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Abstract
The proper evaluation of whether our given bodily capabilities and environmental properties allow particular actions is 
indispensable for pertinent decisions, so-called affordance judgments. These can be impacted by older age or brain dam-
age. Virtual Environments (VEs) may provide an efficient opportunity to offer trainings. But do people make affordance 
judgments in VEs in the same way that they do in Physical Environments (PEs)? And are these decisions trainable by use 
of VEs? We investigated 24 healthy young adults’ judgment performance of whether or not they could fit their hand into a 
given aperture. They were presented with a set of opening-increments and indicated their judgments by pressing a yes- or 
no-button. The stimuli were presented in PE using an aperture apparatus and in VE displayed by use of Oculus Rift goggles. 
Our results demonstrated the level of equivalence to be specific to the variable: While we found equivalence between VE and 
PE for the accuracy parameter, results were uncertain or non-equivalent for perceptual sensitivity and for judgment tendency, 
respectively. When applying training in VE, judgment accuracy improved significantly when tested subsequently within VE. 
Improvement appeared detectable in PE only on a descriptive level. Furthermore, equivalence testing post-training revealed 
that perceptual sensitivity performance in VE approached a PE-level. Promisingly, the VE training approach appeared appli-
cable and efficacious within the VE. Future studies need to specify factors that enhance equivalence for detection theory 
variables and that facilitate transfer from VEs to PEs when judging action opportunities.
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1 Introduction

When moving purposefully in everyday life, we constantly 
are confronted with action opportunities. In such situa-
tions, we need to make decisions whether to pursue a cer-
tain action or not. For example, when grabbing something 
out of a drawer, the decision has to be made whether the 
hand fits through the opening. When crossing the street, it is 
important to accurately judge whether the street is passable. 
In this type of decisions, it is necessary to capture the inter-
play between environmental properties and an individual’s 
own physical capabilities. Gibson (1977) defined the term 
affordances as the opportunities for action provided by the 
environment. The individual’s ability to accurately perceive 
these opportunities for actions in relation to their capabili-
ties is essential for interacting with the environment. The 
variety of affordances available to humans across different 
situations is vast. Therefore, researchers have investigated 
a wide range of settings and types of action, including, 
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for example, reaching (Gabbard et al. 2006; Thomas et al. 
2017; Wagman et al. 2019), stepping and leaping (Day et al. 
2015) or fitting the hand into an aperture (Ishak et al. 2008; 
Randerath & Frey 2016). However, physical settings that 
study affordance judgment performance are very costly and 
elaborate. Virtual settings could be an alternative to inves-
tigate scenarios that may be impractical to implement in 
the physical world. Thus, several motor cognitive paradigms 
including sensorimotor illusions have been demonstrated to 
be realizable using a Virtual Environment (VE) design (e.g., 
Buckingham 2019). But, VE may impact basic motor-cogni-
tive processes due to fewer binocular cues to depth, conflict-
ing depth information and limited haptic feedback (Harris 
et al. 2019). In the present research, this raises the ques-
tion of whether VE trainings can be an adequate replace-
ment for physical world settings. In their review, Bohil et al. 
(2011) state that in applied domains such as rehabilitation, 
VE methods continue to accumulate validating results. As 
these methods become widely adopted, the studies become 
extended to different neuroscience areas and to a wider range 
of therapies. Software and hardware components become 
ubiquitous and VEs are increasingly viewed as an ordinary 
part of neuroscience research and therapy (Bohil et al. 2011). 
More than two decades ago, Waller, et al. (1998) examined 
the variables that mediate the transfer of spatial knowledge 
(maze environment) acquired in a VE to the implementation 
in a Physical Environment (PE) situation, using the concept 
of fidelity. Fidelity typically is defined by the extent to which 
behavior, observation and/or representation in the VE and 
PE are indistinguishable (Jerald 2015; Waller et al. 1998). It 
was shown that tasks requiring route knowledge presented 
in an immersive VE may surpass map training and be indis-
tinguishable from training in the PE (Waller et al. 1998).

In their review, Jensen and Konradsen (2018) identified 
a number of situations in education and training in which 
head-mounted displays (HMDs) were useful for skill acqui-
sition, including understanding spatial and visual informa-
tion, knowledge and psychomotor skills related to head-
movement. Accordingly, VE training has been applied in 
many fields: ranging from training in neurosurgery (Choud-
hury et al. 2013) to social skill development training (How-
ard & Gutworth 2020) or as a training tool in the mining 
industry (Zhang 2017). The study of affordance judgments 
in VE has the potential to expand the knowledge about how 
well the experience in VEs matches the one of the physical 
world (Creem-Regehr et al. 2019; Geuss, et al. 2010; Lin 
et al. 2015). Bliss et al. (1997) investigated the transfer of 
training from VE to PE in a spatial navigation task. The 
results showed that the VE and blueprint training groups 
were equally effective for teaching spatial navigation skills. 
In their review, Cooper et al. (2005) emphasized with regard 
to wheelchair users another advantage: VEs offer a training 
tool in varying risk-free environments without any indoor 

(e.g., walls, furniture, and stairs) and outdoor (e.g., curb 
cuts, uneven terrain, and street traffic) physical constraints. 
However, while being promising, not all variables appear 
transferable from VE to PE and vice versa. For example, 
previous study results suggested that people judge egocen-
tric distances (from self to target) differently in PEs than in 
VEs (Geuss et al. 2010; Grechkin et al. 2010). According 
to Creem-Regehr et al. (2019), over the past 15 years, the 
body of research studying human performance in VEs has 
strongly grown including the study of affordances (Bhar-
gava et al. 2020; Bodenheimer & Fu 2015; Creem-Regehr 
et al. 2019; Creem-Regehr et al. 2015; Geuss et al. 2010; Jun 
et al. 2015). For example, in a very recent study by Bhargava 
et al. (2020) passability judgments were compared between 
a VE and a PE using a between subjects design. Participants 
judged whether they could pass through various widths of 
a doorway. Half of them performed judgments in the PE 
condition and half of them in a VE condition. If uncertain of 
their ability to pass, participants were asked to walk towards 
the door until they were certain of their response. Results 
showed that, overall, participants in the VE did not differ 
from participants in the PE with respect to aperture pass-
ability judgments (measured by accuracy of judgments, and 
certainty of judgments). The authors conclude that the infor-
mation which is needed to determine individual affordances 
(size and distance of the aperture relative to one’s own geo-
metric and dynamic properties) is available and salient in 
VE. However, the authors conceded that to reach a physical 
world level of judgment accuracy in VE, participants needed 
additional exposure to dynamic information in VE by walk-
ing closer to the door. Interestingly, the study mentioned that 
even though participants never received explicit feedback 
about the accuracy of their judgments, participants in the 
PE improved in accuracy over time, while participants in VE 
did not. Thus, with the aim to improve judgments, it remains 
unclear whether the environments may potentially deliver 
comparable results.

