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Abstract The action-specific account of spatial perception
asserts that a perceiver’s ability to perform an action, such as
hitting a softball or walking up a hill, impacts the visual per-
ception of the target object. Although much evidence is con-
sistent with this claim, the evidence has been challenged as to
whether perception is truly impacted, as opposed to the re-
sponses themselves. These challenges have recently been or-
ganized as six pitfalls that provide a framework with which to
evaluate the empirical evidence. Four case studies of action-
specific effects are offered as evidence that meets the frame-
work’s high bar, and thus that demonstrates genuine percep-
tual effects. That action influences spatial perception is evi-
dence that perceptual and action-related processes are intri-
cately and bidirectionally linked.

Keywords Embodied cognition - Spatial cognition - Visual
perception - Action-specific perception

No vision scientist would deny that a primary purpose of
vision is action. But how vision best serves action has been
continuously debated. For some, visual perception best serves
action by being as geometrically accurate as possible. Given
ambiguities in the visual information, the visual system makes
underlying assumptions (known as priors or natural
constraints) and unconscious inferences based on statistical
regularities of the environment. These approaches fall under
constructivist accounts. Action’s role in constructivist ap-
proaches is primarily limited to being a motivation for why
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perception needs to achieve constancy (so that visual informa-
tion can be successfully transformed into motor coordinates),
but is not itself considered to be an influence for perception.

Even for approaches to vision that place a greater emphasis
on action, its role is limited. According to the ecological ac-
count, perception best serves action by being faithful to the
visual information, without being supplemented with extrane-
ous ideas (Gibson, 1979; see Witt & Riley, 2014, for extended
discussion on the discrepencies between ecological and
action-specific approaches). In situations in which the visual
information is ambiguous, the perceiver can simply move
around the object to accumulate more information until the
information is unambiguous. For ecological accounts, action’s
role is relevant in gathering the necessary visual information,
and action drives perception to actively select the information
that is relevant for action, but action does not provide direct
information for perception. As another example of an account
that purportedly emphasizes action, the theory of two visual
streams emphasizes both perception and action (Milner &
Goodale, 1995). However, even this theory divorces percep-
tion from action by considering the two to be subserved by
anatomically different pathways. Indeed, such theories refer to
the ventral pathway as “vision for perception” and the dorsal
pathway as “vision for action.” Given that the processing in
the dorsal stream is thought to be unconscious (Milner &
Goodale, 2008), this theory emphasizes the role of action as
being largely outside of conscious perceptual experience.

In contrast, the action-specific account of perception has
argued that action plays a direct role in how the spatial prop-
erties of objects are consciously experienced. For example,
softball players who are hitting better than others see the ball
as bigger (Gray, 2013; Witt & Proffitt, 2005). As another
example, hills appear steeper and distances farther to ob-
servers who are fatigued, obese, or burdened by a heavy load
(Bhalla & Proffitt, 1999; Proffitt, Stefanucci, Banton, &
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Epstein, 2003; Sugovic, Turk, & Witt, 2016; Taylor-Covill &
Eves, 2013, 2014, 2016). According to this approach, a per-
son’s ability to perform the intended action influences the
spatial perception of the target object.

The action-specific approach has been under intense scru-
tiny as to whether the empirical findings demonstrate genuine
effects on spatial perception (Durgin et al., 2009; Firestone,
2013; Philbeck & Witt, 2015; Proffitt & Linkenauger, 2013;
Witt, 2015; Witt & Riley, 2014). The issue is that perception
cannot be measured directly, and instead must be inferred on
the basis of behavioral responses. These responses are also a
function of the postperceptual processes involved in generat-
ing the response, and are prone to demand characteristics
(Orne, 1682; Poulton, 1979). Thus, any particular effect could
be due to differences in the initial percept, or instead to chang-
es in postperceptual processes.

Determining whether or not action-specific effects are truly
perceptual has important implications for theories of spatial
vision, because they would demonstrate a top-down effect
through which information related to action (typically
thought of as the endpoint of cognitive processing;
Rosenbaum, 2005) would influence perceptual processes
(typically thought of as the starting point of cognitive process-
ing). More broadly, a genuine top-down effect on perception
would have theoretical consequences for the central question
of how the mind works, because it would speak to the way the
mind is organized (Firestone & Scholl, in press-a). Action-
specific effects challenge the very notion that vision is its
own module of the mind, and instead present evidence that
it is intimately connected with the mental processes related to
action. In contrast, if research were to demonstrate that action-
specific effects are not perceptual, the research would not
challenge the claim of a modular division of labor, with per-
ception being its own distinct, segregated process.

Concerns over whether a particular effect is indisputably
perceptual have been raised throughout the history of research
of perception. Some notable examples include whether
crossmodal effects are truly perceptual (e.g., Shams & Kim,
2010; Shimojo & Shams, 2001) and whether certain tenden-
cies (such as the specific-distance tendency; Gogel, 1969) and
priors (such as the light-from-above prior; Ramachandran,
1988) are perceptual. As such, several strategies have been
developed to address this fundamental question of the mind.
Over the past decade, both concerns and strategies have been
applied to the action-specific account of perception (for an
extensive review, see Philbeck & Witt, 2015).

Recently, these concerns and the corresponding strategies
have been organized into six pitfalls, with the idea that if an
effect of action ability falls at any of these pitfalls, this renders
it illegitimate as a top-down perceptual effect (Firestone &
Scholl, in press-a). The six pitfalls are as follows. The first is
to ensure that effects are present when they are theorized to
occur, and also that they are absent when theory deems they
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should not occur. In other words, research should not be over-
ly confirmatory, but should also provide evidence of unique
disconfirmatory predictions. The second pitfall is to disentan-
gle perception from judgments. The third is to ensure that
effects are not due to demand characteristics or response
biases, the fourth to ensure that they are not due to low-level
visual differences, and the fifth to rule out any role of periph-
eral attentional effects. The sixth, and final, pitfall is to verify
that effects are due to perception rather than memory.

These pitfalls provide a checklist to assess the authenticity
of a purported top-down perceptual effect. Because the pitfalls
were offered in the broader context of all top-down effects on
perception, the framework has been applied only in bits and
pieces to the action-specific literature, with studies being
cherry-picked on the basis of which best exemplified a given
pitfall. This strategy has been effective at illustrating how each
pitfall can be applied, but it has been ineffective at proving that
the entire field of action-specific perception fails to be genu-
inely perceptual. Many different types of action-specific ef-
fects have been demonstrated, and each one must be assessed.
Proving that one particular effect, such as the backpack effect,
is not perceptual does not mean that all other action-specific
effects are also not perceptual.

There are asymmetries in the evidence that is needed to
make a case that a particular effect is or is not perceptual.
With respect to an individual effect, much more evidence is
needed to prove that it is perceptual than that it is not. To claim
that one particular action-specific effect is perceptual requires
proof that none of the pitfalls can account for the effect. In
contrast, evidence in favor of just one pitfall is sufficient to
prove that the effect is not perceptual. However, with respect
to the broader claim that action-specific effects can never be
perceptual, more evidence may be needed. If one action-
specific effect passes the test of the pitfalls, this would indicate
that action-specific effects can be (and that at least one is)
perceptual (Firestone & Scholl, in press-b; Witt, Sugovic,
Tenhundfeld, & King, in press). Proving that some action-
specific effects are not perceptual is insufficient to make
claims about the field as a whole. Here, four types of action-
specific effects are evaluated under the six-pitfall framework.
By meeting the standard set forth by this framework, the ev-
idence speaks to genuine top-down influences of action on
spatial perception.

Case Study 1: Ball blocking performance affects
perceived speed

Many studies have shown a relationship between athletic per-
formance and apparent target size. Softball players who are
hitting better than others judge the ball to be bigger (Gray,
2013; Witt & Proffitt, 2005). Archers shooting better than
others judge the target to be bigger (Lee, Lee, Carello, &
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Turvey, 2012); golfers playing better than others judge the
hole to be bigger (Witt, Linkenauger, Bakdash, & Proffitt,
2008); parkour athletes judge walls to be shorter than do nov-
ices (Taylor, Witt, & Sugovic, 2011), and more skilled swim-
mers judge underwater targets to be closer than do less skilled
swimmers (Witt, Schuck, & Taylor, 2011). Because these
studies were conducted in the field, it can be difficult to perfect
the experimental design to account for all possible alternative
explanations. For example, in the softball study, players
judged ball size by selecting a circle from a range of different-
ly sized circles presented on a posterboard that matched the
size of the ball. They performed this task from memory, thus
preventing researchers from knowing whether the correlation
between estimated size and batting performance was due to an
effect on perception or memory. In addition, the study relied
on a correlation, and thus cannot speak to the direction of the
effect. Perhaps the players who initially saw the ball as bigger
were able to hit better. Indeed, evidence suggests that visual
illusions that increase the perceived size of a target also im-
prove subsequent performance (Chauvel, Wulf, &
Magquestiaux, 2015; Witt, Linkenauger, & Proffitt, 2012;
Wood, Vine, & Wilson, 2013).

These concerns can be alleviated in certain circumstances.
For example, in one experiment, we tested the perceived size
of an American football field goal (Witt & Dorsch, 2009).
Participants estimated the goal size both before and after
attempting ten kicks through the goal. This allowed us to
dissociate the effects of performance on the perceptual reports
from the effects of perception on performance. We found that
the judged goal size was related to performance when the
judgments were made after kicking but not before, suggesting
that performance can affect perceptual judgments. In addition,
the goal was within view as participants adjusted a miniature
version of the goal that was used to assess perceived size. This
result suggests an effect on perception rather than memory.
However, other pitfalls could still apply.

Given the intensive testing necessary to evaluate all six
pitfalls, a lab-based task is better suited to examining the ef-
fects of performance on perceptual judgments. Mila Sugovic
and I developed such a task to follow up on the effect of
performance in tennis on perceived ball speed (Witt &
Sugovic, 2010). In what has become known in my lab as the
Pong paradigm, a ball bounces across a projection or comput-
er screen, and participants use a joystick to control a paddle in
an attempt to block the ball (see Fig. 1). We manipulated
performance by varying the size of the paddle from trial to
trial. After each attempt, participants estimated the speed of
the ball. Our typical method of assessing perceived speed has
been to use a speed-bisection task. In this task, which was
modeled after traditional time bisection tasks, participants
are initially trained on a slow anchor speed and a fast anchor
speed. During test trials, participants judge each ball as having
a speed more like the slow or more like the fast speed. From

Fig. 1 A typical setup for the Pong experiment. Here the medium paddle
is shown. In more recent studies, the experiment has been performed on a
computer monitor rather than a projection screen

these data, the point of subjective equality (PSE) is determined
for each paddle size and is the measure of perceived speed.
Differences in the PSEs across paddle sizes are theorized to be
due to the influence of ball-blocking performance on per-
ceived speed (see Fig. 2). Other methods of assessing per-
ceived speed, including a speed-rating judgment (rating the
ball’s speed on a scale of 1-7) and a visual matching task
(indicating whether the ball moved faster or slower than a
comparison circle), also showed effects of paddle size on the
judged ball speed (Witt & Sugovic, 2012).

