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Digital twins, a core component of cyber-physical
systems, have gained a lot of attention recently.
However, in the utilization of the technology on
industrial applications, practical challenges arise from
the continuous and real-time data integration. These
challenges appear especially in the simulation and
optimization and their integration with the continuous
flow of data from the physical system.

The physics-based simulators tend to be
computationally burdensome and not necessarily
optimized for fast iterative computations. In addition,
the current adaptation methods have great challenges
to meet the real-time requirements in the applications,
where the significant phenomena occur at rates from
hertz to several kilohertz. Therefore, the research on
real-time data integration is urgently needed to enable
the development of practical digital twin applications.

This study focuses on the real-time adaptation of digital
twins based on a mechanism guided by evolutionary
optimization. The adaptation is required since the
physical object is exposed to external impulses
unknown to the presumed system state in the digital
twin. The digital twin requires timely adjustment in
order to adapt to the unpredictable changes observed
in the state of the physical object.

н aŀǘŜǊƛŀƭǎ ŀƴŘ ƳŜǘƘƻŘǎ 

The proposed adaptation mechanism evaluates the 
deviation between the measured state of the real 
system and the estimated state provided by the model 
under adaptation. The deviation is minimized by 
adapting the model input based on an optimization 
algorithm. Differential evolution was selected as the 
optimization algorithm due to its impressive properties 
for multi-parameter global optimization.  

The mechanism was tested by applying it on data 
generated via simulations. A physics-based model 
compiled in Simulink® environment was transformed 
into a lighter modeling approach, namely a surrogate 
model, to speed-up the iterative computations. This 
simplified model of the physical system was then used 
to test the adaptation mechanism. 

The case study presents a digital twin application for a 
marine thruster. This novel product digital twin is 
developed to support the maintenance and lifecycle 
management of the physical products. The physical 
models in the digital twin enable torque estimation in 
the driveline also in the positions where the in situ 
measurement is not practical.  

The adaptation mechanism was used to estimate 
constant values that represented the values of a model 
input variable in short time windows. The torque at the 
propeller was selected as the adapted input variable in 
the case study. 
 

о CƛƴŘƛƴƎǎ ŀƴŘ ŎƻƴŎƭǳǎƛƻƴǎ 

The results reveal that low errors were achieved in the 
surrogate model output and in the estimated input 
variable. However, the real-time requirement was not 
achieved with the applied settings. Therefore, 
additional research should be done to reduce the 
computational time. Possible solutions include parallel 
processing, hardware-based speed improvements, 
algorithm optimization and the use of more efficient 
programming techniques. The application of the 
proposed mechanism on more complex problems and 
other practical digital twin applications is encouraged. 
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Nokia's 5G proof-of-concept (PoC) radio is utilised in the 
demonstration. It consists of base transceiver station (BTS) 
and user equipment (UE) units forming the actual wireless 
radio link fulfilling the 5G requirements. This first 
evolution concept of 5G radios optimises the system 
communication paths and exploits the massive MIMO
beamforming. The radio part is run at 3.95 GHz 
center frequency with 200 MHz bandwidth enabling 
as low as 1 ms delay in the link and increased capacity 
up to several Gbps compared to present LTE.

Actual machine control systems are connected to a 
dynamic simulation system for Hardware-in-the-
Loop development. The test system is based on a real 
embedded machine control system relying on CAN-
bus. Remote control has been implemented by 
bridging the complete CAN traffic over TCP/IP and 
the 5G radio. For haptic control, an additional HMI 
controller was added to control 3 degrees-of-freedom 
of the machine.

Extended abstract. Remote mobile machinery 
operations require reliable and flexible communication. 
5G networks provide ultra-reliable and low latency 
wireless communications upon which remote 
operations, real-time control and data acquisition can 
be implemented. In this paper we present a demonstration
system for remote machinery control with 5G radio 
and Hardware-in-the-Loop development system (Figures 1 
and 2).

Figure 1. Remote operation of mobile machinery over the 5G networks and the internet..
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Figure 2. 5G Proof-of-Concept radio.
Figure 3. Remote control station with haptic control.

Figure 4. Hardware-in-the-Loop simulator in the remote site.
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ŜƴǎǳǊŜ ŜŦŦƛŎƛŜƴǘ ƻǇŜǊŀǘƛƻƴǎ ǿƛǘƘƻǳǘ ǇǊƻŘǳŎǘƛƻƴ ƭƻǎǎΦ 
5ŜǾŜƭƻǇƳŜƴǘ ǿƻǊƪ ƻƴ ƳŀƛƴǘŜƴŀƴŎŜ ǇǊƻŎŜǎǎŜǎ Ƙŀǎ 
ŘǊƛǾŜƴ ǘƘŜ ƴǳƳōŜǊ ƻŦ ǎȅǎǘŜƳŀǘƛŎ ǇǊƻōƭŜƳǎ ƭƻǿΦ Yƴƻǿƴ 
ƛǎǎǳŜǎ ƻƴ ǇǊƻŎŜǎǎ ƭƛƴŜǎ ƘŀǾŜ ōŜŜƴ ŀƭǊŜŀŘȅ ōŜŜƴ 
ƛŘŜƴǘƛŦƛŜŘ ŀƴŘ ƘŀƴŘƭŜŘ ǿƛǘƘ ǎŎƘŜŘǳƭŜŘ ǇǊŜǾŜƴǘƛǾŜ 
ƳŀƛƴǘŜƴŀƴŎŜ ǇǊƻŎŜǎǎΦ wƻƻǘ ŎŀǳǎŜ ŀƴŀƭȅǎƛǎ ŀƴŘ 
Ŏƻƴǘƛƴǳƻǳǎ ƛƳǇǊƻǾŜƳŜƴǘ ƳŜǘƘƻŘǎ ŀǊŜ ŀǇǇƭƛŜŘ ǘƻ ǘŀŎƪƭŜ 
ǘƘŜƳΦ ¢ƘŜ ǇǊƻōƭŜƳ ƛǎ ǿƛǘƘ ǿŜŀǊƛƴƎ ŎƻƳǇƻƴŜƴǘǎΣ 
ǳƴŜȄǇŜŎǘŜŘ ǘŜŎƘƴƛŎŀƭ ŦŀƛƭǳǊŜǎ ŀƴŘ ŜǾŜƴǘǎ ǘƘŀǘ ƻŎŎǳǊ 
ǊŀǊŜƭȅ ƻǊ ǘƘŀǘ ƘŀǾŜ ƴŜǾŜǊ ōŜŜƴ ǎŜŜƴ ōŜŦƻǊŜΦ ¢ƻ ǊŜŀŎƘ 
ŀǾŀƛƭŀōƛƭƛǘȅ ǘŀǊƎŜǘǎΣ ŜǾŜƴ ǘƘŜǎŜ ŎŀǎŜǎ ƴŜŜŘ ǘƻ ōŜ 
ƘŀƴŘƭŜŘΦ 

н tǊŜŘƛŎǘƛǾŜ ƳŀƛƴǘŜƴŀƴŎŜ 

aŀƛƴǘŜƴŀƴŎŜ ǇǊƻŎŜǎǎ ƛǎ ŘǊƛǾŜƴ ōȅ ŘŜŎƛǎƛƻƴǎ ǘƘŀǘ ŀǊŜ 
ōŀǎŜŘ ŦŀŎǘǎ ŦƻǳƴŘ ƛƴ ŘŀǘŀΦ !ƴŘ ǿƘŜƴ ƎƻƛƴƎ ōŜȅƻƴŘ 
ǎƛƎƴŀƭ ǘǊŜƴŘƛƴƎ ŀƴŘ ǘƘǊŜǎƘƻƭŘƛƴƎΣ ǿŜ ƴŜŜŘ ƳŀŎƘƛƴŜ 
ƭŜŀǊƴƛƴƎ ōŀǎŜŘ ǎƻƭǳǘƛƻƴǎΦ   

¢ȅǇƛŎŀƭ ǎǳǇŜǊǾƛǎŜŘ ƳŀŎƘƛƴŜ ƭŜŀǊƴƛƴƎ ǊŜǉǳƛǊŜǎ Ǿŀǎǘ 
ŀƳƻǳƴǘǎ ƻŦ ǘǊŀƛƴƛƴƎ Řŀǘŀ ŀƴŘ ƭŀōŜƭƭƛƴƎ ƛƴŦƻǊƳŀǘƛƻƴ ŦǊƻƳ 
Ǉŀǎǘ ǇǊƻŎŜǎǎ ŦŀƛƭǳǊŜǎΦ IƻǿŜǾŜǊΣ ǿƘŜƴ ŦŀŎƛƴƎ 
ǳƴŜȄǇŜŎǘŜŘ ƛǎǎǳŜǎ ŀƴŘ ǊŀǊŜ ŜǾŜƴǘǎΣ ǘƘŜ ǇǊƻōƭŜƳ 
ōŜŎƻƳŜǎ ŦŀǊ ƳƻǊŜ ŎƻƳǇƭŜȄΦ ¦ƴǎǳǇŜǊǾƛǎŜŘ ƭŜŀǊƴƛƴƎ ƛǎ 
ƴŜŜŘŜŘΦ !ƴŘ ƛƴǎǘŜŀŘ ƻŦ ŦŀƛƭǳǊŜ ǇǊŜŘƛŎǘƛƻƴΣ ǘƘŜ ŀƴŀƭȅǘƛŎǎ 
ǎƘƻǳƭŘ ƛƴŦƻǊƳ ƳŀƛƴǘŜƴŀƴŎŜ ǇŜǊǎƻƴƴŜƭ ŀōƻǳǘ ǳǇŎƻƳƛƴƎ 
ǊƛǎƪǎΦ IǳƳŀƴ ŦŀŎǘƻǊ ƛǎ ƴŜŜŘŜŘ ǘƻ ƳŀƪŜ ŘŜŎƛǎƛƻƴǎ ōŀǎŜŘ 
ƻƴ ŦƛƴŘƛƴƎǎΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ ǎƻƭǳǘƛƻƴ ŎƻƳōƛƴŜǎ ƻǳǊ 
ǇǊƻŎŜǎǎ ƪƴƻǿƭŜŘƎŜ ǿƛǘƘ ŀŘǾŀƴŎŜŘ ŀƴŀƭȅǘƛŎǎΦ 

о aŀŎƘƛƴŜ ƭŜŀǊƴƛƴƎ ǎƻƭǳǘƛƻƴ

²Ŝ ƘŀǾŜ ōǳƛƭǘ ƳŀŎƘƛƴŜ ƭŜŀǊƴƛƴƎ ōŀǎŜŘ ǎƻƭǳǘƛƻƴǎ ǘƘŀǘ
ŎƻƳǇŀǊŜ ŀŎǘǳŀƭ ǇǊƻŎŜǎǎ ƳŜŀǎǳǊŜƳŜƴǘǎ ǘƻ ƳƻŘŜƭ
ƻǳǘǇǳǘΣ ŘŜǘŜŎǘ ŜǾƻƭǾƛƴƎ ŀƴƻƳŀƭƛŜǎΣ ŦƛƴŘ Ŏŀǳǎŀƭ
ǊŜƭŀǘƛƻƴǎƘƛǇǎ ǘƻ ǘƘŜ ŎƘŀƴƎŜΣ ŀƴŘ ǊŜǾŜŀƭ ǘƘŜ ǇƻǎǎƛōƭŜ
Ǌƻƻǘ ŎŀǳǎŜ ƻŦ ǘƘŜ ǇǊƻōƭŜƳΦ 5ǳŜ ǘƻ ǘƘŜ ŘȅƴŀƳƛŎ ƴŀǘǳǊŜ
ƻŦ ǘƘŜ ǇǊƻŎŜǎǎΣ ǿŜ ŀǇǇƭȅ wŜŎǳǊǎƛǾŜ bŜǳǊŀƭ bŜǘǿƻǊƪǎ
όwbbύ ŦƻǊ ƳƻŘŜƭƭƛƴƎ ŀƴŘ ǇǊŜŘƛŎǘƛƻƴΦ ²Ŝƭƭ ǘǊŀƛƴŜŘ
ŀǳǘƻŜƴŎƻŘŜǊ ƛǎ ŀōƭŜ ǘƻ ŘŜǘŜŎǘ ŜǾŜƴ ƳƛƴƻǊ ŀƴƻƳŀƭƛŜǎ
ŀƴŘ ŜǾƻƭǾƛƴƎ ƛǎǎǳŜǎΦ aŀƛƴǘŜƴŀƴŎŜ ŜȄǇŜǊǘǎ ǳǎŜ ǘƘŜ
ŀƴŀƭȅǘƛŎǎ ǘƻƻƭǎ ǘƻ ƎŜǘ ǇǊŜǿŀǊƴƛƴƎ ƻƴ ǇƻǎǎƛōƭŜ ǇǊƻōƭŜƳǎΣ
ǇƛƴǇƻƛƴǘ ǘƘŜ ƛǎǎǳŜ ŀƴŘ ǎŎƘŜŘǳƭŜ ǊŜǉǳƛǊŜŘ ǇǊŜǾŜƴǘƛǾŜ
ŀŎǘƛƻƴǎΦ

п !ƴƻƳŀƭȅ ŘŜǘŜŎǘƛƻƴ

²Ŝ ƘŀǾŜ ƳŀƴŀƎŜŘ ǘƻ ŦƛƴŘ ǳƴŜȄǇŜŎǘŜŘ ƛǎǎǳŜǎ ƛƴ ǘƘŜ
ǇǊƻŘǳŎǘƛƻƴ ƭƛƴŜ ǿƛǘƘ ŀƴƻƳŀƭȅ ŘŜǘŜŎǘƛƻƴ ǘƻƻƭΦ 9ǾŜƴ ǿƛǘƘ
ƭƛƳƛǘŜŘ ŎƻǾŜǊŀƎŜΣ ǘƘŜ ǎȅǎǘŜƳ Ƙŀǎ ǎǳŎŎŜǎǎŦǳƭƭȅ ŘŜǘŜŎǘŜŘ
ǎŜƴǎƻǊ ŦŀƛƭǳǊŜǎΣ ǇǊƻŎŜǎǎ ƳŀƭŦǳƴŎǘƛƻƴǎΣ ŀƴŘ ŜǾŜƴǘǳŀƭƭȅΣ
ǇǊŜǾŜƴǘŜŘ ǇǊƻŘǳŎǘƛƻƴ ƭƻǎǎŜǎΦ CƛƎǳǊŜ м ǇǊŜǎŜƴǘǎ ŀƴ 
ŜȄŀƳǇƭŜ ƻŦ ŀƴ ŜǾƻƭǾƛƴƎ ƛǎǎǳŜ ƛƴ ǿŜō ǇǊƻŦƛƭŜ ŎƻƴǘǊƻƭ ƛƴ 
{ǘŜŀƳōƻȄΦLƴ ǘƘƛǎ ŎŀǎŜΣ ǘƘŜ ǘǊŀƛƴŜŘ ŀǳǘƻŜƴŎƻŘŜǊ ƳƻŘŜƭ 
ŘŜǘŜŎǘŜŘ ŀǇǊƻŎŜǎǎ ŀƴƻƳŀƭȅ ǎƻƻƴ ŀŦǘŜǊ ŀ ǇǊƻŘǳŎǘƛƻƴ 
ōǊŜŀƪΦ ¢ƘŜ ǇǊƻŎŜǎǎ ŀǇǇŜŀǊǎ ǘƻ ǿƻǊƪ ƴƻǊƳŀƭƭȅΣ ōǳǘ 
ōŀǎŜŘ ƻƴ ŜŀǊƭƛŜǊ ƭŜŀǊƴƛƴƎǎΣ ǘƘŜ ǳƴǎǳǇŜǊǾƛǎŜŘ ǇǊƻŎŜǎǎ 
ƳƻŘŜƭ ƛǎ ŜȄǇŜŎǘƛƴƎ ƴŜŀǊƭȅ Ŏƻƴǎǘŀƴǘ ǎǘŜŀƳ 
ŎƻƴǎǳƳǇǘƛƻƴ ƛƴ ǿŜō ǇǊƻŦƛƭŜ ŎƻƴǘǊƻƭ ǿƘƛƭŜ ǘƘŜ 
ƳŜŀǎǳǊŜƳŜƴǘ ƛƴŘƛŎŀǘŜǎ ŀ ǎƭƛƎƘǘ ƛƴŎǊŜŀǎŜΦ {ƛƴŎŜ ǘƘŜ 
ƳŜŀǎǳǊŜƳŜƴǘ ƛǎ ǿŜƭƭ ǿƛǘƘƛƴ ǘȅǇƛŎŀƭ ƻǇŜǊŀǘƛƻƴ Ǉƻƛƴǘ 
ŀƴŘ ƛƴ ŀŎŎŜǇǘŀōƭŜ ǊŀƴƎŜΣ ǘƘŜ ǇǊƻŎŜǎǎ ŎƻƴǘǊƻƭ ŘƛŘ 
ƴƻǘ ƛǎǎǳŜ ŀƴȅ ŀƭŀǊƳǎΦ IŜƴŎŜΣ ƛǘ ƛǎ ƴƻǘ ǇƻǎǎƛōƭŜ ǘƻ 
ǎŜŜ ǇǊƻŎŜǎǎ ŘŜǾƛŀǘƛƻƴ ǎƛƳǇƭȅ ōȅ ŦƻƭƭƻǿƛƴƎ
ƳŜŀǎǳǊŜƳŜƴǘ ǘǊŜƴŘǎΦ IƻǿŜǾŜǊΣ ǘǊŀƛƴŜŘ ǇǊƻŎŜǎǎ ƳƻŘŜƭ
ŘƛǎŀƎǊŜŜǎ ǿƛǘƘ ǘƘŜ ƳŜŀǎǳǊŜƳŜƴǘΦ Lƴ ǘƘƛǎ ŎŀǎŜΣ
ƻǇŜǊŀǘƛƻƴŀƭ ǇǊƻōƭŜƳǎ ǿŜǊŜ ŀƭǊŜŀŘȅ ǇǊŜǎŜƴǘ ŦǳǊǘƘŜǊ ƛƴ
ǘƘŜ ǇǊƻŘǳŎǘƛƻƴ ƭƛƴŜΦ

¢ƘŜ ǇǊƻŎŜǎǎ ŀƴƻƳŀƭȅ ƻŦ CƛƎǳǊŜ м ǿŀǎ ŘŜǘŜŎǘŜŘ 
ǿƛǘƘ ŀǳǘƻŜƴŎƻŘŜǊΣ ŀƴŘ ǘƘŜ ǘǊǳŜ Ǌƻƻǘ ŎŀǳǎŜ ǿŀǎ 
ŦƻǳƴŘ ōȅ ŀƴŀƭȅȊƛƴƎ ǊŜƭŀǘŜŘ ƳŜŀǎǳǊŜƳŜƴǘ ǘǊŜƴŘǎΦ 
¢ƘŜ ŜǾƻƭǾƛƴƎ ǇǊƻōƭŜƳ ǿŀǎ ŦƛȄŜŘ ƛƳƳŜŘƛŀǘŜƭȅ ŀƴŘ 
ǇǊƻŘǳŎǘƛƻƴ ƭƻǎǎǿŀǎ ŀǾƻƛŘŜŘΦ
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CƛƎuǊŜ мΦ 9ǾƻƭǾƛƴƎ ŀƴƻƳŀƭȅ ƛƴ {ǘŜŀƳōƻȄΦ

р bŜȄǘ ǎǘŜǇǎ

¢ƘŜ ǎȅǎǘŜƳ ƛǎ ōŜƛƴƎ ŘŜǾŜƭƻǇŜŘ ŦǳǊǘƘŜǊ ōŀǎŜŘ ƻƴ ǳǎŜǊ
ŜȄǇŜǊƛŜƴŎŜǎ ƻƴ ǘƘŜ ƴŜǿ ǿŀȅ ƻŦ ǿƻǊƪƛƴƎ ŀƴŘ ōŀǎŜǎ ƻƴ
Ƙƻǿ ǘƘŜ ŀƴŀƭȅǘƛŎǎ ǘƻƻƭǎ ŀǊŜ ōŜƛƴƎ ŀǇǇƭƛŜŘΦ ¢ƘŜ ǎȅǎǘŜƳ ƛǎ
Ŏƻƴǎǘŀƴǘƭȅ ƭŜŀǊƴƛƴƎ ǿƘŜƴ ŘƻƳŀƛƴ ŜȄǇŜǊǘ ƛƴǇǳǘ ŀƴŘ
ƳƻŘŜƭ ŦƛƴŘƛƴƎǎ ŀǊŜ ŎƻƳōƛƴŜŘΦ wŜǎǳƭǘǎ ŦǊƻƳ ǘƘŜ
ŀƴŀƭȅǘƛŎǎ Ŏŀƴ ōŜ ŘƛǊŜŎǘƭȅ ƳŀǇǇŜŘ ǘƻ ŦŀƛƭǳǊŜ ƴƻǘƛŦƛŎŀǘƛƻƴǎ
ŀƴŘ ǇǊŜǾŜƴǘƛǾŜ ƳŀƛƴǘŜƴŀƴŎŜ ǿƻǊƪ ƻǊŘŜǊǎ ƛƴ 9wt ŀǎ ǿŜƭƭ
ŀǎ ŘƛŀƎƴƻǎƛǎ ŘƻƴŜ ōȅ ǘƘŜ ƳŀƛƴǘŜƴŀƴŎŜ ŜȄǇŜǊǘǎΦ !ǎ ŀ
ǊŜǎǳƭǘΣ ƻǳǊ ǎƻƭǳǘƛƻƴ ǊŜŘǳŎŜǎ ƭŀōƻǊƛƻǳǎ ǊƻǳǘƛƴŜ ǿƻǊƪ
ǿƘŜƴ ƭŀǊƎŜ Řŀǘŀ Ƴŀǎǎ Ŏŀƴ ōŜ ŀƴŀƭȅȊŜŘ ŀǳǘƻƳŀǘƛŎŀƭƭȅ
ŀƴŘ ŦƛƴŘƛƴƎǎ Ŏŀƴ ōŜ ŦŜŘ ŘƛǊŜŎǘƭȅ ǘƻ ǇǊŜǾŜƴǘƛǾŜ
ƳŀƛƴǘŜƴŀƴŎŜ ǇǊƻŎŜǎǎΦ

aƻŘŜƭ ǇǊŜŘƛŎǘƛƻƴ 

tǊƻŎŜǎǎ ƳŜŀǎǳǊŜƳŜƴǘ 

{ƘǳǘŘƻǿƴ 
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{ŀƳǳƭƛ .ŜǊƎƳŀƴϝΣ ¢ƻƳƛ [ŀƘǘƛΣ !ƭŜȄŀƴŘǊŜ .ƻǊƛƻǳŎƘƪƛƴŜΣ ¢ƻƴƛ hƭŜŀƴŘŜǊ

!ǊǘƛŦƛŎƛŀƭ LƴǘŜƭƭƛƎŜƴŎŜ ŀƴŘ aŀŎƘƛƴŜ [ŜŀǊƴƛƴƎ ƛƴ
tǊƻŎŜǎǎ LƴŘǳǎǘǊȅ
YŜȅǿƻǊŘǎΥ aŀŎƘƛƴŜ [ŜŀǊƴƛƴƎΣ tǊƻŎŜǎǎ hǇǘƛƳƛȊŀǘƛƻƴΣ
ht/ ¦!Σ LƴŘǳǎǘǊƛŀƭ !ǇǇƭƛŎŀǘƛƻƴ

ϝ/ƻǊǊŜǎǇƻƴŘƛƴƎ !ǳǘƘƻǊΥ {ŀƳǳƭƛ .ŜǊƎƳŀƴΣ NŜǎǘŜ 
9ƴƎƛƴŜŜǊƛƴƎ {ƻƭǳǘƛƻƴǎ hȅ
9πƳŀƛƭΥ{ŀƳǳƭƛΦōŜǊƎƳŀƴϪƴŜǎǘŜΦŎƻƳ

hǘƘŜǊ !ǳǘƘƻǊǎΥ Tomi Lahti, Alexandre Borouchkine,
Toni OleanderΣ NŜǎǘŜ 9ƴƎƛƴŜŜǊƛƴƎ {ƻƭǳǘƛƻƴǎ hȅΣ 
9πƳŀƛƭΥǘƻƳƛΦƭŀƘǘƛϪƴŜǎǘŜΦŎƻƳ

 

м LƴǘǊƻŘǳŎǘƛƻƴ 

aŀƴȅ ŀŎǘƻǊǎ ƛƴ ŎƘŜƳƛŎŀƭ ǇǊƻŎŜǎǎ ƛƴŘǳǎǘǊȅ ǘƘƛƴƪ ǘƘŀǘ 
ǘƘŜ ǇǊƻŦƛǘŀōƛƭƛǘȅ ƻŦ ǘƘŜƛǊ Ǉƭŀƴǘ Ƙŀǎ ǊŜŀŎƘŜŘ ǘƘŜ 
ƳŀȄƛƳǳƳ ƭŜǾŜƭΣ ōǳǘ ōȅ ǳǘƛƭƛȊƛƴƎ ƳŀŎƘƛƴŜ ƭŜŀǊƴƛƴƎ ŀƴŘ 
ŀǊǘƛŦƛŎƛŀƭ ƛƴǘŜƭƭƛƎŜƴŎŜ ƛǘ ƛǎ ǇƻǎǎƛōƭŜ ǘƻ ǘŀƪŜ ǘƘŜ 
ǇǊƻŦƛǘŀōƛƭƛǘȅ ǘƻ ǘƘŜ ƴŜȄǘ ƭŜǾŜƭΦ Lǘ ƛǎ ŎǊǳŎƛŀƭ ŦƻǊ 
ŎƻƳǇŜǘƛǘƛǾŜƴŜǎǎ ǘƻ ƎǳŀǊŀƴǘŜŜ ǘƘŜ ǇǊƻŦƛǘŀōƛƭƛǘȅ ƻŦ ǘƘŜ 
ǇǊƻŘǳŎǘƛƻƴ ǳƴŘŜǊ ŀƴȅ ŎƛǊŎǳƳǎǘŀƴŎŜǎΦ !ǎ ƳŀǊƪŜǘ ǇǊƛŎŜǎ 
ƻŦ ŦŜŜŘǎǘƻŎƪ ŦƭǳŎǘǳŀǘŜ ŀƴŘ ƻǇŜǊŀǘƛƴƎ ŎƻƴŘƛǘƛƻƴǎ ǾŀǊȅΣ 
ǘƘƛǎ Ƙŀǎ ōŜŎƻƳŜ ƳƻǊŜ ŀƴŘ ƳƻǊŜ ŎƘŀƭƭŜƴƎƛƴƎΦ 
 
¢ƘŜ ƻōƧŜŎǘƛǾŜ ƻŦ ǘƘŜ ǳǎŀƎŜ ƻŦ ƳŀŎƘƛƴŜ ƭŜŀǊƴƛƴƎ όa[ύ 
ŀƴŘ ŀǊǘƛŦƛŎƛŀƭ ƛƴǘŜƭƭƛƎŜƴŎŜ ό!Lύ ƛǎ ǘƻ ǊŜŦƛƴŜ Řŀǘŀ ŀƴŘ 
ǘǳǊƴ ƛǘ ǘƻ ǾŀƭǳŀōƭŜ ƛƴŦƻǊƳŀǘƛƻƴΣ ƪƴƻǿƭŜŘƎŜ ŀƴŘ 
ƛƴǎƛƎƘǘ ǘƘŀǘ ƘŜƭǇ ŜƛǘƘŜǊ ǘƻ Ǌǳƴ ǘƘŜ Ǉƭŀƴǘ ƛƴ ŀ ƳƻǊŜ 
ƻǇǘƛƳŀƭ ǿŀȅΣ ǘƻ ŘŜǘŜŎǘ ŀƴŘ ƛŘŜƴǘƛŦȅ ŀōƴƻǊƳŀƭ 
ŜǾŜƴǘǎ ƻǊ ǘƻ Řƻ ƳŀƛƴǘŜƴŀƴŎŜ ŀǘ ǘƘŜ Ƴƻǎǘ ƛŘŜŀƭ 
ǘƛƳŜπǇƻƛƴǘ όǇǊŜǎŎǊƛǇǘƛǾŜ  ƳŀƛƴǘŜƴŀƴŎŜύΦ ¢ƘŜǊŜ ŜȄƛǎǘ 
ǊŜŀƭπƭƛŦŜ ǇǊƻŎŜǎǎ ƛƴŘǳǎǘǊƛŜǎ ŎƘŀƭƭŜƴƎŜǎ ǘƘŀǘ Ŏŀƴ ōŜ 
ǎƻƭǾŜŘ ǿƛǘƘ a[ ŀƴŘ !L ǿƘƛŎƘ ƘŀǾŜ ƻǿƴ 
ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ǘƘŀǘ ƴŜŜŘ ǘƻ ōŜ ǘŀƪŜƴ ƛƴǘƻ ŀŎŎƻǳƴǘΦ  
9ǎǇŜŎƛŀƭƭȅ ƛƳǇƭŜƳŜƴǘƛƴƎ a[ ŀƴŘ !L ǊŜǉǳƛǊŜǎ ōƛƎ 
ŀƳƻǳƴǘǎ ƻŦ Řŀǘŀ ŦƻǊ ƳƻŘŜƭ ŎǊŜŀǘƛƻƴ ŀƴŘ ǎǘǊŜŀƳƛƴƎ 
Řŀǘŀ ŦƻǊ ŀŎǘǳŀƭ !L ŘŜǇƭƻȅƳŜƴǘΣ ǎƻ ǳǇ ǘƻ ŘŀǘŜ 
ƻǇŜǊŀǘƛƻƴŀƭ ǇǊƻŘǳŎǘƛƻƴ Řŀǘŀ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜ ƛǎ 
ŜǎǎŜƴǘƛŀƭ ŦƻǊ ǎǳŎŎŜǎǎΦ 

 
 

н !ƭƭ ǎǘŀǊǘǎ ǿƛǘƘ Řŀǘŀ 

¢ƘŜ ŦƛǊǎǘ ǇǊŀŎǘƛŎŀƭ ŎƘŀƭƭŜƴƎŜ ƛǎ ǘƻ ŀŎŎŜǎǎ ŀƭƭ ǊŜƭŜǾŀƴǘ 
ŀƴŘ ŀǾŀƛƭŀōƭŜ ŘŀǘŀΦ ¢ǊŀŘƛǘƛƻƴŀƭƭȅ Ǉƭŀƴǘ ƻǇŜǊŀǘƛƻƴ όƻǊ 

ǇǊƻŎŜǎǎπǊŜƭŀǘŜŘ ŘŜŎƛǎƛƻƴπƳŀƪƛƴƎύ ƛǎ Ƴƻǎǘƭȅ ōŀǎŜŘ ƻƴ 
ǇǊƻŎŜǎǎ ƳŜŀǎǳǊŜƳŜƴǘǎ ƛƴ ǘƘŜ ǇǊƻŎŜǎǎ ŎƻƴǘǊƻƭ ǎȅǎǘŜƳ 
ό5/{ύΦ IƻǿŜǾŜǊΣ ƻǘƘŜǊ Řŀǘŀ ǎƻǳǊŎŜǎ ŀǊŜ ƻŦǘŜƴ ƴŜŜŘŜŘ 
ǘƻ ƎŜǘ ŀ Ŧǳƭƭ ǇƛŎǘǳǊŜ ƻƴ ŀƭƭ ǘƘŜ ǊŜƭŀǘŜŘ ŎƛǊŎǳƳǎǘŀƴŎŜǎΦ 
{ǳŎƘ ǎƻǳǊŎŜǎ ŀǊŜ ŜΦƎΦ ƭŀōƻǊŀǘƻǊȅ ƛƴŦƻǊƳŀǘƛƻƴ 
ƳŀƴŀƎŜƳŜƴǘ ǎȅǎǘŜƳ ό[La{ύ ƻǊ Řŀǘŀ ƻƴ ƭƻƎƛǎǘƛŎǎ 
ƻǇŜǊŀǘƛƻƴǎ ƛƴ ŜƴǘŜǊǇǊƛǎŜ ǊŜǎƻǳǊŎŜ ǇƭŀƴƴƛƴƎ ǎȅǎǘŜƳ 
ό9wtύΦ aƻŘŜǊƴ L¢ ŎƻƳƳǳƴƛŎŀǘƛƻƴ ǘŜŎƘƴƻƭƻƎƛŜǎΣ ǎǳŎƘ ŀǎ 
ht/ ¦!Σ ŜƴŀōƭŜ ǎŀŦŜ ŀƴŘ ǎŜŎǳǊŜ ŎƻƳƳǳƴƛŎŀǘƛƻƴ 
ōŜǘǿŜŜƴ ǘƘŜǎŜ ŘƛŦŦŜǊŜƴǘ ǎȅǎǘŜƳǎ ŀƴŘ ǘƘŜ ŘƛƎƛǘŀƭƛȊŀǘƛƻƴ 
ǇƭŀǘŦƻǊƳΦ 

о Yƴƻǿ ȅƻǳǊ ŎƻƴǘŜȄǘ 

!ƴƻǘƘŜǊ ŎƘŀƭƭŜƴƎŜ ƛǎ ŎŀǳǎŜŘ ōȅ ŎƻƳǇƭŜȄ ƛƴǘŜǊŀŎǘƛƻƴǎ 
ŀƴŘ ŘȅƴŀƳƛŎ ǇƘŜƴƻƳŜƴŀ ǇǊŜǎŜƴǘ ƛƴ ŎƘŜƳƛŎŀƭ 
ǇǊƻŎŜǎǎŜǎΦ ²ƘŜǊŜŀǎ ǘȅǇƛŎŀƭ ǇǊƻŎŜǎǎ ƛƴǎǘǊǳƳŜƴǘŀǘƛƻƴ 
ŜƴŀōƭŜǎ ƳƻƴƛǘƻǊƛƴƎ ƻŦ ƘǳƴŘǊŜŘǎ ƻŦ ǘŜƳǇŜǊŀǘǳǊŜǎΣ 
ǇǊŜǎǎǳǊŜǎΣ Ŧƭƻǿ ǊŀǘŜǎ ƻǊ ƭƛǉǳƛŘ ƭŜǾŜƭǎ ƛƴ ŀ ǎƛƴƎƭŜ 
ƻǇŜǊŀǘƛƴƎ ǳƴƛǘΣ ǘƘŜǎŜ ǉǳŀƴǘƛǘƛŜǎ ƻƴƭȅ Ŏƻƴǘŀƛƴ ŀ ǿŜŀƪ 
ŀƴŘ ǾŀǊƛŀƴǘ ŎƻǊǊŜƭŀǘƛƻƴ ǿƛǘƘ Ƴŀƴȅ ŜŎƻƴƻƳƛŎŀƭƭȅ 
ƛƳǇƻǊǘŀƴǘ ǇƘŜƴƻƳŜƴŀΦ 9ȄŀƳǇƭŜǎ ƻŦ ǎǳŎƘ ƛƳǇƻǊǘŀƴǘ 
ǇƘŜƴƻƳŜƴŀ ŀǊŜ ŜΦƎΦ ǎƛŘŜπ ŀƴŘ ōȅπǊŜŀŎǘƛƻƴǎ ŎŀǳǎŜŘ 
ōȅ ǎƻƳŜ ǎǳōǎǘŀƴŎŜǎ ǇǊŜǎŜƴǘ ƛƴ ǾŜǊȅ ƭƻǿ 
ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƛƴ ǘƘŜ ŦŜŜŘǎǘƻŎƪΤ ǎƭƻǿ ŘŜƎǊŀŘŀǘƛƻƴ 
ƻŦ ǊŜŀŎǘƻǊ Ŏŀǘŀƭȅǎǘ ōŜŎŀǳǎŜ ƻŦ ǇƻƻǊ ƻǇŜǊŀǘƛƻƴ 
ŎƻƴŘƛǘƛƻƴǎΤ ŦƻǳƭƛƴƎ ƻŦ ǇǊƻŎŜǎǎ ŜǉǳƛǇƳŜƴǘΤ ƻǊ 
ŎƛǊŎǳƳǎǘŀƴŎŜǎ ǘƘŀǘ ŎǊŜŀǘŜ ŎƻǊǊƻǎƛƻƴΦ 5ŀǘŀπōŀǎŜŘ 
ƳŜǘƘƻŘǎ Ŏŀƴ ƘŜƭǇ ǘƻ ǎƻƭǾŜ ǘƘƛǎ ŎƘŀƭƭŜƴƎŜΦ aƻŘŜƭǎ 
ōŀǎŜŘ ƻƴ ŀǊǘƛŦƛŎƛŀƭ ƛƴǘŜƭƭƛƎŜƴŎŜΣ ƳŀŎƘƛƴŜ ƭŜŀǊƴƛƴƎ ƛƴ 
ǇŀǊǘƛŎǳƭŀǊΣ ƘŀǾŜ ǇǊƻǾŜƴ ǘƻ ōŜ ǇƻǿŜǊŦǳƭ ǘƻƻƭǎ ŦƻǊ 
ǊŜŦƛƴƛƴƎ ǘƘŜ Řŀǘŀ ƛƴǘƻ ƛƴŦƻǊƳŀǘƛƻƴ ƻƴ ǳƴƘƛŘŘŜƴ 
ǇƘŜƴƻƳŜƴŀ ǘƘŀǘ Ŏŀƴƴƻǘ ōŜ ŘƛǊŜŎǘƭȅ ƻōǎŜǊǾŜŘ ōȅ 
ƳƻƴƛǘƻǊƛƴƎ ǘƘŜ ǘƛƳŜ ǎŜǊƛŜǎ ƻŦ ǎƛƴƎƭŜ ƳŜŀǎǳǊŜƳŜƴǘǎΦ 
¢Ƙƛǎ ƛǎΣ ƘƻǿŜǾŜǊΣ ƴƻǘ ŜƴƻǳƎƘΣ ōǳǘ ǘƘŜ ƛƴǎƛƎƘǘ ƻƴ 
ƘƛŘŘŜƴ ǇƘŜƴƻƳŜƴŀ Ƴǳǎǘ ōŜ ŀǾŀƛƭŀōƭŜ ƛƴ ǊŜŀƭπǘƛƳŜΦ 
¢ƘŜ ƪŜȅ ōŜƴŜŦƛǘǎ ǿƛƭƭ ōŜ ŀŎƘƛŜǾŜŘ ƻƴƭȅ ƛŦ ǘƘƛǎ ǊŜŀƭπ
ǘƛƳŜ ƛƴǎƛƎƘǘ ƛǎ ǳǘƛƭƛȊŜŘ Ŏƻƴǘƛƴǳƻǳǎƭȅ ōȅ ŀŘǾŀƴŎŜŘ 
ƻǇǘƛƳƛȊŀǘƛƻƴ ŀƴŘ ŀǳǘƻƳŀǘƛƻƴ ǎƻƭǳǘƛƻƴǎ ǘƻ ǇǳǎƘ ǘƘŜ 
ǇǊƻŎŜǎǎ ǘƻǿŀǊŘǎ ǘƘŜ ƻǇǘƛƳǳƳΦ Lƴ ŎƻƴŎƭǳǎƛƻƴΣ ǿƛǘƘ 
ǘƘŜ ƘŜƭǇ ƻŦ ŀǊǘƛŦƛŎƛŀƭ ƛƴǘŜƭƭƛƎŜƴŎŜ ŀƴŘ ƳŀŎƘƛƴŜ 
ƭŜŀǊƴƛƴƎ ƛǘ ƛǎ ǇƻǎǎƛōƭŜ ǘƻ ōŜǘǘŜǊ ǳƴŘŜǊǎǘŀƴŘ ǿƘŀǘ 
ŎǳǊǊŜƴǘƭȅ ƎƻŜǎ ƻƴ ƛƴ ǇǊƻŎŜǎǎŜǎ ŀƴŘ ƛƴ ǇǊƻŎŜǎǎ 
ŜǉǳƛǇƳŜƴǘΣ ŀƴŘ ǘƘƛǎ ƪƴƻǿƭŜŘƎŜ ŜƴŀōƭŜǎ ǘƻ ōŜǘǘŜǊ 
ŦƻǊŜǎŜŜ ǘƘŜ ŦǳǘǳǊŜ ŀƴŘ ǘƻ ƻǇǘƛƳƛȊŜ ǘƘŜ ƻǇŜǊŀǘƛǾŜ 
ŀŎǘƛƻƴǎΦ ¢Ƙƛǎ ƳŜŀƴǎ ǘƘŀǘ ǘƘŜ ǇǊƻŘǳŎǘƛƻƴ Ŏŀƴ ōŜ Ǌǳƴ 
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                                                                                                                                                                  !ǳǘƻƳŀŀǘƛƻǇŅƛǾŅǘно нлмф 
πππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππ 

 

ŀǘ ǘƘŜ ƳŀȄƛƳǳƳ ƭŜǾŜƭ ǿƛǘƘ ǘƘŜ ƳŀȄƛƳǳƳ ǇǊƻŦƛǘ 
ǎŀŦŜƭȅΦ 

п Yƴƻǿ ȅƻǳǊ ōǳǎƛƴŜǎǎ 

 
¢ƘƛǊŘ ŎƘŀƭƭŜƴƎŜ ƛǎ ǇƻǎŜŘ ōȅ ǘƘŜ ƴŜŜŘ ǘƻ ƻǇŜǊŀǘŜ Ǉƭŀƴǘǎ 
ƛƴ ŀƴ ŀƎƛƭŜ ƻǇŜǊŀǘƛƻƴǎ ǿŀȅΦ ¢ƘŜ ƳŀǊƪŜǘ ŘŜƳŀƴŘǎ 
ǾŀǊȅΣ ǿƘƛŎƘ ƛǎ ƳŀǘŜǊƛŀƭƛȊŜŘ ƛƴ ǘƘŜ Ǉƭŀƴǘ ŦƭƻƻǊ ƭŜǾŜƭ ōȅ 
ŀ ǿƛŘŜ ǾŀǊƛŜǘȅ ƻŦ ŘƛŦŦŜǊŜƴǘ ǇǊƻŘǳŎǘ ǎǇŜŎƛŦƛŎŀǘƛƻƴǎΦ !ǘ 
ǘƘŜ ǎŀƳŜ ǘƛƳŜΣ ǘƘŜ ŦŜŜŘǎǘƻŎƪ ǇŀƭŜǘǘŜ Ƙŀǎ ōŜŎƻƳŜ 
ƳƻǊŜ ǾƻƭŀǘƛƭŜΦ 9ΦƎΦ ƻƛƭ ǊŜŦƛƴƛƴƎ ƛƴŘǳǎǘǊȅ ƛǎ ŦŜŀǘǳǊŜŘ 
ōȅ ǘǿƻ ǘǊŜƴŘǎΦ CƛǊǎǘƭȅΣ ƘŜŀǾƛŜǊ ŎǊǳŘŜ ƻƛƭǎ ǿƛǘƘ ƘƛƎƘŜǊ 
ǎǳƭŦǳǊ ŎƻƴǘŜƴǘ ƴŜŜŘ ǘƻ ōŜ ǇǊƻŎŜǎǎŜŘ ŀƴŘΣ ǎŜŎƻƴŘƭȅΣ 
ŘƛŦŦŜǊŜƴǘ ōƛƻπōŀǎŜŘ ŦŜŜŘǎǘƻŎƪǎ ŀǊŜ ǳǎŜŘ ƳƻǊŜ ŀƴŘ 
ƳƻǊŜΦ ¢Ƙƛǎ ƳŜŀƴǎ ǘƘŀǘ ǇǊƻŎŜǎǎŜǎ ŀǊŜ ƳƻǊŜ ƻŦǘŜƴ ƛƴ 
ŀ ǘǊŀƴǎƛŜƴǘ ǎǘŀǘŜ ŀƴŘ ǘƘŀǘ ƻǇǘƛƳŀƭ ǇǊƻŎŜǎǎ 
ŎƻƴŘƛǘƛƻƴǎ Ƴŀȅ ōŜ ǾŜǊȅ ŘƛŦŦŜǊŜƴǘ ŦǊƻƳ ǘƘŜ ƻƴŜǎ ǘƘŀǘ 
ƘŀǾŜ ōŜŜƴ ŀŎŎǳǎǘƻƳŜŘ ǿƛǘƘΦ {ƛƳǳƭǘŀƴŜƻǳǎƭȅ ŀ ƴŜǿ 
ƎŜƴŜǊŀǘƛƻƴ ƻŦ ǇǊƻŎŜǎǎ ƻǇŜǊŀǘƻǊǎ ƛǎ ŜƴǘŜǊƛƴƎ ǘƻ ǘƘŜ 
ƭŀōƻǊ ƳŀǊƪŜǘΦ !ƭƭ ǘƘƛǎ Ŏŀƭƭǎ ŦƻǊ ǊŜŘŜŦƛƴƛƴƎ ǘƘŜ ǿŀȅ 
ǇǊƻŎŜǎǎŜǎ ǎƘƻǳƭŘ ōŜ Ǌǳƴ ŀƴŘ Ƙƻǿ ƻǇŜǊŀǘƻǊǎ ŎƻǳƭŘ 
ōŜ ŀǎǎƛǎǘŜŘ ǘƻ ǇŜǊŦƻǊƳ ǘƘŜƛǊ ǘŀǎƪǎ ƛƴ ŀƴ ƻǇǘƛƳŀƭ 
ǿŀȅΦ !L Ŏŀƴ ōŜ ŀ ōŜƴŜŦƛŎƛŀƭ ǘƻƻƭ ƛƴ ǘƘƛǎΦ !L Ŏŀƴ ƭŜŀǊƴ 
ōŜǎǘ ǇǊŀŎǘƛŎŜǎ ǘƻ ƻǇŜǊŀǘŜ ǇǊƻŎŜǎǎ ƛƴ ǾŀǊƛƻǳǎ 
ǎƛǘǳŀǘƛƻƴǎ ŀƴŘ ƘŜƭǇ ƻǇŜǊŀǘƻǊǎ ǘƻ ŀŎƘƛŜǾŜ ǘƘŜƛǊ 
ǘŀǊƎŜǘǎΦ ¢Ƙƛǎ ǘȅǇŜ ƻŦ ŀǇǇƭƛŎŀǘƛƻƴǎ ōǳƛƭŘǎ ŀ ōǊƛŘƎŜ 
ōŜǘǿŜŜƴ ǘǊŀŘƛǘƛƻƴŀƭ ǇŀǊŀŘƛƎƳǎ ƻŦ ǇǊƻŎŜǎǎ ƳƻŘŜƭƛƴƎ 
ŀƴŘ ŎƻƳǇŜǘŜƴŎŜ ŘŜǾŜƭƻǇƳŜƴǘΦ 

р /ƻƴŎƭǳǎƛƻƴ 

 
¢ƘŜ ǳǎŜ ƻŦ ŀǊǘƛŦƛŎƛŀƭ ƛƴǘŜƭƭƛƎŜƴŎŜ ŘƻŜǎ ƴƻǘ ǊŜƳƻǾŜ ǘƘŜ 
ƴŜŜŘ ŦƻǊ ƘǳƳŀƴ ǿƻǊƪŦƻǊŎŜΣ ƴƻǊ ŘƻŜǎ ƛǘ ǊŜƳƻǾŜ ǘƘŜ 
ǊŜǎǇƻƴǎƛōƛƭƛǘȅ ƻŦ ƘǳƳŀƴ ƻǇŜǊŀǘƻǊǎΦ ¢Ƙƛǎ ƳŀƪŜǎ ǘƘŜ 
ŘƛƎƛǘŀƭƛȊŀǘƛƻƴ ŀ ƭŜŀŘŜǊǎƘƛǇ ŎƘŀƭƭŜƴƎŜΦ ¢ƘŜ ƴŜǿ 
ƛƴŦƻǊƳŀǘƛƻƴ ǘƘŀǘ !L ǇǊƻǾƛŘŜǎ ǿƛƭƭ ŎƘŀƴƎŜ ǘƘŜ ǿŀȅ 
ƻǇŜǊŀǘƻǊǎ ǿƻǊƪΦ ¢ƘŜȅ ƴŜŜŘ ǘƻ ǳƴŘŜǊǎǘŀƴŘ ǘƘŜ ƴŜǿ 
ƳŜǘƘƻŘǎ ŀƴŘ ƭŜŀǊƴ ǘƻ ǘǊǳǎǘ ǘƘƛǎ ƴŜǿ ƛƴŦƻǊƳŀǘƛƻƴΦ 
¢ƘŜǊŜŦƻǊŜΣ ŘƛƎƛǘŀƭƛȊŀǘƛƻƴ ǇǊƻƧŜŎǘǎ ƛƴ ŎƘŜƳƛŎŀƭ 
ƛƴŘǳǎǘǊȅ ǎƘƻǳƭŘ ƴŜǾŜǊ ōŜ ƭŜŦǘ ǎƻƭŜƭȅ ŦƻǊ L/¢ ƻǊ 
ŀǳǘƻƳŀǘƛƻƴ ŘŜǇŀǊǘƳŜƴǘǎΦ Lǘ Ǉŀȅǎ ƻŦŦ ǘƻ ƛƴǾƻƭǾŜ 
Ǉƭŀƴǘ ŜƴƎƛƴŜŜǊǎΣ ǎƘƛŦǘ ǎǳǇŜǊǾƛǎƻǊǎ ŀƴŘ ǇŀƴŜƭ 
ƻǇŜǊŀǘƻǊǎ ŀƴŘ ǘǊŀƛƴŜǊǎ ŀƭǊŜŀŘȅ ƛƴ ǘƘŜ ŜŀǊƭȅ ǇƘŀǎŜǎ 
ƻŦ ŘƛƎƛǘŀƭƛȊŀǘƛƻƴΦ 

 
 
 
 

Extended Abstracts
ISBN 978-952-5183-56-6

Suomen Automaatioseura
Finnish Society of Automation

Automaatiopäivät23
Oulu 15.-16.5.2019

11



                                                                                                                                                                  !ǳǘƻƳŀŀǘƛƻǇŅƛǾŅǘно нлмф 
πππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππ 

 

 

1 Background
Over the years companies have accumulated large
amounts of legacy data. The data can contain useful
information but is di�cult to use because it is typically
in paper or picture form. The goal of our research is
to study ways to detect high-level objects from drawing
data.

As an example, a process and instrumentation di-
agram (P&I diagram) in drawing form is just a set of
points in pixel representation, or a set of graphical ob-
jects, like lines, arcs, or polylines, in vector presentation.
To be useful this level is not enough. Instead we need
to detect if the diagram contains higher level elements,
such as pumps and valves (Figure 1).

2 Aims
In this work we wanted to see how the the modern ma-
chine learning based approaches, in particular, the Yolo
neural network system [1], can be used for this task.
The design goal of Yolo has been realtime detection of
objects in video streams. It can analyze tens of pictures
in a second making the algorithm useful e.g. for au-
tonomous vehicle solutions where the speed is essential.
For our needs, Yolo is an overkill. Time is not hugely
critical for analyzing old diagrams. Our 2D drawing data
is much simpler than 3D video feeds. On the other hand,

Figure 1. Example of component detection in P&I
diagram

Yolo is readily available and if it works well with our ob-
ject detection tasks it can be used as such. If we easily
can retrain it to detect all kinds of diagram symbols it
has potential to be a versatile, adaptable tool for object
detection in legacy diagrams.

We also wanted to explore the concept of using a
simulator, in our case Apros, to generate labeled train-
ing material. Access to good quality training data is a
frequent challenge in supervised learning and the use of
arti�cially generated training data can be one solution.

3 Materials and methods

For our experiments we generated 2000 random Apros
diagrams. To save training time we used only seven dif-
ferent component types. We selected these components
with the aim to have some which are common and have
simple symbols (e.g. ControlValve and CheckValve),
some with more complicated symbols (e.g. Machine-
screen2, LiquidEjector, GasEjector), and some with big-
ger symbols (Tank). The idea was to try out how the
symbol size, complexity, and similarity to other symbols
in�uence the detection.

To validate the concept with real-world data we also
used components from Pöyry component library. Alto-
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gether it contains around 800 di�erent symbols. How-
ever, we limited ourselves to 200 most commonly used
symbols.

We converted these symbols to Apros custom com-
ponents and generated 20.000 random diagrams for
training. We then tested the trained network with legacy
diagrams from past Pöyry projects. Because of the large
number of components and needed training instances
we used Azure instances which provided support for
GPUs. The use of GPUs has a dramatic e�ect on train-
ing speed with approximate 50x speed increase for train-
ing. We ran 250.000 training iterations which took about
24 hours.

4 Results

As shown in Figure 2 the system is good at detecting
large components. It is able to deal with complicated
symbols, overlapping texts, and lines.

However, the system has problems with smaller
components, and it is not able to detect the smaller com-
ponents in Figure 2. The reason for this is that we need
to reduce the resolution of the picture before it is pro-
vided as input to Yolo system. As a result, with the new
resolution the �gure becomes quite blurry (as shown in
Figure 3), and hard even for a human to classify. It
would, of course, be possible to increase the resolution
in the machine learning system but tt would increase the
size of the neural network and the number of trained pa-
rameters dramatically. As a result much more training
examples and computational power would be needed.

In our experiments we found that when compo-
nents smaller that 15% of page size are hard to detect.

Figure 2. Example of detecting large and complicated
components. However, Yolo misses most of the smaller
components.

Figure 3. With reduced resolution small components become
blurry and are di�cult to detect correctly.

One solution is that we divide a big diagram into a set
of smaller zoomed subdiagrams. Because the detection
speed of Yolo is rapid, we can easily a�ord hundreds or
even more subdiagrams to be analyzed and their results
combined for the �nal result. Because the development
of object detection systems is very active, Yolo can, in
the future, be easily substituted with another more ef-
�cient and accurate machine learning system.

5 Future work

Besides object detection we have also evaluated the
other subtasks needed for legacy data use (detection of
connections and detection and OCR of text). In our fu-
ture work we plan to put the di�erent pieces together to
create a system which can process legacy diagrams and
convert them automatically into a standard form such
as DEXPI. Then they can be used for di�erent kind of
tasks allowing companies to gain value from their legacy
data.
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Mingzhang Wu, Janne Koljonen, Timo Mantere*

Addressing Resource Allocation Issues in Cloud 
Computing Environment with Ant Colony 
Optimization
Abstract: Cloud computing is a fast growing and
attractive paradigm in information technology, since it
allows using resources on-demand wherever and
whenever needed. The use of dynamic cloud resource
allocation allows immediate accommodation to
unpredictable demands and improvement in the return
on investment as for the computing infrastructure. The
cloud resources allocation optimization model is one of
the core parts in cloud computing. However, despite
the recent growth of the research in the cloud
computing area,  several problems with the process of
resource allocation remain unaddressed. Cost and
performance are two important but contradictive
objectives in the cloud resources allocation process.
Cost-performance trade-off constitutes a challenging
multi-objective optimization problem in cloud
resources allocation. In this paper, a new optimization
model is proposed to solve this multi-objective
optimization problem effectively. An ant colony
optimization algorithm that optimizes the Quality of
Service (QoS) and the response time in a simulated
CloudSim environment that models five servers of
varying characteristics. Experimental results
demonstrate the effectiveness of the designed
algorithms. Ant colony algorithm shows mostly higher
performance than the round robin and greedy
assignment algorithms that were used as benchmarks.

Keywords: ant colony optimization, cloud computing,
CloudSim, cost-performance, resource allocation,
trade-off problem
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1 Introduction

In the recent years, information technology (IT) has
been integrated into our daily life more and more. The
major applications are build up based on network and
internet technologies. We are now in an era of “big
data” with rapid growth on the number of transactions,
information, and data. However, low cost, fast speed,
and efficient computing are desired. The traditional
network and local computation capacity are unable to
meet these needs. Instead, distributed network
technologies are developed to enable the utilization of
distributed computing resources from the internet.
How to integrate and distribute the resources, such as
servers, over the internet give new research topics to
be considered.

Cloud computing is a result of the convergence of
several technologies, such as, (1) hardware, (2) internet
technologies, (3) distributed computing, and (4)
systems management. The main advantage of cloud
computing is providing computing resources based on
the public utility model (compare to water, electricity,
gas, and telephony) to enhance reliability, scalability,
and performance.

From the technical perspective, cloud computing is
the integration of many aspects of technologies, such
as (1) virtualization, (2) utility computing, and (3)
distributed computing. From the business perspective,
cloud computing is a new business model. It enables (1)
sharing information among users, (2) buying resources
on-demand without large investments, (3) selling
capacity to many users, and subsequently (4) improving
the return on investments due to better rates of
capacity use. Furthermore, (5) investing on the latest,
high-performance infrastructure should give a business
advantage to the service provider.

Ant Colony Optimization (ACO)is inspired by the
observation of the collaboration activities of ants
searching for food. Ants can gradually find out the
shortest path between a food source and the nest of
the colony. ACO can be modeled as a graph, including
resource assignment. However, in its original form, ACO
modifies the edges of a graph, not the nodes as will be
done in this paper.
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2 Experimental setup

The role of ACO is tackle the Cost-Performance trade-
off problem (CPTOP). First, the problem is transformed
into a Travel Salesman Problem (TSP). Second, the
separate objectives of cost and performance are
integrated into a single objective function, which is
then optimized in the CloudSim environment.

CloudSim provides many ways for managing and
utilizing the resources, such as virtual machine (VMs),
datacenter, etc. It offers: (1) support to modeling and
simulation of a large cloud computing infrastructure,
(2) a self-contained support data center, service agent,
scheduling and allocation strategy platform.

As for the optimization, the objectives for the
customers and the cloud service providers are
different: The objective of the customer is to maximize
the performance of resources with a fixed cost. For the
cloud service provider, the total amount of resources is
fixed, and the objective is to add as many customer
requests to the cloud as possible.

The objective – an energy function – can be defined
in terms of idle capacity, that is, unoccupied capacity
that cannot be assigned to another VM due to
limitations in some other resource type. The
optimization then follows the principle of minimum
energy.

3 Experiments and results

To test the algorithm, a small cluster scenario with five
servers having different characteristics and a single
type of virtual machine (VM) was used. To compare the
ACO algorithm with other assignment schemes, the
results with the round-robin and a customer greedy
heuristic schemes were also tested.

Figure 1. Comparison of the efficiency of the 
algorithms: round-robin (blue), greedy (red), and ACO 
(green).

Figure 1 shows the energy for each of the
three assignment strategies for an increasing
number of standard size VMs. The ACO algorithm

described in this study (green line) has lower energy
than the other two, although the round-robin strategy
(blue line) is close to optimal. The greedy algorithm is
evidently the worstof these three with practically any 
number of VMs.

4 Conclusions

Cloud computing enables a more efficient way to use
utility computing resources and services. Users can
access the computing resources with virtualized
technologies and pay only for the resource accessed
while getting the level of quality of service (QoS)
wanted.

In this study, an optimal assignment was found by
minimizing a combined energy function that measures
cloud provider’s costs. However, the test setup was
relatively limited and simplified, due that a full-scale
simulation of cloud computing services are
complicated. The benefit for the cloud provider is to
maximize the possibility to add further VMs to the
existing cloud infrastructure without performance
degradation or delays.

Three assignment policies were simulated and
tested in CloudSim: round-robin, a customer greedy
heuristic, and an optimized allocation implemented as
an Ant Colony Optimization algorithm. When
comparing the three assignment policies, the round-
robin can be said to be both simple and efficient. The
greedy assignment, where a customer can choose to
allocate a VM to the host with the freest capacity was
rather expensive. However, in this implementation,
each processor had the same MIPS, so the results might
be different in an environment with more versatile set
of resources available.

The  way  that  ACO  uses  resources  differed  in  an
optimal case from the round robin method only so that
one extra VM was assigned to a different host.
Nevertheless, this little change makes ACO to obtain
the best energy function values. The further tests with
varying numbers of VMs validated the mutual order of
the three algorithms; ACO consistently outperforms the
simple round-robin method slightly, while the round-
robin method outperforms the simple greedy method
significantly.

