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Simulation of the Automatic Parking Assist System
as a Method of the Algorithm Development Thinking

Valuma 11, 2017

PETR. COUFAL, TOMAS HORNIK, STEPAN HUBALOVSKY, MICHAL MUSILEK

Abstract - The teaching of algorithm development
and programming should develop not only practical
skills. theoretical knowledge and techniques, but
algorithmic thinking in particular, [1] The ability of
algorithmic thinking can be cultivated through
implementation  of modeling and  computer
simulation of real phenomena into the teaching of
algorithm development not only at universities, but
also at high schools and elementary schools. [2. 3]
The process of complex problem solving leads the
students to implement problem analysis in order to
figure out the given problem. Whole process of the
problem analysis, including its solution. strategy.
algorithm development and crcation of the computer
simulation, is presented in the article in a step by
step form of the case study simulating a real process
- the Automatic Active Parking Assist System.
Computer simulation: of this process is presented by
meang of robotic system LEGO® Mindstorms® and
programmed  in  the integrated  development
environment of LEGO® Mindsterms® NXT-G.

Keywords - Active Parking Assist, Algorithm
Development,  Algorithmic  Thinking, LEGQ"
Mindstorms™, Robot Model, Sensors.

I INTRODUCTION

The ever rising complexity of various educational
aids, such as for example LEGO™ Mindstorms™,
allows teachers to casily include different intricate
real-world systems into the common curriculum,
There is no longer need for a purely theoretical
explanation, that can be substituted by working
lnowledge of the given system.

Enormous progress has been made in the area of
autonomous cars, mostly because of Google sclf-
driving ¢ar preject, which started in 2009 and was
renamed to Waymo in December, 2016, [4] One of
the most important parts i the company
medification of alrcady existing LiDAR. technology

Petr Coufnl, Tomas Homik.stepan Hubaloviky, Michal Musilek are
with the Department of Cybernetics, University of Hradee Kralove
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Light Detection and Ranging), that is mounted on
the car and provides the system with data necessary
for making all the decision regarding the driving,

LiDAR itsclf is a svstem of lasers measuring
ranges from obstacles, which creates preeise
3D model of the given arca. On top of that
Google/Waymo created algerithms that discern
exact type of obstacle {pedestrians, eyelists,
animals. garbage cans. other cars, buses, and so on}
in real time and give the information to the driving
program,

Autonomous cars are the future of all the car
industry, and as such it is important for people to at
least broadly understand the technology behind it
Simulation of a system so complex in school
conditions and on a budget is ncar impossible.
However, there is a direct predecessor called Active
Parking System or Active Park Assist.

Agtive Parking Assist alse takes contrel of the
whole car, yet it happens only during 2 parking
process. When the drover wants to park and the
circumstances are assessed as optimal, the car is
able to exccute parallel parking all on its own. This
system is regularly used by companies like Ford or
Mereedes. [5], T6]

In this paper we introduce a case study
illustrating both construction and programming of a
LEGO™ Mindstorms® model, including problem
solution, and algorithm development of the Active
Parking Assist system, Computer simulation of this
process is presented in visual programming system
for LEGO™ Mindstorms™ NXT-G 2.0,

I PROBLEM FORMULATION

The article shows the possibility of a simulation of a
real-world system within the confines of a school
class, The creation of similarly complex tasks, that
links the World of Work {WoW) with the Inquiry=
Based Learning (IBL), has been traditional at our
department, Cne of the authors was a member of the
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international team in MaSciL project [7] oriented on
connecting WoW and IBL. To imitate the system,
specific problems have to be solved regarding the
features and the limitations resulting from the use of
LEGQ" Mindstorms™ construction set:

- What are the minimal necessary dimensions

of a parking place for the given car model?

- What is the specific construction of the car?

- Which sensors will be mounted on the car?

- What arc the sensors limitations?

- Which algorithm will control the car?

All these questions arc connected, because the
choice of the car construction defines the minimal
dimensions as well ag the positioning of the sclected
sensors. These decisions determine exact form of
the final algorithm.

Parallel Parking with Active Parking Assist

In 2 car with the Active Parking Assist the driver
is in full control of the car until he or she reaches a
parking lot, Then there are several different versions
of Active Parking Assist implementation based on
the given car manufacturing company s well as
particutar car medel. The versions vary in the level
of car autornemy and the amount of driver's
involvemnent in the parking process.

Our version emulates one of the most advanced
variants - the driver completely hands control over
to the Active Parking Assist. which continues
moving forward whilc using side ultrasound sensor
to determine whether there is necessary amount of
space for parallel parking. [8] If such a place is
found, the car itself starts the parallel parking
maneuver., as depicted in Figure 1,

33

Fig. 1 Parallel parking scheme [8]
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jiig PROBLEM SOLUTION

This section demonstrates the actual construction,
analysis of individual problems and possible states
during the parking process and the algorithm itself.
The section is concluded by the flowchart and the
program created in the development environment
LEGO™ Mindstorms™ NXT-G 2.0,

A. Construction af the car model

The underlying construetion of the robotic car
model is based on the enginal instructions for the
"Intelligent Car" created by LEGO" company. The
model is from the sccond generation of LEGO™
Mindstorms™ referred to as NXT (standing for
NeXT) and two construction sets are necessary for
its assembly, 9695 and 9797. [9] The basic design
wag modified and enhanced in order to meet the
requirements placed upon the robotic car model,
The requirements include:

- addition of ultrasonic sensor facing the right
side of the car model:

- addition of the EOPD sensor (Electro
Optical Proximity Detector) facing the right
side of the car model;

- addition of light bulbs as signaling devices
for reverse car movement;

- cfficicney improvement of gears used for
model steering;

- maintaining the model compactness,

The resulting construction complies with all the
requircments.

