increase in the speed. The response
properties in Fig. 2B would be consistent
with those of a cell exhibiting directional
selectivity for sound sources moving
from left to right at high velocities. There
are other reports of directional sensitivi-
ty of auditory neurons using free-field or
dichotic click stimuli, but the interaural
phase sensitivities of the cells in these
studies are not known (9).

The observation that most of the cells
in our sample responded periodically at
the rate of the beat frequency provides a
possible neural correlate for the human
psychoacoustic phenomenon of binaural
beats (/0). Human listeners report the
sensation of beats up to f =60 Hz. At
very low beat frequencies (f, < 2 Hz)
subjects have reported a sensation of the
tone moving in the head from one ear to
another at the rate of f3,, in line with our
interpretation that the binaural beat stim-
ulus can simulate a moving sound
source.

Although the binaural beat stimulus
simulated the changing phase of the sig-
nals arriving at each ear for a naturally
moving sound source, it cannot simulate
the interaural intensity changes. These
intensity differences are small for low-
frequency sounds, but may still be a sig-
nificant cue for sound localization. Fur-
thermore, the pinna and external meatus
play an important role in the natural situ-
ation. Nevertheless, the common sym-
metrical response to binaural beat stimu-
li (Fig. 2A) contrasts sharply with the
more unusual asymmetrical responses
when the frequencies to the two ears are
interchanged (Fig. 2B), or when f;, is in-
creased. This result at least implies a dif-
ference in sensitivity to direction or
speed, or both.

Both the delay curves and the binaural
beat period histograms suggest a mecha-
nism for the center-surround organiza-
tion described in the presumed avian
homolog of the inferior colliculus of the
owl (/1). For most cells, the trough of
the delay curve and period histograms is
below the level of discharge that would
be evoked by the contralateral ear alone
(Fig. 1B). Hence there must be some in-
hibitory process that is active when the
interaural phase relation corresponds to
these troughs. When these curves are
transformed into auditory space, one
would expect the peaks to correspond to
an excitatory receptive field with a limit-
ed spatial extent, bordered on both sides
of the azimuth by inhibitory flanks.

As a technique for studying binaural
interaction, the use of binaural beat stim-
uli is both efficient and practical. The
strong correlation between response pat-
terns generated by varying the interaural

delay and the binaural beat stimulus
demonstrates the reliability of the meth-
od for studying interaural phase sensitiv-
ity while also providing information
about the dynamic phase properties of
the cells.
SHIGEYUKI KUwADA
Tom C. T. YIN
ROBERT E. WICKESBERG
Department of Neurophysiology,
University of Wisconsin Medical School,
Madison 53706
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Psychophysical Study of an Overlooked Sensation

Abstract. The distribution of mass in an object held in the hand, as described by its
moment of inertia, is a fundamental and potent but largely unrecognized contributor
to the object’s ‘‘feel.”’ A limited set of experiments has produced Weber fractions for
human differential sensitivity to this property in the approximate range of 1/5 to 1/3,
which is about ten times the Weber fraction reported for lifted weights.

Designers of hand-held tools and com-
mercial products must often improve the
“feel’” of the object as part of improving
its overall performance. It is possible to
enumerate and test many obvious prop-
erties contributing to feel, such as weight
and balance, and sensitivities to them
can be found in standard references or
obtained by relatively simple psycho-
physical tests. However, a fundamental
property of a body—its moment of iner-
tia (7)—has been largely overlooked both
as a decided contributor to the feel of an
object and as a sensation in its own right
).

The I of a body is a measure of its iner-
tial resistance to rotational acceleration
just as the mass (M) is a measure of iner-
tial resistance to translational accelera-
tion (2). Unlike M, however, I depends
upon the axis chosen for the angular ro-
tation and has the dimensions of mass X
(distance)®. As the dimensions suggest, /
can be increased by increasing M or by
spreading the same mass out farther
from the axis of rotation, just as the vari-
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ance of a probability distribution increas-
es as values depart from the mean.
Therefore, with control over the shaping
of a body of mass M, the three quan-
tities, M, I, and CG (center of gravity),
can be independent as long as no geo-
metric restrictions are imposed. This in-
dependence still holds within limits as
constraints such as length and diameter
are placed on the body. Thus, two other-
wise visually identical objects can have,
for example, identical M and CG but dif-
ferent I values.

