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ea] ﬁ:jl,Z i:%a}]?) ‘;l T‘?l i}éj_g} ig%x*l
(" EfER SRR A TR S 2, dbaT, 100094)  CC Abm s R SRR AR, dbat, 100871)
CHHTH T R2ADER, BN, 310018)

JARFRIZ AT T X RN ] (TTC) s, R 3 1B x 4 iB3l)5 R R TTRE 79005, 45
RRI, BORAXAEHEEEAET 89 TTC AT AR R 35 25 T ARG T FIAR X PO 26 5 ARG AR T, Beislnd & B ml i TTC
FhT TR 035 28 TR ml . ARAH TTC Ay LB & T il TTC A LA, SRR, 1S3l EExs TTC S hr i sz A x
B, Iy T AR s PSR R AR TEAS HAR L

BRI B Bdrm e E A

iz 15 ( motion perception ) & TMAALL FRY {4
AR AF B R A (T IREAE , 2008) , S~
B ASEIE N AAFRE I 2 — o AT SR R Rl
AsHE] ( time to contact, TTC ) f&—FiHLI A432 B F 5t
N2 SR v 2 B 2 8 ) 5 2 8] 45 2
HeAli iz s P AR B A e — M Ir i AR ] (2555
e, DTME, BEDRE , /2, 2000; B , 5KAL , 2008;
PIZEAR , B eRN , FhaAE, 2011) o TTC il mt
T ANRIB 285 B 2EA AL BRE 71 ( Chang & Jazayeri,
2018 ) o TTC it By HER M B 2 A AT 5%
(3 1 LA S i 22 s s T 55 i B, AT 9
B R/R, B3R HEEER . 5 AR
T B AEML RN . AR T S W R ST s
Y15 TTC A e M A 7E OQIE (VAR , P WINg
AR, BRLIHE | 2006; Z2/INVE | {71, 2, 040
71, 1997; 280k, Tk, L0, Farbt, 2007; MR,
WrRat) , EAREG, HARR %%, 2013) .

D& TTC Ak TR A — A~ 2 s KO P
K, Xz IR ifiz sh 2T, )
Tt — e A Zh B — M EPY G, WEHE TS

YARIE RIRE R Ti2 8l , FFERIWHE S iR E ik
2 H s S AT BRG], RURERE R[] (%
Uit , KA, 2008) o F3—FfE IR TTC it
EaGusl, mizdush, SaE T AR ey
WEAGE L, Bl IEa g T — H .
A UEOL T iz 8 — B Bl $ 1Yy, g e
flitt TTC, i i 38 2o o T 35 BV R A T ) AR
B ( La Scaleia, Zago, & Lacquaniti, 2015; Russo et al.,
2017)

R IREAR BERE . Wk g 1231
eSS, CAWREHAN LA tau {58 EH
PeAlivt TTC e 28T, X HAY tau 214
PLBE R NCANA ) 52K N BRI AE A HEAE( Lee,
2009 ) o SRTIAWFFEHE il 8 =0 5 e =R
H B 5 B A P ASTE] (Tresilian, 1995) 5 AR 45 XUAR
Wi RGPS (Goodale & Milner, 1992 ) , il 4715 2
B 22 MRS A RN A DG A R 48 (vision for
perception ) , iRy = 22 HbAR ik iz s AR
KIILE R G5 vision for action ). FEAIEIMER I,
i1z SR RSN HAE i iaiz sk, 280
IRTERL I P 5K (Tocal tau ) ANFFRHEE ; HiSR Lee
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G NFEH 1Y Global tau B8 o] A — 5B SE IR 2h
SR BN B SR RN 3 B VRS T I 25 55
PRI TTC Al A B s (R HOBr , SRR,
XU, BOEZE, 2010; EmITH, THIZE, 2011 ). 45 1,
W TERT TTC A TAGTHI AT RS2 LR 5 R Tl
tau RRVUSIIET N B . PR B A sh AR
FHIE, CANHE iz shi B nl fe s TTC fliit
) —AEZRERIE R (SR FHSE , 20005 1V
sKAL , 2008; JH HBr&E , 2010 )

