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Skilled users of along-cane are quite fluid in registering the layout of surfaces that surround
them. What they need to know, of course, concerns properties with consequences for
behavior—whether the ground is sufficiently flat and solid to be negotiated safely, whether
discontinuities in that ground surface are gaps that can be stepped over or brinks that must be
descended. At first blush, this skill may seem like aremarkable cognitive achievement, one in which
the unsighted individua has managed to associate tactile impressions with some basic spatial
elements, perhaps plugging them into modified variants of the inferential algorithms presumed to
servevision. Such a characterization, however, ignores the fundamental informativeness of the
haptic perceptual system initsown right. The skillful use of along-cane is possible because the
properties registered through touch are lawful and reliable. Wielding the cane and using it to strike
and probe surfaces deforms the tissues of the hand, arm, and body. Despite moment to moment,
incidenta variation in the impressions on the skin, we argue that there must be reliable structurein
the deforming tissue that informs about not only the probed surfaces but about the probe itself.
The commonality between perceiving probes and perceiving by means of probes—more generaly,
between perceiving objects and perceiving by means of objects—reinforces the anchoring of what
may seem like a highly specialized, extraordinary skill in the very ordinary operation of the basic
haptic perceptual system.

Our goal in the present chapter istwo-fold. First, we hope to highlight the integral contribution
of haptics to the abilities not only of the blind but also of the sighted in getting around in and
knowing about their surroundings. Second, we will make a case for understanding those abilities as
fundamentally perceptual rather than inferential, an understanding that rests on an appreciation of
the physical underpinnings of wielding hand-held objects.

Haptic achievements escape everyday notice

People generally have little difficulty imagining what it would be like to lose the sense of sight.
Indeed, thislossis easily simulated simply by closing one’s eyes. Similarly, people have little
difficulty imagining what it would be like to lose the sense of hearing. Itslossisonly marginally
more difficult to simulate, requiring ear plugs or industrial grade ear protectors. Although these
exercises are more intellectual than empathic, they are at least accessible to our understanding. But
what would it be like to lose the sense of touch? What consequences could we imagine for our
everyday lives? Itis, perhaps, telling, that this musing is not common. Touch isnot a sense that we
think about having, let dlonelosing. In any event, we might begin with a surmise about the loss of
sengitivity in the skin, but with what deprivation? One might fail to distinguish silk from wool or to
notice the attack of amosquito. The inadequacy of thisinitial conjecture, however, is suggested by
conditions of temporary haptic loss, conditions which are not so much simulations as intrusive
neurological events. For example, when the circulation is cut off in the lower leg (when the leg
“falls asleep”) it is not only things touching the skin that cannot be felt, it isthe leg itself that
cannot be felt aswell asthefloor it standson. A shot of Novocain for adental procedure reveals an
additional consequence of losing feeling: the inability to position or control the insensate part.

These partial haptic losses hint at the severe consequences of a specific type of damage to the
periphera nerves, that affecting sensory fibers only. In contrast to blindness and deafness, which
are not unusual genetic or adventitious conditions, complete sensory neuropathy is quite rare,
numbering fewer than 10 cases in the medical literature. The most thoroughly documented case



(Cole, 1995) is aso one of the most severe: lan Waterman lost all sensation below the neck at the
age of 19.1 He has no awareness of where his arms, legs, and body are in space unless he is
looking at them. More technically, he has no haptic_proprioception. The consequences are dra-
matic (and would have been devastating had he not shown monumental determination to find ways
to overcome them). Walking, standing, even sitting are under strict visual, exhaustively conscious
control. He cannot walk in acrowd or on uneven terrain because he is unable to make the on-line
adjustments needed to remain upright in response to a jostle or an awkward footfall. Indeed, he
cannot make the necessary adjustments to remain standing should he sneeze or simply if the lights
go out; heimmediately fallsto aheap on thefloor. Actua walking is quite deliberate: He leansfor-
ward and downward to keep his legs and body in view, swinging each leg stiffly from the hip,
dapping each foot down as awhole, using an abnormally wide stance to enhance stability.

After nearly two decades of extraordinary effort, both mental and physical, Mr. Waterman has
made a remarkable functional recovery. With no organic improvement, he has taught himself how
to substitute optical information and conscious strategies for the absent haptic information. While
he can accomplish many tasks, his methods and goals are quite different from ours. The effort to
draw a picture, for example, islargely directed at his own body position and gripping the pencil
rather than at the drawing itself. When lifting an object, he knows that he has used the appropriate
force depending on whether he sees the object come towards him or he sees himself move towards
it (that is, if he sees himself falling over, he knows that the object is heavier than he had expected).
Having learned to use vision to control walking, something as seemingly innocuous as awindy day
alters—with dangerous variation and unpredictability—what he has |earned about his usual postura
relation to the visual horizon. He cannot walk quickly because thereisalimit to how fast he can see
the consequence of a step and make the next command. And because maintaining posture and
walking are now mentaly demanding, he cannot smultaneoudy do tasks that are themselves
intellectual (e.g., taking notes without falling out of his chair) or delicate (e.g., holding an egg
without crushing it).

Therarity of his condition meant that his doctors and therapists did not know how to treat it.2
But even more frustrating for Mr. Waterman was getting people to appreciate what was wrong: “I
have lost a sense that few people know they have” (Cole, 1995). The pervasiveness of the conse-
guences of his condition indicates how integral this unknown senseisto virtually everything we do.
Feeling where the end of an object is or how heavy or wideit is alows usto do all of the mundane
and indispensable acts of manipulation and transport: carrying an object; using it to poke or hit or
scrape something; placing it on atable, on our head, in someone’ s hand. Feeling where the limbs
are relative to each other, relative to the body, and relative to the world alows us to sit, stand, walk,
reach, grasp, scratch an itch or comb our hair. Although our naiveté may consider touch only to be
a skin sense—and, to be sure, Mr. Waterman has lost this sensitivity as well—the debilitation of
neuropathy is dominated by the loss of what has been termed by Bell (1826) the muscular sense
and by Gibson (1966/1983) effortful or dynamic touch. In this subsystem of the haptic system,
muscular effort is used to move, say, amassive leg about a hip or amassive suitcase about the wrist
and elbow. Mr. Waterman can perform such movements because he is not paralyzed. But his
deficit isin controlling them, in feeling where the leg or suitcase is as it moves.

The touch system is unique among the senses in being both exploratory and performatory,
both sensory and motor. Asthe case of lan Waterman brings into bold relief, these are not sepa-
rable functions. They are a compelling example of a perceiving-acting cycle (Kugler & Turvey,
1987; Shaw & Kinsella-Shaw, 1988; Turvey, Carello, & Kim, 1990): Performing an act requires
exploring objects and limbs and the self, perceiving their dimensions and their orientations relative
to each other, allowing the appropriate forces and directions of forces to be used to move the objects
and limbs where they’re supposed to be, to and from positions and orientations that are
continuously perceptible, continuously felt. The next section examines what might provide the
basisfor haptically perceiving these properties without benefit of vision.




Rotational dynamics and per ceiving by dynamic touch

Consider the method that Mr. Waterman developed for walking, swinging aleg stiffly from the
hip. He freezes the ankle and knee, limiting the movement of hisleg mass to rotation about asingle
joint. This contrived style of locomotion exaggerates a crucial fact: The movement of any limb
segment can be characterized as a rotation about ajoint.3 With or without haptic sensitivity, the
body is constructed such that limbs move in rotary motions centered around the joints (Figure 1).
Formally, such motions are describable by the physics of rotations or rotational dynamics. Inthe
present example, the hip is the center of rotation and the ease of movement is determined by how
much mass is being moved at how great a distance from that rotation point. Physics allows us a
short-hand for locating the mass of the lumpy biological form that isaleg in terms of its center of
mass, or CM. Adding a heavy boot to the foot would move the CM in the direction of the foot.
The consequence of this addition for rotating the leg is straightforward: The booted leg is harder to
swing than is the unbooted leg. The booted leg has alarger resistance to rotation.4

Any of the various limb segments will resist being rotated as a function of how massive they
are and how far that massis from the axis of rotation. Asit happens, the quantification of these
resistances provided by rotational dynamicsis quite informative about the dimensions and orienta-
tions of the limbs. And as the booted foot example begins to suggest, this story generalizes quite
straightforwardly to objects attached to the body, including those tools and implements typically
grasped in the hand. Let’sturn our attention to a more formal treatment of rotational dynamicsin
order to gppreciate how this can be so.