All three measures showed the same pattern of results: The
ball was judged to be moving faster when the paddle was
small, and less effective at blocking the ball, than when the
paddle was big. The visual information specifying ball speed

o | = Small paddle °®
- = Medium paddle
3 —— Big paddle
%)
C ©
o S
%
D
)
I ©
3 O]
17
[ J DY SN A A
L
5 3
c
Q2
€
o o _|
o o
[e)
—
. e
o
o

I
60

c L

Ball speed (cm/s)

Fig. 2 Representative data from one participant: Mean proportions of
responses that the ball’s speed was more like the fast anchor speed, as
a function of ball speed and paddle size. The curves represent logistic
regressions for each paddle size, and the arrows represent the points of
subjective equality for different paddle sizes. Note that a lower PSE
corresponds to seeing the ball as moving faster
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was constant across the paddle size conditions, yet reports of
ball speed differed depending on the ease with which the ball
could be caught. But did people truly perceive the ball to be
faster or slower? To evaluate this claim, the data were scruti-
nized using the six-pitfall framework.

Pitfall #1: Uniquely disconfirmatory predictions

The checklist calls for research that shows null effects when
the theory predicts null effects. Null effects can be difficult to
publish, which leads to overly confirmatory research in the
literature. But in the case of the effect of ball-blocking perfor-
mance on apparent ball speed, several disconfirmatory effects
have been reported. When paddle size is manipulated and
affects ball-blocking performance, an effect on apparent speed
is expected. Conversely, when paddle size is manipulated but
does not affect ball-blocking performance, an effect on appar-
ent speed is not expected. The latter scenario provides a
unique disconfirmatory prediction.

In one study, the ball moved in a straight line across the
display, so successful blocking performance only required that
participants maintained the current location of the paddle. In
this case, the paddle size had little effect on ball-blocking
performance, and, as expected, paddle size also had little ef-
fect on the estimated ball speed (Witt & Sugovic, 2012). In
another study, the paddle was set to one of six sizes on each
trial (rather than small, medium, and big sizes). Ball-blocking
performance did not vary across the three largest-sized pad-
dles, and, as expected, the speed estimates also did not vary
across these paddle sizes (Witt & Sugovic, 2012).

Uniquely disconfirmatory predictions have also been made
when watching a computer play the game. When watching
another human play, paddle size continues to influence the
estimated ball speed (Witt, South, & Sugovic, 2014; Witt,
Sugovic, & Taylor, 2012). When watching another person,
the perceiver is theorized to simulate how the perceiver would
do if placed in the actor’s situation. But when observing a
computer, motor simulation does not take place (Kilner,
Paulignan, & Blakemore, 2003). In one study, the computer’s
performance was perfect with all three paddle sizes. For par-
ticipants who had not yet had experience playing the game
themselves, paddle size did not affect the reported ball speed
when they observed the computer play. In another study, the
computer’s performance was not perfect and corresponded to
the paddle size. Again, the paddle size did not affect the ap-
parent ball speed (Witt, Sugovic, & Taylor, 2012). These four
studies have revealed uniquely disconfirmatory predictions.

Pitfall #2: Perception versus judgment
The second pitfall is to ensure that the purported effects are

due to differences in perception, rather than to differences in
the judgments used to assess perception. Unlike the
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straightforward recommendations from Pitfall #1,
distinguishing between perception and judgment can be im-
mensely challenging, and the separation has been a major
issue in the field of spatial perception.

The first step is to acknowledge that this distinction exists
and is important. With some exceptions (including work on
the treadmill effect, described in Case Study 4 below),
Firestone and Scholl (in press-a) criticized the field in general
for not being sensitive to this important distinction, and indi-
cated several ways to appreciate the distinction. For example,
they pointed to occasions on which there is a conflict between
perception and judgment (such as with visual illusions). To
further expand on the point, they provided numerous exam-
ples in which a pattern of results that had been argued to show
a perceptual effect could also have arisen from a
nonperceptual effect. In another paper, they referred to this
use of nonperceptual effects to make implications for purport-
ed perceptual effects as the overgeneralization test (Firestone
& Scholl, 2015). These examples of overgeneralization show
that researchers cannot make claims that the underlying mech-
anism is perceptual solely on the basis of finding a particular
pattern of results if the same pattern of results can also be
found with a nonperceptual manipulation.

The overgeneralization test is valuable for helping illustrate
the distinction between perception and judgment, but it is
limited in making strong conclusions regarding this distinc-
tion. An analogy may be useful to illustrate this point. In
visual search tasks, positive search slopes have been taken
as evidence for the involvement of serial processes (e.g.,
Treisman, 1982). Other research has shown, however, that
positive slopes in visual search can arise not just from serial
search processes, but also from parallel processes coupled
with noise (Palmer, Verghese, & Pavel, 2000). Thus, positive
search slopes do not necessitate the involvement of serial pro-
cesses. Conversely, this result does not prove that serial pro-
cesses are never involved. Thus, although the overgeneraliza-
tion test can be used to illustrate how the same pattern can
arise from a nonperceptual effect, the test cannot prove, by
itself, that a given effect is not perceptual. Other research must
be brought to bear on the issue of perception versus judgment.
My colleagues and I have made a similar point with respect to
perceptual and response-based biases analyzed using signal
detection theory (Witt, Taylor, Sugovic, & Wixted, 2015).
Some researchers have claimed, solely on the basis of an effect
on the bias measure ¢, that the effect is due to response-based
bias and is not perceptual (e.g., Choe, Welch, Gilford, & Juola,
1975; Grove, Ashton, Kawachi, & Sakurai, 2012). In contrast,
we used simulations of the Miiller-Lyer illusion to show that
both a perceptual bias and a response-based bias can produce
the exact same pattern in the measure c. In other words, when
the Miiller-Lyer illusion is modeled as a perceptual bias in
which lines with tails oriented inward appear shorter than lines
with tails outward (i.e., the classic interpretation of this bias),
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signal detection theory analyses showed a large effect on ¢ but
no effect on d". This effect on ¢ coupled with a lack of effect on
d' does not mean that an effect is due to a response bias.
Indeed, we specifically modeled the task as a perceptual bias
with no change in response bias, yet ¢ was the measure that
showed the effect. Thus, for discriminability experiments, re-
searchers cannot simply look at a pattern of results for ¢ and
draw the conclusion that the underlying mechanism is re-
sponse-based. Other research must be brought to bear to ad-
dress the underlying mechanism.

So what strategies are available to empirically discriminate
between perception and judgments? Given the rich history in
the field of depth perception with respect to distinguishing
perception from judgments, several strategies exist within
the literature. For reasons unknown, Firestone and Scholl (in
press-a) neglected this aspect of the literature and the strate-
gies promoted within this field for decades, as well as in a
recent review of these strategies (Philbeck & Witt, 2015). It
would be a mistake for other scientists working on this prob-
lem to ignore these elegant contributions. One strategy com-
mon within the distance perception literature is the use of
convergence across a wide range of perceptual measures.
The idea is that an effect common to all measures is likely to
be due to a single underlying process—perception, in this
case—as opposed to the individual processes involved in gen-
erating and calibrating each type of response (Foley, 1977,
Gogel, 1990; Philbeck & Loomis, 1997). As I discussed
above, in my lab we have used several types of perceptual
measures, and all have revealed the same pattern of the paddle
effect. Future research, however, could offer a more direct
comparison between the various kinds of responses as a way
to determine the size of the purported perceptual effect. Any
unique, additional effects would be considered to be due to the
judgment-related processes involved in each of the individual
types of responses. Converging evidence does not, in and of
itself, prove that a given effect is perceptual. However, it helps
us build a case for a perceptual effect, given that a lack of
convergence would raise serious doubts about the perceptual
nature of an effect. Perhaps converging evidence is best char-
acterized as a necessary but not sufficient condition to claim
that a particular effect is perceptual.

Another technique common in the literature on spatial per-
ception is to use indirect measures (see, e.g., Gogel, 1990).
Indirect measures are thought to be purer measures of percep-
tion, and less contaminated by judgment-based processes, be-
cause it is not obvious to the observer how to adjust these
responses. Indirect measures have not yet been applied to
the paddle effect, and this could prove to be a fruitful avenue
for future research. Again, it will be important to achieve
convergence, rather than effects within a single type of mea-
sure, even if that measure is indirect. At this point, it is unclear
how many strategies must be employed before researchers can
claim a perceptual, rather than a judgment-based, effect.

Firestone and Scholl (in press-a) offered three of their own
strategies. One was to examine convergence across a range of
different instructions. Participants can be instructed to report
on objective speed, apparent speed, or “felt” speed (by asking
how fast they feel the ball to be moving). Some researchers
have suggested that instructions to report on apparent features
such as speed or distance will minimize the amount to which
participants correct their judgments (Carson, 1977). Others
have found that the action-specific effect of heavy ball throw-
ing on estimated distance (cf. Witt, Proffitt, & Epstein, 2004)
only replicated under the “felt” instructions (Woods, Philbeck,
& Danoft, 2009), which was interpreted as evidence that this
effect was judgment-based rather than perceptual. The paddle
effect has not yet been investigated under differing instruc-
tions, although studies are currently under way to do so.

The second suggestion was to consider factors that might
affect judgments and rule these out. If factors that should
affect judgments are eliminated and this also eliminates the
critical effect, that is evidence for a judgment-based rather
than a perceptual effect. For example, the effect of dart-
throwing performance on estimated size could occur because
performance influences perceived size or because participants
alter their judgments after missing the target to account for
their poor performance. When participants were given an ex-
ternal reason for the poor performance (faulty darts), there was
no need to justify performance, and in this case it was found
that performance did not relate to estimate size (Wesp &
Gasper, 2012)." Although I admire the logic of this experi-
ment, I hesitate to accept its results, because the dart-throwing
paradigm does not appear to be particularly robust. Many of
the reported “significant” findings have been only marginally
significant (ps = .06, .001 and .02, and .05 in Canal-Bruland,
Pijpers, & Oudejans, 2010; Wesp, Cichello, Gracia, & Davis,
2004; and Wesp & Gasper, 2012, respectively). Given the lack
of strong evidence for an effect in dart-throwing paradigms,
the reported null results on which many of the strong claims
hinge are particularly difficult to interpret.

