
Most everyday events give rise to both visual and audi-
tory sensations, such as when we listen to someone speak-
ing in front of us or observe a book falling to the floor. 
Because of the relatively low speed of sound, the auditory 
component of a perceived event will reach an observer 
later than the visual component, and this difference in-
creases with physical distance. Thus, when auditory and 
visual components of a single audio–visual event reach an 
observer’s sensory receptors, there will always be a physi-
cal delay between the leading visual component and the 
following auditory component. At least part of this differ-
ence in arrival times can be made up (or even reversed, 
for proximal stimuli) by the faster processing of audi-
tory information once it arrives at the sensory receptors, 
since brain activation occurs about 30–50 msec earlier for 
sounds than for visual stimuli that arrive simultaneously 

with them (see, e.g., Arrighi, Alais, & Burr, 2006; King & 
Palmer, 1985; Pöppel, 1988).

As a result of the different propagation speeds of light 
and sound, observers should be more tolerant of lagging 
audio than of lagging video when integrating the sensed 
components of an event. This tolerance can be measured 
in terms of the milliseconds of auditory delay over which 
integration into perception of a unitary common event is 
satisfactorily achieved. By convention (see, e.g., Arrighi 
et al., 2006; Aschersleben & Müsseler, 1999; Enoki, Wa-
shikita, & Yamada, 2006; Vatakis & Spence, 2006a, 2006b; 
Zampini, Shore, & Spence, 2003a, 2003b), such auditory 
delays are measured in positive values (with 0 msec in-
dicating physical synchrony of the auditory and visual 
stimulus components), whereas negative values are used 
for the far-less-frequent occurrence of an auditory compo-

 955 Copyright 2008 Psychonomic Society, Inc.

Audiovisual synchrony and temporal order 
judgments: Effects of experimental method 

and stimulus type

ROB L. J. VAN EIJK
Eindhoven University of Technology, Eindhoven, The Netherlands

ARMIN KOHLRAUSCH
Eindhoven University of Technology, Eindhoven, The Netherlands 
and Philips Research Laboratories, Eindhoven, The Netherlands

JAMES F. JUOLA
Eindhoven University of Technology, Eindhoven, The Netherlands 

and University of Kansas, Lawrence, Kansas

AND

STEVEN VAN DE PAR
Philips Research Laboratories, Eindhoven, The Netherlands

When an audio–visual event is perceived in the natural environment, a physical delay will always occur between 
the arrival of the leading visual component and that of the trailing auditory component. This natural timing relation-
ship suggests that the point of subjective simultaneity (PSS) should occur at an auditory delay greater than or equal 
to 0 msec. A review of the literature suggests that PSS estimates derived from a temporal order judgment (TOJ) 
task differ from those derived from a synchrony judgment (SJ) task, with (unnatural) auditory-leading PSS values 
reported mainly for the TOJ task. We report data from two stimulus types that differed in terms of complexity—
namely, (1) a flash and a click and (2) a bouncing ball and an impact sound. The same participants judged the 
temporal order and synchrony of both stimulus types, using three experimental methods: (1) a TOJ task with two 
response categories (“audio first” or “video first”), (2) an SJ task with two response categories (“synchronous” or 
“asynchronous”; SJ2), and (3) an SJ task with three response categories (“audio first,” “synchronous,” or “video 
first”; SJ3). Both stimulus types produced correlated PSS estimates with the SJ tasks, but the estimates from the 
TOJ procedure were uncorrelated with those obtained from the SJ tasks. These results suggest that the SJ task 
should be preferred over the TOJ task when the primary interest is in perceived audio–visual synchrony.

Perception & Psychophysics
2008, 70 (6), 955-968
doi: 10.3758/PP.70.6.955

R. L. J. van Eijk, r.l.j.v.eijk@tue.nl



956    VAN EIJK, KOHLRAUSCH, JUOLA, AND VAN DE PAR

of the observer (with the exception of the study by Bald, 
Berrien, Price, & Sprague, 1942, which reported delays 
measured at the stimulus source). Negative “external” 
delays thus are highly unnatural, because they represent 
an audio–visual timing relationship that does not occur 
in everyday events.

From Table 1, one can see that both negative and posi-
tive PSS values are reported for individual participants for 
both TOJ and SJ tasks, but negative overall PSS values are 
reported almost exclusively when using the TOJ paradigm. 
Thus, from the review of the literature presented in Table 1, 
it may be concluded that the two tasks (TOJ and SJ) might 
measure different things. That is, the SJ task could em-
phasize the judgment of “synchrony” versus “successive-
ness,” whereas the TOJ task could emphasize the judgment 
of “order,” which requires the perception of successive-
ness for correct perception (Allan, 1975; Hirsh & Sher-
rick, 1961). Indeed, Shore, Gray, Spry, and Spence (2005, 
p. 1260) reported that their “present findings corroborate 
the claim (Allan, 1975; Hirsh & Sherrick, 1961) that judg-
ments of temporal order and judgments of simultaneity 
(vs. successiveness) are fundamentally different.” In the 
context of their unimodal experiments on tactile temporal 
processing, Shore et al. (2005, p. 1252) stated that “it has 
been argued that TOJs require more information about the 
stimuli before a correct response can be made” and that 
“this increased processing requirement might reveal more 
subtle effects than the simpler simultaneity judgments 
used in previous studies.” Furthermore, Zampini et al. 
(2003a, p. 208) noted that TOJ and SJ tasks “may reflect 
very different processes/mechanisms (i.e., one related to 
multisensory binding, and the other related to temporal 
discrimination instead . . .).” Such differences could call 
into question whether estimates of parameters such as the 
PSS are independent of the experimental method.

Explanations for the differences in PSS values shown 
in Table 1 can be based on differences in experimental 
methods. Shore, Spry, and Spence (2002) and Zampini, 
Guest, et al. (2005) indeed suggested that differences 
between PSS estimates derived from TOJ and SJ tasks 
should be experimentally investigated. Such research, 
however, has been carried out mainly in between-subjects 
designs (Smith, 1933; Vroomen et al., 2004) or in the 
context of a temporal recalibration study (Fujisaki et al., 
2004; Vatakis et al., 2008; Vroomen et al., 2004). Fujisaki 
et al. measured recalibration of audio–visual simultaneity 
using both TOJ and SJ tasks in a within-subjects design 
and “obtained similar adaptation effects” (p. 774) for both 
tasks, although the effect was less stable for the TOJ task. 
Smeele (1994) found a significant difference between 
PSS values obtained from TOJ and SJ data for 9 out of 
the 10 speech stimulus types she used, by comparing the 
results for the 6 participants common to both experiments. 
Interestingly, she found a very high correlation between 
TOJ and SJ PSS values and a constant shift between TOJ 
and SJ PSS values of 94 msec (with the TOJ PSS val-
ues more negative). A between-subjects design compar-
ing an SJ2 with a TOJ task was employed by Smith, and 
he reported consistent results between the two tasks, in 
that both produced negative overall PSS values, although 

nent of some event arriving before its visual counterpart. 
We can estimate the point of subjective simultaneity (PSS) 
from the midpoint of the range of delays within which 
synchrony is perceived. Furthermore, we expect that the 
PSS should occur near the point of physical synchrony or 
at some positive audio delay—that is, with the auditory 
component lagging behind the visual component.

Research in the area of perceived audio–visual syn-
chrony has made use of a wide range of stimulus types 
(see, e.g., Arrighi et al., 2006; Enoki et al., 2006; Kee-
tels & Vroomen, 2005; Vatakis & Spence, 2006a) and 
experimental methods (see, e.g., Dixon & Spitz, 1980; 
Exner, 1875; Vatakis, Navarra, Soto-Faraco, & Spence, 
2008; Vroomen, Keetels, de Gelder, & Bertelson, 2004). 
Stimuli have varied from simple (e.g., a flash of light ac-
companied by an audible click; see, e.g., Aschersleben 
& Müsseler, 1999; Hamlin, 1895; Ja kowski, Jaroszyk, 
& Hojan-Jezierska, 1990) to complex (e.g., a video of a 
person speaking or playing a musical instrument; see, e.g., 
Dixon & Spitz, 1980; Hollier & Rimell, 1998; Vatakis & 
Spence, 2006a). Asking observers to judge whether or not 
the auditory and visual components of stimuli with vari-
able onset asynchronies are synchronous (a synchrony 
judgment [SJ] task) yields a relatively direct measure of 
perceived synchrony (see, e.g., Fujisaki, Shimojo, Ka-
shino, & Nishida, 2004; Stone et al., 2001; Zampini, 
Guest, Shore, & Spence, 2005).

