
Ejniko Metsobio Poluteqneio
Sqolh Hlektrologwn Mhqanikwn kai Mhqanikwn Upologistwn

Tomeac Teqnologiac Plhroforikhc kai Upologistwn

Thleqeirismìc Troqofìrou Rompìt apì

Rompotikì BraqÐona Mèsw Optik c

Anatrofodìthshc Basismènh se Eikìna apì

Ojình

Diplwmatikh Ergasia
tou

MIQAHL D. LOGOJETH

Epiblèpwn: Stèfanoc Kìlliac

Kajhght c E.M.P.

Ergasthrio Yhfiakhc Epexergasiac Shmatwn kai Eikonwn

Aj na, IoÔlioc 2016





Ejnikì Metsìbio PoluteqneÐo

Sqol  Hlektrolìgwn Mhqanik¸n kai Mhqanik¸n Upologist¸n

Tomèac TeqnologÐac Plhroforik c kai Upologist¸n

Ergast rio Yhfiak c EpexergasÐac Shmˆtwn kai Eikìnwn

Thleqeirismìc Troqofìrou Rompìt apì

Rompotikì BraqÐona Mèsw Optik c

Anatrofodìthshc Basismènh se Eikìna apì

Ojình

Diplwmatikh Ergasia
tou

MIQAHL D. LOGOJETH

Epiblèpwn: Stèfanoc Kìlliac

Kajhght c E.M.P.

EgkrÐjhke apì thn trimel  exetastik  epitrop  thn 13h IoulÐ ou 2016.

(Upograf ) (Upograf ) (Upograf )

........................ ........................ ........................

Stèfanoc Kìlliac Andrèac -Ge¸rgioc Stafulopˆthc Kwnstant Ðnoc Kuriakìpouloc

Kajhght c E.M.P. Kajhght c E.M.P. Kajhght c E.M.P.

Aj na, IoÔlioc 2016



(Upograf )

.........................................

Miqahl D. Logojethc
DiplwmatoÔqoc Hlektrolìgoc Mhqanikìc kai Mhqanikìc Upologi st¸n E.M.P.
c
 2016 � All rights reserved



Ejnikì Metsìbio PoluteqneÐo

Sqol  Hlektrolìgwn Mhqanik¸n kai Mhqanik¸n Upologist¸n

Tomèac TeqnologÐac Plhroforik c kai Upologist¸n

Ergast rio Yhfiak c EpexergasÐac Shmˆtwn kai Eikìnwn

Copyright c
 �All rights reserved Miqa l D. Logojèthc, .

Me epifÔlaxh pantìc dikai¸matoc.

ApagoreÔetai h antigraf , apoj keush kai dianom  thc paroÔsac ergasÐac, ex olokl rou  

tm matoc aut c, gia emporikì skopì. Epitrèpetai h anatÔpwsh, apoj keush kai dianom  gia

skopì mh kerdoskopikì, ekpaideutik c   ereunhtik c fÔshc, u pì thn proôpìjesh na anafèretai

h phg  proèleushc kai na diathreÐtai to parìn m numa. Erwt mata pou aforoÔn th qr sh thc

ergasÐac gia kerdoskopikì skopì prèpei na apeujÔnontai proc ton suggrafèa.



EuqaristÐec

Ja  jela katarq n na euqarist sw ton kajhght  k. Kuriakìpou lo gia thn epÐbleyh aut c

thc diplwmatik c ergasÐac kai gia thn eukairÐa pou mou èdwsena thn ekpon sw sto ergast rio

Susthmˆtwn Autìmatou Elègqou. EpÐshc euqarist¸ ìla ta mèlh tou ergasthrÐou gia thn

ˆyogh sunergasÐa pou eÐqame kai idiaitèrwc ton G.Karrˆ gia thn kajod ghs  tou. Tèloc, ja

 jela na euqarist sw thn oikogèneiˆ mou allˆ kai touc fÐlouc mou gia thn kajod ghsh kai

thn hjik  sumparˆstash pou mou prosèferan ìla autˆ ta qrìnia .
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PerÐlhyh

Skopìc thc diplwmatik c ergasÐac eÐnai h melèth tou probl matoc thleqeirismoÔ enìc tro-

qofìrou rompìt apo rompotikì sÔsthma braqÐona-platfìrmac mèsw optik c anatrofodìthshc

basismènh se eikìna apì ojình. Gia thn epÐlush autoÔ tou probl matoc anaptÔqjhke èna

Image-Based Visual Servosq ma elègqou sto opoÐo ta optikˆ dedomèna pou eisˆgontai sullè-

gontai apì thn ojình. To rompìt qeirist c qrhsimopoieÐ mia enswmatwmènh kˆmera pou koitˆzei

thn ojình apì thn opoÐa lambˆnetai h optik  plhroforÐa kai èq ontac wc telikì shmeÐo drˆshc

tou rompotikoÔ braqÐona èna rompotikì qèri me to opoÐo piˆnei to joystick epitugqˆnetai h diadi-

kasÐa tou thleqeirismoÔ. To troqofìro rompìt apoteleÐtai apì mÐa olonomik  platfìrma sthn

opoÐa eÐnai proskollhmènh mÐa kˆmera. H optik  plhroforÐa pou sullègetai apì thn kˆmera

probˆlletai sthn ojình thn opoÐa parakoloujeÐ to rompìt qei rist c.

Dedomènou ìti h sqetik  jèsh tou troqofìrou rompìt me ton stì qo, ta qarakthristikˆ thc

kˆmerac pou eÐnai proskollhmènh se autì kaj¸c kai h akrib c taqÔthta me thn opoÐa kineÐtai

eÐnai ˆgnwsta, anaptÔqjhke èna sq ma elègqou to opoÐo upologÐzei tic epijumhtèc kin seic tou

joystick ¸ste to troqofìro rompìt na ftˆsei ston stìqo. Tèloc, mia ekte n c peiramatik 

melèth epibebai¸nei ta jewrhtikˆ apotelèsmata.

Lèxeic Kleidiˆ

'Elegqoc Optik c Anatrofodìthsh, Thleqeirismìc, Optik  An atrofodìthsh mèsw ojìnhc,

Troqofìra Rompìt, Rompotik 
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Abstract

In this work, the tele-operation problem of a mobile robot via a mobile - manipulator

system is studied. To contribute to this problem, an image-based visual servo control scheme is

proposed. The robot-operator robotic system is equipped with a camera, which is monitoring

a screen, to acquire the visual data and having grasped a joystick, it accomplishes the tele-

operation task. On the other hand, the mobile robot consists of a holonomic robot platform

and a camera whose acquired vision data is displayed on the screen.

Since the camera intrinsic parameters of the mobile robot, the relative position between

the mobile robot and the target and the accurate value of the mobile robot's spatial velocity

are unknown, it is necessary to develop a control scheme that controls the joystick movements

in order to achieve the goal. Finally, an extensive experimental study clari�es and veri�es the

theoretical �ndings.

Keywords

Visual Servoing, Tele-operation, Visual Feedback Control through a Screen, Mobile Robot,

Robotics
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Kefˆlaio 1

Eisagwg 

1.1 Troqofìra Rompìt

Ta troqofìra rompìt apoteloÔn mia basik  upokathgorÐa twn k inoÔmenwn rompìt. H i-

kanìthtˆc touc na kinoÔntai sto peribˆllon pou epenergoÔn, eÐte autìnoma   upì exwterik 

kajod ghsh, qrhsimopoi¸ntac aploÔc mhqanismoÔc kai meiwmèna probl mata eustˆjeiac ta ka-

jistˆ arketˆ dhmofil  kai eÔqrhsta. QrhsimopoioÔntai eurè wc se biomhqanikˆ peribˆllonta

gia thn metaforˆ barèwn antikeimènwn, se nosokomeiakèc egkatastˆseic gia thn metaforˆ far-

mˆkwn, wc bohjoÐ se qeirourgikèc epembˆseic, se epikÐnduna peribˆllonta gia epije¸rhsh  

qartogrˆfhsh tou q¸rou kaj¸c epÐshc gia agrotikèc kai strat iwtikèc efarmogèc.

(aþ)Fixed - Steerable - Caster Wheels (bþ)Swedish Wheel

Sq ma 1.1

Ta troqofìra rompìt sun jwc apoteloÔntai apì èna ˆkampto s¸ ma kai èna sÔsthma apì

troqoÔc oi opoÐoi parèqoun thn dunatìthta kÐnhshc se sqèsh me to dˆpedo. H kathgoriopoÐhsh

twn troqofìrwn rompìt gÐnetai bˆsh thc morfologÐac twn troq ¸n tou kai thc diˆtaxh me thn

opoÐa eÐnai proskollhmènoi sto sasÐ.

Oi 4 kuriìteroi kai dhmofilèsteroi tÔpoi troq¸n eÐnai:

� Stajerìc troqìc ( �xed wheel). MporeÐ na strafeÐ mìno wc proc ènan ˆxona, ton ˆxona pou

pernˆei apì to kèntro thc rìdac. Oi troqoÐ autoÔ tou tÔpou eÐnai ˆkampta sterewmènoi

9
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sto sasÐ me sugkekrimènh diˆtaxh kai prosanatolismì wc procautì.

� Kateujunìmenoc troqìc ( steerable wheel). 'Eqei dÔo ˆxonec peristrof c, ènac eÐnai o

ˆxonac pou pernˆei apì to kèntro thc rìdac kai o deÔteroc eÐnai kˆjetoc wc proc ton

pr¸to kai dièrqetai kai autìc apì to kèntro thc rìdac. 'Etsi, e lègqontac me ènan kinht ra

ton deÔtero ˆxona peristrof c mporeÐ na allˆxei o prosanatolismìc tou troqoÔ se sqèsh

me to sasÐ.

� Pajhtikìc troqìc ( caster wheel). 'Eqei touc Ðdiouc bajmoÔc eleujerÐac me thn kateu-

junìmenh rìda me thn mình diaforˆ ìti o kˆjetoc ˆxonac perist rof c den pernˆei apì

to kèntro thc stefˆnhc tou troqoÔ. Aut  h diˆtaxh eunoeÐ thn a utìmath peristrof 

tou troqoÔ sÔmfwna me ton prosanatolismì tou oq matoc. Sunep̧c, qrhsimopoieÐtai wc

bohjhtikìc troqìc (troqìc st rixhc).

� Polukateujuntikìc troqìc ( omni-directional wheel). Oi troqoÐ autoÔ tou tÔpou, gnwstoÐ

kai wc Mecanum   Swedish wheel, eÐnai èna sÔmplegma stajeroÔ troqoÔ (�xed wheel)

me pajhtikoÔc kulÐndrouc. Oi kÔlindroi eÐnai topojethmènh sthn stefˆnh tou troqoÔ kai

oi ˆxonec peristrof c touc diafèroun katˆ 45o apì ton ˆxona peristrof c thc stefˆnhc.

Ta troqofìra rompìt pou eÐnai exoplismèna me tètoiou eÐdoucrìdec èqoun thn idiìthta

na kinoÔntai wc proc touc dÔo ˆxonec tou epipèdou me ìpoion prosanatolismì epijumoÔn

(omni directional) kai onomˆzontai olonomikˆ (holonomic).

Diˆforec diatˆxeic pou sunduˆzoun touc parapˆnw troqoÔc prosfèroun diaforetikèc kinh-

matikèc idiìthtec sta troqofìra rompìt. Oi dhmofilèsterec eÐnai:

� Diaforik  od ghsh ( di�erential-drive ). ApoteleÐtai apì dÔo stajeroÔc troqoÔc pou è-

qoun koinì ˆxona peristrof c allˆ mporoÔn na elegqjoÔn xeqw ristˆ kai ènan   parapˆnw

pajhtikoÔc troqoÔc oi opoÐoi isorropoÔn to ìqhma. To ìqhma autì èqei thn ikanìthta

na peristrèfetai gÔro apì ton ˆxona tou ìtan oi stajeroÐ troq oÐ èqoun taqÔthta Ðsou

mètrou allˆ antÐjethc forˆc allˆ kai na kineÐtai wc proc ènan ˆxona ìtan ìtan èqoun

taqÔthta Ðdiou mètrou kai forˆc. Dhlad , èqei 2 bajmoÔc eleujerÐac(x; � )

� Sugqronismènh od ghsh (synchro-drive). H sugkekrimènh diˆtaxh apoteleÐtai sun jwc

apì 3 kateujunìmenec troqoÔc ìpou elègqontai sÔgqrona mèswmÐac mhqanik c sÔzeuxhc,

alusÐdac   z¸nh metˆdoshc. Sthn diˆtaxh upˆrqoun dÔo kinht rec ìpou o pr¸toc elègqei

thn taqÔthta strof c twn troq¸n kai o deÔteroc ton prosanato lismì touc. ProsdÐdei

dunatìthta kÐnhshc me grammik  taqÔthta wc proc dÔo ˆxonec kai gwniak c wc proc ton

kˆjeto touc ˆxona, dhlad  3 bajmoÔc eleujerÐac (x; y; � ).

