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Sensory and perceptual interactions
in weight perception

ANDRE B. VALDEZ AND ERIC L. AMAZEEN
Arizona State University, Tempe, Arizona

In four experiments, a multidimensional signal detection analysis was used to determine the influence of
length, diameter, and mass on haptically perceived heaviness with and without vision. This analysis allowed us to
test for sensory and perceptual interactions between mass and size. As in previous research, sensory interactions
were apparent in all four experiments. A novel result was the appearance of perceptual interactions that became
more prominent when diameter varied and when vision was allowed. Discussion focuses on how vision and the
modalities of touch (i.e., haptic and dynamic) might influence which interactions appear in the data.

Perceiving the weight of an object in the hand is com-
mon to many real-world and laboratory activities. Despite
its ubiquity, though, it is not a simple process. When we
grasp an object to judge its weight, we sense its physical
properties (e.g., its mass), process this information to form
a percept of weight, and then make a decision about how
to transform this internal percept into an outward report of
heaviness.! These three subprocesses—sensory, perceptual,
and decisional—combine to guide our reports of perceived
heaviness. These subprocesses also provide three opportu-
nities for features other than mass (e.g., size) to influence
perceived heaviness. Disentangling such effects (i.e., deter-
mining how each feature influences each subprocess) can
be difficult because each can produce equivalent effects
on perceptual reports of heaviness. However, contempo-
rary psychophysical techniques, based on signal detection
theory, offer a way to distinguish the effects of sensory, per-
ceptual, and decisional subprocesses for multidimensional
stimuli. In the present experiments, such multidimensional
signal detection techniques were applied in order to deter-
mine the influence of length, diameter, and mass on hapti-
cally perceived heaviness with and without vision.

Sensory, Perceptual, and
Decisional Subprocesses in Weight Perception

The process of generating a perceptual report of heavi-
ness can be divided into three subprocesses (Amazeen,
1999; Oberle & Amazeen, 2003). The first is the sensory
subprocess, in which the observer detects the physical
property or properties relevant to perceiving weight. The
second is the perceptual subprocess, in which there is a
percept or other psychological or neural code associated
with the object’s weight. The third is the decisional sub-
process, in which the observer uses a criterion or some
other rule to generate a perceived heaviness response
based on the experienced percept of weight. The fact

that multiple processes intervene between stimulus and
response presents a major challenge to psychophysical
research; namely, a perceptual report is not just a measure
of one’s percept but represents a combination of, or inter-
action among, stimulus, percept, and decision. Complicat-
ing matters even further is the fact that multiple processes
may produce mathematically equivalent distributions of
responses (e.g., Cohen, 2003). Psychophysical techniques
based on signal detection theory (Green & Swets, 1966)
can be useful in making such distinctions among subpro-
cesses. Figure 1 illustrates these effects in the context of
unidimensional signal detection theory. The participant’s
report of heaviness (in this case, heavier or lighter) is a
function of the physical variable mass, the location of the
percept along the dimension of perceived weight (mea-
sured by d”), and the decision criterion (C) used.

Weight perception presents additional challenges, though,
which necessitate the use of methodological and analytical
techniques that go beyond unidimensional signal detection
theory. The main challenge is that the physical properties
relevant to perceived heaviness include more than just the
mass of the object; properties such as size (Charpentier,
1891), shape (Dresslar, 1894), and surface material (Ellis &
Lederman, 1999; Flanagan & Wing, 1997; Flanagan, Wing,
Allison, & Spencely, 1995) have all been shown to have ro-
bust influences on perceived heaviness. In the case of size,
for example, the well-known size—weight illusion can pro-
duce a decrease in perceived heaviness of more than 50%
for stimuli that increase in size without a change in mass
(see Stevens & Rubin, 1970), even when one is aware of the
illusion (Flournoy, 1894). Such a strong illusion, combined
with the observation that the illusion is influenced by mo-
dality (Amazeen, 1997; Ellis & Lederman, 1993; Oberle &
Amazeen, 2003; Pick & Pick, 1967), raises the questions of
where and how properties such as size interact with mass in
the perception of heaviness.

A. B. Valdez, andre.valdez@asu.edu

647

Copyright 2008 Psychonomic Society, Inc.



648 VALDEZ AND AMAZEEN

Report Lighter &— C —> Report Heavier
d

Lighter Stimulus Heavier Stimulus

0
Perception of Weight

Figure 1. Hypothetical perceptual distributions for the per-
ceived weight of two stimuli in a unidimensional signal detec-
tion paradigm. Each curve represents the frequency distribution
of percepts for each of two stimuli, one light and one heavy. On
each trial, the observer compares his or her sampled perception
of weight with the decision criterion (C) in order to determine
whether to respond lighter or heavier. In signal detection theory,
the relative frequencies of correct and incorrect reports can be
used to estimate the observer’s sensitivity to the difference in
weight between the two stimuli (") and the location of the deci-
sion criterion.