Other methods have been used to estimate the PSS, and 
perhaps most important among these is the temporal order 
judgment (TOJ) task (see, e.g., Aschersleben & Müsseler, 
1999; Spence, Baddeley, Zampini, James, & Shore, 2003; 
Sternberg & Knoll, 1973; Zampini et al., 2003a, 2003b). 
In the TOJ method, observers are asked to indicate which 
of two sensory modalities was stimulated first. As rela-
tive delays are systematically varied, it is possible to es-
timate the PSS as the point at which the proportion of 
“audio first” judgments equals the proportion of “video 
first” judgments. Comparing PSS estimates derived from 
different experimental methods shows that the TOJ pro-
cedure often yields different estimates of the PSS than 
does the SJ task. This is true whether the SJ task involves 
two judgment categories (simply “synchronous” or “asyn-
chronous”; we will call this the SJ2 task) or three (“audio 
first,” “synchronous,” or “video first”; the SJ3 task).

A nonexhaustive overview of PSS values reported by or 
estimated from various studies is shown in Table 1. Given 
the context of the present study, the overview in Table 1 is 
restricted to publications about perceived timing relations 
between the auditory and visual modalities (i.e., studies 
of other modalities and unimodal studies are excluded) 
that investigate the perception of audio–visual synchrony 
under “normal conditions” (i.e., studies are also excluded 
that attempt to manipulate synchrony perception by, for 
example, manipulating attention or exposing participants 
to asynchronous audio–visual adaptation stimuli).

The most striking results shown in Table 1 are the neg-
ative PSS values, which represent a situation in which 
the auditory stimulus had to lead the visual stimulus for 
the pair to be interpreted as synchronous. The PSS values 
reported in Table 1 are generally measured at the position 
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perception research. As such, it is an excellent reference stimulus for 
the comparison of stimulus types of different complexity.

To investigate the effects of stimulus type on the PSS and on 
judgment sensitivity, a second stimulus was used: a simulation of 
a bouncing ball. This stimulus differs from the flash–click stimulus 
in two important, and somewhat related, aspects: (1) motion and 
(2) predictive information. Whereas the flash–click stimulus con-
tains no motion, but merely a suddenly appearing and disappearing 
sphere, the bouncing ball stimulus contains a sphere that is continu-
ously present in the visual scene and that produces a visual event 
by moving toward, and apparently contacting, a horizontal bar (and 
then bouncing back up again).

Several years passed between our bouncing ball measurements 
for the 4 participants described in van de Par, Kohlrausch, and Juola 
(2002) and for the 8 new participants. As a result, some equipment 
changes resulted in minor differences in the experimental method. 
Described here is the method used for the most recent measure-
ments. Given that the changes in method were relatively minor (cf. 
van de Par et al., 2002) and that new measurements for 1 of the 4 
original participants yielded results almost identical to those in the 
previous study, we think that the changes had little or no influence 
on the results and conclusions presented here.

Participants
Flash–click stimulus. Three female and 8 male participants, in-

cluding the 4 authors, participated voluntarily. All participants had 
previously completed measurements with the bouncing ball stimu-
lus. The participants varied in age from 26 to 58 years, with a mean 
of 35. All reported normal or corrected-to-normal vision and normal 
hearing.

Bouncing ball stimulus. Four female and 8 male participants, in-
cluding the 4 authors, participated voluntarily. Eleven of these partici-
pants also took part in the flash–click portion of the experiment. The 
participants varied in age from 23 to 53 years, with a mean of 32. All 
reported normal or corrected-to-normal vision and normal hearing.

Design
Three parameters were systematically manipulated: (1) stimulus 

type (bouncing ball and flash–click), (2) relative delay (15 values, 
from 350 to 350 in steps of 50 msec, with negative values indi-
cating audio first, positive values indicating video first, and 0 msec 
indicating physical synchrony), and (3) response rule (TOJ, SJ2, and 
SJ3). The experiment was divided into two parts, one for each of 
the stimulus types, with each part consisting of three sessions. The 
bouncing ball measurements were made before those for the flash–
click. The response rules were each used in a separate session, with 
some time between sessions (typically 1 day). The orders in which 
the response rules were assigned were counterbalanced.

Stimulus
Flash–click. The visual part of the flash–click stimulus consisted 

of a white disk (97 cd/m2 as measured using an LMT L1003 lumi-
nance meter) shown for one frame (12 msec) at a central position 
on the screen. The disk had a diameter of 49 pixels and subtended 
an area of about 1.4º at an unconstrained viewing distance of about 
60 cm. The total duration of the visual stimulus was 2 sec, during 
which four corners of a surrounding square were visible, in order to 
indicate the central location of the flash. The square was presented 
to give the participants spatial and temporal information about the 
upcoming flash and click that was equivalent to the information they 
had when viewing the bouncing ball stimuli. The temporal occur-
rence of the flash was randomized, with the restriction that it oc-
curred within the time window of 500–1,500 msec after the onset 
of the surrounding square. The acoustic part of the stimulus con-
sisted of a 12-msec white-noise burst with a sound pressure level 
of 67 dB.

Bouncing ball. The visual part of the bouncing ball stimulus 
consisted of a white disk (identical to the disk in the flash–click 
stimulus) against a black background. An animation showed the 

he did report that individual differences were somewhat 
greater in the SJ2 task. Vatakis et al. found a significant 
PSS shift when participants were exposed to an audio–
visual speech video in which the auditory speech lagged 
behind the visual stream. The PSS shift, however, was only 
observed in the SJ task, not in the TOJ task. Vroomen et al. 
reported a between-subjects study in which TOJ and SJ2 
tasks were compared using the same stimuli; they found 
similar shifts in the PSS using the two methods after adap-
tation to a series of stimulus pairs with specific offsets of 
their audio–visual components. In summary, the literature 
comparing the effects of experimental method on audio–
visual synchrony perception is not only limited, but also 
has produced inconsistent results.

Research has shown that stimulus complexity may in-
fluence perceived simultaneity (Arrighi et al., 2006; Enoki 
et al., 2006; Vatakis & Spence, 2006a). Furthermore, 
 Aschersleben (1999) suggested that differences in the eco-
logical validity of the stimuli could explain some of the 
conflicting results reported in the TOJ and SJ literature. She 
considered the bouncing ball stimulus used by Lewkowicz 
(1996) to be more ecologically valid than the flash–click 
stimuli used in other studies. A ball bouncing off a surface 
promotes a clear impression of a moving stimulus, leading 
to an event with a causal interpretation (that the bouncing 
sound is caused by the ball hitting the surface), and thus a 
more predictable temporal relation: The auditory compo-
nent is not expected to precede the visual impact of the ball. 
Furthermore, the ecologically invalid occurrence of sound 
preceding video should be more easily detected because, 
unlike in a flash–click stimulus, the occurrence of the vi-
sual event (the moment of impact) can be predicted from 
the context of the ball’s trajectory, which is continuously 
available over some observation period.

The study reported here is the first, to our knowledge, 
that compares the effects of both stimulus complexity and 
three (TOJ, SJ2, and SJ3) temporal judgment methods in 
a completely within-subjects design without exposing 
the participants to asynchronous audio–visual adaptation 
stimuli. We used a simple stimulus, without motion or 
visual anticipatory information (i.e., a light flash and a 
click), as well as a more complex stimulus with natural 
motion and visual anticipatory information (i.e., a bounc-
ing ball and a subjectively appropriate impact sound). 
Measurements for both stimulus types were made using 
TOJ, SJ2, and SJ3 tasks in separate, counterbalanced ses-
sions with the same set of participants. The aim was to 
collect evidence within a single study to reveal causes for 
the apparent discrepancies in the literature.

METHOD

Two stimulus types were used in the present experiment: a flash–
click and a bouncing ball stimulus. The measurements for the two 
stimulus types were initially carried out in two separate parts, but 
they are described here as a single experiment.