� TrÐkukla (tricycle). ApoteleÐtai apì duo stajeroÔc troqoÔc me Ðdio ˆxona peristro-

f c kai ènan kateujunìmeno troqì pou elègqei ton prosanatol ismì. 'Omoiec kinhtikèc

dunatìthtec me thn diaforik  od ghsh.

� car-like. 'Idia diˆtaxh me aut  twn autokin twn.







1.3 Montèlo Kˆmerac kai Prooptik  Probol  13

1.2.1 EujeÐa Kinhmatik 

H eujeÐa kinhmatik  enìc braqÐona eÐnai h susqètish thc jèshc kai tou prosanatolismoÔ

tou telikoÔ shmeÐou drˆshc me thn metabol  thc tim c twn bajm¸n eleujerÐac twn arjr¸sewn

pou apoteloÔn ènan braqÐona kai ekfrˆzetai wc:

Pee = F(q) (1.1)

,ìpou Pee 2 < 6� 1 h jèsh kai o prosanatolismìc tou telikoÔ shmeÐou drˆshc wc proc to plaÐsio

suntetagmènwn thc bˆshc,q = [ q1; q2; :::; qn ]T 2 < n� 1 h tim  twn bajm¸n eleujerÐac twn arjr¸-

sewn kai h sunˆrthsh F eÐnai mh grammik  kai ekfrˆzei thn sqèsh metaxÔ twn suntetagmènwn

ston q¸ro twn arjr¸sewn kai aut¸n ston q¸ro ergasÐac.

O upologismìc thc sunˆrthshc F gÐnetai qrhsimopoi¸ntac omogeneÐc metasqhmatismoÔc apì

thn bˆsh tou braqÐona èwc to telikì shmeÐo drˆshc. Dhlad :

0T ee = 0A 1(q1)1A 2(q2):::n� 1A ee(qn ) (1.2)

1.2.2 AntÐstrofh Kinhmatik 

Dojèntoc thc jèshc kai tou prosanatolismoÔ tou telikoÔ shmeÐou drˆshc ston q¸ro gia

na upologistoÔn oi suntetagmènec twn arjr¸sewn lÔnetai to prìblhma thc antÐstrofhc kinh-

matik c pou perigrˆfetai apì thn exÐswsh:

q = F � 1(Pee) (1.3)

h epÐlush tou parapˆnw probl matoc den eÐnai pˆntote dunat   mporeÐ na mhn eÐnai kai monadik 

h lÔsh tou. H Ôparxh lÔshc exasfalÐzetai mìno sthn perÐptwshpou h epijumht  jèsh kai

prosanatolismìc tou telikoÔ shmeÐou drˆshc eÐnai entìc touq¸rou ergasÐac, ìmwc mporeÐ se

aut  thn perÐptwsh na upˆrqoun pˆnw apì mÐa lÔshc gia pleonˆzon (redundant) sust mata.

1.2.3 Iakwbian  OrÐzousa

En suneqeÐa, h Iakwbian  orÐzousa ekfrˆzei thn sqèsh metaxÔthc taqÔthtac twn arjr¸-

sewn kai thc qwrik c taqÔthtac tou telikoÔ shmeÐou drˆshc, grammik  kai gwniak c.

v ee =

"
_pee

! ee

#

= J(q) _q (1.4)

ìpou v ee eÐnai diˆnusma6 � 1, o pÐnakacJ(q) 2 < 6� n kai to diˆnusma twn taqut twn twn

arjr¸sewn _q2 < n� 1 ìpou n eÐnai o arijmìc twn arjr¸sewn.

1.3 Montèlo Kˆmerac kai Prooptik  Probol 

Oi kˆmerec eÐnai optikoÐ aisjht rec pou èqoun thn dunatìthta na metroÔn thn èntash tou

fwtìc ìtan autì anaklˆtai se èna antikeÐmeno. 'Ena fwtoeuaÐsjhto stoiqeÐo qrhsimopoieÐtai
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gia thn metatrop  aut c thc fwtein c enèrgeiac se hlektrik  . Diˆfora eÐdh aisjht rwn qrh-

simopoioÔntai gia thn epÐteuxh aut c thc metatrop c me toÔcpio dhmofileÐc na eÐnai oiCCD

kai CMOS oi opoÐoi basÐzontai sto fwtohlektrikì fainìmeno twn hmiagwg¸n. Pèra apì touc

aisjht rec pou eÐnai upeÔjunoi gia aut n thn metatrop  oi kˆmerec apartÐzontai kai apì ˆlla

mèrh ìpwc kleÐstro, fakoÔc, analogikˆ hlektronikˆ fÐltra pr o-epexergasÐac k.a.

H diadikasÐa sqhmatismoÔ miac eikìnac me èna mˆti   mia kˆmera proèrqetai apì thn diadikasÐa

probol c tou trisdiˆstatou q¸rou se mia disdiˆstath epifˆn eia. O metasqhmatismìc autìc

onomˆzetai prooptik  probol  ( prespective projection). 'Epeita apì thn efarmog  autoÔ tou

metasqhmatismoÔ, h aÐsjhsh tou bˆjouc qˆnetai kai den mporeÐ na diakrijeÐ an èna antikeÐmeno

eÐnai polÔ megˆlo kai makriˆ   mikrì kai kontˆ sthn kˆmera.

Sq ma 1.9: Montèlo Kentrik c Prooptik c Probol c

Sthn mhqanik  ìrash qrhsimopoieÐtai to montèlo thc kentrik c prooptik c apeikìnishc pou

faÐnetai sto Sq ma 1.9. Oi aktÐnec tou fwtìc afoÔ anakloÔn seèna antikeÐmeno sugklÐnoun

sthn arq  tou plaisÐou suntetagmènwn thc kˆmerac kai mÐa mh anestrammènh eikìna probˆlletai

sto epÐpedo thc eikìnac thc kˆmerac pou brÐsketai stoz = f . Jewr¸ntac èna shmeÐo sto

q¸ro me omogeneÐc suntetagmènecC ~P = ( X; Y; Z; 1)T = ( 0T C ) � 1 ~0P ekfrasmènec wc proc to

plaÐsio suntetagmènwn thc kˆmerac kai thn probol  tou shmeÐou autoÔ sto epÐpedo thc eikìnac

p = ( x; y), isqÔei ìti:

8
><

>:

x = f
X
Z

y = f
Y
Z

(1.5)
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To diˆnusmap mporeÐ na grafeÐ sthn omogen  tou morf ~p = ( x0; y0; z0) wc ex c:

8
>>>><

>>>>:

x0 = f
X
Z

y0 = f
Y
Z

z0 = Z

(1.6)

kai na ekfrasteÐ me thn morf  pinˆkwn:

~p =

2

6
4

f 0 0

0 f 0

0 0 1

3

7
5

2

6
4

X

Y

Z

3

7
5

Sthn perÐptwsh pou jewroÔmaif = 1 oi suntetagmènec anafèrontai wc kanonikopoihmènec

suntetagmènec epipèdou eikìnac. Sunep¸c oi mh omogeneÐc kanonikopoihmènec suntetagmènec

sto epÐpedo thc eikìnac eÐnai
8
><

>:

x =
X
Z

y =
Y
Z

(1.7)

To epÐpedo thc eikìnac se yhfiakèc kˆmerec eÐnai ènaW � H plègma apì pixels pou an-

tistoiqoÔn sto pl joc twn fwtoeuaÐsjhtwn stoiqeÐwn. Oi sun tetagmènec enìc shmeÐou pou

probˆlletai sthn eikìna, ekfrasmènec se pixels units, èqoun arq  tou plaisÐou suntetagmè-

nwn touc sthn pˆnw aristerˆ gwnÐa tou plègmatoc. JewroÔmai tokentrikì shmeÐo (principal

point ) twn pixels me suntetagmènec(u0; v0) kai cw ; cH to plˆtoc kai to Ôyoc twn pixels, tìte

oi omogeneÐc suntetagmènec enìc shmeÐou sto q¸ro probˆllontai sto epÐpedo thc eikìnac thc

kˆmerac se suntetagmènecpixel me arq  to kèntro tou plaisÐou suntetagmènwn to(u0; v0) wc

ex c:

~p =

2

6
4

f=cw 0 u0

0 f=cH v0

0 0 1

3

7
5

2

6
4

1 0 0 0

0 1 0 0

0 0 1 0

3

7
5 C ~P = K I (0T C ) � 1 ~0P = Cm

~0P (1.8)

ìpou o pÐnakacCm eÐnai o pÐnakac kˆmerac pou apoteleÐtai apì ton pÐnaka eswterik¸n paramè-

trwn K I kai twn exwterik¸n (0T C ) � 1. O pr¸toc perièqei tic paramètrouc (f; u 0; v0; cw ; cH ) en¸

o deÔteroc perigrˆfei thn jèsh thc kˆmerac ston q¸ro. 'Etsi, upologÐzontai oi suntetagmènec

ekfrasmènec sepixels apì tic antÐstoiqec omogeneÐc~p = ( u0; v0; w0):

8
><

>:

u = f
u0

w0

v = f
v0

w0

(1.9)
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1.4 'Elegqoc Optik c Anatrofodìthshc

O èlegqoc optik c anatrofodìthshc ( visual servo control) anafèretai sthn qr sh twn

optik¸n dedomènwn gia ton èlegqo thc kÐnhshc enìc rompìt. H diadikasÐa aut  eÐnai èna su-

nonjÔleuma epexergasÐac eikìnac, mhqanik c ìrashc kai jewrÐac elègqou. Ta optikˆ dedomèna

mporoÔn na sulleqjoÔn eÐte apì mia kˆmera pou eÐnai proskollhmènh se gnwst  jèsh sto ro-

mpìt   se èna stajerì shmeÐo sto peribˆllon apì to opoÐo mporeÐ na parakoloujeÐte o stìqoc

kai to rompìt tautìqrona. Upˆrqoun dÔo basikèc proseggÐseic gia ton optikì èlegqo, h pro-

sèggish bˆsh tou sq matoc pou basÐzetai se eikìna (Image-Based Visual Servo) kai autoÔ pou

basÐzetai sthn jèsh (Position-Based Visual Servo). Sthn pr¸th perÐptwsh oi suntetagmènec

tou antikeimènou sto epÐpedo thc eikìnac qrhsimopoioÔntaiˆmesa sto sq ma elègqou en¸ sthn

deÔterh perÐptwsh, gnwrÐzontac thn gewmetrÐa tou antikeimènou upologÐzetai h jèsh tou ston

q¸ro kai eisˆgetai wc anˆdrash ston algìrijmo elègqou.

O stìqoc tou sq matoc elègqou optik c anatrofodìthshc eÐna i h meÐwsh tou sfˆlmatoc

e(t):

e(t) = s(t) � sd (1.10)

,ìpou s(t) eÐnai diˆnusma apìk optikˆ qarakthristikˆ ( visual features) kai to sd apoteleÐtai

apì tic antÐstoiqec epijumhtèc jèseic twn optik¸n qarakthr istik¸n.

H anˆlush epikentr¸netai sthn perÐptwsh pou o stìqoc eÐnai stajerìc kai to diˆnusma

s(t) exartˆtai mìno apì thn metabol  thc kˆmerac. Dhlad , analÔet ai h diˆtaxh eye-in-hand

me optik  anˆdrash pou basÐzetai se eikìna, sunep¸c to (Image-Based Visual Servo) sq ma

elègqou.

