+1 A.method-for calibrating a nulti-canmera system FI ELD OF THE | NVENTI ON
The invention relates to an apparatus and nethod for calibrating a

mul ti-camera 5 system BACKGROUND A synchroni zed multiple perspective

i magi ng system may .be used to obtain a nunber of different views around a
subj ect, such as a 360 degree view. This 10 image data may then be utilised
by processing systens where 3D or volurfetric information is desired. In

such systens often there f s nmounted onto a-
jig, cage or track. TﬁemSﬁ?éjrfé’g%ﬁﬁkj*ag{é'% W?‘%@%aggﬁbﬂe jig, cage or
track but such a repositioning of a carrera may require re-calibration of
the canera or image data. The need for re-calibration with every 15new
position results in a systemwhich is inflexible and unsuitable for camera
arrangerrent W%Wgﬁ%\éEHJQNU me. Further, the calibration of the
caneras of the nultiple inmaging device system becones i ncreasi n%}e\gqtedi ous

as the nunmbéhe fiveptiorereiaies %a@ag@%ratupmrg method ferealibading genidliiica i on
process has to be perfornmed for every pernutation of canera pairs. Taking
for exanpl esy$ieMcase where N caneras are present in the system a
rel ocation of just one canmera requires the recalibration of (N-1) canera
pairs.

BACKGROUND

A synchronized multiple perspective imaging system may be used to obtain a

number of different views around a subject, such as a 360 degree view. This

10 image data may then be utilised by processing systems where 3D or volumetric

information is desired. In such systems often there will be a large number of

cameras mounted onto a jig, cage or track. The cameras may be repositioned on

the jig, cage or track but such a repositioning of a camera may require

re-calibration of the camera or image data. The need for re-calibration with every

15 new position results in a system which is inflexible and unsuitable for camera

arrangements which change over time.

Further, the calibration of the cameras of the multiple imaging device system
becomes increasingly tedious as the number of cameras increases. This is

20 because the calibration process has to be performed for every permutation of
camera pairs. Taking for example the case where N cameras are present in the
system, a relocation of just one camera requires the récalibration of (N-1) camera

pairs.
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+ 2 SUMVARY OF THE INVENTION In general terns the invention relates to
nmeasuring master calibration data for each individual canera at the factory
and using the naster calibration data to 5derive new calibration data each
time the camera is relocated. In a first specific expression of the

i nvention there is provided a nmethod according to claim1. This may have
the advantage of elimnating/minimzing the need for recalibration of a
canmera. 10 Enbodi ments nay be inplenented according to any of clainms 2 to
17. An apparatus and nethod for calibrating a canmera according to one or
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5 derive new calibration data each time the camera is relocated.

In a first specific expression of the invention there is provided a method according
to claim 1. This may have the advantage of eliminating/minimizing the need for
recalibration of a camera.

10

Embodiments may be implemented according to any of claims 2 to 17.

An apparatus and method for calibrating a camera according to one or more of
the embodiments may have one or more advantages'including:

15 adapting new calibration data from master calibration data in an

easier manner,

- eliminating/minimizing the need for recalibration of the camera upon
relocation of the camera(s) or reassembly of the shooting setup;

- having a camera system which is easy to use and highly flexible;

20 - being highly adaptable to different shooting requirements and

setups; |

- being highly adaptable to a variety of camera subjects;

- being highly customiiable; and/or

- being scalable.



' -bei.ng highly adaptable to a variety of camera subjects; being highly
~custom zabl e; and/or being scalable. 3 BRI EF DESCRI PTI ON OF THE DRAW NGS
One or nore exanpl e enbodi ments of the invention will now be descri bed,
with reference to the followng figures, in which: S5Figure 1 is a schematic
drawi ng show ng an apparatus for nultiple imaging according to an exanple
enbodi nent ; Figure 2 is a flow di é’gram showi ng a nethod of calibrating
a plurality of caneras of the apparatus of Figure 1; Figure 3a is
a phot ograph show ng one of the pI urality of caneras of Figure 10 1 being

nmount ed ont %Eg 556 I s a photograph showi ng the one
of the pl ur%r‘ﬁ'tzg (:::’%meragl %f TH gure aé%ei ng held in the camera seat;

L SaTE S s SERRT e ORISR S AT AR e
égrlngur e 5a |m$1 SreP ehn%te é)%llgvr\}%\é\”ffa t h% \Bhlgr ality of cameras of Figure 1
5 Figure 1 is a schematic drawing showing an apparatus for multiple imaging
according to an example embodimen't;
Figure 2 is a flow diagram showing a method of calibrating a plurality of
cameras of fhe apparatus of Figure 1;
Figure 3a is a photograph showing one of the plurality of cameras of Figure'
10 1 being mounted onto a camera seat; |
Figure 3b is a photograph showing the one of the plurality of cameras of
Figure 3a being held in the camera seat;
Figure 4 is a schematic drawing showing a left camera and a right camera of
a pair of the plurality of cameras of'Figure 1 undergoing calibration;
15 Figure 5a is a photograph showing the plurality of cameras of Figure 1 being
mounted on a platform and undergonng calibration,
Figure 5b is a photograph showing a left image captured by the left camera
of Figure 4; |
Figure 5c is a photograph showing a right image captured by the right
20 camera of Figure 4;
Figure 6 is a screenshot showing a projection matrix and a conversion
matrix for one of the pair of cameras of Figure 4;