These experiments have some limitations. Actually,
the implementation of ACO in CloudSim makes a
solution 'all at once'. Therefore, it is recommended to
develop  an  ACO  variant  that  could  find  an  optimal
policy with a more dynamic situation, where VMs are
created and terminated all the time.
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aƛƪŀ YŀǊŀƛƭŀ

!ǳǘƻƳŀŀǘƛƻƴ ǘǳƭŜǾŀƛǎǳǳǎ ς ¢ŜƪƻŅƭȅƴ Ƨŀ ƛƘƳƛǎŜƴ
ǾǳƻǊƻǾŀƛƪǳǘǳƪǎƛŀ
!ǾŀƛƴǎŀƴŀǘΥ ǘŜƪƻŅƭȅΣ ǇƛƭǾƛǇŀƭǾŜƭǳǘΣ ƪƻƴŜƻǇǇƛƳƛƴŜƴΣ
ǇŀǇŜǊƛƪƻƴŜΣ ƪŀǘƪƻƘŜǊƪƪȅȅǎ
ϝYƛǊƧƻƛǘǘŀƧŀΥ aƛƪŀ YŀǊŀƛƭŀΥ wŜǎŜŀǊŎƘ5ƛǊŜŎǘƻǊΣ 
9πƳŀƛƭΥ ƳƛƪŀΦƪŀǊŀƛƭŀϪǾŀƭƳŜǘΦŎƻƳ

 
Tiivistelmä: ¦ǳŘŜǘ ǇƛƭǾƛǇŀƭǾŜƭǳǘ Ƨŀ ǘŜƪƻŅƭȅ ǘǳƭŜǾŀǘΣ
ƳƛǘŅ ǎŜ ǘŀǊƪƻƛǘǘŀŀ ŀǳǘƻƳŀŀǘƛƻǎǎŀΦ ¢ŀǊǾƛǘŀŀƴƪƻ ƛƘƳƛǎǘŅ
ǇǊƻǎŜǎǎƛƴƻƘƧŀǳƪǎŜǎǎŀΣ ƪǳƪŀ ǘŜƪŜŜ ǇŅŅǘǀƪǎŜǘΦ
¢ŜƻƭƭƛǎŜƴ LƴǘŜǊƴŜǘƛƴ ǳǳŘŜǘ ǇƛƭǾƛǇŀƭǾŜƭǳǘ ƻƴ
ǘƻǘŜǳǘŜǘǘǳ ƪƻƴŜƻǇǇƛƳƛǎŜƴ Ƨŀ ǘŜƪƻŅƭȅƴ ŀǾǳƭƭŀΦ
tŀǇŜǊƛǊŀŘŀƴ ƪŀǘƪƻŀƴŀƭȅȅǎƛ ƪŜǊǘƻƻ Ƨƻ ƘȅǾŅƭƭŅ
ǘƻŘŜƴƴŅƪǀƛǎȅȅŘŜƭƭŅ ƪŀǘƪƻƘŜǊƪƪȅŘŜƴ Ƨŀ ǎŜƴ
ǘƻŘŜƴƴŅƪǀƛǎŜƴ ŀƛƘŜǳǘǘŀƧŀƴΦ bŅƳŅ ǳǳŘŜǘ ǘǳƻǘǘŜŜǘ
ǇŜǊǳǎǘǳǾŀǘ ŜǊƛƭŀƛǎƛƛƴ ƪƻƴŜƻǇǇƛƳƛǎŜƴ ŀƭƎƻǊƛǘƳŜƛƘƛƴ
Ƨŀ ǘŀǊƧƻŀǾŀǘ ŀƛǾŀƴ ǳǳŘŜƴƭŀƛǎƛŀ ǎƻǾŜƭƭǳƪǎƛŀΣ ƧƻƛŘŜƴ
ŀǾǳƭƭŀ ŀǎƛŀƪƪŀŀǘ ǾƻƛǾŀǘ ŀƧŀŀ ƪƻƴŜǘǘŀŀƴΦ aǳƛǘŀ ǳǳǎƛŀ
ƳŀƘŘƻƭƭƛǎǳǳƪǎƛŀ ǘŜƪƻŅƭȅ ǘǳƻ ƻƴƎŜƭƳƛŜƴ Ǌŀǘƪŀƛǎǳǳƴ
ŜǊƛƭŀƛǎƛǎǎŀ ƻƭƻǎǳƘǘŜƛǎǎŀΣ Ƨƻƛǎǎŀ ƴǎΦ 9ȄǇŜǊǘ ς ǘŜƪƻŅƭȅπ
ǇƻƘƧŀƛƴŜƴ ŀǾǳǎǘŀƧŀ Ǿƻƛ ƧǳǘŜƭƭŀƪŅȅǘǘŅƧŅƴ ƪŀƴǎǎŀ Ƨŀ
ƘŀƪŜŀ ŜǊƛƭŀƛǎƛŀ ǾŀƛƘǘƻŜƘǘƻƧŀ ǘŀƛ ƧƻǇŀ ŜƘŘƻǘǘŀŀ
ƻƴƎŜƭƳŀŀƴ Ƨƻǘŀƛƴ ƭǀȅǘŅƳŅŅƴǎŅ ǊŀǘƪŀƛǎǳŀΦ

м WƻƘŘŀƴǘƻ

tŜǊƛƴǘŜƛƴŜƴ ŀǳǘƻƳŀŀǘƛƻ ƻƴ Ƴǳǳǘǘǳƴǳǘ
ȅƪǎƛƪƪǀǎŅŅǘƛƳƛǎǘŅ Ƨŀ ǇŜǊƛƴǘŜƛǎƛǎǘŅ tL5πǎŅŅǘƛƳƛǎǘŅ
ƳƻƴƛƳǳǳǘǘǳƧŀ ǎŅŅǘƛƳƛƛƴ Ƨŀ ƳǳƛƘƛƴ ƳŀƭƭƛǇƻƘƧŀƛǎƛƛƴ
ǎŅŅǘǀƛƘƛƴΦ !ǳǘƻƳŀŀǘƛƻŀǎǘŜ ƻƴ ŜǊƛǘǘŅƛƴ ƪƻǊƪŜŀ
ƴȅƪȅŀƛƪŀƛǎƛǎǎŀ ǘŜƘǘŀƛǎǎŀ Ƨŀ ǎŜǳǊŀŀǾŀ ƴŅƘǘŅǾƛǎǎŅ ƻƭŜǾŀ
ƪŜƘƛǘȅǎ ǾƛŜ ǊŀǘƪŀƛǎǳƧŀ ǇƛƭǾƛǇƻƘƧŀƛǎƛƛƴ κ 9ŘƎŜπǘŀǎƻƴ
ǊŀǘƪŀƛǎǳƛƘƛƴΦ !t/πǎŅŅǘǀƧŜƴ ƭƛǎŅƪǎƛ ƘŀŜǘŀŀƴ ǎƻǇƛǾŀŀ ǘŀǎƻŀ
Ƨŀ ǘƻǘŜǳǘǳǎǘŀΣ Ƨƻƴƪŀ ŀǾǳƭƭŀ ŀǳǘƻƳŀŀǘƛƻǎǘŀ ƻǎŀ Ǿƻƛǎƛ ƻƭƭŀ
ƘŀƧŀǳǘŜǘǘǳƴŀ ǘŜƘŘŀŀƴ ǳƭƪƻǇǳƻƭŜƭƭŜΦ

¢ŅǎǎŅ ƪŅǎƛǘŜƭƭŅŅƴ ǳǳǎƛŀ ǊŀǘƪŀƛǎǳƧŀΣ Ƨƻǘƪŀ ǇƻƘƧŀƛǘǳǾŀǘ
ǘŜƪƻŅƭȅȅƴ Ƨŀ ƳƛǘŜƴ ƴŜ ƪŜƘƛǘǘȅǾŅǘ ŀǳǘƻƳŀŀǘƛƻƴ ƳǳƪŀƴŀΦ
LƘƳƛǎŜƴ Ǿŀƛƪǳǘǳǎ Ƨŀ ǇŅŅǘǀƪǎŜƴ ǘŜƪƻ ǘǳƭŜŜ ƻƭŜƳŀŀƴ
ƻƭŜŜƭƭƛƴŜƴ ƻǎŀΦ aŀƭƭƛǇƻƘƧŀƛƴŜƴ Ƨŀ !t/πǎŅŅŘǀǘ ǘƻƛƳƛǾŀǘ
ƳŀǘŜƳŀŀǘǘƛǎŜǘ ǎǳǳƴƴƛǘŜƭƭǳƴ ƳǳƪŀƛǎŜƴ ƪƛƛƴǘŜŅƴ
Ǌŀǘƪŀƛǎǳƴ ǇƻƘƧŀƭǘŀΦ Yǳƴ ǘŅǘŅ ǾŜǊǊŀǘŀŀƴ ǘŜƪƻŅƭȅȅƴ
ǇƻƘƧŀǳǘǳǾŀŀƴ ǎŅŅǘǀǀƴΣ Ƨƻƪŀ ƻƴ Ǿƻƛǘǳ Ŝƴǎƛƴ ƻǇŜǘǘŀŀ Ƨŀ
ǾŀƭƛŘƻƛŘŀ ƪŜǊŅǘȅƴ Řŀǘŀƴ ǇŜǊǳǎǘŜŜƭƭŀ ƻƴ ƘǳƻƳƛƻƛǘŀǾŀ
ǎŜǳǊŀŀǾŀǘ ŀǎƛŀǘΥ

¶ {ŅŅǘǀ ǇŜǊǳǎǘǳǳ ƻǇŜǘǳǎŘŀǘŀŀƴΣ Ƨƻǎ ǎƛƛƴŅ ƻƴ 
ǇǳǳǘǘŜƛǘŀ ǎŅŅǘǀ Ŝƛ Ǿƻƛ ǘƻƛƳƛŀ ƪƻΦ ǘƛƭŀƴǘŜƛǎǎŀΦ 

¶ Wƻǎ ȅƳǇŅǊƛǎǘǀ όǇǊƻǎŜǎǎƛύ ƳǳǳǘǘǳǳΣ Ŝƛ 
ƻǇŜǘǳǎŘŀǘŀ ƻƭŜ ŜƴŅŅ ƻƛƪŜŀŀΦ 

¶ aǳǳǘ ŜǇŅƧŀǘƪǳǾǳǳǎƪƻƘŘŀǘ Ƨŀ ŀƴƻƳŀƭƛŀǘΣ Ƨƻƛǎǘŀ 
Ŝƛ ƻƭŜ ƻƭƭǳǘ ƻǇŜǘǳǎŘŀǘŀŀ ǇƛǘŅŅ ƘǳƻƳƛƻƛŘŀ 
ǎŅŅŘǀǎǎŅΣ Ƨƻǘǘŀ ǾƻƛŘŀŀƴ ǾŀǊƳƛǎǘŀŀ ŜǘǘŜƛ ǎŅŅǘǀ 
ǘƻƛƳƛ ǾŅŅǊƛƴ ƴŅƛǎǎŅ ǘƛƭŀƴǘŜƛǎǎŀΦ 

Yǳƴ ȅƭƭŅ ƻƭŜǾŀǘ ǘƛŜŘƻǎǘŜǘŀŀƴ ƻƴ ƘȅǾƛƴ ȅƳƳŅǊǊŜǘǘŅǾŅŅ 
ŜǘǘŅ ǾŀǎǘŀŀǾŀƭƭŀ ǘŀǾŀƭƭŀ ƪǳƛƴ ŀǳǘƻƴƻƳƛǎŜƴ ŀǳǘƻƴ ƪŀƴǎǎŀ 
ƛƘƳƛǎŜƴ ƻƴ ƪƻǎƪŜǘǘŀǾŀ ƻƘƧŀǳǎǊŀǘǘƛŀ ƴΦ мл ǎŜƪǳƴƴƛƴ 
ǾŅƭŜƛƴ ǘŀǊǾƛǘŀŀƴ ŀǳǘƻƳŀŀǘƛƻƴ ǘŜƪƻŅƭȅǎǎŅ Ƴȅǀǎ ƛƘƳƛǎǘŅΣ 
Ƨƻƴƪŀ ƴŅƪȅƳȅǎ Ƨŀ ƭŀŀƧŀ ǘƛŜǘƻǘŀƛǘƻ ƻƴ ǾŀǊǎƛƴŀƛƴŜƴ 
ǇŅŅǘǀƪǎŜƴ ǘŜƪƛƧŅ ǇǊƻǎŜǎǎƛƴ ƻƘƧŀǳƪǎŜǎǎŀΦ 

¢ƻƛǎŀŀƭǘŀ ƪǳƴ ŀƧŀǘŜƭƭŀŀƴ ƳƛǘŜƴ ǘŜƪƻŅƭȅ Ǿƻƛ ŀǳǘǘŀŀ 
ƛƘƳƛǎǘŅ ǇǊƻǎŜǎǎƛƴ ƻƘƧŀǳƪǎŜǎǎŀ ǇƛǘŅŅ ƘǳƻƳƛƻƛŘŀΣ ŜǘǘŅ 
ǘŜƪƻŅƭȅƭƭŅ ƻƴ ǎŜǳǊŀŀǾŀǘ ƘȅǾŅ ǇǳƻƭŜǘΥ 
¶ LƘƳƛǎǘŅ ǇŀǊŜƳǇƛ Ƴǳƛǎǘƛ Ŝƭƛ ǳǎŜŀƴ ǾǳƻŘŜƴ ŀƧŀƭǘŀ 
ƪŜǊŅǘǘȅ Řŀǘŀ ǎŜƪŅ ƻƳŀƭǘŀ ǘŜƘǘŀŀƭǘŀ Ƨŀ 
ƳŀƘŘƻƭƭƛǎŜǎǘƛ Ƴǳƛƭǘŀ ǘŜƘǘŀƛƭǘŀ ƻƴ ŜƴŜƳƳŅƴ 
ƪǳƛƴ ƛƘƳƛƴŜƴ ǘƻŘŜƴƴŅƪǀƛǎŜǎǘƛ Ǿƻƛ ƳǳƛǎǘŀŀΦ 

¶ 9Ǌƛ ǘŀǾƻƛǘǘŜƛŘŜƴ ǘŀǊƪŀǎǘŜƭǳ ƻƛƪŜƛƴ ǘƻǘŜǳǘŜǘǘǳƴŀ 
Ǿƻƛ ƘŀƪŜŀ ǇŀǊŜƳƳŀƴ ƻǇǘƛƳƛǘƛƭŀƴǘŜŜƴ ǘŀƛ 
ǘŀǾƻƛǘǘŜŜƴ ƪǳƛƴ ƻƴ ƛƘƳƛǎŜƴ ǘƛŜŘƻǎǎŀΦ Wƻƛǎǎŀƛƴ 
ǘƛƭŀƴǘŜƛǎǎŀ ƛƘƳƛƴŜƴ ƴŅƪŜŜ мΦ ǘŀǎƻƴ ǘŀǾƻƛǘǘŜŜƴΣ 
Ƴǳǘǘŀ ŀƭƎƻǊǘƛƳƛ Ǿƻƛ ƘŀƪŜŀ ƻǇǘƛƳŀŀƭƛǎǘŀ нΦ 
ǘŀǎƻƴ ǘŀǾƻƛǘŜǘǘŀΣ Ƨƻǎǎŀ ƻƴ ƘǳƻƳƛƻƛǘǳ ǎŜƪŅ 
ǊŀŀƪŀπŀƛƴŜŜǘ ŜǘǘŅ ŜƴŜǊƎƛŀƴ ƪŅȅǘǘǀΦ [ƛǎŅƪǎƛ 
ƳƻƴŜǎǎŀ ǘƛƭŀƴǘŜŜǎǎŀ ƻǇŜǊŀŀǘǘƻǊƛ ŀƧŀŀ 
ŜƴǎƛǎƛƧŀƛǎŜǎǘƛ ƘŅƛǊƛǀǘǀƴǘŅ ǘǳƻǘŀƴǘƻŀ 
όǘƻŘŜƴƴŅƪǀƛǎŜǎǘƛ ƳƳΦ ǇŀǇŜǊƛƴ ǘǳƻǘŀƴƴƻǎǎŀ 
ƘƛŜƳŀƴ ǇŀǊŜƳǇŀŀ ƭŀŀǘǳŀΣ ƪƻǎƪŀ Ŝƛ Ƙŀƭǳŀ 
ǊŀǘŀƪŀǘƪƻƧŀ Ǿŀƛƪƪŀ ǘŜƪƻŅƭȅ Ǉȅǎǘȅȅ ŀƧŀƳŀŀƴ 
ŜƴŜƳƳŅƴ ƪƛŜǊǊŅǘȅǎƪǳƛŘǳƭƭŀ ǘǳƻǘŜǘǘǳŀ 
ǇŀǇŜǊƛŀύΦ 

¶ ¸ƭŜƛǎŜǎǘƛ ǾƻƛŘŀŀƴ ǘƻŘŜǘŀ ŜǘǘŅ ǘŜƪƻŅƭȅ ǘƻƛƳƛƛ 
ǇŀǊŜƳƳƛƴ ǎǳǇǇŜŀƴ ŀƭǳŜŜƴ ǎŀƴŀǎǘƻƴ Ƨŀ 
ƻƴƎŜƭƳŀƴ ƪŅǎƛǘǘŜƭȅǎǎŅΣ Ƨƻǎǎŀ ǳƭƪƻƛǎƛŀ ǘŜƪƛƧǀƛǘŅ 
ƻƴ Ǉȅǎǘȅǘǘȅ ǊŀƧƻƛǘǘŀƳŀŀƴ 

LƘƳƛǎƳŅƛǎŜƴ ǘŜƪƻŅƭȅƴ ǘƻǘŜǳǘǘŀƳƛǎŜǎǎŀ ǘŀǊǾƛǘŀŀƴ 
ƭǳƻƴƴƻƭƭƛǎŜƴ ƪƛŜƭŜƴ ȅƳƳŅǊǘŅƳƛǎǘŅ ǎŜƪŅ ǎŜƴ 
έǇǳƘǳƳƛǎǘŀέΣ ǘŅǘŅ ǎŜƭǾŜƴǘŅŅ ŀƭƭŀ ƻƭŜǾŀ YǳǾŀ м LƘƳƛǎŜƴ 
ƪŀƭǘŀƛƴŜƴ ǘŜƪƻŅƭȅΦ 
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Kuva 1. LƘƳƛǎŜƴ ƪŀƭǘŀƛƴŜƴ ǘŜƪƻŅƭȅ

н ¢ŜƪƻŅƭȅ ŀǳǘƻƳŀŀǘƛƻǎǎŀ ƛƘƳƛǎŜƴ
ŀǇǳƴŀ

¢ŜƪƻŅƭȅƴ ƭƛƛǘǘŅƳƛƴŜƴ ŀǳǘƻƳŀŀǘƛƻƻƴ ǘŀƛ ǎŜƴ ƪŅȅǘǘǀ ŜǊƛ
ǘŀǾƻƛƴ ǾƻƛŘŀŀƴ ǘƻǘŜǳǘǘŀŀ ƪŅȅǘǘŅƳŅƭƭŅ ǾŀƭƳƛƛǘŀ
ǘŜƪƻŅƭȅ ŀƭƎƻǊǘƛƳŜƧŀ Ƨŀ ǘȅǀƪŀƭǳƧŀΥ

ς  Yŀǘƪƻŀƴŀƭȅǘƛƛƪƪŀ ƻƴ ƪƻƻǎǘŜǘǘǳŀ ƳƻƴŜǎǘŀ ŜǊƛ
ŀƭƎƻǊƛǘƳƛǎǘŀΣ Ƨƻǘƪŀ ƘŀƪŜǾŀǘ ǇǊƻǎŜǎǎƛƴ ƘŜǊƪƪȅȅǘǘŅ Ƨŀ
ǎƛƛƘŜƴ ǾŀƛƪǳǘǘŀǾƛŀ ƳǳǳǘǘǳƧƛŀΦ

ς ±ŀƭƳŜǘ 9ȄǇŜǊǘΣ Ƨƻƪŀ ǇŜǊǳǎǘǳǳ ƛƘƳƛǎŜƴ ƪŜǊŅŅƳŅŅƴ
ǘƛŜǘƻƻƴ Ƨŀ ƻƭŜƳŀǎǎŀ ƻƭŜǾƛƛƴ ŀǎƛŀƪŀǎǘŀǇŀǳƪǎƛƛƴΣ
ƻƴƎŜƭƳŀǎǘŀ Ƨŀ ǎŜƴ ǊŀǘƪŀƛǎǳǎǘŀΦ

Yŀǘƪƻŀƴŀƭȅǘƛƛƪŀǎǎŀ ƻƴ Ŝƴǎƛƴ ǾŀƭƛǘǘŀǾŀ ƴŜ ƳƛǘǘŀǳƪǎŜǘ Ƨŀ
ǎŅŅŘǀǘΣ ƧƻƛŘŜƴ ǇŜǊǳǎǘŜŜƭƭŀ Řŀǘŀπŀƴŀƭȅȅǎƛ ǾƻƛŘŀŀƴ ǘŜƘŘŅ
Ƨŀ ƪƻǳƭǳǘǘŀŀΦ ±ŀǎǘŀ ǘŅƳŅƴ ƧŅƭƪŜŜƴ ǘŜƪƻŅƭȅŀƭƎƻǊƛǘƳƛ
ǾƻƛŘŀŀƴ ƪƻǳƭǳǘǘŀŀ ƻǇŜǘǳǎŘŀǘŀƴ ŀǾǳƭƭŀΣ Ƨƻǘǘŀ ƴŜ ƭǀȅǘŅǾŅǘ
ŜǊƛƭŀƛǎƛŀ ƪŀǘƪƻƧŀΦ bŅƛŘŜƴ ǘǳƴƴŜǘǘǳƧŜƴ ƪŀǘƪƻƧŜƴ ǘƛŜǘƻƧŜƴ
ǇŜǊǳǎǘŜŜƭƭŀ ǎŀŀŘŀŀƴ ǾƛǊƛǘŜǘǘȅŅ ƴŜǳǊƻǾŜǊƪƪƻ ǎƛƭƭŜ ǘŀǎƻƭƭŜ
ŜǘǘŅ ŜƴƴǳǎǘŜƳŀƭƭƛ Ǉȅǎǘȅȅ ǾŀǊƻƛǘǘŀƳŀŀƴ ƻǇŜǊŀŀǘǘƻǊƛŀ мπ
н ǘǳƴǘƛŀ ŜƴƴŜƴ ƳŀƘŘƻƭƭƛǎǘŀ ƪŀǘƪƻŀ ǘƛƭŀƴǘŜŜƴΣ YǳǾŀ н
Yŀǘƪƻŀƴŀƪȅǘƛƛƪŀƴ ƪŅȅǘǘǀƭƛƛǘǘȅƳŅΦ aŀƭƭƛ Ǉȅǎǘȅȅ ƴŅƛƴ
ƪƻǳƭǳǘŜǘǘǳƴŀ ŀƴǘŀƳŀŀƴ ƻǇŜǊŀŀǘǘƻǊƛƭƭŜ ƴŜ
ǇǊƻǎŜǎǎƛƳǳǳǘǘǳƧŀǘ όǊƻƻǘ ŎŀǳǎŜ ǇŀǊŀƳŜǘŜǊǎύΣ Ƨƻǘƪŀ
ǾŀƛƪǳǘǘŀǾŀǘ ŜƴƛǘŜƴ ƪƻΦ ƪŀǘƪƻƴ ŜƴƴǳǎǘŜŜǎŜŜƴΦ

 
Kuva 2. Yŀǘƪƻŀƴŀƪȅǘƛƛƪŀƴ ƪŅȅǘǘǀƭƛƛǘǘȅƳŅ

¸ƭƭŅ ƪǳǾŀǘǘǳ ǇŀǇŜǊƛƪƻƴŜŜƴ ƪŀǘƪƻŀƴŀƭȅǘƛƛƪƪŀ Ŝƛ ƻƭŜ 
ƪǳƛǘŜƴƪŀŀƴ ȅƭŜƛǎǇŅǘŜǾŅΦ {ƛƛǘŅ ƻƴ ǘŜƘǘȅ ƻƳŀ ǾŜǊǎƛƻ 
ǇŜƘƳƻǇŀǇŜǊƛƪƻƴŜǘǘŀ ǾŀǊǘŜƴΦ {ȅǎǘŜŜƳƛŘȅƴŀƳƛƛƪŀƴ 
ǘŀƪƛŀ ƴŅƛǎǘŅ ƻƴ ǘŜƘǘȅ ŜǊƛƭƭƛǎŜǘΣ Ƨƻǘǘŀ ŜƴƴǳǎǘŜŜƴ ǘŀǊƪƪǳǳǎ 
ƻƴ ǎŀŀǘǳ ǘŀǊǇŜŜƪǎƛ ǘŀǊƪŀƪǎƛΦ [ƛǎŅƪǎƛ ƪƻΦ Ƴŀƭƭƛǘ ŜǊƻŀǾŀǘ 
Ƴȅǀǎ ƻǇŜǘǳǎŘŀǘŀƴ ƻǎŀƭǘŀΦ  

!ǾǳǎǘŀǾŀ ǘŜƪƻŅƭȅΣ Ƨƻƪŀ ǾƻƛŘŀŀƴ ǘǳƻŘŀ ŜǊƛ 
ƪŅȅǘǘǀƭƛƛǘǘȅƳƛƛƴΣ Ƨƻƪƻ ²ŜōπǎŜƭŀƛƳŜƴ ŀǾǳƭƭŀ ŎƘŀǘōƻǘπ
ǘȅȅƭƛǎŜƴŅ ǘŀƛ ±wπȅƳǇŅǊƛǎǘǀǀƴ !ǾŀǘŀǊΥƛƴŀ ƻƴ ȅƭŜƛǎǘƛ 
ƪŅǎƛǘŜƭǘȅ ƪƛǊƧŀǎǎŀ ώмϐ Ƨŀ ŀǊǘƛƪƪŜƭƛǎǎŀ ώнϐΦ YǳǾŀ о LƘƳƛǎŜƴ 
ƪŀƭǘŀƛƴŜƴ ϦŎƘŀǘπōƻǘϦ ƻƴ ȅƪǎƛ ŜŘƛǎǘȅƴŜŜƳǇƛ ǇǊƻǘƻπǘȅȅǇǇƛΣ 
Ƨƻǎǎŀ ƪȅǎȅƳȅǎ ς Ǿŀǎǘŀǳǎ ǇƻƘƧŀƛƴŜƴ ǘŜƪƻŅƭȅ ƻǎŀŀ Ǿŀǎǘŀǘŀ 
ƳǳǳǘŀƳŀŀƴ ǇŀǇŜǊƛƪƻƴŜŜƴ Ƙǳƻƭǘƻƻƴ ƭƛƛǘǘȅǾŅŅƴ 
ƪȅǎȅƳȅƪǎŜŜƴΦ YǳǾŀ п ±ŀƭƳŜǘ 9ȄǇŜǊǘ ŀǾŀǘŀǊΥ ƛƘƳƛƴŜƴ ǘŀƛ 
ǘŜƪƻŅƭȅ ŀǾǳǎǘŀƧŀƴŀ ƻƴ ȅƪǎƛƴƪŜǊǘŀƛǎŜƳǇƛ ƎǊŀŦƛƛƪŀƭǘŀŀƴΣ 
Ƴǳǘǘŀ ƪƻƭƭŀōƻǊŀŀǘƛƻ ǘƻƛǎŜƴ ƛƘƳƛǎŜƴ ƪŀƴǎǎŀ ƻƴ 
ǘŜƘƻƪƪŀŀƳǇŀŀ ƪǳƛƴ ǘŜƪƻŅƭȅƴ ƪŀƴǎǎŀΦ 

 
Kuva 3. LƘƳƛǎŜƴ ƪŀƭǘŀƛƴŜƴ ϦŎƘŀǘπōƻǘϦ

 
Kuva 4 .±ŀƭƳŜǘ 9ȄǇŜǊǘ ŀǾŀǘŀǊΥ ƛƘƳƛƴŜƴ ǘŀƛ ǘŜƪƻŅƭȅ 
ŀǾǳǎǘŀƧŀƴŀ
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о ¢ƻǘŜǳǘǳƴŜŜǘ ǘŜƪƻŅƭȅǇƻƘƧŀƛǎŜǘ
ǎƻǾŜƭƭǳƪǎŜǘ

Yŀǘƪƻŀƴŀƭȅǘƛƛƪƪŀŀ ǾƻƛŘŀŀƴ ƪŅȅǘǘŅŅ ǇŀǇŜǊƛƪƻƴŜŜƴ ǎŜƪŅ
ǇŜƘƳƻǇŀǇŜǊƛƪƻƴŜŜƴ ƪŀǘƪƻƧŜƴ ŜƴƴǳǎǘŀƳƛǎŜŜƴΦ ¢ŅƳŅƴ
ƘŜǘƪŜƴ ǊŀƧƻƛǘǘŜŜƴŀ ƻƴ ǎŀŀŘŀ Ŝƴǎƛƴ ƭǳƻǘŜǘǘŀǾŀ
ŜƴƴǳǎǘŜƳŀƭƭƛ ǾƛǊƛǘŜǘǘȅŅΦ ¢ŅƳŅ Ǿŀŀǘƛƛ ǎƛƛǎ ƻǇŜǘǳǎŘŀǘŀŀ Ƨŀ
ǎŜƴ ǇŀƛƴƻƪŜǊǘƻƛƳƛŜƴ ƪƻǊƧŀŀƳƛǎŜƴ Řŀǘŀπŀƴŀƭȅȅǘƛƪƻƴ
ǘƻƛƳŜǎǘŀΦ !ƭƪǳǘƛƭŀƴǘŜŜǎǎŀ ŜƴƴǳǎǘŜŜƴ ǘŀǊƪƪǳǳǎ ƻƭƛ Ǿŀƛƴ
ƘƛŜƳŀƴ ȅƭƛ нл҈Φ YǳƛǘŜƴƪƛƴ ƪǳƴ Ƴŀƭƭƛ ƻƴ ǎŀŀǘǳ ǘŜƘǘȅŅ Ƨŀ
ǎŜ ƻƴ ǾŀƭƛŘƻƛǘǳ ƳǳǳǘŀƳŀŀƴ ƪŜǊǘŀŀƴ ǎŜƴ ƭǳƻǘŜǘǘŀǾǳǳǎ
ƻƴ ȅƭƛ рл҈Φ bŅƛƘƛƴ Ƴŀƭƭƛƴ ŀƴǘŀƳƛŜƴ ƧǳǳǊƛǎȅƛŘŜƴ ǘǳƭƪƛƴǘŀŀ
ǘŀǊǾƛǘŀŀƴ Ŝƴǎƛƴ ǇǊƻǎŜǎǎƛŀǎƛŀƴǘǳƴǘƛƧŀŀ ŀǳǘǘŀƳŀŀƴ
ŀǎƛŀƪŀǎǘŀ ȅƳƳŅǊǘŅƳŅŅƴ ƳƛǘŅ ƪƻΦ ǘƛƭŀƴǘŜŜǎǎŀ ǇƛǘŅŅ ǘŀƛ
ƪŀƴƴŀǘǘŀŀ ǘŜƘŘŅΣ Ƨƻǘǘŀ ŜƴƴǳǎǘŜǘǘǳ Ǌŀǘŀƪŀǘƪƻ ǾƻƛŘŀŀƴ
ǾŅƭǘǘŅŅΦ Yŀƛƪƪƛŀ ǊŀǘŀƪŀǘƪƻƧŀ Ŝƛ ƪǳƛǘŜƴƪŀŀƴ ǾƻƛŘŀ ƛƪƛƴŅ
ŜǎǘŅŅΣ ǎƛƭƭŅ ƻǎŀ ƪŀǘƪƻƛǎǘŀ ƧƻƘǘǳǳ ǎƛƛǘŅ ȅƪǎƛƴƪŜǊǘŀƛǎŜǎǘŀ
ǎȅȅǎǘŅ ŜǘǘŅ ƪƻƴŜ ǘŀƛ ǇǊƻǎŜǎǎƛƴ ƻǎŀ Ǿŀŀǘƛƛ ƻƛƪŜŀǎǘƛ Ƙǳƻƭǘƻŀ
ŜǎƛƳΦ ƪƻƴŜŜƴ ǘŜƭƻƧŜƴ ǇŜǎǳŀ ǘŀƛ ǾŀƛƘǘƻŀΦ

!ǾǳǎǘŀǾŀ ǘŜƪƻŅƭȅΣ Ƨƻƪŀ ȅƳƳŅǊǘŅŅ ƛƘƳƛǎŜƴ ǇǳƘŜǘǘŀ ƻƴ
ǾƛŜƭŅ ƴǎΦ ǇǊƻƻŦπƻŦπŎƻƴŎŜǇǘ ǘŀǎƻƭƭŀΦ !ǾǳǎǘŀǾŀ έ±ŀƭƳŜǘ
9ȄǇŜǊǘέπŀǾŀǘŀǊ ǎŀŀŘŀŀƴ ǾŀǎǘŀŀƳŀŀƴ ƪȅǎȅƳȅƪǎƛƛƴ Ƨŀ ǎŜƴ
ǘƛŜǘŅƳȅǎƪŀƴǘŀ ƻƴ ǾƛŜƭŅ ǎǳƘǘŜŜƭƭƛǎŜƴ ǊŀƧŀǘǘǳΦ wŀƧƻƛǘǘŜŜƴŀ
ƻƴ ǾƛŜƭŅ ƴǎΦ ƳƻƴƛǘŀƛǘƻƛǎŜƴ όƳǳƭǘƛπǎƪƛƭƭύ ǘŜƪƻŅƭȅƴ
ǘƛŜǘŅƳȅƪǎŜƴ ǊŀƪŜƴǘŀƳƛƴŜƴΦ

п ¢ǳƭŜǾŀƛǎǳǳŘŜƴ ƴŅƪȅƳŅǘ

bŅƳŅ ŜƴǎƛƳƳŅƛǎŜǘ ǘŜƪƻŅƭȅȅƴ ǇƻƘƧŀǳǘǳǾŀǘ Ǌŀǘƪŀƛǎǳǘ
ƻǾŀǘ ŀǾŀŀƳŀǎǎŀ ŀǳǘƻƳŀŀǘƛƻƭƭŜ ǘŅȅŘŜƴ ǳǳǎƛŀ
ƳŀƘŘƻƭƭƛǎǳǳƪǎƛŀ Ƨŀ ƳƛŜƭŜƴƪƛƛƴǘƻƛǎŜƴ ŜǾƻƭǳǳǘƛƻƴ ŀƛƪŀŀΣ
ƪǳƴ ǳǎŜƛǘŀ ǘŜƘǘŀƛǘŀ Ƨŀ ŜǊƛƭŀƛǎƛŀ ŀƴŀƭȅǘƛƛƪƪŀ ǎƻǾŜƭƭǳƪǎƛŀ
ǘǳƭƭŀŀƴ ǘƻǘŜǳǘǘŀƳŀŀƴ ǘŜƪƻŅƭȅǇƻƘƧŀƛǎŜǎǘƛΦ ¢ŜƪƻŅƭȅƴ
ƪƻǳƭǳǘǘŀƳƛƴŜƴ Ƨŀ ƻǇŜǘǳǎŘŀǘŀƴ ǇŅƛǾƛǘǘŅƳƛƴŜƴ ƻǾŀǘ ǘŅƭƭŅ
ƘŜǘƪŜƭƭŅ ƛƘƳƛǎŜƴ ǾŀǎǘǳǳƭƭŀΦ  ¢ŅǊƪŜŅŅ ǘŅǎǎŅ ƪŜƘƛǘȅƪǎŜǎǎŅ
ƻƴ ǇƛǘŅŅ ƛƘƳƛƴŜƴ ƳǳƪŀƴŀΣ Ƨƻƭƭƻƛƴ ǘŜƪƻŅƭȅƴ ǘŜƪŜƳŅǘ
Ƴŀƭƭƛǘ ǾƻƛŘŀŀƴ ǾŀǊƳŜƴǘŀŀ Ƨŀ ǎŀƳƻƛƴ ǇŅŅǘǀƪǎŜƴ
ǘŜƪŜƳƛƴŜƴ ƻƴ ŜŘŜƭƭŜŜƴ ƛƘƳƛǎŜƭƭŅΦ ±ŅŅǊƛƴ ƪƻǳƭǳǘŜǘǘǳ
ǘŜƪƻŅƭȅ ǘŜƪŜŜ ǾŅŅǊƛŅ ŜƘŘƻǘǳƪǎƛŀ Ƨŀ Ƴǳǳǘǘǳƴǳǘ
ȅƳǇŅǊƛǎǘǀΣ ƧƻƘƻƴ ƪƻǳƭǳǘǳǎŘŀǘŀ Ŝƛ ǎŀŀ ǘŀǊǾƛǘǘŀǾŀŀ
ǘŀǊƪƪǳǳǘǘŀ Ŝƛ Ǿƻƛ ǎŅŅǘŅŅ ǇǊƻǎŜǎǎƛŀΦ {ƛƪǎƛ ƛƘƳƛƴŜƴ
ǘŀǊǾƛǘŀŀƴ ǘŜƪŜƳŅŅƴ Ƨŀ ǾŀǎǘŀŀƳŀŀƴ ǾŀǊǎƛƴŀƛǎŜǎǘŀ
ǇǊƻǎŜǎǎƛƴ ƻƘƧŀŀƳƛǎŜǎǘŀ Ƨŀ ŜǊƛƭŀƛǎƛǎǘŀ
ƘǳƻƭǘƻǘƻƛƳŜƴǇƛǘŜƛǎǘŅ ƭŀƛǘƻƪǎƛǎǎŀΦ
 

±ƛƛǘǘŜŜǘ 
ώмϐ  ¢ƘŜ ƴŜȄǘ ƎŜƴŜǊŀǘƛƻƴ ƻŦ !L ŀǎǎƛǎǘŀƴǘǎ ƛƴ ŜƴǘŜǊǇǊƛǎŜ 
ƘǘǘǇǎΥκκǿǿǿΦƻǊŜƛƭƭȅΦŎƻƳκƛŘŜŀǎκǘƘŜπƴŜȄǘπ
ƎŜƴŜǊŀǘƛƻƴπƻŦπŀƛπŀǎǎƛǎǘŀƴǘǎπƛƴπŜƴǘŜǊǇǊƛǎŜнллтΣ 
нлму 

ώнϐ  ¢ƘŜ wƛǎŜ ƻŦ ŀ bŜǿ DŜƴŜǊŀǘƛƻƴ ƻŦ !L !ǾŀǘŀǊǎ 
ƘǘǘǇǎΥκκǎƛƴƎǳƭŀǊƛǘȅƘǳōΦŎƻƳκнлмфκлмκмрκǘƘŜπǊƛǎŜπ
ƻŦπŀπƴŜǿπƎŜƴŜǊŀǘƛƻƴπƻŦπŀƛπ
ŀǾŀǘŀǊǎκІǎƳΦллмǘтлǳтƳмпǳǾŦǎƳǎǇƘмƎфǉǇсǿƻƭƎ 
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1 Background

A proper dynamic simulation model provides a tool
for simultaneously evaluating process and control de-
sign. This is especially valuable for engineering complex
industrial processes. While various modelling method-
ologies have already gained a lot of attention, e�ective
means to exploit the developed models are equally cru-
cial for increasing the use of simulation-aided engineer-
ing, and deserves more attention. This research is spe-
cially focusing at complex maritime problems involving
energy systems and operative aspects [1, 2].

2 Aims

Our objective is to use dynamic simulators out of the
box without signi�cant model reformulation, harness
cloud resources for simulation-based optimization and
facilitate the work �ow by developing a framework ca-
pable of coping with their complexity and exploiting
their scalability.

3 Materials and methods

A schematic view of the optimization framework is pre-
sented in Figure 1. An optimizer executes dynamic sys-
tem simulations to evaluate solution candidates. In such
simulation-based optimization, the simulations are usu-
ally the dominant computational workload. Our frame-
work provides parallel execution of these simulations in
the cloud. This bene�ts optimization methods that are
able to exploit parallel evaluation; we use a genetic algo-

Figure 1. Architecture of the optimization framework.

rithm [3], which can evaluate each generation of solution
candidates in parallel.

In our framework the simulations are actually ex-
ecuted by a distributed simulation service. The opti-
mizer posts simulation jobs to the service and retrieves
results via a REST and WebSocket interface. Such a
strict interface allows the optimizer and the simulation
service to run on di�erent hosts. It also allows them
to be implemented in di�erent languages: currently we
use Opt4J [4], a Java-based open source optimization
framework, whereas the simulation service is written
in Python. The simulation service makes use of several
open source libraries and frameworks: Flask for the web
service, Dask for managing distributed computation and
ZODB for data storage.

For cloud deployment the simulation server is pack-
aged in a Docker image along with the simulator and
whatever model data is required. It can then be installed
in a Kubernetes cluster with Helm. It is possible to have
multiple instances of the simulation service in the same
cluster; each instance is speci�c to a particular model.
An ingress server provides them with a common access
point and handles security. The optimizer may execute
in the cloud or locally on the user’s computer. Its com-
putational load is minimal but a reliable network con-
nection to the simulation service is necessary.

4 Results

The framework has been implemented and initial tests
have been conducted with a simple Matlab-based model,
which was compiled into a Linux executable with the
Matlab Compiler. It was then packaged with the simu-
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Figure 2. The Opt4J graphical user interface. The graph shows
the best objective value by each generation.

lation server and the required Matlab runtime, and de-
ployed to an Azure Kubernetes Service (AKS) instance.
The optimizer was executed locally, allowing us to mon-
itor progress with the graphical interface provided by
Opt4J (Figure 2).

We initially hoped to run the simulation service on
Azure Container Instances (ACI), without managing
virtual machines. Virtual Kubelet would dispatch our
containers from AKS to ACI. This technology turned
out to have signi�cant restrictions and reliability prob-
lems. Eventually we had to settle for regular AKS nodes,
i.e., virtual machines. That seemed to work fairly reli-
ably but requires scaling the cluster to an appropriate
number of nodes before the optimization run and scaling
it down to a minimal size afterwards (to avoid paying
for unused capacity).

5 Future work

Our test model was so simple that the simulation e�ort
largely consisted of starting the Matlab runtime. The
next step is to work with large-scale dynamic simulators.
The models origin from di�erent simulation platforms,
including Apros and Matlab/Simulink. As the main re-
sults so far, we are sharing our experiences on the plat-
form implementation and its performance. A more com-
prehensive report is presented in [5].

In the later phase of the project, we continue with
industrial simulation cases. We want to �nd out the type
and scope of optimization problems that best �t this
approach. We also investigate which optimization algo-
rithms promote the optimization with the framework,

and how they should be tuned and modi�ed to deliver
the best performance in the cloud environment.
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Extended abstract. Typically communication between 
APC and DCS is not critical for safe operating of the 
process and hence communication is without 
redundancy. Nature of APC is such that if 
communication between APC and DCS is lost, 
normally the plant operators can still control the
process of the plant. The Consequences of
communication breaks are normally economic costs
due to process optimization problems. Economic costs
may be significant and also the operators trust towards
APC may decrease and benefits of using APC diminish.
However communication breaks between APC and DCS
seldom lead to plant downtime or hazards to people
and environment. In addition, redundant
communication increases the availability of APC
because communication application and operating
system updates can be installed to DCS OPC Servers
without APC downtime.

The solution presented in this paper bases on OPC UA
which is successor to common OPC Classic standards.
OPC UA has many benefits over OPC Classic main
benefits being platform independent, cyber security
features and firewall friendliness. OPC UA is firewall-
friendly because only single TCP port opening is
normally needed to establish OPC UA communication
between server and client residing in different sides of
provided bydifferent vendor. OPC UA is international 
standard and has IEC standard code IEC 62541. At the 
moment OPC UA has already specification how to 
implement the redundancy of server and client 
side in an OPC UA standard conforming way.

The solution presented in this paper is partly based on
mechanisms presented in the OPC UA specification.
DCS OPC UA server redundancy is based on two parallel
OPC UA servers provided by the DCS vendor. Both of
these OPC UA servers provide the same OPC UA
address space making it possible to access same DCS
positions. DCS OPC UA servers do not provide
transparent redundancy so the switch over logic is built
on the APC server which implements both OPC UA
server and OPC UA client. OPC UA client connection is
established to each redundant DCS OPC UA server from
the APC server. All communications to and from DCS is
done using these client connections. The actual data
flow is implemented using proprietary OPC UA
information model from the APC vendor which defines
a variable type that can be connected from APC side to
DCS variable using OPC UA client connections which
were described earlier. Instances of aforementioned
variable type are called communication variables.
Communication variable can be defined to monitor the
same DCS variable using separate client connections to
redundant DCS OPC UA server. In practice the
configuration is done by defining primary and
secondary source node for the communication
variable. Communication variable handles the
communication redundancy itself by automatically
switching to use another client connection if
communication loss is detected with the active
connection. This way communication loss is
transparent to the APC client software that is
monitoring the communication variable. It is also
possible to manually switch communication between
primary and secondary OPC UA server. Results from the
redundant communication between APC and DCS are
very promising and it was noted that already in the
commissioning phase where frequent changes and
updates are needed both in DCS and APC side the 
redundant communication has provided smoother an 
faster workflow.
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¢ƻƳƛ [ŀƘǘƛϝΣ [ŀǳǊƛ {ŀǳǊǳǎ

ht/ ¦! ǿƛǘƘ tǳōƭƛǎƘκ{ǳōǎŎǊƛōŜ ƛǎ ƴƻǿ ǊŜŀŘȅ ǘƻ
ŀǇǇƭȅ ŦƻǊ Lh¢ ƻƴ ǘƘŜ ǇǊƻŎŜǎǎ ƛƴŘǳǎǘǊȅ

YŜȅǿƻǊŘǎΥ ht/ ¦!Σ Lƻ¢Σ 9ŘƎŜΣ tǳōƭƛǎƘκ{ǳōǎŎǊƛōŜΣ
tǳō{ǳō

ϝ/ƻǊǊŜǎǇƻƴŘƛƴƎ !ǳǘƘƻǊΥ ¢ƻƳƛ [ŀƘǘƛΣ bŜǎǘŜ 9ƴƎƛƴŜŜǊƛƴƎ
{ƻƭǳǘƛƻƴǎ hȅΣ 9πƳŀƛƭΥ ǘƻƳƛΦƭŀƘǘƛϪƴŜǎǘŜΦŎƻƳ

/ƻ-ŀǳǘƘƻǊΥ Lauri SaurusΣ bŜǎǘŜ 9ƴƎƛƴŜŜǊƛƴƎ {ƻƭǳǘƛƻƴǎ hȅΣ
9πƳŀƛƭΥ ƭŀǳǊƛΦǎŀǳǊǳǎϪƴŜǎǘŜΦŎƻƳ

 

м LƴǘǊƻŘǳŎǘƛƻƴ 

wŜŎŜƴǘ ǘŜŎƘƴƻƭƻƎƛŎŀƭ ŀŘǾŀƴŎŜǎ ƛƴ ŀǊŜŀǎ ƻŦ Lƻ¢ ŀƴŘ Řŀǘŀ 
ŀƴŀƭȅǘƛŎǎ ƘŀǾŜ ōŜŜƴ ƳŀǎǎƛǾŜΦ !ǎ ƴŜǿ ǇƻǎǎƛōƛƭƛǘƛŜǎ 
ŀǊŜ ƛƴǘǊƻŘǳŎŜŘΣ ōǳǎƛƴŜǎǎ ǊŜǉǳƛǊŜƳŜƴǘǎ ŦƻǊ 
ǘŜŎƘƴƻƭƻƎȅ ŀǊŜ ŜǾƻƭǾƛƴƎ ŀƴŘ ŎƘŀƴƎƛƴƎ ŎƻƴǘƛƴǳƻǳǎƭȅΦ 
¢Ƙƛǎ Ƙŀǎ ŎŀǳǎŜŘ ǇǊƻŎŜǎǎ ƛƴŘǳǎǘǊȅ ŎƻƳǇŀƴƛŜǎ ǘƻ 
ƘŜǎƛǘŀǘŜ ŀƴŘ ŘŜƭŀȅ ǘƘŜƛǊ Lƻ¢ ƛƴǾŜǎǘƳŜƴǘ ŘŜŎƛǎƛƻƴǎΣ 
ŜǾŜƴ ƛŦ ǘƘŜ ƴŜŜŘ ŦƻǊ ŘŀǘŀπŜȄǘŜƴǎƛǾŜ ŀǇǇƭƛŎŀǘƛƻƴǎ ƭƛƪŜ 
ǇǊŜŘƛŎǘƛǾŜ ƳŀƛƴǘŜƴŀƴŎŜΣ ƛƴǘŜƭƭƛƎŜƴǘ ǊŜŀƭπǘƛƳŜ 
ŀƴŀƭȅǘƛŎǎΣ ŘŜŎƛǎƛƻƴπƳŀƪƛƴƎ ǎǳǇǇƻǊǘΣ ƳŀŎƘƛƴŜ 
ƭŜŀǊƴƛƴƎ όa[ύ ŀƴŘ ŀǊǘƛŦƛŎƛŀƭ ƛƴǘŜƭƭƛƎŜƴŎŜ ό!Lύ ƛǎ ƘǳƎŜΦ 
bŜǿ ŀǇǇǊƻŀŎƘŜǎ ŦƻǊ ƛƳǇƭŜƳŜƴǘƛƴƎ ƛƴŘǳǎǘǊƛŀƭ Lƻ¢ 
ǎƻƭǳǘƛƻƴǎ ƘŀǾŜ ǘƘǳǎ ōŜŜƴ ǾŜǊȅ ƳǳŎƘ ƛƴ ŘŜƳŀƴŘΦ 

 

Lǘ Ƙŀǎ ōŜŜƴ ǇƻǎǎƛōƭŜ ŦƻǊ ŀ ǿƘƛƭŜ ǘƻ ǎŜŎǳǊŜ ǘƘŜ ŜȄƛǎǘƛƴƎ 
ƛƴǾŜǎǘƳŜƴǘǎ ǿƘŜƴ ǎǘŀǊǘƛƴƎ ǘƻ ŜȄǘŜƴŘ Řŀǘŀ ŎƻƭƭŜŎǘƛƻƴ 
ǎȅǎǘŜƳǎ ōȅ ǘŀƪƛƴƎ ƛƴǘƻ ŀŎŎƻǳƴǘ ŀ ŦŜǿ ŦǳƴŘŀƳŜƴǘŀƭ 
ŦŀŎǘƻǊǎΥ ǊŜƭȅƛƴƎ ǘƻ ǎǘŀƴŘŀǊŘǎ ǿƘŜƴ ƛƴǘŜƎǊŀǘƛƴƎ 
ŘƛŦŦŜǊŜƴǘ ǎȅǎǘŜƳǎΣ ŜƴǎǳǊƛƴƎ ǎǳǇǇƭƛŜǊ ƛƴŘŜǇŜƴŘŜƴŎŜ 
ŀƴŘ ƴƻǘƛŎƛƴƎ ǎǘǊƻƴƎ ŜȄƛǎǘŜƴŎŜ ƻŦ LƴŘǳǎǘǊȅ пΦл ŀƴŘ 
ƘŜƴŎŜ ŎƻƳǇŀǘƛōƛƭƛǘȅ ǿƛǘƘ ǊŜƭŀǘŜŘ ǘŜŎƘƴƻƭƻƎƛŜǎΣ ǎǳŎƘ 
ŀǎ ht/ ¦!Φ Lƻ¢ ǎƻƭǳǘƛƻƴǎ ǎǳǇǇƻǊǘƛƴƎ tǳō{ǳō ŀƴŘ 
¢ƛƳŜ {ŜƴǎƛǘƛǾŜ bŜǘǿƻǊƪƛƴƎ ό¢{bύ ŀǊŜ ƭŀǘŜǎǘ ǇŀǊǘ ƻŦ 
ƛǘǎ ǊŜŦŜǊŜƴŎŜ ŀǊŎƘƛǘŜŎǘǳǊŜΦ wŜŀƭπƭƛŦŜ ǇǊƻŎŜǎǎ 
ƛƴŘǳǎǘǊƛŜǎ ƘŀǾŜ ǾŀǊƛƻǳǎ ǳǎŜ ŎŀǎŜǎ ǘƘŀǘ Ŏŀƴ ōŜ 
ŜŎƻƴƻƳƛŎŀƭƭȅ ǎƻƭǾŜŘ ǿƛǘƘ ht/ ¦! tǳō{ǳō ōŀǎŜŘ Lƻ¢ 
ǎƻƭǳǘƛƻƴǎΦ 

 
 н ht/ ¦! ǿƛǘƘ tǳō{ǳō 

LƴŘǳǎǘǊȅ пΦл ŜƴŘƻǊǎŜŘ ht/ ¦! ƛǎ ƭƛƪŜƭȅ ǘƘŜ ōŜǎǘ 
ŀǇǇǊƻŀŎƘ ŦƻǊ ŜƴǎǳǊƛƴƎ ŜȄǘŜƴǎƛōƭŜ ǎŜŎǳǊŜ Řŀǘŀ ǘǊŀƴǎŦŜǊ 

ōŜǘǿŜŜƴ ǇƭŀƴǘǎΣ ŜŘƎŜ ǎƻƭǳǘƛƻƴǎΣ ŀƴŘ ŎƭƻǳŘ 
ŜƴǾƛǊƻƴƳŜƴǘΦ ht/ ¦! Ƙŀǎ ǎǘŀƴŘŀǊŘ Řŀǘŀ ƳƻŘŜƭƛƴƎ ŦƻǊ 
ŘƛŦŦŜǊŜƴǘ ǇǳǊǇƻǎŜǎ ŀƴŘ ŜǉǳƛǇƳŜƴǘ ŀǎ ǿŜƭƭ ŀǎ ŎƻƳƳƻƴ 
ŎƻƳǇŀƴƛƻƴ ǎǇŜŎƛŦƛŎŀǘƛƻƴǎ ŦƻǊ ŎƻƳǇŀǘƛōƛƭƛǘȅ ōŜǘǿŜŜƴ 
ŘƛŦŦŜǊŜƴǘ ǾŜƴŘƻǊǎΦ CǳǊǘƘŜǊƳƻǊŜΣ ƛǘ ǳǘƛƭƛȊŜǎ ŦŀƳƛƭƛŀǊ ŀƴŘ 
ŜǎǘŀōƭƛǎƘŜŘ Řŀǘŀ ŎƻƳƳǳƴƛŎŀǘƛƻƴ ǎǘŀƴŘŀǊŘǎΦ ¢ƻƎŜǘƘŜǊ 
ǿƛǘƘ Lƻ¢ ŀƴŘ 9ŘƎŜ ŘŜǾƛŎŜ ǊŜƳƻǘŜ ƳŀƴŀƎŜƳŜƴǘ ŀƴŘ 
ŎƻƴǘǊƻƭΣ ht/ ¦! Ǉƭŀȅǎ ŀ ƪŜȅ ǊƻƭŜ ƛƴ ŜƴǎǳǊƛƴƎ ǎȅǎǘŜƳ 
ǎŜŎǳǊƛǘȅΣ ƛƴǘŜƎǊƛǘȅ ŀƴŘ ōǳǎƛƴŜǎǎ ŎƻƴǘƛƴǳƛǘȅΦ !ǎ ǘƘŜ 
ǎǘŀƴŘŀǊŘ ht/ ¦!Σ ŀƭǎƻ tǳō{ǳō ǿƻǊƪǎ ǿƛǘƘ ƳǳƭǘƛǇƭŜ 
ǘǊŀƴǎǇƻǊǘ ŀƴŘ ƳŜǎǎŀƎŜ ǇǊƻǘƻŎƻƭǎΦ CƻǊ ht/ ¦! tǳō{ǳō 
av¢¢ ǿƛǘƘ W{hb ŜƴŎƻŘƛƴƎ ŀǎ ǿŜƭƭ ŀǎ ¦5t ǿƛǘƘ ōƛƴŀǊȅ 
ŜƴŎƻŘƛƴƎ ǿƛƭƭ ōŜ ŀǾŀƛƭŀōƭŜΣ ŀƴŘ ǎŜƭŜŎǘƛƻƴ Ŏŀƴ ŜȄǇŀƴŘ ƛƴ 
ǘƘŜ ŦǳǘǳǊŜΦ aŜǘŀŘŀǘŀ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ ƳŜǎǎŀƎŜ 
ǇǊƻǾƛŘŜǎ ŎƻƴǘŜȄǘ ǿƘƛŎƘ ŀƭƭƻǿǎ ǘƘŜ ǎǳōǎŎǊƛōŜǊǎ ǘƻ 
ǇǊƻǇŜǊƭȅ ƛƴǘŜǊǇǊŜǘ ǘƘŜ ƳŜǎǎŀƎŜ ŀƴŘ ŀƭƭƻǿ ǘƘŜ 
ǇǳōƭƛǎƘŜǊǎ ǘƻ ǊŜǇƻǊǘ ŎƘŀƴƎŜǎ ǘƻ ǘƘŜƛǊ ŎƻƴŦƛƎǳǊŀǘƛƻƴǎΦ 

[ŀǘŜǎǘ ǇǊƻƎǊŜǎǎ ƛƴ ht/ ¦! ƻŦŦŜǊǎ ŀ ŎƻƳǇŜƭƭƛƴƎ ǎƻƭǳǘƛƻƴ 
ŦƻǊ ŎƻƴƴŜŎǘƛƴƎ ŀǇǇƭƛŎŀǘƛƻƴǎ ǿƛǘƘƛƴ ǘƘŜ Lƻ¢Φ ht/ ¦! Ƙŀǎ 
ƎŜƴŜǊƛŎ ŀƴŘ ƴŜǳǘǊŀƭ ŀǊŎƘƛǘŜŎǘǳǊŜ ǿƛǘƘ ǎŜǇŀǊŀǘŜŘ 
ƛƴŦƻǊƳŀǘƛƻƴ ƳƻŘŜƭ ƭŀȅŜǊΣ ŎƻƳƳǳƴƛŎŀǘƛƻƴ ƳƻŘŜƭǎ ŀƴŘ 
ǇǊƻǘƻŎƻƭ ōƛƴŘƛƴƎǎΦ нлму ǊŜƭŜŀǎŜŘ tǳō{ǳō ŜƴŀōƭŜǎ 
ŦǳǊǘƘŜǊ ŀŘƻǇǘƛƻƴ ƻŦ ht/ ¦! ŀǘ ǘƘŜ ŘŜŜǇŜǎǘ ƭŜǾŜƭǎ ƻŦ 
ǘƘŜ ŦƛŜƭŘ ǿƘŜǊŜ ŎƻƴǘǊƻƭƭŜǊǎΣ ǎŜƴǎƻǊǎΣ ŀƴŘ ŜƳōŜŘŘŜŘ 
ŘŜǾƛŎŜǎ ǘȅǇƛŎŀƭƭȅ ǊŜǉǳƛǊŜ ƻǇǘƛƳƛȊŜŘΣ ƭƻǿ ǇƻǿŜǊ ŀƴŘ 
ƭƻǿπƭŀǘŜƴŎȅ ŎƻƳƳǳƴƛŎŀǘƛƻƴǎ ƻƴ ƭƻŎŀƭ ƴŜǘǿƻǊƪǎΦ bŜǿ 
ōƛƴŘƛƴƎǎ ǘƻ ǎǘŀƴŘŀǊŘǎ ƭƛƪŜ ¢{b ŀƴŘ ǇǊƻǘƻŎƻƭǎ ƭƛƪŜ 
!avt ŀƴŘ av¢¢ ǘƻƎŜǘƘŜǊ ǿƛǘƘ tǳō{ǳō ƳŜǎǎŀƎŜ 
ƳƻŘŜƭ ƳŀƪŜǎ ƛǘ ǾŜǊȅ ŀǘǘǊŀŎǘƛǾŜ ŦƻǊ Lƻ¢ ǎȅǎǘŜƳǎ ǿƘƛŎƘ 
ǊŜǉǳƛǊŜǎ ŘƛǎǘǊƛōǳǘŜŘ ƭƻŎŀǘƛƻƴǎΣ Ŝŀǎȅ ŀƴŘ Ŧŀǎǘ 
ŜȄǘŜƴŘŀōƛƭƛǘȅ ŀƴŘ ŎƻƴƴŜŎǘƛǾƛǘȅ ŀƴŘ ǊŜƭƛŀōƭŜ 
ƳŀƴŀƎŜŀōƛƭƛǘȅΦ 

!ǎ tǳō{ǳō ƛǎ ŜǎǇŜŎƛŀƭƭȅ ǎǳƛǘŀōƭŜ ŦƻǊ Lƻ¢ ŀƴŘ /ƭƻǳŘ 
ŜƴǾƛǊƻƴƳŜƴǘǎΣ ƛǘΩǎ ŜǎǎŜƴǘƛŀƭ ǘƘŀǘ ƛƴŦƻǊƳŀǘƛƻƴ ǎŜŎǳǊƛǘȅ 
ƛǎ ŀǘ ƳŀȄƛƳǳƳ ƭŜǾŜƭΦ tǳō{ǳō ǎŜŎǳǊƛǘȅ ƪŜȅ ƳŜŎƘŀƴƛǎƳ 
ǳǎŜǎ ǿŜō ōŀǎŜŘ ǎǘŀƴŘŀǊŘǎ ŀǎ h!ǳǘƘн ŦƻǊ ŦŜŘŜǊŀǘŜŘ 
ƛŘŜƴǘƛǘȅ ƳŜŎƘŀƴƛǎƳΦ ²ƛǘƘ ht/ ¦! tǳō{ǳō ƻƴƭȅ 
ŀǇǇƭƛŎŀǘƛƻƴǎ ŀǳǘƘƻǊƛȊŜŘ ōȅ ǘƘŜ ƻǇŜǊŀǘƻǊǎ ǿƛƭƭ ōŜ ŀōƭŜ 
ǘƻ ǾƛŜǿ ƻǊ ƳƻŘƛŦȅ ǘƘŜ Řŀǘŀ ōȅ ǘƘŜ ŜƴŘπǘƻπŜƴŘ ǎŜŎǳǊƛǘȅ 
ƴƻ ƳŀǘǘŜǊ Ƙƻǿ Ƴŀƴȅ ƛƴǘŜǊƳŜŘƛŀǊƛŜǎ ŀǊŜ ǊŜǉǳƛǊŜŘ ǘƻ 
ŘŜƭƛǾŜǊ ǘƘŜ ŘŀǘŀΦ ¢Ƙŀǘ ƳŀƪŜǎ ht/ ¦! ǿƛǘƘ tǳō{ǳō 
ƻǇǘƛƳŀƭ ŎƘƻƛŎŜ ŦƻǊ ƛƴŘǳǎǘǊƛŀƭ Lƻ¢ ǳǎŜ ŎŀǎŜǎΦ 
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о Lƻ¢ tǳō{ǳō ¦ǎŜ /ŀǎŜǎ 

aƻǎǘ ƛƳǇƻǊǘŀƴǘ ǳǎŜ ŎŀǎŜǎ ŦƻǊ ǇǊƻŎŜǎǎ ƛƴŘǳǎǘǊȅ ŘƛŦŦŜǊ 
ŘŜǇŜƴŘƛƴƎ ƻƴ ǿƘŜǘƘŜǊ ǎǘǳŘȅƛƴƎ ƎǊŜŜƴŦƛŜƭŘ ƻǊ 
ōǊƻǿƴŦƛŜƭŘ ŀǇǇƭƛŎŀǘƛƻƴǎΦ {ƛƳƛƭŀǊƭȅΣ ǊŜǎǘǊƛŎǘƛƻƴǎ ŀƴŘ 
ƭƛƳƛǘŀǘƛƻƴǎ ǾŀǊȅ ǿƘŜǘƘŜǊ ǿŜ ŀǊŜ ƛƳǇƭŜƳŜƴǘƛƴƎ ƴŜǿ 
ǎƻƭǳǘƛƻƴ ŦǊƻƳ ǎŎǊŀǘŎƘ ƻǊ ǊŜǾŀƳǇƛƴƎ ŜȄƛǎǘƛƴƎ 
ǇǊƻŎŜǎǎŜǎ ƻǊ ƳŀŎƘƛƴŜǊȅΦ IƻǿŜǾŜǊ ǘƘŜ Ƴŀƛƴ 
ǇǊƛƴŎƛǇƭŜǎ ŦƻǊ ŘŜǾŜƭƻǇƛƴƎ ǘƘŜ ǘŜŎƘƴƻƭƻƎƛŎŀƭ ǎƻƭǳǘƛƻƴ 
ŀǊŜ ǘƘŜ ǎŀƳŜΦ  

 
9ŀǎƛŜǎǘ ŀƴŘ Ƴƻǎǘ ŎƻǎǘπŜŦŦŜŎǘƛǾŜ ǿŀȅ ǘƻ ƛƳǇƭŜƳŜƴǘ ƻǊ 
ƳƻŘŜǊƴƛȊŜ Řƛǎǘŀƴǘ ǇǊƻŎŜǎǎ ŀǎǎŜǘ ǘǊŀŎƪƛƴƎ ƛǎ ǘƻ 
ǘǊŀƴǎŦŜǊ ǘƘŜ Řŀǘŀ ǿƛǊŜƭŜǎǎƭȅ ŘƛǊŜŎǘƭȅ ǘƻ ŀ ŎƭƻǳŘ 
ǎŜǊǾƛŎŜ Ǿƛŀ LƴŘǳǎǘǊȅ пΦл ǎǘŀƴŘŀǊŘ ht/ ¦! 
ŎƻƳƳǳƴƛŎŀǘƛƻƴǎΦ LƴǎǘŜŀŘ ƻŦ ǳǎƛƴƎ ǳƴǇǊƻǘŜŎǘŜŘ 
ƭŜƎŀŎȅ ŎƻƳƳǳƴƛŎŀǘƛƻƴ ǇǊƻǘƻŎƻƭǎ ŀŎǊƻǎǎ ŀ ²ƛŘŜ !ǊŜŀ 
bŜǘǿƻǊƪΣ ht/ ¦! tǳō{ǳō πōŀǎŜŘ Lƻ¢ ǿƛǘƘ ŜŘƎŜ 
ǎƻƭǳǘƛƻƴǎ ƻŦŦŜǊ ƳƻŘŜǊƴ ŎƻƳƳǳƴƛŎŀǘƛƻƴ ǘŜŎƘƴƛǉǳŜǎ 
όǎǳŎƘ ŀǎ av¢¢ύ ǿƘƛŎƘ ŀǊŜ ŘŜǎƛƎƴŜŘ ŦƻǊ ǎŜŎǳǊŜΣ 
Ŝŀǎƛƭȅ ŜȄǇŜƴŘŀōƭŜ ŀƴŘ ŜŦŦƛŎƛŜƴǘ ƴŜǘǿƻǊƪ 
ŎƻƳƳǳƴƛŎŀǘƛƻƴǎΦ  

 
.ŜƴŜŦƛǘǎ ŀǊŜ ŎǊƛǎǇ ŀƭǎƻ ƻƴ ŦŀŎǘƻǊȅ ŦƭƻƻǊ ƭŜǾŜƭΣ ǿƘŜǊŜ 
ŎƻƴǘǊƻƭƭŜǊǎΣ ǎŜƴǎƻǊǎΣ ŀƴŘ ŜƳōŜŘŘŜŘ ŘŜǾƛŎŜǎ 
ǘȅǇƛŎŀƭƭȅ ǊŜǉǳƛǊŜ ƻǇǘƛƳƛȊŜŘΣ ƭƻǿ ǇƻǿŜǊΣ ŀƴŘ ƭƻǿπ
ƭŀǘŜƴŎȅ ŎƻƳƳǳƴƛŎŀǘƛƻƴǎΦ CƻǊ ŜȄŀƳǇƭŜ 
ƳŜŀǎǳǊŜƳŜƴǘǎ ŦǊƻƳ ŦƛŜƭŘ ǿƘƛŎƘ ƘŀǾŜ ǘǊŀŘƛǘƛƻƴŀƭƭȅ 
ōŜŜƴ ŎƻƭƭŜŎǘŜŘ Řŀƛƭȅ ōȅ ǿƻǊƪŜǊǎ ǇƘȅǎƛŎŀƭƭȅ ǊŜŀŘƛƴƎ 
ǘƘŜ ǾŀƭǳŜ ŦƻǊƳ ƳŜǘŜǊǎ Ŏŀƴ ōŜ ǎŜŎǳǊŜƭȅ ŀƴŘ 
ŜŎƻƴƻƳƛŎŀƭƭȅ ŦŜŀǎƛōƭŜ ǿŀȅ ōŜ ŎƻƴƴŜŎǘŜŘ ǘƻ 
ǇǊƻŘǳŎǘƛƻƴ ƛƴŦƻǊƳŀǘƛƻƴ ǎȅǎǘŜƳ ŦƻǊ ǊŜŀƭ ǘƛƳŜ 
ǘǊŀŎƪƛƴƎ ŀƴŘ ŀƴŀƭȅǘƛŎǎ ǇǳǊǇƻǎŜǎΦ 

 
tǳō{ǳō ŜƴŀōƭŜǎ ŜǎǇŜŎƛŀƭƭȅ ŎƭƻǳŘπōŀǎŜŘ ǳǎŜ ŎŀǎŜǎ ŀǎ 
ǾƛǊǘǳŀƭƭȅ ǳƴƭƛƳƛǘŜŘ ƴǳƳōŜǊ ƻŦ ŜŘƎŜ Řŀǘŀ ǎƻǳǊŎŜǎΣ 
ǎǳŎƘ ŀǎ ƛƴǘŜƭƭƛƎŜƴǘ ǎŜƴǎƻǊǎΣ Ŏŀƴ ǎǳǇǇƭȅ Řŀǘŀ ǎŜŎǳǊŜƭȅ 
ǘƻ ƛƴǘŜǊƴŜǘπōŀǎŜŘ Řŀǘŀ Ƙǳōǎ ŀƴŘ ŀǇǇƭƛŎŀǘƛƻƴǎ ƻǾŜǊ 
ǇǳōƭƛŎ ǿƛŘŜπŀǊŜŀ ƴŜǘǿƻǊƪǎΦ ¢Ƙŀǘ ƳŀƪŜǎ ǇƻǎǎƛōƭŜ 
ǘŜƭŜ ƳƻƴƛǘƻǊƛƴƎ ƻŦ ŘŜŎŜƴǘǊŀƭƛȊŜŘ ŀǎǎŜǘǎ ƭƛƪŜ ǘŀƴƪǎ 
ŀƴŘ ǾŜǎǎŜƭǎ ŜŎƻƴƻƳƛŎŀƭƭȅ ǿƛǘƘ ǎǘŀƴŘŀǊŘ ŘŜǾƛŎŜǎ 
ŜǉǳƛǇǇŜŘ ǿƛǘƘ ǎǳƛǘŀōƭŜ ǎŜƴǎƻǊǎ ŦƻǊ ǘƘŜ ǊŜǎǇŜŎǘƛǾŜ 
ƴŜŜŘΣ ŦƻǊ ŜȄŀƳǇƭŜ ǘǊŀŎƪƛƴƎ ƻŦ ǾŜǎǎŜƭ Ŧƛƭƭ ǳǇ ŀƴŘ ōŀǎƛŎ 
ŀƴŀƭȅǎƛǎ ƻŦ ƛǘǎ ŎǳǊǊŜƴǘ ŎƻƴǘŜƴǘΦ ¢Ƙŀǘ ƛǎ ƛƳǇƻǊǘŀƴǘ 
ƛƴŦƻǊƳŀǘƛƻƴ ŦƻǊ ŜȄŀƳǇƭŜ ǎǳǇǇƭȅ ŎƘŀƛƴ ƻǇǘƛƳƛȊŀǘƛƻƴ 
ŦƻǊ Ƴŀƴȅ ƴŜǿ ŎƛǊŎǳƭŀǊ ŜŎƻƴƻƳȅ ǳǎŜ ŎŀǎŜǎ ǿƘŜǊŜ 
Ǌŀǿ ƳŀǘŜǊƛŀƭ ƴŜŜŘǎ ǘƻ ōŜ ŎƻƭƭŜŎǘŜŘ ŦǊƻƳ ǎƳŀƭƭ 
ǎǘǊŜŀƳǎΦ 

 

 

CƛƎǳǊŜ мΦ LƭƭǳǎǘǊŀǘƛǾŜ ǇƛŎǘǳǊŜ Ƙƻǿ b!t/hb ϑмϐ 
¦ƴŘŜǊǎǘŀƴŘ ςǇǊƻŘǳŎǘǎ Ŏŀƴ ōŜ ǳǎŜŘ ŦƻǊ ǇǊƻŎŜǎǎ 
ƛƴŦƻǊƳŀǘƛƻƴ ŎƻƭƭŜŎǘƛƻƴ ŦǊƻƳ ǾŀǊƛƻǳǎ ǇǊƻŘǳŎǘƛƻƴ 
5/{ ŀƴŘ Lƻ¢ ǎƻǳǊŎŜǎ ǘƻ ŎƭƻǳŘ ŎƻǊǇƻǊŀǘƛƻƴ 
ŀƴŀƭȅǘƛŎǎ ǳǘƛƭƛȊƛƴƎ ŎƻƳƳƻƴ ŎƭƻǳŘ ǇƭŀǘŦƻǊƳǎΦ !ƭƭ 
ŎƻƴƴŜŎǘƛǾƛǘȅ ōŜǘǿŜŜƴ ǎƛǘŜǎ ŀƴŘ b!t/hb /ƭƻǳŘ ƛǎ 
ŘƻƴŜ Ǿƛŀ ht/ ¦!Φ 
 
 
/ǳǊǊŜƴǘƭȅ Ŏƻƴǘƛƴǳŀƭƭȅ ŜȄǘŜƴŘƛƴƎ Řŀǘŀ ŀƴŀƭȅǘƛŎǎ ŀƴŘ 
ǇǊŜŘƛŎǘƛǾŜ ƳŀƛƴǘŜƴŀƴŎŜ ƴŜŜŘǎ ŀǊŜ ƛƴŎǊŜŀǎƛƴƎƭȅ 
ōǊŜŜŘƛƴƎ ŎŀƭŎǳƭŀǘƛƻƴ ŎŀǇŀōƛƭƛǘȅ ŘŜƳŀƴŘ ŀƴŘ ƳƻǾƛƴƎ 
ƛƴǘŜƭƭƛƎŜƴŎŜ ŦǊƻƳ ŎƭƻǳŘ ŜƴǾƛǊƻƴƳŜƴǘǎ ǘƻ ǘƘŜ ŜŘƎŜΤ 
ƛΦŜΦ ƴŜŀǊ ǘƻ ǘƘŜ ǎƻǳǊŎŜ ƻŦ Řŀǘŀ ŀƴŘ ǊŜŀƭπǿƻǊƭŘ 
ŦǳƴŎǘƛƻƴǎΦ /ƭƻǳŘ ŀƴŘ 9ŘƎŜ ǎƻƭǳǘƛƻƴǎ ōƻƻǎǘ ǇƭŀǘŦƻǊƳ 
ƛƴŘŜǇŜƴŘŜƴŎȅ ōǳǘ ŀƭǎƻ ǎŜǘ ǎǘǊƛŎǘ ǊŜǉǳƛǊŜƳŜƴǘǎ ŦƻǊ 
ƛƴŦƻǊƳŀǘƛƻƴ ǎŜŎǳǊƛǘȅΦ ¢ƻ ŦǳƭŦƛƭƭ ǘƘŜǎŜ ƴŜŜŘǎ Lƻ¢ 
ǎƻƭǳǘƛƻƴǎ Ƴǳǎǘ ōŜ Ŝŀǎƛƭȅ ŜȄǘŜƴŘƛōƭŜ ŀƴŘ Ŝŀǎȅ ǘƻ 
ƻǇŜǊŀǘŜ ŀƴŘ ƳŀƛƴǘŀƛƴΦ bƻǿ ht/ ¦! ǿƛǘƘ tǳō{ǳō 
ǎǳǇǇƻǊǘ ƻŦŦŜǊǎ ǘƘŜ Ƴƻǎǘ ŜȄƛǘƛƴƎ ǎǘŀƴŘŀǊŘ ǎŜǘ ŦƻǊ 
ǎƻƭǳǘƛƻƴǎ ŦƻǊ ǘƘŜǎŜΦ ¢ƛƳŜ ǘƻ ŜȄŜŎǳǘŜ Lƻ¢ ŦƻǊ ǇǊƻŎŜǎǎ 
ƛƴŘǳǎǘǊȅ ƛǎ ƴƻǿΗ 

 
 
 

wŜŦŜǊŜƴŎŜǎ 
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Extended abstract. The Industry 4.0 paradigm 
emphasizes the increased level of automation and 
data exchange in manufacturing technologies. 
Hence, industrial companies have to deal with 
vast amounts of data gathered from the
production. Usually it is not practical to send all 
the measured data outside the local premises for 
further processing. Onboard processing, temporary 
storing, and appropriate forwarding of the data are 
key operations to be handled by an industrial 
gateway.