Nevertheless, the logic offered by Wesp and Gasper (2012)
and urged by Firestone and Scholl (in press-a) can be applied
to the paddle effect. Participants were split into two groups,
and each group was told a cover story that the task of blocking
the ball would be either hard, because the ball would bounce at

! Wesp and Gasper (2012) also suggested that the differences in distance
estimates across participants who threw a heavy versus a light ball could have
been due to a similar pattern of participants accounting for poor throwing
performance by estimating that the distance was farther. But this suggestion
ignores an experiment within the same paper, in which all participants threw
the heavy ball, but only those who intended to throw again estimated the
distance as being farther, as compared to those who threw the heavy ball,
estimated the distance, and then blindwalked to the target (Witt et al., 2004).
In that experiment, the participants in both groups had similar throwing suc-
cess because both threw the heavy ball, yet differences in the estimated dis-
tances still emerged as a function of the action they anticipated performing
next (throwing vs. walking).
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random, or easy, because they had full control over the paddle
(Witt, Tenhundfeld, & Bielak, in press). In actuality, the task
was the same for both groups. This cover story had no effect
on the magnitude of the paddle effect for either group. Given
that the cover story did not reduce the paddle effect, this is
evidence against a judgment-based explanation of the paddle
effect. Furthermore, the results cannot be dismissed by argu-
ing that the cover story was ineffective, because it impacted
another effect that is considered to be judgment-based. In the
Pong paradigm, the primary effect of interest is that of paddle
size on estimated speed. When the paddle is big, participants
can anticipate that they will be more likely to be successful at
blocking the ball than when the paddle is small. This antici-
pated success, and perhaps also the added concentration nec-
essary to achieve success with the small relative to the big
paddle, is what we think drives the differences in perception
of ball speed. A secondary effect is that of trial outcome,
which refers to whether the ball was missed or successfully
caught on each trial. The trial outcome effect refers to the
influence of trial outcome on estimated speed, such that balls
that are successfully caught are estimated as moving slower
than balls that are missed. The trial outcome effect is consid-
ered to be a judgment-based effect, given that outcome is
unknown until the end of the trial, and therefore is unlikely
to be able to influence visual processing while the ball is
moving. Whereas the paddle effect is considered to reflect
anticipation and is argued to be perceptual, the trial outcome
effect reflects recent past experience and is considered to be
judgment-based. We found evidence of a divergence between
the impact of the cover story on these two effects. For partic-
ipants who were better blockers, the “hard” cover story suc-
cessfully eliminated the trial outcome effect, whereas the trial
outcome effect was still significant for those told the “easy”
cover story. The overall pattern of results that the cover story
eliminated the judgment-based effect of trial outcome but had
no impact on the paddle effect is evidence against a judgment-
based explanation for the latter effect.

A third suggestion by Firestone and Scholl (in press-a) was
to use performance measures. They suggested reaction time in
a visual search task as a possible example. It is difficult to see
how a visual search paradigm could be applied to the paddle
effect, or to any other action-specific effect, for that matter, but
other kinds of performance measures are possible. In a varia-
tion of the Pong paradigm, called the fishing task, a fish
moved horizontally across the screen, and a net was placed
in the bottom right corner (see Fig. 3). Participants pressed the
trigger on the joystick to shoot the net, at which point the net
moved up the screen at a constant speed. To successfully catch
the fish, participants had to release the net at the exact right
moment so that the net intersected the fish as the fish traveled
across the screen. Again, the ease of catching the fish was
manipulated by varying the size of the net, and participants
caught the fish more successfully when the net was big than
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Fig.3 Screen shot of the fishing paradigm (Witt & Sugovic, 2013a). The
medium net is shown. The net stays at the bottom of the screen until the
participant presses the trigger on the joystick, at which point the net
moves up at a constant speed. If the timing is correct, the fish will
intersect the net for a successful catch. From Fig. 1 of “Catching Ease
Influences Perceived Speed: Evidence for Action-Specific Effects From
Action-Based Measures,” by J. K. Witt and M. Sugovic, 2013,
Psychonomic Bulletin & Review, 20, p. 1366. Copyright 2013 by the
Psychonomic Society. Reprinted with permission

when it was small. After each attempt participants estimated
the speed of the fish, and they estimated that the fish was
moving faster when the net was small than when it was big
(Witt & Sugovic, 2013a).

The new advancement from the fish paradigm is that it
affords a performance measure of perceived speed: If partici-
pants truly see the fish as moving faster when the net is small,
they should shoot the net earlier than when the net is big. We
examined the timing of the responses, and the results corrob-
orated the paddle effect; participants shot the small net earlier
than the big net, indicating that the fish appeared to be moving
faster when the net was small. Despite the advantages of using
action-based measures, their use also raises issues regarding
whether effects are due to perceptual differences or differences
in the actions themselves. As a simple example, if the nets
were aligned at the bottom, rather than in the middle, this
would lead to different release times independently of any
differences in perception. In our studies, the nets were aligned
in the middle, thus ruling this out as a potential concern.
However, another concern may be that participants aimed
for the middle of the small net but for the top of the big net.
This strategy would have produced the same pattern of results
that we obtained, without needing to assert any differences in
perception. Although previous research has shown that people
tend to be good at aiming for the middle of a target to best
increase performance (Trommershéuser, Maloney, & Landy,
2008), it was still important to determine that a strategy could
not account for the results in the fish study as well. Follow-up
analyses revealed that participants aimed for the center of the
net with all net sizes, thereby ruling out the possibility that the
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differences in net shooting times were due to different strate-
gies for how to use the net. Having ruled out nonperceptual
explanations for the differences in net release times, the results
support the claim that participants perceived the fish as mov-
ing faster when the net was small. With net shooting times as a
measure of perceived fish speed, no explicit judgment was
required. Yet the effect of performance on perceived speed
was still apparent.

Together, the present results demonstrate that the paddle
effect persists even when using multiple types of measures,
thus demonstrating convergence, and also when using the per-
formance measure of net release time. The results also rule out
an obvious judgment-based explanation by showing that the
effects of paddle size persist even after accounting for poten-
tial post-hoc judgments based on trial outcome. Although
more studies could certainly be conducted, the present data
already do much to rule out a judgment-based effect.

Pitfall #3: Demand and response bias

The most frequent challenge to action-specific effects has
been the claim that they are due to demand characteristics or
response bias (Durgin et al., 2009; Durgin, Klein, Spiegel,
Strawser, & Williams, 2012; Shaffer, McManama, Swank, &
Durgin, 2013). According to this claim, participants do not
literally see the ball as moving faster when the paddle is small,
but rather see the ball’s speed similarly across paddle sizes.
The reason for the differences in their perceptual judgments is
that participants infer that the purpose of the experiment is that
the ball should look faster when it is harder to block, and
respond accordingly. The Pong paradigm might be especially
susceptible to this concern, given that the design is within-
subjects, so participants are aware of all of the conditions
(Philbeck & Witt, 2015).

The evidence offered as being in favor of task demands has
generally relied on the use of cover stories or postexperiment
surveys. With respect to asking participants whether they could
discern the purpose of the study in an open-ended question,
generally only 25 % guess correctly (e.g., Durgin et al., 2012;
Shaffer et al., 2013). This number is much lower than would be
expected on the basis of how proponents of the response bias
account describe these effects, in which the study’s purposes
would be clearly obvious and thus would naturally impact all
responses. With respect to the paddle effect, we recently
interviewed participants upon completion of the experiment
(Witt & Tenhundfeld, Manuscript in preparation). Consistent
with the past literature, we also found that 25 % guessed cor-
rectly when asked an open-ended question about the study’s
purpose. Importantly, those who guessed correctly did not show
larger paddle effects than did those who did not guess correctly,
and thus could not have driven this effect (see Fig. 4). Such low
numbers of discernment raise questions about the need for cov-
er stories in the first place, because such stories would be
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Fig.4 Paddle effect for each participant from a study in which they were
asked to indicate what they thought was the purpose of the study
(Tenhundfeld & Witt, Manuscript under review). Those who mentioned
the size of the paddle were classified as discerning, and those who did not
mention paddle size were classified as naive

necessary only for 25 % of participants. Furthermore, cover
stories carry with them their own risks of creating, rather than
eliminating, response biases. For example, the participants in
one experiment were explicitly told, “as far as we know, wear-
ing a backpack does not affect your visual system, so please
simply estimate the slope of the hill” (Durgin et al., 2012, p.
1585). It is not difficult to see how instructions such as these,
despite the intention to eliminate response bias, could actually
create their own response bias to respond that the hill is
shallower even if it appears steeper. Finding that participants
given these instructions report that hills are less steep is there-
fore not evidence that hills genuinely did not look steeper.

Given the issues with cover stories creating their own
biases and the low numbers of participants who can correctly
discern or guess the study’s purpose, we have sought alterna-
tive methods to address the issue of demand characteristics.
One method has been to show that differences in estimated
speed across paddle sizes that might create a demand charac-
teristic do not always lead to effects on perceived speed. These
studies were reviewed in light of the disconfirmatory
predictions.

Another strategy has been to consider the effect of trial
outcome, rather than paddle size. As was stated earlier, an
effect based on trial outcome refers to an influence on estimat-
ed speed that is based on whether the ball was successfully
caught or missed on each trial. A response bias account would
claim that participants would be more likely to rate missed
balls as fast and caught balls as slow (cf. Wesp & Gasper,
2012). These theorized changes in responses would produce
the reported paddle effect because the ball is missed more
frequently with the small than with the big paddle. However,
when we analyzed trial outcomes, we found that the trial out-
come could not explain our results. The differences in speed
ratings for missed versus caught balls were unreliable: Some
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studies showed significant effects of trial outcome, but most
did not (for an extended discussion, see Witt, Tenhundfeld, &
Bielak, in press). Moreover, trial outcome never fully
accounted for the effect of paddle size, which continued to
be significant even when trial outcome was included as a
predictor. This pattern of results suggests some role for re-
sponse bias related to the trial outcome, but that this role is
not robust and cannot explain the main effect that is argued to
be perceptual—namely, the paddle effect.