We begin by considering an L-shaped object such as aleg being swung about the hip, or a
hand-held hammer being wielded about the wrist (Figure 2). A set of x-, y-, and z-axes can be an-
chored in those respective rotation points, permitting the calculation of resistances to rotation about
each axis. Two things areimmediately apparent. The distance of the. CM from the rotation point
differsfor the different axes, and the distribution of mass about each axisis not necessarily sym-
metrical. Theimplication of the first observation is that the resistance to rotation will depend on the

Figurel. Asaperson walks, limb segments rotate about joints in differing amounts and in different directions.
Even an apparently trandatory motion such as lifting a suitcase is accomplished through rotary motions.
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Figure 2. (a) Theleg swings forward and back about the x-axis, side to side about the y-axis, and twists about the z-
axis. (b) An upholsterer’s hammer grasped firmly in the hand swings up and down about the x-axis, side to side
about the y-axis, and twists about the z-axis. (c) The resistances to rotation about the axes defined for the leg are
calculated based on the distance of the CM from each of them. (d) The resistances to rotation about the axes defined
for the hammer are calculated based on the distance of the CM from each of them.

axis of rotation. In the depicted examples, the z-axis has been chosen to be parallel with the longi-
tudinal axis of the objects. Since, the CM is closest to this axis, the resistance to the twisting mo-
tion about z will be quite a bit smaller than the resistance to the swinging motions about the x- and
y-axes, which themselves will be roughly comparable. The implication of the second observation is
that there will be resistances in directions off the axial rotations. In effect, there will be atug in the
direction of the asymmetry.

What we have described in the foregoing are the moments and products of inertia of an object
with respect to an axis of rotation, which can be capturedina3 ~ 3 symmetric matrix called the in-
ertiatensor (Figure 3a). Note that this particular inertiatensor is defined with respect to a particular
set of axes. For example, although we elected to run the z-axis parallel with the longitudinal axis of
the objects, this election—though intuitively appealing—is mathematically arbitrary. Indeed, any
other set of orthogonal axes through the point of rotation would be equally legitimate (or equally
arbitrary). Any other set, that is, save one: The symmetry axes of the object, the axes about which

@ [ 1 ®) T ]
Ixx Ixy Ixz I1
lyx Iy bz I2
Izx Izy lzz |3

Figure3. (a) Theinertiatensorisa3 ™ 3 symmetric matrix with moments of inertia on the diagonal and products
of inertia off the diagona (the values above the diagonal are the same as those below the diagonal). It quantifies dif-
ferent resistancesto rotation in different directions. (b) When the tensor is diagonalized, the products of inertia go to
zero leaving only the principal moments of inertia.



the mass distribution is even relative to the rotation point, constitute the only nonarbitrary set.
Fortunately, and powerfully, they can be derived from any inertia tensor of the preceding kind by
diagonalizing that tensor, in effect, reorienting the axes so as to eiminate the off-diagond
components. The symmetry axes are called eilgenvectors or principal directions g« and their lengths
are given by eilgenvalues or the principa moments of inertia, 1x (Figure 3b).

This description provides a substantial portion of what is needed to characterize the sizes,
shapes, and orientations of objects. In particular, it allows us to construct a geometric representa-
tion of an object, itsinertia ellipsoid, that entails the essence of its mass distribution (Figure 4). The
eigenvalues of the ellipsoid map into the magnitudes of objects whereas the eigenvectors of the
ellipsoid map into the directions of objects. The depicted ellipsoid is elongated and tilted, for ex-
ample, reflecting the fact that both the leg and the hammer are rotated from one end and have an at-
tachment of sorts going off in one direction. The more evenly distributed the massis about the
center of rotation, and the closer that point is to the object’s. CM, the more spherical and less tilted
will be the dllipsoid.

Theinertiatensor isaphysical invariant. Given the receptive machinery that is embedded in
the muscles and tendons, it may well be just the physical invariant that that machinery is suited to
extracting from interactions with the physical world. Muscle spindles and Golgi organs respond
collectively to muscle deformation, that is, their responseisfield-like. In providing quantifications
of strain differencesin different directions, stress differencesin different directions, rates of change
of strain differencesin different directions and, potentially, rates of change of stress differencesin
different directions, their activity seemsto provide the basis for a tensoria treatment of tissue
states> As would be expected from this account, sensitivity by the muscle spindles and Golgi
organsismissing in lan Waterman.

Over thirty years ago, Gibson (1966/1983) asserted that “the stimulus information from
wielding can only be an invariant of the changing flux of stimulation of the muscles and tendons”
(p. 127). Following ideas first advanced by Solomon (1988; Solomon & Turvey, 1988) we have
elaborated this position to focus on the invariant inertia tensor as a quantification of object and body
properties that might generate reliable structure in deforming tissue that informs about those
properties (Turvey & Cardlo, 1995a; Turvey, 1996). The tensoria model of dynamic touch
provides a straightforward logic for experimentation. The next section lays out that logic and then
summarizes research that has been conducted to test it.

Figure 4. Theinertiaellipsoid is oriented with respect to the symmetry axes or eigenvectors, g, of the object rela-
tive to the rotation point. Its size—that is, the lengths of the eigenvectors—is determined by the principal moments
or eigenvalues, lk.



A framework for studying dynamic touch

The tensorial account of dynamic touch has devel oped within James Gibson’s ecological ap-
proach to perception (Gibson, 1979). This approach is organized around the central theme that
perception islawful (Turvey & Carello, 1981; Turvey et a., 1990; Turvey, Shaw, Reed, & Mace,
1981; Turvey & Shaw, 1995). An ecological law takes the following form:

generates

.

animal-environment structured energy

relation —< specifies distribution

In this formulation, lawfully structured energy distributions can include light, sound pressure, tissue
deformation, and chemical diffusion (and, for animas other than humans, ultraviolet radiation,
magnetic fields, etc.). Insofar asthe structured energy islawfully related to the circumstances that
gaveriseto it, it isinformative about those circumstances. The tensorial account holds that, for
dynamic touch, the lawfulness of tissue deformation is to be found in the quantifications provided
by rotational dynamics. Bluntly, to the extent that a property affects the tensor (i.e., isreflected in
the tensor) it should affect perception.

Consider a simple experiment on perceiving length by dynamic touch. A participant is asked
to grasp an object at one end and wield it out of view behind an occluding screen. Magnitude pro-
duction typically serves as an intuitive response measure in which the felt length of the wielded
object is matched by positioning an adjustable visible marker (Figure 5a). In particular, participants
are asked to adjust the position of asurface in front of them so that it could just be reached with the
tip of the wielded object. When the objects are cylindrical rods of a homogeneous material, per-
ceived length tracks actual length quite faithfully (Figure 5b). Asthe axis of rotation is changed, by
changing the grasp from the end to the middle (Figure 5¢c)—thereby reducing the resistance to
rotation—perceived length decreases (Solomon & Turvey, 1988, Experiment 7). A comparable
effect is obtained by attaching a massto the rod at various positions (Figure 5d). Namely, perceived
length increases the further the massis from the axis of rotation in the wrist, that is, the greater the
resistance to rotation (Solomon & Turvey, 1988, Experiment 5).
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Figure5. (a) Anobject isgrasped firmly and wielded on one side of curtain while a visible report board is adjusted
to coincide with the felt location of thetip of therod. (b) Perceived length Lp of homogenenous rodsisin the range
of actual length La. (c) Lpincreases asthe grip is moved farther from therod’s CM. (d) Lp increases as an attached
mass is moved farther from the axis of rotation in the wrist. (€) Lpin the foregoing is a function of the rod’s max-
imum moment of inertiaraised to the 1/3 power (in log-log coordinates).




Severa programmatic issues areillustrated by these smple examples. Note that a given actual
rod length is associated with more than one perceived length. Under atraditional analysis, one
might be tempted to label these instances of haptic length perception illusory since they are modu-
lated by manipulations of variables other than length. But the ecological law framework is an ar-
gument for the specificity of perception to information. This means that, under the appropriate
analysis, the perception® information mapping must be one-to-one. To the extent that the mapping
appears to be many-to-one, it is an indication that the analysis is not appropriate—the scientist has
not yet identified the informational support for that particular perception. A many-to-one map is
likely if one assumesthat the physical or geometric properties that are easily |abeled are necessarily
the properties that perceivers should be sensitive to. Inavery red sense, therefore, we would say
that the scientist, not the perceiver, isin error (Michagls, Carello, & Shapiro, 1985). In contrast, the
search for si ngleval ued functionsthat is entailed by ecological realism serves as a useful “engine
of discovery” inresearch (Turvey & Carello, 1995h), aswill be seen with the next example.

We have to be careful in these kinds of summaries to keep in mind that the framework de-
scribed in the preceding section is the result of over 10 years of theoretical and empirical develop-
ment. Our earliest research was only beginning to explore the possibility that rotational inertiawas
the major constraint on perceiving object properties by dynamic touch. Consequently, we imposed
certain methodological limitations in order to keep the calculations as simple as possible. Even
though Solomon and Turvey (1988) recognized the relevance of atensorial description—that dif-
ferent resistances in different directions should be captured by a hypernumber, that diagonalizing a
tensor would provide the only set of nonarbitrary axes—experiments focused on one
(undiagonalized) tensor component at atime. The objects, for example, tended to be thin rods of a
single materia. For such objects of cyllndrlcal symmetry, the resistances to rotation about the x-
and y-axes are equivalent; given Iy, I,y is superfluous. Moreover, |, the resistance to rotation
about the z-axis, was not considered )Ql ecause diameter was treated 45 negligible. Under these
Ci reumstances, the basic equation for moment of inertia for a cylinder about its CM simply reduces
to ml%/12. But diverse circumstances soon complicate matters. For example, when the axis of
rotation is somewhere other than at the CM, moment of inertiais greater. The amount of increaseis
dictated by the Parallel Axis Theorem, whi ch essentialy increments the basic equation with aterm
that reflects the resistance to rotation about this new axis (an axis parallel to one through the CM).
It is given by the product of the rod mass and the squared distance of the CM from the actual axis
of rotation. Note that the parallel axis component is required even in the case of arod grasped at its
CM because the rotation point isin the wrist, off the central axis of the rod.

