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Ewkova eEwpUMou: A snapshot of a visualization of the SARS-CoV-2 viral envelope comprising 305 million atoms.
Image Credit: Rommie Amaro, University of California San Diego; Arvind Ramanathan, Argonne National
Laboratory.

A team led by Rommie Amaro, professor and endowed chair of chemistry and biochemistry at the University
of California San Diego, and Arvind Ramanathan, computational biologist at Argonne National Laboratory, has
been exploring the movement of the virus’s spike protein to understand how it behaves and gains access to the
human cell. Now, the team has built a first-of-its-kind workflow based on artificial intelligence (AI) and has run it
on the Oak Ridge Leadership Computing Facility’s (OLCF's) 200-petaflop IBM AC922 Summit supercomputer to
simulate the spike in numerous environments, including within the SARS-CoV-2 viral envelope comprising 305
million atoms—the most comprehensive simulation of the virus performed to date.

Ewkova eowpUMou: Glycans (dark blue) coat the SARS-CoV-2 spike protein (light blue), which is anchored in the
viral envelope. Credit: Adapted from ACS Central Science 2020, DOI: 10.1021/acscentsci.0c01056
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ABSTRACT

The subject of face recognition has gone through extensive research for the past
three decades. The current thesis examines the URXD project, a pioneering 3D
face recognition algorithm presented in [1]. Recently, synthetic 3D face
generation has achieved a high degree of realism and the idea behind this thesis
is to explore how a state of art face recogniser can benefit from synthetic 3D face
generation. Instead of testing the algorithm with a dataset of real 3D faces
(something that was already done before), this thesis explores the performance
of URxD in a database consisting of 100 computer generated 3D faces. Next, the
results are compared with those extracted from the real faces and several

conclusions and remarks are made.
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1 INTRODUCTION

1.1 Defining the Problem

It is safe to assume that most (if not all) face recognition algorithms are built with
the purpose of being used on real human faces. While this is a fairly reasonable
motive, what will happen if the same recognition techniques are used for
synthetic faces instead of real ones? Imagine a room of 100 people sitting next
to each other. The chances of two people looking alike is low and even if they do,
there are distinct facial features that can uniquely identify each individual. Now
imagine if we ask these people to perform a random facial expression of their
liking. The similarity rate between two people is further diminished, since the
facial expression creates a "noise" in our dataset (for example a different bone
structure can alter the look of the same expression). The same cannot be
guaranteed for synthetic faces. Even if the computer generates faces randomly,
there is still a chance that a random face will be very close to a previously created
face (the parameters might be close). Random facial expressions don’t help
much, because the random generator might choose a similar expression. This is
why face recognition for computer generated faces is a harder problem to solve.

In this thesis, a 3D database of 100 random synthetic faces was constructed with
neutral facial expression. For each face, a random expression was chosen with
random intensity. The entire dataset was given as input to the state of art 3D face
recogniser URXD and signatures were produced for both the neutral and the
random expression of the 3D face. The goal of the experiment is to observe how
successfully can URxD correlate the neutral signature (also called input face) with
the signature of the random expression of the same face (also called query face).

We count the correct matches and try to explain why some of them failed.

1.2 Related Work

Blanz et al. [2], introduced the 3D Morphable Model (3DMM). In this concept,
each face is divided in four segments as seen in Figure 1. Every other face is
expressed as a linear combination of these segments with coefficients. The
recognition stage between two faces is achieved by comparing the coefficients.




Assessing the URxD 3D Face Recognition Algorithm on Synthetic Facial Data - Panteleimon D. Kanellis

In a future publication [3], the same authors expanded upon the 3DMM by taking
a 2D image and creating a 3DMM.

Georgios Passalis et al.[1] developed a face recognition algorithm based on the
Annotated Face Model (AFM). The AFM as seen in Figure 2, is a 3D geometry with
distinctly marked facial features. The AFM is fitted to each face in the database,
producing a unique signature for each face. Comparing two 3D faces is reduced
to comparing the signatures. URXD managed to score over 97% success rate on
the Full FRGC v2 Database containing real faces.

Prototype

Average

Segments

: S(0UT0)
T(++4) T(0000)
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Figure 1: The prototype and the average face are used to generate new faces. The

amount of deformation for each segment can influence the end result.

Figure 2: The Annotated Face Model.
Each facial feature is marked as a distinct area.
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2 CHOOSING A RANDOM FACE GENERATOR

Among the several face reconstruction and synthetic face generation systems,
we chose to explore two of the most prevalent ones: EOS and FaceGen. EOS [4]
is a lightweight library written in C++11/14, and offers functionalities such as face
reconstruction from a 2D image using a 3DMM and camera manipulation. The
EOS source code needs to be compiled and requires additional dependencies.
The results do not meet our quality standards, since most of them have
incomplete and stretched texture maps during the reconstruction.

FaceGen [5] comes in two forms: the Demo version with a friendly interface but
limited functionalities. In order to reconstruct a face from a 2D image, the
landmarks must be placed manually (as opposed to EOS, where the landmarks
are xy coordinates read from a file). Figure 4 describes the landmark placing
stage and the reconstructed 3D face. The standard FaceGen version, the one we
used for the thesis, offers a great variety of tools for image and mesh
manipulation. The program functions with commands written by the user
through a command line.

Figure 4: Manual placement of landmarks in a 2D face image and 3D face
reconstruction using FaceGen.
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3 CREATING A SYNTHETIC 3D FACE DATABASE WITH FACEGEN

A 3D database in this context is a collection of 3D objects in a specific file format.
Several 3D facial databases with real faces exist, such as Face Recognition Grand
Challenge (FRGC) [6], Bosphorus [7] and the Binghamton University 3D Facial
Expression (BU-3DFE) database [8], to name a few.

We shall create our own 3D database consisting of synthetic faces instead of real
ones. For each face, we store an .obj file for the neutral expression (input face)
along with its texture and a frontal and side 2D image. The same face with an
expression (query face) is stored in a different folder, with the .obj file and texture
and a frontal 2D image. The structure for a single face is visualized in Figure 5. A
batch script is responsible for generating the aforementioned structure for 100
faces.

FaceGen offers random values for the following parameters:
Gender, Age, Ethnicity, Asymmetry, Caricature Shape, Caricature Color.

A random face can have intermediate value for a specific category. For example,
the gender of a person might be between male and female. FaceGen provides a
set of 22 facial expressions with intensity that can be given as a parameter by the
user. In this work, both the expression and its intensity are chosen randomly.

In order to generate the database, we must first understand the workflow of
creating a single face with FaceGen. Figure 7 briefly describes the workflow :
FaceGen depends on the 3DMM concept and as such it includes a set of average
faces called csam. For our purposes, we choose the animate csam to include
expressions. Every other face will be generated as a linear combination of the
average face. The shape of the average face with fixed topology is stored in a
Statistical Shape Model (SSM), represented by the .EGM extension. The Statistical
Color Model (SCM), stored as a file with .EGT extension, describes the mean
texture map. In order to use a csam file, we need facial coordinates (included in
a .fg file). These coordinates combined with the EGM and EGT will transform the
average face and will output the base geometry corresponding to the new face
(.tri file, which can be easily exported to .obj).

10
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Figure 5: The structure of the database for a single facial mesh.

(a) (b)

Figure 6: Random faces created by Facegen.
a) Neutral expressions b) Random expression with random intensity

4 UNDERSTANDING THE URXD WORKFLOW

Before we test our newly created database to yield recognition rates, it is crucial
to understand how the state of the art 3D face recognition system URXD works.
The source code of URXD (consisting of 72 projects) was modified and recompiled
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from scratch, in order to be able to run in modern x64 machines. In total, 55 total
executable programs were produced, but we will only need two of them in order
to run experiments. The workflow mentioned below was also implemented in a
database consisting of real faces, solely for comparison purposes.

Fimgen takes as input the 3D faces of the database, performs a registration,
alignment and fitting process, and outputs a unique signature of each face with
fixed size (121 KB). As seen in Figure 7, the program is parametrized by a
configuration file (config.ini). Inside config.ini, we specify the Annotated Face
Model that will be aligned and later wrapped around the 3D face in the alignment
and fitting process respectively, in order to create the signature.

Simutil collects all the fwv files produced by fimgen and creates a NxN similarity
matrix , where N is the number of fwv files. In this thesis, N is 200, since 200 faces
(100 query plus 100 database faces) in the FaceGen database produce 200
signatures with fimgen. A similarity matrix contains the names of the signatures
as rows and columns and each cell describes how similar two signatures are. An
example similarity matrix is seen in Figure 8. The cell located in the first row and
third column, suggests that the distance from face 001 to face 002 is 234.296.

config.ini

A
fi
mgen % see fWV

001.obj.fwv 100_60.0bj.fwv

001.0by 100_60.0bj

Figure 7: Fimgen workflow.
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ool 001 68 002

001 © 135.637  234.296
001 68 135.637 0 253.699
002 234.296 253.69% 0

Figure 8: Similarity matrix.

5 FACE RECOGNITION WITH URXD

A similarity matrix alone is not enough to extract recognition rates. A Python
script was created to interpret the similarity matrix visually, by counting the
correct results and outputting a graph. The results seen in Figure 10, are
represented in Cumulative Match Characteristics (CMC) curves. In machine
learning, a CMC curve is a method of showing the performance of recognition
precision for each rank. Table 1 aggregates the success rates for each available
sas file for the two databases. A sas file represents an Annotated Face Model that
will wrap around the 3D face in the fitting phase.

Table 1: URXD success rate (%) for different sas files

sas file FaceGen BU-3DFE
half face 67 91
mean_face 43 91
quarter_face 38 91
slim_face2 40 20
slim_full_face2 42 91
slim_full face _bones 42 91

13
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Figure 10: CMC curves for the BU-3DFE (left), and the FG database (right) for each
available sas file

6 DISCUSSIONS AND CONCLUSIONS

As seen in the previous chapter, URXD has a low recognition rate for artificial
faces. Despite the innate difficulty of identifying faces that have similar shape and
texture, another culprit is the registration phase. Many faces (and that only
happened with the FaceGen DB), were extremely rotated in the registration
phase and as a result, the corresponding procedure tried to fit the AFM into the
rotated face, and the algorithm produces a distorted fwv signature. Figure 11
depicts this phenomenon. An attempt to counter this effect was to rotate
manually a face along a certain axis and then provide the rotated face as input
for fimgen This process is described in Figure 12, but fimgen is very sensitive to
rotations and a definitive rotation value and axis orientation is difficult to achieve
for each face.

14
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Figure 11: Incorrect registration phase of fimgen.

Figure 12: Fimgen results on the same 3D face
a) produced by FaceGen without any transformations
b) manually rotated 30 degrees on the Z axis
c) manually rotated 30 degrees on the Z axis and -12 degrees on the X axis

6.1 Future Work

Below we present a few methods that might improve the recognition rate of
URXD:

1. Take into account the texture map. The fwv distance along with the
colour of the face can improve the recognition rate of the algorithm and
help reevaluate failed identifications. Apart from the shape of the face,
the fwv signature can contain additional information about the texture of
the face, which means slightly larger signatures. If this technique

15
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increases the running time significantly, it can only be used to clear up
ambiguities regarding the identity of the face.

. Higher resolution AFM. In this thesis, URxD was run in a 5 year old

moderate laptop with 30-35 seconds for each face (in debug version; a
release version is faster). A modern day computer can reduce the
running time at least by half. Subsequently, the resolution of the AFM can
be increased, so that more details can be captured. This method can be
combined with the technique proposed in [9]. This technique takes
advantage of the symmetry of the face and the half AFM mask can have a
higher resolution.

There is another area where the current thesis can be applied to, one that saw a

big rise in the last 10 years: Neural Networks and Machine Learning. The

advancements in processing power gave the opportunity for face recognition

algorithms to step into the area of Neural Networks. It would be interesting to

witness how such a synthetic database could be employed, e.g. for training a

machine learning face recogniser.
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Etoaywyn otn Oewpia Mntpoeldwy - MepkoUpng MamaptyanA
ELoaywyn otn Oswpia MntpoeLdwv

MepkoUpng MamapiyanA

NEPINHWH

2TNV TITUXLOKN Epyacia TapoucLldcape Pla eLoaywyn otn Oswpla Mntposldwy
peoa amd kamola Baclka amoteAécpata tng BLBAloypagpiag. MeAetoape tnv
évvola tng aveEaptnolag, pEow tNG SLAKPLTAG SOMNG Tou PuNTtpoeldoug. Etdape
WG N avegaptnota sppaviletal otn Oswpla Mpagnudtwv kat tnv Mpapukn
AAyeBpa kat Ba amodei&ape KAToLeG BEPEALWSELG LELOTNTEG TTOU gU@aviouy ta
avegapTnTa OUVOAQ. XTIN OUVEXELD, QELWHPATLKOTIOLNOAUE TLG LSLOTNTEG
SLatumwvovtag  SLAPOPETIKEG Sopeg aveEaptnolag 1 avamapaotdoELg
pNTposldwy Kat arodei&ape tnv Looduvapia touc. TéAog, eEetdoape tn ouvdeon
TWV PNTPOELSWV HE TpoARata BeAtiotomnoinong Omou oploape ToV ATTANCTO
aAyopBpo. Ekel amnodei&ape 0tL n BeAtiototnTa TOou aAyopiBpou eEaptatal amnod
Tov BaBbuo, ou n eloodog tpooeyyilel TNV opyAvwon Tou PNTPOELSOUC.

Ogpatikni Meproxn: AtakpLta Mabnpatika

NEEeLg KAELSLA: pnTpoEldeg, ypauplkn ave€aptnola, AmAnotog aAyoplbuog,
SLAKPLTEG SOEG, BeATLoTOTIOINGN, YPAUMLK AAYERpPQ, Bewpla ypapnudtwy

EMNIBAEMQN

Ztavpog KoAALoTtouAog, Kabnyntrg EKMNA
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1 EIZArQrH

H @swpla Mntpoetdwv eLorxOn amo tov Hassler Whitney to 1935 [1],[2],evw eixe
avakaAuBel apaAAnAa kat avegdptnta, amo tov lanwva pabnuatikd Takeo
Nakasawa [3]. Zto dpBpo tou o Whitney éSwoe ta aflwpata ave§aptnotag Kat
OVOHAaOoE OTIOLASHTIOTE SOMI) TIOU LKAVOTIOLEL auTd ta aglwpata, Pntpoeldeg. H
KEVTPLKNA TOU Ttapatrpnon rtav 0Tl autd ta aglwpata TTapexouV Pla agaipeon
NG €vvolag tng avegaptnolag mou epgaviletal T0oo ota ypagruata, 6co Kat
oToug Tiivaked. EE attiag autol peydho koppdtL tng opoAoylag, 6Twg Ba Solpe
KaL apyotepqa, TIPOEPXETAL amd TNV Oswpla Mpa@nudatwv kKat tnv Fpappkn
AAyeBpa. ‘Evag aM\og omoudaiog epeuvntrg o€ autrh tnv TepLloxrn umhpée o
William Thomas Tutte, o omolog eypade Eva amo ta mpwta BLBAla otnv Bcwpla
Mntpoeldwv (1971), wg pla cuMoyr] StaAéEewv tou ouyypawéa otnv RAND
Corporation to 1965. TéAog, TNV ouvdeon HeTagl Otwplag MnTpoeldwy Kat
BeAtiotoTmolinong, tnv xpwotdue otov Jack Edmonds [2], o omtolog €6¢L&e OtTL éva
HNTPOELSEC PTtopEL va opLlotel alyoplBuLKd, amd TNV AANoTo alyopLlOuo Kat o
HLO OELpd epyaclwV Slepelivnoe TLG OXEOCELG AQVAPESA OTA PNTPOELSH Kal TNV

TIOAUES LK) CUVSUAOTLKN [4].

1.1 Zxetwkn BiBAloypayia

Ztnv eMnvowvn BLRALoypagia dev uttdpyel KAToLo eloaywylko BLBAlo otnv
Oswpla MNTPOELSWY, TOUAAXLOTOV KATA TNV yvwon Tou cuyypagea. KAToLEG
avagopeg otnv Oswpla Mntpoeldwy pmopel va Bpel kKavelg ota ALakpLTEG
Mabnuatikég Aopéc ylwa tnv Emotiun YmoAoywotwv [5] kat otnv eAANVLKN
petagpaon tou Introduction to Algorithms [6],[7]. Map’ 6Aa autd, €xouv ypagsl
TANB0o¢ epyactwv otnv EAANVIkr yAwooa pe Bspa tnv Oswpla Mntpoetdwv.
AVaQEPOUPE OXETLKA TLG OKOAOUBEG SumMAwpatikeg epyacieg 891011 kat tnv
Slaktopikn StatpPry tou ABavdciou Koutowva [12]. Map’ 6Aa autd, ot
Tapanavw epyacieg eEeTalouv KATIOLEG TIAEUPEG I ATIOTEAECPATA TNG Oswplag

MnNTPOoELSWVY, KaL 8V £XO0UV 0AV OKOTIO TNV ELOAYWYN OTO AVTLKELHEVO.

Y& QUTO TO TAALOLO €pyETaL N TIAPOUCA EPyacia WOTE VA CUPTIANPWOEL TNV
uttapxouaoa BLBAloypaia pe pa Eloaywyr) otnv Oswpia Mntpoeldwy, yla tnv
EAANVIKN yAwooa. H epyacia ameuBlvetal o€ TPOTITUXLAKOUG QOLTNTEG TNG
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Emotpng  YmoAoylotwyv kKat  Ttwv  Mabnpatikwy, oL otmolol  €xouv
TIAPaKoAouBrnoeL KAmolo padnua Atakpltwv Mabnuatikwv. Aev amatteltat
TipoUTapxouca yvwon Oswptag Mpapnudatwy 1 Fpappkng AAYeBpag, a@ou OAEG
oL amapaitnteg evvoleg opillovtal €K VEOU. ZKOTIOG TNG epyaciag slvat va
TIAPACYEL OTOUG EVELAPEPOPEVOUC BEPEALWSELG EVVOLEG KAL OPLOUOUG, WOTE va
SLEUKOAUVETAL N avAyVwon €EELOLKEVPEVWVY EPYACLWVY 1] CUYYPAPHATWV.

KUpLeG TINYEG yLa TNV tapouoa epyacia slvat ta eLoaywylkd cuyypauuata otnv
AyyAkny YAwooa, Matroid Theory [1] Tou Auotpaloapeptkavou James G. Oxley
kaBnyntr oto Louisiana State University kat to Topics in Matroid Theory [2] tou
kabnynt) tou AplototéAelou Mavemiotnuiov ©Oegocalovikng Aswvida Z.
MtooUAN. ZTnv Sopn TN apouciaorg pag 6a akoAoubricoupe to [2]. Map’ dAa
auTa, TTOAAEG amodei&eLg, ponABav armo to [1].

