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Independence and separability of volume
and mass in the size—weight illusion

CRYSTAL D. OBERLE and ERIC L. AMAZEEN
Arizona State University, Tempe, Arizona

Numerous size-weight illusion models were classifiedin the present article according to generalrecog-
nition theory (Ashby & Townsend, 1986), wherein the illusion results from a lack of perceptual sepa-
rability, perceptual independence, decisional separability, or a combination of the three. These options were
testedin two experimentsin which a feature-complete factorial design and multidimensional signal de-
tection analysis were used (Kadlec & Townsend, 1992a, 1992b). With haptic touch alone, the illusion
was associated with a lack of perceptual and decisional separability. When the participant viewed the
stimulus in his or her hand, the illusion was associated only with a lack of decisional separability. Visual
input appeared to improve the discrimination of mass, leaving only the response bias due to expectation.

In the study of weight perception, one phenomenon
stands out in its importance: the size—weight illusion. First
demonstrated by Charpentier (1891; see the discussion in
Murray, Ellis, Bandomir, & Ross, 1999) and studied ex-
tensively thereafter (see Jones, 1986, for a review), this il-
lusionrefers to the commonly observed inverse relationship
between physical volume and the report of perceived heav-
iness; as physical volume increases, the magnitude of the
perceptual reports for perceived heaviness decreases (e.g.,
Stevens & Rubin, 1970). The illusion is important because
it shows that reports of perceived heaviness are not a func-
tion of mass alone. Any valid model of weight perception,
then, must identify how mass and volume are combined,
either within the stimulus or through some cognitive process.

A size—weight illusion has been demonstrated with var-
ious modes of touch and visual input (see Gibson, 1966,
and Loomis & Lederman, 1986, for varieties of touch).
The most common scenario has participants grasp and lift
an object thatis in clear view; yet the illusion has also been
examined under purely haptic conditions in which partic-
ipants may grasp but not view each stimulus (Ellis & Le-
derman, 1993; Pick & Pick, 1967). In each of these two
studies, it was concluded that haptic information about
volume produced a stronger effect than did visual infor-
mation on perceived heaviness. In addition to its presence
with haptic touch, the size—weight illusion has also been
observed with dynamic, or kinesthetic, touch (Amazeen,
1997,1999; Amazeen & Turvey, 1996; Kloos & Amazeen,
2002). Under these conditions, participants held visually
occluded stimuli by a handle. Volume was available to the
participant only through the muscular dynamics involved
in holding and wielding the stimuli. When the dynamic
touch illusion is compared with a condition in which the
participants can see the stimulus that they are holding by
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a handle, a qualitative change in the illusion results, sug-
gesting that vision makes additional information or pro-
cessing available (Amazeen, 1997). In sum, although the
illusion has been evident with a variety of modes of touch
and visual input, the findings differ quantitatively and
qualitatively, suggesting that illusion models must be sen-
sitive to the modality of perception being used.

Many models suggest that the illusionis due to percept—
percept coupling (see Jones, 1986, for a review). Accord-
ing to such models, it is an interaction, or apparent lack of
independence, between the perceptual effects of mass and
volume that leads to the observed effect of physical vol-
ume on the participant’s report of perceived heaviness.
Signal detection theory (e.g., Green & Swets, 1966), how-
ever, identifies other processes that occur in making a per-
ceptual report. The simplest form of a signal detection
model assumes variation across encounters with a stimu-
lus, resulting in a distribution of perceptual effects. Once
a stimulus property gives rise to a perceptual effect, a de-
cisionruleis applied to thateffect, and then a reportis given
that is based on the combination of the decision rule and
the perceptual effect. Percept—percept coupling refers only
to an interaction between the perceptual effects associated
with mass and volume. It is possible, though, that a stimulus—
response covariation such as that associated with the size—
weight illusion could result from an interactionin any one
of these processes. In the present experiments, a multi-
dimensional signal detection paradigm was adopted to
evaluate the potential sources of the stimulus—response
covariation that is typical of the size—weight illusion for
haptic touch with and without vision.

Sources of Covariation

Ashby and Townsend’s (1986) general recognition the-
ory (GRT) extends signal detection theory to address the
perceptual processing of multiattribute stimuli (e.g., ob-
jects varying in volume and mass; other multidimensional
generalizations of signal detection theory have been offered
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by Macmillan & Creelman, 1991, and Wickens & Olzak,
1992). The purpose for this extension was to identify the
varieties of perceptual independence—that is, the poten-
tial sources of an interaction across perceptual dimen-
sions, such as that associated with the size—weight illu-
sion. The three potential sources of a stimulus—response
covariation at the psychological space level concern per-
ceptual separability, perceptual independence, and deci-
sional separability.

Perceptual separability. Perceptual separability refers
to the influence of the physical dimensions on the percep-
tual effects. Two physical dimensions are perceptually
separable if the perceptual effect on one dimension is un-
affected by the physical level (as opposed to the percep-
tion) of the other dimension of a multiattribute stimulus
(Ashby & Townsend, 1986). For example, volume and mass
would be perceptually separable if perceived volume did
not depend on the level of mass and if the perceived heav-
iness did not depend on the level of volume.! Some mod-
els of the size—weight illusion, however, suggest that this
illusionresults from a lack of perceptual separability. Two
such models are the density model (H. E. Ross, 1969;
J. Ross & Di Lollo, 1970) and the inertial model (Amazeen,
1997, 1999; Amazeen & Turvey, 1996). In each of these
models, perceived heaviness is considered to be a func-
tion of a stimulus property, either density or rotational in-
ertia, that is itself a function of mass and volume.

Another way of portraying this lack of perceptual sep-
arability is with equal-probability contours from a multi-
dimensional signal detection experiment on the illusion.
This experiment would involve a feature-complete facto-
rial design, also referred to as a complete identification
paradigm, in which there is a factorial combination of two
levels of both volume and mass and a perceptual report
for each of these dimensionsis given. With such a design,
four three-dimensional perceptual distributions arise, one
for each stimulus. The equal-probability contours are de-
termined by cutting a plane perpendicularto the frequency
axis. Hypothetical equal-probability contours are shown
in the top of Figure 1 for models suggesting that the illu-
sion is due to a lack of perceptual separability. In this fig-
ure, the contours corresponding to the large stimuli are
shifted to the left, indicating that perceived heavinessis de-
pendent on the level of physical volume and decreases in
magnitude as volume increases. These illusionmodels, men-
tioned above, make no claims regarding the effects of mass
on perceived volume, so the proposed lack of perceptual
separability may be assumed to be unidirectional in that
perceived volume does not depend on the level of mass.

