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SUMMARY

When vision is restricted, proprioceptive distance cues fully restore size constancy for scaling grip aperture 

when grasping objects, despite only limited improvement in perceptual judgments of object size. This sug

gests that specific task demands and associated neural mechanisms determine the relative weighting of 

cues during multisensory integration. Is this specific to proprioceptive cues? Here, we examined the contri

bution of auditory information to perception and action systems under restricted viewing conditions. Surpris

ingly, in contrast to proprioception, providing auditory distance information had no impact whatsoever on 

size constancy in grasping but did improve perceptual judgments of size. After participants received exten

sive training in discriminating distance from auditory cues, there was a modest improvement in grip scaling. 

Taken together, we suggest that the neural mechanisms mediating grasping cannot incorporate distance in

formation from audition as easily as they can from proprioception when computing real-world object size, but 

this ability can be improved with training.

INTRODUCTION

Although vision is our dominant sense for perceiving and acting 

on objects beyond our body, there are cases where vision is ab

sent or limited and we must rely on other sensory information. 

For example, if you want to pick up a bottle of pop that has fallen 

on the floor in a dark movie theater, you might use your hands to 

feel around the area where you heard it fall. In other words, sound 

and touch can be useful cues for locating objects in darkness.1,2

There are other situations where your vision of a goal object 

might be partly obscured, reducing the reliability of visual dis

tance cues. For example, you might be using your left hand to 

hold the bottle while watching the movie and using your right 

hand to unscrew the lid. Here, proprioceptive information about 

the posture of your left hand provides information about the loca

tion of the bottle.3–5 To generate coherent distance and location 

information in these and other scenarios, we must integrate cues 

from different sensory systems. It has been suggested that the 

weighting of each modality in multisensory integration depends 

on the reliability of the spatial information provided by that sen

sory modality.6–8

Distance cues from visual, auditory, and proprioceptive mo

dalities not only provide spatial information, but they can also in

fluence the computation of object size for both perception and 

action. One classic example of this kind of integration is size con

stancy, whereby people integrate the distance information from 

multiple modalities to compensate for the changes in retinal 

size9,10 so that objects in the world appear to be the same size 

regardless of viewing distance (size constancy for percep

tion11–13). Similarly, when we reach out to grasp an object in 

near space, our grip aperture is tuned to the real size of the 

goal object regardless of its distance (size constancy for 

grasping14,15) when there is rich distance information. A long his

tory of research, however, suggests that the visual perception of 

objects and the visual control of actions directed at those objects 

depend on different computations and are mediated by different 
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neural pathways (i.e., the Two Visual Streams theory).16,17 Thus, 

it is entirely possible that cues from different modalities that 

contribute to size constancy in perception are weighted differ

ently from those contributing to size constancy in grasping.18

Several years ago, we tested this possibility by having partic

ipants use their left hand to hold a pedestal on which a glowing 

sphere was mounted while they reached out and grasped the 

sphere with their right hand. The pedestal was placed randomly 

at different distances and the size of the glowing ball was varied 

randomly from trial to trial. Participants viewed the glowing 

sphere in complete darkness through a 1-mm hole using only 

one eye, which almost completely eliminated any visual cues 

to distance.15 We found, however, that proprioceptive informa

tion from their left hand about the location of the pedestal in 

near space completely restored size constancy for grasping 

but only moderately improved size constancy for perceptual 

judgments of size. This finding not only provides compelling ev

idence for the two visual streams theory,19 but also challenged 

the previous theory that the weighting of each modality in multi

sensory integration was determined by the reliability of the sen

sory information itself.6–8 Instead, this finding supports our 

conjecture that the weighting of sensory signals in multisensory 

integration depends not only on the reliability of the information 

itself,6,8 but also on the task, and thus the ‘‘consumer’’ of that in

formation (i.e., the action system or the perceptual system).

It remains unclear, however, whether the influence of the task 

on the weighting of different sensory cues in this context is spe

cific to proprioception, or whether the contribution of other sen

sory distance cues, or even semantic information about dis

tance, could also vary as a function of the task (i.e., the 

consumer system). In a recent study,20 we looked at the contri

bution of semantic information to size constancy (by having par

ticipants listen via headphones to verbal information about the 

distance of the target object) in a paradigm similar to the one 

we had used to investigate proprioception.15 In this case, we 

found that knowing the distance of the target object provided 

only a modest improvement in size constancy for both percep

tual judgments and grasping. Semantic information, it seems, 

is not a particularly effective way to improve size constancy in 

either perception or action when visual distance cues are 

severely limited. Indeed, the contribution of semantic information 

about distance is more likely to reflect the operation of 

explicit cognitive processes rather than multisensory integration 

mechanisms.

When visual cues to distance are limited or absent, it is 

possible that the sound emitted by a goal object could be used 

to compute the location of that object in near space, which could 

then be integrated with information about retinal image size to 

determine the real-world size of the object. Even so, given that 

auditory and visual integration is required constantly for things 

like speech perception but not nearly so often for our physical in

teractions with the world, we hypothesized that auditory dis

tance information might contribute more to perceptual estima

tion of size than it would to the control of grasping. To test this, 

we adopted the same paradigm used in the previous two exper

iments,15,20 but provided an auditory distance cue instead. In 

experiment 1, a burst of white noise was played from a speaker 

attached to a pedestal at the same time as a glowing sphere 

became visible through a pinhole (i.e., simultaneous presenta

tion). We found that when auditory distance information was pro

vided, there was a modest improvement in size constancy in 

perceptual judgments. In contrast, the provision of simultaneous 

auditory distance information had no impact on size constancy in 

grip aperture when people reached out to grasp the sphere. This 

result again suggests that the weighting of sensory signals in 

multisensory integration depends on the task, but this result is 

the opposite of what we previously observed with propriocep

tion, which fully restored size constancy for grasping but not 

for perception.15

One possibility for the above finding is that although partici

pants were not able to incorporate auditory cues simultaneously 

presented with the visual object for grip scaling, they might be 

able to do so if they were given more time to process the auditory 

distance cue. Therefore, in experiment 2, the visual stimulus was 

presented only after the auditory cue was presented. Partici

pants once again showed a modest improvement in perceptual 

judgments, but there was no evidence of size constancy in their 

grasping, which confirmed that the grasping system cannot 

incorporate distance information when computing real-world 

object size.

Another possibility is that the absence of size constancy in 

grasping could have simply reflected the fact that participants 

had only limited experience with the auditory cue during grasping 

even though it was common to integrate auditory distance cue with 

the retinal image size during perception. Therefore, in experiment 

3, we provided participants with several days of training using the 

auditory cue to see if we could improve their ability to discriminate 

between the different distances signaled by the auditory cue. 

Following training, participants now showed a significant improve

ment in size constancy in both the perceptual estimation and 

grasping tasks, similar to the modest contribution of semantic dis

tance cues to both perception and grasping.20

At the end of the study, we compared the pattern of results we 

had obtained with auditory cues to those we had previously 

observed with proprioceptive15 and semantic20 cues with the 

aim of providing a synthesis of the contribution of various cues 

to the perception and action systems.

