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Abstract

The stereo camera system has a fixed baseline and therefore has a constant scale. However, it is difficult to
measure the actual three-dimensional coordinate since the scale is not fixed when relative orientation parameters
are determined through the key-point matching in the stereo image each time. Therefore, the purpose of this
study was to perform the stereo camera calibration that simultaneously determines the internal characteristics
of the left and right cameras and the camera relationship between them using the modified collinearity equation
and compared it with the two independent single cameras calibration. In the experiment using the images taken
at close range, the RMSE (Root Mean Square Error) of = 0.014m was occurred when the three dimensional
distances were compared in the single calibration results. On the other hand, the accuracy of the three-
dimensional distance of the stereo camera calibration was better because the stereo camera results were almost
no error compared to the results from two single cameras. In the comparison of the epipolar images, the RMSE
of the stereo camera was 0.3 pixel more than that of the two single cameras, but the effect was not significant.

Keywords : Stereo Camera System, Relative Orientation Parameters, Modified Collinearity Equation, Stereo
Camera Calibration, Epipolar Image
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2EHE 2 ZhlEf AR A7Ee] A|ZA A A YA
ARG 4= Q= 84 F S ko] Z|AF o=
At Ao w EojRo g UAE 295 shaeke] ofske] &

l2ll2 G2 HSohe Alagolth AEFolA AHH 2
7he|ehE ol--5hd 32+ YA HE A& HS5T 4= 2
7] e iZoll Tt ZhuetE thAste] AH L Thleh Al 2E]
9] ghg-Ao] =olx| AL 9l FeAlolTt AHEH L Tt A&
& o]-gsto] 32kl YA EE FEch= HS 2A 9
&2} G o83l AR (disparity map)E A2t
T AARE Ag o] 8-sho] 3R 1A HE 2 (Hong and
Kim, 2018)5}H, & AR« AHH L 7h|2HE 0|85k
AT YA G2 ARFSIAY a2 9] 33k =
DS fIall 7HlEke] 715kt uj2jofl Aloro] gl AIRFA =
£ Adske A7t =3¢l (Jang et al., 2012).

SEAE o] - &G A7t Hold4=5 7|t A==
o] AZ|7] wjiZel A5 & 32+ Ix A Aol Hehe T}
2 A o] WA o5 sl hlEke] 23AE, 4
97, A= TRt 2 Al B4 HelaA Thof
sh shdje} Aeludolae Ao a5
(Kim, 2018). 7vfje} 2] o]t} Thatate] -2 7o
5 S9z o2 Aeluadstel 3349 YR E FHES)
= 50| 3= ck(Lee et al., 2010; Shin et al., 2011,
Park and Choi, 2012; Fredriksson et al., 2014; Hwa et al.,
2015). SHAITE 2EE @ 7hH|et A|ARRE 292 72t =
220 2 AR || Hhiol Y Eel S Byl opjat 7}
Hgke} 7hH|k ko] 1 A A8 A, 345
E3E AAstolof sh=t, o|& LH|E2 7hv|et He|Heo]
Aolet gt

2ege 7hv|e} A Helo) S flsto] 2 7hetE 7t
7} o AejHdlold 7F & = rhvjeite] WAE FEY
= 5olA AR BT EH QA E o] &oto] Yok =
?lth(Zhang, 2000; Bradski and Kaehler, 2008). 124} = 7}
H2pte] BAE Uehe AT 242 a7t 788 27
of e ol i Zebd 4= Sl wAIKe] drk(Park et
al., 2018). whepA] & Ao A= 295 7heeke] Wi
82 YT RGRLE SAO 2HT 4 e 8E 34
224 o] gsto] AE|Y L 7he A Heo]d-E 435t
il o5 o 7hjet A Heo| dut Hwsh= AL HA O
= 33tk
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Fig. 2. Distribution of image coordinates of target
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where ¢ = ground coordinates ¢, = perspective center, )
R : scale, = rotation matrix from camera coordinate system
to ground coordinate system, ' = image coordinates.

Ax = (% — :ztc)(klr2 + k27'4)
Ay = (y; =y, kyr® + k) @
r= o~z )+ g,—y)

where (Az, Ay) = the compensations for the radial lens
distortion, k,k, = the radial lens distortion parameters,
(%;, y;) = aimage coordinate, (z,, y.) = a principal point.
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NH4=E AASFTH(Kersting et al., 2012 ; Lari et al., 2014a
; Lari et al, 2014b). =45 FA27A4E o8-t 7+ 71|
2Fo] W g e 4 ak ofue) AT A3 Y 4 (7] 4
g, 3 A) E3F a4 4 qirk