There were several different reasons for choosing
specifically the “Intelligent Car* model. The design
uses only basic construction scts 9695 and 9797,
The model utilizes wide range of sepsors -
an ultrasonic sensor, a light sensor and two touch
sensors, The interactive servo moters are located in
the central section near the center of gravity. One of
the motors controls direct power rack and pinion
steering utilizing rubber band transfer, while the
other motor procurcs model movement via rear
differential driving axle, Whole model is compact
with easy access 1o the control unit,

B Enhancements mude o the construction

The first model improvement is the replacement of
arubber band transfer located in the steering
seetion. The rubber band was replaced by o set of
two cogr gears while keeping the same transfer rate
1:1, but changing the resulting rotation direction of
the whole steering system, This issue is addressed
by a simple change of the motor rotatien direction in
the contrel program.
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: .90 meotor Modified power -
providing stetring

rack and pinlen stearing

Fig 2 Model chagsis with the modification

Another improvement is located on the right side
of the model. Two sensors were added there
pointing perpendicularly to the car model. In the
back scction between the cab and the rear right
wheel there is an ultrasonic semsor for making
distance  measurements, The EOPD  scnsor
incorporated inte the frent section behind the front
right wheel is used for exact measurement of shorter
distances. Positioning of sensors in these places is
convenient for easy access to input ports of the
control unit as well as for leaving the truck deck
empty for further expansions of the model. These
positions arc also particularly suitable for distance
measuring needed for the Active Park Assist.

Reverse car movement is signalized by a pair of
mutually connected light butbs placed in the rear
section of the truck deck. The bulbs are placed on
the upper side of the deck for better visibility.
however in case of nocessity, they can be moved to
the lower side leaving the whole truck deck empty.
Reverse car movement signalization has obvieusly
ne impact on the functionality of the Active Parking
Assist system, but it is an element strengthening the
connection 1o the real world, i.e. WoW,

Fip. 3 Eshencements made on the medel
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The compactness of the model remained intact
even after 0 many changes and enhancements,
Keeping the truck deck empty and thus leaving the
option for further model expansions was considered
as one of the main goals.,

C.  Sensors

The total number of utilized sensors is six, which is
more than the centrol unit can link. Thus our medel
uscs only sclected sensars. In the rear section there
are two touch sensors, which can be used for impact
monitoring. In the front section there is a light
sensor Jocated so that it can follow the surface on
which the modet is moving, This sensor can be used
tor tracing and following a black line, None of those
sensors was used in the program and remained in
the model as a possibility for future expansion.

Fig. 4  Differcnt types of sensors used in the construction

Ultrasonic sensor located in the front section
measurcs the distance in front of the model.
Analogously the ultrasonic sensor lecated on the
right side along with the EOPD sensor are both used
for measuring the distance from the side of the car,

Incorporated NXT motors can be used as drive
units or as rotation sensors. This feature is used in
our program for the motor propelling the rear
differential driving axle.

Ultrasonic Sensor

The ultrasonic sensor {s based on senar principle
and serves for measuring the distance up to 250 om.
The measuring 15 done by means of an integrated
source of ultrasonic waves, which sends the waves
towards the observed item. The waves bounce back
from the item and return back to the sensor that
meagures the distance based on the time necessary
for the whole process,

The distance values are within the interval of
0-100 inches or 0-250 c¢m. The measurement
deviation is = 3 om Measurement quality is
dependent on the distance, size and material of the
itemy, that refiects the waves. Big items from hard
materials reflect the waves considerably better than
small items from soft materials.
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EQPD Sensor

Electro Optical Proximity Detector (EOPD) serves
for exact measurements of shoert distances up te
20 em. Measuring {s done by an integrated source of
pulse modulated light, which emits light towards the
observed item. The sensor records reflected light
intensity value, which it compares with cstablished
value of background light intensity, which is in our
case the place where the measuring is being dene,

The scnsor makes 350-400 measurements per
seqond, It works in two different modes labeled as
Ix and 4x, which differ in measuring distances and
in possibilities of item detection. The item detection
accuracy depends on its distance, size, shape and
above all the surface structure that reflects the light
back to the sensor,

Unlike the ultrasonic sensor, the EOPD sensor
doesn't work with the time necessary for the retum
of reflected waves, but with the infensity of
reflected light. The raw readings range from 0 to
1024, measurement deviation is 12. From these
readings the exact distance is calculated by the
following formula:

iScole

gistance = — kError

Jrewsensorvraiue
Fig. 5  BOPD Distance Caleulation Formula [10]

In the formula kScale is a constant that sets the scale
of the value and kEmor is a constant defining the
differenice between the calculated distance and the
actual  distance, [10] Quoted values are only
illustrative and the sensor has to be calibrated for
aceurate readings and calculations,

Rotation Sensor

NXT motors can be used as a sowrce of rotation
movement or as a rotation sensor. Motors include
integrated rotation sensor and a scquence of gears,
that have resulting gear ration 1:48. The tum of the
motor ¢an be regulated in degrees, rotations or in
seconds. While using the metor as a rotation sensor
the output values are stated cither in degrees or in
rotations, Positive and negative sipns indicate the
rotation direction,

Other motor parameters, such as rotational
mechanical force, torque meoment and rotation
speed, are directly dependent on battery voltage
powering the control unit.

185N; 2074-1316
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D,  Parameters of the Employed Sensors

The NXT control unit has four input ports for
sensors, which is a Hmiting factor for cur model
incorporating six sensors in total, In order ¢ plug in
all the built-in sensors, or to add other sensors, it is
necessary to supplement the medel with a sensor
multiplexor powered by a separate power source.
Three motor ports on the contrel unit are filied
with 2 motor for mevement, a metor providing the
steering and the third port containg the light bulbs
for signaling the reverse car movement. [n order to
extend the amount of motor ports it is again
necessary to add a multiplexor for NXT metors,

E.  Possible Future Expansions of the Model

The model dosign can be supplemented with more
gengors, which would allow precise parldng and also
expand the amount of different parking methods, In
order to do so, it is necessary to add ultrasound and
EOPD scnsers also on the left side of the model as
well as on the rear side. Such an expansion however
requires use of the aforementioned multiplexors,

Angther option for further expansion of the
model is to use different sensors altogether, e.p.
an aceglerometer, 3 COMPass OF 3 ZyTOscope,

Apart from the model expansion through
addition of more sensors, the optien to fully utilize
the sensors alrcady mounted on the vehicle by
means of the control program enhancement remains.
The light sensor situated in the front section of the
vehicle model allows the car to follow a black iine
on the surface, which can be wsed for fully
autonomous driving in a given arca and subscquent
parking chosen according to the available space.