RESULTS

Setup and design of the size constancy test

To measure size constancy, spheres of two sizes (small: 2.5 cm, 

large: 5 cm in diameter) were placed at two distances (near: 

20 cm, far: 40 cm). The near-small and far-large stimuli gener

ated the same image size on the retina (∼7◦ of visual angle) 

(Figure 1A). To increase the variability of size and distance infor

mation and to enhance participant engagement, we included 

three additional spheres (1.25 cm, 3.75 cm, and 6.25 cm in diam

eter) and a third distance (30 cm; Figure 1B). However, only four 

conditions were considered as critical for the analysis of size 

constancy (i.e., spheres with a diameter of 2.5 cm or 5 cm placed 

at 20 cm or 40 cm, see Figure 1A). Theoretically, when perfect 

size constancy is maintained for both perception and action, 

the target will be perceived as the same size and grasped with 

the same maximum grip aperture (MGA), regardless of viewing 

distance15,20 (Figure 1C, Perfect). When visual information 
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about distance is limited, size constancy is disrupted, leading 

participants to rely more on retinal-image size for both percep

tion and grasping. As a result, when an object is presented close 

to the observer, it will be perceived as larger and grasped with a 

larger grip aperture than when the same object is presented 

further away (Figure 1C, Disrupted). This was confirmed in our 

previous studies showing that, when distance information was 

largely compromised in the restricted-viewing condition, size 

constancy for both perception and action was disrupted.15,20

Here, we tested whether providing auditory distance cues can 

contribute to size constancy mechanisms and if the contribution 

of the auditory signals can change as a function of the consumer 

system, namely perception vs. action systems. To put it simply, 

we tested whether or not the gap in manual estimates (MEs) and/ 

or grip apertures between near and far distances would be 

reduced with the addition of auditory distance cues (Figure 1C, 

partially restored).

Participants performed the size constancy test under three dis

tance-cue conditions: (1) full viewing (Full), (2) restricted viewing 

without auditory distance cues (Restricted-noA), and (3) restricted 

viewing with auditory distance cues (Restricted-withA) (Figure 1D). 

The target spheres were placed on a black pedestal, which was 

moved to different distances from the observer. In the Full condi

tion, participants viewed the target binocularly with the room lights 

on. In the Restricted-noA condition, participants viewed the glow

ing target sphere monocularly through a 1 mm hole entirely in the 

dark. In the Restricted-withA condition, a burst of white noise 

was played through a speaker mounted in a hole in the rod of the 

Figure 1. Setup and design of the size constancy test 

(A) To measure size constancy, two sizes and two distances were used. The near-small and far-large glowing spheres had the same retinal size. 

(B) The layout on the table. The stimulus positions were aligned with the right eye of the participants, so that in addition to the intensity level, they could also use 

interaural intensity and time differences as cues to judge the distance of the stimulus. In addition to the near (20 cm) and far (40 cm) distances, a third distance 

condition (30 cm) was added to increase the variability of the task. The distances from the start position of the hand to the near (20 cm) and far (40 cm) positions 

were identical. 

(C) Size constancy in perception refers to the fact that objects are perceived to be the same size, despite changes in visual angle due to varying viewing distances. 

Similarly, size constancy in grasping refers to the fact that participants grasp object with the same grip aperture regardless of viewing distances. If participants 

exhibit perfect size constancy, the far and near lines should overlap. If there is insufficient distance information, participants are likely to rely mainly on retinal 

images to perceive and grasp objects. As a result, they may perceive the same object as larger when it is closer and open their fingers wider to grasp it (i.e., 

disrupted size constancy, indicated by blue lines on top of red lines). If observers can use distance information to some extent, they may show partial but not 

complete restoration of size constancy (the gap between blue and red lines gets smaller). 

(D) Participants could perform the size constancy test under three distance-cue conditions: (1) full viewing (Full), (2) restricted viewing without auditory distance 

cues (Restricted-noA), and (3) restricted viewing with auditory distance cues (Restricted-withA). The target spheres were placed on a black pedestal, which was 

moved to different distances from the observer. In the Full condition, participants viewed the target binocularly with the room lights on. In the Restricted-noA 

condition, participants viewed the glowing target sphere monocularly through a 1 mm hole entirely in the dark. In the Restricted-withA condition, a burst of white 

noise was played through the speaker mounted in a hole in the rod of the pedestal. The front of the speaker faced the participant and was centered below the 

object.
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pedestal. The front of the speaker faced the participant and was 

centered below the object (Figure S1). In all three experiments, par

ticipants performed the size constancy tests under the Restricted- 

noA, and Restricted-withA cue conditions. In experiment 1, the 

full-viewing condition was not included because previous studies 

had demonstrated perfect size constancy under this condition. 

This was further confirmed in experiments 2 where the full-viewing 

condition (‘‘Full’’) was included (Figure 3A). In experiment 3, not all 

participants completed the full-viewing condition because this 

condition is not directly related to the research question. Therefore, 

the results were not reported.

Results of size constancy for experiment 1 when sound 

and visual objects were presented at the same time 

(simultaneous presentation)

MEs and MGAs

Figure 2A shows MEs and MGAs in the restricted-viewing 

without auditory cues (Restricted-noA) and restricted viewing 

with auditory information (Restricted-withA), respectively. The 

Full condition was not included because previous studies15,20

consistently demonstrated perfect size constancy in the full- 

viewing condition. This was further confirmed in experiment 2 

in the current study.

In the restricted-viewing condition, when participants per

formed the tasks monocularly through a 1-mm pinhole in com

plete darkness without auditory information (i.e., Restricted- 

noA), size constancy was disrupted for both manual estimation 

and grasping. This was evidenced by a significant main effect 

of distance (ME: F (1, 21) = 312.511, p < 0.001, ηp
2 = 0.937; 

MGA: F (1, 21) = 94.030, p < 0.001, ηp
2 = 0.817) when a 2 sizes 

×2 distances repeated-measures ANOVA was performed sepa

rately for ME and MGA.

The key question is whether the addition of the auditory cue 

would restore size constancy (i.e., participants’ MEs and/or 

grip apertures reflected the object’s real size). As it turned out, 

in the Restricted-withA condition, the main effect of distance 

Figure 2. Results of size constancy for experiment 1 when sound and visual objects were presented at the same time (simultaneous pre

sentation) 

(A) Top: manual size estimates (ME) of the perceived size of small and large spheres at the near or far distances under two cue conditions: restricted viewing 

without auditory cue (Restricted_noA), and restricted viewing with auditory cue (Restricted_withA). Bottom: maximum grip aperture (MGA) during grasping in all 

conditions. 

(B) The normalized size constancy disruption indices (DIs) of the two viewing conditions for both tasks. 

(C) Contribution of the auditory cue to size constancy (DI noA – DI withA) for manual size estimation and grasping. 

(D) The reaching error was defined as the difference between location at the end of the reach and the location of the target. The reaching distance was defined as 

the distance from the midpoint between the index finger and thumb to the participant on the table surface when the velocity dropped below 10% of the peak 

velocity.21

(E) The reaction time on grasping trials when auditory cue was provided (i.e., withA) or not provided (i.e., noA). Asterisks (*) and (***) indicate that the value is significantly 

different from zero or the values in two conditions are significantly different at p < 0.05 and p < 0.001, respectively. Error bars show standard error of mean. 

The ‘‘n.s.’’ indicates no significant difference between two conditions.
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was again significant for both ME (F (1, 21) = 59.006, p < 0.001, 

ηp
2 = 0.738) and MGA (F (1, 21) = 51.236, p < 0.001, ηp

2 = 

0.709), suggesting that size constancy was still disrupted even 

when auditory cues were provided in the restricted-viewing 

condition.

To assess any improvement in size constancy after providing 

auditory cues, we calculated a size-constancy disruption index 

(DI; Figure 2B), which reflects the difference in ME or MGA be

tween the near and far distances. To compare the results be

tween ME and MGA, the DI was corrected by the slope for MEs 

or MGAs as a function of object size. This correction is needed 

because MGA and ME could have different slopes, such that a 

1-mm difference for MGA is different from a 1-mm difference 

for ME (see Methods for details). For ME, the DI decreased signif

icantly when auditory cues were added (t (21) = 2.160, p = 0.043, 

Cohen’s d = 0.460, two-tailed). In contrast, for MGA, there was 

no significant difference between the Restricted-withA and 

Restricted-noA conditions (t (21) = − 1.283, p = 0.214, Cohen’s 

d = − 0.273, two-tailed). These results suggest that auditory 

cues contributed to the size constancy mechanisms during 

perception but did not contribute to size constancy in grasping 

when visual cues were limited.