The characterization restricted to Iy, works perfectly well when the mass distribution is
manipulated through a change in grip orrod length or even the addition of small mass somewhere
along the rod’ s length (Figure 5e). But the equation makes it obvious that the heavier the rod, the
longer it should fedl. For agiven length, rods can be made heavier by choosing them to be of larger
diameters or denser materias. If 1y, isthe only constraint on perceived length, denser or wider rods
should be dramatically overestimated relative to lighter, thinner rods. Indeed, experiments that
include rods of different diameters or different densities or different shapes (Figure 6) reveal that
the heavier or wider ones are perceived to be longer (Fitzpatrick, Carello, & Turvey, 1994). But
they no not feel aslong as |, alone would suggest. More importantly, at least for purposes of
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Figure 6. Objectsin length perception experiments can vary in (a) material density, (b) dlameter (c) symmetry,
(d) homogeneity, or (e) shape. (Objects of type (c) are from Pagano & Turvey, 1992; the remainder are from
Fitzpatrick et al., 1994).
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Figure 7. (a) Rods of different diameters produce functions of 11 with different intercepts. (b) When the full tensor
isconsidered, all of those object are accommodated by a single function (Fitzpatrick et a., 1994).

illustrating a scientific strategy, regressions of perceived length on Iy, produce many-to-one
functions (Figure 7a). Thisfact must be taken as evidence that our limited characterization of 1, as
the physical constraint on percelving length was inadequate.  Abandoning the simplifying
assumption of negligible diameter most obvioudy implicates],,. This, in turn, brings the realization
that the whole tensor should be considered, most generally n diagonalized form (see Figure 3).
Now a multiple regression of perceived length on the diagonalized tensor (in log-log coordinates)
reveals a significant dependence on both the maximum eigenvalue 1, and the minimum eigenvalue
13. Theregression equation so obtained can be used to generate a power function to characterize
the entire data set. Essentially, the coefficient of log 1, becomes the exponent for 1; and the
coefficient of log | 3 becomes the exponent for [3. The resulting power function—in whichl4 is
raised to a positive power and |3 is raised to a negative power—is used to generate predicted values
of perceived length. In allowing asimple regression of perceived length on the power function-
generated values, this technique highlights the fact that a single function fits perception of objects
that vary widely (Figure 7b). Despite variations in density (wood, aluminum, and steel), diameter
(.25 to .64 cm), shape (cubes, cones, cylinders, pyramids, and hemispheres all grasped by the same
handle), and homogeneity (thick wooden handles with thinner steel rods; thick wooden handles with
thick wooden rods), the scaling is the same. Speaking practically, the negative exponent on 13 serves
to moderate the contribution of increased mass per unit length, effectively keeping perceived lengths
of the variety of objects within the appropriate range. This, of course, is our experience in using
objects—our ability to control wooden pencils, for example, does not seem to be appreciably dif-
ferent from our ability to control metal or plastic pens.

We should emphasize some of the methodol ogical aspects of the experiments we are describ-
ing here. Participants have no idea about the number of objects, their lengths, materials, or shapes.
They are given no feedback about their responses. And the response apparatus alows length
reports anywhere from 0 to 2 m. Nonetheless, participants use a limited part of the apparatus, a
range corresponding roughly to the range of actual lengths. They do not ssimply distinguish lengths
on arelative scale (in which case they could just as likely use the whole apparatus or a small part of
it, with the actual magnitude arbitrarily elected; Gogel, 1977) nor do they provide perceived lengths
that scale absolutely to actual lengths (theinertial constraint means that they cannot). Instead, they
provide what appears to be a definite scale (Bingham, 1993; Carello, Fitzpatrick, Flascher, &
Turvey, 1998; Peck, Jeffers, Carello, & Turvey, 1996). What individua differences exist in
perceived length are, from our perspective, nothing to get exercised about because every participant
is operating within essentially the same scale. Not only are their individual regressions similar but,
more dramatically, if different participants each contribute one mean for randomly selected rod
configurations (i.e., the mean for Rod 1 comes from Participant 5, Rod 2 from Participant 6, etc.; cf.
Bingham, 1993), each “random pairing regression” is significant and shows the 1/3 scaling for
homogeneous rods (Peck et a., 1996).

The notion of definite scaling brings us back to the issue of whether these perceived lengths
should be considered illusory simply because they are not metrically faithful. Philosophical con-
siderations aside (see Footnote 6), the systematicity of performance, as well asits anchoring in the
mechanics of peopl€e sinteractions with these objects, argue against such an interpretation. Metrical



departures coupled with apparent lawfulness raise the question of whether it is even legitimate to
consider length to be the property that is being perceived. To be sure, participants would have no
difficulty in performing the task if it were described as “ use this visible surface to indicate how
long thewielded rod is.” But we put the instructionsin functional termsfor areason. In Gibson’s
ecological approach to perception, animals are said to perceive affordances, the behavioral
possibilities of an environmental layout for that animal (Gibson, 1979). Recall that we opened this
chapter with a description of what users of along-cane need to know, for example, whether the
ground surface supports normal locomation. It isour contention that an affordance description will
provide the ultimate understanding of what wielding tells us about objects. At the heart of what the
mass distribution captures about an object is the ways that the object can be used. Those uses are
not simply afunction of geometric dimensions such as length and width but, in avery real sense,
how those objects can be moved (e.g., whether or not they are “ unwieldy”).

Developing a principled understanding of appropriate functional properties remains a deep
challenge that we begin to address later in this chapter (in a section on affordance and the
perception of heaviness). Getting to the point where such a treatment is conceivable built upon
work in which we unashamedly continued to ask wielders about length-like and width-like
properties. Although not explicitly functional, the work to which we now turn reveals both the
richness of haptic awareness and the physical constraints on that awareness that form the principled
basis for the more functional account.

Eigenvalues specify magnitudes,; eigenvector s specify directions

Contemporaneous with the experiments on object length were experiments on object orienta-
tion. These, too, took the approach of focusing on individual tensor components. As noted earlier,
the off-diagonal terms or products of inertia in some sense reflect the asymmetry of the mass
distribution of a hand-held object. To the extent that an asymmetric object can be said to have an
orientation, it was expected that the products of inertiawould constrain perception of that orienta-
tion. Thiswas found to be the case using a simple variation on the hand-held rod, namely, the
hand-held L-shaped rod (Turvey, Burton, Pagano, Solomon, & Runeson, 1992). The question was
simply, “which direction is the branch pointing?’ Responses were provided by adjusting a pointer
on adial to coincide with the orientation of the branch; performance indicated that object orientation
could be perceived by dynamic touch (Figure 8). In order to verify that the physical constraint was
actually provided by the inertia tensor and not simply spatial orientation (whether or not the latter
could have any meaning apart from the tensor), special rods were constructed. These had V-
branchesin which one of the arms of the V' could be weighted (Pagano & Turvey, 1992). Whereas
the elgenvector orientation is affected by whether the left or right branch is weighted, the spatial
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Figure 8 (a) Anoccluded L-shaped rod iswielded as the orientation of its branch isindicated with a dial.
(b) Mean perceived orientation tracks actual orientation.
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Figure 9. (a) One branch of aV isweighted to divert the orientation of the eigenvector from the spatial orientation
of the object. A dia isused to report the orientation of both branches or just the weighted one. (b) Perceived orien-
tation departs from spatial orientation, but (c) tracks eigenvector orientation.

orientation of the branchesisnot. Once again, responses were provided by adjusting adia, either a
single pointer to indicate the orientation of the weighted branch or two pointers, one for each
branch. And once again, the tensoria hypothesis was supported (Figure 9).

The two preceding lines of research, one concerned with perception of length and one con-
cerned with perception of orientation, are at the core of much of our current understanding of per-
ception of object properties by dynamic touch. This understanding makes explicit the parallels
between how object mass distributions structure the tensor and how the tensor, in turns, specifies
object properties. Recall that the mass distribution of an object is captured by the orientation, size,
and shape of the inertiaelipsoid, which isitself given by the orientations of the eigenvectors as well
as their lengths or eigenvalues. What the summarized research has shown is that perceived
magnitudes (such as length) are single-valued functions of the eigenvalues and perceived directions
(such as object orientation) are single-valued functions of the directions of the elgenvectors.