CrossControl produces computers for industrial use, 
with integrated displays.  These display computers  
run individually tailored Linux distributions, 
optimized by the image footprint and runtime 
performance. Most common use case for such display 
computers are in heavy industrial vehicles, with 
connectivity to the onboard vehicle control bus. By 
utilizing a dedicated connectivity module, the 
onboard display can have a wireless connection as 
well, for on -site device and backoffice connectivity.

This conference paper for Automaatiopäivät23 
introduces key parts of the Productive4.0 project which 
addresses the general theme of Industry 4.0. The paper 
discusses the use cases of machine and fleet 
management offered as an industrial Software as a 
Service (SaaS).  The pilot implementation of 
CrossControl’s gateway device is presented with the 
focus on the software stack, information flow 
architecture and the graphical user interface. Moreover, 
applying Service Oriented Architecture (SOA) by 
means of Arrowhead framework  on gateway and edge 
level is also discussed.

The data flow and the software components depl oyed 
for the display computer  in both Productive4.0 use 
cases is outlined  in Figure 1. The display computer runs 
Node.js based runtime and has its own local database 
up and running. In addition, it is capable of converting 
HTTP messages to MQTT  protocol and distribute those 
messages to interested MQTT clients, as dispatched by  
the Mosquitto broker running on the display. Storing 
data to the database and the message conversion  
are  both offered as a service. The Arrowhead 
framework gives a standardized way to apply SOA 
in industrial domain. The implementation allow s the 
full set  of Arrowhead services, meaning any kind of 
devices, to consume the offered services. The display 
computer is also itself an Arrowhead service consumer 
as it connects to a bigger database located in the 
cloud.

The finalization of Arrowhead services at the gateway 
is in progress, for full implementation of the 
functionality depicted in Figure 1. This pilot 
implementation provides a proof-of-concept for 
deploying a multifunctional device both as an 
industrial gateway and as a human machine 
interface, in an Arrowhead-compliant IoT
environment.
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Jukka Koskinen*, Petri Tikka, Hannu Tanner

Industrial IoT applications

Extended abstract. Cloud and edge computing 
platforms offer new possibilities for data analytics 
applications. Microsofts’s Azure and Siemens 
Mindsphere are examples of commercial cloud 
computing platforms that offer wide possibilities 
for application development and deployment in the 
cloud especially in big data storage, analysis and 
visualization. Edge computing platforms and 5G 
technologies offer possibilities for instance real-
time data streaming, analytics, and visualization in 
the edge of networks

Fiware is an open source platform, which offers 
components for analyzing and visualization of data 
from IoT sources. Orion Context Broker component 
and NGSI information model are the core of Fiware.   
Orion Context Broker  (OCB) provides a NGSI API. 
Context Broker publishes context information from 
entities (virtual real-world objects). Entitles can be IoT 
sensors or application components etc. Context 
Broker publish context information to context 
consumers. It supports two-way communication.

Especially SMEs can benefit from Fiware due to open 
source approach and ease of deployment of the 
components. Fiware has a strong European 
background and is favored by the European Union in 
many projects funded by EU.

VTT has implemented advanced edge computing 
applications. In this paper, we present three oriented 
applications from industrial robotic, intralogistics and 
smart water management domains. They utilize Fiware 
components.
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The research was based on action research with the
facility management service providers in a changing
market. The facility management service provider has a
strategy of sustainable growth in the long term, which
requires improving their competitive position in their
market. The competitive position improvement is
created by utilizing the data in their service operation
to reduce the heating and maintenance costs and to
positively affect repair needs.  The result of the study is
that the selected data strategy framework was
applicable in the area of the facility management
services. The facility management service provider has
different areas to improve the competitive position, as
mentioned above, and they result in very different data-
driven services. However, the framework was
applicable to all these areas, emphasizing the strength
of the data strategy framework to be applicable in
different environments.
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1 Background

A  wafer  map  is  a  pattern  of  smaller  units  called  cells
organized in a two dimensional matrix, or coordinate
system. Usually these cells, or chips, represent the final
products manufactured from those wafers, such as
integrated circuits or sensors. Typically, a wafer map is
used for presenting a failure pattern consisting of
defected and functional cells of a silicon wafer in a two-
dimensional matrix consisting of binary values. Some
typical examples of simple failure patterns on wafer
maps, based on the examples shown in [1], [2], [3], and
[4], are presented in Figure 1.

Yield improvement is a critical issue in the
development of electronics manufacturing technology,
and facilitating the diagnosis of occurred defects is an
important part of this process. Spatial failure patterns
presented on wafer maps provide a possible way of
searching for the causes of unexpected process
variation. In ideal conditions, wafer maps may provide
vital guidance in defect diagnosis, making it possible to
rapidly determine the potential root causes of defects
by identifying patterns [1]. There are a few approaches
that are typical in the analysis of spatially clustered
wafer maps. Different neural network and clustering
algorithms form the foundation of these.

Independent component analysis (ICA) is a statistical
method that has been successfully applied to a variety
of problems in signal processing [5]. ICA is a method for
extracting underlying, fundamental factors or
components from multivariate statistical data. It is
designed so that it searches for components that are
both statistically independent and non-Gaussian [5],
which makes it a special method.

2 Aims

The purpose of this study is to find out if it is possible to
group wafer maps associated with cell-specific data to
enable further actions such as the search for the root
causes of bad quality.

3 Materials and methods

3.1. Data

Following the guidelines for typical failure patterns
shown in [6], [7], data for this study were artificially
generated by creating both systematically occurring
defect patterns and random defects and adding these
data to a spatial arrangement of cells that is typical for
sensor manufacturing. To study the effect of random
errors on the extraction of systematically occurring
failure patterns, two separate data sets containing 700
samples were constructed, the latter of which was
contaminated by random failures (0.5% of cells).

3.2. Independent component analysis
It is assumed here that there are n observed signals
(i.e., failure types), FS1, FS2, . . ., FSn in the data, which
are linear combinations of m independent
components, IC1, IC2, . . ., ICm. The equation for ICi can
be written as:

ὊὛ = ὥ Ὅὅ + ὥ Ὅὅ Ễ+ ὥ Ὅὅ = ὥ Ὅὅ

where i =  1,  2,  .  .  ., n and the aij are real coefficients
(contributions of ICs). The independent components,
ICj, and also the corresponding coefficients, aij, are
unknown.
The statistical model in Eq. (1) is called the independent
component analysis model [5]. The ICA model is a
generative model that describes how the observed data
are generated by a process of mixing the components
ICj. Both ICj and aij need to be estimated using the
observed data. The starting point for ICA is the
assumption that the components ICj are statistically
independent, which can be concluded from non-
gaussianity [5].
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4 Results

Here, a fixed-point algorithm (Fast-ICA) was used as an
implementation of ICA [5]. The analysis was performed
using the Fast-ICA toolbox under the Matlab software
platform (Mathworks, Natick, MA, USA). The
independent components using the data contaminated
by 0.5% of random failures can be seen in Figure 2. It 
can be seen that the set of extracted components 
follows quite nicely the set of patterns created 
artificially.

The independent components using the data
contaminated by 0.5% of random failures can be seen
in Figure 2. It can be seen that the set of 
extracted components follows quite nicely the set 
of patterns created artificially.

5 Conclusions

Based on the results it can be concluded that the data
analysis by ICA method allows for decomposition of
independent, systematically occurring failure patterns
from wafer map data.  This new information can be
used for guiding further study and may lead to more
efficient extraction of root causes for quality problems.
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Figur e 1: Examples of some typical failure patterns on wafer maps according to 
literature.

Figur e 2: Independent components using the data contaminated by 0.5% of random 
failures.
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Veli-Pekka Pyrhonen*, Matti Vilkko

Improving tracking performance of composite
nonlinear feedback controllers via new reset and
hold feature of nonlinear functions
Extended abstract. Composite nonlinear feedback
(CNF) is relatively well-known control design
methodology that attempts to achieve simultaneous
fast command following and robustness under limited
control authority. The CNF methodology produces
feedback controllers that consists of parallel-connected
linear and nonlinear parts, which are designed as
follows. First, the linear part is designed by placing the
dominant pair of the closed-loop poles with small
damping ratio, which would result in a step response
having short rise time but large overshoot. Then, the
nonlinear part is designed such that the damping ratio
of the dominant pair smoothly increases, when the
control error gradually diminishes. Because of such
mechanism, the step response of the closed-loop
system maintains short rise time, while the overshoot
tendency caused by the linear part is eliminated.
Overshoot is eliminated, because CNF controllers are
able to use significant amount of control at the late
stage of the transient response, which eventually
shortens the settling time of closed-loop systems. This
is the key property of all CNF controllers, which makes
CNF methodology feasible for many control
applications requiring fast and precise command
following.

The nonlinear part of a CNF controller is capable of
moving the closed-loop poles to some desired locations
in the left half complex plane, which can be specified by
the designer. The automatic relocation is accomplished
through the choice of a suitable nonlinear function and
its careful tuning. In literature, several nonlinear
functions have been proposed that have their own pros
and cons. Furthermore, an additional scaling parameter
for nonlinear functions has been proposed, which is
used to make CNF controller more robust to variations
in step magnitudes. Such revision is important because
many proposed functions are tuned for fixed-size
reference inputs. Hence, the tuning parameter values
of the nonlinear function may need to be saved for
various step sizes to ensure satisfactory transient
performance under large operation range of input
commands.

 
 
 

 
However, the proposed nonlinear functions and 

their revisions work best e.g., in single step 
experiments, because they are parameterized such that  
appropriate scaling is obtained when the step 
experiment is performed. Despite of scaling, the 
nonlinear functions may not work well, if single step 
reference is replaced by step sequence references or 
staircase functions with varying magnitudes. The 
reason for performance degradation is the invariable 
initial condition of the controlled output within the 
scaling parameter. That is, when the reference input is 
changed, the initial condition remains fixed, which 
means that the scaling parameter is indeed inherently 
reset, but the reset value has always an offset.  

In this paper, new reset and hold feature is 
introduced for the scaling parameter such that 
satisfactory command following is enabled when step 
sequences are used as reference inputs. The new reset 
and hold feature is simple in nature: the initial 
condition of the controlled output is reset to the 
current measured value of the controlled output 
whenever the target step reference changes in value at 
some time instant, while it is kept at the previously set 
value otherwise. It should be noted that the proposed 
feature can be applied to other forms of commonly-
used nonlinear functions within CNF controllers. The 
simulation and experimental results of this paper show 
that the closed-loop control systems designed using the 
refinements of this paper provide better tracking 
performance both in steady-state and during transients 
compared with the control systems without them. 

Keywords: control applications, constrained control, 
linear systems, nonlinear control, servo systems 
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Plant-wide communication architecture enabling
online life cycle assessment
Keywords: process control, information systems,
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Extended abstract. Industrial processes can be very 
energy-intensive and consume resources during the 
production of essential materials and goods. Many 
of these processes are large-scale and may 
include distributed production steps. The 
suboptimal control of these processes can
significantly increase the use of resources and energy
as well as environmental impacts.

The plant-wide control of large processes can be
difficult. Process control decisions at geographically
distributed subunits and plants may contradict with the
global optimum if the necessary information is not
available. Furthermore, the impact of local decisions to
the overall process is not always clear. This calls for
plant-wide control strategies on the coordinating
supervisory level. In order to improve such monitoring
and control methods, new information exchange
practices and integration architectures are required.

Integration of information and control systems in
production is challenging both from a scalability and
interoperability point of view. Most integrations still
rely on point-to-point connections, i.e., systems directly
requesting information and services or setting new
operating set points. Although the production systems
are rather stable, the development of new control
procedures is laborious due to the number of necessary
integrations for accessing the distributed data. This
may also cause performance issues for some systems
providing data for these advanced control applications
spanning several production units. The integration of
external constraints, such as logistics or resource costs,
to the control optimisation further increases the
necessary effort.

With information systems from different decades,
vendor-specific interface implementations and
application-specific data structures, the integration is
further complicated. Despite successful technologies,
such as OPC UA, the use of the agreed information
models has not yet been established to the point of
plug-and-play connectivity. Commonly agreed
information models are required as well as adaptation
layers connecting incompatible interfaces and legacy
systems.

The Horizon2020 funded COCOP project (Coordinating
Optimisation of Complex Industrial Processes) aims to
enable plant-wide monitoring and control by using the
model-based, predictive, coordinating optimisation
concept in integration with automation systems. For
the control, the intention is to decompose the entire
optimisation problem into sub-problems. The concept
relies on the fact that truly large systems typically have
some definite structure arising from a linking of
independent subunits. This structure can be utilised
while decomposing the control problem.

An integration and communication architecture has
been developed that supports this control approach in
a scalable and interoperable manner. The COCOP
communication architecture is based on the concept of
a message bus as a broker for data and events. This
scalable broker acts as a dataflow hub onto which data
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is sent from information producers and from which
information consumers subscribe to process the data.
Still, data can even be delivered “on request”, which is
desirable for historical data.

The communication principle promotes event-driven
information exchange, therefore facilitating the
development of applications that react timely to
production-related events. To improve interoperability,
standards-based message structures have been chosen
and composed to form the basis of data semantics for
process measurements and events.

To support development, a software development kit
(SDK) has been implemented. This SDK guides and
facilitates the integration of existing systems. Using the
SDK, it is easy to create adapters conforming to the
agreed messaging semantics. Still, integration to the
standards-based communication protocols is possible
even without the SDK.

In this paper, we demonstrate the use of the COCOP
architecture with an Online LCA case. LCA or Life Cycle
Assessment is a standardized (ISO 14040-44: 2006)
methodology to assess the environmental impacts
throughout the life cycle of a product or service.
Traditionally, this has been conducted on a yearly time
resolution with averaged data. In contrast, Online LCA
uses real-time data that is available in the control
systems, thus providing real-time environmental
decision support to plant operators and managers. The
case process is a distillation process for water-ethanol

mixture located at TUT’s teaching laboratory. The
Online LCA model is integrated to the control system
via OPC UA and AMQP (Advanced Message Queueing
Protocol), and the LCA results are visualized in Outotec
ACT (Figure 1). AMQP is suitable for large data
volumes, thus enabling even data-driven solutions,
such as machine learning, in future tasks.
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Figure 1. The implementation of the online LCA 
utilising COCOP communication architecture.
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Hannu Rummukainen*, Jukka K. Nurminen

Reinforcement learning for economic lot scheduling
Abstract: We investigated how to apply deep
reinforcement learning to discrete-event production
control on a stochastic single-machine production
scheduling case.  We modified the proximal policy
optimization (PPO) algorithm for a discrete event
model in continuous time, and implemented two state-
value approximation methods and control policies, a
linear model and a two-layer neural network.
Compared to earlier published results on the same
case, we improved the average cost rate by 2 %, and
moreover, our control policy is entirely learned and is
not based on any explicit control heuristics.

Keywords: reinforcement learning, production control,
stochastic economic lot scheduling
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1 Background

Reinforcement learning holds the promise of
automatically learning optimal control by trial and error
without knowing the system structure.  However,
applying the approach to systems with multi-
dimensional observation spaces is often challenging,
and practical applications are rare.  Following recent
successes in applying deep reinforcement learning to
games, we take another look on reinforcement learning
as a method for discrete production control.

2 Aims

Our aim is to investigate how to apply a state-of-the-art
deep reinforcement learning method in a production
control application, what kind of challenges there are,
and whether modern methods can improve on earlier
results achieved by reinforcement learning.

3 Materials and methods

We  performed  experiments  on  a  relatively  simple
stochastic scheduling problem based on research
literature.  The problem involves scheduling the
production of multiple products on a single machine

with stochastic demand.  Switching the machine from
one product to another is both slow and costly, and
there are additional costs for holding products in stock,
and for unsatisfied customer orders queued in backlog.
Although simple, the model is quite challenging to
solve, and no closed-form solution is known.  In practice
production is often controlled by heuristics such as a so-
called base-stock policy,  in  which  each  product  is
manufactured until its stock level reaches a fixed base-
stock level, and then the machine is switched to the
next product in a fixed sequence.

We applied an open source implementation of the
proximal policy optimization (PPO) algorithm of
Schulman  et  al.  [1].   As  the  lot  scheduling  model  is  a
discrete event model in continuous time, we modified
the PPO algorithm to apply continuous-time
discounting.  We implemented two different state-
value approximation models and stochastic control
policies: in the first model, the state-value
approximation and the log-probability of an action are
linear functions of the observed system state, and in
the second model, we use a two-layer neural network.

4 Results

We compared our approach to two base-stock control
policies that were published earlier for the same case
study: the first policy was a base-stock policy derived by
infinitesimal perturbation analysis in [2], and the
second policy was a combination of lot-sizing by a base-
stock policy and product choice by reinforcement
learning [3].  Our model based on a neural network
produced a 9 % better average cost rate than the base-
stock policy of [2], and a 2 % better average cost rate
than the best known earlier solution in [3].  More
importantly, our reinforcement learning solution is
more general than either of the earlier approaches,
since our method is not restricted to policies with pre-
specified base-stock parameters, but learns a general
policy for every control decision.

Finding the best reinforcement learning policy required
a lot of experimentation with different approximation
functions and algorithm control parameters, and even
then the algorithm required very long training runs to

Extended Abstracts
ISBN 978-952-5183-56-6

Suomen Automaatioseura
Finnish Society of Automation

Automaatiopäivät23
Oulu 15.-16.5.2019

34



                                                                                                                                                                  Automaatiopäivät23 2019
-----------------------------------------------------------------------------------------------------------------------------------------------------------

References
[1]  Schulman, J., Wolski, F., Dhariwal, P., Radford, A.,

Klimov, O., Proximal policy optimization
algorithms, In: 5th International Conference on
Learning Representations, 2017

 [2]  Anupindi, R., Tayur, S., Managing stochastic
multiproduct systems: model, measures, and
analysis, Oper. Res., 1998, 46, S98–S111

 [3]  Paternina-Arboleda, C.D., Das, T.K., A multi-agent
reinforcement learning approach to obtaining
dynamic control policies for stochastic lot
scheduling problem, Simul. Model. Pract. Th.,
2005, 13, 389–406

converge.  We conclude that reinforcement learning is
still best suited to research problems where no
satisfactory control policy is known.
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Hannu Rummukainen*, Jukka K. Nurminen, Timo Syrjänen, Jukka-Pekka Numminen

Optimization of Facility Layout on the Basis of
Example Solutions
Abstract: Designing the layout of a manufacturing
facility is a complex multi-disciplinary effort. Instead of
explicitly modelling all relevant layout rules, we have
investigated an alternative approach for a decision
support system: We apply machine learning on
examples of well-designed layouts, in order to combine
implicit expert knowledge with an explicit layout
optimization model.  We tested the concept on artificial
test data, and the initial results are promising.

Keywords: optimization, facility layout problem,
machine learning, constraint programming
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1 Background

To  design  the  layout  of  process  components  in  a
manufacturing facility, the designer has to consider the
construction, operation and maintenance of the facility
and all its subsystems, as well as relevant rules and
regulations. Due to the complexity of the problem,
automated optimization of facility layout has not
reached the status of a practical design tool. In research
literature, practical design rules have been modelled as
explicit constraints, which can be laborious to specify,
or left as the responsibility of expert designers in an
interactive optimization approach.

2 Aims

We investigated the feasibility of machine learning of
design rules from examples of expert-designed layouts.
The aim is that learning-based optimization uses
example layouts of old facilities to provide reasonable
layout proposals for a new facility, without requiring
the user to set too many input parameters.

3 Materials and methods

We have developed a probabilistic machine learning

model that can be used to evaluate the similarity of a
proposed layout to example layouts. We use a model of
geometric similarity based on kernel density
estimation, which can be derived from a small number
(on  the  order  of  10)  of  example  layouts.  We combine
the probabilistic similarity model with an optimization
model that minimizes connection distance (pipe length)
between components. The optimization model is based
on constraint programming. The connection distance
and similarity measure are treated as separate
objectives in a multi-objective optimization setting: by
weighting the objectives we can choose a different
trade-off between the objectives, and provide
alternative layout proposals for the user.

To apply the method in practice, the layouts of existing
facilities must be available in machine-readable form,
and reduced to the most significant components and
their connections. A common classification must be
defined for the components in the example layouts,
and the components of the new facility: e.g. large/small
tanks, pumps, and other machines. For the new facility,
the user must specify the required components, their
dimensions and their connections, and the locations of
the building walls. Once cost coefficients are given for
the connection lengths, the system then automatically
produces layouts that present different trade-offs
between minimizing connection cost, and following
layout rules similar to the example layouts.

4 Results

We have implemented the similarity model and the
layout optimization model, and tested them on artificial
test data.  Our initial tests indicate that the concept
works, and we can successfully trade off similarity to
examples and the connection distance objective.

Due to the use of a relatively simple probabilistic
model, there is random variation in the learning results
especially when the connection structure of the
example layouts differs from the new facility.
Nevertheless, our combination of machine learning and
optimization presents a promising alternative to
traditional model-based optimization, which would
require much more explicit modelling work to produce
layouts similar to those designed by experts.
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πππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππ 

 

YǳǊǘπ9Ǌƛƪ IŅƎƎōƭƻƳϝ 

5ŀǘŀπōŀǎŜŘ ŜȄǇŜǊƛƳŜƴǘ ŘŜǎƛƎƴ ǘƻ ƳŀȄƛƳƛȊŜ 
ƛƴŦƻǊƳŀǘƛƻƴ ŦƻǊ aLah ǎȅǎǘŜƳ ƛŘŜƴǘƛŦƛŎŀǘƛƻƴ 
YŜȅǿƻǊŘǎΥ ǎȅǎǘŜƳ ƛŘŜƴǘƛŦƛŎŀǘƛƻƴΣ ƳǳƭǘƛǾŀǊƛŀōƭŜ ǎȅǎǘŜƳΣ 
ƛƭƭπŎƻƴŘƛǘƛƻƴŜŘ ǎȅǎǘŜƳΣ ŜȄǇŜǊƛƳŜƴǘ ŘŜǎƛƎƴΣ ŘŀǘŀπōŀǎŜŘ 
ŘŜǎƛƎƴ 

ϝ/ƻǊǊŜǎǇƻƴŘƛƴƎ !ǳǘƘƻǊΥ YǳǊǘπ9Ǌƛƪ IŅƎƎōƭƻƳΥ CŀŎǳƭǘȅ 
ƻŦ {ŎƛŜƴŎŜ ŀƴŘ 9ƴƎƛƴŜŜǊƛƴƎΣ )ōƻ !ƪŀŘŜƳƛ ¦ƴƛǾŜǊǎƛǘȅΣ 
¢ǳǊƪǳΣ CƛƴƭŀƴŘΣ 9πƳŀƛƭΥ ƪƘŀƎƎōƭƻϪŀōƻΦŦƛ 
 

Extended abstract. ! ǇǊƻōƭŜƳ ƛƴ ǘƘŜ 
ƛŘŜƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ƳǳƭǘƛǇƭŜπƛƴǇǳǘ ƳǳƭǘƛǇƭŜπƻǳǘǇǳǘ 
όaLahύ ǎȅǎǘŜƳǎ ƛǎ ǘƘŀǘ ǘƘŜ ǎȅǎǘŜƳ ƻǳǘǇǳǘǎ ƛƴ ŀƴ 
ƛŘŜƴǘƛŦƛŎŀǘƛƻƴ ŜȄǇŜǊƛƳŜƴǘ Ƴŀȅ ōŜ ǎǘǊƻƴƎƭȅ ŎƻǊǊŜƭŀǘŜŘ ƛŦ 
ǘƘŜ ƛƴǇǳǘǎ ŀǊŜ ǇŜǊǘǳǊōŜŘ ōȅ ǳƴŎƻǊǊŜƭŀǘŜŘ ǎƛƎƴŀƭǎΣ ŀǎ 
ƛǎ ǎǘŀƴŘŀǊŘ ǇǊŀŎǘƛŎŜ ώмϐΦ {ǳŎƘ ŀ ŎƻǊǊŜƭŀǘƛƻƴ ǊŜŘǳŎŜǎ 
ƛŘŜƴǘƛŦƛŀōƛƭƛǘȅΦ
Lƴ ǇǊƛƴŎƛǇŀƭ ŎƻƳǇƻƴŜƴǘ ŀƴŀƭȅǎƛǎ όt/!ύΣ ǘƘŜ ƳŀȄƛƳǳƳ

ŀƳƻǳƴǘ ƻŦ ƛƴŦƻǊƳŀǘƛƻƴ ƛǎ ŜȄǘǊŀŎǘŜŘ ŦǊƻƳ ŀ Řŀǘŀ ƳŀǘǊƛȄ
ὢ ƛƴǘƻ ŀ ƴǳƳōŜǊ ƻŦ ŎƻƳǇƻƴŜƴǘǎ ƭŜǎǎ ǘƘŀƴ ǘƘŜ ƴǳƳōŜǊ
ƻŦ ǾŀǊƛŀōƭŜǎ ƛƴ ὢΦ ¢ƘŜ ŎƻƳǇƻƴŜƴǘ Řŀǘŀ ǾŜŎǘƻǊǎ όǎŎƻǊŜ
ǾŜŎǘƻǊǎύ ŀǊŜ ƴƻǊƳπōƻǳƴŘŜŘ ƭƛƴŜŀǊ ŎƻƳōƛƴŀǘƛƻƴǎ ƻŦ ǘƘŜ
ὢ ŎƻƭǳƳƴǎ ǿƛǘƘ ƳŀȄƛƳǳƳ ǎŀƳǇƭŜ ǾŀǊƛŀƴŎŜ ŀƴŘ ƴƻ
ǎŀƳǇƭŜ ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ŎƻƳǇƻƴŜƴǘ ǾŜŎǘƻǊǎ όǘƘŜȅ
ŀǊŜ ƻǊǘƘƻƎƻƴŀƭύΦ Lƴ ƭƛƴŜ ǿƛǘƘ t/!Σ ǘƘŜ ŀƛƳ ƻŦ ǘƘŜ ƛƴǇǳǘ
ŘŜǎƛƎƴ ǇǊƻǇƻǎŜŘ ƛƴ ǘƘƛǎ ŎƻƴǘǊƛōǳǘƛƻƴ ƛǎ ǘƻ ƳŀȄƛƳƛȊŜ ǘƘŜ
ƛƴŦƻǊƳŀǘƛƻƴ ŎƻƴǘŜƴǘ ƻŦ ǘƘŜ ƻǳǘǇǳǘǎ ōȅ ǇǊƻŘǳŎƛƴƎ
ǳƴŎƻǊǊŜƭŀǘŜŘ ƻǳǘǇǳǘǎ ǿƛǘƘ ǎŀƳǇƭŜ ǾŀǊƛŀƴŎŜǎ ŀǘ ǎƻƳŜ
ƳŀȄƛƳǳƳ ŘŜǎƛǊŜŘ ƭŜǾŜƭΦ
¢ƘŜ ŀǳǘƘƻǊ Ƙŀǎ ǇǊŜǾƛƻǳǎƭȅ ǇǊŜǎŜƴǘŜŘ ŀ ƳƻŘŜƭπōŀǎŜŘ

ƛƴǇǳǘ ŘŜǎƛƎƴ ƳŜǘƘƻŘ ǘƻ ƻōǘŀƛƴ ǳƴŎƻǊǊŜƭŀǘŜŘ ƻǳǘǇǳǘǎ
ǿƛǘƘ ǎǇŜŎƛŦƛŜŘ ǾŀǊƛŀƴŎŜǎ ώнςпϐΦ Lƴ ǘƘƛǎ ŎƻƴǘǊƛōǳǘƛƻƴΣ ŀ
ǇǳǊŜƭȅ ŘŀǘŀπōŀǎŜŘ ƛƴǇǳǘ ŘŜǎƛƎƴ ƳŜǘƘƻŘ ƛǎ ǇǊƻǇƻǎŜŘΦ
bŀǘǳǊŀƭƭȅΣ ǘƘƛǎ ƛǎ ǇǊŜŦŜǊŀōƭŜ ŦǊƻƳ ŀ ǇǊŀŎǘƛŎŀƭ Ǉƻƛƴǘ ƻŦ
ǾƛŜǿΦ ¢ƘŜ Řŀǘŀ ŀǊŜ ƻōǘŀƛƴŜŘ ŦǊƻƳ ƻƴŜ ƻǊ ǎŜǾŜǊŀƭ
ǇǊŜƭƛƳƛƴŀǊȅ ŜȄǇŜǊƛƳŜƴǘǎ ǿƛǘƘ ǘƘŜ ǎȅǎǘŜƳ ǘƻ ōŜ
ƛŘŜƴǘƛŦƛŜŘΦ Lƴ ǘƘŜ ŎŀǎŜ ƻŦ ƻƴŜ ŜȄǇŜǊƛƳŜƴǘΣ ƛǘ Ŏŀƴ ōŜ ŀ
ǎǘŀƴŘŀǊŘ aLah ŜȄǇŜǊƛƳŜƴǘ ǿƛǘƘ ǳƴŎƻǊǊŜƭŀǘŜŘ ƛƴǇǳǘǎΣ
ōǳǘ ōŜǘǘŜǊ Řŀǘŀ ŦƻǊ ǘƘŜ ŘŜǎƛƎƴ ƛǎ ǳǎǳŀƭƭȅ ƻōǘŀƛƴŜŘ ōȅ
ǇŜǊŦƻǊƳƛƴƎ ŜȄǇŜǊƛƳŜƴǘǎ ǿƛǘƘ ƻƴŜ ƛƴǇǳǘ ŀǘ ŀ ǘƛƳŜΦ
[Ŝǘ ǘƘŜ aLah ǎȅǎǘŜƳ ǘƻ ōŜ ƛŘŜƴǘƛŦƛŜŘ ƘŀǾŜ ὲ ƛƴǇǳǘǎ

ŀƴŘ ὲ ƻǳǘǇǳǘǎ ǿƛǘƘ ƴǳƳŜǊƛŎŀƭ ǾŀƭǳŜǎ ό Ὧ ŀƴŘ ώ ὯΣ
ǊŜǎǇŜŎǘƛǾŜƭȅΣ ŀǘ ǎŀƳǇƭƛƴƎ ƛƴǎǘŀƴǘ ὯΦ ¢ƘŜ ŘȅƴŀƳƛŎǎ ƻŦ ǘƘŜ
ǎȅǎǘŜƳ Ŏŀƴ ōŜ ŘŜǎŎǊƛōŜŘ ōȅ ǘƘŜ ƳƻŘŜƭ

ώὯ ὋÑό ὯΣ
ǿƘŜǊŜ Ὃ Ñ ƛǎ ŀ ƳŀǘǊƛȄ ƻŦ ǇǳƭǎŜ ǘǊŀƴǎŦŜǊ ƻǇŜǊŀǘƻǊǎ
ŘŜŦƛƴŜŘ ǘƘǊƻǳƎƘ ǘƘŜ ǎƘƛŦǘ ƻǇŜǊŀǘƻǊ ÑΦ ¢ƘŜ ƛƴǇǳǘ ŘŜǎƛƎƴ

ŘƻŜǎ ƴƻǘ ǊŜǉǳƛǊŜ ƪƴƻǿƭŜŘƎŜ ƻŦ ǘƘƛǎ ƳƻŘŜƭ ŀƴŘ ƛǘ ƛǎ ƴƻǘ 
ǊŜǉǳƛǊŜŘ ǘƘŀǘ ŀ ƳƻŘŜƭ ƻŦ ǘƘƛǎ ŦƻǊƳ ƛǎ ƛŘŜƴǘƛŦƛŜŘΤ ƛǘ ƛǎ 
Ƴŀƛƴƭȅ ƛƴǘǊƻŘǳŎŜŘ ǘƻ ŦŀŎƛƭƛǘŀǘŜ ǘƘŜ ŘŜǎŎǊƛǇǘƛƻƴ ōŜƭƻǿΦ 
¢ƘŜ ƛƴǇǳǘ ŘŜǎƛƎƴ ƛǎ ōŀǎŜŘ ƻƴ ǘƘŜ ǳǎŜ ƻŦ ŀƴ ὲπ

ŘƛƳŜƴǎƛƻƴŀƭ ǇŜǊǘǳǊōŀǘƛƻƴ ǎƛƎƴŀƭ ‚ὯΦ ¦ǎǳŀƭƭȅΣ ǘƘƛǎ 
ǎƛƎƴŀƭ ƛǎ ŀ ǊŀƴŘƻƳ ōƛƴŀǊȅ ǎŜǉǳŜƴŎŜ όw.{ύΣ ŀ ǇǎŜǳŘƻπ
ǊŀƴŘƻƳ ōƛƴŀǊȅ ǎŜǉǳŜƴŎŜ όtw.{ύΣ ƻǊ ŀ ƳǳƭǘƛπǎƛƴǳǎƻƛŘŀƭ 
ǎƛƎƴŀƭ όa{{ύΦ ¢ƘŜ ƛƴŘƛǾƛŘǳŀƭ ǎƛƎƴŀƭǎ ‚ὯΣ Ὥ ρȟȣȟὲΣ 
ǎƘƻǳƭŘ ǇǊŜŦŜǊŀōƭȅ ōŜ ǳƴŎƻǊǊŜƭŀǘŜŘ ǿƛǘƘ ƻƴŜ ŀƴƻǘƘŜǊ ŀǎ 
ƛƴ ŀ ǎǘŀƴŘŀǊŘ ƛŘŜƴǘƛŦƛŎŀǘƛƻƴ ŜȄǇŜǊƛƳŜƴǘΦ ¢ƘŜ ƛƴǇǳǘ 
ŘŜǎƛƎƴ ƛǎ ŘƻƴŜ ōȅ ŘŜǊƛǾƛƴƎ ŀ ƭƛƴŜŀǊ ŎƻƳōƛƴŀǘƛƻƴ 

όὯ Ὕ‚Ὧ 
ǘƘŀǘ ǿƛƭƭ ǇǊƻŘǳŎŜ ǳƴŎƻǊǊŜƭŀǘŜŘ ƻǳǘǇǳǘǎ ώὯ ǿƛǘƘ 
ŘŜǎƛǊŜŘ ǾŀǊƛŀƴŎŜǎΦ ¢Ƙƛǎ ŘŜǎƛƎƴ ƛǎ ōŀǎŜŘ ƻƴ Řŀǘŀ ƻōǘŀƛƴŜŘ 
ŦǊƻƳ ǘƘŜ ǇǊŜǾƛƻǳǎƭȅ ƳŜƴǘƛƻƴŜŘ ŜȄǇŜǊƛƳŜƴǘόǎύΦ 
CƻǊ ŀƴ ὲ ὲ ǎȅǎǘŜƳΣ ǘƘŜ ƻǳǘǇǳǘ ŎƻǾŀǊƛŀƴŎŜ ƳŀǘǊƛȄ ƛǎ 

ŘŜŦƛƴŜŘ ōȅ ὲὲ ρ Ⱦς ǇŀǊŀƳŜǘŜǊǎΦ ¢Ƙƛǎ ƳŜŀƴǎ ǘƘŀǘ 
ǘƘŜ ǎŀƳŜ ƴǳƳōŜǊ ƻŦ ƛƴŘŜǇŜƴŘŜƴǘ ŜƭŜƳŜƴǘǎ ƻŦ Ὕ ƛǎ 
ǎǳŦŦƛŎƛŜƴǘ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ƻǳǘǇǳǘ ŎƻǾŀǊƛŀƴŎŜ ƳŀǘǊƛȄΣ 
ǿƘƛŎƘ ƛƴ ǘƘŜ ŎŀǎŜ ƻŦ ǳƴŎƻǊǊŜƭŀǘŜŘ ƻǳǘǇǳǘǎ ǿƛǘƘ ǾŀǊƛŀƴŎŜ 
м ƛǎ ǘƘŜ ƛŘŜƴǘƛǘȅ ƳŀǘǊƛȄΦ ¢Ƙƛǎ Ŏŀƴ ōŜ ŀŎƘƛŜǾŜŘ ōȅ ŀ 
ǘǊƛŀƴƎǳƭŀǊ ƻǊ ǎȅƳƳŜǘǊƛŎκǎƪŜǿπǎȅƳƳŜǘǊƛŎ Ὕ ƳŀǘǊƛȄ 
όƛƴŎƭǳŘƛƴƎ Ǌƻǿ ŀƴŘ ŎƻƭǳƳƴ ǇŜǊƳǳǘŀǘƛƻƴǎύΣ ŦƻǊ ŜȄŀƳǇƭŜΦ 
LŦ ŀ Ŧǳƭƭ Ὕ ƳŀǘǊƛȄ ƛǎ ǳǎŜŘΣ ǎƻƳŜ ŀŘŘƛǘƛƻƴŀƭ ǇǊƻǇŜǊǘȅ 
ōŜǎƛŘŜǎ ƻǳǘǇǳǘ ŎƻǊǊŜƭŀǘƛƻƴ Ŏŀƴ ōŜ ƻǇǘƛƳƛȊŜŘΦ Lǘ ƛǎ 
ǇƻǎǎƛōƭŜΣ ŦƻǊ ŜȄŀƳǇƭŜΣ ǘƻ ƳƛƴƛƳƛȊŜ ƛƴǇǳǘ ƻǊ ƻǳǘǇǳǘ ǇŜŀƪ 
ǾŀƭǳŜǎΣ ƻǊ ǘƘŜ ƛƴǇǳǘ ŎǊŜǎǘ ŦŀŎǘƻǊΦ {ǳŎƘ ƻǇǘƛƻƴǎ ŀǊŜ 
ƛƭƭǳǎǘǊŀǘŜŘ ōȅ ǘƘŜ ǳǎŜ ƻŦ ŀƴ ƛƭƭπŎƻƴŘƛǘƛƻƴŜŘ Řƛǎǘƛƭƭŀǘƛƻƴ 
ŎƻƭǳƳƴ ƳƻŘŜƭΦ 
 

wŜŦŜǊŜƴŎŜǎ 
ώмϐ [ƧǳƴƎΣ [ΦΣ {ȅǎǘŜƳ LŘŜƴǘƛŦƛŎŀǘƛƻƴΥ ¢ƘŜƻǊȅ ŦƻǊ ǘƘŜ 
¦ǎŜǊΣ нƴŘ ŜŘΣ tǊŜƴǘƛŎŜ IŀƭƭΣ ¦ǇǇŜǊ {ŀŘŘƭŜ wƛǾŜǊΣ 
bWΦΣ мффф  

ώнϐ IŅƎƎōƭƻƳΣ YΦ 9ΦΣ 9ȄǇŜǊƛƳŜƴǘ ŘŜǎƛƎƴǎ ŦƻǊ ƛŘŜƴǘƛŦƛπ
Ŏŀǘƛƻƴ ƻŦ ƳǳƭǘƛǾŀǊƛŀōƭŜ ŘȅƴŀƳƛŎ ǎȅǎǘŜƳǎΣ 
!ǳǘƻƳŀŀǘƛƻ ··LL {ŜƳƛƴŀǊΣ aŀǊŎƘ ноπнпΣ нлмтΣ 
±ŀŀǎŀΣ ф ǇǇ 

ώоϐ IŅƎƎōƭƻƳΣ YΦ 9ΦΣ ! ƴŜǿ ƻǇǘƛƳƛȊŀǘƛƻƴπōŀǎŜŘ 
ŀǇǇǊƻŀŎƘ ǘƻ ŜȄǇŜǊƛƳŜƴǘ ŘŜǎƛƎƴ ŦƻǊ ŘȅƴŀƳƛŎ aLah 
ƛŘŜƴǘƛŦƛŎŀǘƛƻƴΣ LC!/πtŀǇŜǊǎhƴ[ƛƴŜΣ нлмтΣ рлπмΣ 
тонмςтонсΣ 5hLΥ млΦмлмсκƧΦƛŦŀŎƻƭΦнлмтΦлуΦмпто 

ώпϐ IŅƎƎōƭƻƳΣ YΦ 9ΦΣ 9ŀǎȅ ǿŀȅǎ ǘƻ ŘŜǎƛƎƴ ƛƴǇǳǘǎ ǘƻ 
ƻōǘŀƛƴ ǳƴŎƻǊǊŜƭŀǘŜŘ ƻǳǘǇǳǘǎ ƛƴ aLah ǎȅǎǘŜƳ 
ƛŘŜƴǘƛŦƛŎŀǘƛƻƴΣ LC!/πtŀǇŜǊǎhƴ[ƛƴŜΣ нлмуΣ рмπмрΣ 
ннтςнонΣ 5hLΥ млΦмлмсκƧΦƛŦŀŎƻƭΦнлмуΦлфΦмоф 

Extended Abstracts
ISBN 978-952-5183-56-6

Suomen Automaatioseura
Finnish Society of Automation

Automaatiopäivät23
Oulu 15.-16.5.2019

37



                                                                                                                                                                  !ǳǘƻƳŀŀǘƛƻǇŅƛǾŅǘно нлмф 
πππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππ 

 

9ǎƪƻ YΦ Wǳǳǎƻ 

9ȄǇŜǊǘƛǎŜ ŀƴŘ ǳƴŎŜǊǘŀƛƴǘȅ ǇǊƻŎŜǎǎƛƴƎ ǿƛǘƘ ŦǳȊȊȅ 
ǎȅǎǘŜƳǎ ŦƻǊ ŀǳǘƻƳŀǘƛƻƴ 
YŜȅǿƻǊŘǎΥ ŦǳȊȊȅ ǎŜǘ ǎȅǎǘŜƳǎΣ ŦǳȊȊȅ ŀǊƛǘƘƳŜǘƛŎΣ ŘƻƳŀƛƴ 
ŜȄǇŜǊǘƛǎŜΣ ǳƴŎŜǊǘŀƛƴǘȅ 

ϝ/ƻǊǊŜǎǇƻƴŘƛƴƎ !ǳǘƘƻǊΥ 9ǎƪƻ YΦ WǳǳǎƻΥ /ƻƴǘǊƻƭ 
9ƴƎƛƴŜŜǊƛƴƎΣ 9ƴǾƛǊƻƴƳŜƴǘŀƭ ŀƴŘ /ƘŜƳƛŎŀƭ 9ƴƎƛƴŜŜǊƛƴƎΣ 
¦ƴƛǾŜǊǎƛǘȅ ƻŦ hǳƭǳΣ 9πƳŀƛƭΥ ŜǎƪƻΦƧǳǳǎƻϪƻǳƭǳΦŦƛ 

мΦ .ŀŎƪƎǊƻǳƴŘ ŀƴŘ ŀƛƳǎ 

5ƻƳŀƛƴ ŜȄǇŜǊǘƛǎŜ ŀƴŘ ǳƴŎŜǊǘŀƛƴǘȅ ǇǊƻŎŜǎǎƛƴƎ ƴŜŜŘ ǘƻ 
ōŜ ƛƴǘŜƎǊŀǘŜŘ ƛƴ ŀǳǘƻƳŀǘƛƻƴ ǎƻƭǳǘƛƻƴǎ ǿƘƛŎƘ ǊŜƭȅ ƻƴ 
Řŀǘŀ ŀƴŀƭȅǘƛŎǎ ŀƴŘ ŀǊǘƛŬŎƛŀƭ ƛƴǘŜƭƭƛƎŜƴŎŜΦ Lƴ Ƴŀƴȅ ŎŀǎŜǎΣ 
ǘƘŜ ǊŜǎǳƭǘ ƳƛƎƘǘ ƭƻƻƪ ǾŜǊȅ ƎƻƻŘ ōǳǘ ƛǎ ǇǊŜŎƛǎŜƭȅ ǿǊƻƴƎ ƛŦ 
ǘƘŜ ǎƻƭǳǘƛƻƴ ƛǎ ōŀǎŜŘ ƻƴ ƻǾŜǊŦƛǘǘƛƴƎ ƻǊ ƛƳǇƻǊǘŀƴǘ ŦŀŎǘǎ 
ƻǊ Řŀǘŀ ŀǊŜ ƴƻǘ ǘŀƪŜƴ ƛƴǘƻ ŀŎŎƻǳƴǘΦ ¢ƘŜ ǎȅǎǘŜƳǎ ǎƘƻǳƭŘ 
ƘŀǾŜ ŀ ƭŜǾŜƭ ŦƻǊ ŀǎǎŜǎǎƛƴƎ ǿƘŀǘ ƛǎ ŀǇǇǊƻȄƛƳŀǘŜƭȅ 
ŎƻǊǊŜŎǘΦ  

{ǘŀǘƛǎǘƛŎŀƭ ƳƻŘŜƭǎ ŀǊŜ ƛƴ ǾŀǊƛƻǳǎ ǿŀȅǎ ǳǎŜŘ ƛƴ Řŀǘŀπ
ŘǊƛǾŜƴ ƳƻŘŜƭƭƛƴƎ ŀƴŘ ǊǳƭŜπōŀǎŜŘ ǎȅǎǘŜƳǎ ŦƻǊƳ ǘƘŜ ōŀǎƛǎ 
ŦƻǊ ƘŀƴŘƭƛƴƎ ŜȄǇŜǊǘƛǎŜΦ /ŀǎŜπōŀǎŜŘ ǎȅǎǘŜƳǎΣ ƴŜǳǊŀƭ 
ŎƻƳǇǳǘƛƴƎ ŀƴŘ ƳŀŎƘƛƴŜ ƭŜŀǊƴƛƴƎ ŜȄǇŀƴŘ ǘƘŜ ǎƻƭǳǘƛƻƴǎ 
ǘƻ ƭŀǊƎŜπǎŎŀƭŜ ǇǊƻōƭŜƳǎΦ /ƻƳǇƭŜȄƛǘȅ ƻŦ ǘƘŜ ǎȅǎǘŜƳǎ Ŏŀƴ 
ōŜ ǊŜŘǳŎŜŘ ōȅ ǳǎƛƴƎ ƴƻƴƭƛƴŜŀǊ ǎŎŀƭƛƴƎ ŦƻǊ ǾŀǊƛŀōƭŜǎΦ 

¢ƘŜ ǎƻƭǳǘƛƻƴǎ ŀǊŜ ŀƛƳŜŘ ǘƻ ōǊƛƴƎ ǘƘŜ ŜȄǇŜǊǘƛǎŜ ŀƴŘ 
ǳƴŎŜǊǘŀƛƴǘȅ ǇǊƻŎŜǎǎƛƴƎ ǘƻ ƛƴǘŜƎǊŀƭ ǇŀǊǘǎ ƻŦ ǘƘŜ /ȅōŜǊ 
tƘȅǎƛŎŀƭ {ȅǎǘŜƳǎ ό/t{ύ ώмϐΦ 

¢Ƙƛǎ ǇŀǇŜǊ ŀƴŀƭȅǎŜǎ ŀƭǘŜǊƴŀǘƛǾŜǎ ƻŦ ŦǳȊȊȅ ŜȄǘŜƴǎƛƻƴǎ ƻŦ 
ǇŀǊŀƳŜǘǊƛŎ ǎȅǎǘŜƳǎ ǿƘŜǊŜ ǘƘŜ ƳŜŀƴƛƴƎǎ ƻŦ ǾŀǊƛŀōƭŜǎΣ 
ŘƛũŜǊŜƴǘ ǘȅǇŜǎ ƻŦ ŦǳȊȊȅ ŀƴŘ ǇŀǊŀƳŜǘǊƛŎ ǎȅǎǘŜƳǎ ŀǊŜ 
ǳǎŜŘ ŀǎ ōǳƛƭŘƛƴƎ ōƭƻŎƪǎΦ CǳȊȊȅ ǎȅǎǘŜƳǎ ǇǊƻǾƛŘŜ ǘƻƻƭǎ ŦƻǊ 
ǳƴŎŜǊǘŀƛƴǘȅ ǇǊƻŎŜǎǎƛƴƎ ŀƴŘ ƛƴǘŜƎǊŀǘƛƴƎ ŘƻƳŀƛƴ 
ŜȄǇŜǊǘƛǎŜΦ  

нΦ aŀǘŜǊƛŀƭǎ ŀƴŘ ƳŜǘƘƻŘǎ 

tŀǊŀƳŜǘǊƛŎ ǎǘŀǘƛǎǘƛŎŀƭ ƳƻŘŜƭǎ ōŀǎŜŘ ƻƴ ƳǳƭǘƛǾŀǊƛŀōƭŜ 
ƭƛƴŜŀǊ ǊŜƎǊŜǎǎƛƻƴ ŀǊŜ ǘƘŜ ōŀǎƛŎ ǎƻƭǳǘƛƻƴ ŦƻǊ ǘƘŜ 
ƛƴǘŜǊŀŎǘƛƻƴǎΦ wŜǎǇƻƴǎŜ ǎǳǊŦŀŎŜ ƳŜǘƘƻŘǎ ƛƴŎƭǳŘŜ ƳƻǊŜ 
ŎƻƳǇƭŜȄ ƛƴǘŜǊŀŎǘƛƻƴǎΦ [ƛƴŜŀǊ ǎƻƭǳǘƛƻƴǎ Ŏŀƴ ōŜ ŜȄǘŜƴŘŜŘ 
ǘƻ ŎŀǎŜπōŀǎŜŘ ǎȅǎǘŜƳǎ ōȅ ǳǎƛƴƎ ƭƛƴŜŀǊ ǇŀǊŀƳŜǘŜǊ 
ǾŀǊȅƛƴƎ ό[t±ύ ƳƻŘŜƭǎΦ bŜǳǊŀƭ ƴŜǘǿƻǊƪǎ Ŏŀƴ ŦǳǊǘƘŜǊ 
ŜȄǘŜƴŘ ǘƘŜ ŎƻƳǇƭŜȄƛǘȅ ƻŦ ƴƻƴƭƛƴŜŀǊ ƛƴǘŜǊŀŎǘƛƻƴǎ 
ŎƻƴǎƛŘŜǊŀōƭȅ ǘƘǊƻǳƎƘ ƳŀŎƘƛƴŜ ƭŜŀǊƴƛƴƎΦ 

CǳȊȊȅ ǎȅǎǘŜƳǎ ŀǊŜ ōŀǎŜŘ ƻƴ ǊǳƭŜǎΣ ǊŜƭŀǘƛƻƴǎ ŀƴŘ ƭƻŎŀƭ 
ƳƻŘŜƭǎΣ ǿƘƛŎƘ ƛƴŎƭǳŘŜ ŦǳȊȊȅ ƴǳƳōŜǊǎ ŀƴŘ ƭŀōŜƭǎ 
ǊŜǇǊŜǎŜƴǘŜŘ ōȅ ƳŜƳōŜǊǎƘƛǇ ŦǳƴŎǘƛƻƴǎ όaCǎύΦ ¢ƘŜ 
ǳƴŎŜǊǘŀƛƴ ŦŀŎǘǎ ŀǊŜ ǇǊƻŎŜǎǎŜŘ ōȅ ŎŀƭŎǳƭŀǘƛƻƴǎ ǿƛǘƘ ǘƘŜ 
ŘŜƎǊŜŜǎ ƻŦ ƳŜƳōŜǊǎƘƛǇΦ  

bƻƴƭƛƴŜŀǊ ǎŎŀƭƛƴƎ ƛƳǇǊƻǾŜǎ ǘƘŜ ƴǳƳŜǊƛŎŀƭ ŎŀƭŎǳƭŀǘƛƻƴǎ 
ƛƴ ǘƘŜǎŜ ǎȅǎǘŜƳǎΦ ¢ƘŜ ƴƻƴƭƛƴŜŀǊ ŜŦŦŜŎǘǎ ŀǊŜ ŀǎ ƳǳŎƘ ŀǎ 
ǇƻǎǎƛōƭŜ ǘŀƪŜƴ ƛƴǘƻ ŀŎŎƻǳƴǘ ǿƛǘƘ ǘƘŜ ƴƻƴƭƛƴŜŀǊ ǎŎŀƭƛƴƎ 
ώнΣ оϐΦ 

оΦ {ƻƭǳǘƛƻƴ 

¢ƘŜ ǎƻƭǳǘƛƻƴ ƛǎ ōŀǎŜŘ ƻƴ ǘƘǊŜŜ ǎǘŀƎŜǎΥ όмύ aŜŀƴƛƴƎǎ ƻŦ 
ǘƘŜ ǾŀǊƛŀōƭŜǎΣ όнύ ¦ƴŎŜǊǘŀƛƴǘȅ ƻŦ ǘƘŜ ǾŀǊƛŀōƭŜǎ ŀƴŘ 
ƳƻŘŜƭ ŎƻŜŦŦƛŎƛŜƴǘǎ ŀǊŜ ǊŜǇǊŜǎŜƴǘŜŘ ōȅ ŦǳȊȊȅ ƴǳƳōŜǊǎΣ 
ŀƴŘ όоύ .ƻǘƘ ƭƛƴŜǎ ƻŦ ǎȅǎǘŜƳ ŘŜǾŜƭƻǇƳŜƴǘΣ ǎǘŀǘƛǎǘƛŎŀƭ 
ŀƴŘ ŦǳȊȊȅΣ ŀǊŜ ŜŶŎƛŜƴǘƭȅ ŜȄǘŜƴŘŜŘ ǘƻ ƴƻƴƭƛƴŜŀǊ 
ŀǇǇƭƛŎŀǘƛƻƴǎ ōȅ ƳƻŘƛŦȅƛƴƎ ǘƘŜ ƳŜŀƴƛƴƎǎ ƻŦ ǘƘŜ ǾŀǊƛŀōƭŜ 
ƭŜǾŜƭǎΦ ¢ƘŜ ƭƛƴŜŀǊ ƳƻŘŜƭǎ ŀƴŘ ǊǳƭŜōŀǎŜǎ ŦƻŎǳǎ ƘŜǊŜ ƻƴ 
ǘƘŜ ŘƛǊŜŎǘƛƻƴǎ ƻŦ ƛƴǘŜǊŀŎǘƛƻƴǎΦ 

¦ƴŎŜǊǘŀƛƴǘƛŜǎ ƻŦ ǘƘŜ ƛƴǇǳǘǎ ŀǊŜ ǘŀƪŜƴ ƛƴǘƻ ŀŎŎƻǳƴǘ ōȅ 
ǳǎƛƴƎ ŦǳȊȊȅ ƴǳƳōŜǊǎ ŀǎ ǘƘŜ ƛƴǇǳǘǎ ƻŦ ŘƛũŜǊŜƴǘ ŦǳȊȊȅ 
ǎȅǎǘŜƳǎ ǿƘƛŎƘ ŀǊŜ ŎƻƳōƛƴŜŘ ŜƳōŜŘŘŜŘ ǇŀǊŀƳŜǘǊƛŎ 
ǎȅǎǘŜƳǎΦ ¢ƘŜǎŜ ǎƻƭǳǘƛƻƴǎ ŀǊŜ ŜȄǘŜƴŘŜŘ ōȅ ƴƻƴƭƛƴŜŀǊ 
ǎŎŀƭƛƴƎ ŦǳƴŎǘƛƻƴǎ όb{Cǎύ ǿƘƛŎƘ ŀƭǎƻ ƳŀƪŜ ǘƘŜƳ ŜŀǎƛŜǊ ǘƻ 
ŎƻƳōƛƴŜ ŀƴŘ ǘǳƴŜΦ  

²ƘŜƴ ŦǳȊȊȅ ǊǳƭŜπōŀǎŜŘ ǎȅǎǘŜƳǎ ŀǊŜ ǊŜǇǊŜǎŜƴǘŜŘ ǿƛǘƘ 
ǎŎŀƭŜŘ ŦǳȊȊȅ ƛƴǇǳǘǎΣ ƳŜƳōŜǊǎƘƛǇ ŦǳƴŎǘƛƻƴǎ όaCǎύ Ŏŀƴ ōŜ 
ŘŜǾŜƭƻǇŜŘ ŦǊƻƳ b{Cǎ ŀƴŘ ŜȄƛǎǘƛƴƎ aCǎ Ŏŀƴ ōŜ ǳǎŜŘ ƛƴ 
ŘŜǾŜƭƻǇƛƴƎ b{CǎΦ CǳȊȊȅ ǎŜǘ ǎȅǎǘŜƳǎ ŀƴŘ ƭƛƴƎǳƛǎǘƛŎ 
Ŝǉǳŀǘƛƻƴ ǎȅǎǘŜƳǎ ŀǊŜ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘƛƴ ǘƘŜ ƭƛƳƛǘǎ ƻŦ 
ŘŜǘŀƛƭΦ Lƴ ǊŜŎǳǊǎƛǾŜ ŀƴŀƭȅǎƛǎΣ ōƻǘƘ ƳŜŀƴƛƴƎǎ ŀƴŘ 
ƛƴǘŜǊŀŎǘƛƻƴǎ ƻƴ ŀƭƭ ƭŜǾŜƭǎ Ŏŀƴ ōŜ ǘǳƴŜŘ ǘƻƎŜǘƘŜǊ ǿƛǘƘ 
ƎŜƴŜǘƛŎ ŀƭƎƻǊƛǘƘƳǎΦ  

пΦ !ǇǇƭƛŎŀǘƛƻƴǎ 

Lƴ ŀǇǇƭƛŎŀǘƛƻƴǎΣ ǘƘŜ ƳƻŘǳƭŀǊ ƻǾŜǊŀƭƭ ǎȅǎǘŜƳ Ŏƻƴǎƛǎǘǎ ƻŦ 
ǎƛƳƛƭŀǊ ǎǳōǎȅǎǘŜƳǎΣ ǿƘƛŎƘ ŀǊŜ ƴƻǊƳŀƭƭȅ ǳǎŜŘΦ 
¦ƴŎŜǊǘŀƛƴǘȅ ƛǎ ƛƴŎƭǳŘŜŘ ǿƛǘƘ ŜȄǘŜƴǎƛƻƴǎ ǘƻ ǿƛǘƘ ǘƘŜ 
ŦǳȊȊȅ ŜȄǘŜƴǎƛƻƴǎΦ  

¶ /ŀǎŜπōŀǎŜŘ ƳƻŘŜƭǎ Ŏŀƴ ǳǘƛƭƛȊŜ ŦǳȊȊȅ ǿƻǊƪƛƴƎ Ǉƻƛƴǘ 
ƳƻŘŜƭǎ ƻǊ [t± ƳƻŘŜƭ ǎƻƭǳǘƛƻƴǎ ǿƘŜǊŜ ǘƘŜ [9 
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πππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππ 

 

ǎǳōƳƻŘŜƭǎ Ŏŀƴ ƘŀǾŜ ŦǳȊȊȅ ƛƴǇǳǘǎ ŀƴŘ ƻǊ ŦǳȊȊȅ 
ŎƻŜŦŦƛŎƛŜƴǘǎ ώпΣ рϐΦ 

¶ LƴǘŜƭƭƛƎŜƴǘ ŎƻƴǘǊƻƭ ǎƻƭǳǘƛƻƴǎ ǳǎŜ ŎƻƳōƛƴŜŘ ŦǳȊȊȅ 
ŀƴŘ [9 ƳƻŘŜƭǎ ƛƴ ƛƴǘŜƭƭƛƎŜƴǘ ŀƴŀƭȅȊŜǊǎ ǿƘƛŎƘ 
ǇǊƻǾƛŘŜ ƛƴŦƻǊƳŀǘƛǾŜ ƛƴŘƛŎŜǎ ŦƻǊ ǘƘŜ ŎƻƴǘǊƻƭ ŀƴŘ 
ŘŜŎƛǎƛƻƴ ƳŀƪƛƴƎΦ Lƴ ǘƘŜ ǎƻƭŀǊ ǘƘŜǊƳŀƭ ǇƻǿŜǊ ǇƭŀƴǘΣ 
ǘƘŜ ŦƻŎǳǎ ƛǎ ƛƴ ǘƘŜ ǿƻǊƪƛƴƎ ŎƻƴǘǊƻƭ ǿƘŜǊŜ ŀƭƭ ǘƘŜ 
ŀŎǘƛƻƴǎ ŀǊŜ ƛƴǘŜƎǊŀǘŜŘ ώсϐΦ 

¶ 5ƛŀƎƴƻǎǘƛŎ ǎƻƭǳǘƛƻƴǎ ŀǊŜ ŦǳȊȊȅ ǎȅǎǘŜƳǎ ǿƘŜǊŜ 
ŎƻƴŘƛǘƛƻƴ ƳƻƴƛǘƻǊƛƴƎ ŀƴŘ ǇǊƻŎŜǎǎ Řŀǘŀ ŀǊŜ 
ŎƻƳōƛƴŜŘ ǿƛǘƘ ǇŜǊŦƻǊƳŀƴŎŜ ƛƴŘƛŎŜǎ ƛƴ ƛƴǘŜƭƭƛƎŜƴǘ 
ŀƴŀƭȅȊŜǊǎΦ {ȅƳǇǘƻƳǎ ŀǊŜ ǾŜǊǎŀǘƛƭŜ ŦŀŎǘǎΣ ƛƴŎƭǳŘƛƴƎ 
ƭŀōŜƭǎΣ ƛƴŜǉǳŀƭƛǘƛŜǎ ŀƴŘ ǘǊŜƴŘǎΦ ώтϐ bŀǘǳǊŀƭ 
ƭŀƴƎǳŀƎŜ ƛƴǘŜǊŦŀŎŜ ƛǎ ƛƳǇƻǊǘŀƴǘ ƛƴ ŘƛŀƎƴƻǎǘƛŎǎ ώуϐΦ 