In physical settings, investigating training options to mod-
ulate and improve the capability of decision making based 
on affordances (affordance judgments) has gained relevance 
for rehabilitation purposes. While young healthy adults are 
able to make quick and adequate affordance judgments (Fin-
kel et al. 2019b; Oxley et al. 2005; Zivotofsky et al. 2012), 
it has been demonstrated that affordance judgments can be 
altered due to sudden bodily changes with older age (Fin-
kel et al. 2019b; Zivotofsky et al. 2012) or be impacted by 
brain damage such as stroke (Randerath et al. 2021, 2018). 
The existing research on training of affordance judgments 
demonstrated promising findings: In young adults, affor-
dance judgments appeared trainable subsequent to action 
practice (Finkel et al. 2019a, b; Franchak et al. 2010; Ran-
derath & Frey 2016). Franchak et al. (2010) for example 
found that participants benefited from action feedback in 
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judging whether doorways allowed passage. In our previ-
ous work we piloted a training approach with two studies, 
each testing a group of healthy young adults solving one 
PE task (Randerath & Frey 2016). In the first session, all 
participants solved a judgment task without executing the 
action (study 1: whether the hand could fit into an aperture 
(adapted from Ishak et al. 2008); study 2: whether an object 
was within reach (adapted from Gabbard et al. 2005). In 
the second session a training condition was introduced to 
half of the participants. These subjects were allowed to first 
judge and then perform the task for each trial and thereby 
received feedback (study 1: fitting the hand into the aper-
ture; study 2: reach forward and touch the presented object). 
The other half of subjects solved the tasks without experi-
ence. Only participants obtaining experience demonstrated 
increased accuracy and improvements in discriminating a 
doable from a not doable action (perceptual sensitivity). A 
later training study by Finkel et al. (2019a) implemented 
the Aperture Task across different age groups. Participants 
judged whether their hand could fit into a given opening 
that was presented with varying sizes. The authors found an 
improvement when comparing performance in pre-training 
to post-training and after a one-week follow-up. Younger 
adults showed improved perceptual sensitivity and judgment 
accuracy. The trainability of affordance judgments within 
this short time appears promising for rehabilitation research.

Similar to our previous PE study (Randerath and Frey 
2016) a recent training study presented at a conference inves-
tigated the trainability of affordance judgments for reachabil-
ity in VE (Gagnon et al. 2021). Participants viewed targets 
that were farther or closer than their actual reachability and 
decided whether the target was within reach. In feedback tri-
als, they judged and then reached out to the target to receive 
feedback. Participants received visual feedback from a hand-
held controller. Gagnon et al. (2021) found that reachability 
was initially overestimated, but became more accurate over 
feedback blocks in the VE.

Using an aperture paradigm, the present work examined 
the performance equivalence in a PE versus a VE condi-
tion for different performance variables: judgment accuracy 
as well as detection theory variables: perceptual sensitivity 
and judgment tendency (Fox 2004; Green and Swets 1966; 
Macmillan and Creelman 2004). Detection theory is a gen-
eral psychophysical approach to measuring performance of 
decision processes. In our case it measures the skill in distin-
guishing a fit from a non-fit of one’s hand in a given aperture 
(perceptual sensitivity), and it measures a particular setting 
of a decision threshold (criterion or bias or judgment ten-
dency). Perceptual sensitivity captures the capability to dis-
criminate between a fit and a non-fit (discriminability index 
d’). Judgment tendency reflects an individual’s response 
bias (criterion c) that can for example be rather liberal (< 0, 
responding with yes it fits in most trials) or conservative 

(> 0, responding with no it does not fit in most trials) when 
deciding whether a certain action is possible (see section 
“2.1.4.1. Performance variables” in “2.1.4. Data analysis" 
section).

We further examined the potential effects of a VE train-
ing for judgment performance in the VE as well as in the 
PE setting.

Thus, the present investigation was divided into two parts 
using a within-subjects design: In study 1, we compared 
initial affordance judgment performance in a PE versus a 
VE condition. In study 2, we examined within the same par-
ticipants whether an intervention with visual feedback in the 
virtual setting had an effect on the judgment performance in 
the VE and PE condition.

2  Study 1

In study 1, we compared initial affordance judgment per-
formance in a PE versus a VE. Participants were asked to 
indicate a fit or a non-fit of their hand into a given aperture 
(Aperture Task). In the PE condition, a physical aperture 
apparatus with varying opening widths was presented. In 
the VE condition, the task was presented via a virtual setting 
using Oculus Rift goggles. Prior studies assessing affordance 
judgments in PEs and VEs have demonstrated similarly 
accurate judgments for example during a passability task 
or while judging crossable gaps (e.g., Bhargava et al. 2020; 
Creem-Regehr et al. 2019). Therefore, we expected judg-
ment behavior to be equivalent between conditions. Since 
traditional comparisons fail to reject a no-difference hypoth-
esis we instead applied equivalence testing (Da Silva et al. 
2009; Mascha & Sessler 2011; Rogers et al. 1993). We used 
the TOST (two-one-sided-tests) procedure to test statistical 
equivalence (Lakens et al. 2018). For details, see section 
“2.1.4.2. Equivalence testing” in “2.1.4. Data analysis”.

2.1  Study 1 methods

The methods and materials were mainly adapted from previ-
ous work (Randerath & Frey 2016) and were implemented 
in both, study 1 and study 2.

2.1.1  Participants

Participants were recruited by announcement and through 
the online recruitment software SONA. They were tested at 
the University of Konstanz. Based on the inclusion criteria, 
all participants were right-handed according to the Edin-
burgh Handedness Inventory (Salmaso & Longoni 1983), 
had normal or corrected-to-normal vision, and reported no 
history of psychiatric or neurologic disorders. Stereo vision 
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was tested by the Lang II Stereo card, a revised version of 
the Lang Stereotest (Lang 1983; Lang & Lang 1988).

In total, data sets of 24 individuals between 20 and 
33 years of age (M = 24.1 years, SD = 3.3; 17 females) were 
analyzed across two study parts. Please note, for the equiva-
lence testing (TOST procedure), statistical power (1-β) was 
computed post hoc using the web page “http:// power andsa 
mples ize. com/” (HyLown Consulting LLC, 2013–2022). 
Power analysis for accuracy revealed a power (1-β) of > 0.99 
[N = 24, type I error rate (α) = 5%,  MeanGroup ‘A’ = 74.69, 
 MeanGroup ‘B’ = 70.53, SD = 9.87, δ = 29.88].

2.1.2  Material

The Aperture Task was performed in both a PE and a VE. In 
Fig. 1 both experimental settings are depicted.

2.1.2.1 Physical aperture condition (PE) The aperture appa-
ratus used in the PE condition was the same as used in previ-
ous studies (e.g., Finkel et al. 2019a, b). It was custom-built 
by the scientific workshops at the University of Konstanz 
and made of PVC (black board: 1000 mm length × 850 mm 
height) and aluminum. Centrally placed, at participant’s eye 
level, there was a rectangular opening. Its height and width 
could be manipulated in millimeter steps. During the exper-
iment, the protocol-related trial adjustments of horizontal 
openings were regulated by a computer-controlled step 
motor. In order to prevent visual feedback when necessary 
and to control vision in the physical condition, participants 
wore Plato-goggles (Translucent Technologies Inc.) that 
could be switched between opaque and transparent. Judg-
ments were indicated by pressing a specified “yes” or “no” 
button on a response button-pad (Cedrus, RB540, see Fig. 1, 
bottom figure).

