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Abstract We measured the effect of the orientation of the
visual background on the perceptual upright (PU) under
different levels of gravity. Brief periods of micro- and
hypergravity conditions were created using two series of
parabolic flights. Control measures were taken in the lab-
oratory under normal gravity with subjects upright, right
side down and supine. Participants viewed a polarized,
natural scene presented at various orientations on a laptop
viewed through a hood which occluded all other visual
cues. Superimposed on the screen was a character the
identity of which depended on its orientation. The orien-
tations at which the character was maximally ambiguous
were measured and the perceptual upright was defined as
half way between these orientations. The visual back-
ground affected the orientation of the PU less when in
microgravity than when upright in normal gravity and more
when supine than when upright in normal gravity.
A weighted vector sum model was used to quantify the
relative influence of the orientations of gravity, vision and
the body in determining the perceptual upright.
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Introduction

The perception of self- and object-orientation is funda-
mental to many aspects of visual, auditory and
proprioceptive perception. One measure of perceived ori-
entation is the perceptual upright (PU)—the orientation at
which objects are most easily and speedily recognized
(Jolicoeur 1985). The orientation of the perceptual upright
is determined by a combination of information from dif-
ferent sources especially from vision and the otolithic
division of the vestibular system which, often in collabo-
ration with somatosensory pressure cues, indicates the
direction of gravity. An internal representation of the axis
of the body—sometimes referred to as the idiotropic vector
(Mittelstaedt 1983a, 1986)—also makes an important
contribution. In extraordinary environments where some of
this information is missing or distorted, such as in space or
when diving underwater, these cues can become ambigious
or misleading, potentially resulting in incorrect perceptions
of the direction of up. The diving and aerospace accident
literature abounds with examples of divers and pilots who
have become disoriented in this way and suffered fatal or
near-fatal accidents (see Previc and Ercoline 2004 for a
comprehensive review). Here we look at the effect of
removing gravity on the perceptual upright with a view to
assessing how a multisensory system responds to the loss
of one of its inputs. We removed the force of gravity by
two means, either (1) by lying subjects supine (which
diverts the force of gravity away from its accustomed
alignment with the long axis of the body), or (2) parabolic
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flight (which cancels the force of gravity for brief periods
of about 22 s).

Exposure to microgravity has widespread perceptual
effects (Glasauer and Mittelstaedt 1998; Oman 1998),
including distortions of the perception of visual orientation
(Kornilova 1997), changes in sensory-motor coordination
(Winter et al. 2005) and in perceived self-orientation
(Oman 2003). However, the effect of altered gravity states
on the perceptual vertical is only now becoming clear (e.g.,
Jenkin et al. 2004). There is presently no quantitative
model available that can anticipate what the perceptual
upright will be under microgravity conditions. This paper
begins to address these issues.

The experimental investigation of the perceived direc-
tion of “up” has a long pedigree stretching back to early
studies into the effects of head-and-body tilt on verticality
by Aubert (1886) and Miiller (1918). Traditionally the
perceived direction of up has been measured by asking
participants to judge the orientation of a bar relative to the
direction of gravity. The chosen orientation is known as the
subjective visual vertical (SVV) (Mittelstaedt 1986). As
well as being influenced by the orientation of the partici-
pant relative to gravity, even minimal visual frame
information, such as the orientation of a simple outlined
square surrounding the probe bar, influences the SVV
(Asch and Witkin 1948). Environments rich in visual
polarity cues can shift the SVV more significantly (Morant
and Beller 1965; Purcell et al. 1978; Mittelstaedt 1986;
Friederici and Levelt 1990). By manipulating the relative
directions of the body, gravity, and the orientation of the
visual scene, it has been shown that the direction of the
SVV can be modelled as the geometric average of the
directions provided by each, with each cue weighted in a
way that varies from person to person (Mittelstaedt 1983a;
Dyde et al. 2006): we refer to this as the vector sum model.

The vector sum model can be used to predict the
direction of the SVV for all possible arrangements of the
contributing factors. It also makes predictions about what
will happen if a person is deprived of one of these sources
of information. Testing these predictions of the conse-
quences of removing gravity is not straightforward
however: how can a participant “adjust a line to gravita-
tional vertical” when gravity has been removed?

A measure of the perceptual vertical that is not depen-
dent on the presence of gravity as a reference is needed.
One method, that was used successfully in microgravity
onboard Neurolab to assess self-orientation, involves
shape-from-shading (Oman et al. 2003). In this test the
perceived curvature of a shaded disc (is it convex or con-
cave?) is determined and from this the perceived direction
of the ambient light is estimated. Since humans assume that
light comes from above (Ramachandran 1988), this test
provides a gravity-independent, albeit indirect, measure of
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“above” and hence of the perceived vertical (Jenkin et al.
2004). Using this technique in parabolic flight provided the
first assessment of the relative roles of the senses contrib-
uting to “up” in the absence of gravity. The results hinted
surprisingly that visual cues were less significant in
defining the direction of “up” under microgravity condi-
tions than they were under normal gravity and that they
might also be less significant during hypergravity (Jenkin
et al. 2005).

The validity of results from the shape-from-shading test
however relies on the assumption that light comes from
above (Adams et al. 2004). This assumption is not always
valid (Sun and Perona 1998; Mamassian and Goutcher
2001) and may be particularly questioned in unusual or
artificial environments. A new test is required that does not
rely on external assumptions, one that does not require
participants to imagine the direction of gravity, and that
can be applied in a brief period of time. Such a probe was
devised through utilising the perception of the form of
ambiguous figures (Mittelstaedt 1991) to determine the
“midline of saliency” (p. 387) between the “princess” and
“witch” percepts of the ambiguous “princess/witch”
figure. When an observer was tilted 90° rightwards, the
midline of saliency between the two percepts was shifted to
an orientation which coincided with neither the subjec-
tively percieved axis of gravity nor the axis of the
observer’s body, but to an intermediate orientation between
SVV and the body axis. This same idea has also been
applied using the natural ambiguity of a letter character in
what has been labelled the oriented character recognition
test (OCHART) (Dyde et al. 2006). OCHART uses an
ambiguous symbol “a”, the identity of which (“p” or
“d”) depends on its perceived orientation. The two points
of maximum ambiguity (where the participant performs at
chance in their letter descriminations) are found. The ori-
entation of minimum ambiguity is defined as being half
way between these maximally ambiguous orientations and
is called the perceptual upright (c.f. Hock and Tromley
1978).