Rl Se ) 1A iz ol 3 B X TTC Al iRy s2m, BLA
WG A — B0 e I B A 35 n 25 fff TTC k3158
e (ZRF5HEE | 2000; 5 H P4, 2010; Kiefer,
Flannagan, & Jerome, 2006 ) . #Rfij_L iR A7 2 2 A
F AR 22 TTC AR B i SRt br
IZTE PR IT AN B 4 TH i S B TTC Al H iy s v (BB
T, 2015 ) Ao TRy it s ) 4o 46 68 i 1] i 22 £ 7
VA — A0 A5 2] 1) i 2 58 A5 b mT FE 2 T 1 3R 0 Ml Ay o
TTC TR A S8 br

W5 KB, AR Jaz 377 a3 iz sh 1)
& TTC ARt W 52 mm . 76 IE % 5 ) 451
T, ARy 0y ) AR AL S RO R )
] F1'RE L 0] B 5 nliz s 1) TTC A1+ R 8iA 7
et R, XN BT IS SRR T A fih & B
() 4378 2 T A3 22 F ( Senot, Zago, Lacquaniti,
& Mclntyre, 2005; Senot et al., 2012 ) . FE#HL & i74])
W1, AR SR RTR AT SRR X AP REE

( Mclntyre, Zago, Berthoz, & Lacquaniti, 2001 ) , i
7 N ki v %) i RS R AR R R S AT PR AR
Mo xEepFEde Iz sy mXF TTC flits al REAA7E
SN o ARTAE AT P T R s v, K
R ECENOGTE TR miizsl, s e
TR B, X TRy [ HKSE T Y
TTC ittt R A7 25 73X — [l Ak = W B 1 i
SIER

BT DA fel P e =R 41 1fT 3z 3 e
FERER TTC Mt A fE L IR, ABFoEi
THT 33 R AR rp . AR PRE ) x
471 (B b R R AKCERZE L KA )
(1) TTC AhTH5E8s, ST B E) Ak 25 24 XA
s 25 3 LA S AER AL TR Al T ] . A ARk Rl L AR
FEREAS ] ) LA S Sk F e it A T A, DUBEE
RGHBFE N ris sl 2 . a3l J7 mxt TTC At
GIRARAREY N

2

2.1 LTS ST
WFFEIEE PG TIF & T TTC Al HIER AR
FEFPIT Ui B BRLL /R A (G [ P54 T B
e CINE 1 R ) o /NERBTAR A AT H AR s a5,
BT N AT SRR R RS
ERIFUR I iz 8, 2418 S B R P X Sk
ANERBE AR, W W/ NI B H AR e s
T AR R AR S PR S/ NER DGE AT
PAIX IR A A L S SEPR TR ] (actual TTC, id
S TTCa ) Fg M /INBR I AGHE 4 DX 3] e Bk ) s ]
(‘estimated TTC, ic°A TTCe ) 254 . /INERiz B |
Se2ws) i [ N Y S RANY W SN O E I L R e L /R
INERCEARSE SO IR L B SO e . TR B
B, FEPRT/ NS B 5 T [ A TREA LR

a b

(a) MKBIAF A (b) B R 1Y R A5 S
1

2.2 #k

Z GRS ORI 34 44, Hh B304,
A 24.6 £2.0 %, A w0 B B IEAR D IE 8
TR T CEFES) |, TR,
2.3 gt

SEHRH 3 x 4 WA RIAN LI, A4S R
N BRI ARIE s B (RIS . AT, AR
Pk ) Fig sl (e L SRR K m AL
AT ), AR

TTC 4 711 22 2% 19 26 X (B ( Absolute Deviation
Rate, i’ ADR, ADR=| (TTCe-TTCa) /TTCa|) ,
HIUEIERE 0 2 1,

TTC 1l 31 ) fi 22 % ( Deviation Rate, it
DR ), DR =( TTCe-TTCa )/TTCa, DR FJBUETEF K -1
1.

{fE B4 Al 1T TTCa. & il TTCa. ik fk TTCa 1Y
Fo il X F 3 —ifk, 24 DR > .05 B, & M X}
TTCa F—IK i li; 24 DR <-.05 I}, & X A%} TTCa
A — AR AE; 24 DR 7E -.05 #] .05 Z [[] i} & Ry *t
TTCa )—WRHERAAL T H LT I3 TTCa A4 EL i
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( underestimate rate, 8 UR ) . =4l FL A overestimate
rate, iC.°~ OR) FIYERA AL 1T b 9] Chit rate, ic M
HR) .