Gia thn epÐteuxh tou optikoÔ elègqou eÐnai anagkaÐa mia sqèsh pou na sundèei thn qronik 

parˆgwgo tou dianÔsmatocs me thn qwrik  taqÔthta thc kˆmeracvC =

"
uC

! C

#

:

_s = L S vC (1.11)

ìpou L s 2 < 2n� 6 o pÐnakac allhlepÐdrashc (interaction matrix ) men ton arijmì twn

optik¸n qarakthristik¸n. An sthn Sqèsh 1.11 eisaqjeÐ h sqès h 1.10 tìte:

_e = L S vC (1.12)

Qrhsimopoi¸ntac thn vC wc eÐsodo sto rompìt kai epizht¸ntac thn diasfˆlish thc ekje tik c

meÐwshc tou sfˆlmatoc, dhlad  _e = � � e, prokÔptei:

vC = � � L +

S
e (1.13)

,meL +

S
2 < 6� 2n o Moore-Penroseyeudo-antÐstrofoc tou L S , o opoÐoc upologÐzetai apì thn

sqèsh L +

S
= ( L T

S
L S ) � 1L T

S
ìtan o L S eÐnai bajmoÔ6. Sthn perÐptwsh poun = 3 , o pÐnakacL S

mporeÐ na antistrafeÐ kai h sqèsh grˆfetai wcvC = � � L � 1

S
e.

Parìla autˆ, sthn pragmatikìthta eÐnai adÔnato na upologis toÔn me akrÐbeia oi pÐnakec

L S kai L +

S
dedomènou ìti h tim  tou bˆjouc gia kˆje optikì qarakthristi kì eÐnai ˆgnwsth kai
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gia autì qrhsimopoieÐtai h ektÐmhsh aut¸n sto sq ma elègqou:

vC = � � L̂ +
S

e (1.14)

To diˆnusma optik¸n qarakthristik¸n apoteleÐtai apì sunte tagmènec eikìnac wc èqoun

upologisteÐ sthn Enìthta 1.3. 'Estw èna shmeÐo sto q¸roC P = ( X; Y; Z ) ekfrasmèno wc

proc to plaÐsio suntetagmènwn thc kˆmerac me th probol  autoÔ sto epÐpedo thc eikìnac na

upologÐzetai bˆsh thc Sqèshc 1.7: 8
><

>:

x =
X
Z

y =
Y
Z

(1.15)

H qronik  parˆgwgoc twn parapˆnw sqèsewn eÐnai:
8
>><

>>:

_x =
_X � x _Z

Z

_y =
_Y � y _Z

Z

(1.16)

En¸ h sqèsh pou sundèei thn taqÔthta thc kˆmerac me thn taqÔthta tou shmeÐouC P sto q¸ro

upologÐzetai bˆsh thc gnwst c sqèshc:

C _P = � vC � ! C � C P =

8
>><

>>:

_X = � ux
C

� ! y
C

Z + ! z
C

Y

_Y = � uy
C

� ! z
C

X + ! x
C

Z

_Z = � uz
C

� ! x
C

Y + ! y
C

X

(1.17)

Kˆnontac qr sh thc Sqèshc 1.17 sthn 1.16 prokÔptei:

L S =

"
� 1

Z 0 x
Z xy � (1 + x2) y

0 � 1
Z

y
Z 1 + y2 � xy � x

#

(1.18)

,ìpou L S o pÐnakac allhlepÐdrashc thc sqèshc

"
_x

_y

#

= L S vC . Sunep¸c se kˆje sq ma elègqou

optik c anatrofodìthshc pou qrhsimopoieÐtai h morf  tou pÐnaka 1.4 eÐnai anagkaÐa h ektÐmhsh

thc tim c tou Z , dhlad  tou bˆjoc twn shmeÐwn pou probˆllontai sto epÐpedo thc eikìnac.

Dedomènou ìti h tim  tou bˆjouc eÐnai ˆgnwsth, gia thn kataskeu  tou pÐnaka 1.4 ètsi

¸ste na mporeÐ na qrhsimopoihjeÐ sto sq ma elègqou 1.14 upˆrqoun poikÐlec teqnikèc pou

qrhsimopoioÔntai. Arqikˆ, sthn perÐptwsh pou h tim  touZ eÐnai diajèsimh tìte epilègetai

L̂ +
S

= L +

S
efìson o pÐnakacL S thc mporeÐ na upologisteÐ. 'Epeita, mia arketˆ dhmofil c

prosèggish eÐnai h epilog L̂ +
S

= L +

Sd
ìpou o pÐnakacL Sd èqei upologisteÐ qrhsimopoi¸ntac

to bˆjoc twn epijumht¸n qarakthristik¸n ètsi ¸ste na apofeu qjeÐ h suneq c ektÐmhsh thc

tim c tou Z . Mia epiplèon mèjodoc pou proteÐnetai sthn bibliografÐa eÐnai h kataskeu  tou

yeudo-antÐstrofou pÐnaka allhlepÐdrashc qrhsimopoi¸ntac ìqi mìno tic epijumhtèc timèc tou

bˆjouc allˆ kai tic ektim¸menec timèc tou se kˆje mètrhsh, dh lad  L̂ +
S

= ( 1
2L S + 1

2L S )+ .

H epilog  tou trìpou upologismoÔ thc m trac allhlepÐdrashc ephreˆzei thn taqÔthta

sÔgklishc allˆ kai thn troqiˆ pou akoloujeÐ h kˆmera katˆ thn sÔgklish gia dedomènec timèc

tou diag¸niou pÐnaka kerd¸n� .
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1.5 Thleqeirismìc

O thleqeirismìc, ìpwc upodhl¸nei kai h etoimologÐa thc lèxhc thle - qeirÐzomai, eÐnai o

èlegqoc miac mhqan c apì apìstash (remote control). O qeirist c ( operator) elègqei to sÔ-

sthma (tele-operator), to opoÐo mporeÐ na eÐnai eufuèc (tele-robot) epikoinwn¸ntac eÐte asÔrmata

(WiFi, Bluetooth ) eÐte ensÔrmata. Merikèc apì tic efarmogèc stic opoÐec qrhsimopoieÐtai sta

plaÐsia thc rompotik c eÐnai:

� Diasthmikèc Efarmogèc (Space Robots). O èlegqoc enìc rompìt sto diˆsthma apì an-

jr¸pouc pou brÐskontai sthn gh   akìma kai apì touc astronaÔt ec gÐnetai gia thn e-

xereÔnhsh enìc q¸rou sto diˆsthma, gia thn episkeu  miac blb̂hc   akìma kai gia thn

sunt rhsh enìc diasthmìploiou ètsi ¸ste na mhn epèmbei o Ðdioc.

� Thlediˆskeyh-ThleparousÐa (Telepresence Robots). Ta rompìt autoÔ tou eÐdouc eÐnai

kinoÔmena kai efodiasmèna me ojình, kˆmerec, mikrìfwna kai hqeÐa ètsi ¸ste na mporeÐ

na ta elègqei èna ˆtomo apì apìstash ìtan den mporeÐ na pareurejeÐ se sunant seic  

sunedriˆseic. 'Etsi dÔnetai h dunatìthta sto ˆtomo autì na èq ei eleujerÐa kin sewn sto

q¸ro, eikìna,  qo allˆ kai na mporeÐ na epèmbei se autìn an to rompìt eÐnai exoplismèno

me kˆpoiou eÐdouc braqÐonec.

� Jalˆssiec Efarmogèc ( Marine Applications). QrhsimopoioÔntai thlekateujunìmena u-

pobrÔqia rompìt se apostolèc stic opoÐec eÐte eÐnai epikÐnduno to peribˆllon   polÔ

megˆlo to bˆjoc gia na epèmbei o ˆnjrwpoc.

� Iatrikèc Efarmogèc ( Medicine). QrhsimopoioÔntai kurÐwc gia qeirourgikèc epembˆseic

parèqontac thn dunatìthta ston qeiroÔrgo na pragmatopoieÐthn epèmbash apì apìstash

allˆ kai me megalÔterh akrÐbeia, kalÔterh optik  kai mikrìterh aimorragÐa.

Ta kÔria probl mata pou sunantoÔntai katˆ ton thleqeirismì eÐnai h kajustèrhsh (delay)

an h apìstash tou qeirist  me to thleqeirizìmeno sÔsthma eÐnai megˆlh   o dÐauloc epikoinw-

nÐac upìkeintai se periorismoÔc taqÔthtac   ìgkou dedomènwn katˆ thn diˆdosh plhroforÐac.

EpÐshc, èna epiplèon z thma eÐnai h poiìthta allˆ kai h dunatìthta anˆdrashc plhroforÐac

apì to thleqeirizìmeno sÔsthma ston qeirist    h ikanìthta t hleqeirismoÔ lìgw dusqeroÔc

peribˆllontoc.
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Skopìc Diplwmatik c

2.1 DiatÔpwsh Probl matoc

Se aut n thn ergasÐa meletˆtai to prìblhma thleqeirismoÔ enìc rompotikoÔ oq matoc apì

rompotikì sÔsthma braqÐona-platfìrmac. H idèa thc diereÔnhshc enìc tètoiou probl matoc

proèkuye apì to gegonìc ìti ta rompotikˆ sust mata kerdÐzou n oloèna kai perissìtero èdafoc

sthn kajhmerinìthta tou anjr¸pou. 'Etsi sto mèllon ta Ðdia t a rompìt ja klhjoÔn na elègxoun

ˆlla rompìt eÐte epeid  o ˆnjrwpoc den ja èqei thn dunatìthta na to kˆnei eÐte epeid  ja eÐnai

se èna peribˆllon   katˆstash epikÐndunh gia autìn.

Sta plaÐsia thc diplwmatik c diereunˆtai to prìblhma tou th leqeirismoÔ. To thleqeirizì-

meno rompìt eÐnai exoplismèno me mÐa kˆmera h opoÐa stèlnei asÔrmata thn eikìna thc se mÐa

ojình h opoÐa brÐsketai sto peribˆllon tou rompìt qeirist . Epiplèon, eÐnai sundedemèno me

èna joystick me to opoÐo mporoÔn elegqjoÔn ìloi oi bajmoÐ eleujerÐac tou.To troqofìro

rompìt kineÐtai sto epÐpedo me ikanìthta kÐnhshc kai stouc dÔo ˆxonec pou orÐzoun to epÐpedo

kaj¸c epÐshc kai gÔro apì ton kˆjeto ˆxona pou dièrqetai apì t o kèntro thc platfìrmac

(olonomikì rompìt), dhlad  tautìqronoc èlegqoc jèshc kai p rosanatolismoÔ.

Apì thn ˆllh, to rompotikì sÔsthma braqÐona-platfìrmac kal eÐtai na thleqeiristeÐ to

troqofìro rompìt. O stìqoc tou thleqeirismoÔ eÐnai h od ghs h tou apì mÐa tuqaÐa jèsh sthn

epijumht  èqontac optik  plhroforÐa mèsw thc ojìnhc kai all hlepÐdrash me autì mèsw tou

joystick. H duskolÐa tou probl matoc ègkeitai sto ìti to rompìt qeiri st c den gnwrÐzei ta

qarakthristikˆ kai thn apìstash apì ton stìqo thc kˆmerac to u troqofìrou rompìt. EpÐshc,

den eÐnai gnwst  h sqèsh pou sundèei thn jèsh toujoystick me thn antÐstoiqh taqÔthta pou

aut  parˆgei kaj¸c epÐshc kai h anˆdrashc jèshc   taqÔthtac a pì to thleqeirizìmeno rompìt.

Sunep¸c, den mporeÐ na efarmosteÐ ènac klassikìcIBVS èlegqoc ìpwc èqei perigrafeÐ sthn

Enìthta 1.4 afoÔ h ektÐmhsh tou bˆjouc tou stìqou kai twn para mètrwn thc kˆmerac eÐnai

adÔnath en¸ ta optikˆ qarakthristikˆ den eÐnai ˆmesa diajèsima.