Contribution of auditory cues to size constancy in 

perception and action

To quantify the contribution of auditory cues to size constancy in 

perception and action, we considered the difference in DI be

tween the Restricted-withA and Restricted-noA conditions 

(Figure 2C). We found that the contribution of auditory cues 

(i.e., DInoA-DIwithA) to the estimation task was significantly larger 

than that for grasping (t (21) = 2.448, p = 0.023, Cohen’s d = 0.522, 

two-tailed). Overall, these results suggest that the auditory cue 

had more significant contribution to size constancy in estimation 

than to size constancy in grasping when vision was compro

mised, which is in contrast to the results of proprioception which 

completely restored size constancy in grasping but had a mod

erate contribution to estimation.15

It might seem surprising that the provision of auditory cues 

contributed to a partial restoration of size constancy in percep

tion but did nothing for size constancy in grasping. Given that 

grasping involves two distinct components: a transport compo

nent (i.e., reaching) and a prehension component (i.e., grasping) 

which are mediated by different neural circuits.22,23 One possibil

ity is that the auditory distance cue was not incorporated into the 

calculation of both where to direct the grasp (i.e., the transport 

component of prehension) and how much to open the finger 

and thumb in flight (the grasp component of prehension). The 

other possibility is that the auditory distance cue could support 

the transport component of prehension but not the grasp 

component.

Contribution of the auditory cue to reaching distances

To statistically test the contribution of the auditory cue to reach

ing distances, we calculated the reaching error, which was 

defined as the reaching distance minus target distance during 

grasping for the near (20 cm) and far (40 cm) distances sepa

rately (Figure 2D). The reaching distance was defined as the dis

tance from the midpoint between the index finger and thumb to 

the participant on the table surface when the velocity dropped 

below 10% of the peak velocity.21,24 With auditory cues, the error 

of reaching distance was not significantly reduced by auditory 

cues (Near: NoA vs. withA, t (21) = 1.354, p =0 .190, Cohen’s 

d = 0.289, two-tailed; Far: NoA vs. withA, t (21) = − 1.292, 

p =0.210, Cohen’s d = − 0.275, two-tailed). These results sug

gest that the transport component of prehension did not benefit 

from the provision of auditory distance cues. However, these 

findings could not be simply attributed to the poor auditory 

information because size estimation benefited from the same 

auditory distance information. Instead, they suggest again that 

the action system including both the reaching and grasping com

ponents could not make use of the auditory information.

Contribution of the auditory cue to reaction time for 

grasping

We also analyzed whether or not the addition of auditory cues 

also affects the reaction time for grasping (i.e., the interval be

tween stimulus onset and the movement onset24) using 

repeated-measures ANOVA with Cue condition (withA or noA), 

size, and distance as within-subject factors. The main effect of 

Cue was significant (F (1, 20) = 14.95, p < 0.001, ηp
2 = 0.428) 

(Figure 2E), but none of the interaction between Cue and other 

factors were significant (all p > 0.204). The reaction time for 

grasping in the Restricted_noA (823 ± 194 ms) was shorter 

than that in the Restricted_withA (960 ± 250 ms). This suggests 

that participants needed time to incorporate auditory distance 

cues for grasping.

To test this, we manipulated the presentation time of the visual 

target in a second experiment. Instead of presenting the visual 

stimuli at the same time as the auditory cues (i.e., simultaneous 

presentation), in experiment 2, the burst of white noise was pre

sented right before the opening of the goggles (i.e., delayed 

presentation).

Results of size constancy for experiment 2 when sound 

was played right before the presentation of the visual 

object (delayed presentation)

In experiment 2, the sound and visual target were presented 

sequentially rather than simultaneously. The same design and 

analyses were employed as in experiment 1, except that the 

Full condition was included to confirm that size constancy 

occurred with the current stimulus and testing environment. It 

should be noted that the Full condition was not the focus of 

our analyses. Our purpose was to investigate the extent to which 

the addition of auditory cues could restore the disrupted size 

constancy in the restricted viewing condition (i.e., Restricted- 

noA vs. Restricted-withA).

Contribution of auditory cues to size constancy in 

perception and action

The results of experiment 2 are presented in Figure 3. Similar to 

what we found in our earlier studies,15,20 the main effect of dis

tance was not significant in the Full viewing condition for both 

tasks (ME: F (1, 25) = 1.494, p =0 .223, ηp
2 =0 .056; MGA: 

F (1, 25) = 3.643, p =0 .068, ηp
2 = 0.127) (Figure 3A). Consistent 

with experiment 1, the main effect of distance was significant for 

both ME and MGA in both restricted viewing conditions regard

less of the availability of auditory cues (Restricted_noA: ME, 

F (1, 25) = 302.970, p < 0.001, ηp
2 = 0.924; MGA, F (1, 25) = 

62.659, p <0 .001, ηp
2 =0 .715. Restricted_withA: ME, F (1, 25) = 

131.050, p < 0.001, ηp
2 = 0.840; MGA, F (1, 25) = 86.101, 
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p < 0.001, ηp
2 = 0.775) (Figure 3A and 3B). The contribution of 

auditory cues to estimation was significantly greater than 

0 (t (25) = 2.516, p = 0.019, Cohen’s d = 0.493, two-tailed) suggest

ing that the auditory information makes significant contribution to 

perceptual size constancy. In contrast, the contribution of auditory 

information to grasping was not (t (25) = 0.105, p = 0.918, Cohen’s 

d = 0.021, two-tailed) significant suggesting that auditory informa

tion has no influence whatsoever on size constancy in grasping. 

The difference between the contribution to the two tasks were 

not significant (t (25) = 1.534, p = 0.138, Cohen’s d = 0.301, two- 

tailed) (Figure 3C) suggesting that that the auditory information 

makes only a modest contribution to perceptual size constancy.

To examine the effect of the asynchronous presentation of the 

auditory and visual information, we directly compared the contri

bution of auditory cues to estimation and grasping in experiment 1 

(simultaneous presentation) and experiment 2 (delayed presenta

tion). A 2 × 2 mixed-design ANOVA with presentation condition 

(simultaneous vs. delayed) as a between-subject factor and task 

(estimation vs. grasping) as a within-subject factor on the contri

bution of auditory cue showed that the main effect of presentation 

condition was not significant (F (1, 46) = 0.51, p = 0.479, ηp
2 = 

0.011) and the interaction between presentation condition and 

task was not significant either (F (1, 46) = 2.112, p = 0.153, ηp
2 = 

0.044) suggesting that the results of the two experiments were 

generally consistent and size constancy mechanisms did not 

benefit from either synchronous or asynchronous presentation 

of the auditory and visual signals. The main effect of Task was sig

nificant (F (1, 46) = 9.014, p = 0.004, ηp
2 = 0.164) demonstrating as 

a higher contribution to estimation than to grasping.

Contribution of the auditory cue to reaching distances

The auditory cue also did not improve the reaching performance 

during grasping for the near distance or the far distance (withA 

Figure 3. Results of size constancy for experiment 2 when sound was played right before the presentation of the visual object (delayed 

presentation) 

(A) Top: manual size estimates (ME) of the perceived size of the small and large spheres at the near or far distances under three conditions: full viewing (Full), 

restricted viewing without auditory cue (Restricted_noA), and restricted viewing with auditory cue (Restricted_withA). Bottom: maximum grip aperture (MGA) 

during grasping in all conditions. 

(B) The normalized size constancy disruption indices of the three viewing conditions for both tasks. 

(C) Contribution of auditory cues to size constancy in manual size estimation and grasping, which was defined as DI noA – DI withA. 