V. ALGORITIM DEVELOPMENT

An algorithm can be defined as a2 sequence of
instructions describing the procedure of solving
given problem. The gencrally accepted norm for
algorithun presentation is a flowehart. When the
probiem is analyzed and the algorithm is created, it
can usually be wriften in more than one
programming language. LEGO™ created its own
integrated development envireament called LEGO™
Mindstorms™ NXT-G 2.0. In following subchapters,
we will deseribe individual problems and solutions.

A, Analysis of the possible states

Fully autonomous system has to be able to deal
with all the possible exceptions, that can happen
during the course of its exccution. For the
cducational purposes the solution has  been
simplified and certain exceptions have been left out,
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The distance measuring in our model remained
very close to the original. however the parking
process itself is reduced into precisely given steps
that are repeated exactly in the same way. In other
words, where the real car uses external sensors for
precise parking, our model parks always in the same
way, not tzking into account any scnsor data. This
leaves the option for future alteration of the program
with more complex parking procedure utilizing
aforementiencd addition of a senser multiplexer.

The starting point

The beginning of the program exccution is
created just like the real Active Parking Assist. L.c.
the driver amives at the parling lot, sets the car
along the line of already parked cars and then gives
over the control to the computer, In our ¢ase the
model is sct at the starting point manually and then
the program is started.

Identification of an obstacle in front gf the car

While scarching for an empty parking slot. the
car has to continually check, whether there is still
spacc zhead, In reality, the car has te check cither
for a wall. a curb or some other small obstacle that
would prevent the parking process. Qur medel
expects, that the parking lot ends with a wall. With
the use of an input port multiplexer, the froat light
sensor could be checking for a line imitating curb.
In case of an obstacle in front of the car in a distance
of 35 em or less. the car stops.

Measuring the depth and length of a parking space

The car continually checks with the ultrasonic
sensor (or EOPD) distance from the nearest obstacle
on the right side. If there is none or if it is further
than 20 ¢m, it means that the car has encugh depth
to be parked there. From this point, the motor starts
behaving also as a rotaticn sensor counting the
length of the parking space. If the space is long
enough, the car stops moeving forward aleng the line
of parked cars, If there is an obstacle and the
distance on the right side of the model becomes
smalier than 20 cm, the variable counting the length
of the parking space is zeroed,

Parallel parking maneuver

If a parking space big enough for the parking
mancuver is found, the car parks itself. The real
systems are still using the external sensors to cheek
distances on all sides of the wvehicle during the
whole parking process. Our simplified version
jumps out of all the lcops checking distances and
pives control only to the meotors. They are
procedurally svnchronized to park the car in the
sarne way as shown in figure 1.

ISSN: 2074-1316
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B, Analysis gf the robot motion

Move forward

detection:

- front ultrasonic sensor detects no obstacles in
front of the car within the distance of 35 enn;

action:

- the model keeps steering motor centered, while
the propulsion motor moves the car forward;

- the gide sengor is activated and measures the
depth and length of potential parking spaces,

Start counting the length of a potential parking slot

detection:

- front ultrasomic sensor <etests no obstacles
within the 35 cm ahead of the vehicle;

- side ultrasonic scnsor detects no obstacles
within the 20 em from the side of the vehicle;

action;

- the propulsion motor begins to serve aiso as a
rotation sensor storing the parking spot length
valug in a variable.

Parking stot is too short

detection:

- front ultrasonic sensor detects no obstacles
within the 35 ¢m ahead of the vehicle:

- side uitrasonic sensor starts detecting an
obstacle within the 20 cm from the side;

action:

- the variable holding the parking spot length is
zeroed and scarching for the beginning of a
new parking slot starts again.

Paralle! parking
detection:
- 2 parking slot longer than 35 cm is found:
action:
= front and side ultrasonic sensors arc stopped;
- the motor stops acting s a rotation sensor,
- sequence of parking instructions is commenced.

Stop the car, terminate the program
detection:
-~ ne appropriate parking slot detected;
- the front ultrasonic sensor detects an obstacle
ahead of the car in a distance of 35 cm or less;
action:
- front and side ultrasonic scnsors are stepped;
- the motor stops acting as a rotation sensor;
- stop the forward movement of the car;
- write error message "No parking space”.
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C. Algorithm of sofution

The solution of the problem is presented in the
form of a flewchart {shown on figure 6) as well as
ascreenshot of the program itself ercated in the
infegrated develepment environment of LEGC”
Mindstorms™ NXT-G 2.0 (figure 7).

Despite the fact, that it is possible to rewrite the
final algorithm in a form of a flowchart and the
program itself scems to be procedural, in reality the
LEGO™ Mindstorms® NXT-G 2.0 belongs under the
event-driven programming paradigm,

Continupus distance control from the ncarcst
obstacle in front of the car is difficult to represent in
a traditional flowchart. The event of achieving the
set limit distance from the obstacle in front calls
immediate interruption of the program and switch
into the program termination part,

Front Ultrazeunc
Ditonce >= 55 om

Right Side Litrasound
Ditance == 20 ¢m

perkingLangth = parkanglength + motorRotation _

FALSE

soringLangth >= 35 m

TRUL

sutgmatcParking

padinglength =0

"o parking tpace”
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V. CONCLUSION

There is a vide varicty of different approaches for
training and cultivation of algorithm development
thinking of pupils and students.

The paper offered insight inte one of the
possibilities, which is the implementation of
computer simmlation principles of real world
phenomena and processes into the education process
of algorithm development and programming,
Authors deseribed in detail the problem analysis of
an Active Parking Svstem, the problem solution,
strategy, algorithm development and creation of the
computer simulation within the frame of the case
study. Similar examples are incorporated into the
programming cducation at the UHK. [11, 12]

AutomaticParking

Tum vwheols Right 45¢

Move Dackward 13 cm

Tum Whaela Lot 90

Move Dechvend 13 em

Tum wWhae!s Right 43
{contenng of tha whaals)

VRITE

<D

Fig. &  Flowchurt describing the propram solution
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Fig.7  The NNT-G propram for Automatic Parallel Parking
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Absirget: - The article is dealing with programming of a KareINXT robot made from 2 LEGO construction set.
The idea comes from xKarcl programming language, which is a tradivional programming language utilizing 2
virtual robot only shown on a screen. The virtual xKarel programming language was extended by its
implementation in LEGO Mindstorm NXT-G integrated development cnvironment., Real tobots built from
LEGO construction sets use additional sensers (compass, color and ultrasonic) which we incorporated in such a
way as to make possible building of a robot with equal functions to the robot in xKarel programming language.
KareINXT robot built from LEGO construction set is using the control unit in NXT version, In the article we
mention the detailed description of individual robot movement instructions with a deseription of their meaning
and functionality. Finally, we provide a sample program for comparisor.

