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Abstract: This paper reviews the process of research, development and production of a training
station for the optical recognition of dice parts with machine vision. This approach is chosen due
to the lack of mechanical features to allow for classical orientation approaches. The embossed dots
are about 0.1-0.2 mm deep so it is impossible to design classical traps. The orientation occurs purely
by visual comparison to a reference image, part of the current camera job. The sequence of parts
is controlled by the programmable logic controller(PLC)program, which manages the camera job-
changing process via I/O signals, thus ensuring the right face of the die is captured by the camera
and achieving the right predefined order of the sequence. When the preset number of dice in the
sequence is reached, they are released back to the vibratory bowl feeder by a pneumatic separator.
This way, all dice parts circulate until they are recognized by the camera. There are jobs for each
possible orientation of the dice and also a small HMI where the dice sequences could be adjusted by
the operator(generally students). The main benefit for the students is the opportunity to program
the PLC and to adjust the camera jobs for the detection of each possible orientation. This relies
upon the fact that during the fall from the return conveyor to the bowl feeder, the parts flip and,
thus, change their previous orientation to another side. Experiments are conducted regarding the
probability of obtaining orientation “5” and all the other possible states in order to statistically express
the probability.
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1. Introduction

The aim of the current paper is to provide information about the research and devel-
opment of a training station for the optical recognition of dice parts with six faces with
a machine vision sensor. The idea behind this station is to build a unit that will help
university students experiment with this technology and also with PLC programming
since there are many tasks that could be fulfilled during laboratory exercises. The parts are
made of plastic, so a careful evaluation of the quality is to be performed [1,2]. This would
improve the quality of the automation process. Dice parts are shown in Figure 1 [3].
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Figure 1. Part picture.
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2. Analysis of the Suitability of the Part for Automatic Feeding

In order to analyze the degree of suitability for automatic feeding, a methodology for
quantity assessment, developed in the department of “Automation of discrete production”,
is used [4]. The results are shown in Table 1. The die is a part with a complex orientation
by means of classic orientation techniques due to the fact that all six sides are mechanically
identical if the embossing(the dots) is ignored. Therefore, it is extremely hard if not totally
impossible to orient this part by means of classic mechanical orienting mechanisms (traps).

Table 1. Application of the methodology on the die part.

Degree N Feature Code
I Asymmetry on the external configuration, non-metal part 2,000,000
I The parts do NOT join each other mechanically 000,000
III Equal dimensions on all sides, non-magnetic 90,000
v Non-round, straight 3000
\% Three planes of symmetry 400
VI No central hole 50
VII A hole, lateral to the main axis 0

Part code number according to the methodology 2,093,450

The result is 24, which places the part in category 3, complex parts for automation.
According to the algorithm, it is necessary to perform a detailed analysis of the feeding
capabilities before designing the system. Preliminary technical and economical calculations
are also highly recommended in order to evaluate the potential solution.

The part is also evaluated according to a suggested author classification in Table 2.

Table 2. Part code according to author classification.

# Parameter Value Abbreviation
1 Shape Conical 2
2 Geometry Fully symmetric 4
3 Material Plastic p
4 Mass Lightweight 2
5 Number of stable states - 6
6 Colour Multi-colour C
7 Additional geometrical features No apparent mechanical features for orientation 4
8 Control features (markings) Parts with addit(iio;:logf{[z;};hé?i )information (the 1
9 Category of application Others 8
10 Industry Toys T
11 How complex is the part orientation? Complex orientation 3
12 Design features easing orientation Without any taken measures at design phase 1
13 Is it possible for the parts to entangle? The parts do not entangle 1
14 Are the parts with delicate surfaces? No delicate surfaces 1
15 Is electrostatics an impacting factor? Normal influence by electrostatics 2

In this particular development, the bowl feeder is used for feeding only and no
orientation occurs. In most cases, there are classical mechanical orientation devices(traps)
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that fulfil the orientation process [5-8]. Taking into consideration the mechanical features
and the symmetrical dice part, this is not possible. A more flexible solution is to be found,
allowing more control in terms of image-based analysis for decision making rather than
using mechanical approaches, which are mainly fixed to a single type of part or parts with
a similar shape and/or geometry.

3. Design and Production of the System

Before the actual design takes place, research on the possible devices that could be used
is performed based on the four main tasks that have to be fulfilled—feeding, transportation,
orientation and the escapement (separation) of incorrectly oriented parts. A matrix of some
of the possible variants for mechatronic devices that could perform the predefined tasks is
shown in Figure 2.