2.1.2.2 Virtual aperture condition (VE) First, the virtual 
scene was modelled and visualized by use of Unreal Engine 
(EpicGames). The apparatus was modelled with standard 
objects considering the implementation of lighting and tex-
ture. Afterwards, the experimental sequence and the interac-
tion with Cedrus devices were implemented.

In order to keep the participants’ positioning, button 
presses and surrounding sounds (e.g., motor sound) consist-
ent across conditions, participants sat at the same table with 
the physical apparatus and the button-pad (see Fig. 1B, bot-
tom figure). They wore Oculus Rift Virtual Reality goggles 
instead of the Plato-goggles. By use of the Oculus Rift Soft-
ware, standard calibration of the Occulus Rift goggles was 
executed utilizing remote control. To ensure that the opening 
in the VE condition was centered in front of the participant 
and precisely matched the physical opening, height and ori-
entation of the apparatus were calibrated for each test per-
son. Therefore, the apparatus with an equilateral rectangular 

opening and additionally an equally sized transparent rectan-
gle were presented in Oculus Rift goggles. The participant 
was then asked to indicate verbally in which direction the 
rectangle should be moved (up/down/left/right/front/back), 
until opening and rectangle overlapped exactly. Based on 
the subject’s verbal command, the shifting of the rectangle 
was adjusted by the investigator using the arrow keys on the 
computer keyboard. In addition, the participant was asked 
to palpate the apparatus in front of them with both hands to 
get used to the VE. The calibration process was carried out 
until the participant confirmed that haptic feedback matched 
the visual impression.

2.1.3  Task and procedure

Participants sat in a straight position at a defined distance 
(20 cm from belly to table) in front of a height-adjustable 
table. They either wore Plato-goggles or Oculus Rift gog-
gles, depending on the condition. The apparatus was con-
trolled automatically by use of the SuperLab software (pro-
vided by Cedrus).

2.1.3.1 Measurements Hand measurements were taken 
without vision to avoid visual feedback. Both in PE and VE, 
the session started out, with the measurement of the actual 
maximum width and height of the participants’ hands (max-
imum fitting size of the opening). Participants put their flat 
hand with fingers closely spaced through the opening and 
hand size measurements were taken by closing the opening 
tightly around the hand’s widest part. In the PE condition 
the Plato-goggles were shut, and its glasses turned into an 
opaque grey. In the VE condition a grey background was 
presented via the Oculus Rift goggles.

2.1.3.2 Aperture Task In the affordance perception task, 
subjects judged whether they could fit the widest part 
of their right hand through a given horizontal aperture 
located at eye level which varied in width between trials. 
The presented aperture sizes varied relative to the par-
ticipants’ actual hand width using nine fixed increments: 
− 16, − 8, − 4, − 2, 0, + 2, + 4, + 8, + 16  mm. The 0-trial 
reflected the actual participants’ hand width. In order to 
achieve a balance in the number of yes-trials (5 openings 
with 0, + 2, + 4, + 8, + 16  mm) and no-trials (4 openings 
with − 16, − 8, − 4, − 2 mm), a corresponding number of 
filler trials per block was added. These filler trials presented 
smaller openings for which the answer would be “no” as 
well (− 20, − 30, − 40  mm). In other words: to avoid an 
imbalance toward more frequent yes-trials, we added filler 
trials for which the correct answer would be “No” (smaller 
than—16 mm). Please note, because the negative filler trials 
are much narrower than the 0-trial, correct answers become 
more likely. For this reason, filler trials were excluded from 

http://powerandsamplesize.com/
http://powerandsamplesize.com/
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further analysis. Participants indicated their judgments by 
pressing a specified “yes” or “no” button on a button-pad 
(Cedrus, RB540). They were instructed to use their domi-
nant right hand to make the decision. To withdraw addi-
tional information about the hand in the PE condition, par-
ticipants had to place their hand under a cover plank (see 

Fig.  1) in both experimental conditions. Since a previous 
study (Randerath and Frey 2016) showed that a stable judg-
ment tendency seems to be formed during the first few judg-
ment trials, a familiarizing introductory block with 20 trials 
(2 × 9 openings and 2 filler trials) was added for each condi-
tion and each study. An experimental block with the same 

Fig. 1  Experimental setting 
in the PE (A) and the VE (B) 
condition  A Experimental 
setting (PE condition) including 
aperture apparatus, Plato-
goggles (here: transparent), and 
the response button-pad placed 
under a cover plate. B Experi-
mental setting (VE condition) 
including aperture apparatus 
and Oculus Rift Virtual Real-
ity goggles. The response 
button-pad is also placed under 
the cover plate here. At the 
bottom picture: Cedrus response 
button-pad used in both the PE 
and the VE condition
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environmental condition with 30 trials (3 × 9 openings, 3 
filler trials) followed.

In study 1, we aimed to examine whether the partici-
pants’ initial performance in the Aperture Task measured 
by accuracy, perceptual sensitivity, and judgment tendency 
was equivalent in the PE compared to the VE condition. The 
study lasted approximately one hour. In this study, partici-
pants performed 6 blocks of the Aperture Task. Trials were 
blocked per environmental condition. To familiarize with 
both the VE and PE condition, participants started with an 
introductory (20 trials) and a subsequent experimental block 
(30 trials) with one randomly assigned condition. After-
wards, an introductory and an experimental block were pre-
sented with the respective alternative condition. Half of the 
group (N = 12) started with the PE condition, the other half 
with the VE condition (N = 12). After the two familiarizing 
blocks, participants performed another experimental block 
(30 trials) per environmental condition. The latter was used 
for data analysis. The exact procedure is shown in Fig. 2.

2.1.4  Data analysis

Experimental data were coded with SuperLab 5 Software. 
Behavioral data were analyzed with SPSS Statistics 27 
(IBM).

2.1.4.1 Performance variables Firstly, general judgment 
accuracy (percent of correct judgments) was assessed. 
Second, to enable a more precise interpretation of partici-
pants’ judgment behavior, detection theory variables were 
additionally calculated: False-alarm rates were determined 

by the ratio of the number of negative events wrongly cat-
egorized as positive (False-alarms, i.e., indicating “yes” in 
trials the hand actually does not fit through the given open-
ing) and the total number of actual negative events (i.e., total 
amount of “no” trials with openings smaller than 0). The 
additionally calculated Hit rates depicted the ratio of the 
number of positive events successfully categorized as posi-
tive (Hits, i.e., indicating “yes” in trials the hand fits through 
the given opening) and the total number of actual positive 
events (i.e., total amount of “yes” trials with openings larger 
or equal to 0). Based on these False-Alarm and Hit rates, 
two independent detection theory variables, discriminabil-
ity index and judgment tendency, were calculated: Percep-
tual sensitivity reflects the participants’ ability to discrimi-
nate a fit from a non-fit. It is represented by means of the 
discriminability index d′ which is assessed by the following 
formula: d� = Z(Hit rate) − Z(False - Alarm rate), Z reflects 
the z-standardization of the hit rate or the false alarm rate, 
respectively. This means the more sensitive the participant is 
at discriminating a fit from a non-fit, the larger the d’-value 
will be. Based on the idea that participants make decisions 
(i.e., respond yes or no) by comparing their observations 
with an experienced-based judgment criterion, we further 
assessed participants’ judgment tendency represented by 
the criterion (c). It was calculated using the following for-
mula: c = −.5∗[Z(Hit rate) + Z(False − Alarm rate)] , for 
a detailed derivation of the formula, please see Macmillan 
and Creelman (2004, p 27–31). A positive value is associ-
ated with a rather conservative judgment tendency. On the 
contrary, negative values reflect increasingly liberal judg-
ments. By considering d-prime as a perceptual measure and 

Fig. 2  Experimental procedure in study 1   Participants either started with the PE condition or with the VE condition
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criterion c as a measure of conservative versus liberal judg-
ment tendencies, a more precise interpretation of partici-
pants’ judgment behavior was possible.

