Properties of the Internal Representation of Gravity Inferred From
Spatial-Direction and Body-Tilt Estimates

A. D. VAN BEUZEKOM AND J.A.M. VAN GISBERGEN
Department of Medical Physics and Biophysics, University of Nijmegen, 6500 HB Nijmegen, The Netherlands

Received 1 September 1999; accepted in final form 16 February 2000

Van Beuzekom, A. D. and J.A.M. Van GisbergenProperties of the to reconstruct the position of the head in space, which is not
internal representation of gravity inferred from spatial-direction arighmediately available from the raw vestibular input signals.

body-tilt estimatesJ NeurophysioB4: 1127, 2000. One of the key Recent work on the vestibuloocular reflex has strongly sug-
questions in spatial perception is whether the brain has a commefgieq that the brain is able to construct an earth-centric rep-
representation of gravity that is generally accessible for various p 'gentation of head velocity and head position (Angelaki and

ceptual orientation tasks. To evaluate this idea, we compared . . . . .
ability of six tilted subjects to indicate earth-centric directions in th ess 1994; Hess and Angelaki 1997; Merfeld 1995; Pettorossi

dark with a visual and an oculomotor paradigm and to estimate th&f @l- 1999), and various models on how this might be done
body tilt relative to gravity. Subjective earth-horizontal and -verticdlave been proposed (Angelaki et al. 1999; Glasauer and Mer-
data were collected, either by adjusting a visual line or by makirfgld 1997; Merfeld et al. 1999; Raphan and Sturm 1991).
saccades, at 37 roll-tilt angles across the entire range. These spati&arlier studies on the subjective earth-reference frame,
perception responses and the associated body-tilt estimates were pubstly concentrating on the subjective visual vertical, have
jected to a principal-component analysis to describe their tilt depeshown that the ideal of veridical performance is not achieved.
dence. This analysis allowed us to separate systematic and randffRen tested in darkness, subjects show a remarkable pattern of
errors in performance, to_disentangle the effec_ts of task (horizontal_g tematic errors at tilts beyond 60°, as if body tilt is under-
vertical) and paradigm (visual vs. oculomotor) in the space-percept|8 mpensated or underestimated (A éffect). At smaller tilt an-

data, and to compare the veridicality of space perception and the senlse ith ite si E effect f
of self-tilt. In all spatial-orientation tests, whether involving spacedleS: €TOrs with an opposite sign (E effect) may occur (for

perception or body-tilt judgments, subjects made considerable s?%y'ew see Howard 1982, 1986). These consistent deviations
tematic errors which mostly betrayed tilt underestimation [Aubeffom orientation constancy have received much attention as
effect (A effect)] and peaked near 130° tilt. However, the A effect wagotential clues to the underlying neural mechanisms (Mittel-
much smaller in body-tilt estimates than in spatial pointing, implyingtaedt 1983). Qualitatively similar deviations from orientation
that the underlying signal processing must have been different. Poipbnstancy have been observed in the behavior of optokinetic
ing results obtained with the visual and the oculomotor paradigm wesgternystagmus at various tilt angles (Dai et al. 1991). This
not identical either, but these differences, which were task-relatgﬁln”arity suggests that spatial perception and reflexive eye
(horizontal vs. vertical), were subtle in comparison. The t"t'dependeﬁfovements may rely on a shared gravicentric signal as has

pattern of random errors (noisy scatter) was almost identical in vis
and oculomotor pointing results, showing a steep monotonic increla{]%g%pr()posEd on more general grounds (Glasauer and Merfeld

with tilt angle, but was again clearly different in the body-tilt esti-
mates. These findings are discussed in the context of a conceptual
model in an attempt to explain how the differen_t patterns _of SyStema@ojectives of the present study

and random errors in external-space and self-tilt perception may come

about. The scheme proposes that basically similar computationatr explore the notion of a common gravicentric signal, we
mechanisms, working with different settings, may be responsible. )16 studied whether the subjective earth-reference frame is
similar when tested with two different paradigms. We per-
formed two series of experiments where subjects used either
INTRODUCTION their visual system or their oculomotor system to tap their
gravicentric signals. The experiments made use of the visual-
line paradigm and of saccadic pointing both to assess the

In this paper we investigate the ability of human subjects fibject’s estimate of the direction of gravity and the subjective
indicate the cardinal directions (horizontal and vertical) dforizontal. If both paradigms indeed get their signals from a
external space when tilted sideways at various angles. A cl§§mmon gravicentric representation, one would expect the
sical test of the subjective earth-reference frame requires fi§8ults to be very similar. Earlier work, where the visual and
subject to align a visual line either to the perceived direction 1€ oculomotor pointing paradigm were used in isolated ex-
gravity, or to the estimated direction of the horizon, in aReriments (references in the following text), appears inconclu-
otherwise dark environment. To perform this task, the brain h8®€. It is unclear whether the different results that were ob-

Background: current issues in spatial perception
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tained are paradigm related or due to differences nayural upright position for looking straight ahead with a padded
experimental conditions. Our results, obtained for the first tinggljustable helmet. _ _ _ N
in the same conditions and the same subjects, show that bot}# thé oculomotor sessions, two-dimensional eye position was

radiams viel mparable results in manv importan gasured with th(_e coil technique (Collewijn et al. 1975) using osci_l-
ESe?:?sg s yielded comparable results any important I:gtlng magnetic fields generated by two sets of orthogonal coils

A further issue investigated in these pointing experlmentsgo 77X 0.77 m) inside the vestibular stimulator. The signals from the

S ! § coil were amplified, demodulated and low-pass filtered (200 Hz)
whether the subjective earth-reference frame is nonorthogogﬁz sampled at 500 Hz per channel.

as indicated by two earlier oculomotor studies that yielded an array of red light-emitting diodes (LEDs) was used for eye-coil
clear differences in performance depending on whether the taskbration. Its center LED served as a fixation light during the
required verticality or horizontality judgments (Pettorossi et abculomotor task. Other LEDs were positioned on the intersections of
1998; Wood et al. 1998). This result led Pettorossi et al. toree circles at 11, 22, and 31° and 12 meridians. The screen was
propose that the percept of verticality may be more primal aﬁH&phEd to the_ vestibular stimulator with the center LED. on _the
therefore more veridical. However, in similar experiments witptbject's roll axis at 1.15 m from the cyclopean eye. For calibration,
the visual paradigm (Betts and Curthoys 1998), the nogl_:ﬁbjects fixated the central fixation LED and each of 36 peripheral

orthogonality was smaller, less consistent, and reversed in si

Again a major.dlfflculty in Ir!tgrprgtlng these various results i ear array of five equally spaced LEDs with an angular subtense of
that the experimental conditions in all three studies were dif7 mounted at a 1.00-m distance. The line could be set accurately by
ferent, making it impossible to assess whether performancedgotely controlled rotation in either direction at adjustable speed.

really task dependent (horizontal vs. vertical) and to whathe rotation axis intersected the center LED and was collinear with

extent the conflicting results reflect the use of a differetiie subject’s roll axis. Its setting was measured using a digital position

paradigm (visual vs. motor). To isolate these factors, we usetcoder with an angular resolution of 0.35°.

both paradigms and both tasks in the same subjects in other-

wise identical experimental conditions. Rather than concentr@xperiments

ing on a limited set of tilt angles, like in these earlier studies,
we investigated the entire range (froril80 to 180°).

h visual-line experiments, the subject adjusted the orientation of a

Roll angle p) was defined as the angle of the longitudinal body axis

. . S ith the earth vertical, taken positive for right-ear-down rotations. All
Attractive as the notion of a shared gravity signal may see bjects were given a few practice runs to get used to the vestibular

as an economical cqmputational strategy, some dqta in @& ulation and the paradigm.

literature suggest that its actual application by the brain may bay, all experiments, we tested 37 roll angles equally distributed
subject to unexpected restrictions. In the domain of spatiakross the entire range. Roll-ilt trials started from the upright position
perception studies, it has been emphasized that tilted subjggts 0) and alternated between clockwise and anticlockwise; final tilt
are quite good at estimating their body tilt in space whilengle was varied randomly. To allow most of the postacceleration
making large systematic errors in earth-centric orientatig@ffects in the semicircular canals to subside, tasks did not start until
judgments (Mast and Jarchow 1996; Mittelstaedt 1983). B4 S after completion of the rotation. After taking measurements in the
investigate whether these earlier results, which were only cg|ted position, the chair returned to the initial position. Subsequently,
lected at a single tilt angle (90°), are representative for thgo™ lights were switched on for-10 s to give the subject the

. - g . possibility to reorient. In all experiments, vision was binocular. Sub-
entire range, we have obtained verbal body-tilt estimates atégr(ﬁs never received feedback about their performance.

tilt angles from the same subjects in the same trials as Whergye ysed three different paradigms to test the subject's ability to
the pointing responses were obtained. While the results cq4ge orientations in external space relative to gravity as well as his
firm earlier findings that errors in body-tilt estimates and earterception of body tilt.