A number of hypotheses have been suggested and ex-
plored to explain how size and mass interact. These in-
clude an interaction at the level of a physical property such
as density (H. E. Ross, 1969; J. Ross & Di Lollo, 1970;
Stevens & Rubin, 1970) or rotational inertia (Amazeen &
Turvey, 1996), an interaction between internal percepts
of size and weight (Anderson, 1970, 1972), or an expec-
tation (Davis & Roberts, 1976; H. E. Ross & Gregory,
1970) leading to a reporting or decision bias (Oberle &
Amazeen, 2003). Such hypotheses can be mapped onto
the sensory, perceptual, and decisional subprocesses de-
scribed above. Specifically, each subprocess identifies a
place where one feature (e.g., size) may influence the re-
port associated with another (e.g., perceived heaviness).
First, a sensory interaction may occur, whereby informa-
tion about mass is commingled with information about
size. This interaction most likely proceeds from an a priori
joining of features (see, e.g., the combination of mass and
size in the context of density [H. E. Ross, 1969; J. Ross
& Di Lollo, 1970] or rotational inertia [Amazeen, 1997,
1999; Amazeen & Jarrett, 2003; Amazeen & Turvey, 1996;
Kloos & Amazeen, 2002]). Second, a perceptual interac-
tion may occur, whereby variations in one percept induce
covariations in another percept; such an interaction bears
an affinity with percept—percept coupling (Epstein, 1982),
as well as with the underlying assumptions of the informa-
tion integration model of weight perception (Anderson,
1970, 1972). Lastly, a decisional interaction may occur,
whereby one feature influences the decision rule that con-
verts the percept associated with the other feature into a
report. For example, one may perceive weight on the basis
of' mass alone yet be led to expect (Davis & Roberts, 1976;
H. E. Ross & Gregory, 1970) that weight will change as a
function of size and, consequently, adopt a decision crite-

rion to modify the report of heaviness as a function of size.
To identify these interactions, a multidimensional form of
signal detection theory is used (see Figure 2).

In multidimensional signal detection theory, stimuli
vary along more than one dimension simultaneously.
Therefore, each feature (e.g., size) may influence the
sensitivity, percept, and decision criteria associated with
the other feature (e.g., mass). These influences are repre-
sented by the equal probability contours associated with
four stimuli (two light, M_; two heavy, M, ; two small,
S_; and two large, S, ) in Figure 2. Each equal probability
contour identifies the range of percepts (within a given
confidence interval) that would occur with repeated pre-
sentations of the same stimulus. Note that collapsing these
contours onto one axis (e.g., perception of weight alone)
produces marginal distributions that are equivalent to the
unidimensional case. The shapes, locations, and decision
criteria for these contours have been chosen to illustrate
a simplified view of each of the three possible sources of
interaction described above. First, the elliptical shape of
the contours indicates a perceptual interaction in which
the perception of weight is correlated with the perception
of size. Circular distributions would indicate a lack of a
perceptual interaction. Second, the nonrectangular distri-
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Figure 2. Hypothetical equal probability contours for perceived
weight and size in a multidimensional signal detection paradigm.
There are four stimuli composed of two levels of mass (light, M _,
and heavy, M) and two levels of size (small, S_, and large, S.).
Each equal probability contour represents the range of percepts
(within a given confidence interval) that would occur with re-
peated presentations of the same stimulus. On each trial, the
observer compares his or her sampled perceptions of size and
weight with the decision criterion (C) on each dimension in order
to determine whether to respond smaller or larger and lighter or
heavier. The shapes and relative locations of the equal probability
contours, along with the orientation of the decision criteria, are
used to make inferences about sensory, perceptual, and decisional
interactions. Each of the three interactions is represented here in
a form consistent with the size—weight illusion.
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bution of the four contours (specifically, the fact that the
locations of the four contours are laid out as a parallelo-
gram) often indicates a sensory interaction in which an
increase in physical size is associated with a decrease in
perceived weight. As Cohen (2003) argued, though, such a
distribution—technically termed mean shift integrality—
may reflect the influence of more than one process. Con-
tours distributed as a square or a rectangle often indicate
a lack of sensory interaction. Lastly, the slanted decision
criterion for perceived heaviness indicates a decisional in-
teraction in which increased size is associated with a bias
toward reporting that the stimulus is lighter. Decision cri-
teria that are orthogonal to the distribution of equal prob-
ability contours and to each other would indicate a lack of
decisional interaction. Although all three interactions are
represented in Figure 2, it is possible (in fact, likely) that
only one or two will be present.

Framing the hypotheses regarding the size—weight illu-
sion in the framework of signal detection theory allows us
to use multidimensional signal detection analyses to test
them (see, e.g., Ashby & Townsend, 1986; Cohen, 2003;
Kadlec, 1995; Kadlec & Townsend, 1992a, 1992b; Thomas,
1999, 2003; Wickens, 1992). Specifically, the locations and
shapes of the equal-probability contours, as well as the deci-
sion criteria for perceived size and weight, can be estimated
for a set of stimuli that vary in mass and size.

Size, Shape, and Modality

Such analyses of perceptual independence have been pre-
viously applied to weight perception and the size—weight
illusion (Amazeen, 1999; Oberle & Amazeen, 2003). The
participants in Oberle and Amazeen grasped small stimuli,
whereas the participants in Amazeen (1999) wielded larger
objects by a handle (eliminating the opportunity to per-
ceive size by enclosing the stimuli in the hand). In both
studies, there were no perceptual interactions present;
perceptions of size and weight were independent. When
the participants could not see the stimuli, the illusion re-
sulted from a sensory interaction; mass and volume were
combined in the tactual information for perceived weight.
When the participants could see the stimuli, Oberle and
Amazeen found a decisional interaction, suggesting that
multiple percepts will be used in making a report of per-
ceived heaviness when they are available and appropriate.

The present experiments expanded these findings by
considering the role of shape—specifically, the unique
contributions of length and diameter—in weight percep-
tion. There was reason to expect that length and diameter
would have different effects on perceived heaviness. As
early as 1894, Dresslar showed that changes in shape,
without changes in volume, would produce a type of size—
weight illusion that is better termed a shape—weight illu-
sion. This need not suggest, however, that length and diam-
eter each influence perceived heaviness in the same way. In
fact, other research has shown that increasing volume by
increasing length alone may actually produce an increase
in perceived heaviness, a pattern opposite to the classic
size—weight illusion (Amazeen, 1997; Ayoub, Mital, Bak-
ken, Asfour, & Bethea, 1980; Ciriello & Snook, 1983;
Garg & Badger, 1986; Garg & Saxena, 1980; Mital & Fard,

1986). Such differences between length and diameter have
been linked to the hypothesis that perceived heaviness is a
function of rotational inertia (Amazeen, 1997).

