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The Frohlich effect: past and present

DIRK KERZEL

Summary

When observers are asked to localize the initial position of a moving target, they often indicate
a position displaced in the direction of metion relative to the true onset position. In this review,
the debate between Frohlich, who discovered this phenamenon, ard his conternporaries in the
1920s and 1930s is summarized Striking misinterpretations of Frohlich's findings and the
anticipation of recent research on the fash-lag effect will be presented. In the second par,
current accounts of the Frdhlich effect in terms of antention and metacontrast are evaluated. In
the final section, reconciliation between research on the Frdhlich effect and recent reports of
an error opposite the direction of motion (the onset repulsion effect) is offered.

19.1 Intreduction

When asked to localize a moving target entering a window, observers often indicate a
position not adjacent to the edge of the window but a position displaced in the direction of
motion (see Fig. 19.1(a)). The gap between the edge of a window and the initia perception
of the moving target was first discovered by the Norwegian astronomer O. Pill in 1894,
but Frohiich {1923) was the first to study the effect systetatically. Therefore, the illusion
has been named the “Frohlich effect.” Frohlich’s explanation of the illusion in terms
of “sensation time” was amply discussed in the 1930s (Fréhlich 1930, 1932; Rubin 1930,
G E. Maller 1931; Metzger 1932; Piéron 1933) but forgotten for the 60 years that followed
Research on the Frohlich effect was revived at the end of the last century {Miisseler &
Aschersleben 1998; Kischield & Kammer 1999), and accouants of the phenomenon in
terms of attention and metacontrast were forwarded. Yet more recently, an error opposite
to Frohlich’s observation was reported (Thoenton 2002), which is incompatible with all
previous theories on the Frohlich effect (Fig 19.1(b))

In the first section I will describe the methods, results, and theoties of early research
on the Frohlich effect. it is surprising to see how much current work on the Fréhlich and
flash-lag itlusions was anticipated by past researchers and simply overlooked afterward, In
the Aash-lag illusion, a flash that is physically aligned with a moving object is perceived to
lag behind (see Fig. 19.1(c})). I will also draw the reader’s attentiosn to the phenomenological
aspects of stimulus localization described in detail in early research inspired by Gestalt
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Fig. 19.1 The three illusions discussed in this chapter In the Frohlich illusion (a) the initial position
of a bar entering & window is not perceived at the edge of the window, but some distance away from

it In the onset repulsion effect (b) the judged onset position is displaced opposite the direction of

motion In the Aash-lag illusion {c) the position of 2 moving object that is physically aligned with a
flashed object is seen ahead of the Aash

psychology It shows that there may be more to localization then the report of a single
position. In the second section, 1 will describe and evaluate current theories of the Fréhlich
effect In the final section, an attempt to reconcile the apparent contradiction between
mislocalization of the initial position in the direction of motion {the Frohlich effect) and

recent reports of mislocalization opposite to the direction of motion (see Fig 19 1(b)) will
be presented.

19.2 Historical notes

In his seminal paper, Frohlich (1923) reported not only one but several phenomena. In fact,
Fréhlich’s work did not focus on the phenomenon now considered to be the Frohlich effect
Today, we consider the apparent displacement of the initial position of a moving target in
the direction of motion the Fréhlich effect. Thereby, we refer to the displacement of the
trailing edge of the target and denote that nothing is perceived between the physical onset
position and the trailing edge, although the corresponding retinal positions were stimulated
by the target. In contrast, Frohlich was interested in the perceived position of the leading
edge of the moving bar (see Fig. 19.2). He observed that the leading edge of the bar was not
perceived right next to the border of the window and successively uncovered but appeared
suddenly at a position displaced in the direction of motion relative to the edge of the
frame. He considered the distance between the leading edge and the border of the frame an
expression of the sensation time (“Empfindungszeit™), that is, the time between the impact
of light and the correspoading visual sensation (Frohlich 1923, 70-73). The position of
the leading edge, x, divided by the velocity of the bar, equals the sensation time t, where
t = %/v. In Fréhlich’s measurements, sensation time was found to be on the order of
100 msec with faint stimuli reducing to 50 msec with bright stimuli (see Fig 19.2(c)). _
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Fia 192 Results of Frohlich's (1923) experiments. (a) Appearance of a bar entering a window ,Gn
the left and moving to the right according to Frohlich (1923_; adapted from p-67). .Tbe par appeurffd
larger than it actually was and appeared in its enfarged width at once The lummam‘:.c gf th:;fbar
decreases from (a}] 1o (a)4 Only (a4 correspoads to our current conception of the Frohlich e gct
{b) shows the perceived lutninance distribution wiFhm the bars (adapsed fro'm p 66) ‘For :?: im
par ({a)4), the luminance decreased toward its trailing edge ‘zmd was k.nfghcst d[llts leads-ng € d?e (C()i
Frohlich thought that the displacement of the leading edge of‘ the bar dwllded by its velocity 1{11 }cate:

the sensation time He measured sensation time as a function of lun?mance. and no.aed that 1t‘ W?S
shorter for a bright bar (as in (a)1) than for a dim bar {as in (2)4) Luminance is given 1a proportional
(but unknown) uniis (adapied from p. 74).