When the perceived upright is measured with the cues to
orientation (body, vision and gravity) misaligned the rela-
tive contribution of each cue can be quantified (Dyde et al.
2006). Although there is considerable individual variability
in the relative strength of these cues, in a normal 1 g
environment the cues are typically weighted such that
vision is given about 0.5 of the weight assigned to the body
and gravity about 0.4: that is the visual cue accounts for
about 25% [0.5/(0.5 + 1 + 0.4)] of the perceptual upright.

Our hypothesis was that if gravity were removed vision
would increase its relative contribution to the perception of
up. That is, the perceptual upright would tend to line up
more with the orientation of the visual background. Dyde
et al. (2006) examined this hypothesis by testing
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participants lying on their backs. The results showed that
the contribution of vision was indeed increased with supine
observers. Our hypothesis for the effect of hypergravity
was that the weightings should remain unchanged since all
that gravity is providing is a direction. This direction
should be available as long as gravity is above threshold.
To test these hypotheses we applied the OCHART tech-
nique to a group of participants to measure their relative
sensory weightings while upright and supine while on-
earth, and then again during transient periods of micro- and
hypergravity created by parabolic flight.

General methods
Identifying the perceptual upright

Using the method of constant stimuli, the OCHART
method presents the ambiguous symbol “o” in various
orientations and scores the number of times it is identified
as a “p”. At least five orientations are required to obtain a
psychometric function from which the points of maximum
ambiguity can be identified. Examples of such functions
are shown in Fig. 1. The challenge of applying this tech-
nique during parabolic flight is to collect adequate data to
test the hypotheses within the constraints of the short
duration exposure to microgravity associated with each
parabola. To maximize the efficiency of data collection we
“bracketed” the expected orientations of maximum ambi-
guity during ground-based testing and used this to define
test brackets during parabolic flight. These ambiguity
points varied widely between participants; therefore the
tested character orientations were tailored to each partici-
pant. Ten values were chosen (five for each point of
maximum ambiguity) based on pilot studies performed in
the laboratory using orientations taken around the clock
taken in 15 deg steps. These brackets varied widely across
the participant group as shown in Fig. 2. Although there
were between-subject differences in terms of the stimuli
presented, this does not influence the within-subject com-
parisons which formed the basis of all our data analyses.

Apparatus

The OCHART characters were presented on an Apple
iBook laptop computer with a resolution of 48 pixels/cm
(21 pixels/deg: the characters were approximately
3° x 2°). The computer screen was masked to a circle
subtending 35° when viewed at 25 cm through a black
circular shrouding tube that obscured all peripheral vision
(see Fig. 3). The opening to the shroud was shaped to act as
a semi-rigid, padded, head restraint to control both the
viewing distance and the orientation of the participant’s
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Fig. 1 The oriented character recognition test: OCHART method for
determining the perceptual upright. A constant stimuli design was
used in which a character was presented at one of several pre-selected
orientations and the participant identified it as a ‘p’ or a ‘d’. Illustrated
here are example data from one participant (‘hj’) collected whilst
experiencing microgravity (~0.08 g) in Series I, with the background
picture oriented at 112.5°. The percentage of times the character was
identified as a ‘p’ is plotted as a function of the orientation of the
character in linear (a) and polar (b) coordinates. Best fit cumulative
Gaussians are plotted through the data. From these curves the
orientation of the character at which it is equally likely to be identified
asa ‘p’ or a ‘d’ can be identified. The perceptual upright is defined as
the midway between these two transitions

head relative to the screen. The laptop was mounted in an
aluminium frame to maintain the screen at a fixed angle
and to hold the shroud in place.

Each microcomputer used in both flight series was
connected via USB cable to a ADXL311 dual axis digital
accelerometer (supplied by Phidgits Inc.) which was held
in a rigid plastic casing which was in turn fixed to the
aluminium frame holding the microcomputer and shroud. X
and Y accelerations in the plane of the testing screen were
recorded at stimulus onset and at the point of the partici-
pant’s response. These readings were inserted directly into
the computer data file which recorded the stimuli presented
and the participant’s responses.

Data were collected in two series of parabolic flights. In
Series I, conducted using NRC’s Falcon 20 aircraft, par-
ticipants remained in a seated position such that their body
aligned with the gravity vector (when present). In Series
II, conducted using Novespace’s Airbus 300 aircraft,
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Fig. 2 Detailed here are the orientations of the p/d character that
were presented to each of the participants for each of the backgrounds
over experimental Series I (a, b) and Series 1I (c, d, e). The selected
character orientations were chosen to bracket the expected estimates
of the ‘orientations of maximum ambiguity’ based on more complete
tests on the ground for each subject individually (see text). Bracketing

Fig. 3 Participant orientation.
Stimuli were presented on a
laptop screen viewed through a
shroud that obscured peripheral
vision and created a circular
aperture. For Series I
participants sat upright in their
seats; for Series II they lay on
their right sides. Examples of
the presented stimuli (a
character on a highly polarized
background) are shown in Fig. 5

Laptop
screen

Accelerometer

Foam padding

participants lay right side down relative to the gravity
vector (when present). Typical gravity states recorded
during Series I and Series II flights are shown in Fig. 4.
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was made necessary by the brief periods of time available for data
collection on parabolic flights. The same set of brackets was used for
a given participant for all data collection conditions. The dark arrows
indicate the orientation of the backgrounds. N.B. 0° was always
aligned with the top of the observer’s head (see conventions)