Eq. QoA rf= 21430] 3219 s ey wE, rf
£ JA&7hete] 97, R = HEThleke] Y, ;2
292 vhiete] 71K, Ry 92 7he|akrke) 2118
g, 1 & 5 vhlEkellA] Az To] BAE 32 Azl
#E Uel= 9EE Uehd of7]4, 282 7|2k
5 Q49 FRYAT} 7S el it i
o] Z7)gke FHElYl(quaternion)S o]-83F F7HHlw 3]
H(spatial resection)& o]-&3}o] AAs}%cH(Mazaheri and
Habib, 2015; Kim, 2018). &{7]A] #EjY2 32+ g7kl A
7S ek o] A 223 8852 ek 3
7o) 8% R E0 2 o] Fol7l AZo] 4744 el S Lehiick

ry =1+ RO+ ARER ©)

where r = ground coordinates, ¢ = perspective center of
left camera, \ =scale, R, = rotation matrix from left camera
to ground coordinate system, % = baseline vector, Rp =
rotation matrix from right camera coordinate system, to left

camera coordinate system, r;* = image coordinates.

Fig. 4. Modified collinearity equation
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Fig. 5. Stereo camera system

Table 1. Camera specifications

Model Sony ICX834

Image size

(columnsx rows) 4240 x 2824 pixels

Pixel size 3.1um

Nominal focal length 16mm (5161.290 pixels)

Zhe} Az 2oL AHH 2 7HlzhE skl e

2 7HehE 22 594 o 2 A2 Heo] =
Beflol A} 29 helo| HE R R4S Tl
glel2 7he) A 2ol ez %1%5}@1 st
Aol Al mE £l glo]
3t Fheke) dzo)ae dﬁQH%A
w0l Ky, by TS 08
& 3}t (Habib and Morgan, 2003).
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Table 2. Calibration parameters for two independent single cameras

Stdev 10P(pixel) Distortion parameters
(pixel) +stdev(pixel) +stdev(pixel)
Camera

~ kl k2

g, T, Ye C . .

° (pixel?) (pixel4)
left +0.366 12.801 -33.044 5180.965 -2.82380E-09 1.16004E-16
€ - +0.6625 +0.6667 +1.2232 +3.83143E-11 +5.53230E-18
iaht 40369 24.159 -44.660 5181.826 -3.03399E-09 1.27731E-16
ng - +0.9517 +0.6255 +11822 +320868E-11 | +4.24504E-18
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Table 4. Relative orientation parameters for two single

cameras using case B

Pixel

Meter

Degree

o dx

dy dz |Omega

Phi | Kappa

+0.2400.40000

-0.00077]-0.01080/-0.43935

0.41211 | 0.60146

Table 5. Relative orientation parameters for two single

cameras using case C

Pixel

Meter

Degree

o dx

dy dz |Omega

Phi | Kappa

+0.259 | 0.40000

-0.011591-0.12319 -0.44013

0.18266 | 0.61220

Fig. 8. Stereo image-case C with the tie points

Table 3. Relative orientation parameters for two single

cameras using case A
Pixel Meter Degree
ofo dx dy dz |Omega| Phi | Kappa
+0.133 |0.40000| 0.00075 |-0.01038|-0.45872| 0.30315 | 0.65234
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S HYQAF FAlo| AAstoint dolA A
Eﬂi‘ﬂﬂ 7hu|et e Hao) A
BRAEE SAlol A7 ol AR R AR
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Table 6. Calibration parameters for a stereo camera

& 7iehE A ol dxi= 0.4mo]at = 7hr2te] o)
Ae fle AL AAstg oy AAl A 7hete] gt

Stdev I0P(pixel) Distortion parameters
(pixel) +stdev(pixel) +stdev(pixel)
Camera
~ kl k2
g, T Ye C . .
¢ (pixel?) (pixel*)
left 40,446 16.732 -29.719 5179.042 -2.97597E-09 1.20200E-16
€ - +0.4975 +0.5416 +1.0833 +3.16980E-11 +4.87030E-18
iaht 40,446 20.867 -43.465 5181.528 -2.98678E-09 1.26136E-16
ng - +0.7523 +0.5436 +1.0885 +317733E-11 | +4.62565E-18
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Table 7. Relative orientation parameters using a stereo
camera

Pixel Meter Degree

o dx dy dz

o

+0.446 | 0.39893 | 0.00167 |-0.00406|-0.49937| 0.32801 | 0.65523

Omega| Phi | Kappa

o] Bjo A4S S519S 79 des OF Lin(=0.4-0.30893)
= Ao} kUL dys} dziz 242 oF 2mt dm A= o) 5
) 712 oF = ol Buk ofjet B2

Z7luleto] Sl Vet 218 o 4 ol

b} el el dat 2ujd e Flet elngol
9] 27k 790l ek Hl i S1aiA 339 Aot ol
o A2 ol 5te] HepHel ulmE Saysteich

41 M 7212 0l83 MY A5

7heletel oi/dEatel A7k of 3mel AN &
b Fig. 6 4ollA] Fig. 99} Zro] #ape] Zlojo} o], T12]
3 &Y 29| folE Ay AsjA ©l sl e
Heo]d Zh(Table 2,3)3 2|2 7hv|e} He]2ao]ld gk
(Table 6,7)2 &-7Fu 31 H(spatial intersection)o]] #-8-3}
o g ~gy, Ag3~0yy, Gyy~aygs ALO]Q] AR E S35 of
714 3319 A2}E o] g3k ol HET HiETh BT A
¢l 2h3o)7] wjolck.

