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Noise improves three-dimensional perception: Stochastic resonance and other impacts of noise
to the perception of autostereograms
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Autostereograms can be perceived in different well-defined spatial levels. Therefore they are an excellent
tool with which to examine spatiotemporal processes of multistable three-dimensional perception. We study
properties of spatial ambiguity such as phase transitions between different spatial levels and hysteresis in
perception with and without noise. We show that the perception of physical noise—which is added to the
autostereograms in the form of a random dot pattern—is dependent on the perceived spatial level. We dem-
onstrate that noise can be helpful for the perception of depth in some cases. We show that the signal-to-noise
ratio of depth perception is enhanced at an intermediate level of noise strength that is the signature of stochastic
resonance in depth perception.

PACS numbgs): 87.19.Bb, 87.19.Dd, 02.50.Fz, 42.30.Sy

[. INTRODUCTION per looked the same. Therefore the two eyes can fuse many

different combinations of patterns. This leads to different

We explore the use of autostereograms as an alternatiyeerceived disparities and illusory depths. In the wallpaper
tool to use to understand spatiotemporal processes of deptision, the stereoscopic correspondence problem thus be-
perception. The recognition process of autostereograms is &®mes ambiguous in the extreme. It has been shown that

excellent technique to use to explore the dynamics of amthere is an clarifying effect with regard to the ambiguous
biguous depth perception, including memory effects in thé/vfallpaper |IIu5|on.. The. perceptual system prefers the state
brain. Autostereograms can produce a whole cascade $fith the smaller disparity6]. ,

phase transitions between different perceptual statdhe Auto§tereograms COhSIS't ,Of random dot stereograms V\,"th
physical reason for this different three-dimensioiaD) & certain _number of repetitions. Therefore they generalize
state is the ambiguity of the stereoscopic correspondenc%nd combine the wallpaper illusion effect and the random dot

problem in autostereograms connected to their special d%s_tereograms. A? Soon as ther.e are more than two repetitions,
sign he 3D perception gets ambiguous, and it depends on the

. . .. fixation points of the two eyes. There is an optimum repeti-

AuFoster(_eograms are a way of encoding 3D information Miive design of autostereograms, because a compromise has to
two-dimensional2D) pictures in the form.of computer gen- e made between two different factors. In order to ease the
erated patterns of colored dqts-3]. At a first glance, these  gereoscopic viewing conditions, the horizontal distance be-
patterns appear as meaningless structures. After a certain ofjjeen the repetitive random dot patterns has to be made as
servation time, a 3D pattern suddenly becomes visible in &ma|| as possible. On the other hand it cannot become too
strikingly perceptual transition. In Fig.(d), an example of small because of a decreasing 3D resolution.
an autostereogram designed for our experiment is presented. The encoding scheme of depth is based on the disparity
After some time of observing a flat, periodic random dot
pattern, a 3D rose suddenly becomes visible.

The human skill of depth perception is a consequence o
two different horizontally shifted locations of the two eyes.
The 3D world is therefore projected as two different pictures
on the retinae. The horizontal difference of the projections o
each detail of the 3D structure is calldisparity. JulesZ 4]
showed that this disparity information alone is sufficient to
perceive depth. In his so-calleendom dot stereogramsie
used a pair of random dot pictures with encoded depth infor
mation.

In autostereograms, the horizontal length of the rando
dot pictures is diminished and therefore so is their distance
The smaller the size of the pictures, the more often they ca

be I’epeated horizonta”y. Therefore the Stabl“ty of 3D per- FIG. 1. Examp|e of an autostereogra(‘ﬂ) (|eﬂ) Intermediate
ception is enhanced. This was already studied on the Seriod lengths =100 pixel); the stereoscopic state=1 is fa-
called wallpaper pattern illusion which was first found in  vored. (b) (right): The same autostereogram with a smaller period
1844[5] by watching a wallpaper pattern in a horizontally length (p=>50 pixel): the states=2 is favored, after looking t¢a)
repeated sequence. All the repetitive patterns of the wallpdirst.
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a way that the horizontal shift from the left image to the right
image is approximately one period lengifof the repetitive
pattern. The background depth is even exactly one period
length. This stereoscopic perceptual state can be classified by
s=1.

Different 3D aspects can be seen by uncrossing the eyes
even more. The 3D background impression becomes deeper
and in the foreground different 3D ghost images become
apparent. This is caused by stereoscopic fusion of distances
A on the screen of two or more period lengths, which is
denoted by the perceptual states2,3,.... Thecases
=2 can be studied in a convenient way by looking at Fig.

FIG. 2. Disparity map of Fig. 1. The depth of the object is 1(0) after looking at Fig. a) first. Figure 1b) is designed
indicated by brightnessa) (left): Disparity map in 3D of Fig. ta). ~ With half of the period length of Fig. (&), which automati-

(b) (left): Demonstration of the perceived 3D structure in the ste-Cally leads to the perceptios=2. The appearing 3D struc-
reoscopic state=2 in Fig. 1(b) obtained after looking at Fig.(4) ture is similar to the pattern depicted in Figb It shows
first. This is not a used disparity map, and serves only for demontwo identical 3D roses intersecting with each other spatially,
stration purposes. The disparity map for all autostereograms was thehich produces the impression of ghost pictures. While the
map shown in(a). trunks do not interact with each other, in the intersection of
the two roses a ghost picture of a third rose can be seen in the
maps of the objects. Such a disparity map is shown in Figmiddle foreground. On the other hand, if you look at Fig.
2(a), which is the solution of Fig. (). The depth of each 1(b) without looking at Fig. 1a) first, you may still see the
part of the 3D structure is encoded in the gray values of theingle roses=1, which demonstrates the ambiguity of Fig.
assigned pixel of the depth map as a byte field. The backi(b). The crossed eyes cases are classified identically by
ground is black with the gray value of O and the foregroundnegative values o§=—1,—2, . .. . Theeffect of ambiguity
is white with the gray value of 256. and the occurrence of ghost pictures for visual states with