MEARCE AT . /NBRE an s B O A BE 2 R
350 1 E ., WYL N 18018 &K M, B
SRR (S0 A /s, A LA A A 244 0.85°/
s) . AXFHEE (10018 K s /s, 290 1.70%s) | HH
XFHE (150 (8 K a5 /s, 2978 2.55%) , XF R I 1+
flEF R 435 R 3.6s. 1.8s. 1.2s, &l m A& % 5
[ LS = N 1 SN/ 1 1 i & G 1 S 5 2 ]
R HEEE 3K,

24 SEERSRE

S 56 1) 3% 38 5 Thinkpad x201s 25 {0 A B, fig 5
P, WoRFHEE Y 1440 x 900, w3k
PXN-8100 FAR A7 He 8 S o B3k B e 1 5 44
60cm,

25 SLEiRE

BAWRG 150, Wk s %, SRiita s
72 AR, HILERAR T R AL 360 MR %L
P, B2 AU T RS B ET
30 R AR
26 gitorthornik

it OOL PR 2R o A5 kT 2 43 A 6 R R
] (4 RN B 38 BAE L, BT SR e B R T
Bonferroni 4 1. 78X R 3 28 T 9 i (8] =
Ak FA91) 5 05 FEAERA LA A T FE A SR T BEXARAR ¢

1;/_\ 2N
WV o
3

3.1 FfEvab
XFEREAEIEA T R wiab# . DIE2 sl
T - 710 S A 1 30 M 22 R4 S HE SR ML
18—
17— *

16 | |

15
14
13

{REZFEIIE (%)

12
11

10

50

P, HIFRBUELE “¥IE + 3f5bRfE2E" JERZ
HMEAE T TE AR . FTA R R o i
1.08%.

3.2 BB [ X 2 R X R )

T2 R4 HE (ADR ) X —H8Ar 5 % 2kt
LI A TR MERR R . 25 SRE RN T M 2H 5 Tk
X ADR F8HRANE 2, RUH 25520 &5 2250 & 2

iz 2y B Y 00 2 (Mauchly 3KIE B2 A g6
p < .01, f#i F Greenhouse-Geisser  1F {H, F(1, 51)
=4408, p=.025, n°=.118) ., SN 50, 100
150 14 % 45 /s BF ADR 4351 & 141 + 008, .127 +
005, .130 = .005 (¥fE + #pufELR, TR o
Jg 50 152 5 /s WHK) ADR -5 54~ X BB %) ok o)
ADR M2 R Im A 0 (p (H3 5120 083, .077) ,
LR 100 15 % 05 /s Y ADR RS Ry 150 12 %
M /s PR ADR TGl E 2R (p=1.000) .

B85 ] ERON AN E (F3,99)=.779, p=
508, n°=.023) .

T 18] A28 AN ik 2 (F(6, 198) = 3.106,
p=.006, n°=.086) , ISR /IR FEHEE
50 & A /s I, JKFIa A iz Bl ADR (133 +
008 ) FAL T2 Hm)_Liz 31 ADR(.147 + .009 X p
=.044) , IGFRFEMCTREE W 7 m%) ADR (.146

+.008) (p=.055) ,
3.3 BRI [ X2 R AR R B

253 (DR) X —48 b5 8 5 % SR 7E 47
TTC Al T4 JC 22 G0 1 Hb 2 A s AR A TTCa (A #a
RFERE L&A T 15 2H 5 T X DR A5 AR 1A 3,
XA 28 o A2 It 5 2504 A B

iz Bl R ) RN 3 ( Mauchly BRI 6 56
p <.001, ffif] Greenhouse-Geisser HF1F{H, F(1,4) =
47.157, p <.001, n°=.588) ., #ikfE 50, 100

saat [ saaT [ xeas [ xEas

100 150

IENEERER/S)

H: Tp<.05
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150 23 5 /s = s s EE T 1Y DR 205020 -.091 +
010, 011 + .005, .002 + .007, N 50 fRE 5/
s ISP DR 5P T PR B2 7K P11 DR 22 5% 1 3%
(p E¥/INT .001) , HEEH 100 53 5 /s B DR
IR FE R 150 12 K S s DR LR E 2R (p=
695)

iz 8 J5 1n) RN (F3,99)=3.733, p=
014, n°=.102) . PEKERE A . BER T,
KA K47 IS 3l )5 [ 1) DR 435128 -.035 +
006, -.035 + .005, -.019 = .007, -.016 + .007, {¥
IR A2 8l 77 ] ) DR S5 488 B ) (2 [
L R RS ) DR Y2 SR E] T A

REE (%)

FEHKF (p HA4 084, .095) .