Normality was assessed by screening normal probability 
plots and with the Shapiro–Wilk Test. Since the direction 
of the hypotheses was determined a priori, exact instead of 
asymptotic p-values were reported one-tailed (p < 0.05). For 
the sake of completeness, we also provide adjusted p-values 
using the stepwise Holm–Bonferroni procedure (padj) to cor-
rect for family-wise error rate.

2.1.4.2 Equivalence testing Since the mere absence of 
significant differences cannot be interpreted as equiva-
lence, a method from biometrics, the so-called equivalence 
test (Da Silva et  al. 2009; Mascha & Sessler 2011; Rog-
ers et al. 1993), was used to test the similarity of the two 
conditions (performance in the Aperture Task in a PE and 
a VE). Following this approach, to assume equivalence, 
the difference in mean performance between the PE and 
the VE setting needs to be significantly within an a priori 
specified equivalence region ranging from—δ (minus delta) 
to + δ (plus delta). In the present study, the following null 

hypothesis (H0) was formulated: the difference between 
the conditions (e.g., performance in VE minus perfor-
mance in PE) is below or above the equivalence region 
�
(

H0 ∶ �VE − �
R
≤ −� or �VE − �

R
≥ +�

)

 . The corre-
sponding alternative hypothesis (H1) stated: the already 
mentioned difference between the conditions is within the 
delta-range (H1 ∶ 𝜇VE − 𝜇

R
> −𝛿 and 𝜇VE − 𝜇

R
< +𝛿) . 

The equivalence bounds (+ δ and − δ) are determined based 
on FDA guidelines with the reference product (here: mean 
value of the variables in the PE condition) * 0.2 (Machin 
et al. 2011).

Based on this principle, equivalence between VE and PE 
is proposed for judgment accuracy (hypothesis 1), perceptual 
sensitivity (hypothesis 2) and judgment tendency (hypoth-
esis 3).

To test the hypotheses, two one-sided tests were applied 
(TOST). If the observed confidence interval falls within the 
predicted range, both tests become significant (p < 0.05) and 
 H0 can be discarded (Williams et al. 2002). If the confidence 
interval is within the predicted differential range, equiva-
lence is suggested. In Fig. 3, possible results and the result-
ing implications are illustrated.

Fig. 3  Illustration of possible equivalence outcomes by use of the 
confidence interval approach   Possible case outcomes are expressed 
as mean difference between PE and VE (square) conditions includ-
ing confidence intervals (whiskers). The prespecified range of equiva-
lence is defined by the limiting lines above (+ δ) and below (-δ) the 
line of no difference. Equivalence categories A-D indicate the accord-
ing recommendation per case. For example, case outcomes 1 and 2 

clearly fall within the equivalence range and would indicate equiva-
lent performance between the VE and the PE setting, while case 7 
would represent an example for non-equivalence. For simplicity rea-
sons the figure shown here only illustrates cases exceeding the upper 
limit. For similar illustrations see for example EFSA Panel on Geneti-
cally Modified Organisms: European Food Safety Authority (2010)
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2.2  Study 1 results

Affordance judgment performance in the PE and the VE 
was compared for equivalence considering accuracy and 

detection theory values by use of the above-mentioned 
procedure. Descriptive data for the three variables are 
shown in Table 1. Moreover, Fig. 4 shows the results of 
the equivalence testing. Descriptive and inferential equiva-
lence statistics are listed in Table 2.

2.2.1  Accuracy

Concerning accuracy, equivalence testing revealed sig-
nificance. A significant difference was found between the 
mean condition difference (VE minus PE performance) 
and the upper equivalence bound on the one hand, and 
between the mean condition difference and the lower 
equivalence bound on the other hand. This means that H0 
can be discarded. Instead, our hypothesis of performance 
equivalence in the VE and the PE condition is supported 
for accuracy.

Table 1  Descriptive data for the three variables examined per condi-
tion

Variable Mdn Mean SD

Accuracy (%)
 PE 75.93 74.69 9.87
 VE 74.07 70.53 13.88

Perceptual sensitivity (d′)
 PE 1.75 1.69 0.60
 VE 1.47 1.48 0.90

Judgment tendency (c)
 PE − 0.40 − 0.27 0.93
 VE 0.56 0.14 0.98

Fig. 4  Results of equivalence testing  The confidence interval of the 
upper and lower equivalence bounds (Epsilon* ± 0.2) as well as of 
the difference between the VE and PE condition is shown. The lower 

bound and upper bound in the judgment tendency appear reversed 
due to the algebraic sign of the mean value of the criterion in the PE 
condition (− 0.27). *p < .05
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2.2.2  Detection theory values

With regard to perceptual sensitivity (d-prime), results 
revealed a significant difference between the mean condi-
tion difference and the upper equivalence bound. The differ-
ence between performance and the lower equivalence bound 
did not reach significance. As a result, the equivalence of 
perceptual sensitivity (d-prime) between the PE and the VE 
condition must be described as uncertain. When considering 
the judgment tendency (c), a different picture emerged: the 
difference in the performance between conditions varied sig-
nificantly from the upper equivalence bound as well as from 
the lower equivalence bound. However, the graphical check 
(see Fig. 4) reveals that the confidence interval is beyond 
both boundaries. Thus, there is no equivalence between the 
two conditions.

2.3  Study 1 discussion

In study 1, we aimed at evaluating the equivalence of a PE 
and a VE setting by use of an Aperture Task. Besides accu-
racy, detection theory variables served as measures and were 
analyzed. Equivalence between conditions could be shown 
for accuracy, but not for judgment tendency. For perceptual 
sensitivity, it remained uncertain. Interestingly, descrip-
tive results revealed that in the VE condition, participants 
decided more conservatively than in the PE condition (see 
Table 1).