H epÐlush autoÔ tou probl matoc epitugqˆnetai me thn sqedÐash enìc elegkt  basismèno

ston IBVS. O elegkt c autìc lambˆnei upìyh tou kai thn pijan  metabol  thc sqetik c jèshc

tou rompìt elegkt  me thn ojình katˆ thn diadikasÐa elègqou. To sq ma ekmetalleÔetai

19
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thn jèsh twn optik¸n qarakthristik¸n sto epÐpedo thc ojìnhc kai tic diastˆseic thc gia ton

upologismì twn kanonikopoihmènwn suntetagmènwn twn optik¸n qarakthristik¸n sto epÐpedo

thc eikìnac thc kˆmerac pou eÐnai topojethmènh sto thleqeirizìmeno rompìt. En suneqeÐa,

qrhsimopoi¸ntac mia stajer  jetik  tim  gia to bˆjoc upolog Ðzetai o pÐnakac allhlepÐdrashc

(Sqèsh 1.4).

Gia thn kataskeu  autoÔ tou elegkt  èqoun gÐnei oi parakˆtw upojèseic:

� To con�guration me to opoÐo to sÔsthma braqÐona-platfìrmac èqei piˆsei tojoystick

eÐnai gnwstì kai bˆsh autoÔ èqei exasfalisteÐ ìti h ojình denja qajeÐ apì to optikì

pedÐo kajìlh thn diˆrkeia tou elègqou.

� To deadzonetou joystick kai ta ìria tou q¸rou ergasÐac pou orÐzontai apì autì eÐnai

gnwstˆ.

� O pÐnakac metasqhmatismoÔ apì to plaÐsio suntetagmènwn toujoystick sto plaÐsio sunte-

tagmènwn thc kˆmerac pou eÐnai topojethmènh sto troqofìro rompìt jewreÐtai gnwstìc.

� To dÐktuo den eisˆgei kajuster seic katˆ thn metˆdosh plhro forÐac.

2.2 Sqetikèc ErgasÐec - BibliografÐa

Tic teleutaÐec dekaetÐec, plhj¸ra ergasi¸n meletoÔn to prìblhma thc optik c od ghshc

(Visual Servoing) gia rompotikˆ sust mata. Oi basikèc kathgorÐec stic opoÐec diaqwrÐzontai oi

ergasÐec autèc eÐnai giaImage Based (IBVS), Position Based (PBVS)kai Hybrid approaches

(sunduasmìc2D-3D servoing) sq mata elègqou optik c od ghshc. Sqetikˆ me ta IBVS sq ma-

ta elègqou diˆforec ergasÐec èqoun anaptuqjeÐ gia thn efarmog  tou se uncalibrated kˆmerec

[6], [7], [8], [9], [10], [11], [12]. Sto [6] perigrˆfetai mia teqnik  ektÐmhshc tou pÐnaka allh-

lepÐdrashc parathr¸ntac thn troqiˆ twn features sto epÐpedo thc eikìnac gia gnwst  kÐnhsh

tou telikoÔ shmeÐou drˆshc. 'Enac prosarmostikìc elegkt c gia optik  od ghsh basismènh

se eikìna o opoÐoc den apaiteÐ thn gn¸sh tou dunamikoÔ montèlou tou rompotikoÔ sust matoc

proteÐnetai sto [7] allˆ aforˆ epÐpedouc braqÐonac. En suneqeÐa, to [8] proteÐnei èna prosar-

mostikì sq ma elègqou optik c od ghshc gia troqofìro rompì t to opoÐo lambˆnei ta optikˆ

dedomèna apì mia�xed uncalibrated kˆmera allˆ apaiteÐ thn anˆdrash thc jèshc - prosana-

tolismoÔ, grammik c - gwniak c taqÔthtac tou troqofìrou ro mpìt wc proc thn kˆmera allˆ

kai thn akrib  taqÔthta tou. O prosarmostikìc elegkt c pou a nalÔetai sto [9] proôpojè-

tei thn gn¸sh thc akrib c tim c twn arjr¸sewn tou manipulator pou odhgeÐtai en¸ sto [10]

kataskeuˆzetai mia morf  enìc pÐnaka allhlepÐdrashc anexˆrthth tou bˆjouc twn shmeÐwn h

opoÐa basÐzetai stic dunamikèc exis¸seic tou rompìt. Oi dunamikèc exis¸seic apaitoÔntai kai

gia to prosarmostikì sq ma elègqou sto [11] en¸ sto [12] apai teÐtai h anˆdrash thc jèshc -

prosanatolismoÔ, gwniak c - grammik c taqÔthtac kai epitq̂unshc.

'Oso aforˆ ton thleqeirismì rompotik¸n susthmˆtwn apì ˆnjr wpo diˆforec ergasÐec me-

letoÔn zht mata pou prokÔptoun eÐte lìgw kajuster sewn poueisˆgontai apì to dÐktuo [13],
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[14], [15], eÐte lìgw duskolÐac qeirismoÔ [16], [17], [18],[19]. Parìla autˆ, sthn  dh upˆrqousa

bibliografÐa den analÔetai to prìblhma tou thleqeirismoÔ rompotikoÔ sust matoc apì rompìt

mèsw optikoÔ elègqou.

Sthn paroÔsa diplwmatik  analÔetai ènaImage-Based Visual Servoingsq ma elègqou to

opoÐo lambˆnei ta optikˆ dedomèna apì ojình mèsw mÐac kˆmerac me gnwstèc paramètrouc gia

thn optik  od ghsh miac uncalibrated kˆmerac h opoÐa probˆlei thn eikìna thc sthn ojình.

Sunep¸c, to rompìt qeirist c to opoÐo lambˆnei ton èlegqo qeirismoÔ tou thleqeirizìmenou

rompìt eÐnai adÔnato na exˆgei thn akrib  jèsh - prosanatolismì   grammik  - gwniak  taqÔthta

tou rompìt pou thleqeirÐzetai afoÔ h mình plhroforÐa pou eÐnai diajèsimh eÐnai h eikìna thc

ojìnhc pou parakoloujeÐ.
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Sta plaÐsia thc diplwmatik c o sumbolismìc C i qrhsimopoieÐtai gia ta kartesianˆ plaÐsia

suntetagmènwn. JewroÔmaiC 0 to inertial plaÐsio suntetagmènwn tou rompotikoÔ sust matoc

platfìrmac braqÐona, to anaforikì sÔsthma suntetagmènwn thc platfìrmac tou sust matoc

eÐnaiC p , thc bˆshc tou braqÐonaC b , C C 1 kai C C 2 ta antÐstoiqa thc kˆmerac me thn opoÐa

eÐnai efodiasmèno to thleqeirizìmeno sÔsthma (cam1) kai thc kˆmerac (cam2) tou rompìt

elegkt . EpÐshc, C M , C J kai C ee ta plaÐsia suntetagmènwn tou thleqeirizìmenou sust matoc

(troqofìro rompìt), tou Joystick, kai tou telikoÔ shmeÐou drˆshc tou braqÐona tou rompìt

elegkt .

O sumbolismìc aA b qrhsimopoieÐtai gia touc omogeneÐc pÐnakec metasqhmatismoÔ4 � 4 apì

to plaÐsio suntetagmènwnb sto a. 'Opou:

aA b =

"
aR b

aP b

0T
3� 1 1

#

meaR b 2 < 3� 3 pÐnakac strof c, aP b 2 < 3� 1 to diˆnusma jèshc tou b wc proc to a kai

03� 1 mhdenikì diˆnusma3 � 1. EpÐshc, ìpwc èqei anaferjeÐ sthn Enìthta 1.4 ta sÔmbola me

mikrì grˆmmaapb sumbolÐzoun tic disdiˆstatec metablhtèc, p.q. probolèc, toushmeÐoub wc

proc to a, ta shmeÐa sto q¸ro sumbolÐzontai me kefalaÐo grˆmmaaP b kai mea ~P b oi omogeneÐc

suntetagmènec touaP b , dhlad  a ~P b =

"
aP b

1

#

.

3.1 Troqofìro Rompìt

To troqofìro rompìt pou qrhsimopoieÐtai wc thleqeirizìmeno sÔsthma eÐnai olonomikì kai

kineÐtai sto epÐpedo. Opìte èqei 3 bajmoÔ eleujerÐac(x; y; � ), dhlad  mporeÐ na kinhjeÐ kai

stouc dÔo ˆxonec pou orÐzoun to epÐpedo(x; y) kai na peristrafeÐ gÔro apì ton kˆjeto ˆxona

(� ). Aut  h idiìthta phgˆzei apì tic sweedish wheelspou diajètei kai ton diaforikì trìpo me ton

opoÐo tic odhgeÐ (ènan kinht ra gia kˆje troqì). Sugkekrimèna, qrhsimopoieÐtai h platfìrma

Youbot thc Kuka.

23
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Sq ma 3.2: Rompotikìc BraqÐonac 5-DOF Youbot Arm

En suneqeÐa, h epÐlush tou probl matoc thc antÐstrofhc kinhmatik c eÐnai exÐsou shmantik 

kaj¸c eÐnai aparaÐthtoc o prosdiorismìc tou dianÔsmatocqA gia sugkekrimènh jèsh kai pro-

sanatolismì tou telikoÔ shmeÐou tou rompotikoÔ braqÐona. Sthn perÐptwsh thc antÐstrofhc

kinhmatik c to prìblhma eÐnai arketˆ pio sÔnjeto lìgw tou ìt i oi exis¸seic pou kaloÔntai na

epilujoÔn eÐnai katˆ genik  perÐptwsh mh grammikèc, mporeÐ na prokÔyoun pollaplèc lÔseic

  akìma kai ˆpeirec sthn perÐptwsh pou o braqÐonac eÐnai kinhmatikˆ pleonˆzwn ìpwc kai mh

apodektèc lÔseic lìgw thc dom c tou.

Epiplèon, o upologismìc thc iakwbian c orÐzousac tou sust matoc eÐnai aparaÐthtoc afoÔ

eÐnai epijumhtì na upologisteÐ mia sqèsh pou sundèei thn taqÔthta (grammik  kai gwniak ) tou

telikoÔ shmeÐou drˆshc me thn antÐstoiqh taqÔthta twn arjrşewn.

v ee = JA (qA ) _qA

H iakwbian  orÐzousa eÐnai sunˆrthsh tou dianÔsmatocqA kai sthn perÐptwsh ìpou èna

con�guration prokaleÐ meÐwsh tou bajmoÔ tou pÐnakaJA (qA ) apokaleÐtaikinematic singu-

larity . Ta singularities eÐnai timèc twn arjr¸sewn gia tic opoÐec h ikanìthta kÐnhshceÐnai

meiwmènh, dhlad  den eÐnai dunatìn na epiblhjeÐ mia aujaÐreth kÐnhsh sto telikì shmeÐo drˆ-

shc kai mporoÔn na odhg soun se ˆpeirec lÔshc thc antÐstrofhc kinhmatik c   akìma kai se

megˆlec taqÔthtec sto q¸ro twn arjr¸sewn.

EpÐshc, meletˆtai to prìblhma thc antÐstrofhc diaforik c ki nhmatik c gia to rompotikì

sÔsthma afoÔ epijumhtèc taqÔthtec sto telikì shmeÐo drˆshceÐnai aparaÐthto na ekfrastoÔn

stic antÐstoiqec taqÔthtec ston q¸ro twn arjr¸sewn, dhlad  :

_qA = JA
+ (qA )v ee (3.2)

ìpou JA
+ o yeudoantÐstrofocJA

+ = JT (JJ T ) � 1. O sugkekrimènoc trìpoc epÐlush diasfalÐzei

thn meÐwsh thc nìrmac tou dianÔsmatoc twn taqut twn twn arjr¸sewn ( jj _qA jj min ).