2 KYPIA ANNOTEAEZMATA KAI NAPATHPHZEIZ

2TNV TITUXLOKNA €pyacia KLvnBrKAapE ETMaywyLKA TIPOG TOV 0PLOPO TNG EVvoLlag Tou
HNTPOELS0UG. ZEKLVAOAUE PE TNV aVaPOPA OE KATIOLOUG OTOLXELWSELG OPLOUOUG
KatL Tmapatnpnoesls. Eidape tnv ep@dvion tng avefaptnolag ota &don
YPOPNUATWY Kal OTa YPOPPLKWG aveEdptnta olUvoAd SLavuopdtwv. ZInv
OUVEXELQ, CUYKEVTPWOAE TLG TIAPATN PN OELG Jag o€ cuothpata aflwpudtwy. Etoy,
oploape SLAPOPETIKEG avaTAPAOTACEL PNTPOELSWY, OTIOU atodelkvuovTal
Lo0SUVAEC. TEAOC, TIAPATNPOUKE TNV CUVSEECN TWV PUNTPOELSWV HE TIpOoBArpata
BeAtlotomoinong. Ekel opiloupe tov AmAnoto aAlyoplBuo kat Ssiyvoupe evav
QAYOPLOULKO XaPAKTNPELOPO yLa TA UNTPOELST).

2.1 ALaKpPLTEG ZUVAPTHOELG Kal YTIOPETPLKOTNTA

H kevtpkotepn, Lowg, Evvola Tou €LorXOn OTO TIPWTO KEWYAAALO TNG TITUXLAKNAG

gpyaciag elvat autr tng UTOPETPLKNG ouvaptnonct. Onwg Ba Soupe otnv

1 ZTnVv MTUXLaKn epyacia akoAouBroape tnv Peta@paon tou Mewpylou ZtaboTouAoU yLa Tov
opo submodularity 9.
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OUVEXELQ, N OUVAPTNON TIOU avtloTolxel Og €va OUVOAO TO MEyEBOG TOUug

HEYAAUTEPOU AVEEAPTNTOU UTIOCUVOAOU TOU £lval UTIOPETPLKT).

Oplopog 2.1.1 Ymouetpikdtntag (Submodularity). Eotw Q €va TEMEPACPEVO
olvoAo. Eotw, emiong pLa cuvdptnon amo to SuVapooUVOAO Tou Q OToug
Tpaypatikolg aplbuolg, f @ 2% - R. ©a Aépe o6t n f elval umopeTpLkn
(submodular), avylta kaBe X €Y katx € Q\ 'Y, LoxVeL:

fXux)—fX)=f(Yux) — f(Y), VXCYCNxeEN\Y (1)

AnAadn, n a&la mou maipvoupe TpooBETOVTAG TO X OTO TILO «ASELO» GUVOAO X
elvat peyaAutepn, amd To va TPocHBECOUE TO (810 X OTO TILO «KOPECHUEVO» GUVOAO
Y. AtoSelkvUETAL TTWG LooSUvapa PTIopoUlE va xpnotpoTtiotrjooupe avti tng (1),
TNV akoAoubn oxéon:

FO+FTM)=FESUT)+F(SNT), vX,yco (2

2.2 MapatnpnosLg otnv Oswpia Mpapnpatwv Kat tnv Fpappikn AAyeppa

210 8eUTEPO KEPAAALO TNC TITUXLAKAG akoAouBrioape tnv mapouciacon tou [2].
Katarmiaotrkape pe U0, patvopevika EEva, Tedla tTwy pabnuatikwy, Tnv Oswpla
pa@nudtwy Kal Toug ALavuopatikoug Xwpoug. ‘OTwg Ba So0UUE OTNnNV CUVEXELQ,
o€ auta ta duo edla onuavtkoé poio mailel n evvola tng avetaptnoiag. ©a tnv
OUVAVTAOOUE 0Ta §evtpa Kal ta §acn otnv Oswpla MNpa@nudtwy, OTIWG Kal ota
oUVOAQ YPOAPHLKWG AVEEAPTNTWY SLAOVUCHUATWY OTOU ALaVUOHATLKOUG XWPOUG.
Kabwg mpoxwpaps, Ba pag avartuyBet n Staitobnon mwg mapd TG SLagopeg Toug
oplopéva Bewprjpata Statumwvouv tnv (dla pabnuatik) aAnBela, amAd o€
SLAPOPETIKEG YAWOOEC. ETOL Ba €XOUME TIPOETOLUACEL TO €86APOG WOTE OTNV
OUVEXELA VA APOOUE TIOW HAG TLG ELSLKEG TIEPLTITWOELG KAl Ba ETILYELPIOOUME

va SLATUTIWOOUE EVav YEVLKOTEPO 0pLopo NG aveEaptnoiac.

Méoa amod TLg TTapatnpnoELg Pag, Snuloupyeitat n evtlmwon Twg N €vvola tng
YPAUHLKNG avegaptnotlag og SLaVUOPATIKOUG XWPOUG «PoLadely PJE TNV LSLotnTa
TNG AKUKALKOTNTAG o€ ypagrpata. Elval yvwotd mwg éva akukAo utoypagnua
ovopddletal kat 8doog (forest). ‘Onwg Ba SoUpe TAPAKATW, TA YPAPPLKWG
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avegdptnta cuvoAa potpadovial Pe ta 8dan €vog ypagruatog tnv Istotnta
Ertavgnonc.

Oswpnpa 2.2.1 Iétotnta Emavénang (Augmentation Property). Eotw €va ypagnua
G. @swpoupe Vo 8don Fi1, F, pe |E(F1)| > |E(F2)|. Tote Ba umtdpyel KATIOLA OKWN
e oto E(F1) \ E(F2) tétola wote to F2 U e va sivat Sdooc.

Opolwg PTIOPOUME VA OKEPTOUME KAl yld CUVOAQ YPAMMLKWG aveEdptntwy
Stavuopdtwyv  €vog  SLavuopatikol  Ywpou. lMpayuat,, Bewpnote €vav
SLaVUOPaTLKO XwWPo V Kat 8U0 GUVOAA YPAMMLKWE AVEEAPTNTWY SLAVUCHATWY X1,
X2, TOU V, pe |X1]| > [ Xz], TtotE Ba untdpyel Avta Kamolo Sltdvuopa x oto X1 \ Xz
TETOLO WOTE, AV TIPOOHECOUPE TO X OTO Xz, Ba €XOUPE TIAAL €va YPAMPHLKWG

aveEdptnto cuvoo.

AkolouBwvtag tnv ouvéeon petagl  ypapulkng aveEaptnolag  kal
OKUKALKOTNTAG, YVWPLLOUUE TIWG VA HEYLOTO AKUKAO ypdpnua ovopddletal §doog
emkaAuyne (spanning forest). YmevBupiloupe, emiong TwC oL PACELC €VOC
SLavuopatikol Xwpou elval akpLBWG Ta HEYLOTIKA YPAUMLKWG avegaptnta
OUVOAQA TOoU. ATTOSELKVUETAL TIWG TOCO Ta AN EMKAAUYNG, 000 Kat oL BACELG
€VOG SLAVUOPATLKOU XWpou potpdadovtal Tnv I§totnta tng avtalayng.

Oswpnpa 2.2.2 [66tnta Avtaldayrig (Exchange Property). Eotw €va ypagnua G.
‘Eotw, entiong, uo daon ertkaAudng Fi, Fo. Tote Ba uttapxeL kamola akun f1 tou
F1 kat kamota akpr f, tou F2 tétola wote to utoypagnua (F1\ f1) U f2 va eivat

8A00¢ MKAAUYNC.

EVTEAWG, CUPPETPLKA KAl avTLkablotwvtag ta §aon emkaAuPng Pe BACELG EVOC

SLavuopatikou XWwpou, EXOUHE TNV avtiotolyn sLtotnta otnv pappikr AAyeBpa.

Mévovtag otnv (6la avtiotolyia, e@pdoov exoupe Bswprosl ta &Acn WG
aveEdptnta (Ttap’ 6Ao Tou eV £XOUPE TIPOXWPNOEL OE €vav auotnpd 0pLopO),
TOTE Ta EAAXLOTLKA €EapTnpeva ypagrpata Ba eivat kUkAot. ‘Etot, amodelkvuetal
TIWG TOOO OL KUKAOL, OCO KAl TA EAAYLOTLKA YPAUULKWG €€aptnueva cUVOAQ

SLavuopdtwy SlaBEtouv TN LELOTNTA TNG AmaAoLPn.

Oswpnpa 2.2.3 Isidtnta Amadowpric (Elimination Property). Eotw €va ypagnua G.
‘Eotw, emtiong, V0 kUKAoL C1, Co, pe C1 SLaopeTikd Tou Co. OEwpPOoUE, eTiiong va
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uTtdpxeL KAmoLa kown akpn e twv Cq, Co. Téte to ypapnpa (C1 u C2 ) \ e eivat
€vac KUKAo¢C tou G.

Opolwg, OKEPTOUAOTE KAl yla €AAXLOTIKA YPAMUMPLKWG €Eaptnuéva oUVoAa
Stavuopdtwy, otnv Mpaupikn AAyeBpa.

TTnV ouvéyela eotlaloupe otov Babuo (rank) evog ypa@ruatog Kal VoG GUVOAOU
YPOUULKWG aveEdptntwy Stavuopdtwy. Ewdikotepa, Ba Aéue Babud r(G) evog
ypagruatog G, To peyebog evog §AcoUG ETILKAAUYNG Tou,

r(G) = |E(F)], émou F éva 8§a00¢ eTkaAUPng tou G

ETiLITAE0V, O€ €va TIETMIEPACHEVO CUVOAO YPAUMLKWE aveEAPTNTWY SLavuoudtwy S,
ovopdaloupe Babpo r(S) to péyebog Tou PeEYAAUTEPO YPAPMPLKWG aveEdpTnTou

UTTOGUVOAOU TOU.
r(S)=|T|, &mou TCS, T ypappkwg aveEaptnto

Toco o PBabpog evog ypagruatog, 00O KAl €vOG OUVOAOU SLaVUCHATWY
polpdalovtal KATIOLEG TIOAU CUYKEKPLUEVEG LBLOTNTECG. ELSIKOTEPQ, N cuvaptnon
BaBpou sivat uttopetpikr (submodular). Alvoupe TTapakdtw POVo TLG LELOTNTEG
TNnN¢g ouvdptnon Pabuou o€ ypanuata.

Oswpnpa 2.2.4 1516tntec Zuvaptnang Babuou. Na eva ypagnua G n cuvdaptnon

Babuou tkavoToLel Ta Mapakdatw:

EUpog typwyv tng ouvaptnong, 0 < r(G) < |E(G) .

Atéouoa auvaptnon. Na H Sur G, r(H) < r(G).

Yrmopetpikotnta. Eotw dUo uttoypanuata H, K Syn G, TtoTe LoYVEL:

r(HUK)<r(H)+r(K)—r(HnK)

2.3 IcoduvaporL OpLopoil MntpoeLdoug

OL TTapatTnpPrioELg TTIOU KAVAUE TIPONYOUHEVWG PG ETILTPETIOUV va aveBoUpE Eva
enimedo agaipeong. ©a OvVOPACOUME TA QvIlkelpeva pe ta orola Ba
aoxoAnBolpe pntposldry (matroids), ta omoia Ba oplooupe pévo péow Twv
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a&lwpdtwy Tou Ba utakouv. Eva puntpoeldeg pmopel va KwSLKoTIoLEL lte Eva
oUVOAO SLavuopatwy, €T TO OUVOAO TWV SEVIPWVY €VOG ypawnuatog, elte
OTIOLOSATIOTE AAAO PABNUATLIKO AVTLKE(PEVO 0TO oTtolo Ttapouactadetal n evvola
NG aveEaptnolag. ©a SoUuE OTL O€ Eva PNTPOELSEG EpavidovTal OL EVVOLEG TWV
Bdoswv, TwV KUKAWPATWV (BA. KUKAOL o€ €va ypdgnua), aA\d kal o Babuoc.

MdAlota, 6a avakaAUPoUPE TIWG QUTEG OL €vvoleG elval aAAnAE€voeTec.
ATIOSELKVUOVTAG OPLOPEVEG LELOTNTEG YL KABE pLa TOUG, Kal avaydaywvTtag Teg o
alwpata Ba 0dnynboupe o€ SLaWYOPETLKOUG, AAAA LoOSUVAHOUG, 0PLOPOUG EVOG
HNTPOELS0UG. ZTO TIAPOV KEWYAAALO Ba S0UE TECOEPELG TETOLOUG OPLOMOUG. Ta I-
Untpoeldn, ta omola Bacilovtal otnv évvola tng aveEaptnolac. Ta B-untpoetdn,
ta omola Pactfovtat otnv évvola NG Baonc. Ta C-untpoetdr, ta omola
Baoifovtal otnv €vvola Tou KUKAWPATOG. Kal, TEAoG, ta r-untpostdy, ta omola
BaciCovtaL otn ouvdptnon Pabuou. OL TEPLOOOTEPEG aATOSELEELG TIOU
TIAPOUCLACTNKAV OTNV TITUXLAKN Epyacia Tipoépyxovtal aro to [1].

2.3.1 Ave&daptnta ZUvoAa

ZEKLVAE PE Evav apnpnpEVo opLopo Tng avegaptnaotag. Apou Sev KAvoupe Kapia
Ttapadoxn yla ta otolyela mou xapaktnpiloupe aveEdptnta, Ba Bswpricoupe Eva
apnpnuevo memepacpévo olvolo E. Tnv avefaptnola, emi tou E, ekppddel to
oUVoAo |, To oTolo opideL tola otoLyeia amo to E elval ave§aptnta petagu toug.
Map’ O0Aa autd yla va elval cuvemeg to | Ye tnV SlaloBnon Tou pag €xeL
dnuloupynBel yia tnv avefaptnola amaltoUpe va UTIAKOUEL GE OpLOPEVA
aLwpata. To cVVoAo E, pall pe tnv opydvwon tou |, Ba armoteAoly Eva cuotnua
avegaptnolag. ‘Eva puntpoeldeg Ba elval éva cvotnua ave€aptnotag, oto omolo

ATIALTOUPE Va Loy UEL N LELoTNTa enavénonc.
Eldkotepa, Slvoupe Toug akdAouBoug opLopoUG.

OpLopog 2.3.1 Zuotnua Aveéaptnoiag. Eotw €va memepacpevo cuvolo E. Eotw,
eniong, gla cUANOYr cUVOAWV amod To E, IS2E, ©a Aépe dtL n Sudda (E, 1) = S elval
éva ovotnua ave€aptnoiag (independece system), av umtakoUeL ota €EAC
a§lwpata:
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P El
Avlelkal' €I, totel’ €.

Omnwg elmmape, TO MPNTPOELSEG €lval pLa  €L8LKN TEPLTTWON CUCTAPATOG
avegaptnolag, 6Tou agLwPATLKOTIOLOUE TNV sLdtnta emavénong.

OpLOpOG 2.3.2 I-MNTpoctdéc. EoTw €va cuotnua aveEaptnoiag M = (E, 1). ©a Aépe
OTL To M &lval éva I-untpoeldec i amAd untpoeldéc (matroid), av kavottolel
emiong 1o aglwpa emavgnong:

I516tnta Emavgnong. Av ta I kat I aviikouv otov |, kat |I1] > 12|, tote untapyel

éva otolyeio e €lr\ I tétolo wote b u e 1.

2TOV TIAPATIAVW OPLOPO, avapePONKAPE O I-UNTPOELSEG, ETIELSN) OE AUTOV TOV
OpLOPO Ta aflwpata apopouV TNV OLKOYEVELD AVEEAPTNTWY CUVOAWV |. XTLG
ETIOMEVEG €VOTNTEG Ba S0UPE €VOAAOKTIKOUG OPLOHPOUG yLa Ta MNTPOELSH, oL
ottolol Bacilovtal og SLapopeTikd cUVOAA aLWPATWVA,

A0 TNV Tapamdvw oulntnon TIPOKUTITEL AMYECA TIWG O&eS0UEVOU  €VOG
YyPa®Ynuatog G, UTTopoUE va KATAOKEUACOUE éva PNTpoeldeg M = (E, F), 6TIoU
E = E(G) kat to F va mepLéxeL ta 5don tou G. OTwg elSape tapamavw n Sopun autn
Ba wkavorolel ta aguwpata I1-13. ©a AfPe TO PNTPOELSEG TIOU TIPOKUTITEL ATIO
ypapnua ypaeiké untposidéc (graphic matroid). Opolwg pmopolpe va
BewpriOoUPE Eva TIETIEPACHEVO OGUVOAO SLAVUCOHATWY S KAl va BEWPROOULE TO
UNTPOELSEC Ms = (S, 1), 6Tou To | va TiepLEeL OAA TA YPAUHLKWG aveEdptnta
UTIOOUVOAQ TOu S. ©a oVOPAloUPE TO PNTPOELSEC TIOU TIPOKUTITEL atd €va

TIEMEPACPEVO CUVOAO SLAVUCUATWY Slavuouatiké untpostdec (vector matroid).

2.3.2 BaoesLg

FeEVIKEUOUE, TWPQA, TNV Evvola Tng BAacng, Evog SLavuopaTtikoU XWPou, KAl ToU

8Aaooug TKAAUYPNG, EVOG ypapnpatog. Etol, 6tav pilape yua Bdon (basis) og éva

2 OLavayvwoTteg Tou lval EE0LKELWHPEVOL PE TNV UTTOAOYLOTLKI) YEWHETPLa prtopolV va
KAVOUV TNV avaAoyia P TNV avamnapaotaach evog KuptoU TIOAUTOTIoU. EKel kGvoupEe Tov
SLaxwpLopo petagl V-avanapdotaong, 0mou pag Sivovtal oL KOPUYEG TOU TIOAUTOTIOU, Kat
H-avamapdotaong, 6mou pag Sivovtal Ta UTIEPETITTES A TWV TIAEUPWV TOU.
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olotnpa avegaptnolag, Ba evvoolpe €va PEYLOTIKO aveEdptnto oUVOAO.

ATIOSELKVUETAL TIWG OL BACELG O€ €va PNTPOELSEC EXOUV TLG €EAG LELOTNTEG.

Oewpnpa 2.3.1 I6t6tntec Bdong. Eotw €va pntpoeldeg M kat B to ouvolo Bdoswv

TOU. Oa Loy VEL:
B1. B 0

B2. IStotnta AvtaMayrg. Av B1, B2 800 otolxela tou B, TOTe yla kKdbe x € B1 \ B2,
uTtapxeLy € B2 \ B1, tétolo wote to (B1\ x) Uy € B.