Escapement
Feeding t Transportation »  Orientation (sf:paration) of
improperly
T oriented parts
v v v v
VIS EE S Vision Sensor Pneumatic nozzle
Feeder (band)
v - v v A 4
Rotary Feeder Vibratory Linear Sensc_)r for Pneymallc
Feeder markings cylinder
A 4 v \ 4 A 4
Conveyor belt Rotary Index PC-based cqntrol Flap switching
with machine )
(band) Table P device
vision
v A 4
Gravitationally Industiral machine

vision camera

Figure 2. A matrix of variants.

Based on the matrix of variants, a particular variant is chosen for each of the categories:

e Feeding—a bowl feeder since the part is easy for pure feeding (without orientation
involved). All part orientations are acceptable and considered correct.

e  Transportation—a belt conveyor is selected in order to reduce the overall number of
vibrations in the area of the camera and keep the final solution as simple as possible.

e  Orientation—a machine vision sensor is selected due to its versatility and flexibility
(it could be reused for other projects in the university labs with a different mechani-
cal system).

e  Escapement of incorrectly oriented parts—a pneumatic nozzle is selected due to the
ease of use and installation below the camera. There is no mechanical impact that is
considered positive because there is no contact with the parts and, thus, no wearing
on them.

e At this stage, an additional function is determined—the need for an additional es-
capement unit (separator) for the correctly oriented parts. When the sequence of five
parts is ready, they are released back to a returning conveyor that has an opposite
travel direction. A trigger sensor needs to be installed to control the camera picture
triggering at the right moment (when a part is passing under the camera).

Figure 3 represents the 3D layout of the system. The work algorithm is as follows: the
die is fed into a stainless steel bowl feeder. At the output, it is transferred onto a conveyor
belt, and approximately in the middle of this conveyor belt, it is installed a machine vision
sensor, triggered by an optical sensor. By each rising edge of the signal, the camera takes an
image, processes it and compares it to the currently active job and the respective reference
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image. If the inspection result is successful, then no further actions are taken, meaning
that a die with the currently required orientation is found and it needs to be allowed to
continue. However, if the wrong die face is presented to the camera, an output signal is
activated, and a pneumatic valve lets air through the nozzle. The die falls onto the second
conveyor belt, which returns it to the bowl feeder. Next, when the preset number of parts
is arranged in the recognized sequence, the pneumatic cylinder (separator) is released, and
these parts are also transferred to the second conveyor to return to the bowl.

Figure 3. The 3D layout of the designed system.

Figure 4 illustrates the setup process of the video sensor for the camera job related
to “Face 5”. Here, the approach is to use a brightness sensor in order to detect how many
“dots” are there on the surface when the camera is triggered, and an image is taken and
analyzed. In addition to the brightness sensors, there is also a part location sensor in the
top-left corners of the dice, which allows for variation in the position of the dice along the
conveyor band. It is important to note that these sensors are just inspection tools in the
camera software and not physical sensors.

A total of three brightness tools is sufficient to recognize face “5” and ensure all other
faces are rejected. Face “5” is the only one to have a central dot. However, in order to build
a reliable system, additional brightness sensors are also used to inspect two other dots.

These tools have fast execution times, within several milliseconds. The whole image
processing is completed within less than 10-15 milliseconds.

As concluded in papers [9-12], the more general example of the use of machine vision
is with the application bin-picking, where there is a bin of unsorted parts, and a robot picks
them. This area of research is more complex than what is needed for the current project as
all dice parts are perfectly orthogonal to the plane of the vision sensor. Despite the fact that
they are moving, the vision sensor is capable of analyzing the image because the frame rate
is 100 fps.

As it can be concluded from the images in Figure 4, it is easy to detect Face 5, which is
the standard sequence (5,5,5,5,5) only by two points since all other faces lack this combina-
tion. The additional brightness tools are for the further improvement of the system. This
allows for a more reliable workflow and eliminates random inspection errors. The green
circle means that the corresponding brightness tool detects successfully and red means the
opposite. The syn symbol simply represents that it is a brightness sensor.

The control system is based on a PLC XINJE XD3-16PRT-C from Xinje Electronics Ltd,
Wuxi, China. (shown in Figure 5) [13], which has eight inputs and six outputs. It is freely
programmable in the LADDER diagram language as with most PLCs. What is specific
about this controller is that C language blocks are also supported and suitable for math
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algorithms and/or statistical processing. If the machine vision task is only an orientation of
the parts according to a specific face, then a PLC would not be necessary.