Figure 7a is a photograph showing the left image of Figure 5b after

compensation;



- nmounted on a platformand undergoing calibration; Figure 5b is a
phot ograph showing a left image captured by the left canera of Figure 4;
Figure 5c is a photograph showing a right i.mage captured by the right 20
canera of Figure 4, Figure 6 is a screenshot showi ng a projection
matrix and a conversion matrix for one of the pair of cameras of Figure 4;
Figure 7a is a photograph show ng the Ieft I mge of Figure 5b after

conpensati on; ﬁl(c’gure 7b [ e?#ﬁcﬂogrgph §h§~|ﬂ§ ﬁ%a&@@ﬁtﬁa Grel fafidrght i mage of

Fi gure 5c after onpensa |s a sc tic draw ng show ng
the right c é)ag EI gure 4 rel ocated froma first position to a second
posi tion; I's a schematic drawi ng showi ng an i nterpolation of the

respective l ef t B@ﬂ% é'i@g'gcﬂerﬁﬂﬁsdrg\xnnsfﬂliwﬁ%tﬁ@rlgﬁ%aﬁbr? of Figurd dgure 10 is an

i mage acquired canera ure n angul a off a

vertical; a S ph show ng a marker | ocated
in the cent Pegoc ed frgctnaanffs%éﬁﬁ%ﬁg aaspeg:gﬁé; BQ%'? Figure 1. DETAILED

DESCR PTI5 N Figure 9is a schematlc drawing showing an interpolation of the respective
left and right images of Figures 7a and 7b;
Figure 10 is an image acquired by a camera of Figure 2 showing ah angular
tilt off a vertical; and
Figure 11 is a photograph showing a marker located in the centre of a stand

10 of the apparatus of Figure 1.

DETAILED DESCRIPTION

Figure 1 shows an apparatus 1000 for multiple perspective imaging according to

an example embodiment. The apparatﬁs 1000 comprises a stand 1100 having
15 thirty two cameras 1110 for capturing images from all around a subject, an

acquisition and processing device 1400 for acquiring images from the cameras

1110 and processing the images, and an image display / storage device 1500 for

displaying or storing the processed images.

20 The stand 1100 comprises a level énnu|ar platform 1130 suitable for a 360
degree all-around capture syétem. The platform 1130 is supported by ten legs
1120. The cameras 1110 are mounted on top of the platform 1130. The platform
1130 is precision machined so as to allow for easy but highly precise positioning

of the plurality of cameras 1110. The subject (not shown) is typically located at



Figure 1 shows an apparatus 1000 for nultiple perspective inmging according
to an exanpl e enbodi nent. The apparatus 1000 conprises a stand 1100 havi ng
15thirty two caneras 1110 for capturing images fromall around a subject,
an acqui sition and processing device 1400 for acquiring i mages fromthe
caneras 1110 and processing the i mages, and an image display / storage

devi ce 1500 for displaying or storing the processed i mages. 20 The stand

100 compr ! §Sedhid She SANH (300 PR {8t} 136 il RPbE aldhief AFGrEBO o

al | -around captureée sys IS'supported by ten legs 1120.

The caner as@#&g@#ﬁg@wg@?@ﬂcif ov'xfg oitye platform 1130. The platform 1130

i's precisio a or éasy but highly precise
positioning of the plurality of cameras 1110. The subject (not shown) is
typically located at 5 the center of the stand 1100. The plafform 1130 nmay
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internal trigger is generated by programmatically calling the appropriate
softvvaréocoﬁﬁ?ﬁﬁfééregﬂgef‘ffﬁogﬂe?crh t3feers 1t1%9§‘90%‘i9é'¥%tme?ﬂd peess I)Oml‘o t he

canera 1110. The SDK may be nmanuf acturer dependent. .
device 1400. The cameras 1110 are synchronized by means of an internal

triggering or external triggering signal.

In the case where internal triggering is used, the internall trigger is generated at
15 the acquisition and processing device 1400 and transmitted to each camera

1110. The internal trigger is generated by programmatically calling the

appropriate software commands spécified in the software development kit (SDK)

of the camera 1110. The SDK may be manufacturer dependent.

20  In the case where external triggering is used, external connective hardware e.g.
wiring is present between each camera 1110 and the acquisition and processing
device 1400. A trigger signal taking the form of an external square wave is
generated at the acquisition and processing device 1400 and transmitted across

the connective hardware. The trigger signal is input into each camera 1110 via a



- 20ln the case where external triggering is used, external connective
hardware e.g. wiring is present between each canera 1110 and the

acqui sition and processing device 1400. A trigger signal taking the form of
an external square wave is generated at the acquisition and processing
device 1400 and transm tted across the connectlve har dware. The trigger
signal is input into each canera 1110 Wia a 6 connector as specified by
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for display to a user, or f 6 storage The image display / storage device
1500 may be 99 ﬁéﬁ?‘iﬁ“&‘f{aﬁﬂﬁ) a solid-state drive, and may be further
equi pped with a nonitor. In sone applications the processing 15 device 1400

may interpol ate between each image to give a larger nunber of internediate
and novel views of the subject. i s envisaged th t the ch|3|tion and