MAALoTa, PTIOPOUME va KvnBoUPE Kal TIPog TNV avtibetn TAEupd. AnAadn, va
oplooupe pia Soury M = (E, B), 6m0U B € 28 KkaL va tkavottolel ta a§lwpata B1 - B2.
©a ovopdldoupes autr TNV Sopr B-untpoetdés. BeBatlwg, amodelkvueTal Twg ta B-
puNtpoeldn elval toodvaua pe ta I-untpoeLdn. ElSikotepa, Sedougévou Tou
OUVOAOU BACEWV B, UTIOPOUE VA KATAOKEUACOULE TNV OLKOYEVELA AVEEAPTNTWY

OUVOAWV |, aTO TNV oX€0N,
I ={ICE | utdpxeL B € B, tétolo worte | € B} (3)

AmtoSetkvUeTal wg N dounp M’ = (E, 1), OTIwG €XEL OPLOTEL TTAPATIAVW LKAVOTIOLEL
ta aflwpata I1 - I3.

2.3.3 KukAwpata

QG Twpa EXOUPE PLAACEL yLa TA AVeEAPTNTA OUVOAA EVOG PNTPOELSOUG. MAALoTa,
OTNV TPONYOUHEVN €VOTNTA, KAVApe AOYO yLa Td PEYLOTLKA avegaptnta cUVOAQ,
TLG Baocelg. Ze autr) tnv evotnta Ba acyoAnBoupe pe ta e§aptnueva oUVoAQ, VoG
puNTpoeltdolg M. Ta elaylotikd €aptnuéva cuvola Ba ta AfPe KUKAwpata
(circuits) kat e€lvat n yevikeuon TwWV KUKAWV ypa@nNUATWV OE HNTPOELSH).
ATIOSELKVUETAL TIWG TO OUVOAO KUKAWMPATWY €VOG MNTPOELSOUCG EXEL TLG

OKOAOUBEC LELOTNTEC.

Oeswpnpa 2.3.2 1616tnte¢ KukAwpdtwy. EoOTw €va uNTpoeldéc M kal C To oUvoAo

KUKAWUATwVY Tou. Oa LoYVEL:

C1. @ &ev avnkeLoto C
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C2. Av (Cq, G otowxelatou C, pe C1ECy, tote Ci=C;

C3. Iéwétnta Amatowpng. Av Cqi, C2 800 SLakekpluéva otolxela tou C kat e € Ci n Cy,
TOTE UTIAPXEL €va oToLxelo C3 € C Tétoo wote Gz = (CTu C2) \ e

AV 0€LWHATLKOTIOL|COUE TLG TIAPATIAVW LELOTNTEC, TOTE pia Sopr Mc = (E, C), Ttou
tkavoTtoLlel ta C1 - C3, Ba Agyetal C-untpoetdéc. Opolwg Pe TpLy, amodelKVUETaAL
TIWG Ta C-UNTPOoELSN elval Looduvapa pe ta I-untpoeldr). Eldikotepa, Sedopgvou
TOU OUVOAOU KUKAWHATWY C, PUTIOPOUPE VA KATACKEUACOUPE TNV OLKOYEVELA

aveEdpTNTWV CUVOAWV |, ATt TNV oxEon,
I={I<E | 6ev umtapyel C € C, tétolo wote C € I} (4)

AmoSelkvuetal Twg n Sopnp M’ = (E, 1), OTwg €xeL OPLOTEL TTIAPATIAVW LKAVOTIOLEL

ta alwpata I1 - 13.

2.3.4 BaOpog

'Onwg, Tponyoupévwe, opiloupe w¢g Pabud r(X) evog cuvdlou X € E, evog
puntpostdoug M = (E, 1), w¢ to péyeBoC TOU peyaAUTEpoOU aveEAPTNTOU
UTTOOUVOAOU TouS. ATtoSeLlkvUoVTaL OL €ENG LELOTNTEG.

Oswpnpa 2.3.3 I610tnTeg Tuvaptnon¢ Babuou. Eotw éva pntpoeldéc M = (E, 1).

‘Eotw, emiong, Vo olvoAa X, Y € E. Tote, LoXVEL:

R1. AvX C E,16te0 < r(X) < |X|

R2. AvX CY CE,t6ter(X) <r(Y)

R3. Ymouetpwkdtnta. r(XUY) +r(XnY) <r(X) +r(Y)

AELWUATIKOTIOLWVTAG TLG TTapamavw LoLotnteg opiloupe to r-pntpoeldéc M = (E,
r). H tooduvapla tou r-unTPoeldolc PE TO I-PNTPOELSEC TIPOKUTITEL ATIO TNV
oxeon,

I={IcE | r(I) = [I] } (5)

3 Houvaptnon Babpou eivatl KAAWG 0pLOPEVN, aPOoU ATIOSELKVUETAL TIWG OAQ TA HEYLOTIKA
avegaptnta uTtooUVoAa VoG cUVOAOU X < E, elval LooTIANBLKA.
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2.3.5 Zupmepaopata

Itnv oulntnon Tou TIPoNynBnKe OTLG TPONYOUMEVEG evOTNTEG eldape TWG
UTIOPOUPE VA  QvaTapPaCTOOUME TO (60 HPABNUATIKO QVTIKELPEVO ME
SLAPOPETLIKA 0UVOAA AELWPATWY. Zekvroape amod pua Suada (E, 1), yla tnv omola
SLATUTIWOAPE €va OUVOAO A§LWHATWY TIOU TIPETIEL VA LKAVOTIOLEL TO CUVOAO |, oTa
I1 - I3. Ovopdoape to (E, 1) UNTPOELSEC. TNV CUVEXELA OVOUACAUE TO GUVOAO
MEYLOTIKWY OUVOAWV armod to |, oUVOAo PBdAcswv B TOUu PNTPOELSOUG. ETeLtaq,
amodelfape oplopéveg PBaolkég LOLOTNTEG yla TO B. TNV  OUVEXELQ
aLWPATIKOTIOL)OAYE aUTEG TLG LSLOTNTEG ota afiwpata BT - B2, evw
neplypadape tnv dudda (E, B) wg B-untpoeldég. Etdape otL oL Suadeg (E, 1) kat
(E, B) elvat o {8lo avtikeipevo kat n (3) elvat n oxéon mou opilet To |, 50Bévtog
Tou B. Etol, ldape wg o katdAoyog agtwpdtwy I1 - I3 0ényel otov B1 - B2 kat
TO AVTLOTPOWO. AVAAOYECG CUVSEEDELG KAVAUE KaL yLa Ta cUVOAA a&lwPATwY TIoU
Baciovtar otig duadec (E, €) kat (E, r). Tov Kapmd Twv KOTIWV HAG,
TtapoucLaloupe oto akoAoubo oxrua.

(E,B)

E Y

-
(EC} (E ?)

ZxApa 1: ZXNPATKA avamapaotach TwV SLaWOoPETIKWY OPLOPWV yLa UNTPoeLdn. Méow
NG oxéong (3) mnyaivoupe amd ta B-untpoeldn ota I-untpoeldn. Méow tng oxéong (4)
Tinyaivoupe amo ta C-puNTPOoELST) ota I-unTPoELsr. TéAoG, péow tng oxeong (5)
Tinyatvoupe amo ta r ota | -pnTPoELdn.

2.4 'AmtAnotog AAyopLOpog

Mponyouuevwe, €Eetdoaue TOANOUG SLAPOPETLKOUG OPLOPOUG yLa Tnv (sLa
paBnuatikn €vvola. ESw Ba Swooupe akoun €vav opLopo yla ta PNTPOELsH),
XWPLG OPWG va TTapouCLAGOUNE AANOV £va KATAAOYO a§lwudtwy. Ta pntpoeldn

28




Etoaywyn otn Oewpia Mntpoeldwy - MepkoUpng MamaptyanA

aTIoTEAOUV OTIAVLA TIEPLTITWON HABNUATIKOU AVTLKELPEVOU, TO OTIolo PTIopEL va
XOPOKINPLOTEL amo evav aAyoplBuo. EmimAgov, n @uUon Tou aAyoplBuLkou
OPLOPOU  avadelkvUeL T onpacia Ttwv  PnIposldwv  otnv  Bewpla
BeAtlotomoinong. Kat o0g autd TO KEPAAALO TNG TITUXLAKNG €pyaciag
akoAouBrjoape tnv tapouaciaocn tou [2].

Oswpnote TO akOAouBo TPOPBANUa  PBeAtiotomoinong o€ cuothuata
avegaptnolag. Ouunbeite wg ota cuothpata avegaptnolag amalttoUpus va
LoxLVouv povo ta aflwpata I1 - 12 kat oxt to Aglwpa Emavénonc.

MpopAnpa 2.4.1 MeyotoBapous (EAaytotoBapoug) Bdong. Eotw €va cuotnua
avegaptnolag S = (E, 1). Eotw, eniong, kamoia cuvaptnon w : E - R, n omota va

elvat ypappikn, SnAadn yla kabe X < E va Loy UeL

w(X) = Zeexw(e)

Kat w(@) = 0, kKatoTiv cUPBACEWG. OewpPoUHE To akdAouBo TIPOPANUA SLOKPLTAG
BeAtiotomolnong o€ cuotiuata avegaptnotag,

max(min) w(X)
T.W. XERB

OTIOU B TO 0UVOAO BAcEwV Tou cuothpatog aveEaptnoiag S.

Oa Aépe kABe olvolo X € E epiktr) Auon (feasible solution), av X € B, evw av
ETILITIAEOV €lval Kal peytotofapéc Ba kAvoupe Aoyo yia BéAtiotn Avon (optimum
solution). Ta meplocodtepa TpoPAAUATA  OUVSUACTIKAG PeATioTtomoinong
HTIOpOUV va €KPpPacToUV oav TipofAnpata PeAtiotomnoinong mavw o€
ouotnpata aveg§aptnolag, Omou o otoxog elval va Bpebel yla peylotofapns n

gAayLotoBapng Baon.

To MpoPAnua MeylotoBapoug Baong, Tou BEAOUPE va AVTLUETWTILOOUUE lvatl
pLa yevikeuon tou MpofARuatog EAdxlotou Adcoug EmikdAugng. Etol, 6a
YEVLKEUOOUWE TOV yVWotd AAyoplBpo tou Kruskal, Ttou emAUeL to teAeutalo.

EldkotepQ, Slvoupe tov €§AG aAyopLBuo, to omolo ovopdloupue dmAnoto.
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AAyOpI18p0g 4.2.1: ATTAnoTog AAydpIBuog
Eioodog: Eva BeBapupévo oloTtnua avegaptnoiag S = (£, .7 ), uE ouvaptnon
Bapoug w: £ — RR.
‘E€odog : Mia e@iktrj Adon oTo [1pdBAnua MeyioTtoBapouc Baong .
1 B+ 10
2 while F # () do
3 e + arg max{w(e) | e € E}
E+ E\e
if BlUe € .# then
| B« BUe
end
end

M ~N o Wt A

Zxnpa 2: O AtAnotog AAyopLOoG.

ATTOSELKVUETAL TIWG N BEATLOTOTNTA TOU ATANCTOU AAyOpLOpoU o€ éva cuoTnua
aveEaptnolag tooduvapetl pe tnv ISLéTNTa EMavgnong. Eldikotepa, Sivoupe tov
akoAouBo opLopo.

OpLopog 2.4.1 AmAnoto Mntpostdég. Eotw KdAmowo ouotnpa avegaptnolag
S = (E, 1). @a Aéue OtL TO S €lval éva ATTANCTO PNTPOELSEC, 1 ATIAA PUNTPOELSEG
(matroid): av yLa omoladnmote cuvaptnon Bapou¢ w : E - R to MpoBAnua
MeylotoBapoug Baong, ou TpokUTITEL, eTAUETAL BEATLIOTA aTtO TOV ATIANGCTO
AAyopLBo.

duoLKd, Ta AAnota PntpoeLdn lval Lloodlvapa e ta I-unTtpoELsdr), agou av o
ATIANoToG AAyOpLBpog Sivel TnV BéAtiotn AUon yla to S = (E, 1), TOTE To | €xEL TNV
I6L6tnta Enavgnong.

O teAeutalog oplopOg SLaepeL amo eKelVOUG TIOU €EETACANE TIPONYOUHEVWG,.
ESw &ev xpnolpotmooape evav KatdAoyo aglwpdtwy yla va xapaktnpilooupe
KAtoLa cUvVoAa. AvtiBeta, Tapatnprioape mwe av n £.codog o€ évav aiyoplbuo,
SLabEteL KATIOLA LOYUP 0pYyAvwWan, TOTE KAl JOVoV TOTE, 0 alyopLBuog Ba Sivel
NV PBeAtiotn Auon. Etol, eldape Twg PTIopoUE va XPNOLUOTIOCOUKE HLa
agnpnuévn SLakpLtry Soprn yLa va ETLXELPNPATOAOYCOUHE yLa TipofARuata
BeAtiototmoinong.
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3 MNEPAITEPQ ©OEMATA

H Bewpla pntpoeldwv £xeL TIPOXWPrOEL TIOAU aro to dpbpo tou Whitney to 1935
Kal €xeL emektabel oe eva TMANPN KAASO Twv pabnuatikwv pe TANBwpa
EPAPUOYWV OTNV E€MLOTAPN TNG TANPOWYOPLKNG. Ztnv Tapolvoa epyacia
TIAPOUCLACAMUE POVO TLG PAOCLKEG €VVOLEG AUTNG TNG TAouolag Bewplag. MNa
TEpLOOOTEPA oag mapanépumoupe ota [1],[2], ta omola unp&av kat oL KUPLEG

TINYEG yLa TNV TITUXLOKN €pyacta.

EriurtAgoy, €xouv Tipotabel SLaopeg evELaWEPOUTEG TTIAPAAAAYEG TNV EVVOLAG
TOU PNTPOoELS0UC. To 1980 o€ pLa TpooTdbeLa yLa TIEPALTEPW XAPAKTNPLOPO TWV
TIPOPBANHUATWY TIOU ETLEEXOVTAL TOV ATANCTO aAyopLBpo, Ttpotdbnkav amod tov
Feppavo pabnuatiké Bernhard H. Korte kat tov Ouyypo pabnuatiko Laszlé
Lovasz n €vvola tou amAnotosldolg (greedoid) [13]. Ekel to aflwpa (12) €xeL
avtikataotabel amo tnv ISdétnta MpooBaciudtntag (Accessibility Property).
AvTi va amaltoUpe yla KamoLo aveEaptnto oUVoAo I kaBe uTtooUVOAS Tou va elval
emiong avegaptnro, {NTAYE va uttapxeL Kamolo e € I tétolo wote to I\ e va sivat

emiong ave&aptnro [13].
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ZxApa 086nyo6g-AkoAouvBog KtvoUpuevwy POUTIOT pE
tn xprion RGB-D Kapepag kat MobileNets

Mavaylwtng A. MeTPOTIOUAAKNG

NEPINHWH

Ta POUTIOTIKA ZUuCTAMATA TIOU €vEPYOUV 0 adopnta TEPLRANoOVTa, OTIWG o€
auTA TIoU Kal gpeig Spoupe, Baoilovtal Kuplwg oTnV 6pacn Kat OTLG atoBnoeLg
TOUG PEOW TNG XPNong Sltapopwyv atcdntrpwy. MNa va YTopecouy Ta cuctiuata
autd va amoTUTIWoOoUV Kal va KataAdBouv tov TmepLBAAlovta XWPo TOoug
amodotkd, n Texvntl Nonpoouvn TIPOCYEPEL KALVOTOUEG, AAAA KAl AVOEKTLKEG
pHEBOSOUG, OTIWG O EVIOTILOPOC TwV avilkelpévwy (Object Detection). Ztnv
mapovoa epyacia, e€etdloupe TNV amodoon €VOG TETOLOU OCUOCTHHATOG
EVToTILOPOU Ttou ovopddletal MobileNets [1] o€ éva oxnua O&nyoc-AkdAoubog
KwoUpevwy Poumot pe tnv xpnon RGB-D Kapepag. Onwg Ba avaAlooups, n
ETLAOYN autolU TOU CUCTAMATOC EVTOTILOPOU €YLVE ATIOKAELOTIKA HE BAon TLG
TEXVIKEG TIPOSLAYPAYEG TOU POPTIOTIKOU ZUOTHAPATOC PAG KAL TWV ETILUEPOUG
otolxelwv tou. AkOpa, Ta §edopéva IOV KTIALSEVOUPE TO HOVTEAO QUTO lvat
Tipaypatikd, ta ormola ta 6&iabBétoupe Tpog €AeUBepn xprion. MoAANamAd
Telpapata ota Pioneer 3-AT kat Summit-XL Pouttot €6et&av 6tL ta MobileNets
ipoo@epouv  eEalpetikn akpifeta. To ovotnua 0O&nyog-AkoAoubog ToU
Tipotelvoupe Asttoupyel ota 19Hz otnv GeForce GTX1060 GPU pe to TIOAU 5%
AavOaopéveg TTpoPAEPELC.

O mnyaiog Kwdlkag Tou cuothpatog pag, ta Bilvieo amd ta melpdpata Tou
TIpaypatoToLloape Kal ta dedopeva ekmaideuong Bplokovtal otov TapakaTw

olvéeopo: https://github.com/PetropoulakisPanagiotis/BSc_thesis.

Ogpatikn Meproxr: POUTIOTLKN

33



https://github.com/PetropoulakisPanagiotis/BSc_thesis

Ixua 08nydc-AkoAoubog Kivoupevwy Poumdt pe tn xprion RGB-D Kdapepag kat MobileNets - Mavaywwtng A.
METPOTIOUAAKNG

NEEeLG-KAELSLA: PopTtoTikr), OTTikog EAeyxog, Zxnua 0&nydg-Akoloubog, Babld
Mdabnon, RGB-D Kdauepa
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1 EIZArQrH

Ta Autovopa POPTIOTIKA ZUOTrpata oTadlakd UTIELOEPYXOVTAL Of SLAPOPEG
TITUXEG TLG (NG Mag. ATto Toug Blopnyavikoug Bpaxioveg ou Bplokovtal én o
EPYOOTAOLA TIOU EKTEAOUV Bapleg epyacieg, Ba petaBoupe o€ pLa SLaWOpPETLKN
Tpaypatikotnta. Drones Ba apyxioouv va mapadidouv dspata ota omitia pag,
KaBwg kat n ocuvepyaoia KwvoUpuevwy POUTIOT O€ TIEPLTTWOELG avalAtnong Kat

Slaocwong Ba yivel paypatomouioun (Etkéva 1).