¢ƘŜ ŎƻƳǇŀŎǘ ŦǳȊȊȅ ƳƻŘǳƭŜǎ Ŏŀƴ ōŜ ŘŜǾŜƭƻǇŜŘ ŦƻǊ 
ǎǇŜŎƛŬŎ ǘŀǎƪǎ ǿƘƛŎƘ ŀǊŜ ŎƻƳōƛƴŜŘ ǿƛǘƘƛƴ /ȅōŜǊ tƘȅǎƛŎŀƭ 
{ȅǎǘŜƳǎ ό/t{ύ ώмϐΦ ¢ƘŜ ŦǳȊȊȅ ŜȄǘŜƴǎƛƻƴǎ ǇǊƻǾƛŘŜ ŀ 
ŦŜŀǎƛōƭŜ ǿŀȅ ŦƻǊ ǘƘŜ ǎŜƴǎƛǘƛǾƛǘȅ ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ǎƻƭǳǘƛƻƴΦ 

рΦ /ƻƴŎƭǳǎƛƻƴǎ 

9ȄǇŜǊǘƛǎŜ ŀƴŘ ǳƴŎŜǊǘŀƛƴǘȅ ǇǊƻŎŜǎǎƛƴƎ Ŏŀƴ ōŜ ŜŦŦƛŎƛŜƴǘƭȅ 
ƛƴǘŜƎǊŀǘŜŘ ōȅ ŎƻƳǇŀŎǘ ƴƻƴƭƛƴŜŀǊ ǎŎŀƭƛƴƎ ǿƘƛŎƘ 
ǎƛƳǇƭƛŦƛŜǎ ǎǘŀǘƛǎǘƛŎŀƭΣ ŦǳȊȊȅ ŀƴŘ ƴŜǳǊŀƭ ǎƻƭǳǘƛƻƴǎΦ Lƴ 
ƭŀǊƎŜπǎŎŀƭŜ ǇŀǊŀƳŜǘǊƛŎ ǎȅǎǘŜƳǎΣ ŦǳȊȊȅ ǎȅǎǘŜƳǎ ŀǊŜ ǳǎŜŘ 
ŦƻǊ ōŀƭŀƴŎƛƴƎ ŎƻƴǘǊŀŘƛŎǘƻǊȅ ƛƴŦƻǊƳŀǘƛƻƴΣ ƴƻƴπƴǳƳŜǊƛŎ 
ŜȄǇŜǊǘƛǎŜ ŀƴŘ ƻǇŜǊŀǘƛƴƎ ŀǊŜŀǎΦ  

wŜŦŜǊŜƴŎŜǎ 
мΦ 9ΦYΦ WǳǳǎƻΦ {ƳŀǊǘ ŀŘŀǇǘƛǾŜ ōƛƎ Řŀǘŀ ŀƴŀƭȅǎƛǎ ǿƛǘƘ 
ŀŘǾŀƴŎŜŘ ŘŜŜǇ ƭŜŀǊƴƛƴƎΦ hǇŜƴ 9ƴƎƛƴŜŜǊƛƴƎΣ 
уόмύΥплоςпмсΣ нлмуΦ  

нΦ 9Φ YΦ WǳǳǎƻΦ LƴǘŜƎǊŀǘƛƻƴ ƻŦ ƛƴǘŜƭƭƛƎŜƴǘ ǎȅǎǘŜƳǎ ƛƴ 
ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ǎƳŀǊǘ ŀŘŀǇǘƛǾŜ ǎȅǎǘŜƳǎΦ 
LƴǘŜǊƴŀǘƛƻƴŀƭ WƻǳǊƴŀƭ ƻŦ !ǇǇǊƻȄƛƳŀǘŜ wŜŀǎƻƴƛƴƎΣ 
орόоύΥолтςоотΣ нллпΦ 

оΦ 9Φ Wǳǳǎƻ ŀƴŘ {Φ [ŀƘŘŜƭƳŀΦ LƴǘŜƭƭƛƎŜƴǘ ǎŎŀƭƛƴƎ ƻŦ 
ŦŜŀǘǳǊŜǎ ƛƴ Ŧŀǳƭǘ ŘƛŀƎƴƻǎƛǎΦ Lƴ тǘƘ LƴǘŜǊƴŀǘƛƻƴŀƭ 
/ƻƴŦŜǊŜƴŎŜ ƻƴ /ƻƴŘƛǘƛƻƴ aƻƴƛǘƻǊƛƴƎ ŀƴŘ 
aŀŎƘƛƴŜǊȅ CŀƛƭǳǊŜ tǊŜǾŜƴǘƛƻƴ ¢ŜŎƘƴƻƭƻƎƛŜǎΣ /a 
нлмл π aCt¢ нлмлΣ ннπнп WǳƴŜ нлмлΣ {ǘǊŀǘŦƻǊŘπ
ǳǇƻƴπ!ǾƻƴΣ ¦YΣ ǾƻƭǳƳŜ нΣ ǇŀƎŜǎ моруςмотнΣ нлмлΦ 

пΦ 9Φ YΦ WǳǳǎƻΦ 5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ƳǳƭǘƛǇƭŜ ƭƛƴƎǳƛǎǘƛŎ 
Ŝǉǳŀǘƛƻƴ ƳƻŘŜƭǎ ǿƛǘƘ ¢ŀƪŀƎƛπ{ǳƎŜƴƻ ǘȅǇŜ ŦǳȊȊȅ 
ƳƻŘŜƭǎΦ Lƴ tǊƻŎŜŜŘƛƴƎǎ ƻŦ нллф LC{! ²ƻǊƭŘ 
/ƻƴƎǊŜǎǎκ нллф 9¦{C[!¢ /ƻƴŦŜǊŜƴŎŜΣ Wǳƭȅ нлπнпΣ 
нллфΣ [ƛǎōƻŀΣ tƻǊǘǳƎŀƭΣ ǇŀƎŜǎ мттфςмтупΦ LC{!π
9¦{C[!¢Σ нллфΦ 

рΦ 9ǎƪƻ WǳǳǎƻΦ LƴǘŜƭƭƛƎŜƴǘ ƳǳƭǘƛƳƻŘŜƭ ǎƛƳǳƭŀǘƛƻƴ ƛƴ 
ŘŜŎƻƳǇƻǎŜŘ ǎȅǎǘŜƳǎΦ Lƴ tǊƻŎŜŜŘƛƴƎǎ ƻŦ ¢ƘŜ рфǘƘ 
/ƻƴŦŜǊŜƴŎŜ ƻƴ {ƛƳǳƭŀǘƛƻƴ ŀƴŘ aƻŘŜƭƭƛƴƎ ό{La{ 
рфύΣ нсπну {ŜǇǘŜƳōŜǊ нлмуΣ hǎƭƻ aŜǘǊƻǇƻƭƛǘŀƴ 
¦ƴƛǾŜǊǎƛǘȅΣ bƻǊǿŀȅΣ ƴǳƳōŜǊ мроΣ ǇŀƎŜǎ олуςомрΦ 
[ƛƴƪǀǇƛƴƎ ¦ƴƛǾŜǊǎƛǘȅ 9ƭŜŎǘǊƻƴƛŎ tǊŜǎǎΣ [ƛƴƪǀǇƛƴƎǎ 
ǳƴƛǾŜǊǎƛǘŜǘΣ нлмуΦ 

сΦ 9ΦYΦ WǳǳǎƻΦ CǳȊȊȅ ŀŘŀǇǘŀǘƛƻƴ ƻŦ ƛƴǘŜƭƭƛƎŜƴǘ ŎƻƴǘǊƻƭ 
ŦƻǊ ǎƻƭŀǊ ǘƘŜǊƳŀƭ ǇƻǿŜǊ ǇƭŀƴǘǎΦ олǘƘ 9ǳǊƻǇŜŀƴ 
aƻŘŜƭƛƴƎ ŀƴŘ {ƛƳǳƭŀǘƛƻƴ {ȅƳǇƻǎƛǳƳΣ 9a{{ нлмуΣ 
ǇŀƎŜǎ опоςопуΣ нлмуΦ  

тΦ 9Φ YΦ WǳǳǎƻΦ LƴǘŜƭƭƛƎŜƴǘ ǇŜǊŦƻǊƳŀƴŎŜ ŀƴŀƭȅǎƛǎ ǿƛǘƘ ŀ 
ƴŀǘǳǊŀƭ ƭŀƴƎǳŀƎŜ ƛƴǘŜǊŦŀŎŜΦ aŀƴŀƎŜƳŜƴǘ {ȅǎǘŜƳǎ 
ƛƴ tǊƻŘǳŎǘƛƻƴ 9ƴƎƛƴŜŜǊƛƴƎΣ нрόоύΥмсуςмтрΣ нлмтΦ  

уΦ 9Φ YΦ WǳǳǎƻΦ LƴŦƻǊƳŀǘƛǾŜ ǇǊƻŎŜǎǎ ƳƻƴƛǘƻǊƛƴƎ ǿƛǘƘ ŀ 
ƴŀǘǳǊŀƭ ƭŀƴƎǳŀƎŜ ƛƴǘŜǊŦŀŎŜΦ Lƴ нлмс ¦Y{ƛƳπ!a{{ 
муǘƘ LƴǘŜǊƴŀǘƛƻƴŀƭ /ƻƴŦŜǊŜƴŎŜ ƻƴ aƻŘŜƭƭƛƴƎ ŀƴŘ 
{ƛƳǳƭŀǘƛƻƴΣ сπу !ǇǊƛƭΣ нлмсΣ /ŀƳōǊƛŘƎŜΣ ¦YΣ ǇŀƎŜǎ 
млрςммлΦ L999 /ƻƳǇǳǘŜǊ {ƻŎƛŜǘȅΣ нлмсΦ 
 

Extended Abstracts
ISBN 978-952-5183-56-6

Suomen Automaatioseura
Finnish Society of Automation

Automaatiopäivät23
Oulu 15.-16.5.2019

39



mailto:francisco.gomez@semantum.fi
mailto:matias.alarotu@vtt.fi
mailto:gerardo.santillan@semantum.fi
mailto:tommi.karhela@semantum.fi
mailto:Takahiro.Kanbe@jp.yokogawa.com
https://doi.org/10.1016/j.procir.2016.03.146
https://fmi-standard.org/


                                                                                                                                                                  Automaatiopäivät23 2019
-----------------------------------------------------------------------------------------------------------------------------------------------------------

Jaakko Etto, Matti Paaso

 
Automaatioinsinöörin kompetenssit ja osaamisen 
oppiminen

1 Johdanto
Lapin Ammattikorkeakoulussa on sähkö- ja auto-
maatioalan insinöörikoulutuksen opetussuunnitelmat
uusittu vuonna 2017 projektiperusteisiksi. Jokaiselle
lukukaudelle on määritelty oppimisen keskiönä oleva
projekti, joka kokoaa koko lukukauden osaamisen
keskeiset osa-alueet projektia tukevien opintojaksojen
avulla. Projektien ja opintojaksojen tavoitteet ovat
määritelty laadittujen koulutusten yhteisten sekä
sähkö- ja automaatioalan kompetenssien perusteella.

Oppimisen tavoitteiden saavuttamisen keskeinen
väline ovat oppimisympäristöt. Opetuksen kehittämi-
sen ratkaisevat työpanokset suunnataankin oppimis-
ympäristöjen kehittämiseen ja oppimisympäristöissä
oppimistapahtumissa käytettäviin pedagogisten
menetelmien toteuttamiseen. Seuraavassa on esitelty
projektimuotoisen automaatioinsinöörikoulutuksen
sisältöä ja toteutuksen muutosta.

2 Automaatioinsinöörikoulutuksen
opetussuunnitelma

Lapin Ammattikorkeakoulussa on automaatioalan
insinöörikoulutuksen opetussuunnitelma uusittu
useaan kertaan, suurimmat muutokset lienee vuosina
1992, 1997, 2001, 2007 ja 2017.

 
2.1 OPS2017 lähtökohdat ja tavoitteet 

Lapin ammattikorkeakoulussa päätettiin kahden eri 
ammattikorkeakoulun Kemi-Tornio ja Rovaniemi 
yhdistymisen jälkeen saada kaikkien koulutusten 
pedagogiset ratkaisut samankaltaisiksi. Uusien 
opetussuunnitelmien laatimisesta vastasivat eri 
koulutusten avainhenkilöt. Opetussuunnitelman 
kehitystyön yhteydessä järjestettiin laajat koulutukset 
mm. projektimuotoisen koulutuksen pedagogisista 
menetelmistä ja arvioinnin menetelmistä. Samalla 

perehdyttiin jo käytössä oleviin parhaisiin 
käytänteisiin. 

 
Opetussuunnitelmatyössä määrättiin opintojen 

laajuudeksi 5 op ja sen kerrannaiset, kun aikaisemmin 
automaatioinsinöörikoulutuksen opintojaksot olivat 
olleet 3 op ja sen kerrannaisia. Jotta uusi OPS2017 ei 
koostuisi vanhan opetussuunnitelman opintojaksojen 
yhdistelyistä päätettiin muuttaa myös oppimisen 
aikataulutusta. Samoin päätettiin, että kaksi 
ensimmäistä opintovuotta sähkövoima- ja 
automaatiotekniikan koulutuksessa ovat sisällöltään 
samoja. 

 
Projekteja ja projektityöskentelyä haluttiin myös 

opettajien toimesta koulutuksessa lisätä, koska 
opiskelijat olivat olleet tyytyväisiä projektitöihin ja 
projekteina toteutettuihin opintojaksoihin jo 20 
vuoden ajan. Projektityöt insinöörikoulutuksessa 
aloitettiin jo 1990-luvun alkupuolella ja niitä 
kokemusten karttuessa lisättiin ammatillisiin 
moduuleihin projektityön tai erikoistyön nimellä. 

 

Uuden opetussuunnitelman sisällön laatimisessa 
keskeinen lähtökohta oli automaatioinsinöörin 
osaamisen määrittelevät kompetenssit, eli mitä 
valmistuvan insinöörin tulisi osata. Kompetenssien 
laadinta tehtiin yhteistyössä teollisuuden kanssa.  

 
2.2 Kompetenssit 

Ammattikorkeakoulun uusien opetussuunnitelmien 
kehittämisessä koulutusten kompetenssit ryhmiteltiin 
käytännössä kolmeen osioon:  
– yhteiset kompetenssit (kaikki alat) 
– sähkö- ja automaatioinsinöörien yhteiset (alan 

yhteiset) kompetenssit  
– automaatiotekniikan (alan eriytyvät) kompetenssit 

 
Yhteiset kompetenssit on määritetty kaikille 

koulutuksille saman sisältöisiksi ollen seuraavilta osa-
alueilta:  
– oppimisen taidot 

Asiasanat: automaatio, etäopetus, etälaboraatio

Kirjoittajat: Jaakko Etto ja Matti Paaso, Lapland University
of Applied Science, {jaakko.etto|matti.paaso}@lapinamk.fi
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– eettinen osaaminen ja vastuullisuus
– työyhteisöosaaminen
– innovaatio-osaaminen
– kansainvälistymisosaaminen.

 
Sähkö- ja automaatiokoulutuksen yhteiset 

kompetenssit on määritelty yhteistyössä alueen 
teollisuuden kanssa ja ovat seuraavat: 
– sähkötekninen perusosaaminen 
– suunnitteluosaaminen 
– sähköturvallisuus ja turvallisuusosaaminen 
– yritys- ja liiketoimintaosaaminen 
– kiertotalousosaaminen. 

 
Automaatioinsinöörin osaamisalalle määriteltiin 

lapin ammattikorkeakoulussa kolme omaa 
kompetenssia: 
– automaatiojärjestelmien ja automaation 

tietotekniikan osaaminen 
– prosessien automaatiototeutuksien osaaminen 
– kenttäinstrumentoinnin, mittaustekniikan ja 

säätötekniikan osaaminen. 

Ensimmäiset versiot kompetensseista ja niiden 
sisältömäärittelyistä laadittiin opettajien työryhmissä. 
Nämä sitten lähetettiin eri yritysten edustajille 
kommentoitavaksi ja palautetta varten. Saadun 
palautteen perusteella kompetensseja muokattiin ja 
korjattiin.  

 
2.3 Automaatiotekniikan kompetenssit 

 
Kompetenssien määrittelyssä oli keskeistä 
automaatioinsinööriltä vaadittava osaaminen eikä 
määrittelyä rajattu ammattikorkeakoulun silloisen 
henkilökunnan ja oppimisympäristöjen perusteella. 
Määrittely perustui nykyisiin ja tulevaisuuden 
ennustettuihin osaamistarpeiden kuvaamiseen. 
Automaatiotekniikan kompetenssit 1, 2 ja 3 on 
esitetty seuraavissa luetteloissa opiskelijan osaamisen 
näkökulmasta. 
 

Kompetensseissa määriteltyjen osaamisten 
saavuttaminen edellyttää monipuolisia 
oppimisympäristöjä ja osaavia oppimisympäristöjen ja 
opetuksen kehittäjiä. Se miten hyvin olemme 
onnistuneet selviää lähitulevaisuudessa kun automaa-
tion ammattiopinnot toteutetaan ensimmäistä kertaa 
uuden opetussuunnitelman mukaisina. 
 

 

 

 
 
 

 

 

 

 

 
2.3 Automaatiotekniikan kompetenssit
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3 Oppimisympäristöt ja pedagogiset 
ratkaisut 

Oppimisympäristöinä käytetään nykyisiä ja tulevia 
laboratoriotiloja: 
– prosessiautomaation vesiprosessit 
– automaation valvomotila 
– sähkövoimatekniikan laboratorio 
– ohjaustekniikan laboratorio 
– mittaustekniikan laboratorio 
– tuotantoautomaation älypaja. 

Pääosa luettelon oppimisympäristöistä on vanhoja 
pitkään opetuskäytössä olleita, laitteet osin jopa 1980 
luvulta. Tilat soveltuvat kuitenkin erinomaisesti 
perinteisen ja väyläohjatun automaation ja 
ohjaustekniikan oppimiseen. Automaatiolaitteet ja 
osin muukin tekniikka on päivitetty jo useita kertoja 
ammattikorkeakoulutuksen aikana. Kenttäväylien ja 
internet yhteyksien toteuttaminen aloitettiin 1990 
luvulla.  

Teollisen internet 4.0 ja IoT toteutus 
laboratoriotilojen oppimisympäristöissä toteutetaan 
periaatteessa kahdella eri tavalla. Nykyisten 
laboratoriotilojen I/O kaapeloitujen ratkaisujen ja 
väyläohjausten rinnalle on toteutettu ja toteutetaan 
uusimpia valvomoratkaisuja ja etäopetuksen 
ratkaisuja. Toisaalta   on helpointa toteuttaa täysin 
uuden tuotantolinjan toteuttamisella. Tällöin vanhat 
ympäristöt ovat edelleen käytettävissä I/O ja 
väylätekniikoilla automaation alimpien ja 
konkreettisten tasojen oppimisessa. Tällainen myös 
automaation oppimista palveleva tuotantolinja on 
tarkoitus toteuttaa konetekniikan koulutuksen älypaja 
hankkeessa.  

Älypajahankkeen tuotantolinja sisältää 
perusautomaation lisäksi MES ja ERP tasojen 
toiminnot tuote- ja raaka-ainevarastoineen, jolloin 
koko toimitusketju tulee myös osaksi 
automaatioinsinöörin koulutusta ja osaamistarpeet 
voidaan saavuttaa nykypäivän uusimmalla tekniikalla. 
Teollinen internet 4.0 ja IoT automaation toteutus 
antaa mahdollisuuden märiteltyjen kompetenssien 
oppimiseen ja palvelee alueen teollisuuden tarpeita 
niin konealan kuin automaatioinsinöörien 
kulutuksessa. 

Pedagogisina ratkaisuina ja menetelmiksi on valittu 
opetussuunnitelmien lähtökohdista johtuen joka 
lukukausi toteutettavat projektityöt ja niiden 
aihepiireihin liittyvät opintojaksot. Opintojaksot 
sisältävät teorialuentoja, tietoiskuja, 
demonstraatioita, suunnittelutehtäviä ja 
laboraatioita.  

Opintojaksojen laajuudet muuttuivat 
aikaisemmasta 3 op laajuudesta 5 op laajuuteen. 
Opettajuus muuttui yhden opettajan omasta 
opintojaksototeutuksesta tiimiopettajuuteen, jolloin 
yksittäisen projektin tai opintojakson toteutuksen 
hoitaa vähintään 2 opettajaa. Tällainen muutos ei ole 
helppo, koska aikaisemmin opettaja sai itse määrätä 
miten toteuttaa tavoitteet ja muita ei tarvinnut 
kuunnella. Uusi opetussuunnitelma vaatii laajempaa 
opetuksen suunnittelua ja valmistelua, kun omien 
opetettavien osuuksien lisäksi on huomioita 
opintojakson tiimiopettajuus sekä projektiopintojakso 
ja moduulikokonaisuus. 

Esimerkki opintokokonaisuudesta on toisen 
opintovuoden keväällä toteutettava teollisuuden 
sähköistyksen ja automaation teema, opintomoduuli, 
joka koostuu 5 op laajuisista opintojaksoista:  
– Teollisuuden sähköistys- ja automaatioprojekti 
– Teollisuuden sähköistys- ja automaatiotekniikka  
– Sähkökäytöt ja automaatio 
– Sähkökoneet. 

  Opintosisältöjä on aiemmin opetettu eri opintojaksoissa 
useamman lukuvuoden aikana eri opettajien toimesta. 
Nyt pitää toteuttaa oppimisen kannalta keskeinen 
projekti ja projektiin on saatava ohjausta 
projektitoteutuksen lisäksi muissa moduulin 
opintojaksoissa ja oikeaan aikaan. 
 

4 Kokemuksia opetussuunnitelmasta 

4.1 Tiimiopettajuus 

Aikaisemmin opettajat opettivat omat 3 op 
opintojaksonsa oman näkemyksensä mukaisesti. Nyt 
tiimiopettajuudessa opettajia on useampi samalla 

3 Oppimisympäristöt ja pedagogiset 
ratkaisut 

 

4 Kokemuksia opetussuunnitelmasta 

4.1 Tiimiopettajuus 
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opintojaksolla (5op). Tämä ohjaa yhteistyöhön ja
yhteistyö mahdollistaa myös opettajien työpanoksen
skaalautumisen ja särkymävaran poissalojen suhteen.
Huonoimmillaan opettajien keskustelu toteutuksesta ja
sisällöistä on jälkijättöistä, jolloin asiakokonaisuudessa
voi olla turhia toistoja tai sisällöllisiä puutteita.

 
4.2 Projektit 

Oppimisen keskiössä olevat projektit voivat olla 
ohjaamisen ja arvioinnin suhteen haasteellisia. 
Parasta olisi, että opiskelijat ovat projekteissaan 
samassa tiedontarpeen vaiheessa, jolloin opastus 
tapahtuisi samanaikaisesti. Osa opastuksesta ja 
ohjauksesta on aina ryhmäkohtaisesti tapahtuvaa, osa 
luonnistuu kirjallisilla tai audiovisuaalisilla 
ohjeistuksilla. Projektien sopivien laajuuksien 
määrittely etukäteen on osoittautunut haastavaksi. 
Mieluummin hieman suppea projekti kuin liian laaja, 
jotta opitaan prosessi ja saadaan laadukasta tuotosta 
aikaiseksi.   
 

4.3 Oppimistulokset 

Automaation oppimistulosten arviointi on vielä hieman 
vaikeaa, koska automaation ammattiopinnot, 
ammatilliset moduulit, ovat juuri alkamassa. Arviointi 
perustuu kahteen eri asiaan: prosessin ja tuotosten 
arviointiin. Keväällä 2019 ensimmäisen ammatillisen 
moduulin arviointitulokset selviävät ja niitä voi sitten 
verrata aikaisemman opetussuunnitelman mukaisiin 
tuloksiin.  
 

4.4 Monimuotokoulutus  

Samaa opetussuunnitelmaa noudatetaan sekä 
nuorten että aikuisten monimuotokoulutuksessa. 
Koska lukukausilla on teemat, projektit ja niiden 
tukiopintojaksot, niin opintojen ajoitusmuutokset 
monimuodossa eivät ole helppoja toteuttaa. Tämä on 
aiheuttanut raskaan kuormituksen ensimmäiselle 
opintovuodelle. Lisäksi monimuotototeutuksessa on 
vähän kontaktiopetusta, jolloin oppimisympäristöihin 
tutustuminen ennen laboraatioita ja etäopetusta jää 
kevyeksi.  

 
4.2 Projektit 

4.3 Oppimistulokset 

 
4.4 Monimuotokoulutus  
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Automaation etälaboraatioiden ja etäopetuksen
kehittäminen

Asiasanat: automaatio, etäopetus, etälaboraatio

Kirjoittajat: Jaakko Etto ja Matti Paaso, Lapland University
of Applied Science, {jaakko.etto|matti.paaso}@lapinamk.fi

1 Johdanto

Lapin Ammattikorkeakoulussa on sähkö- ja
automaatioalan insinöörikoulutuksen päivä- ja
monimuoto- opetuksen opetussuunnitelmat olleet
yhtenevät vuodesta 2001 alkaen. Opiskelijoista puolet
opiskelee monimuotokoulutuksessa.  Monimuoto-
opiskelijoilla on nykyisissä toteutuksissa lukukaudessa
3 lyhyttä kontaktijaksoa. Täten opiskeluaika
automaatiotekniikan laboratorioissa jää lyhyeksi.

 Oppimisen mahdollisuuksien parantamiseksi on
kehitetty prosessiautomaation etälaboraatioita yli 20
vuoden ajan. Ensimmäisten etälaboraatioiden
tekniset ratkaisut on korvattu uusilla ja samalla
etälaboraatioiden piiriin on otettu sähkökäyttöjen
ohjaukset. Seuraavassa esitellään etälaboraatioiden
merkitystä ja toteutusta Lapin Ammattikorkeakoulun
automaatiotekniikan insinöörikoulutuksessa.

2 Oppimisympäristöt ja etälaboraatiot

2.1 Oppimisympäristöt 
Lapin Ammattikorkeakoululla ammatillisen 

osaamisen oppimisympäristöinä useita eri 
laboratoriotiloja: 
– sähkönjakelun ja sähkökoneiden laboratorio 
– kiinteistöjen sähköistyksen ja tietoteknisten 

järjestelmien laboratorio 
– ohjaustekniikan laboratorio 
– prosessiautomaation prosessitila 
– automaatiovalvomotila. 

 
Nämä opetuksen tilaratkaisut ovat monikäyttöisiä 
ja niissä toteutetaan automaatiotekniikan 
insinöörikoulutuksen luentoja, tietoiskuja, 
projektitöitä, harjoitustehtäviä ja käytännön 
laboratoriotöitä. Pedagogisina menetelminä ovat:  

– luennot 
– tietoiskut 

– demostraatiot 
– harjoitus-ja suunnittelutehtävät 
– projektityöt 
– laboratoriotyöt 
– etälaboratoriotyöt. 

 
2.2 Etälaboraatiot 

Monimuoto-opetuksessa luennot, tietoiskut ja   
demonstraatiot sekä tehtävien ohjaus ja palaute 
toteutetaan etäopetuksena. Nykyisin käytössä ovat 
Adobe Connect ja Moodle. Laboratoriotöistä osa 
tehdään kontaktina laboratorioissa ja osa etänä 
oppijalle parhaiten sopivina ajankohtina tai opettajan 
opastamina etäopetustilanteissa. Käytännön 
prosessiautomaatioon tutustuminen ja kytkennät 
tehdään edelleen laboratorioissa kontaktikerroilla. 
Etänä tehtäviksi laboraatioiksi on havaittu hyvin 
soveltuvan useiden eri oppimistehtävien:  
– opetusprosessien mittaus- ja säätötekniikka  
– opetusprosessien automaatiototeutukset  
– sähkömoottorilähtöjen HMI ja ohjauslogiikan 

ohjelmointi 
– sähkömoottorikäyttöjen automaatiototeutukset. 

Opiskelijan kannalta aikaan ja paikkaan 
sitomattomina tehtävät laboratoriotyöt antavat 
mahdollisuuden opiskella prosessiautomaatiota ja 
sähkömoottoreiden ohjausta heille sopivina 
ajankohtina. Kontaktipäivinä on paikan päällä 
mahdollisuus tarkastella automaation toteutusta sekä 
etänä toteutettuja ja testattuja automaation ja 
ohjausten toteutuksia käytännössä.  

Sähkökäyttöjen ja teollisuuden moottorilähtöjen 
keskuslähdöistä osa on varattu etäopetuksen 
käyttöön ja osa oppimisympäristöissä tapahtuvaan 
kontaktiopiskeluun. Oppimisympäristöissä opiskelijat 
liittävät automaatiolaitteen I/O rajapintaan 
opiskeltavan moottorilähdön ja siihen liittyvät anturit, 
kytkimet ja merkkivalot ja prosessin.  

Nuorten opetus tapahtuu arkipäivisin laboratorioiden 
oppimisympäristöissä ohjatusti. Nykyisin myös nuorten 
päiväopetuksessa on kontaktiopetuksen vähennyttyä 

Jaakko Etto, Matti Paaso

 
2.2 Etälaboraatiot 
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otettu käyttöön aikaisempaa laajemmin etälaboraatiot.
Nuorten koulutuksessa moottorilähtöjen ohjausten
opiskelu on voitu toteuttaa kokonaan oppitunneilla ja
joskus osin etänä. Opiskelijat eivät ole aina tienneet
ohjelmoivansa automaatiojärjestelmiä etäopetuksen
menetelmillä.

 
2.3 Esimerkkejä etälaboraatioista 

Nykyisissä opetussuunnitelmissa monimuotokoulu-
tuksessa enää vain käytännön kytkennät sekä 
ohjausten mittausten ja säätöjen oppimisen alkuvaihe 
toteutetaan lähiopetuksena. Keskuslähtöihin ja 
ohjauskomponentteihin sekä automaatiopiireihin ja 
ohjattaviin prosesseihin tutustumisen jälkeen 
opiskelijat voivat opiskella etänä.  Kotoa onnistuu 
käyttöliittymien ja logiikkaohjelmien ohjelmointi ja 
sen jälkeen ohjelman toiminnan testaus erilaisilla 
ajotavoilla eri ohjaus- ja vikatilanteissa.  

Etäohjattaviin moottorilähtöihin on lisätty 
vikatilanteiden ja ohjausten generointi etänä. Tällöin 
viat ja ohjaustapahtumat välittävät todellisten 
sähkökeskusten ja kentän komponenttien kautta eikä 
simulaatioina. Osa moottorilähtöjen ohjauksista ja 
vioista testataan etäopetuksen ohjatuissa 
oppimistilanteissa, kun esitellään etälaboraatioiden 
suorittamisen eri mahdollisuuksia.  

Teollisuuden moottorilähdöistä on mahdollista 
valita ohjattaviksi niin PES kuin MCC moodin 
moottorilähtöjä suoralla tai suunnanvaihtolähdöllä. 
Perinteiset I/O ohjatut toteutukset ovat olleet 
havainnollisia ja erittäin käyttökelpoisia oppimisessa. 
Teollisuudessa on siirrytty laajalti älykkäisiin 
moottorilähtöihin ja kenttäväylien käyttöön, joten osa 
näistäkin moottorilähdöistä (UMC ja Simocode) 
tullaan ottamaan etälaboraatioiden piiriin. 

Kuvassa 1 on esitetty etäopiskelijan 
automaatioliitynnän esimerkkinäkymä sähkömoot-
torilähtöä ohjattaessa ja ohjelmoitaessa. 

 

Kuva. 1.  Eräs prosessi lähestyy ”stationaarista vaihtotilaa” eli 
siniheräte ja sen vaste. Vihreä on asetusarvo, sininen on 
toimilaitteen ohjaus ja punainen on mittaussignaali. 

Prosessiautomaation ohjaus toteutetaan 
käytännössä aina etälaboratorioliitynnän kautta. 
Opetuksen vesiprosessin taajuusmuuttajakäyttöjen, 
kenttäinstrumentoinnin, toimilaitteiden ja valvomon 
toiminnan, automaation ohjelmoinnin ja säätöjen 
toteutuksen oppiminen on siirretty kokonaan 
etäliittymän avulla toteutettavaksi.  

Nuorten opetuksessa tätä liittymää käytetään myös 
kontaktiopetuksessa. Opetusprosessi palvelee 
prosessiautomaation mittaus- ja säätötekniikan sekä 
valvomotoimintojen opiskelussa. 

 Opetussuunnitelmassa projektityöt ovat 
oppimisen keskiössä ja niiden toteuttamisen tukena 
ovat tukiopintojaksot, joissa opiskellaan teoriaa ja 
käytäntöä, erillisiä laboratorio-opintojaksoja ei enää 
ole. Esimerkiksi toisen opintovuoden keväällä 
toteutetaan teollisuuden sähköistyksen ja 
automaation opintomoduuli, joka koostuu 5 op 
laajuisista opintojaksoista:  
– Teollisuuden sähköistys- ja automaatioprojekti 
– Teollisuuden sähköistys- ja automaatiotekniikka  
– Sähkömoottorikäytöt ja automaatio 
– Sähkökoneet. 

Monimuoto-opetuksessa tämän moduulin 
teollisuuden sähköistyksen ja automaatiotekniikka 
sekä sähkökäytöt ja automaatio opintojaksojen 
laboratoriotyöt pääosin ovat etälaboraatioita. 
Sähkökoneiden opintojakson laboratoriotyöt ovat 
kontaktiopetuksena vielä tässä vaiheessa 
oppimisympäristöjen kehitystyötä.  

Etälaboraatioissa voi opiskelija toteuttaa 
yksittäisen moottorilähdön tai laajemman 
kokonaisuuden automaation. Usein helpointa on 
aloittaa yksittäisistä moottorikäytöistä ja laajentaa 
siitä suurempiin kokonaisuuksiin, kuva 2. 

 
 

Kuva 2.  Etäohjattava prosessi 

Etälaboraatioiden tekninen toteutus tällä hetkellä 
perustuu tosibox-tikkuihin ja ABBn automaatio-
järjestelmiin. Oppimisympäristöt liitetään ABB 
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automaatiojärjestelmään, ohjattavaan sähkökäyttöön
tai osaprosessiin. Opiskelijat rakentavat omalla
aikataulullaan automaatiototeutukset sekä testaavat
niiden toimintaa eri ajomalleilla, ohjaustavoilla ja
vikatilanteilla. Etäohjausten rinnalla on toteutettu
reaaliaikainen simulointi Matcad prime 4 ja matlab
simulink.

3 Etälaboraatioiden kehittäminen

Saatujen kokemusten perusteella automaation
etäopetusta kehitetään lähitulevaisuudessa:
– tarkemmat työohjeet etälaboraatioihin
– kamerat havainnollistamaan todellisten piirien

toimintaa
– ajanvarausjärjestelmä
– uusia laitteistoja ja prosesseja etälaboraatioiden

piiriin uusille toteutettaville ammatillisille
moduuleille
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Tero Hietanen *, Timo Heikkinen, Manne Tervaskanto, Satu Vähänikkilä

 
Tiivistelmä: Oululaiset automaatiotekniikan koulutusorgani-

saatiot kehittävät alueelle uutta keskitettyä digitaalista
oppimisympäristöä (DigiAuto-hanke) ja uudenlaista
toimintamallia automaatiokoulutukseen (EduAuto-hanke).
Mukana ovat kaikki alueen ammatillisen koulutuksen
kouluttajat (Oulun ammattikorkeakoulu Oamk, Oulun yliopisto
OY, Oulun seudun ammattiopisto OSAO) ja tämä muodostaa
uudenlaisen eri kouluttajien välisen toimintaympäristön. Tässä
artikkelissa kuvataan opetusympäristöjen kehitystyötä sekä
pilotoituja toteutuksia. Pilotoidut toteutukset ovat vähintään
kahden eri oppilaitoksen välisiä yhteisprojekteja. Lisäksi
tuodaan esille laitteistojen ylläpidon toteutusta sekä yhteisen
varausjärjestelmän kehittämistä.
 

Asiasanat: IoT, koulutus, digitalisaatio

*Tero Hietanen, Oulun  ammattikorkeakoulu,  
Tero.Hietanen@oamk.fi

Timo Heikkinen, Manne Tervaskanto and Satu Vähänikkilä,
Oulun ammattikorkeakoulu, etunimi.sukunimi@oamk.fi

 

1 Johdanto 

Hankkeissa on investoitu uuteen teknologiaan ja uusien 
yhteistyömuotojen kehittämiseen. Hankittua teknologiaa 
käytetään prosessiautomaation, tuotantoautomaation, 
rakennusautomaation sekä teollisuuden tietojärjestelmien 
kouluttamiseen, kuvan 1 mukaisesti. Yhteisinä tekijöinä ovat 
IoT, digitalisaatio sekä etäkäytettävyys.  
 

 
Kuva 1. DigiAuto-hankkeen hankintalinjat. 

 

 
 

Kuva 1. DigiAuto-hankkeen hankintalinjat. 

Verkottunut yhteistyö automaatiokoulutuksessa 

 
Prosessiautomaation koulutukseen on hankittu mm. 
virtualisoidut automaatiojärjestelmien suunnittelu ja 
simulointityökalut Valmetilta. Tämä pitää sisällään mm. 
historiatiedon tallennusjärjestelmän moderneine datan 
analysointi- ja visualisointityökaluineen. Lisäksi järjestelmään  
 
kuuluu teollisen mittakaavan malliprediktiivinen 
säätöjärjestelmä, jolla ohjataan mm. Oamkin pilot-prosessia. 
Säätötekniikan koulutukseen on hankittu kannettavat 
miniprosessit, joihin on liitetty prosessiasema sekä tarvittava 
kenttä-I/O. Oamkin pilot-prosessin kenttälaitteet on 
modernisoitu sekä liitetty HART- ja Profinet-väyliin.  
 
Tuotantoautomaation tärkeimmät hankinnat ovat Mitsubishin 
robottijärjestelmä sekä Feston MPS-tuotantolinjasto. Feston 
järjestelmässä tuotantotieto kulkee RFID-tekniikalla erilliseltä 
MES-järjestelmältä ohjaavalle logiikalle. Lisäksi laitteiston 
käynnissäpidossa hyödynnetään AR-teknologiaa (Augmented 
Reality). Keskeisimpänä rakennusautomaation hankintana on 
laivakonttiin rakennettu energia- ja LVI-tekniikkaa sisältävä 
hybridijärjestelmä. Laitteisto sisältää mm. aurinkopaneelit 
ja -keräimet, tuuliturbiinin, ilmalämpöpumpun, akuston sekä 
lämminvesivaraajan. Laitteistoa ohjataan Fidelixin 
automaatiojärjestelmällä. Laitteiston etäohjauksessa 
hyödynnetään Tosibox-tekniikkaa. 
 
Yhteisten resurssien ylläpidon ja varausten sekä 
koulutusmateriaalin yhteiskäytön mahdollistavan 
toiminnanohjausjärjestelmän on toteuttanut ALMA Consulting 
Oy. Hankkeessa toteutettava oppilaitosten yhteinen 
automaatioympäristö laajentaa jo olemassa olevaa 
koulutusyhteistyötä sekä tarjoaa monipuolisen ja laaja-alaisen 
ympäristön erilaisille automaatioalan tutkimus- ja 
yrityshankkeille. 
 

2 Toiminnanohjausjärjestelmän kehitys 

Uusien hajautettujen koulutusresurssien sekä yhteisen 
koulutuksen toteuttaminen vaatii myös yhteisen 
toiminnanohjauksen kehittämistä. Hankkeessa 
automaatioteknologia sekä tilojen ja oppilasryhmien hallinta 
on viety ALMA-toiminnanohjausjärjestelmään.   
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ƳƻƴƛǘƻǊƛƴƎ ŀƴŘ ŎƻƴŘƛǘƛƻƴπōŀǎŜŘ ƳŀƛƴǘŜƴŀƴŎŜ

ǇǊƻŎŜǎǎŜǎΦ CƛƴŀƭƭȅΣ 5ƻŎƪŜǊ ƛǎ ǳǎŜŘ ŦƻǊ ŘŜǇƭƻȅƳŜƴǘ ŀƴŘ 
ƳŀƴŀƎŜƳŜƴǘ ƻŦ ŀƭƭ ŎƻƳǇƻƴŜƴǘǎ ŀǘ ǘƘŜƛǊ ǊŜǎǇŜŎǘƛǾŜ 
ƭŜǾŜƭΦ  

wŜŀǎƻƴǎ ŦƻǊ ǎŜƭŜŎǘƛƻƴ ƻŦ ŀŦƻǊŜƳŜƴǘƛƻƴŜŘ ǘŜŎƘƴƻƭƻƎƛŜǎ 
ƛƴŎƭǳŘŜ ǘƘŜƛǊ ƻǇŜƴπǎƻǳǊŎŜŘ ƴŀǘǳǊŜΣ ǊŜǇǊƻŘǳŎƛōƛƭƛǘȅ ŀƴŘ 
ŀŘŀǇǘŀōƛƭƛǘȅΦ ht/π¦! ƛǎ ǿƛŘŜƭȅ ŀŘƻǇǘŜŘ ōȅ ƛƴŘǳǎǘǊƛŀƭ 
ƳŀƴǳŦŀŎǘǳǊŜǊǎ ƴƻǿŀŘŀȅǎ ŀƴŘ ŎƻǳƭŘ ōŜ ƛƳǇƭŜƳŜƴǘŜŘ ƛƴ 
ŜȄƛǎǘƛƴƎ ǇǊƻƎǊŀƳǎ ǿƛǘƘ ƳƛƴƛƳŀƭ ŜŦŦƻǊǘǎΣ ŀƭƭƻǿƛƴƎ ŦƻǊ 
ƻǇŜǊŀǘƛƻƴ Řŀǘŀ ŜȄǘǊŀŎǘƛƻƴ ŦǊƻƳ ŦƛŜƭŘ ŘŜǾƛŎŜǎΦ !ǎ ŀƭƭ ǘƘŜ 
ǳǎŜŘ ǎƻŦǘǿŀǊŜ ǎƻƭǳǘƛƻƴǎ ŀǊŜ ŎƻƴǘŀƛƴŜǊƛȊŜŘΣ ǘƘŜ 
ŎƻƴƴŜŎǘƛƻƴ ŦǊƻƳ ǘƘŜ ŦƛŜƭŘ Ŏŀƴ Ŝŀǎƛƭȅ ōŜ ǊŜŀƭƛȊŜŘ ōȅ 
ŘŜǇƭƻȅƳŜƴǘ ƻŦ ƎŀǘŜǿŀȅ ŎƻƴǘŀƛƴŜǊǎΣ ƛΦŜΦ bƻŘŜπw95Σ ƻƴ 
ŎŀǇŀōƭŜ t[/ǎ ƻǊ {/!5! ŎƻƳǇǳǘŜǊǎΦ {ƛƳƛƭŀǊƭȅΣ ǘƘŜ 
ǎŜǊǾŜǊπǎƛŘŜ ǎǘŀŎƪ ƛǎ Ŝŀǎƛƭȅ ǊŜǇǊƻŘǳŎŜŘ ōȅ ŘŜǇƭƻȅƳŜƴǘ ƻŦ 
ŎƻƳǇƻƴŜƴǘ ŎƻƴǘŀƛƴŜǊǎ ƻƴ ŀƴȅ ŎƭƻǳŘ ƻǊ ƻǿƴ L¢ 
ƛƴŦǊŀǎǘǊǳŎǘǳǊŜΦ !ǎƛŘŜ ŦǊƻƳ ǘƘŜ ƭƻƴƎ ƭƛǎǘ ƻŦ ŎƻƴƴŜŎǘŀōƭŜ 
Řŀǘŀ ǎƻǳǊŎŜǎΣ DǊŀŦŀƴŀ ǎǳǇǇƻǊǘǎ ƛƴǘŜƎǊŀǘƛƻƴ ǿƛǘƘ 
ŘƛŦŦŜǊŜƴǘ ƛŘŜƴǘƛǘȅ ŀƴŘ ŀŎŎŜǎǎ ƳŀƴŀƎŜƳŜƴǘ ǎƻƭǳǘƛƻƴǎ 
ǎǳŎƘ ŀǎ h!ǳǘƘ ŀƴŘ [5!tΣ ŀƭƭƻǿƛƴƎ ŦƻǊ ƛƴŦƻǊƳŀǘƛƻƴ 
ƛǎƻƭŀǘƛƻƴ ŀƴŘ ŎǳǎǘƻƳƛȊŜŘ ŀŎŎŜǎǎ ŦƻǊ ŘƛŦŦŜǊŜƴǘ ǇŜǊǎƻƴƴŜƭ 
ƭŜǾŜƭǎ ƛƴ ŜƴǘŜǊǇǊƛǎŜ ŜƴǾƛǊƻƴƳŜƴǘΦ !ƴŀƭȅǘƛŎǎ 
ƳƛŎǊƻǎŜǊǾƛŎŜǎ ōǳƛƭǘ ŦǊƻƳ tȅǘƘƻƴ ŀƭƭƻǿǎ ŦƻǊ ŜȄǘŜƴǎƛǾŜ 
ŦŜŀǘǳǊŜ ŜȄǘǊŀŎǘƛƻƴΣ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴǎ ŀƴŘ ŎƭǳǎǘŜǊƛƴƎ ƻƴ 
ŎƻƭƭŜŎǘŜŘ ōǳƛƭŘƛƴƎ ŀǳǘƻƳŀǘƛƻƴ Řŀǘŀ ǘƻ ŎƭŀǎǎƛŦȅ ƻǇŜǊŀǘƛƻƴ 
ƳƻŘŜǎ ŀƴŘ ƛŘŜƴǘƛŦȅ ŀƴƻƳŀƭƛŜǎ ǿƘŜǊŜ ǘƘŜ ǎȅǎǘŜƳ ƛǎ ƴƻǘ 
ƻǇŜǊŀǘƛƴƎ ƛƴ ŘŜǎƛƎƴŜŘ ǊŜƎƛƳŜǎΦ ¢ƘŜ ŀƴŀƭȅǘƛŎǎ ǊŜǎǳƭǘǎ Ŏŀƴ 
ǘƘŜƴ ōŜ ƛƭƭǳǎǘǊŀǘŜŘ ƻƴ DǊŀŦŀƴŀ ǘƻ ǇǊŜǎŜƴǘ ǘƘŜ 
ƛƴŦƻǊƳŀǘƛƻƴ ǘƻ ǇǊƻŎŜǎǎ ƻǇŜǊŀǘƻǊǎ ŀƴŘ ƳŀƛƴǘŜƴŀƴŎŜ 
ǎǘŀŦŦǎ ǘƻ ǇŜǊŦƻǊƳ ŎŀǳǎŜ ŀƴŀƭȅǎƛǎ ƛƴ ŀ ǘƛƳŜƭȅ ƳŀƴƴŜǊΦ 
CƛƴŀƭƭȅΣ ǘƘŜ ŦǊŀƳŜǿƻǊƪ ƛǎ ƛƳǇƭŜƳŜƴǘŜŘ ƛƴ ŀ ƳƻŘǳƭŀǊ 
ƳŀƴƴŜǊΣ ŀƭƭƻǿƛƴƎ ŦƻǊ ŀŘƻǇǘƛƻƴ ƻŦ ōŜǘǘŜǊ ǘŜŎƘƴƻƭƻƎƛŜǎ 
ǿƘŜƴ ŀǾŀƛƭŀōƭŜΦ  

¢ƘŜ ŎŀǎŜ ǎǘǳŘȅ ƛǎ ŎƻƴŘǳŎǘŜŘ ǳǎƛƴƎ ǘƘŜ ŦǊŀƳŜǿƻǊƪ 
ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ ƛƴ IŅƳŜ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ !ǇǇƭƛŜŘ {ŎƛŜƴŎŜǎ 
ƛƴŦǊŀǎǘǊǳŎǘǳǊŜΣ ŀǎ ŀƴ Lƻ¢ ǇƭŀǘŦƻǊƳ ŦƻǊ ǊŜǎŜŀǊŎƘ ŀƴŘ 
ŜŘǳŎŀǘƛƻƴ ǳǎƛƴƎ ǘƘŜ ōǳƛƭŘƛƴƎ ŀǳǘƻƳŀǘƛƻƴ Řŀǘŀ ŎƻƭƭŜŎǘŜŘ 
ŦǊƻƳ {ƘŜŜǘ aŜǘŀƭ /ŜƴǘŜǊ ƛƴŘǳǎǘǊƛŀƭ Ƙŀƭƭ ōǳƛƭŘƛƴƎ ƛƴ 
±ƛǎŀƳŅƪƛΣ IŅƳŜŜƴƭƛƴƴŀΦ ¦ǎƛƴƎ Řŀǘŀ ŎƻƭƭŜŎǘŜŘ ŦǊƻƳ ǘƘŜ 
ōǳƛƭŘƛƴƎ ŀǳǘƻƳŀǘƛƻƴ ǎȅǎǘŜƳΣ ǘƘŜ ŦǊŀƳŜǿƻǊƪ ƛǎ ǳǘƛƭƛȊŜŘ 
ŦƻǊ ǾŜǊƛŦƛŎŀǘƛƻƴ ƻŦ ǘƘŜ ƘŜŀǘƛƴƎ ǎȅǎǘŜƳ ŦǳƴŎǘƛƻƴŀƭƛǘȅ ŀƴŘ 
Ŧŀǳƭǘ ŘƛŀƎƴƻǎǘƛŎǎ ƻŦ ǘƘŜ ƎŜƻǘƘŜǊƳŀƭ ƘŜŀǘ ǇǳƳǇ ǳǎƛƴƎ 
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ǘǿƻπǎǘŜǇ t/! ŀƴŘ ƪπ{ƘŀǇŜ ŎƭǳǎǘŜǊƛƴƎ ŀƭƎƻǊƛǘƘƳΦ ¢ƘŜ 
ŀƴŀƭȅǘƛŎǎ ǊŜǎǳƭǘǎ ŀǊŜ ǘƘŜƴ ŀǇǇƭƛŜŘ ǘƻ ǾŜǊƛŦȅ ǘƘŜ ŎƻƴǘǊƻƭ 
ƭƻƎƛŎ ƻŦ ǘƘŜ ōǳƛƭŘƛƴƎ ŀǳǘƻƳŀǘƛƻƴ ǎȅǎǘŜƳΣ ƳƻƴƛǘƻǊ ŀƴŘ 
ƛƳǇǊƻǾŜ ǘƘŜ ƘŜŀǘ ǇǳƳǇ ƻǇŜǊŀǘƛƻƴ ŀƴŘ ǘƘŜ ƘŜŀǘƛƴƎ 
ǇǊƻŎŜǎǎ ŜŦŦƛŎƛŜƴŎȅΦ ¢ƘŜ ƪπ{ƘŀǇŜ ŀƭƎƻǊƛǘƘƳ ǿŀǎ ŀōƭŜ ǘƻ 
ƛŘŜƴǘƛŦȅ ǘƘŜ ǎȅǎǘŜƳΩǎ ƳƻŘŜǎ ƻŦ ƻǇŜǊŀǘƛƻƴΥ ǿƛƴǘŜǊ ƻǊ 
ǎǳƳƳŜǊΣ ǿƘƛŎƘ ƛǎ ǘƘŜƴ ǳǎŜŘ ǘƻ ǇŜǊŦƻǊƳ ŀƴƻƳŀƭȅ 
ŘŜǘŜŎǘƛƻƴ ŀǎ ǘƘŜ ŎǳǊǊŜƴǘ ǎȅǎǘŜƳ ǎƻƳŜǘƛƳŜǎ ƻǇŜǊŀǘŜŘ ƛƴ 
ǎǳƳƳŜǊ ƳƻŘŜ ƛƴ ǿƛƴǘŜǊ ǘƛƳŜΦ ¢ƘŜ ǘǿƻπǎǘŜǇ t/! 
ŀƭƎƻǊƛǘƘƳ ǿŀǎ ŀōƭŜ ǘƻ ŘŜǘŜŎǘ ŀƴ ǳƴŘƻŎǳƳŜƴǘŜŘ 
ǎŜǘǇƻƛƴǘ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ǎȅǎǘŜƳΣ ŀǎ ǿŜƭƭ ŀǎ ŀƴ ŀŘŘƛǘƛƻƴŀƭ 
Ŧƭƻǿ ƻŦ ŜƴŜǊƎȅ ƛƴ ǘƘŜ ǎȅǎǘŜƳΤ ŎǳǊǊŜƴǘƭȅ ǳǎŜŘ ŦƻǊ 
ǎǳǇŜǊǾƛǎƛƻƴ ƻŦ ǇǊƻŎŜǎǎ ƻǇŜǊŀǘƛƻƴ ƛƴ ƎŜƴŜǊŀƭΦ CƛƴŀƭƭȅΣ 
ŦǳǊǘƘŜǊ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ǘƘŜ ŦǊŀƳŜǿƻǊƪ ƛƴŎƭǳŘŜǎ 
ŜȄǘŜƴŘƛƴƎ ǘƘŜ ŀƴŀƭȅǘƛŎ ŦŜŀǘǳǊŜǎ ŦƻǊ ƻǘƘŜǊ ōǳƛƭŘƛƴƎǎ ŀƴŘ 
ōŜƴŎƘƳŀǊƪƛƴƎ ƻŦ ŀƴŀƭȅǘƛŎǎ ǘŜŎƘƴƛǉǳŜǎ ŦƻǊ ǳǘƛƭƛȊŀǘƛƻƴ 
ǿƛǘƘ ŀǳǘƻƳŀǘƛƻƴ ǎȅǎǘŜƳ Řŀǘŀ ƛƴ ƎŜƴŜǊŀƭΦ 

YŜȅǿƻǊŘǎΥ .ǳƛƭŘƛƴƎ ŀǳǘƻƳŀǘƛƻƴΣ Lƻ¢Σ ŀƴƻƳŀƭȅ 
ŘŜǘŜŎǘƛƻƴΣ ŀƴŀƭȅǘƛŎǎΣ ǘǿƻπǎǘŜǇ t/!Σ ƪπ{ƘŀǇŜ ŎƭǳǎǘŜǊƛƴƎ 

ϝ/ƻǊǊŜǎǇƻƴŘƛƴƎ !ǳǘƘƻǊΥ YƘƻŀ 5ŀƴƎΥ IŅƳŜ ¦ƴƛǾŜǊǎƛǘȅ 
ƻŦ !ǇǇƭƛŜŘ {ŎƛŜƴŎŜǎΣ CƛƴƭŀƴŘΣ 9πƳŀƛƭΥ 
ƪƘƻŀΦŘŀƴƎϪƘŀƳƪΦŦƛ 

{ŜŎƻƴŘ !ǳǘƘƻǊΥ LƎƻǊ ¢ǊƻǘǎƪƛƛΥ IŅƳŜ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ 
!ǇǇƭƛŜŘ {ŎƛŜƴŎŜǎΣ CƛƴƭŀƴŘΣ  9πƳŀƛƭΥ ƛƎƻǊΦǘǊƻǘǎƪƛƛϪƘŀƳƪΦŦƛ  
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State feedback control of a rotary inverted
pendulum
Keywords: LQR-control, pole-placement, inverted pen-
dulum, balance control, reference tracking

*Corresponding Author: Tomi Räsänen: Tampere University
(Bachelor’s student), E-mail: tomi.rasanen@tuni.�
Veli-Pekka Pyrhönen: Tampere University, E-mail: veli-
pekka.pyrhonen@tuni.�

Extended abstract. Regulating a pendulum link to

the upright position is an application of a mechanical
balancing problem. An-other well-known example of
such a balancing problem is Segway, where a controller
has to prevent the machine from falling when a user
shifts her center of gravity. The controller should also
maintain a correct velocity of Seg-way depending on
its angle from the upright position. This paper
investigates linear state feedback control of a rotary
inverted pendulum, which is attached to Quanser
QUBE - Servo 2 base unit as in Figure 1.

Figure 1. Quanser QUBE - Servo 2
system

The system consists of a pendulum link and a rotary
arm. The pendulum can spin freely around the rotary
arm, which can be turned � 90X about its pivot point.
The rotary arm is mounted to the base unit with mag-
nets. The system has three measurements; namely, input
voltage and angles of the rotary arm and the pendulum

link. Quanser has implemented so-called "Swing-up" -
control to the inverted pendulum system, which is used
to raise the pendulum link to the upright position. Feed-
back controllers in this paper are designed to 1) regulate
the pendulum link to upright position and 2) enable the
rotary arm to turn from one angle to another while sat-
isfying two restrictions. The �rst restriction concerns
the DC motor input voltage, which is limited by � 15V .
Additionally, the pendulum link must not deviate morethan 20X

from its upper position, or the system could
become unstable. For the above reasons, the problem
considered in this paper is an example of simultaneous
regulation task and a reference tracking scenario.

In this paper, two LTI-state feedback design tools
are utilized; namely, the pole-placement method and
the Linear-Quadratic-Regulator (LQR) control. With
both of these tools, a stabilizing state feedback gain is
obtained. The design methods produce separate con-
trollers whose performances are evaluated based on set-tling time ( ts), rise time ( t r ) and maximum overshoot(M p �

of responses. The best controller is simulated us-
ing Simulink software and tested with the actual de-
vice. The realized transient response characteristics ofthe system are ts � 3:

90; t r � 0:966 and M p � 2:48.
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Mats Friman*

Fault-Tolerant Valve Control
Abstract: Valves  have  a  key  position  in  safe,  reliable,
and economical operation of process industry plants.
Valves consist of moving parts subject to wear and dirt.
During a fault, it is important that the valve controller
eagerly tries to keep the valve under control, despite of
changes in the operating environment. In this paper we
discuss valve faults on a general level, and we present
a solution for keeping valve under control despite of a
missing valve position measurement. Our solution
utilizes valve/actuator models and real-time
simulations to generate a virtual valve position sensor.
When valve position measurement is lost, the
controller will continue as before, but the real position
measurement is replaced with a soft sensor value.

Keywords: industry, valve, valve controller, fault-
tolerant control

*Corresponding Author: Mats Friman: Metso Flow
Control, E-mail: firstname.lastname@metso.com

1 Introduction

Process industry plants, such as oil refineries, pulp mills
and chemical production plants, are highly
automatized. The automatic operation is based on a
network of sensors, controllers, and actuators.

The most common actuators are the valves, which are
used to control liquid and gas flows in pipelines. An
industrial valve consists of three parts: 1) a valve body,
attached to the pipeline, 2) a pneumatically powered
actuator, and 3) a valve controller, which controls the
valve position according to the setpoint obtained from
the process automation system [1]. Today's valve
controllers are intelligent digital devices with various
features that supports plant operation during its entire
life time.

The valves have a key position with respect to safe and
reliable operation of the plant. It is important that all
devices contribute to safe and controlled responses
during a failure.  A wide range of options must be
supported: from continued operations (with some
reduced performance) to a safe and controlled shut
down.

Some valves may have a critical position regarding plant
operation, i.e. if a valve fails, the entire subprocess
must be shut down. Therefore, a valve controller
should eagerly fight against faults and try to keep valve
under control despite of minor faults. A difficult case is
loss of valve position measurement. In this paper we
discuss some safety and fault-tolerant features of the
Neles NDX valve controller, and we present a method
for  keeping  control  over  the  valve  in  case  of  a  faulty
valve position sensor.

2 Valve controller basics

A valve controller has two main tasks. First it receives a
valve position setpoint, typically from a process
automation system, and secondly, it controls the valve
position according to the setpoint.

A typical  valve controller is  illustrated in Figure 1. The
main components include a PCB with integrated
sensors, a Prestage unit (an I/P converter), and an
Output Stage (a pneumatic relay).

A local user interface enables easy commissioning and
a possibility for manual operation and parameter
changes. The milliampere signal powers the device and
provides analog setpoint and standardized HART digital
communication. A set of sensors provide necessary
measurements needed for valve control, and a position
transmitter enables an analog valve opening signal.

The microprocessor compares valve position
measurement to its setpoint and generates an
electrical signal to the Prestage. The Prestage pressure
actuates the Output stage, which controls air flow into
or out of the actuator. The valve controller keeps
adjusting the Prestage signal until the valve reaches its
desired position [2].

Valve controllers have traditionally employed some
feedback control algorithm for controlling the valve
position. If actuator pressure measurements are
available, some cascade control structure can be used
to speed up valve control. An example cascade control
structure is illustrated in Figure 2.
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Figure 1. Operating principle of a valve controller.

Figure 2. A typical valve control structure based on valve
position and actuator pressure measurements.

3 Valve Faults

Various faults may occur during valve operation. We
can divide faults into two categories: faults that imply
loss of controllability and faults with retained
controllability. If we lose valve controllability, e.g.
during loss of pneumatic pressure or electrical power,
then valve moves to a pre-determined fail-safe
position.

If controllability of valve is retained, we can further
divide the faults into two categories: 1) mechanical
faults and 2) sensor faults. Typically, mechanical faults
affect control performance but does not necessarily
imply  a  need  for  urgent  replacement  of  faulty  valve
package part. However, depending on the fault and its
severity, we typically get some increased position
control error or valve hunting as a result.

The  most  critical  sensor  for  valve  control  is  the  valve
position sensor. For any other sensor fault, we can
switch to simple position feedback control during a
fault.

The Neles NDX valve controller position measurement
is based on a magnet sensor. This solution has many
advantages as it enables accurate position sensing
without mechanical links in harsh conditions. However,
if the magnet is significantly moved away from its
original position or if the positioner or its bracket is
moved, tilted, or rotated, it may affect sensor
reliability. Therefore, situations may occur where NDX
cannot access the position measurement. To prevent
an unplanned shutdown because of missing valve
position readings, we have developed a method for
valve position control without position measurement.

4 Fault-tolerant control

With fault tolerant control we mean the ability of a
controller to retain controllability despite of faults in
the control network. Usually we tolerate some
reduction in the control performance, but the main
goal is to continue running the process despite of the
fault.

For valves, fault-tolerant control due to mechanical
faults and sensor faults are discussed next.

Mechanical faults

Typical problems in valve control include air leakage in
pneumatic actuator, increased friction in valve body,
freezing, and valve controller faults (e.g. defectives in
pneumatic components). These faults may affect valve
control accuracy, but normally we can continue
operation without a need for replacement of devices or
spare parts.

For mechanical faults, fault-tolerant control typically
means detuning of controller to avoid valve hunting.
Large control errors may also need special attention.

Mechanical faults are recognized by valve controller
diagnostics, and the faults are communicated to the
maintenance organization [3].

Auxiliary sensor faults

In addition to valve position, which is the controlled
value, valve controllers typically have auxiliary sensors,
which speeds up and improves position control.
Auxiliary sensors are e.g. supply and actuator
pressures, and temperature. In case of a failure in any
of the auxiliary sensors, the controller switches to a
position-feedback mode where control actions are
based on valve position only.

Faults in position sensor

On a general level, a feedback control loop needs both
a setpoint and a measurement. A fault in the controlled
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value (i.e. measurement fault) prevents us from
utilizing feedback control. Instead, feedforward control
must be used to ensure that the (unmeasured)
controlled value responds to changes in the setpoint.

For a valve controller, if there is a fault in the position
sensor, the only option is feedforward control of valve
position.

An intuitive solution for the cascade control setup in
Figure 2, where the dotted line indicates a faulty or
missing position measurement, would be replace the
"Position Control" block, with e.g. a look-up table that
picks a setpoint for actuator pressure based on given
position setpoint. In this case, the look-up table would
act as a feedforward controller, and replaces the
feedback controller, which cannot operate because of
the missing measurement needed for feedback control.

Next,  we  will  present  an  alternative  solution.  We  will
replace the missing position measurement with a soft-
sensor and continue with the same feedback controller
as before [4]. The advantage of this solution is that
there is no need for a separate feedforward controller.
Instead, the same feedback controller can be employed
both for ordinary feedback control and for control
during a fault in position measurement. All we need is
a model and a valve position simulation engine, which
generates a virtual valve position value during a valve
position failure. A simple model, which is easy to
simulate is utilized [5,6,7].

Valve and actuator model

Consider a single acting, spring/piston actuator
connected to a valve (Figure 3). The actuator consists of
a spring pushing in one direction, and air pushing in the
opposite direction. When air flows into/out of actuator,
actuator pressure changes, and valve moves.

Compressed air in the actuator initiates a force that is
proportional to air pressure. According to Hook's Law,
the spring force is proportional to spring contraction [8]
and considering pneumatic and spring forces (before
considering friction) we notice that actuator travel (and
valve opening) is proportional to actuator pressure.
Introducing Coulomb friction, the net spring and
pneumatic force must exceed the Coulomb friction
threshold to ensure that the valve is moving.

Figure 3. A valve package (above) and a detailed view of the
single acting spring-return actuator (below).

A typical response of actuator movement to pressure
changes is shown below (Figure 4) where we have
plotted valve position vs. actuator pressure for an
example actuator. Different colors indicate different
movement directions. From this figure it is clearly seen
that valve position is linear with respect to actuator
pressure for each movement directions. However,
because of friction forces, there is a clear gap between
movement up and down curves (i.e. the Coulomb
friction).

Figure 4. Valve position vs. actuator pressure for an example
spring-return actuator.