AT Yo A AFS It 33 A= EEs
B0} AI(SOKKIA FX-101)-& o] 4-5to] Zesict. 2.180] 4
AFstlze] EgaH oA Ades £3mmeleh o714
E=2go| o] o] ofsto] B2 A Al 22|77t
A A E B2, 2eE] 9 Ak o187 AR A2 Eet 4
= R} Ape) 7R 2 AREsEe] Lrekgle

Table 87} Table 9]l 4] o 4= Qlzo] ©l Fhuat 7e)u
gloldo] ghe ol-8-sto] ZAT 33 Aol 2EHL 7}
wjg} AalEEold kg olgatol A 3 Aele] Bt
AT 22 *HRMSE: Root Mean Square Error)+= Z} 0.014m,
0.000m= Yelgtch

o] 5 Foll, ZAY FdolA LEHL 7|} e Eeo] A
7 Zh2 A 8-sho] 3R AR S w5 A A A
o GARHA APl 5 shelgk 4= igick
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Fig. 9. 3D distance using total station

Table 8. Distance comparison between total station and
single camera calibration

unit: meter
Single
ID Total station camera Error
calibration

a01-02 2.042 2.021 0.021
a03-04 1.402 1.392 0.010
a04-05 0.670 0.667 0.003
RMSE 0.014

Table 9. Distance comparison between total station and
stereo camera calibration

unit: meter
Single
ID Total station camera Error
calibration

a01-02 2.042 2.042 0.000

a03-04 1.402 1.402 0.000

a04-05 0.670 0.670 0.000

RMSE 0.000

4.2 of|m|Z2} Fa2 o|8et BHN A5

om &2t % epipolar image)olt ¢ AFolA FAIH
(y-parallax)E A|Ast Fo = JAF mj< vjg-E ol
7840 2 339 wElg THEY| §I5iA Ao WKz A
23tz /golnt. ol ml &} /4 A2k Fig. 79 &A= 4

Q

(F 6m )} Fig. 82] ZA2] 4H(eF 60m)& o851
SAeloh FANA BT S GAol thah T 7o

e} el B o)yl gkt ~ejel @ et el Beold gt of

§3tol Fig. 103} Fig. 113} o] oflw]Bet A& AAskn
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a2 7t AelBao)d gk o] g5to] AT ofm Bet o
&0 FAIAET} 2| YRt o]23h o] f= &9 /Y]
AL 0] 83 AT HAH Q A0 AFEEZHRPT AH YL
Fullete] A HATE Ok Wobil 20 2 FhehiT,

e EA1A2] Aol7 0554 ol Lekt g 7]
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Fig. 11. Epipolar images of middle range(about 60m)
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S8 AT RR A Ao} T 7| ETulRter S 4 uletek) 7
A% el 340) 148 ABIARLE & 4 210
Q4502 e o] A AT EH QAT AR 9
a4 54 oiHS Sastolof s}% MARE 29 4 gl
A7) glck

Table 10. Y-parallax error at a close range

ID Single(pixel) Stereo(pixel)

1 0.313 0.157

2 0.165 0.948

3 0.602 0.458

4 0.024 0.016
RMSE 0.350 0.532

Table 11. Y-parallax error at a middle range

ID Single(pixel) Stereo(pixel)
1 0.028 0.627
2 0.233 0.559
3 0.048 0.178
4 0.116 0.257
RMSE 0.133 0.448
52 E

B AP AT FHRAAE o] §3o] 29 Fhulet
of WR3E4 2 220} 5 Fhifekbe] 2 Aol Aok
e 0. 7hulet el plo] S et o) 2
ool vlaishi €8 2

S, 548 BAEANE olgeH AHH0 SAoleke
TASH 2} Fholee) WREP A4 Bk ohet et
7re] o] WHH HERYA A FAG 2T 4 U
Ao] glof ASHGE 2T A9 o B4 ohHS Ea
AT A 2T WA} g 2S % 4 itk

S, S st el el gt 2@ e et 2

BEEINE] %I% 0|83 T /1A A0 321 AT S EEYA
Hlo] 4 o] &3t 3219 7ot v waty e ), vhel Ae|Heo]
o] Aztol Al +0.014mo] BFAlF L A7t HHAgs vk
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2Hlg| 2. Fhulere) ASol @27t Ao) WAIE}R] grol 2
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FAAE A 038R 1 Aol 2K R ACR 1}
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