain a residual location error and we are interested in the influence of certain parameters on the

residual location error. The results are shown in Fig. 8. The left-hand plot shows the influence of N. Two ES variants, one

with ¢ = u/A = 0.25 and one with ©# = 0.5 are shown. The value of X is calculated by

A =4+ |3log(N)]. (81)

Both ES variants display a similar behavior and scale linearly with N. For SPSA, a variant using afff) and a variant with
a® = 1/(2N) are shown. Both use W = |A/2] gradient samples per iteration. Thus, all strategies use the same budget
of function evaluations. For the latter choice of a') the gradient step size is independent of W which allows for smaller
residual location errors since a® remains small. In the first case, a® increases with W, however the attained residual location
error remains almost constant. The middle plot shows the influence of W and A. One can clearly observe that SPSA reaches
smaller residual location errors, especially the variant with a®© = 1/(2N). However, this variant will need much more
function evaluations to reach the vicinity of the steady state since the convergence rate is not optimal during the phase
where the influence of the noise is negligible. Finally, in the right plot the influence of the noise strength is displayed. For ES
the noisy strength equals o, while for SPSA it equals o, /c®) (see discussion in Section 4). The stronger increase for the SPSA
variants is due to the quadratic appearance of the noise strength in (80), while it is only linear for ES (78). Additionally, the
most significant difference between the two strategies is that the residual location error depends on the step size for SPSA.
Decreasing the gradient step size decreases the (expected) minimal distance to X,p:, hence a® - 0 = fnin — 0. For ES,
the minimal distance does also depend on the step size, however, if 6* — 0(78) is obtained. Overall, one can conclude that
SPSA is able to attain smaller residual location errors than ES except for large noise strengths.

5.3. The sphere with state-dependent noise

For this noise model, the noise at the initial state is critical. From (42) we already know for SPSA that the initial distance
must be smaller than a certain value to attain convergence. For ES, one can conclude from the constant noise model, that
the initial noise strength must be connected with a residual location error which is smaller than the initial distance to X,p.
For the following comparison, we assume that both strategies are able to converge. Then, our interest lies in how efficiently
the strategies approach the optimum. Using the efficiency definition (77) and (39) one obtains

a®N ) a® NEW—1) a®’R? ox\’ (82)
V = _— — _ | — .
AT T w 2w2 \ c®

From the theoretical analysis we know that the choice of ¢® is critical. Given that the algorithm itself has to deal with o,
instead of 0%, 8 one can conclude from (82) that if c® ~ Roo is chosen, convergence can be achieved for all possible initial

8 The term o is an artificial term which is useful for the analysis, however, it never appears in the actual implementation.
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Fig. 9. Efficiency of SPSA for the sphere model with state-dependent noise. The dashed curves represent theoretical results with a® = aﬁff), while the

solid curves represent a¥) = alh). Left: influence of the search space dimensionality N on the efficiency vspsa. Right: influence of the number of gradient
approximations per iteration W on the efficiency vspsa.

states Ry. In Fig. 9 the efficiency vspsp is shown for different gradient step sequences. The solid lines represent the results of
(82) with a® = a{), while the dashed ones are obtained with a® = a'. In both plots one can observe that using a' can

yield vspsa < O for a given set of c®, R, and o), while using agtn) the efficiency is always greater than zero. On the other hand,
substituting the respective gradient step sequences (30) or (43) into (82) and taking the limit N — oo yields vspsy = 0.25
for both, cf. Fig. 7. From the right-hand plot of Fig. 9 one can see that W = 1 is the best choice and that for W > 1 vspsa
cannot reach the noise-free value of vspsp = 0.25.

