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Multi-Objective Optimization of an Aerodynamic
Feeding System Using Genetic Algorithm
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Abstract—Considering the challenges of short product life cycles
and growing variant diversity, cost minimization and manufacturing
flexibility increasingly gain importance to maintain a competitive
edge in today’s global and dynamic markets. In this context, an
aerodynamic part feeding system for high-speed industrial assembly
applications has been developed at the Institute of Production
Systems and Logistics (IFA), Leibniz Universitaet Hannover. The
aerodynamic part feeding system outperforms conventional systems
with respect to its process safety, reliability, and operating speed. In
this paper, a multi-objective optimisation of the aerodynamic feeding
system regarding the orientation rate, the feeding velocity, and the
required nozzle pressure is presented.

Keywords—Aerodynamic feeding system, genetic algorithm,
multi-objective optimization.

1. INTRODUCTION

HE purpose of the research for optimal parameter values

in the aerodynamic feeding system is to maximise the
orientation rate of workpieces in the feeding line. However,
there are cases in which it can be necessary to consider
parameters themselves as objectives. For instance, it is
conceivable that in addition to achieving the highest possible
orientation rate, it is also desired to attain minimum nozzle
pressure, so as to reduce the costs of the compressed air
required. Consequently, what began as a case of mono-
objective optimisation has become a multi-objective nature.
The aim of this paper is to show how the mathematical model
of workpiece orientation in an aerodynamic feeding system,
that was hitherto considered solely mono-objective, can be
expanded into a multi-objective model and subsequently
solved with the aid of a multi-objective genetic algorithm.

II. MULTI-OBJECTIVE OPTIMISATION USING GENETIC
ALGORITHM

There are many problems in practice that are characterised
by competing objectives, in which sole concentration on one
objective alone leads to unacceptable results with other
objectives [1], [2]. In the field of engineering science, it is
common to place a focus on several objectives
simultaneously [1]. In multi-objective problems, no single
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optimal solution exists, but only a quantity of pareto-optimal
solutions, in which no objective can be improved without
causing degradation of the other objectives [3].

Genetic algorithms are a popular metaheuristic, suitable for
the solution of multi-objective problems [1]. Around 70% of
all approaches towards solving multi-objective problems with
the aid of metaheuristics are based on evolutionary
methodology [1]. For example, [4] used a genetic algorithm
for solving a bi-objective transportation problem. A genetic
algorithm for a multi-criteria flow shop scheduling problem
was proposed in [5]. In addition, in [6], i-objective
optimisation was executed by minimising total wire length and
failure in printed circuit board design. Moreover, [7] used a
multi-objective genetic algorithm to design telecommunication
networks.

In general, there are two ways of modifying algorithms with
regard to multi-objective optimisation. The first involves
transferring the individual objectives into a single objective
function. The other is to view all objectives except for one as
restrictions. Objectives are incorporated in the set of
restrictions by setting relatively arbitrary upper and lower
limits for each individual objective. [1] This might have an
effect on the solution space, such that certain parameter
combinations that would lead to a desired objective function
value are excluded from the optimisation process.

According to [1], the first way, in which individual
objectives are merged within a fitness function, is the classic
approach to solve multi-objective problems by using genetic
algorithms. Fonseca and Fleming also write that the procedure
of weighting individual objectives in an aggregated objective
function is a common method of solving multi-objective
formulations [2]. However, it is necessary to standardise and
weight the individual objectives [1]. The great advantage of
this method is the simplicity of its implementation [1]. The
main difference between genetic algorithms used for solving
multi-objective problems and conventional genetic algorithms
is the modified fitness function [1].

One difficulty encountered when modelling all objectives in
a single fitness function is to select the values of their
weightings [1]. It must be taken into account that even small
changes in weightings can lead to strongly fluctuating results

[1].

III. MATHEMATICAL FORMULATION OF MULTI-OBJECTIVE
OPTIMISATION IN AN AERODYNAMIC FEEDING
SYSTEM

The process of workpiece orientation in the aerodynamic
feeding system is performed on an inclined plane with a
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gradient a and lateral inclination £ (Fig. 1).