Erdhlich also noted that the perceived width of the bar was larger than that of the physical
stimulus, which he interpreted as the perceived width capturing the duratéo.n of Lt}e pnmfuy
sensation of the stimulus. On this view, the trajectory positions covered during this duraufjn
would be sensed at the same time. Because the perceived width of the bar decreased w.uh
increasing Juminance, he concluded that luminance was n_egat's\.fe]y related to the du.ranor;
of the primary sensation. From today’s perspeciive, Frohlich’s 1deas' about. thé duration of
the primary sensation seem untenable and have been supplanted with variable degrees o
motion smear (Burr 1980) or visibie persistence (Coltheart 1980).

Further, Frohlich investigated the luminance distribution within the bar He fm?nd that
the bar looked brighter at its leading than at its trailing edge (.see Fig. i9.?(b)}. "I hzs‘ effe?ct
was particularly pronounced with dim stimuli that appeared w1c_ier than bright stimuli thh
dim stimuli, he also observed that the initial portion of the trajectory was not only c‘lmi\er‘
than the leading edge but disappeared altogether Fréhlich'trfought that the SUppﬁ?SSlOE‘é :)f
the initial part of the trajectory was due to the contrast arising between the leadm‘g edge
of the bar and the previously covered positions. Thus, the phenorpenon we consider to
be the Frohlich effect is only a limiting case of the larger class of ?he-non}ena qbsFrv;ed
by Frohlich. The phenomenological observation of the }urrlxi:.m_nce distribution w:hln;, ;
target or the Juminance distribution along the smeared out initial appearanf:e of the tai are
have been ignored in more recent research. This may be an ertor, because if observers o



124 IV Spatial phenomena forward shift effecrs

forced to report only a single point (“the onset”™) from a percept that shows graded levels of

visibility or contrast, their judgments may be a matter of criterion. Observers have to decide
what they should report and what is too weak to be worth reporting (Geer & Schmidt 2006).
However, even if some of Frohlich’s phenomenological observations may be correct, his
account of the illusion in terms of the “sensation time” is implausible, as contributions by
his contemporaries show,

I a critigue of Frohlich’s work, Rubin (1930} noted that reducing the size of the window
and thereby shortening the visible trajectory of the moving bar reduced the Frohlich effect
{replicated in Miisseler & Neumann 1992). He concluded that a necessary condition for the
occurrence of the Frohlich effect was that the target continued to move after it entered the
window. Frohlich's account could only explain effects of trajectory length by assuming that
the time at which a stimulus is sensed depends on processes occurring after the stimulus
has been sensed This-is hard to maintain. As an alternative to Frohlich’s calculation of
the sensation time, Rubin suggested that the distance between the position where the target
appeared and the minimal trajectory length that resulted in a reduction of the Frohlich
illusion would be a betier estimate of the sensation time. This distance indicated when
perceptual processes influencing the appearance of the moving bar ended. Further, he noted
that the magnitude of the Frohlich effect was not determined by the absolute luminance
as suggested by Frohlich, but rather by the contrast between the moving element and the
background.

To corroborate the hypothesis of continuing motion producing the Frohlich effect, Rubin
(1930) compared the perception of a stationary flash to the perception of the onset of a
moving bar. To this end, he placed a narrow slit exactly above the edge of the elongated
window where the target entered (see Fig. 19.3(b)}. When the target line entered the narrow
slit and the elongated window at the same time, the line in the window appeared displaced
in the direction of motion relative to the.slit, This, of course, is an early version of the
flash-initiated cycle (Khurana & Nijhawan 1993} that was rediscovered in the debate on the
flash-lag effect Rubin also asked which of the two lines (the fashed or the continuously
visible) was perceived first. Similar to more recent replications of this temporal order
judgment (Nijhawan et al. 2004), he reported a lack of convergence between his own
perceptions and those of his assistant He concluded that the flash and the moving object
appeared at about the same time).' Ironically, Frohlich (1923) had run exactly the same
experiment in his earlier publication but considered the displacement of the moving object
relative to the flash and the perceived simultaneity of the two objects as support for his
account.

Rubin (1930) further wondered whether the perception of the initial portion of the target
was suppressed (as suggested by Frohlich) or whether the sensations corresponding to
the initial portion of the trajectory were displaced in the direction of motion. To test these
conflicting possibilities, he presented a target that moved initially behind a red transparency