Ewkdva 1: Mapadelypata POUTIOTIKWY ZUCTNHATWY

Ta meplocodteEpa amd autd ta Autovopa Zuothpata PBacilovtal kuplwg oe
aLobntrpeg 6paonG f AAALWG KAPEPEG YLA KATAVONOOUV ToV TIEPLBAAOVTA XWPO
TOUG KaL VA TIAPOULV TLG KATAANAEG aTO@ATELG. Q¢ aTIOTEAECHA, OTNV POUTIOTLK),
O TOMEAC TOU eAéyxou Héow Opaong, Vision-Based Control[2-3], eEeAlooetal
paydalia.

Mo akpLBeotepa, 0 EAEYXOG HECW OPACNG AVAPEPETE OTNV XPHON OTITKWVY
SeSoPEVWY yLa TNV Eaywyn TaxUTATWV evog Poptot. Ta dedopgva 6pacng TLg
TIEPLOOOTEPEG POPEC TIPOEPYOVTAL ATIO LA KAUEPA N oTtola €lval ToTtoBeTnuevn
TIAVW o€ €va PopmoT, ] aAALWG eye-in-hand SLatagn. Autr n €pEUVNTLKN TIEPLOXN
Baoiletal w¢ eml To TAELOTOV O TEXVIKEG MNXAVIKAG Opaong. ISialtepa,
KALVOTOPEG AUCELG TIAVW OE TPOPArUATa OpacnG armo TLG ETLOTNHOVLKEG
mieploxeg Object Detection, Image Segmentation, Image Reconstruction kat
Object Tracking, Exouv TIPOoPEPEL AUCELG OE CNPAVTLKA TIpoBArjpata 0pacng mou

amacyoAoUV TNV POUTIOTLKN).
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Me tnVv oeLpa pag, e&etaloupe Eva oxnua 0&nyodg-AkoAoubog pe tnv xpron RGB-
D KAPEPAG ETILKEVTPWVOVTAG KUPLWE TNV TIPOCOXN Hag OTO TIPWTO OKEAOG TOU
Vision-Based Control, 8nAadr tnv €faywyr XpnolUwy OTITIKWY SES0PEVWY TA
omola €lvat Ldlaitepa onpavikd yla tov gAeyxo tou Popmdt AkoAouBou. To
oxNMa autod amnoteAeite kataBaon amo U0 POUTIOT Kal pLa KAPEPA KAl O TEALKOG
0TOX0G Tou €lval 0 O&nyodg Poutot va Bpiloketal povipwg oto medio 6paocng tou
AkOAouBou Poptor.

H Tpwtn SUoKOALO 0 AUTA TA OXNUATA EYKELTAL OTOV EVIOTILOPO Tou O&nyou
Poumot, ouvnBwg pecw tng xpnong tng RGB mAnpowopiag tng kapepag. H
npéoatn BLBALoypagia tng PNXAVLKAG Opacng TIAEOV SELYVEL, OTL OL KAOOLKEG
peBodoL evtotiopoU, ywa mapadewypa n e€aywyn hard-crafted features pe
peBodoug, 6wg n SURF[4] kat n ORBI[5], £xouv IA¢0V AVTIKATAOTABEL JE TEXVIKEG
BaBLAG pnxavikng pabnong, ot omoleg palvetal va amoteAolV Kat tov Spopo yla
va 08nynBoupue otnv TARPN autovoplia.

Etteldr) to olotnua pag pETEeL va AapBavel o€ eAAXLOTO XPOVO aTtoPAcELG, lval
ETILTAKTLKI N avdAykn €UpeEoNnG Kal €TAOYAG HLOG TEXVIKAG EVTOTILOPOU
QVTLKELPEVWY TIOU Ba €EAyeL amoTeAECPATA OE TIPAYHUATLIKO XpOVo pe Bdaon ta
TEXVIKA XAPAKTNPLOTLKA TOU CUCTHUATOG PAG KAl LSLalTteEPa TNG KAPTAG YPAPLKWY
(GeForce GTX1060) émou AapBdavouv xwpa 6AOL OL UTTOAOYLOHOL TWV §€80UEVWVY

NG KAPEPQAG.

ZUVETIWG, 0TNV Ttapouoa epyacia, SLEEAYOULE PLa aQVAAUTLKY) avaokoTinon tng
BLBALoypalag TwV TEXVIKWY EVIOTILOMOU QVTLKELWEVWY, KaAtd tnv oTtola
KATAAYOUHE otnv ultoBétnon twv MobileNets[1] yla to cUotnua pag. H Anpng
avdAuon Bplokete otnv mpwtotutn €KSoon, Omou Eekwape amd ta R-CNN
variants[6-8], cuvex({oupe P TEXVLKEG EEayWYNC ATIOTEAECUATWY OE TIPAYUATLKO
xpovo, YOLO[9], SSD[10], YOLO9000[11], avaAUoupe éva BaoLkd CUOTATIKO TWV
MobileNets, ta povtéAa ResNet[12], kat téAog avagépoupe ta MobileNets[13,1].
Itnv mapouca mePANY, ava@EPOUPE AVOAUTIKA TNV TIPWTn Kat Bactkn

Snuoocieuon twv MobileNets[13].

AKOAOUBWG, avaAUOUPE TOV TPOTIO TIOU EKTIALSEVOUPE TO POVTEAO HAG KAl TLG
SLAPOPEG PETATPOTIEG TIOU TIPAYHATOTIOLOUHE YLa va TIETUXOUHE Ta embupntd

ATIOTEAEOPATA. ZTNV OUVEXELD, €EETACOUNE TNV CUUTIEPLYOPA TOU CUGCTHHUATOG
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EVTOTILOPOU OE TPAYHATLKA TIELPAPATA TIPLV CUVEX(OOUUE PE TO KOPMATL TOU

EAEYXOU.

MOALG AUcoupE To TIPORANUA eVTOTILOPOU Tou O&nyol PoOUTOT, TIPEMEL va
XPNOLHOTIOL\COUME TNV TANpowopia Tou €EAyeL To oUoTnUa auto, SnAadn TG
OUVTETAYHEVEG ELKOVOOTOLYELWV EVOG KOUTLOU TTOU TtEPLKAELEL TOV O8nyo PopTor,
HE OKOTIO TOV UTIOAOYLOMO KATAAANAWY TAXUTATWV yLa to AKOAouBo Popmot
wote va o0énynBel katdAMnAa mpog tov O&nyo Tou. e QUTO TO OnuELo,
XPNOLUOTIOLOUHE TNV TIANpowopila Baboug tng kAuepag Kat Bact{opevol oto
KEVIPLKO Bewpnua TPOOTITIKAG TNG €LKOVAG, EKTLHOUPE TIPOOCEYYLOTIKA TNV
TpLodldotatn B£on tou O8nyou PopTdt. TEAOG, XPNOLUOTIOLWVTAG VAV EAEYKTH,
uttoAoyi{oupe KATAAMNAEG TaxUTNTEG KAl EAEYXOUME TNV CUMPTIEPLPOPA TOU

OALKOU OUCTAHATOG O€ TIELPANATA PE TIPAYHUATLKA POUTIOT.

Katd to teAeutalo KEPAAALO, AVAPEPOUPE TA CUUTIEPACHATA HAG, AAAA KAl TLG
aduvapieg Tou cuotAPATOg pag, Slvoupe KAteUBUVOELG yla TO WG PTtopel va
BeATLwOElL autd to oloTnNUa KAt KAVOUUE pla oculntnorn mavw o SLAPOPEC
SnuooleloELg TTou oxeTilovTal AUeoa Pe TO TIPORANKA TIOU AVTLPETWTILOAPE Kal

yLa TO TIWG PTIOPOUV VA EQAPPOCTOUV OE TETOLA OXAUATa.

2 ANAZKOIMHzH BIBAIOTPA®IAZ

2.1 MobileNets: Efficient Convolutional Neural Networks for Mobile Vision
Applications

O Andrew G. Howard kat n opdda tou [13], mpdtewvav pla kAdon
ATIOTEAEOPATIKWY HOVTEAWV Ta otmola ovopdalovtat MobileNets. Ztnv
dnuootevuon toug, Katagepav va SnULOUPYAOOUV HOVTEAA Ta otola elval
ATIOTEAECPATLKA WG TIPOG TO PEYEBOG KAl TNV TayxUTnTtd Toug. AUTO TO TIETUXAVE
avtikablotwvtag ta tutka convolutional layers pe ta amodotika depthwise
separable layers tou potewvav. Emtiong, Snurovpynoav kat U0 KaBOALKEG uTtEp-
TIAPAPETPOUG PE OKOTIO TNV TIEPALTEPW MELWON TWV ECWTIEPLKWY TIAPAPETPWV

TWV PHOVTEAWV QUTWV PE OPOLOPOPYO TPOTo. Ta véa autd layers TipokeLtal yla
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évag eldog mapayovtomoinong twv Tutilkwv convolutional layers, katd tnv
ottola, n tutkn tpdén autn Siaomdte o€ SVo Bripata, os depthwise kat og 1x1
pointwise convolutions.

Mua tuttikr) tpagn convolution (s=1,p=1) pe N @iAtpa peyéBoug DixDixM, TIAvw
oe €va feature map elo0bou pe Staoctaoelg DixDixM, €€dyel eva TeAko feature
map &lactdcswv DxDfxN, pE OUVOAIKO KOOTOoG N*Dyk*Dk*M*De*Dr
TIOAAQTIAQCLACHWV.

Zav tapadetypa (Etkova 2), ta 256 gidtpa (s=1,p=0) Staotdccwv 5x5x3, eEayouv
SeSopéva SLaoTAcEWVY 8*8*256, e CUVOALKO KOOTOG 256+(5x5+3x8x8) = 1.228.800

TIOAAQTIAQCLACHWV.

Ewkova 2: Tuttkr) tpdén convolution

2ta MobileNets 0pwg, 0 6pog N(=256) 0T0 KOOTOC TTOAAATIAACLACHWY KAQSEVETAL
he tn xprion depthwise separable convolutions ta omola €xouv tnv LSLOTNTA Va
“Staomolv  Ta  otddla  @ATpapiopatog Kat ouvduacpou” TG TIPAENG

convolution.

ApxXLKd, Katd tnv mpdén depthwise convolution, epappolete éva @iAtpo (s=1,
p=1) o€ éva feature map avd kavait eLoéSou. Eva apyLko feature map Staotacng
DixDexM petatpemnete o€ pla €€060 Staotacewv DxDexM otav epappootouv N
@Atpa Swaotdoswv  DkxDkx1, HE OUVOAKO KOOTOG Dk*Dk*M*Dr*Dr
ToAAamAaclacpwyv. Mg Bacn to mponyoUpevo TapAadslypd pag, 3 @iAtpa
Slaotdoswv 5x5x1, mapdyouv €€080 Sltaotacewy 8x8x3 (ELkOva 3) PHE GUVOALKO
KOOTOG 5%5%3%8%8 = 4.800 TTOANATAQCLACHWV.
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Ma va ocuvdudooupe ta feature maps Tou €xouv TipokUYeL (Etkova 4) katd To
TIPONYOUHEVO Brpa, €KTEAOUME TIAEoV-pdVo-pLa popd, avtl yia N(=256), tnv
mpdagn 1x1 pointwise convolution. To OUVOALKA KOOTOG OTO TIPONYOUMEVO
Tapadelypa pag amo 1.228.800 TToAAAMAQCLACPOUG, PELWVETE O€ KOOTOG 53.952 =
49.152 + 4.800 TToOAAQTAQCLACHWV.

Me Bdaon twv opLopo tng dnpocicuong, ta depthwise separable convolutions
xperafovtat va eKteAeotoUV Dx*Dk*M*Dr*Dr + N*DrxDr*M toAAamAacLacpot. H

pelwon tou kdotoug Ttou Ttaipvoupe ivat tng Tagewg:

1
Dy

D, *D,*M*D, *D_ + N*D_*D, *M
N*D, *D, *M *D, *D,

12 ai
3
3 8
12

Ewkova 3: Depthwise convolution Tipagn

Bi .
3
8 8 256
8

Ewkova 4: Pointwise convolution ipdén

1
=—+
N

To BaoLKO HOVTEAO TIOU TIPOTEIVOUV OL CUYYPaWELG, amoTteAeite amo 28 layers kat
@iAtpa depthwise Staoctdcewv 3x3. Metd amd kdBe depthwise kat pointwise
pAgn, akoAouBel va batchnormalization layer kat wg activation function €xouv
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eTAEEEL TNV RelLU. Mo ouykekplueva, povo to Tpwto layer givat pua tumikn
convolution tpdgn. Ta uttdAouta convolutions elval depthwise separable kat oto
TENOG, €xOUV TipocBecel €va average pooling kat eva fc layer, to omolo
Tpoodotel Ta dedopeva oe Eva TeALKO softmax layer yLa tnv e§aywyr| ETLKETWV.
AKOPQ, oL ouyypawelc TIpoTelvouv HLKPO regularization kat eAdxLoto 1 Kat
kKaBoAou weight decay, €meLér) ta HOVIEAQ AUTA lval PLKpA, KabBwg stabstouv
ALYEC EOWTEPLKEG TIAPAPETPOUG, KAL ETTOPEVWG, ELVAL KAL ALYOTEPO ETILPPETI) OF
over-fitting.

TEAOG, OL OUYYPaWElG akopa TIPOTELVAV SU0 KABOALKEG UTIEP-TIAPAPETPOUG, OL
OTIOlEC PELWVOUV OKOHPA TIEPLOCOTEPO TO MEYEDOG TWV HPOVTEAWV QUTWV, OF
TieplmTwon Tou TIPEMEL va XpnolpotoinBolv og cuothpata mou Stabétouv
HLKPI UTTOAOYLOTLKN LoXU (TL.X. Klvntd). H Tipwtn amd autég, ovopddetat width
multiplier a, kat autn pmopel va “Aemttuvel” ta povteha autd. Mo CUYKEKPLUEVQ,
KABe feature map pe Stdotaon eLocddou M kal Stactacn €€66ou N TIEPLKOTITETE
o€ feature map pe Stactaon eLcodou aM kat €£66ou aN Kat e auTO ToV TPOTIO
TIETUXA{VOUE pLa TETPAYWVLKNA PElWon Tou KdaToug . H teheutaia mapapetpog
ovopadetal resolution multiplier p, n omtola tpocapudlel To peyeBog TNV ELKOVAC
€L0060U. Mg TNV xpron TWV TIAPAPETPWY AUTWY, TO GCUVOALKO KOOTOG
TOAMATAQCOLAOPWY NG KAAONG QUTWV TwWV  HOVTEAWV ylvetal TAEovV:
Dk*Dk*aM*pDr*pDr + aN*pDe*pDr*M.

3 ZXHMA OAHI'O0z-AKOAOYOOZz

Z€ aUTO TO Ke@AAalo Ba oplooupe TUTILKA To oxpa pag O8nyog-AkdAoubog pe
Bdon tov oplopd amod tnv dnuooicuon [14] xwplc va AdBoupe umoyn pag
TIEPLOPLOPOUG €L0060U Kal Ba avagepoupe €miong ta TPOPAUaATA TIOU

TipooTiaBoUpE va EMAUCOUPE 0TV TIEPLTITWOT) Hag.
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3.1 MNeprypawn NpoBARpatog
OpLopA6G 1. Oétoupe d >~ 0 Kal avamaplotoUpe Vo Popmdt w¢ R, =P kat R, =P/
. \epg OTL Ta Ry KaL R, AVAKOUV ACUPTITWTLKA o€ eva d-oxAua pe O8nyo Poumot to

Ry, av lim (Po(£) = (Py(8) + d)) = 0.

NpéBAnpa 1. O¢toups d =0 Kat avamaplotoUps Vo Popmdt wg R, =P kat
R, =P, . Bpeite TI¢ KATAANAEG TaXUTNTEC U1 KAL W1 TOU R;, WOTE Ta R, KALR, Va

QVNKOUV QCUPTITWTLKA o€ €va d-oxfpa pe O8nyo Popmot toR;.

Ztnv mnepintwon pag B€toupe 6mou d =1.7m, WOTE va ATOQUYOUUE TNV PETAEU
eTagr Twv Vo Poumot. O aplBudg autodg eEaptate katd Bacn amd 1o PEyeBOg
TOUG.

MNpoBAnpa 2. To TOCOOTO TwV AAvOAOPEVWY OTITIKWVY TIPOPBAEPEWV TOU
OUGCTNMATOG EVIOTILOPOU PECW TNG XPNONG TNG €LKOVAG tNG KApepag oto 1.7-
oxnua dev Ba TpETEL va elval tapamavw amo 5%.

4 MEOOAOAOIIA

4.1 EvtomtLopog 0dnyou

Ewkova 5: Mapadelypata sedopévwy ekmaidsuong

ATIO TNV OTLypr TIou &gV UTIAPXOUV OTOV TIAYKOOMLO LOTO Tapadslypata
ekmtai&euong yla tutou Pioneer 3-AT Popumot (O8nyoc), cUAEEQUE OUVOALKA
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2641 PWTOYPAPLEG YLA TLG OTIOLEG ATTIOSWOAE ETIKETEG XELpoKivnTa. H cuAoyn
TOUG TIpaypatotoL)Bnke Ye TNV xprion joysticks kat puBpo 3fps, kuplwg otov
XWpPO Ttou Ba TIpayUatoTtoloVCaE TA TEALKA Jag TiELpapata (ApLotepr) lkova 5),
aA\G Kal ePmAouTioape Ta Sedopeva PaG akOpa Kal Pe mapadelypata armo
HEPLKOUG €0WTEPLKOUC XWwpoug (AeELd ekova 5) yla va amo@uyoupe TG false
positive TipoPAEYELG.

Erteldr) to peyebog twv edopevwy pag dev elval eEALPETIKA PEYAAO yLa TNV
ekmtatéeuon evog VEUPWVLKOU amd TNV apxr, XPnoLYoToLjoapes to pre-trained

VEUPWVLKO atto tn BLBALoOnkn Tensorflow Models API, To ssd_mobilenet v2 coco.