Series |

Shroud

Series Il

For the upright posture of Series I, both for pre-flight
laboratory testing and for in flight testing, the aluminium
frame holding the laptop was fixed to a semi-rigid foam
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Fig. 4 Typical acceleration i
profiles for the Series I and II
parabolic flights. Periods of
increased, normal and reduced 20
gravity are shaded during
typical flights for Series I (fop
panel a) and Series II (lower
panel b). Gravity state is plotted
as a function of trial number
where each trial took 00
approximately 800 ms to
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wedge that was strapped to the participants’ knees (Fig. 3
Series I). The wedge was tailored individually for each
participant to ensure that the laptop screen was in the fronto-
parallel plane of the participant. For the pre-flight laboratory
based, supine posture data collection sessions, the alumin-
ium frame with the laptop was fixed to an outer frame which
held the screen above the participant and ensured that the
screen was in the fronto-parallel plane of the participant and
orthogonal to gravity. In Series II, participants lay on their
right hand side (Fig. 3 Series II). During all parabolic flights
the participants were loosely secured to the seat (Series I) or
the floor (Series II) of the aircraft.

Conventions

All conventions for orientation are with respect to the
participant’s body/head. In all these experiments the head
was kept aligned with the torso and the head-and-body
were treated as one vector. When describing the orientation
of the background, the letter probe, or gravity we use the
same convention in which 0° corresponds to the top of the
head. A positive angle (e.g., of +45°) corresponds to a
tilt to the right (clockwise) and a negative angle indicates a
tilt to the left (counter-clockwise) relative to the top of the
head.

Procedure

All trials consisted of a stimulus formed by the p/d char-
acter superimposed on a visual background (see Fig. 5 for

801 1000 1200 peD1 1600 BBO1 2000 200 2401 ¥O1 201 X001 30 3400

trial number

Visual effect

s Clockwise
clockwise
shift in shift in perceptual
perceptual upng:mt
upright +26
-26°

background
orientation

\ﬂ 12.5°

background

orientation
112,50 A/

observer body centre-
line

Fig. 5 Definition of the ‘visual effect’ for Series I. The visual effect
is the angle between the perceptual upright measured against the
background orientated at 112.5° clockwise and at 112.5° counter-
clockwise

examples). Each stimulus was presented for 500 ms after
which the image was replaced by a blank screen of the
same mean luminance, containing a centrally positioned
fixation point. Participants made to a two-alternative forced
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choice between the “p” or “d” letter percepts by pressing a
key on a gamepad (Gravis Gamepad Pro) input device. The
participant’s response was blocked by the controlling
software until stimulus offset and appearance of the fixa-
tion point. Once the response was made, the next trial was
initiated after an approximately 150 ms delay. Each trial
took less than a second. Participants continued the
sequence of trials until instructed to stop.

Data analysis

Flight trials data were first pooled by gravity level: 1 g,
hypergravity, and microgravity. Laboratory data were
divided into two conditions, upright and supine. For each
condition and background a psychometric function was
created of the percentage of time one identity of the
character was chosen as a function of character orientation.
Two cumulative Gaussian sigmoids were fitted to each data
set using:
100

P=———y (1)
1+e 7

where p is the percentage of times the character is identi-
fied as a “p”, x is the orientation of the character, xq is the
orientation at the point of subjective equality (PSE), i.e.,
the orientation at which either identity of the character was
equally likely to be chosen (50%) and b is the standard
deviation. The mean of the two PSEs (see Fig. 5) was taken
as the perceptual upright. The square of the mean of the
two slopes’ standard deviations was taken as the intra-
observer response variance.

Series 1

Series I consisted of two experiments: a lab-based experi-
ment comparing the effects of sitting upright versus lying
supine; and a flight-based experiment where the same
participants were tested in normal gravity, microgravity
and hypergravity (while in an upright position) in a Falcon
20 aircraft flying out of NRC’s Ottawa-based microgravity
flight facility.

Methods
Farticipants

Six participants (4 males, 2 females, aged between 22 and
45 years) took part in these experiments. All participants
had normal or corrected-to-normal vision and reported no
history of vestibular dysfunction. Each completed informed
consent agreements which conformed to the ethical
guidelines of York University, the Canadian National
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Research Centre, and the Treaty of Helsinki. Three par-
ticipants (hj, mj and rtd) had prior experience of parabolic
flight, three participants (na, ym and km) did not.

Bracketing

Pilot experiments were run with each of the six participants
using character orientations round the clock. From this a
subset of ten character orientations was chosen to be used
in the limited testing time available during parabolic flight.
The values selected are shown in Fig. 2a, b for the 112.5°
and —112.5° background orientations respectively: partic-
ipants fell into three groups (in terms of the brackets used)
as shown. For each participant and background the same
set of character orientations were used for all five condi-
tions (lab upright, lab supine, microgravity flight, 1 g
flight, hypergravity flight).

Laboratory testing

Participants were tested upright and supine, before and
after parabolic flight to balance order effects across con-
ditions. The results for the laboratory based data are
formed from the average of before- and after-flight data
collection sessions.

Parabolic flight testing

The aircraft used was a Falcon 20 modified for parabolic
flight, based at the National Research Centre of Canada,
Ottawa. This aircraft performed four parabolas per flight.
Three participants sat facing forward, three facing aft each
with a laptop computer fixed semi-rigidly in front of them
(Fig. 3 Series I). For safety reasons all participants were
loosely restrained by seat belts throughout the flight.

Four separate flights took place over 4 days of testing.
Each flight consisted of a period of 1 g level flight, fol-
lowed by four parabolas, and ending with a second level
flight period. Data collection started soon after take off and
continued until the second period of level flight. On
reaching the required altitude and location, equipment was
deployed and participants started viewing their screen and
making responses. The set of ten character orientations
were shown against four backgrounds: a polarized image
aligned with the body axis; polarized images tilted either
112.5° or —112.5° and a grey screen of the same mean
luminance as the polarized image. There were thus 40
combinations of character orientations and backgrounds.
These were presented in pseudorandom order so that a
complete set of the 40 combinations was completed before
the next sequence was run. With a trial duration of about
800 ms, there were about 200 trials during the parabolic
phase of each flight. Over four flights responses to about
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eight repetitions of stimuli combination were accumulated
for both microgravity and hypergravity phases.

