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A Method for Reconstructing 3D Trajectory of Ball with Unsynchronized Cameras

Sho TAMAKI and Hideo SAITO

Ball trajectory is an important performance indicator in ball game. However, Measuring 3D trajectories is often unusable
because synchronized cameras and control points inside the playing field are generally required. A method that reconstructs
3D trajectory of ball with unsynchronized cameras is proposed in this paper. Proposed method consists of ball detection,
camera calibration, and trajectory reconstruction. At first, ball candidates are detected based on the appearance. For the
camera calibration, highly probable balls are extracted from the candidates based on the motion. Imaged ball trajectories
are then reconstructed. Next, fundamental matrix is computed from the corresponding points, which are estimated with the
ball trajectories, and roughly estimated temporal offset, which is estimated manually. The estimated fundamental matrix
is assumed to be inaccurate due to the inaccuracy of the temporal offset. The key feature of this method is to accurately
estimate temporal offset and fundamental matrix by optimizing them iteratively based on the error of fundamental matrix.
After the calibration, balls are extracted robustly with geometrical and temporal relationship between cameras. A ball
trajectory is finally reconstructed as connected trajectories which separated at collisions. It is experimentally demonstrated
that the proposed method can calibrate cameras precisely and reconstruct accurate ball trajectories.

Key words: unsynchronized camera, calibration, trajectory, table tennis, ball

1. & B

A= VO IE R — IV AR—=Y 2B 5T & OHifl % H
T B7-bOEELNHTH S, FIZAIEHRIZE T HERTE
A=V ElEE2 N Z 5 Z 212 & - THHOHE Tl 2 i
LLT3ZeWHEICThNTEY, R—LOi»sidzo
LR B L UHM 2T CcES. FoARHEKO LS &
A=V AR=YTIE, R—ILOEH»SHHTE TR S
SR — AL Wl 2 s 5 LeHERNHTH 5. Bk
DRI & U TRIIE & 2 5581 IR Ehh & R — Ll % 35
LZEMARETH D, fTHHUER—IVOME MY 2 i
BWEHME DN TE 5. BIX IS HW D 1%, siBROERE
REWCBWTEFY U ZNARBOREGI B 5 H— V%
GHIL, 747/ Fyay bOREEED 27.17 mis TH -
=k, FLTIOHEDFE—IIZAMOLRE KIS O R
fifi% T[] 5 B§[]C Bk G 2 B0 2 W HEME A H 5 Z L R IR L T
WA, ZOX3 R LOMIIEAR=—YD T —2Hfi#d 5
FOOHEBELNWHRTH Y, £ OREIZE T D R—Vihihz it
g sz T, Kol AX—VIZHT 5 IE2e M2 B AL
EEZOLND,

L L—HT, HgEREIe a2 hofili L, R—Liioqt
DL SRy —ATEITALLOTIE AV, F—LEH5
& U7 3ot Tk, #XERMESEAEHON AT E [N
TR=NZHE L, SR L > TSN RK—-Lo 3%
Jefii 2T U, Itk ic ot & s R— Uil o sl & gh 4
LAENR—NTH LS. UL, ZOHETEINBEIZE

* RSN PRk 2645 H 12 H
MigkE TRk 264-8 H31 H
R BEEERAEROCE R (RERTTEAEK HE 3-14-1)
o EE R (RERTT K HE 3-14-1)

TB5HASELCRAMESIEER & o R R B 8 ht %
Wrihy, TSI FENSEr—T NV ETCHERETIHERSS.
F7z, GHlE NS 3 YOI ORI & 16 D - DIz TR S8k
DTS B RIS 3 EALE A RO — A& F L R LTH
B2 A 7 [H OB E AR E T 5 Z 8 (BLF T8
FWHATHIE] E\WS) BRETHE. AKR—YORHEEP
P TE, EEREP o X b ORI EZ o & 5 AT E v
LN TERVEmIZZ .