The lack of equivalence in judgment tendency could be 
explained by a more conservative approach due to increased 
safety behavior in VE. Possible reasons for a lack of equiva-
lence in the detection theory variables might include the 
influence of familiarity which may lead to more conservative 
behavior as well as differences in the quality of perceptual 

cues which may lead to worse perceptual sensitivity in the 
VE condition. In terms of a more global explanation for 
the lack of equivalence in judgment tendency, the degree 
of immersion or the sense of presence could be questioned, 
both of which are important factors for eliciting realistic 
behavior in VEs (Bowman and McMahan 2007; Sanchez-
Vives and Slater 2005). While some studies have discussed 
that virtual cues like holographic objects may facilitate 
object-related action planning (Rohrbach et al. 2021), it is 
currently unknown to which extent and quality objects in 
the virtual world provide affordances for action (Harris et al. 
2019). On the one hand, in the literature the high ecological 
validity of VEs for cognitive and motor neuroscience has 
been stressed (Parsons 2015; Tieri et al. 2018), On the other 
hand, it also has been discussed (Gerig et al. 2018; Wilson 
& Soranzo 2015) that important perceptual cues (e.g., depth 
cues) are lacking in VE.

While haptic feedback was held constant between condi-
tions in our study, the perceptual system was still provided 
with fewer binocular cues to depth in the VE condition. 
Furthermore, previous studies found that size and distance 
to objects is consistently underestimated in VE (Interrante 
et al. 2008). This finding is in line with our finding of a more 
conservative judgment tendency in VE, as participants might 
have underestimated the opening size in the VE setting in 
our study in a similar way. Another reason for more conserv-
ative behavior could be a lack of familiarity. Typically, par-
ticipants are less familiar with virtual settings (Lindner et al. 
2019), and it could be speculated that judgment tendency is 
mediated by familiarity with more insecure and conserva-
tive behavior in the unfamiliar VE. Similar arguments have 
been raised within PE conditions for the retrieval of a stable 
judgment tendency (criterion), i.e., the criterion-instability 
hypothesis proposed by Finkel et al. (2019a) when adapting 

Table 2  Descriptive and 
inferential statistics of the 
equivalence testing

Equivalence of the PE and the VE condition is tested using one-tailed t-test analyses for accuracy, percep-
tual sensitivity and judgment tendency
*p < .05

Variable Mean T df p padj dCohen

Accuracy (%)
 Difference between means −  4.17
 Lower equivalence bound − 14.94 3.85 23 < .001* .002* .79
 Upper equivalence bound 14.94 − 6.13 23 < .001* < .001* − 1.25

Perceptual sensitivity (d′)
 Difference between means − .21
 Lower equivalence bound − .34 .72 23 .241 .241 .15
 Upper equivalence bound .34 − 2.80 23 .005* .010* − .57

Judgment tendency (c)
 Difference between means .41
 Lower equivalence bound .05 3.29 23 .002* .005* .67
 Upper equivalence bound − .05 3.80 23 < .001* .002* .78
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to new conditions. It suggests a prolonged habituation period 
for unfamiliar conditions introducing a phase of instability 
during which a new criterion needs to be built or encoded, 
respectively. It is assumed that this process causes variability 
in the judgment tendency.

Future studies should address a possible influence of 
these factors, e.g., by carefully manipulating variables such 
as familiarity. While the observed equivalence between con-
ditions in regard to accuracy emphasizes the potential of 
virtual settings to assess judgment performance, the cur-
rent equivalence study also stresses that different variables 
should be considered to provide a more complete picture. 
We can only speculate about the underlying reasons for non-
equivalence or uncertainty for the detection theory variables. 
The identification of influencing factors causing non-equiva-
lence is beyond the scope of the current manuscript. Future 
studies could for example pursue the presented approach 
and specify potential factors and manipulations that might 
establish enhanced equivalence for detection theory vari-
ables. Furthermore, the investigated task included a static 
environment only. It would be of interest to implement the 
current study approach in more dynamic settings, including 
for example moving stimuli.

3  Study 2

The literature suggests that affordance judgments can be 
trained in PE (Finkel et al. 2019a; Randerath & Frey 2016), 
and most recently training effects were reported in a reach-
ability design in VE (Gagnon et al. 2021). The major aim 
of study 2 was to examine whether participants volunteer-
ing in study 1 would benefit from a training using a VE. 
Study 2 took place one or two days after study 1 and lasted 
approximately 90 min. It was analyzed whether potential 
improvements in judgment performance due to feedback 

provided via the VE setting could be measured in a sub-
sequent VE assessment (without feedback), and whether a 
potential performance improvement could be detected in the 
PE assessment as well. Obviously, variables demonstrating 
at least uncertain or given equivalence between PE and VE 
should be considered for this purpose. For variables that 
can be considered to evoke equivalent performance in PEs 
and VEs we hypothesized to find transfer effects of VE 
training leading to improved performance in the physical 
world behavior as well. Based on the equivalence results of 
study 1 this pertains to the variables judgment accuracy and 
perceptual sensitivity. Finkel et al. (2019a) and Randerath 
and Frey (2016) have demonstrated that in healthy young 
adults these two variables were trainable using our physi-
cal aperture setting. In these previous PE training studies 
participants tried to fit their hand into the opening for each 
trial. Feedback included visual (goggles were open during 
the action) and haptic (for fits they were able to touch a back 
panel that elicited a noise) information. In the current study, 
participants received a virtual training that provided visual 
feedback only.

3.1  Study 2 methods

The methods of study 2 were mainly adapted from study 1. 
Altered parts are described below.

3.1.1  Participants

To estimate a minimum sample size (to detect a training 
effect if present), we a priori ran a power analysis based on 
prior training data in PE only (Randerath and Frey 2016). 
For pair-wise group comparisons (Wilcoxon signed rank 
tests), statistical power (1-β; as the complement of Type II 
error magnitude) was computed by use of G-Power (Faul 
et al. 2007). Test power was calculated one-tailed and with 

Fig. 5  Experimental procedure in study 2  Participants either started 
with the PE assessment or with the VE assessment. Aligned with 
study 1, the same half of the participants started with the PE assess-
ment (N = 12) and half started with the VE assessment (N = 12). 

Subsequent to the assessments, feedback was introduced via the VE. 
After the training, judgment performance was assessed again for each 
condition
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an alpha level of .05. Power analysis revealed a minimal 
sample-size-proposal of N = 21 [Power: 0.96, d = 0.79]. In 
total, data sets of the same 24 individuals (between 20 and 
33 years of age (M = 24.1 years, SD = 3.3; 17 females) as in 
Study 1 were subjected.

3.1.2  Procedure

In Fig. 5, the procedure of study 2 is displayed. Subjects 
started with 20 introductory trials either in the PE or in the 
VE and 30 experimental trials in the same mode. After-
ward, the other mode followed with 20 introductory and 30 
experimental trials. Subsequently, two VE feedback-training 
blocks (40 trials each) were conducted and the subjects again 

Fig. 6  Accuracy [%] and perceptual sensitivity measured by d-prime 
for condition (PE or VE training)  White boxplots refer to the assess-
ment conducted in the PE condition. Boxplots in grey indicate 

the assessment in the VE condition. Boxplots with black grid refer 
to performance while solving the VE training (block 1 and block 
2). *p < .05
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executed an experimental block in each mode (PE and VE), 
in the same order as in the beginning. As in study 1, they 
executed each trial with their right hand.