Not only do length and diameter have different effects
on perceived heaviness, this difference interacts with mo-
dality (Amazeen, 1997). When Amazeen (1997) allowed
participants to view the stimuli that they were holding by
ahandle, increases in both length and diameter produced a
decrease in perceived heaviness, yet this effect was stron-
ger for increases in diameter than for increases in length.
This suggested that the modalities of vision and touch
make unique contributions, wherein touch makes a dis-
tinction between changes in length and diameter, whereas
vision does not. Similar conclusions have been drawn by
Koseleff (1957) and Oberle and Amazeen (2003). The
roles of length and diameter were investigated in the pres-
ent experiments, then, both with and without vision.

Overview

The present experiments used multidimensional signal
detection to determine the influence of length, diameter,
and mass on haptically perceived heaviness with and with-
out vision. Participants held stimuli with two levels each
of mass and size (either length in Experiments 1 and 2 or
diameter in Experiments 3 and 4) and reported their per-
ceived levels on both dimensions. The response frequencies
were used to generate multidimensional signal detection
models by fitting bivariate Gaussian distributions to the
data (Wickens, 1992). These models were used to identify
the interactions that may have been present. Although an
effect of size should be present in each experiment, it was
expected that length and diameter (i.e., shape) would have
distinct effects. Comparing the interactions with (Experi-
ments 2 and 4) and without (Experiments 1 and 3) vision
allowed us to identify how vision and touch interacted to
reshape the flow of perceptual events for the perceiver.

EXPERIMENT 1

In this experiment, participants held stimuli that varied
only in mass and length. The diameters of all the stimuli
were equal. Because the participants were not allowed to
see the stimuli in their hand (a curtain was used to occlude
vision), this experiment assessed the effects of mass and
length on haptic weight perception.

Method

Participants. Fifteen undergraduate students (8 of them male,
7 female) at Arizona State University participated in this experiment
as a means of fulfilling a course requirement. All the participants
were right-handed, and none reported any difficulty with the normal
use of their hands or limbs.

Apparatus. The stimulus set was created with a factorial com-
bination of length (L) and mass (M) (uppercase letters are used to
denote the physical features, whereas lowercase letters are used to
denote the corresponding perceptual report). There were two levels
each for mass (M_ = 24 g, M, = 30 g) and length (L_ = 5.8 cm,
and L, = 6.0 cm) combined to produce the following set of stim-
uli, M L_,M_L,, M,L_,and M.L,. The diameter (D) of each
stimulus was 3.0 cm. Mass was altered by drilling lengthwise holes
evenly through each cylinder and then distributing lead shot and
epoxy evenly from the center to the outer edges. Care was taken to
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eliminate any sound from inside the stimuli and maintain a nearly
uniform density. Finally, the ends of each cylinder were capped with
balsa wood to conceal any signs of manipulation.

The participants were not permitted to view the stimuli as they
grasped them. Accordingly, their right arm extended through a cur-
tain to eliminate all visual cues. This floor-to-ceiling curtain was
located to the right of the participants’ chair and occluded both the
hand and stimulus without causing discomfort or constraining the
wielding of the object.

Procedure. Upon entering the experimental room, the participants
were seated on a chair beside the curtain. The stimuli were kept out of
view. The participants were informed that there were four wooden cyl-
inders (two small, two large, two light, and two heavy) but were oth-
erwise unaware of the nature of the objects. On each of 200 randomly
ordered trials (50 trials for each of the four stimuli), the participants
were presented a stimulus and were asked to report both perceived
length (/) and perceived heaviness (m). Reports were a forced choice
on each dimension (i.e., small or large and light or heavy). Thus, there
were four possible joint responses per stimulus: m_[_, m_I, mI_,
and m /. The participants wielded all the stimuli through motions
about the wrist. No time limits were imposed, and the participants
could choose to pause briefly between trials to avoid fatigue. The pro-
cedures in all of the present experiments conformed to the ethical
guidelines of the American Psychological Association (2002).

Analysis. The response frequencies for all the participants were
pooled to account for the presence of zero frequencies in some cells
for some participants (Macmillan & Creelman, 2005; however, such
data should be interpreted with caution due to the increased sym-
metry in the confusion matrices and the associated possibility that
a formal model of these data will not always represent the choice
behavior of each individual participant; see Ashby, Maddox, & Lee,
1994). The main goal of the analysis was to generate a multidimen-
sional signal detection model of the data (as in Figure 2) by fitting
bivariate Gaussian distributions to the pooled response frequencies
in the manner described by Wickens (1992). These models provided
estimates of marginal d” (e.g., d” for perceived heaviness for only the
small stimuli or only the large stimuli) that were equivalent to the
estimates generated from the probabilities of hits and false alarms.
Statistical comparisons of marginal d” were made using a z test
based on estimates of the standard error associated with each signal
detection parameter (Gourevitch & Galanter, 1967; Kadlec, 1995,
1999a, 1999b; Macmillan & Creelman, 2005; Marascuilo, 1970;
Miller, 1996; Robertson & Morgan, 1990). Statistical evaluations of
the correlation between percepts (i.e., the degree of noncircularity in
each equal probability contour) were made using the chi-square test
of independence. In addition to the multidimensional signal detec-
tion analyses, tests of marginal response invariance were conducted
to connect the results of the models to traditional observations of the
size—weight illusion more fully. The test of marginal response invari-
ance evaluated whether each feature had an effect on the probability
of correctly identifying each response. There was a comparison of
the probability for each correct report across both levels of the other
feature. For example, the probability of correctly reporting that the
stimulus felt lighter for the small stimuli was compared with the
same probability for the large stimuli. Statistical comparisons of
response probabilities were made using a binomial test. In all the
tests, the criterion for statistical significance was p < .05.

