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Abstract

The Oppel-Kundidk) phenomenon, also known as ‘illusion of filled space’, presid paradig-
matic example of an illusory distortion of the visual fieldtrite Studies using various forms of
the ok figure reveal non-monotonic functional dependences offfieeteon the extent, density
and orientation of the filling elements. The importance @sthfindings, and their possible
consequences for an interactionist theory of thephenomenon, are discussed.

A path in the visual field, which is subdivided into a numbeslbrter segments, appears longer
than an undivided path of the same length. This phenomeradanging to a broad class of
‘geometric—optical illusions’€ol),! is traditionally called the ‘Oppel-Kundt illusiondki1),?

but it has been also dubbed the ‘illusion of interrupted mixteor the ‘illusion of filled space*
These variations of nomenclature indicate an ambiguitgeoring the main determinant of the
phenomenon, which is also reflected in the various graplasgmtations of the phenomenon
(Fig. 1)°
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Figure 1.0Oppel-Kundt phenomenon. (a) The distance between maBk€rss perceived as
greater than that betweekB; (b) the distance between markétsF is perceived as greater
than that betweeR, G. The same effect is demonstrated by arrays of simple dots (c) or spatially
extended elements (d). In (e), the apparent distance between thel\strtikas is affected by
interpolated elements of a different appearance.

Most authors, following Oppel’s original repdttreferred to the ‘division’ or ‘interrup-
tion’ of a given path as the cause of the illusory effect. Hesveto perceive a spatial extent
as divided, there must be other visible elements to mark ¢t of division (usually short
perpendicular strokes: Fig. 1a). In fact, these additi@h@inents are more important than a
visual realization of the subdivided length itself, as evided by those variants of the Oppel—
Kundt (oK) figure, in which the empty space between two delimiting masKilled by an array
of ‘expletive’ elements (Fig. 1b—€)ls it their action of ‘dividers’ or ‘fillers’ that causes the
illusory effect? This question is not a mere play of wordsydksbe seen shortly.
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Oppel’s observation was based on subjects’ drawing sqoarskeets of paper with a pre-
printed raster of equispaced lines (Fig. 2a). A simple vanayields well-known Helmholtz’
squares (Fig. 2b) or Botti’s figures, showing an illusory exgan in a direction perpendicular
to the filling lines. These relations to other, genuinely 4tvmensionalcois suggest that the
‘classic’ one-dimensional form of thek phenomenon is a rather arbitrary abstraction.

Figure 2. Square figure (a) drawn over a raster of parallel lines (Oppel), Bnfilled with a
raster of parallel lines (Helmholtz). In both cases, the square formaapgghtly elongated
in the direction orthogonal to the raster lines.

a____ b)

Experimental data

Here we report results from four experimental series cotetliah our laboratory. We use,
as most researchers 8mne-dimensional arrangements of elemérdasd a standard—variable
adjustment method. The visual elements are short line seignoé one p. e. widtA? drawn
black on a neutral white background. The subject has toiposatmovable markev to make
the perceived distandéS equal t0S§ S, (‘distance matching’ task: Fig. 3a). The magnitude
of the effect is evaluated as a relative deviation of the estlsj response = VS from the
geometrically correct response- $ 5, thatis,r = (v—s)/s. The variable stimulus parameters
are the number of the expletive elementand their heighh (Fig. 3b). The height of the
delimiting markshge) and the distanceare kept constant within a current experimental series.

a) b)

o Figure 3.(a) Distance matching task. (b) Stimulus param-
' et o[ [ 7 eters:n = number of vertical strokes of heights = spatial

v So S —_——

n extent, marked by strokes of heidh).

S

Effects of vertical extent (Studies 1 and 2)

In the first study* we explored effects of the vertical extémt= 0,5, 15,45 (whereh = 0
indicates the control condition, i.e., the space betw&eand S, left empty), with constant
settingsn = 20,s = 168, hgel = 15. The results are shown in Fig. 4a. Expectedly, we found no
effect in the control condition, a significant illusory exyséion forh = 5 andh = 15, and a drop
in the effect to zero foh = 45. The maximum effect,~ 0.15, was observed &t= hye,.

In a follow-up study:? we examined these effects on a finer scale and in a wider izariat
range ofh=0,1,3,7,15 31 63; in post hocseries of experiments we attempted to identify in-
dividual loci of maximal effect on a finer scale. The resutssshown in Fig. 4b. The maximum
effect,r ~ 0.13, was again observedlat hge (although the average of individual maxima was
slightly shifted towardch ~ 17), followed by a rapid decrease to zero.