Autostereograms have to be viewed in a special steregs|=2 was simulated recently by means of a synergetic com-
scopic way. The fixation of the two eyes has to decoupleputer[7].
each eye has to fixate on horizontally different location on
the paper plane. The horizontal distankef these fixation B. Control parameters of 3D perception
locations determines the spatial perception of the autostereo- , , ,
gram. Autostereograms have a repetitive geometry of verti- Here we ask the following questions: Which factors of the

cal stripes with a horizontal period lenggh Therefore the ~€XPerimental design can clarify which ambiguous spatial
following relation holds statess and how? Can the process of the perception of spatial

statess be influenced and controlled from the outside? And

A=sp, (1)  Wwhich of these so-called control parameters causes switching
among percepts? In our experiments, the impacts of different
with s=...,—2,—1,0,1,2,3,... denoting multiples of the hori- control parameters on the dynamical process of depth per-

zontal period length. Therefore 3D perception becomes exeeption of subjects are studied as well as properties of the
tremely ambiguous. In general, two different ways of stereoinduced phase transitions in their perception. We show that
scopic viewing of autostereograms exist: the bias of the perceptscan be changed by changing the
(i) Uncrossing the eyes&0). The left eye focuses on a design of the autostereograms. There is a variety of possible
pattern on the left and the right eye on a pattern more to theandidates influencing the stereoscopic correspondence prob-
right. This more relaxing viewing technique enforces a threelem and the perception of autostreograms. Possible control
dimensional perceptiobhehindthe paper plane. parameters are the brightness, the tilt, the location on the
(i) Crossing the eyess{>0). Here the left eye focuses on visual field, the amount of structure, or the intensity of an
a pattern to the right and the right eye focuses on a patteradditional color pattern. All these factors can potentially ei-
more to the left. Therefore a three-dimensional object is perther disturb or enforce different state®f depth perception.

ceivedin front of the paper. In our experiments, the influence of probably the two most
important control parameters of stereoscopic perception will

Il. CONTROL OF AUTOSTEREOGRAM VISION be studied, namely, period lengthand noise strengttp.

A. Classification of different 3D percepts 1. Horizontal period length p of the repetitive stripes

During the initial phase of viewing an autostereogram, the The period lengtlp of the repetitive patterns in pixels is
trivial perception of a flat, meaningless surface of randomexpected to be an ideal parameter to control 3D perception in
dots is dominant. This visual stagemay be classified bg  autostereograms, because it directly influences the vergence
=0. After some further observation time, varying from per- angle ¢ of the two eyes. The lines of sight of the two eyes
son to persotifrom seconds to yeaksa transition of percep- for a plane 3D background pattern intersect with the screen
tion occurs and a different 3D aspect can be seen. plane at anchoring points with a horizontal assignment dis-

Looking at Fig. 1a) the most probable 3D aspect is the tance ofA=ps. For a subject in a viewing distanckto the
perception of a single 3D rose, as shown in Fi@)2To get  screen and a interpupillary distandg, the following geo-
this perception, our visual system uncrosses the eyes in sughetric relation holds:
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de— pS) D. Subjects

¢=2arctar6 2d @ Subjects included four peopléwo male, two female

. _ . with a proven ability to detect 3D structure in autostereo-
The smaller the period lengthis chosen, the larger is the grams. The interpupillary distances of the subjects were mea-
vergence anglep, and vice versa. The lower limit for the gyred. The subjects were placed at a comfortable viewing

vergence anglep is given by physical restrictions of the gjstance from the computer screen. Subjects 1, 2, and 4 were
geometry of the autostereogram. The upper limitdofis  geated 71 cm from the screen, subject 3 was seated at a
determined by viewing the screen surface=0) with ¢,  gistance of 56 cm.

=2 arctand./2d). It is a reasonable guess that there is a
favored parameter range of vergence angleetween these ]
limits for every subject. The more the actual vergence angle . EXPERlMVE:\TITH(l)'UTR:gICSTEION TIMES
is different from this range, the more uncomfortable are the

viewing conditions for the subjects. If this is true, the 3D A. Motivation

perceptss are biased and influenced by the period length . .
and the perception of the subjects may be changed to differ- IS_ the recognition of a spec_|al percepgnforce_d by pre-
ent percepts. An increase ofp therefore should favor a SENtiNg an autostereogram with a special period lemgth

decrease of and vice versa ang should serve as a control What is the relation between the period lengtrand the

parameter of depth perception. reaction times of the subjects to recognize a 3D percept? And
does this reaction time depend on the individually perceived
2. Randomness of the surface structure state of deptls? If the answer is yes, reaction times can be

. seen as a measure for the bias induced by the period lengths
Random noise may be added to the autostereogram PES the different perceptual alternatives To answer these
tern in the form of a random mask. In our experimental : : - P . . .

questions in this experiment, the reaction times of the sub-

?f (t)ur;:]),Oit Sh G)e tztr(egr;gtlh (cr)]: ;ﬁﬁ;oﬁlgi St;}e AChr? (?igzdsggn@aoof jects watching autostereograms with different period lengths
9 R were recorded and studied.