Perceptual independence. Perceptual independence
refers to the influence of one perceptual effect on another.
Two perceptual effects are independent if one is unaf-
fected by variations in the other (Ashby & Townsend,
1986). A lack of perceptual independence is theoretically
comparable to Epstein’s (1982) percept—percept coupling
construct. Many models of the size—weight illusion sug-
gest that this illusion is due to an apparent lack of percep-
tual independence—namely, that there is an effect of per-
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Figure 1. Hypothetical equal-probability contours for models
suggesting that the size—weight illusion is due to a lack of per-
ceptual separability (top), a lack of perceptual independence
(middle), and a lack of decisional separability (bottom).M and V
represent the corresponding physical dimensions, and the sub-
scripts refer to the levels of these physical dimensions (+ for the
higher level, — for the lower level).

ceived volume on perceived heaviness that produces the
observed covariation between physical volume and the
participant’s report of perceived heaviness. Hypothetical
equal-probability contours are shown in the middle of Fig-
ure 1 for such models, which specifically suggest that per-
ceived volume has an inverse effect on perceived heavi-
ness. In this figure, the contours corresponding to each
stimulus are ellipses slanted to the left, representing the



negative correlation between the two perceptions and re-
vealing the bidirectional nature of this percept—percept
coupling.

Two models proposing a lack of perceptual indepen-
dence are the information integration model (Anderson,
1970, 1972) and the expectation model (Davis & Roberts,
1976; H. E. Ross & Gregory, 1970). Although there are
differences between them, each model assumes that an in-
teraction between perceived heaviness and perceived vol-
ume occurs because of the positive correlation between
volume and mass in nature. This correlation leads to an
expectation of mass based on perceived volume. Because
of this expectation, perceived heaviness is inversely influ-
enced by the perceived volume. In sum, this expectation
has an effect at the level of the perceptual effect. It should
be noted, however, that signal detection theory identifies
a role for expectations at the decisional level of percep-
tual processing. These models, then, combine features of
a lack of both perceptual independence and decisional
separability.

Decisional separability. The third variety of percep-
tual independence occurs at the decisional level of per-
ceptual processing. Decisional separability refers to the in-
fluence of one dimension on the decisionrule for the other
(Ashby & Townsend, 1986). Volume and mass would be
decisionally separable if the decision criterion, used to
transform perceived heaviness into the report of perceived
heaviness, did not depend on the level of volume, and vice
versa. It is possible, though, that systematic variations in
the decision criterion applied to perceived heaviness as a
function of volume could produce a size—weight effect.
Hypothetical equal-probability contours are shown in the
bottom of Figure 1 for models that may suggest that the
size—weight illusion is due to a lack of decisional separa-
bility. In this figure, the decision criterion for perceived
heaviness is slanted to the right, indicating that decisional
bias depends on the level of physical volume and that peo-
ple are biased to report that large objects feel light and
small objects feel heavy. If no claims are made regarding
the effects of mass on perceived volume, this lack of de-
cisional separability may be assumed to be unidirectional
in that placement of the decision criterion for perceived
volume does not depend on the level of mass.

In contrast to perceptual independence, the effect identi-
fied by decisional separabilityis not on the perceptionitself.
Rather, decisional separability refers to a bias in responding.
This distinction is important when the information integra-
tion and the expectationmodels are evaluated,because they
rely on a bias that is based on experience in the natural
world. Although these particular models suggest that the
bias influences the perceptual effect, it could just as well
influence the decision criterion. In fact, signal detection
theory often treats biases resulting from changes in expec-
tations in terms of the decision criterion. It is important,
therefore, to be able to distinguish among these potential
sources of covariation within a data set.

Using a multidimensional signal detection analysis
(MSDA; Kadlec, 1995,1999a, 1999b; Kadlec & Townsend,
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1992a, 1992b; for other example applications, see also
Kadlec & Hicks, 1998; Thomas, 2001; Wenger & Ingval-
son, 2002), the experiments reported in the present article
were performed to evaluate each of these sources of co-
variation from GRT (Ashby & Townsend, 1986) in the size—
weight illusion. To date, an analysis of the sort used here
has been applied to the size—weight illusion only in con-
ditions of dynamic touch without visual input (Amazeen,
1999). The results of that analysis suggested that volume
and mass were perceptually independent. To account for
the presence of the size—weight illusion, it was concluded
that perceived heaviness was a function of both volume
and mass, perhaps due to the fact that they both factor into
an object’s rotational inertia, which is the stimulus prop-
erty used by dynamic touch to perceive heaviness. This
conclusion amounts to a lack of perceptual separability of
volume and mass. This finding will be compared with the
results of the present experiments, in which the potential
sources of covariation were tested in a haptics-only con-
dition and a haptics + vision condition. The goal is to de-
termine which classes of models of the illusion would be
appropriate for dynamic touch, haptic touch without vi-
sual input, and haptic touch with visual input.

EXPERIMENT 1

Experiment 1 tested for perceptual separability, per-
ceptual independence, and decisional separability of vol-
ume and mass in a haptics-only condition, in which the
participant was allowed to hold and manipulate the entire
stimulus with his or her hand.

Method

Participants

Eleven female and 4 male Arizona State University undergradu-
ate students participated in this experiment in partial fulfillment of
an introductory psychology course requirement. Two participants were
left-handed (based on self-reports of which hand they throw a ball
with and write with), and the others were right-handed.

Design

A feature-complete factorial design was used, in which there was
a factorial combination of mass and volume, as well as a perceptual
report for each on every trial. There were two levels each of volume
and mass. On each trial, the participant gave reports of perceived
volume (whether the stimulus felt large or small) and perceived
heaviness (whether the stimulus felt heavy or light). With this design,
the changes in estimated response probabilities and signal detection
parameters could be evaluated across variations in both volume and
mass.

Materials

The stimuli consisted of four wooden cylinders. The large (V)
and small (V_) levels of volume were 46.0 cc (diameter = 3.1 cm,
height = 6.1 cm) and 37.0 cc (diameter = 2.9 cm, height = 5.6 cm),
respectively.2 The heavy (M) and light (M_) levels of mass were
25.0 and 20.0 g, respectively. Mass was varied independently of vol-
ume by drilling holes lengthwise in some of the cylinders. Care was
taken to ensure that the drilled holes were distributed evenly through-
out each cylinder. The ends of each cylinder were covered with balsa
wood to provide a smooth uniform surface that would provide no
clues about the manipulations of volume or mass.
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Procedure

The participant sat in a chair with his or her right side parallel to
a curtain. The right arm extended around the curtain so that the right
forearm rested on a table on the opposite side of the curtain, where
the stimuli were presented. This configuration allowed for unob-
structed holding, while eliminating all visual cues. Prior to the ex-
perimental trials, the participant was allowed to hold and manipulate
each stimulus once to familiarize himself or herself with the stimuli.
At no time was the participant allowed to view any of the stimuli. Dur-
ing the experimental trials, the stimulus was placed on the table be-
hind the curtain, and the participant was instructed to lift the stimu-
lus and to give reports of both perceived volume (whether he or she
believed the stimulus was the large [v,] or the small [v_] one) and
perceived heaviness (whether he or she believed it was the heavy
[m_] or the light [m_] one). Each participant completed 400 ran-
domized trials, 100 for each stimulus. No time constraints were
used, and no feedback was given between trials.