More recent research builds on this theme. Other perceived magnitudes such as width and
height (Turvey, Burton, Amazeen, Butwill, & Carello, 1998) or weight (Amazeen, in press, Amazeen
& Turvey, 1996) are constrained by eigenvalues as expected. Other perceived directions such as
where the hand is on an object are constrained by the directions of the eigenvectors as expected
(Pagano, Carello, & Turvey, 1996; Pagano, Kinsella-Shaw, Cassidy, & Turvey, 1994). Note that
any given object grasped firmly in the hand will have only one tensor. Nonetheless, that tensor sup-
ports the perception of avariety of properties. When the property to be perceived differs, the
parsing of the tensor differs. For example, object height and object width are easily distinguished
perceptually, and their tensorial dependencies are aso distinct: The positive exponent on 1 islarger
for height than for width; the exponent on 13 is negative for height and positive for width (Turvey et
al., 1998).

Hovzl, then, does one perceive through “the changing flux of stimulation of the muscles and
tendons” what one needs to perceive? Theissue being raised hereisreally a matter of selective
perception or attention. This prominent topic of perceptua theoriesis not often considered in dis-
cussions of perception by touch but, as we shall see, this domain provides an interesting perspective
on old questions.

Selective per ception by dynamic touch

The discussion of attention is rooted in amore basic question: What determines whether a
given property will be perceivable? We have offered the inertia tensor as the major constraint on
perceiving object properties by dynamic touch. Properties unrelated to mass and its distribution
(e.g., surface texture) obviously cannot influence the inertia tensor. But even properties that are
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related to mass and its distribution may fail to be distinct in the tensorial description and fail to be
distinguished in perception. For example, even though shapes can be distinguished by dynamic
touch, certain shapes are confused: cylinders with cubes and cones with pyramids (Burton, Turvey,
& Solomon, 1990). The confusions are understandable in tensorial terms. Confusable objects are
closely related in their eigenvalues (in particular, in the ratio of 11 to 13). Angularity, the property
that distinguishes these particular pairs of objects, is not captured in the tensor. Thiskind of fact
suggests a candidate axiom of the tensorial account of perceiving by dynamic touch: To the extent
that a property is not distinct in the rotational dynamics, that property should not be distinguishable
by dynamic touch.

Having established the importance of the inertia tensor, however, we have provided ourselves
with apuzzle: Given that thereisonly oneinertiatensor for a given hand-rod configuration, what
allows us to perceive more than one property, for example, both length and width? The general
form of this problem is no more peculiar to touch than it is to seeing or hearing. The tensor isthe
inertial array that is informative about properties that structured it just as the optic array and the
acoustic array are informative about the properties that structured them. Whileit is nontrivial to
uncover what information supports the perception of length, width, weight, and so on, the strategy
for doing so ismore or lessin place. But there is depth to this puzzle. Consider the situation in
which arod is held somewhere other than at the end. An individual asked to perceive just the
portion in front of the hand can do so (Burton & Turvey, 1991; Solomon, Turvey, & Burton, 1989).
Thisfact alone is not necessarily surprising and, moreover, the tensorial dependency on both a
moment and a product of inertiafollows from a characterization of partial length asamagnitudein a
direction (Carello, Santana, & Burton, 1996; Pagano et al., 1996). The puzzle arises because an
individual can, in fact report the portion on ether side of the hand and these perceptions are
constrained by the same moment and product of inertia (Turvey, Park, Dumais, & Carello, 1998).
But as we have noted, the appearance of a 1:many map between a candidate physical variable and
the perceived property it isthought to constrain demands more scrutiny.

For asingle rod grasped in the middle (or two rods held in one hand; Turvey, Carelo,
Fitzpatrick, Pagano, & Kadar, 1996) what distinguishes perception of one side from the other isthe
sign on the product of inertia. It isasif aperceiver electsto multiply the contribution of the product
by -1 when attention is directed to one side of the grasp. Straining credulity, perhaps, itisasif al
participants elect to multiply the contribution of the product of inertia by -1 when attention is
directed to that same side of the grasp. While those with more cognitive tastes might be willing to
accept that an algorithm, perhaps biased toward the thumb, could account for such universality in
the application of amultiplicative rule, ecological psychologists are limited by another axiom of the
tensorial account of perceiving by dynamic touch: To the extent that a property is perceivable by
dynamic touch, itsinformational support must be distinct in the rotational dynamics.

Adhering to this axiom is not necessarily an easy route. Nearly a decade passed between the
first experiments directed explicitly at the two-valuedness problem and our understanding of a
physically tenable solution—and that understanding is mathematically dense (Turvey et al., 1996,
1998). For present purposes we nhote that the solution is rooted in the inertia ellipsoid characteriza-
tion, in particular, that the orientation of the ellipsoid relative to the hand is brought about by aro-
tation. Intuitively, we can appreciate that a particular orientation or_attitude of the ellipsoid can be
brought about by, say, asmall rotation in one direction or alarger rotation (through the comple-
mentary angle) about the same axisin the opposite direction (Figure 10a). These oriented rotations
are at the heart of the solution to this problem. The attitude spinor (Hestenes, 19944, b) effectively
connects the rod’ s reference frame to the hand's. The spinor, A, isthe source of the multiplier -1;
the contrast in attention (left versus right, above versus below) is equated with the selection of one
of the two oriented rotations represented by A (Figure 10b). Hence, selective attention is itself
rooted in rotational dynamics. Selective length perception by dynamic touch is a function of a
quantity composed from A and 1, (Turvey et a., 1996). The spinor characterization thereby guar-
antees invariance in perception when there should be invariance (perception of a given portion of a
rod does not differ as a function of its direction from the hand) and variance when there should be
variance (perception of two different portions of arod differ regardless of their respective direc-
tions).
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Figure 10. (a) The spinor is an oriented rotation that fixes the reference frame of the object relative to the hand.
(b) It provides the change in sign of the product of inertia that distinguishes attention to two different directions.

Although we find the arguments for a physical basisto al phenomena of dynamic touch to be
compelling, not everyoneis so persuaded. Others embrace a perspective with along tradition in
psychology, the notion that one percept can be derived from another percept. Apart from logical
persuasion, there are analytic methods adjudicate these positions and it is to them that we now turn.

Per cept-per cept coupling vs. per ceptual independence

Helmholtz did much to direct the field toward an understanding of perception as the result of
an unconscious inference. Oftentimes, that inference included the use of the perception of one
property together with some knowledge in order to produce perception of another property. Inthe
hallmark example, size perception is the result of the combination of perceived distance with
knowledge of how distance and size go together when an image is projected on a surface. I1nsuch
an instance of percept-percept coupling (Epstein, 1982), the perception of one property is mediated
by the perception of another property. Many of the haptic perceptions that we have described have
been considered by others to be candidates for perceptual dependence. For example, perceived
partial length has been described as derived from perceived whole length and grip position (Chan,
1994); perceived whole length has been thought to depend on perceived weight (for wielding, Chan,
1995; for static holding, Lederman, Ganeshan, & Ellis, 1996). For the most part, these kinds of
conclusions have been based on correlations between two percepts. But as can be appreciated from
preceding discussions of the physical constraints on perceived length, perceived partia length, and
perceived weight, a correlation might be expected ssimply because al are functions, in varying
combinations with other tensor quantities, of |4.

Epstein recognized that the conclusion of percept-percept coupling required proof beyond the
simple observation that two percepts were correlated. He recommended that the coupling be eval-
uated statistically, by means of partial correlation (Epstein, 1977). The goa of such an analysisis
twofold: to show that the relationship between the focal and the mediating percepts remains after
their dependence on a physical variable has been removed and, relatedly, that the relationship be-
tween the focal percept and the physical variable declines when the dependence on the mediating
percept has been removed. The analysis requires that, over the course of the experiment, both types
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Figure 11 (a) Both perceived whole length and perceived partial length are functions of the maxi-
mum moment of inertia. (b) Only the regression of perceived partial length has aresidual that isa
significant function of the one nonzero product of inertia.

of responses be collected from each participant for every object. Perceived whole length and
perceived partia length have been examined under such conditions and the conclusion of percept-
percept coupling was not supported (Carello et a., 1996). Consistent with the tensor hypothesis,
these two properties were constrained by different physical quantities (Figure 11).