Q=0.5 means that 50% of the pixels of the autostereogra
pattern are assigned to a random gray/color value. By adding
increasing random noise on the autostereogram, the visibility B. Methods and procedure
of the stereoscopic structure decreases. As preliminary ex- Two different kinds of autostereograms were presented to
periments showed, the 3D visibility is also dependent on thehe subjects in two different sets of trials. In the first set, the
perceptual state. This means that the higher the perceptual3D stimulus presented consisted of two rabbits. In the second
states, the better the visibility of the 3D structure. It is rea- set, the stimulus object was a rose, as in Fig. 1. Each set
sonable to assume that there is a minimum individual visibil-consisted of four identical trials. In each of the trials, 50
ity necessary for the 3D recognition for each subject. Aspatterns with randomly changing period lenghsnd there-
soon as this threshold value is reached, the perespbuld  fore different stereoscopic depths, were presented to the sub-
become very difficult or impossible to recognize. Thereforejects. As soon as a stereoscopic percepsgr occurred,
the depth perception is biased, which leads to higher states @ie subjects had to indicate it by pressing the left mouse
s with a better 3D visibility. This means that the strength of button with their right index finger. The reaction times were
random noise should serve as a control parameter of deptheasured and recorded. The subjects had to identify their
perception. perceived spatial stateby pressing the mouse button a sec-
ond time. Pressing the left mouse button indicates the simple
C. Experimental methods depth perceptios=1, the middle mouse button indicates

=2, and the right mouse button indicates higher states

The autostereograms were presented to the SUbJeCFS O".23 The maximum presentation time of each autostereogram
computer screen with a horizontal resolution of 1000 pixels,

The display was selected as black and white. The distdnce, 2> limited to 15 sec. In the short pause between _the presen-
: . . ; tation of two autostereograms, a neutral 2D masking picture
of the subjects to the screen and interpupillary distantzes

. . _was presented and the subjects were asked to concentrate on
were measured. In the course of the experiment, two differ:

ent objects were used: the rose as shown in Fig. 1 and tgfce screen surface. The period lengths were in the range of
configuration of two rabbits. The impacts of the two control =p=406 in an exponentially weighted distribution. There-

parameters period lengthand the strength of noig@ on the fore more of the interesting Sma”“rf values piwere pre-
: . 90 . sented. Another reason was to avoid frequent occurrences of
3D perception of subjects were studied in four different ex-

periments. The parameter values of the period lengths of th%atterns with very high period lengths, which were very ir-
. : o . Ihg for the subjects. The random sequencp wfas produced
repetitive stripes were changed from a minimpm 6 pixels

to a maximump =566 pixels and the values of noise strengthby a random number generator and stored on a file. This file
Q were changed fronQ=0 to Q=0.4. The values of the was presented during each set of the experiment, twice in a

) . forward direction and twice in a backward direction, and it

control parameters were changed in the course of time. Ea .
) . . as the same for each subject.

autostereogram was displayed for a given duration on the
screen, which was controlled by a computer program. The
spatial perceptionsof the subjects were recorded. Therefore
the subjects had to press different buttons of the computer We took the average over the four trials for the two
mouse with their right index finger. stimuli and for each of the subjects. The averaging procedure

C. Results
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FIG. 3. Averaged reaction times in seconds over four trials for four subjstis(bject 152, subject 253, subject 354, subject 4and
two different autostereogram patterns. Upper panel: rabbits pattern; lower panel: rose pattern. The reaction times are depicted versus the
natural logarithm of the period lengghof the presented autostereogram in pixels. The solid line represenss-theverceptual state, the
dashed line the state=2, and the dotted line the stade=3. A curve element of the percepis only dotted if in at least two of the trials
the same percewas identified. The vertical bars indicate the limits of stereoscopic perception.

was done as follows. For each value of the period length fouperceived anymore. The transition points of the period
different reaction times were recorded. They were averageltngths in pixels of fading 3D perception are presented in
individually for different spatial states if there were at least Table 1l for the four subjects and the two stimuli.
two results for the same state The results for the four In Fig. 3, the transition from the percepti@+1 to no
subjects and the two stimuli are shown in Fig. 3. depth perceptios=0 is indicated by the vertical bar at the
The measured reaction times are depicted versus the phigh end of the period length spectrum. The bar indicates the
riod lengthsp on a logarithmic scale. It can be clearly seenlowest period lengttp where the subject in two or more of
that the behavior of the measured reaction times was indehe trials was in the state= 0. At the lower end of the period
pendent of stimulus type. All the subjects had reaction timdength range, other perceptual states were dominant. This can
curves in a typicau-shape from when plotted versps A be seen by the existence of the dashed line, which indicates
minimum reaction timeT ., iS reached in an intermediate the perceptual state=2. At the intersectiori,;, between
area betweep=60 andp=140 pixels. The reaction times the solid and the dotted lines, the autostereogram becomes
vary from subject to subject, and they are an indicator of theambiguous. This interaction is located on different period
skill of stereoscopic perception as already known from studiengths for the different subjects again. For even smaller val-
ies with random dot stereograms, e[@)], The results for the ues of p another intersectioms, to the perceptual states
four subjects §1,s2,s3,s4) and the two stimulistimulus 1: =3 appears, followed by another threshold behavior: the
rabbit pattern, stimulus 2: rose pattggan be seen in Table three-dimensional resolution and information gets lost and
I. The average minimum reaction timé&g,;, and the average the reaction times increase until the object becomes invisible.
reaction timegT) in seconds are presented, as well as theifThis transition point is indicated by the vertical bar at the
standard deviation§SD) in secondsT,,, is averaged over high end of the period length spectrum.
the four trials andT) is averaged over the 50 stimuli of each
of the four trials. D. Discussion