‘A simple experiment can demonstrate
moment of inertia sensations. Tape a
quarter to each end of a new unsharp-
ened lead pencil, and, while holding it in
the center between thumb and index fin-
ger in a horizontal position (for conve-
nience), ‘‘twiddle’’ it like a rapid seesaw.
Retape the quarters near the center of
the pencil and twiddle it again. Now try
to verbalize the difference between the
two sensations.

Even subjects with scientific training
attempting to describe the difference in
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feel between two objects with different 1
values will almost invariably (and erro-
neously) respond in terms of differences
in weight or balance even though great
care has been taken to eliminate these.
In fact, ordinary parlance has no unique
common descriptor for the sensation
elicted by I comparable to those for
weight (light, heavy), sound energy (soft,
loud), and others, even though the sensa-
tion is frequently encountered. Every
time a body is moved in anything but
translation, I makes itself felt as the re-
sistance offered to having its rotational
speed changed by the application of a
torque.

Evaluations of the feel of a hand-held
object commonly use the verbal descrip-
tors heft and balance, which are reason-
ably analogous to M and CG for simple
translational or static balancing motions
of the object; the designer can thus trans-
late likes and dislikes into appropriate
changes. Experience in product design
suggested that I might also contribute to
dynamic feel, as when a golf club or ten-
nis racquet is swung freely.

Both I and M are fundamental proper-
ties of a rigid body in the sense that New-
ton’s second law requires knowledge of
both for a complete determination of the
body’s translational and rotational mo-
tion; the force equals M multiplied by the
translational acceleration, and the torque
equals I multiplied by rotational acceler-
ation. These relations reinforce the ex-
pectation that M and I are potential inde-
pendent contributors to the feel of a ma-
nipulated object forced to undergo
translational and rotational accelera-
tions. Whereas human sensitivity to dif-
ferent weights has had a long and sys-
tematic investigation beginning with
Fechner (3), we have found no published
research on the analogous determination
of sensitivity to different I’s. The func-
tional significance of this sensitivity lies
at least in its contribution to further
classifying such elusive multidimension-
al constructs as the feel of a manipulated
object important in its proper human fac-
tors design. Quantitating this sensitivity
is also vital in designing further experi-
ments to determine, for instance, the rel-
ative contributions of M and I to feel.

In classical psychophysical studies of
human sensitivity to sensory stimuli, a
value that can be distinguished from a
reference 50 percent of the time is called
the just noticeable difference (jnd). The
ratio of the jnd to the reference is called
Weber’s fraction and is accepted as a
measure of differential sensitivity to that
stimulus in the region of the reference
value such that small ratios indicate high
sensitivity. For example, the Weber

2 NOVEMBER 1979

Table 1. Physical properties of the cylindrical stimulus pieces. Seven pieces were constructed in
each set between the minimum and maximum / with approximately equal separations. Experi-
ments are designated by the lengths and outside diameters of the stimuli.

Set Welght (g) Imax (g-sz) Imin (g'cmz) IR (g'cmz)
Experiment 1: 12.7 cm by 1.91 cm
1 29.31 = 0.61 793.55 76.71 391.93
2 39.32 £ 0.22 989.68 153.55 470.32
Experiment 2: 68.58 cm by 3.18 cm
1 297.10 = 1.81 441.91 x 10° 257.81 x 10° 347.95 x 10°
2 391.90 = 1.36 610.06 x 10° 323.66 x 10° 462.63 x 10°
3 489.42 = 2.27 779.79 x 10° 397.37 x 10° 580.51 x 10°

fraction for lifting weights of about 1/2 kg
is approximately 1/50 to 1/30 ¢).