Another strategy has been to measure susceptibility to re-
sponse bias directly. The response bias explanation requires
that participants willingly alter their responses according to
demand characteristics. Thus, if the paddle effect were to only
emerge for participants willing to alter their responses, but not
for participants who did not conform to the demand charac-
teristics, this would be strong evidence in favor of a response
bias explanation. Participants were given instructions to spe-
cifically bias them to respond that the balls were fast (or slow):
Participants in the group that was instructed to respond “fast”
responded faster than did those who were instructed to re-
spond “slow,” showing overall compliance with these instruc-
tions. To determine which participants were more compliant
than others, we conducted a median split on each group based
on their mean speed responses. The participants who were
given instructions to respond “fast” were classified as more
compliant if they responded that the ball moved faster than did
the other participants, and were classified as less compliant if
they responded that the ball moved slower than did the other
participants. Once the participants were grouped on the basis
of compliance, we compared the paddle effects in both
groups; paddle size influenced the judged ball speeds for both
groups equally (Witt & Sugovic, 2013b). This means that
even participants who were less willing to alter their responses
to conform to the instructions were still influenced by the
difficulty associated with blocking the ball (as determined
by paddle size). Given that a response bias account would
have predicted an effect only in the compliant participants,
the results are evidence against a response bias explanation
and are consistent with a perceptual account that task difficul-
ty influenced the perceived ball speed. The paddle effect is
quite robust and is present in most participants (including 33
of the 35 participants in that experiment), and thus is not an
effect that was driven by a subset of participants who were
particularly compliant. Several other methods were used to
classify the participants as more and less compliant, and each
produced similar paddle effect sizes (see the appendix in Witt
& Sugovic, 2013b).

A final strategy has been to give explicit feedback on speed
judgments (King, Tenhundfeld, & Witt, 2015, 2016), which is a
strategy previously employed in crossmodal research (e.g.,
Rosenthal, Shimojo, & Shams, 2009). Participants classified
each speed as being more like the slow or more like the fast
anchor speeds. The ball moved at six speeds, so the three slowest
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speeds should be classified as “slow,” and the three fastest
speeds should be classified as “fast.” In the first experiment
to use feedback, the study was divided into three phases: base-
line, feedback, and feedback recovery. During the feedback
phase, participants heard a buzzer and saw the word “incorrect”
each time they made the wrong response. No feedback
was given for a correct response or during the other phases.
Relative to baseline, the feedback condition did not lead to a
significantly reduced paddle effect; paddle size influenced esti-
mated speed even when feedback was given. A follow-up
experiment delivered feedback for incorrect responses across
the entire experimental session, and once again the effect of
paddle size persisted. With feedback, it is clear that the task is
to be as accurate as possible in one’s speed judgments, which
would diminish any effects of demand characteristics (including
any related to paddle size) on estimated speed. Given that
perceptual speed judgments continued to be influenced by the
difficulty associated with blocking the ball with each type of
paddle, these results provide evidence against a response bias
account and in favor of a perceptual account.

Pitfall #4: Low-level differences

The visual information specifying the speed of the ball was
constant across paddle size conditions, and thus cannot ac-
count for differences in apparent speed. However, it is possi-
ble that visual information related to paddle size, which obvi-
ously differed as paddle size was manipulated, biased the per-
ceived speed of the ball independently of action. In the orig-
inal Pong article, in the final experiment we placed the paddle
atop a long white rectangle to minimize the luminance differ-
ences across paddle size conditions (Witt & Sugovic, 2010).
The paddle effect emerged even when luminance differences
were completely eliminated. Other studies have maintained
the visual differences between paddle size conditions, and
instead minimized differences in the effectiveness of the pad-
dle at blocking the ball. If low-level differences were to ac-
count for these effects, the effect should be present when vi-
sual differences are maintained even if action-related factors
are eliminated. As was discussed in the studies on
disconfirmatory findings, in many instances visual differences
were present and performance differences were minimized. In
these cases, differences in perceived speed due to paddle size
were also eliminated. This evidence rules out the explanation
of low-level visual differences.

Couched within this pitfall was a call for amazing demon-
strations, because the case study described for this pitfall was
one of the few purported top-down effects that was also ac-
companied by an amazing demonstration, and they argued
that this particular effect was due to low-level differences
(Firestone & Scholl, in press-a). After this introduction, the
amazing demonstrations discussed were not related to low-
level differences, nor were they mentioned in lessons for
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future research, but instead were related to the other pitfalls,
such as task demands and postperceptual judgments. So per-
haps it would make more sense to discuss demonstrations
under these pitfalls than under low-level differences.
Nevertheless, in being consistent with their original proposal,
they will be discussed here.

Amazing demonstrations are certainly fun and can be com-
pelling. But are demonstrations necessary to prove that an
effect is perceptual? Firestone and Scholl (in press-a) conced-
ed that they are not necessary. However, the issues of aware-
ness, noticeability, and amazing demonstrations have been
raised a number of times (Firestone, 2013; Gray, 2016;
Loomis, 2016; but see the responses by Witt, 2015; Witt,
Linkenauger, & Wickens, 2016). In some areas of vision sci-
ence, such as change blindness or motion-induced blindness,
demonstrations are readily available and often accompany the
research by being available on a webpage. However, in re-
search on spatial perception in real-world environments, dem-
onstrations are hardly ever offered. For example, a noteworthy
bias in distance perception is compression of egocentric dis-
tances (e.g., Loomis, da Silva, Fujita, & Fukusima, 1992). 1 do
not know of any spatial-perception researchers who would
doubt that this is a perceptual bias, but no public demonstra-
tions of the effect are available. Similarly, distances look
shorter when they are presented in a larger rather than a small-
er space (Witt, Stefanucci, Riener, & Proffitt, 2007). Again,
this work is unlikely to be challenged as being perceptual,
despite the lack of an accompanying demonstration.

Firestone and Scholl (in press-a) explicitly stated that
amazing demonstrations are not necessary for an effect to be
considered perceptual, yet they also seem to argue that without
an amazing demonstration, action-specific effects should not
be considered perceptual (see also Firestone, 2013).
Therefore, they have not been clear as to what is necessary
and sufficient, and these issues are not simple.

Action-specific effects cannot be uploaded to a webpage like
other perceptual phenomenon, because action-specific effects re-
quire interaction with the target object (or at least the intent to
interact). In addition, the definition of an amazing demonstration
has not been made explicit. For some, the argument is that ob-
servers should notice a change in what they see (e.g., the hill
should appear to grow in steepness when a backpack is put on)
and a lack of noticing such a change is evidence against a percep-
tual explanation (Firestone, 2013). I had previously argued against
this type of noticeability being necessary, when I showed that
observers were not aware of a change of apparent size when a
circle was first surrounded by small inducer circles that switched
to be large inducer circles (Witt, 2015). In other words, the two
conditions of the Ebbinghaus illusion did not lead to awareness of
changes in perceived size, even though the two conditions of the
Ebbinghaus illusion do typically lead to differences in perceived
size. An important characteristic of spatial perception that has
been neglected within calls for amazing demonstrations

(Firestone, 2013; Firestone & Scholl, in press-a) is the issue of
perceptual stability. The visual system prioritizes stability so that
conditions that would ordinarily lead to differences in perception
(such as the Ebbinghaus illusion) do not do so when there are cues
that the world is stable (i.e., has not changed). Proposing demon-
strations such as putting on a backpack while looking at a hill or
imagining reaching with a tool are unlikely to cause a noticeable
change in the perceived hill slant or target distance, because these
effects are unlikely to be strong enough to overcome the cue to
stability. Additionally, when observers have explicitly noticed this
kind of change (as was the case in Case Study 3 offered below;
Linkenauger, Ramenzoni, & Proffitt, 2010), this observation was
not taken as the kind of compelling evidence Firestone and Scholl
(in press-a) suggested it should be.

A second type of demonstration is that observers notice that
how something looks is different from how the object looked
previously. In this case, there can be the experience of a dif-
ference between one’s perception of the object and one’s
memory of the object. In one study, this very discrepancy
was documented for elite track athletes. A track has the ad-
vantage that it is of a fixed length, so runners know that the
track’s length has not changed. Such knowledge is not as
readily accessible in cases such as hill slant or unmarked dis-
tances, and thus cannot be used to appreciate any contrast. Of
the 34 athletes in the study, 80 % reported seeing the straight
sections of the track as appearing longer, especially when they
were running a longer race or were tired (Witt, 2015). Indeed,
I decided to run this particular study after having similar ex-
periences running on the track myself. If willing, a reader
could run nine 400-m sprints and experience for herself
whether the track seemed longer on the eighth or ninth sprint
than on the first or second. These were conditions in which I
was able to experience an action-specific effect.

A third type of demonstration is that observers see two
objects at the same time and notice that one object appears
different from the other, despite knowing that the two objects
are the same (or, conversely, see that two objects appear the
same, despite knowing that they are different). Visual
matching tasks, which have been used in a variety of action-
specific effects (see some examples below), address this to
some extent. For example, if the comparison distance is set
to be different from the target distance but is judged to be the
same, this shows that the two distances are experienced as
different lengths. However, to my knowledge, this has never
been tested in the context of explicit feedback about the actual
objects. This may be one way to help address this concern in
the future. Participants could be shown two objects—or in the
case of the paddle effect, two speeds—and explicitly told that
the speeds are the same, and then asked whether they appear
different. Such data might prove compelling as a demonstra-
tion and are certainly worthy of future investigation, since
they could help build a case for a perceptual account of these
effects.
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Pitfall #5: Attentional effects

Attention could explain the effect of paddle size on apparent
speed, because it is known that where a person looks affects
perceived speed. The Aubert—Fleischl illusion shows that
smooth pursuit of a moving object leads to the perception of
the object as moving slower than when a nearby stationary
location is fixated instead (Aubert, 1886; Fleischl, 1882).
Applying this illusion to the Pong paradigm, perhaps partici-
pants are more likely to engage in smooth pursuit of a ball
when the paddle is big, and that is why the ball appears slower
than when the paddle is small.

The theoretical implications of finding that this particular
pitfall can explain an effect are less clear than with the other
pitfalls. On one hand, the pitfall is critical to Firestone and
Scholl’s (in press-a) claim that perception is modular. But
the pitfall is not as relevant for the main claim of the action-
specific account that perception differs as a function of action.
The reason that this particular outcome can be consistent with
two seemingly opposing claims is that the claims differ with
respect to whether they concern the process or the experience.
Firestone and Scholl (in press-a) were mainly concerned with
the processes related to perception; their main claim was that
these processes are modular and impenetrable to top-down
influences. In contrast, my claims have primarily been con-
cerned with perceptual experience. I claim that the perceptual
experience of spatial layout is influenced by a person’s ability
to act. Whether or not an action’s impact on that experience is
due to direct influences on perceptual processes or to indirect
influences via attention is a secondary issue. To be sure, this
question is critical for understanding sow action exerts its
influence (Gray, Navia, & Allsop, 2014; Philbeck & Witt,
2015), but it is irrelevant for understanding whether action
influences perception.