The results of the reaction times are discriminated in Fig. Th its of E . t1 clearly d irate that th
3 in different curves for different percepss The solid line € results ol Experiment 1 clearly demonstrate that there

indicates the reaction times of the simple stereoscopic per'-S an ambiguous 3D perception in all subjects. The recorded

ceptions=1, which was observed in the widest pr;xrameterfea_Ction times are dependent on the size of the_ presented
range of period lengths. For higher period lengthsthe period lengthg and serve as a measure for the bias of the

reaction times increased and at some point no depth could Bgdmdual perceptual alternatives As Fig. 3 shows, the
period lengthp serves as a control parameter for the percep-

TABLE I. Average minimum reaction time$,;,, and average TABLE Il. Transition points of period length in pixels indicat-
reaction timegT) in seconds and their standard deviati¢8®) for ing disappearing 3D perception for the four subjest, §2,s3,s4)
the four subjectsgl,s2,s3,s4) and two stimuli(Stimulus 1, rab- and two stimuli(Stimulus 1, rabbit pattern; Stimulus 2, rose pat-

bits pattern; Stimulus 2, rose pattgrn tern).
Subject Stimulus 1 Stimulus 2 Stimulus 1 Stimulus 2 Subject Transitior(pixel) Transition(pixel)
Tmin SD Tmin SD () SD (T) SD Stimulus 1 Stimulus 2
sl 1.12 0.13 092 0.18 521 0.78 514 0.44 sl 304 304
s2 0.78 0.02 0.84 0.08 4.07 0.16 4.19 0.46 s2 353 357
s3 0.70 0.03 0.69 0.05 559 053 6.24 0.38 s3 353 340

s4 1.08 0.09 083 011 836 143 932 0.80 s4 243 212
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FIG. 4. Hysteresis curves of the four subjects, averaged over four runs. The states of spatial pes@¢mtrerdepicted versus the period
lengthp in pixels. The cases of increasing period length are indicated by the solid lines; decreasing period length cases are indicated by the
dashed lines. A remarkable hysteresis effect is visible. In the case of incregasirgascade of perceptual transitions occurs. In the case of
decreasing there is only one transition visible, because the hysteresis of thesstdtas so strong that no higher statesccurred.

tion of the different spatial alternativesHigher values op  trials. In each trial, the period length was first increased
bias 3D perception to smaller valuessdnd vice versa. This step by step fronp=6 to p=566 pixels in an exponential
relation opens up further experiments, such as the study afcale with 100 different values qf. Then, in the opposite
hysteresis in Experiment 2. In Fig. 3, each percepgs a way, the period lengths were diminished again frgm
typical u-shape reaction time curve with a different mini- =566 back top=6. This cycle was repeated four times in
mum at the favored disparity range of each subject. The inboth trials. In the first trial, the pictures were presented as
tersections between the individual reaction time curves deecontinuously as possible, only restricted by a delay time of
termine the parameter ranggs of unbiased ambiguity 0.6 sec because of computer speed. In the second trial, the
between the percepts. This knowledge about the ranges pictures were shown as a slide show with an additional pause
ambiguity for each subject is important for the design of theof 1.0 sec for each picture. The results for the two trials were
more complicated experimental architecture of the stochastiaveraged over the four cycles. The subjects reported each

resonance effect in Experiment 4. change of their spatial perception by pressing the buttons of
the mouse. They indicated their new states of spatial percep-
IV. EXPERIMENT 2: PHASE TRANSITIONS tion by s=1, left mouse buttons=2, middle mouse button;
AND HYSTERESIS s=3 or s=0, right mouse button.
A. Motivation C. Results

Fender and Juleg®] found a large amount of hystersis in The aver ver the four cveles was taken for each sub-
the perception of random dot stereograms. Is this hysteresis € average over the four cy

also present in the perception of autostereograms? Does th (}L?enn(: glﬂ'.e-(lz-thsei;et?\ﬂtioir';nﬁgagqrig FTI%e Llr;gtrjl'fgeo;?cﬁ;
hysteresis depend on the size of the horizontal period IengtﬂI uol :

0 of an autostereogram? And can changes in the size of second trial with the paused presentation were very similar

induce phase transitions or even a cascade of phase trangpd ar;a n?t _presleg[tedd.f n F'g'h 4 Lh: Sevelop}mergoof st
tions in the 3D perception of the subjects? To decide thesger_cedplss( zh IS plo (Ie T%r ea(i‘. d lsfgej d(;scz:irs'b:s lt"r?ec : enrce i
guestions in detail, we designed an experiment showing a Jeriod length In pixels. the solid i ! P P

reoarams with contin v changin riod lenath ual change.s as a function of an ir_1crease in the cor_1tro| pa-
tostereograms with continuously changing period lengths rameter period length, the dashed line of a decrease in period

length. For each of the subjects, a cascade of perceptual
switches froms=3 to s=2 to s=1 to no depth perception

