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ABSTRACT
In the automotive industry, especially in engine calibration,
many technical optimization tasks cannot be solved by com-
mon evolutionary algorithms. The algorithms must work
with many difficult boundary conditions, like multi-objective
optimization and a priori unknown constraints. They must
also deal with the growing complexity of the optimization
tasks and the huge experimental effort and they must find
the global optimum in a reasonable time.
Therefore, the principle target of this contribution is the
presentation of an intelligent Design of Experiments (DoE)
strategy of the recently developed algorithm SAMOA to re-
duce significantly the optimization time of SAMOA, which
is a combination of a genetic algorithm and an evolutionary
strategy. This algorithm can handle the mentioned problems
and solves multi-objective problems with a priori unknown
constraints. It can operate parallel and solve the technical
optimization problems in a reasonable time, because of an
intelligent DoE strategy.

Categories and Subject Descriptors
G.4 [MATHEMATICAL SOFTWARE]: Algorithm de-
sign and analysis;
G.3 [PROBABILITY AND STATISTICS]: Experimen-
tal design

General Terms
Design
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1. INTRODUCTION
The automotive industry is, based on the sales, the most im-
portant industry section in Germany and in other countries
and a powerful factor of innovation, growth and employ-
ment. But with many various framework conditions, like
the CO2 and fuel reduction at equal engine power, the ap-
plication of the control units becomes more challenging and
important for the hole system automotive. Traditional ap-
plication methods fail because of the growing complexity of
the optimization tasks, the huge experimental effort and the
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contradictory optimization aims. They also cannot deal with
the dynamic constraints, which are a priori unknown and
change with every measurement, and they cannot find the
global optimum in a reasonable time. Therefore, the evolu-
tionary algorithm SAMOA is developed, which can handle
with a priori unknown constraints, with multi-criteria prob-
lems and can solve complex technical design problems in a
reasonable time, because of an intelligent Design of Experi-
ments strategy.

2. SAMOA
In the following the recently developed evolutionary algo-
rithm SAMOA (Self-Adaptive Multi-criteria Online opti-
mization Algorithm) is presented. At the beginning of the
algorithm the individuals must be created. Many common
evolutionary algorithms use mostly a random initialization
of the individuals. In SAMOA an intelligent Design of Ex-
periments strategy is used, which is further discussed in the
next section. The fitness assignment should then define how
many offsprings every individual produces. A robust solu-
tion, which is also implemented in SAMOA, is the nonlinear
ranking [1] and in use of multi-criteria problems the S-metric
or hypervolume measure [3]. At the selection the individu-
als, who serve as parents for the next generation, are chosen
according to their fitness. The selection probability of an
individual is calculated by the fitness value of the individ-
ual normalized by the whole fitness of the selection pool. In
SAMOA the truncation selection is implemented, because
it is faster as other selection methods and is advantageous in
parameter optimizations [4]. After the selection follows the
intermediary recombination, in which the information of the
parents is combined in a special way and the offsprings are
created of the parents. After the recombination the muta-
tion of the offsprings is performed. Therefore, the variables
of the offsprings are changed by little disturbances, which
occur with a low probability. In SAMOA a mutation of
real variables with adaption of the covariance matrix is re-
alized [2]. After the production of the offsprings, they must
be reinserted in the population. In SAMOA a reinsertion
with offspring selection is implemented, in which only a part
of the offsprings is reinserted. The algorithm runs as long as
a termination criterion is reached. SAMOA uses a combi-
nation of the direct termination criterion ”Maximum num-
ber of generations respectively function evaluations”and the
indirect termination criterion ”Running mean” to limit the
maximum calculation time and to prevent that the optimiza-
tion runs much longer although no better objective value is
found.
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To deal with a priori unknown constraints a method is im-
plemented in SAMOA, at which the dynamic constraints
are modeled by regression models and by a hull model with
confidence terms [5]. These models are then added to the
objective function with the help of penalty methods. The
term dynamic shows, that the information over the limit
functions raises dynamically during the optimization.

3. DESIGN OF EXPERIMENTS
An important question is how the measuring points, the ini-
tial individuals, should be distributed efficiently in the ex-
perimental space. The answer to this question is provided
by the Design of Experiments (DoE). The goal is to identify
the connections between target and influence factors system-
atically with as few experiments as possible.

Model-free Design of Experiments
In the practice it is not possible or it takes to many time to
calculate any derivatives or covariance matrices from tech-
nical design problems and so model-free DoE are very im-
portant in this context. They do not care about the used
problem structure and try to cover the input space as equally
as possible (space filling designs). The most popular space
filling designs are the random, the Latin Hypercube distribu-
tion and the distance-based criteria, especially the S-optimal
design. The random DoE involves randomly assigning ex-
perimental conditions. Each member of the population has
an equal chance of being included in the sample. The Latin
Hypercube design is a statistical sampling method and in
this schema only one sampling point is in every column and
row of a grid. For this purpose one sampling position is
placed randomly in every cell along the grid diagonal. After
this the rows of the grid are changed in that way, that a
chosen criteria, like the maximizing of the minimal distance
of the points, is fulfilled:

Figure 1: The maxmin Latin-Hypercube-Distribution.

The distance-based criteria are based on the distance d(x,A)
from a point x in the p-dimensional Euclidean space R

p to
a set A ⊂ R

p. The S-optimality seeks then to maximize the
harmonic mean distance from each design point to all the
other points in the design:

max
y∈C

ND
∑

y∈D
1

d(y,D−y)

,

where C is the set of candidate points and D is the set of
design points. An interesting approach is also the combina-
tion between the Latin-Hypercube and the S-optimal design.
Therefore, the rows of the Latin-Hypercube grid are changed
in that way, that the harmonic mean distance from each de-
sign point to all the other points in the design is maximized.

Model-based Design of Experiments
If the derivatives and the covariance matrix of a given prob-
lem can be calculated, it is more useful to use model-based

DoE. These try to distribute the design points in the in-
put space in a way that the estimation of the parameters
is as insensitive as possible to the measurement noise. Two
examples are the D-optimal and the Bayesian design. The
D-optimal design is the most popular model-based DoE.
To estimate the variance of a parameter estimation of any
parametric model the Fischer Information Matrix (FIM)
can be used. The FIM describes the information content of
a random variable x ∼ N (μ(θ), σI) at the parameter θ from
which the Likelihood-function L(θ) = p(x, θ) is dependent

FIM(θ) =
1

σ2

∂ ln p(x, θ)�

∂θ

∂ ln p(x, θ)

∂θ
.

The D-optimal design is then defined by the maximization
of the determinant of the FIM . But this design is often
criticized because of its dependency to the statistical model
and the tendency to weight the boundary area of the exper-
imental space significantly. In order to defuse this critique
a Bayesian modification of the D-optimal design is used,
which adds control points to the D-optimal design to decide,
if the model has uncertainties. Control points in a design
are useful mainly for the protection against higher order ef-
fects. These terms are called potential terms. The assumed
model contains only primary terms. Typically the sample
size is not large enough to estimate all primary and potential
terms simultaneously. The issue is to develop an approach,
which estimates the p primary terms precisely during a gen-
eral traceability is provided for the q potential terms. The
Bayesian design maximizes then the determinant of the pos-
terior covariance matrix

max det(FIM(θ) +K),

whereby K is a diagonal matrix whose first p diagonal el-
ements are equal to 0 and whose remaining q diagonal ele-
ments are equal to 1. For further details see [6].
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