_ processing J@@.pbéalitnet)C%tyfeSémagﬁ%?geoﬁ'iﬁnP Bt t 8@08“@ PY@P9conput er, or
an enbedded device, which may 20 either be separate fromthe caneras 1110,
or be embed@ERFessinggayige 1A0Q Ry KomRRBSating Mith C@&P?@O” i9ata @5 WiResaged that the
i mge display / storage device 1500 may be a conputer nonitor, a projector,
a storad@ afdpsgribed Iagr fdgitopal precessing may be performed before and after

compensation. The resultant processed image 1502 is then transmitted to an

ima_ge display / storage device 1500 for display to a user, or for storage. The

image display / storage device 1500 may be a hard disk unit, or a solid-staté drive,

and may be further equipped with a monitor. In some applications the processing
15 device 1400 may interpolate between each image to give a larger number of

intermediate and novel views of the subject.

It is envisaged that the acquisition and processing device 1400 may be a

personal computer, or a server computer, or an embedded device, which may
20  either be separate from the cameras 1110, or be embedded on-board in each

camera 1110. Also, it is envisaged that the image display / storage device 1500

may be a computer monitor, a projector, a storage array or hard disk.



+ A nmethod 200 of calibrating the plurality of canmeras 1110 according to an
exanpl e enbodi nent is shown in Figure 2. Master calibration data is

obtai ned for each specific canmera 1110 at the factory. The master
calibration data can then be used by the processing device 1400 to
determ ne the new calibration data 5after any subsequent relocation of that
specific camera. In 100, the caneras 1110 are initially set up at the

136072 i 5 meiheR 20 Catattp it of Bl ERES A0 abtpiifioder [ATTE PO
seat 1190 u%hgﬂafﬁ{%ﬁ@oﬁrﬁ%ﬁt\’?@sh@fiﬁe %L?fg DeNfRs L ?alﬁ%tgﬂ'n;ogaga lsrgb?aiﬁi&f ﬁ)\‘". hol es

present on t surtace O alfera Sea hen ght ened.

Carr o HEBOPEIETE U M QRO Sl PIRGD Tl

. 15 . : . 1 N . .

sed for - chBERERY Y tha frodRunindpefs faadloiiEine BRHSy ARl en: of a
canmera 1110. (An angul ar tilt 1354 | xcess of 1-2deg is considered
excessi ve. THEM M %‘%&Fq‘t'?‘fg relgfHon qug%stpgcmﬁgﬂmp% canera 20 does not sit

| evel on the track surface. By capturing an image with the canmera 1110, a
tilt is detected by observing if the inage is rotated either clockw se or

counter-clockwise. Tilt detectiaon_ at each rg 1110 conprises: . 8 1)
i aci ng & ol 199 Jis GAmereRddRG i tBsel UBeY PRdecled T Bis Fvobies MERuRAS 1100
such that it is visible at the camera 1110; Ziggeocaig)_turin ,ae,ima e wth the
camera 1110#€ach of the ogmergefi 14 9ntR@ amerASephh FShevBAD FIQURRS3t ¢ he
checkered board which is 5closest to the centre of the board; 4)_deriving a
vertical inmkgch&ayera htiOistastensden e cames seatri PR usingdhreg seiewst Themgi nary
line 1352 is a reference |line to be used for determning if the image is
verti call0 Ascrewsate iiseeed jnto serew halgrarresenfamihe ongenguriace of therqamesp
imaginary line is drawn right down the 240 pixel col um;

seat 1190 and then tightened.

A check is then performed of the placement of the camera 1110 within the
camera seat 1190. This check verifies that the camera is not tilted excessively

15 along the optical axis.

Figure 10 shows an image which is used for checking if an angular tilt 1354 is
present in the placement of a camera 1110. An angular tilt 1354 in excess of -
1-2deg is considered excessive. The tilt of the camera results when the camera
20 does not sit level on the track surface. By capturing an image with the camera
1110, a tilt is detected by observing if the image is rotated either clockwise or

counter-clockwise.

Tilt detection at each camera 1110 comprises:



+ 105) conparing the identified vertical line 1350 with the vertical
imaginary line 1352 to estimate the anmount of angular tilt 1354 between
both lines; and 6) If angular tilt 1354 is present, the canera 1110 is
adjusted to elimnate/reduce the angular tilt 1354. 15In 101, the plurality
of . caneras 1110 are nmounted on the platform 1130 of the stand 1110. This
may for exanple be perforned after the %anmeras 1110 are delivered to the

user and the u eﬁlié@&%s&ﬂma‘ﬁﬁn &(g%c??r%ﬁf Bbatd al@Qeocg e ok Qe sl%h@ 1Bt er

calibration data isretrie a storage -device. If the 20 naster

calibration dat LS nanlll0 e.g. in the case where the
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canera 1110 is Irst tine at the factory, or where the

master cali braz‘tgi gébt @&ﬂﬂ%%“ﬁ'ﬂ et anté’,lgﬁ%.t er calibration data 120 is
o] u call ]

obt ai ned by the proce ration 140. If the naster
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woul d not be a need al i br at h mera 1110 anew and t he nmster
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spacers between the canera 1110 and the canera l5seat 11%0 Jt i JIOt ed

3 i . t
Chat the z-axis 12521 efimatiaameuntd apghiaci 1354 betwgan both lines; an

6) If angular tilt 1354 is present, the camera 1110 is adjusted to

eliminate/reduce the angular tilt 1354.