Air nozzle

Fig. 1 The aerodynamic orientation [8]

The workpieces are fed on to the plane at a constant initial
velocity v. On sliding down the inclined plane, they move past
a nozzle that emits air under constant pressure p. The angular
momentum induced by the air jet causes incorrectly positioned
workpieces to undergo a turning motion, while correctly
oriented workpieces remain in their original positions. The
aerodynamic orientation process uses asymmetrical workpiece
properties, such as the projected shape or locally differing
flow resistances. The actual aim of aerodynamic orientation is
to maximise the orientation rate. In practice, however, other
scenarios are also conceivable.

Taking into consideration the cost of compressed air, the
aim is to minimise nozzle pressure p as far as possible. The
maximisation of nozzle pressure is therefore not considered.
Furthermore, the focus is not on minimisation of velocity v. In
case of the desire to achieve a lower feeding rate, this can be
effected by reducing the quantity of workpieces being fed into
the aerodynamic orientation process. What is relevant,
however, is the maximisation of the velocity v. To avoid
accumulation of the workpieces on the inclined plane, the
velocity v must be correspondingly high at a high workpiece
feeding frequency. All combinations involving either
maximisation or minimisation of either the angle of gradient a
or angle of inclination f§ are of no practical relevance and are
therefore not considered. Accordingly, the following
optimisation scenarios are conceivable:

1. Maximisation of orientation rate accompanied by
minimisation of nozzle pressure p.

2. Maximisation of orientation rate accompanied by
maximisation of velocity V.

3. Maximisation of orientation rate O accompanied by
minimisation of nozzle pressure p and maximisation of
velocity V.

Before the fitness function of the genetic algorithm for
identifying optimum parameter values is adjusted, it is
necessary to standardise the remaining objectives to be
considered according to [1]. The value range of the orientation
rate is drawn on for this purpose. The rate of orientation can
take on values between 0% and 100%. Therefore, it varies
within a value range of 0 to 100. Accordingly, the objectives p
and v are adjusted such that their minimum/maximum values
correspond with a value of 0 or 100 respectively. The settings

of the nozzle pressure p vary within the range 0.22 bar to 0.28
bar. Velocity v can be set between 63 m/min and 77 m/min.
The following values can therefore be assigned for the nozzle
pressure p:

0.28 bar 2 0 (1)
0.22 bar 2 100 ©)

The anti-proportional correlation between the pressure and
the value range allocated to it is explained by the fact that
unlike the orientation rate, the pressure is to be minimised.
Therefore, a higher standardised value for the nozzle pressure
corresponds with a lower actual nozzle pressure and vice
versa. The following values can be assigned for the velocity v:

63 m/min 2 0 3)
77 m/min £ 100 4)
From these correlations, it is possible to establish the

following functions for standardised nozzle pressure py and
standardised velocity Vy:

pv(p) == xp+ (5)
vy(v) = % * v — 450 (6)

The two terms from (5) and (6) are incorporated into the
original fitness function for the maximisation of the
orientation rate O determined by design of experiment [9],
resulting in the following maximised multi-objective fitness
function Z, in accordance with (7).

MaxZ =go*0+gp*p+gy*v @)

Jo, 9p and gy represent the weightings of the three objectives
orientation rate O, nozzle pressure p and velocity v. Moreover,
the following conditions apply to go, gp and Q..

(90, 9p 9v) R 0=(go,gp. gv) <1 (3
Yigi=1 )

With the aid of the function according to (7) and taking into
account restrictions according to (8) and (9), it is possible to
model all of the multi-objective optimisation scenarios
presented in this section.

IV. RESULTS AND INTERPRETATION OF THE MULTI-
OBJECTIVE OPTIMISATION OF THE AERODYNAMIC FEEDING
SYSTEM

To investigate the various values of the objectives O, p and
v, the respective weightings go, gp and g, are modified in steps
of 0.1. For example, consideration of the orientation rate O
and nozzle pressure p could lead to weightings of go= 0.9 and
9p=0.1 or go=10.8 and g,=0.2.
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A.Results of the Multi-Objective Optimisation with
Analytical Determination of the Orientation Rate

The results of the simultaneous optimisation of orientation
rate O and nozzle pressure p are presented in Fig. 2 in a value

range of g, = 0.1 to g, = 0.9. In accordance with (9), the value
for go is found from go = 1-gp. A total of 10,000 simulations
were performed for each weighting ratio.
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Fig. 2 Results of simultaneous optimisation of nozzle pressure p and orientation rate O