Soft sensor

Above we observed a linear relationship between valve
position and actuator pressure, when moving in one
direction (up/down cases indicated by red/blue colors).
Based on this finding we used the following equality for
estimating new valve position he actuator pressure pa
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 Ὤ =

min 1, άὥὼ 0, ὭὪὴ Ὤ Ὧ + ὴ + ὴ

min 1, άὥὼ 0, ὭὪὴ Ὤ Ὧ + ὴ ὴ

Ὤ otherwise
(1)

where the parameters p0 is the actuator pressure which
equals spring pretension, pf is net coulomb friction in
pressure units, and ks is spring constant (in pressure
units / full stroke). The simulated position ho is the only
state variable needed for the simulation.

Device calibration includes an automatic tuning
sequence, which moves the valve in both directions.
This sequence enables reliable identification of the
three parameters p0, pf, and ks of Eq. 1.  Note that for
valve opening values between the extreme values (fully
open/close), Eq. 1 is linear in the parameters.

The valve controller can switch to missing-valve-
position-measurement mode automatically if it
recognizes problems in position measurement.
Alternatively, we can manually switch to fault-tolerant
mode.

5 Results

We tested the suggested fault-control strategy by
running a control valve in the laboratory. During the
test  we  used  a  manual  mode  selector  to  switch
between normal control and fault-tolerant mode with
real position measurement replaced by soft-sensor
value.

To demonstrate the robustness of the suggested
method, we selected a high-friction valve for testing.
For the test valve, the pressure change needed for valve
reversal  is  0.6  bar  (i.e.  pressure  to  compensate  for
friction), which can be compared to pressure change of
1.0 bar needed to compensate for spring forces during
entire moving range (close to open). With such a large
friction values, it is difficult to position the valve,
especially when running in fault-tolerant mode.

An example test run is shown below in Figure 5 where
trends for ordinary control which uses valve position,
and fault-tolerant mode are shown. We used a setpoint
sequence consisting of a ramp, and some step changes.
The colors indicate the two different experiments: blue
lines for ordinary control (which utilizes position
measurement) and green lines for fault-tolerant control
mode (when position measurement was neglected by
the controller but recorded for trend plotting
purposes).

Figure 5. Comparison of control performance with normal
control (blue) and with fault-tolerant control (green), which
does not utilize position measurement. Above valve opening
and setpoint, below actuator pressure.

6 Summary

We have developed a method for keeping a valve under
control despite of loss of valve position measurement.
Our solution is to replace the missing position
measurement with a virtual measurement obtained
from  real-time  simulations  of  valve.  The  same
controller is used in both modes: closed-loop control
(with position measurement from real sensor), and
fault-tolerant control mode (with virtual measurement
used for control).

Our test results from running a high-friction valve in
laboratory suggest that valve control based on a virtual
measurement works very well. The results demonstrate
that the control accuracy suffers a little bit, as the
control error increases with a few percentage points
when operating the valve in position sensor-fault
mode.

Because of the missing position sensor, it is impossible
for the valve to follow its setpoint exactly. This is not a
serious  problem  for  valves  operated  by  a  PID  control
loop, because valve position errors are compensated by
the PID controller. Control loops operated in manual
mode, on the other hand, are expected to have a
steady-state deviation in valve position.

The advantages with the suggested feature is that we
can avoid an unplanned shut-downs of plant. This is
expected to provide cost savings, added flexibility and
more options for maintenance planning.
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Extended abstract. The first-principles mathematical 
models describing natural gas transmission systems 
are non-linear partial differential equation (PDE) 
systems with respect to space and time. Those 
PDE's apply for  each individual segment of pipeline, 
and in addition models describing other components 
of the transmission systems such as compressors, 
valves, heat exchangers, storages, etc. are described 
by ordinary differential equations (ODE) or algebraic 
equations. All those models can be integrated to 
one dynamic transmission system model which can 
be used to investigate the behavior of the system in 
different operational situations (simulation), or to 
figure out how the system can be operated in the best 
way (off-line optimization) or  to find the
maximum gas transmission  capacity in different
situations (capacity planning). Commercial
transmission system models (TSM's) have been
available on the market for many years, and they are
known to be very accurate given that the various
parameters, such as pipeline geometry, gas
composition, friction, compressor characteristics, etc.
are correctly entered into the models.

Commercial TSM's are convenient tools when use only 
for the purpose they have been designed for, but 
extended use scenarios may provide difficulties. For 
instance in USA, the natural gas and electrical power 
markets are getting increasingly integrated [1], [2]  
and the integration of TSM's and power grid system 
models tend to be difficult because the execution time 
of the more complex TSM's becomes prohibitive. 
Therefore, there is a demand for simplified TSM's. 
Other motivations for simplified models come from 
control design and model-predictive control (MPC) for 
gas transmission systems. In [3] it was demonstrated 

by a case example that the dynamics of gas 
transmission systems are, after all, not very non-linear.  
Simple formulas for the transfer function gains of gas 
transmission systems were derived in [3] and [4]. 
There is unfortunately no simple way to conclude the 
time constants of the linear transfer functions. [4] 
suggests constrained system identification and [5] a 
procedure based space discretization and linearization 
of the PDE's followed by a model reduction step which 
provides a low-order linear state-space model from 
which the time constants can be easily extracted. 

In [6] a different approach is used: The PDE's are 
linearized based on certain assumptions and non-
rational transfer functions are obtained. Those non-
rational transfer functions are then used to provide 
simulations in the time domain. In [7], the non-rational 
transfer functions are approximated by Taylor 
expansions from which the time constants can be 
easily calculated. The assumptions used do not always 
hold, and the authors do not present how to treat 
more complex transmission systems than the single 
pipeline segments they treat, namely, branched 
pipelines, pipelines with loops, and transmission 
systems with multiple pieces of equipment like 
compressors and valves. 

The paper presents a new and practical method to 
calculate the linear transfer function time constants 
for gas transmission systems. If a first-principles TSM is 
available, that is simply used to by multiple simulation 
experiments - step tests - calculate the time constants 
so that transmission system parameters (gas 
throughput, pipeline geometry, friction, compressor 
data, etc.) are varied according to a pre-defined 
pattern. The result of these tests is a table of system 
parameter values and resulting time constants, and 
simple functions relating parameter values and values 
of time constants can be derived by regression.  

The paper also discusses the very concept of "time 
constants": it is well known that even the smallest gas 
transmission system, eg. one short pipeline segment, 
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has a linearized transfer function with multiple 
descending  de-nominator time constants. It is easy to 
find the dominating time constant, but how many of 
the non-dominating are needed to describe the 
dynamics with reasonable accuracy. In [3] it already 
became clear that the numerator time constant(s) has 
relevance depending on the location of the output 
variable  within the transmission system. 
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Extended abstract. Microgrids are electricity 
distribution systems containing loads and 
distributed energy resources, such as distributed 
generators, storage devices, and controllable 
loads.  Microgrids can be operated either while the 
system is connected to the main power grid or while 
the system is islanded (off-grid).

The paper will present early results from modelling and
optimization of the operation of a case system, which is
under construction at Lempäälä, in Marjamäki
industrial and commercial area. Marjamäki grid will
consists of 4 MW solar power plant, total of 8.4 MW gas
engines for CHP production, two 65 kW fuel cells, 2.4
MW/1.6 MWh (charge and discharge power/capacity)
electrical energy storage system, heat and cooling
storages, smart buildings having their own generation
resources and demand response functionalities, and
intelligent grid automation and management systems.
The microgrid has a medium voltage connection to the
grid of the local distribution system operator (DSO), and
its own gas and district heating networks.

The intelligent microgrid environment aims to cost
efficient utilization of all resources available at the
energy community consisting of the members
connected to the microgrid. Key features are energy
conservation and promotion of circular economy
through energy networks. An important topic is the
creation of incentives for investments in community-
friendly energy solutions. The energy community
perspective should be promoted by optimizing the
network performance so that community costs are
minimized when members' costs are minimized instead
of individual player focused local optimization.

Figure 1. Structure of the Marjamäki microgrid.

Microgrid Model.

The operation of the microgrid system is studied with a
dynamic simulation model. The model consists of
power flows between consumer and producer nodes
and the grid connection with the DSO network.
Consumption and production data is provided with
hourly-based time series data. System formulation is
carried out by General Algebraic Modelling Systems
GAMS as well as optimization of operation costs as a
function of electricity price in spot market and own
generation  potentials. The model variables are

¶ power flow from/to DSO grid
¶ power flow between microgrid and battery

energy storage (BES)
¶ charge level of BES
¶ cost of grid electricity
¶ cost of generation by fuel cells
¶ cost of generation by gas engines
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The case study is calculated based on hourly data from
year 2017 including

¶ Nordpool Elspot Day ahead price [€/MWh]
¶ electric power consumption at microgrid

area [MWh/h]
¶ heating power consumption [MWh/h]
¶ solar intensity rate

o measured from the roof of the
Electrical Engineering building at
Hervanta Campus, Tampere

System operation related boundary conditions are
¶ Allowed battery charge level 30 – 90%
¶ upper limits for generation and battery

charging/discharging capacities
¶ battery charge level at the beginning and the

end of the optimized day
o 24 h net use equal to zero

Model equations
¶ momentary power balance between

consumption and production
¶ battery dynamics (calculation of battery

charge level)
¶ cost function, minimize the sum of operation

and purchasing costs

Optimization results

Figures 2 and 3 show the optimization results from two
48 hours periods on the January 24.-25.  and on the July
18.-19. 2017. The optimization problem is to minimize
the supply costs of electric energy by the active use of
the battery storage.  During both periods, the fuel cells
were operated at full capacity and gas engines were
operated according to the heat load (CHP generation).
Solar PV generation capacity is calculated according to
the measured solar irradiation data. Yellow bar on
positive power side indicates discharging and negative
bar charging of the battery storage (direction of power
flow from battery to microgrid). During the January
period, the gas engines are intensively used for heat
production and solar PV generation capacity is minor,
especially on 25.1. During the period on July, solar PV
generation is more intensive, but the heat load and
thus the gas engine generation is negligible.

Figures 4 and 5 show histograms and duration curves of
load and generation levels calculated from year 2017
data. On the first row of Figure 4, two first 
histograms show electricity and heat load 
distributions. The third histogram is the generation 
capacity of fuel cells, which is constant 65 kW all 
through.

Figure 2. Optimization of supply cost of electric energy
on 24.-25.1.2017.

Figure 3. Optimization of supply cost of electric energy
on 18.-19.7.2017.

On the second row there are power level distributions
of gas engines and solar PV generation and buy/sell
electricity from the grid.  It can be seen from the
histograms that e.g. solar PV generation is very modest.
From 4 MW installed capacity during app. 5800 hours
from annual 8760 hours, the generated power has been
between 0-100 kW. However, this is not a typical
situation because summer 2017 was exceptionally
rainy and cloudy. However, this kind of situations
should also to be taken into account, when planning
weather dependent generation systems.

Figure 4. Histograms of hourly power levels of
consumptions and production capacities.
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The third histogram on row two shows that most of the
time the microgrid is buying electricity from the grid.

Duration curves presented in Figure 5 show the 
same information as histograms in figure 4.

Figure 5.  Annual duration curves for loads and
production resources.

The two first curves on the first row show durations of
electricity and heat loads. The third curve is the
constant 65 kW generation from fuel cells. On the
second row the two first curves show the duration
levels of gas engine electric power and solar PV
generation. The third curve shows that most of the time
the microgrid is buying electricity from the grid.

Conclusions and Next Steps

Marjamäki microgid offers a remarkably versatile
environment for microgrid related research activities in
general, such as:

¶ MW-level large-scale solar power system and
several smaller PV units located in the
buildings

¶ Management and automation solutions of
the microgrid system operating in parallel
with the supplying network of the local DSO
or as a separated island

¶ Utilizing the microgrid and its various
resources as a flexible resource for frequency
controlled reserve markets in the national
power system

¶ Using microgrids to improve security of
supply of the DSO as an alternative to other
options (e.g., cabling in rural areas)

¶ optimization of various energy resources in
resource efficient energy management

¶ regulation, roles and business of different
actors in the microgrid framework

The next steps in the development of Marjamäki area
are adding the generation and flexibility resources of
the energy community and minimizing of the total
costs. An important goal is the development of an
internal cost-sharing mechanism so that the cost of the
community is minimized when the cost of the members
is minimized. This will lead to the process aiming at the
optimal development of the whole area instead of short
time benefits of individual players.
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ǇŜǘǘŜǊƛΦƭŜƘǘƻƴŜƴϪŦƻǊǘǳƳΦŎƻƳ 

мΦ LƴǘǊƻŘǳŎǘƛƻƴ 

[ƻǾƛƛǎŀ ±±9wπппл Ǉƭŀƴǘ ǳƴƛǘǎ ǿŜǊŜ ƻǊƛƎƛƴŀƭƭȅ 
ŎƻƳƳƛǎǎƛƻƴŜŘ ƻƴ мфтт ŀƴŘ мфулΦ ¢ƘŜ ǎǘŀǘǳǎ ƻŦ 
ƛƴǎǘǊǳƳŜƴǘŀǘƛƻƴ ŀƴŘ ŎƻƴǘǊƻƭ όLϧ/ύ ǎȅǎǘŜƳǎ ǿŀǎ ŎƭŀǊƛŦƛŜŘ 
ŀŦǘŜǊ ол ȅŜŀǊǎ ƻŦ ƻǇŜǊŀǘƛƻƴΣ ŀǎ ƳŀƴǳŦŀŎǘǳǊƛƴƎ ƻŦ ƻǊƛƎƛƴŀƭ 
ŎƻƳǇƻƴŜƴǘǎ ŀƴŘ ǎǇŀǊŜ ǇŀǊǘǎ ƘŀŘ ōŜŜƴ ǎǘƻǇǇŜŘΦ Lƴ ŜŀǊƭȅ 
нлллǎ ƛǘ ǿŀǎ ŘŜŎƛŘŜŘ ǘƻ ǎŜǘ ǳǇ ŀƴ Lϧ/ ǊŜƴŜǿŀƭ ǇǊƻƧŜŎǘ 
ǘƻ ŜƴǎǳǊŜ ƭƛŎŜƴǎŀōƛƭƛǘȅ ŀƴŘ ƘƛƎƘ ŀǾŀƛƭŀōƛƭƛǘȅ ƻŦ ǘƘŜ Ǉƭŀƴǘ 
ŀƴŘ ǘƻ ƛƳǇǊƻǾŜ ǘƘŜ Ƴŀƛƴǘŀƛƴŀōƛƭƛǘȅ ōȅ ǎŜŎǳǊƛƴƎ 
ǎǳŦŦƛŎƛŜƴǘ ǎǳǇǇƭȅ ƻŦ ǎǇŀǊŜ ǇŀǊǘǎ ŀƴŘ ƪƴƻǿƭŜŘƎŜŀōƭŜ 
ǇŜǊǎƻƴƴŜƭ ǳƴǘƛƭ ǘƘŜ ŜƴŘ ƻŦ Ǉƭŀƴǘ ƭƛŦŜǘƛƳŜΦ ¢ƘŜ ǊŜƴŜǿŀƭ 
ǎŎƻǇŜ ǿƻǳƭŘ ŀŘŘǊŜǎǎ ǘƘŜ Ƴƻǎǘ ƛƳǇƻǊǘŀƴǘ ǎŀŦŜǘȅ ŀƴŘ 
ƭƛŎŜƴǎƛƴƎ ǉǳŜǎǘƛƻƴǎΥ ǊŜƴŜǿŀƭ ƻŦ ŎǊƛǘƛŎŀƭ ǎŀŦŜǘȅ ŀƴŘ ǎŀŦŜǘȅ 
ǊŜƭŀǘŜŘ Lϧ/ ǎȅǎǘŜƳǎ ǿƛǘƘ ƳƻŘŜǊƴ ǎŀŦŜǘȅ ǊŜǉǳƛǊŜƳŜƴǘǎΣ 
ŀŘŘƛǘƛƻƴ ƻŦ ƴŜǿ ǎŀŦŜǘȅ ǊŜƭŀǘŜŘ ŀƴŘ ƴƻƴπǎŀŦŜǘȅ 
ǇǊŜǾŜƴǘƛǾŜ ŦǳƴŎǘƛƻƴǎ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ǊŜƭŜǾŀƴǘ Ƴŀƴǳŀƭ 
ŀƴŘ ŀǳǘƻƳŀǘƛŎ ōŀŎƪπǳǇ ǎȅǎǘŜƳǎΣ ǇǊƻǾƛǎƛƻƴ ƻǊ ŎƭŜŀǊ 
ǎŜǇŀǊŀǘƛƻƴ ŀƴŘ ǇǊƛƻǊƛǘƛȊŀǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ǎȅǎǘŜƳǎ ƛƴ 
ŘƛŦŦŜǊŜƴǘ ŘŜŦŜƴŎŜπƛƴπŘŜǇǘƘ ƭŜǾŜƭǎΦ 5ƛƎƛǘŀƭ Lϧ/ ǇƭŀǘŦƻǊƳǎ 
ǿŜǊŜ ŎƘƻǎŜƴ ŦƻǊ ŀƭƭ ǎŀŦŜǘȅΣ ǎŀŦŜǘȅ ǊŜƭŀǘŜŘ ŀƴŘ ƴƻƴπ
ǎŀŦŜǘȅ ǎȅǎǘŜƳǎΦ /ƻƳǇǊŜƘŜƴǎƛǾŜ ƘŀǊŘǿƛǊŜŘ ŀƴŘ ŘƛƎƛǘŀƭ 
ōŀŎƪǳǇǎ ǿƛǘƘ ŘƛǾŜǊǎŜ ǘŜŎƘƴƻƭƻƎȅ ǿŜǊŜ ǇƭŀƴƴŜŘ ŦƻǊ ǘƘŜ 
Ƴƻǎǘ ŜǎǎŜƴǘƛŀƭ ǎŀŦŜǘȅ ǎȅǎǘŜƳǎΦ  

! Ŧǳƭƭ ǎŎƻǇŜ Lϧ/ ǊŜƴŜǿŀƭ ǇǊƻƧŜŎǘ [!w! ǿŀǎ ƛƴƛǘƛŀǘŜŘ ǿƛǘƘ 
!ǊŜǾŀ ŀƴŘ {ƛŜƳŜƴǎ /ƻƴǎƻǊǘƛǳƳ ƛƴ нллпΦ {ƛƴŎŜ ǘƘŜ 
ōŜƎƛƴƴƛƴƎ ƛǘ ǿŀǎ ƴƻǘƛŎŜŘ ǘƘŀǘ ƳƻŘŜǊƴƛȊƛƴƎ Ŧǳƭƭ ǎŎƻǇŜ ƻŦ 
ƴǳŎƭŜŀǊ ǇƻǿŜǊ Ǉƭŀƴǘ Lϧ/ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ǇƭŜƴǘȅ ƻŦ ǎŀŦŜǘȅ 
ƛƳǇǊƻǾŜƳŜƴǘǎ ōǊƛƴƎǎ ƭƻǘ ƻŦ ŎƻƳǇƭŜȄƛǘȅ ŀƴŘ ǊŜǉǳƛǊŜǎ 
ŎƘǳƴƪƛƴƎ ǘƘŜ ǊŜƴŜǿŀƭ ƛƴǘƻ ǎŜǾŜǊŀƭ ǎǘŀƎŜǎ ƛƴ ƻǊŘŜǊ ǘƻ 
ƪŜŜǇ ǘƘŜ ǎŎƻǇŜ ŀƴŘ ŎƻƳƳƛǎǎƛƻƴƛƴƎ ŘǳǊŀǘƛƻƴ 
ƳŀƴŀƎŜŀōƭŜΦ ¢Ƙƛǎ ŀƎŀƛƴ ǇǊŜǎŜƴǘŜŘ ŀ ƴŜŜŘ ŦƻǊ ƴǳƳŜǊƻǳǎ 
ƛƴǘŜǊƳŜŘƛŀǘŜ ǎƻƭǳǘƛƻƴǎΦ ¢ƘŜ ŦƛǊǎǘ ǊŜƴŜǿŀƭ ǎǘŀƎŜ ǿŀǎ 
ǎǳŎŎŜǎǎŦǳƭƭȅ ŎƻƳƳƛǎǎƛƻƴŜŘ ƛƴ ƻǳǘŀƎŜǎ нллуΣ нллф 
ŎƻƴǎƛǎǘƛƴƎ ƻŦ tǊŜǾŜƴǘƛǾŜ tǊƻǘŜŎǘƛƻƴ {ȅǎǘŜƳ όǊŜŀŎǘƻǊΩǎ 
Ŧŀǎǘ ŀƴŘ ǎƭƻǿ ǎƘǳǘŘƻǿƴΣ ŎƻƴǘǊƻƭ ǊƻŘ ŎƻƴǘǊƻƭ ŀƴŘ 
Ǉƻǎƛǘƛƻƴ ƛƴŘƛŎŀǘƛƻƴύΣ ƛƴŎƻǊŜ ƳŜŀǎǳǊŜƳŜƴǘ ǎȅǎǘŜƳ ŀƴŘ 
ƴƻǊƳŀƭ ǇǊƻŎŜǎǎ ŎƻƴǘǊƻƭ ǎȅǎǘŜƳǎΦ  

¢ƘŜ ŎƘŀƭƭŜƴƎŜǎ ŦŀŎŜŘ ŎƻƴǎƛǎǘŜŘ ƻŦ ŜΦƎΦ ƳƻŘŜǊƴ 

ǊŜǉǳƛǊŜƳŜƴǘ ōŀǎŜŘ ŘŜǎƛƎƴΣ ƭŀǊƎŜ ŀǊŎƘƛǘŜŎǘǳǊŜΣ 
ǉǳŀƭƛŦƛŎŀǘƛƻƴ ƻŦ ŘƛƎƛǘŀƭ Lϧ/ ŀƴŘ Ǿŀǎǘ ƛƴǘŜǊƳŜŘƛŀǘŜ 
ǎƻƭǳǘƛƻƴǎ ōŜǘǿŜŜƴ ǊŜƴŜǿŀƭ ǎǘŀƎŜǎΦ !ŦǘŜǊ ǎŜǾŜǊŀƭ 
ǇƻǎǘǇƻƴŜƳŜƴǘǎ ƻŦ ŎƻƳƳƛǎǎƛƻƴƛƴƎ ŘŀǘŜ ŦƻǊ ǘƘŜ Ƴƻǎǘ 
ƛƳǇƻǊǘŀƴǘ нƴŘ ǊŜƴŜǿŀƭ ǎǘŀƎŜΣ Ƴŀƴȅ ŀŎŎǊǳƛƴƎ ŀƴŘ 
ǿŀƛǘƛƴƎ ŎƘŀƴƎŜ ƴŜŜŘǎ ƻŦ ƻǇŜǊŀǘƛƴƎ Ǉƭŀƴǘ ǿŜǊŜ ŦƻǊŎŜŘ ǘƻ 
ōŜ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ ǇǊƻƧŜŎǘ ǎŎƻǇŜΦ ¢Ƙƛǎ ƛƴŘǳŎŜŘ ƎǊƻǿƛƴƎ 
Ǌƛǎƪǎ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ ŜǎǘƛƳŀǘŜŘ ŘǳǊŀǘƛƻƴ ƻŦ 
ŎƻƳƳƛǎǎƛƻƴƛƴƎ ƻǳǘŀƎŜ ŀƴŘ ǘƘŜ ŎƻƳƳŜƴŎƛƴƎ ȅŜŀǊΣ ŀƴŘ 
ƴƻ ŎƭŜŀǊ Ǿƛǎƛōƛƭƛǘȅ ƳŜŜǘƛƴƎ ǘƘŜ ǇǊƻƧŜŎǘϥǎ ƻǊƛƎƛƴŀƭ ǘŀǊƎŜǘǎΦ 

нΦ {ŜŎƻƴŘ Lϧ/ ǊŜƴŜǿŀƭ ǇǊƻƧŜŎǘ 9[{! 

.ŀǎŜŘ ƻƴ ǘƘŜ ŘƛŦŦƛŎǳƭǘƛŜǎ ŀ ƴŜǿ Ǉƭŀƴ ǿŀǎ ǇǊŜǇŀǊŜŘΦ ¢ƘŜ 
ƴŜǿ 9[{! Lϧ/ ǊŜƴŜǿŀƭ ǇǊƻƧŜŎǘ ƛƴŎƭǳŘŜŘ ǎǳōǎǘŀƴǘƛŀƭƭȅ 
ǎƳŀƭƭŜǊ ǎŎƻǇŜΣ ŀƴŘ ǿƻǳƭŘ ǊŜƴŜǿ ƻƴƭȅ Ƴƻǎǘ ŎǊƛǘƛŎŀƭ Lϧ/ 
ǎȅǎǘŜƳǎ ǿƛǘƘ Ƴƻǎǘ ŜǎǎŜƴǘƛŀƭ ǎŀŦŜǘȅ ƛƳǇǊƻǾŜƳŜƴǘǎΦ 
5ŜƭƛǾŜǊȅ ƭƛƳƛǘǎ ǿŜǊŜ ŎŀǊŜŦǳƭƭȅ ǇǊŜǇŀǊŜŘ ŀƴŘ 
ǊŜǎǇƻƴǎƛōƛƭƛǘƛŜǎ ǎƘŀǊŜŘ ōŜǘǿŜŜƴ ǘƘŜ ǳǘƛƭƛǘȅ ŀƴŘ ǘƘŜ ƴŜǿ 
ǎǳǇǇƭƛŜǊ wƻƭƭǎπwƻȅŎŜ /ƛǾƛƭ bǳŎƭŜŀǊ ƛƴ ŀƴ ƻǇǘƛƳŀƭ ƳŀƴƴŜǊΦ 
¢ƘŜ ǇǊƻƧŜŎǘ ŘǳǊŀǘƛƻƴ ǿŀǎ ƪŜǇǘ ŀǎ ǎƘƻǊǘ ŀǎ ǇƻǎǎƛōƭŜ ǘƻ 
ƳƛƴƛƳƛȊŜ ŜƳŜǊƎƛƴƎ Ǉƭŀƴǘ ŎƘŀƴƎŜ ƴŜŜŘǎ ŀƴŘ ǘƘǳǎ ǘƻ 
ƪŜŜǇ ǘƘŜ ŎƻƴŦƛƎǳǊŀǘƛƻƴ ƳŀƴŀƎŜŀōƭŜΦ ¢ƘŜ ǇǊƻƧŜŎǘ ǎŎƻǇŜ 
ǿŀǎ ǇƭŀƴƴŜŘ ǘƻ ōŜ ŎƻƳƳƛǎǎƛƻƴŜŘ ƛƴ ǘƘǊŜŜ ŎƻƴǎŜŎǳǘƛǾŜ 
ƻǳǘŀƎŜǎΣ ōƻǘƘ Ǉƭŀƴǘ ǳƴƛǘǎ ŀǘ ǘƘŜ ǎŀƳŜ ȅŜŀǊΣ ǿƛǘƘ 
ƪŜŜǇƛƴƎ ǊŜƎǳƭŀǊ ƻǳǘŀƎŜǎ ŘǳǊŀǘƛƻƴǎ ǿƛǘƘ ǘƻƭŜǊŀōƭŜ Ǌƛǎƪ 
ŦƻǊ ŀŘŘƛǘƛƻƴŀƭ ŘŜƭŀȅǎΦ  

tǊŜπŀǇǇǊƻǾŀƭ ŦƻǊ ǘƘŜ ǇƭŀƴƴŜŘ ǎŎƻǇŜ ŀƴŘ ŜǉǳƛǇƳŜƴǘ ǿŀǎ 
ǎƻǳƎƘǘ ƛƴ ǘƘŜ ŎƻƴŎŜǇǘǳŀƭ ŘŜǎƛƎƴ ǇƘŀǎŜ ŦǊƻƳ ǘƘŜ 
ǊŜƎǳƭŀǘƻǊΦ bŜǿ 9[{!πw ǇǊƻƎǊŀƳ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ǇǊƻƎǊŀƳ 
ƳŀƴŀƎŜƳŜƴǘ ǊƻǳǘƛƴŜǎ ǿŜǊŜ ŜǎǘŀōƭƛǎƘŜŘ ǘƻ ƎƻǾŜǊƴ ǘƘŜ 
ŎƭƻǎŜƭȅ ǊŜƭŀǘŜŘ ǇǊƻƧŜŎǘǎ ƻŦ ǘƘŜ 9[{! ǇǊƻƧŜŎǘ ŀƴŘ ǘƘǳǎ ǘƻ 
ǎŜŎǳǊŜ ǎǳŎŎŜǎǎŦǳƭ ŜȄŜŎǳǘƛƻƴ ƻŦ ǘƘŜ ǇǊƻƧŜŎǘǎΦ ¢ƘŜ ƴŜǿ 
ǎƳŀƭƭŜǊ ǎŎƻǇŜ ŀƭǎƻ ƳŜŀƴǘ ƛŘŜƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ƳŀƛƴǘŜƴŀƴŎŜ 
ŀƴŘ ǊŜƴŜǿŀƭ ƴŜŜŘǎ ŦƻǊ ǘƘŜ ŜȄƛǎǘƛƴƎ ŀƴŘ ǊŜƳŀƛƴƛƴƎ Lϧ/ 
ǇŀǊǘǎ ŀƴŘ ƳŀƴŀƎŜƳŜƴǘ ƻŦ ǘƘŜƳ ŀǎ ǎŜǇŀǊŀǘŜ ǎǇŀǊŜ ǇŀǊǘǎ 
ƻǊ ǊŜƴŜǿŀƭ ǇǊƻƧŜŎǘǎ ǳƴŘŜǊ ƴƻǊƳŀƭ Ǉƭŀƴǘ ƎƻǾŜǊƴŀƴŎŜΦ 

оΦ !twh{ϯ ǘŜǎǘƛƴƎ 

{ƛƳǳƭŀǘƻǊǎ ǿŜǊŜ ǇƭŀƴƴŜŘ ǘƻ ōŜ ǳǎŜŘ ƛƴ Ƴŀƴȅ ŀǊŜŀǎ ƻŦ 
ǘƘŜ 9[{! ǇǊƻƧŜŎǘ ǎƛƴŎŜ ǘƘŜ ōŜƎƛƴƴƛƴƎΦ ¢Ƙƛǎ ǿŀǎ ŘǳŜ ǘƻ 
ǾŜǊǎŀǘƛƭŜ !twh{ϯ ǘƻƻƭ ŀƴŘ ƎƻƻŘ ŜȄǇŜǊƛŜƴŎŜǎ ŦǊƻƳ ƻǘƘŜǊ 
ǇǊƻƧŜŎǘǎΦ !ǘ ŦƛǊǎǘ ŀƭƭ ǎŀŦŜǘȅ ŀƴŀƭȅǎŜǎ ǿŜǊŜ ǊŜƴŜǿŜŘ ǿƛǘƘ 
ǘƘŜ ƴŜǿ Ǉƭŀƴǘ ŦǳƴŎǘƛƻƴŀƭ ŀǊŎƘƛǘŜŎǘǳǊŜΦ !ŦǘŜǊ ǾŀƭƛŘŀǘƛƴƎ 
ǘƘŜ Ǉƭŀƴǘ ŦǳƴŎǘƛƻƴŀƭƛǘȅ ǘƘŜ ƴŜǿ Lϧ/ ǎȅǎǘŜƳǎ ǿŜǊŜ 
ǾŀƭƛŘŀǘŜŘ ŀƎŀƛƴǎǘ ǘƘŜ ǎƛƳǳƭŀǘŜŘ Ǉƭŀƴǘ ƳƻŘŜƭΦ ¢ƘŜ 
ǎƛƳǳƭŀǘƛƻƴ ŜƴǾƛǊƻƴƳŜƴǘ ƳŀŘŜ ǾŀƭƛŘŀǘƛƻƴ ŀƎŀƛƴǎǘ ǘƘŜ 
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                                                                                                                                                                  !ǳǘƻƳŀŀǘƛƻǇŅƛǾŅǘно нлмф 
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ǎƛƳǳƭŀǘŜŘ Ǉƭŀƴǘ ǇƻǎǎƛōƭŜ ǘƻ ōŜ ŘƻƴŜ ŀǘ ŀƴ ŜŀǊƭȅ ǇƘŀǎŜ 
ƻŦ ǘƘŜ ǇǊƻƧŜŎǘΣ ŀƴŘ ǘƻ ƛƴŎƭǳŘŜ Ǉƭŀƴǘ ƻǇŜǊŀǘƻǊǎ ŀƭǊŜŀŘȅ ŀǘ 
ǘƘƛǎ ŜŀǊƭȅ ǇƘŀǎŜΦ !ƭǎƻ ŜǊǊƻǊǎ ǿŜǊŜ ŘƛǎŎƻǾŜǊŜŘ ŜŀǊƭȅ ƻƴ 
ŀƴŘ ǘƘŜ ǘǳƴƛƴƎ ƻŦ ǘƘŜ ǊŜŀŎǘƻǊ ǇƻǿŜǊ ŎƻƴǘǊƻƭƭŜǊ ǿŀǎ 
ǇƻǎǎƛōƭŜ ōŜŦƻǊŜ ŎƻƳƳƛǎǎƛƻƴƛƴƎΦ bƻ ǊŜŀƭ ƳƻŘƛŦƛŎŀǘƛƻƴǎ 
ǘƻ ǘƘŜ ǎȅǎǘŜƳǎ ǿŜǊŜ ƴŜŜŘŜŘ ǘƻ ōŜ ŘƻƴŜ ŀǘ ǘƘŜ ǇƭŀƴǘΦ  

CƻǊ ǘŜǎǘƛƴƎ ǘƘŜ Lϧ/ ŀǊŎƘƛǘŜŎǘǳǊŜ ƛƴ ŀƴ ŜŦŦƛŎƛŜƴǘ ŀƴŘ 
ŦƭŜȄƛōƭŜ ƳŀƴƴŜǊ ŀ ŎƻƳǇƭŜǘŜƭȅ ƴŜǿ Ǉƭŀƴ ǿŀǎ ǇǊŜǇŀǊŜŘΦ 
CƻǊ Ƴƻǎǘ ŜȄǘŜƴǎƛǾŜ ƭŀǎǘ ǊŜƴŜǿŀƭ ǎǘŀƎŜ ŀ ǘŜǎǘ ǇƭŀǘŦƻǊƳ ƻŦ 
т ƛƴŘƛǾƛŘǳŀƭ Lϧ/ ǎȅǎǘŜƳǎ ǿŀǎ ǎŜǘ ǳǇ ŀǘ ǘƘŜ ǎǳǇǇƭƛŜǊϥǎ 
ǘŜǎǘ ŦƛŜƭŘΦ Lƴ ŀŘŘƛǘƛƻƴ ǘƘŜ ǎǳǇǇƭƛŜǊϥǎ ǎŜǇŀǊŀǘŜ ǘŜǎǘ 
ŎƻƴƴŜŎǘƛƻƴ ŜǉǳƛǇƳŜƴǘ ǘƘŜ !twh{ ǎƛƳǳƭŀǘƻǊ ǿŀǎ 
ƛƴǘŜǊŎƻƴƴŜŎǘŜŘ ǿƛǘƘ ǘƘŜ Lϧ/Φ ¢Ƙƛǎ ǇǊƻǾƛŘŜŘ ǘǿƻ 
ŀŘǾŀƴǘŀƎŜǎΥ ǘƘŜ Ǉƻǎǎƛōƛƭƛǘȅ ǘƻ Ǌǳƴ ǘŜǎǘ ŎŀǎŜǎ ŀƎŀƛƴǎǘ ǘƘŜ 
ǎƛƳǳƭŀǘŜŘ ǇƭŀƴǘΣ ŀƴŘ ŜƳǳƭŀǘƛƴƎ Lϧ/ ǎȅǎǘŜƳǎ ƛƴ 
ǎƛƳǳƭŀǘƻǊ ŜƴǾƛǊƻƴƳŜƴǘ ōŜŦƻǊŜ ǘƘŜ ǎƻŦǘǿŀǊŜ ϧ 
ƘŀǊŘǿŀǊŜ ŘŜǘŀƛƭ ŘŜǎƛƎƴ ƻŦ ŀƭƭ ǎȅǎǘŜƳǎ ǿŀǎ ǊŜŀŘȅΦ CƛǊǎǘ 
ŀƭƭ ǎŜǾŜƴ Lϧ/ ǎȅǎǘŜƳǎ ǿŜǊŜ ǘŜǎǘŜŘ ǿƛǘƘ ŜƳǳƭŀǘƛƻƴǎΦ hƴŜ 
ōȅ ƻƴŜ ŀŦǘŜǊ ŎƻƳǇƭŜǘƛƻƴ ǘƘŜ ǊŜŀƭ Lϧ/ ǎȅǎǘŜƳǎ ǊŜǇƭŀŎŜŘ 
ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǎȅǎǘŜƳ ŜƳǳƭŀǘƛƻƴ ƛƴ ǘƘŜ ǘŜǎǘ 
ŎƻƴŦƛƎǳǊŀǘƛƻƴΣ ƭŜŀŘƛƴƎ ƛƴ ǘƘŜ ŜƴŘ ǘƻ ŀƭƭ ǘƘŜ ǎŜǾŜƴ ǊŜŀƭ 
Lϧ/ ǎȅǎǘŜƳǎ ōŜƛƴƎ ƛƴǘŜǊŎƻƴƴŜŎǘŜŘ ŀƴŘ !twh{ ǳǎŜŘ ŀǎ ŀ 
ǎƛƳǳƭŀǘŜŘ Ǉƭŀƴǘ ƳƻŘŜƭΦ  

¢Ƙƛǎ ŜƴŀōƭŜŘ ǎŀǾƛƴƎ ƳƻƴǘƘǎ ŦǊƻƳ ǘŜǎǘƛƴƎ ǘƛƳŜ ƻŦ 
ƛƴǘŜǊŎƻƴƴŜŎǘŜŘ ǘŜǎǘǎΦ ¢ƘŜ ƛƴǘŜǊŎƻƴƴŜŎǘƛƻƴ ŦǳƴŎǘƛƻƴŀƭƛǘȅ 
ōŜǘǿŜŜƴ ǎȅǎǘŜƳǎ ǿŀǎ ǇƻǎǎƛōƭŜ ǘƻ ōŜ ǘŜǎǘŜŘ ǿŜƭƭ ƛƴ 
ŀŘǾŀƴŎŜΣ ŀƴŘ ƻƴƭȅ ƛƴ ǘƘŜ ŜƴŘ ǿƘŜƴ ŀƭƭ ǎŜǾŜƴ ǎȅǎǘŜƳǎ 
ǿŜǊŜ ǊŜŀŘȅ ŀƴŘ ƛƴǘŜǊŎƻƴƴŜŎǘŜŘ ƘŀǊŘǿƛǊŜŘΣ 
ŎƻƳǇǊŜƘŜƴǎƛǾŜ ǘŜǎǘƛƴƎ ƻŦ ŀŎǘǳŀƭ ƛƴǘŜǊŎƻƴƴŜŎǘƛƻƴǎ 
ǘƘŜƳǎŜƭǾŜǎ ǿŀǎ ŘƻƴŜ ǘƻ ŎƻƴŦƛǊƳ ǘƘŀǘ ƴƻ ŘƛŦŦŜǊŜƴŎŜǎ 
ōŜǘǿŜŜƴ ǎƛƳǳƭŀǘŜŘ ŀƴŘ ǊŜŀƭ ŜƴǾƛǊƻƴƳŜƴǘǎ ŜȄƛǎǘŜŘΦ 

¢ƘŜ ǘŜǎǘ ǇƭŀǘŦƻǊƳ ǿŀǎ ŀƭǎƻ ǳǎŜŘ ŦƻǊ ŀŘŘƛǘƛƻƴŀƭ 
ŦǳƴŎǘƛƻƴŀƭ ǘŜǎǘƛƴƎ ōŀǎŜŘ ƻƴ ǊŜƎǳƭŀǘƻǊ ǊŜǉǳŜǎǘΦ ¢ƘŜ ǘŜǎǘ 
ǎƛƳǳƭŀǘƻǊ ƳŀŘŜ ƛǘ ǇƻǎǎƛōƭŜ Ǌǳƴ ŎƻƳǇƭŜȄ ŀŎŎƛŘŜƴǘ 
ǎŎŜƴŀǊƛƻǎ ƻǳǘǎƛŘŜ ǘƘŜ ǇƭŀƴƴŜŘ ǘŜǎǘ ǇǊƻŎŜŘǳǊŜǎΣ ǘŜǎǘƛƴƎ 
ǘƘŜ Lϧ/ ŀǊŎƘƛǘŜŎǘǳǊŜ ŀƴŘ ǎȅǎǘŜƳǎ ōƻǘƘ ƛƴ ŘŜǎƛƎƴ ōŀǎƛǎ 
ŀƴŘ ōŜȅƻƴŘ ŘŜǎƛƎƴ ōŀǎƛǎ ŎŀǎŜǎΦ ¢ƘŜǎŜ ǘŜǎǘ ŎŀǎŜǎ ǿŜǊŜ 
ŎƻƴǎƛǎǘƛƴƎ ŦƻǊ ŜȄŀƳǇƭŜ ƻŦ ŎƻƳǇƭŜǘŜ ōƭŀŎƪƻǳǘ ƻŦ ƘŀƭŦ ƻŦ 
ǘƘŜ Lϧ/ ǎȅǎǘŜƳ ŎŀōƛƴŜǘǎ ŀƴŘ ƭŀǊƎŜ ŎƻƳƳƻƴπŎŀǳǎŜ 
ŦŀƛƭǳǊŜ ό//Cύ ƻŦ ŀŎǘǳŀƭ ǎŀŦŜǘȅ Ŏƭŀǎǎ н ǎŀŦŜǘȅ ǎȅǎǘŜƳǎ 
ǘƻƎŜǘƘŜǊ ǿƛǘƘ ŀƴ ŀŎŎƛŘŜƴǘ ǎŎŜƴŀǊƛƻΦ ¢ƘŜ ǎƛƳǳƭŀǘƛƻƴ ƻŦ 
ǘƘŜǎŜ ŎŀǎŜǎ ŎƻƴŦƛǊƳŜŘ ǘƘŀǘ ǘƘŀǘ ǘƘŜ ŘƛǾŜǊǎŜ ŀǳǘƻƳŀǘƛŎ 
ōŀŎƪǳǇ ǎȅǎǘŜƳ ǳǎƛƴƎ ŘƛŦŦŜǊŜƴǘ ƳŜŀǎǳǊŜƳŜƴǘǎ ŀƴŘ 
ŦǳƴŎǘƛƻƴǎ ŦǊƻƳ ŀŎǘǳŀƭ ǎŀŦŜǘȅ ǎȅǎǘŜƳ ǿŀǎ ŀōƭŜ ǘƻ ǘǊƛǇ ǘƘŜ 
ǊŜŀŎǘƻǊΦ !ƭǎƻ ŀƭƭ ǘƘŜ ǘǿƻ ŀƴŘ ŦƻǳǊ ǊŜŘǳƴŘŀƴǘ ǎȅǎǘŜƳ 
ŀǊŎƘƛǘŜŎǘǳǊŜǎ ǿƛǘƘ ǎŜǇŀǊŀǘŜŘ ǇƻǿŜǊ ǎǳǇǇƭƛŜǎ ǿƻǊƪŜŘ ŀǎ 
ǇƭŀƴƴŜŘΦ ¢ƘŜǎŜ ǘŜǎǘǎ ǇǊƻǾŜŘ ǘƘŜ ǎƻƭƛŘƛǘȅ ƻŦ ǘƘŜ 
ŀǊŎƘƛǘŜŎǘǳǊŜ ŀƴŘ ǘƘŀǘ ǘƘŜ ŘƛǾŜǊǎƛǘȅ ǿŀǎ ŎƻǊǊŜŎǘƭȅ 
ŀǇǇƭƛŜŘ ƛƴ ŘŜŦŜƴŎŜπƛƴπŘŜǇǘƘ ŎƻƴŎŜǇǘΦ 

ƛƳǇǊƻǾŜ ǘƘŜ Ƴŀƛƴǘŀƛƴŀōƛƭƛǘȅ ōȅ ǎŜŎǳǊƛƴƎ ǎǳŦŦƛŎƛŜƴǘ
ǎǳǇǇƭȅ ƻŦ ǎǇŀǊŜ ǇŀǊǘǎ ŀƴŘ ƪƴƻǿƭŜŘƎŜŀōƭŜ ǇŜǊǎƻƴƴŜƭ
ǳƴǘƛƭ ǘƘŜ ŜƴŘ ƻŦ Ǉƭŀƴǘ ƭƛŦŜǘƛƳŜΦ ¢ƘŜ ŦƛǊǎǘ Ŧǳƭƭ ǎŎƻǇŜ
ǊŜƴŜǿŀƭ ǇǊƻƧŜŎǘ ǇǊƻǾŜŘ ǘƻ ōŜ ŜȄǘǊŜƳŜƭȅ ŎƘŀƭƭŜƴƎƛƴƎ
ŘǳŜ ǘƻ ǎŎƻǇŜΣ ǎŀŦŜǘȅ ƛƳǇǊƻǾŜƳŜƴǘǎ ŀƴŘ ŜƳŜǊƎƛƴƎ
ŎƘŀƴƎŜ ƴŜŜŘǎΦ bŜǿ 9[{! ǇǊƻƧŜŎǘ ƛƴŎƭǳŘŜŘ ǎǳōǎǘŀƴǘƛŀƭƭȅ
ǎƳŀƭƭŜǊ ǎŎƻǇŜΣ ŀƴŘ ǿƻǳƭŘ ǊŜƴŜǿ ƻƴƭȅ Ƴƻǎǘ ŎǊƛǘƛŎŀƭ Lϧ/
ǎȅǎǘŜƳǎ ǿƛǘƘ Ƴƻǎǘ ŜǎǎŜƴǘƛŀƭ ǎŀŦŜǘȅ ƛƳǇǊƻǾŜƳŜƴǘǎΦ ¢ƘŜ
ŎƻǊƴŜǊ ǎǘƻƴŜǎ ƻŦ ǎǳŎŎŜǎǎŦǳƭ ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ ƻŦ 9[{! ƻƴ
ǘƛƳŜ ŀƴŘ ǿƛǘƘƛƴ ōǳŘƎŜǘ ǇǊƻǾŜŘ ǘƻ ōŜ ƻƴ ǘŜŎƘƴƛŎŀƭ ǎƛŘŜ
ǘƘŜ ŎƭŜŀǊ !5[!{ϯ Ǉƭŀƴǘ ŀƴŘ ǎŀŦŜǘȅ ŘƻŎǳƳŜƴǘŀǘƛƻƴΣ
ǳǘƛƭƛȊŀǘƛƻƴ ƻŦ !twh{ϯ ǎƛƳǳƭŀǘƻǊǎΣ ƳŜǘƛŎǳƭƻǳǎ ŘŜŦƛƴƛǘƛƻƴ
ƻŦ ǎŎƻǇŜΣ ŀǊŎƘƛǘŜŎǘǳǊŜ ŀƴŘ ǘƘŜ ƛƴǘŜǊŦŀŎŜǎΦ CǊƻƳ ǇǊƻƧŜŎǘ
Ǉƻƛƴǘ ƻŦ ǾƛŜǿ ǘƘŜ ƻǇǘƛƳƛȊŜŘ ǎƘŀǊŜ ƻŦ ǊŜǎǇƻƴǎƛōƛƭƛǘƛŜǎΣ
ŀŎǘƛǾŜ ǎŎƘŜŘǳƭŜ ƳŀƴŀƎŜƳŜƴǘ ŀƴŘ Ǌƛǎƪ ƳƛǘƛƎŀǘƛƻƴ ōŀǎŜŘ
ƻƴ ƛǘΣ ǇƭŀƴƴƛƴƎ ƻŦ ƭƛŎŜƴǎƛƴƎ ŘƻŎǳƳŜƴǘŀǘƛƻƴ ǎŎƘŜŘǳƭŜ ŀƴŘ
Ƴƻǎǘ ƛƳǇƻǊǘŀƴǘƭȅ ƻŦ ŀƭƭ ŀ ǎƘŀǊŜŘ ƳƛƴŘǎŜǘ ŀƴŘ ŀ ŎƻƳƳƻƴ
Ǝƻŀƭ ōŜǘǿŜŜƴ CƻǊǘǳƳ ŀƴŘ ǘƘŜ {ǳǇǇƭƛŜǊ ǎŜŎǳǊŜŘ ǘƘŜ
ǇǊƻƧŜŎǘ ǘƻ ƳŜŜǘ ǘƘŜ ŜȄǇŜŎǘŀǘƛƻƴǎΦ

 

пΦ /ƻƴŎƭǳǎƛƻƴǎ 

[ƻǾƛƛǎŀ Lϧ/ ǊŜƴŜǿŀƭ ǇǊƻƧŜŎǘ ǿŀǎ ǎŜǘ ǳǇ ǘƻ ŜƴǎǳǊŜ 
ƭƛŎŜƴǎŀōƛƭƛǘȅ ŀƴŘ ƘƛƎƘ ŀǾŀƛƭŀōƛƭƛǘȅ ƻŦ ǘƘŜ Ǉƭŀƴǘ ŀƴŘ ǘƻ 
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                                                                                                                                                                  !ǳǘƻƳŀŀǘƛƻǇŅƛǾŅǘно нлмф 
πππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππ 

 

Wǳǎǎƛ {ƛƘǾƻϝΣ Wƻƻƴŀ [ŜƛƴƻƴŜƴΣ  ¢ƻƳƛ wƻƛƴƛƭŀΣ ¢ǳƻƳŀǎ aŜǎǎƻ

WŀǘƪǳǾŀπŀƛƪŀƛǎŜǘ ƛƳǇŜŘŀƴǎǎƛƳƛǘǘŀǳƪǎŜǘ ƻǎŀƴŀ
ŅƭȅƪƪŅƛǘŅ ŀƪƪǳƧŅǊƧŜǎǘŜƭƳƛŅ

!ǾŀƛƴǎŀƴŀǘΥ [ƛǘƛǳƳπƛƻƴƛ ŀƪƪǳΣ !ƪǳƴ ƛƳǇŜŘŀƴǎǎƛΣ
ƧŀǘƪǳǾŀπŀƛƪŀƛǎŜǘ ƳƛǘǘŀǳƪǎŜǘΣ ŅƭȅƪƪŅŅǘ ŀƪƪǳƧŅǊƧŜǎǘŜƭƳŅǘΣ
ƪǳƴǘƻǘƛƭŀΣ ǾŀǊŀǳǎǘƛƭŀ

ϝ±ŀǎǘŀŀǾŀ ƪƛǊƧƻƛǘǘŀƧŀΥ Wǳǎǎƛ {ƛƘǾƻΥ ¢ŀƳǇŜǊŜ ¦ƴƛǾŜǊǎƛǘȅ
ƻŦ ¢ŜŎƘƴƻƭƻƎȅΣ 9πƳŀƛƭΥ ƧǳǎǎƛΦǎƛƘǾƻϪǘǳƴƛΦŦƛ

Wƻƻƴŀ [ŜƛƴƻƴŜƴΥ ¢ŀƳǇŜǊŜ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ ¢ŜŎƘƴƻƭƻƎȅΣ 9π
ƳŀƛƭΥ ƧƻƻƴŀΦƭŜƛƴƻƴŜƴϪǘǳƴƛΦŦƛ

¢ƻƳƛ wƻƛƴƛƭŀΥ ¢ŀƳǇŜǊŜ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ ¢ŜŎƘƴƻƭƻƎȅΣ 9π
ƳŀƛƭΥ ǘƻƳƛΦǊƻƛƴƛƭŀϪǘǳƴƛΦŦƛ

¢ǳƻƳŀǎ aŜǎǎƻΥ ¢ŀƳǇŜǊŜ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ ¢ŜŎƘƴƻƭƻƎȅΣ 9π
ƳŀƛƭΥ ǘǳƻƳŀǎΦƳŜǎǎƻϪǘǳƴƛΦŦƛ

[ŀŀƧŜƴƴŜǘǘǳ ¢ƛƛǾƛǎǘŜƭƳŅ

[ƛπƛƻƴ ŀƪƪǳƧŀ ƘȅǀŘȅƴǘŅǾƛŜƴ ǎƻǾŜƭƭǳǎǘŜƴΣ ƪǳǘŜƴ
ŜǎƛƳŜǊƪƛƪǎƛ ǎŅƘƪǀƛǎŜƴ ƭƛƛƪŜƴǘŜŜƴ Ƨŀ ǳǳǎƛǳǘǳǾŀƴ
ŜƴŜǊƎƛŀƴΣ ƳŅŅǊŅ ƻƴ ƳŜǊƪƛǘǘŅǾŅǎǘƛ ƪŀǎǾŀƴǳǘ ǾƛƛƳŜƛǎǘŜƴ
ǾǳƻǎƛŜƴ ŀƛƪŀƴŀΦ hƴ ŀǊǾƛƻƛǘǳΣ ŜǘǘŅ ŀƪƪǳƧŜƴ Ǝƭƻōŀŀƭƛǘ
ƳŀǊƪƪƛƴŀǘ ȅƭƛǘǘŅǾŅǘ млл ƳƛƭƧŀǊŘƛŀ ŜǳǊƻŀ ǾǳƻǘŜŜƴ нлол
ƳŜƴƴŜǎǎŅ ώмϐΦ ¢ŅƳŅ ƻƴ ŀǎŜǘǘŀƴǳǘ ƘŀŀǎǘŜŜƴ
ƪƛŜǊǘƻǘŀƭƻǳŘŜƭƭŜΣ ǎƛƭƭŅ ƴƻƛƴ фр҈ ŀƪǳƛǎǘŀ ǇŅŅǘȅȅ ƧŅǘǘŜŜƪǎƛ
ƪƛŜǊǊŅǘǘŅƳƛǎŜƴ ǎƛƧŀŀƴΦ ¢ǳǘƪƛƳǳƪǎŜǘ ƻǾŀǘ ƪǳƛǘŜƴƪƛƴ
ƻǎƻƛǘǘŀƴŜŜǘΣ ŜǘǘŅ ƧƻǇŀ фр҈ ƭƛπƛƻƴ ŀƪǳƛǎǘŀ ƻƭƛǎƛ
ƳŀƘŘƻƭƭƛǎǳǳǎ ǳǳǎƛƻƪŅȅǘǘŅŅ ƻǎƛǘǘŀƛƴ ǘŀƛ ƪƻƪƻƴŀŀƴ ώнϐΦ

[ƛπƛƻƴ ŀƪǳǘ ǘŀǊǾƛǘǎŜǾŀǘ ǘƻƛƳƛŀƪǎŜŜƴ ŀƪǳƴ ǾŀƭǾƻƴǘŀπ
ƧŅǊƧŜǎǘŜƭƳŅƴ όōŀǘǘŜǊȅπƳŀƴŀƎŜƳŜƴǘπǎȅǎǘŜƳ ό.a{ύύΣ
Ƨƻƪŀ ƳŀƘŘƻƭƭƛǎǘŀŀ ŀƪǳƴ ǘǳǊǾŀƭƭƛǎŜƴΣ ǎŜƪŅ ƻǇǘƛƳŀŀƭƛǎŜƴ
ƪŅȅǘǀƴΦ !ƪǳƴ ǘƛƭŀŀ ƛƴŘƛƪƻƛŘŀŀƴ ŀƪǳƴ ǾŀƭǾƻƴǘŀπ
ƧŅǊƧŜǎǘŜƭƳŅǎǎŅ ŀƪǳƴ ǘƛƭŀǇŀǊŀƳŜǘǊƛŜƴΣ ƪǳǘŜƴ ǾŀǊŀǳǎǘƛƭŀƴ
όǎǘŀǘŜπƻŦπŎƘŀǊƎŜ ό{h/ύύ Ƨŀ ƪǳƴǘƻǘƛƭŀƴ όǎǘŀǘŜπƻŦπƘŜŀƭǘƘ
ό{hIύύ ŀǾǳƭƭŀΦ ±ŀǊŀǳǎǘƛƭŀ ƪŜǊǘƻƻΣ ƪǳƛƴƪŀ ǇŀƭƧƻƴ ŀƪǳǎǎŀ
ƻƴ ǾŀǊŀǳǎǘŀ ƧŅƭƧŜƭƭŅ Ƨŀ ƪǳƛƴƪŀ ǇŀƭƧƻƴ ŀƪƪǳ Ǉȅǎǘȅȅ
ǘƻƛƳƛǘǘŀƳŀŀƴ ŜƴŜǊƎƛŀŀ ώоϐΦ !ƪǳƴ ƪǳƴǘƻǘƛƭŀ ǘŀŀǎ ƛƴŘƛƪƻƛ
ŀƪǳƴ ƧŅƭƧŜƭƭŅ ƻƭŜǾŀŀ ƪŅȅǘǘǀƪŀǇŀǎƛǘŜŜǘǘƛŀΣ ǎŜƪŅ ŀƪǳƴ
ƪȅƪȅŅ ǘƻƛƳƛŀ ǎŜƴ ƴȅƪȅƛǎŜǎǎŅ ǎƻǾŜƭƭǳƪǎŜǎǎŀ ώпϐΦ
tŀǊŀƳŜǘǊƛŜƴ ǘŀǊƪƪŀ ƳŅŅǊƛǘǘŅƳƛƴŜƴ ƻƴ ƪǳƛǘŜƴƪƛƴ
ƘŀŀǎǘŜŜƭƭƛǎǘŀΣ ǎƛƭƭŅ {h/ Ƨŀ {hI ǊƛƛǇǇǳǾŀǘ Ƴȅǀǎ ŀƪǳǎǎŀ
ǾŀƭƭƛǘǎŜǾƛǎǘŀ ƻƭƻǎǳƘǘŜƛǎǘŀΣ ƪǳǘŜƴ ƭŅƳǇǀǘƛƭŀǎǘŀ Ƨŀ ŀƪǳƴ
ǎƛǎŅƭƭŅ ǘŀǇŀƘǘǳǾƛǎǘŀ ƪŜƳƛŀƭƭƛǎƛǎǘŀ ǊŜŀƪǘƛƻƛǎǘŀ ώрϐΦ [ƛǎŅƪǎƛ
ƪȅǎŜƛǎŜǘ ǇŀǊŀƳŜǘǊƛǘ ǘŅȅǘȅȅ ƳŅŅǊƛǘǘŅŅ ŜǇŅǎǳƻǊŀǎǘƛ ŀƪǳƴ
ƧŅƴƴƛǘŜπΣ ǾƛǊǘŀπ Ƨŀ ƭŅƳǇǀǘƛƭŀƳƛǘǘŀǳƪǎƛƴ ώсϐΦ 9ǊƛǘȅƛǎŜǎǘƛ

ŀƪǳƴ ƪǳƴǘƻǘƛƭŀƴ ƳƻƴƛǘƻǊƻƛƴǘƛ ƻƴ ƘŀŀǎǘŜŜƭƭƛǎǘŀΣ ǎƛƭƭŅ ŀƪǳƴ 
ƪǳƴǘƻ ǊƛƛǇǇǳǳ Ƴȅǀǎ ƴȅƪȅƛǎŜƴ ƪŀǇŀǎƛǘŜŜǘƛƴ ƭƛǎŅƪǎƛ ƘȅǾƛƴ 
ǇŀƭƧƻƴ ǎƛƛǘŅΣ ƪǳƛƴƪŀ Ƨŀ ƳƛǎǎŅ ƻƭƻǎǳƘǘŜƛǎǎŀ ŀƪƪǳŀ ƻƴ 
ŀƛŜƳƳƛƴ ƪŅȅǘŜǘǘȅ Ƨŀ ƪǳƛƴƪŀ ƪŀǇŀǎƛǘŜŜǘǘƛ ƻƴ ƭŀǎƪŜƴǳǘΦ 
[ǳƻǘŜǘǘŀǾŀŀƴ ƪǳƴǘƻǘƛƭŀƴ ƳƻƴƛǘƻǊƻƛƴǘƛƛƴ ǘŀǊǾƛǘŀŀƴƪƛƴ 
ƭŅǇƛ ŀƪǳƴ ŜƭƛƴƛŅƴ ƪŜǎǘŅǾŅŅ ƳƻƴƛǘƻǊƻƛƴǘƛŀΣ Ƨƻǘǘŀ 
ǾƛƪŀŀƴǘǳƴŜŜǘ ƪŜƴƴƻǘ ǾƻƛŘŀŀƴ ƘŀǾŀƛǘŀ ŜƴƴŜƴ ƪǳƛƴ ƴƛƛŘŜƴ 
ƪǳƴǘƻ ƻƴ ƭŀǎƪŜƴǳǘ ƭƛƛƪŀŀ ώтϐΦ 

!ƪǳƴ ƪŀǇŀǎƛǘŜŜǘǘƛ ǾƻƛŘŀŀƴ Ƴƛǘŀǘŀ ǇǳǊƪŀƳŀƭƭŀ ŀƪƪǳ 
ǘŅȅŘŜǎǘŅ ǘȅƘƧŅƪǎƛ Ƨŀ ƭŀǎƪŜŀ ŀƪǳǎǘŀ ǇǳǊŜǘǘǳ ǾŀǊŀǳƪǎŜƴ 
ƳŅŅǊŅΦ YȅǎŜƛƴŜƴ ƳŜƴŜǘŜƭƳŅ ƪǳƛǘŜƴƪƛƴ ǾƛŜ ƘȅǾƛƴ ǇŀƭƧƻƴ 
ŀƛƪŀŀ Ƨŀ ƪǳƭǳǘǘŀŀ ŀƪƪǳŀ ǘǳǊƘŀŀƴ ŜƛƪŅ ƴŅƛƴ ƻƭƭŜƴ ǎƻǾŜƭƭǳ 
ŀƪǳƴ ƪǳƴǘƻǘƛƭŀƴ ƳƛǘǘŀǳƪǎƛƛƴΦ ¢ǳǘƪƛƳǳƪǎŜǘ ƻǾŀǘ 
ƪǳƛǘŜƴƪƛƴ ƻǎƻƛǘǘŀƴŜŜǘΣ ŜǘǘŅ [ƛπƛƻƴ ŀƪǳƴ ǎƛǎŅƛƴŜƴ 
ƛƳǇŜŘŀƴǎǎƛ ǾŀƛƘǘŜƭŜŜ Ǉŀƛǘǎƛ ŀƪǳƴ ƪŀǇŀǎƛǘŜŜǘƛƴ Ƨŀ 
ƪǳƴǘƻǘƛƭŀƴΣ Ƴȅǀǎ ǾŀǊŀǳǎǘƛƭŀƴ Ŧǳƴƪǘƛƻƴŀ ώоπуϐΦ !ƪǳƴ 
ƛƳǇŜŘŀƴǎǎƛƴ Ƴƛǘǘŀǳǎ ǘŀǊƧƻŀŀ ǎƛƛǎ ǾŀƛƘǘƻŜƘǘƻƛǎŜƴ ǘŀǾŀƴ 
ƳŅŅǊƛǘǘŅŅ ŀƪǳƴ ƪǳƴǘƻπ Ƨŀ ǾŀǊŀǳǎǘƛƭŀΦ !ƪǳƴ ƛƳǇŜŘŀƴǎǎƛ 
ǾƻƛŘŀŀƴ Ƴƛǘŀǘŀ ŜƭŜƪǘǊƻƪŜƳƛŀƭƭƛǎŜƴ ƛƳǇŜŘŀƴǎǎƛπ
ǎǇŜƪǘǊƻǎƪƻǇƛŀƴ ό9L{ύ ŀǾǳƭƭŀΦ 9L{πƳŜƴŜǘŜƭƳŅǎǎŅ ŀƪƪǳŀ 
ǇǳǊŜǘŀŀƴκƭŀŘŀǘŀŀƴ ǎƛƴƛƳǳƻǘƻƛǎŜƭƭŀ ǾƛǊǘŀπ ƘŜǊŅǘǘŜŜƭƭŅΣ 
Ƨƻƴƪŀ ǘǳƻǘǘŀƳŀ ƧŅƴƴƛǘŜǾŀǎǘŜ Ƴƛǘŀǘŀŀƴ ƧŅƴƴƛǘŜǎŜƴǎƻπ
ǊŜƛƭƭŀΦ aŜƴŜǘŜƭƳŅƭƭŅ ǾƻƛŘŀŀƴ ƛƳǇŜŘŀƴǎǎƛ Ƴƛǘŀǘŀ ǘŀǊƪŀǎǘƛ 
Ƨŀ ƭǳƻǘŜǘǘŀǾŀǎǘƛΣ Ƴǳǘǘŀ ǘŜƪƴƛƛƪƪŀ ƻƴ Ƙǳƻƴƻǎǘƛ 
ǎƻǾŜƭƭŜǘǘŀǾƛǎǎŀ ƪŅȅǘŅƴƴǀƴ ǎƻǾŜƭƭǳƪǎƛƛƴ ǎŜƴ ƘƛǘŀǳŘŜƴ Ƨŀ 
ƪƻƳǇƭŜƪǎƛǎǳǳŘŜƴ ǘŀƪƛŀΦ 