Sunep¸c, upologÐzoume ton omogen  pÐnaka metasqhmatismoÔ gia thn eujeÐa kinhmatik 

tou sust matoc twn 8 bajm¸n eleujerÐac (Sq ma 3.3) qc = [ qp qA ]T 2 < 8� 1 ,meqp =
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Sq ma 3.3: Rompotikìc SÔsthma Platfìrma-BraqÐonac

[0xp ; 0yp ; 0� p ]T to diˆnusma jèshc kai prosanatolismoÔ thc platfìrmac sto ep Ðpedo. Upo-

logÐzoume:

0A ee (qc ) = 0A p (qp ) � pA b � bA ee (qA ) (3.3)

ìpou ekfrˆzei ton omogen  metasqhmatismì apì to f C 0 g sto telikì shmeÐo drˆshc f C ee g

me thn bo jeia thc odometrÐac, tou gnwstoÔ pÐnaka metasqhmatismoÔ apì tof C p g sto f C bg

kai thc Sqèshc 3.1.

AntÐstoiqa, upologÐzetai kai h iakwbian  orÐzousa tou sust matoc twn 8 bajm¸n eleujerÐac

pou sundèei thn taqÔthta tou telikoÔ shmeÐou drˆshc me thn qronik  metabol  tou dianÔsmatoc

qc = [ qp qA ]T :

v ee =

"
J p (qp )

JA (qA )

#

_qc (3.4)

Gia ton upologismì twn parapˆnw qrhsimopoi jhke h Kinematics and Dynamics Library (KDL)

biblioj kh.

Dojèntoc thc Sqèshc 3.3 kai 3.4 ta antÐstrofa probl mata epi lÔontai wc èqoun anaferjeÐ

sthn Upoenìthta 1.2.2 kai thc Sqèshc 3.2 antÐstoiqa.

3.3 Joystick

Sthn genik  perÐptwsh, ènajoystick montelopoieÐtai wc ènac ˆxonac m koucl sundedemènoc

se mia sfairik  ˆrjrwsh. Sunep¸c, o q¸roc ergasÐac pou orÐzet ai apì autì eÐnai èna tm ma thc

epifˆneiac miac sfaÐrac aktÐnacl ìpou to mègejìc tou kajorÐzetai apì tic mègistec timèc twn

gwni¸n ekfrasmènec se sfairikèc suntetagmènec� 2 [� min ; � max ] kai � 2 [� min ; � max ]. 'Opwc

faÐnetai sto Sq ma 3.4.

O q¸roc ergasÐac ekfrˆzetai kai se kartesianèc suntetagmènec ¸ste na brejoÔn ta antÐ-
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H deÔterh kˆmera(cam2) eÐnai topojethmènh me gnwst  jèsh kai prosanatolismì wc proc

to plaÐsio suntetagmènwn thc bˆshc thc platfìrmac f C P g se tètoio shmeÐo ¸ste na mporeÐ na

parakolouj sei thn ojình qwrÐc na parembˆlletai sto optikì pedÐo thc o braqÐonac.

Tèloc, jewroÔmai ìti kai oi duo kˆmerec qrhsimopoioÔn to montèlo kentrik c prooptik c

probol c me ta plaÐsia suntetagmènwnC C 1 ; C C 2 na eÐnai topojethmèna sto optikì touc kèntro

kai ton z ˆxona touc na orÐzei ton optikì ˆxona o opoÐoc eÐnai kˆjetoc sto epÐpedo thc eikìnac.

3.5 Ojình

H ojình mporeÐ na jewrhjeÐ wc èna epÐpedo pou orÐzetai apì 4 shmeÐa. Dedomènou ìti h

optik  plhroforÐa exˆgetai apì to epÐpedo pou probˆlletai h eikìna sthn ojình ta 4 shmeÐa

autˆ eÐnai oi 4 gwnÐec autoÔ tou epipèdou. To plaÐsio suntetagmènwn thc ojìnhcf C D g eÐnai

topojethmèno sto kèntro tou epipèdou me ton ˆxonaz kˆjeto wc proc autì ìpwc faÐnetai

sto Sq ma 3.6, dhlad  prosanatolismèno me to plaÐsio suntetagmènwn thccam1 (f C C 2 g)

h opoÐa probˆllei se aut n thn eikìna thc. H jèsh tou plaisÐou s untetagmènwn thc ojìnhc

upologÐzetai bˆsh thc jèshc twn 4 gwni¸n stic opoÐec èqoun topojethjeÐ markers. Metr¸ntac

thn jèsh kai ton prosanatolismì kˆje marker wc proc to plaÐsio suntetagmènwn thccam2

(f C C 2 g) upologÐzontai kai ta antÐstoiqa gia to kèntro thc ojìnhc.

Sq ma 3.6: Ojình

'Estw C2P D;i = [
C 2

X D;i ;
C 2

YD;i ;
C 2

ZD;i ]T gia i = 0 ; 1; 2; 3 oi suntetagmènec twn 4 gwni¸n

thc ojìnhc wc proc to f C C 2 g. UpologÐzontai bˆsh aut¸n oi diastˆseic tou epipèdou sto opoÐo

probˆlletai h eikìna , to kèntro tou epipèdou autoÔ kai to mht r¸o metasqhmatismoÔ apì to

plaÐsio suntetagmènwn thc kˆmerac se autì thc ojìnhc wc ex c:
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stìqo antÐstoiqa:

C2P D;i = [
C 2

X D;i ;
C 2

YD;i ;
C 2

ZD;i ]T

C2P T;i = [
C 2

X T;i ;
C 2

YT;i ;
C 2

ZT;i ]T
i = 0 ; 1; 2; 3 (3.7)

C2R D;i

C2R T;i

i = 0 ; 1; 2; 3 (3.8)

,ìpou C2R D;i kai C2R T;i oi m trec strof c twn markers thc ojìnhc kai tou stìqou wc proc

to plaÐsio anaforˆc thc kˆmerac cam2, antÐstoiqa.
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Ta zht mata pou parousiˆzontai katˆ thn efarmog  tou elègqo u optik c anatrofodìthshc

mèsw eikìnac apì ojình kaj¸c kai oi upojèseic pou èqoun gÐneigia thn sqedÐash tou elegkt 

èqoun analujeÐ sthn Enìthta 2.1. Mia sunoptik  parousÐash twn zhthmˆtwn eÐnai:

� Ta qarakthristikˆ thc kˆmerac tou troqofìrou rompìt eÐnai ˆ gnwsta.

� H apìstash anˆmesa sthn kˆmera tou troqofìrou rompìt kai tou stìqou eÐnai ˆgnwsth.

� H akrib c jèsh-taqÔthta tou troqofìrou rompìt katˆ thn diˆr keia tou thleqeirismoÔ

eÐnai ˆgnwsth.

Dedomènwn twn parapˆnw zhthmˆtwn h ektÐmhsh twn paramètrwnthc kˆmerac   tou bˆjouc

metaxÔ kˆmerac kai stìqou eÐnai adÔnath kaj¸c h mình plhroforÐa pou èqoume apì to sÔsthma

pou thle-qeirÐzetai to rompìt eÐnai h eikìna pou probˆlletai sthn ojình. 'Ena epiplèon z thma

pou prèpei na lhfjeÐ upìyin eÐnai ìti h sqetik  jèsh thc ojình c kai thc kˆmerac pou para-

koloujeÐ aut  metabˆlletai katˆ thn diˆrkeia tou thleqeiri smoÔ kaj¸c to rompotikì sÔsthma

elegkt c sto opoÐo h kˆmera eÐnai proskollhmènh eÐnai pijanì na metakinhjeÐ gia na elègxei to

joystick. Aut  h metabol  ja prèpei na lhfjeÐ upìyin kai na mhn ephreˆzei ton èlegqo.

Antijètwc, èqei diasfalisteÐ to ìti h kˆmera èqei entìc tou op tikoÔ thc pedÐou thn ojình

allˆ kai ìti den parembˆlletai se autì o braqÐonac epilègont ac katˆllhlh arqik  jèsh gia to

rompotikì sÔsthma braqÐona-platfìrmac kai katˆllhlo trìp o piasÐmatoc toujoystick apì to

rompotikì qèri. Epiplèon, jewroÔme ìti h cam1 eÐnai topojethmènh sto kèntro peristrof c

tou troqofìrou rompìt me gnwst  dunatìthta kÐnhshc kai qrhs imopoieÐ to montèlo prooptik c

probol c.

Gia thn apofug  sugqÔsewn katˆ thn anˆlush epilègetai cam1 h onomasÐa thc kˆmerac pou

eÐnai proskollhmènh sto troqofìro rompìt kai cam2 h kˆmera tou rompotikoÔ sust matoc

braqÐona-platfìrmac pou parakoloujeÐ thn ojình.

4.2 Probolik  AntistoÐqhsh ( Projective Mapping )

Gia thn antimet¸pish tou probl matoc thc metabol c thc sqet ik c jèshc thc cam2 wc

proc thn ojình qrhsimopoieÐtai h mèjodoc thc probolik c antistoÐqhshc h opoÐa eÐnai ènac

2D omogen c metasqhmatismìc [20]. H mèjodoc perigrˆfei thn antistoÐqhsh shmeÐwn enìc

epÐpedou me ta antÐstoiqa shmeÐa pou eÐnai probeblhmèna se èna ˆllo epÐpedo, dhlad  mÐa

probol  epÐpedou-se-epÐpedo (plain-to-plain projection ).

'Estw ìti to epÐpedo� � plane pou orÐzei h ojình probˆlletai sto epÐpedo thc eikìnac thc

cam2 apì dÔo diaforetikèc optikèc gwnÐec (image � 1 kai image � 2). H antistoÐqhsh twn

shmeÐwn tou epipèdou� sthn image� 1 me ta antÐstoiqa sthnimage� 2 perigrˆfetai apì ènan

pÐnaka metasqhmatismoÔT m .

OrÐzoumep s;i = [ us;i ; vs;i ] ta shmeÐa tou epipèdou pou orÐzei h ojình sthnimage � 2 kai

pd;i = [ xd;i ; yd;i ] ta antÐstoiqa shmeÐa sthnimage � 1 ìpwc faÐnetai sthn Sq ma 4.2. H sqèsh

pou sundèei tic suntetagmènec twn shmeÐwn aut¸n eÐnai:
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h exÐswsh eÐnai thc morf cA � x = C ìpou A kai C eÐnai gnwstoÐ pÐnakec. LÔnontac wc proc

ton x ìtan o A eÐnai antistrèyimoc:

x = A � 1C

ètsi mporeÐ na brejeÐ o pÐnaka metasqhmatismoÔ(T m ).

Bˆsh twn parapˆnw kˆje forˆ pou lambˆnetai mia eikìna apì thn cam2 to tetrˆpleuro pou

sqhmatÐzetai sto epÐpedo thc eikìnac thc kˆmerac apì tic 4 gwnÐec thc ojìnhc metasqhmatÐzetai

sto referencetetrˆpleuro kai o pÐnakac metasqhmatismoÔ pou upologÐzetai efarmìzetai se ìla

ta shmeÐa pou an koun sto tetrˆpleuro, dhlad  ta shmeÐa thc eikìnac.