15 In 101, the plurality of cameras 1110 are mounted on the platform 1130 of the
stand 1110. This may for example be performed after the cameras 1110 are

delivered to the user and the user reassembles the apparatus 1000.

In 102, the master calibration data 120 is retrieved from a storage device. If the
20 master calibration data 120 is absent for a camera .1 110 e.g. in the case where
the camera 1110 is set up for the first time at the factory, or where the master
calibration data 1110 is lost, the master calibrétion data 120 is obtained by the
process of a full calibration 140. if the master calibration data 120 however is

present for a camera 1110 e.g. in the case where the camera 1110 is being



-angul ar rolls about the Z-axis result in the acquired inmge being "rotated"
i.e. seen to be "not level". Spacers when added correct for this. The
caneras 1110 may al so experience tilt about the Y-axis i.e. there is an 20
angul ar yaw or tilt about the X-axis i.e. there is an angular pitch. The
presence of an angular yaw results in the acquired inmage appearing
displaced to the left or right. The pré%ence of an angular pitch results in

the acquir egh)bdREP ' 150 iR&re Ivdtiy A6t e/a ABed Y EUNBFLIE the The
left/right FelodHte 8@?%@%“@?&3?2‘5&%% 'S corrected by Shifting the

acqui red | TBgfReks 1 bIROSNPIROAZALNCaLRAA AeF20 isid AaR] gebYort he

di spl acenent nay be conpensate Ition of spacers as I's done for

an angul ar roll. The use of inmage processing techniques to conpensate for
t he di spl acenent however may have the advantage of being easier and nore

easily aut Oﬁé?ﬂqce@s ?fﬁ.m c]aﬁll‘?’rgiﬁién glﬁ’QEP@B%iégﬁh@%%r%tcﬁmﬁeft ing‘%ﬁ' eg@era 1110.

In the first step, angu r IrTst corpensated uSing spacers.
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In 104, each can%gqtﬁ@}ga:ts cal j bralﬁ ed.%Cg\alti brati orﬁyof .the caneras 1110

i nvol ves obfERSRH e MestsT FathrA a'ls correctly eriygdys oot on Matri ces

- these matrices project captured i mages fromthe 3D 20coordi nate system
onto a 2B image plane. 2. Conversion Matrices - also known as Rectification

Matrices, these nmatri ce dt tify th t d i
bri ngi g, t hih T63 thespesiianymhieach pameia ] Tgs GAmesaenubs FoRerar et aAds i ght

caneras onto a sane plane. Once rectified, therﬁz 45 F%rr_es ondence between
the i mage p# fine-tungd. Images are taken using each camera 1110. If the images reveal

that the camera 1110 is tilted about the Z-axis i.e. there is an angular roll, the roll

is compensated by adding spacers between the camera 1110 and the camera
15 seat 1190. It is noted that the Z-axis is co-aligned with the optical axis and

angular rolls about the Z-axis result in the acquired image being “rotated” i.e.

seen to be “not level”. Spaceré when added correct for this.

Tﬁe cameras 1110 may also experience tilt about the Y-axis i.e. there is an

20  angular yaw or tilt about the X-axis i.e. there is an angular pitch. The presence of
an angular yaw results in the acquired image appearing displaced to the left or
right. The presence of an angular pitch results in the acquired image appearing
displaced upwardly or downwardly. The left/right and/or up/down displacement is

corrected by shifting the acquired image using image processing techniques.



When calibrating a pair of caneras, the projection matrices belonging to
both caneras of the canera pair are used to generate a corresponding pair
of rectification matrices. 5 The nmaster calibration . data 120 for each
canera 1110 conprises the matrices nentioned above. Calibration is done
pair-w se between pairs of the plurality of canmeras 1110. In order to
reduce any di scontinuities between t he!f esul t ant i mges of the canera

pal 1S, each AaBfifeipahe dlsBlABERFmY bBLRMHERE AR W't adlifion BF iddrs

i mredi ately next to ra parrs wever nay al so be 10 forned
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i ntersect af?t'fie 5The process of calibration is perforned
in the acquisition and processing device 1400. It is however envisaged that
cal i brat?on may be perforned on-board in each of the caneras 1110. | nmages

of a calibration. board 1008 ich iis shpown in Eigure.5 tured at
20 each of gftleeo E%#Ercgggeﬂ%&o %l}',m?ﬁgsé%[rﬁ?rpﬁ csg]elra Eb}%r‘ﬁ&qeﬁ%rsg‘!élﬁ'%gg‘ti on.
Figure 5a shows a pl.u alit of ?a ras 1110 unted on.t he cDI tf.orm 1130
under goi ng @B94IBLE i'%f‘n".s ?‘?fép%%ﬁai#gﬁ"i‘%ﬁp%é?%f CLIRIETEOBE a checker ed
plurality of black and white uares. For each pair of cgneras 1110, inmages
of the cal i BH&SI%Hn2BY ?fdyaifbe%gfafr%"iniﬁmﬁﬁé&f%ﬁ‘ef‘ﬁé’%egﬁat@?i‘\?E‘%Eﬂ?ﬁ?as.