Data analysis

Data were collected continuously throughout the flight.
Responses were pooled according to the values recorded by
the accelerometers. The recorded average value of g
(across the participant group) for the data used to represent
the in-flight 1 g phase was 1.0 g (SD 0.03). The average
value of g for the data used to represent the hypergravity
phase was 1.97 g (SD 0.02.). The group average value of g
for the data used to represent the microgravity phase of the
parabolic arcs was 0.085 g (SD 0.01).

Results for Series I

The orientation of the perceptual upright was measured for
each background tested as described in the general meth-
ods. Changes in the strength of the visual background’s
influence were examined by calculating the “visual effect”
defined as the difference in the direction of the perceptual
upright when the background was tilted 112.5° counter-
clockwise compared to when it was tilted 112.5° clock-
wise. These two backgrounds were chosen because they
have been found in previous earth-based studies (Dyde
et al. 2006) to be associated with the largest shifts of the
perceptual upright. The definition of “visual effect” is
illustrated in Fig. 5.

Comparison of upright and supine conditions
in the laboratory

Figure 6a shows the average direction of the perceptual
upright while participants were upright and supine with the
background presented in one of three orientations (0°,
112.5° and —112.5°). There was a substantial effect of the
orientation of the visual background in both postures.
When upright in the laboratory the perceptual upright
shifted to 32.3° (SE 17.4°) when measured against the
112.5° background and to —39.4° (SE 13.8°) when mea-
sured against the —112.5° background: an average visual
effect of 71.7°. When supine the equivalent shifts were to
38.8° (SE 16.8°) and to —39.1° (SE 13.6°); a visual effect
of 77.9°. Figure 6d shows the size of the visual effect for
each participant measured upright compared to when
measured supine. Although there was substantial variabil-
ity between participants, with visual effect sizes ranging
from 7° to 197°, in every case the visual effect was larger
when measured supine than when upright, with an average
difference of 6.2° (SE 2.5°). The difference in visual effect
size between upright and supine postures was statistically

significant: #(5) = 2.64, P < 0.05 (two-tailed), d = 1.08,
P = 0.58, power = 6.8%.

Comparison of normal gravity and microgravity in flight

Figure 6b shows the effect of the orientation of the visual
background on the perceptual upright measured in the
microgravity phase of parabolic flight compared to level
flight. During level flight (1 g) the average perceptual
upright was 28.0° (SE 15.9°) when measured against the
112.5° background and —38.1° (SE 13.7°) when measured
against the —112.5° background: a visual effect of 66.1°.
During microgravity the equivalent orientations for the
perceptual upright were 22.9° (SE 14.4°) and —30.6° (SE
12.6°): a visual effect of 53.5°. Figure 6e shows the size of
the visual effect in level flight compared to the micro-
gravity phase for each individual. As with the ground-
based controls there was substantial variability between
participants. For all but one participant the visual effect
size was smaller in the microgravity phase than in the 1 g
phase of flight, with a mean decrease in visual effect of
12.6° (SE 4.2°). The difference in visual effect size
between the 1 g and microgravity conditions was statisti-
cally significant: #5) = 2.98, P < 0.05 (two-tailed),
d =122, r* = 0.64, power = 8.9%.

Comparison of normal gravity and hypergravity in flight

Figure 6¢ shows the effect of the orientation of the visual
background on the perceptual upright measured while
participants were in the hypergravity phase of parabolic
flight. There was a substantial effect of the visual back-
ground in which the perceptual upright was 23.7° (SE
14.4°) when measured against the 112.5° background and
—32.8° (SE 12.6°) when measured against the —112.5°
background: a visual effect of 56.5° during hypergravity.
Figure 6f compares the size of the visual effect for each
participant during level flight and during the hypergravity
phase. For all but one participant the visual effect was
smaller in hypergravity than in normal gravity (by 9.6° on
average). However the difference in visual effect size
between 1 g and hypergravity failed to reach significance:
t(5) = 2.16; P = 0.08 n.s. (two-tailed).

Comparison between laboratory and flight data

Comparing the visual effect size across the two baseline
conditions (upright in the laboratory versus the 1 g phase in
flight) showed no difference between these two conditions:
t(5) = 1.04; n.s. Comparing the two “microgravity” con-
ditions (supine in the laboratory vs. microgravity in flight)
revealed a reliable difference: #(5) = 2.70, P < 0.05 (two-
tailed), d = 1.10, — 0.59, power = 7.2%.
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Fig. 6 Series 1 data. The top panels (a, b, ¢) show the average
orientation (and SE’s) of the perceptual upright as a function of
background orientation for data collected in (a) the laboratory upright
compared to supine, (b) microgravity compared to level flight and

Comparison of variance across conditions

We calculated each participant’s variances (defined as the
square of the standard deviations of the cumulative Gaus-
sians fits: see general methods “Data analysis™). These
variances were taken from the data which contributed to
the calculated perceptual upright measured in the presence
of the 112.5° and —112.5° backgrounds. The variance data
can be interpreted as indicating the confidence and/or
reliability of each participant in their letter discriminations.
The group mean variances were: during microgravity
313 deg® (SE 141); during 1 g flight 211 deg® (SE 83);
during hypergravity 231 deg”> (SE 84). The equivalent
variances from our laboratory testing were: while upright
205 deg” (SE 86); when supine 197 deg® (SE 71). There
were no reliable differences in the amount of variance
between any two conditions. There was no significant
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(¢) hypergravity compared to level flight. The lower panels (d, e, f)
show the same comparisons for the visual effect (see Fig. 5) for each
participant for (d) laboratory controls, (e) microgravity, and (f)
hypergravity conditions

increase in the variance of observations between laboratory
and flight, or between normal and altered g states.