Ce.ntrlc judgments are clearly different in magnitude, our an?\‘)' UAL-LINE PARADIGM. In these experiments, the task was to align
ysis suggests that they may nevertheless reflect essentiglly visyal line with either the estimated earth horizontal or earth
similar computational mechanisms with different settings. vertical in separate sessions. In darkness, the visual line was first set
in a random orientation by the experimenter. After the 24-s waiting
period in the tilted position (see the preceding text), the visual line was
switched on for 12 s. Within this period the subject had to align the
Subjects visual line according to instruction with the horizontal or vertical by
remote control.

Six healthy subjects (5 male, 1 female), aged between 20 and 54¢&uLOMOTOR PARADIGM. In the oculomotor paradigm, saccadic
participated in the experiments. Three of thehB(JG,andMS) had  eye movements were used to indicate the perceived earth horizontal
knowledge about the purpose of the experiments, whereas the othgig vertical. Following the waiting period in the tilted position, the
Were naive. center fixation LED was presented for 2 s. The subject’s task was to

first fixate the LED until it extinguished, then to shift gaze to a
peripheral position on the estimated horizontal. After 1.5 s, the center
LED again lit far 1 s as a cue toeset gaze whereupon the subject
ppade a saccadic-pointing response in the opposite direction along the
jective horizontal. The third requested refixation was upward (to

METHODS

Setup

Seated in a computer-controlled vestibular stimulator in a da
room, the subject was rotated about his nasooccipital roll axis to a n WP p :
tilt position using a constant velocity of 15°/s. Roll position wad€ ceiling) and the final one downward (to the floor). The result of
measured using a digital position encoder with an angular resolutigliS @Sk, when properly performed, was a cross-like figure whose
of 0.04°. The subject's seat was adjusted in height so that the cycioms were aligned with the gravity vector and the earth horizontal.
pean eye coincided with the axis of rotation. The trunk was tightBODY-TILT ESTIMATION PARADIGM. In both oculomotor and visual-
fixed with seat belts and adjustable shoulder and hip supports; the légs sessions, the subject was requested to verbally report his esti-
were restrained by Velcro straps. The head was firmly stabilized in thmated tilt position immediately after the 24-s waiting period, using a
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clock scale as if his body were the minute hand. Accordingly, adote thatP,(p), Px(p), ... , P,(p) and M(p) are common for all

estimated 90° right-ear-down tilt was reported as 15 min past the hosubjects and that(p), and a;, a,, ... , &, are test and session
specific. The contributions of the principal components describe de-
viations from the overall mear).

Data analysis Since there were small differences (typically less than a few de-
grees) in applied roll angles among sessions, the data were linearly
Horizontal and vertical eye-coil signals were calibrated off-linnterpolated to roll angles at 10° intervals 180, —170, ... , 180),

using the fixation data obtained in the eye-coil calibration run (see tteeallow the principal-component analysis that requires measurements
preceding text). Two neural networks, one for each position compat equal roll angles.

nent, were trained to fit the raw fixation data to the target locations

(Melis and Van Gisbergen 1996). Each network consisted of two inp%,qE SULTS

units (representing the raw horizontal and vertical signal), three hid-

den units, and one output unit (representing the desired calibratedy/e will first give a qualitative survey of the results from in
horizontal or vertical position signal). Raw eye-cail signals werghe different types of experiments, concentrating on the pattern

subsequently calibrated by applying the resulting feedforward neje systematic and random errors.
works. Calibration errors were typicalkg0.5° on average.

Saccade detection was performed on the calibrated eye position ) ) )
signals on the basis of separate velocity and acceleration/deceleraf@#alitative observations on performance in various tasks

criteria for saccade onset and offset, respectively. Detection markingsl_ . . . L .
were adjusted by the experimenter, if necessary. he responses of all six subjects in the subjective horizontal

The visual-line setting was defined as the smallest angle betwe¥id vertical tasks are shown in Fig.tép four rows,both for
the final orientation of the line and the gravitational vertical, in théhe visual line and the oculomotor paradigm. The body-tilt
visual vertical experiments, and between the line and the earth hastimates lfotton) will be discussed later. Figure left, con-
zontal in the visual horizontal experiments. The direction of theain the responses from all sessions, and Figgh, shows the
oculomotor responses was described in a similar fashion. Each armagtompanying mean and standard deviations. The vertical axis,
a saccadic cross (left, right, up, and down) typically consisted of) " shows the deviation of the actual response from the
Sﬁqt'f”ce. of Siccr?des' The direction of S“gh a r%qunse "I"a? defing t%fired response. For example, in thp left panelwe see a
the direction of the most eccentric saccade endpoint relative to . o o
center LED. Rightward and leftward direction were then defined ‘g%ar tend_ency for CI.OCkW'.Se deviations (sh(.)wn.as positive)

en subjects were tilted right ear downgositive) in excess

the angle between the earth horizontal and the direction of the right- -~ ~_"1 : o : ,
ward and leftward response, respectively. Upward and downwe? 60°. This means that their subjective vertical deviated from

responses were defined relative to the physical vertical. The mearif# true vertical in the same direction as their body was tilted.
the leftward and rightward response in a given trial will be denoted a§1Us this scale gives a direct representation of the orientation
oculomotor horizontal, the average vertical response as oculomotdrthe actual setting that was made. Similarly for large left-
vertical. ear-down tilts, we again see large errors, biased in the direction
Trials in which the visual line was still being adjusted after thef body tilt. This kind of responses is known as the Aubert
LEDs had been switched off were discarded from further analysistfect (A effect for short) that has frequently been described for
Similarly, we excluded oculomotor trials in which the subject did nthge tilt angles. We will use the term A effect to denote errors
fixate the center LED accurately-b° error) or in which the response ¢ yis 1vne “also when they occurred at small tilt angles, as was
amplitude was too small (most eccentric saccadic end poi°). . ' . !
Sometimes the case. The term E effect will denote errors of the

The rare trials €2%) where subjects had obviously mixed up th . ; .
sequence of required horizontal and vertical responses were left QRPOSIte type, again regardless of the tilt angle where they

Sessions in which more than three trials did not meet the criteria wétecurred. The patterns of errors in the horizontal and vertical
rejected altogether. responses obtained with the visual-line method were rather
To compare the results from different tasks and paradigms andstionilar. Neither the mean visual horizontal nor the mean visual
characterize intersubject differences, we applied a principal-compaertical showed systematic E effects, but clear A effects were
nent analysis to the visual line and oculomotor data (Sokal and Roflfesent for roll tilts beyond 60°.
1981): The purpose was to characterlze how the result_from any givenn the oculomotor paradigm, response curves again show
paradigm in a particular session, to be denoteqi(ak deviated from a5, A effects at large tilt angles, in line with the visual data.
the overall mean response in all sessid¢p), calculated from the ¢, o tside this range, there is a striking similarity between

pooled data of all different tests (visual horizontal and vertical, oci- biective hori tal Its obtained with eith di
lomotor horizontal and vertical, verbal body-tilt estimates). Accorch'Ie subjective horizontal resufts obtained with erther paradigm.

ingly, the differencec(p) = ¥(p) — M(p) was computed for the spatial IN bOth data sets, we only see A effects, which become grad-
perception results and the verbal estimates obtained in each sesdighly smaller as tilt decreases. Inspection of the mean oculo-
yielding anm X n matrix K wherem = 60 equals the total number of motor vertical response shows right away that these data de-
k(p) profiles andn = 37 equals the number of tested roll angles. Theiate from the oculomotor horizontal data. On close inspection,

principal componentsP,(p), Px(p), ... , P,(p), correspond to the the trend toward smaller A effects, or even the emergence of E
eigenvectors of the covariance matrix 6f The accompanying eig- effects at small tilts, visible in the vertical results is also

envalues 4, ... , A} express how much each particular principafecognizable in the visual data. As the mean oculomotor ver-
component contributes to the description of differences among indiz5| curve shows, the phenomenon is much more pronounced

vidual responses. Thus principal components with larger eigenval - . -

capture more of this variability than the higher-order components t”ﬁ?ﬁ'e' These points, related to the ISsue of nonorthogopahty (see

have smaller eigenvalues. INTRODUCTION), are further_conS|dered in the next section. _
The response from each session can be exactly described as &) MOst sessions, subjects were asked to report their esti-

combination ofM(p) andn scaled principal components mated body tilt (se&eTHops). As can be observed in Fig. 1,
bottom, their performance was generally far from flawless.

v(p) = M(p) + a;* P1(p) + @ Py(p) + - - -+ &, Pu(p) (1) Like in the pointing experiments, the body-tilt-perception data
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visual vertical

60

Fic. 1. Response errors in the visual, oculomotor, and
body-tilt estimation paradigms. Six subjects were exam-
ined at least once in each paradigm. Since some were
tested more often (see Table 1), the various panels contain
a different number of sessions (visual vertical 8, visual
horizontal 8, oculomotor vertical 10, oculomotor horizon-
tal 10, verbal report of estimated body tilt 24)eft
response error in separate sessions plotted as a function of
roll angle. Note that in both pointing paradigms (visual
and oculomotor) considerable Aubert effects (A effects)
were present for the large tilt angles. In both oculomotor
vertical and body tilt estimates, some subjects showed a
clear E effect (errors with an opposite sign) at small tilt
angles. Some body-estimate profiles also displayed E ef-
fects for the large tilt rangeRight mean errors and SDs
computed from the data in thkeft panels.Error bars
71 denote 1 SD. Note that the mean errors in the body-tilt
estimates were smaller than those in the pointing para-
digms.
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show systematic errors in the direction of tilt underestimatiolin appropriate assessment of paradigm- and task-related dif-
(A effect). Along with this similarity, two striking properties of ferences, which also can take into account intersubject vari-
the verbal responses are worth noticing: mean systematic ermaipdity, necessitates an analysis that extracts relevant charac-
are clearly much smaller but the scatter in responses sedsrsstics from the large data set available. Principal-component
actually larger, at least in the small tilt range. analysis nicely meets these requirements.