Results and Discussion

The frequencies of each possible joint response for each
of the four stimuli are shown in Table 1. Table 2 shows the
results for the test of marginal response invariance. The
pairs of probabilities represent the influence of one fea-
ture on the probability of correctly reporting each level on
the other dimension. Consistent with the size—weight il-
lusion, length had a significant effect on perceived heavi-
ness; as the length increased from the smaller to larger

Table 1
Pooled Response Frequencies for All Four Experiments
Report M_L_ M_L, M. L_ M. L,
Experiment 1: No Vision
m_l_ 455 129 148 61
m_l 80 494 38 172
myl_ 191 31 447 150
myly 24 96 117 367
Experiment 2: Vision Allowed
m_l_ 446 95 177 44
m_ly 92 559 38 223
myl_ 196 19 455 82
myly 16 77 80 401
Experiment 3: No Vision
m_d_ 451 78 154 16
m_dy 72 556 27 258
mod_ 207 22 515 74
mydy 17 94 54 402
Experiment 4: Vision Allowed
m_d_ 458 53 109 13
m_d, 86 575 29 233
myd_ 189 22 545 47
mod, 17 100 57 457

Note—AM, mass; L, length; D, diameter; m, perceived heaviness; /, per-
ceived length; d, perceived diameter. Subscripts for these letters refer to
the level of the physical dimension or perceptual report (— for the lower
level, + for the greater level).

stimuli, there was an increased probability of correctly
making a lighter response and decreased probability of
correctly making a heavier response. Likewise, mass had
a significant effect on responses of perceived length; how-
ever, the direction of the effect was not consistent. For the
smaller stimuli, as mass decreased, there was an increased
probability of making a smaller response. For the larger
stimuli, as mass decreased, there was an increased proba-
bility of making a larger response. Such an effect suggests
that the participants were more accurate at lower levels of
mass. Table 3 shows the results of the test of marginal d”.
To ascertain how each feature influenced the sensitivity of
each response, d” was estimated across all levels of each
feature. Both paired estimates of d” were significantly dif-
ferent. Thus, each feature influenced the sensitivity to the
other feature. For perceived length, d” was greater for the
lighter stimuli, confirming the observation from the mar-
ginal response invariance data that the participants were
more sensitive to length at lower levels of mass.

These data are more completely represented by fitting
bivariate Gaussian distributions to the response frequen-
cies in Table 1 (Wickens, 1992). The resulting model is
both presented graphically as equal probability contours
in Figure 3 and tabulated as estimates of each parameter
and its standard error in Table 4. The model produced the
same estimates of marginal d” that were generated using
the probabilities of hits and false alarms in Table 3. The
decision criteria (and their standard errors) in this model
were 0.56 (0.05) for perceived weight and 1.09 (0.06) for
perceived length. The distribution of equal probability
contours provides further insight into the source of the
observed differences in marginal d’. As can be seen in
Table 4 and Figure 3, as length increased, the distributions
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Table 2
Marginal Response Invariance for All Experiments: Probability of Correctly
Reporting Each Level of Mass and Size Across Levels of the Other Dimension

Length Diameter
No Vision Vision No Vision Vision

Report  Stimulus  (Experiment 1)  (Experiment2)  (Experiment3) (Experiment 4)
Lighter Smaller 71 72 .70 73

Larger .83 .87 .85 .84

z —5.42" —7.42* —6.70" —525"
Heavier Smaller 75 71 .76 81

Larger .69 .64 .64 .67

z 2.71* 2.88" 5.22° 6.25"
Smaller  Lighter .86 .86 .88 .86

Heavier 79 .84 .98 .88

z 3.48" 0.72 —0.68 —1.23
Larger Lighter 79 .85 .87 90

Heavier 72 .83 .88 92

z 3.10" 0.85 —0.78 —1.35
*p < .05.

along the perceived weight axis shifted by more than two
standard errors in the negative direction. In other words,
the model revealed that mean perceived weight decreased
for the longer stimuli—a pattern consistent with the size—
weight illusion. This pattern suggests some sensory in-
teraction when the participants could hold, but not see,
stimuli that varied only in length.

The estimated model parameters in Table 4 reveal an-
other potential source for the size—weight illusion in the
present data. Specifically, there was some degree of cor-
relation between perceptions of weight and length for each
of the four stimuli. For three out of the four stimuli, the
correlation was negative, consistent with the size—weight
illusion. To assess whether any of these correlations were
statistically significant enough to conclude a perceptual
interaction, a chi-square test of independence was used
(Thomas, 1995, 2001).2 Despite the small degree of corre-
lation revealed by the model, the chi-square test revealed
that the responses were statistically independent for each
of the four stimuli (all y2s < 2, ps > .05). There was no
perceptual interaction in these data.