Ertlong, emkaAeotnkape kat texvikeég Data Augmentation, pe tnv BorBela tou
python TIaKETOU imgaug yLa va SnuLloupyrjcoupe texvntda dedopeva e Bdaon ta
napadslypatd pag. Amd tnv yia, e tn xprion Transfer Learning, TtapoAo Tou to
dataset COCO[15] Sev mepléxel Poptmdt, XpnolpoTtowwvtag éva pre-trained
HOVTEAO TOU omolou Ta PBdpn twv aApxlkwv layers €xouv ekmaldeutel va
eVTOTIL{OUV YWVIEC aTIOSOTIKA, EMWEEANBAKAUE amod auth tnv oLotnta,
TIAPOKAPTITOVTAG TNV avdAykn €Upeong HEYAAOU OyKou SeSOPEVWVY yla TNV
ekmatéeuon autwy twv layers. Ao tnv AAAn, SnULOUPYHCAUE CUVOALKA 56242
teExVNTa Sedopéva e Data Augmentation pe Affine petaoxnuatiopoug we TTpog
TOV X Kal y agova ota Koutld TipOPAEPNG Kal oTLG (SLEG TLG ELKOVEG E TTOCOOTA
20% Kal 2% avtiotolya, WOoTe va PNV yiveL geyaAn aAlolwon Tng PooTTKnG. MNa
TIEPLOCOTEPEC TIANPOYOpPLeC avaypepBeite Kal oTo apxelo scripts/aug.py.

AKOPQ, SNULOUPYNOAUE KAl Scripts yla TNV SLaxelplon Twv Tapanavw apxeiwv,
OTIWG KAl yLa TNV TIPAyPaAToToinon €AEYXOU OXETLKA PE TNV €YKUPOTNTA TWV
oplwV TWV KOUTLWV OE TIEPUITTWOELG OTIoU Bplokovtal EKTOG TNG ELKOVAC, AOYW

TWV TAPATIAVW PETACY NUATLOPWV.

AKOAOUBWG, EEKLVIOOQPE TNV CUCTNUATLKI EKTIALSEUON TOU POVTEAOU. ApXLKA,
OTWG TIPOTELVETE KaL otnVv dnuoocteuon YOLO9000[11], pe k-means clustering,
uttoAoyloape ta katdA\nAa anchors ywa ta dsdopeva pag. To clustering auto
Baoiletal otnv petpikry d(box, centroid) = 1-I0U(box, centroid) n omola, o€
avtiBeon pe tnv EukAeldela amootacn mou Tpoodidel peyaAUtepPo error ota
HeyaAUTEpa KOUTLE, elval KaTAAANAN yLa TNV ektipgnon anchors pe to KAAUTEPO

Sduvato 10U score, To omolo sivat ave§aptnto amod 1o PYeyeBOG TwV KOUTLWV.
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TpeEape Tov aAyopLBuo clustering ota TpaAyPATIKA Pag S€60UEVA TIOANEG POPEG
yla va &nuioupyriooupe otabepd amoteAéopata, AOyw TNG TuXaldtntag Tou
aAyopiBuou Tou uTtdpxEL oTtnv apxLkr avdbeon twv clusters KaL CUVETIWG OTNV

evaloBnota autwv. H uhotoinon Bploketal oto scripts/kmeans.py.

H ekmtaideuon tou poviedou gyve oto cloud peow tng epappoyng Google Colab

(apxelo train_collab.ipynb) pe péyebog elodSou 300x300 (n emAoyr auth €yLve

olPPWVA PE aVAYKeC pag). Me Bdon ta amoteAéopata oto validation dataset,
mapatnpiOnke OTL To LSaVlkO batch size elval 16 pe tnv KaAUtepn oxe€on
Taxutntag ekmaidsuong, overfitting kat anédoong. MNa Adyoug €£oLkovouNnNoNng
TayxutTntag ekmaideuong, ulobetrBnke o Adam[16] optimizer, tapoAo Tou o SGD
Atav eAdxLota KAAUTEPOC, yLd TOV OTIOl0 OUVLOTOUMPE TNV XPHon Tou OTo
TPOBANUA pag, pPLag Kat ouvnBwg amo@eUyeL TOTILKA PEYLOTA KAl TIETUXAiVEL
KaAUtepo generalization. Emiong, €EakplBwoape OtL o€ pre-trained povteAa
apxLKa pKpa learning rates kat n otadlakr) Toug avgnon €xeL Ta mbupntTa
ATIOTEAECPATA. 2TO SLKO Hag TIELPAPATIKO CEVAPLO, OTO OTIOLo 0 TEPLRAAOVTAC
XWPog Sev elval TEpLEXEL TIOAAA avTiKelpeva, Bprkaue otL ta MobileNets pe
depth multiplier 0.75 €xouv kaAuUtepn amdédoon amd OTL Ta peyaAUTeEpa Kat
Babutepa variants. O Tnyailog KWSLKAG TOU HOVTEAOU EVIOTILOPOU pTiopel va

Bpebel otov pakeAo objectDetector.

TO PHOVTEAO EVTOTILOPOU TIPOTOU CUVEX{COUKE TO SOKLUACAUE KAl TIELPAPATLKAL
Ta amoteAéopata @aAlvovtal oOTtov TaPaKATW Tiivaka Kal TIEPLOCOTEPEC
TIANpoWoplieg, OTwg Kal Bivteo, pmmopouv va Bpebolv otnv TipwtdtuTn £KSOON.

Nivakag 1: Melpapatikd aMOTEAEGUATA GUCTHHATOG EVIOTILGHOU

Experiment Total Frames False Detections
media/modelEvaluation/1 629 00
media/modelEvaluation/2 2398 09
media/modelEvaluation/3 529 00
media/modelEvaluation/4 1301 00
media/modelEvaluation/5 1604 00
media/modelEvaluation/6 59 01
media/modelEvaluation/7 233 03
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4.2 Ektipnon tng ®€ong tou 06nyoL Poutot

Ma va egayoupe tnv tplodlactatn Béon tou O&nyou Popmdt pe Bdon TG
OUVTETAYPEVEG ELKOVOOTOLXELWV (Xmin,Ymin,Xmax,Ymax) TWV KOUTLWV TIOU EKTLHOULIE,
Xpnolpomotnoape TG ELoWaoELG amo To central perspective imaging model, ot
oTtoleg AapBAVOUV UTIOPN TLC ECWTEPLKEG TTAPAUETPOUC TNG KAPEPAC (0x,0y,fx,fy)
o€ oLUVSUACPO PE TNV XPron TN TAnpowopilag Tou BaBoug tnG KAUEPAG.

Oploape wg B€on tou O&nyou POUTIOT TLG TPLOSLACTATEG CUVTETAYHUEVEG TOU
KEVIPOU TOU KOUTLOU TIOU EKTLPMOUME KAl XPNOLUOTIOLWVTAG TO Tapamdavw

Bewpnpa maipvoupe TG Tapakdtw eELOWOELG:

1
' =f_(Xcenter —OX)Z Kat Y =fi(ycenter _OY)Z'

X y

A&ileL va onpewwBel O0tL Snuloupynoape, Adyw tTNG PN METAPBANTOTNTAG TWV
EOWTEPLKWVY TIAPAHPETPWY, APXLKA €va map Tou arnobnkevoape Toug otabepoug
UTTOAOYLOPOUG 0TV Ttapanavw Elowon, katd tnv otoila o pévog dyvwotog elvat
10 Z, wote va kepdlooupe ot taxvutnta. lMeploodtepa kat ota apxela

visualServo/helpers.py kat visualServo/visualServo.py

4.3 E&aywyn twv TaxutAtwyv tou AK6AouOou PouTot

Me Bdon Tt tplodldotateg ouvtetaypeveg tou 0Oényou Popmdt yua va
UTTOAOY(OOUE TNV YPAUHLKA TaXUTNTA TIOU TIPETIEL VA £XEL TO AKOAOUBOC POuTIOT
€QapPOCapE TOV TTAPAKATW proportional eAeykTn:

u* =K, JA%, + A, —d*, K, >0,

HE(A,,A,) TNV OXeTKn B€on tou 0dnyol Poumodt wg Tpog tov AkdAouBo Kat

d*=17.

Ma va otpipoupe katdAnAa to AkoAouBo Popmot Tipog to kevtpo tou O&nyou
PopTtdT Kat va UTTIOAOYLOOUE TNV YWVLAKH TOU TayxUTnta XPnOoLUOTIOL)CAUE TOV

TIapakdatw proportional eAeykth:

*

o =K A K =0,

o theta? " Yo
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A
HE Ay = arctan(—>).
AZ
Ma tnv evpson Twv KAtAMnAwv kepdwv (K ,K_ ) kat tov €Aeyxo tng
OUMTIEPLYOPAG TOU EAEYKTN] XPNOLUOTIOLNOOMYE MECW TOu Gazebo, tnv
Tpocopoilwon summit xl_sim Tou Tpooepel n Robotnik Automation yia to

Summit-XL Popmét. Ztov @dkeho catkin ws/.../controller/ Bploketat n
UAoTIOlNON TOU €AEYKTA MAG KABwWG Kal pLag poutivag mou e€ayel “tuyateg”
TaXUTNTEG yLa vav O8nyod Poutdt Katd tnv pocopoiwaon. ZNUELWVOUNE OTL N
Klvnuatikry avaiuon (tumou skid-steering) tou Summit-XL avaypdgetal otnv

npwtdtunn ékdoon Kat Baciletal otig mapakdtw Snuootevoelg [17-18].

5 NMEIPAMATIKA ANMOTEAEZMATA

AVa@EPOUPE OTL KATA TN SLAPKELA TWV TIELPAUATWY XPNOLUOTIOLBNKAV ETLTTAEOV
U0 utoAoyloteg. O €vag UTIOAOYLOTAG NTav toToBetnuévog oto AKOAouBo
Popmdt kat SteBete tnv GPU kdapta. Xe autdv Tipaypatoroolvtav OAeg ol
UTTOAOYLOTLKEG TIPAEELG, OTIOU TO ATIOTEAECHA AUTWY, SNAASK oL TaxUTNTEC,
arooteANovtav péow Ethernet oto AkOAouBo Poptot. O GAAOG UTIOAOYLOTHG,
TAV ATIOPAKPUOUEVA CUVEESEPEVOG, HEoW Wi-Fi, ye OAa Ta ocuCTHPATA UE OKOTIO
TNV €KKLVNON TOUG KAl TOV EAEyX0 TWV TIELPAPATWY. H Ttapamavw emkowvwvia
€yLVE Suvatn JE TNV XPHon Kat TNV KatdAAnAn tpoocappoyr tou multimaster fkie

ROS makétou. TéAog, oto clotnua pag dev AdBape utdyn tnv Umapén Kat
aTtoUYN TUXOV ePToSiwy Kat n kivnon tou O8nyou TIpayPatoToL)BnkKe Pe tnv
BonBeLa evog joystick.
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Ewkova 6: Zxrpa O8nyog-AkoAoubog

O pubpog AsLtoupylag Tou CUOTNHPATOC pag eival ota 14-15 Hz pe mapdAAnAn
amobnkeuon tng MAnpowoplag tng KApepag, evw Xwplg tnv Sladikacia tng
Kataypagng autng Asettoupyet ota 19 Hz.

‘OMw¢ PTOPOUHE va TTapaTNPAOOUE Kat otov MNivaka 2, to cloTnua pag EXEL Ta
embupntd amoteAéopata  Kal SLaBETEL  PLKPO TIOOOOTO  AavBaopEvwv
TipoPAEPewV. OL SU0 TEAEUTALEG OTHAEG AVAPEPOVTAL OTLG TIEPLITTWOELG YLA TLG
oTtoleg To ouoTNa pag dev PTdpeoce va evtoTtiioel Tov O&nyo Poptot pe Bdon
tnv RGB mAnpowopla Kal OTL TEPUTTWOEL TIOU O aloBntipag Pdboug
aduvatouoe va emitpePel TTANPoYopLa yLa To KEVTPO TOU KOUTLOU, AVTLOTOLYWG.
2Tov (PAKEAO experiments pmtopoLv va Bpebolv kat ta Blvieo TwV TELPAPATWY

autwv (BA. etkdva 6).

NMivakag 2: Nelpapatikda amoteAéopata tou oxnpatog 08nydg-AkoAouBog

Experiment Total Frames False Detections Kinect Failures
media/experiments/1 || 377 03 00
media/experiments/2 || 362 13 03
media/experiments/3 || 247 03 00
media/experiments/4 || 209 01 00
media/experiments/5 || 316 09 11
media/experiments/6 || 205 13 00
media/experiments/7 || 307 00 15
media/experiments/8 || 193 04 02
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6 ZYMIMEPAZMATA KAI 2YZHTHZH

To oxnua 0O&nyog-AkoAoubog Tou TpoTelvape elvatl Tpaypatikol xpovou e
HWKPO TIO0OOOTO AavBaCHEVWVY  OTITIKWY  TIPORAEPEWY. ZXETIKA HE  TLG
TIAPATNPNOELG PAG, PLA ATIO TLG ASUVAMLEG TOU EYKELTAL OTOV OPLOPO PAG OXETLKA
pe TNV tplodldotatn B£on tou O8nyou PoutoTt (to KEVTPO TOU KOUTLOU), ETIELSH
OE OPLOMPEVEG TIEPLITTWOELG 0 aloBntripag BdBoug aduvatouoe va eMLOTPEPEL
TIANpowopia, Adoyw BopuBoU Kal avtavakAAcewv Tou cuvéRailvav otav To
KEVTPO aUTO Ttautl{otave e KATIOLO onpelo tng opowng tou O&nyou. MNa autd
TOV AOYyW, €€€TAO0A TO CUYKEKPLUEVO KOPMPATL TIEPALTEPW YLa VA Bpw TWG PTIOPEL
10 oUoTNUA pag va BeAtlwdel. Alamtiotwoa OtL pla armodotiki Auon pavtadleL va
elvat n eme&epyaoia oAdkANpou to point cloud tou O&nyou Poptot (Ewkova 7).
Emopévwg, e€olkeLwBNKa amo TNV PEPLA Pou pe tnv enegepyacia 3D Sedopsvwv
pe TNV BonBeta tou takétou Open3D[19], KaBwWG KAl PE SLAYOPES TEXVLKEC point
cloud registration[20-21]. Me autég T peBoSoloyieg elval e@LkTd va BpoUpe TNV
Tpaypatiky Béon tou 08nyoU KaBwg Kal va UTIOAOYLOOUPE Kal TNV OXETLKNA
TIEPLOTPOWPH TWV SU0 PoOPTOT KAl va XPNOLUOTIOLACOUME €vav  EAEYKTN
SLAPOPETLIKAG PUOEWG. ZNUELWVETAL OTL yLa TNV §aywyr) 0pOwWV amoTEAECHATWY,
ouviotdatal n utobetnon texvikwyv Image Segmentation, ortwg Mask R-CNN[22],
yla tnv KaAutepn duvatn amoudvwon tou point cloud tou O&nyou amd tov

TiepLBaA\ovta xwpo Kat LéLaltepa, ToU TTATWHATOC.

Ewkova 7: Point cloud O8nyou Popmot

Q¢ TeAKA OXOALQ, PTIOPOUME va avag@EéPOUPE OTL TEpa amod point cloud
registration teXVLKeG, A€oV oL 6D pose estimation peBodoloyleg metuxaivouv
€€ALPETLKA amoTeEAEopata yla tnv €UPeon tnG B€0NG AVTLKELPHEVWY aTIO pLa
pwtoypapia. Islaitepa, otnv dnuocicuon [23], yta tTnv cuAoyr) SeSopévwy Kat
amod00n ETIKETWY, QVAPEPETAL AKOPA OTL 08 SUCKOAEG TIEPLITTWOELG CUAANOYNG
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TOUG, yla TapAadelypa og uttoBpuxLta PouToT, TpoTEelveTal apyLlka n dnuloupyila
TEXVITWY SESOUEVWV HE ETLIKETEG PEOW TIPOCOMPOLWONG KAl OTNV CUVEXELA N
Tipaypatotoinon image translation, pe tnv BoriBeta tou povtélou CycleGAN[24],
OTa TEXVNTA autd apadelypata e OKOTIO TNV PETATPOTIN TOUG OE HoPYr) 000
TILO PEAALOTLKN YiveTal. Me SLagpopeTLKO TPOTIO, otV [25] epyaoia, ekmatdevoave
éva CNN pOVIEAO yla va €EKTLPUACOUV TNV OXETKN B€on TnNg KAPeEPAg
XPNOoLPoTIoLWVTAG oav (0060 SU0 ELKOVEG, KAL OTNV CUVEXELQ, PE TNV TIPOOBNKN
position-based visual servo g€Aeyktr), TPAYPATOTIOLACAVE TIELPAUATA TIAVW OF
Drone. ATt tnv AAAn, av Bpebolpe o€ €va SWPATLO PE TIOAAA TtavopoLoTuTa
POUTIOT €YKELTAL TO EPWTNHA TO TIWG Ta Eexwpifoupe. MAvw o€ AUTO TO EpWTNMA,
€PYOVTAL VA amavtroouv TeXVIKEG Object Tracking, 6Tiwg N [26]. TEAOC, pLa TToAAG
UTtooYOpEVN Snuooieuon, n [27], ouvdudlel Deep Reinforcement Learning
pueBodoAoyieg yla tnv emiAuon tou image based visual servoing TpoARuatog,
Katd tnv otola, pabaivovtat ta dynamics Twv omTkwy otolyelwv (features) kat
OTNV oLVEXELQ, PE Q-Learning, EKTLHWVTAL OL TAXUTNTEG TIOU TIPETIEL VA EXEL £V
Drone yLa va akoAouBrjoeL eva Kwvoupevo PopTor.
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A Mixed Reality Dashboard Based on a
Distributed Data Streaming Architecture

Deligiannakis N. Nektarios

ABSTRACT

As computer science grows and evolves, new technologies come to surface. One
of these is called Mixed Reality. However, the creation of applications using MR
technologies is very difficult, due to the high cost of the MR devices and the small
developer community that insists on innovating in Mixed Reality applications.

We present a Mixed Reality Dashboard that receives live data streams from a
distributed platform, Apache Kafka and Zookeeper, and demonstrates
functionalities that can be used to monitor and visualize live data from any sensor
or device. Data visualization is very important making large data sets easier to
understand.

The application consists of a complex User Interface. That makes use of
Application Programming Interfaces (API) and the Kafka Rest Proxy, for receiving
and visualizing data to users. resulting in a greatly extensible application.

Keywords: augmented reality, mixed reality, data visualization, HoloLens, data
graph, REST, Apache Kafka, REST Proxy, User Interface, Application Programming

Interface, Kafka and Zookeeper.
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1 INTRODUCTION

In this thesis we have created a Mixed Reality Dashboard deployed on the
HoloLens 1 device. This dashboard presents various and basic functionalities that
are able to handle live data in various formats from a network. The data types
that are currently supported are data in the form of JSON data type and video
feed from the internet.

The data stream may be measurements from sensors or Unmanned Vehicle
(UxV) camera devices. In order for the device to get the information from a
network, we used Apache Kafka, a distributed streaming platform. To
demonstrate the whole architecture, we have designed a User Interface that is
needed to project the information in a mixed reality context. Also, we used an
already set up server, used from our research lab, that runs Apache Kafka and
Zookeeper, in order to demonstrate the data exchange and communication with
the application on the HoloLens 1.