Wc ek toÔtou, jètoume tic probolèc twn tessˆrwn shmeÐwnC2p r;i = [ C2x r;i ; C2yr;i ] pou

orÐzoun thn ojình sto epÐpedo thc eikìnac thccam2 pou èqei lhfjeÐ apì thn epijumht  optik 

gwnÐa kaiC2pD;i = [ C2xD;i ; C2yD;i ] ta antÐstoiqa shmeÐa apì mia diaforetik  gwnÐa. Ta shmeÐa

autˆ èqoun epilegeÐ na eÐnai oi gwnÐec thc ojìnhc ìpwc èqei anaferjeÐ sthn Enìthta 3.5. H

sqèsh antistoÐqhshc aut¸n eÐnai:

2

6
4

wi � C2x r;i

wi � C2yr;i

wi

3

7
5 =

2

6
4

a b c

d e f

g h 1

3

7
5 �

2

6
4

C2xD;i

C2yD;i

1

3

7
5 ; i = 0 ; 1; 2; 3

Me thn Ðdia logik  efarmìzetai o pÐnakac metasqhmatismoÔ kai sta shmeÐa pou orÐzoun ton

stìqo. Sta plaÐsia tou peirˆmatoc o stìqoc apoteleÐtai apì 4 markers ˆra jewroÔme ta 4

shmeÐa me suntetagmènecC2pT;i = [ C2xT;i ; C2yT;i ] ìtan lambˆnontai apì mia tuqaÐa optik  gwnÐa

kai C2p t;i = [ C2xn;i ; C2yn;i ] oi probolèc touc sto epÐpedo thc eikìnac pou èqei lhfjeÐ apì thn

epijumht  optik  gwnÐa. Gia thn antistoÐqhsh twn parapˆnw shmeÐwn efarmìzetai o pÐnakac

metasqhmatismoÔ pou èqei upologisteÐ apì thn Sqèsh 4.4:
2

6
4

wi � C2xn;i

wi � C2yn;i

wi

3

7
5 =

2

6
4

a b c

d e f

g h 1

3

7
5 �

2

6
4

C2xT;i

C2yT;i

1

3

7
5 ) C2p t;i =

1
wi

� T m � C2pT;i ; i = 0 ; 1; 2; 3 (4.5)

4.3 MejodologÐa EpÐlushc

'Epeita apì ton prosdiorismì tou probl matoc kai thn ekten  perigraf  tou trìpou upolo-

gismoÔ twn aparaÐthtwn paramètrwn tou epipèdou thc ojìnhc (Enìthta 3.5) kai thc probolik c

antistoÐqhshc (Enìthta 4.2) pou parèqei thn dunatìthta na epilujeÐ to prìblhma thc pijan c

metabol c thc cam2 se sqèsh me thn ojình eÐnai dunat  h anˆptuxh thc mejodologÐac epÐlu-

shc tou probl matoc elègqou optik c anatrofodìthshc h opoÐ a eÐnai basismènh se eikìna apì

ojình.

Skopìc thc mejodologÐac eÐnai, prwtÐstwc, h anˆptuxh mÐac sqèshc pou sundèei ta shmeÐa

tou epipèdou eikìnac thccam2 me ta antÐstoiqa thccam1, dhlad  C1p = g(C2p), kai afetèrou

h efarmog  tou algìrijmou elègqou optik c anatrofodìthshc. Ta b mata pou akoloujoÔntai

eÐnai ta ex c:
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� ArqikopoÐhsh ( Initialization ) , autì to b ma ekteleÐtai mÐa forˆ prin arqÐsei o

algìrijmoc elègqou. To rompotikì sÔsthma elegkt c brÐsket ai sthn referencejèsh,

dhlad  sthn anaforik  optik  gwnÐa thc cam2 sqetikˆ me thn ojình, kai upologÐzontai

tìso oi parˆmetroi tou epipèdou thc ojìnhc ìpwc èqoun perigr afeÐ sthn Enìthta 3.5

(C20
A D ,[dW ; dH ]; C20

P D ) ìso kai oi suntetagmènec twn tessˆrwn gwni¸n sto epÐpedo

thc eikìnac thc cam2, C20
p r;i .

� Entopismìc ( Detection ) , entopÐzontai oimarkersthc ojìnhc kai tou stìqou apì ton

algìrijmo entopismoÔ kai upologÐzontai oi probolèc twn suntetagmènwn twn shmeÐwn sto

epÐpedo thc eikìnac thccam2. Dhlad , ta disdiˆstata dianÔsmata C2pD;i kai C2pT;i , thc

ojìnhc kai tou stìqou antÐstoiqa.

� Probolik  AntistoÐqhsh ( Projective Mapping ) , oi disdiˆstatec suntetagmènec

twn shmeÐwn tou stìqou sto epÐpedo thc eikìnac thccam2 ìtan èqoun lhfjeÐ apì mÐa

tuqaÐa optik  gwnÐa probˆllontai sto epijumhtì epÐpedo thceikìnac thc pou èqei lhfjeÐ

apì thn anaforik  optik  gwnÐa. Aut  h antistoÐqhsh pragmat opoieÐtai qrhsimopoi¸n-

tac tic anaforikèc disdiˆstatec suntetagmènec twn gwni¸n t hc ojìnhc ( C2p t;i ) kai thc

mejodologÐac pou analÔjhke sthn Enìthta 4.2.

� AntistoÐqhsh Suntetagmènwn tou Epipèdou thc Eikìnac thc cam2 se

autì thc cam1, arqikˆ upologÐzontai oi qwrikèc suntetagmènec twn shmeÐwn tou stì-

qou sto epÐpedo thc ojìnhc (D P T;i ) kai èpeita diairoÔntai me to antÐstoiqo m koc diˆ-

stashc thc ojìnhc ( [dW ; dH ]) gia ton upologismì twn kanonikopoihmènwn suntetagmènwn

sto epÐpedo thc eikìnac thccam1, C1pT;i .

� 'Elegqoc Optik c Anatrofodìthshc ( Visual Servo Control ) , oi suntetagmè-

nec twn shmeÐwn pou èqoun upologisteÐ apì to prohgoÔmeno b ma, C1pT;i , qrhsimopoioÔn-

tai gia thn kataskeu  tou pÐnaka allhlepÐdrashc (Interaction Matrix ) kai tou sfˆlmatoc

e(t) ¸ste na epiteuqjeÐ o èlegqoc optik c anatrofodìthshc. Oi qwr ikèc taqÔthtecC1v

pou prokÔptoun antistoiqÐzontai se jèseiceepd tou telikoÔ shmeÐou drˆshc bˆsh tou

sq matoc kai tou megèjouc tou q¸rou ergasÐac allˆ kai tou trì pou pou èqei piˆsei to

joystick.

� 'Elegqoc tou RompotikoÔ Sust matoc BraqÐona Platfìrmac . 'EnacPID

elegkt c qrhsimopoieÐtai gia ton èlegqo jèshc tou telikoÔ shmeÐou drˆshc tou rompoti-

koÔ sust matoc braqÐona-platfìrmac.

4.3.1 ArqikopoÐhsh ( Initialization )

To b ma thc arqikopoÐhshc pou ekteleÐtai mÐa forˆ prin arqÐsei o algìrijmoc elègqou eÐnai

arketˆ shmantikì kaj¸c upologÐzontai ìloi oi parˆmetroi oi opoÐoi qrhsimopoioÔntai sta epì-

mena b mata elègqou. Oi upologismoÐ gÐnontai apì mÐa anaforik  jèsh thc kˆmerac wc proc thn

ojình, ìpou to anaforikì plaÐsio suntetagmènwn orÐzetai wcex c f C
C 20g. Oi parˆmetroi eÐnai



36 Kefˆlaio 4. SqedÐash Elegkt 

oi diastˆseic thc ojìnhc ( [dW ; dH ]), h m tra omogenoÔc metasqhmatismoÔ tou plaisÐou sunte-

tagmènwn thc ojìnhc wc proc thncam2 (C20
A D ) kai oi qwrikèc suntetagmènec tou kèntrou thc

ojìnhc wc proc to plaÐsio thc cam2
C20

P D allˆ kai oi disdiˆstatec anaforikèc suntetagmènec

twn gwni¸n thc ojìnhc sto epÐpedo th eikìnac thc cam2, C20
pD;i (Enìthta 3.5).

4.3.2 Entopismìc ( Detection )

O entopismìc tìso thc ojìnhc ìso kai tou stìqou gÐnetai me ton algìrijmo entopismoÔ pou

èqei analujeÐ sthn Enìthta 3.6. O algìrijmoc autìc upologÐz ei tic qwrikèc suntetagmènec twn

shmeÐwn wc proc to plaÐsio suntetagmènwnf CC 2 g kai èpeita upologÐzontai oi probolèc aut¸n

sto epÐpedo thc eikìnac bˆsh twn Sqèsewn 1.7. Sunep¸c:

8
>>>>>>>><

>>>>>>>>:

C2pD;i =

"
C2xD;i

C2yD;i

#

=

2

6
4

C 2X D;i
C 2ZD;i
C 2YD;i
C 2ZD;i

3

7
5

C2pT;i =

"
C2xT;i

C2yT;i

#

=

2

6
4

C 2X T;i
C 2ZT;i
C 2YT;i
C 2ZT;i

3

7
5

i = 0 ; 1; 2; 3: (4.6)

, ìpou C2pD;i kai C2pD;i oi disdiˆstatec suntetagmènec twn gwni¸n thc ojìnhc kai tou stì-

qou sto epÐpedo thc eikìnac thccam2. EpÐshc, oi qwrikèc suntetagmènec twn parapˆnw

shmeÐwn wc proc tof CC 2 g orÐzontai wcC2P D;i = [ C2X D;i ; C2YD;i ; C2ZD;i ]T kai C2P T;i =

[C2X T;i ; C2YT;i ; C2ZT;i ]T , antÐstoiqa.

4.3.3 Probolik  AntistoÐqhsh ( Projective Mapping )

Oi suntetagmènec twn shmeÐwn tou stìqou sto epÐpedo thccam2 gia tuqaÐa optik  gwnÐa,

wc èqoun upologisteÐ sto prohgoÔmeno b ma bˆsh thc Sqèshc 4.6, probˆllontai sto refer-

enceepÐpedo eikìnac, dhlad  se autì pou èqei lhfjeÐ apì thn anaforik  optik  gwnÐa katˆ

to b ma thc arqikopoÐhshc. Kˆnontac qr sh twn apojhkeumènwndisdiˆstatwn dianusmˆtwn
C20

pD;i kai twn sqèsewn thc probolik c antistoÐqhshc (Enìthta 4.2) upologÐzetai o pÐnakac

metasqhmatismoÔT m kai efarmìzetai stic probolèc twn shmeÐwn tou stìqou (C2pT;i ).

"
wi � C20

pT;i

wi

#

= T m �

"
C2pT;i

1

#

)

C20
pT;i =

"
C20

xT;i

C20
yT;i

#

=
1
wi

T m2� 3
�

2

6
4

C2xT;i

C2yT;i

1

3

7
5 (4.7)
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4.3.4 AntistoÐqhsh Suntetagmènwn tou Epipèdou thc Eikìnac thc
cam2 se autì thc cam1

Dojèntoc twn suntetagmènwn tou stìqou sto referenceepÐpedo thc eikìnac thccam2

upologÐzontai oi antÐstoiqec disdiˆstatec suntetagmènecsto epÐpedo thc ojìnhc, dhlad  ek-

frasmènec wc proc to plaÐsio suntetagmènwnf CD g, kai èpeita wc proc to f CC 1 g, dhlad  sto

epÐpedo thc eikìnac thccam1, ìpwc faÐnetai sto Sq ma 4.3.

'Estw D P T;i = [ D X T;i ; D YT;i ; D ZT;i ] oi qwrikèc suntetagmènec tou stìqou wc proc tof CD g

kai C20
P T;i oi antÐstoiqec wc proc tof C

C 20g ìpou anafèretai sto plaÐsio suntetagmènwn thc

cam2 gia thn referenceoptik  gwnÐa, tìte jewr¸ntac ìti to epÐpedo thc ojìnhc gia th n reference

optik  gwnÐa eÐnai parˆllhlo wc proc to epÐpedo thc eikìnac,dhlad  ta shmeÐa pou an koun

se autì èqoun to Ðdio bˆjoc wc proc to f C
C 20g, isqÔei ìti:

Sq ma 4.3: Probol  Stìqou apì to EpÐpedo thc Eikìnac cam2 sto EpÐpedo thccam1

C20
P T;i =

2

6
4

C20
X T;i

C20
YT;i

C20
ZT;i

3

7
5 = C20

P D (3) � C20
~pT;i = C20

ZD �

2

6
4

C20
xT;i

C20
yT;i

1

3

7
5 (4.8)

En suneqeÐa, ekfrˆzontai wc proc to plaÐsio suntetagmènwn thc ojìnhc f CD g to opoÐo

eÐnai topojethmèno sto kèntro aut c me sugkekrimèno prosanatolismì.