' in contrast to the perccived simultaneity of a flash and the onset of a moviag stimulus, the temporal onset of a line moving at
high speed precedes the onses af o stadonary stimulus that stays on the sereen (Kreegipon & Allik 2003)
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Fig 19.3 Overview of experiments run in the 1920s und 1930s on the Fréhﬁch‘e.ffecL (a)In Friﬂhli.ch’s
(1923) experiments, a bar moving behind a screen entered a window at po:iltnon pl The perceived
initial position was read off a ruler helow the window. Judgments of the 1cfld;ng e.dge of the bar were
displaced in the direction of motion {position p2) (adapted from p 101 in Rubin 193(}.} ) Rubm
(1930) and Fréhlich (1923} presented a second narrow window above the elongated wmdo‘w. Ihe?y
observed that the moving bar appeared ahead of the briefly flashed slit (adapted from P .I 94 in R-u.bm
19307 Rubin asked observers to adjust a point below the window to the perceived .m]tfiﬂ position.
(c) Metzger presented & bar moving through two elongated windo_ws offset by a certain dastance‘ I he
bar entering the window later (top window) appeared to jag behind the bar that was ulre‘a{ly visible
(bottom window, adapted from p 189 in Metzger 1932) {d) Metzger presented a bar moving -%hmugh
an elongated window and midway along the trajectory, the bar passed through a narrow slit above
the eloneated window. The flashed bar appeared to lag behind the moving bar below (adapted from
p. 190 ir; Metzger 1932) Unfortunately, Metzger did not quantify his {}bservz{tions but only noted
the direction of the displacement of the moving bar About 90% of the observations that he coi‘lected
from nine observers were consistent with the fash-lag eifect. {e) Piéron presented part of a spiral on
a rotating disk If the disk were rotating clockwise, the spiral appeared further from the center than
when it was rotating counterciockwise (adapted from Piéron 1933, p 24)

and then behind a green transparency. If the initial stimulus characteristics were carried over
to the positions further in the direction of motion, one would expect to see a red target on
an otherwise green background Rubin reported that observers’ judgments were variable,
but at least one subject reported seeing a red, stationary stimulus at the right place anﬁi t}Ten
a green, moving object. This result suggests that the initial positions in th‘e regular Frohlich
effect were suppressed rather than displaced into the direction of U‘l(}ti()ﬂ.. In contraqst to
Rubin's suggestion, Cai (2003) reported that a red flash at the onset of motion was shifted
in the direction of motion. -

Metzger (1932) agreed with Rubin on the implausibility of Fréhlich's theory and sug-
gested yet another cne. His considerations focused on three types of appea-rance of Ithe
moving bar that showed overlap with the results of Frohlich but were not qu.lt.e t?e_ .s_;am_t?_._
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The fisst type of appearance was observed at slow velocities. Metzger noted that even if

the eatrance point of the slit into the window were correctly perceived, the velocity of the
bar seemed to change. It appeared slow at first and then accelerated after a while; a phe-
nomenon later rediscovered by Runeson (1974). Second, Metzger observed (in agreement
with Frohlich) that the bar, ar low contrasts, appeared suddenly in its entire length between
the slit and the background. The perceived width of the bar exceeded its physical width
when the bar first appeared, but as the bar started to move, the perceived width decreased
The third appearance type was a bar that appeared at a position offset from the edge of the
screen, stood still for a moment, and then continued to move at a constant velocity. This
type of appearance was more likely with high velocities and strong contrasts.

To explain these phenomena, Metzger (1932) suggested that sensation time was longest
at the start of the motion and decreased as the motion progressed to a point where it became
constant. He thoughi that the postulation of differential sensation times across the trajectory
was almost trivial because “ .. every new process needs some time to ‘shake down’ and
to ‘push away’ the process taking place at the same place. . " (p 185, translation by the
author}. According to Metzger, the assumption of differential sensation time could explain
the three phenomena under investigation. For the sake of clarity, I will refer to the initial
sensation fime at the starting position p1 of the moving object as t1, and the final, constant
sensation time at a position p2 further along the trajectory as t2 (see Fig. 19.3(a)). If the
velocity of the target is slow such that the time needed to cover the distance between pl and
p2 is larger than the difference between t1 and t2, a moving target will be perceived with 3
velocity distortion (appearance type one). If the velocity of the target is intermediate, the
time needed to move from p1 to p2 may equal the difference in sensation time (t[—t2) such
that the complete trajectory between pl and p2 reaches consciousness at the same time and
a suddenly appearing, widened bar will be perceived (appearance type two). At high target
velocities, the time needed to move from pl to p2 may be far smaller than the difference
in sensation time such that the position p2 may reach consciousness before position pl
In this case, both forward motion from p2 onward and backward motion from p2 to pi
would be perceived Metzger noted that backward motion was mostly not perceived but that
observers sometimes perceived a flicker. He argued that the conditions for the perception of
the backward motion were unfavorable because it was domirated or masked by the much
stronger forward motion.