Key-Words: - Robot, LEGO, Mindstorms NXT, KareINXT, xKarel, Scnsors, Instructions, Programming

Languages

1 Introduction

Specific programming Janguages are addressed in
teaching of programming and when shifting to
robotics it is neccessary to change both the
programming language and integrated development
environment, which can be very confusing for the
clementary sehool pupils, The issue is often being
complicated by the fact that pupils have to leam
everything all over again. To make said shift in
teaching of programming easicr it is convenient to
hamess the programming  similarities, Initial
simulation of 2 robot's movement positively affects
the students® expericnee and makes the work with
real robots less problematic [1.2],

Therefore we interconnect the programming
language xKarel to the robotic construction set Lego
Mindstorms NXT. The aim is to build the robot
from Lego construction set using the NXT contrel
unit that is according to our research [3] one of the
most widespread units in teaching of programming
at elementary and secondary schools in the Czech
Republic. Complementary sensors are utilized by
built robot Karel NXT in such a way it mects
requirements of the robot Karel from program
xKarel.
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2 Construction of KarelNXT robot
according to programming language
xKarel

For proper construction of KareINXT robot from
Lego  Mindstorms NXT  construction  set s
absolutely necessary to understand the way in which
robot Karel is moving in xKarel program, Based on
the knowledge the requircments for both robot's
consguction and feetures are set so that it
corresponds to reality. In the control program a set
of instructions is created to make the robot
controlling analegous to xKarel program.

2.1 Programming language xKarel
According to the experts in programming xKarel
program is a programming language (programming
game) suitable for teaching of structured
programming. The program is created in ANSI C++
using FLTK. library. It is available at Microsoft
Windows®, UNIX® and MacOS® platforms and
localized into Czech and English language, [4]

The aforementioned program consists of two
windows when the first of them is a Toom in which
robot Karel is moving in square ficlds.
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Fig. 1. xKarel development environment

The sccond window represents a  catalogue
designated for running the instructions and defining
or editing procedures for robot Karel contrel. The
catalogue cnables further work with the program.

Roboet Karel is situated in a room in which it is
moving by means of instructions given to it by the
user. The commands for the robot are formed by the
instructions in the menu and the user can gradually
define and broaden it. Having executed the program.
the uger sclects the basic instructions Move, Put,
Take and Turnleft as well as three conditions
fxNorth, IsWall and fsBrick, For creating of
additional instructions (Procedure) is possible to use
aformentioned basic instructions and conditions or
the cycle While and While Not. [4]

Basic instructions are indivisible instructions
that robot Karel comprehends and other instructions
are consisting of,

Move: robot Karel makes 2 step, which means
it moves one square forwards in such direction it is
heading, If it is situated in front of the wall, the error
appears,

Pur: tobot Karel puts down a brick in a square
where it is standing. In case of execeding of the
maximal bricks quantity in a ficld. there occurs the
erTor.

Teke:; robot Karel lifts the brick of the occupied
position. When the brick is not in the field, the error
emerges.

Turnieft: robot Karel turns left 9¢ degrees,
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The conditions are to be used for better robot
control. With the help of conditions we can separate
the instructions that are and are not to be conducted.

IsNorth condition is tracking robot's Karel
heading northwards, if' the heading is correct the
instruction sequence is exceuted. /v all condition {3
considered to be true when robot Karel is standing
directly in front of the wall. In such a sitvation the
robot cannct make amy other step forwards,
otherwise it would hit against the wall. fsBrick, the
third condition, is true if robot Karel is standing ina
field where the brick is located, The conditions can
be improved by using Elsc instruction which helps
the user to conduct the instruction sequence if the
condition is not fulfilled,

In loops we use While Condition {the sequence
of instructions exccuted when the condition is
fulfilled} or Whtle Not Condition {the instruction
sequence for not fulfilling the condition}, One of the
examples of the sequence using /sNorith condition is
ToNorth instruction that is moving the robot
heading northwards before it hits against the wall
and terminates the program with the error.

procedure ToMerth
{Wnile IsWeorth {Move:

Fig. 2. ToNorth program - xKarel
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2.2 Construction
KareINXT robot
Robot model built from Lego® construction set has
to meet the following requirements in a way it
responds robot's Karel behaviour in xKarel
progranm:
+  Scnsor detecting the wall in front of the
robot
*  Scnsor deteeting the brick in a square where
the robot is standing
= Sensor determining the cardinal peints
+ Robot is able to turn 99 degrecs on the spot
« Robot is able to inform about potential error
on its screen
+ Robot is able both to pick and put the bricks
together
For meeting the requirements the space
representing the room for robot’s movement is
cssential, The criteria are as follows:
* The room is divided into square fields
+ The room includes walls
» The room contains bricks
Based on aforementioned  requirements
KarcINXT robot medel was built and room for its
movements was designed,

and programming of

Robot construction

Kar¢INXT robot is built from Lego®
construction st using NXT control unit. The
construction operates parts of 9797 and 9695
cducational kits, In additien there is the compass
sensor, the colour sensor and the carboard brick
feeder, The robot is using two vertically placed
engines for its movement, The bottom part of the
robot's chagsis operates the rubber strip in three
wheels delta arrangement. Strip bottom part of the
chassis cnables it tums in any dircetion on the spot.
The third engine with the help of the rubber wheel
placed on the carboard brick feeder entrance serves
as a tool for collecting and piecing the bricks
together. Above the robot's engines is NXT control
unit, The positioning helps the user to read on-
screen information as well as casily manipulate and
launch the robot. Another undeniable advantage is
the casy availability of all robot's ports, In the raised
platform above the control unit can be found the
compass sensor used for determining the North
Another sensor is placed in the front-lower part of
the robot right in between the engines, The sensor in
question is an ultrasonic sensor for the distance
measuring used for detection of the walls in the
room. I the lower part of the robot, in front of the
cardoard brick feeder entrance, is the colour senser
funetioning 2s a brick detector. For accuracy control
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of the robot’s position a gyroscope sensor is ofien
used, Not even that guarantees cxact 90 degrees
turning of the robot as stated by Dave Riske [5] in
case of robot Karel from EV3 construction set.