(D) The reaching error was defined as the difference between location at the end of the reach and the location of the target. The reaching distance was defined as 

the distance from the midpoint between the index finger and thumb to the participant on the table surface when the velocity dropped below 10% of the peak 

velocity.21

(E) The reaction time on grasping trials when auditory cue was provided (i.e., withA) or not provided (i.e., noA). Asterisks (*) and (***) indicate that the value is 

significantly different from zero or the values in two conditions are significantly different at p < 0.05 and p < 0.001, respectively. Error bars show the standard error 

of mean. 

The ‘‘n.s.’’ indicates no significant difference between two conditions.

Please cite this article in press as: Zheng et al., Contribution of auditory distance cues to size constancy in perception and grasping in restricted 

viewing, iScience (2025), https://doi.org/10.1016/j.isci.2025.113341

6 iScience ▪▪, 113341, ▪▪, 2025 

iScience
Article

ll
OPEN ACCESS



vs. noA: Near, t (25) = 1.657, p = 0.110, Cohen’s d = 0.325, two- 

tailed; Far: t (25) = 1.999, p = 0.057, Cohen’s d = 0.392, two-tailed) 

suggesting that the auditory cue had no contribution to the trans

port component of grasping (Figure 3D).

Contribution of the auditory cue to reaction time in 

grasping

In contrast to experiment 1, in which the addition of auditory 

cue (Restricted_noA vs. Restricted_withA) increased the reac

tion time for grasping when auditory cue and visual images 

were presented simultaneously, the analyses of the reaction 

time in experiment 2 showed an opposite pattern: the addition 

of auditory cue significantly reduced the reaction time for 

grasping (mean ± std: Restricted_noA, 764 ± 183 ms, 

Restricted_withA: 633 ± 211 ms; main effect of Cue condition: 

F (2, 50) = 31.298, p <0 .001, ηp
2 = 0.556, post-hoc comparison 

between Restricted_noA and Restricted_withA, t (25) = 4.816, 

p < 0.001) (Figure 3E). This was probably due to the fact that 

participants had already extracted any distance information 

from the auditory cue before they viewed the glowing sphere. 

Nonetheless, the auditory information did not help them scale 

their grip aperture.

Training protocol and results of the auditory distance 

discrimination test

Effects of training on distance discrimination

Another possibility of the absence of size constancy in grasping 

is simply that participants had only limited experience with the 

auditory cue during grasping. In experiment 3, we trained 22 of 

the participants of experiment 2 in auditory distance discrimina

tion over seven days (Figure 4A) and tested their perception and 

grasping after training. During training, a burst of white noise, 

identical to that used in the size constancy tasks, was played 

from five different locations (10, 20, 30, 40, and 50 cm; 

Figure 4B). Participants listened to the sound while visually 

observing the speaker, allowing them to use visual feedback to 

calibrate their distance judgments when pointing to the target. 

They were also asked to complete an auditory distance discrim

ination test (i.e., select from one of the five possible locations 

Figure 4. Training protocol and results of the auditory distance discrimination test 

(A) Participants performed the size constancy test both before and after distance training. Moreover, before training and each day following the distance training, 

they completed a distance discrimination test without visual feedback to assess the effect of training. 

(B) Participants were trained to judge the location of a speaker, which could be at one of five possible distances. During training, participants were allowed to see 

the speaker (i.e., learning with visual feedback), but during testing, they could no longer see the speaker. 

(C) Accuracy for distance discrimination on the first (i.e., Pre) and last day (i.e., Post). The chance level was set at 0.2. 

(D) The confusion matrices on the first (i.e., Pre) and last day (i.e., Post). The number in each cell indicates the percentage of reporting the auditory cue distance as 

each of the five distances. 

(E) A graphic demonstration of the probability of judging the 20 cm (Near) and 40 cm (Far) as other distances before and after training. Asterisks (***) indicate that 

the accuracy was significantly larger than the chance level 20% at p < 0.001. Error bars show the standard error of mean.
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where the sound came from) on the first day before training and 

each day after training, during which they pointed to the target 

without visual feedback.

After the seven days of training, participants’ accuracy in 

discriminating distance based on auditory cues significantly 

improved (mean accuracy ±SD: day 1 before training, 0.494 ± 

0.151; day 7, 0.740 ± 0.110; Accuracy: pre vs. post, t (21) = 

6.545, p < 0.001, Cohen’s d = 1.395, two-tailed, Figure 4C), sug

gesting that the auditory cues had become more reliable indica

tors of distance. Importantly, even on day 1, the accuracy was 

significantly larger than chance level (20%) (t (21) = 9.144, 

p < 0.001, Cohen’s d = 1.950, two-tailed, Figure 4C) suggesting 

that the auditory cue could provide valid distance information 

even before training. This can also be seen from Figure 4D, which 

shows the confusion matrices indicating the percentage of re

porting the auditory cue distance at each of the five distances, 

and Figure 4E which shows the probability of reporting the 

20 cm (Near) and 40 cm (Far) as other distances. These results 

again show that the null contribution of auditory distance cues 

to grasping observed in experiments 1 and 2 could not be attrib

uted to the possibility that the distance information provided by 

the auditory cue was simply invalid.

Results of size constancy in estimation and grasping 

after distance training in the restricted-noA and the 

restricted-withA condition

We then tested whether training enhanced the contribution of the 

auditory information to size constancy and whether both tasks 

could equally benefit from the training. Unsurprisingly, we 

observed no changes in size-distance integration under the 

restricted-noA condition for either task after training (Figure 5A; 

DIpre vs. DIpost: Estimation, t (21) = − 0.384, p = 0.705, Cohen’s 

d = − 0.082, two-tailed; Grasping, t (21) = − 0.824, p =0 .419, Co

hen’s d = − 0.176, two-tailed).

In contrast, in the restricted-withA condition, size constancy 

improved for both perception and action (Figure 5B; DIpre vs. 

DIpost: Estimation, t (21) = 3.776, p = 0.001, Cohen’s d = 0.805, 

two-tailed; Grasping, t (21) = 2.304, p = 0.032, Cohen’s 

d = 0.491, two-tailed). The contribution of auditory cues, as 

defined by DInoA-DIwithA, was significantly increased after 

training for both tasks (Estimation: t (21) = 3.204, p = 0.004, Co

hen’s d = 0.683, two-tailed; Grasping: t (21) = 2.537, p = 0.019, 

Cohen’s d = 0.541, two-tailed, Figure 5C). Moreover, the size 

of this learning effect defined as the improvement in the contribu

tion of auditory cues after training did not significantly differ 

between the two tasks (t (21) = − 0.575, p = 0.572, Cohen’s 

d = − 0.123, two-tailed, Figure 5D). Notably, because no learning 

was observed in the restricted-noA condition, the learning effect 

could not be attributed to multiple repetitions of the size con

stancy test or to discovering the underlying statistical structure 

of the experiment (i.e., that the 2.5 and 5 cm object at the 20 

and 40 cm distance was presented more frequently than any 

other combination of size and distance). Taken together, these 

results suggest that, after extensive training, auditory informa

tion became a more reliable distance cue and improved size 

constancy processes for both perception and action, although 

size constancy in both tasks was never fully restored.

In addition to improvement in size constancy in grasping, 

improvement in reaching movements during grasping were 

also observed, as shown in Figure 5E for the Restricted_withA 

condition. After training, the reaching error significantly 

decreased in the restricted-withA condition compared to before 

training at both distances (Near: t (21) = 3.962, p < 0.001, Cohen’s 

d = 0.845, two-tailed; Far: t (21) = 2.644, p = 0.015, Cohen’s d = 

0.564, two-tailed), but the reaching error decreased only for 

the near distance in the restricted-noA condition (Near: t (21) = 

2.925, p = 0.008, Cohen’s d = 0.624, two-tailed; Far: t (21) = 

− 0.545, p = 0.592, Cohen’s d = − 0.116, two-tailed). Moreover, 

after training, the error was significantly smaller in the restric

ted_withA condition than in the restricted_noA condition (Near: 

t (21) = 3.327, p = 0.003, Cohen’s d = 0.709, two-tailed; Far: 

t (21) = 5.127, p < 0.001, Cohen’s d = 1.093, two-tailed).