3.1.2.1 Training VE setting During the two training 
blocks participants were first asked to judge whether 
their hand could fit into the opening. They indicated their 
answer by pressing a yes- or no-button. If the action was 
actually feasible, a sound was presented immediately 
after the answer was given, and the entire image turned 
green. In contrast, if the actability was not given, the 
whole image turned yellow.

3.1.3  Data analysis

For the following data analysis, we only used data of the 
second study. In addition to judgment accuracy, we included 
perceptual sensitivity in order to evaluate the training effect 
in detail. Since judgment tendency was clearly shown to be 
non-equivalent between the PE and the VE, this measure 
was excluded from analysis.

Parallel to study 1, normality was assessed by screening 
normal probability plots and with the Shapiro–Wilk Test. 
As part of the data were not normally distributed (Accuracy 
VE post-training, p < .001, perceptual sensitivity (d-prime) 
VE post-training, p = .002), behavioral data were analyzed 
non-parametrically. To evaluate whether there was a main 
effect of VE training in the second study within each envi-
ronmental condition (PE and VE assessment) and per vari-
able (accuracy and perceptual sensitivity) we ran Wilcoxon 
signed rank tests. As in Study 1, exact instead of asymptotic 
p-values were reported one-tailed (p < .05). Adjusted p-val-
ues using the stepwise Holm–Bonferroni procedure (padj) 
are provided. Corresponding z-values reported by these 
tests were used to calculate the effect size r as proposed by 
Cohen (Cohen 1988) by dividing z by the square root of N. 
Please note that N corresponds to the number of observa-
tions (N = 48 (24 × 2); Field, 2013).

3.1.3.1 Post hoc equivalence analysis To further evaluate 
replicability of the equivalence results from study 1, we ran 
equivalence analyses for PE and VE pre-training for all vari-
ables. Furthermore, to explore potential effects by training, 
equivalence tests were repeated post-training. The statistical 
procedure was the same as described in study 1 (“2.1.4 Data 
analysis”, section ”2.1.4.2. Equivalence testing”).

3.2  Study 2 results

Descriptive and inferential statistics (exact and adjusted 
p-values) are summarized in Table 3. Figure 6 displays vari-
able values of study 2 in boxplots. Please note, to evaluate 
potential repetition effects, we ran a control analysis which 
is provided in the supplementary material (S1—Table 4). It 
suggests no relevant improvement by mere repetition for the 
variables accuracy and perceptual sensitivity.

3.2.1  Accuracy

On a descriptive level, participants improved in judgment 
accuracy in both PE and VE from pre-training to post-train-
ing. However; the statistical pre-post comparison revealed 
that participants’ performance only improved significantly 
within the VE. In the PE, participants’ accuracy perfor-
mance did not improve significantly.

3.2.2  Perceptual sensitivity

Concerning perceptual sensitivity, a similar picture emerged: 
The difference between pre-training and post-training assess-
ment revealed observable effects in VE, but not in the PE 
condition (Table 3).

Post  hoc we further investigated equivalence between 
the PE and the VE pre-training as well as between the PE 
and the VE post-training for accuracy and detection theory 
values (descriptive data are depicted in Table 4.). In addi-
tion, Fig. 7 shows the graphical results of the equivalence 
testing post-training. Descriptive and inferential equiva-
lence statistics are listed in Table 5.

Table 3  Descriptive and 
inferential statistics of accuracy 
and perceptual sensitivity

Wilcoxon-Test results of comparisons between pre-training versus post-training affordance judgment 
assessments are shown.
*p < .05, one-tailed

Variable Pre- training Post-training
Mdn Mdn Z pexact padj r

Accuracy (%)
PE 74.07 79.63 − 1.14 .133 .266 .16
VE 70.37 81.48 − 2.48 .006* .022* .36
Perceptual sensitivity (d′)
PE 1.83 1.85 − .68 .258 .258 .10
VE 1.59 2.14 − 2.10 .017* .052 .30
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3.2.2.1 Accuracy Concerning accuracy, equivalence testing 
for pre-training revealed significance and showed a simi-
lar picture as in study 1. This implies that equivalence in 
accuracy performance can be assumed in study 2 as well. In 
addition, post-training the equivalence testing also showed 
significant results.

3.2.2.2 Detection theory values In terms of perceptual 
sensitivity, for pre-training, uncertainty in the equivalence 
between VE and PE was replicated. However, post-training, 
the picture changed: the difference between means was sig-
nificantly different from both bounds. Visual inspection 
confirmed that the equivalence of perceptual sensitivity 

Table 4  Descriptive data for 
the three variables examined 
per condition (pre-training and 
post-training)

Variable Pre-training Post-training

Mdn Mean SD Mdn Mean SD

Accuracy (%)
 PE 74.07 76.70 10.73 79.63 79.94 12.59
 VE 70.37 71.91 14.97 81.48 81.17 11.13

Perceptual sensitivity (d')
 PE 1.83 1.89 0.68 1.85 2.02 0.85
 VE 1.59 1.53 0.99 2.14 2.02 0.75

Judgment tendency (c)
 PE − 0.04 − 0.14 0.92 − 0.13 − 0.21 0.75
 VE 0.01 − 0.09 1.01 − 0.16 − 0.06 0.51

Fig. 7  Results of equivalence testing after feedback training (post-
training)  The confidence interval of the upper and lower equivalence 
bounds (Epsilon* ± 0.2) as well as of the difference between the VE 

and PE condition is shown. The lower bound and upper bound in the 
judgment tendency appear reversed due to the algebraic sign of the 
mean value of the criterion in the PE condition (− 0.21). * p < .05
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after training can be assumed. Similar to study 1 for judg-
ment tendency equivalence cannot be assumed. The equiva-
lence testing showed (as in study 1) both, pre-training and 
post-training, uncertain results.

3.3  Study 2 discussion

In the past two decades evidence has accumulated showing 
that feedback in PE has an advantageous effect on perform-
ing affordance judgment tasks (Finkel et al. 2019a; Fran-
chak et al. 2010; Randerath and Frey 2016). First attempts 
to implement trainings within VEs show promising effects. 
For example, Gagnon et al. (2021) found that reachability 
was initially overestimated, but became more accurate over 
feedback blocks in the VE. With study 2 we add to this line 
of research. Our training study delivers mixed results. On the 
group level, VE training only improves accuracy within the 
same mode. One reason for a lack of transfer of the training 
effect from the VE to the PE could partly be explained by 
the overall high performance from the beginning, which is 
quite common in healthy young samples (Kwok et al. 2011; 
Mahncke et al. 2006). Thus, a lack of improvement-transfer 
could be explained by the fact that there is low potential to 
improve.