Although the preceding makes a case against the dependence of one percept on another, it has
been argued that a more rigorous test is required. Just as correlation between responses need not
mean dependence, the lack of correlation between responses does not necessarily mean perceptual
independence (e.g., Ashby & Townsend, 1986). Thelack of correlation must characterize the entire
distributions, not just the mean values of the responses. That is, true independence requires that
perception of one dimension of a stimulus is unchanged across all levels of the other dimension of
the same stimulus. A rigorous evaluation of independence is provided by the conjunction of an
experimental design and an anaytic procedure that alows all possible relationships among
responses and stimulus dimensions to be encountered and measured. In the design for a complete
identification experiment (Ashby & Townsend, 1986; Maddox & Ashby, 1996), a set of stimuli
vary orthogonally on the relevant dimensions A and B (e.g., length and weight). Responsesaand b
(e.g., perceived length and perceived weight) to those two potentially independent dimensions are
obtained for each stimulus. The key is that the manipulation and the responses are categorica (e.g.,
“short,” “middle,” and “long” versus “light,” “medium,” and “heavy”). In building orthogo-
nality into the stimuli and providing the opportunity for it to be mirrored in the responses, the de-
sign has an advantage for showing independence in dynamic touch, an independence which is oth-
erwise obscured because of the shared underlying tensoria constraint (Figure 12).
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Figure 12. (a) Actual partial length and actual whole length in atypical experiment are positively related. (b)
The complete identification experiment requires that the two properties be orthogonal.
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The analysisis a three-step analytic procedure that requires proof of perceptual separability
and decisional separability—perceptua effects associated with A cannot depend on the level of B
and the decision about A cannot depend on the perceived value of B—before perceptual indepen-
dence can be evaluated. Step 1 evaluates the multiple contingent uncertainty (Garner & Morton,
1969), the total effects of the stimulus variables A and B on the response variablesaand b. Itis
analogous to the partial correlation. It essentially looksfor A to constrain aand B to constrain b; A
not to influence b beyond the constraint of B and B not to influence a beyond the constraint of A;
and a and bto be no more related than are A and B (which, by design, are orthogonal). Importantly,
calculations are conducted separately at each level of AjB;j and thus examine the changing relation
across dl levels of the stimulus. Step 2 tests for marginal response invariance, that is, whether the
probability of correctly reporting the level of one variable depends on the level of the other. A
response of, for example, a1 should be as likely for stimulus A1B1 as for stimulus A1B2 asfor
stimulus A1B3, and so on. It ensures that decisiond criteria do not change across changing
conditions of the incongruent stimulus variable. If Steps 1 and 2 show perceptual separability and
decisional separability, then Step 3 assesses sampling independence. |f the probability of jointly
identifying A and B is equal to the product of their independent identification probabilities, then
perceptua independence can be concluded.

These procedures were introduced to the domain of dynamic touchina3 = 3 design which
showed the independence of perceived length and perceived weight (Amazeen, in press). They have
since been applied to partial length versus whole length, whole length versus grip position, and grip
position versus partial length; all were found to be independent (Cooper, Carello, & Turvey, in
press). In order to examine the consistency between this analysis and our standard tensor function-
based analysis, each of the categorical responses was converted to 1, 2, or 3 as appropriate. A
numerical mean was thus obtained for each of the nine objects for perception of each of the three
properties. Multiple regressions of these means on the tensor components verified the
dependencies we have seen with continuous responses: Perceived whole length was constrained by
11, perceived grip position was constrained by the angle of rotation of the eigenvector, and perceived
partial length was constrained by 11 and the elgenvector rotation (Cooper et al., in press). Thejoint
observations that perceived properties depend not on each other but on different properties of the
inertiatensor are a vivid illustration of the perception-information hypothesis at the center of
Gibson’s ecological approach.

Per ceiving the limbs

Asthe case of lan Waterman illustrates, the haptic perceptual system isintegral to our ability to
do the most fundamental behaviors. In the preceding sections, we have described some of that
system’ s sensitivities with respect to knowing about objects held in the hand, in particular, within a
framework for uncovering how rotational dynamics might support those sensitivities. In this sec-
tion, we argue that the same framework is appropriate for understanding our sensitivities to the
dispositions of our limbs. The context for understanding the appropriate rotational dynamicsisal-
ready in place. The notion of an object being rotated about the wrist joint” is actually a generaliza-
tion of the notion of the limb itself rotating about the joint (see Figure 1). A set of axes centered at
each joint allows a characterization of the body as atensor field (Figure 13). If the same principles
apply to perceiving the limbs as have been shown to apply to perceiving objects, then manipulating
the mass distribution of those limbs ought to influence perception of their directions and magni-
tudes.

One way to test this conjecture is to attach a kind of splint to the arm and weight it symmetri-
cally or asymmetrically with the goal of diverting the arm’ s eigenvector from coincidence with the
longitudinal axis of the arm (Figure 14a). An individual so splinted can be asked to point a avis-
ible target with the whole arm, which isitself occluded from view. Aswould be expected from a
tensorial basis to perceiving the disposition of the limbs (Pagano & Turvey, 1995), the orientation
of the arm during pointing is diverted in the direction consistent with the arm’s new eigenvector
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Figure 13. A coordinate system at each joint can be used to define a tensor at
that point of rotation. The entire body can be considered afield of tensors.

orientation (Figure 14b). When asked to position a single forearm either parallel to the ground or
at a45° angle, it isthe angle of the eigenvector that satisfies the instruction (Garrett, Pagano, Austen,
& Turvey, 1998). In addition to influencing the perception of the orientation of the arm relative to
the environment, a similar manipulation has been used to show that eigenvector direction underlies
the perception of the orientation of the two arms relative to each other. When asked to match the
orientation of the unseen forearms (Figure 14c), participants instead matched the orientation of the
arms eigenvectors (Pagano, Garrett, & Turvey, 1996).

To this point, the tensorial perspective on proprioception has focused on limb directions. In
principle, however, it should apply to limb magnitudes aswell. Finding an experimental task that
isn’t loaded with demand characteristics is tricky, however. Manipulating the eigenvaluesisrela-
tively straightforward: Masses can be attached to the arm (using Velcro exercise weights) either at
the wrist or at the elbow. The more distal placement produces alarger |1 than the more proximal

(a)

Figure 14. (a)'A cross-shaped splint strapped to a participant’s arm can be weighted to keep the depicted
eigenvector aligned with the arm or to divert it to the right or left. (b) Under the instruction to point at a target
with the tip of the cross, a participant instead aligns the depicted eigenvector of the occluded arm with the
target. (c) Aligning the unseen forearms is accomplished through the aligning of their eigenvectors.
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Figure 15. The perceived boundary of reach is farther with weights attached to the wrists rather than the elbows.

placement. Theideal task is one for which arm length is important but that does not require an
explicit evaluation of arm length per se. A task examining the affordance for reaching is a promis-
ing candidate. In the basic methodology, individuals are asked whether or not avisible target can be
reached with the right hand when the arm is extended out from the shoulder, without leaning
forward, and without the arms being in view. The perceived boundary of reaching has been shown
to distinguish participants with relatively long arms from participants with relatively short arms (for
vison, Carello, Grosofsky, Reichd, Solomon, & Turvey, 1989; for audition, Rosenblum,
Wouestefeld, & Anderson, 1996), suggesting an awareness of arm length. If that awarenessisto be
considered the “on line” consequence of sensitivity to the arm’ sinertia tensor, then the reaching
boundary should move as a consequence of the eigenvalue manipulation. Preliminary data seem to
confirm this basic expectation (Figure 15): Percelved reach is judged to be farther when the
participants wear wrist weights than when they wear e bow weights (Anderson & Turvey, 1998).

The more traditional characterization of proprioceptive abilitiesis a cognitive account in which
theindividual has a stored representation of the body. Although the modern incarnation of such a
view holds that this representation is more abstract than the “model of oneself” proposed by Head
(1920), much detail is assumed to be part of the stored information: spatiad and mechanica
properties of the limbs, mechanisms and agorithms for how to move and coordinate them
(Gurfinkel & Levick, 1991). Awareness of the location of the hand, for example, is thought to re-
quire stored knowledge of limb lengths together with knowledge of joint angle (Craske, Kenny, &
Keith, 1984; Gurfinkel & Levick, 1979, 1991), either itself sensed or computed from knowing
where the limb started and how it was moved. Such computational accounts, however, would seem
to demand that the represented body schema be impervious to the kinds of tensorial manipulations
to which they are, in fact, susceptible. Once again, that susceptibility does not imply that we do not
know where our limbs “really are” but, rather, is rooted in consequences of the body’s mass
distribution for moving the limbs and maintaining their posture.

Per celving obj ects by means of objects

The kinds of awarenesses on which we have focused—the properties of objects in the hand
and the dispositions of the limbs—constitute the subtle but integral contributions that the touch
system makesto everyone’ s daily activities. But touch is aso a sense that we think of as substitut-
ing when vision is absent. Blind people read by Braille, recognize aface by feel, and detect a curb
with along cane. Thelast of these iswithin the realm of dynamic touch that is our focus. Consider
the challenge that it provides. We already appreciate that as the cane is held in the hand, its
dimensions and directions are specified by the inertia tensor. But then the cane is brought into
contact with surfaces and edges and gaps where it scrapes and taps and pokes. Vibrationstravel up
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the length of the cane to the hand where the mechanoreceptive neurons are. Tellingly, the surfaces
and edges and gaps are felt not in the hand but at the end of the cane (e.g., Vaught, Simpson, &
Ryder, 1968). This separation of perceived properties from the physiology of perception has been
referred to as “remote touching” (Katz, 1925/1989) with the implication that the perceiver
“projects his sensations of pressure to the tip” of the implement (Békésy, 1967, p. 225). A con-
trasting characterization was offered by Gibson (1966/1983) who argued that these instances are
more properly considered extended haptic perception—the implement simply extends the range
over which the perceiver can obtain information. And it isinformation, not an incidental collection
of sensations, that isrelevant for perception (Burton, 1992; Turvey & Carello, 19954).