Analysis
The MSDA developed by Kadlec and Townsend (Kadlec, 1995,
1999a, 1999b; Kadlec & Townsend, 1992a, 1992b) was used. This

analysis extends that of Ashby and Townsend (1986) by providing
additional comparisons of estimated signal detection parameters.
The entire analysis has two parts: the macroanalyses and the micro-
analyses. The macroanalyses (marginal response invariance and
marginal signal detection analyses) involve the evaluation of re-
sponses on one dimension (e.g., m) across variations in the nontargeted
stimulus dimension (e.g., V). The microanalyses (sampling indepen-
dence and conditional signal detection analyses) involve the evalu-
ation of responses on one dimension (e.g., m) across variations in the
other perceptual report (e.g., v). As was discussed in the introduc-
tion, these analyses evaluate the effects of physical volume on per-
ceived heaviness separately from the effects of perceived volume.
The possible conclusions that may be drawn from these tests are il-
lustrated in Figure 2.

Marginal response invariance. The first macroanalysis is the
test of marginal response invariance (MRI). For this test, the pro-
portions of correct responses on a given level of one dimension are
compared across levels of the nontargeted stimulus dimension. For
example, the proportion of heavy responses for the heavy and small
stimulus, p(m|M,V_), is compared with the proportion of heavy
responses for the heavy and large stimulus, p(m |M_ V). Each pair

Analyses Conclusions
Marginal holds | Marginald' | p .. | Marginal C | , 1
Resppnse > Analysis ¥ Analysis [0 probably PS, probably DS
Invariance
L fails probably PS, lack of DS
. Marginal C
fails ___ Anegﬂysis | holds  ack of PS, probably DS
_M, lack of PS, lack of DS
. Marginal d’ Marginal C
fails »  Analysis holds Analysis | holds |, probably PS, maybe lack of DS
| fails | probably PS, lack of DS
fails » lack of PS, DS unknown
Sampling holds .| Conditional holds | Conditional |, .,
Independence d' Analysis C Analysis | f10:ids_,, probably PI, probably DS
fails fails » maybe P, lack of DS
. Conditional Condittonal
fails » 4’ Analysis holds C Analysis | holds probably PL, probably DS
fails fails » maybe lack of PI,

maybe lack of DS

Figure 2. Flow charts representing the possible outcomes of the macroanalyses (top) and microanalyses
(bottom), as well as the inferences that may be drawn from these outcomes regarding perceptual indepen-
dence (PI), perceptual separability (PS), and decisional separability (DS). These illustrations are based on
Tables 1 and 2 of Kadlec (1995; see also Kadlec, 1999a).



of response proportions is compared using a binomial test. If these
proportions are not equal, the nontargeted stimulus dimension is in-
fluencing the perceptual report.

Marginal signal detection analyses. The remaining macro-
analyses evaluate estimates of discriminability (d') and decisional
bias (C) from signal detection theory (e.g., Green & Swets, 1966).
Although the formal analyses of Kadlec and Townsend (1992a) re-
lied on B as a measure of decisional bias, C may be used as the pri-
mary measure of decisional bias, due to the lack of a significance
test for B (Kadlec, 1995). These analyses compare estimates of d’
and C for a given report (e.g., m) across levels of the nontargeted
stimulus dimension (e.g., at V_ and V). Each pair of d and C val-
ues is compared 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,
1991; Marascuilo, 1970; Miller, 1996; Robertson & Morgan, 1990).
The results of these tests will indicate whether discriminability and
decisional bias vary for each report as a function of the nontargeted
stimulus dimension.

Inferences from macroanalyses. On the basis of the definitions
of perceptual and decisional separability, if each is present, we
should expect the marginal response probabilities and the marginal
signal detection parameters to be invariant across levels of the non-
targeted stimulus variable. Failures of these tests will allow us to
make inferences about separability (see the top of Figure 2). Infer-
ences about perceptual separability are made on the basis of mar-
ginal d'. If discriminability varies, as would be suggested by unequal
marginal d's, there is a lack of perceptual separability. Inferences
about decisional separability depend on the outcomes of both the
MRI and the marginal signal detection analyses. When MRI holds,
unequal marginal Cs (suggesting a shift in the criterion) imply a lack
of decisional separability. When MRI fails, the test of marginal d'
will determine whether the failure of MRI is likely a function of a
lack of decisional separability. With equal marginal d's, it is likely that
the failure of MR is related to a lack of decisional separability. This
conclusion is strengthened when the marginal Cs are also not equal.
When d's are not equal, however, it is impossible to determine whether
the failure of MRI is related to decisional separability. Additional
tests for decisional separability are offered by the microanalyses.

Sampling independence. The first microanalysis is the test of
sampling independence. Sampling independence is a test of statisti-
cal independence conducted within a single stimulus in order to iso-
late the effects of variations in the perceptual effect from variations
in the stimulus. For each stimulus (e.g., M V), the proportion of
correct joint responses (e.g., p(m, v, | M_V.) is compared with the
product of the proportion of correct responses on one dimension
(e.g., p(v,| M ,_V,) and the proportion of correct responses on the
other dimension (e.g., p(m. | M, V.). Each pair of response propor-
tions is compared using a binomial test. If these proportions are not
equal, one report is not independent from the other.

Conditional signal detection analyses. The remaining micro-
analyses evaluate conditional estimates of discriminability (d') and
decisional bias (C') from signal detection theory (e.g., Green &
Swets, 1966). These estimates are termed conditional because each
estimate is conditioned on a particular response to the level of the
nontargeted stimulus dimension. So, for a given level of the nontar-
geted stimulus dimension (e.g., V), the reports on one dimension
(e.g., m) are compared across variations in reports on the nontar-
geted perceptual dimension (e.g., at v_ and v, ). The results of these
tests will indicate whether discriminability and decisional bias vary
for each report as a function of the other perceptual report.

Inferences from microanalyses. Inferences about perceptual in-
dependence and decisional separability may be drawn from these tests
(see the bottom of Figure 2). Unless the pairs of both conditional
signal detection parameters are equal, a failure of sampling indepen-
dence indicates that the perceptual effects may not be independent—
that there is an apparent lack of perceptual independence of volume
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and mass. If the pairs of either or both of the conditional signal de-
tection parameters are unequal, decisional separability most likely
does not exist.

Results

The response frequencies for all stimuli and all partic-
ipants combined are presented in Table 1. Collapsing across
levels of mass, as physical volume increased, the fre-
quency of light responses increased (1,296 for the small
stimuli and 1,892 for the large stimuli), and the frequency
of heavy responses decreased (1,704 for the small stimuli
and 1,108 for the large stimuli), revealing a size—weight il-
lusion. Because heavy responses may be thought of as
greater in magnitude than are light responses, these data
are consistent with the results of non-GRT researchers
(e.g., Stevens & Rubin, 1970), who have shown that the
magnitude of the perceptual reports for perceived heavi-
ness decreases as physical volume increases.