To support his claims, Metzger (1932) conducted two experimenis First he placed two
windows of unequal width above each other (Fig. 19.3{c)). A vertical bar moving behind
the two windows was initially visible in only one of the windows. When the bar reached
the edge of the other window, it became visible in the two windows. Although one and the
same bar was viewed, the portion of the bar entering later appeared to lag behind and moved
more slowly than the bar already visible. Second, he placed a small slit above the center
of the window such that the moving bar would illuminate the vertical slit and the window
at the same time and at the same horizontal position (Fig. 19 3(d)). The briefly illuminated
slit appeared to lag behind the moving object. Metzger suggested that both phenomena
were due to the longer sensation time at the beginning of a perceptual process The initially
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loneer sensation times explained why both the o-ns?et ofa m&oving 'zmd a ﬂashflstationiz
obj;ci appeared to iag behind a continaously v_151bie movm.g {.JbJECthhlgng.egfgwan
only discovered the flash-lag effect (that was redlscovered‘twme‘ MacKay . -J n,“ e_; e
1994), but he also proposed differential latency (latency i}mfx._g aterm compnsu:lc sen s
time") as an account of the phenomenon {for recAeqt renfiltmns see Purusho mr.rtuar;f b
1998; Whitney & Murakami 1998} Although the dszerentmlhiater_lcy &CCf.Junt may justi y[' c
occurrence of the Frohiich phenomenon and the ﬁash‘—.ia‘g effect, st‘h:as dtfﬁc;ity acc;u;aézz
for the importance of the length of the trajectory {Rubin’s first experiment). Accoun
me this limitation. o
Oﬁlinjwt:s ;?c':)snt ?;;;CS? who first proposed that. metacontrast masking WE rispons‘i:ilg afil)r
the suppression of the initial portion of the trajectory. Memcos}tf'gtslt. masf :;E:e;s 1ﬂa5h€3§
investigated by Stigler (1910) and refers to the fact_ that Lhr? \fiSl i uly 10 ralyvicmity
stimulus is reduced when it is followed by another stimulus in its sp;ua wzfr:?oends o thé
The optimal stimulus onset asynchrony (iOA) b:i\;\('}ielno {t)arng;:;cz‘fnbﬂi;a:hm:ﬁ s on the
stimulus and task parameters but ranges betwee ) msec; bot for a8 emeifm
SOAs reduce the masking effect. Piéron reasoned that .the mmgl positions of : oo (mio:
a2 window were masked by later presentations of the s%tmulus. Therefore, t!.m initial porti
‘ 4 erceived. In support of this idea, he presented a line on a rotating
Zfsile';[;éeli;r};:pizzf?;:d the center ofpfhe disk wbile foilowing iis ci;f:umfe;etﬁ:: E{;iz
Fig 193(e)). When rotated counterclockwise, the distance be-tween the mi a[t;l ! dismﬂze
of the disk was larger than when the disk was :'?tated clockwise In cm?tras ;1 disance
between center and line was shorter when the disk was rotated c.:iockwllse, thus r g
the initial portion of the trajectory to be masked by sub'sequent snmuiau;n;é -
Some 20 years later, Alpern (1933) pointed Ol:lt the mcompE‘eFeness o a1t gome ceoust
because it does not make clear why masking p;esgo::s zz:i:to i{;ls;t;czzz ;;;253 —— é:;i&m.m‘
every target position along the trajector_.y Fnas ed the p ey B m.ecmrﬁs postions.
only the final target position should be \-n?lble. E:onyever, mosto ‘ ele :1 clonyls b e
only a small part at the beginning is izm.mble: ‘Sirmlariy, such a $imp ‘ o
i aining why the Frohlich effect decreases with ShOl’[EL-' tra_]f:c':tones :
?;Sn?;i?j::?e:&iﬁ Z;ask zhe previous position,” then the number of positions following

the initial position should not matter

19.3 Cumulative lateral inhibition

i i inhibiti djacent
The effect of trajectory length may be explained by assuming that irhibition fron'm t; ;j:;nger
. j i [ tronger wi g
i iti the trajectory and is therefore strong :
stimulus positions accumulates across /o ‘ " loneer
trajectorigs (Geer & Schmidt 2006}. To confirm this idea, Geer and Schmidt as

i = ing. Masking is maximal
N ; car affect on the strength of mas ing : ] 5
7 The g e b aeores mm‘-k_ lhnsh;n't(:-“é;n};ugcriulcrvnls Furthermore, masking decreases w-sl_h SFE;JIFJ;
i 100 msee and decreases witls shortg : D, I eeiee positions
o S?AS %E:is:‘i:viofncmrs (overview i Breitmeyer & Ogmen 2006) suggest thal masking
eparation 5 : Jgmen 2006) suggest |
fngving stimulus witl depend on target speed  Howevey, these intricate interacti

on the Frontich illusion

s were not taken into account in easly work
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subjects to rate the brightness of selected positions along the target’s trajectory. They found
that the perceived contrast of the trajectory was weakest at the beginning and increased
gradually. The increase of the perceived luminance along the trajectory was steeper when
the trajectory was short, that is, the target reached maximal perceived contrast faster.
Furthermore, the gradual increase in contrast permits observers to make a decision as to
which part of the trajectory they report When they adopt a more conservative criterion
(report of only the high-contrast part of the trajectory) the Frohlich effect was found
to be larger than with a more liberal criterion. These recent experiments emphasize the
importance of phenomenal aspects in the study of localization performance. In a situation
with high uncertainty, the criteria adopted by the cbservers to interpret their percepts are
key to understanding the nature of localization

Nevertheless, the cumulative lateral inhibition account has the same difficulty as the
simple metacontrast account in explaining why only the first positions of a moving object
" are invisible What is lacking in all manner of metacontrast accounts is a component that
determines when the target becomes visible again. In some accounts, this role is assigned
to visual foeal attention either with (Kirschfeld & Kammer £999) or without (Miisseler &
Aschersieben 1998) reference to metacontrast masking.