NONORTHOGONALITY. The fact that the response curves for therINCIPAL-COMPONENT ANALYSIS. We used principal-compo-
horizontal and vertical tasks have different shapes means thaht analysis to characterize the differences among the indi-
they are nonorthogonal. As a measure of this internal incovidual responses (seeTtHops). In this way, a set of indepen-
sistency, Fig. 2 shows the difference between the two respowiesat, orthogonal basis functions, which describe the variability
curves from the same subject. As can be seen, the differeicehe data most economically and without a priori assump-
curves for both paradigms show equal-sign deviations frotions, was calculated. To be useful for our purpose, however, it
perfect orthogonality (i.e.a O difference) in the range ofis important that the first few principal components can already
modest tilts. In the visual data, the effect is quite modest aadcount for much of the variability. This point will be consid-
only systematic at small angles of tilt, reaching a maximum efed first.
not more than 11.7° in the average (bold curve). The oculo-The principal-component analysis, performed on the pooled
motor orthogonality, which has the same sign as found Ippinting and verbal data, yielded 37 principal components
Pettorossi et al. (1998) and Wood et al. (1998), is clearly moggualing the number of tested roll angles (s&eHops). The
robust (maximum in the mean: 16.9°) and more consistent.normalized ordered eigenvalues) (@re shown in Fig. 3. An
eigenvalue of 0.10 means that the associated principal compo-
nent can account for 10% of the variability in the data set. Note
the steep decrease in eigenvalue as a function of the order of
By raising the question to what extent session differences @he principal component. The data in Fig. 3 suggest that the
task, paradigm, and subject related, the data in Fig. 1 portragantributions of the higher-order principal componekts-(3),
major challenge for further analysis that now has to be faceaslith very small eigenvalues, may represent mainly noisy per-

Quantitative analysis of task performance
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Fic. 2. Degree of orthogonality in the visual and ocu-
lomotor paradigm responses. To test the orthogonality of
responses in both paradigms, the difference between the
horizontal and vertical errors is shown as a function of roll
tilt (thin line). In cases where a subject was tested more
than once, the average difference between the horizontal
and vertical response curves was calculated. Both overall
mean difference curves (thick line) show generally the
same pattern of deviations from orthogonality, with a
change of sign for the large roll angles, showing that the
nonorthogonality is not constant. The nonorthogonalities
in the visual datatpp) are quite small, and only consistent
for small tilts. A more distinct and systematic pattern can
—1 be observed in the oculomotor dathofton). A weak
correlation ¢ = 0.22,n = 6) was present between the
orthogonality in both paradigms (not significant).
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formance variations rather than systematic trends in the datae response of the subject was not only determined by the
Before considering this point further, we first examine thstatic body orientation at the time the response was made but
general features of the most dominant principal componentspended also on the rotation that led to that position. This
that characterize the differences among individual session F§steresis phenomenon was present in both the spatial-percep-
sults relative to the overall mean (seer+oos, Eq. 1). tion data (mean value: 14.4 19.6°, P < 0.001, Student's
In Fig. 4, the overall mean response as well as the first thregsst) and the body-tilt estimates (mean value:5.8.1°,P <
normalized principal components are shown together with thgjloo1, Student's-test).
eigenvalues. The overall mean responst) was calculated — he first principal componen®y) gradually increases with
from the pooled data containing all pointing results and bodys| angle up to~140° and then decreases for still larger tilts.
tilt estimates. Note tha¥l roughly resembles the mean visualta however. that it has not declined to zero at the upside
Eor!zonta: and verticalbsettihngs_ als V\Iie" ﬁs the mean Ong‘Elon;fo wn position (plus or minus 180°). Accordingly, the main
orizontal responses but that it lacks the pronounced E effe : LT '
present in the oculomotor-vertical data (see Fig. 1). The faF Egntch:spilnct?gg?zn:rgf 't?]éhﬁ g?fzglpﬂgr:;ilsetr?\/:ﬁ,c:lé?tofz;

that the—180 and 180” data show opposite offsets means ts ows that this basis function accounts for 47% of the variance
0.5 ‘ : | in y(p) — M(p). By contrast, the second component is clearly
| important for the characterization of response differences at the
‘ smaller tilt angles. It rises steeply to a maximum in the tilt
04 ’ range ~40-50° then declines again and ultimately reverses
sign near 140°. The third component has less characteristic
features and merely accounts for a modest 9% of the variance
in the data.

0.3

DESCRIPTIVE MODEL. The next step is to use the set of princi-
0.2: pal components for the description of individual response
curves (seeeq. 1, for the general idea). As noted earlier, a
perfect description of each individual response requires all 37

0 principal components. However, such an exhaustive represen-
tation is undesirable for our purpose, which is to obtain a
0 . simplified description that nevertheless captures the main char-
0 5 10 15 20 25 acteristic features of the response and separates them from the

_ _ k_ ) _ noisy variability. Fortunately a fairly good description of the
Fic. 3. Normalized eigenvalues of principal components. The eigenvalygdividual response erI’OFS)((p), Satisfactory for the present

(A) denotes how much each principal component contributes to the compl . . i
description of the variance in the data. Paramktéenotes the rank order of ﬁt_ﬁrpose, could already be obtained by using only three prin

principal components based on the size of their eigenvalue. Note the stéép@l components, according to
decline in eigenvalues with rank order. Only the first 25 of 37 eigenvalues are
shown. Y(p) = M(p) + a,* Pi(p) + @ - Po(p) + as* P3(p) + €(p) (2
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that the main differences in response characteristics from all
three paradigms can be described quite well (mRar: 0.79,
range 0.42—0.97 for all sessions from all subjects). For exam-
ple, in the small tilt rangesubject MSshowed a large E effect

in the oculomotor vertical task in marked contrast to the A
effect seen in the oculomotor horizontal experiment. These
different features are well replicated in the (= 0.93). By
contrast, thebottom left panekhows one of the poorest fits.
There is no reason to blame the descriptive model: because
systematic errors are so small in this case, the noisy scatter
causes a small signal-to-noise ratio. Whenever the body-tilt
estimates showed larger systematic errors (siglelle panein
bottom row for example), thé?* value was accordingly better.
Quantitative evidence that the descriptive model is indeed
equally powerful in describing pointing results and body-tilt
estimates is presented in the next section.

ROLE OF FIRST TWO PRINCIPAL COMPONENTS IN DESCRIPTION
OF SYSTEMATIC ERRORS. We suggested earlier that the contri-
bution of the first principal component is mainly related to the
size of the A effect at large tilts, whereas the second compo-
nent is important for the characterization of the systematic
errors at small angles. To support this, Fig. 6 shows these
relations for two tilt angles where the E and A effects were near
their maximum (see Fig. 1). That both relations are linear is not
surprising since each response is described as a linear combi-
nation of the overall mean and the principal-component con-
tributions. Still, it is useful to see how the size of the E and A
: : , : : effect is related to the principal-component coefficients.
0.4} E Py | Apart from this, two features of the two relations are
: noteworthy. First, it appears that the relations are remark-
ably tight. The contribution of the first principal component
(right) accounts for no less than 82% of the overall vari-
ability in A effect at the 130° tilt angle. The second com-
ponent shows a less tight relation but still describes, by itself
alone, 57% of the variability in E/A effects at 40°. Second,
_0.4t ! hy=0.09 | notice that the same relations hold equally well for pointing
‘ ‘ 1 . ‘ responses() and body-tilt estimated (), showing that the
180 90 0 90 180 description is applicable to both types of paradigm. Taken
roll angle, p [ded] together, the plots in Fig. 6 underscore the descriptive power