The flash–click stimulus has a long history in SJ and TOJ research 
(e.g., Exner, 1875; Hirsh & Sherrick, 1961; Ja kowski et al., 1990). 
Given the absence of motion cues, anticipatory information, and 
apparent causality (but see Whipple, 1899), the flash–click stimulus 
may very well be the most simple stimulus in auditory–visual timing 



958    VAN EIJK, KOHLRAUSCH, JUOLA, AND VAN DE PAR

T
ab

le
 1

 
P

oi
n

t 
of

 S
u

b
je

ct
iv

e 
S

im
u

lt
an

ei
ty

 V
al

u
es

 (
P

S
S

; 
in

 M
il

li
se

co
n

d
s)

 f
or

 A
u

d
io

–V
is

u
al

 S
ti

m
u

li
 R

ep
or

te
d

 b
y 

or
 E

st
im

at
ed

 F
ro

m
 S

tu
d

ie
s 

U
si

n
g 

D
if

fe
re

n
t 

M
et

h
od

s 
an

d
 S

ti
m

u
lu

s 
T

yp
es

T
O

J
S

J2
S

J3

S
tu

dy
 

N
ot

e 
on

 S
ti

m
ul

us
 

P
S

S
 

R
an

ge
 

N
 

P
S

S
 

R
an

ge
 

N
 

P
S

S
 

R
an

ge
 

N

F
la

sh
–C

li
ck

 (
S

ta
ti

on
ar

y)
 S

ti
m

u
lu

s
A

sc
he

rs
le

be
n 

&
 M

üs
se

le
r 

(1
99

9)
13

n/
r

16
B

al
d 

et
 a

l. 
(1

94
2)

a
H

id
de

n 
so

un
d 

so
ur

ce
9

n/
r

32
V

is
ib

le
 s

ou
nd

 s
ou

rc
e

1
n/

r
30

B
lo

ch
 (

18
87

; i
n 

H
am

li
n,

 1
89

5)
b

4
n/

r
n/

a
D

in
ne

rs
te

in
 &

 Z
lo

to
gu

ra
 (

19
68

)
71

61
23

E
no

ki
 e

t a
l. 

(2
00

6)
S

ud
de

n 
ap

pe
ar

an
ce

36
24

 . 
. .

 
50

11
E

xn
er

 (
18

75
)

50
n/

r
1

F
uj

is
ak

i e
t a

l. 
(2

00
4)

N
o 

ad
ap

ta
ti

on
4

31
7

A
da

pt
at

io
n 

to
 0

 m
se

c
10

35
7

H
am

li
n 

(1
89

5)
c

19
34

 . 
. .

 
2

2
H

ir
sh

 &
 F

ra
is

se
 (

19
64

)d
29

n/
r

8
22

n/
r

8
H

ir
sh

 &
 S

he
rr

ic
k 

(1
96

1)
e

5
n/

r
5

Ja
ko

w
sk

i e
t a

l. 
(1

99
0)

f
48

36
 . 

. .
 

69
3

K
ee

te
ls

 &
 V

ro
om

en
 (

20
05

)
8

n/
r

15
R

ut
sc

hm
an

n 
&

 L
in

k 
(1

96
4)

43
46

 . 
. .

 
40

2
S

m
it

h 
(1

93
3)

g
8

n/
r

40
2

n/
r

40
S

pe
nc

e 
et

 a
l. 

(2
00

3)
 h

20
24

8
S

to
ne

 e
t a

l. 
(2

00
1)

i
51

21
 . 

. .
 

15
0

17
Te

at
in

i, 
Fa

rn
è,

 V
er

ze
ll

a,
 &

 B
er

ru
ec

os
 (

19
76

)j
V

is
ua

l s
ti

m
ul

us
 le

ft
7

30
 . 

. .
 

23
5

V
is

ua
l s

ti
m

ul
us

 r
ig

ht
5

27
 . 

. .
 

27
5

T
ra

cy
 (

de
sc

ri
be

d 
in

 H
am

li
n,

 1
89

5)
10

20
 . 

. .
 

1
6

V
at

ak
is

 e
t a

l. 
(2

00
8)

A
da

pt
at

io
n 

to
 0

 m
se

c
1

n/
r

13
1

50
 . 

. .
 

65
13

V
ro

om
en

 e
t a

l. 
(2

00
4)

A
da

pt
at

io
n 

to
 0

 m
se

c
6

24
10

11
12

10
W

hi
pp

le
 (

18
99

)k
S

in
gl

e 
pr

es
en

ta
ti

on
13

73
 . 

. .
 

6
5

R
ep

ea
te

d 
pr

es
en

ta
ti

on
4

16
 . 

. .
 

6
6

Z
am

pi
ni

, G
ue

st
, e

t a
l. 

(2
00

5)
l

S
am

e 
st

im
ul

us
 lo

ca
ti

on
22

30
 . 

. .
 

69
40

D
if

fe
re

nt
 s

ti
m

ul
us

 lo
ca

ti
on

33
17

 . 
. .

 
72

40
Z

am
pi

ni
 e

t a
l. 

(2
00

3a
)m

S
am

e 
st

im
ul

us
 lo

ca
ti

on
60

17
9

D
if

fe
re

nt
 s

ti
m

ul
us

 lo
ca

ti
on

75
19

9



AUDIO–VISUAL TIMING JUDGMENTS    959

S
im

p
le

 (
M

ot
io

n
) 

S
ti

m
u

lu
s

A
rr

ig
hi

 e
t a

l. 
(2

00
6)

n
B

io
lo

gi
ca

l m
ot

io
n

60
n/

r
3

N
on

bi
ol

og
ic

al
 m

ot
io

n
35

n/
r

3
R

an
do

m
 m

ot
io

n
20

n/
r

3
A

sc
he

rs
le

be
n 

&
 M

üs
se

le
r 

(1
99

9)
17

n/
r

16
D

ix
on

 &
 S

pi
tz

 (
19

80
)p

56
n/

r
18

E
no

ki
 e

t a
l. 

(2
00

6)
Fr

ee
 f

al
l

74
52

 . 
. .

 
11

5
11

H
ol

li
er

 &
 R

im
el

l (
19

98
)q

S
ho

rt
 v

is
ua

l c
ue

 (
pe

n)
28

n/
r

12
L

on
g 

vi
su

al
 c

ue
 (

ax
e)

40
n/

r
12

L
ew

ko
w

ic
z 

(1
99

6)
r

24
5 

. .
 . 

65
10

V
at

ak
is

 &
 S

pe
nc

e 
(2

00
6a

)s
O

bj
ec

t a
ct

io
n

63
90

28

C
om

p
le

x 
S

ti
m

u
lu

s
D

ix
on

 &
 S

pi
tz

 (
19

80
)p

64
n/

r
18

H
ol

li
er

 &
 R

im
el

l (
19

98
)q

38
n/

r
12

M
cG

ra
th

 &
 S

um
m

er
fi

el
d 

(1
98

5)
t

30
1 

. .
 . 

13
1

12
R

ih
s 

(1
99

5)
v

40
n/

r
18

S
m

ee
le

 (
19

94
)w

10
5

30
12

12
41

6
va

n 
W

as
se

nh
ov

e,
 G

ra
nt

, &
 P

oe
pp

el
 (

20
07

)x
26

n/
r

20
V

at
ak

is
 &

 S
pe

nc
e 

(2
00

6a
)s

S
pe

ec
h

36
14

3
28

G
ui

ta
r 

m
us

ic
65

16
9

28
P

ia
no

 m
us

ic
84

25
9

28

N
ot

e—
N

eg
at

iv
e 

va
lu

es
 i

nd
ic

at
e 

th
at

 t
he

 a
ud

it
or

y 
co

m
po

ne
nt

 o
f 

th
e 

st
im

ul
us

 l
ed

 t
he

 v
is

ua
l 

co
m

po
ne

nt
, w

he
re

as
 p

os
it

iv
e 

va
lu

es
 i

nd
ic

at
e 

th
at

 t
he

 v
is

ua
l 

co
m

po
ne

nt
 l

ed
, a

t 
th

e 
po

in
t 

at
 w

hi
ch

 b
ot

h 
ju

dg
m

en
ts

 
w

er
e 

at
 t

he
 5

0%
 p

oi
nt

 (
T

O
J 

ta
sk

),
 o

r 
at

 t
he

 m
id

po
in

t 
of

 t
he

 “
sy

nc
hr

on
ou

s”
 j

ud
gm

en
t 

ra
ng

e 
(S

J2
 a

nd
 S

J3
 t

as
ks

).
 T

he
 r

an
ge

 o
f 

re
po

rt
ed

 P
S

S
 v

al
ue

s 
is

 i
nd

ic
at

ed
 b

y 
th

e 
m

in
im

um
 a

nd
 m

ax
im

um
 (

se
pa

ra
te

d 
by

 
“.

 . 
.”