D P T;i = C20
A � 1

D
� C20

P T;i (4.9)

, ìpou D P T;i = [ D X T;i ; D YT;i ; D ZT;i ]
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Dedomènou ìti to kèntro thc ojìnhc allˆ kai ta shmeÐa tou stìq ou keÐtontai sto Ðdio

epÐpedo, sto epÐpedo pou orÐzetai apì thn ojình, mporoÔn na perigrafoÔn apì èna disdiˆstato

diˆnusma wc proc tof CD g afoÔ to bˆjouc touc eÐnai praktikˆ mhdèn:

D pT;i =

"
D xT;i

D yT;i

#

=

"
D X T;i

D YT;i

#

(4.10)

Gia thn apeikìnish miac eikìnac sugkekrimènwn diastˆsewn (pixels) se megalÔterec   mi-

krìterec efarmìzetai mia diadikasÐascaling gia thn opoÐa qrhsimopoioÔntai diˆforec teqnikèc

epexergasÐac eikìnac. Oi suntetagmènec twn shmeÐwn thc eikìnac pou èqei uposteÐ megèjunsh

  smÐkrunsh èqoun allˆxei sÔmfwna me ton bajmì touscaling.

Sunep¸c, gia ton upologismì twn kanonikopoihmènwn suntetagmènwn thc eikìnac pou èqei

lhfjeÐ apì thn cam1 diairoÔntai oi suntetagmènec twn shmeÐwn thc eikìnac sto epÐpedo thc

ojìnhc me tic diastˆseic thc ojìnhc:

C1pT;i =

"
C1xT;i

C1yT;i

#

=

2

4

D xT;i
dW

D yT;i
dH

3

5 (4.11)

kai efìson to anaforikì plaÐsio suntetagmènwn thc ojìnhc f CD g èqei epilegeÐ na eÐnai sto

kèntro aut c me prosanatolismì Ðdio me autì tou montèlou kˆmerac, ˆra kai thc f CC 1 g, ìpwc

faÐnetai sto Sq ma 4.3 tìte oi suntetagmènec pou upologÐzontai apì thn Sqèsh 4.11 tautÐzontai

me tic antÐstoiqec kanonikopoihmènec wc proc to plaÐsio thceikìnac thc cam1.

4.3.5 'Elegqoc Optik c Anatrofodìthshc ( Visual Servo Control )

Oi kanonikopoihmènec suntetagmènec tou stìqou sto epÐpedothc eikìnac thc cam1 wc èqoun

upologisteÐ sthn ExÐswsh 4.11 qrhsimopoioÔntai gia thn kataskeu  tou interaction matrix :

L i =

2

4
� 1

C 1Z 0
C 1xT;i

C 1Z
C1xT;i � C1yT;i � (1 + ( C1xT;i )2) C1yT;i

0 � 1
C 1Z

C 1yT;i
C 1Z (1 + ( C1yT;i )2) � C1xT;i � C1yT;i � C1xT;i

3

5 (4.12)

Efìson o stìqoc apoteleÐtai apì 4 shmeÐai = 0 ; 1; 2; 3, tìte o sunolikìc interaction matrix

eÐnai:

L S =

2

6
6
6
6
4

L 0

L 1

L 2

L 3

3

7
7
7
7
5

(4.13)

'Opwc èqei anaferjeÐ sthn Enìthta 1.4 to bˆjoc C1Z eÐnai aparaÐthto gia thn kataskeu 

tou PÐnaka 4.12. 'Omwc ta qarakthristikˆ thccam1 kai ta dedomèna tou troqofìrou rompìt

(jèsh, taqÔthta) eÐnai ˆgnwsta opìte h ektÐmhsh thc tim c aut c eÐnai adÔnath. Sunep¸c,

epilègetai mia stajer  jetik  tim  gia to bˆjoc C1Z qwrÐc autì na ephreˆzei thn eustˆjeia
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tou algorÐjmou, ìpwc apodeiknÔetai sthn sunèqeia, parˆ mìno thn troqiˆ pou akoloujoÔn ta

shmeÐa sto epÐpedo thc eikìnac katˆ thn sÔgklish ˆra kai thn taqÔthta sÔgklishc, h opoÐa

antistajmÐzetai epilègontac katˆllhlec timèc tou diag¸ni ou pÐnaka kerd¸n.

'Etsi h epijumht  taqÔthta thc cam1 upologÐzetai apì thn Sqèsh 1.14:

vC 1 = � KL +

S
e (4.14)

ìpou to sfˆlma e orÐzetai wce = C1pT � C1pdes meC1pdes 2 < 8� 1 diˆnusma me tic

epijumhtèc suntetagmènec tou dianÔsmatocC1pT = [ C1pT; 0 ; C1pT; 1 ; C1pT; 2 ; C1pT; 3 ]T 2 < 8� 1

kai K 2 < 6� 6 o diag¸nioc pÐnakac kerd¸n.

H epijumht  qwrik  taqÔthta tou troqofìrou rompìt vC 1 den mporeÐ na staljeÐ ˆmesa

se autì allˆ mèsw tou joystick. Sunep¸c, eÐnai anagkaÐa h antistoÐqhsh twn shmeÐwn tou

kartesianoÔ q¸rou ergasÐac pou orÐzetai apì tojoystick me tic taqÔthtec pou parˆgontai apì

ton algìrijmo optik c od ghshc. H antistoÐqhsh aut  gÐnetai bˆsh tou megèjouc tou q¸rou

ergasÐac allˆ kai twn tim¸n thc mègisthc katˆ apìluth tim  ta qÔthtac pou exˆgetai apì thn

Sqèsh 4.14.

2

6
4

J X m

J Ym

J  m

3

7
5 = M � vC 1 (4.15)

,ìpou M =

2

6
6
6
4

jx lim j
jC 1vmax

x j 0 0

0
jylim j

jC 1vmax
y j 0

0 0 j m ax j
jC 1 ! max

z j

3

7
7
7
5

o pÐnakac antistoÐqhshc.

Sq ma 4.4: Telikì ShmeÐo Drˆshc -Joystick

To rompìt elegkt c mporeÐ na elègxei ìsouc bajmoÔc eleujerÐac eÐnai diajèsimoi apì to

joystick. Sthn prokeimènh perÐptwsh eÐnai oi treic pou èqoun analujeÐ sthn Enìthta 3.3 kai katˆ

sunèpeia to diˆnusma taqut twn vC 1 2 < 3� 1. UpologÐzetai to diˆnusma thc epijumht c jèshc
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kai strof c wc proc to f CJ g (J P m kai J ! m ) kai èpeita metasqhmatÐzetai bˆsh tou gnwstoÔ

con�guration pou èqei piasteÐ tojoystick sta antÐstoiqa wc proc to plaÐsio suntetagmènwn

tou telikoÔ shmeÐou drˆshcf Cee g, dhlad  ta eeP m kai ee! m , ìpwc faÐnetai kai sto Sq ma 4.4.

"
eeP m

ee! m

#

=

"
eeR J 03� 3

03� 3
eeR J

# "
J P m

J ! m

#

(4.16)

4.3.6 'Elegqoc TelikoÔ ShmeÐou Drˆshc

Gia thn epÐteuxh twn epijumht¸n metabol¸n thc Sqèshc 4.16 qrhsimopoieÐtai èlegqoc jèshc

tou telikoÔ shmeÐou drˆshc me qr shPID elegkt . 'Epeita h èxodoc tou pid elegkt  metatrè-

petai se taqÔthta twn arjr¸sewn me thn bo jeia thc antÐstrof hc iakwbian c tou rompotikoÔ

sust matoc braqÐona-platfìrmac ,ìpwc èqei analujeÐ sthn Enìthta 3.2, kai eisˆgetai stouc

elegktèc taqÔthtac tou rompotikoÔ sust matoc. H anˆdrash thc jèshc tou telikoÔ shmeÐ-

ou drˆshc upologÐzetai lÔnontac to prìblhma thc eujeÐac kinhmatik c kai qrhsimopoi¸ntac

metr seic thc odometrÐac.

O prosanatolismìc tou telikoÔ shmeÐou drˆshc prèpei na prosarmìzetai anˆloga me thn

epijumht  metabol  tou joystick, dhlad  na akoloujeÐ suneq¸c to aktinikì monadiaÐo diˆnusma.

Parìla autˆ h ikanìthta summìrfwshc twn daqtÔlwn parèqei th n dunatìthta sto telikì shmeÐo

drˆshc na mhn akoloujeÐ ton akrib  prosanatolismì se sqèsh me to joystick allˆ ta dˆqtula na

summorf¸nontai bˆsh autoÔ ¸ste na diathreÐtai to grasping. 'Etsi epilègetai na akoloujeÐtai

mìno o prosanatolismìc se sqèsh me thn� gwnÐa pou sqhmatÐzei tojoystick (f CJ g) wc proc

to plaÐsio suntetagmènwn thc bˆshc tou,f CbJ g.

Sunep¸c, an R d = [ nd sd ad ] orÐzoun thn epijumht  m tra strof c tou telikoÔ shmeÐou

drˆshc bˆsh thc epijumht c jèshc tou ( eeP m ) kai R e = [ ne se ae ] h antÐstoiqh h opoÐa èqei

upologisteÐ bˆsh twn tim¸n twn arjr¸sewn, h sqèsh pou orÐzei to sfˆlma prosanatolismoÔ

metaxÔ twn dÔo eÐnai:

eo =
1
2

(ne (q) � nd + se (q) � sd + ae (q) � ad ) (4.17)

H qronik  parˆgwgoc thc Sqèshc 4.17 eÐnai:

_eo = L T ! d � L ! e (4.18)

,ìpou

L = �
1
2

(S(ne )S(nd ) + S(se )S(sd ) + S(ae )S(ad )) (4.19)

me ton telest  S =

2

6
4

0 � ! z � ! y

! z 0 � ! x

� ! y ! x 0

3

7
5 kai ! = [ ! x ; ! y ; ! z ]T to diˆnusma gwniak¸n

taqut twn. 'Etsi, gia ton èlegqo tìso thc jèshc ìso kai thc gw nÐac tou telikoÔ shmeÐou
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drˆshc lÔnontac to prìblhma thc antÐstrofhc diaforik c kin hmatik c prokÔptei:

_q = J+ (q)

"
ep

K o eo

#

(4.20)

ìpou ep to sfˆlma jèshc pou upologÐzetai apì ton PID - controller kai eo to sfˆlma prosa-

natolismoÔ tou telikoÔ shmeÐou drˆshc (4.17).

Tèloc, h teleutaÐa ˆrjrwsh tou braqÐona tou rompotikoÔ sust matoc elègqetai xeqwristˆ

gia ton kajorismì thc strof c tou joystick gÔro apì ton kˆjeto ˆxonˆ tou, dhlad  ton èlegqo

thc J  m gwnÐac.

To parakˆtw mplok diˆgramma ,Diˆgramma 4.5, perigrˆfei thndiadikasÐa elègqou tou te-

likoÔ shmeÐou drˆshc:

Sq ma 4.5: SÔsthma Sfairik¸n Suntetagmènwn

4.4 Eustˆjeia Katˆ Lyapunov

Se aut  thn enìthta analÔetai h eustˆjeia tou sq matoc elègq ou optik c anatrofodì-

thshc basismèno se eikìna apì ojình. 'Opwc èqei anaferjeÐ kai sthn Upoenìthta 4.3.5 gia

ton upologismì tou interaction matrix (4.12) qrhsimopoieÐtai mia stajer  jetik  tim  gia thn

apìstash thc kˆmerac cam1 apì ton stìqo ( C1Z ) kaj¸c eÐnai adÔnato na ektimhjeÐ h tim  thc.

Gia thn apìdeixh eustˆjeiac sto parapˆnw sq ma elègqou efar mìzetai h mejodologÐaLya-

punov. 'Estw V : < n ! < mia suneq cscalar kai topikˆ jetikˆ orismènh sunˆrthsh me:

� V (x) > 0; 8x� < n

� V (x) = 0 ,if and only if x = 0

OrÐzetaixe = 0 èna shmeÐo isorropÐac tou sust matoc_x(t) = f (x(t)) . An _V(x) < 0 gia ìla

ta x 6= 0 kai _V (xe ) = 0 tìte kˆje troqiˆ sugklÐnei sto xe ìso to t ! 1 .