Fi gures 5b and 5c show |eft _12 and right imges 1002, 1004 c red

r egpect i vel Prasessing tephnicusselng 1aHe" %FQ'%?P' %Fg),r@eépsggcaarﬁ@ﬁgr 335#?5 The
captured i mages 1002, 1004 are then acquired by the ac Pisitio and
processilfg @d9fecencemsints Haursr blcghowsipe aﬂ@"s”ﬂét"éﬂ“etrﬁgg & 9fdhe BlatfBiM i on
board 1008 does not have to be located precisely at the centre of the
5stand 1100,113® Thevgatkead 31Qis raaeMesdan %S?W:&%%dﬁ%d has  wittgSelyHihg

calibration, the calibration board 1008 is visible by both canmeras 1110.
apex which stands out against the surroundings. The stand™1320 is placed in the

centre of the platform 1130 and the anghlar yaw and/or pitch are compensated
by processing the acquired image so that the marker 1310 is in the centre of each

15 processed image.

In 104, each camera 1110 is calibrated. Calibration of the cameras 1110 involves
obtaining the following matrices:
. 1. Projection Matrices — these matrices project captured images from the 3D
20 coordinate system onto a 2D image plane.
2. Conversion Matrices — also known as Rectification Matrices, these
matrices are used to rectify the captured images by bringing the left and
right captured images of respective left and right cameras onto a same

plane. Once rectified, there is correspondence between the image pair.



- A pr.ojection matrix and a conversion matrix are obtained for each canera
1110 of the canmera pair. Figure 6 shows the projection matrix 1202 (al so
denoted as 10 Matrix A) and the conversion nmatrix 1204 (al so denoted as
Matrix B) for a canera of a camera pair. =~ The projection matrix 1202 is a
3 x 4 matrix which transforns the 3D x, y, z coordinate systemof the rea
world into a 2D inmage using a x, y cootHi nat e 15system The conversion

i 1o0a 1S g . _ e
T3 1204 5 ok it § A 5 R s
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matri x. As an exanple, techni que di scl osed i conpact ithmfor

rectification of Dat.rs" Fusiello, et. al. in Machine Vision and
Appl i cati ons (205%§ S{r%?%@%éﬁmeartl@s?sbf whi ch are incorporated herein by

reference - may be used to obtain the conversion matrix 1204. 13 Wil e
techni ques are descri bed above in which the projection and conversion

tri b t ai d, it i i t hat. i . b
obt ai neas el HE maertAlERph sl TRt pah FAMRRDHTS, dris I e FRFEBEY | N ges
f a th libragi j ect ot t han th | ibrati . 08
be tond vhomarebeb ahp Ry CatbRfion & e Ael st B Rl M PREIR F0n it 2
120 i hecked f t . ,This is don | yi th t
cali brat i oncaReESYOY b SHaG RoeditR AredsatiRufée BERendfe FREBREL T cati on
lity. Thi d by.ch i i f t.hy f 10cal i b i
hoar d 1008 Ha0SH o1 i CTeanhi ey A& RAE ST Saind fanteras SRS no
master calibration data 120 be deenmed cqrrect, step 106 is perforned.
However . shéweted RuneRisteV 1Ryt iocearbeiaer. CARFS Baifs NOWE(RE maY 3309104 and 105

are repeated. . i , ,
10 formed using any of the plurality of cameras. Figure 4 shows a pair of cameras

1110 undergoing calibration. The left camera 1112 is- the n th camera while the
right camera 1114 is taken to be n+1 th camera. Both cameras are distributed
circumferentially about a reference point such that the Z-axis (which is co-aligned
with the optical axis ) of each camera projects to intersect at the reference point.
15 The process of calibration is performed in the acquisition and processing device
1400. It is however envisaged that calibration may be performed on-board in

each of the camefas 1110.

Images. of a calibration board 1008 (which is shown in Figure 5a) are captured at
20 each of the cameras 1110 of the camera pair undergoing calibration. Figure 5a
shows a plurality of cameras 1110 mounted on the platform 1130 undergoing
calibration. The calibration board 1008 consists of a checkered plurality of black
and white squares. For each pair of cameras 1110, images of the calibration

board 1008 are captured by the respective cameras. Figures 5b and 5c show left



-15 .In 106, each camera 1110 and canera seat 1190 is enclosed in a housing
in order to shield it fromexternal knocks and forces. This keeps the
canmera 1110 in alignment within the canmera seat 1190 and may help to
preserve the correctness of the master calibration data 120. The housing is
made out of netal. 20 In 107, the master calibration data 120 is stored.
Where there are N nunber of caneras 1119 in the appar atus 1000, each of the
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done 1 r oo EheabroR bodit 1e bl BabarttmSd B0 T he acaui i ti on and
processi ng device 1400. This capture may be done sinultaneously on all the

cameras 1110, or in a predeterm ned sequence as 15controlled by the
acqui sition and processing device 1400. The

| i es, captured at camner as
1110 are tr An¥pPiEciIyMaixdNd & conNessien Bﬁtr%?fe&%g%'é%%foﬁ&aﬁré\‘l‘?'(’?gralilgﬁ for
conpensati on_and i i )
P of the ca%eorg ep%ﬁ" Ipigu}enG grtmevb)s ﬂﬁ%zprojection matrix 1202 (also denoted as
10  Matrix A) and the conversion matrix 1204 (also denoted as Matrix B) for a camera

of a camera pair.