FiG. 4. Overall mean and first 3 principal components. The overall me& the first two principal components, computed from the
(M), first (P,), second ), and third P5) principal components with accem pooled data, to represent the responses in any type of
panying eigenvalues\, which were used to describe the individual responsexperiment. Therefore our description of task- and para-
curves according té&q. 2. SeeQuantitative analysis of task performantor digm-related differences in performance will concentrate on
further details. - - .

the P, and P, contributions found in each test.

where the noise terna(p) represents the contribution of the . i
remaining principal components§, . .. , P} If the pro- Task and paradigm dependence of subject performance

posed descriptive model is valid, the contribution of the three_ While Fig. 5 is useful as an illustration of the fact that the

principal components, expressed by three numbers (co€ffiear regression oR,, P,, andP, can capture global features
cients &, &, and &), describes the deviation of a givenyt ingividual response sets quite well, it is inadequate to
individual responsey(p) from the overall mean. If this holds, ymmarize the task and paradigm dependencies. To illustrate
these three parameters can characterize the salient aspecifele more concisely, the contributions of the first two princi-
the subject’s behavior not just for a few selected tilt angles byl components to the responses of all sessions are presented in
for the entire range. Obviously this can only be an approximgjy 7, together with their confidence limits (see legend for
tion and it is important to check first whether the model fit W|tr&0mputation)_ The key to Fig. Déttom righ) illustrates how

the data is sufficiently good. taking combinations of the overall meaM) and systemati-
PERFORMANCE OF THREE-PARAMETER DESCRIPTIVE MODEL. The cally varied contributions of the two basis functioRs,andP,,
question to be faced now is whether the simple three-compan produce a variety of different response curves (see legend
nent model is already sufficient to capture the global featuresfof further explanation). The coordinates of each session rep-
the responses that were actually obtained in the different egsent the corresponding coefficiemtsand a, from Eq. 2so
periments. As illustrated in Fig. 5 for three subjects, it appedtsat the overall mearM in Fig. 4) has coordinates (0,0). Using

Y [deg]

normalized response error, y [deg]
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this format, the horizontal® andm) and vertical O andd) oculomotor-vertical data, which was much less obvious in the

pointing data are shown in Fig. ®yp. The scatter plots show visual-vertical data (see Fig. 1).

that the variation irP, contributions, in different sessions, is The P, contributions in the body-orientation estimates span

roughly comparable for the visual and oculomotor paradigra,wide range, almost comparable to the pooled oculomotor data

irrespective of task (horizontal and vertical). The picture in thgaorizontal and vertical combined). This finding reflects the

body-tilt data bottom lef}, showing a clear shift to negati\®y  fact that the verbal data show considerable variation in the

values and a larger range, is significantly different from thamall tilt range showing a spectrum from clear A effects to

pointing data P < 0.001, Kolmogorov-Smirnov test). clear E effects (see Fig. 1). Further inspection of the data did
TheP, contributions of the oculomotor experiments show anot show any clear correlation betwePBg contributions and

almost complete separation depending on whether the taskk or paradigm (not shown).

required earth-vertical or -horizontal settings. This difference

is highly significant P < 0.001, Kolmogorov-Smirmnov test). In ytersubject and intrasubject variability in pointing

the visual data, the range of tHe, contributions is more responses

constrained. Although a tendency for a task-related shift can be

discerned, similar to the oculomotor data, this difference doeslf there was no intrasubject variability among the results of

not reach statistical significance. TheBg findings, in the repeated sessions or intersubject differences, all points in Fig.

visual and oculomotor task, reflect our earlier qualitative ol3- from a given type of experiment would cluster together

servations that there was a tendency toward strongly dimiwithin the uncertainty boundaries, but that is clearly not the

ished A effects or even the emergence of E effects in tloase. Since the same experiment was repeated in some sub-
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p = 40 deg p =130 deg

2 2
6ol R®=0.57 R%=0.82

-150 -75 0. 75 150 -150 -75 O_ 75 150
P2 contribution P1 contribution

FIG. 6. Relation between principal-component contributions and response errors at 2 selected tilt angles. Response error at 40
and 130° roll angle as a function of the 2nd and 1st principal-component contribugérang@right panels respectively). For each
session, the response errors for pointing &nd body-tilt paradigmao) were determined by averaging the response error for
corresponding clockwise and counterclockwise rotations. Positive errors indicate A effects while E effects are negative. Note that
some body-orientation estimates showed an E effect even at 130° tilt, whereas at 40° tilt, E effects were present in both pointing
and body-orientation estimates. The regression lines match the relation that can be predicted from the shape of the overall mean
(M) and the principal component under consideratiRfvalues show that the relation is tight in both panels. Even thougRthe
contributes to the principal-component description for small tilt angles, as can be gathered from it shape (see Fig. 4), it is not a good
indicator & = 0.12) for the 40° response error (not shown). Similarly,Rhés a poor descriptor gt = 130. Further details: slope
in left —0.22 = 0.03; intercept 3.25- 0.79;n = 60; slope inright: 0.24 = 0.01; intercept 27.1& 0.85;n = 60.

jects, we can give an impression of the day-to-day repeatability separate sessions on different days. If a given subject has
of the results. In Fig. 8 we show the results of four oculomotdreen tested several times, a decision is needed on how the
experiments insubject JG.The oculomotor horizontal and comparison is to be made. Since any particular pairing would
vertical curves are shown in thiep panelslf the experiments be as arbitrary as any other, we just took all possible pairings.
had been reproducible, the four session curves should oflg correlation could be found based on this analysis.

show noisy variations about their corresponding mean. Instead,

there is a clear suggestion of systematic intrasubject diff@ss|ation between estimated body tilt and earth-centric
ences from day to day. , _ ‘orientation perception

Examples of such systematic changes, collected in sessions
3 and 4, are shown in Fig. &iddleandbottom rowsfogether  There is evidence that the signals used for the estimation
with their principal-component fits. As can be seen, the erroo$ body tilt are at least partially distinct from those partic-
made by this subject were systematically larger in sessionifating in the subjective horizontal and vertical tasks (Ana-
Note the similarity ina; values in both the horizontal and thestasopoulos et al. 1997; Bisdorff et al. 1996; Mittelstaedt
vertical data of the same sessions. A quantitative summaryl&88). In support of this hypothesis, earlier tilt experiments
the results of all subjects that were tested more than once in @oncentrating on the range near 90° yielded no correlation
paradigm is given in Table 1. In a total of 18 session compdaretween errors made in body-tilt estimates and those in
isons that could be made, tife component was significantly subjective horizontal/vertical tasks by the same subjects
different in 17 cases. Th&, component was significantly (Mast and Jarchow 1996; Mittelstaedt 1988). Our results
different in 10 pairs. allow us to explore this issue based on data in the entire tilt range.

The impression from Table 1 that the oculomotor response Fig. 10, top left, shows, theP, components for body-tilt
curves for the horizontal and vertical task show parallestimates were consistently smaller than the corresponding com-
changes irP; values from session to session led us to a furthponent in the assigned pointing task &nd®: visual line;0 and
guestion. If there is a degree of covariation in the size of them oculomotor) of the same session. Nevertheless there was a
effect expressed by the horizontal and vertical data from osignificant correlation that was weaker than when two pointing
subject on different days, is this perhaps a reflection oftasks (oculomotor horizontal and vertical) were compared (see
general trend in the data from all subjects? Figudef,where Fig. 9). There was no correlation betwesgrvalues for body tilt
we have plotted the, values from the oculomotor horizontaland pointing {op right). Symbols® andm, representing data from
data against those derived from the vertical data in the samsingle subject)G), show that thd®, contribution in the verbal
session, confirms that there is a clear correlatios (0.78). estimates exhibited considerable variations from session to ses-
The a, values showed no correlation € —0.13,right). sion. By contrast, th®, component was more reproducible.

