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Abstract
The covariance matrix adaptation (CMA)
is one of the most powerful self adaptation mechanisms for Evolution Strategies.
However, for increasing search space dimension N , the performance declines, since the
CMA has space and time complexity O(N 2 ).
Adapting the main mutation vector instead
of the covariance matrix yields an adaptation
mechanism with space and time complexity
O(N ). Thus, the main vector adaptation
(MVA) is appropriate for large-scale problems in particular. Its performance ranges
between standard ES and CMA and depends
on the test function. If there is one preferred
mutation direction, then MVA performes as
well as CMA.
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Introduction

Evolution Strategies need self adaptation, in order to
apply to hard or badly scaled fitness functions. For
a motivating example, consider the optimization of a
prism lens from [4], chaper 9: Given is a glass block
that consists of 19 prism segments. The thickness of
the segments at both ends is variable. Hence, there
are 20 object variables, which are tuned in order to
focus the light rays and minimize the overall thickness
of the lens (see Fig. 1, the exact fitness function is
stated as f10 in Section 5). A simple ES with mutative
or derandomized step length control finds the focus
quite easily, but it fails to minimize the lens thickness.
This is due to the fact that all object variables have
to be reduced simultaneously in order to minimize the
thickness, while any other mutation direction destroys
the focus.
Other self adaptation algorithms fail in this situation,

Figure 1: Optimization of a prism lens

too. One could expect for example an adaptation of
the mutation mean (momentum adaptation) to be appropriate (compare e.g. [3]). However, our experiments with such an algorithm have not been successful.
On the other hand, the covariance matrix adaptation
(CMA), which adapts the covariance of the mutation,
does work in this situation. In this paper, we will develop a new self adaptation algorithm that also works
in this situation and is based on similar ideas as the
CMA, but with less space and time consumption.
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The CMA Algorithm

The covariance matrix adaptation (see [1] or [2]) is
one of the most powerful self adaptation mechanisms
today available for Evolution Strategies. While a simple ES uses a mutation distributen N (0, σ 2 · I) (where
I is the identity matrix), the CMA-ES performes a
N (0, σ 2 · C)- distributed mutation, and the covariance
matrix C is being adapted. This procedure is based
on the following ideas (see [1]): Let Z1 , . . . , Zn be
independently N (0, 1) distributed, z1 , . . . , zn ∈ RN ,
σ1 , . . . , σn ∈ R and
Z=

n
X
i=1

Zi · σi zi

and

C=

n
X
i=1

σi2 · zi zi0 .

Then Z is a normally distributed random vector with
mean 0 and covariance C. On the other hand, any N dimensional normal distribution N (0, C) can be generated by such a sum by choosing for zi the eigenvectors
and for σi2 the corresponding eigenvalues of C.
Thus, the offspring x̂ can be created by adding a
N (0, σ 2 · C) distributed random vector to the parent
x, where σ > 0 is the global step size for x which can
be adapted conventionally. If pm denotes the mutation
path, i.e. the (weighted) mean of the last successful
steps, then C can be updated by
Ĉ = (1 − ccov ) · C + ccov · p̂m p̂0m ,
where ccov > 0 is a small constant and Ĉ is the covariance matrix for the next generation. The path pm is
updated by a similar formula:
p̂m = (1 − cm ) · pm + cum · σ −1 (x̂ − x)
Again,
(note that σ −1 (x̂ − x) is N (0, C) distributed).
p
cm > 0 is a small constant, while cum = cm (2 − cm ),
which assures that pm and p̂m are identically distributed if pm and σ −1 (x̂ − x) are independent and
identically distributed. Hence, the path is not influenced by the global step size σ.
This covariance matrix adaptation procedure has
turned out to be very efficient and is successful in cases
where the standard ES breaks down. In particular, the
CMA makes the strategy invariant against any linear
transformation of the search space. Moreover, the covariance matrix approximates the inverse Hessian matrix for functions with sufficient regularity properties.
Thus, the CMA can be considered as an evolutionary
analogon to quasi Newton optimization algorithms.
The main drawback of the CMA comes with increasing dimension N of the search space. The storage
space and the update time for the covariance matrix
have complexity O(N 2 ), while the computation of the
eigenvectors and eigenvalues is even O(N 3 ). This can
be reduced to O(N 2 ) by executing the step for example after N/10 generations instead of every generation,
which does no severe damage. In any case, for large N ,
the CMA performance declines rapidly, compare also
Fig. 7. There are other self adaptation mechanisms
which are similar to CMA, such as the rotation angle adaptation (see [5]). This algorithm has quadratic
space and time complexity as well and shows a poorer
performance in general.