Effects of numerosity (Study 3)

In this study® we examined the effect as a function of the numbesaried in a wide range
from n = 2 to 55, using constarg= 168, h = hge; = 15. (Again,n = 0 indicates the ‘empty
space’ control condition.) The results are shown in Fig. 4@ maximum effect; ~ 0.15, was
found forn= 11 andn = 13, followed by a plateau at 20 n < 27 and a slow decrease for more
dense fillings; these findings are in generally good agreewi¢imthe literature:*
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Importantly, the dependence of the average effextn as well as orh could be modeled

by the same 2-parametric functional fotmwhich was helpful for smooth data interpolation
and final estimates of the loci of maximal effect.
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Figure 4. Results of studies 1-3. Average effects are plotted as functions of sheatére

control parametelh or n (logarithmic scales). 0 = control task (empty space betv&e8,).
Error bars indicate probable errors of the grand means.

Effects of fillers shape (Study 9

In the studies reported above, the total area filled by thicatistrokes between the two
fixed delimitersSy, S co-varied linearly with the stimulus parametérgfor h < hge)) or n,

respectively. This observation suggested a questionelsltserved effect simply a function of
the relative coverage of the estimated space?

Series S Series M
n hyxhy

1] — x| ——— — — — — | Figure 5.Stimuli used in study 4. Seriessuccessive split-
ting of a line of length 96 p.e., relative coverage 3.1%.

T sl seriesw: morphing of rectangular elements of a constant

| | areahy x hy =16 sq. p. e., relative coverage 3.6%.

To address this question, two subsets of stimuli were usdideimext study, each subset
consisting of five variants (Fig. 5). In the first subsgt @ variable number of equispaced hori-
zontal line segments were used as the fillers, while the sot@l of their lengths was constant.
In the second subset], seven equispaced little rectangles of varying heigtitith ratio but
a constant area were used as the fillers. Therefore, théveetaiverage of the space between
the delimiters with the expletive material was constanhimieach subset. The same apparatus
and procedures were used as in studies 1-3, with constéingset= 192 andhye = 16.

If the illusory expansion were dependent solely on the inddiiling of the delimited area
with the ‘optical matter’, then the effect would be expedtyqubsitive but invariant within each
one sub-series of experiments. This, however, was not §& esa seen in Fig. 6.

Series S Series M Figure 6.Results of study 4. Average effects are plot-
2 ted as functions of the respective control parameter,
(number of line segments), by/hy ratio of filler sides
(both on logarithmic scales). 0 = control task (empty

————— T space betweefy, S;). Error bars indicate probable

R T S S S I S S B R errors of the grand means.
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In the s sub-series, the presence of one compact line segment hadmficant effect;
splitting up the line tcn = 3 and 6 segments, a monotonically increasing effect wasodde
which saturated at~ 0.105 for the finest filling with = 12 and 24. In the sub-seriesi(=7),
a moderate effeat ~ 0.07 was observed, which remained almost invariantfgh, < 1 and

then steeply increased te= 0.15, where the fillers become identical to vertical strokesiua
the previous studies.

49



Discussion and concluding remarks

The oKl turns out to be no less intriguing than other, more popularraore intensely stud-
ied cols. Probably the most interesting aspect of the phenomenoarahterest is the non-
additivity of length in the visual field; symbolically,

whereP,Q,...,Qn, Rare points on a linear path, adds a function assigning a ‘visual extent’
to a segment of the path. It is this striking violation of adlily which makesprima facisethe
very existence of a well-defined metric in the visual fieldipeonatic.

Another striking feature is the non-monotonic dependeri¢beneffect magnitude on the
two stimulus variables under studyandh. This effect observed w.r. t. the number of expletive
elements is well-known amukr senot surprising:’ However, a similar non-monotonic variation
w. r. t. the extent of the fillers in the direction orthogonalhe ‘axis of the effect’ was found,
which interacts with the effect efand may eventually cancel it. This presents a serious proble
for a theory of theok phenomenon. What, then, is the proper determinant of theteffe

Evidently none of the examined factors can be identified @srthin or major determinant;
rather, the results suggest an intimate interplay betweemamerosity and the appearance of
the contextual elements. The picture is further complatdye the spatial anisotropy of their
action, indicated by results of study 4: the expansionfemtion effect acts predominantly in
the direction orthogonal to the dominant edges of the exgletlements. A neurophysiolo-
gist may assume a roéle of ‘hardwired’ direction-specificegtdrs in the visual system; while
a psychophysicist will search for a suitable form of a pagritinction modeling repulsive in-
teractions between visual elements. If and how these appesacan be combined in a viable
theory, remains to be seen.