Room construction

Considering the size of the robot a room
was created with the help of the duck tape on light
straight pad. Length of the square field side is 30
centimetres. From the child construction set blocks
are built in a way they represent the walls in the
room 50 that it would be possible to built even
irregular tooms. The bricks demonstrate rollers 2.5
cm in diameter and 9.7 cm high with the inclined
edge of 0.3 cm in 45 degrees, The bricks are made
up of hard wood and painted red. The amount of the
bricks in one field is limited by one brick.

Fig. 3. KarcINXT robot construction

Functions of the sensors
The compass seasor

The compass sensor represents an additional
sensor for Lege Mindstorms NXT construction set
from HiTechnic company, functioning for robotic
models navigation, Digitel compass operates with 1°
azimuth accuracy. representing valucs from 0° to
359°, which enables its own definition of the four
cardinal points for a room in any directien, Sensor is
restoring given value 100 times per sceond, It is
working in two modes — reading and calibration.
Compass sensor i3 susceptible to interfering
magmetic field of the engines, Therefore it is Jocated
in a raised spot in the robot’s construction,
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The colour sensor

In other words this is an optieal sesor
making the colour detection of the scan surface
much casicr. Sensor is able to distinguish six
colours (red, blue, green, yellow, red and white)
marking them with numbers or sclected colour
range. The sensor is located in the robot
construction for recognizing red bricks situated in a
ficld in front of the robot,

Ultrasonic sensor

This sensor is based on the somar principle
and serves for distance measurement in 0-250 em or
0-100 inches range with £ 3 cm aecuracy. The
measurment accuracy 18 influenced by the size,
surface, material and the shape of the object which
refleets the wave motion back to the sensor. For mor
accurate distance measurcment the EOPD sensor
can be used. [6] The ultrasonic sensor has been
found appropriate enough for both robot's
KareINXT construction and its requirements,

Robot’s program

KarelNXT robot is programmed in the
LEGO MINDSTORMS NXT 2.0 program that is a
part of the comstruction set, It is a case of
iconographic programming lanpuage in which to
cach active component of the robot the program
block is assigned, In the program block the user can
set particular parameters of the active robot
component, Both simplicity and casy orientation in
the program enable its using when teaching in
primary schools.

Program makes possible the creating of
individual program blocks used during program
making for KareINXT robot. In fact the program
block is a subprogram important for sctting the final
robot operating program,

Easy instructions: Move, Put, Take and Turnleft

Move - In our case Move program block is
testing right from the beginning whether there is a
wall in front of the robot or not. If there is no
obstacle, the robot moves one square field forwards,
whercas after detecting of the wall there s an audio
signal and on the robot’s display therc appears
waming sign “Error, there is 2 wall.”, and the robot
stops meving.

Pyt -Put program block is testing if there is
a brick in a field. When there is no brick, the robot
puts the brick in the field. In such 2 case 2 brick is
already lying in the field, a sound is heard as well as
the warning text “Emor, there is a brick!” is
displayed on the screen and the robot does not put
the brick,
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Jake - From the very beginning Take
program block is taking into consideration whether
there is a brick in a ficld or not. If there is a brick in
a ficld, the robot lifts it up. On the other hand there
is no brick lying in the field, there is a warning
signal and on the robot’s screen there appears a text
saying “Error, there is no brick!™.

Turnigft « Turnleft program block is
answering for robot’s moving in 90 degrees left on
the spot.

Conditions: [sNorth, lsWall, [sBrick

XKarel language syntax offers three
conditions altogether used also for KarelNXT robot
with the help of program blecks, Given program
blocks are functioning as follows:

IsNorth  program  block compares the
obtained value from the compass scnsor with
defined North range {absolute reading 85-95), If the
detected value falls within the defined range. the
robot is heading north and the first part of the
program is being executed, In the opposite situation
it is the second part of the program’s turn,

IsWall program block determines whether a
wall is or is not situated in front of the robot. When
the distance of the obstacle in front of the robot
measured by the ultrasonic sensor is lesser than 20
centimeters, the program block assesses such a
situation as a wall obstacle and the first part of the
program is executed, After detecting of the distance
larger than 20 centimeters there starts the sccond
part of the program for this is a signal meaning there
i3 no wall in front of the robot.

fsBrick program block finds out if there is a
brick in a field under the robet, Using the colour
sensor it compares the colour of the objects located
under the robot. When the red colour is detected. the
brick is under the robot and the first part of the
program starts, When 2 brick is not in a ficld under
the robot, the sccond part of the program is
exceuted.

Both the first and the second part of the
program is defined by the wser in each condition
from the program-block menu.

Cycles

For better robot control are used cycles
operating with aforementioned defined conditions.

While condition and While not condition -
In the first case order sequence is being repeatedly
exceuted for the duration of condition validity
whereas during the second one the sequence is being
exceuted as long as the condition is not valid. To
make the work with the program more transparent
and casier six program block cycles were created:
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WhileIsWorth  program  block  controls
robot's heading to the north, in the positive sitvation
it accemplishes pre-defined order sequence given by
the user. Together with the check of robot’s heading
to the north it is responsible for further program
block repetition.

WhileNot{sNorth program block represents
a negation of While/sNorth program block.

WhilelsWeaif program block controls if there
is a wall in front of the robet. When a wall is
actually found there, the program block starts the
order sequence having been defined by the user and
if necessary it repeats the program block,

WhileNotIsWall  is  a  negation
WhileisWall program block.