19.4 Attention shifting

Miisseler and Aschersleben (1998) proposed that the Frohlich effect was the result of the
tirne it takes to move focal attention to the moving stimulus to consciously perceive it.
In general, the onset of 2 moving stimulus in the periphery elicits a shift of visual focal
attention to this position Visual focal astention greatly improves the speed and accuracy of
visual information processing (Posner 1980; H. I Miiller & Rabbitt 1989) and may even be
necessary for a stimulus to reach conscious awareness (Simons & Rensink 2005). During
the time it takes the spot of attention to travel 1o the onset position of the moving target,
the target moves away from its physical onset position In a similar vein, Baldo and Klein
(1995) sug@ested that the flash-lag effect was due to the time it takes to shift attention from
the moving object to the flashed object. In the Fréhlich effect, the first position that benefits
from enhanced processing through visual attention is displaced in the direction of motion.
The attention-shifting account claims that the positions presented before the attention shift
is executed are not perceived. The faster the target moves, the further it will move from its
onset before attention reaches it. This idea predicts that the Frohlich effect increases with
increments in target velocity This prediction has been largely confirmed (e g, Frohlich
1932: Kirschfeld & Kammer 1999; Kerzel & Miisseler 2002; Miisseler et al. 2002).
Further, it is expected that cueing the onset position of the moving target should reduce
the Frohlich illusion. A cue that precedes the target onset attracts visual focal attention
and effectively reduces the time elapsed before the moving target is within the focus of
attention. This prediction too has been confirmed: the Frohlich effect was reduced when
a cue was presented ~ 120 msec before target onset in the vicinity of the initial target
position {Miisseler & Aschersleben 1998; Kerzel & Miisseler 2002) or when a stationary
cue was presented for 2.5 sec at the onset position { Whitney & Cavanagh 2000). In contrast,
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a cue of 2.5 sec did not affect the size of the flash-lag effect, showing that the Fréhlich
effect and the flash-lag effect are distinct phenomena (for conflicting views see Metzger
1932; Eagleman & Sejnowski 2000). Similar to cueing, stimuli that allow for the efficient
allocation of attention reduce the Frihlich effect. For instance, attention is more easily
focused on a single rotating dot compared to a rotating line passing through the fixation
poiat {corresponding to a double cue, Posner & Cohen 1984), and the Frohtich effect is
larger for the harder to focus on stimulus (Kerzel & Misseler 2002).

Finally, the attention-shifting account explains why mislocalization of the moving stim-
ulus (fash-lag effect) is smaller in the complete-cycle relative to the flash-initiated cycle

- (Miisseler et al 2002). At the beginning of the movement, attention is far from the moving

object and 2 large mislocalization results. As the motion progresses, attention catches up
with the moving object and the mislocalization is reduced.

Thus, on the plus side, the attention-shifting account accommodates effects of velocity,
visual cues, and trajectory position. However, the relation between the magnitude of the
attention shift and that of the Frohlich effect is unclear. According to one view, attention
travels with a constant velocity such that the time to complete an attention shift increases
with distance (e.g , Posner et al. 1980; Posner & Cohen 1984). According to the contradic-
tory view, atiention shift is time invariant (Remington & Plerce 1984; Eriksen & Murphy
1987). If the duration of the attention shift increased with distance, one would expect the
Frohlich effect to increase with distance of the initial target position from the current focus
of attention {the fovea in most cases) This view receives confirmation from the obser-
vation that the Frohlich effect is larger for motion away from the fovea (ie, when the
distance increases after motion onset) than for motion toward it {i.e , when it decreases)
(Miisseler & Aschersleben 1598) However, effects of eccentricity and in particular larger
Fréhlich effects for more eccentric focations were not observed (Miisseler & Aschersleben
1998; Kerzel & Miisseler 2002). It is untenable that the Frohlich effect depends on both
distance-dependent and distance-independent attention shifts

Further, the atlention-shifting accouat claims that the initial positions of a moving object
will only be available when the attention shift is complete. However, in conditions in which
the Frohlich effect was on the order of 2-3 deg, a slight change in the contrast of the moving

- stimulas made only 0.5 deg after the onset of motion was detected with 70% accuracy
" (Miisseler & Aschersleben 1998) If the initial portion of the trajectory never reached

consciousness, how could the detection performance be se good? Additionaily, the attention-
shifting account predicts that regardless of the stimulus properties, the initial portion of the
trajectory will be invisible. However, a colored flash at motion onset is “dragged” into the
direction of motion and therefore cannot be considered invisible (Cai 2003).

19.5 Interplay between attention and metacontrast

Another model of the Fréhlich effect overcomes some of the lapses of the attention-
shifting account by positing an interaction between visuai focal attention and metacontrast
(Kirschfeld & Kammer 1999). As already pointed out in the discussion of Piéron’s (1235)
work, the metacontrast account has problems explaining why we see more than the final
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position of a moving target Remember that each presentation of the target leads to the
suppression of previous target positions. To counteract this suppression, Kirschfeld and
Kammer assumed that the onset of target motion elicited a shift of focal attention to the
target and that visual attention was responsible for the visibility of the target Similar to
the attention-shifting account, it was assumed that the shift of attention takes some time,
and before visual focal attention reaches the target, metacontrast has already suppressed
the initial portion of the trajectory.