A similar question can be raised for the visual data. Is it true To further evaluate the relation between pointing and
that subjects with a small or largg value in the horizontal verbal responses, we also made a correlation analysis for
task show the same tendency in the vertical task? A compdiach tilt angle. This was done separately for the recon-
cation that arises here is that these experiments were perforragdcted signals, using the descriptive model, and for the
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FIG. 7. Principal-component description of results in all 3 paradigdmstom right (key) illustration by example how taking
combinations of the overall meaN( central curve) and the contributions of the 2 basis fundBpandP,, indicated bys (+75),
produces quite different response profiles (the 4 remaining curves). Note tHat finedominantly affects the appearance of the
curve at small roll tilts. Thé®>; component, by contrast, has only little effect on the response characterizations for small tilts and
primarily affects the size of the A effect at larger tilts (see also Fig. 6). Scatter plots of bBgtdiitd P, contributions for the
description of pointing resultsdp) show that horizontalitys(ande) and verticality ¢ ando) data end up in nearly separate clusters
for the oculomotor experiments. The 4 pointing task-paradigm combinations show comp@yaisetributions, whereas the
body-tilt estimateP, distribution pottom lef} is broader and shifted toward the left. The shaded zone surrounding each symbol
represents the statistical uncertainty in the coefficients, caused by the presence of noisy scatter. To keep this figure readable, the
zones show only 1 SD of each coefficient. These zones have to be doubled in width, thus portraying 95% confidence limits, to
determine what significance can be adhered to differencasanda, values among sessions. Two sessions can be considered to
yield statistically different results when the corresponding points in Fig. 7 are separated by at least this margin. The computation
of the confidence zones has its conceptual basis in the descriptive model, expressed in thé&Efprenfedr a given session curve,
the principal component coefficientg anda, are fully determined, without any uncertainty. It is obvious however that, even if
the subject was completely stable from session to session except for the presence of random noise, the latter would still cause the
experimentally determined values to deviate from their theoretically expected value. If the noise is Gaussian and if its &&riance (
is known as a function of tilt angle, the resulting uncertainty in the coefficients can be computed analytically (Rice 1995, see p.
538). We will later discuss the tilt-dependent noise characteristics that were used in this computafldlh ¢spendence of noisy
scatterand Fig. 11).

noisy scatterEqg. 2. As Fig. 10,bottom shows, there was describe only noisy variations. The fit results obtained with the
a convincing correlation in signal values for tilt anglesirst three principal components (see Fig. 5) suggest that this is
beyond 60°. By contrast, the correlation of the noisy scattarreasonable approximation. By implication, analysis of the
between pointing and verbal was much smaller and genegsidue can provide an impression of the properties of the noise

ally insignificant. term in the model. Such a quantitative characterization of the
noise is of interest for several reasons. First, the dependence of
Tilt dependence of noisy scatter the noise variance on tilt angle is of theoretical interest as a

constraint for modeling (seeiscussioN. Second, one might
The descriptive model that we have been using to descrip@rmise that the oculomotor paradigm might be corrupted by
the results assumes that the first three principal componehigher noise levels than the visual paradigm and it is of interest
characterize the signal and that the remaining componetdscheck this possibility. Finally, the characterization of the
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horizontal vertical
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60r R*=0.93 R®=0.97 FIG. 8. Systematic day-to-day chang@sp results
from subject JGn 4 oculomotor sessions. Note that the
shape of the horizontal curves differs from that of the
vertical curves, in line with our earlier description. The
day-to-day differences are considerable, especially for
large tilt angles. To illustrate this, the horizontal and
vertical oculomotor data from sessions 3 and 4 are
shown in themiddle and bottom rowsas well as the
accompanying principal-component descriptions. Note
that there was a large difference @ values between
the 2 sessions and that the coefficients for horizontal

and vertical in the same session were similar.
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noisy scatter underlies our estimation of the coefficient confinean level of systematic errors. If that was the case, the noise
dence intervals shown in Fig. 7. should have shown a marked decline beyeriB0°, in parallel

It may seem that the ideal procedure to test the descriptiwith the diminishing size of the A effect in this range.
model assumption that the residu€p), is random noise, Figure 11,top right, shows that the noise profiles, obtained
would be to repeat each type of experiment many times in eamh pooling data from opposite directions of tilt and for hori-
subject. In theory, such an extensive data set would permit arental and vertical task results, were quite similar for the visual
to check whether the residues conform to a Gaussian distritamd the oculomotor paradigm. In both cases we see a steep,
tion centered at zero and would yield the tilt dependence of thenotonic increase in noise amplitude yielding the largest
noise amplitude in each subject. In practice, however, subjectdues when subjects were upside down.
showed also systematic changes in repeated sessions (see Fig$e noise profiles, reconstructed so far, were obtained based
9 and 10 and Table 1) so that the total scatter would reflect bath the assumption that the first three principal components
systematic and random variations. capture all the systematic variability. While the bend in XHe

To sidestep this problem, we pooled the residue data from allrve in Fig. 3 seems compatible with the idea that the remain-
available earth-centric pointing experiments to reconstruct thgy components represent mainly noisy variations, there is no
overall noise profile. As can be seen from the standard devé@ear-cut boundary between signal and noise. Clearly if the
tion (o) of the pooled residues (Fig. 11, thick lirtep leff), the higher-order components still reflect some systematic variabil-
noise increased with tilt angle. It should be noticed that thy, we have overestimated the noise level.
curve is nearly symmetrical for positive and negative roll To check for this possibility, we used an alternative proce-
angles and that the increase is monotonic. It is interestingdare to reconstruct the noise profiles based on an independent
recall, at this juncture, that the pattern of mean systematissumption. In general, the response curves are roughly sym-
errors shows a clearly different tilt dependence (Fig. 1). Acnetrical, apart from scatter, for equal positive and negative tilts
cordingly, the random noise is not simply proportional to thésee Fig. 1). In our second approach, we made the simplifying
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TABLE 1. Summary of the results from repeated experiments

Horizontal Vertical
Paradigm Subject Session a, a, R? a, a, R?
Visual JG 1 7.3 —30.2 0.86 — — —
2 69.4 —-19.3 0.91 — — —
3 — — — 1.5 -1.8 0.82
4 — — — 68.0 42.3 0.96
MW 1 80.2 13.4 0.91 — — —
2 41.5 —10.6 0.95 — — —
3 — — — —57.7 —-15.1 0.60
4 — — — 12.8 7.8 0.91
Oculomotor JG 1 13.6 12.4 0.81 46.5 33.9 0.95
2 41.8 2.0 0.90 74.4 54.8 0.97
3 102.8 1.0 0.93 103.9 51.2 0.97
4 63.5 —6.6 0.91 68.0 251 0.95
MS 1 35.1 —55.9 0.93 1.7 25.9 0.94
2 75.2 —-19.8 0.93 37.8 61.2 0.93

The principal component fit results of repeated pointing experimentsRi kalue denotes the goodness of fit of the principal-component description. Clear
differences ina, anda, values, beyond 95% confidence limits, were present between sessions of the same subject. From the 18 intrasubject comparisons
can be made, 17 yielded differe®f contributions. The, values were different in 10 session comparisons. Note th&tleentributions in oculomotor sessions
showed comparable session-to-session changes in horizontal and vertical data.

assumption to regard all deviations from symmetry as due s@nals that can be tapped by various systems involved in
noisy scatter. The results of this procedure are shown in thgatial orientation. The first objective was to clarify whether
Fig. 11,top left(dashed line). Again we see a steep monotonibe main features of the subjective earth-reference frame in
increase and an overall striking similarity with the earliespatial perception would be similar when tested with the
result. Apparently, the errors due to imperfections of the fizisual-line method or the oculomotor paradigm. In making
that entered the result of our first reconstruction method, atés comparison, we concentrated on the question whether
small relative to the noisy scatter in the system. the two paradigms yield a similar pattern of systematic
The same analyses were also carried out on the availablesalignment of the subjective earth-reference frame, as
body-tilt estimates. It appears that the reconstructed noesepressed in the A effect (tilt undercompensation). The
profile is almost flat across most of the tilt range, whickecond objective was to compare performance in the earth-
contrasts markedly with the pointing data. The plausibility afentric perception tasks and the ability to estimate bodly tilt.
this result is again supported by the fact that the two methodée investigated earlier claims in the literature that the A
to obtain the noise are in remarkable agreement. We conclwféect, which is a very prominent phenomenon in external-
that, while body-tilt estimates tend to have smaller systemasipace perception, is virtually absent in judgments of body
errors (on average), the scatter in these responses is relativély(Mast and Jarchow 1996; Mittelstaedt 1983).
large when compared with the pointing data. To realize these objectives, we collected earth-centric direc-
tion judgments and body-tilt estimates across the entire tilt
range. All experiments were carefully designed to create com-
parable conditions, were performed on the same subjects, and
were analyzed in a way that allowed appropriate comparison of
RECAPITULATION OF OBJECTIVES AND MAIN RESULTS. This the data by using a principal-component analysis. Broadly
investigation has centered on the question of whether thpeaking, without going into details for the moment, the results
brain has a common central representation of gravicentshow: first, in many respects, the visual and the oculomotor

DISCUSSION

Overview
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a a, to the suitability of the oculomotor system as an alternative
r=10.68 Il r=008 ] pointer. T . .
190 ’ . The broad similarity of the oculomotor data with the visual-
L line data shows that the saccadic system has access to the result
o of the same or comparable neural computations. This finding
" ooglo ° lends support to the idea that there may be a central represen-
o e tation of gravicentric signals that is not tied uniquely to the
availability of a visual stimulus and is also accessible for other
. purposes such as the control of eye movements. In a clear
L departure from more limited data in the literature, the body-tilt
. estimates showed that, in our experimental conditions, subjects
-180 75 0 75 150 150 -75 0 5150 had a marked tendency to underestimate their tilt. At the same
pointing time, it is equally obvious that these systematic errors were still
. ] much smaller than those in the earth-centric tasks (see Fig. 1)
signal noise so that the underlying signal processing must be different.