WhilelsBrick program -block controls the
pesition of a brick in a ficld under the robot and it
executes given order sequence. As in other
aforementioned cases together with the brick
detection in a field under the robot follows with
further program block repetititon,

WhileNotlsBrick  program  block  is
functioning as a negation of WhilelsBrick program
block,

of

Other program blocks

With the help of all aforementioned
program bloeks the user is able to ereate a program
for KareINXT robot as it would be in xKarel
programming language. In Lego Mindstorms NXT
2.0 is not possible to insert one program block to
another, which means there is no recursive calling
as in xKarel program. Now and then this is found to
be a disadvantage,

We  show  two
comparisen and illustration,

short  programs for

TurnRight (xKarel)
rogedure TurnRighb

Pahe)

Turnlieft

efs

Fig. 4. TurnRight - xKarel

TurnRight (KarelNXT)

Fig. 5.

TurnRight - KareINXT (Lego Mindstorms NXT)
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4 Conclusion

Building beth KarelNXT robot and ity control
program block enables us to interconnect computer
programming teaching with real meodel robot
programming teaching, KarcINXT robot is built
from Lego construction sct using additional
compass sensor and cardboard for brick feeder, The
robot is commanded with given program blocks
desipned  according to  xXarel programming
language syntax, In Lego Mindstorms NXT 2.0
program a sct of program blocks Move, Put, Fake,
Turnleft, IsNorth, IsWull, IsBrick, WhilelsNorth,
WhileNotfs North, WhilelsWall, WhileNotsWall,
WhilelsBrick, WhileNotsBrick was created. Further
program blocks are being made by the students
during rebot programming teaching. We alse plan to
focus on research and comparison of tcaching of
programming  both in  xKarel language and
KarceInXT robot.
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Ahstract; « The article is 2 case study of a specific problem - popular board game Mastermind and its solution
in Scratch, visual ealine programming language. A preliminary version of this paper was presented at APSAC
2017. Emphasis is put on the educational perspective both in the logic behind the solution itself and on the way
the problem can be preseated to elementary school pupils, The article is focused on logical explanation of the
solution and on work with several specific programming elements, like IF-ELSE conditions, data structures and
simple bug hunting feature. The difficulty is suitable for elementary school pupils as a complex task meant for
superior individuals or a group of pupils. It was successfully tested as a small scale preliminary study
conducted on pupils aged between 12 and 15 at an extracurricular group. The results of the qualitative research

are presented at the end of this paper.

Key-Words; - Algerithmic Thinking, Algorithm Development, Education, Elementary Scheel, Masterming
Game Solution, Programming, Scratch, Educational Programming Languages

1 Introduction

The teaching of algorithm development and
programming is no longer a domain of highly
specialized and technically odented high schools
and universitics, but progressively appears at
clementary schools as well. There were some
attempts on children programming languages as far
back as in 1960s, for example KAREL or LOGO
[1]. Both of them are stll used. albeit in a limited
extent. With the sharp increase in the amount of
technology involved in every day life of ordinary
people, the need for teaching of understanding how
the programs work is also heightened and text based
programming  languages are being at  least
accompanied {if not replaced) by visual languages,
such as Blockly, Scratch, Snap! (formerly BYOB),
KODU, LEGO Mindstorms NXT-G, and others.

All these languages are very robust and can be
used for creation of quite complex codes. Following
chapters decal with a solution of board game
Mastermind in Scratch, The solution goes beyond
merely re-creating  the game, because it also
includes an algorithm by means of which the
computer can solve every game of the original
Mastermind  (six colors, four positions) in
maximally ten rounds. Scleoted solution is fully
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explained in chapter three and specific problems are
pointed out from the educational point of view in
chapter four,

2 Problem Formulation
Mastermind is a commercial logical board game for
two playcrs that develops logical thinking, One
player hides a secret code {combination of colors on
certain positions), while the other one is trying to
find it out. Every guess is cvaluated by black and
white pegs indicating how close to the hidden code
it was. Black peg means that the guessing player
guessed a color comrectly and even put it in the
correct place, White pegr means that 2 guessed color
is correet, but it is misplaced. Everything is made
more difficult by the fact, that order of black and
white pegs evaluating the pucss is random and has
no connection with the actual position of colors
within the guess {c.g. 2 white peg on the first place
in the evaluation does not mean, or does not have to
mear, that the color on the first place is comreet, but
should be clsewherg),

The guessing player loses when he or she reaches
the end of the playficld by exceeding given amount
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of possible guesses, There are veriations of the
pame with more colors or positions, and in some
versions it {5 allowed te use one color on multiple
positions, or W use no colored peg at all, thus
omitting a spot within the hidden code, Both the
possibility of multiple occurences of a single color
and ommission of a spot in the secret code are
decisions made by the players themselves, because
these chanpes make the pame increasingly difficult
and at the same time do not require any physical
alteratiens in the implementation of the game itself.
The detailed explanation of the rules including
examples exceeds the scope of the paper and can be
found for example on official website of Pressman,
one of the manufacturers producing the game [2].

Even though the game was invented in early
1970s, it is still an attractive topic for
mathematicians. Every modification of the game
usually requires different approach from the
guessing player and from the scientific point of view
the game was even proved to be NF Complete
problem. [3][4] Mew selutions trying to minimize
the number of necessary rounds are still being
introduced, Donald Knuth proved it is possible to
solve the game in five or less rounds, [4] Temporel
and Kovacs ecreated = heuristic hill climbing
algorithm, that induces new potential guesses with
minimum computation, [S] They stated, that there is
one more aspect, beside the minimal number of
rounds necessary to solve the cede, that should be
minimised, This aspect is the amount of
combinations evaluated before 2 new guess 13
chosen. They assess the fitness of cvery evaluated
combination and each new guess, based on a
relatively simple mathematical formula, must be
consistent with all previous guesses, [5]

It is possible to create even so complex solutions
in Scratch, mainty because of its overall robustness,
which opens new possibilites for further research.
However, it is not advisable to implement so
difficult ideas as examples in real world teaching
practice, All these solutions are not suitable for
cducational purposes and neither are the more
difficult variants of the game. This paper deals with
the original version consisting of six colors and four
positions, where multiple use of the same color is
allowed but emply spots are not. Solutien presented
in following chapter is slow regarding the average
and maximal number of rounds, but it is very
straightforward from the point of view of logic and
requires minimal computational power.
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3 Problem Solution

All the afercmentioned solutions require deeper
understanding of mathematics and an ability of
advanced abstract thinking, Following solution is
intended for pupils at clementary schools in the age
of 12 to 15, Pupils at this age are already able to
think in abstract terms [6], however this ability is
not yet fully developed, The program itself is rather
complex for an clementary pupil, but it is relatively
casy to explain.