),
 o

r 
by

 t
he

 s
ta

nd
ar

d 
de

vi
at

io
n 

if
 i

nd
iv

id
ua

l 
P

S
S

 v
al

ue
s 

w
er

e 
no

t 
re

po
rt

ed
. N

 i
s 

th
e 

nu
m

be
r 

of
 p

ar
ti

ci
pa

nt
s 

in
 t

he
 g

iv
en

 c
on

di
ti

on
 o

f 
th

e 
ci

te
d 

st
ud

y.
 n

/r
, n

ot
 r

ep
or

te
d 

(o
r 

un
ab

le
 t

o 
de

ri
ve

).
 

a P
S

S
 v

al
ue

s 
de

te
rm

in
ed

 b
y 

fi
tt

in
g 

a 
cu

m
ul

at
iv

e 
G

au
ss

ia
n 

to
 a

ve
ra

ge
 r

es
po

ns
e 

pr
op

or
ti

on
s 

es
ti

m
at

ed
 f

ro
m

 F
ig

ur
e 

1.
 

b A
ve

ra
ge

 o
f 

75
%

 “
au

di
o 

fi
rs

t”
 a

nd
 7

5%
 “

vi
de

o 
fi

rs
t”

 r
es

po
ns

e 
pr

op
or

ti
on

s 
re

po
rt

ed
 i

n 
Ta

bl
e 

II
 i

n 
H

am
li

n 
(1

89
5)

. 
c P

S
S

 v
al

ue
s 

de
te

rm
in

ed
 b

y 
fi

tt
in

g 
a 

cu
m

ul
at

iv
e 

G
au

ss
ia

n 
to

 “
au

di
o 

fi
rs

t”
 a

nd
 “

vi
de

o 
fi

rs
t”

 r
es

po
ns

e 
pr

op
or

ti
on

s 
re

po
rt

ed
 in

 T
ab

le
 I

 in
 H

am
li

n 
(1

89
5)

. 
d P

S
S

 v
al

ue
s 

de
te

rm
in

ed
 b

y 
fi

tt
in

g 
a 

cu
m

ul
at

iv
e 

G
au

ss
ia

n 
(T

O
J)

, o
r 

a 
tr

un
ca

te
d 

G
au

ss
ia

n 
(S

J;
 s

ee
 F

uj
is

ak
i e

t a
l.,

 2
00

4)
 to

 m
ed

ia
ns

 o
f 

“a
ud

io
 f

ir
st

” 
an

d 
“v

id
eo

 f
ir

st
” 

re
sp

on
se

 p
ro

po
rt

io
ns

 o
bt

ai
ne

d 
fr

om
 d

el
ay

s 
fr

om
 

12
0 

to
 

12
0 

m
se

c 
re

po
rt

ed
 

in
 th

e 
to

p 
ha

lf
 o

f 
“T

ab
le

au
 I

” 
(s

im
il

ar
 to

 N
eu

m
an

n 
&

 N
ie

pe
l, 

20
04

).
 

e P
S

S
 e

st
im

at
ed

 f
ro

m
 F

ig
ur

e 
4 

in
 H

ir
sh

 a
nd

 S
he

rr
ic

k 
(1

96
1)

. 
f D

at
a 

fr
om

 E
xp

er
im

en
t 2

 (
Ta

bl
e 

3 
in

 J
a

ko
w

sk
i e

t a
l.,

 1
99

0)
. 

g P
S

S
 v

al
ue

s 
de

te
rm

in
ed

 fr
om

 a
ve

ra
ge

 o
f 7

5%
 “

au
di

o 
fi

rs
t”

 a
nd

 7
5%

 “
vi

de
o 

fi
rs

t”
 re

sp
on

se
 p

ro
po

rt
io

ns
 re

po
rt

ed
 in

 T
ab

le
 I 

(T
O

J)
, a

nd
 a

ve
ra

ge
 o

f 5
0%

 th
re

sh
ol

ds
 in

 T
ab

le
 II

 (S
J)

 in
 S

m
it

h 
(1

93
3)

 b
ot

h 
av

er
ag

ed
 o

ve
r f

ou
r s

ou
nd

 
an

d 
fo

ur
 li

gh
t i

nt
en

si
ti

es
. 

h P
S

S
 d

et
er

m
in

ed
 b

y 
av

er
ag

in
g 

ov
er

 “
sa

m
e 

po
si

ti
on

” 
an

d 
“d

if
fe

re
nt

 p
os

it
io

ns
” 

co
nd

it
io

ns
 s

in
ce

 n
o 

si
gn

if
ic

an
t e

ff
ec

t o
f 

po
si

ti
on

 w
as

 f
ou

nd
 o

n 
th

e 
P

S
S

. S
ta

nd
ar

d 
de

vi
at

io
n 

es
ti

m
at

ed
 

fr
om

 s
ta

nd
ar

d 
er

ro
rs

 o
f 

th
e 

m
ea

ns
 r

ep
or

te
d 

in
 T

ab
le

 2
 in

 S
pe

nc
e 

et
 a

l. 
(2

00
3)

 a
ss

um
in

g 
in

de
pe

nd
en

ce
 b

et
w

ee
n 

“s
am

e 
po

si
ti

on
” 

an
d 

“d
if

fe
re

nt
 p

os
it

io
n”

 P
S

S
 v

al
ue

s.
 

i D
at

a 
fr

om
 E

xp
er

im
en

t 1
. 

j P
S

S
 v

al
ue

s 
de

te
rm

in
ed

 b
y 

fi
tt

in
g 

a 
cu

m
ul

at
iv

e 
G

au
ss

ia
n 

to
 in

di
vi

du
al

 d
at

a 
fr

om
 T

ab
le

 2
. 

k P
S

S
 v

al
ue

s 
de

te
rm

in
ed

 b
y 

ta
ki

ng
 th

e 
av

er
ag

e 
of

 7
5%

 “
au

di
o 

fi
rs

t”
 a

nd
 7

5%
 “

vi
de

o 
fi

rs
t”

 re
sp

on
se

 p
ro

po
rt

io
ns

 in
 T

ab
le

 II
. 

l P
S

S
 

va
lu

es
 d

et
er

m
in

ed
 b

y 
av

er
ag

in
g 

ov
er

 in
di

vi
du

al
 P

S
S

 v
al

ue
s 

fr
om

 E
xp

er
im

en
ts

 1
 a

nd
 2

, s
in

ce
 n

o 
si

gn
if

ic
an

t e
ff

ec
t o

f 
ex

pe
ri

m
en

t o
n 

th
e 

P
S

S
 w

as
 f

ou
nd

. 
m

P
S

S
 v

al
ue

s 
fr

om
 E

xp
er

im
en

t 1
, a

ve
ra

ge
d 

ov
er

 “
si

de
 

of
 v

is
ua

l 
st

im
ul

us
,”

 w
hi

ch
 d

id
 n

ot
 h

av
e 

a 
si

gn
if

ic
an

t 
ef

fe
ct

 o
n 

th
e 

P
S

S
. S

ta
nd

ar
d 

de
vi

at
io

ns
 (

be
tw

ee
n 

br
ac

ke
ts

) 
es

ti
m

at
ed

 f
ro

m
 s

ta
nd

ar
d 

er
ro

rs
 o

f 
th

e 
m

ea
ns

 r
ep

or
te

d 
in

 T
ab

le
 1

 i
n 

Z
am

pi
ni

 e
t 

al
. (

20
03

a)
 a

s-
su

m
in

g 
in

de
pe

nd
en

ce
 b

et
w

ee
n 

P
S

S
 v

al
ue

s.
 

n P
S

S
 v

al
ue

s 
fo

r 
bi

ol
og

ic
al

 a
nd

 n
on

bi
ol

og
ic

al
 m

ot
io

n 
st

im
ul

i 
es

ti
m

at
ed

 f
ro

m
 F

ig
ur

e 
5 

in
 A

rr
ig

hi
 e

t 
al

. (
20

06
).

 
p P

S
S

 v
al

ue
s 

de
te

rm
in

ed
 b

y 
av

er
ag

in
g 

“a
ud

it
or

y 
de

la
y”

 a
nd

 “
au

di
to

ry
 a

dv
an

ce
” 

as
yn

ch
ro

ny
 d

et
ec

ti
on

 th
re

sh
ol

ds
. 

q P
S

S
 v

al
ue

s 
de

te
rm

in
ed

 b
y 

ta
ki

ng
 th

e 
m

ea
n 

of
 th

e 
be

st
-f

it
ti

ng
 tr

un
ca

te
d 

G
au

ss
ia

n 
on

 a
ve

ra
ge

 “
sy

nc
hr

on
ou

s”
 r

es
po

ns
e 

pr
op

or
ti

on
s 

es
ti

m
at

ed
 

fr
om

 F
ig

ur
e 

5 
in

 H
ol

li
er

 a
nd

 R
im

el
l (

19
98

).
 

r P
S

S
 f

or
 a

du
lt

 p
ar

ti
ci

pa
nt

s 
es

ti
m

at
ed

 b
y 

av
er

ag
in

g 
“a

ud
io

 le
ad

in
g”

 a
nd

 “
vi

de
o 

le
ad

in
g”

 a
sy

nc
hr

on
y 

th
re

sh
ol

ds
 f

ro
m

 T
ab

le
 1

 in
 L

ew
ko

w
ic

z 
(1

99
6)

. 
s D

at
a 

fr
om

 
E

xp
er

im
en

t 1
. 

t P
S

S
 e

st
im

at
ed

 f
ro

m
 “

au
di

o 
le

ad
in

g”
 a

nd
 “

vi
de

o 
le

ad
in

g”
 a

sy
nc

hr
on

y 
de

te
ct

io
n 

th
re

sh
ol

ds
. 

v P
S

S
 e

st
im

at
ed

 f
ro

m
 a

ve
ra

ge
 a

sy
nc

hr
on

y 
de

te
ct

io
n 

th
re

sh
ol

ds
. 

w
P

S
S

 v
al

ue
s 

av
er

ag
ed

 o
ve

r 
10

 
co

ns
on

an
t–

vo
w

el
–

co
ns

on
an

t s
yl

la
bl

es
. 

x P
S

S
 v

al
ue

s 
av

er
ag

ed
 o

ve
r 

co
ng

ru
en

t a
ud

io
–v

is
ua

l s
pe

ec
h 

st
im

ul
i f

ro
m

 F
ig

ur
e 

4.