It is striking that the orientation rate does a jump from
0=100% to O = 88% when the weighting is increased from
gp=0.1 to g, =10.2 and subsequently remains approximately
constant when g, is increased further. The pressure drops as
expected as the weighting increases from p ~0.275 bar when
gp=0.1 to p~0.224 bar when ¢g,=0.2 and ultimately to
p~0.22 bar when 0.3 <g,<0.9. A similar progression can be
observed with the velocity v. It falls from v~=75.7 m/min
when ¢,=0.1 to v=644m/min when ¢,=02 and
subsequently v~ 63.8 m/min when 0.3 <¢,<0.9. The great
similarities in the progression of nozzle pressure p and
velocity v are due to the high level of interaction between
these two parameters, as identified by [10]. Busch et al. also
noted a high influence of nozzle pressure and velocity on the
orientation rate [10]. This fact explains the similar
progressions between nozzle pressure and velocity on the one
hand and orientation rate on the other. Moreover, the two
angles a and f alter significantly when g, = 0.1 changes to
Op=0.2. The angle of gradient a drops from a ~ 20.7° when
gp=0.1 to a=19.5° when 0.2<¢;<0.9. The angle of
inclination f rises from 8 =~ 45.5° to § =~ 48.8°.

As with the drop in velocity v, the drop in « is due to the
fact that workpieces must slide correspondingly slower over
the nozzle as the nozzle pressure falls to ensure that the

duration of force is sufficient to produce the angles of rotation
required to effect a turn.

The increase in § can be explained by the fact that as lateral
inclination increases, the proportion of the workpiece's weight
that counters rotation falls. Accordingly, the increase in f
ensures — as does the reduction in « and v — that incorrectly
oriented workpieces tend towards rotation rather than
remaining in their original orientation, even if the nozzle
pressure is too low. However, it should be noted that the
influence of the angles a and f is very slight compared to that
of p and v [10]. However, despite their low impact, the results
show that they should not be neglected in the optimisation
process, because they attune themselves in accordance with
the weighted objectives and are though important factors in
maximising the objective function. For example, an increase
in @ and a reduction in f by 2° each, when ¢,=0.5
(p=022bar and Vv~=63.8m/min) would produce an
orientation rate of no more than 79% rather than 88%.

The results of the simultaneous optimisation of the
parameters orientation rate O and velocity v are shown in
Fig. 3 for the value range g, = 0.1 to g, = 0.9.
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Fig. 3 Results of simultaneous optimisation of velocity v and orientation rate O

The orientation rate O varies within the range 0.1 <g, <0.8
when O = 100%. When g, = 0.9, the orientation rate drops to
0 =97.4%. Velocity V rises steadily as its weighting increases
from 76.5 m/min to 77.0 m/min, although with a weighting of
0v=0.1, the velocity is already high. The strong correlation
between velocity and nozzle pressure is also apparent from
Fig. 3. Here, the high velocity leads to a constantly high
nozzle pressure of p~0.28 bar. The values of « and f§ vary
within a smaller interval in comparison with Fig. 2. Thus, a
only varies within a range of 20.34° and 20.55° and § within a
range of 44.1° and 45.18°. Taking into account the lower and
upper limits of a (18.4°-22.2°) and b (39.8°-49.6°), it is
moreover apparent that both parameters are very close to the
mean value of their respective ranges. This observation — that
neither @ nor B follows any clear or significant trends in
relation to the weighting of the velocity g, — is due to both
parameters having only a small impact on the orientation rate
in a simultaneous consideration of orientation rate and
velocity. To observe the impact of @ and § more closely in
this scenario, the lower and upper limits are placed in the
function determined by the design of experiment, to determine
their impact on the orientation rate. With a velocity weighting
of g,=0.5 (f=44.7°, p~0.28 bar, V= 76.9 m/min) setting a
to 18.4° or 22.2° respectively produces a change in orientation
rate of max. 0.4%. The change in f to 39.8° or 49.6°
respectively when ¢,=0.5 (a~20.4°, p=0.28bar,
V=769 m/min) produces a maximum fluctuation in the
orientation rate of 0.06%. Similar results are produced with

other weighting ratios between orientation rate and velocity.