The solution was implemented in Scratch 2.0
online. When working with Scratch, it is necessary
to keep in mind certain aspects of the language, as
for variables, There are just general variable and a
simple list. Ancther trait connected with Scratch is
its realization in Flash, Even though Flash is still a
rather robust tool on computers, utter absence of
native support on Android and iCS phoncs and
tables makes it "obsolete” for this particular group
of users. Although it may scem superficial, the
inability to use pupils own mobile phones and
tablets is semething. that should be taken into
consideration when speaking of the cducation
process. [7] This deficiency is only temporary and
the problem will be addressed by Seratch 3,0 haged
on HTML-5, [8]

3.1 Algorithm Division

Compartmentalization of a given problem is one of
the first steps  necessary  for  the  algorithm
development in any programming language, This
skill is also easily wansferable into cvery day life,
since everyone is dealing with more or less complex
preblems on a daily basis. By learning the skill of
compartmentalization pupils are acguiring an ability
to subdivide intricate tasks into more manageable
fragments. This should also be the primary goal in
teaching of programming at clementary schools.
There is no need to turn every pupil whe encounters
programming  at  clementary  school into a2
professional programumer, just as it nonsense to
presume that everyooe whe leams basics of Physics
can and will be a theoretical or nuclear physicist,

The algerithm itsel{ can be very roughly divided

into following steps/categories:

1. Decision of how to store the data (sclection and
naming of basic variables, creation and naming
of necessary lists)

2, Preparation of a new game (erasing all the lists,
sctting il the varizbles on their default value,
random generation of a new hidden code and
initial guess)
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Fig. 1. Overall length of the final program created in Seratch,

. Creation of universal cvaluation custom block
(a process called after every guess that tells the
number of black and white pegs according to the
guess and decides victory or defeat}

4. Enumeration of all the possible decisions (based
on two rows of guesses and their evaluation by
black and white pegs)

5. Addressing  of cxceptions (one  specific
combination of black and whitc pegs and the
possibility of having 3 or even 4 same colors)

6, Addition of graphics (background and colored
dots representing gucsses)

7. Final Calculations (counting number of games

and average rounds within them}

w

3.2 Data Structures and Conditions

The program contains seven lists and sixteen
variables - for standard game caleulations, round
calculations, exception handling. crror notification,
graphical representation and auxiliaries utilized in
computaticns throughout the whole code. From the
point of view of pupils, this is a lot of different and
confusing numbers, but every variable and list has
specific purpose. In spite of full implementation of
alobal and local variable system in Scrateh, it was
avoided and all the variables arc global.

The flow of the program is controlled by four
basic structurcs - loops with counter, repeat-until
loops, IF conditions and IF-ELSE conditions, The
difference between IF and IF-ELSE conditiens is
relatively simple, yet the pupils have hard time
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deciding which one of these they should use under
given circumstances,

The decisions in guessing colers and their order
use following logic - the solver inputs two dets of
one calor and two dots of different color. Six colors
are represented by numbers from I to 6, so the first
line is 1122, If this line has at lcast one hit (either
white or black), the solver inputs four dots with only
color 1 and from there he or she decides what is in
the hidden task. If the first row from the guess has
zero white and zero black pegs, the two colors are
climinated and second line made of just one of the
two colors iy skipped. The process is repeated three
times. Despite having some exceptions, the logic
behind the solution is simple enough to be fully
understood by the pupils after the first explanation.
All the possible combinations are shown bellow.

Table 1. Possible combinations of a two line guess,
Second line made of only one color can be evaluated with
black pegs only and the decision making starts from
there. Black pegs are B, white pegs are W and the
number of them is written before the letter (two black
pegs = 2B),
2™ling  Possible combinations with the first ling
[ 8 08 25 ©B 1B
oW OTW bW 2w W
13 IB IB 1B 02 (8 OB B IB 3B
oW IW OW LW IW 3W W 2w 0w
2R 2B 0B 1B 3B 0B 1B 2
oW 2W IW W IW IW LW
iB 3B 2B 1B 1B
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Fig. 2. Side by side comparison of the game. Graphical visualization is on the right side, whereas hidden
graphics with most of the variables and iists shown is on the left side.

Mesting of [F-ELSE blocks is in this case far
superior to busic [F conditions not only because
when the correct option is found the unhecessary
code scetion is skipped. but also because if the
correct option is not found, the ending section can
terminate the program and write an error message.
‘This error message can be changed in context of the
place where it happened within the program and
thus it can make bug hunting process (= tracing
crrors within the program [9]) much easier,

3.3 Weaknesses of the Algorithm

In contrast with solutions of other authors (see
chapter 2) this algorithm lacks the robustness and
takes a lot of guesses. Where other complex
soluticns get close to four rounds per averape game
and maximum number of rounds is five (sce chapter
2), this solution takes seven rounds in average and
in the most unfavorable case it is ten rounds,
Nevertheless, the algorithm stll manages to beat the
game every time,

Angther weakness lies in its inability to adapt to
more difficult Mastermind versions. Addition of
more colors, more positions or reduction of
maximam rounds before defeat causes the algorithm
to fail and the algorithm does not work,

3.4 Graphical Representation of the Game

Implementation of pgraphical elements into the
program is relatively simple if the pupils understand
the program they wrote, This teaches them that
readability and logical layout of the program really
is impartant. It also shows how boring computation
can be relatively easily furned into a full scale game

ISSN; 2367-8895

217

given just a few simple sprites (2D pictures
representing objects from the game). When they ses
with their own eyes the difference (sec figure 2) and
how difficult it is to create the code part of the
program, they can realize that games are equal part
of graphics and coding,

4 Stressed Educative Elements of the
Solution

The aforementioned solution is a project suitable as
the final program presented at the end of a course.
While creating a project of such a complexity pupils
have to demonstrate deeper understanding of ali the
programming principles they had been learning
throughout the given course as well as the ability 1o
merge them within a single pregram. The teacher
can give the pupils adviee during any of the stages;
however, it is advisable to show how should the
solution work on an exeraplary game, This way all
the pupils can work towards the same goal and can
help one another. The first step in the development
of the algorithm was for pupils to segment the
whole task inte several more or iess independent
sub-tasks, This skill is the most important one for
pupils' every day life. Teaching of programming
presents an opportunity to show students basic
principles of compartmentalization and its impact on
efficiency. It also teaches sequentia]l thinking -
finding the beginning and moving from there in
premediated manner.