In the case of the paddle effect, however, this distinction is
irrelevant, because attention does not drive the paddle effect.
Attention was equated across paddle size conditions by the
inclusion of a secondary task that forced participants to look
directly at the fish throughout the experiment. If differences in
attention accounted for the effect of paddle size on perceived
speed, then equating attention across paddle size conditions
should eliminate the effect altogether. We found that paddle
size continued to influence perceived speed, even when atten-
tion was equated (Witt, Sugovic, & Dodd, 2016). This finding
rules out an attentional explanation for this action-specific
effect.

Pitfall #6: Perception versus memory
In most experiments, participants judged the speed of the ball
after each blocking attempt, so the ball was no longer visibly

moving. This created the possibility that blocking ability af-
fected immediate memory for, rather than the perception of,
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speed. To address this possibility, we ran several experiments
in which participants made their judgments while the ball was
still visibly moving (Witt & Sugovic, 2012). In one experi-
ment, participants performed the speed-bisection task. In an-
other, participants rated the ball on a scale of 1 to 7. In both
cases, the participants said their responses aloud, and the re-
sponse was recorded by an experimenter. Paddle size affected
the estimated speed even when judgments were made while
the ball was visibly moving.

In addition, the action-based measure in the fishing task of
shooting the net also demonstrates an effect of perception,
rather than or in addition to memory (Witt & Sugovic,
2013a; Witt, Sugovic, & Dodd, 2016). The fish was visibly
moving when participants shot the net, and net size still had a
significant effect on the action-based measure of net shot
timing. Thus, as to whether action can influence perception,
the evidence makes a convincing case that it can.

Summary

Moving objects appear faster when they are more difficult to
block than when they are easier to block. Evidence exists to
evaluate each of the six pitfalls listed above. In each case the
effect passes the test, so to speak. Because the paddle effect
survives all six pitfalls, the conclusion is that it is a genuine
top-down effect of action on perception. Finding that one
action-specific effect is genuinely perceptual is sufficient to dis-
credit the claim that no top-down effects on perception exist.

Case Study 2: Ability to reach a target affects
perceived distance

A person’s ability to reach to an object influences perceptual
judgments of the distance to the object. Specifically, targets
appear closer when they can be reached than when they are
beyond reach. This would appear to be trivially true, given
that targets that are within reach are closer than targets beyond
reach. To keep the physical distance to the target constant
across reaching conditions, one technique is to give perceivers
a reach-extending tool (Bloesch, Davoli, Roth, Brockmole, &
Abrams, 2012; Costello et al., 2015; Davoli, Brockmole, &
Witt, 2012; Osiurak, Morgado, & Palluel-Germain, 2012;
Witt, Proffitt, & Epstein, 2005). In this way, the visual infor-
mation specifying the distance to the target is the same, even
as the reachability of the target changes.

In these reaching paradigms, participants typically estimate
the distance to the target by performing a visual matching task
(see Fig. 5). Two comparison circles are presented on either
side of the target, and participants can use a keyboard to ma-
nipulate the distance between the two comparison circles.
Participants indicate when the distance between the compari-
son circles is the same as the distance to the target, and then
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Fig. 5 Overview of the visual matching task used in the tool studies by
Witt et al. (2005). Three circles are projected onto a table. The center
circle is the target for reaching, and the outside circles are the
comparison circles. A paper circle is placed directly in front of the
observer. Participants use a keyboard to move the comparison circles
closer together or farther apart. Their task is to set the distance between
the comparison circles to be the same as the distance to the target, and
then to reach toward the target with or without the tool. Drawing by
Nicole Versace

reach toward the target. If the target is too far away to be
reached, participants reach as far as they can and point to the
target. The targets are presented just beyond arm’s reach, but
can be reached with a reach-extending tool such as a conduc-
tor’s baton. Typical results are that the targets are judged to be
closer when participants reach toward them with a tool than
when they reach without the tool.

Pitfall #1: Uniquely disconfirmatory predictions

Many variations of the tool studies have been conducted, in-
cluding several in which uniquely disconfirmatory predictions
have been made. One variation has been to dissociate the
perceiver’s ability to act at the moment the perceptual judg-
ment is made from the ability to act when the action is per-
formed. This has been done, for example, by having the tool
resting on the table while the participant positioned the com-
parison circles (Witt & Proffitt, 2008). After the two distances
were matched, the participant picked up the tool and reached
toward the target, before placing the tool back on the table and
starting the next trial. Because participants performed the
same sequence repeatedly, they intended to reach toward the
target with the tool even though they were not holding the tool
while estimating the distance. The experiment was originally
designed to test the idea that anticipated action is the critical
aspect relevant for perception. Consistent with this hypothesis,

perceivers judged the targets to be closer when they anticipat-
ed reaching toward them with a tool, even if participants were
not physically wielding the tool at the time of the judgment.

Notably, participants also judged the targets as being closer
when they imagined holding a tool (Witt & Proffitt, 2008; see
also Davoli et al., 2012). In this case, the tool rested on the
table, but participants never grasped it. Instead, they reached
as far as they could toward the target and imagined that they
held the tool and touched the target with it. For some re-
searchers, these findings may seem to support a judgment-
based explanation rather than a perceptual one, given that
participants were consciously imagining an action (reaching
while imagining holding a tool) rather than performing an
action (such as reaching with the tool). However, we have
argued that these studies are consistent with a perceptual ex-
planation because prior research has shown that imagining an
action engages neural processes similar to those involved in
actually performing an action (Grézes & Decety, 2001), and it
was theorized that these processes are involved in predicting
the outcomes of the actions as they relate to perceived distance
(Witt & Proffitt, 2008). The critical experiment with a
disconfirmatory prediction was conducted next. Instead of
imagining a physically possible action, which would engage
motor-related processes (Grézes & Decety, 2001), participants
were instructed to imagine the physically impossible action
that their arms could extend all the way to each target (like
the characters Gumby or Inspector Gadget). In this case, par-
ticipants were still instructed to imagine that the target could
be reached, but now the mechanism no longer engaged motor-
related processes. In this experiment, those who imagined
their arm extending did not judge the targets to be closer than
did the group that reached without the tool. This provides a
uniquely disconfirmatory finding, because according to re-
sponse bias accounts, the targets should have been judged as
being closer because participants were told to imagine that
they could reach all the targets. Yet this still did not influence
the perceptual judgments. A potential alternative explanation
is that the participants in the no-tool-and-imagine conditions
reached to their full extent on each trial, and thus had to exert
more effort than did the participants in the tool condition.
However, we think it is unlikely that the small differences in
effort across such a short time interval would have been suf-
ficient to produce differences in perceived distance. Although
the exact amount has yet to be determined, there is an expec-
tation that the magnitude of a difference in required effort
must reach some critical threshold before any difference in
perception will be apparent.

In another study, participants reached with a long or a short
tool (Osiurak et al., 2012). The short tool did not impact the
perceiver’s ability to reach, and therefore was not theorized to
impact perception. As expected, the targets appeared closer
for participants who reached with the long tool than for par-
ticipants who reached with the short tool. The short tool could
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have impacted judgments, had these effects been driven by
response biases, but it did not, thereby providing another
disconfirmatory finding.

Another method to alter reachability has been to use
a virtual reality in which the person’s arm is rendered
within the environment (Linkenauger, Biilthoff, &
Mohler, 2015). The arm can be rendered to be longer
or shorter, thereby altering the reachability of objects
without changing the visual information that specifies
the distance to the object. When the arm is rendered
longer, and thus can reach farther, objects appear closer
than when the arm is rendered shorter. Critically, the
effect of arm length only alters the apparent distance
to targets when the arm is functional and participants
have experience moving the arm. Again, the null finding
when participants cannot control the arm provides a
uniquely disconfirmatory finding. This finding also rules
out potential low-level visual differences between the
two arm conditions, because the visual information was
similar across experiments, but the size of the arm only
impacted distance judgments when it was functional.

Pitfall #2: Perception versus judgment

An important technique for examining effects based on the
underlying perception versus judgments is to use indirect mea-
sures (Gogel, 1990; Loomis & Philbeck, 2008). Indirect mea-
sures allow for the measurement of one feature by asking
questions about another feature. For example, in the tool stud-
ies, perceived distance was assessed by asking participants to
make judgments about an object’s shape (Witt, 2011). The
target was a circle presented just beyond arm’s reach. Two
other circles were presented well within reach (and therefore
were theorized not to be influenced by wielding a tool, be-
cause they were already reachable). The three circles com-
prised a triangle (see Fig. 6). In one experiment, participants
estimated the shape of the triangle by adjusting the shape of a
comparison triangle presented on a nearby computer monitor.
In another experiment, participants adjusted the two base cir-
cles so that the triangle was equilateral. In both cases, partic-
ipants who intended to reach with a tool judged the triangle to

2 As is shown in Fig. 6, the head was not restrained, so visual angle was not
tightly controlled. Although participants made their perceptual judgments prior
to reaching, it is possible that the participants in one condition adopted a
different posture than did the participants in the other condition, and that these
differences in visual angle produced the differences in perceived shape. This
seems unlikely, especially in the experiment in which participants had to match
the triangle on the nearby monitor, given that participants had to look back and
forth repeatedly; thus, there was likely to be variability in viewing angle any-
way, making it unlikely that there would be consistent, systematic differences.
Nevertheless, this possibility could be tested directly. However, in other ex-
periments that have used similar visual matching tasks but that involved direct
estimates of distance (rather than shape), viewing angle has been controlled,
and this has not eliminated subsequent tool effects on estimated distance
(Bloesch et al., 2012; Costello et al., 2015).
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Fig. 6 Experimental setup for studies using perceived triangle shape as
an indirect measure of perceived distance. Participants estimate the shape
of the triangle and then reach to the far circle

be squatter or shorter than did participants who intended to
reach without the tool. The implication is that the reason the
triangle appeared squatter is that the target appeared to be
closer. In a follow-up experiment, the target circle was pre-
sented beyond arm’s reach, and three comparison circles were
presented within arm’s reach. Participants had to position the
two closer circles so that they comprised a line that was par-
allel to the line formed by the two far circles (one of which was
the target). If the target appeared closer when reaching with a
tool, that line should appear more horizontal. Indeed, partici-
pants who intended to reach with the tool positioned the near
line to be more horizontal than did the participants who
reached without the tool. Again, this indirect measure of per-
ceived parallelism suggests that the target appeared to be clos-
er. The use of indirect measures has been explicitly suggested
as a way to determine whether action influences perception or
judgment (Loomis & Philbeck, 2008). As I discussed earlier,
convergence between multiple measures is critical for deter-
mining that an effect is perceptual. In the case of the tool
effect, convergence has been documented across verbal esti-
mates, direct visual matching tasks, and several indirect visual
matching tasks. Thus, the evidence suggests a perceptual
effect.