After training, the reaction time of grasping was significantly 

different between noA and withA conditions (Restricted_noA: 

759 ± 208 ms, Restricted_withA: 653 ± 236 ms; main effect of 

Cue: (F (1, 21) = 10.06, p = 0.005, ηp
2 = 0.324; the interaction be

tween Cue and Test or Task was not significant, all p > 0.329). 

However, when we compared the reaction time before and after 

training, the main effect of Test (pre vs. post) was not significant 

(F (1, 21) = 0.109, p = 0.754, ηp
2 = 0.005). The reaction time data 

before and after training with auditory cue or without auditory 

cue were shown in Figure 5F.

Summary of the contribution of various cues to size 

constancy in estimation and grasping

Thus far, we have shown that, unlike proprioception, which 

restored size constancy for grasping completely, the auditory dis

tance cue made no contribution to size constancy in grasping—at 

least before training. Proprioception and auditory distance cues 

had only a modest effect on size constancy for perceptual judg

ments. This was the case for both simultaneous presentation of 

sound and visual target (experiment 1) and delayed presentation 

of the visual target after the end of the sound (experiment 2).

In Figure 6A, we summarize the contribution of various dis

tance cues, including proprioception,15 sematic distance knowl

edge,20 and auditory cue, where visual target was presented 

simultaneously (i.e., auditory [simultaneous], experiment 1) or 

delayed (i.e., auditory [delayed_pre], experiment 2), or delayed 

after training (i.e., auditory [delayed_post], experiment 3 after 

training), to size constancy in both grasping and perception. 

Because these cues had different reliability,1–3,25,26 we also 

normalized the contribution to grasping relative to the contribu

tion to estimation. This normalization process sets the contribu

tion of various cues to estimation at one, and the contribution of a 

cue to grasping as a ratio of its contribution to estimation 

(Figure 6B). It can be clearly seen that among all the cues, the 

contribution of proprioception to grasping is unique because it 

was the only cue that showed more contribution to grasping 

than to estimation—and it almost completely restored size con

stancy in grasping. Moreover, the pattern of the contribution of 

auditory cue to estimation and grasping seems similar to that 

of the contribution of semantic knowledge. This is especially 

the case for auditory cues after training (auditory (delayed_post); 

Figure 6B, red and purple lines almost overlapped). These 

findings imply that the integration of proprioception and auditory 

cues with diminished visual input engage quite different mecha

nisms during the programming of grasping. The contribution of 
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auditory cue to size constancy in grasping is more like a cognitive 

process similar to the contribution of semantic knowledge, 

whereas the contribution of proprioception may be an implicit 

and automatic process at the sensorimotor level.

DISCUSSION

One remarkable ability of our brain is multisensory integration: 

combining information from multiple sensory modalities to 

Figure 5. Results of size constancy in estimation and grasping after distance training in the restricted-noA and the restricted-withA con

dition 

(A) Results in the in the restricted-noA condition. Left: manual estimations (ME) and maximum grip apertures (MGA) of small and large spheres at near and far 

distances before and after distance discrimination training. Right: size constancy disruption index (DI). 

(B) The same as (A) but in the Restricted_withA condition. 

(C) Contribution of auditory cues to size constancy, which was defined as DInoA-DIwithA in estimation and in grasping. 

(D) Effects of distance learning in the restricted withA condition, defined as the difference in the contribution of the auditory cue before and after training (i.e., 

Con_Post – Con_Pre) on size constancy for estimation and grasping. 

(E) Reaching errors, which were defined as the difference between reach distance and target distance, at the two target distances in the Restricted_withA 

condition before and learning. 

(F) The grasping reaction time in the Restricted_noA and Restricted_withA conditions before and after training. Note: the results before training were the results of 

experiment 2. Asterisks (*), (**), and (***) indicate p < 0.05, p < 0.01, and p < 0.001, respectively. Error bars show the standard error of mean. 

The ‘‘n.s.’’ indicates no significant difference between two conditions.
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control behavior. Importantly, when information from one sen

sory source is compromised, information from another sensory 

modality can be reweighted and used to compensate for the 

loss. In a previous study,15 we showed that the weighting of 

different sources of sensory information varies as a function of 

the control system being used which suggests that not only on 

the reliability of the information itself,6,8 but also on the task, 

and thus the ‘‘consumer’’ of that information (i.e., the action sys

tem or the perceptual system) determines the weighting of cues. 

Nevertheless, it remained unclear whether the impact of task de

mands on the weighting of multisensory integration is confined to 

proprioception or also occurs with other sensory signals. To 

address this question, we used the same design as in our previ

ous study with proprioceptive distance cues, but this time exam

ined the contribution of auditory distance cues to size constancy 

for both grasping and perceptual judgments of size. In sharp 

contrast to what we had found earlier with proprioception, audi

tory distance cues had no effect on size constancy in grasping in 

the absence of reliable visual cues to distance. Instead, partici

pants appeared to rely mainly on the retinal image size of the 

glowing sphere during grasping and this was the case no matter 

whether the glowing sphere was presented simultaneously with 

the auditory cue (experiment 1) or immediately afterward (exper

iment 2). However, the same auditory distance cue reliably 

improved the size constancy in perception (experiments 1 and 

2) and the explicit distance judgment test (experiment 3) sug

gesting that the null effect of auditory cue to grasping could 

not be simply attributed to the poor auditory distance cue.

A small but reliable improvement in size constancy in percep

tual judgments of size also occurred when we provided proprio

ceptive and verbal semantic information about the distance of 

the target sphere in our earlier experiments.15,20 In normal cir

cumstances, our perception of size, particularly with unfamiliar 

objects, depends almost exclusively on integrating retinal image 

size with visual distance cues. (With familiar objects, of course, 

we can use memory—and we can even use the retinal image 

size of familiar objects as a distance cue.) It seems likely that 

the neural circuits mediating the direct perception of size are 

not able to make use distance cues from other modalities, 

such as proprioception and audition, for perceiving the size of 

objects in the same seamless way that they make use of visual 

distance cues. One possibility is that when visual distance 

cues are severely restricted and cues from other modalities or 

even semantic information about distance are all that is avail

able, participants resort to using cognitive operations to work 

out the size of the object perceptually. Future studies could 

test this possibility by examining the time course of the contribu

tion auditory cues to size constancy in perception with electro

encephalography (EEG)27 or magnetoencephalography (MEG). 

If a cognitive operation is involved, then the modulation of audi

tory cues on size perception should appear at later stages of vi

sual processing.

So, what happens with grasping? The provision of semantic in

formation or auditory distance cues, even after extensive training, 

still results in only modest improvement in size constancy of 

grasping, akin to what we observed with perceptual reports of 

size. In contrast, proprioceptive cues to distance restore near- 

perfect size constancy in grasping, even without explicit training. 

The reason for proprioception being the ‘‘odd man out’’ could be 

due to the fact that proprioception works only in peripersonal 

space, the very space in which grasping normally operates. 

Moreover, the execution of grasping unavoidably recruits the 

proprioception system, and proprioceptive cues are encoded in 

somatosensory and premotor cortex,28 which not only play an 

essential role in grasping,29,30 but are interconnected with visuo

motor areas in posterior parietal and premotor cortex. In contrast, 

the grasping system does not often use auditory or semantic 

cues to predict the distance and size of the object to be grasped, 

and certainly not in the same automatic fashion as it uses propri

oception especially in the peripersonal space.