For comparison purposes, analyses were conducted on
the pooled data; in addition, the data were also analyzed
on a participant-by-participant basis, another appropriate
method of analysis for a large data set (Macmillan & Creel-
man, 1991). Test failures were suggested when significant
differences in values (e.g., d" for perceived heaviness across
levels of volume) occurred for both types of analyses. The
nonparametric sign test was used for these individual
analyses to make inferences about the population. For
these sign tests, all analyses were performed separately on
each participant’s data. Increases in values (e.g., increase
in d' value for perceived heaviness from the small to the
large stimuli) were assigned positive signs, whereas de-
creases in values were assigned negative signs. A bino-
mial distribution table was then used to determine signif-
icance. An alpha level of .01 was used in all analyses,
because doing multiple statistical tests on the same data
set warrants decreasing the alpha level.

Marginal Response Invariance

The results from the pooled data for perceived heavi-
ness reveal that, for both levels of mass, the proportion of
light responses increased significantly as volume increased
(p <.001; see Table 2). For each level of mass, 14 out of
15 participants followed this trend (z = 3.48, p < .001,
for each comparison). The results from the pooled data for
perceived volume reveal that the proportion of small re-
sponses for the small stimuli increased significantly as

Table 1
Response Frequencies for Experiment 1
Report M_V_ M_V, M, V_ M.V,
m_v_ 885 133 213 44
m_v, 130 1,209 68 506
myv_ 465 44 1,072 126
m.v, 20 114 147 824

Note—~M, mass; V, volume; m, perceived heaviness; v, perceived vol-
ume. Subscripts for these letters refer to the levels of the physical di-
mension or perceptual report (+ for the higher level, — for the lower
level).
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Table 2
Marginal Response Invariance for Experiment 1

M_ pm_[M_V_) .68

p(m_|M_V,) .89

z —14.55%*+ +
M, p(m M, V_) .81

pm, M, V,) .63

z 10.97#%+ +
V_ pv_[M_V_) .90

p(v_|[M,V_) .86

z 3.63%*
V, p,M_V,) .88

p v, M, V,) .87

z —0.34

Note—AM, mass; V, volume; m, perceived heaviness, v, perceived volume.
Subscripts for these letters refer to the levels of the physical dimension
or perceptual report (+ for the higherlevel, — forthe lowerlevel). **p <
.001 for pooled analyses. + +p < .001 forindividual analyses (see the
text).

mass decreased (p < .001). Individually, however, only
10 out of 15 participants followed this trend, a number that
did notreach significance (z = 1.69). The results from the
same data for the large stimuli reveal that the proportion
of large responses remained unchanged as mass in-
creased. Individually, the sign test again showed no sig-
nificant difference between these proportions (8 partici-
pants showed an increase, 5 showed a decrease, and 2
showed no difference; z = .77).

Marginal Signal Detection Analyses

Analyses of the pooled data for perceived heaviness
showed that the d- value for perceived heaviness was sig-
nificantly greater for the large stimuli than for the small
stimuli (p < .001; see Table 3). Individually, 13 out of
15 participants followed the same trend (z = 2.95,p < .01).
This change in discriminability implies a lack of percep-
tual separability of volume and mass in relation to per-
ceived heaviness. There were also significant variations in
C for perceived heaviness across levels of volume. Analy-
ses of the pooled data for the small stimuli revealed that C
was negative, indicating that the participants were biased
toward responding heavy, whereas for the large stimuli, C
was positive, indicating that they were biased toward re-
sponding light. Individually, 14 out of 15 participants fol-
lowed the same trend (z = 3.48, p < .001). However, be-
cause marginal response invariance did not hold for
perceived heaviness, no conclusions may be made about
decisional separability on the basis of these analyses.

Analyses of the pooled data for perceived volume
showed that the d- values for perceived volume did not dif-
fer significantly as mass increased (see Table 3). Individ-
ually, the sign test also showed no significant difference
between these d values (6 participants showed an increase,
and 9 showed a decrease; z = 1.43). This invariance in dis-
criminability suggests that volume and mass are probably
perceptually separable in relation to perceived size. Re-
garding decisional bias, analyses of the pooled datarevealed
that C was significantly greater for the light stimuli than

for the heavy stimuli (p <.001). Individually, 12 outof 15
participants followed the same trend, a number that
closely approached significance with the sign test (z =
2.46,p = .0139). These results suggest a lack of decisional
separability in relation to perceived volume.

Sampling Independence

For each stimulus, the proportion of correct joint re-
sponses was compared with the product of the proportions
of correct responses on each dimension. Analyses of the
pooled data showed that none of these differences was sig-
nificant (see Table 4). Individually, however, the differ-
ence for the small and light stimulus did reach signifi-
cance at the p < .01 level with the sign test (z = 2.95; for
13 participants, the actual joint proportion was smaller
than the predicted one). For the remaining three stimuli,
the differences failed to reach significance with the sign
test. [For the large and light stimulus, the actual joint pro-
portion was smaller for 5 participants, greater for 9, and
equal for 1 (z = 1.03); for the small and heavy stimulus,
the actual joint proportion was smaller for 3 participants,
greater for 11, and equal for 1 (z = 2.07); and for the large
and heavy stimulus, the actual joint proportion was
smaller for 9 participants, greater for 5, and equal for 1
(z = 1.03).] These results imply that volume and mass
may be perceptually independent in relation to both per-
ceived heaviness and perceived volume.

Conditional Signal Detection Analyses

Analyses of the pooled data for perceived heaviness at
both levels of physical volume showed that d- values did
not differ significantly as reports of perceived volume
changed from small to large (see Table 5). Individually,
the sign test also showed no significant difference be-
tween these d' values. [For the small stimuli, 8 participants
showed an increase, and 7 showed a decrease (z = 1.29);
for the large stimuli, 10 showed an increase, and 5 showed
a decrease (z = 1.69).] Regarding decisional bias, analy-
ses of the pooled data at both levels of physical volume
revealed that C was significantly greater when the partic-
ipants reported that the stimuli were large, as compared

Table 3
Marginal Signal Detection Analyses for Experiment 1
d SEZ. c SEZ
Perceived Heaviness

V_ 1.35 0.003 —0.21 0.001

vV, 1.59 0.003 0.46 0.001

z —3.32%%+ —18.05%*+ +

Perceived Volume

M_ 2.47 0.004 0.05 0.001

M, 2.27 0.003 —0.07 0.001

b4 2.27 2.84*
Note—M, mass; V, volume. Subscripts for these letters refer to the level
of the physical dimension (+ for the higher level, — for the lower
level). *p < .01 for pooled analyses. **p < .001 for pooled analy-

ses. +p < .01 for individual analyses (see the text).
for individual analyses (see the text).