Conclusions. Experiment 1 revealed how length and
mass interact in producing reports of perceived heaviness
and size in a purely haptic scenario. A sensory interaction
was suggested by the data, but there was no statistically
significant evidence of a perceptual interaction; percepts
of weight and length were independent. The combined

significant effects from the test of marginal response in-
variance, the test of marginal d’, and the sheared distribu-
tion of equal probability contours all indicated a sensory
interaction in which percepts of weight and length were
a function of information that included both mass and
length. Such an interaction is consistent with the hypoth-
esis that perceived weight and length are a function of the
information in rotational inertia, a source of information
that combines an object’s mass and length. This hypoth-
esis has generally been tested using dynamic touch (see
Turvey & Carello, 1995) but has also been extended to
haptic touch (Amazeen & Jarrett, 2003), the type of touch
used in the present experiment.

EXPERIMENT 2

In this experiment, the participants held the same stimuli
as those used in Experiment 1 (varying only in mass and
length), but they were allowed to see the stimuli in their hand.
This allowed us to determine whether the addition of vision to
haptic touch would add to, eliminate, or modify the sensory
interaction seen in the purely haptic case in Experiment 1.

Method

Participants. Fifteen undergraduate students (7 of them male,
8 female) at Arizona State University participated in this experiment
as a means of fulfilling a course requirement. All the participants

Table 3
Marginal Estimates of d” for All Experiments, With z Scores:
Estimates for Mass and Size Across Levels of the Other Dimension

Length Diameter
No Vision Vision No Vision Vision
Dimension  Stimuli ~ (Experiment 1)  (Experiment2)  (Experiment 3)  (Experiment 4)
Mass Smaller 1.24 1.14 1.23 1.49
Larger 1.45 1.51 1.36 1.43
z —2.06" -3.61" —1.33 0.59
Size Lighter 1.88 2.09 2.29 2.37
Heavier 1.40 1.97 2.41 2.60
z 4.63" 1.11 —1.03 —1.83

*p < .05.
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Figure 3. Estimated equal probability contours based on the data in Table 1 for all four
experiments. In each experiment, there were four stimuli composed of two levels of mass
(light, M_, and heavy, M) and two levels of either length (short, L_, and long, L) or diam-
eter (thin, D_, or wide, D). Each equal probability contour represents the range of percepts
(within a given confidence interval) that would occur with repeated presentations of the same
stimulus. The shapes and relative locations of the equal probability contours are used in the
text to make inferences about perceptual and sensory interactions, respectively. These models

are also presented in Table 4.

were right-handed, and none reported any difficulty with the normal
use of their hands or limbs.

Apparatus. The apparatus in the present experiment was identi-
cal to that in Experiment 1, with the following exception. The curtain
that was used to occlude the stimuli in the hand was pulled back
so that the participants could view the stimuli as they held them in
their hand.

Procedure and Analysis. The procedure and analysis in the pres-
ent experiment were identical to those in Experiment 1, with the
following exception. Throughout the trials, the participants were
allowed to view the cylinder in their hand. The participants were
still not allowed to see the stimuli between trials or to view the entire
set of stimuli.

Results and Discussion

The frequencies of each possible joint response for each
of the four stimuli are shown in Table 1. Table 2 shows
the results for the test of marginal response invariance.
The length of the cylinder had a significant effect on re-

ports of perceived heaviness. As the cylinder increased
in length, there was an increased probability of correctly
making a lighter response and a decreased probability of
correctly making a heavier response. Table 3 shows the re-
sults of the test of marginal d”. The paired estimates of d”
for perceived weight were significantly different, imply-
ing a sensory interaction for perceived heaviness. These
results are supported by the model presented in Figure 3
and Table 4. The decision criteria (and their standard er-
rors) in this model were 0.57 (0.05) for perceived weight
and 1.06 (0.06) for perceived length. As in Experiment 1,
as length increased, the distributions along the perceived
weight axis shifted by more than two standard errors in
the negative direction, further indicating a sensory inter-
action for perceived heaviness. The model also revealed
some degree of negative correlation between perceptions
of weight and length for all four stimuli. The chi-square
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Table 4
Estimates of the Means and Standard Errors of the Locations
and Correlations of the Perceptual Distributions Generated by
Fitting Bivariate Gaussian Distributions to the Data in Table 1

Perceived Perceived
Weight Length Correlation
Stimulus M SE M SE M SE
Experiment 1: No Vision
M_L_ 0.00 0.00 —.11 .08
M_L, -0.39 0.07 1.88 0.08 —.07 .08
M, L_ 1.24 0.07 0.27 0.08 .06 .07
M. L, 1.06 0.07 1.67 0.08 —.05 .06
Experiment 2: Vision Allowed
M_L_ 0.00 0.00 —.28 .08
M_L, —0.56 0.08 2.09 0.08 —.11 .09
M.L_ 1.14 0.07 0.06 0.08 -.07 .07
ML, 0.94 0.07 2.02 0.08 —.01 .07
Experiment 3: No Vision
M_D_ 0.00 0.00 -.20 .08
M_D, -0.49 0.07 2.29 0.08 —.16 .08
M,.D_ 1.23 0.07 —0.06 0.09 —.16 .08
M.D, 0.87 0.07 2.35 0.08 —-.32 .07
Experiment 4: Vision Allowed
M_D_ 0.00 0.00 —-.22 .08
M_D, —0.38 0.07 2.37 0.08 —.26 08
M.D_ 1.49 0.07 -0.10 0.08 -.29 .08
M.D, 1.04 0.07 2.50 0.09 —.18 .09

Note—M, mass; L, length; D, diameter. Subscripts for these letters refer
to the level of the physical dimension or perceptual report (— for the
lower level, + for the greater level).

test of independence, though, indicated that the correla-
tion was significant only for one stimulus [M_L_, y(1) =
11.26, p < .05; all others, y2 < 2, p > .05]. This is weak
evidence for a perceptual interaction in these data, pos-
sibly only for one stimulus.