The projection matrix 1202 is a 3 x 4 matrix which transforms the 3D x, y, z
coordinate system of the real world into a 2D image using a x, y coordinate

15 system.

The conversion matrix 1204 is a 3 x 3 matrix which transforms the left and right
images 1004 (which respectively have different epipolar planes and image
planes) onto a common epipolar image plane. This is derived from the projection
20 matrix. As an example, the tec-hnique disclosed in “A compact algorithm for
rectification of stereo pairs”, A. Fusiello, et. al. in Machine Vision and Applications
(2000) - the contents of which are incorporated herein by reference - may be

used to obtain the conversion matrix 1204.



*I'n 109, the user makes a decision on whether to reposition the caneras. 1110
on 20the platform 1130. The repositioning is along the common hori zontal
plane i.e. the X-Z plane. The repositioning however may al so be al ong any
other plane, and may represent a 3D translation. If no repositioning is
desired, the capturing of inages may continue using the existing set up and
mast er palibration data 120. 15 ShouIH3the caneras 1110 however be
reposi ti onegy.: r L i ; i i i ; 121 in
ik Rg%r{@%‘écaﬁg ?]Jleg&f bk %}B@vg fr{a\?géﬁ Ghd %&oﬁ’bﬁt}ﬂﬁ LR cbAvettieR
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since the relocation is a rotation, tat.'t@n matrix Ris applied to

. L] Ol . . adx4ar
20t he pr oj elts resifigation; quafity. THis may Q%f’?’?ﬁgéb?h%q?f@gd FSAREGS rix Pis
shown in Equation 1.
10 calibration board 1008 are aligned to be along the same epipolar lines.

Should the master calibration data 120 be deemed correct, step 106 is performed.
However, should the data 120 be deemed incorrect, steps of 103, 104 and 105

are repeated.

15
In 106, each camera 1110 and camera seat 1190 is enclosed in a housing in
order to shield it from external knocks and forces. This keeps the camera 1110 in
alignment within the camera seat 1190 and may help to preserve the correctness
of the master calibration data 120. The housing is made out of metal.

20

In 107, the master calibration data 120 is stored. Where there are N number of
cameras 1110 in the apparatus 1000, each of the N cameras 1110 thus may be

paired with (N-1) other cameras. The master calibration data 120 for each



. P, =PRT( 1)
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A new projection matrix Pnew is conmputed by nmultiplying the
former projection matrix P with the rotation matrix R and wth the
translation matrix T. Equation 1 rmay be re-expressed as Equation 2.
fn." 1 - M1 M2 M3 M4 M1 M2 M23 M24 M31 M32 MB3 MB4 cos 02

14
camera 1110 thus comprises (N-1) number of projection matrices and

conversion matrices i.e. one of each matrix for each pair of cameras 1110.

The master calibration data 120 for each camera 1110 may be stored on the
cameras 1110, or may be stored on the acquisition and processing device 1400.
Optionally, this data 120 may also be stored in a removablé storage device e.g. a
flash drive. This data 120 when stored is rewritable. The master calibration data
120 may be modified and updated whenever the cameras 1110 are rearranged

and this may thus give the apparatus 1000 flexibility.

In 108, images of a subject are captured using some or all of the plurality of
cameras 1110. This may be done in response to a capture command 1402
issued by the acquisition and processing device 1400. This capture may be done
simultaneously on all the cameras 1110, or in a predetermined sequence as
controlled by the acquisition and processing device 1400. The images .captured
at the cameras 1110 are transferred to the acquisition and processing device

1400 for compensation and processing in step 122.

In 109, the user makes a decision on whether to reposition the cameras 1110 on
the platform 1130. The repositioning is along the common horizontal plane i.e.
the X-Z plane. The repositioning however may also be along any other plane, and
may represent a 3D translation. If no repositioning is desired, the capturing of

images may continue using the existing set up and master calibration data 120.
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Should the cameras 1110 however be repositioned, the master calibration data
120 is adjusted in step 121 in order to cope with any chgnge in the placement of
the cameras 1110. It is noted that the adjustmént of new calibration data from the
master calibration data may be simpler, and require less effort and time than

performing calibration anew.

Figure 8 shows the right camera 1114 relocated from a first position (i.e. Pos 1) to

- asecond position (i.e. Pos 2). The relocation is a rotation of 8, degrees about the

Z-axis (i.e. a rotation about the vertical axis). The possible camera locations on
the platform 1130 are discrete and pre-determined, and are machined to a
degree of precision. This may allow the angle 8, to be easily obtained by

observing the number of discrete camera locations between the first position and

-the second position. It is however envisaged that the platform 1130 may have

sensors built in which are able to automatically feedback 6, to the acquisition and

processing device 1400.