We propose then that the integration of distance cues and 

retinal image size can take place in two ways: one involves im

plicit and automatic integration at the sensory level; the other re

quires a higher order cognitive process. A prototypical example 

of the former is what happens with full viewing of objects where 

visual distance cues and retinal image size are seamlessly inte

grated into a direct perception of the real-world size of objects. 

This direct experience is phenomenally similar to what happens 

with the classic McGurk effect: one really does hear something 

quite different when listening to the same speech sound accom

panied by two different videos of someone speaking. Automatic 

integration of distance and retinal image size, we would argue, 

was also evident in our earlier experiment in which propriocep

tive distance cues completely restored size constancy in 

grasping in the absence of visual distance cues.15 In contrast 

to this more automatic sensory integration, the use of semantic 

information in size constancy in the same paradigm may engage 

more cognitive processes, in which one may first form a percep

tual judgment of distance and then combines that information 

with the perceived size of the retinal image to make an explicit 

Figure 6. Summary of the contribution of 

various cues to size constancy in estima

tion and grasping 

(A) Raw contribution values were calculated based 

on the difference in size constancy disruption in

dex between noCue and withCue conditions (i.e., 

DI_noCue-DI_withCue). 

(B) The contribution values of grasping were 

normalized relative to the contribution to esti

mation.
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judgment about the object’s real size and to scale one’s grip 

aperture during grasping. The use of auditory distance cues in 

size constancy in the simultaneous presentation may also 

engage more cognitive processes given that the contribution of 

auditory cues is similar to semantic cues in that both are far 

from perfect. A cognitive process is even more likely for the de

layed presentation given that sound and visual images are 

temporally separated. As addressed previously, further studies 

can test this possibility with EEG or MEG.

Unlike our account, Linton31,32 put forth a purely cognitive 

explanation for size constancy, proposing that size-distance 

scaling is solely the result of our subjective knowledge about 

changes in viewing distance. Our work suggests that is not 

necessarily the case. Although the contribution of auditory dis

tance cues (and direct semantic information about distance) to 

size constancy is likely to be implemented via subjective/cogni

tive inference, this is not necessarily true for proprioception. As 

our earlier experiment showed, proprioceptive cues restore 

almost perfect size constancy in grasping, but the same cues re

sulted in only a limited improvement in size constancy in percep

tual judgments of size. By extension, one might argue that visual 

distance cues, which support perfect size constancy in both 

grasping and perceptual judgments of size depend on a similar 

automatic integration of distance cues and retinal image size— 

but not a subjective/cognitive process.

It is important to note that the absence of any contribution of 

the auditory distance cues to size constancy in grip scaling 

and the tiny contribution to reaching before training could not 

be simply attributed to poor auditory distance information. First, 

exactly the same distance information significantly improved 

size constancy in perception (as measured by manual estima

tion). Second, the distance discrimination results of experiment 

3 showed that the auditory distance cue provides reliable dis

tance information for the distance judgment before training. In 

an earlier study, we found that, while proprioception makes a 

greater contribution to size constancy for action than it does 

for perception, audition makes a larger contribution to size con

stancy for perception than it does for action. Taken together, 

these results provide additional evidence for the two-visual- 

stream theory (vision-for-perception and vision-for-action,16,17) 

based on clear but opposite effects of the weighting of auditory 

and proprioceptive cues for perceptual judgments and the con

trol of actions—and provide insights into the nature of multisen

sory integration in the two visual systems.

It should also be noted that after training on distance discrim

ination, improvements in the accuracy of both reaching and size 

constancy in grip aperture were observed, suggesting that 

training can facilitate the weighting of a specific sensory modality 

in multisensory integration. Previous studies showed that severe 

visual loss leads to enhancement of auditory spatial localization, 

especially for signals located in peripheral space.33,34 Our find

ings indicate that size perception and grip aperture during 

grasping might also become more accurate.

Taken together, we found that before auditory distance 

discrimination training, auditory cues contributed to perception, 

but not to grasping, and may be integrated with retinal image size 

via a higher order cognitive process. Training improved the 

contribution of auditory cues such that people can learn to inte

grate auditory distance information with restricted visual infor

mation about the goal object to improve size constancy. The 

findings of our current study and the two earlier ones15,20 sug

gest that proprioception and vision are the primary distance 

cues for integration with retinal image size for computing size 

constancy in grasping. Moreover, the integration of distance 

cues from different modalities and the retinal size may take place 

in two ways: one involves implicit and automatic integration at 

the sensory level; the other requires a higher-order cognitive pro

cess similar to the integration of semantic cues.

Limitations of the study

Here, we used white noise, a neutral stimulus, as an auditory cue. 

One might argue that the reason for the null contribution of audi

tory cue to grasping observed in experiments 1 and 2 was due to 

the nature of the auditory stimulus we used. That is, if we used a 

more realistic sound, such as the sound generated by dropping 

an object on a table at different distances, then the outcome 

might have been different. Of course, the sounds that objects 

make when placed on a surface can reveal something about their 

size and composition. In fact, some studies have shown that 

auditory information can be used to infer the size of goal objects 

and modulate a person’s grip aperture during grasping, even 

when vision is available.35 Although the distance and direction 

of the object might be signaled more accurately by such a sound, 

it is still possible that the information might not be automatically 

integrated with retinal image size for preserving size constancy in 

grasping. Future research is needed to test this. The current 

study represents an initial step, using an unbiased scenario in 

which a burst of white noise provides distance information. 

Another reason for the null contribution to grasping could be 

that auditory cues are not an effective cue for distance in periper

sonal space—and thus are poor cues for automatic size con

stancy in action. At greater distances, well beyond peripersonal 

space, it has been shown that the perceived size of an object can 

be modulated by audiovisual asynchronies.36 Future research 

can test this possibility by employing a longer distance beyond 

the peripersonal space.
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Twenty-two participants (5 males and 17 females; age: 20.40 ± 1.60) took part in Experiment 1, in which the auditory cue (a sound 

burst) and the visual stimulus (a glowing sphere) were presented simultaneously. Another twenty-six participants (10 males and 16 

females; age: 21.0 ± 2.77) took part in Experiment 2, which had a similar design to Experiment 1, but the visual stimulus was pre

sented immediately after the end of the presentation of the auditory cue. In both experiments, participants made perceptual judge

ments of size and also grasped the sphere. Twenty-two of the participants from Experiment 2 (7 males and 15 females; age: 21.18 ± 

2.87) also participated in Experiment 3, in which they received explicit training on the discrimination of the auditory distance cue and 

then performed the same size constancy tests used in Experiment 2. The sample size was comparable or larger than previous studies 

on similar research question.15,20 All participants reported normal hearing and normal or corrected-to-normal vision. None of the par

ticipants had a history of neurological or psychiatric disorders. All participants were naive to the purpose of the study. The experi

ments were conducted following the ethical standards laid down in the 1964 Declaration of Helsinki, as well as the ethical guidelines 

laid down by the South China Normal University (Study Approval Number: 2019-4-031, Human Research Ethics Committee for Non- 

Clinical Studies, The School of Psychology, South China Normal University). All participants gave informed consent to participate in 

the study before beginning an experimental session. All the participants were recruited from South China Normal University and were 

all of Asian (Chinese) ethnicity.

METHOD DETAILS

Apparatus and stimuli

To measure size constancy, spheres of two sizes (small: 2.5 cm, large: 5 cm in diameter) were placed at two distances (near: 20 cm, 

far: 40 cm). The near-small and far-large stimuli generated the same image size on the retina (∼7◦ of visual angle) (Figure 1A). To in

crease the variability of size and distance information and to enhance participant engagement, we included three additional spheres 

(1.25 cm, 3.75 cm, and 6.25 cm in diameter) and a third distance (30 cm; Figure 1B). However, only four conditions were considered 

as critical for the analysis of size constancy (i.e., spheres with a diameter of 2.5 cm or 5 cm placed at 20 cm or 40 cm, see Figure 1A).