++p < .001



Table 4
Test of Sampling Independence for Experiment 1
M_V_ p(m_v_) .59
p(m_)*pv.) .61
b4 —1.06+
M_V, p(m_v,) .81
p(m_)*pm,) 79
b4 1.15
M. V_ p(myv_) 71
p(m)#pv.) 70
Z 1.11
M.V, pmv,) 55
p(m)*pv,) .56
Z —0.67

Note—M, mass; V, volume; m, perceived heaviness; v, perceived vol-
ume. Subscripts for these letters refer to the levels of the physical di-
mension or perceptual report (+ for the higher level, — for the lower
level). +p < .01 for individual analyses (see the text).

with when they reported that they were small (p < .001).
The participants were increasingly biased toward report-
ing light when they reported that the stimuli were large,
regardless of whether they actually were large. Individu-
ally, for the small stimuli, 13 out of 15 participants fol-
lowed the same trend (z = 2.95, p < .01). For the large
stimuli, although only approachingsignificance, 12 out of
15 followed the same trend (z = 2.46, p = .0139). These
analyses imply a lack of decisional separability of volume
and mass in relation to perceived heaviness.

Analyses of the pooled data for perceived volume at
both levels of mass showed that d' values did not differ
significantly as reports of perceived heaviness changed
from light to heavy (see Table 5). Individually, the sign test
also showed no significant difference between these d-
values. [For the light stimuli, 3 participants showed an in-
crease, and 12 showed a decrease (z = 2.46); for the heavy
stimuli, 10 showed an increase, and 5 showed a decrease
(z = 1.69).] Regarding decisional bias, analyses of the
pooled data for both levels of mass revealed that C was
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significantly greater when participants reported that the
stimuli were heavy, as compared with when they reported
that they were light (p < .001). The participants were in-
creasingly biased toward reporting small when they
thoughtthe stimuli were heavy, regardless of whether they
actually were heavy. For the light stimuli, 14 out of 15 par-
ticipants followed the same trend (z = 3.84,p < .001). For
the heavy stimuli, although only approaching signifi-
cance, 11 outof 15 followed the same trend (z = 2.04,p <
.05). The results of these analyses provide further support
for a lack of decisional separability of volume and mass in
relation to perceived volume.

Discussion

On the basis of both the pooled and the individual re-
sults from all the analyses, a lack of both perceptual and
decisional separability may be considered to be the source
of the size—weight illusion when haptic touch is used but
visual input is not allowed. A lack of perceptual separa-
bility suggests that mass and volume exist as a combined
stimulus property that is detected and used in the percep-
tion of heaviness. The conclusion that the size—weight il-
lusion may result from a lack of perceptual separability
has been made previously for dynamic touch (Amazeen,
1999).3 For dynamic touch, it was concluded that mass
and volume were combined through their joint influence
on the object’s rotational inertia, a property that has been
shown to govern perceived heaviness by dynamic touch
(Amazeen, 1997, 1999; Amazeen & Turvey, 1996; Kloos &
Amazeen, 2002). The present data do not allow us to make
any determinationregarding the particular combinationof
mass and volume that is suggested by the lack of percep-
tual separability. Nevertheless, the lack of perceptual sep-
arability in the present experiment may be the result of
haptic perception’ relying on rotational inertia in the same
way that dynamic touch does.

The present findings are in contrast with those from dy-
namic touch, in which volume and mass were decisionally

Table 5
Conditional Signal Detection Analyses for Experiment 1

Perceived Heaviness

V_ V.,
d SE2 c SEZ d SE2 c SEZ
v_ 1.37  0.003 —-0.29 0.001 133 0.021 0.02 0.005
v, 1.59  0.024 0.32 0.006 1.67  0.004 0.53 0.001
4 —1.31 —7.25%%+ -2.17 —6.52%*
Perceived Volume
M_ M,
d SE? c SEZ d SEZ. c SE?
m_ 242 0.005 —0.08 0.001 2.10  0.013 —-0.35 0.003
m, 232 0.022 0.57 0.005 229  0.005 0.03 0.001
z 0.60 —8.00%%+ + —-1.37 —5.76%*

Note—M, mass; V, volume; m, perceived heaviness; v, perceived volume. Subscripts for these letters
refer to the levels of the physical dimension or perceptual report (+ for the higher level, — for the

lower level).
text).

**p < .001 for pooled analyses.
++p < .001 for individual analyses (see the text).

+p < .01 for individual analyses (see the
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separable. The lack of decisional separability in the pres-
ent experiment indicates that the placement of the deci-
sion criterion for perceived heavinessis a function of both
mass and volume. The participants were biased toward re-
sponding light for the large stimuli and heavy for the small
stimuli. This response bias seems to exist when partici-
pants have access to additional volumetric information
through haptic touch, as compared with the purely dynamic
touch scenario of Amazeen (1999). The existence of this
additional decisional effect may explain why other studies,
in which the strengths of the size—weight illusion with dif-
ferent modes of touch were compared, have shown that the
effects of volume on the report of perceived heaviness are
strongest through haptic touch (Ellis & Lederman, 1993;
Pick & Pick, 1967). When haptic touch is used without vi-
sual input, the participant’s report of perceived heaviness
may be affected by volume through volume’s influence on
rotational inertia and through volume’s influence on the
decision criterion. These two separate effects may com-
bine to produce a strong effect of volume on the report of
perceived heaviness.

In relation to perceived volume, similar to the dynamic
touch study (Amazeen, 1999), volume and mass appeared
to be both perceptually independentand perceptually sep-
arable (i.e., perceived volume was most likely a function
of volume alone). Unlike the dynamic touch study, how-
ever, a lack of decisional separability was found in the
present experiment. The placement of one’s decision crite-
rion for perceived volume appears to be a function of both
volume and mass when haptic touch is used and visual
input is not allowed.

EXPERIMENT 2

A number of studies have investigated the role of vision
in the size—weight illusion. When comparisons are made
between the effects of volume through haptic touch and
through vision, it appears as though the illusion s strongest
with haptic information about volume (Ellis & Lederman,
1993; Masin & Crestoni, 1988; Pick & Pick, 1967). That
is not to say, however, that visual information about vol-
ume is unimportant. The aforementioned studies in which
vision and haptic touch were compared have shown that
visual information about volume is sufficient on its own
to produce the illusion. Furthermore, manipulationsof vi-
sion alone, using either concave or convex lenses, are also
sufficient to produce a size—weight illusion (Koseleff,
1957). And in research on dynamic touch, the effects of
vision on the report of perceived heaviness appeared to su-
perimpose on the effects of dynamic touch (Amazeen,
1997). The qualitatively different results of these studies
warrant continued research on the role of visionin the per-
ception of heaviness. To determine the effects of visual
inputon the independence and separability of volume and
mass, Experiment 2 used a method identical to that in Ex-
periment 1, with the only exception being that the partic-
ipants could view the stimuli as they held them.

Method

Participants

Ten female and 5 male Arizona State University undergraduate
students participated in this experiment in partial fulfillment of an
introductory psychology course requirement. Eleven participants
were right-handed (based on self-reports of which hand they throw
a ball with and write with), and 4 participants were left-handed. All
the participants were naive as to the purpose of this study.

Materials
The stimuli used in this experiment were the same wooden cylin-
ders as those used in Experiment 1.

Procedure

The procedure for this experiment was almost identical to that in
Experiment 1, with the exception that the participant was allowed to
view the stimulus in his or her hand during each trial. During the tri-
als, all other stimuli were hidden from view by the curtain.