To test this view, Kirschleld and Kammer { 1999) investigated the localization of a rotating
rod that was continuously iliuminated but additiorally flashed with far higher energy when
it first appeared. The resulting percept was of a flashed bar at the correct initial position
and a blurred bar that was displaced in the direction of motion (the Frohlich effect) The
interpretation of this striking phenomenon was that the transient, fAashed illurnination of
the initial orientation was strong enough to overcome metacontrast masking, whereas the
initial portion of the continuousty lit bar was suppressed until focal atrention arrived at the
bar. Further, it was conciuded that the moving bar had a shorter tatency than the flashed
bar, because the continuously visible bar appeared ahead of the fiashed bar even though
both bars had been presented simultaneously. Again, this condition replicates the resuits
of Frohlich (1923) and Rubin (1930) and repeats the idea that the spatial displacement
may be used to estimate sensation time. However, Kirschfeld and Kamuner hold that it
oniy indicates the relative processing time of moving and flashed objects, not the absolute
sensation time

The approach that combines metacontrast masking and attention has the advantage that
it easily accommodates the same findings as the attention-shifting approach {effects of
velocity and cueing) and additionally explains why the initial portion of the trajectory is,
in certain conditions, not completely invisible, If the features of the target at the beginning
do not match its features during the rest of the trajectory (as in Miisseler & Aschersieben’s
[1998] detection experiment), masking may be reduced and the initial positions become
visible again.

In this account of the Erdhlich effect, attention and metacontrast interact to produce
the phenomenon In studies unrelated 1o the Frohlich effect, it was observed that attention
may actually determine metacontrast masking (Di Lollo et al. 2000; but see Francis &
Hermens 2002} Thus, attention and metacontrast are closely intertwined mechanisms;
however, one may stiil guestion their harmony. On the one hand, the necessity of attention
to travel to the target position explains why the Frohlich effect increases with increasing
velocity of the target. On the other hand, metacontrast is known to decrease with increasing
distance between target and mask (Alpern 1953) As the distance between successive target
presentations increases with increasing target velocity, this characteristic of metacontrast
would actually predict a smaller Fréhlich effect at higher velocities. So far, such an inverted
effect of velocity (i.e, a decreasing Frohlich effect with increasing velocity) has not been

observed

Ore final problem with the attention-shifting and attention-shifting plus metacontrast
approaches is that peripheral cueing does not completely eliminate the Frohlich effect
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(Miisseler & Aschersleben 1998; Whitney & Cavanagh 2000; Kerzel & Miisseier 2002)

When attention is fully allocated to a particular position, processing of the moving object
should be enhanced right from the start, thereby canceling the metacontrast-induced sup-
pression. To defend the attention-shifting account, one may argue that the Fréhlich effect
with peripheral cues persists because the shifts of attention into the periphery are sometimes
incomplete due to the natural coupling between fovea and focus of attention. A further point
against the attention-shifting account is that there is no evidence that distracting attention
b;' an invalid cue increases the size of the Frohlich effect as it should (Miisseler & Ascher-
sleben 1998). Thus, predictions derived from the involvement of attention are agaia difficult
to substantiate. Part of this problem may be the versatile, top-down and bottom-up nature of
attention affected by an enormous number of factors. Thus, it is not always clear how and
whether attention was actually modulated by an experimental manipulation. Most studies
have failed to check attentional deployment using independent measures such as reaction
times A notable exception is & study by Khurana et al. (2000} that measured both atten-
tional deployment via reaction times and the flash-lag effect but failed to find any effects
of attention on spatial mislocalization

19.6 Frohlich effect versus onset repulsion

The studies reviewed so far unanimously report a localization error in the direction of
motion. However, recently the opposite error has also been reported (see Fig. 194). That
is, the onset position of a moving target was mislocalized opposite the direction of linear
motion; the onset repuision effect (ORE, first reported by Thornton 2002) In the case
of curved trajectories, the ORE is opposite the tangents to the circula}"' iraj'ectory (see
Fig. 19.4(c), Actis-Grosso & Stucchi 2003) It is evident that explanations in terms of
attention shift, metacontrast, or sensation time do not apply to this error because the target
is localized at a position it never occupied and perceptual processes were never wriggered for
these positions, In terms of velocity, the effects depend on the range of velocities presented
in an experimental session Thus, increased velocity renders either a greater ORE (Kerzel
20072; Thoraten 2002) or does not have any effect at all {Hubbard & Motes 2002; Kerzel
2002; Actis-Grosso & Stucchi 2003). When the target velocity was drawn from a relatively
slow range of velocities (~3 to ~20 deg/sec), effects of velocity \&i&!‘& absent or reversed
compared to the Frohlich effect. However, when the range of velocities was axpa‘nded. from
~5 to ~40 deg/sec, increasing velocity shifted the judged position toward the dsrecnox-] of
motion (Kerzel & Gegenfurtner 2004). This is a first indication that the ORE is sgsceptibie
to the context across trials in an experiment; that is, the judgments in a given trial can be
influenced by what is presented in other trials in the same session. This is ant tt?e case .for
the Frohlich phenomeron The forward error and the increase of the error with increasing
velocity persist regardless of velocity range (Kerzel 2002). .
Furthermore, the ORE depends on motion type. It is largest with smooth, continuous
motion and decreases with implied motion (Thornton 2002; Kerzei 2004). In a sequence
of implied motion, successive target presentations were separated by large spatiotemnporal
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Fig. 194 The judged {open circle) and true onset