the CMA finds the preferred mutation direction, while
all other directions are not acceptable. An instance is
the lens optimization (see the introduction). In these
cases, it should be sufficient to adapt one vector instead of an entire matrix in order to find this direction. This is done basically by the simple formula
v̂ = (1 − cv ) · v + cv · p̂m , where pm is the path as
before and cv > 0 is a small constant. Then, the offspring x̂ can be generated by x̂ = x + σ · Z + σ · Z1 · v,
where Z ∼ N (0, I) and Z1 ∼ N (0, 1). We call v the
main (mutation) vector and the algorithm main vector
adaptation (MVA).
In order to make these formulas work in practice, we
have to regard two details. First, the mutation is independent of the sign of the main vector v. However,
in contrast to the update formula for the covariance
matrix, the update of v depends on the sign of the
path pm . This can result in the annihilation of subsequent mutation steps and inhibits the adaptation of v,
in particular for difficult functions such as the sharp
ridge f7 (cf. Section 5). To avoid this breakdown, we
simply flip v if necessary:
v̂ = (1 − cv ) · sign(hv, pm i) · v + cv · p̂m .
Here, h·, ·i denotes the scalar product of two vectors.
The second problem to be fixed is the standard deviation of Z + Z1 · v along the main vector v. Since
Z + Z1 · v ∼ N (0, I + vv 0 ),pits variance along v is
σv2 = 1 + kvk2 , hence σv = 1 + kvk2 . On the contrary, σv = 1 + kvk would be desired, since this corresponds to the functioning of v as additional mutation
in the main vector direction. Thus, we write
x̂ = x + σ · (Z + Z1 · wv · v).
Letting wv = 1 + 2 · kvk−1 yields σv = 1 + kvk, however, the experiments show that a constant wv = 3
(corresponding to kvk = 1) yields the best results in
general, occasionally, wv = 1 is better.
Again, we point out that taking v (or anything similar) as the mean vector of the mutation does not yield
an efficient algorithm! This is presumably due to the
geometry of the high dimensional RN , where a nonzero
mutation mean results in a shifted sphere, while the
additional main vector mutation yields an ellipsoid as
mutation shape.
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The MVA-ES Algorithm

Main Vector Adaptation

For many functions the advantage of the CMA compared to a conventional ES is given by the fact that

In order to adapt the mutation step size σ, we employ
the same derandomized mechanism using a path pσ ,
with the only difference that for pσ the main vector v

is ignored. This is again a perfect analogy to the CMA
([1]). Thus, the complete mutation algorithm reads as
follows.
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The suggestions for the parameters cσ , cm and cv are
the same as the respective suggestions for the CMA
in [1], they are good also for MVA. However, for some
test functions, a greater value cv yields a faster convergence, e.g. cv = 0.1.
For the recombination, we restrict here to a simple
intermediate recombination that is executed by computing the mean of the object variables, paths, step
sizes, and main vectors of all participating individuals. Clearly, other recombination types are possible as
well, e.g. discrete or generalized intermediate recombination.
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Experimental Results