¢ŅǎǎŅ ǘȅǀǎǎŅ ƘȅǀŘȅƴƴŜǘŅŅƴ ƭŀŀƧŀƪŀƛǎǘŀƛǎǘŀΣ ǇǎŜǳŘƻπ
ǎŀǘǳƴƴŀƛǎǘŀ ōƛƴŅŅǊƛǎǘŅ ƘŜǊŅǘŜǎƛƎƴŀŀƭƛŀ όtw.{ύ ǎŜƪŅ 
CƻǳǊƛŜǊπǘŜƪƴƛƛƪƻƛǘŀ ŀƪǳƴ ƛƳǇŜŘŀƴǎǎƛƴ Ƴƛǘǘŀǳƪǎƛƛƴ ώммϐΦ 
aŜƴŜǘŜƭƳŅǎǎŅ ŀƪƪǳŀ ƘŜǊŅǘŜǘŅŅƴ όƭŀŘŀǘŀŀƴκǇǳǊŜǘŀŀƴύ 
ǇƛŜƴƛŀƳǇƭƛǘǳŘƛǎŜƭƭŀΣ ƪŀƪǎƛǘŀǎƻƛǎŜƭƭŀ ƘŜǊŅǘŜǎȅƪƭƛƭƭŅΣ Ƨƻƴƪŀ 
ŀǾǳƭƭŀ ŀƪǳƴ ƛƳǇŜŘŀƴǎǎƛ ǾƻƛŘŀŀƴ Ƴƛǘŀǘŀ ǳǎŜƛƭƭŀ ŜǊƛ 
ǘŀŀƧǳǳƪǎƛƭƭŀ ǎŀƳŀƴŀƛƪŀƛǎŜǎǘƛΦ bŅƛƴ ƳƛǘǘŀǳƪǎŜǘ ǾƻƛŘŀŀƴ 
ǎǳƻǊƛǘǘŀŀ Ǿŀƛƴ ƳǳǊǘƻπƻǎŀƭƭŀ ŀƧŀǎǘŀ Ƨƻƪŀ ƪǳƭǳƛǎƛ 
ǇŜǊƛƴǘŜƛǎƛƛƴ 9L{πƳŜƴŜǘŜƭƳŅƴ ƳƛǘǘŀǳƪǎƛƛƴΦ bƻǇŜǳǘŜƴǎŀ 
ŀƴǎƛƻǎǘŀ tw.{πƳŜƴŜǘŜƭƳŅŅ Ǿƻƛ ƪŅȅǘǘŅŅ ƧŀǘƪǳǾŀπŀƛƪŀƛǎƛƛƴ 
ǎƻǾŜƭƭǳƪǎƛƛƴΣ Ƨƻƛǘŀ ƻǾŀǘ ŜǎƛƳŜǊƪƛƪǎƛ ŀƪǳƴ ƛƳǇŜŘŀƴǎǎƛƴ 
ƳǳǳǘƻǎǘŜƴ ƘȅǀŘȅƴǘŅƳƛƴŜƴ ŀƪǳƴ ǾŀǊŀǳǎǘƛƭŀƴ Ƨŀ 
ƪǳƴǘƻǘƛƭŀƴ ŜǎǘƛƳƻƛƴǘƛƛƴΦ [ƛǎŅƪǎƛΣ ƳŜƴŜǘŜƭƳŅ Ǿŀŀǘƛƛ 
ŀƛƴƻŀǎǘŀŀƴ ƪŀƪǎƛ ŜǊƛ ǎƛƎƴŀŀƭƛǘŀǎƻŀΣ ƳƛƪŅ ƳŀƘŘƻƭƭƛǎǘŀŀ 
ƳŜƴŜǘŜƭƳŅƴ ȅƪǎƛƴƪŜǊǘŀƛǎŜƴ Ƨŀ ŜŘǳƭƭƛǎŜƴ ǘƻǘŜǳǘǳƪǎŜƴ 
ŜǎƛƳŜǊƪƛƪǎƛ Ƨƻ ŀƪƪǳƧŅǊƧŜǎǘŜƭƳŅǎǎŅ ƻƭŜƳŀǎǎŀ ƻƭŜǾŀƴ 
ŀƪǳƴ ōŀƭŀƴǎƻƛƴǘƛǇƛƛǊƛƴ ȅƘǘŜȅǘŜŜƴΦ ¢ŅǎǎŅ ŀǊǘƛƪƪŜƭƛǎǎŀ 
ƳŜƴŜǘŜƭƳŅǎǘŅ Ƨǳƭƪŀƛǎǘǳǘ ǘǳƭƻƪǎŜǘ ǇƻƘƧŀǳǘǳǳ 
Ƨǳƭƪŀƛǎǳƛǎǎŀ ώфπмлϐ ŜǎƛǘŜƭǘȅƛƘƛƴ ǘǳƭƻƪǎƛƛƴ Ƨŀ ǘŜƻǊƛŀŀƴΦ 
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                                                                                                                                                                  !ǳǘƻƳŀŀǘƛƻǇŅƛǾŅǘно нлмф 
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[ŅƘǘŜŜǘ 
 
ώмϐ  WΦ {Φ WƻƘƴΣ άDƭƻōŀƭ ŜƴŜǊƎȅ ǎǘƻǊŀƎŜ ǘƻ ŘƻǳōƭŜ с ǘƛƳŜǎ 
ōȅ нлолΣ ƳŀǘŎƘƛƴƎ ǎƻƭŀǊǎ ǎǇŜŎǘŀŎǳƭŀǊ ǊƛǎŜΣέ 
.ƭƻƻƳōŜǊƎ bŜǿ 9ƴŜǊƎȅ CƛƴŀƴŎŜ όǊŜǇƻǊǘύΣ нлмтΦ 

 
ώнϐ   {Φ YƛƴƎΣ bΦ .ƻȄŀƭƭΣ ŀƴŘ !Φ .ƘŀǘǘΣ ά[ƛǘƘƛǳƳ ōŀǘǘŜǊȅ 
ǊŜŎȅŎƭƛƴƎ ƛƴ !ǳǎǘǊŀƭƛŀ π /ǳǊǊŜƴǘ ǎǘŀǘǳǎ ŀƴŘ 
ƻǇǇƻǊǘǳƴƛǘƛŜǎ ŦƻǊ ŘŜǾŜƭƻǇƛƴƎ ŀ ƴŜǿ ƛƴŘǳǎǘǊȅΣέ 
/{LwhΣ нлмуΦ 

 
ώоϐ WΦ wƛǾŜǊŀπ.ŀǊǊŜǊŀΣ bΦ aǳƴƻȊπDŀƭŜŀƴƻΣ ŀƴŘ 
IΦ{ŀǊƳƛŜƴǘƻπaŀƭŘƻƴŀŘƻΣ ά{ƻ/ 9ǎǘƛƳŀǘƛƻƴ ŦƻǊ 
[ƛǘƘƛǳƳπƛƻƴ .ŀǘǘŜǊƛŜǎΥ wŜǾƛŜǿ ŀƴŘ CǳǘǳǊŜ 
/ƘŀƭƭŜƴƎŜǎΣέ 9ƭŜŎǘǊƻƴƛŎǎΣ ǾƻƭΦ сΣ ƴƻΦ пΣ ǇΦ млнΣ нлмтΦ 

 
ώпϐ  5Φ LΦ {ǘǊƻŜΣ aΦ {ǿƛŜǊŎȊȅƴǎƪƛΣ {Φ YΦ YŋǊΣ ŀƴŘ wΦ 
¢ŜƻŘƻǊŜǎŎǳΣ ά5ŜƎǊŀŘŀǘƛƻƴ .ŜƘŀǾƛƻǊ ƻŦ [ƛǘƘƛǳƳπLƻƴ 
.ŀǘǘŜǊƛŜǎ 5ǳǊƛƴƎ /ŀƭŜƴŘŀǊ !ƎŜƛƴƎ π ¢ƘŜ /ŀǎŜ ƻŦ ǘƘŜ 
LƴǘŜǊƴŀƭ wŜǎƛǎǘŀƴŎŜ LƴŎǊŜŀǎŜΣέ L999 ¢ǊŀƴǎΦ LƴŘΦ 
!ǇǇƭΦΣ ǾƻƭΦ рпΣ ƴƻΦ мΣ ǇǇΦ рмтςрнрΣ нлмуΦ 

 
ώрϐ    WΦ ±ŜǘǘŜǊΣ tΦ bƻǾΣ aΦ wΦ ²ŀƎƴŜǊΣ ŀƴŘ /Φ ±ŜƛǘΣ ά!ƎŜƛƴƎ 
ƳŜŎƘŀƴƛǎƳǎ ƛƴ ƭƛǘƘƛǳƳπƛƻƴ ōŀǘǘŜǊƛŜǎΣέ WƻǳǊƴŀƭ ƻŦ 
tƻǿŜǊ {ƻǳǊŎŜǎΣ ǾƻƭΦ мптΣ ǇǇΦ нсфςнумΣ нллрΦ 

 
ώсϐ tΦ ²ŜƛŎƪŜǊΣ ! ǎȅǎǘŜƳ !ǇǇǊƻŀŎƘ ǘƻ [ƛǘƘƛǳƳπƛƻƴ 
.ŀǘǘŜǊȅ ƳŀƴŀƎŜƳŜƴǘΦ !ǊǘŜŎƘ IƻǳǎŜΣ нлмоΣ ƴƻΦ 
нлмоΦ 

 
ώтϐ   aΦ .ŜǊŜŎƛōŀǊΣ LΦ DŀƴŘƛŀƎŀΣ LΦ ±ƛƭƭŀǊǊŜŀƭΣ bΦ hƳŀǊΣ WΦ 
±ŀƴ aƛŜǊƭƻΣ ŀƴŘ tΦ ±ŀƴ ŘŜƴ .ƻǎǎŎƘŜΣ ά/ǊƛǘƛŎŀƭ 
ǊŜǾƛŜǿ ƻŦ ǎǘŀǘŜ ƻŦ ƘŜŀƭǘƘ ŜǎǘƛƳŀǘƛƻƴ ƳŜǘƘƻŘǎ ƻŦ [ƛπ
ƛƻƴ ōŀǘǘŜǊƛŜǎ ŦƻǊ ǊŜŀƭ ŀǇǇƭƛŎŀǘƛƻƴǎΣέ wŜƴŜǿŀōƭŜ ŀƴŘ 
{ǳǎǘŀƛƴŀōƭŜ 9ƴŜǊƎȅ wŜǾƛŜǿǎΣ ǾƻƭΦ рсΣ ǇǇΦ ртнςрутΣ 
ŀǇǊ нлмсΦ 

 
ώуϐ !Φ ½ŜƴŀǘƛΣ tΦ 5ŜǎǇǊŜȊΣ ŀƴŘ IΦ wŀȊƛƪΣ ά9ǎǘƛƳŀǘƛƻƴ ƻŦ 
ǘƘŜ {h/ ŀƴŘ ǘƘŜ {hI ƻŦ [ƛπƛƻƴ ōŀǘǘŜǊƛŜǎΣ ōȅ 
ŎƻƳōƛƴƛƴƎ ƛƳǇŜŘŀƴŎŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ǿƛǘƘ ǘƘŜ 
ŦǳȊȊȅ ƭƻƎƛŎ ƛƴŦŜǊŜƴŎŜΣέ L9/hb tǊƻŎŜŜŘƛƴƎǎ 
LƴŘǳǎǘǊƛŀƭ 9ƭŜŎǘǊƻƴƛŎǎ /ƻƴŦŜǊŜƴŎŜύΣ ǇǇΦ мттоςмттуΣ 
нлмлΦ 

 
ώфϐ    WΦ {ƛƘǾƻΣ ¢Φ aŜǎǎƻΣ ¢Φ wƻƛƴƛƭŀΣ ŀƴŘ wΦ [ǳƘǘŀƭŀΣ 
άhƴƭƛƴŜ ƛƴǘŜǊƴŀƭ ƛƳǇŜŘŀƴŎŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ƭƛπ
ƛƻƴ ōŀǘǘŜǊȅ ǳǎƛƴƎ ǇǊōǎ ōǊƻŀŘōŀƴŘ ŜȄŎƛǘŀǘƛƻƴ ŀƴŘ 
ŦƻǳǊƛŜǊ ǘŜŎƘƴƛǉǳŜǎΥ aŜǘƘƻŘǎ ŀƴŘ ƛƴƧŜŎǘƛƻƴ 
ŘŜǎƛƎƴΣέ ƛƴ нлму LƴǘŜǊƴŀǘƛƻƴŀƭ tƻǿŜǊ 9ƭŜŎǘǊƻƴƛŎǎ 
/ƻƴŦŜǊŜƴŎŜ όLt9/πbƛƛƎŀǘŀ нлму π9//9 !ǎƛŀύΣ aŀȅ 
нлмуΣ ǇǇΦ нптлςнптрΦ 

 
ώмлϐ  WΦ {ƛƘǾƻΣ ¢Φ aŜǎǎƻΣ ¢Φ wƻƛƴƛƭŀΣ ŀƴŘ 5Φ LΦ {ǘǊƻŜΣ 
άhƴƭƛƴŜ ƛŘŜƴǘƛŬŎŀǘƛƻƴ ƻŦ ƛƴǘŜǊƴŀƭ ƛƳǇŜŘŀƴŎŜ ƻŦ [ƛπ
ƛƻƴ ōŀǘǘŜǊȅ ŎŜƭƭ ǳǎƛƴƎ ǘŜǊƴŀǊȅπǎŜǉǳŜƴŎŜ 

ƛƴƧŜŎǘƛƻƴΣέƛƴ 9ƴŜǊƎȅ /ƻƴǾŜǊǎƛƻƴ /ƻƴƎǊŜǎǎ ŀƴŘ 
9ȄǇƻǎƛǘƛƻƴ ό9//9ύΣ нлму L999Σ нлмуΣ ǇǇΦ мςтΦ  

 
ώммϐ YΦ DƻŘŦǊŜȅΣ tŜǊǘǳǊōŀǘƛƻƴ {ƛƎƴŀƭǎ ŦƻǊ {ȅǎǘŜƳ 
LŘŜƴǘƛŬŎŀǘƛƻƴΦ tǊŜƴǘƛŎŜ IŀƭƭΣ мффпΦ 

 
ώмнϐ    wΦ !ƭ bŀȊŜǊΣ ±Φ /ŀǘǘƛƴΣ tΦ DǊŀƴƧƻƴΣ aΦ aƻƴǘŀǊǳΣ aΦ 
wŀƴƛŜǊƛΣ ŀƴŘ ±Φ IŜƛǊƛŜǎΣ ά/ƭŀǎǎƛŎŀƭ 9L{ ŀƴŘ ǎǉǳŀǊŜ 
ǇŀǘǘŜǊƴ ǎƛƎƴŀƭǎ ŎƻƳǇŀǊƛǎƻƴ ōŀǎŜŘ ƻƴ ŀ ǿŜƭƭπƪƴƻǿƴ 
ǊŜŦŜǊŜƴŎŜ ƛƳǇŜŘŀƴŎŜΣέ ²ƻǊƭŘ 9ƭŜŎǘǊƛŎ ±ŜƘƛŎƭŜ 
WƻǳǊƴŀƭΣ ǾƻƭΦ сΣ ƴƻΦ оΣ ǇǇΦ уллςулсΣ нлмоΦ 

 
ώмоϐ !Φ WΦ CŀƛǊǿŜŀǘƘŜǊΣ aΦ tΦ CƻǎǘŜǊΣ ŀƴŘ 5Φ !Φ {ǘƻƴŜΣ 
ά.ŀǘǘŜǊȅ ǇŀǊŀƳŜǘŜǊ ƛŘŜƴǘƛŬŎŀǘƛƻƴ ǿƛǘƘ tǎŜǳŘƻ 
wŀƴŘƻƳ .ƛƴŀǊȅ {ŜǉǳŜƴŎŜ ŜȄŎƛǘŀǘƛƻƴ όtw.{ύΣέ 
WƻǳǊƴŀƭ ƻŦ tƻǿŜǊ {ƻǳǊŎŜǎΣ ǾƻƭΦ мфсΣ ƴƻΦ ннΣ ǇǇΦ 
фофуςфплсΣ нлммΦ 

 
ώмпϐ tΦ aŀƴƎŀƴƛŜƭƭƻΣ DΦ tŜǘǊƻƴŜΣ aΦ DƛŀƴƴŀǘǘŀǎƛƻΣ 9Φ 
aƻƴƳŀǎǎƻƴΣ ŀƴŘ DΦ {ǇŀƎƴǳƻƭƻΣ άCtD! 
ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ 9L{ ǘŜŎƘƴƛǉǳŜ ŦƻǊ ǘƘŜ ƻƴπ
ƭƛƴŜ ŘƛŀƎƴƻǎƛǎ ƻŦ ŦǳŜƭπŎŜƭƭ ǎȅǎǘŜƳǎΣέ L999 
LƴǘŜǊƴŀǘƛƻƴŀƭ {ȅƳǇƻǎƛǳƳ ƻƴ LƴŘǳǎǘǊƛŀƭ 9ƭŜŎǘǊƻƴƛŎǎΣ 
нлмтΦ 
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Jukka Koskinen*, Timo Salmi, Pekka Kilpeläinen, Pertti Lahdenperä

Robotiikan mahdollisuudet rakentamisessa

Avainsanat: robotiikka, automatisointi, rakentaminen

Tiivistelmä: Rakentamisessa tuottavuuden kasvu on
ollut heikompaa kuin esimerkiksi
konepajateollisuudessa, jossa on tapahtunut
huomattavasti isompi tuottavuuden kasvu
tuotantoprosessien digitalisoinnilla, robotisoinnilla ja
kehittyneillä työstökoneilla. Varsinainen rakentamistyö
tehdään yhä pääsoin perinteisin menetelmin, tosin
digitalisoituja suunnitelmia hyödynnetään.
Automatisoituja koneita ja laitteita rakennustyömailla
ei ole juurikaan voitu hyödyntää samalla tavalla kuin
konepajateollisuudessa. Automatisoinnin esteinä ovat
mm. rakennusten yksilöllisyys, lyhyet työvaiheet, isot
materiaalivirrat, matala käyttöaste yksittäisellä
laitteella, epätarkat suunnitelmat automatisoinnin
kannalta ja ahtaat tilat laitteiden siirtämiseen.

Rakentamisessa on kuitenkin paljon matalaa osaamista
vaativia ja työolosuhteiltaan haastavia tehtäviä, kuten
esim. poraus, hionta, vanhan materiaalin poisto,
tavaroiden kuljetus. Näissä on nähtävissä potentiaalia
hillitä rakentamiskustannusten nousua robotiikan
avulla.

Rakentamisessa tarvittavien komponenttien, kuten
esimerkiksi katto- ja seinäelementtien, valmistamisessa
automaattisia laitteita käytetään ja myös robotteja on
voitu hyödyntää. Rakentamisen robotisoinnin kannalta
haasteet ovat hyvinkin erilaiset eri rakentamisvaiheissa
(perustus-, runko- ja ulkotyöt, sisärakenteet, LVIS-työt).
Lisäksi erilaiset rakennustavat asettavat omat
haasteensa (puu- ja betonielementtitalot, tiilitalot,
hirsitalot). Rakentamisen perinteet ja
rakentamismääräykset ovat eri maissa hyvinkin paljon
toisistaan poikkeavia, mikä on omalta osaltaan
hankaloittanut rakentamisen menetelmien ja laitteiden
kehittämistyötä. Monissa maissa edullinen työvoima on
aikaisemmin ollut rakennuttajalle parempi ja
joustavampi vaihtoehto kuin automatisoiduit laitteet.

Elementtiteollisuutta lukuunottamatta kaupallisiksi
tuotteiksi asti kehitettyjä automaattisia laitteita tai
järjestelmiä on vähän markkinoilla ja varsinaista
läpilyöntiä eli laajamittaista käyttöönottoa ei ole
minkään sovelluksen osalta vielä tapahtunut. Haaste
onkin löytää robotiikalle ne käyttökohteet, jotka
mahdollistavat uuden liiketoiminnan luomisen ja
kehittämisen. Rakentamisalalla on nähtävissä tilaa
uusille robotiikkaa ja automaatiota hyödyntäville
innovaatioille.

Tässä tutkimuksessa selvitettiin analysoimalla lähes
kaikki rakentamisen työtehtävät. Analyysien
perusteella tunnistettiin potentiaalisia
robotisointikohteita, jotka otettiin tarkempaan
tarkasteluun. Valitulle työtehtäville tehtiin karkeat
ratkaisumallit ja kustannuslaskelmat, joiden avulla
arvioitiin robotisoinnin kannattavuutta valituissa
työlajeissa. Näiden perusteella tunnistetiin toiminnan
kannalta kriittisiä toimintoja. Arvioimme, että monessa
tapauksessa robotisoinnin hinta on liian kallis
huomioiden robotin alhainen käyttöaste
rakentamisessa. Robotin tulisi olla siten
monikäyttöisempi, että se kiinnostaisi rakentajia.
Elementtitehtailla tehtävät valittiin tehtailla tehtyjen
haastattelujen perusteella.
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                                                                                                                                                                  !ǳǘƻƳŀŀǘƛƻǇŅƛǾŅǘно нлмф 
πππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππ 

5ŀǘ IǳȅƴƘϝΣ {ȅ bƎǳȅŜƴϝ 

9ƴƎŀƎƛƴƎ ōǳƛƭŘƛƴƎ ŀǳǘƻƳŀǘƛƻƴ Řŀǘŀ ǾƛǎǳŀƭƛȊŀǘƛƻƴ 
ǳǎƛƴƎ .ǳƛƭŘƛƴƎ LƴŦƻǊƳŀǘƛƻƴ aƻŘŜƭƭƛƴƎ ŀƴŘ 
tǊƻƎǊŜǎǎƛǾŜ ²Ŝō !ǇǇƭƛŎŀǘƛƻƴ  
9ȄǘŜƴŘŜŘ ŀōǎǘǊŀŎǘΥ ¢Ƙƛǎ ǇŀǇŜǊ ǇǊŜǎŜƴǘǎ ŀ ŦǊŀƳŜǿƻǊƪ 
ŦƻǊ ŜŦŦƛŎƛŜƴǘ ŘŜǾŜƭƻǇƳŜƴǘ ŀƴ ƛƴǘŜǊƻǇŜǊŀōƭŜ 
Ǿƛǎǳŀƭƛǎŀǘƛƻƴ ƻŦ ŀ ōǳƛƭŘƛƴƎ ŘƛƎƛǘŀƭ ƳƻŘŜƭ ǘƘǊƻǳƎƘ ŀƴ 
ƛƴǘǳƛǘƛǾŜ ƛƴǘŜǊŦŀŎŜΣ ŦƻǊ ǘƘŜ ƛƳǇǊƻǾŜƳŜƴǘ ƻŦ ǘƘŜ .ǳƛƭŘƛƴƎ 
[ƛŦŜŎȅŎƭŜ aŀƴŀƎŜƳŜƴǘ ό.[aύΦ ¢ƘŜ ŦǊŀƳŜǿƻǊƪ 
ƛƳǇƭŜƳŜƴǘŜŘ ŀǎ ŀ ŎŀǎŜ ǎǘǳŘȅΣ ǿƘŜǊŜ ƳǳƭǘƛǇƭŜ ǊƛŎƘ 
Ǿƛǎǳŀƭƛǎŀǘƛƻƴǎ ƻŦ ōǳƛƭŘƛƴƎǎ ƛƴ YŀƴǘŀπIŅƳŜ ǊŜƎƛƻƴ ǿŜǊŜ 
ŎƻƴǎǘǊǳŎǘŜŘ ǳǎƛƴƎ ǘƘŜƛǊ ŎƻƴǎǘǊǳŎǘƛƻƴ ŦƭƻƻǊǇƭŀƴǎ ŀƴŘ 
ōǳƛƭŘƛƴƎ ŀǳǘƻƳŀǘƛƻƴ ŘŀǘŀΦ ά5ƛƎƛǘŀƭ ¢ǿƛƴέΣ ƛƴ ǘƘŜ ǎŎƻǇŜ 
ƻŦ ōǳƛƭŘƛƴƎ ŀǳǘƻƳŀǘƛƻƴ ŘŜǾŜƭƻǇƳŜƴǘΣ ƛǎ ŀ ŎƻƴŎŜǇǘ 
ǊŜƭŀǘŜŘ ǘƻ ŀ ǇƘȅǎƛŎŀƭ ǎǘǊǳŎǘǳǊŜΩǎ ŘƛƎƛǘŀƭ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ 
ŎŀǊǊȅƛƴƎ ǊŜŀƭπǘƛƳŜ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ǘƘŜ ƻǊƛƎƛƴŀƭ ŎƻǇȅΣ ŀƴŘ 
ǘƘǳǎΣ ǘƘŜ ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ ƻŦ ǎǳŎƘ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ǘƻ ōŜ 
ōŜƴŜŦƛŎƛŀƭ ŀƴŘ ǘƻ ƎǊŀŘǳŀƭƭȅ ǊŀƛǎŜ ǘƘŜ ǇǊŜƳƛǎŜΩǎ ŀǎǎŜǘ 
ǾŀƭǳŜ ƛƴ ǘŜǊƳǎ ƻŦ ƻǇŜǊŀǘƛƻƴΦ Lƴ ǘƘŜ .[a ǇǊƻŎŜǎǎΣ 
ŘƛŦŦŜǊŜƴǘ ǘŀǎƪǎ ǎǳŎƘ ŀǎ ŀƳōƛŜƴǘ ŎƻƴŘƛǘƛƻƴǎ ƳƻƴƛǘƻǊƛƴƎΣ 
ƳŀƛƴǘŜƴŀƴŎŜΣ ƻŎŎǳǇŀƴǘ ŦŜŜŘōŀŎƪ ŎƻƭƭŜŎǘƛƻƴ ŜǘŎΦΣ ŀǊŜ 
ƴŜŎŜǎǎŀǊȅ ŀƴŘ ǿƻǳƭŘ ōŜ ƭŀōƻǳǊ ƛƴǘŜƴǎƛǾŜ ǿƛǘƘƻǳǘ 
ǇǊƻǇŜǊ ǳǎŜ ƻŦ ŘƛƎƛǘŀƭƛȊŀǘƛƻƴ ŀƴŘ L/¢Φ ¢ƘŜǊŜŦƻǊŜΣ ƘŀǾƛƴƎ 
ŀƴ ŜŦŦŜŎǘƛǾŜ ōǳƛƭŘƛƴƎ Ǿƛǎǳŀƭƛǎŀǘƛƻƴ ǳǘƛƭƛǎƛƴƎ ǘƘŜ Ψ5ƛƎƛǘŀƭ 
¢ǿƛƴΩ ǇǊƛƴŎƛǇƭŜ ǿƻǳƭŘ ŘŜƭƛǾŜǊ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ƛƳǇǊƻǾŜƳŜƴǘ 
ƻƴ ǘƘŜ .[a ǇǊƻŎŜǎǎΣ ŜƴǎǳǊƛƴƎ ǘƘŜ ŜŦŦŜŎǘƛǾŜƴŜǎǎ ōŜƴŜŦƛǘǎ 
ŀŎƘƛŜǾŜŘ ōȅ ŀǳǘƻƳŀǘƛƻƴ ǇǊƻŎŜǎǎŜǎΦ bŜǾŜǊǘƘŜƭŜǎǎΣ ǘƻ 
ŜŦŦŜŎǘƛǾŜƭȅ ŘŜƭƛǾŜǊ ƪŜȅ ƛƴǎƛƎƘǘǎ ŦǊƻƳ ǘƘŜ ŎƻƭƭŜŎǘƛƻƴ ƻŦ 
Řŀǘŀ ŀǎ ŀƴ ŀŎŎǳǊŀǘŜ ǊŜŦƭŜŎǘƛƻƴ ƻŦ ŀ ōǳƛƭŘƛƴƎΣ ŀ ƴŜŜŘ ŦƻǊ 
ŀ ǎȅǎǘŜƳŀǘƛŎ ŀǇǇǊƻŀŎƘ ǘƻ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ŀ 
ƳŜŀƴƛƴƎŦǳƭ ŀƴŘ ŜƴƎŀƎƛƴƎ Ǿƛǎǳŀƭƛǎŀǘƛƻƴ ƛǎ ǊŀƛǎŜŘΦ 

¢ƘŜ ŀŦƻǊŜƳŜƴǘƛƻƴŜŘ ŀǇǇǊƻŀŎƘ ŎƻǳƭŘ ōŜ ŀŎŎƻƳǇƭƛǎƘŜŘ 
ŦƛǊǎǘ ōȅ ŎǊŜŀǘƛƴƎ ŀ ŘƛƎƛǘŀƭ ƳƻŘŜƭ ŦǊƻƳ ǘƘŜ .ǳƛƭŘƛƴƎ 
LƴŦƻǊƳŀǘƛƻƴ aƻŘŜƭƭƛƴƎ ό.Laύ ǇǊƻŎŜǎǎΦ .La ƻŦŦŜǊǎ ŀ 
Ǝƭƻōŀƭ ǾƛŜǿ ŀƴŘ ŀƴ ƛƴǘŜƎǊŀǘƛǾŜ ŎƻƭƭŀōƻǊŀǘƛƻƴ ƻŦ ŀ 
ŎƻƴǎǘǊǳŎǘƛƻƴ ǇǊƻƧŜŎǘΣ ōƻǘƘ ƛƴ ǇǊŜπ ŀƴŘ ǇƻǎǘπƻŎŎǳǇŀƴŎȅ 
ǇŜǊƛƻŘΦ Lƴ ƻǘƘŜǊ ǿƻǊŘǎΣ .La ƛǎ ŀ ƳǳƭǘƛπŘƛǎŎƛǇƭƛƴŀǊȅ 
ŎƻƳōƛƴŀǘƛƻƴ ƻŦ ǾŀǊƛƻǳǎ ǎƘŀǊŜƘƻƭŘŜǊǎΣ ŜΦƎΦ ŀǊŎƘƛǘŜŎǘǳǊŜΣ 
ŜƴƎƛƴŜŜǊƛƴƎΣ ŎƻƴǎǘǊǳŎǘƛƻƴ ŀƴŘ ƻǇŜǊŀǘƛƻƴ ό!9/hύΦ 
¢ƘǊŜŜπŘƛƳŜƴǎƛƻƴŀƭ όо5ύ ƳƻŘŜƭǎ ƻŦ ƻŎŎǳǇƛŜŘ ōǳƛƭŘƛƴƎǎ 
ǳǎǳŀƭƭȅ ǊŜǉǳƛǊŜ ǘƘŜƛǊ ƭŀǘŜǎǘ ǘǿƻπŘƛƳŜƴǎƛƻƴŀƭ όн5ύ 
ŘǊŀǿƛƴƎǎΣ ƛΦŜΦ ŦǊƻƳ ǊŜƴƻǾŀǘƛƻƴ ƻǊ ƳƻŘŜǊƴƛǎŀǘƛƻƴΣ ŦǊƻƳ 
ŀǊŎƘƛǘŜŎǘǳǊŀƭ ǘƻ ǎǘǊǳŎǘǳǊŀƭΣ ŦǊƻƳ ƛǘǎ ǎǳǊǊƻǳƴŘƛƴƎǎ ǘƻ ƛǘǎ 
ƛƴǘŜǊƛƻǊ ƻǊƎŀƴƛȊŀǘƛƻƴΣ ŜǘŎΦ IƻǿŜǾŜǊΣ ƛƴ Ƴŀƴȅ ŎŀǎŜǎ 
ǘƘƻǎŜ ŘƻŎǳƳŜƴǘǎ ŀǊŜ ƴƻǘ ŀƭƭ ŀǾŀƛƭŀōƭŜΣ ŀƴŘΣ ŀǎ ƳƻǊŜ 
ƛƴŦƻǊƳŀǘƛƻƴ ƛǎ ƎƛǾŜƴΣ ǘƘŜ ƳƻǊŜ ŘŜǘŀƛƭŜŘ ǘƘŜ ƳƻŘŜƭ Ŏŀƴ 
ōŜΦ CƻǊ ŎƻƴǎǘǊǳŎǘƛƴƎ ŀ ƳƛƴƛƳŀƭ .La ƳƻŘŜƭΣ ŀǘ ƭŜŀǎǘ ǘƘŜ 

ŦƭƻƻǊǇƭŀƴΣ ŜƭŜǾŀǘƛƻƴΣ ŀƴŘ ŎǊƻǎǎπǎŜŎǘƛƻƴ ŘǊŀǿƛƴƎǎ ŀǊŜ
ƴŜŜŘŜŘΣ ŦƻƭƭƻǿƛƴƎ ǿƘƛŎƘ ǘƘŜ ƳƻŘŜƭ Ŏŀƴ ōŜ ǳǘƛƭƛǎŜŘ ŦƻǊ
ŘƛŦŦŜǊŜƴǘ ǇǳǊǇƻǎŜǎΦ CƻǊ ŜȄŀƳǇƭŜΣ .La ŀǇǇƭƛŎŀǘƛƻƴǎ ƛƴ
ǎƛƳǳƭŀǘƛƻƴ ŀƴŘ Ǿƛǎǳŀƭƛǎŀǘƛƻƴ ƘŀǾŜ ōŜŜƴ ǇǊƻǾŜƴ ǘƻ ōŜ
ǾŜǊǎŀǘƛƭŜ ƛƴ ǘƘŜ ŜǊŀ ƻŦ ŘƛƎƛǘŀƭƛǎŀǘƛƻƴ π ǿƘŜǊŜ
ŦǊŀƎƳŜƴǘŀǘƛƻƴ ƛƴ ƛƴŦƻǊƳŀǘƛƻƴ ŎƻƭƭŜŎǘƛƻƴ ƛǎ ƳƛƴƛƳƛǎŜŘ
ŀƴŘ ƳǳƭǘƛπǇǳǊǇƻǎŜŘ ƻǇǘƛƳƛǎŀǘƛƻƴ ŜƴŀōƭŜǎ ǘƘŜ
ƛƳǇǊƻǾŜƳŜƴǘ ōǳƛƭŘƛƴƎ ǇŜǊŦƻǊƳŀƴŎŜǎΦ

!ŦǘŜǊ ŀ ǎǳŎŎŜǎǎŦǳƭ .La ǇǊƻŎŜǎǎΣ ǘƘŜ ōǳƛƭŘƛƴƎ ƳƻŘŜƭ ŀƴŘ
ƛǘǎ Řŀǘŀ Ŏŀƴ ǘƘŜƴ ōŜ ǳǘƛƭƛǎŜŘ ŦƻǊ ŎƻƴǎǘǊǳŎǘƛƴƎ ŀ ǳǎŜǊ
ƛƴǘŜǊŦŀŎŜ ŀǎ ŀ άtǊƻƎǊŜǎǎƛǾŜ ²Ŝō !ǇǇƭƛŎŀǘƛƻƴέ όt²!ύΦ
¢ƘŜ ǘŜǊƳ ǊŜŦŜǊǎ ǘƻ ŀ ŦŀǎǘΣ ǊŜƭƛŀōƭŜΣ ŀƴŘ ŜƴƎŀƎƛƴƎ ǿŜō
ŀǇǇƭƛŎŀǘƛƻƴ όŀǇǇύΦ Lƴ ƻǘƘŜǊ ǿƻǊŘǎΣ ǘƘƛǎ ŀǇǇ ƛǎ ŜȄǇŜŎǘŜŘ
ǘƻ ŦǳƴŎǘƛƻƴ ŀƴŘ ǇŜǊŦƻǊƳ ǊŜƭƛŀōƭȅ ŀŎǊƻǎǎ ƳǳƭǘƛǇƭŜ ŘŜǾƛŎŜǎ
ǘƻ ǇǊƻǾƛŘŜ ŀƴ ŜƴƘŀƴŎŜŘ ǳǎŜǊ ŜȄǇŜǊƛŜƴŎŜ ŦƻǊ ōŜǘǘŜǊ
ŜƴƎŀƎŜƳŜƴǘκ ǊŜπŜƴƎŀƎŜƳŜƴǘΣ ǿƛǘƘƻǳǘ ōŜƛƴƎ ŀŦŦŜŎǘŜŘ
ōȅ ǇƻƻǊ ƴŜǘǿƻǊƪ ŎƻƴŘƛǘƛƻƴǎΦ CƻǊ ǘƘƛǎ ǊŜŀǎƻƴΣ ǿŜōπōŀǎŜŘ
ŀǇǇƭƛŎŀǘƛƻƴǎΩ ŎƻƳǇŜǘŜƴŎŜ ƭŜǾŜƭ Ƙŀǎ ƛƴŎǊŜŀǎŜŘ ƛƴ ǊŜŎŜƴǘ
ȅŜŀǊǎ ŀƎŀƛƴǎǘ ǘƘŜƛǊ ƴŀǘƛǾŜΣ ŘŜǎƪǘƻǇ ŎƻǳƴǘŜǊǇŀǊǘǎΦ !ǘ ŀ
ŎƻƴǎǳƳŜǊ ƭŜǾŜƭΣ ǘƘŜ WŀǾŀ{ŎǊƛǇǘ wŜŀŎǘ ŦǊŀƳŜǿƻǊƪ ǿŀǎ
ŎƘƻǎŜƴ ŦƻǊ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ǇǊƻŎŜǎǎ ŦƻǊ ƛǘǎ ōǳƛƭǘπƛƴ
ŦƭŜȄƛōƛƭƛǘȅΦ ¢ƘŜ ƛƴǘŜǊŦŀŎŜ ŀǇǇƭƛŎŀǘƛƻƴ ǿŀǎ ǘƘŜƴ
ŘŜǾŜƭƻǇŜŘΤ ǘƘŜ ōǳƛƭŘƛƴƎ Řŀǘŀ ǿŀǎ ŦƛƭǘŜǊŜŘ ŀƴŘ ƻǊƎŀƴƛǎŜŘ
ƛƴ ŀ ǳǎŜǊπƻǊƛŜƴǘŜŘ ƳŀƴƴŜǊΦ Lǘ ƛǎ ǿƻǊǘƘ ƴƻǘƛŎƛƴƎΣ ǘƘŀǘ
ǿƛǘƘƻǳǘ ǘƘŜ ƘŜƭǇ ƻŦ ǘƘŜ LƴǘŜǊƴŜǘ ƻŦ ¢ƘƛƴƎǎ όLƻ¢ύ
ǘŜŎƘƴƻƭƻƎȅΣ ǘƘƛǎ ǿŜōπōŀǎŜŘ ŀǇǇƭƛŎŀǘƛƻƴ ŀǇǇǊƻŀŎƘ
ǿƻǳƭŘ ƘŀǾŜ ōŜŎƻƳŜ ƳǳŎƘ ƳƻǊŜ ŎƘŀƭƭŜƴƎƛƴƎ ŀƴŘ ŜǾŜƴ
ƛƳǇƻǎǎƛōƭŜΦ aƻŘŜǊƴ Lƻ¢ ǎŜƴǎƻǊǎ ŀƴŘ ŎƻƳƳǳƴƛŎŀǘƛƻƴ
ǇǊƻǘƻŎƻƭǎ ŘŜǾŜƭƻǇƳŜƴǘ Ƙŀǎ ŀƭƭƻǿŜŘ ƳƻǊŜ ǊŜƭƛŀōƭŜ ŀƴŘ
ŀŎŎǳǊŀǘŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ƛƴ ǾŀǊƛŀƴǘ ŦƛŜƭŘǎΣ ǊŜǎǳƭǘƛƴƎ ƛƴ
ǘƘŜ ŜƴƘŀƴŎŜƳŜƴǘ ƻŦ ōǳƛƭŘƛƴƎ ƳŜǘǊƛŎ ŎƻƭƭŜŎǘƛƻƴΦ Lƴ
ŀŘŘƛǘƛƻƴΣ ǘƘŜ ǳǎŀƎŜ ƻŦ ǇǊƻǘƻŎƻƭ ŎƻƳōƛƴŀǘƛƻƴ ǎǳŎƘ ŀǎ
ht/π5!Σ ht/π¦! ŀƴŘ av¢¢ ǇǊƻǾƛŘŜǎ ŀ ǎǘŀƴŘŀǊŘ ǘƻ
ŜƴǎǳǊŜ ŀ ǎŜŀƳƭŜǎǎ ŎƻƴƴŜŎǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ǿŜō ŀƴŘ
ǾŀǊƛƻǳǎ ŀǊōƛǘǊŀǊȅ ŘŜǾƛŎŜǎ ŦǊƻƳ ŘƛŦŦŜǊŜƴǘ ǇǊƻǾƛŘŜǊǎΦ

¢ƘŜ ŎŀǎŜ ǎǘǳŘȅ ƛƴǾƻƭǾŜŘ ǘƘŜ Ǿƛǎǳŀƭƛǎŀǘƛƻƴǎ ƻŦ ǘǿƻ
ōǳƛƭŘƛƴƎǎ ƛƴ IŅƳŜŜƴƭƛƴƴŀ ŎƛǘȅΣ ƻƴŜ ƻŦ ǿƘƛŎƘ ŀƭǊŜŀŘȅ ƘŀŘ
ŀƴ ŜȄǘŜƴǎƛǾŜ ƳƻŘŜƭ ŀƴŘ ǘƘŜ ƻǘƘŜǊ ƻƴƭȅ ƘŀŘ ŦƭƻƻǊǇƭŀƴ
ŘǊŀǿƛƴƎǎΦ 5ƛŦŦŜǊŜƴǘ ƛƴŘƻƻǊ ŎƻƴŘƛǘƛƻƴǎ ǿŜǊŜ ƳŜŀǎǳǊŜŘ
ŀƴŘ ŎƻƭƭŜŎǘŜŘ ŦǊƻƳ ǘƘŜ ōǳƛƭŘƛƴƎ ŀǳǘƻƳŀǘƛƻƴ ǎȅǎǘŜƳ ŀƴŘ
ŀŘŘƛǘƛƻƴŀƭƭȅ ƛƴǎǘŀƭƭŜŘ ǎŜƴǎƻǊǎΦ Lƴ ǘƘŜ ǇǊŜƭƛƳƛƴŀǊȅ ǎǘŀƎŜǎΣ

Extended Abstracts
ISBN 978-952-5183-56-6

Suomen Automaatioseura
Finnish Society of Automation

Automaatiopäivät23
Oulu 15.-16.5.2019

74



                                                                                                                                                                  !ǳǘƻƳŀŀǘƛƻǇŅƛǾŅǘно нлмф 
πππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππ 

ŜǎǎŜƴǘƛŀƭ ōǳƛƭŘƛƴƎ Řŀǘŀ ǎǳŎƘ ŀǎ ǘŜƳǇŜǊŀǘǳǊŜΣ 
ƘǳƳƛŘƛǘȅ ƭŜǾŜƭΣ /hн ƭŜǾŜƭΣ ŜǘŎΦ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘΦ .ȅ 
ŎƻƴǎǘǊǳŎǘƛƴƎ ŜƴƎŀƎƛƴƎ ƛƴǘŜǊŦŀŎŜǎΣ ōǳƛƭŘƛƴƎπǊŜƭŀǘŜŘ 
Řŀǘŀ ǿŀǎ ǎǳŎŎŜǎǎŦǳƭƭȅ ŘƛǎǇƭŀȅŜŘΣ ǿƘƛƭŜ Ŏƻƴǎǘŀƴǘ 
ŦŜŜŘōŀŎƪ ŦǊƻƳ ōǳƛƭŘƛƴƎǎΩ ƻŎŎǳǇŀƴǘǎ ŀƴŘ ƻǇŜǊŀǘƻǊǎ 
ǿŜǊŜ ƎŀǘƘŜǊŜŘ ǘƻ ƛƳǇǊƻǾŜ ǘƘŜ ŀǇǇƭƛŎŀǘƛƻƴ ŦǳǊǘƘŜǊΦ 
CǳǘǳǊŜ ŘŜǾŜƭƻǇƳŜƴǘǎ ƛƴŎƭǳŘŜ ŜƴƘŀƴŎŜƳŜƴǘ ƻŦ ǘƘŜ 
ǳǎŜǊ ƛƴǘŜǊŦŀŎŜ ǘƻ ŜƴǎǳǊŜ ŀ ƴŀǘǳǊŀƭ ǳǎŜǊ ŜȄǇŜǊƛŜƴŎŜ 
ό¦·ύ ŀƴŘ ŘŜŜǇ ŀǳǘƻƳŀǘƛƻƴ ƻŦ ǘƘŜ ǇǊƻŎŜǎǎ ǘƻ 
ǎȅǎǘŜƳŀǘƛŎŀƭƭȅ ƎŜƴŜǊŀǘŜ ǘƘŜ t²! ŦǊƻƳ Řŀǘŀ ƳƻŘŜƭ 
ŀƴŘ ōǳƛƭŘƛƴƎ ŀǊŎƘƛǘŜŎǘǳǊŜ ŎƻƭƭŜŎǘƛƻƴΦ

YŜȅǿƻǊŘǎΥ tǊƻƎǊŜǎǎƛǾŜ ²Ŝō !ǇǇƭƛŎŀǘƛƻƴΣ .ǳƛƭŘƛƴƎ
LƴŦƻǊƳŀǘƛƻƴ aƻŘŜƭƭƛƴƎΣ .ǳƛƭŘƛƴƎ [ƛŦŜŎȅŎƭŜ
aŀƴŀƎŜƳŜƴǘΣ {ƛƳǳƭŀǘƛƻƴΣ ±ƛǎǳŀƭƛǎŀǘƛƻƴΦ

ϝ/ƻǊǊŜǎǇƻƴŘƛƴƎ !ǳǘƘƻǊΥ
5ŀǘ IǳȅƴƘΥ IŅƳŜ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ !ǇǇƭƛŜŘ {ŎƛŜƴŎŜǎΣ 9π

ƳŀƛƭΥ ŘŀǘΦƘǳȅƴƘϪǎǘǳŘŜƴǘΦƘŀƳƪΦŦƛ
{ȅ bƎǳȅŜƴΥ IŅƳŜ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ !ǇǇƭƛŜŘ {ŎƛŜƴŎŜǎΣ 9π

ƳŀƛƭΥ ǎȅΦƴƎǳȅŜƴϪǎǘǳŘŜƴǘΦƘŀƳƪΦŦƛ
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9ƪŀǘŜǊƛƴŀ bƛƪƻƭǎƪŀȅŀΣ aƛƪŀ [ƛǳƪƪƻƴŜƴΣ ¸ǊƧǀ IƛƭǘǳƴŜƴϝ

wŜŀƭπǘƛƳŜ ƳŜŀǎǳǊŜƳŜƴǘ ǎȅǎǘŜƳ ŦƻǊ ŘŜǘŜǊƳƛƴƛƴƎ
ƳŜǘŀƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƛƴ ǿŀǘŜǊπƛƴǘŜƴǎƛǾŜ ǇǊƻŎŜǎǎŜǎ

YŜȅǿƻǊŘǎΥ aƛƴƛƴƎ ǿŀǘŜǊΣ ǇǊŜŎƛǇƛǘŀǘƛƻƴΣ ƳŜǘŀƭ
ŎƻƴŎŜƴǘǊŀǘƛƻƴΣ bawΣ ¢ƛƳŜ ŘƻƳŀƛƴΦ

ϝ/ƻǊǊŜǎǇƻƴŘƛƴƎ !ǳǘƘƻǊΥ ¸ǊƧǀ IƛƭǘǳƴŜƴΥ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ
9ŀǎǘŜǊƴ CƛƴƭŀƴŘΣ tΦhΦ .ƻȄ мснтΣ CLbςтлнмм YǳƻǇƛƻΣ
CƛƴƭŀƴŘΣ 9πƳŀƛƭΥ ȅǊƧƻΦƘƛƭǘǳƴŜƴϪǳŜŦΦŦƛ

9ƪŀǘŜǊƛƴŀ bƛƪƻƭǎƪŀȅŀΣ CƛōŜǊ[ŀōƻǊŀǘƻǊȅΣ {ƻǳǘƘπ9ŀǎǘŜǊƴ
CƛƴƭŀƴŘ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ !ǇǇƭƛŜŘ {ŎƛŜƴŎŜǎΣ {ŀǾƻƴƭƛƴƴŀΣ
CƛƴƭŀƴŘ

aƛƪŀ [ƛǳƪƪƻƴŜƴΥ ¦ƴƛǾŜǊǎƛǘȅ hŦ 9ŀǎǘŜǊƴ CƛƴƭŀƴŘΣ YǳƻǇƛƻΣ
CƛƴƭŀƴŘ

м .ŀŎƪƎǊƻǳƴŘ

¢ƛƎƘǘŜƴƛƴƎ ǊŜǉǳƛǊŜƳŜƴǘǎ ŦƻǊ ǘƘŜ ŜƴǾƛǊƻƴƳŜƴǘŀƭ
ǉǳŀƭƛǘȅ ƻŦ ƳƛƴƛƴƎ ŀƴŘ ǇǊƻŎŜǎǎ ǿŀǘŜǊǎ ǊŜǉǳƛǊŜ ƳƻǊŜ
ŜŦŦƛŎƛŜƴǘ ǇǳǊƛŦƛŎŀǘƛƻƴ ƳŜǘƘƻŘǎΦ IƻǿŜǾŜǊΣ ǘƻŘŀȅΩǎ
ŎƻƳƳŜǊŎƛŀƭƭȅ ŀǾŀƛƭŀōƭŜ ǿŀǘŜǊ ǉǳŀƭƛǘȅ ƳŜŀǎǳǊŜƳŜƴǘǎ
ŀǊŜ ƴƻǘ ŀōƭŜ ǘƻ ŎƻǇŜ ǿƛǘƘ ŎŜǊǘŀƛƴ ǎƛƎƴƛŦƛŎŀƴǘ
ŎƻƴǘŀƳƛƴŀƴǘǎ ƭƛƪŜ ƳŜǘŀƭ ŀƴŘ ǎǳƭŦŀǘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƛƴ
ǊŜŀƭ ǘƛƳŜΦ Lƴ ŀŘŘƛǘƛƻƴΣ ǇǊŜǎŜƴǘƭȅ ǳǎŜŘ ǿŀǘŜǊ ǉǳŀƭƛǘȅ
ƳƻƴƛǘƻǊƛƴƎ ǎȅǎǘŜƳǎ ǊŜǉǳƛǊŜ ǊŜƎǳƭŀǊ ƳŀƛƴǘŜƴŀƴŎŜ ŀƴŘ
ŎŀƭƛōǊŀǘƛƻƴΣ ǿƘƛŎƘ ǊŜŘǳŎŜǎ ǘƘŜƛǊ ŎƻǎǘπŜŦŦƛŎƛŜƴŎȅΦ
IƛƎƘπǊŜǎƻƭǳǘƛƻƴ ƴǳŎƭŜŀǊ ƳŀƎƴŜǘƛŎ ǊŜǎƻƴŀƴŎŜ όbawύ

ǎǇŜŎǘǊƻǎŎƻǇȅ ƛǎ ƻƴŜ ƻŦ ǘƘŜ Ƴƻǎǘ ƛƴŦƻǊƳŀǘƛǾŜ ŀƴŀƭȅǘƛŎŀƭ
ƳŜǘƘƻŘ ƛƴ ŎƘŜƳƛǎǘǊȅΣ ōǳǘ ƛǘ ƛǎ ŘƛŦŦƛŎǳƭǘ ǘƻ ŀǇǇƭȅ ƛǘ ǘƻ
ƻƴƭƛƴŜ ǇǊƻŎŜǎǎ ŎƻƴǘǊƻƭ ƛƴ ǇǊŀŎǘƛŎŜΦ ¢ƛƳŜ ŘƻƳŀƛƴ ƴǳŎƭŜŀǊ
ƳŀƎƴŜǘƛŎ ǊŜǎƻƴŀƴŎŜ ƳŜǘƘƻŘ ό¢5πbawύ ƛǎ ōŜŎƻƳƛƴƎ
ƘƛƎƘƭȅ ŀǘǘǊŀŎǘƛǾŜ ŦƻǊ ƛƴŘǳǎǘǊƛŀƭ ŀǇǇƭƛŎŀǘƛƻƴǎ ŘǳŜ ǘƻ
ǊŜƭŀǘƛǾŜƭȅ ƭƻǿ ǇǊƛŎŜΣ ƳƻōƛƭƛǘȅΣ Ŝŀǎȅ ƻǇŜǊŀǘƛƴƎΣ ŀƴŘ
ǎƛƳǇƭŜ ǎŀƳǇƭŜ ǇǊŜǇŀǊŀǘƛƻƴ ǇǊƻŎŜŘǳǊŜΦ

н !ƛƳǎ

Lƴ ǘƘƛǎ ǇŀǇŜǊΣ ǘƘŜ ¢5πbaw ǘŜŎƘƴƻƭƻƎȅ Ƙŀǎ ōŜŜƴ ǳǘƛƭƛȊŜŘ
ŦƻǊ ƳƻƴƛǘƻǊƛƴƎ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ ƳŜǘŀƭ ƛƻƴǎ ƛƴ
ǿŀǘŜǊπōŀǎŜŘ ǎƻƭǳǘƛƻƴǎΦ ¢ƘŜ Ƴŀƛƴ ŦƻŎǳǎ Ƙŀǎ ōŜŜƴ ƻƴ
ǇŀǊŀƳŀƎƴŜǘƛŎ ƛƻƴǎ ǎǳŎƘ ŀǎ aƴнҌΣ /ǳнҌΣ CŜнҌΣ CŜоҌΣ ½ƴнҌ

ŀƴŘ bƛнҌΣ ǿƘƛŎƘ ŀǊŜ ǘƘŜ ǇǊƛƴŎƛǇŀƭ ƳŜǘŀƭ ŎƻƳǇƻƴŜƴǘǎ ƛƴ
ƳƛƴƛƴƎ ǿŀǘŜǊǎΦ 5ƛŦŦŜǊŜƴǘ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ ǎƛƴƎƭŜ
ƳŜǘŀƭǎ ŀƴŘ ƳƛȄǘǳǊŜǎ ƻŦ ǘƘŜƳΣ ŀƴŘ ǊŜŀƭ ƳƛƴƛƴƎ ǿŀǘŜǊ
ǎŀƳǇƭŜǎ ƘŀǾŜ ōŜŜƴ ǳǎŜŘ ƛƴ ǘƘŜ ǘŜǎǘǎΦ

о aŀǘŜǊƛŀƭǎ ŀƴŘ ƳŜǘƘƻŘǎ 

¢5πbaw ƛǎ ǎŜƴǎƛǘƛǾŜ ǘƻ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ 
ǇŀǊŀƳŀƎƴŜǘƛŎ ƛƻƴǎΣ ǿƘƛŎƘ ƳŀƪŜǎ ƛǘ ŀ ǇƻǘŜƴǘƛŀƭƭȅ 
ŀǇǇƭƛŎŀōƭŜ ǘŜŎƘƴƻƭƻƎȅ ŦƻǊ ƳŜŀǎǳǊƛƴƎ ƳŜǘŀƭ 
ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƛƴ ƳƛƴƛƴƎ ǿŀǘŜǊǎΦ 
¢ƘŜ ǊŜƭŀȄƛǾƛǘȅ ƻŦ ƳŜǘŀƭ ƛƻƴ ǊŜŦƭŜŎǘǎ Ƙƻǿ ǘƘŜ 

ǊŜƭŀȄŀǘƛƻƴ ǊŀǘŜǎ ƻŦ ŀ ǎƻƭǳǘƛƻƴ ŎƘŀƴƎŜ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ 
ŎƻƴŎŜƴǘǊŀǘƛƻƴ ώ/ϐΦ {ƛƴŎŜ ŀ ƳŜǘŀƭ ƛƻƴ Ƴŀȅ ŀŦŦŜŎǘ ǘƘŜ ǘǿƻ 
ǊŜƭŀȄŀǘƛƻƴ ǊŀǘŜǎ όwм ŀƴŘ wнύ ƛƴŘƛǾƛŘǳŀƭƭȅΣ ǘƘŜǊŜ ŀǊŜ ǘǿƻ 
ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǊŜƭŀȄƛǾƛǘƛŜǎΣ ŘŜƴƻǘŜŘ ōȅ Ǌм ŀƴŘ ǊнΦ  .ȅ 
ŘŜŦƛƴƛǘƛƻƴ 
 
wм Ґ Ǌм ω ώ/ϐ Ҍ ŎƻƴǎǘŀƴǘмΣ ŀƴŘ 
 
wн Ґ Ǌн ω ώ/ϐ Ҍ Ŏƻƴǎǘŀƴǘн 
 
{ƛƴŎŜ wм ŀƴŘ wн ŀǊŜ ƎƛǾŜƴ ƛƴ ǎŜŎƻƴŘǎπм ŀƴŘ ώ/ϐ ƛǎ 
ƳŜŀǎǳǊŜŘ ƛƴ ƳƛƭƭƛƎǊŀƳǎ ǇŜǊ ƭƛǘŜǊΣ Ǌм ŀƴŘ Ǌн ƘŀǾŜ ǘƘŜ ǳƴƛǘǎ 
ƻŦ ƭκƳƎ ǎΦ wŜƭŀȄƛǾƛǘȅ ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜΣ ŦƛŜƭŘ 
ǎǘǊŜƴƎǘƘΣ ŀƴŘ ǘƘŜ ǎǳōǎǘŀƴŎŜ ǿƛǘƘƛƴ ǿƘƛŎƘ ǘƘŜ ƳŜǘŀƭ ƛƻƴ 
ƛǎ ŘƛǎǎƻƭǾŜŘΦ  

п wŜǎǳƭǘǎ 

пΦм{ƛƴƎƭŜ ƳŜǘŀƭǎ  
 
Lƴ ǘƘƛǎ ǇŀǇŜǊΣ ǿŜ ƘŀǾŜ ŦƻŎǳǎŜŘ ƻƴ ǘƘŜ ǊŜƭŀȄŀǘƛƻƴ ǊŀǘŜ

wнΣ ŀƴŘ ǘƘŜ ǊŜƭŀȄƛǾƛǘƛŜǎ Ǌн ŦƻǊ ǎŜǾŜǊŀƭ ƳŜǘŀƭ ƛƻƴǎ ŀǊŜ
ŘŜǘŜǊƳƛƴŜŘΦ ¢ƘŜ ǊŜǎǳƭǘǎ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ƛƴ ¢ŀōƭŜ мΦ Lǘ Ŏŀƴ
ōŜ ǎǳƳƳŀǊƛȊŜŘ ǘƘŀǘ ǘƘŜ ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ ǘƘŜ
ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ ǎƛƴƎƭŜ ƳŜǘŀƭǎ ƛǎ ǾŜǊȅ ŀŎŎǳǊŀǘŜ ƛƴ
ƭŀōƻǊŀǘƻǊȅ ŎƻƴŘƛǘƛƻƴǎΦ
¢ƻ ǎƛƳǳƭŀǘŜ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ƳŜǘŀƭ ǇǊŜŎƛǇƛǘŀǘƛƻƴΣ ǎƻƳŜ

ƭŀōƻǊŀǘƻǊȅ ƳŜŀǎǳǊŜƳŜƴǘǎ ǿŜǊŜ ŎƻƴŘǳŎǘŜŘΦ Lƴ ǘƘŜǎŜ
ǘŜǎǘǎΣ ǘƘŜ ǊŜƭŀȄŀǘƛƻƴ ǊŀǘŜǎ wн ƻŦ CŜоҌ ǿŜǊŜ ƳŜŀǎǳǊŜŘ ŀǎ ŀ
ŦǳƴŎǘƛƻƴ ƻŦ ǘƘŜ ǇIΦ ¢ƘŜ ǇI ƻŦ ǘƘŜ ǎƻƭǳǘƛƻƴ ǿŀǎ ƛƴŎǊŜŀǎŜŘ
ōȅ ŀŘŘƛƴƎ ǎƻƳŜ ǎƻŘƛǳƳ ƘȅŘǊƻȄƛŘŜ όbŀhIύΦ ¢ƘŜ ƛƴƛǘƛŀƭ
ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ƛƻƴǎ ǿŀǎ пл ƳƎκƭ ŀǘ ǇI мΦ ¢ƘŜ
ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ CŜоҌ ǿŜǊŜ ǘƘŜƴ ŎŀƭŎǳƭŀǘŜŘ ōȅ ǳǎƛƴƎ wн

ŀƴŘ Ǌн ǾŀƭǳŜǎ ό{ŜŜ Ǌн ǾŀƭǳŜ ƛƴ ¢ŀōƭŜ мΦύΦ ¢ƘŜ ŎŀƭŎǳƭŀǘŜŘ
ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ CŜоҌ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǇI ŀǊŜ ǎƘƻǿƴ ƛƴ
CƛƎǳǊŜ мΦ
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                                                                                                                                                                  !ǳǘƻƳŀŀǘƛƻǇŅƛǾŅǘно нлмф 
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¢ŀōƭŜ мΦ wŜƭŀȄƛǾƛǘƛŜǎ Ǌн ŦƻǊ ƳŜǘŀƭ ƛƻƴǎ ƻōǘŀƛƴŜŘ ƛƴ ǿŀǘŜǊ 
ǎƻƭǳǘƛƻƴ ōȅ ¢5πbawΦ CƛƎǳǊŜǎ ƛƴ ǇŀǊŜƴǘƘŜǎŜǎ ǎƘƻǿ ǘƘŜ 
ŜǊǊƻǊǎ ƻŦ ǘƘŜ ǊŜƭŀȄƛǾƛǘƛŜǎΦ 
 

aŜǘŀƭ ƛƻƴ wŜƭŀȄƛǾƛǘȅ Ǌн όƭκƳƎ ǎύ 

aƴнҌ лΦумтсрόннсύ 

CŜоҌ лΦнутффόосрύ 

CŜнҌ лΦлммфпόмύ 

/ǳнҌ ό/ǳ{hпύ лΦлмпфоόмлύ 

/ǳнҌ ό/ǳ/ƭнύ лΦлмппоόмпύ 

bƛнҌ лΦлмнофόфύ 

½ƴнҌ лΦлллсфόмύ 
 
 

 
CƛƎǳǊŜ мΥ CŜоҌ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǘƘŜ 
ǇIΣ ŎŀƭŎǳƭŀǘŜŘ ōȅ wн ƳŜŀǎǳǊŜƳŜƴǘǎ ŀƴŘ ǘƘŜ 
ǊŜƭŀȄƛǾƛǘȅǇǊŜǎŜƴǘŜŘ ƛƴ ¢ŀōƭŜ мΦ

пΦнaƛȄǘǳǊŜǎ ƻŦ ƳŜǘŀƭ ƛƻƴǎ  
 
Lƴ ǊŜŀƭπǿƻǊƭŘ ŎƻƴŘƛǘƛƻƴǎΣ ƳŜǘŀƭǎ ƛƴ ǿŀǘŜǊǎ ǘȅǇƛŎŀƭƭȅ ŜȄƛǎǘ
ƛƴ ƳƛȄǘǳǊŜǎ ƻŦ ǎŜǾŜǊŀƭ ƳŜǘŀƭ ŎƻƳǇƻƴŜƴǘǎΦ ¢ƘŜǊŜŦƻǊŜΣ ŀ
ǊŜŀƭ ƳƛƴƛƴƎ ǿŀǘŜǊ ǎŀƳǇƭŜ ǿŀǎ ŀƭǎƻ ƳŜŀǎǳǊŜŘ ŀǎ ŀ
ŦǳƴŎǘƛƻƴ ƻŦ ǇIΦ ¢ƘŜǎŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ǊŜƭŀȄŀǘƛƻƴ ǊŀǘŜǎ ƻŦ
ǘƘŜ ǿŀǘŜǊ Ŏŀƴ ōŜ ǎŜŜƴ ƛƴ CƛƎǳǊŜ н όά9ȄǇŜǊƛƳŜƴǘŀƭέύΦ 
¢ƘŜ aƴΣ CŜΣ /ǳ ŀƴŘ ½ƴ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ ǘƘŜ ǎŀƳǇƭŜǎ 
ǿŜǊŜ ŀƭǎƻ ƳŜŀǎǳǊŜŘ ōȅ ǘƘŜ ȄπǊŀȅ ŦƭǳƻǊŜǎŎŜƴŎŜ ό·wCύ 
ƳŜǘƘƻŘΦ ¦ǎƛƴƎ ǘƘŜǎŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǾŀƭǳŜǎ ŀƴŘ ǘƘŜ 
ǊŜƭŀȄƛǾƛǘƛŜǎǇǊŜǎŜƴǘŜŘ ƛƴ ¢ŀōƭŜ мΣ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ 
ǊŜƭŀȄŀǘƛƻƴ ǊŀǘŜǎ ǿŜǊŜ ŎŀƭŎǳƭŀǘŜŘ όCƛƎǳǊŜ нΤ 
ά/ŀƭŎǳƭŀǘŜŘέύΦ Lƴ ŀŘŘƛǘƛƻƴΣ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ ǘƘŜ 
ƳŜǘŀƭ ƛƻƴǎ ǿŜǊŜ ŜǎǘƛƳŀǘŜŘ ōȅ ƳŜŀƴǎ ƻŦ ǘƘŜ 
/ƘŜƳ9v[ ǎƻŦǘǿŀǊŜ όƘǘǘǇǎΥκκǿǿǿΦŜŀǿŀƎΦŎƘκŜƴκ
ŘŜǇŀǊǘƳŜƴǘκǎǳǊŦκǇǊƻƧŜŎǘǎ κŎƘŜƳŜǉƭκύΣ ǿƘƛŎƘ ƛǎ ŀ 
ŎƻƳǇǳǘŜǊ ǇǊƻƎǊŀƳ ŦƻǊ ŎŀƭŎǳƭŀǘƛƴƎ ŎƘŜƳƛŎŀƭ 
ǎǇŜŎƛŀǘƛƻƴ ŜǉǳƛƭƛōǊƛŀΦ !ƎŀƛƴΣ ǳǎƛƴƎ ǘƘŜǎŜ ŀƴŘ Ǌн 
ǾŀƭǳŜǎΣ ǘƘŜ ǊŜƭŀȄŀǘƛƻƴ ǊŀǘŜǎ ǿŜǊŜ ŎŀƭŎǳƭŀǘŜŘ 
όCƛƎǳǊŜ нΤ ά¢ƘŜƻǊŜǘƛŎŀƭέύΦ !ǎ Ŏŀƴ ōŜ ǎŜŜƴΣ ŀƭƭ ǘƘŜǎŜ 
ŘƛŦŦŜǊŜƴǘ ŘŜǘŜǊƳƛƴŀǘƛƻƴǎ ŀǊŜ ƛƴ ŀ ǊŜƭŀǘƛǾŜƭȅ ƎƻƻŘ
ŀƎǊŜŜƳŜƴǘ ǿƛǘƘ ŜŀŎƘ ƻǘƘŜǊΦ

р /ƻƴŎƭǳǎƛƻƴǎ

! ǊŜŀƭπǘƛƳŜ ƳŜŀǎǳǊŜƳŜƴǘ ǎȅǎǘŜƳ ŦƻǊ ŘŜǘŜǊƳƛƴƛƴƎ
ƳŜǘŀƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƛƴ ǿŀǘŜǊπƛƴǘŜƴǎƛǾŜ ǇǊƻŎŜǎǎŜǎ ǿŀǎ
ŘŜƳƻƴǎǘǊŀǘŜŘ ƛƴ ǘƘƛǎ ǎǘǳŘȅΦ ¢ƘŜ ǎȅǎǘŜƳ ƛƴŎƭǳŘŜǎ ŀ
ƳŜŀǎǳǊŜƳŜƴǘ ŘŜǾƛŎŜ ōŀǎŜŘ ƻƴ baw ǘŜŎƘƴƻƭƻƎȅΣ
ŀŘŘƛǘƛƻƴŀƭ ǘŜŎƘƴƻƭƻƎȅ ŦƻǊ ǘǊŀƴǎŦŜǊǊƛƴƎ ǎŀƳǇƭŜǎ ŀƴŘ
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Optimal control maps for fuel e�ciency and
emissions reduction in maritime diesel engines
Abstract: The paper introduces an advanced mod-
elling method and optimisation algorithm, by which
ship diesel engines control parameters can be e�ectively
designed. The fuel consumtion is minimised while at
the same time ful�lling the NOx emission constraints.
The problem is non-trivial: the methodology introduced
proves e�cient, is fair and ful�ls the regulations set by
the International Maritime Organisation.