960    VAN EIJK, KOHLRAUSCH, JUOLA, AND VAN DE PAR

find such a performance difference when they presented the auditory 
stimulus over headphones (i.e., in a different stimulus position), rather 
than over a loudspeaker that was effectively in the same position as 
the visual stimulus. Therefore, we can expect that the presentation of 
the auditory stimulus over headphones in the present study (as op-
posed to using speakers) did not affect the resulting judgments.

Procedure
Prior to the start of the experiment, participants received written 

instructions. They were informed about the content of the audio– 
visual stimulus and, depending on the experimental method, were 
instructed to judge the temporal order (TOJ task) or (a)synchrony 
of the auditory and visual components of the stimulus (SJ2 and SJ3 
tasks), using numeric keys on the keyboard for their responses. These 
responses were unspeeded, and the response choice was briefly 
indicated on the screen after each keypress, but no feedback was 
provided on its correctness. The experiment started with a practice 
block, which consisted of 30 randomly presented trials appropriate 
to the subsequent experimental session (i.e., the same response rule 
was used); across these trials, each of the 15 audio–visual delays was 
presented twice. After practice, four measurement blocks were pre-
sented. Within each block of 225 trials, all 15 delays were presented 
15 times each, resulting in a total of 60 judgments per delay  re-
sponse rule combination for each participant.

RESULTS AND DISCUSSION

The main data of interest are the proportions of judg-
ment responses as a function of the audio–visual delay 
within stimulus pairs. We will treat the TOJ data first, fol-
lowed by the SJ data, and will conclude with a comparison 
of the data for the two types of response rule.

TOJ Data
Raw TOJ data averaged over all participants are shown 

in Figure 1, which shows the proportions of “video first” 
responses as a function of relative delay for the flash–
click (left panel) and bouncing ball (right panel) stim-

disk apparently moving down over a distance of 460 pixels toward a 
horizontal bar, impacting the bar, and then bouncing back up again 
with the same (constant) acceleration. The total duration of the vi-
sual stimulus was 2 sec, whereas the duration of the movement was 
varied randomly between 1 and 2 sec. As a result, the disk appeared 
to float for a random time before and after the actual animation took 
place. The impact could occur only when a flash in the flash–click 
stimulus was also possible (i.e., the occurrence of the visual event 
in both stimuli was randomized within the same time window of 
500–1,500 msec after stimulus onset). The maximum speed of the 
disk (achieved just before impact) varied between 1.6 arcmin/msec, 
when the movement lasted for the entire 2-sec duration of the stimu-
lus, and 3.3 arcmin/msec, when the movement lasted for only 1 sec. 
The auditory component of the stimulus consisted of a 500-Hz sinu-
soid with a rectangular onset and an exponentially decaying enve-
lope e t/T, with T  20 msec. At the moment of onset, the auditory 
stimulus had a sound pressure level of 80 dB.

Apparatus
The visual stimulus was shown on a Dell D1025HE CRT monitor 

at a resolution of 1,024  768 pixels and at an 85-Hz refresh rate. 
The auditory stimulus was played through a Creative SB Live! sound 
card, a Fostex PH-50 headphone amplifier, and Sennheiser HD 265 
linear headphones. Participants were seated in front of the monitor at 
an approximate distance of 60 cm and responded using a keyboard. 
The setting was a dimly lit, sound-attenuating room.

The timing control of the auditory and visual signals was determined 
by using a photocell that measured the light emitted by a flashing circle 
on the screen. The position of the flashing circle corresponded to the 
region in which the visual event was presented during the experiments. 
The electrical output of the photocell was shown as a trace on an os-
cilloscope, together with a pulsed tone played in synchrony with the 
flashing circle, using the same equipment that presented the stimuli. In 
these calibration conditions, the synchrony between the flash and the 
tone was shown to be accurate to within 2 msec.

Some research has shown that using loudspeakers to produce a 
spatial separation between the physical sources of auditory and vi-
sual information can result in increased sensitivity to audio–visual 
asynchrony (Keetels & Vroomen, 2005; Spence et al., 2003; Zam-
pini et al., 2003a, 2003b). However, Zampini et al. (2003b) did not 
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Figure 1. Raw “video first” response proportions from the temporal order judgment (TOJ) task (light gray circles and dashed lines) 
and raw “synchronous” response proportions from two-choice (SJ2; black triangles and solid lines) and three-choice (SJ3; dark gray 
squares and dotted lines) synchrony judgment tasks as a function of audio delay (in milliseconds), for the flash–click (left panel) and 
bouncing ball (right panel) stimuli. Response proportions were averaged over participants (N  11 for the flash–click TOJ data, N  
10 for the flash–click SJ2 and SJ3 data, and N  12 for all of the bouncing ball data).
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the audio- first, video-first, and asynchronous response 
curves are left out for clarity). Since 1 participant was 
excluded from the analysis (see below), data for this par-
ticipant are not included in the figure. It can seen in Fig-
ure 1 that the response patterns for both SJ tasks are very 
similar, although participants responded “synchronous” 
more often in the SJ2 task than in the SJ3 task when the 
auditory component followed the visual component (i.e., 
for positive delays).

In order to allow for different slopes in the two halves 
of the curve, two cumulative Gaussians were used to fit 
the overall synchrony response curve (similar to the pro-
cedure of Smeele, 1994). The raw synchronous data were 
split into two parts by determining the maximum synchro-
nous response proportion and including this data point 
(or these points) in both halves of the synchrony curve. 
The underlying psychometric (synchronous) curve was 
determined by removing the  parameter from the fitted 
curve and by keeping the  parameter, which indicates the 
maximum “synchronous” response proportion. For SJ2, 
the asynchronous response curve is by definition com-
plementary to the synchronous curve, and as a result that 
asynchronous curve does not necessarily reach a propor-
tion of 0. For SJ3, the audio-first and video-first curves 
were fitted separately. In order to keep the SJ3 curve-
 fitting procedure as similar as possible to the procedure 
for SJ2, the audio-first and video-first curves were also 
not constrained to reach a proportion of 0.

For the SJ procedures, we determined the synchrony 
range by calculating the intersection points of the syn-
chrony curve with its neighboring asynchrony judgment 
curve(s). The synchrony range has an intuitive importance 
to synchrony perception, because within this range an 
audio– visual delay is more often judged to be synchronous 
than not. Therefore, we will call the intersection points 
synchrony boundaries. The synchrony boundaries may 
be considered asynchrony detection thresholds, and the 
width of the synchrony range can thus be seen as a mea-
sure of sensitivity to audio–visual temporal intervals. The 
two synchrony boundaries are distinguished by referring 
to the response curves with which they intersect—that is, 
with audio first and video first. These labels correspond 

uli. These mean results show that the 50% point falls at 
about 15 msec for the flash–click stimulus and at about 

7 msec for the bouncing ball stimulus. Furthermore, the 
slopes of the video-first curves appear to be shallower at 
positive than at negative audio delays. These average data 
are included mainly as an illustration, since all analyses 
were performed on the data of individual participants.

The TOJ data were fitted using a psychometric func-
tion of the form   (1    )F( , ), with F being the 
cumulative Gaussian distribution with mean  and stan-
dard deviation . Fitting was done using the psignifit tool-
box, which implements the maximum-likelihood method 
described by Wichmann and Hill (2001). Stimulus-
 independent “lapses” (e.g., pressing the wrong key or 
blinking during stimulus presentation) are fitted by the 
 (lower horizontal asymptote) and  (higher horizontal 

asymptote) parameters. The  and  parameters later are 
removed from the theoretical or underlying psychometric 
function, which is assumed to represent the actual percep-
tion of the participant (rather than the observed perfor-
mance; see also Spence et al., 2003, who used a somewhat 
different approach than the one described here).