08 IS THE SUBJECTIVE EARTH-REFERENCE FRAME DISTORTED?
There have been several reports in the literature that horizon-
tality and verticality estimates from tilted subjects have differ-
ent error profiles, implying that they are not simply orthogonal.
As Fig. 12 shows, however, the picture emerging from this
earlier work is partly conflicting. The nonorthogonality found
by Betts and Curthoys (1998) in visual-line experiments is
small and opposite in sign compared with the oculomotor
findings by Pettorossi et al. (1998) and Wood et al. (1998). In
5 pvs P % s our experimental conditions, the oculomotor nonorthogonality
roll angle, p [deg] was comparable in sign and magnitude to the results of the
FiG. 10. Relation between pointing responses and body-tilt estinibogs. earlier wo studies. The phenomenon was often less than con-

covariation between pointing responses and body-tilt estimategalues of vincing in t_he visual-line experiments, but its sign was identi-
the pointing responses are correlated to the body-tilt estimates obtained in@&d to that in the oculomotor data.

same sessior (= 0.68,n = 32, P << 0.001,left). Note that theP, contribu Why this phenomenon was more pronounced in the oculo-
tions are systematically smaller in the body-tilt estimation paradigm. No
relation was observed between fgcontributions (ight). o ande, visual-line ,\ T
results, oculomotor sessions are markeok layido. = ande, denoting the data b0 pointing !
from subject JGjllustrate that there were considerable variations in body-tilt
errors from day to dayBottom correlation in systematic and random errors
between pointing and body-tilt estimates. The correlation between the system- 10
atic errors, represented by the principal-component description, in pointing and
body-tilt task was calculated for each tilt angleff). A significant correlation
emerges for roll tilts beyond 60°. A similar analysis on the residues, reflectirgyg
random variations, is shown in thrgght panel Note that the correlation is g
smaller and mostly insignificant. Clockwise and counterclockwise tilts werg 0
pooled, yielding 64 data points for each tilt angle. Bold dashed line indicate:

the level where correlation reaches significance. o 15

75

body
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paradigm yielded essentially similar results and showed com- 1o
parable noise characteristics. Second, although the body-tilt
estimates showed much less tilt underestimation than the spa-
tial-perception pointing responses, we obtained clear evidence
for a substantial A effect in both tasks. To conclude this | ‘
overview, the next two subsections will further elaborate these -1% -%0 °
points by comparing our results with the work of others and

discussing possible explanations. FIG. 11. Tilt dependence of noisy scatter. To obtain an estimate of the

noisy response variations, we analyzed the residegs),[Eq. 4 of the
SYSTEMATIC MISALIGNMENT OF THE SUBJECTIVE EARTH-REFERENCE 3_parameter descriptive model, assuming that the systematic response proper-

FRAME AND THE SENSE OF SELF-POSITION. All earth-centric direc- ties are captured in the fit. The standard deviatiendf the pooled pointing
tion judgments showed large systematic errors at large tisidues (—top lef) shows that the noise increased monotonically with roll

; incirtil An alternative analysis to estimate the noise characteristics, which assumes
angles (A effeCt)' This phenomenon’ captured by our prlr]CIF{‘&t}mmetry, shows generally the same picture (tep). The amplitude shown

comppnent ane,llyS'S’ WQS p(esent in aII_four task-paradi e equals the standard deviation of the difference between responses ob-
combinations without major differences (Figs. 1 and 12). Thigsined by a clockwise and counterclockwise rotation, scaled ky21Note
this effect is equally pronounced whether tested with a visuaitat the visual and oculomotor paradigm yield similar noise profiles (pooled for
line stimulus or with pointing saccades that were executed '# and ;ighttﬂ”?tﬁe“op ”ght)'thsim"ar S”a'y-sesrf‘“ b?dy_ogegtaﬁ(}? N Sti_f'l

s show that the noise in this paradigm is characterized by a flat profile
complete darkness. Th(_% f?‘Ct t.hat also the reCQnStru.Cted pat on). These noise profiles were used in the estimation of the confidence
of random errors was similar in the two paradigms is interesiits of the coefficients in Fig. 7, as discussed earlier. O, oculomotor; V,

ing (see Fig. 11). From an experimental point of view, it attestgual; B, body.
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that the verticality judgments are generally more accurate (see
Fig. 12).

Importance of dynamic factors

As mentioned earlier, when subjects were brought to the
same 180° roll-tilt position by rotations in opposite directions,
always starting from the neutral upright position, the pointing
responses were not identical but deviated in opposite directions
(see Figs. 1 and 12). The body-tilt estimates showed a similar
phenomenon at smaller scale. This finding clearly demon-
strates that the final static tilt angle is not the only important
variable and that dynamical factors determining how that po-
sition was reached are also relevant.

The work of Udo de Haes and Saie(1970) suggests that
a canal-otolith interaction effect may have contributed to this
phenomenon. In their experiments, designed to investigate the
role of the semicircular canals on the subjective vertical by
using a provocative stimulus, subjects were rotated at a con-
stant velocity of 60°/s for 1 min and then suddenly stopped at
a specified tilt position. When the effects of preceding clock-
wise and counterclockwise rotations were compared for the
same final tilt position, the subjective vertical appeared to
deviate in the direction of the preceding rotation. In our ex-
periments, this putative canal contribution would act to in-
crease the A effect. Udo de Haes and S&h(1970) found that
the magnitude and the duration of this canal-mediated effect

was not fixed but increased with the final roll angle where it
Fic. 12. Comparison of present results with the literatufep mean Wwas tested, with a peak at 150° (see Fig. B@ttom lefy. At

results of this paper for subjective vertical (thick line) and subjective horizontghese large tilt angles, it slowly diminished in the course of
(thin line) in each paradigm. Other panels show the mean response curvegg{/eral minutes

visual (eft) and oculomotor right) paradigms of earlier studies (Betts and .
Curthoys 1998; Pettorossi et al. 1998; Udo de Haes 1970; Wood et al. 1998)T hese results from earlier work suggest that the role of the

together with our results (gray lineBottom left also shown is the tilt canals in our experiments would have been less if we had used
dependency of the canal-mediated effect (dashed line) descr_lbed by l_.Jdoa_d%|ower rotation veIocity or had inserted a Ionger Waiting
Haes and Schwe (1970), scaled to match the mean hysteresis effect in our_ . d bef taki ts. H th . .
pointing data. Note that the 3 oculomotor studies show qualitatively similer1o elore taking m.e.asuremen S. OWQVer: ere 1S GYI-
differences between vertical and horizontal data in the small tilt range whal@nce that very long waiting periods may bring other dynamic
comparison is possible. The visual data from our study show a similar ndiactors into play. Imposing long delays before measurements
orthogonality at a much reduced scale, in contrast with the Betts and Curth% taken. as in the study of Udo de Haes (1970) may cause an

study where it appears to be reversed. . . :
y PP increased A effect because of adaptation in the somatosensory

; ; W ; Schige and Lechner-Steinleitner 1978; Wade 1970) or
motor experiments remains unclear, but it is unlikely to refleSYStem ( ' !
tilt-related errors in the oculomotor pointer itself since th8¥ otolith afferents (Fernandez and Goldberg 1976). Thus it

distortion was not apparent when tilted subjects make saccamre]asy C?]%i'gpgfféﬂe é?a?cgfgniea:ei;e?nd)tlﬁset?jtgsisItrl:acl)t;?[irllt beicael#-se
to visual targets (Shelhamer et al. 1992) nor when they ma Y P P 9 P

: . . 4 . ents will yield its own set of contributing dynamic factors.
saccades in the dark aligned to their vertical or horizontal bogY, 4 ¢~ -t that most studies (including our own) used a constant-
axis (Pettorossi et al. 1998). Therefore we consider it mof,

3 ; ation velocity, rather than a constant-rotation duration, to
likely that the neural representation of external space subsefyig the subject in the final tilted position further complicates

ing the earth-centric task is itself distorted and that this distQfe sjtuation. The associated differences in the duration of tilt
tion is more pronounced in the oculomotor paradigm due 10 th&xation between large and small tilts will cause different
absence of vision. In this connection, it is interesting thafegrees of vestibular conflict. If one wishes to exclude canal
saccade endpoints to an array of remembered targets are ffffsences, by using slow or even sub-threshold rotation veloc-
tially distorted (Gnadt et al. 1991). We suggest that generatifigs, followed by long waiting periods, adaptation in the so-
an imagined target for the pointing saccades in the oculomotpatosensory system and in the otoliths may become more
paradigm may be subject to a similar effect. severe. The same may hold if subjects are tested continually by