The MVA-ES has been tested against the CMA-ES
and a standard ES with derandomized step length
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pσ , p̂σ ∈ RN parent and offspring σ-paths,
p
cσ (2 − cσ ),
cσ > 0 σ-path constant and cuσ =
choose e.g. cσ = 4/(N + 4),
σ, σ̂ > 0 parent and offspring mutation step lengths,
pm , p̂m ∈ RN parent and offspring paths,
p
cm (2 − cm ),
cm > 0 path constant and cum =
choose e.g. cm = 4/(N + 4),
v, v̂ ∈ RN parent and offspring main vectors,
cv > 0 main
√ vector constant, choose e.g. cv =
2/(N + 2)2 ,
q
√
n
≈
χ̂N = E(kN (0, I)k) = 2 · Γ( n+1
)/Γ(
)
N − 12
2
2
(we prefer this approximation to the approximation from [1]).
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Figure 2: f1 (sphere) and f2 (Schwefel)

control. We used the test functions f1 , . . . , f9 from
[1], which are nonlinear and resistent to simple hillclimbing. In addition, we test the lens optimization
f10 . In order to obtain non-separability for f1 , . . . , f9 ,
one determines a random orthonormal basis U before
every ES run and minimizes fk (U · x) instead of fk (x).
Comparing the results to the case U = I shows that
each of the tested algorithms is invariant against any
rotation of the search space. This was of course expected.
In order to compare the adapation properties, all functions have been tested in dimension N = 20. Moreover, we obtain a time and space complexitiy comparison with function f1 in different dimensions. For
each test function and each ES, we try a simple (1, 10)
variant without recombination (solid line in the plots)
and a (5,35) variant with intermediate recombination
(dotted line). We performed 70 runs for each setting.
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Figure 3: f3 (cigar) and f4 (tablet)

The plots show the fitness curves of average runs of
MVA-ES, CMA-ES and standard ES. For MVA-ES,
the best and the worst fitness curves are displayed,
too. The tests have been performed with MATLAB,
for the CMA-ES we used the implementation from [1].
PN
Function f1 (x) = i=1 x2i is the sphere function and
the only one that remains separable under the random rotation. We observe that neither ES has difficulties to find the optimum,
well as for SchwePN Pas
i
2
(
fels function f2 (x) =
i=1
j=1 xj ). The ”cigar”
P
N
f3 (x) = x12 + i=2 (1000xi )2 is more interesting: The
standard ES fails, while CMA and MVA are successful. This is the classical case of one preferred mutation direction: It is easy to optimize the coordinates
2 . . . N , but then the remaining feasible direction along
the first coordinate is difficult to find. We observe further that recombination apparantly disturbs the main
vector adaptation a little in general.
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Figure 4: f5 (ellipsoid) and f6 (parabolic ridge)

PN
The ”tablet” f4 (x) = (1000x1 )2 + i=2 xi2 is in a sense
the converse of f3 : The optimization is first carried
out along the first coordinate, then the coordinates
2 . . . N remain. Since there is no preferred mutation
direction, it is not unexpected that MVA fails to converge, while the covariance matrix adapts easily to this
situation. Here a mechanism that ”fades out” one direction, i.e. the inverse of MVA could be suitable.
Note that recombination helps the MVA in this case
PN
i−1
to converge. The ellipsoid f5 (x) = i=1 (1000 N −i xi )2
is another linear transformation of the sphere. Here,
there is neither a preferred mutation direction as in
f3 nor an ”anti-mutation” direction as in f4 . Again,
CMA adapts easily, while the bad scaling remains a
problem for MVA and standard ES.
PN
The parabolic ridge f6 (x) = −x1 + 100 i=2 x2i is an
instance for a preferred mutation direction and is easily optimized by the MVA-ES. The same is true for the
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Figure 5: f7 (sharp ridge) and f8 (Rosenbrock)