The TOJ 50% point is used as a PSS estimate, since 
at this point participants presumably report the temporal 
order of the two modalities by a random guess, suggest-
ing that the stimuli are perceived to be synchronous. The 
steepness of the slope at the TOJ 50% point is used as a 
sensitivity measure. The PSS and slope values are summa-
rized in Table 2 for the 10 participants who produced use-
ful data for both stimulus types (see below for details).

The effect of stimulus type was tested using pairwise 
t tests on the 10 participants who performed all judgment 
tasks for both stimulus types. No difference in PSSs was 
revealed between the two stimulus types [t(9)  1]. Stim-
ulus type also had no effect on TOJ slopes [t(9)  1.15, 
p  .28].

SJ Data
Raw SJ data averaged over all participants are shown 

in Figure 1, which plots the proportion of “synchronous” 
responses as a function of relative delay for the flash–
click (left panel) and bouncing ball stimuli (right panel; 

Table 2 
Mean Point of Subjective Simultaneity (PSS) Values, Mean Boundaries and Widths of the Synchrony 

Range, and Mean (Absolute) Slopes Determined at Audio-First and Video-First Synchrony Boundaries 
for Participants Common to the Flash–Click and Bouncing Ball Measurements (N  10)

Flash–Click Stimulus Bouncing Ball Stimulus

SJ2 SJ3 TOJ SJ2 SJ3 TOJ

  M  SE  M  SE  M  SE  M  SE  M  SE  M  SE

PSS (msec) 25 11 18 10 21 11 41 7 33  7 7 11

Boundaries and Widths of Synchrony Range (msec)

Audio first 111 16 107 17 79 11 78 14
Video first 161 12 144  8 160  5 144  8
Width 271 19 251 17 239 10 222 18

Slope ( 10 2  proportion/msec)

Audio first 0.83 0.10 0.84 0.12 1.43 0.27 1.25 0.17
Video first 0.75 0.04 0.76 0.06 0.52 0.06 0.98 0.10 0.96 0.10 0.64 0.08

Note—SJ2 and SJ3, synchrony judgment task with two or three response categories; TOJ, temporal order judgment.



962    VAN EIJK, KOHLRAUSCH, JUOLA, AND VAN DE PAR

first synchrony boundary ( 152 msec), as tested in a 
2 (stimulus type)  2 (SJ task)  2 (location) repeated 
measures ANOVA [F(1,9)  13.70, p  .005]. That is, the 
synchrony range was asymmetrically distributed around 
physical synchrony.

The effects of stimulus type and SJ task on the resulting 
PSS values were tested in a 2 (stimulus type)  2 (SJ task) 
repeated measures ANOVA. Identical to the main effects 
on the locations of the synchrony boundaries, a marginally 
significant effect of stimulus type on PSS [F(1,9)  4.27, 
p  .069] and a significant effect of SJ task [F(1,9)  
8.37, p  .018] were found: Bouncing ball PSS values 
( 37 msec) tended to be larger, or shifted farther away 
from physical synchrony, than flash–click PSS values 
( 22 msec), and SJ2 PSS values ( 33 msec) were larger 
than SJ3 PSS values ( 25 msec).

With respect to the different measures of sensitivity to 
audio–visual temporal intervals, the widths of the syn-
chrony ranges were not significantly different when we 
compared the bouncing ball (230 msec) and flash–click 
(261 msec) stimulus types [F(1,9)  4.17, p  .072]. 
The slope data, however, did show a significant effect of 
stimulus type [F(1,9)  13.98, p  .005] and a marginally 
significant effect of location [the synchrony boundary at 
which the slope was measured; F(1,9)  4.24, p  .069], 
but no effect of SJ task [F(1,9)  1]. Slopes were steeper 
for the bouncing ball stimulus (1.16  10 2 vs. 0.80  
10 2  proportion/msec), and overall, audio-first slopes 
(1.09  10 2  proportion/msec) tended to be steeper than 
video-first slopes (0.86  10 2  proportion/msec). In 
separate analyses for the two stimulus types, the difference 
between the audio-first and video-first slopes was signifi-
cant for the bouncing ball stimulus [F(1,11)  6.68, p  
.025] but not for the flash–click stimulus [F(1,9)  1].

Comparison of TOJ and SJ Response Rules
Since one of the primary goals of this study was to in-

vestigate the effect of experimental method on the resulting 
PSS values, we first compared PSS values estimated from 
the TOJ, SJ2, and SJ3 data. The effects of experimental 
method on the sensitivity measures will be discussed later.

The PSS values were estimated from TOJ data by taking 
the 50% point of the fitted video-first curve. The SJ PSS 
values were determined by finding the midpoint of the two 
synchrony boundaries (see Table 2). The correspondence 
between the resulting PSS values for the three response 
rules is plotted in Figure 2, which shows SJ3 PSS values 
(squares) and TOJ PSS values (crosses) plotted against 
SJ2 PSS values for each individual participant both for the 
flash–click (left panel) and the bouncing ball (right panel) 
stimuli. As can be seen from Figure 2, all but three of the 
SJ PSS values are positive (i.e., represent relative delays 
at which the visual event precedes the auditory event), 
whereas about half of the TOJ PSS values are negative. 
The ranges of the PSS values (from 61 to 72 msec 
for SJ tasks and from 48 to 72 msec for the TOJ task) 
are similar to those of (individual) PSS values reported 
in the literature for flash–click and simple stimuli (see 
the examples in Table 1), with the exception of the highly 
negative flash–click SJ PSS values reported for 1 partici-

to the relative delays at which the synchrony boundaries 
were located (i.e., an audio-first synchrony boundary was 
always located at a negative relative delay, which means 
that the auditory component preceded the visual compo-
nent, and the video-first boundary was always located at a 
positive relative delay).

As with the TOJ data, slopes are used here as measures 
of sensitivity to changes in relative delay at the synchrony 
boundaries. The resulting average synchrony boundaries 
for the two SJ response rules are shown in Table 2, together 
with the average slopes at those synchrony boundaries. 
Since flash–click “synchronous” response proportions for 
1 of the participants were always below either the audio-
first or the video-first curve, no synchrony range could be 
determined for this participant using our definition. Since 
the PSS is defined as the center of the synchrony range, 
also no PSS could be calculated, and therefore this partici-
pant’s data were excluded from further analyses.

In summary, Table 2 contains two types of sensitivity 
measures. The synchrony boundaries define the range of 
delays that are predominantly judged to be synchronous, 
and thus these boundaries can be seen as asynchrony de-
tection thresholds. The slopes measured at the synchrony 
boundaries define how sensitive people are at the transi-
tion from perceived synchrony to perceived asynchrony.

In order to test whether the two SJ tasks resulted in dif-
ferent “synchronous” response patterns, the locations of 
the synchrony boundaries and the slopes at these bound-
aries were analyzed via two repeated measures ANOVAs, 
with the factors stimulus type (flash–click or bouncing 
ball), SJ task (SJ2 or SJ3), and location (audio- or video-
first synchrony boundary) as independent variables. A 
significant main effect of SJ rule was found [F(1,9)  
8.37, p  .018], indicating that video-first synchrony 
boundaries were shifted farther in the direction of larger, 
more positive audio delays for SJ2 ( 160 msec) than for 
SJ3 ( 144 msec) [t(9)  3.64, p  .005, when we com-
pared SJ2 and SJ3 synchrony boundaries averaged over 
stimulus types in a paired t test]. Furthermore, a margin-
ally significant effect of stimulus type on the location of 
the synchrony boundaries was found [F(1,9)  4.27, p  
.069]: The audio-first bouncing ball synchrony boundar-
ies ( 78 msec) were shifted more toward the point of ob-
jective simultaneity than were the flash–click synchrony 
boundaries ( 109 msec) [t(9)  3.09, p  .013, when 
we compared flash–click and bouncing ball synchrony 
boundaries averaged over SJ rules in a paired t test], 
whereas no differences were found between video-first 
boundaries [t(9)  1]. The finding that audio-first bounc-
ing ball synchrony boundaries were shifted more toward 
the point of objective simultaneity than were flash–click 
synchrony boundaries is in line with the findings reported 
by Enoki et al. (2006), who found no difference between 
video-first boundaries when comparing stimuli with and 
without visual anticipatory information, but who did re-
port that audio-first synchrony boundaries were closer to 
physical synchrony for stimuli with visual anticipatory 
information than for stimuli without such information.