pasition (filled cirele) in the Fréhlich and onset
repulsion eftects (

a) In the Frohlich effect, the onset position is dispiaced in the direction of motion {k)
In the onset repulsion effect (Tharnton 2002), the onset position is mislecalized opposite the direction
of motion. Mest studies that reported an onset tepulsion effect did not present visual
used pointing movements. {c) In the case of circular Lraj
the tangents of the trajectory (Actis-Grosso & Stuechi
where a target will appear,

references and
ectories, the intial position is displaced along
2003). {d) By changing the uncertainty about
the Frohlich effect may be turned into an onset repulsion effect With
two possible onset positions, judgments are displaced in the direction of motion and displacement

increases with increasing target velacity. With random onsets, the forward error is eliminated (adapted
from Miisseler & Kerzel 2004

gaps such that each target position was more salient than with smooth motion. Because
smooth target motion may elicit smooth pursuit eye movements, one may conjecture that
the ORE is related to oculomotor control This, however, was not the case as the ORE was
not different in a condition with and without eye movements (Thornton 2002)

So what explains the difference between the ORE and the Frohlich effects? The most
likely reason has to be sought in the experimental procedure used to measure the error In
studies that have reported a Fréhlich effect, the anset position was judged relative to one or
two environmental reference marks, such as the edge of a window {Frohlich 1923; Piéron
19335; Kirschfeld & Kammer 1959), another moving ta: get (Whitney & Cavanagh 2002), or
two positions at a fixed eccentricity (Misseler & Aschersleben 1998). In studies that have
reported the ORE, such a fixed reference mark was missing, This was in particular the case
in studies that used some form of pointing response (Hubbard & Motes 2002; Kerzel 2002;
Thornton 2002; Kerzel & Gegenfurtner 2004; Miisseler & Kerzel 2004). When the tarzet
appears randomly in a relatively large area, and observers have to point to the onset position,
the Tocalization task effectively turns into an egocentric localization task. That is, observers

have to localize the target with respect o their own bod

y. In a direct comparison of pointing
and rel

ative judgments, Kerzel (2002) found that judgments of the onset position relative to
a probe stimulus were displaced forward (Fréhlich effect), but mouse-pointing responses to
the same stimuli were dispiaced backward (ORE) Thus, one may ask which attribute that
distinguishes motor pointing and relative judgments accounts for the discrepant results.
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A first hypothesis may be that the resuls of a perceptual cm}np.ariso_n between m-ovinlg tarc;
get and probe stimulus is immediately avuilflble, wherea-s pomtmg_ movements aie dc_a ayed
and require memory of the initial position of the target aher'the traj.ectory has be_u_n vze»:lfe .
In other words, the Fréhlich effect may be a perceptual eff‘?c{ while the "ORE is base. 1on
memory. However, the Fréhlich effect has been oi?served with a probe sﬂmnfiu; L:atff eit :er
appeared some time before or after target onset (Karzell 2002) Ihus,. tl}e-Fm hlich e ;c 1s:
not only observed with immediate perceptual comPﬂrxsons but persists.in ‘mem‘ory‘ ;mie
larly, pointing movements render an ORE i{respe_ct‘;ve of whether responses ar[j. m"xme.tfzal
or delayed (Kerzel & Gegenfurtner 2004) Thus, itis not thfa t‘-amporal aspect that is criti
to the difference between relative judgments and motor pomtigg o -

A more viable hypothesis considered by several authors (Kerzeﬂl 2002, Thgrnton ;0 %
Actis-Grosso & Stucchi 2003; Kerzel & Gegenfurtner 2004; Musseler & Kerzei‘ ..OO»@)M
is that the uncertainty about the initial position causes obs.eFvers 44} _m‘fe.rcompfrfsate ?m
a potential error. When confronted with the ta-sk of locall‘z.mg the 1_mttal‘ lposlr_;on“othz
moving target, the most obvious error is to point tc-> a posttion that is further r.; 02; e
trajectory. To avoid this, observers (perhaps ulncons_cmusly) compe.nsa.ze m(; muc bsgtions
this hypothesis, Miisseler and Kerzel (2004) mvgsuga:aed .the loca}leauon o. [;VO pteﬁs iy
at ~7 deg of eccentricity to the left and right of fixation in two dxffc.zr.ent -trm co:ﬁ xis }
the random trial context, the target appeared mostly at a random position in a }IJ:r:L a;ea ;
the screen. Only in ~ 17% of the trials did the target appeaz"at the ~7 deg p(?smon.s‘. n the
constant trial context, the target always appeared in one of the two eccentric pOSlt(;i.JI.IS to