Although the program can be created as a single
procedure, the resulting outcome is not legible and it
i3 apt 10 take advantage of the possibility to create
Custom Blocks, The Custom Blocks are almost
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necessary for the Evaluation procedure, but they are
also beneficial for making the program  well
arranged. For the same purpose it is also good to
insist on employment of comments.

The solution of the game needs 7,05 rounds in
average to win the game (based on a cvele of 10 000
consecutive games), but the logic behind it is very
easy to cxplain and presents interesting
opportunitics  for  teaching of  algorithm
development, Even though the amount of possible
decisions needed to finish the game is very limited
{see table 1) pupils must cnumerate all of them,
otherwise the program does not work (or at least not
always). This forces the pupils to think from
different points of view. The pupils have a strong
tendency to crcate a solution functional for the
problem only within current cireumstances, In other
words - if it works now, it will work every time. The
necessity to consider all the possible circumstances
(like different values stored in variables) is not taken
into account and the given section of code is
perceived as unwaveringly correet,

Same problem also creates an opportunity to
show the pupils how to implement basic bug-
hunting tool. After the pupils find out on their own
how difficutt it is to scarch for bups in the whole
program, they appreciate something, that would tell
them cxactly in which seetior: of the program the
preblem cccurs (sec chapter 3.2).

‘When a pupil reaches fully functional algorithm,
he or she can add an option to "re-play” the game as
many times in a row as the user wants. This allows
1o test the solution exhaustively by simply letung it
repeat itself several hundred or even thousand times.
Such 2 loop requires cnormous amount of time in
Scrateh's standard mode, but there is a Turbo Mode,
which "runs the project extremely fast, having
minimal to no wait between blocks.” [10]

Faster pupils can also implement round counter
and ealeulation for maximal and minimal length of a
round occurring during the long refterative run of
the program, Based on these numbers they can also
add calculation for average round length. Since the
Mastermind Game is & complex problem {as stated
in chapter 2}, the pupils are welcome to try and
create their own solution, after they successfully
finish this onc. From this point of view, the creation
of a new program is more of a brain teaser than
purely algorithmic preblem and as such, possibly
only the gifted pupils can do se,

Scratch aiso proved to be robust cnough for
implementation of far more complex solutions for
the Mastermind game created for example by Knuth
or Temporel and Kovacs. These solutions can be
shown to pupils in order to prove that even though
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different selutions may lead in the end to the same
results, but the path itself can be entirely different in
approach, complexity, demands put on the computer
and given programming language as well as in the
overall efficiency of the final program,

5 Preliminary Qualitative Case Study
Further testing was conducted as a small scale
preliminary study with pupils aged between 12 and
15 at an extracurricular group. Extracurricular
groups are voluntary ctubs organized by a school or
some (usually) non-profit organization owned by a
city or a district that offers an option to further
enpage in different areas of interest, With respect to
their inherent mature, resulting groups are usually
non-homogenous and only link between individual
participants can be the subject matter.

The testing group was composed of seven pupils,
two pitls (age 12 and 14), and five boys (age 12,12
14, 14, 15). Since the group is organized by a school
(Elemmentary Scheol Uprkova 1, Hradee Kralove,
Czech Republic), all the pupils were from the same
school. The pupils ranged from 6th grade up to Sth
grade and they differed in their level of abilities,
from slightly below average up to very gifted one
Distinet differences could also be seen in their
attention span, persistence as well as in the overall
way of thinking (way they approached same
problem entirely differently).

The trind showed that understanding of the logic
behind the solution was without any problem. Al
the pupils were able to grasp how the presented
solution works, Determination of steps necessary for
the solution of the problem was skipped by six of
the seven pupils, who just unrestrainedly started to
try putting something together without any prior
consideration or planning. The seventh pupil (8"
grade boy. aged 13, very apt} planned the work
ahead and needed minimal to ne help during the
whole gourse of the work. The abovementioned six
pupils got quickly entangled in their chaotic solution
and had to start over. The steps were identificd
collectively as following: 1, start state of the game
(preparation of variables and/or restart of the pame);
2. random generaticn of a secret code; 3. black and
white pegs cvaluation; 4. generation of a new gucss;
5. evaluation if the game is won or lost.

Even after individual steps were specified, papils
with short attention span and/or low persistence had
a very strong tendency to skip from step to step
without properly completing them. This led to a
massive amount of unnecessary mistakes originating
from unfinished parts of the code. Letting the pupils
work in pairs {except the gifted onc) substantially
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helped, since they comrected cach other's mistakes
and in most cases, they were also able to stay on a
given step until its completion,

Despite overall logical simplicity of the solution,
orientation in a program this vast proved to be a
problem for most of the pupils. A program of such
magnitude proved the pupils how important is 10
divide it into logical parts using Custom Blocks and
how important is to comment individual sections of
code. Also enumeration of all the posible options
when deciding the next guess took & massive
amount of time, as cxpected, and showed how
invaluable can a simple bug hunting extension be.
Nobody was able (or willing) to do the extra work
suggested at the end of chapter 4 for faster pupils
and as such there is no way to cvaluate how usable
are the ideas from the educative point of view.

Another important observation is, that pupils
could not work only with variables and lists, They
all had to immediately transfer the numbers into
visible graphical representations. Also most of the
reasoning was based on the graphical depiction,

4 Conclusion

In conclusion the idex of a Mastermind solution
proved to be partally fit for cducation. Average
pupils had considerable problems with most of the
work and time demands were enormous, As such it
is recommended to use the task only with very smart
pupils who are willing to choose it as a final project
and work on it in their free time. On the cther hand,
if the automatic preparation of the new guess is
omitted, the process of creation of & Mastermind
game {consisting of randomly gencrated invisible
secret code, black and white pegs evaluation and
guessing based on the user input} is an activity
suitable for all the pupils and probably applicable in
regular IT lessons as well, However, deployment in
actual repular class is yet to be tested,
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