The (w/ 1, )-ES was thoroughly analyzed for the sphere with state-dependent noise in [27]. Since, we do not want to
reproduce this work, we will just state some of the interesting facts. First, the sphere in the limit of infinite search space
dimensionality was considered and the efficiency was derived yielding

o*c a 0,*2
vgs = — LA 2 (83)
\2  2UA
w1+ (%)
with the assumption N — oo. From (83), one can derive the following convergence criterion
0F < 2UCu 0 (84)

This shows that increasing . — and therefore A for constant ¢ = /A - ES should be able to converge for any o*. This behavior
is also shown in the right-hand plot of Fig. 10, where the maximal efficiency for different A with u & /3 is shown. The
efficiency itself depends on o* as shown in the left-hand plot. Comparing (83) with its noise-free version (see for example
[15]), one sees that ES reaches the noise-free efficiency for 0 /o* — 0. The derived maximal efficiency is 0.202. However, a
more detailed analysis [ 15] showed that for finite search space dimensionalities the efficiency is reduced by decreasing N. It
was shown that the maximal efficiency is reached for intermediate values of A. Further increasing A reduces the efficiency,
an effect which cannot be predicted by the asymptotic (N — o0) Eq. (83). Overall, the same result as for the other noise
models can be stated, namely that SPSA slightly outperforms ES if both strategies operate with parameter settings close to
optimality.

6. Summary and conclusion

In this work, simultaneous perturbation stochastic approximation was analyzed with the help of the theoretical approach
developed for evolution strategies. The advantage of this approach is that it can be applied to noisy and noise-free
optimization at the same time. It allows to (approximately) determine the short term dynamic behavior (t < ©00).
Furthermore, the influence of the strategy parameters on the dynamic behavior of the strategy can be evaluated, which
provides valuable information for practitioners in the field. A drawback of the approach is that the results derived are only
valid for the class of functions considered and no guarantee for generalization can be given. On the other hand, the results
might be (partially) reused as done for the analysis of ESs on certain ellipsoidal functions [29]. Another simplification is that
an infinite search space dimensionality must be considered. However, simulation results showed that the equations derived
are good approximations for finite search space dimensionalities. The function under consideration in this work was the
sphere model and it was shown that the approach was able to

(a) derive theoretical approximations for the (one-step and overall) dynamics,
(b) obtain convergence criteria and optimal parameter settings.
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Fig. 10. Efficiency of (1 /41, A)-ES for the sphere model with state-dependent noise. Left: influence of the normalized mutation strength o* on the efficiency
vgs for (3/3;, 10)-ES. Right: maximal efficiency vgs in dependence of the parental population size ; with A = 100.

Especially the derived optimal gradient step sizes showed that an improvement for SPSA can be made by using gradient
step sizes the values of which are close to the optimal ones. However, to derive an adaptive gradient step size rule, more test
functions need to be considered. First steps in this direction have been already made with the adaptive SPSA [13,14], which
uses additional function evaluations to approximate the Hessian matrix. Additionally, as for the sphere model the step size
factor ¢ plays only a minor role, however, it is expected that this will not be the case for other types of test functions.

The insights obtained from the theoretical analysis were used in the 2nd part for a comparison with simple evolution
strategies. Here we have taken advantage of using a unified theoretical approach, since the performance measures used are
compatible. For all three noise models (noise-free, constant noise, state-dependent noise) SPSA performed better than the ES
variants considered. In the constant noise case restriction had to be applied, given that SPSA could reach the optimum and ES
could not. However, SPSA does reach the optimum for t — o0, an information not very useful for practical considerations.
Hence, only the attained residual location error was compared neglecting any effects from step size adaptation procedures.
For the state-dependent noise model, SPSA will diverge if the initial distance to the optimum is too large. One can influence
the critical distance by use of resampling the gradient approximation, decreasing the initial gradient step size (which will
reduce the convergence rate) or increasing the gradient approximation step size ¢ (which could be problematic if a
bounded search space domain is considered). A peculiarity of SPSA is that for the constant noise model the residual location
error depends on the gradient step size. This dependency is the reason why SPSA can reach the optimum (t — o0), however,
on the other hand it reduces the convergence rate. Thus, for this noise model a decreasing a®® sequence is beneficial if the
noise cannot be neglected in the function evaluation process.