In our experiment, the period lengghis changed by a (s=0) can be seen in the solid curves for increasing period
continuous increase or decrease. Preliminary measuremenghgths. These switches take place in a striking and sudden
showed a very strong effect of hysteresis. Therefore the pazhange of spatial perception. The dashed curves show the
rameter range for the period lengthwas extended to€p development of spatial perception in the case of decreasing
<566 pixels. The experimental setup was as follows: Theperiod lengths. Starting at the highest period length of 566
rabbit stimulus was presented to the same four subjects guixels the perception stays constansatO until transitions
another day with the same viewing distance and illuminatiorto s=1 in the range 210-270 pixels take place. Notice the
background. The experiment was divided in two differentdifference of this transition points to the opposite transitions

B. Methods and procedure
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FIG. 5. The impact of noise to the perception times for one typical subgégt\iewing the rose pattern. As in Fig. 3, the reaction times,
in seconds, are plotted versus the period lemgih logarithmic scale. The solid line represents the statd, the dashed line=2, and the
dotted lines= 3. The vertical bars again indicate the limits of 3D vision. The strength of i@isancreased from the left to the right figure
from Q=0.1to 0.2 to 0.3 and to 0.4. As can be seen, the results are shifted to higher period lengths.

indicated by the solid lines frore=1 to s=0, which are in  subjects had to press the left mouse button and the reaction
the range 305-545 pixels. This shows the persistence of #@ime was recorded. The subjects indicated their statef
given. percept over a large parameter range is dependent @erception as usualsE1; left mousebuttons=2, middle

the direction of period length change. This remarkable hyshutton;s=3, right button. The maximum presentation time
teresis effect can also be seen in the fact that none of thgf each autostereogram was again limited to 15 sec. The
subjects showed a transition from the statel to s=2  experiment consisted of four trials with different strengths of
when the period length was decreased further. This can bgsise. The noise was increased in equidistant steps from 10
seen in the lack of the states-2 for the dashed lines. The 5 409 of noise. A noise level of 10 % means that 10 % of
states=1 was stable for all the subjects until very small \he gots of the autostereogram are determined by a random
sizes ofp. Then the resolution gets too small and no spatialyistripution.

perception is possible any more, which is denotedsy8.

. . C. Results
D. Discussion

The results for a typical subjecsl) are shown in Fig. 5.
e reaction times are plotted versus the period leipgitn

of an autostereogram serves as a control parameter of 3 . . . i
P 9 b ogarithmic scale. The different perceptual staeme indi-

perception. By changing the size of the period length, th zated by the different curvesolid, s=1: dasheds—2: dot-

different perceptss are biased, which enables and controls . S )

impressive phase transitions of perception. These phase tra??—d’(sfg)i -Ejhe f?r:" tfrlals(;/y;fth d'erffe”t strel\r;g'ths OI nm%—:‘] .

sitions show a remarkable effect of hysteresis. Therefore th@'€ depicted In the four ditferent figures. NoISe Strengtn in-
eases from the left@=0.1) to the right figure ©Q=0.4).

parameter range of the period length had to be extended fro he vertical bars again indicate the limits of 3D perception

the maximum size op=406 pixels in Experiment 1 t ) i .
b b P e dVIth s#0. As can be seen, the curves of the reaction times
subjects to retain their stereoscopic percepsisrl until ex- sl ShOW. a _u-shapt_a behe_lwor erend_ent_from the period
length. With increasing noise, this relation is more and more

treme period lengths and viewing angles by increaging S o
The knowledge of the amount of hysteresis in certain param(_jlsturbed because of the low remaining visibility of the pat-

eter ranges for each subject will be helpful for the design oiterns. Therefore in the casg=0.4, theu-shape form is no

Experiment 4 to study properties of stochastic resonance. more clearly visible. The limit of visjbility for high noise.
strengths can be seen in the decreasing number of recognized

V. EXPERIMENT 3 REACTION TIMES WITH NOISE 3D percepts. Subject 4, for example, was only able to per-
: ' ceive 3 of the 50 patterns in the ca@e=0.4. As can be seen
A. Motivation from Fig. 5, the general perceptual behavior of the subject in
What is the role of noise in the depth perception of au—the caseQ=0.1, 0.2, 0.3 was similar to the behavior in the
case of no noise. The subject was still able to clearly dis-

tostereograms? Can noise play a helpful role in 3D percep- .~ ;

) oY ; ) N criminate the different percepts. The perceptsl appeared
2

tion or is it only disturbing the visibility of the pattern? Can t high values of the period length, the percests? at

noise serve as a control parameter of perception? And, if yeg .
how does it interact with the control parameter of periodmterrmd"”Ite values and the percepts3 at low values.

length? These questions are studied in Experiment 3. Nois There are several drastic impacts of noise changing the

autostereograms with different period lengths and differen roperties of reaction times. As can be seen in Fig. 5, the

strengths of noise are presented to subjects and their reacti erage reactlo_n t'me.ﬁ) am_j the minimum fea.c“or.‘ times
times are recorded. min INCrease with noise. This is clearly visible in Fig. 6 for

all subjects.