LS DX, AAT 1 BOAEACTTF = AR—ILOE L
O BT OMEGR EofMFEFHHIL, EERITATNVYET
FIERU 72y, Nu 2y RTHERU A EESLTWS. I
CAHY BEXERPLTVWAVW2EOIATEHNTT =
AR=N O R REFOMTE 23— b O 2 RTERT
AHIILTWA, A S IFEBAERAVT WA, BBz ET
HPHAOMSEE2FBLTHASOENIER ZET Wi,
INSDMETIE, YAFLANHOFRMZ DR THEDIZ2
Vot RO AEGFHLTE Y, F—10O 3 wRaoliimiddfL
TWRW. UL, BATONEH 3 — b Fm e E7sE< &2
BIE LA E 0B AT ORI EEAME T $ 5 sURFEL BB 5k
W, Fi, R—izEldED b B Z iz & B dhii il £ A
A= BWTHERATN S 2 W IZHM I B ERTH B H,
2 WL DA S IR T E R, T —rh O E T A
Hifffe LT 3 aizilifzitlicE s odkbsh s,

G S VX, A A TOBNXNEERELTAZLTHOND
A=V O, Tibbif EokvR— Vg% 3 oc2el
IHEE L, Ths0MBls % 3 YocEike LTETLTw
5. AASHEOHEBRPERYPOEATH->TH, Wi OB
DG 5 I 3 o DA E kD B Z & T 3 WoTiifis?
BonbdZ A LE. UL, MSniiecds e
IR LW B A, il < el & iz R — )L OG0 mld iz i

BRI 2R:E/Journal of the Japan Society for Precision Engineering Vol.80, No.12 2014 1157



RN X SEBVZR—ILD 3 RITIIMETTE

M52 L FIEEICLWEETS Y, A hEERESh
TWiYy., EEoRGGE R LTI EEHWSEZ .
IEHE L.

WAkS Dk, TER-FHEEE EOMBOE AR RDB Z
LIZE o TR—VO 3 Wit 25l LT w5, JEFRIA A S
HOBA T NARBORIE, XSICHATHAY - FLFTE
BaTH-TH 328 TEL I L EZRLTVWS. L
MU, ke =R — FDSEATICNE < 4B B I IR
PETTAMENH D, sifPTF A0 L3y MHAKR—
VEMRGGT HEGHITE, EFLR-NEOELD EDRLTS
DI AAZTIEI— OV A FI 4 AINTACEIZIER SN D Z
ENENEEZONED, FOUYSIZIER- VL ZER—
TRMIBEIOEATIC S GHIREOBE D S IE T ¥R — S
EHREFD A fiE WS HEIEY Tl nweFZ ohb.

Matsumoto et al. @ 1, #BEOIEFAMT 74 v H ATk -
T MBI R O BRI B W T /%
T 5 mICHER L, FEEERIC BT 3 o280 d
52T, A AT SBEMED 3 Yot Ex L Tn
5. LiL, Jee i ASofREL, 7714 HAFT
RT3 Z e MEY TR WEIRZ . £S5 D RIERN
A ASTH-> TERIMEFIFICLIEATF LA AT THN
W7 742 A A7 LABOEGZHEATELZ L, THICIEMA
A AT & el U TR E L 3 Bk E e TE S Z &R
LTWwWa. L, 2680825 %HWTHRIMED 3 Pochi i
AT 2EAICIE N A T ORI A I ELEE U P2 R du b R
FEMNEG LR b Tz, Wil Tz 8o A S EETET S 2w
5 RN FHADR EE OB S IR F L <.

Zhou and Tao ¥ 1%, &7 A F OB F A — R HEEHIDIRIE
THIMEEZTGE L, ST S NBEMEORB IR
fhoRAThEREL, fEIhRIThB LU 75 1
FIV 7 8 —% AT HEBIZIRRE T 0T WAV R DG % 4
FLTWaA, K=ty asielcaEhd, ZohksH
WTHASHORZThZHfEETDZ L (BUF TRREH A S
BIE) &\nwS) BTeEsaigsisbs. LL, K—ILAKR—
VENRETBEE, 7L —AMOBIAOR)E % 50T
Pzl s Z i, EBROBIMAO) & & 1d R 5 ek
Wb, iz, ZOHETHES OERMNH A SEIEDATS
D, BRI A FRGEIRN O S THEMT 2 BERH S,