The results obtained are promising. They should encourage the use of the presented approach to other test functions and
optimization strategies. This will allow for a more detailed and comprehensive comparison of different strategies providing
the option to also design improved algorithms for noisy optimization. The results should also be extended in the future. One
improvement would be the analysis of ellipsoidal functions and possibly incorporating the adaptive version of SPSA [14].
Another question is how the results (and the analysis) can be transferred to less restrictive noise models, e.g., the noise being
a iid sequence with zero mean and finite second or higher order moments.
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Appendix A. Conditions and theorems for the convergence of SPSA

This appendix states the conditions and convergence theorems for SPSA form Spall’s proof [1,2]:

. ( )2
C1 (Gain Sequences) a® and ¢® > 0, a® andc¢® — 0, Y} 12, a® = o0,and > 7, “(;2
c

C2 (Relationship to ODE) Let f(x) be continuous on RY. With Z(t) € R" representing a time-varying function (¢t denoting

time), suppose that the differential equation given by % = —f(Z(t)) has an asymptotically stable equilibrium point
atx*.

C3 (Iterate boundedness) sup,-, x| < co and x*) lies in a closed and bounded subset of the “domain of attraction” for
the differential equation of C2 infinitely often.
C4 (Measurement noise; relationship between the measurement noise and A®) For all t, E [(e+ —€)|dk, A(“] =0

< Q.

Gx O +cO A0

2
A ) :| is uniformly bounded over t and i.

and the ratio of measurement to perturbation is such that E [(

e ={xD %5, ..., xO5 Ay, Ay, Ag))
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C5 (Smoothness of F) F is three-times continuously differentiable and bounded on R.

C6 (Statistical properties of the perturbation A) All A;; are independent for all k, i, identically distributed for all i at each
t, symmetrically distributed around zero and uniformly bounded in magnitude for all k, i.

C7 The continuity and equicontinuity assumptions about E [(e* —e)? |£k] from [1, Prop. 2] hold.

C8 H(x*) is positive definite where H(x) is the Hessian matrix of f (x). Further, let A;, denote the ith eigenvalue of a@H(x*),
where a© is from the a”-sequence. If @ = 1, then 8 < 2 min;(A;).

C9 E[A%] — p.E[A4’] — p'.and E[(e* — €7)?|4x] — p’ for strictly positive constants p, p', and p" (almost sure (a.s.)
in the latter case) as t — oo.

Theorem 1 ([2, p. 186]). Suppose that the conditions C1 — C6 hold. Further, suppose that X* is a unique minimum in the search
domain. Then, for the SPSA algorithm, X' — x* a.s. ast — oo.

Theorem 2 ([2, p. 186]). Suppose that the gains have the standard form a® = @ A)O‘ and c® = Cl% k =1,2,... with
a®,¢c©, o, and y strictly positive, A > 0, f = a — 2y > 0,and 3y — % > 0. Further, suppose that conditions C1-C6 from
Theorem 1 and conditions C7-C9 hold. Then, for the SPSA algorithm,

B
K2 (x® —x*) 5% M, E) ask — oo, (A1)

where u and X are a mean vector and the covariance matrix.
Note, above proof does not apply to noise-free SPSA. A proof for this case was presented by Gerencsér and Vagé in [7,8].

In addition to this proof there exist other variants [30,31] which try to relax some of the above mentioned requirements.
As a result one obtains almost sure convergence, however, without conditions C2-C4, relaxed conditions C1 and C5, and

a weakened condition C6. For example in [31] the so-called trajectory-subsequence method is used for the analysis of the
algorithm, which seems able to handle noise-free SPSA. Additionally, a deterministic approach is given in [32].

Appendix B. Deriving ||g||?