TR I 1] 1 28 FON i 3 (F(6, 198) = 2.426,
p=.028, n°=.068) , FiHMNT RN, TEHE
h 501G EK S /s i, W iz DR (-.104
+ .012) WEMT/KF-mA7i2 3075 M 1) DR (-.083
+ .011) (p=.049) ; TERHEEN 100 1R FK 8 /s B,
U E iz s 7 A DR (-.006 + .008) . "
6 R 7 DR % (-.004 + .006) WEKT/KF
i) 47 32 01 )7 [ ) DR (.032 = .010) (p {H 23 %
9.049, .017) .

3.4 BB AT HRAG RS R E ] L e e
ren s ) 3] )

sant I eaat [l ez llxves

T p<.05

Al TTCa Y LM (UR) . #ERA{E T TTCa Y
oMl (HR) . @5fdi TTCa 89 He ) (OR) RE 15 WL
WA T TTC AR S A RGN 2 . 48
TR S A4 A A B, iz 3 BEXT HR. UR. OR (1Y
SN 35 % 3% (Mauchly BRJE FERG S p (5 < .05, fifi
FH Greenhouse-Geisser 7 1IE{H, XJF UR, F(1,45) =
57381, p=.000, n’=.635; X T HR, F(1, 55) =
8.042, p=.002, n*> =.196; X} T OR, F(1, 53) =
41,992, p=.000, n°>=.560) , iz3hJ5 [ %} HR,
UR ., OR HY5ZIAEAIAS 3 (XFF UR, F(3, 99) = 2.125,
p=.102, n’>=.061; X} F HR, F3,99) =273, p
= 845, n° =.008; % OR, F(3,99)=2.104, p =
105, n?=.060) . fAIEARN T R, AN
SR T AR Y S 22 5 2 B S I AR X S A X
TR A 2R BE K- 2Z 8], AT Hh ORI X PR 2
[ 7E B3R =AM a0 FIATAAE B35 25 5 (A&l 4
) o

FEAFXT P

FD

HAAPET, Wil A i SO Y He 41

«

100
EMEE(RER/S)

150

9 61.4%, IR TRE SRS RN Y A 17.2% (BE
STREAS ¢ K656, ¢(33) = 10.733, p <.001) ; AN
AN, Bl A s N 1 Ly 38.0%, 5
T S5 FE SN Y L A51) 36.1% B i, W
£S5 (FEXTFEA ¢ 4558, 1(33) = .675, p=.504) ;
AHXT PR 25 F R, ik 4 iy 4 B S N 1) L A Sy
40.2%, 55 9 J5 45 O ) AR 34.9% B4R
WE TR EZER (BOWHEA ¢ 7295, ¢33)=1.612, p
=.117) o XEEEERR RS P ol iz
S GRS R FR G0 e 25 Fe W, AR
TR P ST, WIASAEAE X 3R 558 O 2 1
ARG AmEAINTE N

4

4.1 BB R I [T SUsds bR
AT BAEARR IR T CGEBE 50 B3R

M /s, FEANETTY 3.65) , WOXFBL I AR U] LAY

A Ak E] R fhide e, SRATHZHE SN ) AYfAT
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LR (%)
5
&

EAEETEILL ) (%)