All the spheres were 3D-printed, hollow white spheres painted with glow-in-the-dark paint. Each of the five spheres was mounted 

on a pedestal using a movable stand with different heights to ensure that the center of each sphere was consistently aligned across all 

size conditions. The pedestal had the same diameter in all cases. The stand and pedestal were black, so the participants could not 

see them in the dark. A start button was located 30 cm from the participant and 14.5 cm to the right of the middle target location 

(30 cm). The distances from the start button to the Near (20 cm) and Far (40 cm) target locations were identical to minimize the in

fluence of movement distance on perceptual judgements and grasping (Figure 1B).

To provide auditory distance cues, a small speaker was attached to the pedestal with its mouth passing through the rod of the 

pedestal so that the sound is right beneath the center of the object (Figure 1D). The auditory distance cue consisted of a 100-ms silent 

segment followed by a 900-ms white noise segment. The intensity of the white noise was set at 80 dB sound pressure level. The same 

auditory stimulus was used in the auditory distance discrimination training and testing.

When the sound was presented at different distances, the overall level/intensity and interaural intensity and time differences as 

cues of the sound served as a distance cue.1,37 Previous studies have shown that listeners’ judgment of distance is more accurate 

for lateral sources than for frontal sources, due to the added benefit of interaural-level and interaural-time differences.38 Therefore, 

we moved the stimulus locations (green circles in Figure 1B) to the side of the observer (i.e., aligned with the observer’s right eye). This 

positioning also provided interaural intensity and time differences as cues to distance when the speaker was placed at different dis

tances from the observer.

Participants wore liquid crystal goggles (PLATO goggles; Translucent Technologies, Toronto, ON, Canada) to control the availabil

ity of vision. In the full-viewing condition (‘‘Full’’), participants viewed the spheres binocularly with the room lights on. Under the 

restricted-viewing condition (‘‘Restricted-noA’’ or ‘‘Restricted-withA’’), the left lens of the goggles was always closed. A piece of 

black paper with a 1-mm hole was positioned behind the right lens of the goggles. When that right lens of goggles was opened, 

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Data (behavioral) Mendeley repository https://data.mendeley.com/preview/bccfxy9t37?a= 
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participants were able to see only the glowing sphere in complete darkness through the 1-mm hole with their right eye (Figure 1D). In 

this case, almost all the distance cues (pictorial cues, stereo, and vergence) were unavailable and participants had to rely entirely on 

retinal-image size when attempting to compute the real-world size of the object.15,18 The position of the fingers during grasping and 

manual size estimation were recorded by infrared light emitting diodes (IREDs) attached to the inside of the tip of the right thumb and 

the outside of the tip of the index finger using an OPTOTRAK system (Northern Digital, Waterloo, ON, Canada) with a sampling fre

quency of 200 Hz.

Procedure and design

In all three experiments, participants performed the size constancy tests under the Restricted-noA, and Restricted-withA cue con

ditions. In Experiment 1, the full-viewing condition was not included because previous studies had demonstrated perfect size con

stancy under this condition. This was further confirmed in Experiments 2, where the full-viewing condition (‘‘Full’’) was included 

(Figure 1D).

In Experiment 1, the sound was played simultaneously with the presentation of the sphere in the Restricted-with A condition. In 

contrast, in Experiments 2 and 3, the sound was played before the presentation of the sphere. In Experiment 3, participants under

went distance discrimination training before performing the size constancy tasks (Figure 4A). All participants in Experiment 3 had 

previously participated in Experiment 2, allowing a direct comparison between their size constancy performance before training 

(i.e., in Experiment 2, Pre) and after training (i.e., in Experiment 3, post).

Assessment of size constancy

Participants completed two size-constancy tasks, size estimation and grasping, to examine the contribution of auditory cues to 

perception and action, respectively. Before the experiment begun, participants were asked to sit in front of a black table with their 

chin on a chinrest. In the Full condition, participants viewed the target binocularly with the room lights on. In the two restricted viewing 

conditions, participants viewed the glowing target sphere monocularly through a 1 mm hole entirely in the dark. In these two condi

tions, they were also asked to adjust their head position before each testing session to ensure that they could see the near-large ob

ject through the 1-mm pinhole. They were then instructed to keep their head as still as possible to prevent changes in head position 

during testing. In case they could not see the whole sphere during the task, they were asked to adjust their head position again and 

redo the trial. The goggles were closed before the start of each trial.

Participants began each trial by pressing down a start button with their thumb and index finger pinched together. Then, the exper

imenter placed the stimulus at a specified distance, and pressed a button to open the goggles. In the restricted-withA condition of 

Experiment 1, a 1-s white noise, played three times with 100-ms silence intervals, was synchronized with the opening of the goggles 

while participants viewed the sphere. In other words, the auditory and visual information were presented simultaneously (i.e., simul

taneous presentation). In the restricted-withA condition of Experiments 2 and 3, the white noise was played immediately before the 

opening of the goggles (i.e., delayed presentation). After the goggles were opened, participants performed the task.

In the size estimation task, participants were asked to indicate the perceived size of the target sphere by opening their thumb and 

index finger a matching amount. When participants reported being satisfied with their estimate, the OPTOTRAK was triggered to re

cord the position of their fingers for 500 ms. After that, the experimenter placed the sphere into the hand of the participant so that they 

had the same tactile feedback about the size of the sphere as they did in the grasping task.

In the grasping task, participants were asked to grasp the sphere with their thumb and index finger as naturally and accurately as 

possible as soon as they could see the object. The positions of their fingers were recorded for 3 s after the goggles were opened. 

There were instances where participants reached out and opened their fingers wider but still failed to pick up the sphere, especially 

in the restricted-viewing conditions. In such cases, the experimenter would place the sphere into the participants’ hand to ensure 

consistent haptic feedback across conditions. For both tasks, the goggles were turned off once participants released the start button 

to perform the task. Therefore, participants performed the tasks without visual feedback (i.e., open loop).

It is important to note that, although participants also moved their hand during the size estimation task, it was the maintained dis

tance between the thumb and finger indicating the size of the sphere, rather than the movement of the hand, that was used as an 

independent variable. Previous studies have commonly used manual estimation and grasping tasks to examine potential differences 

between perception and action, respectively.15,16,39,40 Patients with lesions in the lateral occipital cortex (ventral stream) or occipi

toparietal cortex (dorsal stream) exhibit a strong dissociation between the manual estimation and grasping tasks. For example, pa

tient D.F., who has a lesion in the lateral occipital cortex, cannot manually estimate the size of an object but continues to scale her 

grasp according to its size.16 In contrast, patient R.V., who has bilateral lesions of the occipitoparietal cortex, is able to manually indi

cate the size of objects but cannot scale her grasp when attempting to pick them up.41

Theoretically, when perfect size constancy is maintained for both perception and action, the target will be perceived as the same 

size and grasped with the same maximum grip aperture, regardless of viewing distance15,20 (Figure 1C, Perfect). When visual infor

mation about distance is limited, size constancy is disrupted, leading participants to rely more on retinal-image size for both percep

tion and grasping. As a result, when an object is presented close to the observer, it will be perceived as larger and grasped with a 

larger grip aperture than when the same object is presented further away (Figure 1C, Disrupted). This was confirmed in our previous 

studies showing that, when distance information was largely compromised in the restricted-viewing condition, size constancy for 

both perception and action was disrupted.15,20 Here, we tested whether providing auditory distance cues can contribute to size 
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constancy mechanisms and if the reliability of the auditory signals can change as a function of the consumer system, namely percep

tion vs. action systems. To put it simply, we tested whether or not the gap in manual estimates and/or grip apertures between near 

and far distances would be reduced with the addition of auditory distance cues (Figure 1C, Partially restored).