Referring back to Figure 1, in 121, the master calibration data 120 for the left and
right cameras 1112, 1114 are adjusted. Taking the relocation of Figure' 7 as
example, since the relocation is a rotation, a 4 x 4 rotation matrix R is applied to
the projection matrix P. The adjusting of the projection matrix P is shown in
Equation 1.

new

P_=PeReT | 1)



-T" Ty T, 1 (2) 5 The rotation matrix R is derived fromthe angle 02. It
applies a rotation about the centre of the circular platform 1130 .i.e.
about the Y-axis. It is however envisaged that the rotation nay not
necessarily be nade about the Y-axis; the rotation may be nmade about any

ot her cardinal axis, or even about an axis co-aligned wth any 10 3D
vector. In these cases, the rotation mdtrix R respectively denotes a
rotation ab Ot in ' Ak D vector.
Speci ficall 38%‘# ‘E\ﬁée%gﬁnea?ﬂcg?& ?ﬁbtﬁ%? g{' ngrllﬁp%ﬁ Fr%qﬁﬁhng'wrg%rerg?r?se angul ar
rotations a . e i I4S tat i i may t hus
be derived grﬁﬁgwﬁﬁlt%?f#?c%ringﬁ&g# gﬁ&b@ﬁtt'?]%tﬁéﬁ(}ﬁ%ﬁo?‘o@é{r?ghérﬁlﬁhé%athr ?ces each
representing rqtation aboyt res Lve 1lb5cardi nal -axes. The translation
matrix T is &rfebexg{)mgﬁgat%ugﬁ& ?at eral translation of the canera 1114
along the X-axis and Z-axis i.e. Tx and Tz respectively when the canera
1114 i s rel ogat ebd from the roriginah pasi,td Qf, 6 € 1 RPs, L) Tto the rel ocated
20posi tion (I :”Q_.e:fé_g EZ):;. Silace. 4.he |oni gi nal o pes| t|i @m_and, r el ocat ed position
of the rel ocatlon camera| 1]ddmaendn | & Eonftdh °horli ¢ohtal™pj ane, Ty is 0. Tx
and Tz are cal cul ated using the radi us®of’ the 'platform 1140 whigh is known.
17 It is also envisaged that the caneras 1110 may be repositioned al ong

pl anes other than the horizontal plane i.e. the plane containing the X and
Z axes. Additionally, the axes contained in the plane of repositioning do

ot e IO R Rt e SRR 8L o0l bt aB e 1110 ey
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be made about any other cardinal axis, or even about an axis co-aligned with any

10 3D vector. In these cases, the rotation matrix R respectively denotes a rotation

about the other. cardinal axis, or a rotation about the 3D vector. Specifically in the

latter case, the rotatidn matrix R may comprise angular rotations about more than

one cardinal axis; the rotation matrix R may thus be derived from a mulfiplication

of more than one rotational matrices each representing rotation about respective

15 cardinal axes.

The translation matrix T is used to compensate for lateral translation of the
camera 1114 along the X-axis and Z-axis i.e. Tx and Tz respectively when the
camera 1114 is relocated from the original position (i.e. Pos 1) to the relocated
20 position (i.e. Pos 2). Since the original po.sition and relocated position of the
relocation camera 1114 are on a common horizontal plane, Ty is 0. Tx and Tz are

calculated using the radius of the platform 1140 which is known.



-planes and may represent different 3D translations. The new projection
matrix Pn" is incorporated back into the Master calibration data 120 as the
matrix P. The nmaster calibration data 120 after revision is then 15used for
conpensation in step 122. Steps 101-107 may be performed at the factory
before shipping to the user or they may_be perforned by a suitably
qual i fied calibration technician durindg’a first installation. 20 In 122,

t he i nages captured are conpensated and processed at the acquisition and
processi ng devi ce 1400. Conpensation nmay be perfornmed using the matrices
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are interpo%ﬁ’tnb??'lﬁgr%\é?%h‘ﬂ%“ag(ﬁra'e'i'gh'ﬁﬁ?g‘?'r{ﬁﬁ}e&?% Phggaédlgﬂar%?a%?ﬁea]nﬁeft and
ri ght imagej_ 1012, é014, s well as any resultant inages may be di spl ayed
and/ or storddiand Zi%@@”ﬂ??ﬁf%y | storage device 1500 It is noted
that the terns "conversion matrix" and "rectification matrix" are used

15i nt erchangeably throughout this specification to refer to a conversion
matri x 1204._ Wi | st exenpl ar nbodi ments of the inventio ave been
descri bed i fFugBenits aﬁa%vwg&cﬁmag&@% s o the GRMRIaS hE ¥Eope of the
invention as will be clear to a - » ' . '
10 repositioned, each camera that is repositioned may be rotated about different

planes and may represent different 3D translations.

The new projection matrix Py is incorporated back into the master calibration
data 120 as the matrix P. The master calibration data 120 after revision is then

15 used for compensation in step 122.

Steps 101-107 may be performed at the factory before shipping to the user or
they may be performed by a suitably qualified calibration technician during a first
installation.

20

| In 122, the images captured are compensated and processed at the acquisition
and processing device 1400. Compensation may be performed using the
matrices stored in the master calibration data 120. Alternatively, compensation

may be performed using the adjusted calibration data resulting from step 121.



- 20 skilled reader. For exanple, the conputation for the adjusting step 121
may be inplenented as software, or it may be inplenmented as hardware in the
formof a FPGA. 19 dains 1. A nethod conprising provi di ng
a master calibration matrix based a canera nounted in a first 5l ocation on
a seat, positioning the canera in a second |ocation on the seat,
determining a rotation and/or translatitdn to the naster calibration matrix
to produce an adapted calibration matrix, the rotation and/or translation
dependent on the first location relative to the second, tocapturing an

rede oo U PSR AT F0 oy SSa LI
t he. rot at i.Qr i aYe ' '
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the. par amet AP Bl PGB IR LA RABLAEDE BRIy obb5a PR R st By
precedi ng clai mwherein the master calibration matrix is provided by
retrieval froma storage device.