Various difficulties and problems came up, during the development of this
application. Many trials and fails had to happen in order to develop and create a
stable and reliable version of the above application. We have to consider that the
application development for HoloLens 1 is not fully supported due to the fact that
the new HoloLens 2 device is now available.

The tools used to design, create and develop our dashboard are the Unity Editor
2018 LTS[1], the Mixed Reality Toolkit (MRTK)[2][6], Microsoft Visual Studio, .NET
Framework 4.5 - 4.6 in C and some Python for creating some testing scripts. The
data stream may be measurements from sensors or UxV camera devices. In
order for the device to get the information from a network, we used Apache
Kafka, a distributed streaming platform. To demonstrate the whole architecture,
we have designed a User Interface that is needed to project the information in a
mixed reality context. Also, we used an already set up server, used from out
research lab, that runs Apache Kafka and Zookeeper, in order to demonstrate
the data exchange and communication with the application on the HoloLens 1 in
a distributed manner [11].
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Finally, we have to mention that at the current time of the publication of this
thesis, no related work has been done, in designing and developing such a
dashboard. Therefore, the challenges that aroused where numerous.

2 MIXED REALITY FEATURES

In our application, we do project holograms to the user. We use 2D objects for
our UI and it is possible to add any hologram to our application. On HoloLens
however, because it is a Mixed Reality device, holograms blend with your physical
environment to look and sound like they're part of our world. Even when
holograms are all around you, you can still see your surroundings, move freely,
and interact with the physical environment. We call this experience “mixed
reality” [3].

HoloLens 1 is equipped with 4 environment understanding cameras, an RGB
camera and a depth camera. Spatial Mapping is a process that allows HoloLens
to understand its environment and surroundings connecting an object’s position
and orientation from the virtual to the real world [5]. This can be achieved with
detecting common characteristics of the real world like the position and
orientation of surfaces and the real-world lighting conditions.

Getting around HoloLens is a lot like using your smart phone. You can use your
hands to manipulate holographic windows, menus, and buttons. Instead of
pointing, clicking, or tapping, you'll use your gaze, your voice, and hand gestures
to select apps and holograms and to get around HoloLens.

Our device, HoloLens 1 have a gesture frame which is an area the device can
detect the movements of the hand in front of it. In order to enable any hand
gesture capabilities in our applications we had to enable them through the Mixed
Reality Toolkit. This toolkit offers the option to adopt any default hand gestures
but also create new ones. It is preferred to alter the existing profiles as we are
not certain yet that integrating new hand gestures works the optimum way.
Therefore, keeping up with the updates from the toolkit is essential [2].
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The gesture shown below, is the main interaction hand movement that our
application understands and tracks highly efficiently. The user has to air tap on
the component he desires to zoom by tapping on it. Each object has its own resize
script as the operations to the unity objects transform that have to be performed
to each component for are position depended. Also, we needed to add some
functionality to make the UI follow the users view. Without it, the user would lose
sight of the UI if he committed to any type of movement. This would happen
because the anchors of the UI would not change when the user moves. This is
important in order to make the UI visible to the user even if the user has moved
his head around.

Figure 1: By air-tapping on one of the components the component comes to the center
of the users view and gets larger

3 GENERAL OVERVIEW

In the above image we give a general overview of the applications architecture.
All the various components are coordinated by the application deployed to the
HoloLens device. The User Interface is a Panel that consists of nine parts (or
panels) equally drawn on the main Panel. Each panel is an independent panel
with specific functionality. The main Panel consists of the listed sub Panels: Data
Graphs, Video Graphs and Options Pane.
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The User Interface has some features enabled that offer a better visualization for
the user. Tooltips over the data are also provided, giving an even better
understanding of the data to the user. Also, the UI has specific scripts attached
to it, in order to follow the user’s view through the device. This is very necessary
because the devices spatial awareness is enabled and helps the user to keep track
of the UI and its position in space.

Application General Overview
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Figure 2: General Overview of the application

4 DATA GRAPHS

We will start with the Data Graph panel and the graphs it consists of which are
the Simple Graph and the Dynamic Graph. This panel, a numeric graph is created
and designed to visualize numeric values for a specific phenomenon.
The Simple Graph in this example holds values of altitude simulating the altitude
of a drone. The data that is projected on the graph is very easy to be configured
or altered in the Unity editor, in order to visualize any phenomenon, the user
needs. The co-routine receives data if available and translates it to a form usable
for the graph components. Upon successful reception of messages, the graph

gets updated and redesigned (if needed), visualizing the new incoming live data.

The graph component also offers some options in order to change the way the
graph visualizes the data. The user can choose between a bar chart graph and a
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line graph. Also, the user may wish to monitor a subset of the data in the graph.
As we will also discuss in a next section this component receives data from the
altitude Kafka topic. When receiving new value, a list of the values is updated and
re-loaded to the graph component. Also, we have a sliding window as we can call
it, which allows as to monitor only the last x values we received. The value x is a
value that we can set from the editor and temporarily change from the
application itself. The graph obviously gets updated with the same rate the values
are received if a new value is available. In case the values are constantly changing,
the graph gets rebuild.

This sliding window is very important and could also be used for other purposes
like applying some data algorithm on this selected window. For instance, we
could apply sliding window algorithms at the already created window of values.
In many cases, it is possible to have values with a specific type of measurement,
like meters of feet for distance. This feature is also available from the editor and
from the Graph menu to select. However, any change might have a temporary
effect on the visualization of the data, meaning that the graph opts for the preset
options.

g Discharging
BN  05/02/2020 4:40 PM
1

Figure 3: Application view from the HoloLens device
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The Dynamic Graph component is similar to the above Graph component.
However, it has features that make it more dynamic to the received data. First of
all, this dynamic graph is a bar chart. Each bar represents the last value of a set
of values for different phenomena e.g. we visualize temperatures for different
subjects, like temperature in the air, water, ground etc. In case new sensors or
sources of data start to send data to our application, the graphs gets dynamically
redesigned and reformed in order to project the new data.

Figure 4 and 5: Zoom in and Sliding Window, and the settings available

5 VIDEO GRAPHS

Video graphs are created to offer live video feed to the user. Currently, we
consume video feed from data servers, in order to measure any performance
issues. It is possible to consume video frames from a Kafka topic and construct
the video in the device but this aspect is on test mode at this time. Each video
component has the zoom in or zoom out function with the use of air tap on the
video. The two components are the Air Feed and the Ground Feed components.

The Air Feed component is intended to grab a live video feed from a topic and
project it to the user. We named Air Feed to emphasize the use case scenario of
adrone flying above an area and feeding the Kafka topic with is on board camera
feed. However, we stumbled above many and various difficulties and limitations
from the tools we used. For security reasons, it is not allowed to consume any
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data type from the internet. Also, not any type of web operations with data
streams is allowed because of the just mentioned reason.

We achieved to stream video from a server and optimize it in order to avoid
conflicts between the other internet transactions with internet (from the graphs
etc.). We have stored a video in a cloud service, and used the share link that the
platform provided and used it as source for our video component. From there,
the video player script attached to the component, takes the URL and starts
downloading frames. If the frames that are already streamed suffice for a smooth
video play, the video starts to play and the component continues to download
frames. Similar to the Air Feed component, the Ground Feed video component
is also intended to consume live video feed from the network. The user again is
able to enlarge the video by air tapping on it.

Figure 6: View of the application with use of the received data streams. Both video feed
are visible at the left side of the dashboard.

It is necessary to point out that only with the above three graphical components,
we already strain a lot the device with great workload on the CPU, the GPU that
has to render all changes in the frames and to the device's memory. Multiple
operations execute behind the scenes and therefore is not possible to completely
control the workload of some processes. With many tests we found that the
consumption of frames needs some effort rendering our Ul components as

expected.
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5.1 Options Section

The Options Pane component holds more options regarding the entire layout
and the components. Currently, the user is able to enable/disable a component.
This is made in order to help the user to monitor the data he desires or currently
needs. Also, we have to consider that the users view is limited towards his real
surrounding space. These options intent to help the user free up his view through

the device’s view and move safely in his real surroundings.

6 SCRIPTS AND SCRIPTING APIS

In order to create our application and also implement some logic we had to write
some code. For the scripts we have created we used the C# programming
language and some scripting APIs. We used the Unity scripting API which offers
the documentation and some basic examples for the use of functions and classes
Unity offers. This scripting API is the core of our application and there were no
alternatives to use. We used the .NET framework from Microsoft that was used
to build and deploy our application to the HoloLens [8].

Co-routines are a type of functions but with some more and very important
characteristics. In general, functions are called and executed inside the lifecycle
of a frame. This means that a function has to run to its completion and this had
to happen in a single frame. Also, many times it is needed to fulfill a task that is
going to take multiple frames to complete. We could spread this work across
multiple frames with the use of the Update function but this solution will certainly
backfire on us with performance issues. Co-routines are like functions but have
the ability to pause their execution and return the control to the main thread of

the application, waiting for synchronous input, etc.
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7 DATA CONSUMPTION

The above section in the way and the methodology our application consumes
data from the network. We have to point out, that the HoloLens device and most
Augmented Reality devices, have not yet offered robust solutions for consuming
live data streams. In order to visualize data in the Mixed Reality Dashboard
application, we have to generate data in a specific format and then create the
application’s routines for consuming the data from the Kafka REST Proxy.

First of all, the data format has to be JSON. For demo purposes we have created
our own producers written in Python, which create JSON Objects and send them
to a specific Kafka Topic. The application’s routines consume the data from each
Topic (one Topic per Ul component), strip it from any metadata that Kafka adds
to the message (for configuration purposes) and parse it in order to extract the
specific values we need for our graph.

The above procedure is simple but has to be done as dynamic as possible in order
to make the UI support as generic data types as possible. Our application
achieves the above assumption by parsing the data in a general manner without
having hardcoded information on our graph components. For instance, the
presentation of the values in the graph uses the key values inside the received
JSON objects for the tooltips and properties of the graphs. Additionally, the
dynamic graph has no pre-configured values or properties and is able to
dynamically visualize data in relation to the received data parsed from the JSON
object. It automatically adjusts properties of the graph, like names of the datasets

visualized.

The video feed components require a video stream to project to the user. These
components have mechanisms enabled in order to prepare the video to be
played, by gathering some frames before playing, and also to handle possible
audio sources and other quality properties. However, the application limits the
type of video stream that can be received and projected. This is a great challenge
due to the fact that performance may degrade significantly on the device, in the
process of not only rendering holograms but also decoding and rendering a
video stream. Furthermore, our goal is to consume video feed from a Kafka topic,
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which is currently on a testing phase and has great developing difficulties. We
have proved that it is possible and may offer a smooth and reliable experience to
the user.
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Figure 7: The message section

Also, we have to mention that this section of the UI has the potential to make use
of the reception of any kind of events with use of a panel dedicated for status
information and received messages or alerts. The user may be in a position to
contact someone and receive or publish messages to the Kafka services that will
be able to be consumed from another application.

8 APACHE KAFKA PLATFORM

A very challenging aspect of the application we present, is the communication
with a network using the Apache Kafka [10] distributed streaming platform with
help of the Apache Zookeeper. Kafka implements queues that are able to handle
events very efficiently and fast. In our application we used the Confluent
Platform, which implements at its core Apache Kafka and is the only enterprise
event streaming platform as of now. The Confluent Platform is almost fully
documented and offers many different connectors that offer more application
specific automations for handling events. Apache Zookeeper is an open-source
server which enables highly reliable distributed coordination.
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An application has to subscribe to a Topic in order to publish or consume
messages in real time to any other application. Kafka guarantees some very
important assumptions with the mostimportant that messages will be consumed
in the order they were published to the topic. Topics are unique named buses,
used for data transmission between nodes. Nodes can publish or subscribe to a
topic, but data production and consumption are decoupled meaning that there
is an indirect connection between the nodes. We have to point out that,
implementing the above assumptions is not a feature that the device was
designed for. Therefore, our application is a prototype at this kind of event
tracking via the Kafka Confluent Platform.

In order to produce or consume data from a server that executes the Apache
Kafka streaming platform, some configuration has to happen first. Our
application is limited by the .NET framework, on how to connect and get data
from a network. First of all, we have to use the UnityWebRequest object provided
from the Unity Scripting APIL. This object is used to implement many types of
connections to web servers and is the only one that worked on our HoloLens
device. Despite this constraint we kept pushing for a solution, as Apache Kafka is
a robust distributed platform for big data processing, significantly expanding our
application’s potential use cases [11].

The UnityWebRequest object, limited us to use the Apache Kafka REST Proxy
connectors, as we could not use the Confluent Kafka libraries offered on many
other programming languages, challenging us even more. In simple words, our
application does not load any Kafka libraries or dll files but uses
UnityWebRequest objects to connect to a specific URIL. The above URI requires
some steps to be created as it has to refer to a specific topic(s), consuming the
data in a way to handle them as a simple JSON format. Each message received
from Kafka, has our required values encapsulated (the sensor data is bolded and

the rest are metadata useful for configuration purposes).

Message produced: {"altitude": 104}

Message received:

[{"topic":"DroneTopic","key":
null,"value":{"altitude":104},"partition":0,"offset":80752}]
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As we can see, the initial message is encapsulated in JSON data message
consumed from the Kafka topic “DroneTopic”. The above message holds some
very basic values like the partition and the message offset. These values can be
used in order to recover from a network failures or any other cause that forced a
delay or halt on consuming data from the application. In our application we opted
for the current and latest messages (or values) in order to keep track of a
phenomenon in real time, ignoring any previous data that might be stored. The
procedure for this assumption is described in the previous section.

We would also like to mention the other two topics we are using which are the
Vector topic and the InfoTopic. The Vector topic is used to present the dynamic
loading of content from the graphs. The producer of the message may alter the
dataset he wants to visualize to the receiver. If this is happening the application
will adapt to these changes and the graph will take the form of the new received
content. The InfoTopic is used to demonstrate the reception of messages to the
application user.

9 CONCLUSIONS

The presented application offers an integrated solution for visualizing live data
streams in an Augmented environment. The technologies used consist of tools
and APIs that are the state of the art. We used tools and libraries that are
constantly evolving. Although this came with many challenges, we succeeded to
overcome the numerous difficulties occurred by the innovative nature of our
application. We have demonstrated a use case of an Augmented Reality
application, using the AR device HoloLens and visualizing data consumed from a

robust and concrete distributed live data stream platform.
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AgLomtoinon tng mAat@oppag Arduino otnv
EKTIALOELUON: ZXESLAGHOG HaBnoLaAKWY
dpaoctnpLottwyv e Bdaon to rtAaiolo ECLIP

Iop&avng A. Kouong

NEPINHWH

H eKTIALOEUTLKI) POMTIOTLKN) ELOAYETAL OAOEVA KAL TIEPLOCOTEPO OE OAEG TLG
BaBuidec tng ekmaideuong kat Lélaltepa o€ EKMALSEUTIKA OUOTrHATA TIOU
akoAouBouv tnv ekmaideuon STEM. H gpyacia mpoteivel tnv aflomoinon tng
TAat@oppag Arduino yla tnv €Loaywyr] tng €KTIALSEUTIKIG POUTIOTIKAG OTNV
TpwtoBadpLla kat SsutepofdabuLa ekmaideuon. TUYKEKPLUEVA, TIPOTELVETAL O
oXeSLAONOG pabnolakwy Spactnplotitwy PBdosl tou TAAlciou oxedLacpou
pabnolakwy spactnplotritwy ECLIP. H tpotaon ieplAapBAveL TOV EUTTAOUTLONO
Tou ECLIP pe ekmaldeutikd otolxela wote va pmopel va €pappootel o€
S5paoTNPLOTNTEG EKTIALSEUTLKNG POMTIOTLKAG Kal TNV a&Lotoinon eVOANAKTLKWY
TIPOYPAHHATLOTLKWY TEPLBAAOVTWY YLA TOV TIPOYPAHUHATLOHO Tou Arduino wote
va KOAUTITEL SLAPOPETLKEG PABNCLAKEG AVAYKEC.

NEEeLg KAELSLA: EkTtalSeuTLkr) Popttotikn, MAnpowoptkn, Arduino, ECLiP

ENMIBAEMONTEZ

Ayopitoa éyouAou, perog EAIN
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1 EIZArQrH

H paydaia texvoloylkn €EEALEN ToU €xEL OUVTEAEOTEL Ta TeEAEUTaAla Xpovia o€
oUVSUAOHO HE TO YEYOVOG OTL auTr) cuvex(leTal e QUElWTO PUBUO EXEL PEPEL OTO
TIPOOKAVLO TN oudTNoN ToU aYopd To PEANOV Twv emayyeApdatwy (Nubler,
2016), Twv S€ELOTATWV KAl PUOLKA TNG eKTTaiSsuong Ttou Ba TIpEMEL TiponyeLtal.
A€LOTNTEG, OTIWG KPLTLKN oKEWYN, eTtAucn TIPOBANPATWY, UTIOAOYLOTLKN OKEYN,
ouvepyaoia, amoTeEAOUV TO ETKEVIPO TNG EKTMALSEUTLKAG HETappUBuLong o€
TIOAAEG XWPEG. Mpog autr tnv katevBuvon n aflomoinon twv TMNE kat tng
EKTIALSEUTLKIG POUTIOTLKNAG UTIOPOUV va cUpBAMouv onpavtika (Eguchi, 2014).

MpdoWateg EPEVVNTLKEG EPYACLEG avaSELKVUOUV OTL N EKTIALSEUTLKI) POUTIOTLKN
EXEL TIPOCEAKUOEL TO €VSLAPEPOV KAL TNV TIPOOOXN TWV EPEUVNTWV WG &va
XPNOLUO €pyalelo yla TNV avdmrtugn yVWOTIKWY KAl KOWWVLIKWY SEELOTNTWV
OTOUG PaBNTEG, LKA OTA YVWOTLKA avtikeipyeva STEM - Science, Technology,
Engineering, Mathematics (Alimisis, 2013; He & Liang, 2019).

H exTalSeuTIK) POPTIOTLKY, oxeTileTal TOOO PE TNV TIAPATAPNCN 1 TOV ATIAO
XELPLOPO NAEKTPOVIKWY HOVTEAWV (pOUTIOT O€ KALPAKA) 00O KAl PE TNV EUTIAOKN)
TOU PaBNTA PE TOV TIPOYPAUMATLONO, TNV €miAucn TipoPARpatog Kat tn ARdn
aTOWPACEWVY OE OXECN HE TN CUUTIEPLPOPA TOU POVTEAOU HE OTOXO TNV avAamtuén
NG SNULOLPYLKNG oKEYNG. H €vtagn tng popTIOTLKNG oTNV ekTtai&guon pmopel va
BepeAlwBel oTo emIXElpnpa TNG XPHONG TNG TEXVOAOYLAC WG voNnTKO gpyaleio
(Mikropoulos & Bellou, 2013). H oxedlaon pabnolakwy §pacTtnPLOTHTWY UTIO TN
HOP®PN TWV OUVOETIKWY €pyaclwVv OSLEUKOAUVEL TnV TPOCApHOYyn ota
evdLaépovta Kal oTLg S€ELOTNTEC TwV pabntwv (Ppaykou K.a., 2010).