Discussion of Series 1

The data from our Series I flights shows that the effect of
vision on the orientation of the perceptual upright was
significantly decreased (relative to 1 g level flight controls)
during microgravity. This contrasts with the on-earth data
obtained when zero g was crudely simulated by having
participants lying on their backs. For supine participants
the visual effect was significantly increased (relative to
upright controls). Our results also suggested a tendency for
the effect of vision to be reduced during the hypergravity
phase. The absence of any reliable increase in variances
during flight suggests these changes were not related to the
stress or unusual nature of parabolic flight itself: observers
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were equally reliable in their responses in the laboratory
and in flight. To further examine these observations we
performed a second series of experiments (Series II) where
the directions of gravity (normal, microgravity and hy-
pergravity) and body cues could be dissociated by having
the participants lying right side down.

Series 11

Series II experiments were performed on the Novespace
Airbus 300 aircraft. Participants were tested right side
down lying on the floor of the aircraft. This arrangement
meant that, unlike for Series I, during the hypergravity and
1 g phases of the flight, the gravity and body vectors were
orthogonal rather than aligned. Under these circumstances
it is easier to disocciate the effects of gravity (or hyper-
gravity) from the effects of body orientation.

Methods
Participants

Five participants (4 male, 1 female, between the ages of 26
and 45 years) took part in the Series II in flight experi-
ments. Three had participated in Series I (mj, rtd, hj). All
participants had normal or corrected-to-normal vision and
reported no history of vestibular dysfunction. Each com-
pleted informed consent agreements which conformed to
the ethical guidelines of York University, Novespace, and
the Treaty of Helsinki. All participants had extensive pre-
vious experience with parabolic flight.

Conditions

The visual cues were varied by providing the same highly
polarized visual background as used in Series I but with the
participant lying right side down throughout the flights as
shown in Fig. 3 Series II. The laptop and shroud were
identical to that of Series I. The background was oriented at
either 0° (aligned with the body axis) or —90° (orthogonal
to the floor of the plane and aligned with the axis of gravity
when gravity was not cancelled). A grey featureless
background was used to present a third condition with no
visual orientation cues.

Procedure

Testing for Series II was similar to Series I. Pre-flight
testing for Series II identified the appropriate bracketing for
each participant for the three backgrounds selected: 0°,
—90° and neutral grey. The selected bracketing for each

participant and background for Series II is shown in
Fig. 2c-e.

The aircraft used for the second series of microgravity
experiments was a specially adapted A300 Airbus modified
for parabolic flight-based out of Bordeaux, France. Testing
took place over four flights conducted over 5 days. Each
flight consisted of 31 parabolas of which 30 parabolas were
available for data collection. Only one participant at a time
could perform the experiment. Each testing session con-
sisted of 15 consecutive parabolas (see Figure 4b). In this
way the experiment could be conducted by up to two
participants per flight. The microgravity phase of each
parabola was similar to that of Series I, with periods of
approximately 22 s of microgravity separated by periods of
hypergravity. Due to different flight profiles and the dif-
ferent aerodynamic qualities and control systems of this
larger aircraft, the hypergravity phases involved lower
accelerations of approximately 1.76 g (compared to 1.97 g
from Series I).

On reaching the required altitude and location, the par-
ticipant got into position (right side down, see Fig. 3).
Participants lay on the padded floor of the Airbus300 with
their head supported by a neck roll and with a loose tether
around their legs to prevent uncontrolled movement of the
lower limbs. Participants then viewed the screen and made
their responses until instructed to stop. Participants
responded throughout the hypergravity and microgravity
phases of the flight and also during periods of level flight.
The gravitational acceleration was recorded at stimulus
onset and when the participant responded for each trial.
The g state for that trial was taken as the average of these
two values. There were thirty combinations of character
orientation and backgrounds. Similar to Series I, the stimuli
were presented in a continuous sequence of pseudo-ran-
domized blocks each of 30 trials.

Data analysis

The orientation of the perceptual upright was measured
for each background tested as described in the general
methods (“Data analysis”). Data were pooled by g state
as described for Series I (see “Parabolic flight testing”).
The effects of vision were assessed by comparing the
orientation of the perceptual upright with the background
either lined up with the body (0°) or at —90° (to the
participant’s left). The difference in these orientation
corresponds to the visual effect in this in flight paradigm.
Note that Series I compared the effects of backgrounds
that were 135° apart (see Fig. 5) whereas Series II com-
pared backgrounds that were 90° apart. As such the
magnitude of the visual effect was expected to be lower in
Series II.
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Results of Series 11
Effects of altered gravity states on the perceptual upright

Figure 7 summarizes the results for all participants in
Series II. The average orientation of the perceptual upright
under each condition is shown in Fig. 7a—c. The average
visual effect (the difference in the orientation of the per-
ceptual upright measured with the background oriented at
0° and with it oriented at —90°) under the normal gravity of
level flight was 29.6° (SE 13.8°). On-ground controls
produced an average visual effect of 37.1° (SE 14.9°).
During microgravity the visual effect size decreased to
23.8° (SE 13.4°). The reduction in the size of visual effect
size in microgravity was significant compared to both level
flight (a mean reduction of 5.9°, SE 1.8, #(4) = 3.18,
P < 0.05 (two-tailed), d = 1.43, P = 0.71, power =
8.9%) and on-ground controls (a mean reduction of 13.4°,
SE 4.4, #4)=3.00, P<0.05 (two-tailed), d = 1.34,
= 0.69, power = 7.6%).

The visual effect size measured under hypergravity was
27.8° (SE 13.5°) which was not significantly different from
the result under 1 g either in level flight [#(4) = 1.11; n.s.]
or on the ground [#(4) = 1.54; n.s.]. As was the case in
Series I, the large standard errors of these averaged results
is due to the large inter-participant variability of the visual
effect. Figure 7d compares the size of the visual effect in
normal gravity (level flight) and microgravity for each
participant individually. For four of the five participants the
size of the visual effect decreased. Figure 7e compares the
size of the visual effect in normal gravity (level flight) and
hypergravity.