Figure 4. Inspection of the dice. The following variants are shown: (a) Face 5; (b) Face 6; (c) Face 1;
(d) Face 2; (e) Face 3; (f) Face 4.

However, in this project, one of the intentions is to also arrange the parts in a specific
sequence (e.g., 1,2,3,4,5) or (5,5,5,5,5). A PLC is needed to change the jobs of the camera (for
the detection of all six faces) and to count the number of parts in the ready sequence. As
the preset number of parts at the escapement (separator) unit is reached, they are released
and returned to the bowl feeder, moving onto the second conveyor belt, which features a
reverse direction of movement.
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Figure 5. PLC XD3-16RT-E.

4. Experimental Research

After the system is built mechanically and electrically, detailed experimental research
is performed. The first test is related to the probability of taking a specific state of the part,
in particular, state “5”. The results from the experiment are shown in Table 3. The test
duration for each trial is 5 min.

Table 3. Distribution of the state “5” probability according to trials.

Trial # Number of Parts Taking Position “5” as Top

20
4
12
16
20
16
12
8
20
4
20

Average: 13.2 pcs/5 min

— 50 ®NoUl W N

Additionally, the analysis results in Table 4 are based on more general tests where all
states are analyzed. The test batch is always 100 pcs. The experiments have been processed
five times in order to achieve more sustainable results, thereby avoiding the influence of
various random factors.

Further experiments could be based on the filter-based algorithm in paper [14], taking
into consideration the inspection of the dice while moving. A further lab task could be
to use measurement tools to perform quality checks of the parts in motion. Optimization
methods could be used in other projects where parts with different dimensions are run on
the same conveyor belt system [15,16], possibly simultaneously. With additional effort, it is
totally possible to build a flexible feeding system that allows multiple parts to be fed at the
same time or in sequences, with a quick change-over between them.
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Table 4. Research experiments #1—#5.

Orientation: #1.1 #1.2 #1.3 #1.4 #1.5 #1.6

Quantity 29 10 16 13 16 25
Probability (p) 0.2 0.1 0.16 0.13 0.16 0.25
Orientation: #2.1 #2.2 #2.3 #2.4 #2.5 #2.6

Quantity 22 12 16 14 16 20

Probability (p) 0.22 0.12 0.16 0.14 0.16 0.2
Orientation: #3.1 #3.2 #3.3 #3.4 #3.5 #3.6

Quantity 16 16 13 14 16 25
Probability (p) 0.16 0.16 0.13 0.14 0.16 0.25
Orientation: #4.1 #4.2 #4.3 #4.4 #4.5 #4.6

Quantity 6 13 8 5 11 7
Probability (p) 0.06 0.13 0.08 0.05 0.11 0.07
Orientation: #5.1 #5.2 #5.3 #5.4 #5.5 #5.6

Quantity 16 14 18 14 16 22
Probability (p) 0.16 0.14 0.18 0.14 0.16 0.22

The real developed system is shown in Figure 6. The picture shows the vibratory
bowl feeder on the left, which feeds the dice parts towards the input conveyor. Once
on the conveyor, the parts are inspected by the camera (Checker 3G1 from Cognex Inc.,
Natick, MA, USA) (there is a combination of a proximity sensor F&C FF403P /D from F&C
Electronics Co Ltd. and a pneumatic nozzle KMS-NOZ-1 (produced by KMS Engineering
Ltd., Plovdiv, Bulgaria) for blowing off). The separator is on the right side of the picture,
and the pure rod of the pneumatic cylinder is directly used. Using special metal guides, the
parts find their way onto the second conveyor and return back to the bowl feeder.

Figure 6. Real system.

5. Conclusions

This paper follows the process of the development of a flexible mechatronics system
that includes mechanical CAD design, PLC programming and machine vision and allows
for the training of university students. Furthermore, various experiments and research
could be conducted. Based on the methods and results, other types of systems could
be developed—for parts inspection, orientation, quality assurance, etc. Machine vision
is a popular research area and combined with PLCs, a lot of advanced and complex
systems could be developed. Results from this material are applied in solutions for various
industries due to the similarity of the used principles.

The future development of this training station may include more flexible changes to the
sequence and also some memory of sequences so they can be loaded quickly (recipe functionality).
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