Overall, the audio-first synchrony boundary was closer 
to physical synchrony ( 94 msec) than was the video-
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tasks (plotted as squares) was quite high, which was re-
flected in a significant correlation (r  .79, p  .002). If 
the PSS data obtained from TOJ and SJ2 tasks (plotted as 
crosses) are compared, however, no apparent relationship 
emerges. Indeed, no significant correlations were found 
between TOJ PSS values and the PSS estimates obtained 
from the SJ2 (r  .08, n.s.) and SJ3 (r  .13, n.s.) tasks. 
Consistency in SJ PSSs was also found by Stone et al. 
(2001), who found a high correlation (r  .95) between 
individual PSS values that were obtained using an SJ2 task 
for a flash–click stimulus presented (in two separate ses-
sions for each participant) at distances of 0.5 and 3.5 m.

Although no correlation was found between the TOJ 
and SJ PSS values, it should be noted that the TOJ 50% 
points for both stimulus types were always located within 
each individual’s synchrony range. The resulting PSS val-
ues clearly demonstrate an effect of experimental method 
on the resulting (individual) PSS values, because the TOJ 
task yielded PSS values that did not correlate with those 
obtained using an SJ task, whereas those from SJ2 and 
SJ3 tasks correlated highly. To test whether the correlation 
between SJ PSS values is a consequence of determining 
the PSS by averaging the synchrony boundaries, SJ2 and 
SJ3 PSS values were also determined from the mean of 
individually fitted truncated Gaussians (see Fujisaki et al., 
2004) using maximum-likelihood estimation (Myung, 
2003). The correlation analysis yielded similar results, 
and thus suggests that the consistency found between SJ 
PSS values indeed can be attributed to the experimental 
method itself. From the lack of correlation between SJ 
and TOJ PSS values, we conclude that PSS values may 
very well reflect different underlying perceptions being 
measured by the TOJ and SJ tasks.

pant, which not only stand out in the present study but 
also appear to be a rarity in the literature (but see Vatakis 
et al., 2008).

A 2 (stimulus type)  3 (response rule) repeated 
measures ANOVA of the PSS values, with Greenhouse–
Geisser-adjusted degrees of freedom,1 did not yield sig-
nificant effects of stimulus type [F(1,9)  1] or response 
rule [F(1.08, 9.68)  1.97, p  .19;   0.54]. Separate 
analyses for both stimulus types confirmed this null effect 
for the flash–click stimulus [F(1.04, 9.36)  1;   0.52]. 
For the bouncing ball stimulus, however, a main effect of 
response rule was found [F(1.17, 12.86)  8.00, p  .012; 
  0.58], indicating a systematic effect of experimental 

method on the resulting mean PSS. A multiple compari-
son using the Holm–Šidák procedure (see Arrighi et al., 
2006; Ludbrook, 1998) showed that the PSS values for 
SJ2 ( 39 msec, on average) and SJ3 ( 32 msec) differed 
marginally [t(11)  1.96, p  .076], but that TOJ PSS 
values ( 4 msec) were significantly different from those 
for both SJ2 [t(11)  3.04, p  .011] and SJ3 [t(11)  
2.65, p  .022].

For the flash–click stimulus, average SJ and TOJ PSS 
values were quite similar ( 25 msec for SJ2, 18 msec for 
SJ3, and 21 msec for TOJ). Nevertheless, the TOJ task 
yielded PSS values that did not correlate with those ob-
tained using an SJ2 (r  .25, n.s.) or SJ3 (r  .04, n.s.) 
task, whereas SJ2 and SJ3 PSS values correlated highly 
(r  .94, p  .001; however, r  .78, p  .013, without 
1 participant who clearly provided an influential observa-
tion in terms of the correlation, as can be seen from the left 
panel of Figure 2). For the bouncing ball stimulus, as can 
be seen in the right panel of Figure 2, the within-subjects 
consistency in PSS estimates obtained from the two SJ 
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Figure 2. Three-choice synchrony judgment (SJ3; squares) and temporal order judgment (TOJ; crosses) point of subjective simul-
taneity (PSS) values, in milliseconds, plotted against two-choice synchrony judgment (SJ2) PSS values, for the flash–click (left panel) 
and bouncing ball (right panel) stimuli. The dotted lines indicate perfect correspondence between PSS values.
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assumption” in audio–visual speech stimuli, because 
“any bias to assume that the matched auditory and visual 
stimuli should be bound together could not have biased 
participants toward either a ‘vision first’ or ‘sound first’ 
response as would have been the case had we used a simul-
taneity judgment task” (p. 750). Although we do not deny 
the potential usefulness of the TOJ task, the present study 
suggests that the results of a single TOJ experiment should 
not be taken at face value when one is primarily interested 
in the perception of synchrony itself.

From a theoretical perspective, one could argue that 
differences in PSS estimates between SJ and TOJ tasks 
are due to differences in the underlying perceptions that 
are being measured. Although there is no general agree-
ment on whether successiveness discrimination is a suf-
ficient condition for the perception of temporal order, it is 
generally accepted that the perception of successiveness 
is a necessary requirement for such order to be correctly 
perceived (Allan, 1975; Hirsh & Sherrick, 1961; Mitrani, 
Shekerdjiiski, & Yakimoff, 1986). Given that successive-
ness is a precondition for the perception of temporal order, 
it follows that there is a range of relative delays, which we 
call the synchrony range, within which TOJ performance 
is expected to be at about chance level, and that relative 
delays within this range “will be coded as simultaneous” 
(Allan & Kristofferson, 1974, p. 40). The present findings 
show that the PSS estimate from the TOJ task can occur 
anywhere within the synchrony range, and thus can be ex-
pected to be susceptible to individual response strategies, 
rather than to reflect the “true” point of subjective simul-
taneity. Indeed, it has been noted by Sternberg and Knoll 
(1973, p. 632) that “under this definition [i.e., the TOJ 
50% point] stimuli at the PSS need not necessarily give 
rise to a perception of simultaneity.” The lack of correla-
tion between the observed TOJ and SJ PSS values can be 
explained by differences in response strategy when judg-
ing a relative delay that cannot reliably be perceived as 
being successive. Indeed, Schneider and Bavelier (2003) 
reported differences between PSS values from unimodal 
(visual) TOJ and SJ tasks and attributed those differences 
to response biases or criterion shifts present in the TOJ, 
but not the SJ, task.

The observation that the TOJ 50% points occur virtu-
ally anywhere in the synchrony range, combined with the 
consistency in SJ response patterns observed across the 
two SJ tasks, offers support for the notion that perception 
of successiveness is at least a necessary requirement for the 
correct perception of temporal order (Allan, 1975; Hirsh & 
Sherrick, 1961; Mitrani et al., 1986). In this respect, it is 
interesting to note that the video-first synchrony boundary 
is shifted farther in the direction of larger, more positive 
audio delays for the SJ2 than for the SJ3 task. If perception 
of successiveness is a necessary, but not a sufficient, condi-
tion for the correct perception of temporal order, the oppo-
site may have been expected. Whereas the SJ2 task allows 
participants to respond “asynchronous” for asynchronous 
delays just outside the synchrony range, the SJ3 task forces 
them to either guess the temporal order or choose “syn-
chronous.” Such guessing behavior would have resulted in 
synchrony boundaries that are shifted farther away from 

The effect of experimental method on estimates of sen-
sitivity to audio–visual timing differences was tested by 
correlating the widths of the synchrony ranges from SJ 
data with the slopes from TOJ data (see Table 2). A rela-
tively wide synchrony range would indicate a high toler-
ance for audio–visual asynchronies, and thus relatively 
low sensitivity. Similarly, a relatively shallow slope, in-
dicated by a small slope value, would also indicate low 
sensitivity. If the two sensitivity measures derived from 
SJ and TOJ data are related, a negative correlation would 
be expected. For the bouncing ball stimulus, a significant 
correlation indeed was found between sensitivity mea-
sures derived from the SJ2 and TOJ data (r  .62, p  
.042), but not between measures derived from SJ3 and 
TOJ data (r  .35, p  .29). For our flash–click data, no 
significant correlations were found between TOJ slopes 
and the widths of the synchrony ranges obtained from SJ2 
(r  .02, p  .95) and SJ3 (r  .17, p  .64) data.

GENERAL DISCUSSION

The goal of the study described here was to investi-
gate the influence of experimental method and stimulus 
type on estimates of audio–visual timing perception. The 
main goal was to determine whether previously reported 
results of ecologically invalid (i.e., negative or auditory-
leading) PSS values can be attributed to the experimental 
method used to measure them. Although the PSS values 
reported here, averaged over all participants, were always 
positive, individual PSS values sometimes were negative. 
The vast majority (11 out of 14) of the negative individual 
PSS values were obtained from TOJ data, with negative 
SJ PSS values all stemming from 1 participant. Interest-
ingly, whereas this participant produced highly negative 
PSS values for the SJ2 ( 58 msec) and SJ3 ( 61 msec) 
tasks with flash–click stimuli, for the TOJ task he showed 
a clearly positive PSS ( 28 msec). Overall, the PSS val-
ues estimated from the two SJ tasks are consistent with 
each other within experiments (i.e., they correlated sig-
nificantly across individual participants). The PSS values 
obtained from TOJ data, on the other hand, did not corre-
late with the SJ PSS values within each experiment. If PSS 
values were independent of the experimental method, we 
would expect similar PSS estimates for each of the three 
methods used here, but this is clearly not the case. From 
the SJ PSS values, it can be concluded that the concept 
of PSS is a relatively stable one, which, given the lack of 
correlation between SJ and TOJ PSS values, is reflected 
less well in the TOJ task.