Effect of gravity state on response variance

Extracting the intra-participant variances from the results
allowed us to determine whether the change in g state
influenced the reliability of their responses. The mean of
participants’ variances were: in 1 g 98.8 deg” (SE 38.4); in
microgravity 126.7 deg? (SE 46.1); and in hypergravity
83.1 deg® (SE 36.7). No one condition was significantly
different from any other.

Discussion of Series 11

The results of our Series II microgravity flights confirmed
the observation made during Series I that the influence of
vision on the perceptual upright is significantly reduced
during microgravity. The magnitudes of the visual effects
obtained in the two series cannot be compared directly
because the visual background orientations were different
and the observer groups (within which there is considerable
inter-participant variability) also differed. The possible

@ Springer

reduction of the size of the visual effect in hypergravity
suggested in the first series was not supported by the sec-
ond series where no systematic differences from the normal
gravity control condition were found. 'Residual somato-
sensory cues provided by the light restraint system used in
series II could partially explain why, when in microgravity
and with a visual stimulus aligned with the body, there was
still a small tilt of the perceptual upright of 7.7° towards the
direction in which gravity normally operated.

General discussion

These experiments demonstrate that the orientation of the
visual background is significantly less influential in deter-
mining the perceptual upright during the microgravity
phase of parabolic flight than it is under normal gravity. In
contrast, when an observer is supine in a normal gravity
environment such that gravity is not in its customary
relationship to the long axis of the body, the orientation of
the visual background is significantly more influential in
determining the perceptual upright. This suggests a disso-
ciation between supine and parabolic methods of
simulating the absence of gravity.

The nature of parabolic flight experiments necessitates a
relatively small number of subjects and the inter-individual
differences were rather large (Figs. 6, 7). These factors
influence the power of our comparisons. For each signifi-
cant result the power was quite low (ranging from 6.8 to
8.9%). Despite this, the visual effect measured in micro-
gravity was significantly different from the 1 g controls for
both flight series, and the effect size measured was large
based on Cohen’s d and r*.

The low power however, makes the non-significant
effects, especially between the size of the visual effect
collected under hypergravity and under 1 g conditions, less
easy to interpret. There was some indication of a trend, but
further experiments will be required to confirm or disprove
any “hypergravity effect”.

Modeling the influence of body, gravity and vision
on the perceptual upright

Inspired by the work of Mittelstaedt (1983a, 1986), we
modelled the effect of visual cues, the internal represen-
tation of the body axis (the idiotropic vector) and gravity in
determining the orientation of the perceptual upright as the
weighted vector sum of the three directions of upright

! The subjective visual vertical is unchanged by hypergravity when
the head is upright or close to a roll tilt of 90° (Schone and Parker
1967; Schone et al. 1967). This may reflect a ‘normalizing’ of the
otolith outputs coming from the vestibular system on each side of the
head (Mittelstaedt 1983a, b; Mast 2000).
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Fig. 7 Series II data. The
perceptual upright measured
with subjects right side down
(see Fig. 3) viewing
backgrounds aligned either with
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signalled independently by each of these three cues as
described in Eq. 2 (Dyde et al. 2006)

— -
pu =V

+8+b (2)

Here pu’ is in the direction of the perceptual upright and
v and g are vectors describing vision and gravity relative to
the unit vector b used to represent the body. Because we
are only interested in the direction of pu and not its
magnitude, the choice of which vector to set to unity is
arbitrary.

Although there were substantial individual differences
in the average vector lengths (see also Dyde et al. 2006),

ratios of the lengths of the vision and gravity vector relative

level hypergravity

to the body vector for typical subjects are v:b = 0.5 and
g:b = 0.4. (Here we use the shorthand v, b and g to rep-
resent the magnitude of the vector v, g and b respectively).
For the six participants in Series I the ground-based ratios
were v:b = 0.7 and g:b = 0.2. For the five participants in
Series II the ground-based ratios were v:b = 1.5 and
g:b = 0.3. The values were obtained by fitting Eq. 2 to the
measured direction of the pu’ obtained in the laboratory
studies in various body postures. This process is a simpli-
fication of Mittelstaedt (1983a, 1986) detailed and
sophisticated modelling which attempts to capture the
nuances of the variation of the subjective visual vertical
with changes in the orientation of the visual background
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(Bischof 1974).When using the weighted vector sum model
to predict the effect of microgravity (or supine posture), the
gravity vector is removed, leaving only the body and visual
vectors to predict the direction of the perceptual upright as
shown in Eq. 3:

i =V+b (3)

Under the assumption that the remaining weights remain
unchanged the prediction is that for Series I the ratio of the
length v:b = 0.7 and that, as a percentage, the predicted
influence of vision increases from 37 to 41%. For Series 11
(using a different set of participants) the ratio v:b = 1.5
and therefore the predicted increase in the influence of
vision increases from 54 to 60%.

For Series 1 we tested this prediction under two cir-
cumstance, firstly by arranging the body to be supine (to
remove g from the plane of the experiment) and secondly
by cancelling gravity using parabolic flight. For the supine
condition the influence of vision increased in the predicted
way and was fitted by substituting the values v:b = 0.7 and
b =1 in Eq. 3. This is shown diagramatically in Fig. 8a
and the predicted curves are plotted through the data in
Fig. 8b. However the influence of vision was significantly
reduced in the microgravity of parabolic flight and the
weighting of the model needed to be adjusted downwards
to v:b = 0.4 to fit the data. This is illustrated diagramati-
cally in Fig. 8c and the adjusted model is plotted through
the data in Fig. 8d. For Series II the visual effect was
likewise reduced which required a reduction of the visual
weighting from v = 1.5 to v = 0.8. All best fit weight
values are summarized in the table of Fig. 8d. Why might
the visual influence be increased in the circumstance that

Fig. 8 Modeling the perceptual

removes gravity from the coronal plane, but be reduced
during the microgravity of parabolic flight?