Conclusions. Experiment 2 revealed that length had
a significant effect on perceived heaviness when the par-
ticipants could view the stimuli in their hand. As in Ex-
periment 1, a sensory interaction was suggested. However,
there was also some evidence of a perceptual interaction.
One possible contributor to the new appearance of a per-
ceptual interaction may have been the increased sensitivity
to length accompanying the addition of vision. As can be
seen in Table 3, estimates of d” increased marginally from
1.88 t0 2.09 (z = 1.92, p < .06) and significantly from
1.40to 1.97 (z = 5.34, p < .05) for the lighter and heavier
stimuli, respectively, when vision was added. Improving
the sensitivity to length, thereby making it a more salient
property to the observer, may have allowed it to have a
greater effect on the perceptual processes associated with
the size—weight illusion.

EXPERIMENT 3

In this experiment, the participants held stimuli that
varied only in mass and diameter. The lengths of all the
stimuli were equal. Because the participants were not al-
lowed to see the stimuli in their hand (a curtain was used
to occlude vision), this experiment assessed the effects of
mass and diameter on haptic weight perception.

Method

Participants. Fifteen undergraduate students (6 of them male,
9 female) at Arizona State University participated in this experiment
as a means of fulfilling a course requirement. All the participants
were right-handed, and none reported any difficulty with the normal
use of their hands or limbs.

Apparatus. The apparatus in the present experiment was identi-
cal to that in Experiment 1, with the following exception. This stimu-
lus set was created with a factorial combination of mass (M) and
diameter (D), whose respective levels were M_ = 24 g, M, = 30 g,
D_ = 2.8 cm, and D; = 3.0 cm. The length (L) of each stimulus
was 6.0 cm.

Procedure and Analysis. The procedure and analysis in the
present experiment were identical to those in Experiment 1, with
the following exception. This experiment was conducted to obtain
reports on the dimensions of diameter and mass, rather than length
and mass. As in Experiment 1, a curtain prohibited the participants
from viewing the stimulus in their hand.

Results and Discussion

The frequencies of each possible joint response for each
of the four stimuli are shown in Table 1. Table 2 contains
the results for the test of marginal response invariance.
Consistent with the size-weight illusion, the diameter of
the cylinder had a significant effect on reports of perceived
heaviness. As the cylinder increased in diameter, there was
an increased probability of correctly making a lighter re-
sponse and decreased probability of correctly making a
heavier response. Table 3 contains the results of the test of
marginal d’. Neither of the paired estimates of d” was sig-
nificantly different; there was no influence of either feature
on the sensitivity to the other feature. Additional informa-
tion is contained in the model presented in Figure 3 and
Table 4. The decision criteria (and their standard errors) in
this model were 0.52 (0.05) for perceived weight and 1.18
(0.06) for perceived diameter. As in the previous experi-
ments, as size (in this case, diameter) increased, the dis-
tributions along the perceived weight axis shifted by more
than two standard errors in the negative direction, sug-
gesting a sensory interaction for perceived heaviness. The
model also revealed some degree of negative correlation
between perceptions of weight and diameter for all four
stimuli. The chi-square test of independence revealed that
this correlation was significant for three of the four stimuli
[M_D_, y*(1)=5.70,p < .05, M_D,, y(1)=3.77,p >
05, M D_, %(1) = 4.20,p < .05; M D, y*(1) = 15.52,
p < .05]. These results provide stronger evidence for a
perceptual interaction than was seen in the previous two
experiments. It was suggested in the previous experiment
that the increased evidence for a perceptual interaction in
Experiment 2, where vision was allowed, may have fol-
lowed from the increased sensitivity to size. Similarly, the
sensitivity to size (in this case, diameter) was greater in
the present experiment than it was in Experiment 1, where
length was varied. As can be seen in Table 3, estimates
of d’ increased significantly from 1.88 to 2.29 (z = 3.62,
p <.05) and from 1.40 to 2.41 (z = 9.16, p < .05) for the
lighter and heavier stimuli, respectively.

Conclusions. Experiment 3 showed that diameter had
a significant effect on perceived heaviness. As in Experi-
ment 1, the participants reported that the larger stimuli
were lighter than the smaller stimuli. This was at least
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partly due to a sensory interaction of mass and diameter,
presumably resulting from the dependence of tactual per-
ception on the information in rotational inertia (Amazeen
& Jarrett, 2003). A notable difference exhibited in the re-
sults of the present experiment, though, was the relatively
stronger evidence for a perceptual interaction: Perceptions
of weight and diameter were significantly correlated for
three of the four stimuli, as compared with none in Experi-
ment 1 (where length was varied) and only one of four in
Experiment 2 (where length was varied and vision was
also allowed). Apparently, the perception of diameter had
a stronger effect on the perception of weight than the per-
ception of length did. Insofar as the stronger effects seen
in Experiment 2, when vision was allowed, could be re-
lated to an increased salience of size as measured through
d’, the still stronger evidence for perceptual interactions in
the present experiment may also be related to an increased
salience of size (see Table 3). Note that this improved sen-
sitivity to diameter occurred despite its lower range of
variation (expressed as a proportion of total diameter), as
compared with length. (A more limited range for diameter
was chosen precisely because of the increased sensitivity
to this dimension shown during pilot testing.) Increasing
one’s sensitivity to changing size, either through modality
or shape, may strengthen a perceptual interaction involved
in the size—weight illusion.

EXPERIMENT 4

In this experiment, the participants held the same stim-
uli as those used in Experiment 3 (varying only in mass
and diameter), but they were allowed to see the stimuli in
their hand. This allowed us to determine whether the ad-
dition of vision to haptic touch would add to, eliminate,
or modify any of the interactions seen in the purely haptic
case in Experiment 3.