In the left part of Fig. 6, the minima of the reaction times
are plotted in seconds versus the strength of nQs&he

The experimental setup is the same as in Experiment Icase without noise is also included by using the averaged
The same set of patterns with the same random period lengtiesults for the four trials with the rose from Experiment 1.
are presented with additional statistical noise on the patterndll the subjects show a clear increase in their reaction times.
The same four subjects were asked to indicate the onset &f the right part, the average reaction times are plotted versus
their 3D perception by clicking the left mouse button. Thethe strength of nois€. Again, the general trend of increas-
3D stimulus was the rose. At the onset of 3D perception, théng reaction times with increasing noise is visible, although

The results of our experiment show that the period Iengt}h

B. Methods and procedure
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T i <T> (intersection betwees=0 ands=3), |3, (intersection be-

tweens=3 ands=2), |, (intersection betwees=2 and
s=1), andl 4 (intersection betwees=1 ands=0). The
relation

N KV PYRS BT 3

holds by definition. The case without noise is again included
by using the averaged results for the four trials with the rose
from Experiment 1. As can be seen in Fig. 7, the locations of
the intersectiond s, I3,, andl,; increase with increasing

FIG. 6. Minimum reaction times and averaged reaction times, imoise for all the subjects with the exception of Subject 3 in
seconds, averaged over a trial versus noise streQgitr all the  the high noise Q=0.4) case. This means that the external
subjects. The solid curve represents subgictthe dashed curve physical noise is pushing spatial perception to state a
subjectsZ, the dotted curve subjes8, and the dashed-dotted curve higher level. Only the behavior of the curve, is different.
subjects4. In most of the cases, increasing noise leads to a decrease of

I 9. Therefore the whole parameter rangepddr identified
in some special cases noise improved perception slightly3D patterns in general diminishes with increasing strength of
e.g., for subjecs3 from Q=0 to Q=0.2 or for Subject 4 noise, as well as the total number of perceived autostereo-
from Q=0 toQ=0.1. grams.

Another strong impact of noise to the reaction times is  But obviouslyl,, does not always decrease. Sometimes
visible in the dependency of reaction times from the periocdthe curvel,, increases with increasing noise and does not
length. As can be seen in Fig. 5, the reaction time curves argecessarily have its maximum in the case without noise. This
shifted to higher values of period length with increasingcan be clearly seen in the results of Subject 1, which had its
noise. This general shift can be clearly seen in the shift of thenaximum value of ;o atQ=0.3 and in parts of the curves of
positions of the minima, the locations of the vertical bars,Subjects 3 and 4. This demonstrates again that physical noise
and the locations of the intersections of the parameter ranggsiays a helpful role in some cases and enables subjects to
of different percepts. This general shift to higher values of perceive 3D structures, which they were unable to perceive
period lengths can be better seen in Fig. 7. in the no-noise case.

The locations of the intersection points between the
curves of the different statessare plotted in pixels versus the _ _
strength of noise) for all of the four subjects. Four thresh- D. Discussion
old values for the ambiguous intersections of 3D percept Experiment 3 shows that random noise not only dimin-
curves are calculated. This leads to four different curVgs: ishes the visibility of autostereograms. It influences and bi-

ases the 3D perceptsand can even improve visibility in
51 s2 some cases. Therefore the physical noise serves as a second
5 ' - - ' ' ' control parameter of perception. We showed in our experi-
300. : 3°°~\ ment that increasing noise forces 3D perception to higher
zoo._\//\ 200} e perceptual states This driving force increases with higher
o | 100 noise strengths until a maximum noise level is reached. For
oogmenrr T T ol TRy all the subjects at the noise level of 40 % this visibility limit
0% 0% Q 610z was reached, but still the driving effect of the noise is visible.
The dependency between the control parameters of noise
s3 . s4 ‘ . strengthQ and period lengttp can be used to demonstrate
P 300\'/'_'\ Pl the effect of stochastic resonance in 3D perception.
2001 2°°'\~——\' VI. EXPERIMENT 4: STOCHASTIC RESONANCE
100.L L oemmmmmmmme e 100.1 ]
:,‘_"_i:-l_—_,‘_ pemen ot - boonsprmmomEsEs A. Motivation
0.10 0.20 0.10 0.20 Q

The recently found effect of stochastic resonajrid®-14
can be studied in a visual experiment with autostereograms.
Previous experiments with noise enhanced visual perception
in humans are discussed[ib5—17. Noise enhanced percep-

FIG. 7. Period lengthp of the points of ambiguous intersections
between two states in pixels versus the strength of nQiser the

four subjectssl, s2, s3, s4. The dashed-dotted cur¥g; represents . " . . : L
the transition points betwees=0 ands=3, the dashed curvs, tion in an animal(in the form of an electrical sensés dis-

the ambiguous cases betwesn3 ands=2, and the dotted curve CUssed i18]. Dynamical systems show the behavior of sto-
I,,1 the transition points betwees=2 ands=1. All these curves ~Chastic resonance with the following special ingredients:
increase withQ, with the exception of the somehow unreliable 40% (i) An external periodic force has to be present with a

state of noise. The solid curig,, which represents the transition Certain frequency and amplitude. This amplitude is less than
points betwees= 1 ands= 0, usually decreases with noise. But for & critical value, which would enforce the whole dynamical

some cases it also increases with noise, which shows the helpfgystem to oscillate. This means that the external periodic
role of noise for depth perception. force is not strong enough to lead the system to oscillations.
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(i) Additive noise with a certain strength has to be 10°

present. This noise has very different impacts on the dynami- 0oL 1
cal system, which depend on the size of its strength. For 75t ]
small strengths of noise there is no big impact to the system

which still remains stable. With increasing values of fluctua- 50 9
tions, the system becomes more and more unstable. In a 2sh ]

intermediate range of noise strength, the effect of stochastic
resonance occurs: the system oscillates at a special frequent
connected to the external periodic force. This means that theg®
disordered fluctuations are the reason for an ordered oscillat
ing state. With higher strengths of noise, this ordered state
created by noise is destroyed by itself again. Can these ef 750
fects be seen in autostereograms? Is stochastic resonance
feature of the dynamics of depth perception? We will show
that our experiment is a very good test for these questions, i 25}
appropriate assignments of the experimental design art
made.