Results

The response frequencies for all stimuli and all partic-
ipants combined are presented in Table 6. Collapsing
across levels of mass, as physical volume increased, the
frequency of light responses increased (1,234 for the small
stimuli and 1,864 for the large stimuli), and the frequency
of heavy responses decreased (1,766 for the small stimuli
and 1,136 for the large stimuli). These data display a
size—weight illusion, consistent with the results of non-
GRT researchers (e.g., Stevens & Rubin, 1970). As in Ex-
periment 1, analyses were conducted on the pooled data
and on a participant-by-participant basis via the sign test.
Test failures were suggested when significant differences
in values (e.g., d' for perceived heaviness across levels of
volume) occurred for both types of analyses. To correct
for alpha inflation, an alpha level of .01 was again used for
all the analyses.

Marginal Response Invariance

The results from the pooled data for perceived heavi-
ness reveal that, for both levels of mass, the proportion of
light responses increased significantly as volume in-
creased (p < .001;see Table 7). For each level of mass, all
15 participants followed the same trend (p < .001). The
results from the pooled data for perceived volume reveal
that the proportions of correct responses were invariant as
mass increased. The sign test also showed no significant
difference between these proportions when calculated for

Table 6
Response Frequencies for Experiment 2
Report M_V_ M_V, M. V_ M.V,
m_v_ 1,003 51 118 22
m_v, 75 1,351 38 440
myv_ 407 11 1,263 65
m.v, 15 87 81 973

Note—~M, mass; V, volume; m, perceived heaviness; v, perceived vol-
ume. Subscripts for these letters refer to the levels of the physical di-
mension or perceptual report (+ for the higher level, — for the lower
level).



Table 7

Marginal Response Invariance for Experiment 2
M_ p(m_|[M_V_) 72
p(m_[M_V,) 93

z —15.63**++
M, p(m, M. V_) .90
p(m M, V,) .69

z 13.81%%++
V_ p(v_|M_V_) 94
p(v_|[M.V_) 92
z 2.08
v, pv,M_V,) .96
p (v, M, V,) 94
Z 2.10

Note—~M, mass; V, volume; m, perceived heaviness; v, perceived vol-
ume. Subscripts for these letters refer to the levels of the physical di-
mension or perceptual report (+ for the higher level, — for the lower
level). **p < .001 for pooled analyses. ++p < .001 for individual
analyses (see the text).

each individual participant. [For the small stimuli, 2 par-
ticipants showed an increase, 9 participants showed a de-
crease, and 4 showed no difference (z = 1.81); for the
large stimuli, 3 showed an increase, 9 showed a decrease,
and 3 showed no difference (z = 1.55).]

Marginal Signal Detection Analyses

Analyses of the pooled data for perceived heaviness
showed that the d' values were invariant as volume in-
creased (see Table 8). Individually, the sign test also
showed no significant difference between these d values
when calculated for each individual participant (10
showed an increase, 4 showed a decrease, and 1 showed no
difference; z = 1.55). This invariance in discriminability
implies that volume and mass are probably perceptually
separable in relation to perceived heaviness. This contrasts
with the findings from Experiment 1, in which haptic
touch without vision was used, and from Amazeen (1999),
in which dynamic touch without vision was used. In each
of those experiments, there was a lack of perceptual sep-
arability of volume and mass. With respect to bias, there
were significant variations in C for perceived heaviness
across levels of volume (p < .001). Analyses of the
pooled data for the small stimuli revealed that C was neg-
ative, indicating that the participants were biased toward
responding heavy, whereas for the large stimuli, C was pos-
itive, indicating that they were biased toward responding
light. All 15 participants followed the same trend (p <
.001). These results suggest a lack of decisional separabil-
ity of volume and mass in relation to perceived heaviness.

Analyses of the pooled data for perceived volume
showed that both d' and C were invariant as mass in-
creased (see Table 8). Individually, the sign test also
showed no significant difference between these d' and C
values. [Regarding d' comparisons, 3 participants showed
an increase, 11 showed a decrease, and 1 showed no dif-
ference (z = 2.07); regarding C comparisons, 5 showed an
increase, 9 showed a decrease, and 1 showed no difference
(z = 1.03).] This invariance in discriminability and deci-
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sional bias implies that volume and mass are probably
both perceptually and decisionally separable in relation to
perceived size.

Sampling Independence

For each stimulus, the proportion of correct joint re-
sponses was compared with the product of the proportions
of correct responses on each dimension. Analyses of the
pooled data showed that none of these pairs was signifi-
cantly different (see Table 9). Individually, none of the
comparisons was significant with the sign test. [For the
small and light stimulus, the actual joint proportion was
smaller than the predicted one for 10 participants, equal
for 4, and greater for 1 (z = —2.32); for the large and light
stimulus, the actual joint proportion was smaller than the
predicted one for 6 participants, equal for 1, and greater
for 8 (z = 0.52); for the small and heavy stimulus, the ac-
tual joint proportion was smaller than the predicted one
for 3 participants,equal for 3, and greater for 9 (z = 1.55);
and for the large and heavy stimulus, the actual joint pro-
portion was smaller than predicted for 10 participants,
equal for 1, and greater for 4 (z = —1.03).] Overall, these
results, similar to those in the haptic touch without visual
input experiment, imply that volume and mass may be
perceptually independent in relation to both perceived
heaviness and perceived size.

Conditional Signal Detection Analyses

Analyses of the pooled data for perceived heaviness at
both levels of physical volume showed that d- values did
not differ significantly as reports of perceived volume
changed from small to large (see Table 10). Individually,
the sign test also showed no significant difference in these
d- pairs. [For the small stimuli, 4 participants showed an
increase, and 11 showed a decrease (z = 2.04); for the
large stimuli, 10 showed an increase, and 5 showed a de-
crease (z = 1.69).] Regarding decisional bias, analyses of
the pooled data at both levels of physical volume revealed
that C was significantly greater when the participants re-
ported that the stimuli were /arge, as compared with when
they reported that they were small (p < .01). The partici-
pants were increasingly biased toward reporting light

Table 8
Marginal Signal Detection Analyses for Experiment 2
d SE?, C SE%
Perceived Heaviness
V_ 1.84 0.003 —0.34 0.001
V, 2.01 0.004 0.50 0.001
Z —2.13 —20.57*%%+ +
Perceived Volume
M_ 3.29 0.006 —0.09 0.002
M, 2.98 0.005 —0.08 0.001
Z 2.95 —0.18
Note—~M, mass; V, volume. Subscripts for these letters refer to the level
of the physical dimension (+ for the higher level, — for the lower
level). **p < .001 for pooled analyses. ++p < .001 for individual

analyses (see the text).
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Table 9
Test of Sampling Independence for Experiment 2
M_V_ p(m_v_) .67
pm_)xp(v.) .68
z —0.40
M_V, p@m_v,) 90
p(m_)=pv,) .90
Z 0.42
M,V_ p(myv_) .84
p(my)=pvo) .83
b4 1.26
M.V, p(m.v,) .64
p(m,)*pv,) .65
Z -0.18

Note—~M, mass; V, volume; m, perceived heaviness; v, perceived vol-
ume. Subscripts for these letters refer to the levels of the physical di-
mension or perceptual report (+ for the higher level, — for the lower
level).

when they thought the stimuli were large, regardless of
whether they actually were large. Individually, 13 out of
15 participants followed the same trend for the small stim-
uli (z = 2.95,p < .01), and 14 out of 15 participants fol-
lowed the same trend for the large stimuli (z = 3.84,p <
.001). These results suggest a lack of decisional separabil-
ity of volume and mass in relation to perceived heaviness.