Optionally, further processing may now be done between the left and right
images 1012, 1014 to produce resultant images. Such processing may for
example .be an interpolation of the left and right images 1012, 1014 as is shown
in Figure 9. The left and right images 1012, 1014 are interpolated to produce the
10 intermediate imagés 1016. The left and right irﬁages 1012, 1014, as well as any
resultant images may be displayed and/or stored in the image display / storage

device 1500

it is noted that the terms “conversion matrix” and “rectification matrix” are used
15 interchangeably throughout this specification to refer to a conversion matrix

1204.

Whilst exemplary embodiments of the invention have been described in detail,

many variations are possible within the scope of the invention as will be clear to a
20  skilled reader. For example, the computation for the adjusting step 121 may be

implemented as software, or it may be implemented as hardware in the form of a

FPGA.



- 5. The nethod of any precedi ng clai mwherein providing the master
calibration matrix further conprises 20 determ ning a projection
matrix for the canmera at the first location relative to the seat, and

- determining the master calibration matrix based on the projection matrix.
56. The method of. claim5 further conprising determning a rectification
matrix to the master calibration matri*? the rectification matrix being
dependant OFE %ihest uxt aposition of the canmera to anot her canera. 7. The
met hod of c é M% further conprising determning a conversion 10 matrix to
convert the inmage to an epipolar inmage plane common to the canera and the
anot her canera. 8. The nmethod according to any of clains 5 to 7 wherein
t he projection ma rie? iqs) determ ned using | east squares estimation with the
camera at tHe fi rS{MeIBYPEAPPNY 9. The nethod according to claim8 wherein
the projection matrix is stored in

any precedi ng cl &R rae'i“ﬁStleﬁEal%?%e@%%@gg%%ég’%gi%gﬁ}qmggqmgﬁa@gtor ding to
5 location on a seat, |
positioning the camera in a second location on the seat,
determining a rotation and/or trahslation to the master calibration matrix
to produce an adapted calibration matrix, the rotation and/or translation
dependent on the firét location relative to the second,

10 capturing an image with the camera in the new relative location, and

rectifying the image based on the adapted calibration matrix.
2. The method of .claim 1 wherein the rotation and/or translation includes a
rotation matrix and/or a translation matrix obtained from a parameter

15 representative of the first location relative to the second location.

3. The method of claim 2 wherein the parameter is derived from known

geometry.
20 4. The method of any preceding claim wherein the master calibration matrix

is provided by retrieval from a storage device.

5. The method of any preceding claim wherein providing the master

calibration matrix further comprises



- 11. The met hod according to claim 10 wherein an angul ar offset
about the vertical axis. 21 12.The nethod according to any of clains 1 to
9 wherein the rotation is about a three-di nensional vector. 5 13. A canera

stand for perform ng the nethod of any precedi ng claimcornprising

pl at f orm having a precision nmachined plurality of engagenent portions each

to engage the seat. 1014.Théseat of any of clains 1 to 12

one O adiBirfinPATLR AP gtr&@&qh@eawsﬁal?tttﬁ@ﬁ&ﬂ%ét%rﬁ%ﬁw e seat,
ont e for an angular roll

tté?ﬁ canmera. 1515.An integrated circuit or processor

configured
conpri si ng
t he one or
an optical
configured

10

15

20

nore spacers

e A

to per]adrmthe nmet hod of any of clains 1 to 12.
determining the master calibration matrix based on the projection matrix.

I'gured to conpensat

6. The method of claim 5 further comprising determining a rectification
matrix to the master calibration matrix, the rectification matrix being depéndant

on the juxtaposition of the camera to another camera.

7. The method of claim 6 further comprising determining a conversion
matrix to convert the image to an epipolar image plane common to the camera

and the another camera.

8. The method according to any of claims 5 to 7 wherein the projection
matrix is determined using least squares estimation with the camera at the first

location.

9. The method according to claim 8 wherein the projection matrix is stored

in the camera.

10. The method according to any preceding claim wherein the rotation is

about a vertical axis.

11. The method according to claim 10 wherein an angular offset is estimated

abdut the vertical axis.

is estimted

a



+16. A canera configured to performthe nmethod of any of clains 1 to 12. 20
17. An apparatus for capturing i mages configured to performthe nethod of
any of clainms 1 to 12.

21
12. The method according to any of claims 1 to 9 wherein the rotation is
about a three-dimensional vector.

5 13 A camera stand for performing the method of any preceding claim
comprising
a platform having a precision machined plurality of engagement portions

each configured to engage the seat.

10 14. The seat of any of claims 1 to 12 comprising
one or more spacers positioned between the camera and the seat, the
one or more spacers configured to compensate for an angular roll about an

optical axis of the camera.

15 15 An infegrated circuit or processor configured to perform the method of

any of claims 1 to 12.
16. A camera configured to perform the method of any of claims 1 to 12.

20 17. An apparatus for capturing images configured to perform the method of

any of claims 1 to 12.