Pitfall #3: Demand and response bias

Consider how response bias could account for the effect of
using a tool on the judged distance to an object. Participants
are asked to estimate distances to objects, then are given a tool
and asked to estimate again (or the order is reversed).
Participants often suspect that their responses should not be
the same across the various conditions (Poulton, 1979). The
use of the visual matching task helps subvert this concern,
because it is quite difficult to remember how the circles were
positioned during previous trials. In addition, several
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variations of the tool studies could easily have led to similar
response biases, but did not lead to effects on apparent dis-
tance. For example, when participants were explicitly
instructed to imagine that their arm could stretch and reach
to all targets (Witt & Proffitt, 2008), this was a good setup for a
response bias, because the participants were specifically told
to visualize the targets as being within reach. As another ex-
ample, when participants were given a short tool to use to
reach, this could have also led to a response bias to estimate
targets as being closer (Osiurak et al., 2012). In the experi-
ments comparing long and short tools, response bias was fur-
ther addressed, because participants were given a cover story
explaining why they were being asked to hold the tools; spe-
cifically, they were told that the tool was meant to standardize
hand and arm position across participants. Given the claim
that such cover stories should eliminate effects due to response
bias, the finding that targets were estimated as being closer
when reaching with the long tool, but not with the short tool or
in a no-tool condition, is evidence against a response bias
explanation for this particular effect. Additionally, in one ex-
periment the participants were asked to estimate the distance
to targets while holding or not holding the tool. They were
never asked to reach with the tool, but there was an obvious
difference between the two conditions in which they did or did
not hold the tool (Witt et al., 2005). Yet this obvious difference
did not suffice to produce differences in their judgments of
perceived distance. Only when participants used the tool to
reach did they estimate the targets as being closer. This also
provides yet another uniquely disconfirmatory finding. To
date, several studies have assessed perceived distance under
conditions that should have led to response biases, but did not,
suggesting that when effects have been found, they have not
been due to response bias.

Pitfall #4: Low-level differences

The tool was used to specifically change reaching potential
without changing the visual information. Thus, differences in
the visual information could not have produced these effects,
because there were no differences. A potential argument is
that the tool was visible in some conditions but not others.
However, neither visibility nor even the wielding the tool
was sufficient or necessary to produce a difference in percep-
tual reports of distance.

Pitfall #5: Attentional effects

Attention has never been explicitly examined within this par-
adigm, presumably because it is so unlikely that participants
would look anywhere other than the target itself. In addition, if
anticipated use of the tool does produce systematic changes in
attentional patterns, these changes would not be incidental to
the task, nor would they be incidental to perception itself.

From the perspective of understanding whether or not action
affects perceptual processes directly, research on attention in
the tool task needs to be conducted. But from the perspective
of whether action can influence perceptual experience, the role
of attention is relevant only for understanding whether the
effect is direct or indirect.

An important issue to appreciate is that for attention to be a
potential culprit in the tool effect, it must be the case that
attention can alter perceived distance. Some research has
shown that the fixation location can impact the perceived dis-
tance to targets within this range of distances, but this research
has been conducted in severely reduced-cue environments
(Gogel & Tietz, 1977). One should be cautious to generalize
findings from reduced-cue environments to the full-cue envi-
ronments used to assess action-specific effects, because many
perceptual phenomenon found in reduced-cue environments
are not found, or their effects are substantially diminished, in
full-cue environments (see, e.g., Ooi, Wu, & He, 2000).
Without empirical evidence to support a role for attention, this
pitfall is not a viable alternative explanation for the tool effect.

Pitfall #6: Perception versus memory

Participants always made their judgments of distance with the
target fully in view. In the case of the visual matching task,
both the target and the comparison circles were present, and
participants looked back and forth between the two extents.
Similarly, when they were asked to make the triangle equilat-
eral, participants would have looked at the target throughout
the task. Thus, effects within memory cannot account for these
particular action-specific effects.

Summary

When a person attempts to reach to an object, the object ap-
pears closer when it can be reached than when it cannot be
reached. Experiments have examined this effect by including
a reach-extending tool, so that the targets are in the same
position and only reachability is manipulated. In evaluating
the evidence for this effect within the framework of the six
potential pitfalls, the conclusion is that the effect is a genuine
top-down effect of action potential on distance perception.

Case Study 3: Ability to grasp an object affects
perceived size

Just as reachability affects the perceived distance to objects,
graspability affects the perception of their size. Altering
graspability is not as straightforward as giving perceivers a
tool to extend their reach. Instead, various manipulations have
been used to alter apparent hand size instead. One such ma-
nipulation is to place both the hand and the target object under
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a magnifying (or minifying) lens (Linkenauger et al., 2010).
Another manipulation has been to differentially render appar-
ent hand size by using virtual reality (see Fig. 7; Linkenauger,
Leyrer, Biilthoff, & Mohler, 2013). In both cases, perceivers
estimated object size using a verbal report or a visual matching
task (other techniques are described below). For the verbal
report, perceivers were given a scale on which 1 corresponded
to the size of a pea and 10 corresponded to the size of a
basketball. For the visual matching tasks, perceivers viewed
two circles on a nearby computer monitor and adjusted the
width between the circles to match the width of the target
object. The key finding has been that when the hand appears
bigger (and thus more capable of grasping larger objects), the
target object appears smaller. Several variations of the exper-
iment have tested the six potential pitfalls.

Pitfall #1: Uniquely disconfirmatory predictions

If an object is so big that it could not possibly be grasped, it
would not make sense for the object to look different depend-
ing on the perceiver’s hand size. This provides a unique
disconfirmatory prediction: Objects too big to be grasped
should not look different when the hand appears to be bigger
or smaller. The data match this prediction: Hand size impacted
the apparent size of objects that could be grasped, but not of
objects too big to be grasped (Linkenauger, Witt, & Proffitt,
2011).

Pitfall #2: Perception versus judgment

To assess whether differences in hand size led to differences in
perceived object size or simply to differences in judgments of
object size, Linkenauger and colleagues (2013) used the indi-
rect measure of perceived shape instead of perceived size.
Participants had to indicate whether the shape of a rectangular

block was longer or wider prior to grasping the block. The
experiment was conducted in virtual reality, and hand size was
manipulated by rendering the hand to be larger or smaller than
its regular size. Critically, only the width of the hand was
manipulated, not its length. This manipulation was expected
to impact the perceived object width, but not the perceived
object height. Thus, the dependent measure of aspect ratio
(rectangle as taller vs. wider) could be used to assess perceived
width in particular. When the hand was rendered to be wider,
participants judged the shape of the block to be taller than
when the hand was rendered to be narrower.

One might argue that aspect ratio in this study was so
closely related to object width and that participants were not
specifically asked about shape, so perhaps this measure was
not truly indirect. However, in another study, the researchers
used the perceived weight of the object as an indirect measure
of'its perceived size (Linkenauger, Mohler, & Proffitt, 2011).
Estimated object weight is influenced by perception of the
object’s size, as is revealed by the size—weight illusion. In this
illusion, objects that are physically larger feel as if they weigh
less than similarly weighted but smaller comparison objects. If
object size is genuinely perceived to be bigger when the hand
is rendered to be smaller, the object should also feel lighter.
The data confirmed this prediction. Thus, both direct and in-
direct measures of object size converge on the same pattern,
which provides support for perception as the common under-
lying process.

Pitfall #3: Demand and response bias

Many findings have addressed the issue of whether these ef-
fects are due to demand characteristics or response bias. These
include the finding that changes in apparent hand size only
impact the perception of graspable objects, but not of objects
too big to be grasped. One technique was to examine whether

Fig. 7 Virtual reality setup used to manipulate apparent hand size (left).
The other panels show participants’ views when the hand is rendered as
large (top middle), medium (top right), and small (bottom right). From
Fig. 1 of “Welcome to Wonderland: The Influence of the Size and Shape
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effects on apparent size were also found when the hand was
not under the control of the perceiver. This was done by ma-
nipulating the size of another person’s hands rather than the
participant’s own hands, or by dissociating the participant’s
virtual and physical hands by not using motion tracking to
track the real hands’ motion (Linkenauger et al., 2013;
Linkenauger et al., 2010). In these cases, the size of the virtual
hand had no impact on the apparent object size. These results
provide evidence against a response bias account, because the
two conditions (large vs. small virtual hand) would have cre-
ated a similar response bias in all cases. By showing that the
mere rendering of a hand as big or small does not impact the
apparent object size, the data effectively rule out a response
bias account.

Pitfall #4: Low-level differences

A similar argument can be made against an explanation based
on low-level visual differences. Low-level visual differences
are of utmost concern in these grasping studies, because visual
differences in hand size are key to obtaining these effects.
Indeed, an intuitively appealing explanation could be that
these effects are merely due to cues related to familiar size
or to contrast effects. When the familiar object of the hand
or a nearby object is larger, target objects look smaller, and
vice versa. Such a mechanism could even explain why effects
are not found for larger objects, given that the contrast effect
would be reduced for the visually-large hand condition (al-
though corresponding contrast effects would be increased for
the visually-small hand condition). However, by showing that
the same visual information does not lead to similar effects
under certain conditions (such as when the hand is not one’s
own or not under one’s control), these results help eliminate an
explanation based on familiar size or contrast effects in partic-
ular, and low-level differences in general. However, it is pos-
sible that these effects could be due to a combination of low-
level differences and attentional effects (see below), which
certainly warrants further testing.

Pitfall #5: Attentional effects

Attention is a plausible explanation for this particular action-
specific effect, because prior research has documented effects
of attention on size perception (Newsome, 1972). As far as [
know, attention has not been directly explored as a critical
factor with respect to grasping and perceived object size.
Attention is of particular concern because one might also
question whether there were differences in the allocation of
attention when the virtual hands could versus could not be
controlled, and if so, whether these differences in attention
led to the different patterns of results across experiments.
However, in a similar paradigm in which the entire virtual
body was rendered to be large or small, attention did not

explain the effect of virtual body size on perceived object size
(van der Hoort & Ehrsson, 2014; van der Hoort, Guterstam, &
Ehrsson, 2011). Participants laid down and saw a virtual body
positioned in the same way as their own. The body, however,
was rendered to be either twice as big or half as big as their
own body size. A virtual box was positioned nearby, and par-
ticipants had to judge the size of the box. The box was judged
to be smaller when the body was rendered bigger than when
the body was rendered smaller. In a follow-up experiment to
test the role of attention, participants fixated on a central loca-
tion while an object was placed near their virtual body. If
attention was responsible for these effects, equating attention
across body size renderings should have eliminated, or at least
reduced, the effect of body size on apparent object size.
Instead, the effect was just as big as when fixation was not
maintained (van der Hoort & Ehrsson, 2014). Generalizing
these results to the grasping study suggests that the influence
of grasping on perceived size is not driven by attention.
However, more direct studies would be useful. As I stated
before, assessing the role of attention is critical for challenging
claims related to modularity (Firestone & Scholl, in press-a),
but not for claims related to perceptual experience (Philbeck &
Witt, 2015).