Method

Participants. Fifteen students (8 of them male, 7 female) at Ari-
zona State University participated in this experiment. All the partici-
pants were right-handed, and none reported any difficulty with the
normal use of their hands or limbs.

Apparatus. The apparatus in the present experiment was identi-
cal to that in Experiment 3, with the following exception. The curtain
that was used to occlude the stimuli in the hand was pulled back so
that the participants could now view the stimuli as they held them
in their hand.

Procedure and Analysis. The procedure and analysis in the pres-
ent experiment were identical to those in Experiment 3, with the
following exception. Throughout the trials, the participants were
allowed to view the cylinder in their hand. The participants were
still not allowed to see the stimuli between trials or to view the entire
set of stimuli.

Results and Discussion

The frequencies of each possible joint response for each
of the four stimuli are shown in Table 1. Table 2 contains
the results for the test of marginal response invariance.
Consistent with the size—weight illusion, the diameter
of the cylinder had a significant effect on reports of per-
ceived heaviness. As the cylinder increased in diameter,
there was an increased probability of correctly making a

lighter response and a decreased probability of correctly
making a heavier response. Table 3 contains the results of
the test of marginal d”. As in Experiment 3, neither of the
paired estimates of d” was significantly different; there
was no influence of either feature on the sensitivity to the
other feature. Additional information is contained in the
model presented in Figure 3 and Table 4. The decision cri-
teria (and their standard errors) in this model were 0.60
(0.05) for perceived weight and 1.09 (0.06) for perceived
diameter. As in all three previous experiments, as diame-
ter increased, the distributions along the perceived weight
axis shifted more than two standard errors in the negative
direction, suggesting a sensory interaction for perceived
heaviness. The model also revealed some degree of nega-
tive correlation between perceptions of weight and diame-
ter for all four stimuli. The chi-square test of independence
revealed that this correlation was significant for three of
the four stimuli [M_D_, y%(1) = 7.20, p < .05; M_D,,
x2(1) = 10.45, p < .05, M .D_, y*(1) = 14.57, p < .05;
M. D, y*(1) = 3.67, p > .05]. As in Experiment 3, these
results provide evidence for a perceptual interaction be-
tween perceptions of weight and diameter. The increased
evidence for a perceptual interaction in this experiment,
as compared with Experiment 2, may have followed from
the increased sensitivity to size. As can be seen in Table 3,
estimates of d” increased significantly from 2.09 to 2.37
(z = 2.44, p < .05) and from 1.97 t0 2.60 (z = 5.32,p <
.05) for the lighter and heavier stimuli, respectively.
Conclusions. Experiment 4 showed that diameter had
a significant effect on reports of heaviness. As has been
shown consistently in the present series of experiments, a
sensory interaction was present in the data. Also consis-
tent with the other experiments in this series, there was
increasing evidence for a perceptual interaction. As in the
previous two experiments, this strengthening may be re-
lated to the increased salience of size manipulations.

GENERAL DISCUSSION

The present experiments drew upon multidimensional
signal detection to examine the effects of length and di-
ameter on perceived heaviness. Separate experiments
were conducted in which the stimuli varied only in length
(Experiments 1 and 2) or diameter (Experiments 3 and 4)
and in which participants were able to see (Experiments 2
and 4) or not able to see (Experiments 1 and 2) the stimuli
in their hand. The goal was to investigate how shape (i.e.,
length vs. diameter) and modality (i.e., haptic perception
with and without vision) influence the interactions that
underlie weight perception and the size—weight illusion.
The multidimensional signal detection analysis allowed
us to test for interactions between mass and size at two
levels of processing, sensory and perceptual. The first
level concerns interactions in the information; the second,
interactions among percepts. A third level, decisional—
interactions that affect the decision rules used to generate
each response—was not tested, for the reasons described
below; however, there were characteristics in the data to
suggest that it should continue to be considered, which
will be discussed below.
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Sensory Interactions

The persistent evidence for a sensory interaction in the
size—weight illusion (see also Amazeen, 1999; Oberle &
Amazeen, 2003) suggests that the roles of length and di-
ameter in weight perception are going to be found largely
in the information for perceived weight. Research has
supported an informational basis to the size—weight il-
lusion based on the information contained in rotational
inertia (Amazeen, 1997, 1999; Amazeen & Jarrett, 2003;
Amazeen & Turvey, 1996; Kloos & Amazeen, 2002;
Shockley, Carello, & Turvey, 2004; Shockley, Grocki,
Carello, & Turvey, 2001; Turvey, Shockley, & Carello,
1999). The basic premise of such a model is that size in-
fluences weight perception because both mass and volume
are combined in determining an object’s rotational inertia.
A dependence of weight perception on rotational inertia
should appear as a sensory interaction between mass and
volume.

An inertial model for weight perception and the size—
weight illusion is actually just one instance of a broader
model in which the information for many percepts (such
as the length, shape, and orientation of a handheld object)
is provided in rotational inertia (see the review in Turvey
& Carello, 1995). It is important to note that most of these
studies have explored and established the role of rotational
inertia by using a type of touch known as dynamic touch
(Gibson, 1966). Dynamic touch is the type of touch in
which perception is achieved through the use of the mus-
cles exclusively (this is sometimes referred to as the mus-
cle sense; Fitzpatrick, Carello, & Turvey, 1994). In such
studies, then, participants generally hold occluded stimuli,
using uniform handles; all of the information for percep-
tion is provided by the pattern of resistance (quantified by
rotational inertia) that the stimulus presents to the activity
of the muscles. In the present experiments, of course, the
stimuli did not have handles; the participants grasped the
stimuli, enclosing them in their hand. This is a type of
touch known as haptic touch (Gibson, 1966). At least one
study has shown that participants use rotational inertia to
perceive heaviness even when they can wrap their hands
around the stimuli (Amazeen & Jarrett, 2003).