et T T Gy
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FIG. 8. Power spectrum of the curves of 3D percept(t) for
different noise levels: 10—40% for the subjesfs ands2 vs fre-

The experimental setup is an extension of Experiment Zjuency. The frequency is normalized to the external force with the
but it includes noise. The multistable dynamical system supfrequencyw,. The coding of the curves is as follows: dash-dotted
posed to show the stochastic resonance is the perceptual sysirve, 10% noise; dashed, 20%: solid, 30%; dotted, 40% noise. A
tem of the subjects with the perceg(d). The external driv-  peak of stochastic resonance can be seen for both subjects at the
ing force is represented by an oscillation of the period lengthntermediate noise level of 30%.

p with a certain frequencw, and a very small amplituda.

The parameter range of these oscillations was chosen in thgyice poth of the subjects only saw one stable persept
given range of ambiguity between the stereoscopic S&Ies _y ey 4| the time. The frequency of changes increased
=1 ands=2, which were determined in Experiments 1 andremarkably in the following trials. At a medium range of

2.' Th_e average of the oscillations .Of the perlod Ier_lgths 0Veﬁoise(20—30% oscillations with the same frequency as the
time is set to the value of the ambiguous intersectigrfor weak external oscillation of the period length occurred. With
each subject individually. The fluctuations, which are crucial, . her noise(40 %), the avera gvisibilit gwas ver wéak
for the stochastic resonance effect, are represented by cha 9 9, v 9 y was very )
e perceptual statasncreased and the transitions appeared

ing noise added to the picture. . . : .
For this experiment only the two most skilled subjectsn & more random way. This behavior can be clearly seen in

were selected. The 3D rose stimulus was presented in fivEld- 8, which shows the spectra of the time series of the
selected for both of the subjects individuallgl( I,  JECtS.

=45 pixels;s2, | ,,=30 pixels), as well as the amplitudes of ~ The intensities| (f) of the Fourier components of the
the oscillations of the period lengths. The amplitudes werdime seriess(t) are plotted versus frequenéyThe frequen-
chosen asA=30 pixels for Subjecsl andA=20 pixels for  cies are normalized to the external driving frequency. The
Subjects2, which was small enough not to enforce phasecurves of the first trial are too small to be visible due to the
transitions ofs. In eight cycles with the resolution of 25 constant state=1 during the whole session. As can be seen,
different period lengths per half cycle the autostereogranmhe intensities have a peak at the frequency of the weak ex-
was continuously shown to the subjects. In each of the fiveernal force §=1). The peak with the highest intensity and
trials a different average strength of noise—which stands fosmallest width appears for the solid curve with intermediate
the inverse visibility of the pattern—was added to the aumnoise level(30 %). This is a clear signature for the presence
tostereogram. In order to establish fluctuations into the sysof stochastic resonance in the visual stereoscopic system.
tem, the control parameter of visibility has to be noisy.  This behavior becomes more visible in Fig. 9. For both of
Therefore in the five trials, autostereograms with averagehe Subjects, a coefficient for the 5igna| to noise r&tmf the
visibilities (Q) =0, 0.1, 0.2, 0.3, and 0.4 were presented withdifferent trials is calculated and plotted versus najsg can
noise on the visibilities of the strengtip=0, 0.1, 0.2, 0.3, be defined as a quality factft9,20 by

and 0.4. The subjects had to report every change of their

perception by clicking a mouse buttos=1, left; s=2, h

middle;s= 3, right button. Additional oral reports were nec- R= oy (4)
essary with increasing total strength of the noise in order to

discriminate higher states>3 of depth perception. For a Therebyh is the maximum peak height of the spectrumis

higher noise level the higher perceptual states became MOLE. width of this peak defined at the height dil (&), and

dominant again as was already seen in the experiment beforg.p is the frequency of the resonance peak. The smaller the

relative width of the peak and the higher the peak, the more

coherent is the oscillation of the perception. As can be seen,
The temporal evolution of the time series of the stateshe maximum ofR is located at an intermediate noise @f

s(t) was calculated for each trial. In the first trial without =0.3 for both of the subjects.

B. Methods and procedure

C. Results
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R ' ‘ : 1 b b
n=y= DS’ (5)
Each of thisA different horizontally assigned pixel chains
with lengthn is expected to be useless or at least diminished
‘ in its use for depth perception as soon as it contains a noisy
<Q> element. Under this hypothesis, that already one perturbed
pixel in a horizontal chain of the lengthis enough to de-
stroy the stereoscopic fusion of the whole chain, it is obvious
that the perceptual states with high=sp and small chain
lengthsn appear less disturbed. Therefore the driving force
of the noise strengtk) in favor of higher perceptual states
' can be understood. Noise brings the percepiisto a new
<Q> order of viewing comfort. The higher the percegt the
sharper and less noisy appears the visibility of the 3D ob-
jects. Therefore the perception changes to higher persepts