PP 2 gD 1, 2 BOERMA A S THRIE L~ —h O
AR L, A TRIOELThOPED? S B A S
O IERERKEDIHEE L, HEESI NGz X > THIEX
N IEBE TR O P IED SR N A Ll kT 5 2 & TR
W5 A T REIE & B 2200 A 5 BEIE % RIRFZ T 5 HikEiREL
TW5, %72, Yingand Sato '? i, B[ & KD fikHI 5%
57 —hl— DI ATEHAGDLEBEGICEEATET
HBHEZLERLTWA., ZOHKETIE, WA TEIEE #
{22 H A SRBIEZ2 FRHZER S {75 728, < —H % R—ILITi
WA DI ETHR=ILO I WIS TE 2 fEtEHdH
b. 127U, 7L —AlOBMEoRhE 2EEHLTWEZ
EdS, Tl—ALL— MIXNUTHRBMEOR SR+l
BhiEsinwl Wi ililihide s, ZoEUEAR—Y 7L —
HOR—=N D &SI @ TR BT 2Pk E S AT
BEZYTREWEEZLSNS. £, Y—AEHVWTWSZ L
NS, R—ENRE UG L % iAo R 13
IGLTWIRY, K= ZMRE LEE, ZhsoihilEc

INPUT

Intrinsic camera parameters
Lens distortion coefficient
Tentative temporal offset
Corner positions in image space
Video ofa rally

LI

Ball candidate detection

Temporal offset and extrinsic camera
parameters are known?

Temporal and geometrical camera calibration
1. Select balls
2. Reconstruct ball trajectories in image space
3. Seek optimal temporal offset and optimal
extrinsic camera parameters

N

Reconstruction of 3D ball trajectory
Select balls
Compute ball position in 3D space
Estimate collision time
Reconstruct ball trajectory in 3D space

B Dy e

Fig.1 Flowchart of the proposing method
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Fig.2 (a)-(d) are input images captured in 60 fps. (e)-(h) are results of frame
differentiation with 3 frames interval
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Fig.4 Ball extraction from ball candidates with epipolar line. Rectangles de-
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the ball imaged in the other camera and detect candidates which are close
to the epipolar line, (c) and detected candidates are extracted
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Fig.5 Trajectory model estimation by iterative optimization. (a) is the model
before optimization and (b) is the model after 3 times optimization.
Black circles are detected ball candidates. Red circles are estimates given
by a trajectory model
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red line denote collisions
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Fig.7 Connect two trajectories. The number denotes the time when the ball was
detected. The distance between two trajectories becomes the shortest at
the time 58. (a) denotes “connectable”. (b) denotes “mergeable”. (c)
denotes “unconnectable”
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(a) View1 of Match1 (b) View2 of Matchl

(c) View1 of Match2

(d) View2 of Match2

Fig.9 A sample of input images in Matchl and Match2

3554759 SBA ZHHA L. Ny FIVIREHEOERY
AL 021 THotz. WEEINE L OBMFERN D A 5 HIEDH
BuzowTld, WO miE? o fik L RETE L Ol chiEEd
BT 5. 2B, AA 2 0HETIZN A SHORHT R
KHTHY, EOIMLETFHEICEIBIATHEAT A 2D
fillidnidorz. TOidD, e 2 OREBHERIIR—LOM
HRZFHNT2HMNOATHWSZ 2 LT,