In order to determine Weber’s fraction
for I, we used hollow cylindrical test
pieces with two interior weights posi-
tioned to yield calculated values of I
while maintaining the CG at the mid-
point. Two experiments were conducted
with test pieces whose lengths and
weights were representative of metal
safety razors (experiment 1) and tennis
racquets (experiment 2) in order to place
the sensations in the ranges of common
experience. Table 1 lists the relevant
measured physical properties of the test
sets. The median value of each seven-
piece set served as the reference for
comparisons. The CG of all pieces was at
the middle. Within each experiment, the
pieces appeared identical. The I values
were calculated about the point of grip;
in experiment 1, the subject held the
stimulus between the thumb and index
finger on the CG; in experiment 2, the
subject used a full hand grip 7.62 cm
from an end.

The method of constant stimuli (5) was
used to determine sensitivity. The sub-
ject sequentially compared one of the
pieces (including the reference) with the
reference piece several times in the set
and indicated which of the two felt more
‘‘top-heavy.”’ Plotting the percentage of
these judgments for each I value gener-
ated the usual ogival psychophysical

Fig. 1. Differential sensitivity
to moment of inertia (/) over
two widely separated ranges
of values. Small I corresponds
to metal safety razors and
large values are typical of ten-
nis racquets. Horizontal scales
differ between the two experi-
ments. Both upper and lower
Weber fractions are shown
where they differ by more than
10 percent. Ten males were
subjects in experiment 1. Ten
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curve. The distance between the refer-
ence value (usually at 50 percent) and the
25 percent and 75 percent interpolated 1
values gave the lower and upper jnd, re-
spectively. If no serious discrepancy ex-
isted between the two values, they were
averaged to yield a single jnd.

Training was initiated with two trans-
parent simulated test pieces showing the
two slugs together in the middle (small-
est I) or maximally separated (greatest
I). Subjects examined and handled these
pieces and were told that the piece with
the slugs maximally separated was
“‘more top-heavy’’ than the other. This
essential training quickly produced pro-
portions of judgments of ‘‘more top-
heavy’’ highly correlated with I. Any
other description could probably have
been used if it were accompanied by the
visual training. Subjects could distin-
guish differences but could not reliably
determine which piece had more of the
property in question without this train-
ing.

The small reference values of I (Iy) of
experiment 1 produced upper jnd’s and
Weber fractions about twice that of the
lower ones, whereas experiment 2 pro-
duced more nearly equal upper and
lower values (Fig. 1). The jnd values in
each case were interpolated from a single
psychophysical curve fitted by least
squares to the averaged responses of the
subjects. Because the test pieces in the
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0.00 % ¢
300

different males and ten fe-
males were subjects in experi-
ment 2.
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two experiments had to be manipulated
differently because their sizes and weights
differed, aggregation of the two sets of
results must be viewed cautiously. Hu-
mans are differentially sensitive to I,
however, and the Weber fraction is
about ten times that for lifted weights. If
we use 0.28 as a representative value for
Weber’s fraction, we can interpret this
sensitivity as follows. If a new pencil 19
cm long and twiddled about its center is
compared with another of identical weight
but 2.47 cm (13 percent) longer, the dif-
ference in sensation would be noticed
about 50 percent of the time. In a weight-
less environment, if the two pencils were
of the same mass density, the second
pencil need only be elongated 1.63
cm (8.6 percent) overall. The for-
mula I = /12 ML? (where L is length)
approximates the moment of inertia
about CG of a long thin cylindrical object
such as a pencil. The female subjects
were about 50 percent less sensitive than
the males (Fig. 1), perhaps because they
handle sports equipment less.

The M and Iy values of the test sets
were monotonically related because of
geometric constraints, so it is not certain
whether sensitivity to [ actually de-
creases with increasing I or M or some
combination of both (6). For practical
purposes, however, the Weber fractions
given here are useful because it is diffi-
cult to construct similar objects with M
and 7 values radically different from those
of the test pieces. The Weber fractions
are about the same in the two experi-
ments even though the I and M values
differ by 1000:1 and 10:1; respectively.