Comparison of supine posture and parabolic flight
for producing microgravity

Attempts to assess the significance of gravity on perception
have used three main methods: lying supine (e.g., bedrest),
parabolic flight and, more rarely, spaceflight. The effects of
lying supine have been inconsistent. Measurements of the
rod-and-frame effect have found an increased effect size
when measured supine (Templeton 1973), but this effect
disappears (Goodenough et al. 1981) or even reverses
(Luyat et al. 1997) depending on the details of the way it is
assessed. Some visual illusions decrease in their effect:
e.g., the horizontal/vertical effect and the Ponzo illusion
(Clement et al. 2007) when measured supine. Results from
experiments performed during parabolic flight are more
consistent since all visual effects seem to be reduced: rod-
and-frame (Villard et al. 2005), horizontal/vertical illusion
and Ponzo Illusion (Clement et al. 2007), and influence of a
tilted background in shape-from shading (Jenkin et al.
2004). Why might vision have less effect under these
circumstances?

Why might the visual effect be reduced
in microgravity?

Since the weighted vector sum model does not predict a
reduction in visual weighting, we need to suggest possible
explanations of this reduction of the visual effect during
parabolic flight. Under microgravity there seems to be a
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change in weighting of the visual cue that is not predicted
by cue combination, since the variances are not signifi-
cantly changed: under microgravity the cues do not seem to
be combined to produce the lowest variance.

The microgravity periods associated with parabolic
flight are very short (22 s) so that a steady state is not really
reached. Furthermore the transition into microgravity is
from a hypergravity state (see Fig. 4). These transitions are
associated with nystagmus (Cheung et al. 1994), torsional
effects (Diamond and Markham 1991; Markham and Dia-
mond 1993; Cheung et al. 1994) and asymmetrical vertical
displacements of the two eyes (Karmali et al. 2006). These
effects render the interpretation of visual effects of para-
bolic flight challenging. Visual degradation has been
shown to reduce the visual effect on the perceptual upright
(Dyde et al. 2005) and so it remains possible that our
effects are secondary to a degraded retinal image produced
by induced eye movements. Experiments with longer
periods of microgravity experienced on Neurolab, although
possibly associated with eye movement effects of their own
(Buckey and Homick 2003), have also suggested reduced
visual effects (Buckey and Homick 2003). However, there
was no reliable increase in our observers’ variance during
any of the g-states including microgravity — so even these
visual artefacts of parabolic flight remain to be substanti-
ated as an explanation for our results.

An alternative explanation for our finding can be
inferred from results found during the sustained micro-
gravity of orbital flight (Glasauer and Mittelstaedt 1998).
Observers were denied any visual reference and then
passively rotated. When they attempted to point to the
perceived (though unseen) “ceiling” of the spacecraft
they showed a strong bias towards indicating that the
ceiling was positioned at a point consistently above their
own (rotated) head—i.e., the body (idiotropic) vector
became dominant in their judgements of “above.” By
flight day 30 the previously strong correlation between
actual body position and perceived above had weak-
ened—suggesting that by this time in their exposure to
microgravity, observers had experienced some form of
adaptive process. It may be the case that during the brief
periods of microgravity experienced in parabolic flight
some analogous process is engaged in terms of the per-
ceptual upright. In other words the direction of up
becomes more strongly driven by and aligned with the
body vector, resulting in a proportionally weaker influence
of the visual cue.

Experiments in the sustained microgravity of the Inter-
national Space Station are planned to investigate the effect
of longer periods of microgravity on the OCHART proto-
col; experiments for which the present study forms a
necessary pilot.

Conclusions

The disocciation between the effects of vision producing a
larger effect when lying supine and smaller effects when in
parabolic flight are significant for two reasons. First, it
challenges the equivalence of the two methods which have
been widely used to simulate the microgravity conditions
of space (bedrest and parabolic flight). Second, it suggests
a non-linearity in the way multimodal sensory information
is combined when one source is removed.

Acknowledgments This study was supported by NASA Co-opera-
tive Agreement NCC9-58 with the National Space Biomedical
Research Institute, the Canadian Space Agency, and grants from the
Natural Sciences and Engineering Research Council of Canada to
L.R. Harris and M.R. Jenkin. The use of the Falcon 10 aircraft for
microgravity flights in Canada was provided by the NRC/CNRC
microgravity facility in Ottawa, Canada. Access to the NOVESPACE
microgravity facility was only possible through the generous assis-
tance of Joe Mclntyre, Senior Scientist (Chargé de Recherche) CNRS
Laboratoire de Physiologie de la Perception et de I’ Action, College de
France, Paris.

References

Adams WJ, Graf EW, Ernst MO (2004) Experience can change the
‘light-from-above’ prior. Nat Neurosci 7:1057-1058

Asch SE, Witkin HA (1948) Studies in space perception. IL
Perception of the upright with displaced visual fields and with
body tilted. J Exp Psychol 38:455-477

Aubert H (1886) Die Bewegungsempfindung. Pflugers Archiv-Euro-
pean J. Physiol. 39: 347-370

Bischof N (1974) Optic-vestibular orientation to the vertical. In:
Kornhuber HH (ed) Handbook of sensory physiology. Springer-
Verlag, New York, pp 155-190

Buckey JC and Homick JL (2003) Neurolab spacelab mission:
neuroscience research in space, results from the STS-90,
Neurolab spacelab mission. Lyndon B. Johnson Space Center,
Houston, USA

Cheung BS, Money KE, Howard IP (1994) Human gaze instability
during brief exposure to reduced gravity. J Vestib Res 4:17-27

Clement G, Arnesen TN, Olsen MH, Sylvestre B (2007) Perception of
longitudinal body axis in microgravity during parabolic flight.
Neurosci Lett 413:150-153

Diamond SG, Markham CH (1991) Prediction of space motion
sickness susceptibility by disconjugate eye torsion in parabolic
flight. Aviat Space Environ Med 62:201-205

Dyde RT, Jenkin MR, Harris LR (2005) Cues that determine the
perceptual upright: visual influences are dominated by high
spatial frequencies. J Vis 5:193a

Dyde RT, Jenkin MR, Harris LR (2006) The subjective visual vertical
and the perceptual upright. Exp Brain Res 173:612-622