i L
0.10 0.20

200 S2
150
100

501

I
0.0 .20

FIG. 9. Signal to noise rati® as defined in the text vs noise for
the subjectssl ands2. A clear maximum in the trial with 30%

noise is visible for both subjects. This behavior can be described as a generalization of the
Pulling effect, which is well known in the case of random
VII. DISCUSSION dot patterng4,22]. It was shown by Julesz and Chaf2§]

that the perception of depth can be changed by an additional

Autostereograms supply human depth perception with gnask with a different multiple period length. This mask ap-
new degree of freedom. Different three-dimensional perceppeared as noise in the former 3D state but vanished in the
tions can be seen in well-defined different levels of depthnew deeper state. One difference of this pu|||ng effect of
Our visual system can choose from a variety of differenthpise in random dot pictures is that in our case the noise
alternatives, which is a general characteristic because Stimlﬂnask has no more per|od|c|ty at all. Therefore no stable per-
lus patterns are always ambiguous and allow for two or mor@eption with undisturbed visibility is possible for deeper
perceptual interpretation21]. As can be seen in Experi- statess either. Another difference and generalization of the
ments 1 and 2, the easiest stable statd which is the state  py|ling effect between two states is the large cascade of spa-
closest behind the screen, is usually perceived. But this is nafally distinct states of deptk in our experiment.
always the case. For small period lengthsall of the sub- We showed that noise is not only destructive. If there is a
jects reported higher spatial states2 with a remarkable high perceptual pressure of noise, the eyes get inventive and
hysteresis effect. This leads us to the assumption that owre able to fuse higher period lengghthan they are without
perception instead looks for a comfortable viewing distance,gjse.
with a comfortable vergence angle. Noise has the function of destabilizing former stable

As we showed in Experiment 3, the perceptual behavioktates of perception. This function can be very helpful in
drastically Changed as soon as statistical noise was intrﬂsome cases. For examp|e, noise he|ps to outrun the strong
duced to the patterns. The added random noise released thgsteresis of spatial vision and makes the system more flex-
perception of the subjects into spatial states with a higher jple. We showed this behavior by the detection of the prop-
The key to this behavior is buried in the periodicity of the erty of stochastic resonance in the system. Because of hys-
patterns of autostereograms. In the state of spatial perceptiqgresis, small fluctuations do not affect the subjects’
(s>0), the pixels in a certain horizontal distanke=psare  perception very much; therefore the perceptual state remains
stereoscopically fused by assigning them perceptually t@table. But in an intermediate range of noise, the hysteresis
each other. This process becomes more difficult if the patteryas remarkably diminished and the perception of the sub-
is disturbed by a random noise of the stren@th jects oscillated coherent to the oscillation frequency of the

In our experiments, we used only black and white pixels.period length between different perceptual statesarger
A noise of the strengtlQ means in this case an actual noise amounts of the noise strengths destroyed the coherence of
strength of Q/2) on the screen, because half of the pixels onthe oscillations of perception.
average had the same black/white state as the additional ran-
dom mask. What happens if the autostereogram is stereo-

scopically fused ¢>0)? Increasing perceptual statess VIIl. CONCLUSIONS

=1,2,... Smax lead to increasing assignment distances In our experiments we demonstrated the widespread im-
=sp. The maximum assignment distanag,,, for stereo- pacts of two parameters on the stereoscopic perception of
scopic vision is limited by two conditions: autostereograms: the period lengtland the strength of ad-
(i) The viewing angleg,,;, is limited by the fusion limit.  ditional noiseQ. We showed that 3D perception can be in-
In the extreme casé,,=0, Eq.(1) leads toA ;=0 fluenced by both of the parameters and impressive phase
(i) A has to be equal or smaller than half of the totaltransitions between different percepts take place. We showed
width b of the autostereogram, which leadsAg,,,=(b/2). the influence of memory by demonstrating the remarkable

Stereoscopic perception is induced by assigning the eldiysteresis effect. We showed that physical noise on an au-
ments of the repetitive patterns to each other. Dependent anstereogram not only diminishes the 3D visibility. In some
the size ofA, the numbem of repetitions of the periodic cases noise was able to play a helpful role. This was demon-
patterns change: strated by the effect of stochastic resonance and by an im-
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provement in reaction times and in the number of perceivedation frequency. The impact of stereoscopic vision on the
test patterns in some cases. We also showed that physigatoperties of the multistability of perception has to be stud-
noise is relative in spatial perception of autostereograms. Dded in full detail; for example, the impacts of the high hys-
pendent on the individual percegtthe visibility of the pat-  teresis effect and noise on the speed of the perceptual oscil-
terns changed. lations. This will lead to a generalization of the synergetic
These alternative findings have to be compared with thenodel of depth perception in combination with the oscillat-

predictions of already existing models of autostereogram Viing properties of a model of ambiguous pictufes).
sion[7] based on the synergetic compufg#,25. The ex-

perimental results of the different properties of the controlled
ambiguity of autostereograms have to be connected to mod-
els of stereoscopic vision. With special parameter values, as
in the threshold curves in Fig. 7, for a well balanced ambi- T.D. acknowledges the support of the Deutsche Fors-
guity between different spatial statss>0, oscillations of chungsgemeinschafDFG). We acknowledge the support of
perception between these states may occur. The higher tideurosciences Research Bran@tiMH) Grants Nos. MH
noise level, the less resistance of the hysteresis to the osc#2800 and KO5 MH 01386, and The Human Frontier Science
lations may be expected. This should lead to a higher oscilProgram.
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