Pettorossi et al. (1998) explained the nonorthogonal relow incremental roll tilt without returning to the upright
sponses by suggesting that the percept of verticality is mgresition after each measurement. Whatever the precise contri-
primal, implying that the horizontality judgments are obtainedution of the dynamic factors discussed here, the main conclu-
more indirectly, causing larger errors. We found little supposions drawn in this paper stand apart from these issues since
for this hypothesis since our data do not convey the impressithir effect in all experiments must have been similar.
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Existing spatial-perception models subjective vertical with the long body-axis is considered most
likely. A narrow prior, which assigns a high probability to
It has been suggested that the otoliths, the semicirculghall differences between the subjective vertical and the lon-
canals, the somatosensory system all play some role in gigudinal body-axis, improves the performance at small roll
subjective vertical (for review, see Howard 1982, 1986). Sine#ts at a price in the form of a large A effect at large bodly tilts.
the otoliths respond to total linear acceleration, their raw siga the Mittelstaedt model, such subjects would have a large
nals cannot distinguish between gravity and translational adiotropic vector.
celerations. Recent work on reflexive eye movements suggestRecently evidence has accumulated that somatosensory sig-
that the brain combines the information from the otoliths anhls also may affect external-space perception and the sense of
the canals to differentiate between tilt and translation (Aself-position. An intriguing finding is that subjects lacking
gelaki et al. 1999; Hess and Angelaki 1999; Merfeld et athese signals show almost no A effect in the subjective visual
1999; Snyder 1999). Theoretically the problem can be solvedrtical when tilted in a horizontal position (Anastasopoulos et
completely for conditions where the canal signals are veridical 1999; Yardley 1990). In a discussion on the percept of body
(see e.g., Angelaki et al. 1999). That it becomes more complearticality, Bisdorff et al. (1996) hypothesize that propriocep-
in the frequency range where this is not the case may haixe-contact cues play a major role in the detection of bodly tilt.
some relevance for our experiments (gd¢eempted synthegis In a recent review, Bronstein (1999) has suggested that pro-
The evidence that the canals are also involved in the p@rioceptive signals may contribute to the systematic errors by
ception of the vertical comes from the study of Udo de Haeslaptation in the somatosensory system. This view implies that
and Scfiae (1970) and from experiments using eccentric r@rolonged tilts should lead to a larger A effect, as has indeed
tation about an earth-vertical axis (Stockwell and Guedheen found by Wade (1970) and by Sokoand Lechner-
1970). The latter authors observed that, whereas the subjectteinleitner (1978).
vertical changes rapidly after pure roll rotations, it tilts only
slovyly toward its final value_during eccentric_ r_otations Wher;ﬂ\ttempted synthesis
the information from the otoliths and the semicircular canals is
conflicting. To explain this phenomenon, Glasauer (1992) pro-To clarify to what extent our experimental results can be
posed that the brain relies on an internal model that obtainswamderstood by borrowing existing concepts, reviewed in the
estimate of gravity by using canal and otolith signals in comrevious section, we shall now discuss the conceptual scheme
junction. This proposal shows clear similarities with a modéh Fig. 13. This qualitative model contains proposals to account
describing reflexive eye movements during eccentric rotatiofts the observed dynamic effects and to explain how the
(Glasauer and Merfeld 1997; Merfeld 1995). similarities and differences characterizing verbal and pointing
These theories, however, are unable to explain the occtgsponses may come about.
rence of systematic errors at large tilt angles as expressed in thAt the front end of the model, a vestibular estimate of the
A effect. In a quantitative model of earth-centric orientationrientation of the head in spadd,)) is reconstructed at stage C
perception during static tilt, which concentrates on the explby combining the tilt-related signals from the otolithg) @nd
nation of this phenomenon, Mittelstaedt (1983) uses signaihe head-velocity signhak) from the semicircular canals (see
from the otoliths to reconstruct body tilt in space and assigns Angelaki et al. 1999; Glasauer and Merfeld 1997). The hys-
important role to an internal signal termed the idiotropic vederesis effect in our data demonstrates that static final tilt
tor. At large tilts, the latter acts to bias the percept of verticalifyosition is not the only important variable. This means that a
toward the subject’'s body axis, thereby accounting for the purely static model will be inadequate and that a dynamic
effect. According to the model, it affects the computation of therocess is involved. As suggested earlier (Stockwell and
subjective vertical without influencing the subjective estimat@uedry 1970; Udo de Haes and Sokol970), when the two
of body tilt. In support of this notion, earlier work on thevestibular input signals are in conflict, the internal estimate of
perception of body orientation showed that human subjects &esad tilt in space gradually evolves from a compromise value
able to accurately position themselves horizontally, yet making a final state reflecting the otolith signals. Apparently, this
large errors when asked to set a luminous line horizontal (Masitative canal-mediated interaction effect had not fully sub-
and Jarchow 1996) or vertical (Mittelstaedt 1983). In additiosjded after the 24-s waiting period (cf. Udo de Haes and
work on the perception of body tilt in lying subjects (90° roliSchie 1970), thereby causing a dynamic tilt-underestimation
tilt) has suggested a role for truncal graviceptors and ha#fect that underlies the hysteresis phenomenon. The finding
provided evidence that this category of somatosensory signéilat the systematic errors for earth-centric pointing and body-
does not affect the subjective vertical (Mittelstaedt 1988). tilt sense were most strongly correlated at the upside-down
Recently, Eggert (1998) has proposed an interesting reintposition (see Fig. 1(ottom lef} indicates that the strength of
pretation of the idiotropic vector which is mathematically fullythe hysteresis in the two tasks showed parallel variations in
compatible with Mittelstaedt's theory (Mittelstaedt 1999). Higlifferent sessions. In other words, subjects with a stronger
model, based on optimal communication theory, considers thegsteresis effect in pointing tasks also tended to have a more
problem facing the brain when it has to decide what is earthronounced hysteresis effect in the body-tilt estimates obtained
vertical when depending on noisy input signals. The main id@athe same session. On this basis, we propose that the dynamic
is that, in this evaluation process, the brain relies partly on affects in both types of task are due to the same canal-otolith
assumption about the a priori probability that a particular tilt ahteraction (stage C in Fig. 13). The idea that canal information
the earth-vertical relative to the body may occur. This prignay contribute to body-tilt perception has been discussed by
distribution is a tilt-dependent curve with a Gaussian shaggegidman et al. (1998).
peaking at the long body-axis, indicating that alignment of the Our data show convincingly that this canal-otolith interac-
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FIG. 13. Gravicentric signals for space perception and for the estimation of body tilt. The scheme illustrates the idea that various
sensory inputs are used by the brain to obtain an internal representation of body orientation in space when the subject is rotated,
at constant velocity, from an upright to a lateral tilt positigh. (As discussed in the text, sensory signals provided by the otoliths
(OTO), and the semicircular canals (SCC) are combined in stage C to yield a representation of head orientationHiy)spaée (
vestibular signal serves as a common input for 2 parallel modules subserving spatial pointing (shown here for the subjective
vertical, SV) and body-tilt perception (subjective body tilt, SBT), respectively. As shown, somatosensory inputs (SOM) further
contribute to obtain the head in space sighf)) hecessary for earth-centric pointing. Somatosensory signals involved in obtaining
body-tilt estimates are denoted by the acronym TGC to emphasize the specific role of truncal graviceptors without excluding other
somatosensory signals such as those yielding contact cues or proprioceptive information. To explain the joint occurrence of
dynamic effects in the pointing responses and the verbal tilt-estimates (see Figs. 1 and 12), we propose that, due to adaptation in
the canal signald), conflicting information from the otolith afferents)( and the canals causes a lagHp That the canals can
have such a dynamic effect on the subjective vertical has been suggested by Udo de Haes med19a1), who showed that
the time course of this dynamic effect may far outlast the time constant of the canals, especially at the larger tilt angles. We assume
that, as a consequends, had not yet reached a steady state when our measurements were taken after the 24-s waiting period and
that this has caused shared A effects in both pointing and verbal responses. Each moduleigit-tiand siderelies on a
computational strategy of the type proposed by Eggert (1998). Since the 2 priors operate on different signals and subserve different
task requirements, their width may be different, as shown.

tion cannot have been the only source of systematic errodgnamic mechanism, we assumed that the magnitude of the
This mechanism can only lead to tilt underestimation (A effectanal-mediated effect in our experiments had a similar tilt-
and would be expected to make only a substantial contributiangle dependence as the one reconstructed by Udo de Haes and
at the large tilt angles where canal adaptation must have b&slime (1970), reproduced in Fig. 1Bpttom left.We scaled

most pronounced. In fact, a considerable number of sessighg amplitude of this function so that its value at 180° matched
clearly showed errors of the opposite sign (E effect) in thee actual hysteresis effect in the data of that particular session
small tilt range, both in the earth-centric pointing and in thgnd then determined the size of the A effect contributed by this
body-tilt responses. These cases can be recognized in Figndchanism at 130°. Based on this approximation, the actual A
from their positiveP, components which signify the presencgact in the pointing data at 130° tilt was 219 14.7°

of an E effect at 40 deg roll tilt (Fig. deft). (mean= SD) larger than the A effect ascribed to the assumed
Further evidence for an additional source of systemal

errors, in both pointing and verbal responses, comes from namic effect alone. . .