In the following the steps of deriving (22) from (21) are described. The square of the gradient norm with A gradient
approximations can be written as

2
1< oeM(0, 1)
2 T € 5
== XA+ ) A
lgll - ;( 1+ = |
A ~ ~
6. M(0, 1 6. Nn(0, 1
=3 Z Z (2xTA, + #) <2xTAm + %) Al Ap. (B.1)
I=1 m=1

Note, the iteration counter t is not shown for brevity. Eq. (B.1) can be expanded to

13 GeNi(0,1) | G2N(0, 1)?
Igl* = A—Z (4(xTA,>2 2K A= S e S ) A
A ~
O Nm(0, 1)
Z > [4<xTAz)(xTAm)A,TAm + = (XA AT A
I=1 m#l c
GeM(0, 1 G2 N0, N (0, 1
FRGal ’i ) 1 ) 2] A + 22N 422 mt )ATAm] (B.2)
Defining
13 GeM(0,1) | G2N (0, 1)
Sy = XZIZ<4(XTA,)2+2(XTA1) < T € ac? AT A, (B.3)
=1
the expectation of S; for a given point x with ||X|| = R yields
1 6. M(0, 1 G2N,(0, 1)2
ElSix] =5 > 4E[(x"A)’ A AlIX] 4 2E [(xTA,)%A,TAAx} +E [%A}Aﬂx} . (B.4)
=1

The first expectation in (B.4) can be written as

N

N 2 N N N
E[(xA)?AlAIX] = E Z <Zx,—Ali> Allx| =E [Z > Zx,—xjA,[.A,in|xi| ) (B.5)
i=1

n=1 i=1 j=1
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Using
0 i#]j
E(A AL = B.6
[ li IJ] {1 i=j (B.6)

and

A =1, (B.7)
one obtains

N N
E[x"A)*Afalx] =) "> % =R°N. (B.8)

=1 i=1

3
The second expectation in (B.4) can be written as
GeM(0, 1) SR )
E [( x'A )7AITA1|X =E ZZX,-A,iA,jdx , (B.9)
i=1 j=1
withz = %201) Note, due to A and (0, 1) being statistically independent, the different expectations can be considered

individually. Using E [AliAlzj] = 0 for all i, j, one obtains

e M(0, 1
E |:(XTA1)GI()AITA1|X] =0. (B.10)
The last expectation term in (B.4) can be written as
G2 M (0, 1)? NG2
E[| ——"A/Alx , B.11
[ o | ] o (B.11)

since E [A,TA,] = N (see (B.6)). Now (B.8), (B.10), and (B.11) can be substituted into (B.4). This yields the following

expectation
NG?
4C§ ) . (B.12)

1 A
ElSilx] = - > <4R2
=1

The sum of the squares of the Gaussian distributed random variables yields a y 2-distribution. Thus, the expected value (B.12)
can be written as

1 N62r\ N 52
E[SiR] = — [ 24R*N + —<=) = = (4r? 4+ Z< ). (B.13)
42 A 4c?
Defining
1 < GeNm(0, 1)
=3 Z D 4K AY K A) A Ap + (K A)A] Ay
=1 m#l ¢
(0, 1 52M1(0, 1) Ny (0, 1
N Ge zé )(XTAm)A,TAm L G i 4C)2 m( )AITAm, (B.14)

the expectations of the different terms in (B.14) will be determined next. At first the expectation of 4(X"A)) (X" Ap) A A,
will be obtained. Starting with

[N N N 7]
E[4X"A) K Am) A] AplX] = 4E | Y Y " xiAyxj A Ay Am, [X | (B.15)
Li=1 j=1 n=1 _
one can group the terms according to their indices. This yields
N N T
E[4X"A) X" An) A] Ap|X] = 4E | Y ") " xixj Ay Am, Ay A X | - (B.16)
L i=1 j=1 n=1 i