30|

50 100 150
sz (eSO

4
H: Tp<.01, Tp <.001
] (ARAG RGBS B A LE R 2] T 61.4% ., 23T
PHE R -.091 ) TAEARRT rh SORTAR X PR 454 T (B
FEAY IR 100 825 /s, 150 1025 /s, FRbimta)4y
Sk 1.8s, 1.28) , BIUBAT RILHARR A RGE M
ARG A AT S ) i o Ao AR o s T AR Al ) (AR A
6] (49 L AG 030 38.0% . 40.2%, i 25 F&F- 118 43 3]
9011, .002) o ASHIEFSE T & BLA AR XS AR T
B MCAGREAG ] (Rl e ) AR S AT A
KN —EC (FF HOB ,2010) o ATARFIE AR,
Wi 2 e A A B TR AR R ) AR
Bosihn (/55 1997; FEH S, 2010) , X
AW R IR MAEX I 25 (- 2 AH X
B, A REAR ] UCECR LU RS T 5 SR
MR s 5 A B AR PR S5 (Al ] AN 1.8s
AN 128 ), EASREAT I R A UCEORT EL 19T R 4k
S EHE ARG TR = AR IR ( 3,65 1.8s
1.2s BIEHR ) 27 T LIAIN SCAREE,, Qs SCikik
4 1.5s £ 2 Z )02 TTC v 28 H s B A Ry
B BIE (Rolin, 2017 ) , FEFARMFGE S L0451
FATHHE T B AR A S R Ak s ] 15 {51 AT REAE 1.8s
Ph b R B A S T R (170 1R &= 50
BRI EY (180 R ) KB b Addsin; Uik
WARTERXMEANT, s B2, ANSHirh
I ( time interval )i BoRHEAT TTC A1 ( Chang
& Jazayeri, 2018 ) 5 1fij 1.2s 1 1.8s 3% /™ sk 4 31 ]
AR AT fE TE SR A RERE g B M S R B e 7
I, PR AN A5 N8t TTC ATy
A, X AT BE A ST AR X DU 2 -5 At s
ARAE T EARREAG ISR FL )G (35 25 SR I AL
AT A, RS S5 G I () £ 3
FIUERRPE (22 R XHE R 141 = .008, HERAL
it TTCa B LI Ky 21.5 + 1.4 %) BFML T
X BB R SR (e 22 R 45 XHE 2 1R 127 +

50 100 150
EAEERFR/S)

]

RS ERTELLA) (%)
'S

=)

50 100 150
SRR (BT

005, .130 + .005, ERAfETT TTCa B LU R 5351k
258 = 12%. 250 + 1.3 %) o HFHIxHE# M
T, RRfEIFAR, T2 X i 22 s 1) 25 T A i )
Fe LU 22 R A XHE, P IAR SR SR A S AT 4 5t
ZWHA], (E] RAEWT, AR A 4 Xt ]
i 200 4 2 M T AR R R A, X
HE PG AGE T S IR — 3 (/S
1997; FEHHSE, 2010) o AHFFEAE LR SE A JEA)
R D MR, BEE S A IR R R
i, AR w2 0 IR bR 2 R R, i LA [E]
i 22 3 2 WHECGE R REAG B RE—10 5 P45 )
WA BE TSR AT ORI X P 45 R
T (R mE A0 1.28 #11.8s) , WFalfki1Hw 22
RUNHER RN DR, R D22 R 48 %]
(B A () AR R PR A R R R AR THE AR A, 7
TR Bl T Ak o o R BT ], o
Wt AN Sk Tt .
4.2 3BT ARG A (A T TS8R AR i
AR TR B b AR KPR A
KA AN B 5 10K, B 7 [l )is 334
AIHIE S, WA R, A T2 S R X R
B A T SR PRI RE I, 32 80 7 M %4 2R Bk s
PR A IR S o (R R s — SE R
e wok, BEN LS SR RN s
[i] A S AEAS IS T 25 52 10 T A Sesfd e b B350
WEES KV ZAZ S5 10 5 K10 4732 8 1)
PN 2R ARG i 25 45 1 T S5k b sy e
RS HK, S EH Iy mis s 5K s s 7E
FUC R NIRRT 2R, BARRINTENEH
BENFAT CGRREER SOMRZE A /s, FHAGITRI R 3.65 )
AT 1) (K SR ) 880, B
OBy ) (B R E R ) 28l TTC Ak
THAOMERTEE 2 | IRAh TTC MRS IS K.