These results confirm that the impacts of the angles in a
simultaneous consideration of orientation rate and velocity are
very small when the nozzle pressure and velocity are close to
their upper limits. In contrast, when simultaneously
considering the orientation rate and the nozzle pressure, the
effect of the angles a and f is larger when the nozzle pressure
and the velocity take on values that are close to their lower
limits. Accordingly, it can be established that the results of the
design of experiment, which show that the impact of nozzle
pressure and velocity is significantly larger compared to the
angle settings, are confirmed by the investigations on multi-
objective optimisation. Furthermore, the investigations
performed in this paper show that optimisation must not
neglect consideration of the angles, because they have a
significant impact on the objectives when pressure and
velocity have low values. It can be concluded, following the
investigation of the first two scenarios, that a high level of
interaction exists between the nozzle pressure and the velocity.
High nozzle pressures favour high velocities and low nozzle
pressures favour low velocities.

The results of the third scenario, in which maximisation of
the orientation rate with simultaneous minimisation of nozzle
pressure and maximisation of velocity is investigated, are
presented in Fig. 4. The angles a and f will not be presented
in a three dimensional diagram in relation to the weightings g,
and gy, due to their small influence compared to nozzle
pressure and velocity.
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Fig. 4 Results of the simultaneous optimisation of orientation rate O, velocity vV and nozzle pressure p

As in the first scenario considered, it can be observed that
the orientation rate drops with increasing weighting of the
nozzle pressure. The velocity weighting has no significant
influence on the orientation rate in this scenario due to the
strong interaction between velocity and nozzle pressure. The
progression of nozzle pressure with respect to g, and g, is
similar to that of the orientation rate. This fact could also be
observed in the first scenario. The velocity weighting has no
significant influence in this case either. The area spanned by
velocity in relation to g, and gy, shows that velocity approaches
its upper limit very quickly, irrespective of the pressure
weighting. In contrast to the second scenario examined,
velocity takes on values close to its lower limit in this scenario
when ¢, is low. This effect can be explained by the
simultaneous weighting of the nozzle pressure, which is not
considered in the second scenario. This results in rather low
nozzle pressures, which, as previously noted, also lead to low
velocities.

To sum up, it can be noted that the strong influence of
pressure and velocity on the orientation rate is confirmed by
the third scenario examined, and that the strong interaction of
these two parameters is again apparent. It is moreover
apparent that nozzle pressure has a bigger impact than velocity
on orientation rate. This finding was produced by performing
the design of experiment [10] and was confirmed by the
investigations presented here. In addition, it is apparent that
when simultaneously considering velocity and nozzle pressure
with a respective weighting of 0.3<(,, 0,<0.5 and a
weighting in accordance with (9) of less than 0.4, the
orientation rate achieves no values above 70%. This
observation can be explained by the findings made in the first
two scenarios. There, it was shown that high nozzle pressures
favour high velocities and that low nozzle pressures favour
low velocities. Simultaneous optimisation with higher

respective  weightings of both parameters excludes such
combinations with a simultaneously high orientation rate,
however. This is why the orientation rate is always under 70%
in the range of the given weighting ratios. Only with the
orientation rate weighting go > 0.6 the orientation rate does
make a sudden jump to 100%, as a result of the simultaneous
increase in nozzle pressure and velocity.

B.Results of Multi-Objective Optimisation with Simulated
Determination of the Orientation Rate

In Section IV A, the values for the orientation rate were
determined by means of the fitness function obtained in the
design of experiment. In this section, the orientation rate will
be identified by means of the existing simulation environment,
and the results discussed briefly compared to those of the
Section IV A. Sole concentration on the results obtained from
the fitness function in the design of experiment would mean
that they are strongly affected by the interactions between the
individual parameters that are determined in the course of the
design of experiment and can be found in the resulting fitness
function. Against this background, all the experiments will
now be presented once again, this time on the basis of an
orientation rate determined by simulation. Due to the duration
of the simulations, only ten experiments per weighting ratio
are performed. The results for scenario 1 are show in Fig. 5.