Perceptual Interactions

A novel feature revealed by the present analyses was
the existence of perceptual interactions in the data. Such
interactions have long been considered to be part of the
size—weight illusion (e.g., Anderson, 1970, 1972), al-
though previous analyses of perceptual independence have
failed to show evidence for them (Amazeen, 1999; Oberle
& Amazeen, 2003). However, unlike the sensory interac-
tions, which appeared consistently in each experiment, the
perceptual interactions were apparent only in some cases.
Specifically, they were more prominent when diameter
varied and when the participants could view the stimuli
in their hand. The shape of the stimuli and the modal-
ity through which they are perceived appear to influence
perceptual interaction. However, the key mechanism here
may not have actually been shape or modality; as shape
and modality were manipulated, the observers’ sensitivity
to size varied, and conditions of increased sensitivity were

associated with stronger perceptual interactions. Anything
that results in a greater sensitivity to size may create a
better opportunity for the perceiver to combine percepts
of size and weight. This suggests that perceptual interac-
tions in the size—weight illusion are persistently possible
yet will only transiently appear when the circumstances
are favorable.

Decisional Interactions

Another potential source for the size—weight illusion
is a decisional interaction (Oberle & Amazeen, 2003).
Researchers have proposed testing for this type of inter-
action by comparing paired estimates of marginal C and
conditional C (Kadlec, 1995, 1999a, 1999b; Kadlec &
Townsend, 1992a, 1992b). For example, the test of the
marginal decision criterion C for perceived heaviness
would involve comparing C for the small stimuli with C
for the large stimuli. If there is no decisional interaction,
one would expect the two criteria to be the same. However,
Oberle and Amazeen noticed failures of this test when ap-
plied to the size—weight illusion—namely, the decision
criterion increased for larger stimuli, suggesting that par-
ticipants were biased to report that they were lighter. Like-
wise, when applied to the present data, these tests reveal
significant differences in marginal C in the direction pre-
dicted by the size—weight illusion for perceived heaviness
(but not perceived size) in each of the four experiments.

These data may suggest that the size—weight illu-
sion involves a decisional interaction (at least when the
stimuli vary in diameter). However, these tests were not
used here because it is not possible to distinguish whether
their failure in the present data resulted from a decisional
or a perceptual interaction (Ashby & Townsend, 1986).
Because there were not sufficient degrees of freedom to
distinguish these two interactions, it was necessary to as-
sume that there was either no decisional interaction or no
perceptual interaction in order to generate the models in
Figure 3 and Table 4 (Wickens, 1992). It was assumed
that there was no decisional interaction for two reasons.
First, the participants were told that each stimulus would
be presented equally and so were, in effect, instructed to
maintain orthogonal decision criteria. Second, theories of
the size—weight illusion involving a perceptual interac-
tion are far more common and widely accepted than those
involving a decisional interaction, which renders a test of
perceptual interaction more interesting and relevant.

Nevertheless, it is important not to discount the real
possibility of a decisional interaction here. Although it
cannot be tested with the present data, additional experi-
ments using methods that would generate additional de-
grees of freedom (e.g., confidence ratings) would make
such a test possible.

Conclusions

There are multiple sources for the size—weight illusion.
Which source(s) will be present in any given instance,
though, is determined by the features of the stimuli and
the modality through which they are perceived. In gen-
eral, an individual will lift an object in order to perceive
its weight, thereby employing dynamic touch. Dynamic
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touch, then, will be a constant modality in nearly all lift-
ing situations. When dynamic touch is used, sensory in-
teractions are present to some degree, which is consistent
with the notion that perceivers use rotational inertia to
perceive weight. However, beyond just lifting the object
(say, blindly and with a handle), that same individual may
also use haptic touch to enclose the object in the hand(s),
vision, or a combination of the two. These additional mo-
dalities may improve the perceiver’s ability to detect dif-
ferences in size. Similarly, certain stimuli (say, those that
vary in diameter) may possess variations in size that are
more easily detected by an observer than are other stimuli
(say, those that vary in length). The present results sug-
gest that any characteristic of the stimuli or lifting situa-
tion that improves detectability of size will lead to more
prominent perceptual interactions. Theories of weight
perception, then, should address these two sources for the
size—weight illusion in the context of the perceiver’s mode
of interacting with the stimulus—that is, in the context
of the particular perceptual system being used (Gibson,
1966).
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NOTES

1. For the purposes of distinguishing effects in different subprocesses,
separate terms will be used for the physical properties, the internal per-
cepts associated with those properties, and the observed reports of the
percepts. For weight perception, mass will refer to the physical prop-
erty, perceived weight will refer to the percept, and reports of perceived
heaviness will refer to the report. For size perception, size, length, and
diameter will all refer to the physical properties, perceptions of these
properties will refer to the percept, and reports of perceived size, length,
and diameter will refer to the observed report.

2. An alternative method for assessing the independence of two re-
ports is the test of sampling independence (Ashby & Townsend, 1986).
This test has been used in previous investigations of the size—weight illu-
sion and has revealed no evidence of a perceptual interaction (Amazeen,
1999; Oberle & Amazeen, 2003). Likewise, when applied to the data in
the present experiments, this test indicates that the reports of heaviness
and size were statistically independent for each stimulus in each of the
four experiments. Nevertheless, the chi-square test of independence was
used here because (1) it provided results more consistent with those of
the models in Table 4 and Figure 3 and (2) it possesses greater power to
detect smaller correlations.
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