787

ARG R INIK- 0] 2232 51 77 10) 57K 101 47 i 3
T3 A S AE B B 28 Y BT B Sl s 3 e i 2
Z5, X500 CHkRGEFEA — 0 (B, kAL,
2008 ) o SR, ASHFSEEE R WoR W E ) 5%
6] R W2 305 ] 9 TTC AWt % A 35 2% &,
iX 5 Senot £¢ A A9 45 & A~ — 2 (Senot et al., 2005,
2012) o AT AT, AR SR AT BEYR [ 52
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AR R MAENG I B 55T (R 50 R &R
M fs, TEAGEE R 3.6s) , ARXTTFOKSE 1 (IKSF
eSS K A ) dsgl, PR E ) () e
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AR B B 7 1038 3 TTC ST A5 58 5
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BEE 1A TTC Aliit3Zi2 s B K, ik
JiRIAAZ50; DL DR hEEFR, " E MK 7
TTC TRz iz S B4y . DAE TTC JEH X
ZRAXMETR TR, AR RIS RIAT,

B T i 22 e X EFE bR, X A 7 1) P A s 2 e 4
PRRLHEA T B 22560

5

TEAR LI N ZACE T, iz shig xS TTC
TSR PR AR X B8, 183177 [8)%) TTC A
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Abstract This study aimed to explore the impact of speed of motion and direction of motion on human performance in time to contact (TTC)
estimation. Based on the occlusion paradigm, a testing software of TTC estimation was developed, in which a ball first appeared at a peripheral position
of the computer screen, and then moved with a constant speed toward the center of the screen, which was marked by a small red cycle whose diameter
was the same as the moving ball. The ball was visible at first, after moving for a period, it entered a dark circle and became invisible. The participant
had to imagine the motion of the ball under the dark circle, and judge when it would reach the center of the screen, and press a key to indicate the
judgment. The visible distance, the occlusion distance (radius of the dark circle), the speed of motion, the direction of motion could all be configured
in the testing software. 34 participants, aged between 21 and 30 years, volunteered to complete the TTC estimation experiment. The experiment used a
3-level speeds of motion (relatively slow, relatively medium, and relatively fast, being 50pixels/s, 100pixels/s, 150pixels/s, or 0.85°/s, 1.70°/s, 2.55°/s,
respectively) x 4-level directions of motion (upward, downward, leftward, and rightward) design. The visible distance, the occlusion distance were kept
constant during the experiment, being 170 pixels and 180 pixels, respectively. The four directions might also be categorized into two directions in the
analyses: the vertical direction and the horizontal direction, when no significant difference was found between the upward motion and the downward
motion, and between the leftward motion and the rightward motion.

Performance indices such as deviation rate, absolute deviation rate, underestimate rate, overestimate rate and hit rate in TTC estimation were
analyzed. Deviation rate (DR) was defined as (TTCe-TTCa)/TTCa, where TTCa (short for actual time to contact) was the time interval for the ball to
move from the edge of the dark circle to the center of that circle, it was the value of occlusion distance divided by speed; TTCe (short for estimated
time to contact) meant the time interval from the time when the ball first entered the dark circle to the time when the participant pressed the key to
indicate his estimation. Absolute deviation rate (ADR) was defined as [(TTCe-TTCa)|/TTCa. When DR was between -0.05 and 0.05 for a trial, the
estimation was defined as a hit; when DR was higher than 0.05, it was defined an overestimate of TTC; when DR was lower than -0.05, it was defined
an underestimate of TTC. Hence, the hit rate, overestimate rate and underestimate rate could be calculated.

Results showed that the accuracy of TTC estimation, indicated by the absolute deviation rate, was significantly lower in the relatively slow
speed condition compared to that in the two faster conditions. In the relatively slow speed condition, the absolute deviation rate of the participants
in TTC estimation of the vertical motion was significantly greater than that of the horizontal motion; meanwhile, the underestimation rate of TTC
was significantly higher than that of the overestimation rate. In the two faster speed conditions, no significant differences were found in the absolute
deviation rate between vertical and horizontal motion; no significant differences were found between participants' underestimation rate of TTC and
overestimation rate of TTC.

Those results suggested that in the settings of the current experiment, the impact of speed of motion on performance indices of TTC estimation
was relatively strong, while the impact of direction of motion was relatively weak. Meanwhile, the impact of speed of motion and direction of motion
showed significant interactions.
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