Three aspects of this argument should be highlighted. First, the information-perception hy-
pothesis begins with the claim that information about a property is not the property itself. We -
ready appreciate this claim from the research on perceiving object properties by dynamic touch:
Information about object length is not object length but the inertiatensor. Second, a corollary as-
sertion isthat information about a property is not filtered through the anatomy that happens to pick
up that information. Research on perceiving by dynamic touch again provides perspective: An
object property such as diameter isinfluential through its consequences for the mass distribution,
not the size of the grasp. Finally, echoing an earlier theme, although skilled cane use is not com-
mon in the general population, it is possible because it exploits the very awarenesses that we have
described. That people can use a cane to perceive their surrounds should not be surprising; it is
logically continuous with perception by other non-neural extensions such as whiskers and claws
(Burton, 1993; Gibson, 1966/1983).

What sets perception by non-neural appendages apart is not cognitive but physical—the dis-
tance of the probed object from the axis of rotation in the wrist is greater and, if the surfaceis
struck, contact dynamics will be relevant along with rotational dynamics. Let’s consider the con-
sequence of axis distance first. Our initial intuitions from a simple tensor characterization might
suggest that the farther the axisis from the object being probed, the bigger the object should seem.
But we have to be careful because the probing configuration may introduce a second axis of rota-
tion for the target separate from that for the probe, suggesting afield-like structure in which probe
inertiamodulates target inertia. This latter interpretation is supported by probing experimentsin
which onerod is used to perceive the length of another. Thetarget rod is supported at one end with
an axle and the probe rod is used to “wield” the target or move it up and down about the axle
(Figure 16). Target rod length can be perceived under such circumstances and, for a fixed probe
inertia, perceived length increases the farther the probe-target contact is from the target’s CM (Peck
et a., 1996; see Carello, Fitzpatrick, Domaniewicz, Chan, & Turvey, 1992, for asimilar result when
the axle-mounted target is “probed” with one finger). Thisisto be expected if target inertiais
defined by resistance to rotation about the axle. Perceived target length is similarly increased by
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Figure 16. A proberod isused to wield atarget rod (both occluded) that is anchored at one end; avisible marker is
positioned to coincide with the tip of the target rod. (a) No mass on the probe, contact at the center of the target,
and a mass attached close to the axisA at the axle produce a smaller perceived target length than (b) a mass at 3/4 of
the probe length from the axis O in the wrist, contact at 1/4 of the target length, and a mass attached far from A.
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Figure 17. A cane can be used to perceived the distance of afrontal surface by hammering, the distance of a horizon-
tal surface by tapping, the size of a gap by alternating strikes, the support of a slanted surface by scraping, and the
crossability of a path gap by alternating taps.

attaching a mass to the target at increasing distances from the axle, again consistent with the axle
defined as the center of rotation. Perceived target length is concomitantly increased, however, by
attaching a mass to the probe at increasing distances from the wrist. Thisis, of course, consistent
with our initial tensor intuitions. Taken together, these data implicate a higher-order inertial term
that incorporates parameters of the probe, the target, and their contact.

Perceiving a movable target object by means of an implement may seem to be a contrived ex-
perimental task but the ability is, in fact, implicit in activities such as eating with chop sticks, flipping
aburger, and reeling in afish. Nonetheless, exploring a stationary surface with a probe is more
typical of our appreciation of probing as exemplified by cane use. A frontal surfaceistapped to
gauge stopping distance, a horizontal surface to determine step height; two edges are struck al-
ternately to assess whether the gap between them, if vertical, might be passed through or, if hori-
zontal, might be stepped over (Figure 17). In each of these examples, manipulations of probe
characteristics affect not only probe inertia but the reactive forces produced during contact with the
surfacesto be perceived. Asit happens, this matters to the perceived properties of the surface lay-
out. We first summarize the relevant experiments before considering how such influences might be
understood within the ecological framework that guides those experiments.

Per ceiving surface layout by means of objects

It iswell established that perceived length of awielded object is constrained by the rotational
inertia of that object. But when the object becomes a probe and contacts a surface repeatedly, asin
tapping or striking, impulse forces generate tissue deformations of short duration. These are su-
perimposed on the tissue deformations of relatively longer duration that are brought about by
wielding. Just asthe varying wielding torques are tied to the varying motions of the object by the
invariant inertia tensor, the varying impulse forces are anchored in the rotational dynamics. They
are proportional to P, the distance of contact from the object’s center of percussion, CP, whichis
itself given by the ratio of moment of inertiato static moment. _P determines how much momentum
istransferred to the rotation axis (when_P = 0, no momentum is transferred and contact is said to be
at the object’ s “sweet spot”). Under conditions of contact—be it vertical tapping (Chan & Turvey,
1991) or horizontal scraping or hammering (Carello, Fitzpatrick, & Turvey, 1992)—perceived
length of arod is constrained by both ljj, in the form of Ixx, and P. More poignantly, for rods of
different lengths but the same Ixx, perceived length by wielding is the same but perceived length by
striking differs, the latter reflecting the parameters of contact (Carello et al., 1992).

When the probe is used to perceive the distance of the surface probed, an additional contact
parameter enters prominence. The angle of strike (defined at the wrist) is relevant by virtue of its
relationship to the torsion in tissue engendered by the rotation of the forearm during striking. The
twisting is arrested when the probe hits the surface and, therefore, torsion isinvariant for agiven
surface location. Under identical conditions of striking, perceived probe length is constrained by
Ixx and P whereas perceived surface distance is influenced by Ixx (whose contribution is greatly
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Figure 18. Perceived rod length Lp and perceived surface distance Dp are not confused whether
variationisin (a) rod length or (b) surface distance.

diminished) and angle of strike. Physically disentangling angle of strike from P proves to be prob-
lematic, however, so that their precise contributions to perceived surface distance are still unclear (cf.
Carello et al., 1992, and Chan & Turvey, 1991). Nonetheless, it is quite clear that perceived probe
length is not confused with perceived surface distance (Figure 18): They are distinct in
conventional statistical tests, distinct in their functional dependencies, and distinct in the partial
correlation analysis advocated earlier for other sdective perception experiments.  Recently,
moreover, the complete identification experiment has shown perceived surface distance, perceived
probe length, and perceived angle of strike to be independent (Cooper, Carello, & Turvey, 1998).

The goal of these kinds of investigations, ultimately, isto identify the physical invariant that is
extracted during the act of exploring a surface layout. A programmatic examination of perceived
aperture size exemplifies this endeavor (Barac-Cikoja & Turvey, 1991, 1993, 1995). Inthetypica
experimental paradigm, agap is explored by striking its inner edges with the hand-held rod. The
rod’ sinertiad is manipulated as are the size of the gap and its distance of contact from the axis of
rotation, with designed consequences for the angle of excursion of the rod (e.g., angle can be held
constant with different combinations of gap size and distance). In addition to defining the relevant
physics, the geometric arrangement allows an examination of the trigonometric relation at the heart
of the classic law of size constancy in vision—perceived size equals perceived distance times per-
ceived angle. (Inthisregard, it should also be noted that variation in probe inertia offers a manipu-
lation of the medium in away that has not been possible in the visual perception of size.) Apart
from the unsurprising fact that perceived aperture size increases with actual aperture size, the basic
observations from dynamic touch are not consistent with the law of size constancy: Perceived
aperture size decreases with contact distance and with 1y, size discrimination decreases at arate dic-
tated by contact distance, and perceived aperture distance is statigticaly distinct from perceived
aperture size. Rather than being understood as an instance of a coupling between two percepts,
departures from size constancy were thoroughly predicted by a collective dimensionless quantity,
dubbed |, that for a given rod, aperture, and distance, isinvariant over muscular forces, resultant
impulsive torques, and motions (Figure 19). And, consistent with the characterization of extended
haptic perception as indifferent to particular sensations, | is the relevant quantity whether the probe
iswielded from the wrist, elbow, or shoulder or, for that matter, whether the probeis the index fin-
ger itsdlf.