The size constancy tasks consisted of six blocks in total: one block for each of the combinations between the three cue conditions 

(Full, Restricted-noA, and Restricted-withA) and the two tasks (Estimation and Grasping). In each block, the 2.5 m and 5 cm spheres 

were presented at the distance of 20 cm and 40 cm. Each size and distance combination had 8 repetitions for a total of 32 trials. Three 

additional spheres (1.25 cm, 3.75 cm, and 6.25 cm in diameter) were presented twice at 20 and 40 cm of viewing distance. Finally, all 

five spheres were presented once at the middle position, 30 cm away. The additional set of 11 trials was excluded from the analysis. 

The order of the blocks as well as the conditions within each block were randomized.

Auditory distance discrimination training

In Experiment 3, before administering the two size constancy tasks, participants were trained for seven days to discriminate distance 

from the auditory cues. Auditory distance discrimination tests were performed prior to training and after each training session to 

monitor the effects of training on their ability to discriminate distance.

During training, the room light was on. The goggles were closed at the beginning of each trial, and the participants rested their right 

index finger at the starting position. The experimenter then placed the pedestal with the attached speaker at one of the five testing 

distances (10 cm, 20 cm, 30 cm, 40 cm, or 50 cm) and played the auditory stimulus. The auditory cue was identical to that used in the 

size constancy tasks and was presented for 3 s. Then the goggles were opened while the pedestal with the speaker remained in 

place. At this point, participants used their right index finger to point to one of the five possible locations with five visual markers, 

to indicate where they believed the speaker was located. Therefore, it is a five-alternatives forced choice tasks. During the training 

phase, participants could see the pedestal with the speaker while pointing, allowing them to use visual feedback to calibrate their 

auditory perception. However, during the testing phase, the pedestal with the speaker was removed before the goggles were 

opened, and participants were still asked to perform the same five-alternatives-forced-choice pointing task. This phase measured 

how accurately participants could locate the source of the previously presented auditory cue without any visual information.

Participants completed 200 trials in total (40 repetitions for 5 distances) each day during training and performed 60 trials in total (12 

repetitions for 5 distances) for both the pre-test and post-test of auditory localization without visual feedback. The order of trials for 

the five distances was randomized.

QUANTIFICATION AND STATISTICAL ANALYSIS

For the size estimation task, participants used their thumb and index finger to match the perceived size of objects (manual estimate, 

ME). The finger positions were recorded after participants reported being satisfied with the matching. The Euclidean distance be

tween the two fingers was used as the independent measure for the perception task. For the grasping task, participants’ hand 

opened wider and wider during the approach to the sphere and reached a peak well before they made contact with the target ob

ject.42 The maximum grip aperture (MGA), which is typically achieved well before participants make contact with the object and 

scales with object size,30 was used as the dependent measure for grip scaling. In our experiments, we were able to record MGAs 

even in trials where participants failed to contact the object because the MGA was recorded before they closed down their fingers 

to contact the object. On average, the percentage of successful grasping trials was 31.1% in the Restricted_noA and 33.5% in the 

Restricted_withA conditions (withA vs. noA: t (21) = 0.717, p = 0.481, Cohen’s d = 0.153, two-tailed) in Experiment 1. In Experiment 

2 success rate was 84.7% in the full viewing condition, 30.2% in the Restricted_noA, and 38.5% in the Restricted_withA (withA vs. 

noA: t (25) = 2.934; p = 0.007, Cohen’s d = 0.575, two-tailed). In Experiment 3, success rates were 45% in the Restricted_noA and 

60.7% in the Restricted_withA (noA vs. withA: t (21) = 5.728, p < 0.001, Cohen’s d = 1.221, two-tailed). Note that even in the full-viewing 

condition, the percentage of successful grasping was not perfect, likely because the goggles were closed immediately following the 

release of the start button.

No participants were excluded from the study. In Experiment 1, the percentage of missing trials due to signal loss was 0 as we 

carefully checked the data during recording and recollected any trials with severe signal loss. In Experiment 2, 9 trials were excluded 

in total across all participants and all conditions, which corresponds to 1.08% of the total trials. In Experiment 3, 5 trials were 

excluded in total across all participants and all conditions, representing 0.71% of all trials.

Repeated measures ANOVAs with Distance and Size as main factors were performed on the mean MEs and MGAs to determine 

whether or not size constancy was maintained (i.e., non-significant main effect of Distance) or disrupted (i.e., significant main effect of 

Distance).

To evaluate the extent to which size constancy was disrupted by the removal of visual cues, we first calculated a size-constancy 

disruption index (DI), which captures the differences in ME or MGA between the near and far distances.15,20 If size constancy were 

perfect, then the ME and MGA would remain constant regardless of viewing distance, resulting in a size disruption index of 0. When 

visual cues are compromised, participants might perceive an object at the near distance as larger than when it is at the far distance 

and/or grasp it with a larger grip aperture. In this case, size constancy would be disrupted and the index would be positive. It should 

be noted, however, that the slopes for MGAs as a function of object size are typically shallower than those for MEs,15,20 such that a 

1-mm difference in object size results in a smaller increase in MGA compared to a 1-mm difference in ME. Therefore, to directly 
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compare the results between manual estimation and grasping, each index for ME and MGA was divided by the averaged slope 

across distances as a function of physical size.

Mathematically, since the denominators for the slope calculations were identical for the two tasks (slope of estimation = [(MELarge−

MESmall)/(Large− Small)]Averaged Across distances and slope of grasping = [(MGALarge− MGASmall)/(Large− Small)]Averaged Across distances), 

the disruption index can simply be divided by (MELarge− MESmall)Averaged Across distances for estimation, and by (MGALarge−

MGASmall)Averaged Across distances for grasping. Therefore, the DI for the two tasks were defined as follows:

DI estimation = (ME near− ME far) / (MELarge− MESmall)Averaged Across distances

and

DI grasping = (MGA near− MGAfar) / (MGALarge− MGASmall)Averaged Across distances.

The DI was calculated for both sizes and was then averaged across sizes.

The contribution of auditory cues to size constancy in perception and grasping was quantified as the difference between the DI in 

the Restricted-noA condition and the DI in the Restricted-withA condition. The effect of training on size constancy was quantified as 

the difference in DI before and after training. All the analyses above were done for each participant. Paired sample t-tests were used 

to assess whether the contribution of auditory cues differed between the two tasks, while one-sample t-tests were used to determine 

if the contribution of auditory cues was significantly different from 0.

The reaction time of the grasping movement was defined as the interval between stimulus onset (i.e., goggles open) and the move

ment onset. The movement onset, was operationally defined as the first of 20 consecutive sample frames (100 ms) in which the ve

locity of the IRED attached to the index finger exceeded a threshold of 50 mm/s.24,25 Repeated measures ANOVAs were performed 

with Cue condition, Size, and Distance as within-subject factors.

To quantify the contribution of auditory cues to reaching movements during grasping, the endpoint of each reach, which was 

defined as the distance from the midpoint between the index finger and thumb to the participant on the table surface when the ve

locity dropped below 10% of the peak velocity,21,24was extracted from the Optotrak data for every trial. Then, reaching errors, which 

were defined as the distance between reaching endpoint and target distance, were calculated in each condition for each participant. 

Paired t-tests were performed to compare the reaching error in the withA and noA conditions for each distance.

Finally, to evaluate the effect of training in Experiment 3, one sample t-test was conducted to analyze whether or not the accuracy 

was significantly different from the chance level 20%. Paired t-test was conducted to compare the accuracy before and after training.

The statistical information of all figures is provided in a supplementary excel file.
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