Keywords: diesel engine, NOx emissions, fuel e�ciency,
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Extended abstract. Oceangoing ships are the largest
single cause of nitrogen oxides (NOx) emissions
globally, and NOx is generally a major air pollutant in
the atmosphere. Most of these emissions are released
near the land, which causes a ma-jor pollutation
problem and health risk to the people. It has been
reported that outdoor air pollutation caused about
three million premature deaths globally in 2010. Since
ship transportation is constantly increasing, it is easy
to understand that the International Maritime Or-
ganization (IMO) is setting more and more stringent
restrictions to ship emissions. Large tankers are major
pollutants driven by diesel engines. Even if the number
of diesel engines in automobile industry is foreseen to
decrease fast in the future, such a trend cannot be fore-
seen for maritime engines, because replacement of large
diesel engines as power source in maritime applications
seems to be a hopeless task for several decennia to come.

The engine manufacturers are interested in devel-
oping more and more e�cient engines with increasing
e�ciency, reduced fuel consumption and redured emis-
sions. Unfortunately, considerable e�ciency increase is
already hard to establish, and reducing fuel consump-
tion generally implies higher NOx emissions and vice
versa. Because of this, IMO has set regulations (Tier
II and Tier III) that set limits to NOx emissions in

some operation points (speed and load) of the ship.
However, only a few operation points have been set,
which means that it is unclear how the ship emissions
should be controlled over the whole operation range.
Even worse, the current regulations give a possibility to
�cheat� by setting the emissions low at the given oper-
ation points (high fuel consumption) but use all e�ort
to save fuel in other operation points (high NOx emis-
sions). The paper presents a method, where the Design
of Experiments (DOE) method is used to model the fuel
consumption and NOx emission at any given operation
point. It then becomes possible to construct smooth
functions to cover all operation points of the ship en-
gine. At any operation point an optimization problem
can be set and solved, where the fuel consumption is
minimized under a given constraint of maximum NOx
emission. The solution gives certain control parameters
of the ship (common rail pressure, charge air pressure,
start of ignition timing), which are to be used in the
operation point in question for optimal performance. It
now becomes possible to compare the fuel consumption
and emission level under standard routes travelled by
the ship. In addition to that it becomes possible to con-
struct optimal operation parameters and allowed NOx
levels under a large number of operation points, thus
giving advice to IMO how te future regulations could
be stated, in order to cover all operational areas and
to avoid all possibility to cheat. The results of the pa-
per have been obtained and con�rmed using real diesel
engine data from large engine manufacturers.
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aŀǎǎ ŦƭƻǿπōŀǎŜŘ ŎƻƴǘǊƻƭǎ ǿƛǘƘ ǎƻƭƛŘǎ ƳŜŀǎǳǊŜƳŜƴǘǎ
ǊŜŘǳŎŜ ǎƭǳŘƎŜ ƘŀƴŘƭƛƴƎ Ŏƻǎǘǎ
ExǘŜƴŘŜŘ ŀōǎǘǊŀŎǘ. ¢ƘŜ ¢ŀƳǇŜǊŜ ²ŀǘŜǊ ±ƛƛƴƛƪŀƴƭŀƘǘƛ 
ǿŀǎǘŜǿŀǘŜǊ ǘǊŜŀǘƳŜƴǘ Ǉƭŀƴǘ ƛƴ ¢ŀƳǇŜǊŜΣ CƛƴƭŀƴŘ Ƙŀǎ 
ŎƻƳƳƛǎǎƛƻƴŜŘ ǿƘŀǘ ƛǎ ōŜƭƛŜǾŜŘ ǘƻ ōŜ ǘƘŜ ǿƻǊƭŘΩǎ 
ŦƛǊǎǘ ƳǳƭǘƛπǾŀǊƛŀōƭŜǇǊŜŘƛŎǘƛǾŜ ŎƻƴǘǊƻƭƭŜǊ όat/ύ ƻŦ ŀ 
ŎŜƴǘǊƛŦǳƎŜ ǎƭǳŘƎŜ ŘŜǿŀǘŜǊƛƴƎ ƻǇŜǊŀǘƛƻƴ ōŀǎŜŘ 
ƻƴ ƳǳƭǘƛǇƭŜ ƻƴƭƛƴŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ǎƻƭƛŘǎ 
ŎƻƴǘŜƴǘΦ ¢ƘŜ ƻƴƭƛƴŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ǊŜǇƭŀŎŜ 
Ƴŀƴǳŀƭ ǘŜǎǘƛƴƎ ǘƘŀǘ ǿŀǎ ŎƻƴǎƛŘŜǊŜŘ ǘƻƻ ǎƭƻǿ ƻǊ 
ƴƻǘ ǘƛƳŜƭȅ ŜƴƻǳƎƘ ŦƻǊ ƻǇǘƛƳǳƳǊŜŀƭ ǘƛƳŜ ŎƻƴǘǊƻƭΦ ¢ƘŜ 
ƻōƧŜŎǘƛǾŜ ǿŀǎ ǘƻ ŀǾƻƛŘ ǿŀǎǘƛƴƎŜƴŜǊƎȅ ŀƴŘ ŎƘŜƳƛŎŀƭǎ 
ŀƴŘ ǎŀǾŜ ƻƴ ŘǊȅ ŎŀƪŜ ŘƛǎǇƻǎŀƭ ŎƻǎǘǎΦ ¢ƘŜ ŎŜƴǘǊƛŦǳƎŜ 
Ƴŀǎǎ ŦƭƻǿπōŀǎŜŘ ŎƻƴǘǊƻƭ ƛǎ ǇŀǊǘ ƻŦ ŀ ǎǘǊŀǘŜƎȅ ōȅ ǘƘŜ 
±ƛƛƴƛƪŀƴƭŀƘǘƛ Ǉƭŀƴǘ ǘƻ ŜǉǳƛǇ ǘƘŜ ǘǊŜŀǘƳŜƴǘ Ǉƭŀƴǘ 
ǿƛǘƘ ǘƻǘŀƭ ǎƻƭƛŘǎ ƳŜŀǎǳǊŜƳŜƴǘ ǘƻ ŎƻƴǘǊƻƭ ŀƴŘ 
ƻǇǘƛƳƛȊŜ ƻǘƘŜǊ ǳƴƛǘ ƻǇŜǊŀǘƛƻƴǎ ōŀǎŜŘ ƻƴ Ƴŀǎǎ Ŧƭƻǿ 
ǾŀƭǳŜǎ ǊŀǘƘŜǊ ǘƘŀƴ ǾƻƭǳƳŜǘǊƛŎ ǾŀƭǳŜǎΦ ¢ƘŜǎŜ ƛƴŎƭǳŘŜ 
ǘƻǘŀƭ ǎƻƭƛŘǎπōŀǎŜŘ ǇǊƛƳŀǊȅ ŎƭŀǊƛŦƛŜǊ ǎƭǳŘƎŜ ǇǳƳǇ
ǎŎƘŜŘǳƭƛƴƎ ŀƴŘ ŀƴŀŜǊƻōƛŎ ŘƛƎŜǎǘŜǊ ƛƴǇǳǘ ǎƻƭƛŘǎ
ƻǇǘƛƳƛȊŀǘƛƻƴΦ 

Lƴ ǘƘŜ ŎŜƴǘǊƛŦǳƎŜ ƻǇŜǊŀǘƛƻƴ ǘƘŜ ŘǊȅ ŎŀƪŜ ǎƻƭƛŘǎ ŀƴŘ ǘƘŜ 
ǊŜŎȅŎƭŜŘ ŎŜƴǘǊŀǘŜ ǎǳǎǇŜƴŘŜŘ ǎƻƭƛŘǎ ŀǊŜ ŦǳƴŎǘƛƻƴǎ ƻŦ 
ǎŜǾŜǊŀƭ ǾŀǊƛŀōƭŜǎ ǿƘƛŎƘ ƛƴǘŜǊŀŎǘ ǿƛǘƘ ŜŀŎƘ ƻǘƘŜǊΦ Lǘ ƛǎ 
ǘƘŜǊŜŦƻǊŜ ŀƴ ŀǇǇƭƛŎŀǘƛƻƴ ŦƻǊ ƳǳƭǘƛπǾŀǊƛŀōƭŜ ǇǊƻŎŜǎǎ 
ŎƻƴǘǊƻƭ όat/ύ ǿƘƛŎƘ Ƙŀǎ ōŜŜƴ ƛƳǇƭŜƳŜƴǘŜŘ ƛƴ ŀ ǎƳŀƭƭ 
ŎƻƴǘǊƻƭ ǎȅǎǘŜƳΦ ¢ƘŜ ƻƴƭƛƴŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ƛƴǾƻƭǾŜŘ ƛƴ 
ǘƘŜ ŎŜƴǘǊƛŦǳƎŜ ŎƻƴǘǊƻƭ ŀǊŜ ŦŜŜŘ ǎƻƭƛŘǎΣ ŘǊȅ ŎŀƪŜ ǎƻƭƛŘǎ ŀǎ 
ƛǘ Ŧŀƭƭǎ ǘƻ ǘƘŜ ŎƻƴǾŜȅƻǊ ŀƴŘ ŎŜƴǘǊŀǘŜ ǎǳǎǇŜƴŘŜŘ ǎƻƭƛŘǎΦ 
tƻƭȅƳŜǊ Ŧƭƻǿ ŀƴŘ ŎŜƴǘǊƛŦǳƎŜ ǘƻǊǉǳŜ ŀǊŜ ŀƭǎƻ ƛƴǇǳǘǎΦ ¢ƘŜ 
ǊŜǎǇƻƴǎŜǎ ƻŦ ŎƻƴǘǊƻƭƭŜŘ ŀƴŘ ƳŀƴƛǇǳƭŀǘŜŘ ǾŀǊƛŀōƭŜǎ 
ŘŜǘŜǊƳƛƴŜŘ ƻƴƭƛƴŜ ŀǊŜ ƛƴǇǳǘ ǘƻ ŀ ŎƻƴǘǊƻƭ ƳŀǘǊƛȄ ǿƘƛŎƘ 
ƳŀƪŜǎ ǘƘŜ ōŜǎǘ ŎƻƴǘǊƻƭ ŘŜŎƛǎƛƻƴǎ ǘƻ ŀŎƘƛŜǾŜ ǘƘŜ ŘŜǎƛǊŜŘ 
ǊŜǎǳƭǘǎΦ  
 
¢ƘŜ ƻōƧŜŎǘƛǾŜǎ ƻŦ ǘƘŜ ŎƻƴǘǊƻƭ ŀǊŜ ǘƻ ǇǊƻŘǳŎŜ ŀ ŘǊȅ 
ŎŀƪŜ ǿƛǘƘ ǎƻƭƛŘǎ ŎƻƴǘŜƴǘ ŀǎ ƘƛƎƘ ŀǎ ǇƻǎǎƛōƭŜ ǘƻ 
ǊŜŘǳŎŜ ǘǊŀƴǎǇƻǊǘŀǘƛƻƴ Ŏƻǎǘǎ ōȅ ǘǊǳŎƪΣ ǘƻ ƳƛƴƛƳƛȊŜ 
ǊŜŎƛǊŎǳƭŀǘŜŘ ŎŜƴǘǊŀǘŜ ŘƛǎǎƻƭǾŜŘ ǎƻƭƛŘǎ ǘƘŀǘ ǿƻǳƭŘ 
ƛƴŎǊŜŀǎŜ ǇƻƭȅƳŜǊ ŀƴŘ ŘŜǿŀǘŜǊƛƴƎ ŎƻǎǘǎΣ ŀƴŘ ǘƻ 
ƳƛƴƛƳƛȊŜ ǇƻƭȅƳŜǊ ŎƻƴǎǳƳǇǘƛƻƴΦ ¢ƘŜ ǇŀǇŜǊ 
ǇǊŜǎŜƴǘǎ ǘƘŜ ǊŜǎǳƭǘǎ ƻŦ ǘƘŜ ŎƻƴǘǊƻƭ ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ 
ǿƘƛŎƘ ƛƴŎƭǳŘŜ ŀ рл҈ ǊŜŘǳŎǘƛƻƴ ƛƴ ŎŜƴǘǊŀǘŜ ǎƻƭƛŘǎ ŀƴŘ 
ŀ м҈ ǘƻ н҈ ƛƴŎǊŜŀǎŜ ƛƴ ŘǊȅ ŎŀƪŜ ǎƻƭƛŘǎΦ ¢ƘŜ ƛƳǇŀŎǘ 
ƻŦ ǘƘŜǎŜ ŎƘŀƴƎŜǎ ƻƴ ŎƘŜƳƛŎŀƭ ŎƻƴǎǳƳǇǘƛƻƴ ƛǎ 
ōŜƛƴƎ ŜǾŀƭǳŀǘŜŘ ŀƴŘ ǘƘŜ ǊŜǎǳƭǘǎ ǘƻ ŘŀǘŜ ǿƛƭƭ ōŜ 
ǇǊŜǎŜƴǘŜŘΦ  ¢ƘŜ ƻǇŜǊŀǘƻǊǎ ƘŀǾŜ ŎƻƴŦƛŘŜƴŎŜ ƛƴ ǘƘŜ 
ŎƻƴǘǊƻƭ ŀƴŘ ǳǎŜ ƛǘ ŎƻƴǘƛƴǳƻǳǎƭȅΦ ¢ƘŜȅ ƘŀǾŜ ƳƻǊŜ

ǘƛƳŜ ŦƻǊ ƻǘƘŜǊ ŎƻƴǘǊƻƭǎŀƴŘ ǘŀǎƪǎΦ hƴŜ ƻǇŜǊŀǘƻǊ ǘŀƪŜǎ 
ŎŀǊŜ ƻŦ ǘƘŜ ŜƴǘƛǊŜ Ǉƭŀƴǘ ŘǳǊƛƴƎ ŜǾŜƴƛƴƎ ŀƴŘ ƴƛƎƘǘ 
ǎƘƛŦǘǎ ŀƴŘ ǿŜŜƪŜƴŘǎΦ !ƭǎƻΣ ǘƻ ǊŜŘǳŎŜ Ŏƻǎǘǎ ǘƘŜ Ǉƭŀƴǘ 
ǎǘŀŦŦ ƛǎ ƳŀƪƛƴƎ Ǉƭŀƴǎ ǘƻ ǊŜŘǳŎŜ Ƴŀƴǳŀƭ 
ǘŜǎǘƛƴƎ ŦǊŜǉǳŜƴŎȅΦ
 
²ƛǘƘ ǎƻƭƛŘǎ ƳŜŀǎǳǊŜƳŜƴǘ ŀŦǘŜǊ ǘƘŜ ǇǊƛƳŀǊȅ ŎƭŀǊƛŦƛŜǊǎ
ǘƘŜ ǇǳƳǇƛƴƎ ǎŜǉǳŜƴŎŜ ŦǊƻƳ ǘƘŜ ŎƭŀǊƛŦƛŜǊǎ ƛǎ ƴƻǿ
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ǿŀǘŜǊ ōŜƛƴƎ ǇǳƳǇŜŘ ǘƻ ǎƭǳŘƎŜ ǘƘƛŎƪŜƴƛƴƎ ŀƴŘ ŜȄŎŜǎǎ
ǇǳƳǇƛƴƎ ŜƴŜǊƎȅ ŀǎ ǿŀǎ ǘƘŜ ŎŀǎŜ ǿƛǘƘ ǘƛƳŜπōŀǎŜŘ
ŎƻƴǘǊƻƭΦ ²ƛǘƘ ŀƴƻǘƘŜǊ ǘƻǘŀƭ ǎƻƭƛŘǎ ƳŜŀǎǳǊŜƳŜƴǘ ŀŦǘŜǊ
ǘƘƛŎƪŜƴƛƴƎΣ ǘƘŜ ƻǇǘƛƳƛȊŜŘ ǎƻƭƛŘǎ ƭŜǾŜƭ ǘƻ ǘƘŜ ŀƴŀŜǊƻōƛŎ
ŘƛƎŜǎǘŜǊ ƛǎ ŜȄǇŜŎǘŜŘ ǘƻ ǊŜŘǳŎŜ ǘƘŜ ƘŜŀǘƛƴƎ ŘŜƳŀƴŘΣ
ǊŜŘǳŎŜ ŦƻŀƳ ƎŜƴŜǊŀǘƛƻƴ ŀƴŘ ƛƴŎǊŜŀǎŜ ōƛƻƎŀǎ
ǇǊƻŘǳŎǘƛƻƴΦ ¢ƘŜ ǊŜǎǳƭǘǎ ƻŦ ǘƘŜǎŜ ŎƻƴǘǊƻƭǎ ŀǊŜ
ǇǊŜǎŜƴǘŜŘ.

YŜȅǿƻǊŘǎΥ ǿŀǎǘŜǿŀǘŜǊΣ ŎŜƴǘǊƛŦǳƎŜΣ ŘŜǿŀǘŜǊƛƴƎΣ
ƻǇǘƛƳƛȊŀǘƛƻƴΣ at/

ϝ/ƻǊǊŜǎǇƻƴŘƛƴƎ !ǳǘƘƻǊΥ .ǳǎƛƴŜǎǎ ƳŀƴŀƎŜǊ IŜƭƛ YŀǊŀƛƭŀΣ
9πƳŀƛƭΥ ƘŜƭƛΦƪŀǊŀƛƭŀϪǾŀƭƳŜǘΦŎƻƳ

/ƻπŀǳǘƘƻǊǎΥ  [ŀǎǎŜ WŅǊǾƛƴŜƴƭŀǎǎŜΦƧŀǊǾƛƴŜƴϪǘŀƳǇŜǊŜΦŦƛΣ  
!Ǌƛ hƪǎŀƴŜƴŀǊƛΦƻƪǎŀƴŜƴϪǘŀƳǇŜǊŜΦŦƛ
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aƛƪŀ wǳǳǎǳƴŜƴϝ, Yŀǳƪƻ [ŜƛǾƛǎƪŅ

tǊƻŦŜǎǎƻǊǎƘƛǇ ƛƴ .ƛƻǊŜŦƛƴŜǊȅ aŜŀǎǳǊŜƳŜƴǘǎ

YŜȅǿƻǊŘǎΥ ōƛƻǊŜŦƛƴŜǊȅΣ ƻƴπƭƛƴŜ ƳŜŀǎǳǊŜƳŜƴǘǎΣ ōƛƻπ
ōŀǎŜŘ ƳŀǘŜǊƛŀƭǎΣ ōƛƻǇǊƻŘǳŎǘǎΣ ǎŜƴǎƻǊ Ŧǳǎƛƻƴ

ϝaƛƪŀ wǳǳǎǳƴŜƴΥ /ƻƴǘǊƻƭ9ƴƎƛƴŜŜǊƛƴƎΣ 9ƴǾƛǊƻƴƳŜƴǘŀƭ 
ŀƴŘ /ƘŜƳƛŎŀƭ 9ƴƎƛƴŜŜǊƛƴƎΣ¦ƴƛǾŜǊǎƛǘȅ ƻŦ hǳƭǳΣ tΦhΦ .ƻȄ 
поллΣ фллмп hǳƭǳΣ CƛƴƭŀƴŘΣ9πƳŀƛƭΥ 
ƳƛƪŀΦǊǳǳǎǳƴŜƴϪƻǳƭǳΦŦƛΦ

Yŀǳƪƻ [ŜƛǾƛǎƪŅΥ /ƻƴǘǊƻƭ 9ƴƎƛƴŜŜǊƛƴƎΣ 9ƴǾƛǊƻƴƳŜƴǘŀƭ 
ŀƴŘ/ƘŜƳƛŎŀƭ 9ƴƎƛƴŜŜǊƛƴƎΣ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ hǳƭǳΣ tΦhΦ 
.ƻȄполлΣ фллмп hǳƭǳΣ CƛƴƭŀƴŘΣ 9πƳŀƛƭΥ
ƪŀǳƪƻΦƭŜƛǾƛǎƪŀϪƻǳƭǳΦŦƛ

м .ŀŎƪƎǊƻǳƴŘ

¢ƘŜ CŀŎǳƭǘȅ ƻŦ ¢ŜŎƘƴƻƭƻƎȅ ŀǘ ǘƘŜ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ hǳƭǳΣ
hǳƭǳΣ ŀƴŘ ǘƘŜ YŀƧŀŀƴƛ ¦ƴƛǾŜǊǎƛǘȅ /ƻƴǎƻǊǘƛǳƳΣ YŀƧŀŀƴƛΣ
ƘŀǾŜ ƭŀǳƴŎƘŜŘ ŀ Ŧǳƭƭ ǇǊƻŦŜǎǎƻǊǎƘƛǇ Ǉƻǎƛǘƛƻƴ ƛƴ
.ƛƻǊŜŦƛƴŜǊȅ ƳŜŀǎǳǊŜƳŜƴǘΦ ¢Ƙƛǎ ŦƛǾŜπȅŜŀǊ Ǉƻǎǘ
ǎǘǊŜƴƎǘƘŜƴǎ ǘƘŜ ŦƻŎǳǎ ŀǊŜŀ Ψ/ǊŜŀǘƛƴƎ {ǳǎǘŀƛƴŀōƛƭƛǘȅ
ǘƘǊƻǳƎƘ aŀǘŜǊƛŀƭǎ ŀƴŘ {ȅǎǘŜƳǎΩ ƻŦ ǘƘŜ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ
hǳƭǳΦ ¢ƘŜ ǇǊƻŦŜǎǎƻǊǎƘƛǇ ƛǎ ƭƻŎŀǘŜŘ ƛƴ YŀƧŀŀƴƛ ŀƴŘ hǳƭǳΦ
Lǘ ƛǎ ŀ ǇŀǊǘ ƻŦ ǘƘŜ CŀŎǳƭǘȅ ƻŦ ¢ŜŎƘƴƻƭƻƎȅ ŀƴŘ /ƻƴǘǊƻƭ
9ƴƎƛƴŜŜǊƛƴƎ wŜǎŜŀǊŎƘ ǳƴƛǘ ŀǘ ǘƘŜ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ hǳƭǳΦ ¢ƘŜ
ƻǘƘŜǊ ŦƛƴŀƴŎƛŜǊǎ ƻŦ ǘƘŜ tǊƻŦŜǎǎƻǊǎƘƛǇ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ǘƘŜ
¦ƴƛǾŜǊǎƛǘȅ ŀǊŜ YŀƧŀŀƴƛ /ƛǘȅΣ Yŀƛƴǳǳƴ [ƛƛǘǘƻΣ {ǘм ŀƴŘ
±ŀƭƳŜǘΦ ¢ƘŜ ǿƻǊƪ ǘŀƪŜǎ ǇƭŀŎŜ ōƻǘƘ ƛƴ YŀƧŀŀƴƛ ŀƴŘ hǳƭǳ
ŎŀƳǇǳǎŜǎΦ ! ǊŜǎŜŀǊŎƘ ƎǊƻǳǇ ƻŦ о ς п ǊŜǎŜŀǊŎƘŜǊǎ ǿƛƭƭ
ǎǳǇǇƻǊǘ tǊƻŦŜǎǎƻǊ aƛƪŀ wǳǳǎǳƴŜƴΦ

н wŜǎŜŀǊŎƘ ŦƻŎǳǎ

¢ƘŜ ŦƛŜƭŘ ƻŦ ǘƘŜ tǊƻŦŜǎǎƻǊǎƘƛǇ ŦƻŎǳǎŜǎ ƻƴ ƻƴπƭƛƴŜ
ƳŜŀǎǳǊŜƳŜƴǘǎ ƛƴ ǇǊƻŘǳŎǘƛƻƴ ǇǊƻŎŜǎǎŜǎ ƻŦ ōƛƻπōŀǎŜŘ
ƛƴŘǳǎǘǊƛŜǎΣ ŜǎǇŜŎƛŀƭƭȅ ƛƴ ŀǊŜŀǎ ǊŜƭŀǘŜŘ ǘƻ ōƛƻŎƘŜƳƛǎǘǊȅ ƻŦ
ǿƻƻŘ ŀƴŘ ǿƻƻŘπōŀǎŜŘ ƳŀǘŜǊƛŀƭǎΦ ¢ƘŜ Ƴŀƛƴ ŀǊŜŀǎ ƻŦ ǘƘŜ
ǊŜǎŜŀǊŎƘ ƛƴŎƭǳŘŜ

π !ƴŀƭȅǎƛǎ ŀƴŘ ƳŜŀǎǳǊŜƳŜƴǘǎ ƛƴ ƳƻŘŜǊƴ ōƛƻǊŜŦƛƴŜǊȅΣ ƛǘǎ
ǎƛŘŜ ǎǘǊŜŀƳǎ ŀƴŘ ǎƛŘŜ ǇǊƻŘǳŎǘǎΣ 
π hǇǘƛƳƛȊƛƴƎκƻǇǘƛƳŀƭ ŎƻƴǘǊƻƭ ƻŦ ǘƘŜǎŜ ǇǊƻŘǳŎǘƛƻƴ
ǇǊƻŎŜǎǎŜǎ ŀƭǎƻ ŦǊƻƳ ǘƘŜ ōƛƻŎƘŜƳƛŎŀƭ ǾƛŜǿǇƻƛƴǘ ŀƴŘ ǘƘŜ
ǊƻƭŜ ƻŦ ƳŜŀǎǳǊŜƳŜƴǘ ǘŜŎƘƴƻƭƻƎƛŜǎ ƛƴ ǘƘŜǊŜΣ
π aŜŀǎǳǊŜƳŜƴǘ ƴŜŜŘǎ ŎƻƳƛƴƎ ŦǊƻƳ ŀǳǘƘƻǊƛǘƛŜǎΥ
ŜƴǾƛǊƻƴƳŜƴǘŀƭ ǇŜǊƳƛǘǎΣ ǎŀŦŜǘȅ ƛǎǎǳŜǎΣ

π wŜǎŜŀǊŎƘ ƻƴ ǘƘŜ ŦǳǘǳǊŜ ǊŜǇƭŀŎŜƳŜƴǘ ƻŦ ŜȄƛǎǘƛƴƎ ƻŦŦπ
ƭƛƴŜ ŀƴŘ ƭŀōƻǊŀǘƻǊȅ ǘŜŎƘƴƻƭƻƎƛŜǎ ǿƛǘƘ ǊŜƭƛŀōƭŜ ƻƴπƭƛƴŜ 
ƳŜŀǎǳǊŜƳŜƴǘǎΦ 

aŀƴȅ ƻŦ ǘƘŜ ǇǊŜǎŜƴǘ ǇǊƻŎŜǎǎƛƴƎ ƛǎǎǳŜǎ ƛƴ ǘƘŜ ŎƻƴǘŜƴǘ ƻŦ 
ōƛƻǊŜŦƛƴŜǊȅ ŎƻƴŎŜǇǘǎ ŀǊŜ ŘǳŜ ǘƻ ǾŀǊƛŀǘƛƻƴ ƛƴ ǉǳŀƭƛǘȅ ƻŦ 
ōƛƻƳŀǎǎ ŦŜŜŘǎǘƻŎƪ ŀƴŘ ƛǘǎ ƻǘƘŜǊ ǇǊƻǇŜǊǘƛŜǎΦ ¢ƘŜǊŜΣ ƴŜǿ 
ƳŜŀǎǳǊŜƳŜƴǘ ǘŜŎƘƴƻƭƻƎƛŜǎ Ŏŀƴ ŜƴŀōƭŜ ǇƭŀƴǘπǿƛŘŜ 
ŎƻƳǇŜƴǎŀǘƛƻƴ ǎǘǊŀǘŜƎƛŜǎ ŦƻǊ ǘƘŜǎŜ ƛǎǎǳŜǎΦ CƻǊ ǘƘƛǎΣ 
ǊŜǎŜŀǊŎƘ ŀƛƳǎ ǘƻ ŘŜǾŜƭƻǇ ǊŜƭƛŀōƭŜ ŀƴŘ ǇǊŜŘƛŎǘƛǾŜ ƻƴπƭƛƴŜ 
ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ǘƘŜ ƪŜȅ ǾŀǊƛŀōƭŜǎ ŦƻǊ ōƛƻǊŜŦƛƴŜǊȅ 
ǇǊƻŎŜǎǎŜǎΦ ¢Ƙƛǎ ƛƴŎƭǳŘŜǎ ǘƘŜƴ ǎȅǎǘŜƳŀǘƛŎ ǇǊƻŎŜǎǎ 
ƛŘŜƴǘƛŦƛŎŀǘƛƻƴΣ ŘŜǎƛƎƴŜŘ ƭŀōƻǊŀǘƻǊȅ ŜȄǇŜǊƛƳŜƴǘǎΣ ŀƴŘ 
ŦƛŜƭŘ ǘŜǎǘǎ ŦƻǊ ŜȄǇƭƻǊƛƴƎ ǇǊƻŎŜǎǎ ƛƴǘŜǊŀŎǘƛƻƴǎ ŀƴŘ 
ŘȅƴŀƳƛŎǎ ŀǎ ŀ Ǉƭŀƴǘ ǿƛŘŜΦ  

¢ƘŜ ǊŜƭƛŀōƛƭƛǘȅ ŀƴŘ ǘǊŀŎŜŀōƛƭƛǘȅ ƻŦ ǘƘŜ ƻƴπƭƛƴŜ 
ƳŜŀǎǳǊŜƳŜƴǘǎ Ǉƭŀȅǎ ŀƴ ƛƴŎǊŜŀǎƛƴƎƭȅ ƛƳǇƻǊǘŀƴǘ ǊƻƭŜΦ hƴ 
ǘƘŜ ƻǘƘŜǊ ƘŀƴŘΣ ŜȄƛǎǘƛƴƎ ŀƴŘ ƴƻǾŜƭ ƳŜŀǎǳǊŜƳŜƴǘ 
ǇǊƛƴŎƛǇƭŜǎ ƻǊ ǘŜŎƘƴƻƭƻƎƛŜǎ Ƴŀȅ ǊŜǉǳƛǊŜ ƴŜǿ όǊŜύπ
ŎŀƭƛōǊŀǘƛƻƴ ŀƴŘ Ŏƻƴǘƛƴǳƻǳǎ ǇŜǊŦƻǊƳŀƴŎŜ ŀǎǎŜǎǎƳŜƴǘ 
ƳŜǘƘƻŘǎ ƛƴ ƻǊŘŜǊ ǘƻ ōŜ ƛƳǇƭŜƳŜƴǘŜŘ ǘƻ ŀǳǘƻƳŀǘƛƻƴ 
ǎȅǎǘŜƳ ŀƴŘ ǘƻ ŦǳƴŎǘƛƻƴ ǇǊƻǇŜǊƭȅΦ aƻǊŜƻǾŜǊΣ ƳŜǘƘƻŘǎ ǘƻ 
ǾŀƭƛŘŀǘŜ ŀƴŘ Ƴŀƛƴǘŀƛƴ ǿƘƻƭŜ ƳŜŀǎǳǊŜƳŜƴǘ ǎȅǎǘŜƳ 
ƴŜŜŘ ǘƻ ǎǘǳŘȅ ŦǳǊǘƘŜǊΦ ¢ƘŜƴΣ ƻƴπƭƛƴŜ ƳŜŀǎǳǊŜƳŜƴǘ 
ǳƴŎŜǊǘŀƛƴǘȅ ŜǎǘƛƳŀǘƛƻƴ ŀƴŘ ǎŜƭŦπǾŀƭƛŘŀǘƛƻƴ 
ŘŜǾŜƭƻǇƳŜƴǘΣ ōƻǘƘ ǿƛǘƘ ƘŀǊŘǿŀǊŜ ŀƴŘ ǎƻŦǘǿŀǊŜ ōŀǎŜŘ 
ƳŜŀǎǳǊŜƳŜƴǘǎΣ ŀǊŜ ƻŦ ƛƳǇƻǊǘŀƴŎŜΦ 

о wŜǎǳƭǘǎ 

¢ƘŜ ŦƛǊǎǘ ŀŎǘƛǾŜ ǊŜǎŜŀǊŎƘ ǘƻǇƛŎǎ ǊŜƭŀǘŜ ǘƻ ǘƘŜ ǊŜƳƻǘŜ 
ƳŜŀǎǳǊŜƳŜƴǘǎ ŀƴŘ ŎƻƴǘǊƻƭ ƻŦ ŘƛǎǘǊƛōǳǘŜŘ ōƛƻπǇǊƻŘǳŎǘ 
Ƴƛƭƭǎ ǇǊƻŎŜǎǎƛƴƎ ƻǊƎŀƴƛŎ ǊŜǎƛŘǳŜǎΦ Lƴ ŀŘŘƛǘƛƻƴΣ ŀ ƴƻǾŜƭ 
ǇǊƛƴŎƛǇƭŜ ŦƻǊ ǊŜŀƭπǘƛƳŜ ŜǎǘƛƳŀǘƛƻƴ ƻŦ ƳƻƛǎǘǳǊŜ ŎƻƴǘŜƴǘ 
ƛƴ ǎŀǿŘǳǎǘ Ƙŀǎ ōŜŜƴ ŜȄǇƭƻǊŜŘ όǇŀǇŜǊ осΥ hƴπƭƛƴŜ 
ƳƻƛǎǘǳǊŜ ŎƻƴǘŜƴǘ ŜǎǘƛƳŀǘƛƻƴ ƻŦ ǎŀǿ Řǳǎǘ Ǿƛŀ ƳŀŎƘƛƴŜ 
ǾƛǎƛƻƴΣ !ǳǘƘƻǊǎΥ !Ǌǘ ±ŀƭǘŀΣ aƛƪŀ wǳǳǎǳƴŜƴ ŀƴŘ Yŀǳƪƻ 
[ŜƛǾƛǎƪŅύΦ  

¢ƘŜ ǊŜǎŜŀǊŎƘ ƘƛǎǘƻǊȅ Ƙŀǎ ǎƘƻǿƴ ǘƘŀǘ ŀ ǇǊƻǇŜǊ 
ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ ƻŦ ƴŜǿ ƳŜŀǎǳǊŜƳŜƴǘ ǎȅǎǘŜƳǎ ǊŜǉǳƛǊŜǎ 
ŎƭƻǎŜ ŎƻƭƭŀōƻǊŀǘƛƻƴ ŀƭǎƻ ōŜǘǿŜŜƴ ǘƘŜ ŀǳǘƘƻǊƛǘƛŜǎ ŀƴŘ 
ŎƻƳǇŀƴƛŜǎΦ ¢Ƙƛǎ Ŏŀƭƭǎ ŦƻǊ ŎƻπƻǇŜǊŀǘƛƻƴ ǿƛǘƘ ŀŎŎǊŜŘƛǘŜŘ 
ƳŜŀǎǳǊŜƳŜƴǘ ƭŀōƻǊŀǘƻǊƛŜǎ όǊŜŦŜǊŜƴŎŜ ƳŜŀǎǳǊŜƳŜƴǘǎύ 
ŀƴŘ ŀǳǘƘƻǊƛǘƛŜǎ όƭŜƎƛǎƭŀǘƛƻƴΣ ŀŎŎǊŜŘƛǘŀǘƛƻƴύΦ 
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1 Background

Modelling of processes in the wood processing industry
is challenging for several reasons. For example, in
certain cases it is important that the models are
functional in real time or almost real time conditions
when it comes to fast decision-making. Process
dynamics typically makes it necessary for the models to
be able to adapt to dynamically appearing fluctuations
and condition changes. Manufacturing of corrugated
medium, or fluting,  is  a good example of a dynamical,
complex manufacturing process within the wood
processing industry. The fluting manufacturing process
involves numerous sub-processes which are typically in
mutual interaction and which are controlled by many
control loops, which complicates the understanding of
the mutual reactions within the total process.

2 Aims

In this paper, we demonstrate how modelling tools may
be useful in actions for process improvement by
facilitating data analysis and process development
work. We validate the selected modelling techniques
by  analyzing  a  data  set  acquired  from  a  real
manufacturing process.

3 Materials and methods

3.1 Case study

We have selected an ammonium sulfite based process
for manufacturing SemiChemical fluting (NSSC, neutral

sulfite semi chemical) for a case study. In this process,
wood is first softened in a relatively fast cooking stage.
After this, the medium is refined in three stages to get
a type of pulp that is the most suitable for the
manufacturing of fluting.

The experimental data used in this study were
extracted from the databases of the SemiChemical
fluting manufacturing plant. The produced fiber-based
fluting medium serves as a partition that separates the
liners in corrugated board.

3.2 Adaptive models

A single  model  based on  a  large  data  set  may  not  be
effective enough in a dynamical manufacturing
process. For example, the model may not be accurate
enough to catch periodically occurring phenomena. The
time of year is a good example of this. In wood
processing, the quality of the raw material is highly
dependent on the time of year when the wood is
cropped. For this reason, it is preferable to use an
adaptive model structure, which means that the model
will be designed to adapt to changing conditions in the
course of time.

It is characteristic for almost all industrial
environments that there are a large number of
conducted measurements, and therefore measured
variables, involved. Due to this, it is not always clear
which variables should be included to the model to
achieve the best possible result. In addition, the
variables that give the best result in modelling may not
remain the same all the time. One solution to this
would be an algorithm that is based on the sample-wise
moving  window approach  [1].  In  practice,  one  way  of
applying this would be to create a new model regularly
or even every time the model is called (for example,
when a predicted value is desired).

3.3 Subtraction analysis

The self-organizing map (SOM) [2] is an unsupervised
neural network that is based on mapping n-dimensional
input vectors to structural units called neurons, which
are formed and updated during the training. Each
neuron is characterized by a specific reference vector,
which represents the typical features of the data
associated with the neuron concerned.
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In the subtraction analysis, two vectors are subtracted
from each other in order to extract the differences
between these vectors [3]. By means of the center (i.e.,
average)  vectors  of  two  given  areas  on  the  SOM,  the
following formula can be used:

s = Cʰ ҍ Cʲ,

where s is the subtracted result vector, Cʰ symbolizes
the center vector of area ʰ, and Cʲ denotes the center
vector  of  area ʲ. This technique can reveal the
differences between two differently behaving process
conditions. An example of applying the subtraction
analysis in the fluting case can be seen in Figure 1.

Figure 1. An example of the subtraction analysis in fluting manufacturing. The SOM and the selected areas (ʰ and ʲ) 
on the component plane of fluting quality (CMT) are shown on the left. The color bar indicates the value of CMT on 
the map (blue = low, red = high). On the right, the result of the subtraction analysis (Cʰ - Cʲ) is shown.
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ŀƴŘ ƴŜŜŘǎ ǘƻ ōŜ ŎƻƴǘǊƻƭƭŜŘ ǘƻ ŀŎƘƛŜǾŜ ǳƴƛŦƻǊƳ
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о wŜǎǳƭǘǎ ŀƴŘ /ƻƴŎƭǳǎƛƻƴǎ

CƛƎǳǊŜ о ǎƘƻǿǎ ŀƴ ŜȄŀƳǇƭŜ ƻŦ ŀƴ ŜȄǘǊŀŎǘŜŘ ƛƳŀƎŜ ŦǊƻƳ 
ǘƘŜŦƻƻǘŀƎŜ ǿƛǘƘ ǘƘŜ ŦŜŀǘǳǊŜ ƳŀǊƪŜǊ ŎƭŜŀǊƭȅ ǾƛǎƛōƭŜΦ

CƛƎǳǊŜ оΦ 9ȄŀƳǇƭŜ ƻŦ ŀƴ ŜȄǘǊŀŎǘŜŘ ƛƳŀƎŜ ŦǊƻƳ ǘƘŜ 
ǊŜŎƻǊŘŜŘŦƻƻǘŀƎŜΦ

Lǘ ǿŀǎ ƻōǎŜǊǾŜŘ ŘǳǊƛƴƎ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ŎŀƳǇŀƛƎƴǎ
ǘƘŀǘ нƴŘ ŀƴŘ пǘƘ ǎǘŀƴŘŀǊŘƛȊŜŘ ƳƻƳŜƴǘǎ ŎƻǊǊŜƭŀǘŜ ǿƛǘƘ
ƳƻƛǎǘǳǊŜ ŎƻƴǘŜƴǘ ǿƘŜƴ ǇǊŜǎŜƴǘ ŀǎ ǿŀǘŜǊΦ ²ƘŜƴ ǿŀǘŜǊ
ƛƴ ǘƘŜ ƳŀǘŜǊƛŀƭ ǿŀǎ ǇǊŜǎŜƴǘ ŀǎ ƛŎŜ ǘƘŜ ŎƻǊǊŜƭŀǘƛƻƴ ǿƛǘƘ
нƴŘ ƳƻƳŜƴǘ ǿŀǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛƳƛƴƛǎƘŜŘ ŀƴŘ
ŎƻǊǊŜƭŀǘƛƻƴ ǿƛǘƘ пǘƘ ŘƛǎŀǇǇŜŀǊŜŘΦ /ƻǊǊƻōƻǊŀǘŜŘ ōȅ
ƻǇǘƛŎŀƭ ƳƛŎǊƻǎŎƻǇȅΣ ǘƘƛǎ ŎƻǊǊŜƭŀǘƛƻƴ ǿŀǎ ŘŜŘǳŎŜŘ ǘƻ ōŜ
ŘǳŜ ǘƻ ƭƛǉǳƛŘ ōǊƛŘƎƛƴƎ ƛƴ ǘƘŜ ōǳƭƪΦ aƻƛǎǘǳǊŜ ŎƻƴǘŜƴǘ
ǿƘŜƴ ǇǊŜǎŜƴǘ ŀǎ ƛŎŜ ǿŀǎΣ ƘƻǿŜǾŜǊΣ ƻōǎŜǊǾŜŘ ǘƻ ƘŀǾŜ ŀ
ŘǊŀǎǘƛŎ ŜŦŦŜŎǘ ƻƴ ǘƘŜ ƻǾŜǊŀƭƭ ŎƻƴŜ ǎƘŀǇŜΦ .ŀǎŜŘ ƻƴ ǘƘŜǎŜ
ŦƛƴŘƛƴƎǎΣ ŀ ƳŀŎƘƛƴŜ Ǿƛǎƛƻƴ ŀǇǇƭƛŎŀǘƛƻƴ ŎƻǳƭŘ ōŜ ŦŜŀǎƛōƭŜ
ǿŀȅ ǘƻ ŜǎǘƛƳŀǘŜ ƳƻƛǎǘǳǊŜ ŎƻƴǘŜƴǘ ƻƴπƭƛƴŜ ƛƴ ǘƘŀǿŜŘ
ǎŀǿ Řǳǎǘ ōȅ ǳǎƛƴƎ ǎǘŀǘƛǎǘƛŎŀƭ ǇŀǊŀƳŜǘŜǊǎ ƛƴ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴ
ŘŜŎƛǎƛƻƴ ƳŀƪƛƴƎΦ ¢Ƙƛǎ ǿƻǳƭŘ ŜƴŀōƭŜ ŎƻǎǘπŜŦŦŜŎǘƛǾŜ ƻƴπ
ƭƛƴŜ ƳƻƴƛǘƻǊƛƴƎ ƻŦ ƳƻƛǎǘǳǊŜ ŎƻƴǘŜƴǘ ŀƴŘ ŀ ŎƻƴǘǊƻƭ
ǎȅǎǘŜƳ ǘƻ ōŜ ŘŜǎƛƎƴŜŘΦ

 

Extended Abstracts
ISBN 978-952-5183-56-6

Suomen Automaatioseura
Finnish Society of Automation

Automaatiopäivät23
Oulu 15.-16.5.2019

85



                                                                                                                                                                  !ǳǘƻƳŀŀǘƛƻǇŅƛǾŅǘно нлмф 
πππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππ 

Heikki Hyyti*, Juha Mäkelä, Antero Kukko, Harri Kaartinen

An integrated positioning and mapping sensor
for forest machinery
Keywords: rotating multi-beam lidar, inertial measure-
ments, sensor fusion, calibration, point cloud, forestry

Extended abstract. Mobile mapping is a promising
technology for collect-ing single-tree level inventory
data for precision forestry [1, 2, 3]. Forest machinery
could be used as a platform for a mobile mapping
system. The same instrument could also give forest
machinery an ability to perceive forests for automating
their operation. For these purposes, a ro-bust and low-
cost prototype of a rotating multi-beam li-dar (RMBL)
sensor with an integrated inertial measure-ment unit
(IMU) is proposed (see Figure 1).

The prototype increases the �eld of view (FOV) of
a Velodyne multi-beam lidar sensor by operating it on
a rotating mounting at a con�gurable �xed inclination.
In addition to the Velodyne lidar [4], the prototype is
constructed from a motor operated rotating platform, an
angular position sensor [5], an inertial measurement unit
(IMU) [6], and a computer [7] for real-time processing.
The con�gured FOV of the sensor is 360° � 110° .

As the construction is complex, there are many pa-
rameters in the setup which need to be estimated to mea-
sure accurate point clouds. The calibration parameters for
the prototype sensor are estimated using a data-based
calibration procedure which minimizes errors by �tting
planes into the lidar point cloud which is collected during
a full revolution of the rotating platform. The error mini-
mization is performed for data collected inside a building
which has �oors and walls that can be assumed planar.

The IMU, on the other hand, is temperature stabi-
lized to a �xed temperature (40°C) and gyroscope and
accelerometer biases and gains are estimated for the �xed

*Corresponding author: Heikki Hyyti, Finnish Geospatial Re-
search Institute (FGI), National Land Survey of Finland (NLS)
and Department of Electrical Engineering and Automation, Aalto
University, E-mail: heikki.hyyti@iki.�
Juha Mäkelä, Häme Vocational Institute, Häme University of
Applied Sciences
Antero Kukko, FGI, NLS and Department of Built Environment,
Aalto University
Harri Kaartinen, FGI, NLS and Department of Geography and
Geology, University of Turku

Figure 1: A close up of the integrated positioning and
mapping sensor

temperature by a computational parameter estimation
method used in [8].

In the paper, we show how to build and calibrate
the RMBL sensor and how to calibrate it together with
an IMU for future development of omni-directional lidar-
inertial odometry. Our calibration method has minimal
amount of parameters, the method is simple to use, and
it is able to calibrate major part of the parameters in the
setup with only a small amount of manual work.

When the sensor is �tted on top of the forest ma-
chine cabin (as in Figure 2) it may be used to detect
ground level, tree trunks, crowns, and tops (see example
data in Figure 3), which are required for many forest
inventory pur-poses (see e.g. [1, 2, 3]). The sensor is also
able to see the forestry crane constantly which may allow
crane and tool positioning in the future [9].
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Figure 2: A forest machine and the proposed sensor installed on
top of the machine cabin at Evo, Häme Vocational Institute. The
corresponding author stands next to the cabin.
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Henna Tiensuu*, Satu Tamminen, Olli Haapala, Juha Röning

Intelligent methods for root cause analysis behind
the center line deviation of the steel strip

Extended abstract: This article presents a statistical
prediction model-based intelligent decision support
tool for center line deviation monitoring. Data mining
methods enable the data driven manufacturing. They
also help to understand the manufacturing process and
to test different hypotheses. In this study, the original
assumption was that the shape of the strip during the
hot rolling has a strong effect on the behaviour of the
steel strip in Rolling, Annealing and Pickling line (RAP).
Our goal is to provide information that enables to react
well in advance to strips with challenging shape. In this
article, we show that the most critical shape errors
arising  in  hot  rolling  process  will  be  transferred  to
critical errors in RAP-line process as well. In addition,
our results reveal that the most critical feature
characterizes the deviation better than the currently
used criterion for rework.

In Tornio, the stainless steel is cold rolled with an
integrated rolling, annealing and pickling line, which is
called a RAP-line. The center line deviation of the steel
strip in the RAP-line is a major quality factor that can
produce serious problems if the strip did not stay in
place during RAP processing. In the worst case, a
diverged strip position can stop the whole production
and brake the devices. Hot rolling strip center line
deviation at the previous process step is a commonly
used and easily available measurement of the strip
shape. It could be possible to simulate the behaviour of
the strip with a certain shape in the RAP-line during
different individual phases. Ilmola et al present a very
exact picture of the rolling process of the steel strip in
two parts, the hot rolling and heat transfer and
microstructure formation during water-cooling [1].
However, in this case, the incoming strips at the RAP-
line include a large amount of different shapes, and to
get the big picture of the whole production, all of them
require simulating. In addition, there are hundreds of
products behaving differently because of their chemical
composition or the mechanical properties, and thus
that the simulation work would be huge if not
practically impossible. With data mining methods, the
big picture of the process can be achieved quickly.
These methods can process a large set of different
process settings and products data simultaneously and

take into account the variation caused by the
measurement error or actual realization related to the
features of the products and the process parameters
[2], [3], [4]. Powerful machine learning methods are
capable of modeling highly nonlinear process
parameter dependencies and enable the effective use
of the process data.

In this application, the center line deviation is predicted
using gradient boosting methods (GBM) [5]. The idea of
this machine learning algorithm is to form a strong
learner by combining together the set of iteratively
estimated weak learners. The model is able to treat
efficiently the complex and nonlinear relationships
within the data set, which is mandatory with industrial
applications. Other advantages are that the method is
capable of processing observations with missing
information, and contrary to neural networks, it works
also with smaller data sets. Due to the complexity of the
center line deviation assessment, a lot of attention has
been paid to the selection of the response variable that
describes the position deviation best. We ended up
considering the 90 m of the inner circle of the strip coil
and calculated the mean of the process variable, ST6
super position for describing the center line position of
the strip. Next, we applied an average filtering (n=10)
for ST6 super position values of the selected length and
calculated the difference between the mean of the ST6

Figure 1. Predicted ST6 super position (x-axis) vs.
measured values (y-axis) in the test set. A product group
with inferior performance is highlighted (black).
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super position and the filtered curve. The formed
response variable was predicted with GBM-model that
was implemented with R-program. The overall
correlation between the measured and predicted
values of the test set was 0.74, the root mean square
error was 7.2 and the mean absolute error was 4.6. The
scatterplot between the predicted response variable
and the measured values in the test set is shown in
Figure 1.

The modeling results indicate that the currently used
criterion for rework is not the best candidate to
characterize the strip behavior. Instead, the most
important parameter is the slope_max, which describes
the asymmetrical shape of the strip during hot rolling.
From Partial dependence plot (PDP) in Figure 2, it can
be clearly seen that the higher the slope_max is during
hot rolling, the higher the center line deviation is in RAP
process correspondingly. The increase in deviation is
especially large after 40 units. This result proved the
hypothesis that the shape errors in hot rolling forecast
problems also in RAP-line. The thickness of the strip has
an impact on the response variable as well. Our results
reveal also the less critical shape errors, which are the
wedge shape and the longitudinal deviation measured
from the middle of the strip.

It is important to reveal the reasons behind the
predictions, especially, when a product has a higher
predicted risk for the failure. In this application,
SHapley Additive exPlanation (SHAP) values for each
product were calculated based on the product group
[6]. Thus, the products were compared to the average
performance within the group of similar products. We
selected one example to demonstrate the usage of the
method. The product with bad prediction is shown in
Figure 3. As can be seen, the prediction for center line

deviation is 31.24 with the bad one, when the average
prediction is 11.54 for this steel type in general. The phi
value describes the strength of the feature value
contribution in the prediction. The strongest candidate
behind a poor prediction is slope_max. Also, the
membership in the thinner strips class increases the
risk.

As a result of this research, we found the best response
variable that describes the center line deviation. Our
root cause analysis behind the center line deviation
gives essential knowledge to the process development
workers  at  the  Tornio  mill.  We  were  able  to  define  a
clear critical limit value 40 for slope_max. In the first
step, this information can be used for redirecting the
strips which exceed the limit to repair treatment before
RAP-line. It is also possible to implement the model for
online use and to predict more efficiently the products
that need to be repaired. The individual information
behind the prediction for each product provides useful
guidance for the rework.

The developed model enables the user to understand
better the quality of the products, how the process
works, and how the quality model predicts and
performs. The results can be developed further to a
smart decision support tool that helps to find out the
best way of dealing with the critical products. The tool
enables the identification of the quality problems of the
steel strips at the earliest possible moment, which leads
to the reduction of the rejection risk and to increased
profits for the producer. Because of the laborious and
manual data collection, the current model covers the
main product groups. The performance of the model
can be improved by collecting more data from the
product groups with a smaller number of
representatives, but online learning methods could
provide a more serviceable solution in the long run.

Figure 2. The PDP for slope_max reveals the feature's
increasing impact on the response. Especially, after 40
units, the feature has a hazardous effect on the center
line position.

Figure 3. SHAP values for a bad product with a prediction of
31.24, while the average prediction is 11.54 inside the same
steel group.
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Iiris Joensuu*, Marjatta Piironen

Smart diagnostics for continuous process
improvements and optimization in forest industry
 

Keywords: Diagnostics, data analysis, pulp and paper 
industry 
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1 Background 

Today forest industry has a pressure to improve process 
performance and cost efficiency in a very competitive 
market. Process improvements are also required to 
reach tightening environmental regulations. At the 
same time, digitalization of processes generates more 
and more data 24/7 to be utilized in these challenging 
circumstances. Smart diagnostic tools have been 
developed for turning the massive amount of data into 
more understandable information. This information 
can be used for continuous chemistry and process 
improvements in pulp and paper industry. 

2 Method 

Smart diagnostic tools are available in a web-based 
platform. The platform contains versatile methods for 
data collection, data pretreatment, data analysis, 
feature extractions, visualization and results reporting. 
The platform enables remote and real time diagnostics 
by automated operations. Users can drill into a large 
data set to find the best explaining variables for a 
problem or diagnostic target.  

Typical diagnostic study can be problem solving, 
chemical performance analysis or benchmarking of 
chemistries. Smart diagnostics is a combination of 
strong knowhow of chemical phenomena, application 
knowledge, chemistry specific data and advanced 
analysis methods.  

Diagnostics is an iterative process starting with target  

definition, feature extractions and analysis (Figure 1). 
Observed findings, learnings and improvements 
proposal are reported and shared with process experts. 

Figure 1. Diagnostic process.

3 Results

A typical work flow in a customer case is presented as a
troubleshooting example in a paper machine. Target
was to find reasons for the high number of paper
defects (Figure 2). Diagnostic work started with data
collection and pretreatment. Process data was merged
with chemistry specific online measurements. Root
causes for issues were analyzed by versatile statistical
methods (e.g. t-test, best explaining set). Two data sets,
a reference and a defect issues period, were compared
by t-test (Figure 3). The best explaining set is based on
a stepwise regression model. It defines the variable set
which best explains the target variable (Figure 4).
 

 

 

Target 
definition

Data 
collection, 

pretreatment, 
validation

Data analysis 
and 

visualization, 
feature 

extraction

Reporting, 
proposal of 

actions

Figure 2. Paper defects.
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Data analysis results indicate that there were two root 
causes for paper defects: The total and ash 
consistencies of the pulp suspension in the headbox 
were high and the quality of pulp was clearly weaker. 
Weak pulp quality was seen as the higher amount of 
dissolved anionic compounds (charge) and 
hydrophobic contaminants (wood pitch). Higher charge 
weakened the performance of cationic chemistry. 
Therefore, retention was lower. Weaker retention 
together with the high amount of colloidal wood pitch 
and high ash content caused the deposition of 
detrimental contaminants and further the higher 
number of paper defects. 

Findings were reported, and several chemistry 
improvements were proposed to the customer. The 
efficient and optimized control of detrimental 
contaminants is a key factor for preventing product 
quality issues and loss of production. The paper mill 
could improve the process performance and reduce 
almost 20-40 % of paper defects by optimized 
chemistry. 
 

4 Conclusions 

Diagnostic studies have created proven value in 
hundreds of customer cases in pulp and paper industry. 
Smart diagnostics enables continuous performance and 
cost optimization, high quality chemical applications 
and proactive customer care. Solutions can be easily 
reused in new processes. The platform supports the 
creation of new customer services. 
 

Figure 3. Diagnostic results (t-test). 

Figure 4. Diagnostic results.
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1 Background 

Hydrophobicity of particles is a very important 
parameter in many industrial processes. In 
papermaking, hydrophobicity is closely related to the 
presence of wood pitch, white pitch or stickies. These 
hydrophobic contaminants may be as free particles or 
attached to other particle surfaces or agglomerated 
larger particles (Figure 1, [1]). Hydrophobicity is known 
to cause depositions and runnability problems in the 
paper machine. The measurement of hydrophobic 
contaminants is typically based on time-consuming 
laboratory analysis.  

A new online technology has been developed for the 
smart, rapid and easy measurement of hydrophobic 
particles. 

 

 

2 Method 

Online system is fully automated. It takes samples from 
filtrates and pulp streams (max 1% consistency) and 
adds hydrophobic stain to the sample. Then the system 
automatically divides particles into different 
populations and measures particle counts and 
hydrophobicity by populations like colloids, fines and 
agglomerates. Sample filtration is not needed before 
measurement. Therefore, online system gives also 
information from bigger particles like fibers and big 
agglomerates. This is very important for improving 
chemical treatment. The total effect of chemicals can 
be seen on all particle types. 

Comprehensive comparison analysis has shown that 
online method gives similar type of information as the 
laboratory reference method, Flow cytometer. Figure 2 
shows a comparison example for wire water samples. 
Online hydrophobicity correlates to the corresponding 
laboratory results. 

 

3 Results

The online system is used for the monitoring of
hydrophobic contaminants (wood pitch) in the white-

Figure 2. Hydrophobic particles in wire water 
samples: Online versus Laboratory method.

Figure 1. Example of wood pitch in wet end [1].

Extended Abstracts
ISBN 978-952-5183-56-6

Suomen Automaatioseura
Finnish Society of Automation

Automaatiopäivät23
Oulu 15.-16.5.2019

93





!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"#$%&''$(%)*(+*$,-!,./0!
11111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111!

!

!"##$%&'()*+$,-!./(##$01//2$%!34230!'"5*+$-%6*##$%7'5)*(/-%9()'%9:'5*5

;$<)'(=%'>%):*%;")"(*%9")'4$)/'5%.*)%?@%>'(%6('<*22
/58"2)(/*2
9A2)($<)B!2%3'456!78'3#'$9!%:!#;(+986($4!%:!$9<=;%>%74
&#6$!?9!'!396(7;98!@($=!&#>$(3(6<()>(;'84!?'<A78%#;3B
=9! ='6! $%! #;3986$';3! $=9! ?'6(<6! (;! <=9&(<'>
9;7(;998(;7C!&%39>>(;7!';3!6(&#>'$(%;C!)8%<966!<%;$8%>
';3!'#$%&'$(%;C!=4?8(3!646$9&6!(;!)8%<96696!$%!?9!'?>9
$%! 9::9<$(+9>4! <%;;9<$! ';3! <%;:(7#89! #;($! )8%<96696C
)8%3#<$(%;!>(;96!';3!$=9!@=%>9!)>';$D!E&)>9&9;$'$(%;
%:!F(7!G'$'C!E%2!';3!H>%#3!<%&)#$(;7!&9$=%3%>%7(96!(;
8969'8<=! (6! ';! 9669;$('>! )'8$! %:! &#>$(3(6<()>(;'84
>9'8;(;7C!96)9<('>>4!(;!=(7=98!93#<'$(%;D!2=989!(6!'!;993
:%8!'!&%398;!:'<$%84!%:!:#$#89!'#$%&'$(%;!69$!#)!@=(<=
7(+96! ';! %))%8$#;($4! $%! )98:%8&! =(7=! I#'>($4
&#>$(3(6<()>(;'84! 8969'8<=! ';3! 93#<'$(%;! '<8%66! $=9
6<=%%>6! ?%83986! ';3! $%! 698+9! %#8! 7>%?'>! )8%<966
(;3#6$8(965!;9936D!2=989!(6!'!;993!:%8!%)9;!3'$'!+'>>94
$%! <%1%)98'$9! @($=! %#8! <#6$%&986! (;! (;3#6$8(96! ';3
<%>>9'7#96!(;!(;$98;'$(%;'>!8969'8<=!<9;$986D!H#889;$>4C
$=989! (6! ;%! 89'34! %)9;! <>%#3! 9;+(8%;&9;$! 96)9<('>>4
396(7;93!:%8!)8%<966!(;3#6$8(96D!2=989:%89C!$=9!'(&!(6!$%
:#8$=98!39+9>%)!%#8!J'<$%84!:#$#89!)8%<966!'#$%&'$(%;
69$!#)C!';3!9;'?>9!$=9!%)9;!<%;;9<$(+($4C!3'$'!';'>46(6C
';3! '>7%8($=&6! 39+9>%)&9;$! (;! K(9&9;6! L(;3K)=989
';3!L(<8%6%:$!"M#89!9;+(8%;&9;$6D

&*=C'(82B! E%2C! <>%#3! <%&)#$(;7C! NOH! P"C! '3+';<93
<%;$8%>C!3'$'!';'>4$(<6C!"M#89C!L(;3K)=989

,D'((*2@'58/5E%9"):'(B%!"##$%&'()*+$B!"'>$%
P;(+986($4C!K<=%%>!%:!H=9&(<'>!Q;7(;998(;7C!ODND!F%R
/S/..C!JE1...TS!"'>$%!P;(+986($4C!J(;>';3C!Q1&'(>U
V#AA'DA%8$9>'W''>$%D:(

D'0$"):'(2B

Sirkka-Liisa Jämsä-Jounela:!K<=%%>!%:!H=9&(<'>
Q;7(;998(;7C!ODND!F%R /S/..C!JE1...TS!"'>$%!P;(+986($4C
J(;>';3!Q1&'(>U!6(8AA'1>((6'DV'&6'1V%#;9>'W''>$%D:(

Pekka Tonteri:! E2! K%>#$(%; G9+9>%)&9;$C! ODND! F%R
//...C! JE1...TS! "'>$% P;(+986($4C! J(;>';3C! Q1&'(>U
)9AA'D$%;$98(W''>$%D:(

9()'% 9:'5*5B! E2! K%>#$(%; G9+9>%)&9;$C! ODNDF%R
//...C! JE1...TS! "'>$% P;(+986($4C! J(;>';3C! Q1&'(>U

! '8$%D'=%;9;W''>$%D:(

!! "#$#%&' ()' #*+' ,$-#(./' ()' ,%#%.+
0%#(1$#2(3'"+#'45'23'062('7(8$/

2=9!:'<$%84!%:!:#$#89!'#$%&'$(%;!69$#)!<%;6(6$6!%:!"FF
K46$9&!X..R"!GHK!@($=!$=9!3#)>(<'$93!&'(;!698+986C!'6
6=%@;! (;! J(7#89! /D! H%;:(7#8'$(%;! 6$'$(%;6! ';3!
%)98'$%8 6$'$(%;6! '89! +(8$#'>(M93! Y(;3%@6!
@%8A6$'$(%;6D! 2=94 '89! (;6$'>>93! (;! $@%! =(7=>4!
9::(<(9;$! )=46(<'>! G9>>! T-.R3 698+986! $='$! <';! ?9!
'<<96693! 89&%$9>4! :%8! $=9! $8'(;(;7 ';3! >9'8;(;7!
)#8)%696D! 2=9! 69;6%86! Z! '<$#'$%86! <';! ?9 '<<96693!
$=8%#7=! $=9! 89'>1$(&9! Q$=98;9$! ';3! O[H6
\O8%78'&&'?>9! [%7(<! H%;$8%>>98]C! %8! ^'6?9884! O(! EZN
_'$9@'4!?4!#$(>(M(;7!$=9!`_!<9>>#>'8!$96$?93!;9$@%8A!$%
)8%+(39!$=9!893#;3';$!@(89>966!'<<966!@($=!>%@!>'$9;<4
:%8!$=9!(;6$'>>93!9I#()&9;$D

9! :(3#.(;'$38'<='1(8%;+&

H%;$8%>!';3!EZN!&%3#>9!%:!"FF!K46$9&!X..R"!<%;6(6$6
%:! 6$';3'8361?'693! ='83@'89! ';3! 6%:$@'89! @($=
(;3#6$8('>! EZN! (;$98:'<96D! E;:%8&'$(%;! &';'79&9;$
&%3#>9! %:! "FF! K46$9&! X..R"! <%>>9<$6C! 6$%896C! ';3
)8969;$6!$=9!89'>1$(&9!)8%<966C!=(6$%8(<'>!';3!?#6(;966
3'$'D!2=9!NOH!P"!K98+98!)8%+(396!NOH!P"!<>(9;$!@($=
'<<966!$%!$=9!K46$9&!X..R"D!J8%&!$=9!NOH!P"!698+986
'338966! 6)'<9! $=9! NOH! P"! <>(9;$6! <';! 89'3
&9'6#89&9;$6!';3!&';()#>'$9!)'8'&9$986D!