We began this section by noting the behavioral possibilities that probing can uncover for cane-
users. Some examples of such affordances have been examined in an experimental setting. For
example, participants can explore a1 m2 slanted surface with a single probe from a distance of 1 m
in order to determine whether it would support stable upright stance (Fitzpatrick, Carello, Schmidit,
& Corey, 1994). Thisaffordance isjudged accurately—indeed, a comparison of haptic exploration
with visual exploration revealed that the transition between a surface perceived as supporting stance
and not supporting stance is the same. Moreover, both showed an increase in exploration time near
the transition, with the only difference being that vision was faster. Although the probe was not
manipulated in thisinvestigation, it wasin a separate affordance evaluation, that concerned whether a
gap in the ground surface is crossable (Burton, 1992). An adjustable ground surface can be
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Figure 19. The prediction of perceived gap size by striking as a function of (a) the geometric law
governing image formation that underlies the supposed coupling of size and distancein vision, and
(b) I , aninvariant of the time-varying dynamics of probing.

constructed as a walkway of platform segments that, when abutted, produce a completely
uninterrupted substrate or, when systematically separated, produce a gap of varied sizes anywhere
along the walkway. A blindfolded participant can explore a gap with a probe while standing till on
one side of it or after encountering it while walking along the walkway. In either case, the as-
sessment is whether or not the gap could be stepped over. The largest crossable gap is wider for
taller individuals than for shorter ones and that difference is reflected in their judgments. Once
scaled by their respective leg lengths, however, the perceived boundary between crossable and not
crossable isthe same. Interestingly, and in contrast with preceding studies of probing, subsequent
manipulations of probe l;; were relatively inconsequential apart from the influence that probe length
had on how much an individual had to lean to reach the other side of the gap with the probe.

The notion that probe characteristics, whether inertial or geometric, contribute to perception of
surface properties deserves comment. Although a probe allows reliable perception of a variety of
properties, it is not strictly transparent. Rather than considering this intrusive on perception, how-
ever, we have ssimply noted where the mechanics of contact allow such a contribution. Inthisre-
gard, it isimportant to note that a probe is not simply a medium for conducting vibrations; itisa
functional part of the probe-target system that allows perception to guide effective action (Peck et
al., 1996). It may be appropriate to speak of functional transparency (cf. Shaw & Bransford, 1977)
to the extent that we better understand exactly what is being perceived. We have already |obbied
against hypostatizing simple mathematica quantities such as length and width and promoted
affordances as an dternative. We now pursue this notion explicitly asit relates to dynamic touch.

Dynamical symmetry and affordance: The perception of heaviness

In laying out a framework for studying dynamic touch, we noted earlier that the characteriza-
tion of objectsin terms of rotational dynamics is quite germane to how those objects can be used.
The uncommon English word “wieldy” serves as the positive pole for which the more common
“unwieldy” anchors the difficult-to-use end. This intuitive dimension can be given a formal
understanding in terms of the relative magnitudes of the eigenvalues and, relatedly, how an object so
described would respond to torques applied to rotate it about the axes centered in the wrist. Three
dynamically distinct classes of objects can be identified based on the symmetry of their inertiaellip-
soidsrelativeto O (Hestenes, 1986): All three moments are equal for a centrosymmetric object (the
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ellipsoid is spherical); two moments are equal and oneis distinct from them for an axially symmet-
ric object; and al three moments are distinct for an asymmetric object. Patently, the ease of rotation
will be less axis-dependent for centrosymmetric objects than the other two and this has conse-
guences for how these objects can be used. For an object that is centrosymmetric about O, the
dynamics about any given axis of rotation through O is equal to the dynamics about any other axis
of rotation through O. Simply put, the object is as easy (or as hard) to turn in any one direction as
itisin any other. In contrast, the dynamics of an object that is asymmetric relative to O depend
dramatically on the chosen axis. It is much harder to turn about the principal axis corresponding to
the maximal moment |;, and much easier to turn about the principal axis corresponding to the
minima moment I3, than it is about any other axis. From the perspective of muscular synergies and
coordination, controlling the motions of an asymmetric object is more challenging than controlling
the motions of a centrosymmetric object. Imagining good and bad shapes (and orientations of
them) for rolling, spinning, hammering, swatting, scooping, and so on, gives insight into how
dynamical symmetry might be used to identify different affordances.

The significance of dynamical symmetry is highlighted by Amazeen and Turvey’s (1996) ob-
servation that the perceived heaviness of afreely wielded occluded object of afixed mass and fixed
linear dimensions (a“tensor object,” see Figure 20a) decreases as its eigenval ues become more
nearly identical (Figure 20b), that is, as its dynamics approximate more closely those of a cen-
trosymmetric object. The eigenvalues of Amazeen and Turvey’s objects were manipulated to con-
form to the (previously unmeasured) changes in the pattern of eigenvalues that occur across atypi-
cal set of same-weight objects used to demonstrate the size-weight illusion (e.g., Stevens & Rubin,
1970). Thelesson of Amazeen and Turvey’sfinding isthat the haptic size-weight illusion is, in
fact, an example of specificity; namely, when weight and other factors are constant for a given set of
objects, perceived heavinessis afunction of their dynamical symmetry.

It is apparent that, in the most general case, the affordance to which haptically perceived heavi-
ness refers must be inclusive of an object’ sinertiatensor and its mass—its inertia for rotation and
translation (Amazeen, 1997)—nboth taken in reference to the properties of the human movement
system. A linear combination of the two types of inertiain determining perceived heaviness would
be most consistent with the law of rigid body motion. Forces (proportional to mass) and torques
(proportional to the inertiatensor) combine linearly in such away that the rate of change of the
combination determines the summed linear and angular momentum of arigid object (Hestenes,
1986, p. 426). Consistent with the preceding, experiments reved that perceived heaviness is
proportional to mass together with two parsings of the inertia tensor, one (a measure of inertia
dlipsoid volume, V = 4p/3[l1 ~ 1>~ 13]Y2) relevant to the mean level of torque needed to wield an
object and the other (a measure of dynamic symmetry, S=213 /(11 + 1) relevant to how those
torgues should be directed (Shockley, Carello, & Turvey, under review). The deep significance of S
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Figure 20. (a) A “tensor object” with atached masses whose positions can be adjusted

independently so as to create specific tensors. (b) Asthe eigenvalues of the tensor (circles) become
more nearly identical, perceived heaviness (squares) decreases.
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and V isthat they are physical characterizations of an object’ s resistance to rotational acceleration
(itsinertiatensor) taken in reference to the human movement system. As such, they offer the kind
of biologically plausible understanding of perception by dynamic touch that promises to bring well-
defined functional contexts to the core of an extensive body of data

The relevance of this lesson for understanding haptic perception, and for perceptual theory
more generally, liesin the fact that dynamical symmetry is an objective, real, physical property
defined in the complementation of properties of the object and properties of the neuromuscular,
biomechanical system that movesthe object. It isavauable example of the specia kind of physica
property identified in Gibson's theory of affordances. Indeed, when judgments of heaviness are put
in afunctional context—how heavy should a given sized object be for optimum throwing—the
characteristic size-weight “illusory pattern” is produced (Bingham, Schmidt & Rosenblum, 1989).
In the functional context, however, the connection between size and weight is motivated, quite unlike
their arbitrary coupling in more inferential accounts. In particular, size and weight have
complementary consequences for timing the spring-like action at the wrist during hefting. An
invariant phase between wrist and elbow accompanies the hefting of preferred throwing objects
(Bingham et a. 1989). The implication is that relating an affordance-based physical
characterization of an object to the movement system that controls the afforded behavior may well
provide the most principled characterization of one of the oldest phenomena in experimenta
psychology (Weber, 1834/1978).

Parallels from other perceptual systems

Throughout this chapter, we have emphasized that perception is constrained by information
rather than being dependent on sensations. Thisis, perhaps, most apparent in those examples of the
equivalence of extended haptic perception across differing conditions of tissue contact: Lifting a
rod or probing a gap with afinger is equivalent to lifting that same rod or probing that same gap
with arod. But the point is a general one, not limited to the success of probing. The physical
congtraints on perceived length are the same whether the object is wielded about the wrist, the elbow,
the shoulder or all three joints at once (Pagano, Fitzpatrick, & Turvey, 1993). The physica
constraints on perceived partia length (Turvey et a., 1998) or on perceived grip position (Pagano et
al., 1994) are the same whether the object is grasped in the hand or pinched by the thumb and
fingers. Even whentherod isheld as still as possible, the physical constraints on perceived length
are the same whether it is supported by the tissue of one hand, two hands, or a hand and a knee
(Cardlloet d., 1992).9 In all of the preceding cases, the sensations in the tissues of the hand and
arm vary widely across the situations as well as during the act of exploration. What does not
change—and what, therefore, allows perception—is information.

ne implication of the perception-information hypothesis, therefore, is that the varieties of tis-
sue contacts ought to reveal the same physical constraints on perception. In highlighting the irrele-
vance of sensations, the hypothesis can be generalized still further: Information is not tied to any
particular receptor surface nor to any particular energy medium. Information is about environmen-
tal properties of relevance to behavior; it is not about the piece of anatomy that happens to register
that information. To the extent that rotational inertia can structure other energy media, therefore,
perception of properties such as length, width, and shape ought to be constrained by rotational in-
ertiain the same way that we have shown for dynamic touch. Sound waves are structured, for ex-
ample, by vibrations set up by interacting materials, interactions such as the impact of an object and
asurface. The amplitude, frequency, and damping of those vibrations are influenced by the inertia,
stiffness, and elasticity of the materids (Gaver, 1993).