Analyses of the pooled data for perceived volume
showed that for the light stimuli, d- did not differ signifi-
cantly as reports of perceived heaviness increased from
light to heavy (see Table 10). Individually, the sign test
also showed no significant difference between these d-
values (5 participants showed an increase, and 10 showed
a decrease; z = 1.69). Analyses of the pooled data for the
heavy stimuli, however, revealed that d- was significantly
greater when the participants reported that the stimuli
were heavy, as compared with when they reported that
they were light. Individually, 13 out of 15 participants fol-
lowed the same trend (z = 2.95, p < .01). Regarding de-
cisional bias, analyses of the pooled data for both levels of
mass revealed that C was significantly greater when the

participants reported that the stimuli were heavy, as com-
pared with when they reported that they were light (p <
.001). The participants were increasingly biased toward
reporting small when they thoughtthe stimuli were heavy,
regardless of whether they actually were heavy. Individu-
ally, 14 out of 15 participants followed the same trend for
both levels of mass (z = 3.84, p < .001). These results
imply a lack of decisional separability of volume and mass
in relation to perceived volume.

Discussion

A comparison of the response frequency distributions
from Experiments 1 and 2 (see Tables 1 and 6) suggests
that the participants were overall more accurate when vi-
sion was allowed. It is not surprising that the participants
would be more accurate at discriminating volume in Ex-
periment 2. It appears, though, that the participants may
have also been more accurate at discriminating mass when
vision was allowed in Experiment 2. One way of assessing
this effect is by comparing the discriminability of mass in
each experiment. The addition of vision in Experiment 2
led to significantly greater discrimination of mass with vi-
sion(d' = 1.76,SE,; = 0.001), as compared with without vi-
sion (d' = 1.38,SE, = 0.001;z = —7.34,p < .001).

There were two main findings in Experiment 2. The
first was that the size—weight illusion with both haptic
touch and visual input was associated with a lack of deci-
sional separability. This contrasts with the haptic touch
only experiment, in which there was a lack of perceptual
separability of volume and mass (in addition to the lack of
decisional separability). When vision was allowed in Ex-
periment 2, physical volume influenced the report of per-
ceived heaviness, but most likely not the perceptual effect
itself. This may be related to the second main finding,
which was the increased discrimination of mass in the
presence of visual information. Vision made the varia-
tions in mass more salient. This effect may be the result of
vision’s being used to separate the effects of mass and vol-
ume in perceived heaviness.

Table 10
Conditional Signal Detection Analyses for Experiment 2

Perceived Heaviness

V_ V.

d SE? c SEZ d SE? c SEZ
v_ 1.93  0.004 —0.41 0.001 1.59 0.056 0.13 0.014
vy 143 0.039 0.25 0.010 2.04 0.004 0.53 0.001
z 2.37 —6.35%%+ —1.84 —3.26%++

Perceived Volume
M_ M,

d SE? c SEZ d SE? c SEZ
m_ 327  0.007 -0.16 0.001 2.36 0.022 —0.49 0.006
m,  3.02 0041 0.30 0.010 3.09 0.007 0.01 0.002
z 1.15 4.11%%4+ —4.27%%+ —5.86%%++

Note—~M, mass; V, volume; m, perceived heaviness; v, perceived volume. Subscripts for these letters
refer to the levels of the physical dimension or perceptual report (+ for the higher level, — for the

lower level). *p < .01 for pooled analyses.
vidual analyses (see the text).

**p < .001 for pooled analyses.
++p < .001 for individual analyses (see the text).

+p < .01 for indi-



In relation to perceived volume, as in the haptic touch
without visual input experiment, volume and mass were
probably both perceptually independent and perceptually
separable, but there was a lack of decisional separability of
volume and mass, on the basis of the signal detectionanaly-
ses. The placement of one’s decision criterion for perceived
size appears to be a function of both volume and mass.

GENERAL DISCUSSION

The present experiments applied a multidimensional
signal detection analysis to the size—weight illusion in
order to examine perceptual separability, perceptual inde-
pendence, and decisional separability of volume and
mass. Use of this analysis required a feature-complete fac-
torial design, in which there was a factorial combination
of two levels of both volume and mass and a perceptual re-
port for each of these dimensions was given. In keeping
with signal detection experiments, the pair members se-
lected for the two dimensions were not physically very dif-
ferent from one another. Although this stimulus set was
sparse, the data patterns from both experiments are con-
sistent with those of researchers who used a number of
different parameter values (e.g., Ellis & Lederman, 1993;
Stevens & Rubin, 1970), providing additional support for
the validity of this analysis that allows for an indirect test
of the validity of the three corresponding types of illusion
models. The findings reveal that different models may be
appropriate, depending on the type of touch and whether
visual input was allowed (see Table 11).

Appropriate Classes of Models

One class of size—weight illusion models suggests that
the illusion is due to percept—percept coupling, or an ap-
parent lack of perceptual independence (e.g., Anderson,
1970, 1972). Such models assume that the initial percep-
tion of heaviness is a function of mass only and that the
initial perception of volume is a function of volume only.
With these assumptions in mind, these models claim that
the influence of physical volume on report of perceived
heaviness is due to an interaction of these two initial per-
ceptual effects. However, the results of both experiments,
along with those of Amazeen (1999), imply that volume
and mass may be perceptually independentand that the il-
lusion does not result from percept—percept coupling.

Table 11
Summary of Findings on Perceptual Independence (PI),
Perceptual Separability (PS), and Decisional Separability (DS)

PI PS DS

Perceived Heaviness
Amazeen (1999) yes no yes
Experiment 1 yes no no
Experiment 2 yes yes no

Perceived Volume

Amazeen (1999) yes yes yes
Experiment 1 yes yes no
Experiment 2 yes yes no
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The second class of illusion models claims a lack of
perceptual separability of volume and mass. Models
claiming that the illusion is due to a lack of perceptual sep-
arability suggest that perceived heaviness is a function of
both mass and volume. For example, according to the den-
sity model (H. E. Ross, 1969; J. Ross & Di Lollo, 1970),
perceived heaviness is a function of density, rather than of
mass alone. Another model claiming that the illusion is
due to a lack of perceptual separability is the inertial
model (Amazeen, 1999; Amazeen & Turvey, 1996),
which claims that perceived heaviness is a function of an
object’s inertial properties (mass and rotational inertia)—
that mass and volume are inseparable components of per-
ceived heaviness because they are inseparable compo-
nents of rotational inertia. Results from Experiment 1
revealed that, when haptic touch is used in the absence of
visual input, volume and mass are not perceptually sepa-
rable. Perceived heaviness is dependent on the level of
physical volume. Amazeen (1999) also found a lack of
perceptual separability, using dynamic touch, and related
thateffect to the role of rotational inertia. Because the par-
ticipants in Experiment 1 still had access to rotational in-
ertia through the muscular dynamics of lifting and hold-
ing, the lack of perceptual separability in this experiment
may have also been the result of participants’ relying on
rotational inertia to perceive heaviness, although that par-
ticular model was not tested in the present experiments.