Another possible explanation for hampered training trans-
fer from the VE to the PE in accuracy and perceptual sensi-
tivity measures could be that participants in the VE feedback 
training make use of learning strategies that may not apply to 
physical settings. They may have stored the correct response 
in semantic memory (concept-based knowledge unrelated 
to specific experiences), but not the underlying meaning 
(Kumar 2021). The association of a presented opening size 
and the correct response could have been merely learned by 

heart for the VE, and not include any action-related infor-
mation, i.e., action procedure or a simulation of considering 
whether the person’s hand fits, which may be relevant for 
performing the correct and perceptual sensitive judgments 
in physical settings. This is conceivable as the participants 
were given feedback in the VE for one opening after the 
other without actually trying to fit through the opening. 
Haptic feedback and actually moving as implemented in 
PE studies may lead to an essential link of environmental 
properties and the person’s actual capabilities: a presented 
opening and the individual body proportions as well as 
involved action production processes that may deliver the 
basics for involving action-perception networks and perhaps 
train action simulation processes. For example, Franchak 
et al. (2010) demonstrated that action feedback aided percep-
tual judgments by facilitating scaling to body dimensions as 
compared to a group that had to rely on perception only. For 
walking through doorways of varying widths in the action 
(vs. mere perception) group, judgments were more accurate 
and strongly related to height, weight, and torso size of the 
participants. However, to maintain the benefits of VE train-
ing, haptic feedback or learning by doing is not an option. 
Possibilities such as additional verbal or visual cues could be 
considered to further strengthen the associative link.

In post hoc equivalence analyses, results from study 1 
were replicated before training (pre-training) for accuracy 
(equivalent between PE and VE) and perceptual sensitivity 
(equivalence unsecure between PE and VE). Judgment ten-
dency revealed pre-training as well as post-training uncer-
tain equivalence results (in study 1: not equivalent). After 
training (post-training), accuracy appeared still equivalent. 
Interestingly, perceptual sensitivity reached an equivalent 
level for PE and VE post-training. From these results we 

Table 5  Descriptive and inferential statistics of the equivalence testing pre-training and post-training

Equivalence of the PE and the VE condition is tested using one-tailed t-test analyses for accuracy, perceptual sensitivity and judgment tendency
*p < .05

Variable Pre-training Post-training

Mean T df p padj dCohen Mean T df p padj dCohen

Accuracy (%)
 Difference between means − 4.78 1.23
 Lower equivalence bound − 15.34 4.11 23 < .001* .001* .84 − 15.99 9.05 23 < .001* < .001* 1.85
 Upper equivalence bound 15.34 − 7.33 23 < .001* < .001* − 1.50 15.99 − 6.01 23  < .001* < .001* − 1.23

Perceptual sensitivity (d′)
 Difference between means − 0.35
 Lower equivalence bound − 0.38 0.13 23 .448 .448 .03 −  .40 1.23 23 .002* .010* .64
 Upper equivalence bound 0.38 − 3.93 23 < .001* .001* − .80 .40 3.12 23 .011* .032* − .50

Judgment tendency (c)
 Difference between means 0.06 .14
 Lower equivalence bound 0.03 0.22 23 .413 .826 .05 .04 0.97 23 .171 .171 .20
 Upper equivalence bound − 0.03 0.61 23 .273 .818 .13 −  .04 1.23 23 .115 .230 .25
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conclude that mere exposure to the task appeared to have 
no influence on improving equivalence as has been shown 
by the replication of equivalence results for accuracy and 
perceptual sensitivity. However, the VE-training led to a 
convergence towards PE-levels by enhancing perceptual 
sensitivity performance in VE.

Therefore, the utility of VE trainings should be further 
explored by including participant-groups with high variabil-
ity in performance to make more precise statements about 
the potential of VE trainings in affordance judgments. In 
addition, it may be of interest to explore the effect of differ-
ential feedback mechanisms in VEs, and perhaps come up 
with settings that allow to increasingly converge to action-
related learning mechanisms. The hope would be to achieve 
increasingly better results in performing affordance judg-
ments in PEs that were trained within a virtual setting.

4  General discussion

Judging action opportunities requires an estimation of envi-
ronmental conditions and our own physical abilities. When 
navigating through our everyday life, we constantly make 
decisions about whether or not to perform certain actions 
which requires the evaluation of the fit between perceived 
environmental properties and our own physical capabilities, 
so-called affordance judgments. For example, when cross-
ing a street, we need to match the speed of the approach-
ing cars with our own walking speed. Earlier studies using 
PEs showed that young and healthy adults are able to make 
quick and adequate affordance decisions (Finkel et al. 2019b; 
Franchak et al. 2012). With older age or after stroke, impair-
ment of this ability was observed which may lead to seri-
ous consequences (Finkel et al. 2019b; Luyat et al. 2008; 
Muroi et  al. 2017; Pereira et  al. 2020; Randerath et  al. 
2018). Therefore, it would be desirable to develop training 
approaches for advancing age or neuropsychological rehabil-
itation. Controlled training settings in PEs are, unfortunately, 
often elaborate and cost-intensive. In some other cases, these 
settings are also limited by safety issues (e.g., traffic situa-
tions). The use of VE may offer a feasible alternative for 
implementing trainings. The current work aimed at investi-
gating whether equivalent performance can be demonstrated 
when using VEs versus PEs to analyze judgments of action 
opportunities in a static Aperture Task (study 1). In addition, 
we examined whether visual feedback training in the VE can 
improve judgment performance in both the VE and the PE 
assessment (study 2). In our VE and PE assessment partici-
pants judged whether their hand would fit into a presented 
opening that varied in width. Participants’ accuracy (per-
centage of correct answers) was analyzed. To provide a more 
detailed picture, we applied a detection theory approach to 

evaluate perceptual sensitivity and judgment tendencies in 
both conditions.

Data analysis in study 1 revealed equivalence between 
the VE and PE condition for the accuracy of decisions in 
the Aperture Task. This finding is in line with Bhargava 
et al. (2020) and Geuss et al. (2015) who also found a simi-
larity in accuracy between a physical and virtual setting. 
Thus, the present results at first glance provide support 
for the hypothesis that the information which is needed to 
perform affordance judgments is available and salient in 
VEs. However, the analysis of detection theory variables 
and the lack of equivalence between conditions therein 
presents a more nuanced picture. In terms of perceptual 
sensitivity, equivalence was shown to be uncertain and 
for judgment tendency no equivalence between the VE 
and the PE could be found. Concerning the uncertainty 
of equivalence for perceptual sensitivity as well as the 
lack of equivalence for the judgment tendency measures, 
our findings are in line with Grechkin et al. (2010) who 
found evidence that not all variables appear transferable 
from VEs to PEs and vice versa. For example, the study 
by Grechkin et al. (2010) proposed an underestimation 
of distance using a head mounted display compared to a 
physical setting. Also Geuss et al. (2010) demonstrated 
a difference in perceiving ego- and exocentric distances 
between virtual and physical conditions. Thus, similarity 
between environments may pertain to the type of evaluated 
variable. Prior studies in stroke patients performing affor-
dance judgments indicate different neuroanatomical sys-
tems to be essential for judgment tendency on the one hand 
and perceptual sensitivity on the other hand. By use of 
voxel-based lesion-symptom mapping an association has 
been shown between damage in left or right dorsal routes 
and diminished perceptual sensitivity, whereas impaired 
judgment tendency was associated with primarily left 
ventro-dorsal brain damage (Randerath et al. 2018). Thus, 
the current and previous research seems to suggest that 
affordance judgment performance can vary depending on 
the assessed variable, and study outcomes reflect different 
neuroanatomical systems to be involved. Speculating, it 
seems as if parts of the affordance judgment systems (e.g., 
executive functions) may have highly overlapping involve-
ment in virtual and physical settings. Others currently 
show uncertainty (perceptual information processing) and 
even non-equivalence (retrieval of response biases). It is 
plausible that insufficient equivalence hinders the transfer 
of training effects between modes. Study 2 showed that in 
healthy young students visual feedback training in the VE 
led to a significant post-training improvement in the VE 
in regard to accuracy. Perceptual sensitivity performance 
improved on a descriptive level in VE but did not reach 
statistical significance. Furthermore, in study 2 no signifi-
cant training transfer effect was found in PE performance. 
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Neither accuracy nor perceptual sensitivity performance 
improved in PE after the VE training. Remarkably, we 
found equivalence in perceptual sensitivity between VE 
and RE after training. This result suggests that our train-
ing approach in VE was sufficient to improve perceptual 
sensitivity performance in such a way that it reaches the 
level achieved in PE.