!

;/E"(*% GF! N+98'>>! "8<=($9<$#89! %:! $=9! J'<$%84! %:!
J#$#89 "#$%&'$(%;!K9$!#)

Extended Abstracts
ISBN 978-952-5183-56-6

Suomen Automaatioseura
Finnish Society of Automation

Automaatiopäivät23
Oulu 15.-16.5.2019

95



!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"#$%&''$(%)*(+*$,-!,./0!
11111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111!

!

>! ,%.#*+.'?+@+;(51+3#' ()' #*+' ,%#%.+
A.(-+&&'0%#(1$#2(3'"+#'45

>B!'=5+3':(33+-#2@2#/

E;! $=9! 69$#)C! $=9! 3'$'! (6! <%>>9<$93! :8%&!NOH!P"!3'$'
6%#8<96! +('! L(;3H%;;9<$! a';%! 7'$9@'4! (;$%
L(;3K)=989! <>%#3! <%&)#$(;7! 646$9&!@=989! $=9! 3'$'
<';! ?9! +(6#'>(M93! ';3! ';'>4$(<6! '>7%8($=&6! <';! ?9
9R9<#$93! :%8! $=9! 3'$'C! '6! (>>#6$8'$93! (;! J(7#89! ,D! 2=9!
NOH P"! <%;;9<$(%;! ='6! ?99;! (&)>9&9;$93!
@($= L(;3H%;;9<$! a';%! $%! &'A9! )%66(?>9! $=9!
'#$%&'$(%; 69$!#)!';3!<%&)';(96!$%!<%;;9<$!(;$%!$=9!
L(;3K)=989 <>%#3D! L(;3H%;;9<$! a';%! (6! '!
='83@'89! 39+(<9! $='$ 96$'?>(6=96! $=9! <%;;9<$(%;! $%!
L(;3K)=989! (;! %8398! $% <%>>9<$! 3'$'! :8%&! ';!
9I#()&9;$! ';3! $8';6:98! ($! $% L(;3K)=989D

L(;3H%;;9<$! [(?8'84! )8%+(396! '! 6%:$@'89
39+9>%)&9;$!A($!\KGb]!@=(<=!9;'?>96!69>:1)8%78'&&(;7
%:! $=9! <#6$%&98! %8! $=9! #69! <'69! 6)9<(:(<! <%;;9<$(+($4
'79;$6D! E$! 6#))%8$6! 9;<84)$93! $8';6&(66(%;! %:! %;16($9
3'$'! $%! L(;3K)=989! $=8%#7=! '! 69<#89! (;$98;9$
<%;;9<$(%;C! $%! 9;'?>9! <>%#31?'693! '))>(<'$(%;6! ';3
698+(<96D

!
>B9'?+@+;(51+3#'()'#*+',??'$38'1$-*23+';+$.323C'
$;C(.2#*1&'

2=9!"M#89!';3!H>%#3!J%#;384!'89!)>'$:%8&6!'6!'!698+(<9!
\O''K]C! )8%+(3(;7! '! 39+9>%)&9;$! ';3! 39)>%4&9;$!
9;+(8%;&9;$! $%79$=98! @($=! L(;3K)=989D! 2=9!
L(;3K)=989! H>%#3! O>'$:%8&! )8%+(396! '! +'8(9$4! %:!
6#))%8$(;7! 698+(<96! $%!&'A9! '))>(<'$(%;! 39+9>%)&9;$!
9'6(98D! 2=8%#7=! $=9! "OE6! 3(::989;$! )8%<96696! <';! ?9!
'#$%&'$93C!(D9D!&';'79!#6986!';3!'669$6C!89$8(9+9!';3!
6$%89! E;3#6$8('>! E%2! 3'$'D! E;! '33($(%;C! $=9! $=(831)'8$4!
'>7%8($=&6C!6#<=!'6!6<(A($1>9'8;C!';3!'))>(<'$(%;6!<';!?9!
(;<>#393! (;$%! $=9! 69$! #)D! 2=9! )8%)%693! '3+';<93!
$9'<=(;7! ';3! )8%<966! &%;($%8(;7! 646$9&! (6! <#889;$>4!
?9(;7! 9+'>#'$93! @($=! $96$1'>7%8($=&6! (&)>9&9;$93! (;!
$=9!"M#89!';3!H>%#3!J%#;384!<>%#3D!
!

!

;/E"(*% HF! H>%#3! )>'$:%8&! ! %:! $=9! J'<$%84! %:!
J#$#89 "#$%&'$(%;!K9$!#)

D! ,%#%.+'.+&+$.-*

2=9! :#$#89! 8969'8<=! %:! $=9! 69$! #)! (;<>#396! $=9
9+'>#'$(%;! %:! $=9! )8%)%693! '3+';<93! $9'<=(;7! ';3
)8%<966!&%;($%8(;7!646$9&!';3!$=9!(&)>9&9;$'$(%;!%:
$=9! <#6$%&! 39+9>%)93! '>7%8($=&6! (;! $=9! "M#89! ';3
H>%#3!J%#;384!<>%#3D
!

Extended Abstracts
ISBN 978-952-5183-56-6

Suomen Automaatioseura
Finnish Society of Automation

Automaatiopäivät23
Oulu 15.-16.5.2019

96



                                                                                                                                                                  !ǳǘƻƳŀŀǘƛƻǇŅƛǾŅǘно нлмф 
πππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππππ 

WŀǊƛ wǳǳǎƪŀмϝΣ wƛƪǳπtŜƪƪŀ bƛƪǳƭŀмΣ 9ŜƳŜƭƛ wǳƘŀƴŜƴнΣ WŀƴƴŜ YŀǳǇǇƛоΣ {ŀƪŀǊƛ YŀǳǾƻǎŀŀǊƛоΣ aƛƪŀ
YƻǎƻƴŜƴо

м¦ƴƛǾŜǊǎƛǘȅ ƻŦ hǳƭǳΣ /ƻƴǘǊƻƭ 9ƴƎƛƴŜŜǊƛƴƎ
н̧ ŀǊŀ {ǳƻƳƛ hȅΣ {ƛƛƭƛƴƧŅǊǾƛ aƛƭƭ
оhǳǘƻǘŜŎ όCƛƴƭŀƴŘύ hȅ

Data-analysis of paste thickener
YŜȅǿƻǊŘǎΥ ǇŀǎǘŜ ǘƘƛŎƪŜƴŜǊΣ ŘŀǘŀπŀƴŀƭȅǎƛǎΣ ƭƛƴŜŀǊ
ǊŜƎǊŜǎǎƛƻƴ

ϝ/ƻǊǊŜǎǇƻƴŘƛƴƎ !ǳǘƘƻǊΥ 9πƳŀƛƭΥ WŀǊƛΦwǳǳǎƪŀϪƻǳƭǳΦŦƛ

aƻŘŜǊƴ ǿƻǊƭŘ ƛǎ ǾŜǊȅ ŘŜǇŜƴŘŜƴǘ ƻƴ ƳŀǘŜǊƛŀƭǎΦ {ŀȅƛƴƎΥ
ά²Ƙŀǘ ȅƻǳ ŎŀƴΩǘ ƎǊƻǿΣ ȅƻǳ ƴŜŜŘ ǘƻ ŘƛƎέ ƛǎ ǘǊǳŜ ŀƴŘ ƛǘ
ƳŜŀƴǎ ǘƘŀǘ ǇŜƻǇƭŜ ƴŜŜŘ ŘƛŦŦŜǊŜƴǘ ƪƛƴŘ ƻŦ ƳŀǘŜǊƛŀƭǎ ǘƻ
ǇǊƻŘǳŎŜ ǘƻƻƭǎ ŀƴŘ ƴŜŎŜǎǎƛǘƛŜǎ ŦƻǊ ǘƘŜƛǊ ŘŀȅπǘƻπŘŀȅ ǳǎŜΦ
5ǳŜ ǘƻ ǘƘƛǎ ŦŀŎǘΣ ƳƛƴƛƴƎ ƛǎ ōŜŎƻƳƛƴƎ ƳƻǊŜ ŀƴŘ ƳƻǊŜ
ƛƳǇƻǊǘŀƴǘ ōǊŀƴŎƘ ƻŦ ƛƴŘǳǎǘǊȅΦ ! ƭƻǘ ƻŦ ŀǘǘŜƴǘƛƻƴ ƛǎ ǇŀƛŘ
ǘƻ ƳŀƪŜ ƛǘ ŀǎ ŜŦŦƛŎƛŜƴǘ ŀǎ ǇƻǎǎƛōƭŜΦ !ǎ ǘƘŜ ǘƻƴǎ ƻŦ ǊƻŎƪ
ŎǊǳǎƘŜŘ ƛƴŎǊŜŀǎŜǎΣ ŀƭǎƻ ǘƘŜ ŀƳƻǳƴǘ ƻŦ ǿŀǎǘŜ ǊƻŎƪ
ƛƴŎǊŜŀǎŜǎΦ CƻǊ ŜȄŀƳǇƭŜΣ ǘƘŜ ǘŀƛƭƛƴƎǎ ŦǊƻƳ ǘƘŜ Ŧƭƻǘŀǘƛƻƴ
ŎƛǊŎǳƛǘ Ŏƻƴǘŀƛƴ ŀ ƭƻǘ ƻŦ ǿŀǘŜǊ ŀƴŘ ƛǘ ƛǎ ƎƻƻŘ ǘƻ ƭƻǿŜǊ
ǿŀǘŜǊ ŎƻƴǘŜƴǘ ōŜŦƻǊŜ ǎǘƻǊƛƴƎ ƛƴǘƻ ǘŀƛƭƛƴƎǎ ǇƻƴŘΦ ! ǇŀǎǘŜ
ǘƘƛŎƪŜƴŜǊ Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ ƭƻǿŜǊ ǿŀǘŜǊ ŎƻƴǘŜƴǘΦ ¢ƘŜ
ōŜƘŀǾƛƻǊ ŀƴŘ ŜŦŦŜŎǘƛƴƎ ǾŀǊƛŀōƭŜǎ ƻŦ ǾŜǎǎŜƭ ǿƛƭƭ ōŜ
ƛƴǾŜǎǘƛƎŀǘŜŘ ǘƻ ƳŀƪŜ ƻǇŜǊŀǘƛƻƴ ŎƻǎǘπŜŦŦƛŎƛŜƴǘΦ
¢ƘƛŎƪŜƴƛƴƎ ƛǎ Ƴƻǎǘ ŜŎƻƴƻƳƛŎŀƭ ƳŜǘƘƻŘ ǿƛǘƘƛƴ ǎŜǾŜǊŀƭ
ŘŜǿŀǘŜǊƛƴƎ ǘŜŎƘƴƛǉǳŜǎΦ ¢ƘŜ ǘƘƛŎƪŜƴƛƴƎ ǇǊƻŎŜǎǎ
ƴƻǊƳŀƭƭȅ ƻŎŎǳǊǎ ƛƴ ƭŀǊƎŜπŘƛŀƳŜǘŜǊ ǘŀƴƪǎ ǿƘŜǊŜ ǎƻƭƛŘǎ
ǇŀǊǘƛŎƭŜǎ ǎŜǘǘƭŜ ǳƴŘŜǊ ǘƘŜ ƛƴŦƭǳŜƴŎŜ ƻŦ ƎǊŀǾƛǘȅΣ ƛΦŜΦ
ǎŜŘƛƳŜƴǘŀǘƛƻƴΦ WŜǿŜƭƭ Ŝǘ ŀƭΦ ώмϐ ǊŀƛǎŜ ŀ ǾŀƭƛŘ ŎƘŀƭƭŜƴƎŜ
ƛƴǘƻ ŘƛǎŎǳǎǎƛƻƴΥ ƻǇŜǊŀǘƛƻƴ ƻŦ ǇŀǎǘŜ ǘƘƛŎƪŜƴŜǊǎ Ƙŀǎ
ŘƛŦŦŜǊŜƴǘ ǇǊŀŎǘƛŎŀƭ ǇǊƻōƭŜƳǎΦ hƴŜ ƻŦ ǘƘŜƳ ƛǎ ŀ ƴŀǊǊƻǿ
ƻǇŜǊŀǘƛƴƎ ǿƛƴŘƻǿ ŀǎ ŀ ǎƳŀƭƭ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ǳƴŘŜǊŦƭƻǿ
ǎƻƭƛŘǎ ŎƻƴŎŜƴǘǊŀǘƛƻƴ Ƴŀȅ ƘŀǾŜ ŀ ƳŀƧƻǊ ƛƳǇŀŎǘ ƻƴ ǘƘŜ
ǇǊƻǇŜǊǘƛŜǎ όŦƻǊ ŜȄŀƳǇƭŜ ǇǳƳǇŀōƛƭƛǘȅ ŀƴŘ Ŧƭƻǿŀōƛƭƛǘȅύ ƻŦ
ǘƘŜ ǳƴŘŜǊŦƭƻǿΦ 5ǳŜ ǘƻ ǘƘŜǎŜ ƛǎǎǳŜǎΣ ǘƘŜ ŎƻƴǘǊƻƭ ƻŦ ǇŀǎǘŜ
ǘƘƛŎƪŜƴŜǊ Ŏŀƴ ōŜ ŎƘŀƭƭŜƴƎƛƴƎΦ

¢ƘŜ ǎƻƭƛŘǎ ŎƻƴǘŜƴǘ ƻŦ ǎƭǳǊǊȅ ƛǎ ǘȅǇƛŎŀƭƭȅ ƛƴŎǊŜŀǎŜŘ ƛƴ
ǘƘƛŎƪŜƴŜǊǎΦ /ƭŜŀƴ ƻǾŜǊŦƭƻǿ ŀƴŘ ƳŀȄƛƳǳƳ ǎƻƭƛŘǎ
ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƛƴ ǘƘŜ ǳƴŘŜǊŦƭƻǿ ŀǊŜ ǘƘŜ ƎŜƴŜǊŀƭ
ƻōƧŜŎǘƛǾŜǎΦ CƭƻŎŎǳƭŀƴǘǎ ǊŀǘŜ ŀƴŘ ǳƴŘŜǊŦƭƻǿ ǊŀǘŜ ŀǊŜ ǘƘŜ
ǘǿƻ ƛƴŘŜǇŜƴŘŜƴǘ ǾŀǊƛŀōƭŜǎΣ ǿƘƛŎƘ ŀǊŜ ǘȅǇƛŎŀƭƭȅ ǳǎŜŘ ŦƻǊ
ŎƻƴǘǊƻƭΦ ¢ƘŜ ŘŜǇŜƴŘŜƴǘ ǾŀǊƛŀōƭŜǎ ŀǊŜ ŦƻǊ ŜȄŀƳǇƭŜ ǊŀƪŜ
ǘƻǊǉǳŜΣ ǳƴŘŜǊŦƭƻǿ ŘŜƴǎƛǘȅΣ ƻǾŜǊŦƭƻǿ ǘǳǊōƛŘƛǘȅΣ ǎƻƭƛŘǎ
ƛƴǘŜǊŦŀŎŜ ƭŜǾŜƭ όōŜŘ ŘŜǇǘƘύΣ ǎƻƭƛŘǎ ƛƴǾŜƴǘƻǊȅ όōŜŘ
ǇǊŜǎǎǳǊŜύΣ ǎƻƭƛŘ ǎŜǘǘƭƛƴƎ ǊŀǘŜ ŀƴŘ ǳƴŘŜǊŦƭƻǿ ǾƛǎŎƻǎƛǘȅΦ

¢ƘŜ ǊŜǎŜŀǊŎƘ ǇǊƻōƭŜƳ ƛƴ ǉǳŜǎǘƛƻƴ ƛǎ ǘƘŀǘ ǘƘŜ ƻǳǘ 
ŎƻƳƛƴƎ ǇŀǎǘŜ ƛǎ ǎƻƳŜǘƛƳŜǎ ŘƛŦŦƛŎǳƭǘ ǘƻ ǇǳƳǇΦ ¢ƘŜ 
ǇƘŜƴƻƳŜƴŀ ƭŜŀŘƛƴƎ ǘƻ ǘƘƛǎ ǎƛǘǳŀǘƛƻƴ ƛǎ ƴƻǘ ǿŜƭƭ ƪƴƻǿƴΦ 
Lƴ ǘƘŜ ǿƻǊǎǘ ŎŀǎŜ ǎŎŜƴŀǊƛƻ ǘƘƛǎ ǇƘŜƴƻƳŜƴŀ ŎŀǳǎŜǎ 
ŎƭƻƎƎƛƴƎ ƛƴ ǘƘŜ ǇƛǇƛƴƎΦ ! Řŀǘŀ ŀƴŀƭȅǎƛǎ ƛǎ ŘƻƴŜ ǘƻ ŦƛƴŘ 
ǾŀǊƛŀōƭŜǎ ŀŦŦŜŎǘƛƴƎ ŀƴŘ ŎƻǊǊŜƭŀǘƛƴƎ ǿƛǘƘ ǘƘŜ ǇǳƳǇƛƴƎ 
ǇǊƻōƭŜƳΦ ¢ƘŜ ǎŎƻǇŜ ƛǎ ƛƴ ǘƘŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ŦǊƻƳ ŦŜŜŘ 
ƭƛƴŜΣ ǘƘƛŎƪŜƴŜǊ ŀƴŘ ǳƴŘŜǊŦƭƻǿΦ ¢ƘŜ Ǝƻŀƭ ƛǎ ǘƻ ƘŀǾŜ ōŜǘǘŜǊ 
ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻƴ ǇƘŜƴƻƳŜƴŀ ŀŦǘŜǊ ǘƘƛǎ ǇƘŀǎŜΦ ¢ƘŜ 
Řŀǘŀπŀƴŀƭȅǎƛǎ ƛǎ ŘƻƴŜ ǳǎƛƴƎ ǇŀǎǘŜ ƭƛƴŜ ǇǊŜǎǎǳǊŜ 
ŘƛŦŦŜǊŜƴŎŜ ŀǎ ŀ ǊŜǎǇƻƴǎŜ ǾŀǊƛŀōƭŜ ŀƴŘ ŘƛǾƛŘƛƴƎ ǘƘŜ Řŀǘŀ 
ŎƻƭƭŜŎǘŜŘ ŦǊƻƳ ¸ŀǊŀΩǎ {ƛƛƭƛƴƧŅǊǾƛ Ƴƛƭƭ ƛƴ ǘǿƻ ǇŀǊǘǎΤ ƘƛƎƘ 
ŀƴŘ ƭƻǿ ǇǊŜǎǎǳǊŜ ŘƛŦŦŜǊŜƴŎŜ ƻǇŜǊŀǘƛƻƴ ŀǊŜŀǎΦ !ƴŀƭȅǎƛǎ ƛǎ 
ŦƻŎǳǎŜŘ ƻƴ ǘƘƛŎƪŜƴŜǊ мΦ ¢ƘŜ ƪƴƻǿƭŜŘƎŜ ƻŦ ŦƻǳƴŘ 
ǾŀǊƛŀōƭŜǎ ƘŀǾƛƴƎ ŜŦŦŜŎǘ ƻƴ ǇǊŜǎǎǳǊŜ ŘƛŦŦŜǊŜƴŎŜ ǘƘŜƴ Ŏŀƴ 
ōŜ ǳǘƛƭƛȊŜŘ ƛƴ ŦǳǊǘƘŜǊ ŘŜǾŜƭƻǇƳŜƴǘΦ 

¢ƘŜ Řŀǘŀ ǎŜǘ ǳǎŜŘ ŦƻǊ Řŀǘŀπŀƴŀƭȅǎƛǎ Ŏƻƴǘŀƛƴǎ Řŀǘŀ ŦǊƻƳ 
¸ŀǊŀΩǎ ōƻǘƘ ǇŀǎǘŜ ǘƘƛŎƪŜƴŜǊǎΣ ōǳǘ ŀŦǘŜǊ ŘƛǎŎǳǎǎƛƴƎ ǿƛǘƘ 
Ǉƭŀƴǘ ŜȄǇŜǊǘǎ ǘƘŜ Řŀǘŀπŀƴŀƭȅǎƛǎ ǿŀǎ ƭƛƳƛǘŜŘ ƻƴƭȅ ǘƻ 
ǘƘƛŎƪŜƴŜǊ ƻƴŜΦ ²ƘƻƭŜ Řŀǘŀ ǎŜǘ ŎƻƴǘŀƛƴŜŘ ŀƭƭ ǘƻƎŜǘƘŜǊ то 
ƳŜŀǎǳǊŜƳŜƴǘǎ ŦǊƻƳ CŜōǊǳŀǊȅ πмт ǘƻ CŜōǊǳŀǊȅ πмуΦ ¢ƘŜ 
ŦǊŜǉǳŜƴŎȅ ƻŦ ƳŜŀǎǳǊŜƳŜƴǘǎ ǿŀǎ ƻƴŜ ƳƛƴǳǘŜΦ Lƴ ŀŎǘǳŀƭ 
ŘŀǘŀπŀƴŀƭȅǎƛǎΣ ǘǿŜƴǘȅπǎƛȄ ǾŀǊƛŀōƭŜǎ ŦǊƻƳ ǘƘŜ ǘƘƛŎƪŜƴŜǊ 
ŦŜŜŘΣ ǘƘƛŎƪŜƴŜǊ ŀƴŘ ǇŀǎǘŜ ƭƛƴŜ ǿŜǊŜ ǳǎŜŘΦ LƴŦƻǊƳŀǘƛƻƴ 
ŀōƻǳǘ ǇŜǊŦƻǊƳŀƴŎŜ ƻǇǘƛƳƛȊŀǘƛƻƴ ƻŦ ǇŀǎǘŜ ǘƘƛŎƪŜƴƛƴƎ 
Ŏŀƴ ōŜ ŦƻǳƴŘ ŦƻǊ ŜȄŀƳǇƭŜ ŦǊƻƳ ώнϐΦ 

¢ƘŜ ǇǊƻŎŜǎǎ ǿŀǎ ŀƴŀƭȅȊŜŘ ōȅ ŘƛǾƛŘƛƴƎ Řŀǘŀ ŦƛǊǎǘ ƛƴǘƻ ƘƛƎƘ 
ŀƴŘ ƭƻǿ ǇǊŜǎǎǳǊŜ ŘƛŦŦŜǊŜƴŎŜ ƻǇŜǊŀǘƛƻƴ ŀǊŜŀǎ ŀƴŘ ǘƘŜƴ 
ŎƭǳǎǘŜǊƛƴƎ ǘƘŜ Řŀǘŀ ŦǊƻƳ ǾŀǊƛŀōƭŜ tŀǎǘŜ ƭƛƴŜ м ŀƴŘ 
ǊŜǎǇƻƴǎŜ ǾŀǊƛŀōƭŜΦ !ǎ ŀ ǎǳƳƳŀǊȅ ƛǘ Ŏŀƴ ōŜ ǎŀƛŘ ǘƘŀǘ 
ŎƭǳǎǘŜǊƛƴƎ Ƙŀǎ ŀ ƳŀƧƻǊ ŜŦŦŜŎǘ ƻƴ ŎƻǊǊŜƭŀǘƛƻƴΦ  

!ǎ ŘǊŀǿƛƴƎ ǎŎŀǘǘŜǊ ŘƛŀƎǊŀƳǎΣ ƛǘ ǿŀǎ ƴƻǘŜŘ ǘƘŀǘ ƛƴ ǘƘŜ 
ǇǊƻŎŜǎǎ ǘƘŜǊŜ ƛǎ ŀǘ ƭŜŀǎǘ ǘǿƻ ƻǇŜǊŀǘƛƻƴ ŀǊŜŀǎΦ ¢ƘŜ ǇŀǎǘŜ 
ƭƛƴŜ ǇǊŜǎǎǳǊŜ ŘƛŦŦŜǊŜƴŎŜ Ŏŀƴ ōŜ ŜǎǘƛƳŀǘŜŘ ǳǎƛƴƎ ƭƛƴŜŀǊ 
ǊŜƎǊŜǎǎƛƻƴ ƳƻŘŜƭǎ ǇǊƻƳƛǎƛƴƎƭȅΤ ŜǎǇŜŎƛŀƭƭȅ ŘǳǊƛƴƎ 
ōƻƻǎǘŜǊ ǇǳƳǇ Y!тплн ǳǎŀƎŜΦ 
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wŜŦŜǊŜƴŎŜǎ

ώмϐ WŜǿŜƭƭΣ wΦWΦΣ CƻǳǊƛŜΣ !Φ.ΦΣ [ƻǊŘΣ 9ΦwΦΣ нллнΦ tŀǎǘŜ ŀƴŘ
¢ƘƛŎƪŜƴŜŘ ¢ŀƛƭƛƴƎǎΥ ! DǳƛŘŜΦ !ǳǎǘǊŀƭƛŀƴ /ŜƴǘǊŜ 
ŦƻǊDŜƻƳŜŎƘŀƴƛŎǎΣ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ ²ŜǎǘŜǊƴ !ǳǎǘǊŀƭƛŀΦ

ώнϐ wǳƘŀƴŜƴ 9ΦΣ YƻǎƻƴŜƴ aΦΣ YŀǳǾƻǎŀŀǊƛ {ΦΣ aŜƛƴǘƧŜǎ /ΦΣ
tŜǊŦƻǊƳŀƴŎŜ ƻǇǘƛƳƛȊŀǘƛƻƴ ƻŦ ǇŀǎǘŜ ǘƘƛŎƪŜƴƛƴƎ ŀǘ 
ǘƘŜ ¸ŀǊŀ {ƛƛƭƛƴƧŅǊǾƛ tƭŀƴǘΦ Lƴ wΦWΦ WŜǿŜƭƭ ŀƴŘ !Φ.Φ 
CƻǳǊƛŜ ό9ŘǎΦύΣ tŀǎǘŜ нлму π tǊƻŎŜŜŘƛƴƎǎ ƻŦ ǘƘŜ 
нмǎǘ ƛƴǘŜǊƴŀǘƛƻƴŀƭ ǎŜƳƛƴŀǊ ƻƴ ǇŀǎǘŜ ŀƴŘ 
ǘƘƛŎƪŜƴŜŘ ǘŀƛƭƛƴƎǎΣ tŜǊǘƘΣ !ǳǎǘǊŀƭƛŀΥ !ǳǎǘǊŀƭƛŀƴ 
/ŜƴǘǊŜ ŦƻǊ DŜƻƳŜŎƘŀƴƛŎǎΣ трπуу
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This abstract and related presentation is a shortened reproduction of the results presented at Paste 2018 Conference in
Perth, Australia, 11-13 April 20181. Main focus is on the results obtained by applying a multivariable, optimizing control
strategy to two new paste thickeners manufactured and commissioned by Outotec for Yara Siilinjärvi plant.

The Yara Siilinjärvi plant is located in the central part of Finland, some 25 km north from Kuopio. The site consists of a mine,
two sulphuric acid plants, one phosphoric acid plant, one nitric acid plant and one NPK-fertilizer plant. The Siilinjärvi mine
produces about one million tons of apatite concentrate, which creates approximately 10 million tons of tailings per year.

At the beginning of 2017, tailings handling in Yara Siilinjärvi was brought to a new era, when the conventional tailings storage
facility was replaced with a new tailings treatment plant. The aim was to extend the lifespan of the 1 150-hectare tailings
storage area without increasing the footprint, since this would have meant new land purchases, dam increases and related
permitting processes. The solution was to construct a completely new tailings treatment plant, where the water content of
the tailings material is reduced so much that the resulting paste can be stacked in piles and thus the same amount of material
requires much smaller physical footprint. The new plant, located 6.6 km’s from the concentrator, was commissioned by
Outotec and – thanks to the advanced process control solution presented here – is currently being run in un-manned mode
remotely from the main plant’s control room. The new high-density tailings disposal system with two deep cone-type paste
thickeners increased the percentage of solids in the slurry from 45–48% to 66–69%, making it possible to deposit as paste.
This extended the lifetime of the current tailings storage facility by 15 years – from 2020 until 2035.

The rheology of the tailings in Siilinjärvi is unique, due to the minerology of the slurry. In particular, the high content of coarse
mica makes thickener operation challenging and makes high density pumping sensitive to disturbances. Therefore, the
importance of process control cannot be underestimated.  Advanced control system is needed to maintain process stability
and the desired operation point in varying situations, and to enable remote operation as mentioned earlier. The presented
solution is based on Outotec’s Advanced Control Tools (ACT) platform, which can be cost-effectively utilized with any
customer DCS/PLC system (Distributed Control System/Programmable Logic Controller). With the ready-made application
package, implementation is straightforward, and only a minimal amount of system specific tailoring is needed. The ACT
system in Yara is highly integrated with the plant DCS, so that the operators have full access to user interface, alarms,
interlockings, history data and documentation, through the DCS displays.

The control is based on Model Predictive Control (MPC), which is nowadays included in Outotec’s ACT platform. The overall
control system structure is shown in Figure 1 below. Controlled variables are: Underflow density (kg/m3), Overflow solids
content (%), Bed mass (%), Bed level (m) and Rake torque (%). From these variables, underflow density was selected to
be a primary control variable, which has a precise target value and the highest priority during normal operation. This was a
natural choice, because the main target of the whole paste plant is to produce stable and high enough underflow solids
content, thereby ensuring stable pumping and good tailings beaching properties.

Ruhanen, E, Kosonen, M, Kauvosaari , S & Henriksson, B 2018, 'Optimisation of paste thickening at the Yara Siilinjärvi plant', in RJ Jewell & AB Fourie
(eds), Proceedings of the 21st International Seminar on Paste and Thickened Tailings, Australian Centre for Geomechanics, Perth, pp. 75-88.
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Figure 1. Structure of the controller.

Long-term follow-up (see Figure 2) shows that with the optimizing control, the Yara paste thickeners can run with underflow
solids content of 66–68% to average beach slope angles2 of 3.5 degrees (6.1%) in the tailings disposal area. Note that, the
shown limits (black lines) are not used in MPC control, they just illustrate the stability of controlled solids content.

Figure 2. Long-term solids content3 variability (green: measured value, blue: target value).

Additionally, this control system facilitates the minimum use of flocculant, which means 10-20% savings in the flocculant
costs. Robust thickener operation also leads to trouble-free high-density pumping and high availability of the paste plant.
One of Yara’s major goals was to be able to operate the Paste Plant remotely from the main concentrator plant. Currently,
the Paste Plant is fully operated remotely and only the daily process checking are done locally.

2 Beach slope in the tailings industry refers to the surface slope of the tailings after being hydraulically or mechanical deposited from a point of discharge.
3 Solids content calculated from the density: Cw = Ss*(S-Sl) / S*(Ss-Sl) * 100%; Cw = Concentration of solids by weight, S = Specific gravity of slurry,
Sl = Specific gravity of liquid phase, Ss = Specific gravity of solids phase
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Anna-Mari Wartiainen*, Markus Harju, Satu Tamminen, Leena Määttä, Tuomas
Alatarvas, Juha Röning

A tool for �nding inclusion clusters in steel
SEM specimens
Abstract: Non-metallic inclusions, especially large or
clustered inclusions, in steel are usually harmful. Thus,
the microscopic analysis of test specimens is an impor-
tant part of the quality control. This steel purity anal-
ysis produces a large amount of inclusion information
for each test specimen. The interpretation of the re-
sults is laborious and the comparison of larger product
groups practically impossible. The purpose of this study
was to develop an easy-to-use tool for automatic inter-
pretation of the SEM analysis to di�erentiate clustered
and large inclusions information. Because of the large
variety of the potential users, the tool needs to be ap-
plicable for any steel grade and application, and both
for liquid and �nal product specimen, to analyse auto-
matically steel specimen inclusions, especially inclusion
clusters, based on the INCA Feature program produced
data from SEM/EDS. The developed tool can be used
to improve the controlling of the steel purity or for auto-
matic production of new inclusion cluster features that
can be utilised further in quality prediction models, for
example.
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1 Introduction

The inclusions are in most cases detrimental to steel
quality. Inclusion characteristics, including number, size
distribution, chemical compositions, shapes, spatial dis-
tribution and clustering degree, have a signi�cant im-
pact on steel properties. Thus, in order to learn steel

cleanliness it is important to be able to analyse inclu-
sion characteristics in steel specimen. [1�8]

A typical test specimen from a steel product con-
tains some thousands inclusions depending on the steel
and the test type. An automatic Oxford INCA feature
analysis program produces more than 15 features. There
is a need for an automated inclusion cluster analysis tool
that enables the e�ective analysis of the test specimens
in large scale and production of information about the
most critical inclusion and inclusion cluster features.

This paper describes a novel tool for automated
�nding and analysing steel specimen inclusion clusters
based on INCA Feature program produced inclusion
data from SEM/EDS. The requirements for the tool in-
clude the applicability for any steel grade and applica-
tion, and both for liquid and �nal product test speci-
mens.

The tool described in this paper is the �rst step of
a steel cleanliness analysing tool that would allow the
rapid comparison of steel products and be applicable to
a wide range of products. The �nal tool will provide a
criterion for a steel cleanliness of the product applied to
the whole manufacturing process.

2 The structure of the tool

For e�cient usage of the tool, it is important that
no additional work is needed for data preparation, es-
pecially, if a large number of specimens need to be
analysed. Therefore, the tool is capable of reading the
original .xlsx-�les created by INCA Feature program
for SEM/EDS analysed specimen and �nds inclusion
clusters, and provides summaries and visualisations for
them. The tool can be used for testing di�erent hypothe-
ses and for this purpose, the tool’s �exible parameter
setting is especially helpful.

The tool was built with the free statistical program
R [9]. The purpose of the tool is to help analysing the
data INCA Feature program provides in Excel sheet for
any kind of specimen, e.g. both liquid and �nal prod-
uct specimen, for any steel grade. The features that the
INCA Feature program provides in Excel sheet for each
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inclusion, include the centre coordinates, the area, the
length, the direction, the breadth and the composition
as element weight percents. The challenge is to �nd a
trade-o� between the accuracy of the modelling the in-
clusions and the processing time for the analysis.

Clusters are found by inspecting the Euclidean dis-
tance between the inclusions, which is the most used,
simple, and easy to understand distance measure. The
size, the aspect ratio and the direction of each inclusion
are critical features in the distance calculation. The tool
has a �exible parametrisation for the cluster de�nition.
The distance limit for any two inclusions to be included
in the same cluster is one of the parameters that the
user can set. The minimum length and the minimum
area of a cluster are also user speci�ed parameter val-
ues. User may set the parameters in a graphical user
interface, see Figure 1.

Fig. 1. Main window of the tool’s graphical user interface.

Fig. 2. Longest cluster found in the specimen.

3 Discussion and Conclusions

This paper describes a novel tool for automated �nding
and analysing steel specimen inclusion clusters based on
INCA Feature program produced data for SEM/EDS.
It provides useful cleanliness information for steel en-
gineers by processing further the data available from
INCA Feature. This tool enables the study of inclusions
in general and obtaining the composition of inclusions
and clusters.

There is a trade-o� between the processing time and
modelling accuracy. It was seen, that an adequate level
of accuracy is achieved by approximating the inclusions
with ellipses and there is no need for more accurate
modelling for this purpose and thus, the processing time
can be kept at a reasonable level. The processing time
has been decreased by optimising the code and could be
further decreased by eg. applying parallel processing for
segments of the steel specimen.

The tool was developed in close co-operation with
the end users in order to guarantee the best possible
use experience. There is no additional preparation re-
quired for the original Inca Feature data sheets, which
enable the simultaneous analysis of several specimens.
The produced numerical information about the clusters
can be utilised for steel purity grading and as also for
quality prediction.
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Learning compliant assembly skills from human demonstration

Markku Suomalainen1,2, Ville Kyrki2

Index Terms�Robotics, Learning from Demonstration, Com-
pliant Assembly, Impedance Control

The strenuousness of programming a robot to perform dif-
ferent tasks is a major reason holding back the widespread use
of robots in industry and at people's homes. Industrial robots
are mainly used only when the same product is manufactured
for long periods of times. One of the next places where
the usage of robots can really increase is enterprises where
production batches can be small. But to enable this step,
domain experts must be able to teach the robots the required
task, such that a robotics expert is not required at the stage
every time the robot needs to learn a new task or fails at
completing a taught task.

Learning from demonstration (LfD) is an established
paradigm in robotics, where the goal is easily programmable
robots. In short, the idea is to show the robot an example
of a skill, which the robot learns to reproduce and generalize
into other locations and similar situations. However, traditional
LfD techniques struggle with compliant motions, which are
required in many industrial assembly tasks.

The key research question is if we can learn from human
demonstrations to use compliance, contact and geometry of the
task such as in Fig. 1 to mitigate pose errors with impedance
controller. Humans take advantage of the environment when
faced with positional uncertainties, such as inserting a screw
in a poor lighting condition. The goal of my research is
�nd methods how we can make robots learn the probing
motions that humans use in uncertain situations and survive
even without a vision system.

We propose to learn from human demonstration the neces-
sary parameters of an impedance controller de�ned as

FFF = K f (xxx � � xxx) + D f vvv + f dynf dynf dyn (1)
wherexxx � is the desired position,xxx the current position,K f

the stiffness matrix,D f vvv linear damping term andf dynf dynf dyn and
the feed-forward dynamics of the robot. For linear dynamics,
we can computexxx � from a desired direction vectorvdvdvd. To
reproduce a demonstrated compliant motion,vdvdvd and K must
be learned.

In [1], we learnedvdvdvd and K by assuming we can directly
measure the direction of the force which the human teacher ap-
plies to the robot in kinesthetic teaching. However, we noticed
that this assumption only holds true for certain force/torque
sensor con�gurations, and hence we wanted to solve also
the more general problem, where we can only measure the

This work was supported by Academy of Finland, decision 286580.
1 M. Suomalainen is currently with University of Oulu, Finland

markku.suomalainen@oulu.fi
2School of Electrical Engineering, Aalto University, Finland

ville.kyrki@aalto.fi

(a) Position alignment.

(b) Orientation alignment
Fig. 1: Compliant motions can be used for aligning both position
and orientation of a workpiece

force between the end-effector and the environment. We solved
this problem in [2], with the observation that in a compliant
sliding motion there is always a certain sector of directions
from which the robot can apply force to perform the observed
motion. We managed to take the intersection of these sectors in
a 3-D motion, over one or more demonstrations, and thus learn
the parameters for a dynamically linear compliant motion. In
[3] we generalized the task to work with rotational motions
as well and showed how the robot can successfully learn
to mitigate orientation errors when attaching hose couplers
together. Furthermore, in [4] we learned how to sequence these
motions to perform a full task, such as pipeline assembly,
which we also showed experimentally with a real robot.
Finally, to make the robots more independent even in case
of changes in the environment, in [5] we looked into whether
a robot could learn to search using contact forces, similarly
as a human tries to �t a key into the keyhole in darkness–
we showed that we can reach acceptable levels of success
in this very hard task. Finally, in [6] we showed that our
method can be applied to dual-arm tasks and examined the
role of compliance in dual-arm assembly with a little more
detail, showing that compliance in both arms increases the
performance compared to single-handed assembly.

To show that the method from [2] is robust enough to
work with systems where errors in measurements can be
higher, we combined the method with a stability-guaranteed
Virtual Decomposition Control- based impedance controller
for a heavy-duty hydraulic manipulator with a 475kg payload
[7]. In addition to this main line of work, we explored if this
kind of compliant assembly could be used even in low gravity,
such as space or underwater [8].
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�Á�}�Œ�l�•�‰�������� �}�(�� ���v�� �]�v���µ�•�š�Œ�]���o�� �Œ�}���}�š�X�� �K�v�� �š�Z���� �}�š�Z���Œ�� �Z���v���U��
���}�o�o�����}�Œ���š�]�À���� �Œ�}���}�š�•�� ���Œ���� �µ�•������ �]�v�� ���‰�‰�o�]�����š�]�}�v�•�U�� �Á�Z�]���Z��
���Z���v�P���� �u�}�Œ���� �}�(�š���v�� �š�Z���v�� �]�v���µ�•�š�Œ�]���o�� �Œ�}���}�š�� ���‰�‰�o�]�����š�]�}�v�•�X��
���}�v�š�]�v�µ�}�µ�•�� ���Z���v�P���•�� �u���l���� �]�š�� ���Z���o�o���v�P�]�v�P�� �š�}�� �u���]�v�š���]�v��
�������‹�µ���š���� �o���À���o�� �}�(�� �•���(���š�Ç�X�� �Y�µ�]�š���� �}�(�š���v�� �‰���}�‰�o���� �(�����o�� �š�Z���š��
�Œ�]�•�l�� ���•�•���•�•�u���v�š�� �]�•�� �u�}�Œ���� ���]�(�(�]���µ�o�š�� �š�}�� �u���l���� �(�}�Œ�� ���}���}�š�•��
�š�Z���v���(�}�Œ���]�v���µ�•�š�Œ�]���o���Œ�}���}�š�•�U���•�]�v���������}���}�š�•�������v���������Á�}�Œ�l�]�v�P��
�����•�]�������‰���Œ�•�}�v�•�X����

�D�}�•�š�� �}�(�� �š�Z���� ���}�o�o�����}�Œ���š�]�À���� �Œ�}���}�š�•�� ���Œ���� �����•�]�P�v������

�������}�Œ���]�v�P�� �š�}�� �]�v�Z���Œ���v�š�o�Ç�� �•���(���� �‰�Œ�]�v���]�‰�o���•�� �]�X���X�� �š�Z���Ç�� ���Œ����
�•�u���o�o�����v�����‰�}�Á���Œ���]�•���o�]�u�]�š�����X���d�Z�������}�o�o�����}�Œ���š�]�À�����Œ�}���}�š�•�����Œ����
���}�v�š�Œ�}�o�o������ ���v���� �u�}�v�]�š�}�Œ������ �•�}�� �š�Z���š�� �š�Z���Ç�� �•�Z�}�µ�o���� �v�}�š��
���Æ���������� �š�Z���� �����(�]�v������ �(�}�Œ�����U�� �•�‰�������� ���v���� ���Œ������ �o�]�u�]�š�•�X�� �d�Z����
���}�o�o�����}�Œ���š�]�À�����}�‰���Œ���š�]�}�v�•���u�µ�•�š�����‰�‰�o�Ç�����š���o�����•�š���}�v�����}�(���š�Z����
�u�����v�•�W�� �•���(���š�Ç�r�Œ���š������ �u�}�v�]�š�}�Œ������ �•�š�}�‰�U�� �Z���v���r�P�µ�]���]�v�P�U��
�•�‰�������� ���v���� �•���‰���Œ���š�]�}�v�� �u�}�v�]�š�}�Œ�]�v�P�� �}�Œ�� �‰�}�Á���Œ�� ���v���� �(�}�Œ������
�o�]�u�]�š�]�v�P�� ���Ç�� �]�v�Z���Œ���v�š�� �����•�]�P�v�� �}�Œ�� ���}�v�š�Œ�}�o�X�� �/�v�� �}�o���� �Œ�}���}�š��
�•���(���š�Ç�� �•�š���v�����Œ���� �~�/�^�K�� �í�ì�î�í�ô�r�í�W�î�ì�ì�ò�•�� �š�Z���Œ���� �Z���•�� �������v�� ����
�P���v���Œ���o���(�}�Œ�������o�]�u�]�š���~�í�ñ�ì���E�•�U�����µ�š���v�}�Á���š�Z�����o�]�u�]�š���]�•���•�‰�����]�(�]����
�(�}�Œ�� �������Z�� ���}���Ç�� �‰���Œ�š�� �}�(�� �š�Z���� �Z�µ�u���v�� �������}�Œ���]�v�P�� �š�}�� �/�^�K�� �d�^��
�í�ñ�ì�ò�ò�X���d�Z�����‰�}�Á���Œ�����v�����(�}�Œ�������o�]�u�]�š�]�v�P�U�����Œ�]�v�P�•���v���Á���l�]�v�����}�(��
�š�Z�]�v�l�]�v�P�U�� �•�]�v������ �š�Z���� ���}�v�š�����š�� �]�•�� �v�}�Á�� ���� �����•�]�P�v������ �(�����š�µ�Œ����
���v���� �v�}�š�� �i�µ�•�š�� ���� �Œ���Œ���� �u�]�•�Z���‰�X�� �d�Z���� �����•�]�P�v���Œ�� �v�������•�� �š�}��
���•�š�]�u���š���U�� �Á�Z�]���Z�� ���}���Ç�� �‰���Œ�š�•�� �����v�� ������ ���Æ�‰�}�•������ �š�}�� ���v��
�]�u�‰�����š�� �}�(�� �š�Z���� �Œ�}���}�š�� ���v���� �š�Z���v�� �o�]�u�]�š�� �(�}�Œ�����•�� �������}�Œ���]�v�P�o�Ç�X��
�K�v���� �•�‰�����]���o�� �‰�Œ�}���o���u�� �Á�]�š�Z�� �Œ�}���}�š�•�� �]�•�� �š�Z���š�� �š�Z���� �]�u�‰�����š��
�~���o���u�‰�]�v�P�•���‰�Z���v�}�u���v�}�v���]�•�����}�u�‰�o���Æ���š�}�����•�š�]�u���š�������µ�����š�}��
�š�Ç�‰�]�����o�o�Ç���•�]�Æ�����]�(�(���Œ���v�š�������š�µ���š�}�Œ�•�����v�������Œ���l���•�U���u�µ�o�š�]�š�µ�������}�(��
�‰�}�•�•�]���o���� ���]�Œ�����š�]�}�v�•�� ���v���� �o�}�����š�]�}�v�•�� �š�}�� ���}�v�š�����š�U�� �À���Œ�]���v�š��
�o�}�����•�U�� �À���Œ�]�}�µ�•�� �•�‰�������•�� ���v���� �u�µ�o�š�]�š�µ������ �}�(�� ���}���}�š�� ���}�v�š�Œ�}�o��
�‰���Œ���u���š���Œ�•�X���D�����•�µ�Œ���u���v�š�•�����š���s�d�d���Á�]�š�Z���š�Z�Œ���������]�(�(���Œ���v�š��
���}���}�š�•�� �•�Z�}�Á������ �š�Z���š�� �š�Z���� �]�u�‰�����š�� �(�}�Œ�����•�� ���Œ���� ���]�(�(�]���µ�o�š�� �š�}��
�‰�Œ�����]���š���Á�]�š�Z�}�µ�š���u�����•�µ�Œ���u���v�š�•�X����

��

�&�]�P�µ�Œ���X�����v�����Æ���u�‰�o�����}�(���•���(���š�Ç���u�����•�µ�Œ���•�X��

�K�v�����]�•�•�µ�����]�•���š�Z���š���������}�Œ���]�v�P���š�}���/�^�K���í�ì�î�í�ô�r�î���•�����š�]�}�v���ñ�X�î�X�î��
�•���(���š�Ç���Œ���o���š�������‰���Œ�š�•���}�(���š�Z�����Œ�}���}�š�•���u�µ�•�š�����}�u�‰�o�Ç���Á�]�š�Z���W�>��
���� ���v���� �����š�� �ï�� �Œ���‹�µ�]�Œ���u���v�š�•�� �}�(�� �/�^�K�� �í�ï�ô�ð�õ�r�í�X�� �d�Z�]�•�� �]�•��
�Œ���o���š�����U�����u�}�v�P���}�š�Z���Œ�•�U���š�}���•�š�}�‰�U���•�‰�������U�����Œ�����U���‰�}�Á���Œ�����v����
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�(�}�Œ�������o�]�u�]�š�]�v�P�����v�������}�v�š�Œ�}�o�X���D���v�Ç���}�(���š�Z�������µ�Œ�Œ���v�š���Œ�}���}�š�•��
���}�� �v�}�š�� ���}�u�‰�o�Ç�� �Á�]�š�Z�� �š�Z���� �Œ���‹�µ�]�Œ���u���v�š�•�� ���v���� �š�Z���Œ���(�}�Œ����
�}�v�����Z���À�����š�}�����}�v�•�]�����Œ�U�������v�����X�P�X�������•�‰���������o�]�u�]�š�����������‰�‰�o�]������
�š�}���P�µ���Œ���v�š�������•���(���š�Ç�X����

�K�v���� �}���À�]�}�µ�•�� �]�•�•�µ���� ���Œ���� �š�Z���� ���‰�‰�o�]������ �š�}�}�o�•�X�� �^�Z���Œ�‰�� �š�}�}�o�� �]�•��
�µ�•�µ���o�o�Ç�� �����v�P���Œ�}�µ�•�� ���v���� �š�Z���� �Œ�}���}�š�� �Á�}�Œ�l�� ���Œ������ �u���Ç���Z���À����
���}�Œ�v���Œ�•�� �}�Œ�� �}�š�Z���Œ�� �u�����Z�]�v���•�U�� �Á�Z�]���Z�� �����µ�•���� �‰�}�š���v�š�]���o��
�Z���Ì���Œ���� �]�(�� �Z�µ�u���v�� ���}���Ç�� �‰���Œ�š�� �]�•�� ���Œ�µ�•�Z������ ���P���]�v�•�š�� �]�š�X�� �/�v��
�������]�š�]�}�v�U���P�Œ�]�‰�‰���Œ�•���u���Ç���������Z���Ì���Œ���}�µ�•�U�����µ�š���š�Z���Œ�������Œ�������o�•�}��
�u�}�����o�•�U���Á�Z�]���Z���š���l�����]�v�š�}���������}�µ�v�š���š�Z�����Z�µ�u���v���‰�Œ���•���v�����X������

�/�v�� �������]�š�]�}�v�U�� �š�Z���� �o���À���o�� �}�(�� ���}�o�o�����}�Œ���š�]�}�v�� ���(�(�����š�� �š�Z���� �Œ�]�•�l�•��
�š�Z���š���š�Z�����Á�}�Œ�l���Œ���]�•�����Æ�‰�}�•�����X���d�Z�����o���À���o�•���}�(�����}�o�o�����}�Œ���š�]�}�v��
�����v�������������(�]�v���������•���(�}�o�o�}�Á�•�W���v�}�����}���Æ�]�•�š���v�����U�����}���Æ�]�•�š���v�����U��
���}�}�‰���Œ���š�]�}�v�� ���v���� ���}�o�o�����}�Œ���š�]�}�v�X�� �d�Z���� �o���À���o�� �}�(�� �Œ�]�•�l��
�����‰���v���•�� �}�v�� �š�Z���� �o���À���o�� �}�(�� ���}�o�o�����}�Œ���š�]�}�v�U�� ���µ���� �š�}�� �š�Z����
���Æ�‰�}�•�µ�Œ�����š�]�u�������v�����•���‰���Œ���š�]�}�v�����]�•�š���v�����X���/�(���Z�µ�u���v�•�����v����
�š�Z�����Œ�}���}�š�����Œ�����µ�•�µ���o�o�Ç���v�}�š�����š���š�Z�����Á�}�Œ�l�����Œ���������š���š�Z�����•���u����
�š�]�u���� �~�v�}�� ���}���Æ�]�•�š���v������ �}�Œ�� ���}���Æ�]�•�š���v�����•�U�� �š�Z���� �Œ�]�•�l�� �(�}�Œ�� ����
�‰���Œ�•�}�v���]�•���v�}�š���•�}���Z�]�P�Z���•�]�v�������š�Z�����‰���Œ�•�}�v���]�•���v�}�š�����Æ�‰�}�•�������š�}��
�����v�P���Œ�X���d�Ç�‰�]�����o�o�Ç�U���š�Z�����Œ�]�•�l���]�•���Z�]�P�Z���Œ���Á�Z���v�����}�o�o�����}�Œ���š�]�}�v��
�o���À���o�� �]�•�� �Z�]�P�Z�� ���v���� ���µ���� �š�}�� ���}�o�o�����}�Œ���š�]�}�v�U�� �š�Z���� �‰���Œ�•�}�v�� �]�•��
�Á�}�Œ�l�]�v�P�����š���š�Z�����Œ�}���}�š�X����

�s�d�d�� �]�•�� �����À���o�}�‰�]�v�P�� �]�v�� �š�Z���� ���µ�•�]�v���•�•�� �&�]�v�o���v���� �(�µ�v��������
�E�Æ�š�'���v�Z�}���� �‰�Œ�}�i�����š�� �š�Z���� �}�‰�š�]�u�µ�u�� �Á���Ç�•�� �š�}�� �µ�š�]�o�]�Ì���� �v���Æ�š��
�P���v���Œ���š�]�}�v�� �Œ�}���}�š�]���•�� �]�v�� �&�]�v�v�]�•�Z�� �]�v���µ�•�š�Œ�Ç�� ���Ç�� �����À���o�}�‰�]�v�P��
�•�}�o�µ�š�]�}�v�� �u�}�����o�•�U�� �����•�]�P�v�� �‰�Œ�����š�]�����•�� ���v���� �~���Ç�� ���À���o�µ���š�]�v�P�•��
�����u�}�v�•�š�Œ���š�]�}�v�•���(�Œ�}�u�����]�(�(���Œ���v�š���‰���Œ�•�‰�����š�]�À���•�X��
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�:���v�v�����^���µ�l�l�}�Œ�]�]�‰�]���Ž�U���d���‰�]�}���,���]�l�l�]�o���U���:���Œ�]���D�X�����Z�}�o���U���d�µ�}�u���•���^���‰�‰���o���U���W���l�l�����/�•�š�}

�W�Œ�}�P�Œ���u�u�]�v�P�����v�������}�v�š�Œ�}�o���(�}�Œ���•�l�]�o�o�r�����•�������Œ�}���}�š�•

�<���Ç�Á�}�Œ���•�W���Œ�}���}�š���•�l�]�o�o�U���‰�Œ�}�P�Œ���u�u�]�v�P�U���•���v�•�}�Œ�U�����}�v�š�Œ�}�o

�Ž���}�Œ�Œ���•�‰�}�v���]�v�P�� ���µ�š�Z�}�Œ�W�� �:���v�v���� �^���µ�l�l�}�Œ�]�]�‰�]�W
�� �s�d�d

�d�����Z�v�]�����o�� �Z���•�����Œ���Z�� �����v�š�Œ���� �}�(�� �&�]�v�o���v���� �>�š���U�� ���r�u���]�o�W
�i���v�v���X�•���µ�l�l�}�Œ�]�]�‰�]�›�À�š�š�X�(�]

���}�r���µ�š�Z�}�Œ�•�W�� �d���‰�]�}�� �,���]�l�l�]�o���U�� �:���Œ�]�� �D�X�� ���Z�}�o���U�� �d�µ�}�u���•��
�^���‰�‰���o���U�� �W���l�l�� �/�•�š�}�W���s�d�d�� �d�����Z�v�]�����o�� �Z���•�����Œ���Z�� �����v�š�Œ����
�}�(���&�]�v�o���v���� �>�š���U
���u���]�o�W���D�(�]�Œ�•�š�v���u���E�X�D�•�����}�v���v���u���E�›�À�š�š�X�(�]
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Eetu Heikkilä*, Janne Sarsama

Reliability modeling in reliability-critical system
development: case wave power
Abstract: Wave power is a potential technology for
producing cost-efficient renewable energy. Reliability is
one of the key issues to be considered in the design of
wave energy converter (WEC) devices. To address the
issue of reliability, we present a proposed design
approach based on reliability block diagram (RBD)
modeling. Based on experiences of utilizing the RBD
approach, we provide some preliminary insights on the
key characteristics of the RBD approach and its
suitability to WEC design.

Keywords: reliability modeling, wave power, reliability 
block diagram 
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1 Background

Wave power is a potential technology for producing
cost-efficient renewable energy. For capturing and
converting wave energy, various types of Wave Energy
Converters (WECs) have been developed. One of the
WEC types is an Oscillating Wave Surge Converter
(OWSC) that extracts energy from wave surges and the
movement of water within them. OWSC has a plate,
flap or some other type of element that oscillates as a
pendulum mounted on a pivoted joint in response to
the movement of water in the waves. OWSCs are either
completely submerged or partly above the water
surface. In this paper, we focus on a proposed
MegaRoller OWSC concept (Fig. 1).

 
Fig 1. MegaRoller OWSC concept [1] 

To achieve profitable electricity production, system 
dependability as a whole and especially reliability as 
one of its elements (see [2]) is a key issue to be 
considered in the design of OWSCs. Reliability is 
especially important because of challenges and high 
costs related to maintenance of such systems. In fact, it 
is likely that some maintenance activities of OWSC 
systems can be carried out only when the entire device 
is towed to the shore. Thus, OWSCs are typically 
designed for a long maintenance interval. Also, the 
facts that OWSCs operate in corrosive and in other 
ways harsh maritime environment and face substantial 
loads due to all possible occurring sea states, highlight 
the importance of reliability aspects in system design. 
The high degree of automation of OWSCs further 
emphasizes the importance of system reliability. 

Reliability modeling is an approach that can be utilized 
to support the design of OWSCs, as well as other WEC 
types and other complex systems (including 
automation systems), to predict and improve their 
reliability performance. Various approaches for 
modeling have been proposed. The approach 
presented here focuses on the use of reliability block 
diagrams (RBDs) in modeling. RBDs describe the system 
as a set of interconnected blocks, representing the 
reliability characteristics of subsystems and individual 
components [3]. Each block is assigned with a 
�‰�Œ�}�������]�o�]�š�Ç�����]�•�š�Œ�]���µ�š�]�}�v�������•���Œ�]���]�v�P���š�Z�������o�}���l�[�•���Œ���o�]�����]�o�]�š�Ç��
performance over time. Additional aspects, such as 
issues related to maintenance management, can also 
be incorporated in the reliability model. 

2 Results & discussion 

Based on experiences of applying the RBD approach in 
ongoing OWSC development activities, we can make 
some preliminary conclusions regarding the use of this 
approach in the context of wave power. The findings 
include: 
�t  RBD modeling should be tightly interconnected with 

other analyses and R&D activities, starting from the 
early concept design phases. For example, FMECA 
analysis may provide guidance for focusing reliability 
modeling activities, and reliability modeling can 
provide input information e.g. for life-cycle cost 
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calculations. 
�t As with all modeling, the quality of results of RBD 

modeling is dependent on the quality of input data. 
The input reliability data can be a combination of 
experimental data, as well as data from other 
sources, such as component data sheets and 
industry guidelines. 

�t RBD modeling can be applied on various levels of 
detail: from component and subsystem level up to 
the level of a fleet of several devices. 

�t In addition to system reliability, the modeling tools 
can support in comparing system designs e.g. 
regarding maintenance-related activities. 

We see the RBD modeling approach as a potential way 
to assess and help improve OWSC reliability. In the 
MegaRoller project, the methodology will be further 
developed and its interconnections with other analyses 
in the OWSC design will be studied in more detail. 
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Extended abstract

BackgroundThe development of automated work
machine systems towards autonomous operation is
proceeding rapidly in different industrial sectors. So far,
automatic machines have been operating in closed
areas (e.g. harbors and harbors). On the other hand,
automated forklift trucks and Automated Guided
Vehicles  (AGV)  have  long  been  used  in  factories  and
warehouses.

Objectives The objective of the study was to obtain an
overview of safety requirements for automotive non-
road vehicles in different industries. The aim of the work
was to explore the current situation in different
industrial  sectors  and  to  study  what  they  have  in
common and where there are differences.

Materials and methods VTT and Luke conducted the
study on safety requirements for autonomous machines
to  FIMA  ry.  The  latest  information  on  safety
requirements for the autonomous working machine
systems  were  collected  from  ISO,  IEC  and  other
standards and technical reports from different industrial
sectors. In addition, activities in international industry
groups regarding automation and autonomy of
machinery were reviewed.

Results The  first  safety  standards  or  their  drafts  have
recently been published on autonomous mobile work

equipment systems. ISO 17757: 2017 [1] defines
requirements for autonomous or semi-autonomous
earth moving machinery and mining machinery systems.
The key point in this standard is that the requirements
are defined from a system-level perspective. The draft
standard ISO / DIS 18497.2 [2] defines requirements for
automation of agricultural machinery and tractors. The
draft ISO DIS 3691-4 [3], in turn, defines the
requirements for unmanned forklifts, AGVs and
associated systems.

As a summary an overall picture and status of the
most interesting ISO and IEC standards on the context
of autonomous machinery is given in Figure 1.

Fig. 1. An  overview  of  the  current  situation  in
standardization on autonomous machinery.

Three approaches for safety concepts for
autonomous machinery were identified in the current
standardization.

The first approach aims to concepts, where machine
carries a sensor system and safety system is contained
within a machine. This allows non-separated working
areas for humans, machines and autonomous machines
to operate in the same area. These concepts are
restricted to indoor applications as the sensor systems
needed are only fit for indoor use.
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The second approach aims to separate and isolate
the autonomously operating machinery and control the
access to working area and monitor other vehicles or
persons in the autonomous operating area. This
approach is for machines working in intensive outdoor
environment.

The third approach aims to rely on monitoring by the
operator. Here the concepts might include some
sensing solutions to detect hazardous situations. When
a problematic situation is detected, the operation could
be  stopped  and  the  control  is  transferred  to  local  or
remote  operator.  The  approach  relies  heavily  on  the
operator’s ability to understand the situation and to
react correctly. The approach is suitable to working
environments where there is low activity and low
likelihood  of  hazardous  situation  and  where  there  is
enough time to alert the operator and transfer
responsibility.

Conclusions Many  of  the  standards  related  to  safety
requirements for autonomous machine systems are still
in draft phase and the current existing standards will
evolve. The standards are expected to become more
precise as more is learned about the performance of the
autonomous systems.

Two main problems in the standardization of safety
requirements for autonomous machinery were
identified. Firstly, there is a gap between the
requirements set in standards and the state of the art in
technology. As standards expect full compliance, there
is  no  gradual  path  to  develop  the  system.  A  fully
functioning system is what standards expect and there
is no room for trying and learning. There is problems
fitting the existing designs to meet the requirements in
standards. Secondly, the standards are for machine
manufacturers. The worksite operators or owners are
not involved. The worksite should integrate the
machines not the other way round. This is also a
challenge for the business case and the benefit that the
machines could offer.

The systems engineering approach presented in ISO
17757 can be considered to be a good guideline to
handle the management of fully autonomous or mixed
fleet operation and earth moving machinery
standardization is widely referenced already.

A major obstacle in the development of autonomous
mobile machinery is and has been the requirements for
sensor systems for detecting humans. As the machinery
is heavy, collisions with the machinery pose the risk of
serious injury and death, which leads to requirements
for Performance Level d [4] or equal system.

Sensor fusion seems to be a good way to approach in
difficult environments, since different sensors have
different advantages and the sensors can compensate
the weaknesses of other sensors.
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1 Introduction

The basic biomedical information on illnesses is
increasing, however, diseases like arteriosclerosis (AS)
is becoming a common cardiovascular disorder among
elderly people, especially in females. It is predicted that
the negative impacts of AS on young people can be
greater than on the elderly people in the long run.
Degenerative changes in the vascular tree have many
causes in addition to the life style. Arterial elasticity
(AE) would provide a direct indicator for cardiovascular
healthiness and predict AS. Photoplethysmography
(PPG), and especially its response pulse wave
decomposition, envelope analysis, and its second order
derivative (SDPPG) opens us to determine the
instantaneous heart rate (IHR) which is used to seeing
on fitness equipment, sports watches, and consumer
heart rate devices.

The hemodynamic responses to the sauna exposure
have specific effects which are not caused by one single
stimulus. The responses, which are caused by the sauna
exposure, can depend on thermoregulatory responses,
age, gender, the circulatory and respiratory system, as
well as traditions related with the exposure time and
temperature of the Finnish sauna [1, 2].

PPG measurement receives interest because of the
simplicity, but the difficulty of adjusting parameters
restrict applications. However, its second order
derivative (SDPPG) opens us to determine the
instantaneous heart rate (IHR) which is 60/(tAn-1-tAn)
where tAn is the nth A peak of SDPPG. The sauna
exposure can be recommended mainly in order to
easier recover after physical exercise, and the various

pain problems. The sauna exposures in long term effect
on the motion system increases arterial elasticity. It
reduces the viscosity of the blood so that blood 
flowseasier and increases diameters of blood vessels 
and the�i�}�]�v�š�•�[�� �u�}���]�o�]�š�Ç�X�� �d�Z���� �/�,�Z�� ���v���� �À���Œ�]���š�]�}�v�� �}�(��
���Œ�š���Œ�]���oelasticity with blood pressure are caused by 
the sauna exposures on healthy subjects. Regular sauna 
bathing is shown to be protective from cardiovascular 
disease [2, 3]. Our vascular system responds to 
interval training, especially by the sauna exposures 
the body to heat alternating between sauna 
heat and normal temperatures, the arteries are 
stimulated to expand and contract.

 

2 Method and Subjects

Accurate determination of start and peak of a PPG
signal plays a central role in arterial stiffness,
instantaneous heart rate, and its variability. For
analysis of four PPG signals correspond to each other
perfectly at a given frequency, as in the case of finger
IR (infra red) and red LED. In PPG technology, the main
difficulty is its quantitative analysis. PPG based on
phase sensitivity technic has proved very good. In our
measurements the light intensities and wavelengths
(red 640 nm & infrared 920 nm) are fixed. The studies
were approved by the ethical review boards of the
Oulu University, University Hospital, and the Finnish
National Supervisory Authority of Health and Welfare
(VALVIRA). Our needs to analyze the signal on a case
by case basis we don’t have the proper automatic
measurement and analysis system. For automated
clinical diagnosis based on PPG would be also
important in the future healthcare.

3. Results and discussion

The heart rate increased almost linearly in many
cased during the sauna exposures. In each case, it is
important to have the same resting period. It would be
difficult that all the subjects arrive at 8 in the morning
to the sauna, and we have no parallel measurement
system.
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