YTd KATAMNAEG TIPOUTIOBEDELG, 1N EKTIALSEUTLK POUTIOTIKY) MTIOPEL va
XpnotgototnBel amd Tov padntr) Twv TMPpWIwV TA&Ewv Tou AnPOoTLKOU, £WG Kal
TOV (POLTNTN I TOV ETLOTIPOVA TIOU EPTIAEKETAL PYE OUVOETEG KATAOTACELG Kal
YAWOOEG TIPOYPAPPATLOPOU yLa TOV KaBoPLOPO TNG CUPTIEPLYPOPAG TOU POUTIOT
(He & Liang, 2019). KaBwg otnv ayopd umdpyxouv TIOKIAa ocuctrpata
POUTIOTIKNAG, Ta OTola SLaWEPOUV WG TIPOC TO KOOTOG, TA KATAOKEUAOTLKA
XOPAKTNPLOTLKA, TA SOPLKA UALKG, Tov BaBud mpocuvappoAdynong TUNHATwY

KaL TOV TIPOYPAMMATLOHO TOUG, Elval TIpoYaveg OTL XpeLadeTal TIPOoox ] WOTE va

67




AELomoinon tne MAatedppac Arduino otny ekmatseuon;: IXeSLaoHOC HaBNOLaKWY SpactnpLoTATWY He BAon to Thaioto
ECLIP - IopSavng A. Kouong

ETAEyeTAL €Kelvo TO TEPLBAAMOV UALKOU Kal AOYLOPLKOU TIOU LKAVOTIOLEL TLG
amattioeLg tng Babpidag yla tnv omola poopidetal KaBWE KaL TA ETLELWKOPEVA
pHabnolakd amoteAéopata. Ol CNUAVTIKOTEPEG TIAPAPETPOL TIOU CGUVEKTLHWVTAL
yla TNV KAatdAAnAn €mAoyr Kal Tautoxpova oL TIPOKANCELG yLa TNV agLotoinon
NG POUTIOTLKNG €lval (Schon, Ebner & Kumar, 2014; Vandevelde et al., 2013)

e To KOOTOG
e O Babuog mpoouvappoAdynong TUNUATWY

e To €l80¢ TipoypappatiotikoL TepBAAOVTOG (YAWOOEG TIpoypappa-

TLOPOU, AELTOUPYLKA, SLaBEaipa cuotruata)
e O SLaBéoLpog xpovog SLtsaokaliag
e O BaBPOC KATAPTLONG TOU EKTIALSEUTIKOU

Ta CUCTAPATA EKTIALSEUTLKNG POPTIOTLKNG Xwpllovtal og U0 Katnyopleg: autn
TWV «KAELOTWV» CUCTNUATWY KAl TWV EUTIOPLKWY TIAKETWY OTIOU N eAeuBepla
dnuloupylag meplopidetal amod tig SuvatotnTeG Kal Ta TuXOv e€aptrpata mou
TIAPEXEL O KATAOKeUAOTNAG (.. Lego Mindstorms, Fischer Technik, Edison, Vex
Robotics) kal autrj Twv «aVOLKTWV» CUCTNPATWY OTIou 0 KaBévag PTopel va
SnuloupynoeL 0,tL BeAeL xwplg eploplopoug (t.x. Arduino, Raspberry Pi). Ta
«KAELOTA» TIAKETA £X0UV UPNAG KOOTOG ayopds eVw TaA «AVOLKTA» CUOTHUATA

ATALToUV PeYaAUTEPO KOTIO (KAl eVEEXOPEVWE XPOVO) SnuLloupylag.

To BewpnTikd UTIORABPO KAl OL BACLKEC YVWOELG TIOU TIPETIEL VA £XOUV OL JaBNTEC
TIPOKELPEVOU VA avtameEEABOUV O€ eva EKTIALSEUTIKO TIPOYPAUKA POMPTIOTLKAG
TIOLKIN oLV KaBw¢ €€aptwvtal amod Tapdyovteg OMw¢ to clotnua Tou Ba
xpnotpomotnBel kat n nAwkia Twv padntwv. Zuykekpluéva yla to Arduino
arattouvtal BAcLKEG YVWOELG UTIOAOYLOTH, YVWOELG TIEPLYNONG oto Aladiktuo,
BAOCLKEC YVWOELS O APXEG TIPOYPAPMATLOPOU KAl YVWOELS NAEKTPOAOYLKWVY
/NAEKTPOVIKWV KUKAWPATWY. MNa katnyopieg pabntwv mou &€ Sltabgtouv To
uttoBaBpo o€ mpoypappatiopo C kat o€ Bgpata Paolkng NAEKTPOVLKAG
[nAektpoloyiag (6w o pabntég Snuotikou) prmopel va  akoAoubnbel n

Tpooéyylon pe Tnv aflomoinon omtlkwv YyAwoowv (Scratch) ywa tov
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TIPOYPAPPATIOPO KAl XPNON ELOAYWYLKWY EVOTATWY Yyld TA NAEKTPOVLKA

e€aptnuata mou Ba xpnotpotolovvTal.

Yto TmAaiolo tng Tapoucag epyaciag Tmpotelveral n a&lomoinon kat o
EUTIAOUTLOPOC Tou TAdloiou ECLIP (Exploratory + Collaborative Learning in
Programming) (Gogoulou, Gouli & Grigoriadou, 2009) otov oyxeSlacuod
pHaBnoLaKWy §pacTnPLOTATWY yLad TNV ELoAywyn HadnTwv Tng mpwtoBaduLag Kat
SeutepofabuLag ekmaldeuong otnV EKTTALSEUTIKN POPTIOTIKNA agloTiolwvtag tnv
TAQT@Oppa  Arduino. EmumA&ov, mapouclddetal €va OUVOAO HaBNoLaKwV
5paoTNPLOTHTWY TIOU KAAUTITEL BACLKEG EVVOLEG TNG EKTIALSEUTLKIG POUTIOTLKNG

KaBwg KAl Ta ATTOTEAECPATA ATIO TNV TILAOTLKI] TIELPAUATLKI EQAPUOYN.

2 ECLIP KAI ARDUINO

To ECLIP elvat éva mAalolo oxedlacpol &pactnplotitwy Tmou agloToLel
XOPAKTNPLOTLKA ATIO TN SLEPEVUVNTLKI] KAL CUVEPYATLKN JABNoN Kal Ttpotelvel YLa
Sltadikacia n omola amoteAeital amd tpia Brpata: (i) Anuloupyia Kwvrtpou yLa
pdenon, (ii) Owod&ounon tNg yvwong péow TG Alepelivnong+Iuvepyaoiag
(Constructing knowledge through Exploration+Collaboration) kat (iii) E@apuoyn
- EkAémtuvon tng yvwong (Applying-Refining knowledge). Ou §paotnplotnteg
Tiou oxedladovtat pe Baon to ECLIP mpemel va amoteAoly éva eviaio cUVoAo, va
€XOUV CUVOXN KAL GUVEXELA KAL VO GTOXEVOUV TOCGO GTNV OLKOSOPNGCN TNG YVWONG
(20 Bpa) 6co kat otnv pappoyn tng (3o Brpa). Artapaitntn mpolmdbeon yLa
TNV emiteuén aUTWV TWV OTOXWV ATIOTEAEL N EVEPYOTIOLNON TWV PABNTWV Kal N
TIPOKANGCN TOU EVSLAPEPOVTOC TOUG yLa padnon (10 BrAua) (Gogoulou et al., 2009).

H em\oyn tou Arduino €ywve kabwg sivatl pla texyvoloyia @tnvr, aglomiotn,
€UEALKTN KaL TToAUSLAoTatn (Jamieson & Herdtner, 2015). ETtiriAéov, elvat eUKoAo
otnv gykatactaorn, O&labetel KaAd  SLAPOPPWHEVO  TIPOYPAPHATLOTLKO
miepBarov, uttootnpidetal amo peyain kowotnta oto Awadiktuo, prmopet va
gykataotabel o€ OAQ TA yVWOTA AELTOUPYLKA CUCTHPATA, EXEL XAPNAO KOOTOG OXL
HOVO OTO UALKO aAAQ KaL OTO AOYLOMLKO, Kal pttopel va mpoypappatiotel pe

TIANBwpPa YAWoOoWV TIpoypaApPaATLOPOU.
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Lo Tov O0XE8LA0PO TWV HAaBNOLOKWVY §pACTNPLOTHTWY EKTIALSEUTLKIG POUTIOTLKAG

SLapopPwONKav Kat EPTIAOUTIOTNKAV OL TPELG PATELG WG EENG:

®AZH 1: Anploupyia KLVATPOU Kal TIPOKANCH EVSLAPEPOVTOG

2Tn PAcn autr oL §pacTnPLOTNTEG £XOUV OKOTIO, EKTOG ATIO TNV TIPOKANGCN TOU
evlLaWEPOVTOG, va avadelxBolv oL eAAELPEL] TWV YVWOEWV KAl N avaykn
avalritnong veag yvwong. Ma tnv TPOKANCN TOU &vdLaPEPOVTOG Elval
onUaviltkd va ylvel xpAon amiwv, YvWoTtwv TPoPAnuUdtwy amo Ttnv
kKaBnpepwotnta. Auté Ba avadelfel tn XpnoLhoTNTA TNG POMTIOTIKNAG, TNG
NAEKTPOVLKNG KAl TOU TIPOYPAPPATIOHOU evw Ba TIpokANBEL To evdLagpepov yLa
TNV amokwasLKoTolnon Kat TNV €€epelivnon TnNg TEXVOAOYLKNG TIPAYHATIKOTNTAG
TIOU cuvavtd o padntng. Ol SpactnpLdTNTEG PTToPOoUV va TIEPLAAUBAVOUV:

e [lapouciaon evog péoou (video, Tapouaoiaon, LKOVEG) Kat TtpOoKANGN

TWV Pabntwv yla oXoALacuo.

e ’'Etolpun Kataokeur (Havpo Koutl) kal TipOoKANGN yLa GXOALAOHO £TTL TNG
AgLtoupylag TNG 1) TNG TPOYPAMHATLOTLKAG UAOTIOLNONG TIOU «KPUPBEL».

e ZulATNON KAl QVASELEN TWV EPTIELPLWY TWV HABNTWV.

e Avagopd og SpacTnPELOTNTAG KAl £PYQ TIOU £X0UV ekTtOVNOEl Kal
SLOPALVOUEVEG TIPOOTITLKEG ETTEKTAONG HE VEQ SES0UEVA.

®AZH 2 : OLKOSOuNoN VEAG YVWONG HECW SLEPEUVNONG - CUVEPYATiag

O OKOTIOG 0€ autn TN Yaon lval oL pabntég va Slepeuvrioouv PovoL Toug ta
SLaopa  XaPAKTNPLOTLKA TwV UAKKWY Tiou Ba xpnotlugotrolnbouv  OTLg
5paoTnNPLOTNTEG KAl TWV TIPOYPAUMATLOTIKWY TEXVIKWY TIou Ba kAnBolv va
akoAouBrjoouv. Melpapatiovtal TMAVW O AUTA PE OKOTIO TNV Katavonon
€papuolovtag TPOTIOTIOLOELG O€ UALKO TIoU Ttoug Slvetal kat Sokipdalouv va
EMAUCOUV Ttapopola HPKPA TipoPArjpata. Emiong, a&lomolovvtat peBodol
ouvepyaoiag (OTwg To POVTEAO 08nyoU- TapPATNPNTA yla TNV KAAALEpPYELA
SeflotNTwy otnV EMLELpnuatoloyla, OToV KPLTIKO OGXOALAOHO, OTn ouvBeon
amoYPewy, K.a.). TN QACNH AUTH PTIOPOUV va oXeSLAOTOUV §pactnpldTnTEG oL

oTtolEG:
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e Me 5£60PEVO €va ETOLPO KUKAWHA KaL TIPOYPAMHQ, OL Habntég kaholvtal
va pavtéouv (1 va avakaAlpouv) apatnpwvtag to, ToLa eivat n
A€LTOUPYLa TOU KAl OTN CUVEXELA VA CUYKPIVOUV TO TIPAYHATLKO HIE TO

TIPOGSOKWHEVO ATIOTEAECHA.

e [avw o€ eva KUKAWPA TIou SLEeTalL £TOLHO, OL HaBNTEG KaAouvtal va
TIELPAMATLOTOUV PE TPOTIOTIOLNOELG YLA TNV ETILTELEN PLAG TTAPAAAQYNAG
(Trou pmopet va okeptoLv Kat oL (SLot).

®AZH 3 : Epappoyn Kat EKAETTTUVGOT TNG yvwong

Ztnv tpltn aon oL pabntég kaAouvtal va SnuLoupyroouy, va afloAoyrioouv Kat
va a&lodoynbouv kat va avamtufouv TEPALTEPW TL( YVWOELG Toucg. Ot

paotnpLOTNTEG OTN PAcon auth teplAapBdavouv:
e Tov avactoxacopod: ylvetal KpLTLKA amoTipnon Twy LEewV Kat aroPewv
e AVATITUEN PLaG VEAQG EQAPHOYNG: UAOTIOLELTAL €va project
e AZLOAOYNON: autoagloAoynon N aELoAdynaon amo OpOTLHOUG

H uAotmolnon €vog pkpoUu project, oto TAaiolo tng @dong 3, To orolo Ba
otnplletal OTLC YVWOELG TIOU JEXPL TWPA £XOUV aTtOKTNBEL, Elval ouoLaoTikn yLa
TNV €@appoyr tng veoamokinbeloag yvwong KalL tnv amoocagrnvion Tuxov
mapavonoswv. OL pabntég agrivovtat EAeUBepoL 0TO TIAALOLO EKTIOVNONG EVOG
€PYOU VA OUVEPYAOTOUV, VA TELPAPATLOTOUV, va TPoBAnuATLoTOoUV Kal va
KataAn§ouv o€ €va povasiko yla autoug amotédecpa. Qg amotedecpa S voeital
HOVO n TeEAKA €KPaon TN Kataokeung (mou pmopel va elval éva amio
avapBéopnua evog LED) aAAd kal ta emipyépoug otadla ta otola yla kabe opdda
pttopel elvat dtapopetikd. MNa tnv oAokAnpwaon tng wdaong 3, mpotelvetal oL
paBbNTég va ePTIAéKOVTAL O SLASLKAGLEC avaoToxaopoUu Kat aloAoynong (auto-
a&loAdynon kat opotiun a&loAdynon) (Sluijsmans, 1999; Topping, 2017).

TeAOG, n avamrtugn ouvePYyaTikoU KALPATOG PE TOV OXNUATLOHO HLKPWV N
HEYaAUTEPWVY opadwv elvat AAAOG £vag onPavTlkog uAwvag oto Aaiolo ECLIP.

Eldlkda yla TNV TeEPLMTWOon tng POMTIOTLKAG OL CUVEPYACLEG UTIOPOUV va glvat
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ToAudLdotateg (T.x. Tpoypappatiotg, Bonbdg tou, opdda oxedlacpou, opasda
UAOTIOLNONG K.ATL.).

3 MAOHZIAKEZ APAZTHPIOTHTEZ

Me Bdon to epmAoutiopevo TIAaioLlo ECLIP, oxeSldotnkav kat tpotelvovtal Tevie
(5) ®UMN\a Epyaociag (PE) yla sloaywyry OTNV €KTIALSEUTLKI) POUTIOTLKI HE TO
Arduino kat Baotkd mepLpepelakd tou e€aptrpata (Mivakag 1).

Ma Tov poypappatiopd tou Arduino kat tnv uAotoinon twv ¢nNToUpEVWY ota
@UA\a epyaociag oL pabnteg kaAouvtal va xpnotpototjoouv tn yAwooa Wiring C
peoa amd 1o TEPLBAMoOV  Arduino IDE oMdA KAt YAWOOEG  OTITLKOU
TIPOYPAPPATIOPOU OTIWG N S4A kat n Ardublock wote avdhoya pe tnv pdtepn
YVWON Kal TOUG ETMLSLWKOPEVOUG YVWOTLKOUG OTOXOUG OCOV a@opd OTov
TIPOYPAUMATLOHO, VA ETIAEYOUV TO ETILOUPNTO TIPOYPAMUMATLOTLKO TIEPLBAAAOV.
EmunpooBeta xpnotpomoteitat to eptBaAAov Fritzing péoa amo to otolo Propel
KATIOLOG OXL MOvVo va Tipoypappatioel to Arduino aA\d kat va oxeSLACEL TO
KUKAWHA Tiou KaAgltatl va uAototrogt. ‘Etol mapdAAnAa ot pabntég pabaivouv
yla tov oxedtacpo CAD ota Pn@Lakd KUKAWPATA.