Thus, while previous studies (Finkel et al. 2019a; Ran-
derath & Frey 2016) demonstrated improvement in PE 
variables after training in PE, we were not able to show 
improvement in PE performance based on training in VE. 
Non-equivalence in behavior between environmental con-
ditions may contribute to missing transfer. In their recent 
review, Harris et al. (2019) outline the possibility that, due 
to the artificial presentation of egocentric distance cues in 
VEs, not only the execution of motor skills but also basic 
visual perception is affected. The authors express concerns 
as fewer binocular cues to depth, conflicting depth informa-
tion and limited haptic feedback are available. Therefore, 
they assume a shift from dorsal (online) control of action in 
PEs to the ventral stream in VEs which may have important 
consequences on perception and action (decisions). Also, 
Goodale et al. (1994) found that a general lack of haptic 
information may further push users into a ventral mode of 
processing when solving basic reaching and grasping move-
ments. This division would go along with our neuroana-
tomical working model for affordance judgments in PEs pro-
posed by Randerath et al. (2021). Based on lesion data, the 
model attributes ventro-dorsal sites to be essential for detec-
tion theory variables: perceptual sensitivity (more dorsal and 
bilaterally) and judgment tendencies (left lateralized). From 
a more compensatory perspective this may be good news 
for stroke patients with impaired affordance judgments and 
dorsal lesions, as this may hypothetically imply that ventral 
regions could be used to train accuracy in VEs. For our cur-
rent results this dorsal to ventral shift from a PE to a VE 
could explain both the uncertain equivalence in perceptual 
sensitivity and the absence of the transfer effect from VE 
training to the PE setting for this variable. It could be specu-
lated that the enhancement in accuracy after VE training and 
its transfer potential from a VE to a PE is accomplished by 
learned associations (perceived opening x correct response) 
and handled via semantic routes in the ventral stream.

As mentioned before, one reason for non-equivalence for 
judgment tendencies could be a lack of familiarity in virtual 
environments. Participants may not be able to retrieve or 
reactivate any known criterion bias in the virtual setting as 
other studies confirmed that participants are less familiar 
with virtual settings (Lindner et al. 2019). Heightened inse-
curity may elicit conservative judgment behavior in the unfa-
miliar VE. The criterion-instability hypothesis proposed by 
Finkel et al. (2019a) when adapting to new conditions may 
apply: Variability in judgment tendency may be influenced 

by a prolonged habituation period for the unfamiliar VE con-
dition during which a new criterion for judgments needs to 
be built or encoded, respectively.

In future studies it would therefore be useful to replicate 
the current results, to investigate the underlying mechanisms 
of affordance judgments, elaborate on differences versus 
equivalence in VEs and PEs in more detail and encompass 
determinant factors. For example, including versus exclud-
ing experience using virtual limbs within a VE could have an 
influence. Linkenauger et al. (2015) investigated affordance 
judgments in a reaching task in a VE and found a body scal-
ing effect, where enacted reaching capability with a virtual 
arm influenced perceived distance in virtual settings. Merely 
having a long or short virtual arm, was not sufficient to influ-
ence distance perception. But minimal reaching experience 
with the virtual arm influenced perceived distance, with 
longer arm’s reach resulting in shorter perceived distances 
and vice versa.

There are manifold forms of different types of affordance 
judgment tasks and a whole range of possible VEs and avail-
able displays with constantly improving technology. In this 
context it would be important to implement further studies 
incorporating other affordance judgments, e.g., passability 
judgments or stepping over obstacles, as implemented by 
Geuss et al. (2010) or Lin et al. (2015). Further, newer hard-
ware for displaying VEs may provide progress in resolution, 
graphic fidelity, field of view and may therefore improve the 
transfer effect of VE training to the physical world.

Promisingly, our data suggests that training within VE 
can lift performance levels to reach equivalence between VE 
and PE. Thus, despite the illustrated limitations, the current 
study’s results raise hope that this noninvasive, easy to use 
VE technique could support the rehabilitation process of 
individuals who show a weak performance in affordance 
decision-making in PE.

5  Conclusion

In two studies we investigated first the equivalence of affor-
dance decision-making in a virtual and a physical setting by 
use of an Aperture Task. Second, we evaluated the poten-
tial of a virtual training to improve judgment behavior and 
transfer the performance enhancement within the VE or to 
the PE, respectively. Equivalence between VE and PE condi-
tions was demonstrated for judgment accuracy. Equivalence 
for perceptual sensitivity appeared to be unsecure, and judg-
ment tendency did not show equivalence. In terms of the 
virtual training, accuracy performance in the VE could be 
increased significantly, while perceptual sensitivity showed 
better performance on a descriptive level only. A transfer 
effect of the VE-training to the performance in the PE was 
not achieved. However, post-hoc analyses of equivalence in 
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performance between VE and PE showed comparable per-
formance in perceptual sensitivity (d-prime) post-training. 
Thus, while prior to training perceptual sensitivity levels 
appeared non-equivalent between VE and PE, after training 
perceptual sensitivity in the VE approached PE performance 
levels. This raises hope for an effective implementation of 
VE trainings in persons with decreased affordance judgment 
performance.

Further, we discussed the idea of distinguished networks 
being involved while solving affordance judgments depend-
ing on the environmental mode. Distinguished networks may 
contribute to dissimilarities in judgment behavior while 
using physical versus virtual settings. While it presents a 
limitation in comparability between environments, this 
point could also emerge as a chance to embrace compensa-
tory mechanisms by use of virtual settings for individuals 
with brain damage that affected affordance judgments in 
physical settings. The exact mechanisms and reasons that 
may tweak equivalence and heighten training transfer for 
affordance judgment performance from VEs to PEs should 
be explored in further studies. Improvements in resolution, 
graphic fidelity, and field of view offered by newer VE hard-
ware may stepwise increase similarity between physical and 
virtual settings, thereby potentially improving equivalence 
in affordance judgment performance and perhaps enlarging 
the potential for training transfer among environments. The 
current paradigm presents one opportunity to evaluate the 
advancements. Eventually, VE trainings of affordance judg-
ments should be considered to be tested in individuals suf-
fering from deficits in affordance decision-making.
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