the left and right of fixation (similar to Miisseler & Aschersleben 1898). In E?oth cc:in ztgg}si,
observers localized the onset position by using & mouse c_ursor The resulzs., showc; lan
in the random cortext condition and the Frohlich effect in the copstant inzftl son tt}one(rsI:
Fig. 19 4(d)). Thus, the high uncertainty about wtere a target will occur induces an

i irection of motion with pointing tasks o
0132\0:;{;1:111; 10 manipulate uncertainty in the presence of a reference object 18 [L'; ;gr};
the distance belween the onset position and the refcr’,reﬁce‘ Hubbard ar?é Motes (,_1 .:e
found a Frohlich effect when the initial position of the target was ac}gucent o a airz
surrounding frame (similar to Frohlich's window) anfl no or backward (jtlspl'af:eme?t :1'; nnt
the initial position was far from the frame. "ﬁmsz }l: may be the fzvailab}xlht;: of s elrr "
reference marks® for tocalization of the initial position that determines w e{mfr zs:d ot
in or opposite the direction of motion will oceut E:Iu_bbafd‘ and Motes s.u‘:,‘cesec{ivEi
the reference frame provided the observer with a limit in their atiempt to re:uosp1 t‘oi
reconstruct the trajectory. The frame (or occluding plz_me) offered a re.:ad.y. e;apt;r;lz; ;ES
why the target was not visible before its appearance. Wltﬁout su_ch a d.f:lu*rntm,,E tshe mrae;
observers may attempt to retrospectively extrapolate a possible prior irc‘gector); ccl}icmble ;nd
that appeared all of a sudden. This is particularly true f.vhen the onset is unpr
not salient (smooth motion as opposed to implied motion}.

i : i 2003} that can be used
(o | A
3 Note that & streciured backeround { Thomton 2002} or the presence of aruler (A‘fus‘GrE-Siiici‘::lg olr e s ot provide
1o gead ;hc pasition of the l:;fgf:l would not qualify as salient visyal references because a backy
a unique point of comparison
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Thus, the two localization errors that have been presented in this review are b
means contradictory. [n conditions of high urcertainty, for instance durine e . H_O
mptor' %ocalizatéon and in the absence of visual references, an error opposite ?he gc!('men?m
of mot1f3n occurs. This error is more or less constant across target velocities andﬂsfmon
suscepgble to effects of across-trial context, which shows that i; is related to ob igm){
strategies {of error avoidance). This backward error may combine with the Fréh(i}icshent;? .
when an appropriate range of velocities is selected. Overall, an error opposite the d'ree ‘eCt
o.f mo.tmn results, but increasing the target velocity shifts the judged initial osit'oi .CUOH
direction of motion, Thus, at some high velocity, the typical Frghiich eff ; i 1 “_1“ "
{Kerzel & Gegenfurtner 2004) e repliated

In sum, Fréhlich's observation that the initial portion of a moving tareet was invisibie i
currently explained by attentional latencies or the interplay betweencatte:tion an:i mijtl oo
Eﬁzizstpre:m; revie;v favors the latter explanation cbﬁprised of an inhibitory compg(:?a;;

ontras that explains why the initial portion is invisi acili
(‘attem:on} that explains why the trajector;} becomes visitl)?:;liz;ina ]:Ilgi:;}l]t;zg 0;“ pc;) e
fO.l‘ the c.ont‘ribution of attention is mixed and requife's furtht:r clﬁr‘iﬁcatién Fl,lrt;i e“ﬁe
mislocalization of the onset opposite the direction of motion is related to uncertaint e:bt .
target appea‘_raace resulting in observers overcompensating the distance traversedyb Oift
iz:gf:t{ ;f[;r its appearance. The two errors are not contradictory, but rather coxmalefmetr:i
. gc.essz : -mward error reflecting perceptual while the backward error refiecting cognitive
'Euture' stlfdies are needed to disentangle cognitive and perceptual components in th

nnsl.oc‘:ahzatlon of the initial position of a moving target. Qne route is to mani ﬂE .
participants’ gtraiegies via feedback. It seems plausible that the magnitude of the Orili]';u a'tlei
chang:ef as a function of feedback, whereas the Frohlich effect willwnot Investigations ‘Z::at
gz;l;ti Sy;l;e azn0u§t of {ne'tacontrast. masking by successive target presematio;s along an

: jectory are missing. As laid out-above, a number of researchers have speculated
abou‘t the involvement of metacontrast masking in the Fréhlich illusion, but there are no d
relating masking functions in “static” target-mask dispiays to ‘the Fr"b’hliéh 'é-ffect n?’h o
;ﬂ;}:;; m?y allso clarify which aspects of the pattern of miélbcalization cannot be acéounfesz
o 5{/15 cz:tfe i}fz:perceptual processing, but have to be attributed to higher-level functions
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