Figure 6: f9 (different powers) and f10 (prism lens)

qP
N
2
sharp ridge f7 (x) = −x1 + 100
i=2 xi . This function is particularly hard to optimize, since the local
gradient is constant. A too small choice for wv results
in a failure of thePMVA. The generalized Rosenbrock
N −1
function f8 (x) = i=1 100(x2i − xi+1 )2 + (xi − 1)2
(”banana function”) is an instance for a bent ridge.
Again, MVA and CMA are successful in this situation,
while standard ES fails. On the contrary, function
PN
i−1
f9 (x) = i=1 |xi |2+10 N −1 , a sum of different powers,
is hard for MVA. Recombination improves the MVA
convergence.
PN −1 
Function f10 (x) = i=1 R − h2 − h · (i − 1) − hb · ( −
2
1)(xi+1 − xi ) + maxi xi + mini xi is the prism lens
function (see introduction and Fig. 1). Here, h > 0 is
the height of the segments, b > 0 is the distance from
the lens to the screen, R = h · N 2−1 the y-coordinate
of the desired focal point,  > 1 the refraction index

of the lens and 2 · xi the respective thickness. While
the standard ES stagnates with a thickness induced by
the initial random initialization, MVA and CMA find
the optimum. When the preferred direction has been
found and the lens is thinned, the focus is slightly disturbed and has to be restored afterwards. The MVAES does this much more rapidly than the CMA-ES,
when cv = 0.1 is chosen. (The corresponding parameter setting for CMA does not work.)
Finally, we compare the time and space consumption
of a (1, 10)-MVA-ES and a (1, 10)-CMA-ES in search
space dimension N = 2, 5, 10, 20, 50, 100, 200, 400, 800,
see Fig. 7. In the time complexity plot, the average
time for one generation with test function f1 is displayed. The covariance matrix eigenvectors have been
updated all N/10 generations. The performance decrease is linear in N for the MVA and quadratic in
N for the CMA. Of course, the time complexity argu-

vector. The algorithm is similar to CMA and shows
a similar performance in situations where there is one
preferred mutation direction to find. If the demanded
adaptation is more complex, MVA is less powerful than
CMA. On the other hand, the time and space complexity of MVA is only linear in the search space dimension
N . Therefore, MVA is appropriate for problems in
high dimensional search spaces (N > 500), where the
use of CMA becomes problematic because of its O(N 2 )
complexity. In low dimensions (N < 100), CMA will
remain the better choice.

time per generation with function f1 (Sphere)
1
MVA−ES
CMA−ES

0.9
0.8

time [sec]

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

100

space consumption (number of doubles)

300
400
500
dimension (N)

600

700

800

space consumption of a (1,10) ES

4

2

200

x 10

MVA−ES
CMA−ES

1.8
1.6
1.4
1.2

Acknowledgments.

1

We would like to thank Nikolaus Hansen for providing
us with the CMA-ES code. Furthermore, we thank
Jürgen Wakunda and Kosmas Knödler for helpful discussions. This research has been supported by the
BMBF (grant no. 01 IB 805 A/1).

0.8
0.6
0.4
0.2
0
0

50

100

150
200
250
dimension (N)

300

350

400

Figure 7: Time and space consumption of the (1, 10)MVA-ES and the (1, 10)-CMA-ES for increasing dimension N . The time for one generation with test
function f1 is shown, the covariance matrix eigenvectors have been updated all N/10 generations.

ment becomes unimportant when the fitness function
is expensive, in particular when its time complexity
in N is greater or equal O(N 2 ). But even then, the
space advantage of the MVA remains, especially if the
population consists of many individuals. Moreover, for
large N , the computation time for the covariance matrix eigenvectors increases drastically in practice, since
there is only a limited amount of memory available.
For a Pentium III with 128 MB RAM and the built-in
MATLAB function, this occurs at about N ≈ 400.

6

There are several possible extensions of MVA. For example, one could adapt an ”anti-mutation” vector, this
can be appropriate for functions similar to f4 . One can
adapt more than one main vector, controlled e.g. by
the scalar product. If this is extended to N vectors,
it could be possible to obtain an algorithm similar to
CMA that does not need any eigenvector decomposition and thus has an O(N 2 ) update of the mutation
directions instead of O(N 3 ).

Conclusions

We presented a new self adaptation mechanism for
Evolution Strategies that adapts the main mutation
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