2t0 TAA{oL0 €VOC OAOKANPWHEVOU TIPOYPAPHPATOG POUTIOTIKNG-TIANPOYOPLKNG
TipoTelveTal va oupmepANYBel eva Kevtplkd pakpompoBeopo project. lNa
Tapddelypa, oto TAalolo evog project, oL HaBntég pmopel va xwpLotouv os U0
OMASEC, oL OTtoleG Ba €£X0UV WG OTOXO VA KATAOKEUACOOUV £vda (L0 AVTLKELPEVO
(Tr.x. KlvoUpevo dxnua) To ottolo Ba ekTeAEl KOLVEC Kal pn KOLVEC evépyeLeC. Katd
TN SLApKeLa TNG UAoTIolnoNG oL opdAdeg Ba TIPETIEL VA OUVEPYAOTOUV WOTE va
TIAPOUV ATIOPACELG OXETLKA HE Bépata Omwg n aAnAemidpaon twv &uo

oxnNUAatTwv.
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Nivakag 1. Npotewvopeva PUAMa Epyaciag

. ; N'vwotikd media -
Evotnta TitAog ASEeLe KAELSLA
®UOAMNo Epyaciag 1 OTtTLKkn,
To Arduino avdapet to Pwg NAEKTPLOPAC,
EgapTrpata H Alo8og EkmropTtrig Pwtdg (Led) TIPOYPAPATLOOC
‘éi‘;:gs ®UAMo Epyaociag 2 HAektpLlopdg,
To Arduino puBpiceL to HAeKTpLKG PEVPA | Tpoypappatiopdc,
H MetaAnt Quikn Avtictaon €\eyxOC
(Motevoldpetpo)
®UAo Epyaciag 3 Oeppokpaota,
To Arduino eA€yxeL Tn Ogppokpacia TIPOYPAPHATLONOC
AwcOntrpeg 0 AwoOntnpag Osppokpaciag
®UAAo Epyaciag 4 YTEPNXOG,
To Arduino avtiAapBdavetal tov Xwpo TIPOYPAPHATLONAC,
0 AwcOntipag MEtpnong Améctaong LNXQVLKA
®UAMo Epyaciag5 Mnxavikn,
Mnxaviopoi To Arduino o€ Kivnon NAEKTPLOPOG
O Dc Kwvntipag kat o ZepBokLvntipag TIPOYPAHHATIOHAC

Ta ®UAa Epyaciag 1 kat 2 spappdotnkav TAOTLKA. EVEELKTIKA TtepLypdpeTal
oLVOTITIKA To ®E 1, «To Arduino avdfel to dwg - H Alodog EkTtoptg Pwtog
(Led)» omou yivetat yvwplyia pe to Arduino kat tov PBaclkd TPOTIO
TIPOYPAMMATLOPOU TOU €V AOYW HLKPOEAEYKTN ME TIG YAwooeg Wiring C kal S4A
(Etkdva 1a). Emtiong, e€etdlovtal ta Bactkd SouLKA UALKA TNG NAEKTPOVLKNC Kal
HE aUTA UAOTIOLE(TAL €va KUKAWMA. XTn ouvéxela ylvetal olvédeon pe ToOV
HLKPOEAEYKTN KaL JE XProN TNG TTAAKETAG KAl TNG YAWOOAG TIPOYPAPATLONOU, TO
KUKAWHA AELTOUPYEL EKTEAWVTAG TLG EVEPYELEG TIOU oOXedLaotnkav. To PE
amnoteAeltal amo Tevte SpaoTNPLOTNTEG. LTO TEAOG TWV EVOTATWVY Slvetal Tipog
VAoTtolnon éva PLKPO project WOoTe oL HaBNTEG va QapuOCouV TLG YVWOELG TTIOU

ATIOKOHLOQV OTLG TIPONYOUUEVEG SpacTnpLOTNTEG.

Ztnv 1" §paoctnpLotnTa oL Habnteg mapakoAouBbouv apyLkd Eva cuvtopo video
clip mou mapoucotalovtal €pya (projects) kaL LS€EC e ETIKEVIPO TOV
HLKpOEeAEYKTN Arduino pe 0ToX0 va TIPOoKANBEL To evSLapEpov Twv Pabntwv. Ztn
2" Apaotnplotnta oL pabnteg mpooTmabolv va avayvwpioouv ta e€aptrjpata

TIOU TouG SlvovTal Kal amaviolV O OXETLKEG EPWTNOELG OXETLKA PE TN XPHon
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Toug. EmSlwketatl n dnuloupyla véag yvwong PEow Tng Tapatripnong Kat tng
Slepeuvnong. Zuvepyalovial o€ OPASEG KAl AVIOAAACOOUV YVWOELG OTIOTE
TMapdAnAa avtlhapBavovtat tnv afla tng opadikng epyaciag AkoAoUBwG
(8paotnplétnta 3) oL pabNTEG SLePeUVOUV TIEPALTEPW TO NAEKTPOVLKO KUKAWUA.
Mapatnpouv to oxedlo Kat Ttat{ouv Eva PLKpo Tawyvidt avtiotolyioswv.

1. AvayvwpioTe oto Sidypappa Kai oTn QuToypagia Ta eEaptipata Tou £XETE PTTpOOTa
oa¢. Zuykpivovrac 1o Sidypappa kar T Qwroypagia PITOPEiC va avrnoToiXfoeg oty
TTapaxkdrw eikéva 1a eapriuara ota pins Tou diaypauuarodg,

2 Me xprion Twv UVAIKWY TToU £XETE 0T B1GB£0T) 0ag oxedIAOTE Pe AETITOPEPEIT Kal
UAOTTOINOTE TO KUKAWHA TToU BAETTIETE OTN QWTOYPAQIa CUHPWVA HE TO TIAPAKATW
mapadeiypa. Xpnoigomoiote 1a oUPBoAa Trou BAETTETE OTNV QwToypagia. X1 B£on Tou
Arduino BaAre éva oxrpa dSIKAC oag EPTIVEUONC.

MNapadeypa oxediaong £vog KUKAWPATOC:

Basic Electnical Circuit (Diagram)
LIy .an
Comdatm
.
-4
| charge ) o chage)
Deeery

Ewkéva 1a: Artoomtacpa @UAMou Epyaciag 1 (Ap1)
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2tn ouvexela ¢nteltal n papuoyr Twv 0CWV €X0UV PABEL PEoa amod TNV atan
TpoToTtolnon  €vOg  BaclkoU  NAEKTPOAOYLKOU  SLaypdupatog. ztnv 40
Spaotnplotnta Slvovtal £ToLpa SU0 THAPOTA KWELKA OE SLAPOPETLKEG YAWOOEG
TIPOYPAMMATLOPOU Katl NTOoUVTAL ATIaVINOELG OE EPWTNOELG OXETLKA PE EVTOAEG
Ttou TiepLEXouV (Etkova 1B). e autn tn @aon ¢nteltat oL pabntég «SLatodnTika»
va KAatavorjoouv To TPOypaupa Kal va amavtioouv. EkteAwvtag Ta
TIPOYPAMHATA KAl TIAPATNPWVTAG TO ATIOTEAECHA ETILSLWKETAL N KATAVONon TNng
AELTOUPYLAG TWV EVTOAWVY KAl TNG OXEONG TOUG PE TO UALKO PEPOG. TN CUVEXELA
{nteltal n Ttpomomoinon TOU TIPOYPAUMATOC TIPOKELPEVOU Va eTILTEUXOEL KATIOLO
{ntoupevo amotéAeopa. Ztnv 5" Spactnplotnta Slvetatl €va project Wote ol
pHaBNTEC va €@appoooUV TG YVWOELG TIOU ATIOKOPLOAV OTLG TIPONYOUMEVEG
SpaotnpLotnteg. To project agwopd yvwotd avilkelpevo tng Kabnuepwvng (wng,
TOV @Apo, WOoTe va Tmapouctdlel auvinuevo evéLagepov. Apxkd Sivovtal
KATavonteg Kal oUVTopeg odnyleg wote pe tn PBonbesla tou Aladilktuou va
EVTOTILOTOUV OL TIANPOWOPLEC KAl OL aTaltroel; tng &paoctnpLotntac.
ZUYKEKPLHUEVA KAAOUVTAL VA EVTOTILOOUV TTANPOYOPLEG YEVIKA yLa TN onuacia Kat
TNV TEXVOAOYLA TWV PApWV (AVTLIKELPIEVO TNG TEXVLKNG/TEXVOAOYLlag yWwotd o€
OAOUG) KAl KATOTILV va Bpouv TIANPOWOoPLEG yLa €vav OUYKEKPLUEVO (UTTAPKTO)
(PAPO WOTE VA KATAPEPOUV VA TOV TIPOCOPOLACOUV 0T CUVEXEL PE Tn BorBela
Tou Arduino Kat Tou Tpoypappatiopou. OL paBnTeg, KAVOVTAG MLKPEG
TPOTIOTIOLNCELG OTOV KWSLKA TOU TIPOYPAPKATOC TIOU A&N £XOUV X PNOLUOTIOLNOEL
amo TLG TIPONYOUHEVEG SpAcTNPLOTNTEG KAL XPNOLUOTIOLWVTACG TO (810 KUKAWQ,
TpoomabolVv va TPOCOHPOLACoUV TN Asltoupyla tou @apou epyalouevol CE
OMASEG KAl avaAapBavovtag CUYKEKPLHUEVOUG POAOUC.

4 EOPAPMOrIH

Ta SUo pwTta PUAAa epyaciag EQapuoOoTNKAV KATd T SLapkeLa SU0 SLEAKTLIKWVY
WPWV OE POLTNTEG TOU Tprpatog MANpo@opLkng kat TnAemkowwviwy tou EKMA
O0TO0 TAALOlO TOU paBnpatog «ALSaktikiy TG MAnpowopLkng». TMpETeL va
avagepBel OTL Kavelg ammd TOUG CUMPETEXOVTEG SV elxe TIPOTEPN €mMaWn ME

Arduino Kal €KTIALSEUTLKI) POWPTIOTLKA YeVikOTepa. Katd tn Sldpkela tng

75




A&lomtolnon tng mMAatpoppag Arduino otnv ekmaideuon: xeSLaopog Jabnolakwy §pactneLoTATWY We Baon To TAaiolo
ECLIP - IopSavng A. Kouong

EQAPHOYNG CUPTIANPWONKAV aTtO TOUG (POLTNTEG OL ATIAVTNOELG OTA EpWINPaATa
TWV UMWV epyaciag kat xpnolpototnkav oL TIAGKETEG WOTE va Yivel
KATAAANAOG TIPOYPAUHATLONOG Tou Arduino cUp@wva P ta {NToupeva.

P ¥ <

@

1 | 9

Yy NP
217é
a=

C

Tpégre Ta wpoypdaupara Arduino IDE kai S4A. Z1n CUVEXEIO QOPTWOTE TA
mpoypaupara led.ino kai led.sb avrioToixa Trou 8a BpeiTe oTov pakeAo Tou ®UAAoU
Epvacia¢ 1. Maparnprorte Tov KWdika oTi¢ U0 YAWOOEC TTPOYPAUUATIONOU Kal
ATTAVTAOTE OTA EPWTHHATA TTOU aKoAouBouy.

Arduino IDE S4A

int ledPin=12,

void setup() {

pinMode(ledPin, OUTPUT); ST

) | dioital 12 on]

void loop() { digital 12 | off
digitalWnte(ledPin HIGH); | 1) ;
delay(1000); _____ I

digitalWnte(ledPin LOW);
delay(1000);

MeAetiote to Mpoypappa otn yAwosoa Wiring C. Mowog o poAog tng petaBAntng
ledPin; Tu SnAwveL n TLpn ou Sivetay;

Molo Bswpeite otL €ival to anotéAeopa tng evtoAng digitalWrite(ledPin,HIGH) kat
moto tng digitalWrite(ledPin,LOW);

Moo Bewpeite OTL €ival To aMOTEAECPA TNG EKTEAECTG TOU KWSLKA;

Ewkéva 1B: Artoomacpa PUMou Epyaciag 1 (Ap4)

Ma tn S&lepelivnon tnG KATAAANAOTNTAC Twv DE, Begpdtwv pabnolakwv
oxedLaopoU Kat SLEAKTLKNG TIPOCEYYLONG KAl TIPOTLPICEWY OCOV agopd TO
TIPOYPAPPATLOTLIKO TEPLBAANOV, OL (POLTNTEG CUMPTIANPWOAV NAEKTPOVLKA Eva

gepwtnUatoAdyLo (8 amod 9 poltnTécg).
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ATIO TLG ATIAVTAOELG TIPOKUTITEL OTL OL AELOTIOLOUMEVEG SLEAKTLKEG TIPOCEYYLOELG
KaL n akoAouBia Twv &paocTnELOTTWV LKAVOTIOINOE TOUG QOLTNTEG Kal
SLEUKOAUVE TN pABNon o€ LKavoTiolNTkO Babpo. OL @oltnTég AsLToupynoav
pHOvVOoL Toug, N TapepPacn Atav dlaltepa TEPLOPLOMEVN KUPLWG AOYyW TWV
TIPOTEPWV YVWOEWV TWV (POLTNTWV OTOV TopEa Tou hardware. Ta mapaptrpata
UTINPETNOAV TOV OTOXO0 TOUG Kabwg Ttapeiyav texvika Bepata eykatdotaong tou
UALKOU Kal TOU AOYLOULKOU Ttou xpnotpotiolouvtal ota OE. Ot CUPPETEXOVTEG
otnv TPAaEn €8elav peyaAo evdLa@EpoV yla TNV TAATQOPPA TO OTolo
EKPPACTNKE UE TNV EVEPYN CUMHETOXH TOUG KaB' OAn TN SLApKELA TNG EQAPHOYNAG.
To evSLaYEPOV AUTO EKPPACTNKE PE TNV eLBupia tng mAsLoPn@ilag va epBabivel
HEAAOVTLKA otnv aglottoinon tou Arduino otnv ekmaiésuon. Ocov agopd tnv
amoyn TwV CUPPETEXOVTWV yla TNV KAtaAAnAGTNTa tng mAatwopuag Arduino
oTLG SLawopeg Babpideg tng ekmaidsuong, amod TLG ATIAVTNOELG TIPOKUTITEL OTL N
TAQT@OppPa PTtopel va aglotolnBel og OAEG TLG EKTIALSEUTIKEG BaBuideg pe To
HEYOAAUTEPO TIOCOOTO VA TIPOTELVEL TO AUKELO WG TNV KATAAANAOTEPN Babuida.

ATIO TIC amavtioelg Tou &0OnKav OTL €PWTNOEL TWV SpactnPLOTATWV

e€dyovtal ta akdAouba cuptepacpara:

e To ®ET cupmAnpwONKe ato OAEG TLG OPASEG TTANPWG (TTANV PLag opasdag n
oTtola Sev eKTENEDE TO project) evw to PE2 eAdyLota. Adyw EAeLPNG
£PYAOTNPLAKOU TIEEPLBAANOVTOC KAL AOYW PN £yKALPNG EYKATAOTAONG TOU
amaLToVPEVOU AoYLoPLKOU (OTtwe {nNTABNKE), TAPOUGCLACTNKE Kal
QVTLPETWTILOTNKE apLBUOC TIPORANUATWY APXLKNG EYKATAOTACNG TWV
anapaitntwy Tpoypauudtwy ta omola Eemepaotnkav otnv opela ANV
OHWG aVOAWBNKE XPOVOG. ZTNV TPAEN, 2 ouddeg acxoAnbnkav ce
LKAVOTIOLNTLKO BaBuo pe ta mpoypdppata tou OE2 kat TeAtkd
ETILXELPNOQAV KAl KATAPEPQAV VA TIEPATWOOUV TO project Tou PE2 xwplg

OMWG VA CUUTIANPWOOUV Ta {NTOUPEVA OTLG EPWTNOELG.

e To yvwOoTLKO emimtedo SLamotwBnKe 0Tt ftav uPnAo Kat oXedov Koo
OTOV TOPEQ TOU TIPOYPAHHATLOPOU — QVAPEVOUEVO KOBWG TIPOKELTAL YL
(POLTNTEC TTANPOYOPLKNG. QOTOCO GTOV TOMEN TOU PLKPOEAEYKTH) OL
YVWOELG SLATLOTWONKE OTL TToLKIAoUV arto eAdxLoteg (1 opdda) péxpl
APKETA TIPOXWPNMHEVEG (1 opdada) Kat TIOAU TIPoXWPNHEVEG (2 OpASEC).
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e OLamavtnoeLg ou §00nKav 0To CUVOAO TWV EPWTNOEWV TWV

Spaotnplottwy Tou PET ATav TIEPLEKTLKEG KAL 0T OWOTH Kateubuvon.

e H &paotnplétnta 5 (Project) Sgv ekmovrBnKe o€ pLa TEPLTITWON, YEYOVO(
TO OTTOl0 EKTLUATAL OTL OelAeTaL OTN SUCKOALQ TTOU TIPOEKUPE AOYW TNG
KN evac)OAnong ToU CUVOAOU TWV ATOHWVY TNG OMASAG HE MLKPOEAEYKTEG
| €V YEVEL NAEKTPOVLKN (OTIWC aTtavtBnKe Kat oTrn OXETLKN EpWTNON).

ZUPTIEPACHATIKA yla TN PBeAtiotomoinon tng e@appoyng Slagaivetat oOTL
ATALTELTAL PLa ELoaywyLlkn evotnta (sloaywyry oto Arduino) Kal oTiwosATIOTE,
Katd tnVv epappoyr twv OE, epBAAOV EpyaoTtnplou PE TIPOEYKATESTNHEVA KaL
SoKLpaopeva ta anapaitnta mpoypapuata ou XpnoLyotololvTal.

5 ZYMMNEPAZMATA

OL aVOLKTEG TeXVOAOYleG OTWG elval to Arduino amoteAoUV pLa EVAAANAKTLKN
TIAQTPOPHPA EKTTALSEUTIKAG POUTIOTLKAG, N oTola Opwg dev €xeL aglomondel
EUPEWG OTnNV TpwtoPBadula kat SeutepoBabula ekmaidevon. Efaipeon
amoTeEAOUV Ta ETayyeApatika AUkela ota orola kabwg umdpyel Adn To
KatdAAnAo TtepLBAAAOV, aELOTIOLOUVTAL CUVAYELG TEXVOAOYLEG OE APKETA PEYANO
Babuo.

H texvoloyla Arduino Tmapouctdlel TAEOVEKTAPATA OTIWG KOOTOG Kal
SLaBeolpoTNTa UALKOU €VW TO avTLOTOLXO AOYLOULKO TIpooepeTal Swpedv.
Yrootnpiletat & amd TOAU peydAn Kowotnta Kal YpnolhoToleital o€
TIAVETILOTNULAKA pabrpata.

O o0Xedlaopog KATtAAANAWV PaBNoLaKWY SpacTnPLOTATWY KAl n EmAoyn
KATAANAWV TIEPLBAAOVTWY TIPOYPAPPATLOPOU, UTIOPEl va SLEUKOAUVEL TNV
ELOAYWYN TNG EKTIALSEUTIKAG POMTIOTIKAG ME TNV texvoAoyia Arduino otnv

pwtofabpLa kat yevikn dgutepofabpLa ekmaideuon.

H mpotewvopevn mpoogyylon pabnolakwv §pactnplotitwy Sla@opoToLeitat
amo TLG UTIAPYXOUCEG TUTIOU «tutorial» ylatl €XeL WG TPWTAPXLKO OTOXO TNV

avAmtugn NG E€vePyNTIKNG MABNoNg amd toug pabntég otnpllopevn amo
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ETIOLKOSOPNTLKEG - KOVOTPOUKTLPLOTLKEG TIPOOEYYLOELG KAL TN ouvepyaoia oe
opasdeq.

Ita aueca oxedla mepAapBdAvetal n €@apuoyr Twv §pactnpLOTATWV OTnV
TpwtodaduLa kat deutepoBabuLa ekmaibeuon o€ TIPAYHPATIKEG CUVONKEG Kat o
AVAAUTLKOG OXESLACPOG TOU TEALKOU project.
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