Pitfall #6: Perception versus memory

Most judgments were made while the object was within view,
making it unlikely that memory-based effects could explain
these results.

Summary

Graspable objects look smaller when the hand appears bigger.
These studies rely on magnification lenses or virtual reality to
alter hand size, but low-level visual differences cannot ac-
count for these effects. Indeed, none of the six pitfalls can
account for this effect.

Visual information takes the form of angles—for instance,
angular size or disparities between the two eyes, which is also
angular. These angles must be transformed by something oth-
er than visual information. Proffitt and Linkenauger (2013)
proposed that the body provides the ruler necessary to scale
angles into the units that perceivers experience. Their proposal
differs from similar proposals because they argued that a//
visual angles are scaled by the body. Others have proposed a
role of eye height (determined by the size and position of the
body) as a way to scale the angles specifying the distance to
objects, the height of objects, and the width of apertures
(Sedgwick, 1986; Warren & Whang, 1987; Wraga, 1999).
Proffitt and Linkenauger (2013) proposed that other parts of
the body can also be used to scale visual angles. Their propos-
al has primarily driven their research on hand size and per-
ceived object size, but they argue that this mechanism could

@ Springer



1014

Psychon Bull Rev (2017) 24:999-1021

account for all action-specific effects. Regardless of the mech-
anism, the results relating hand and object size provide yet
another example of a genuine top-down effect of action on
perception.

Case Study 4: Anticipated energy required to walk
affects perceived distance

The final case study involves the influence of the anticipated
energetics required to walk to a target on the perceived dis-
tance to the target. As with all of the case studies, multiple
variations of the basic finding have been explored. In one of
the original studies, energy was manipulated by having par-
ticipants wear a backpack and then estimate the distance to
targets (Proffitt et al., 2003). This backpack manipulation can
be problematic, given that the necessary energy to walk such a
short distance (typically 4-8 m) is not much different with and
without the backpack. This lack of a difference in physical
demands, which is unlikely to produce robust effects in per-
ception, could account for the issues with replicating this par-
ticular finding (Hutchinson & Loomis, 2006; Woods et al.,
2009; see Philbeck & Witt, 2015, for further discussion).
Other variations also support the claim that energetic demands
influence perceived distance, although I am unaware of any
attempts to replicate these findings, and thus they cannot
speak to this important issue. These include an effect of wear-
ing ankle weights on estimated gap length (Lessard,
Linkenauger, & Proffitt, 2009), effects of body weight on
estimated distance (Sugovic et al., 2016) and estimated slant
(Taylor-Covill & Eves, 2016), and an effect on estimated dis-
tance of presenting targets uphill versus on flat ground
(Stefanucci, Proffitt, Banton, & Epstein, 2005). We have be-
gun exploring the latter effect and have found it to be quite
robust, but these studies have not yet been vetted by peer
review (Tenhundfeld & Witt, Manuscript under review).
However, one paradigm has been replicated a number of
times and has shown repeated effects of anticipated energetic
costs on estimated distance. These studies used a treadmill to
recalibrate anticipated walking effort (Proffitt et al., 2003;
White, Shockley, & Riley, 2013; Witt et al., 2004; Witt,
Proffitt, & Epstein, 2010). Participants walked on a treadmill
for approximately 3—5 min. During this time, participants
recalibrated the relationship between forward walking effort
and perceived optic flow (Rieser, Pick, Ashmead, & Garing,
1995). For example, on a regular treadmill, forward walking
energy is paired with zero optic flow, so perceivers adapt to
the relationship that it takes a lot of effort to go nowhere. Other
novel pairings between walking energy and optic flow can be
created by using virtual environments (Proffitt et al., 2003;
White etal., 2013). Novel pairings can also be created through
the clever technique of placing the treadmill on top of a trailer
that is being pulled by a tractor (Rieser et al., 1995). This also
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allows for a complete dissociation between walking speed
(determined by the treadmill speed) and optic flow rate (de-
termined by the tractor speed).

By altering the pairing of walking speed and the speed of
optic flow, the experience produces a visuomotor adaptation to
the new pairing, which results in perceivers anticipating different
perceptual outcomes when they walk. For example, after adap-
tation to optic flow that is too fast, perceivers anticipate more
forward movement when they walk, which results in them not
walking far enough when they attempt to close their eyes and
blindwalk to targets (Rieser et al., 1995). Conversely, when they
adapt to optic flow that is too slow, they anticipate more forward
movement when they walk, and ultimately walk too far.
Similarly, after adapting to optic flow that is too slow, when
attempting to walk in place (i.e., with no forward movement),
participants end up drifting forward by half a meter.
Recalibration to the relationship between walking speed and op-
tic flow speed occurs after just a few minutes of exposure and
predicts the outcomes of subsequent actions, including walking,
throwing, and kicking (Bruggeman, Pick, & Rieser, 2005;
Bruggeman & Warren, 2010; Bruggeman, Zosh, & Warren,
2007; Rieser et al., 1995).

What is additionally remarkable is that this visuomotor
adaptation not only impacts subsequent actions, but also sub-
sequent estimates of perceived distance. In the first treadmill
experiments designed to assess perceived distance (Proffitt
et al., 2003), participants verbally estimated the distances to
three targets (6, 8, and 10 m away), then walked on a treadmill
while viewing a virtual environment that was stationary (0
mph) or was moving at the same speed as the treadmill (3
mph). Afterward, participants were blindfolded and led back
to the hallway for one final distance estimate to a target placed
8 m away. The final estimate was divided by the preadaptation
estimate to compute a ratio score. Participants in the 0-mph
optic flow condition had a higher ratio score than did partici-
pants in the 3-mph optic flow condition. This suggests that
targets appeared farther away for those who recalibrated to the
new relationship between walking energy and distance
traversed.

Pitfall #1: Uniquely disconfirmatory predictions

Early on it was discovered that action-specific effects could be
modulated by the perceiver’s intention to act (Witt et al.,
2004). Effort for walking influenced perceptual judgments
of distance for perceivers who intended to walk, but not for
perceivers who intended to throw. In one study, participants
verbally estimated the distance to targets placed at 6, 8, and
10 m. After each estimate, one group of participants closed
their eyes and threw a beanbag to the target. Another group
closed their eyes and walked to the target. Thus, one group
viewed the targets with the intention to throw, and another
group with the intention to walk. Both groups then walked
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on a treadmill. Virtual reality was not used, so all participants
experienced forward walking effort paired with zero optic
flow. After recalibrating to this new relationship, participants
viewed a test target (at 8 m), verbally estimated its distance,
and performed the same action that they had prior to walking
on the treadmill. As before, ratio scores were calculated. The
group that intended to blindwalk estimated the targets to be far-
ther away after the treadmill adaptation than did the group that
intended to throw. In other words, the recalibrating effort for
walking influenced the perceived distance for those who
intended to walk, but not for those who intended to throw. The
lack of an effect of the treadmill on participants who intended to
throw serves as a uniquely disconfirmatory finding. Walking on a
treadmill does not always lead to increases in estimated distance;
instead, the effect depends on the perceiver’s intention to act.

Although this is one piece of evidence for a uniquely
disconfirmatory prediction, the paradigm is well suited to be ap-
plied to the El Greco suggestion (Firestone & Scholl, 2014). The
El Greco suggestion is to use the a visual matching task that in
which the target and matching objects would be equally likely to
be affected by a perceptual effect as the target object. If the effect is
perceptual, the effect it should be of a similar magnitudes on both
the target and the matched objects, thereby canceling out the effect
and producing a null (uniquely disconfirmatory) finding. If the
effect is due to a non-perceptual effects cause, such as response
bias, the effecit should still emerge as significant. In the case of the
treadmill studies, after walking on a treadmill, participants could
adjust the position of one cone to match the distance to a target
cone presented in an opposite direction. Any effect of the treadmill
on the perceived distance to the target cone should also affect the
perceived distance to the comparison cone, thus resulting in the
predicted null effect. If, instead, participants positioned the com-
parison cone to be farther away, this would be evidence against a
perceptual effect. In doing such a study, it would be important to
counterbalance the positions of the target and comparison cones,
due to context effects (Lappin, Shelton, & Rieser, 2006; Witt et al.,
2007), and it would also be important to counterbalance the
starting position of the comparison cone as near versus far (Witt
et al., 2004). In addition, it might also be useful to control for
intention: If participants were to view only the target cone with
the intention to walk, it is possible that the treadmill manipulation
could impact the perceived distance to the target but not to the
comparison cone. In this case, the data could not be used to sep-
arate an El Greco account from a perceptual account. A simple fix
would be to instruct participants that they would blindwalk to one
of the two cones, and the cone would be indicated after they had
closed their eyes. Such instructions would help ensure that partic-
ipants viewed both cones with the intention to walk.

Pitfall #2: Perception versus judgment

As was stated earlier, the technique valued most by the literature
on distance perception for separating perception from judgment

is the use of converging measures (Foley, 1977; Gogel, 1990;
Loomis & Philbeck, 2008; Philbeck & Loomis, 1997). Thus, to
address the issue of whether walking energy impacts perceived
distance, or merely judgments of distance, studies have been run
using either verbal estimates (Proffitt et al., 2003; Witt et al.,
2004) or measures for which no explicit judgment is made.
Instead, participants estimate distance by reproducing the dis-
tance by blindwalking to the target (White et al., 2013; Witt,
Proffitt, & Epstein, 2010).

In the first experiment to manipulate the intention and antic-
ipated effort for walking, participants verbally estimated the dis-
tance to the targets, and the researchers found that those who
intended to walk estimated the targets as being farther away than
those who intended to throw (Witt et al., 2004). In a variation of
this experiment, participants were again divided into those who
intended to throw and those who intended to walk (Witt, Proffitt,
& Epstein, 2010). Participants were given instructions about
which action they would perform, walked on a treadmill with
0-mph optic flow, and then viewed a target placed 8 m away (see
Fig. 8). When ready, all participants donned a blindfold as they
readied themselves to perform the assigned action of
blindwalking or blind throwing. At this point, we instructed those
who had intended to throw that they should walk to the target
instead. They were not given a second opportunity to view the
target. We measured the blindwalked distance as the estimate of
perceived distance. Note that all participants experienced walk-
ing on the treadmill with zero optic flow and all participants
blindwalked to the target, and that the only difference was their
intention at the time they viewed the target. The group that had
intended to walk blindwalked farther than did those who
intended to throw. Importantly, these group differences were
not found when the treadmill manipulation was not used, verify-
ing that the group differences were not due to a change in the
intended action for one group and not the other. Instead, the
differences in blindwalked distance reflect differences in the per-
ceived distance to the target. This demonstrates the action-
specific effect of anticipated effort on perceived distance across
converging measures.