Experiments modeled after those from dynamic touch verify that perceived rod length on the
basis of sound is constrained by the inertiatensor (Figure 21a; Carello, Anderson, & Kunkler-Peck,
1998). The rods—whose number, length range, material, and radii are unknown to listeners
beforehand—are alowed to drop and bounce on a surface several times. Magnitude production is
used to indicate the extent of each heard rod. For a homogeneous set of wooden rods (30-120 cm
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Figure21. (a) A lever isturned to let arod, supported at its CM, drop onto a hard surface as avisible
surface is positioned to be as far away as could be reached with the rod if it extended directly in front of
the listener. (b) Perceived length Lp was in the scale of actual length La. (c) When the dropped rods
included various material densities, the tensor account is augmented with an elasticity component E.

long and .64 cm radius), perceived length isin a definite scale (24-95 cm), constrained by |1 raised
to the 1/3 power. Rods that are shorter and thinner than the preceding (1040 cm long and .16 cm
radius) are aso percelved in a definite scale appropriate to their range (14-27 cm). The two setsto-
gether are captured by the maximum and minimum eigenval ues, raised to a positive and negative
power, respectively (Carello et al., 1998). Thisisreasonably remarkable. Consider that we have
two groups of listeners who know nothing about their own rods beforehand, who do not know that
there are two groups of listeners or that there are two sets of rods whose lengths overlap only
dightly. Yet the two groups of listeners confine themselves to using that part of the report
apparatus that is appropriate to the rods they hear. And the physical constraint on that perception is
the same physical constraint that has been shown to constrain perceived length by dynamic touch.
Interestingly, however, this physical constraint is not adequate to completely characterize perceived
length when the material of the rodsis varied (Anderson, Peck, & Carello, 1996); an eadticity
component must be included (Figure 21b). In contrast to the experiments in dynamic touch after
which these were modeled (Fitzpatrick et al., 1994), it seemsthat material density isrelevant to more
than the mass distribution of the object. Material density is also relevant to the restoring forces by
which the object recovers from impact. Elasticity as such has not been examined in dynamic touch,
where we have avoided objects that bounce or spring when wielded or struck. The close parallel
between percelving an object by the sounds produced during its impact with a surface and
perceiving an object by the tissue deformations produced during wielding suggests that such an
examination might prove fruitful.

The rod dropping experiments address perception of an object during impact with a surface.
The object is manipulated while the surface is held constant. But the surface is aso one of thein-
teracting materialsin the impact event. Its properties contribute to the structured sound waves and,
therefore, ought to be available to perception aswell. Important among the properties of asurfaceis
its two-dimensional structure. It has width aswell aslength. It has shape. The rod dropping
paradigm was limited to long, thin cylinders. Rod width (radius) was manipulated because of its
consequences for ljj but listeners were asked only about the lengths of those cylinders. Returning
to dynamic touch for inspiration, however, we know that shape can be perceived categoricaly
(Burton et al., 1990) and that width as well as length can be perceived metricaly, all of these con-
strained by the inertiatensor (Turvey et al., 1998). For parallel questionsin ecological acoustics,
object-surface impact is again the sound-producing event of choice. This time the object, a
pendulum bob (a metal sphere dangling from fishing line) is held constant and the surfaces it
strikes (thin plates of different shapes and materials) are varied (Figure 22a). For the shape
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perception experiments, listeners see cardboard silhouettes of the three possible shapes (circle,
triangle, and square) and point at or name what they hear when the surface is struck (three timesin
succession). These shapes are distinguished categorically, whether the plates are wood, steel, or
Plexiglas (Kunkler-Peck, 1997; Kunkler-Peck & Turvey, in press). The metrical question is asked
with respect to rectangles whose surface areas are the same but whose proportions can be
characterized as squares, tall rectangles, or wide rectangles (thisis, therefore, also a matter of shape
perception). Perceived height and width are indicated by adjusting the positions of movable edges
that are vishle to the listener (Figure 22b). Heights and widths of rectangles of different
proportions and materials are perceived metrically, constrained by a physical quantity (Figure 22c)
that incorporates inertial and elastic components in the form of the two-dimensional wave equation
(Kunkler-Peck & Turvey, in press). Again, thisisremarkable. A variety of plates are struck during
the course of the experiment and they sound different from one another. Not only can they be dis-
tinguished from one another but they are distinguished reliably,

systematically, and at a definite scale that is rationalized by the physics of the impact event.

The preceding should be understood within the same ecological law framework that was in-
troduced earlier. An event lawfully structures the acoustic array; that structure specifies the event
that generated it. Even though the listeners are naive to relying solely on sound (asthe wielders are
naive to relying solely on tissue deformation) reliably structured energy media permit percelversto
detect the relevant information. Because there is nothing arbitrary about the structured sound, there
is nothing arbitrary about the mapping of perceived properties from that sound. Although we find it
remarkable that listeners are as good as they are in these kinds of experiments, perhaps we should
not.
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Epilogue

“You may use any degrees of freedomyou like in describing a physical system,
but if you use the wrong ones, you'll be sorry.”
(Weinberg, 1983)

A central theme of the work on dynamic touch is discovering the appropriate quantities to
manipulate and to index perception. This is a problem of identifying those properties of the
environment to which perception really refers. We have already asserted the appropriateness of an
affordance description of the environment over a description that reifies elementary physical
variables or convenient linguistic labels (cf. Bingham, 1988). Theissue is not unrelated to the
guestion of the proper function (Millikan, 1984, 1993) of the haptic perceptual system. A proper
function not only entails a system’s job description but, more importantly, its raison d’ étre. With
respect to the haptic perceptual system, areasonable guessisthat its proper function is registering
resistancesto rotational and linear acceleration in aform and a manner that satisfy the requirements
for generating the muscle tensile states that move an object in the desired way. The physical basis of
any property perceived by dynamic touch, therefore, requires consideration of the haptic perceptual
system’srole in controlling actions (the system’s proper function) and the relation of an object’s
inertial propertiesto properties of the human movement system (the object’ s affordance). At least
that is the gambit we have chosen to pursue. In the context of Weinberg's admonition, this seems
the most principled gambit available.
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Footnotes

1The precise cause is not known. It isthought that there may be some connection to the body’ s re-
action to aviral infection in which cells produced to attack the foreign virus attack the peripheral
nerves as well. Partia neuropathies are more prevaent, accompanying a variety of conditions
including, most commonly, diabetes.

2Indeed, there is no treatment for his condition in terms of restoring lost feeling. What physical
therapy alowed Mr. Waterman, instead, was to discover for himself the tricks and strategies that he
could use to accomplish his old activities in new, non-haptic ways.

3Thisis so even if the movements do not seem overtly rotational. To appreciate this, draw the out-
line of alarge box in the air in front of you and pay attention to what is happening at the wrist, el-
bow, and shoulder joints. Even as the motion of the endpoint is linear, that motion is accomplished
by cascaded rotations of hand about wrist, forearm about elbow, and whole arm about shoulder.

4Thisis, of course, the rationale behind the use of ankle weightsin exercise. Because the weighted
leg is harder to move, more effort is required, and more calories are burned with the more strenuous
exercise.

SA tensorial treatment of the muscle sense has been promoted by Pellionisz and Llinas (1985) and
Solomon (1988).

6The question of error in perception is neither trivial nor straightforward. Elsewhere, we have ar-
gued that applying the label error to perception only makes sense in atheory that describes percep-
tion as a process of making propositions about the environment. In atheory that characterizes per-
ception as resonating to available structure, that process can no more be wrong than any other pro-
cess of physical equilibration. Thorough discussions of the possibility of error in perception can
be found elsewhere (e.g., Carello & Turvey, 1985; Michaels & Carello, 1981; Turvey, Shaw, &
Mace, 1982).

"For perceiving properties of objects in the hand, the physical constraint isthe inertiatensor calcu-
lated about a center of rotation in the wrist even when movement is permitted about other joints of
the arm (Pagano, Fitzpatrick, & Turvey, 1993). We were, in fact, somewhat hesitant to discover this
important fact, fearing that free limb movement might require us to confront time-varying tensors.
But as it happens, when an object is grasped firmly in the hand, the wrist is the only point that
remains a fixed distance from the object during wielding. The linked-cylinder design of the arm
allows variability and flexibility in movement dynamics while preserving an anchor for invariant
spatial perception.

8t should be noted that, unlike other examples of probing, calculations of 1, CP, and so on, for
aperture size require the hand as well as the probe. The reason for this difference is not under-
stood.

9Although we have not discussed it here, a number of experiments over the years have examined
perception of object properties by static holding or, more accurately, minimal movement. Whole
length and partia length can both be perceived successfully under instructions to hold rather than
wield the rods (Burton & Turvey, 1990; Carello et al., 1996). If the participants were truly able to
hold the rods still, then the resistance to rotational inertia would not available to deform the tissues
of the hand and arm. And whileit isthe case that static moment tends to dominate moment of iner-
tia as the magjor constraint on perceived whole length (Burton & Turvey, 1990), the inertiatensor is
available nonetheless. Our suspicion is that the minimal movements accompanying respiration,
cardiac pulse, and muscular tremor are sufficient to promote this availability (Carello et d., 1996).