analyéis of the size and the tilt dependence’of the respo ?e fact that the average A efiect n the bOdY estimates near
errors at the large tilt angles. Previous work on the subjecti@ was clearly muqh smaller than in th_e pointing dat.a (see
visual vertical by Udo de Haes (1970) still found a very igs. 1, 6, and .10) might 'e‘?‘d one o believe that in this task
considerable A effect, roughly comparable with our results (s88!Y the dynamic canal-mediated effect played a role. We have
Fig. 12), despite extreme precautions to prevent the expressiigady rejected this hypothesis on the basis of the occasional
of dynamic canal-mediated effects. On this basis one woulesence of E effects (see the preceding text), but analysis
expect that only a small part of the systematic errors in tffows that it also fails to explain the A effects at large tilt
pointing results at larger tilt angles is due to the canal-mediatafgles. Using a similar comparison as explained above for the
effect so that there must have been an additional mechanig@inting data, we found that A effects at 130° were larger
Indeed, as Fig. 12 shows, the size and the tilt dependence of & = 11.4°) than would be expected from the hysteresis effect
response errors in the pointing experiments corresponds ratineverbal estimates of the same session. So in summary, both
well with the error profile in the experiments from Udo de Haethe repeated occurrence of E effects at 40° and the analysis of
(1970). To obtain a rough estimate of the contribution of thie size of the errors at 130° clearly establish that there must
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have been an additional source of response bias in both polagigert (1998), the model predicts too large E effects at small
ing and verbal responses. tilts. Also it has a rigid coupling between the size of the A
We will now try to provide a rational explanation for thiseffect at large angles and the size of the E/A effect at small
bias, starting with the earth-centric perception results. At firslts, whereas we saw a degree of independent variation (see
sight, it is puzzling why the brain should contain a centrdtig. 7).
mechanism responsible for considerable systematic errors. A#f the notion of a prior is considered an acceptable explana-
explained earlier, Mittelstaedt (1983) tried to solve this par&eon for part of the systematic errors in external-space percep-
dox by proposing that in the presence of noise, reliance onton, could a similar principle be at work in the body-tilt
internal bias signal (the idiotropic vector) can reduce errors estimation paradigm? In self-positioning experiments, Mittel-
small tilt angles at the expense of large systematic errors at #taedt (1983) found only small systematic errors (see preceding
more rarely encountered large tilt angles. Another attractitext) and on this basis denied any role to the idiotropic in that
feature of his model is that it can provide, at least in principléask. Our data, obtained with a different paradigm (verbal
an explanation of the occurrence of both A and E effects, aseport of subjective self-tilt rather than self-positioning), show
direct consequence of the size of the bias signal without imery clearly that there are systematic errors that cannot be
voking separate mechanisms. With this in mind, we incorpassigned to the canal-otolith interaction effect (see preceding
rated the idiotropic vector, embodied here by the Eggert pritaxt).
distribution (seeExisting spatial-perception modglsas the  As illustrated in thebottom right sectiorof the scheme, we
major source of the systematic errors in pointing responsegherefore propose that our subjects may have also used an
To illustrate the basic idea, without following the Eggerbptimal computation strategy in the body-tilt task. In the
model in every detail, we refer to thep right sectionof the scheme, the brain first computes a signal representing body
scheme, which explains its application to the visual verticalientation in spaceBy) by combining the vestibular signéd,
task. To compute the subjective vertical (SV), the brain needrsd signals from the truncal graviceptors (TGC). The prior in
information about head orientation in spadé)( which, as this system represents an a priori assumption about the prob-
often assumed, is obtained here by combining the vestibubdility that a particular body tilt will occur. Since upright
signalH,, and somatosensory inputs (SOM). By subtractiyg positions are most common in daily life, the prior is tuned at
from the requested spatial judgmént the brain computes the zero tilt. Except for this difference in the neural signal to be
desired line orientation relative to the hedg)( What makes evaluated, the line of reasoning and the effect of the prior on
the pointing task “spatial” is the requirement to have accessttee occurrence of systematic errors are comparable to our
head in space information. Using the same signals and #elier explanation (see preceding text). However, the question
same simple rules, the saccadic pointer can program a saccatges why these systematic errors were smaller than in the
in body coordinates. pointing task of the same session while still showing a degree
The challenge facing the brain is that is subject to flue of correlation across sessions (see Fig. 10). To account for the
tuations from trial to trial not only due to noise in the sensomaller self-tilt estimation errors at large tilts, we assume that
but also as a result of errors in its central computation. Thige body-tilt prior is broader. But if reliance on a prior is part
proposed solution entails that the brain evaluates the availabfea strategy to achieve optimal performance in the face of
L, signal by taking into account its assumed trustworthiness asisy input signals, why would the two systems rely on dif-
well as an estimate of which, values are most likely on an aferent a priori assumptions? The strategic element in this
priori basis (the prior). Pursuing overall optimal performanceomputation involves a cost-benefit evaluation where the cost
over many trials, at various tilts, this computational strategyf occasional large errors has to weighed against improved
(X) leads to improved performance at small tilts and largeerformance in more typical situations. Since the assessment of
systematic errors at large tilts (Eggert 1998). Note that theastat constitutes overall optimal performance may well be
systematic errors are superimposed on the canal-mediateddéferent for the sense of self tilt and for external-space per-
fect. In the extreme case thiat contains only noise, the brainception, the idea that the prior may be different in the two
fully relies on the prior which biases the response to the losystems is perhaps not so strange as it appears at first sight.
body-axis. In the other extreme case thats considered very  Since the width of the priors is a major factor in determining
reliable, the effect of the prior becomes negligible. In ouhe size of systematic errors at large tilts, we have to assume
experiments, the pointing responses must have been sighal this parameter may vary among subjects and even within
driven () with some biasing effect of the prior. As thisthe same subject on different days (see Fig. 8 and Table 1).
explanation makes clear, a quantitative evaluation of the modRartly coupled prior variations in the two modules would help
would require assumptions about the width of the prior and the explain why the A effect in the two tasks correlated at large
tilt-dependent noise characteristicslip tilts, adding to a similar effect of the hysteresis phenomenon.
Making specific assumptions concerning the origin of thehese two sources of the A effect are of little importance at
gravity-related input, its noise characteristics, and the shagmall tilts where independent extra-vestibular signal sources
and width of the prior, the Eggert model can mimic the mai(6EOM and TGC) may have spoiled the correlation (see Fig. 10,
features (E and A effects) of space-perception responses. bottom lef}.
terestingly, the model even predicts the monotonic increase ofinally we have to address the question why earlier studies,
the noisy scatter in pointing responses with tilt angle (see Figquiring subjects to adopt a 90° tilt (Mast and Jarchow 1996;
11). We did not explore the model at the quantitative level ddittelstaedt 1983) did not find large systematic errors. As
that it remains to be seen whether indeed the error profiles teaplained earlier, the occurrence of large A effects is not only
we have recorded can be fitted by adjusting its parameters. dé&ermined by the width of the prior but also by the estimated
gained the impression that, when using the parametersnioise characteristics of the input signal on which the judgment
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is to be based. Comparison of our data with those of MittefnaDT JW, BRACEWELL RM, AND ANDERSENRA. Sensorimotor transformation
staedt (1983) shows that our subjects had a much larger scatt@ring eye movements to remembered visual targéitson Res31: 693~
in their responses at 90° tilt. It is possible that our use ofﬁgla 1991.

lock le has f d subiects t k t f tion t sBJM anp AnceLAKI DE. Inertial vestibular coding of motion: concepts
clock scale has lorced subjects 10 make a transiormation d evidenceCurr Opin Neurobiol7: 860—-866, 1997.

yielded additional noisy fluctuations. The fact that we test@ftssgim ano AnceLaki DE. Oculomotor control of primary eye position
many different angles, whereas the earlier studies concentrateficriminates between translation and tilt.Neurophysiol81: 394—398,
on a particular tilt angle, which may provide special and more1999.

reliable cues, may have worked in the same direction. AnyW ’WARD IP. Human Visual OrientationNew York: Wiley, 1982.

oo ; ; ; OWARD IP. The perception of posture, self motion, and the visual vertical. In:
if Slgnal Bs Wa..S more trUStworthy In th(? (_aarller studies, th Handbook of Perception and Human Performanesdijted by Boff KR,
effect of the prior must ha\{e been more Ilr'nlte'd. In other words, k4 fman L, and Thomas JP. New York: Wiley, 1986, chapt. 18, p. 1-50.
whether or not the putative body-tilt prior is revealed mapast F anp Jarcrow T. Perceived body position and the visual horizontal.
depend on how the system is tested. Therefore it would bérain Res Bull40: 393-398, 1996. _ _
useful to repeat the earlier self-positioning experiments atViLIs BJ AND VAN GISBERGEN JAM. S_hort-tgrm adaptation 'of ellectrlcally
Iarge number of tilt angles. T%Jscefgsg%ccades in monkey superior collicullibleurophysiolr6: 1744 —
MEerrFeLD DM. Modeling the vestibulo-ocular reflex of the squirrel monkey
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