The results of both experiments call for an effect of vol-
ume on the decision criterion for perceived heaviness in
models of the size—weight illusion by haptic touch with
and without vision. Existing models of the size—weightil-
lusion have not addressed explicitly such a lack of deci-
sional separability. It may be that the effects of expected
heaviness that are often treated as influencing the percep-
tual effect (e.g., Anderson, 1970, 1972; Davis & Roberts,
1976; H. E. Ross & Gregory, 1970) may, in fact, be influ-
encing the decision criterion instead. Treating expecta-
tions as affecting the decision criterion, rather than the
perceptual effects, is consistent with signal detection the-
ory. When participants in a signal + noise identification
task are given different expectations regarding the likeli-
hood of a signal’s being presented, their responses lie
along a single receiver-operating characteristic curve, in-
dicating that the perceptual effect does not change but that
the decision criterion does (Macmillan & Creelman,
1991). Similarly, given two objects of the same mass but
differing in volume, one may have an expectation that the
larger object should be heavier than the smaller object.
When both are wielded, however, the failure to meet this
expectation may bias one to report that the larger object
feels lighter than the smaller object.

Effects of Vision

Consistent with previous research in which the effects
of haptic and visual information about volume were com-
pared (Ellis & Lederman, 1993; Pick & Pick, 1967), a
size—weight illusion was demonstrated in each experi-
ment. That is, increasing physical volume produced a de-
crease in the magnitude of reports of perceived heaviness.
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However, also consistent with those same studies, the ef-
fects of haptic and visual information were notidentical in
the present experiments. Previous research has suggested
that the illusionis strongest with haptic information about
volume. By identifyingthe source of the illusion, the pres-
ent analysis extends those conclusions.

When the participants had only haptic contact with the
object (i.e., it is held but not viewed), there was an effect
of physical volume on perceived heaviness through a lack
of perceptual separability and an effect of volume on the
decision criterion through a lack of decisional separabil-
ity. The combined result of these two effects would pro-
duce a robust illusion in this modality. When the partici-
pants were allowed to view the object, however, the effect
of volume on the perceptual effect for perceived heaviness
seemed to disappear, leaving only an effect on the decision
criterion. These qualitative differences between modali-
ties may be related to the quantitative differences reported
in previous studies. Both Ellis and Lederman (1993) and
Pick and Pick (1967) showed that the strength of the illu-
sion in the haptic + vision case was equal to, or margin-
ally less than, the strength of the illusion in the purely hap-
tic case. If the same effects as those found in the present
experiments were operating in those previous studies, it is
possible that visual input leads to more perceptual sepa-
rability of these dimensions and thereby reduces the illu-
sion. More precise predictions regarding the strength of
the illusion, however, would require more information
about the relative strengths of the decisional effect in each
case.

The effects of vision were not limited to the influence
of volume on perceived heaviness. When the participant
was able to view the object in his or her hand, he or she
was also more sensitive to variations in mass. It is unlikely,
then, that vision was simply providing access to the ob-
ject’s geometric properties. Rather, vision appears to pro-
vide information about the object’s dynamic properties
and may do so through the perception of the object’s mo-
tions. Such a conclusion could also be derived from the
results of Masin and Crestoni (1988). Masin and Crestoni
demonstrated that vision alone was sufficient to produce
the size—weight illusion, but only when participants could
view the stimulus during the lift. The illusion disappeared
when participants could view the stimulus before but not
during the lift. Apparently, vision was used to monitor the
object’s motions (or perhaps the kinematics of the hand
movements), rather than its size alone. The hypothesis that
optical kinematics can specify mass-based properties has
received experimental support (e.g., Runeson, 1977;
Runeson & Frykholm, 1981, 1983). However, the partic-
ular patterns of motion that are detected by vision and
used to establish the decision criterion would still need to
be determined.

Conclusion

As one goes from dynamic touch (kinesthetic stimula-
tion) to haptic touch (kinesthetic and tactile stimulation)
to haptic touch with visual input (kinesthetic, tactile, and

visual stimulation), volume and mass seem to become
more perceptually separable and less decisionally separa-
ble. The implicationof these findings is that models of the
size—weight illusion must be sensitive to the modality of
perception being used and must address both perceptual
and decisional effects. The connection between these and
previous results suggests that the perceptual effect may be
the result of perceived heaviness’s being a function of ro-
tational inertia in instances of dynamic touch and haptic
touch without vision and that the decisional effect may be
the result of an expectationregarding the object’s motions
when lifted in instances of haptic touch with and without
vision.
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NOTES

1. To be consistent with signal detection theory, it is necessary to dis-
tinguish the perceptual effect on each dimension from the report of that
perception. Volume and mass will be used to refer to the two physical di-
mensions, perceived volume and perceived heaviness will be used to
identify the perceptual effects associated with each dimension, and re-
ports of perceived volume and perceived heaviness will be used to iden-
tify the verbal reports made by the participant.

2. Throughoutthis paper, physical dimensions are represented by cap-
ital letters (M = mass, V = volume), and the participants’ perceptual re-
ports are represented by lowercase letters (m = perceived heaviness, v =
perceived volume). Subscripts for these letters refer to the level of the
physical dimension or perceptual report (+ for the higherlevel, — for the
lower level).

3. The tests of marginal response invariance and sampling indepen-
dence were reported by Amazeen (1999) for a similar experiment in
which participants reported perceived heaviness and volume, using only
dynamic touch. The criteria of both tests were met (p = .05). To facili-
tate comparisons among the size—weight illusion by dynamic touch and
the modes of touch used in the present article, the additional tests of the
estimated signal detection parameters can also be applied to those data
(Amazeen, 1999, Table 4). A log-linear rule transformation was used to
correct for cells with a frequency of zero (Hautus, 1995). For the mar-
ginal signal detection analyses, there was a significantchange in d' (3.86
atV_,2.7atV,;z=22),butnotin C(—0.11atV_, —0.09at vV, ;z =
—0.55). For the conditional signal detection analyses, there was no sig-
nificant changeind' (V_,3.53atv_,4.04atv,,z=—0.53;V,,2.75at
v_,2.82atv,,z=—0.09o0rC(V_, —0.08atv_, —0.08 atv,,z=—0.01;
V,,—051atv_,029atv,,z= —1.79). The results of these tests fur-
ther support the conclusion of Amazeen (1999) that the size—weight il-
lusion by dynamic touch resulted from a lack of perceptual separability.

(Manuscript received May 22, 2002;
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