Using (B.6), one sees that for i = n the expectation for A; does not vanish and that for j = n the expectation for A,, does not
vanish. Hence, only for i = n = j the expectation is not zero. Thus, one obtains

E[4(X"A) X" Ap) AT Ap|x] = 4E X A2 A?x | = 4R?, (B.17)
1 i =mp
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by using the fact A2 = 1. The next expectation is

E [W(xu,m,umm] =0. (B.18)

The expectation vanishes since E [Amj] = O for all j and due M, (0, 1) and A being statistically independent. A closer
inspection of the remaining terms in (B.14) reveals that they all contain either a single A, or A, term. Thus, the same
reasoning as above can be used to show that the expectations of these terms will vanish. Thus, the expectation of S, is
obtained by substituting (B.17) into the expectation of (B.14)

A
E[S:|R] = % 0D AR =4r? (1 - %) . (B.19)

=1 m#l
Now putting everything together by substituting (B.12) and (B.19) into the expectation of (B.2) yields
N G2 1
E[lgl*R] = — (4R* + -5 ) +4R* (1 — — ). B.20
[Igl*IR] = = < +4c2>+ ; (B.20)

Appendix C. Solving the inhomogeneous differential equation

The solution of inhomogeneous differential equation appearing in the constant noise case and the state-dependent noise
case (after applying the substitution u = f~!) is described below. The differential equation has the form
4 f@t™ + 7)) = 25k 7%, (C.1)
where f' = % and the z; are constants depending on the strategy and function parameters. Further t >> A is assumed
[—211

and for @ > 0 = — 0 will be assumed. First, the homogeneous solution f, will be obtained. Afterward an ansatz is used
to derive a particular solution for inhomogeneous equation fi,. Finally, both solutions will be added to obtain the general
solution for (C.1). The homogeneous equations are

fo 4+ fa(zit +25t) =0 for @ = 0 and (C.2)

fi+fa@zit™*) =0 fora >0, (C.3)
which can be solved by using the ansatz

Jo = cexp (=Z(T)). (C4)

The exponent Z(T) is given by

t
/ z1T + ZszT, fora =0
=1 (C5)

/ z1T~%dT, fora > 0.
T=1

The solution of (C.5) yields

Z(t) =

Z1+2)(t—1), fora=0,
Z(t) = {zIn(®), fora =1, <6

(1), fora£0,1,
—

Substituting the respective equation in (C.4), the homogeneous solution is obtained
cexp ((z1 +22)(1—1t)), fora =0,
ct™#, fora =1,
z
cexp <71 (1- t““)) , fora#0,1.
11—«

The constant c is obtained by solving f,,(t = 1) = fstart.

For constant noise and state-dependent noise the ansatz for the particular solution is

fin = c(Ofy, (C.8)

where f;, is given by (C.7), however, without constant c. Substitution of (C.8) into (C.1) yields an integral equation for c(t)’
of type

fn= (C.7)

t
c(t) = 23/ T2 —%exp (f(T)) dT, (C.9)
T
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where f (T) is a function depending on the homogeneous solution. The closed-form solution of above integral exist only for
some special cases of « and y. For some other cases the solution involves the generalized incomplete gamma function [33].
For the settings ¢ = 0, ¥y = 0 and @ = 1 solutions can be obtained which yield a interpretable solution. As example the
solution for @ = 1 is shown in the following.

Using the ansatz

fin=c(®Ot™ (C.10)
yields
t
ct) =z / T2 =D¥adr
T=1
23 2y—1+z
= ——— (t*7 T—1). C.11
2y — 14279 ( ) ( )
Thus, the particular solution is
23 2y-1 -z
hao1 = —————— (t77 —t741). C.12
flh,afl 2)/ 1424 ( ) ( )
Then the general solution to (C.1) witha = 11is
Z3 2y—1 —z -z
= (7T =t 4. C.13
fa_1 2)/—1+Z1( )+ ( )

As before, the constant c is determined by solving f,—1(t = 1) = fart.
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