An alternative conclusion from our PSS values here 
might be that SJ tasks are less sensitive to changes in 
audio–visual synchrony perception, and hence result in 
more consistent PSS values, whereas the observed incon-
sistency for the TOJ task might reflect the higher sensitiv-
ity of this method. Indeed, Shore et al. (2005, p. 1252) 
stated that TOJs “might reveal more subtle effects than 
the simpler simultaneity judgments.” As such, the TOJ 
task may be preferred over an SJ task, depending on the 
specific objectives of a study. Vatakis and Spence (2007), 
for example, used a TOJ task when evaluating the “unity 
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seems that sensitivity to audio–visual timing delays de-
pends on the position within the synchrony range at which 
it is determined, as well as on the type of stimulus used in 
the judgment task. Since sensitivity estimates are derived 
from judgments of single audio–visual timing delays, they 
provide an indirect measure of the ability of observers to 
discriminate between two audio–visual timing delays. 
Therefore, future research should examine whether sensi-
tivity to audio–visual timing is different at different rela-
tive positions in the synchrony range. Such research could 
also benefit from a more direct measure of the sensitivity 
to audio–visual timing differences, such as by using dis-
crimination threshold measures.

We found that the SJ3 task may result in very small 
proportions of “synchronous” responses, as reported for 
1 participant’s flash–click data (see also Ja kowski, 1993; 
Stelmach & Herdman, 1991). A maximum proportion of 
“synchronous” responses below .5 is difficult to interpret 
in terms of perceived simultaneity, and participants with 
such a response pattern may need to be removed from 
the data set. Removal of participants for their inability to 
perform the task is not restricted to the SJ task, however. 
Spence, Shore, and Klein (2001), Vatakis and Spence 
(2006b), and Zampini et al. (2003a, 2003b), for example, 
reported excluding participants’ TOJ data from further 
analysis, because the participants’ PSS values were be-
yond the range of the tested audio–visual delays. As such, 
both SJ and TOJ tasks can result in data that are unsuitable 
in the context of the specific aim of an experiment.

Inherent in the use of a within-subjects design is the 
experience that is gained by participants during the ex-
periment, which consequently might influence the results 
(see, e.g., Shore et al., 2002; Spence et al., 2001; Zampini, 
Brown, et al., 2005). Since here our different experimental 
methods were counterbalanced between subjects, the pos-
sible influence of increasing experience during the course 
of the experiment should not have affected the results of 
the comparisons between the different experimental meth-
ods. Since the two experiments were performed sequen-
tially, however, it is possible that the experience gained 
during the bouncing ball measurements influenced the 
flash–click measurements in a systematic way. Since the 
authors were generally more experienced than the other 
participants in psychophysical tasks, and more specifi-
cally in the temporal order and synchrony judgment tasks 
used here, the effect of experience was more closely in-
vestigated by reanalyzing the data with author/nonauthor 
as an additional between-subjects variable. The results 
indicate that the authors were more sensitive overall (i.e., 
produced steeper slopes) than naive participants, demon-
strating an effect of experience on performance in audio–
visual temporal performance.

No influence of stimulus type on PSS estimates was 
found in an overall comparison of both SJ and TOJ PSS 
values. Therefore, Aschersleben’s (1999) suggestion that 
the conflicting PSS estimates reported in the TOJ and SJ 
literature (see Table 1) can be explained by differences 
in the ecological validity of the stimuli is not supported 
(although it should be noted that the ecological validity of 
the bouncing ball stimulus is somewhat limited in com-

physical synchrony in the SJ3 than in the SJ2 task. Interest-
ingly, the reverse was found, which may be interpreted as 
support for the notion that perception of successiveness is 
not only necessary, but also sufficient for the correct per-
ception of temporal order, as assumed by Allan.

A possible explanation for the small observed differ-
ence between SJ2 and SJ3 synchrony boundaries can be 
offered by the response frequency equalization tendency 
(Erlebacher & Sekuler, 1971; Parducci & Haugen, 1967; 
Sekuler & Erlebacher, 1971; Tune, 1964). Such a tendency 
is more likely to come into play in the SJ2 than in the SJ3 
task, since a participant is more likely to notice the pre-
dominant use of one response category over the other(s) 
when only two categories are available. Indeed, the audio 
delays used in the present experiment were judged to be 
asynchronous (an average of 605 responses over both 
stimulus types and SJ tasks) more often than they were 
judged to be synchronous (average of 295 responses). Al-
though we cannot rule out that the proportion of “synchro-
nous” responses (approximately .33) was due to response 
frequency equalization in the SJ3 task, the fact that no 
significant difference2 in the frequency of “synchronous” 
responses was found between SJ2 and SJ3 tasks (305 and 
285 “synchronous” responses, respectively, averaged over 
both stimulus types) suggests that a response frequency 
equalization tendency had little if any effect on the data 
in the present study. This conclusion is further supported 
by the finding that in the SJ3 task the audio-first response 
category was used more frequently3 than the video-first 
category—that is, the response frequencies were not equal 
(336 and 279 responses, respectively, averaged over both 
stimulus types).

Directly related to the topic of response frequency is the 
range of audio delays used in the present study. A wider 
range of delays is likely to result in a relative increase in 
the number of subjectively asynchronous delays, and as 
such might influence the effect that a potential response 
frequency equalization tendency has on the resulting re-
sponses. Because the effect of response frequency equal-
ization is limited to the region of uncertainty, however, 
one would expect the effect of narrowing or widening the 
range of audio delays to be limited, if present at all. In-
deed, Zampini, Guest, et al. (2005) failed to demonstrate 
an effect of using a wider range of audio delays on the 
width of the synchrony range, and so concluded that “the 
participants’ performance was based on perceptual rather 
than decisional factors” (p. 538). As such, the specific 
range of audio delays used in the present study should 
have had, at most, little influence on the results.

Similar to the lack of correlation found between SJ and 
TOJ PSS values, sensitivity measures showed no consis-
tent correlation for the SJ and TOJ tasks. Furthermore, 
our observation that slopes for the bouncing ball stimulus 
were steeper at the audio-first synchrony boundary than 
at the video-first synchrony boundary challenges the im-
plicit assumption in TOJ studies that there exists only one 
value of sensitivity to audio–visual timing delays. (When 
fitting TOJ data with a cumulative Gaussian with two 
slope parameters, no significant slope differences were 
found between those on either side of the 50% point.) It 
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value of the stimulus, were the main cause for the larger 
PSS values we found using an SJ task, such values should 
also be found for more complex ecologically valid stimuli, 
such as a video of a person speaking. Smeele (1994) used 
video recordings of the face of a speaker pronouncing 10 
nonsense consonant–vowel–consonant syllables in an SJ2 
task. Averaged over the 10 syllables, Smeele found a slightly 
negative overall “synchronization point” ( 12 msec), with 
half of the individual syllables resulting in negative PSS 
values, and the other half resulting in positive PSS values. 
The finding of an ecologically invalid (negative) PSS for 
an ecologically valid stimulus in an SJ task indicates that 
the influence of the stimulus is more dependent on the spe-
cific stimulus contents than on the ecological validity of the 
stimulus per se.

In summary, given the inconsistency between PSS esti-
mates obtained from the TOJ and SJ tasks, it is confusing 
and, in the case of a TOJ, perhaps even incorrect to refer 
to the different estimates with the same term point of sub-
jective simultaneity. Depending on the specific objectives 
of a study, either a TOJ or an SJ may be preferred over 
the other task. When the goal is to investigate the point of 
subjective simultaneity for audio–visual stimuli, however, 
the SJ task should be preferred over the TOJ task. Given 
that the SJ2 task may be more susceptible to response bias 
than the SJ3 task, the latter task should be considered su-
perior, at least within the range of stimuli and methods 
reported here.
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NOTES

1. In the following results, a correction factor  is reported only when a 
Greenhouse–Geisser adjustment of the degrees of freedom was applied.

2. As tested in a 2 (stimulus type)  2 (SJ task) repeated measures 
ANOVA [F(1,9)  2.61, p  .14].

3. As tested in a 2 (stimulus type)  2 (response category: audio or 
video first) repeated measures ANOVA [F(1,9)  5.87, p  .038].
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