In another study, participants received one of three tread-
mill manipulations: walking speed increased, optic flow de-
creased, or grade of incline increased (or vice versa, for each).
Participants then had to reproduce the perceived distance by
walking that same extent as the target distance (White et al.,
2013). When the energy required to walk increased, partici-
pants walked farther than when the energy to walk decreased.
Again, differences in perceived distance were revealed using
blindwalking. This study also suggests that because all three
ways of manipulating energy were equivalent in their effects
on apparent distance, a single underlying factor specified the
energy. White et al. termed this variable the multimodally
specified energy expenditure. Their results suggest that per-
ceivers can detect and use this variable when perceiving
distance.
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Fig. 8 Overview of visual information (in boxes) and intention (in
italics) over the course of the experiment (timeline on the bottom) for a
group of participants who intend to walk (walkers) and a group who
intend to throw (throwers). Note that the visual information is the same

Pitfall #3: Demand and response bias

The treadmill manipulation is particularly useful, because it is
not obvious that objects should appear farther after walking on
a treadmill. We recently conducted a survey of 47 participants
and asked whether walking on a treadmill should make targets
look closer, farther, or not impact their perception of distance.”
Only 13 (28 %) correctly stated farther, 12 (25 %) stated no
impact, and 22 (47 %) indicated the opposite prediction, that
the targets should appear closer (Witt & Tenhundfeld,
Manuscript in preparation). That so few people guessed cor-
rectly, and that many more guessed the opposite prediction,
strongly suggests that response bias is unlikely to account for
these results (and might even reduce the true size of the per-
ceptual effect). Moreover, the studies on intention also speak
against a response bias explanation, because both groups of
participants had the same treadmill experience. Had partici-
pants felt pressure to respond that the targets appeared farther
after walking on a treadmill, both groups should have estimat-
ed the distances as being farther, because both groups had
walked on the treadmill. Had participants felt pressure to re-
spond that the targets appeared farther away when they
intended to walk than when they intended to throw, we would
not have found increased estimates of distance for those who
intended to throw after throwing a heavy ball, as compared
with those who intended to walk after throwing the heavy ball
(Witt et al., 2004). The subtle nuances involved in the inter-
action between effort and intention are unlikely to be ex-
plained using a response bias account, yet they are predicted
by the action-specific account.

Pitfall #4: Low-level differences

In the case of the experiments in which intention to act, rather than
optic flow, was manipulated, the visual information at the time that
the judgments were made (or at the time the target was viewed
prior to blindwalking) was always the same across conditions in all

3 Participants were given a description of the experiment and four response
options: closer, farther, no impact, or other, with the opportunity to write in a
response (which no one did).
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for both groups and that during the time that each group views the target,
the only aspect that differs is their intention to act. Both groups blindwalk
to the target, and their blindwalking distance is taken as a measure of the
perceived distance (details are from Witt et al., 2010)

experiments (see Fig. 8). This fact thereby rules out this potential
pitfall. It is possible that adaptation to the treadmill led to differ-
ences in processing of the visual information, but these differences
would be consistent across both intention conditions, and thus
cannot account for the differences in the estimated or blindwalked
distance between people who intended to throw and those who
intended to walk (Witt et al., 2004; Witt, Proffitt, & Epstein, 2010).

Pitfall #5: Attentional effects

Attention has not been specifically addressed with respect to en-
ergetics and perceived distance. Perhaps people attend to the tar-
get differently when they anticipate walking versus throwing, or
perhaps they attend differently when they anticipate that walking
will be harder than when it will be easier. In the former case
attention seems unlikely to be the critical factor, given that we
have demonstrated a double dissociation, with intention only in-
creasing estimated distance when effort is also manipulated (Witt
et al., 2004; Witt, Proffitt, & Epstein, 2010). In the latter case
attention is a possible explanation, given that it has not been
formally measured in this context. However, previous research
suggests that attention is unlikely to impact perceived distance
in a similar range. Philbeck (2000) manipulated attention by
allowing only a single fixation to a specific distance on each trial
(which sometimes corresponded to the target distance and at other
times corresponded to nontarget distances), or by allowing free
viewing. He found no differences in estimated distance (via a
blindwalking task) to fixated target distances, nonfixated dis-
tances, and distances viewed without constraints on fixations.
Given that such strong manipulations of fixation (forced single
fixation to a location 1-2 m away vs. forced single fixation to the
target vs. unconstrained fixations) produced no differences in es-
timated distances, it is unlikely that any differences in attention
caused by effort manipulations could have led to the 1-m effects
observed in the action-specific studies.

Pitfall #6: Perception versus memory

It is somewhat surprising that the measure of blindwalking is
taken as a compelling measure of perception, given that the
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perceiver’s eyes are closed. Perhaps this raises the concern that
studies involving blindwalking tasks tapped into effects on mem-
ory rather than perception. However, blindwalking has always
been considered to be a perceptual measure, in part because it is
one of the most accurate measures of perceived distance (Loomis
et al., 1992). Furthermore, studies using verbal reports have re-
vealed the same patterns as with blindwalking, and the target is
clearly within view during verbal judgments of distance. Perhaps
action-specific effects could be further exaggerated in memory,
but both types of studies have revealed similar magnitudes of
effects, which is inconsistent with the idea of increased effects
in memory.

Summary

The anticipated energetic costs associated with walking influ-
ence the perceived distance to targets. In many studies, a tread-
mill manipulation was used to manipulate the anticipated ef-
fort for walking, because the treadmill leads to a recalibration
between forward walking energy and the anticipated percep-
tual outcome (Rieser et al., 1995). After walking on a tread-
mill, perceivers see targets to be farther away, as assessed with
the converging measures of verbal estimates and blindwalking
(Proffitt et al., 2003; White et al., 2013; Witt et al., 2010).

Rejecting modularity while keeping cognitive
impenetrability

The data show that a person’s ability to act—including blocking,
reaching, grasping, and walking—influences spatial perception.
In the case of blocking, the first case study above decisively
rejects the claim that it exerts no top-down effects on perception
(cf. Firestone & Scholl, in press-a). In the case of grasping and
walking, both direct and indirect evidence also provide compel-
ling cases for top-down effects on perception. In the case of
reaching, empirical evidence is still needed for the attention-
related pitfall, since all other pitfalls have been addressed.
Nevertheless, sufficient evidence has been presented to assert
that top-down influences can influence spatial perception.

The claim that top-down factors can influence spatial per-
ception depends on the definition of top-down. A strict defi-
nition would be that any effect not based on visual information
is an example of a top-down effect. Firestone and Scholl (in
press-a) already rejected this definition through their accep-
tance of crossmodal effects and their acceptance of the role of
natural constraints.

A narrower definition of top-down effects could be those based
on cognitive knowledge. In this case, a top-down effect would
require that the perceiver’s explicit knowledge about a particular
thing influence perception. According to this definition, action-
specific effects would not qualify as top-down effects, because
action-specific effects are based on motor, not cognitive,

processes (Sugovic et al., 2016; Taylor-Covill & Eves, 2016;
Witt & Dorsch, 2009; Witt et al., 2008; Witt & Proffitt, 2008;
Witt et al., 2014). Thus, one can accept action-specific effects as
being perceptual without having to reject the idea that spatial
perception is immune to cognitive influence. In other words,
action-specific effects discredit the idea of modularity and its
claim that action is not able to influence perception. But action-
specific effects do not challenge the idea that perception is cogni-
tively impenetrable.

It might seem that arguing for a role of intention as being
critical is also arguing for a role for cognition, given that
intention and cognition seem related. However, [ have never
argued that intention impacts perception directly. Rather, in-
tention plays the role of selector, in that it selects the informa-
tion about action that is relevant at any given time. Thus, the
role of intention is indirect. A good analogy is that intention is
similar to attention as it was discussed by Firestone and Scholl
(in press-a); both can impact perceptual experience, but nei-
ther does so by directly influencing or informing perceptual
processes. Rather, they change the information that is proc-
essed by perception.

It is important to state that providing these four case studies
does not mean that these are the only genuine action-specific
effects. Many other effects are likely to be genuine, but they
do not yet have a sufficient quantity of systematic research
that can address all six pitfalls. For example, the relationship
between athletic performance and perceived size has been
documented in myriad sports. Several pitfalls have been ex-
amined, such as accounting for memory-based effects (Witt
etal., 2008), low-level differences (Witt & Dorsch, 2009), and
attention (Gray et al., 2014). But other pitfalls still need to be
explored. As another example, the influence of the energetic
demands of ascending a hill or a staircase on estimated slant
has been explored with respect to response bias (Bhalla &
Proffitt, 1999; Taylor-Covill & Eves, 2013, 2014, 2016); the
pitfalls related to low-level differences and memory are irrel-
evant, given the nature of the tasks, but the other pitfalls have
yet to be explored. The six-pitfall framework provides direc-
tion for filling gaps in the literature, and surely more effects
than these four case studies will be discovered and properly
evaluated.

Some scholars still cling to the idea that the mind is mod-
ular (Firestone & Scholl, in press-a; Pylyshyn, 2003).
However, an increasing number of scientists have come to
understand that perceptual processes are inherently linked to
action. Action—perception relationships have been demon-
strated in a wide number of research fields, including the per-
ception of biological motion (e.g., Grosjean, Shiffrar, &
Knoblich, 2007; Shiffrar & Freyd, 1990; for a review, see
van der Wel, Sebanz, & Knoblich, 2013), the visual selection
and organization of information (Bekkering & Neggers, 2002;
Cosman & Vecera, 2010; Guetteling, Kenemans, & Neggers,
2011; Huffman, Gozli, Welsh, & Pratt, 2015; Thomas, 2015),
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the perception of features, objects, and tools (Hommel,
Miisseler, Aschersleben, & Prinz, 2001; Miisseler &
Hommel, 1997; Symes, Tucker, Ellis, Vainio, & Ottoboni,
2008; Witt, Kemmerer, Linkenauger, & Culham, 2010), and
auditory perception (Repp & Knoblich, 2007; Schutz &
Lipscomb, 2007). The action-specific account of perception
demonstrates yet another relationship: that a person’s ability to
perform an intended action influences spatial perception itself.
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