Certainly the mysterious charm of tle| consists in its elementary appearance. In stan-
dard presentation forms, the context and the target elenaeaif the same shape: there is only
a linear array of strokes or dots. There are no intersectigtisother elements, no angles, no
alleged ‘depth cues’, therefore no ‘perspectival inteigtien’. Theokl demonstrates mutual
interactions between elements in the visual field in therepuform, but also in their puzzling
complexity. Some factual knowledge about this phenomermsreen gathered, but its under-
standing is still insufficient. This situation not only lem/space for further research; it opens
new spaces for more experimental and modeling work.

Acknowledgement§:hanks to Kristina Kastner and Oksana Gutina for conducting the expdadraed
for technical assistance. The author also wishes to thank Erik C. Badk&/arner Ehm for discussions
and comments on earlier versions of the manuscript.

Notes

1 Aterm coined by Oppel (1855).

2 Oppel (1861) is credited with being the firstdescribethe ‘interrupted extent’ illusion, though Lotze
(1852) mentioned the same phenomenon about a decade earlier (cfeMiesit2008, p. 2138). Kundt
(1863) was the first taneasurethe illusory effect in controlled experiments, using the reproduction
method; he also proposed, almost simultaneously with Hering (1861), a greotheory of the effect,
which was soon disqualified by Aubert’s (1865) measurements. To atédge all those early contribu-
tions, we should speak about (Lotze—)Oppel-Hering—Kundt—Aubestaltu For convenience we prefer
the traditional term Oppel-Kundt illusion.
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3 Sanford (1903), p. 233ff; Luckiesh (1922), p. 48ff; Boring 429, p. 239.
4 Lewis (1912); Obonai (1933); Robinson (1998), p. 49f.

5 Fig. lais the ‘classic’ illustration of thek! found in early publications (e. g. Helmholtz, 1867; Wundt,
1898). The variants in Fig. 1b,c are presented by most modern authgrsQeren and Girgus, 1978;
Robinson, 1998). However, none of these figures was publishegpgl@imself (cf. Vicario, 2008).

6 “Eine weitere hier zu erwéhnende Beobachtung bezieht sich auf djeigrende Schatzung getheil-
ter Linien oder Flachen gegen ungetheilte und ununterbrochene. [0.]4¥ Uberhaupt die mehrfache
Theilung einer Flache oder einer Dimension dieselbe leicht groRer @areohas eine [...] ebenso grol3e
ungetheilte Flache oder Linie.” (Oppel, 1861, p. 35) — “Yet anotheenlaion to be mentioned here is
about judgment of divided lines or areas as compared to undividedrantkrupted ones. [...] Gener-
ally, a multiple division of an area, or of a [linear] dimension, makes the latzapslightly larger than
[...] an undivided area of the same size.” (Translation J. W.)

’ The term ‘expletive element’ was introduced by Wackermann and Kas2068J to avoid presump-
tions concerning the ‘dividing’ or ‘filling’ action.

8 This is no place, and we have no intention, to review results of 150 yeaesefrch. The most
extensive experimental investigation of tbh&! up to present days is probably the study by Spiegel
(1937). In the recent decade, systematic studies were contributedifzatyidy the Lithuanian research
group (Bulatov et al., 1997; Bulatov and Bertulis, 1999; Bertulis et al.9200

9 In early experiments, using mechanical (Kundt, 1863; Aubert, 186®)ptr-mechanical (Spiegel,

1937) devices, the restriction to a single dimension was enforced by gotsir principles of the ap-

paratus. Modern computer-generated visual displays do not impokepscipal limitation, but the

tradition of studying the effect as a one-dimensional ‘illusion of extentticoes.

10 | engths are specified in ‘picture elements’ (p. e.) of the display deviceudm®xperimental set-up,

one p.e. in the display plane corresponded exactly to a visual angle ehionge of arc; hereafter we

omit these units for the sake of convenience. See Wackermann and K@§0@) for technical details.

11 Wackermann and Kastner (2009).

12 Wackermann and Kastner (2010), Experiment 1.

13 Wackermann and Kastner (2010), Experiment 2.

14 Dependence of the effect anwas studied and its non-monotonic course was reported by several

researchers (Knox, 1894; Spiegel, 1937; Bulatov et al., 1997; Beetual., 2009). However, we had to

determine this functional dependence specifically for our experimemgadgement and stimuli.

15 E o CH-B
0= (il

a+pB
> , wherex>0,a,3 > 0.

For a derivation see Appendix B in Wackermann and Kastner (2010).

16 Wackermann (2011).

17 Non-monotonic dependences of the illusory effects on the spatial defsitptextual elements have
also been noted for othe&ols, e. g. for the Hering figure (Holt-Hansen, 1961) or the Ehrensteinefigu
(Yoshino et al., 2009). Recently, Giora and Gori (2010) also repartedmonotonic dependencies of
perceived area expansion on the density of (random or regular) filittgrns; this phenomenon can be
conceived of as a 2-dimensional analog of the ‘classid’.
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