Friederici AD, Levelt WIM (1990) Spatial reference in weightless-
ness: perceptual factors and mental representation. Percept
Psychophys 47:253-266

Glasauer S, Mittelstaedt H (1998) Perception of spatial orientation in
microgravity. Brain Res Rev 28:185-193

Goodenough DR, Oltman PK, Sigman E, Cox PW (1981) The rod-
and-frame illusion in erect and supine observers. Percept
Psychophys 29:365-370

@ Springer



660

Exp Brain Res (2009) 194:647-660

Hock HS, Tromley CL (1978) Mental rotation and perceptual
uprightness. Percept Psychophys 24:529-533

Jenkin HL, Jenkin MR, Dyde RT, Harris LR (2004) Shape-from-
shading depends on visual, gravitational, and body-orientation
cues. Perception 33:1453-1461

Jenkin HL, Dyde RT, Zacher JE, Zikovitz DC, Jenkin MR, Allison
RS, Howard IP, Harris LR (2005) Relative role of visual and
non-visual cues determining the direction of ‘up’: experiments in
parabolic flight. Acta Astronaut 56:1025-1032

Jolicoeur P (1985) The time to name disoriented natural objects. Mem
Cognit 13:289-303

Karmali F, Ramat S, Shelhamer M (2006) Vertical skew due to
changes in gravitoinertial force: a possible consequence of
otolith asymmetry. J Vestib Res 16:117-125

Kornilova LN (1997) Orientation illusions in spaceflight. J Vestib
Res-Equilib Orientat 7:429-439

Luyat M, Ohlmann T, Barraud PA (1997) Subjective vertical and
postural activity. Acta Psychol (Amst) 95:181-193

Mamassian P, Goutcher R (2001) Prior knowledge on the illumination
position. Cognition 81:B1-B9

Markham CH, Diamond SG (1993) A predictive test for space motion
sickness. J Vestib Res-Equilib Orientat 3:289-295

Mast FW (2000) Does the world rock when the eyes roll? Allocentric
orientation representation, ocular counterroll, and the subjective
visual vertical. Swiss J Psychol 59:89-101

Mittelstaedt H (1983a) A new solution to the problem of the
subjective vertical. Naturwissenschaften 70:272-281

Mittelstaedt H (1983b) Towards understanding the flow of informa-
tion between objective and subjective space. In: Huber F, Markl
H (eds) Neuroethology and behavioral physiology. Springer,
Heidelberg, pp 382402

Mittelstaedt H (1986) The subjective vertical as a function of visual
and extraretinal cues. Acta Psychol 63:63-85

Mittelstaedt H (1991) Interactions of form and orientation. In: Ellis
SR (ed) Pictorial communication in virtual and real environ-
ments. Taylor and Francis, London, pp 376-389

Morant RB, Beller HK (1965) Adaptation to prismatically rotated
visual fields. Science 148:530-531

@ Springer

Miiller GE (1918) Uber das Aubertsche Phinomen. Z Sinnesphysiol
49:109-246

Oman CM (1998) Sensory conflict theory and space sickness: our
changing perspective. J Vestib Res-Equilib Orientat 8:51-56

Oman CM (2003) Human visual orientation in weightlessness. In:
Harris LR, Jenkin MR (eds) Levels of perception. Springer, New
York, pp 375-398

Oman CM, Howard IP, Smith T, Beall AC, Natapoff A, Zacher JE,
Jenkin HL (2003) The role of visual cues in microgravity spatial
orientation. In: Buckey Jr., JC, Homick, JL (eds) The neurolab
spacelab mission: neuroscience research in space. (pp 69-82),
Houston, USA: National aeronautics and space administration,
NASA SP-2003-535. National aeronautics and space adminis-
tration, NASA SP-2003-535, Houston, USA pp 69-82

Previc FH and Ercoline WR (2004) Spatial disorientation in aviation.
In: Progress in Astronautics and Aeronautics. American Institute
of Aeronautics and Astronautics, vol 203, Reston, Virginia, USA

Purcell T, Wenderoth P, Moore D (1978) The angular function of
orientation illusions induced by projected images of tilted real
object scenes. Perception 7:229-238

Ramachandran VS (1988) The perception of shape from shading.
Nature 331:163-166

Schone H, Parker DE (1967) Inversion of the effect of increased
gravity on the subjective vertical. Naturwissenschaften
54(11):288-289

Schone H, Parker DE, Mortag HG (1967) Subjective vertical as a
function of body position and gravity magnitude. Naturwissens-
chaften 54(11):288

Sun J, Perona P (1998) Where is the sun? Nat Neurosci 1:183-184

Templeton WB (1973) The role of gravitational cues in the judgeent
of visual orientation. Percept Psychophys 14:451-457

Villard E, Garcia-Moreno FT, Peter N, Clement G (2005) Geometric
visual illusions in microgravity during parabolic flight. Neuro-
report 16:1395-1398

Winter JA, Allen TJ, Proske U (2005) Muscle spindle signals
combine with the sense of effort to indicate limb position. J
Physiol 568:1035-1046



	The effect of altered gravity states on the perception of orientation
	Abstract
	Introduction
	General methods
	Identifying the perceptual upright
	Apparatus
	Conventions
	Procedure
	Data analysis

	Series I
	Methods
	Participants
	Bracketing
	Laboratory testing
	Parabolic flight testing
	Data analysis

	Results for Series I
	Comparison of upright and supine conditions �in the laboratory
	Comparison of normal gravity and microgravity in flight
	Comparison of normal gravity and hypergravity in flight
	Comparison between laboratory and flight data
	Comparison of variance across conditions

	Discussion of Series I

	Series II
	Methods
	Participants
	Conditions
	Procedure
	Data analysis

	Results of Series II
	Effects of altered gravity states on the perceptual upright
	Effect of gravity state on response variance

	Discussion of Series II

	General discussion
	Modeling the influence of body, gravity and vision �on the perceptual upright
	Comparison of supine posture and parabolic flight �for producing microgravity
	Why might the visual effect be reduced �in microgravity?

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