As with the analytical determination of the orientation rate,
here too, the angle of gradient a settles at a mean value of
19.5°. However, in this case, there is no sudden drop in the
transition from a g, of 0.1 to 0.2. As g, increases, so does 8
increase, and the nozzle pressure p drops. The very similar
progression of nozzle pressure and velocity is however no
longer visible in Fig. 5. However, as in Fig. 2, velocity
assumes comparatively low values. The drop in orientation
rate as ¢, increases is also visible. What is striking is the very
strong drop in the orientation rate to values close to 50% from
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a pressure weighting of ¢,>0.4, in conjunction with a
reduction in nozzle pressure. Accordingly, it is apparent that in
the simulation, there is a strong correlation between nozzle
pressure and orientation rate.

The results obtained by simulation for scenario 2 are
presented in Fig. 6. It can be seen that the nozzle pressure is
constantly very close to its upper limit, as in Fig. 3. Again, the
velocity approaches its maximum value of 77 m/min as gy

increases. The angle of gradient @ shows no significant trend,
as in Fig. 3. The angle of inclination f increases slightly as g,
increases and varies within a very small interval, as with the
analytically determined orientation rate. It is striking that the
orientation rate drops very strongly as the velocity weighting
gy increases. Therefore, it can be noted that low orientation
rate weightings go have a bigger effect in the simulation than
in the analytically determined orientation rate.
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Fig. 5 Results of simulated optimisation of nozzle pressure p and orientation rate O with simulated determination of orientation rate O
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Fig. 6 Results of simulated optimisation of velocity v and orientation rate O with simulated determination of orientation rate O
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Fig. 7 Results of simulated optimisation of orientation rate (O), velocity (V) and nozzle pressure (p) with simulated determination of orientation
rate (O)

The results of the simultaneous observation of nozzle
pressure, velocity and orientation rate are presented in Fig. 7.
As in Fig. 4, the orientation rate O falls with increasing nozzle
pressure weighting and the velocity weighting has no
significant influence on the nozzle pressure or orientation rate.
The very similar progression between the spanned area of the
orientation rate and nozzle pressure in relation to the
weightings ¢, and ¢, can again be determined in Fig. 7.
Velocity again quickly approaches its upper limit as the
weighting ¢, increases and takes on relatively low values
when g, is low. The biggest difference to Fig. 4 is that the
nozzle pressure and accordingly the orientation rate have very
low values when g, =0.1. In Fig. 4, nozzle pressure has a
value of p =~ 0.28 bar with a weighting of g, = 0.1. In Fig. 7, in
contrast, it is close to its lower limit. Not even when
increasing the weighting g,, there is an increase in the values
for p. This, together with the observation that no similarity in
the progression of nozzle pressure and velocity can be
determined in Fig. 5, leads to the conclusion that in the
simulation the interaction between velocity and nozzle
pressure is not as strong as it is in the orientation rate function
determined by the design of experiment.

All in all, many similarities but also many differences can
be noted when comparing the analytical orientation rate with
the one determined analytically with respect to multi-objective
optimisation. The differences may be due to the very small
random sample used in determining the orientation rate by
simulation. Furthermore, some of the assumptions made in the
simulation model may have produced differences in the
results. It should also be taken into account that the function
for calculating the orientation rate as determined in the design
of experiment is approximated in relation to the four
parameters of the feeding system on the basis of a few selected
parameter combinations [10] and is therefore afflicted by

inaccuracies. Nevertheless, there are no significant
contradictions between the two methods of investigating
multi-objective optimisation of the aerodynamic feeding
system described. Therefore, it can be assumed that trends in
the impacts of individual parameters, interactions between
parameters and effects of different weightings of the
parameters under consideration as presented will be displayed
in similar form in reality.

V.CONCLUSION AND OUTLOOK

This paper focuses on the multi-objective optimisation of
workpiece orientation in an aerodynamic feeding system using
a genetic algorithm. Besides maximisation of the orientation
rate, minimisation of the nozzle pressure necessary required
for orientation to decrease costs is considered along with
maximisation of the feeding velocity. The investigations were
performed for two and for three simultaneously observed
objectives. The results show a strong positive correlation
between nozzle pressure and feeding velocity. If nozzle
pressure is minimised while velocity is simultaneously
increased, the orientation rate worsens considerably.

In further research activities, the multi-objective genetic
algorithm will be implemented in the control unit of the real-
life system.
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