Quantifying human sensitivity to I is
useful to those designing products, just
as similar knowledge of weight per-
ception is. At a more fundamental level,
however, it is perplexing to encounter
virtually no common recognition of the
sensation in spite of frequent exposure to
it; worse (from the designer’s viewpoint)
is erroneous verbal identification of it
with weight or balance. These difficulties
do not indicate that a person cannot per-
ceive I, as these and other experiments
(7) have established, nor do they signify
that perception of I is unimportant. It is
more likely that we do not interact with
angular accelerations of a body as often
as we do with translational ones (except
perhaps in sports); we thus have infre-
quent need to make conscious torque
comparisons and therefore never devel-
op the necessary vocabulary.

JoHN G. KREIFELDT
MING-CHUEN CHUANG
Department of Engineering Design,
Tufts University,
Medford, Massachusetts 02155
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Effects of Frontal Eye Field and Superior Colliculus

Ablations on Eye Movements

Abstract. Two parallel neural pathways are primarily responsible for the control of
saccadic eye movements —one mediated through the frontal eye fields and the other
through the superior colliculus. When both pathways are disrupted, control of sac-
cadic eye movements is lost. Disruption of either pathway alone produces only subtle

deficits.

The majority of sensory and motor
functions are under the control of more
than one brain site. This well-known
fact, coupled with the plastic properties
of nervous tissue, accounts for the ob-
servation that when lesions are confined
to single sites in the mammalian brain,
often only limited or transient effects on
sensory and motor functions are pro-
duced. The mechanisms involved in the
control of saccadic eye movements are a
good example. Even though consider-
able evidence indicates that in primates
both the frontal eye fields and the superi-
or colliculi are involved in the control of
eye movements, bilateral ablation of ei-
ther of these structures alone produces
only relatively subtle or short-term defi-
cits in oculomotor function (/-3).

Studies using single-cell recordings
have shown that, in the upper layers of
the monkey superior colliculus, cells re-
spond selectively to visual stimuli; in the
deeper layers, cells that discharge before
saccadic eye movement predominate.
Selectivity for the spatial location of vi-
sual stimuli as well as for the amplitude
and direction of saccades is arranged in
an orderly, topographic fashion ¢). In
the frontal eye fields, neurons sensitive
to eye movement and to visual stimula-
tion have also been found. The visual re-
ceptive fields are much larger than in the
colliculus, and the topography is less
well defined. The visual response of
some of these cells is strongly enhanced
when the monkey subsequently makes a
saccade to that stimulus; eye-movement
cells, however, seem to discharge only
during and after saccades, not before
them (5).
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Electrical stimulation of both of these
structures elicits saccades whose sizes
and directions depend on the specific site
of stimulation (6, 7). In addition, stimula-
tion in the visual cortex also produces
saccadic eye movements. Since both the
frontal eye fields and the visual cortex
project to the superior colliculus, the ef-
fects of electrical stimulation might be
thought to be mediated through this
structure. However, collicular ablation
abolishes saccadic responses only for
striate cortex stimulation; stimulation of
the frontal eye field continues to produce
eye movements at thresholds compar-
able to those found in intact animals (7).
This suggests that in primates, visually
triggered saccadic eye movements can
be controlled through at least two chan-
nels: a visual cortex-superior colliculus-
brainstem system and a frontal cortex-
brainstem system. Past lesion studies
may be interpreted to support this view
in that ablation of either the frontal eye
fields or the superior colliculus have pro-
duced only relatively limited deficits in
gaze and in saccadic eye movements (/,
3).

The aim of our experiments was to de-
termine what happens to visually trig-
gered eye movements when both path-
ways are disrupted by the paired ablation
of the frontal eye fields and the superior
colliculi. We examined the effects of suc-
cessive bilateral lesions in the frontal eye
field and the superior colliculus in ten
monkeys. The frontal eye fields were as-
pirated aseptically under visual control
while animals were anesthetized. The su-
perior colliculi were removed with radio-
frequency lesions after the exact location
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