Arqikˆ, orÐzetai wc upoy fia sunˆrthsh Lyapunov :

V =
1
2

ke(t)k2 (4.21)

ìpou eÐnai jetikˆ orismènh, suneq c kai mhdenÐzetai giae(t) = 0 . H parˆgwgoc thc (4.21) eÐnai:

_V = eT _e (4.22)



42 Kefˆlaio 4. SqedÐash Elegkt 

,qrhsimopoi¸ntac tic sunart seic (1.12) kai (1.14) prokÔptei _e = � � � L sL̂ +
s e ˆra kai :

_V = � � � eT � L sL̂ +
s � e (4.23)

Sunep¸c, h asumptwtik  eustˆjeia epitugqˆnetai eˆn diasfal Ðzetai h parakˆtw sqèsh:

L s � L̂ +
s > 0 (4.24)

'Omwc, gia thn kataskeu  tou pÐnakâL +
s qrhsimopoieÐtai h jetik  kai stajer  tim  C1Z h opoÐa

diafèrei apì thn pragmatik  tim  C1Zc , C1Z = � z
C1Zc . Antikajist¸ntac:

L s(C1Zc ) � L̂ +
s (C1Z ) =

2

4
� z � 1

(x2
p + y2

p +1) � 2
z

C 1Zc +1 + 1 0

0 � z � 1
(x2

p + y2
p +1) � 2

z
C 1Zc +1 + 1

3

5 (4.25)

oi idiotimèc tou pÐnaka 4.25 eÐnai jetikèc an� z > 0 ) C1Z > 0 ˆra kai jetikˆ orismènoc o

pÐnakac. Opìte h asumptwtik  eustˆjeia diasfalÐzetai me thnepilog  enìc jetikoÔ C1Z gia

thn kataskeu  tou interaction matrix . H epilog  thc tim c tou C1Z ephreˆzei thn troqiˆ twn

pixels sto epÐpedo thc eikìnac allˆ kai thn taqÔthta sÔgklishc ìpwc faÐnetai parakˆtw sta

Sq mata (4.8) kai (4.9).

'Epeita, meletˆtai h eustˆjeia gia thn perÐptwsh pou eisˆgontai sfˆlmata upologismoÔ  

katˆ ton entopismì twn shmeÐwn. Ta sfˆlmata autˆ montelopoioÔntai wc mia fragmènh eÐsodoc

sto sÔsthma. 'Ara h diaforik  exÐswsh tou sust matoc eÐnai:

_e(t) = f (e(t); w(t))

mekw(t)k = w MAX . Gia thn perÐptwsh tou elegkt  pou èqei analujeÐ orÐzetai:e0(t) =

e(t) + w(t) mee(t) = p(t) � pd . 'Opoup(t) 2 <
2n � 1

to diˆnusma optik¸n qarakthristik¸n kai

pd to diˆnusma me ta antÐstoiqa epijumhtˆ. Tow(t) eisˆgetai sto sÔsthma lìgw jorub¸dec

feedback. 'Ara:
_e(t) = � � � L eL̂ +

e0e0(t) (4.26)

Epilègetai upoy fia sunˆrthsh Lyapunov h 4.21 kai sunep¸c h parˆgwgoc aut c upologÐzetai

bˆsh thc Sqèshc 4.22. Lambˆnontac upìyh kai thn Sqèsh 4.26 prokÔptei:

_V = eT _e = � � � eT L eL̂ +
e0e0 (4.27)

Arqikˆ, exetˆzetai to ginìmeno pinˆkwn L eL̂ +
e0 to opoÐo èqei idiotimèc:

� 1 =
� 2

z
C1Z 2

c
(p0T � p + 1) + � z

� 2
z

C1Z 2
c
(x02 + y02 + 1) + 1
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� 2 =

1
� z

C 1Z 2
c
(p0> � p + 1) + ( x2 + y2)(x02 + y02 + 1)

(x02 + y02 + 1)[( x02 + y02 + 1) + 1
� 2

z
C 1Z 2

c
]

To ginìmeno pinˆkwnL eL̂ +
e0 eÐnai jetikˆ orismèno kai_V < 0 an isqÔei ìti p0> � p > 0 )

e0T e > 0. Sunep¸c diasfalÐzetai h asumptwtik  eustˆjeia. Autì to ap otèlesma shmaÐnei ìti

to sunhmÐtono thc gwnÐac pou sqhmatÐzetai metaxÔ twn dÔo dianusmˆtwn prèpei na eÐnai jetikì,

dhlad  h gwnÐa tou sunhmitìnou na eÐnai� 2 (� �
2 ; �

2 ) ìpwc faÐnetai sto Sq ma.

Sq ma 4.6: Eswterikì Ginìmeno Dianusmˆtwne(t) e0(t)
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Sq ma 4.7: C1Z = C1Zc & kw(t)k = 0
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Sq ma 4.8: C1Z = 0 :3C1Zc & kw(t)k = 0
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Sq ma 4.9: C1Z = 10C1Zc & kw(t)k = 0



4.4 Eustˆjeia Katˆ Lyapunov 47

x - axis

-0.5

0

0.5
-0.5

Features position

y - axis

0
0.5

120

100

80

60

40

20

T
im

e 
(s

ec
)

Time (sec)
0 20 40 60 80 100 120 140

E
rr

or

-0.2

0

0.2
p0 ! feature

x
y

Time (sec)
0 20 40 60 80 100 120 140

E
rr

or
-0.5

0

0.5
p1 ! feature

x
y

Time (sec)
0 20 40 60 80 100 120 140

E
rr

or

-0.2

0

0.2
p2 ! feature

x
y

Time (sec)
0 20 40 60 80 100 120 140

E
rr

or

-0.5

0

0.5
p3 ! feature

x
y

Time (sec)
0 20 40 60 80 100 120 140

E
rr

or

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1
The Center of Feature points

x
y

time (sec)
0 20 40 60 80 100 120 140

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3
Lyapunov Function

V = 1
2 $ jje(t)0jj2

_V = ! 6~e0
> ~L x

~̂
L +

x0
~e0

Sq ma 4.10: C1Z = 0 :5C1Zc & kw(t)k = 0 :1414
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To rompotikì sÔsthma braqÐona-platfìrma èqei piˆsei tojoystick me gnwstì con�guration

kai brÐsketai se tètoia jèsh kai prosanatolismì ¸ste na mpor eÐ to telikì shmeÐo drˆshc na

brÐsketai se opoiod pote shmeÐo tou q¸rou ergasÐac pou orÐzei to joystick kai parˆllhla na

diasfalÐzetai ìti den ja qˆsei thn ojình apì to optikì tou ped Ðo. H kˆmera pou eÐnai topo-

jethmènh pˆnw tou sullègei thn optik  plhroforÐa pou anapar ˆgetai sthn ojình gia na thn

qrhsimopoi sei wc anˆdrash ston elegkt . O braqÐonac wc telikì shmeÐo drˆshc èqei sunde-

demèno to rompotikì qèri tri¸n daktÔlwn thc Openbionics, [25]. H epilog  autoÔ tou qerioÔ

ègine lìgw thc elastikìthtac twn daqtÔlwn kai thn ikanìthta prosarmog c sto antikeÐmeno to

opoÐo piˆnei. H elastikìthta aut  dÐnei thn dunatìthta summìrfwshc twn daktÔlwn anˆloga

me to sq ma allˆ kai thn allag  tou prosanatolismoÔ tou joystick.

H arqik  diˆtaxh gia ta duo rompìt faÐnetai parakˆtw:

(aþ) Rompotikì SÔ-

sthma BraqÐonac -

Platfìrma

(bþ) Rompotikì Qèri-Joystick (gþ) Troqofìro Rompìt

Sq ma 5.2

5.2 Apotelèsmata

Se aut n thn enìthta parousiˆzontai ta apotelèsmata tou pei rˆmatoc gia arqikì con�gura-

tion ìpwc faÐnetai sto Sq ma 5.2. H tim  tou bˆjouc pou qrhsimopoi jhke gia ton upologismì

tou Interaction Matrix eÐnaiC1Z = 1m. Sto Sq ma 5.8 faÐnetai ìti ta featuressugklÐnoun stic

epijumhtèc jèseic touc allˆ ìqi me omal  troqiˆ. Autì ofeÐle tai arqikˆ sto ìti o pÐnakac allh-

lepÐdrashc den qrhsimopoieÐ thn pragmatik  tim  tou bˆjouctwn shmeÐwn kˆje qronik  stigm 

allˆ mia stajer  tim . Epiplèon ta pijanˆ sfˆlmata upologis moÔ thc jèshc twnfeaturessto

epÐpedo thc eikìnac thccam1 kaj¸c epÐshc h adunamÐa tou rompìt qeirist  na akolouj sei

epakrib¸c tic epijumhtèc jèseic tou telikoÔ shmeÐou drˆshcpou upologÐzontai apì to sq ma

elègqou. Tèloc, katˆ ton èlegqo tou joystick apì to telikì shmeÐo drˆshc parathreÐtai mikr 

olÐsjhsh twn daqtÔlwn sthn epifˆneiˆ tou gegonìc pou ephreˆ zei ˆmesa ton èlegqo.
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(aþ) Eikìna apì thn Arqik  Jèsh (bþ) Eikìna apì thn Telik  Jèsh

Sq ma 5.3: Kˆmera Troqofìrou Rompìt

(aþ) Eikìna apì thn Arqik  Jèsh (bþ) Eikìna sto Tèloc tou Elègqou

Sq ma 5.4: Kˆmera Rompìt Qeirist 
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Sq ma 5.6: TaqÔthtec Troqofìrou Rompìt
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Sq ma 5.7: Sfˆlma jèshc twn features

Sq ma 5.8: Jèsh twn featuressto qrìno





Kefˆlaio 6

Sumperˆsmata

6.1 AnakefalaÐwsh

Sthn paroÔsa diplwmatik  ergasÐa anaptÔqjhke èna sq ma elègqou optik c anatrofodì-

thshc gia ton thleqeirismì enìc troqofìrou rompìt apì rompo tikì sÔsthma braqÐona- plat-

fìrmac. To parapˆnw sq ma elègqou odhgeÐ mia kˆmera agn¸stwneggen¸n qarakthristik¸n

lambˆnontac optikˆ dedomèna mèsw ojìnhc apì kˆmera gnwst¸neggen¸n paramètrwn. En

suneqeÐa, sto troqofìro rompìt den stèlnontai apeujeÐac oi taqÔthtec pou exˆgontai apì

to sq ma elègqou allˆ mèsw enìc joystick ìpou h sqèsh pou sundèei thn metabol  autoÔ me

thn taqÔthta pou parˆgei sto troqofìro rompìt eÐnai ˆgnwsth . EpÐshc, o elegkt c lambˆnei

upìyh tou mia pijan  metabol  thc sqetik c jèshc thc ojìnhc k ai thc kˆmerac pou parakolou-

jeÐ aut n. Tèloc, parousiˆsthkan ta apotelèsmata enìc endeiktikoÔ peirˆmatoc gia to opoÐo

analÔontai ta apotelèsmata.

6.2 Mellontikèc ErgasÐec

Gia thn sqedÐash tou elegkt  èqoun gÐnei shmantikèc upojèseic gia paramètrouc oi opoÐec

mporoÔn na upologistoÔn se mellontikèc ergasÐec. Arqikˆ, tosÔsthma braqÐonac platfìrma

mporeÐ na entopÐsei thn ojình kai tojoystick sto q¸ro, na odhghjeÐ se autì kai na to piˆsei

me katˆllhlo con�guration gia to opoÐo to rompotikì sÔsthma ja èqei thn bèltisth ikanìt hta

elègqou tou gia ìlouc touc bajmoÔc eleujerÐac tou allˆ me periorismì na brÐsketai entìc

tou optikoÔ thc pedÐou h ojình. Epiplèon, na upologÐzei todeadzonetou joystick, ton q¸ro

ergasÐac tou allˆ kai thn pijan  olÐsjhsh - paramìrfwsh twn d aqtÔlwn katˆ ton èlegqì tou.

Tèloc, to sq ma elègqou mporeÐ afenìc na plaisiwjeÐ me periorismoÔc wc proc thn ojình,

dhlad  na diasfalÐzetai ìti h ojình ja eÐnai entìc tou optiko Ô pedÐou thccam2 kaj' ìlh

thn diˆrkeia tou elègqou, kai afetèrou na epilÔei to prìblhm a od ghshc enìc mh olonomikoÔ

oq matoc.
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