REFEIZ S 2 EBEIEEHOfE AL L, BHRVWER
PGONBMHEERUE, WS 1 264 L LS OMIEILE
NTILr:024, Lo 103, La:13, Ua:531, Up: 25 Ly:
1, Up:0.3, Ur:0.524, Ug :0.025, Us :0.15, Up : 0.209,
Uy : 0015, Upr :0785, Ur:1, THY, AE2%20%E0L
G OBMED S BREG | OBGLRELZEDIE L 10120
ATHoT-, KREBRTERASG | QRO HHAS 2 O &
DEBENE P oIz, Ly ZRE 1 b bhIWlEio
F2. Le, La, Ua IS & o> TROBARELZED B H, &K
EHRTEH2HGLHAUMBRETRYLADRLMTHE>
Fo. Up ZEMAIZE > THOERMEDEDLBH, H9ItRLiE
SIZETOWHMATHUL-BATH D, ALETH-
Fo. BB, 2HAIBBIIBWTHERR L LB FEOEL D 24D
L, HoXidREIsiEd 25 Z L2 # B U RBEIzER
BIZRLEHASEBNBMTHH, ARBRTIZZIhNDSR
Rz oWTidE Lish ok, Ug, Us, IFHlIEREIZE ST
BOEAEDH TED DY, MREDE U ThNnIERRE DR
THlETcEs-bAERTCRELCETH -, Uy, Lv, Ug,
Up, Ur, Uy, Ur ZEEREZHGE TRV FEICEEZHRETE
BNRSA—RTHB., Zhs 7O0MMEIZOWTIE, 5%, %
KOREEMNGE LTR-NVMEETL, it Ed s
ZEDNTENEEHE LTS Z LA TELLEALNS.

3.2 EEBRER

3.2.1 A ASKIERMOFR— U

HRELULAES V=263 LE7 V=08, K-ILOEE
THEZ7L—LERIIZALE., F—LBRHEOHREE2R2
R U, 2 OB R—LVHBEET S 7 L— A8z
b5, EHREERTHoE TV —ABOUETHS. KT
10% FREOR—=NHRMEH & - AL, #FREoEb A

RN A SZEBNZR—ILD 3 RITBIMETTE

Tablel The number of frames. #rame stands for total number of frames. #ball-
frame stands for the number of frames where a ball exists

Match1 Match2
Viewl | View2 | Viewl | View2
#frame 3422 3379 1412 1397
#tball-frame 3312 3239 1199 1251

Table2 Results of the appearance based ball detection. TP stands for true pos-
itive, FP stands for false positive. Detection rate means the ratio of the
frames where true positive was detected

Matchl Match2
Indicator Viewl | View2 | Viewl | View2
TP % 19.7 21.6 30.0 9.1
TP and FP % 76.3 70.6 62.4 82.2

Detectionrate % | 960 | 922 | 924 | 913

Table3 Results of motion based ball extraction in image space. TP stands for
true positive, FP stands for false positive, and FN stands for false nega-

tive
Matchl Match2

Indicator Viewl | View2 | Viewl | View2
TP % 82.7 70.7 62.2 64.9
FP % 0.3 0.1 0.1 1.6
FN % 13.8 25.1 22.6 23.1
Detection rate % 85.5 73.8 73.2 72.4
Precision % 99.7 99.9 99.8 97.6

Table4 The detection rate of the motion based extraction after selecting the balls
whose corresponding points can be estimated

Matchl Match?2
Indicator Viewl | View2 | Viewl | View2

Detectionrate % | 616 | 664 | 487 [ 46.1
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Table5 Results of temporal camera calibration
‘ Reference | Proposing

Indicator

Error of temporal offset ms ‘ 1.95 | 0.04

Table6 Results of geometrical camera calibration

Indicator ] Reference ?! | Proposing

Error of optical axis degree 3.26 1.07
Error of camera center m 0.27 0.03
Reprojection error pixel 2.71 1.31

Table7 Results of ball extraction using temporal offset and fundamental matrix.
TP stands for true positive, FP stands for false positive, and FN stands
for false negative

Matchl Match2
Indicator Viewl | View2 | Viewl | View2
TP % 85.4 85.0 66.7 69.8
FP % 0.8 1.9 3.9 2.1
FN % 10.6 9.0 14.3 17.6
Detection rate% 88.2 88.6 78.6 719
Precision % 99.1 97.8 94.5 97.0

Table8 The detection rate of the ball extraction using temporal offset and funda-
mental matrix after selecting the balls whose corresponding points can
be estimated

Matchl Match?2
Indicator Viewl | View2 | Viewl | View2
Detectionrate % | 799 | 852 | 724 [ 739
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Fig.10 Reconstruction of trajectories from ball positions. (a) was used for re-
constructing (b). (¢) was used for reconstructing (d)
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