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Abstract We often assume that travel direction is redundant with head direction, but from first11

principles these two factors provide differing spatial information. Although head direction has12

been found to be a fundamental component of human navigation, it is unclear how self-motion13

signals for travel direction contribute to forming a travel trajectory. Employing a novel motion14

adaptation paradigm from visual neuroscience designed to preclude a contribution of head15

direction, we found high-level aftereffects of perceived travel direction, indicating that travel16

direction is a fundamental component of human navigation. Interestingly, we discovered a higher17

frequency of reporting perceived travel toward the adapted direction compared to a no-adapt18

control – an aftereffect that runs contrary to low-level motion aftereffects. This travel aftereffect19

was maintained after controlling for possible response biases and approaching effects, and it20

scaled with adaptation duration. These findings demonstrate the first evidence of how a pure21

travel direction signal might be represented in humans, independent of head direction.22

23

Introduction24

In daily navigation, for activities as simple as going to a grocery store, we form a trajectory of our25

travel paths. How do we use self-motion information to form this travel trajectory? Travel trajec-26

tory is derived from time and velocity. Velocity in turn is composed of speed and travel direction,27

which is the direction of one’s body movement. Although head direction – the direction that one’s28

head is facing toward (also called facing direction) – is typically assumed to be the direction of29

travel, in reality these two factors offer different spatial information. For instance, when we walk30

on the street, we constantly look around at our surroundings, changing our head direction while31

maintaining a constant travel direction. Thus, from first principles travel direction, rather than head32

direction or facing direction, is themost important component in forming a travel trajectory, as well33

as in maintaining spatial-vector memory over time (Stone et al., 2017; Hulse et al., 2021).34

Only a handful of human and rodent studies have examined whether travel direction is coded35

separately from heading direction. Although they do not offer the same amount of information,36

spatially-tuned head direction cells have previously been used as a theoretical basis for the for-37

mation of a travel trajectory. Indeed, head direction cells have been discovered in the rat brain,38

which selectively fire in the direction a rat is facing towards, independent of its location (Chen39

et al., 1994; Ranck Jr, 1984; Taube et al., 1990; Taube, 1995), demonstrating that head direction is40
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a fundamental component of the internal orientation system of navigation. These head direction41

cells are found in thalamus (Taube, 1995), retrosplenial cortex (Chen et al., 1994; Cho and Sharp,42

2001), presubiculum (Ranck Jr, 1984), extrastriate cortex (Chen et al., 1994), and entorhinal cortex43

(Frank et al., 2000; Quirk et al., 1992). Head direction cells could fire independently of whether44

an animal is moving or motionless (Taube, 1998), whereas travel direction should involve motion,45

therefore it might be more difficult to record activity related to travel direction. One study that46

contrasted head and travel direction found that head direction is coded more strongly than travel47

direction in a population of rodent entorhinal neurons (Raudies et al., 2015). Further experimental48

findings in rodents and Drosophila also suggest the existence of neural signals for travel direction49

(Lyu et al., 2021; Olson et al., 2017).Taken together, while there is evidence to suggest a dissocia-50

tion between coding of head direction and travel direction, the role that travel direction plays in51

the internal representation system of human navigation remains unclear.52

The goal of this study was to determine whether there are behavioral signatures of travel di-53

rection as a fundamental component of human spatial navigation, independent of facing direction.54

To test the role of travel direction in human navigation, we utilized a motion adaptation paradigm55

adopted from vision science. In motion adaptation, neurons selective for visual motion features56

(e.g., moving downward) will adapt to visual stimuli that corresponds to its selective firing prop-57

erties after prolonged exposure to the same stimuli (Barlow, 1990). This adaptation often results58

in a decrease in the neural response to the same stimuli, compared to an unadapted stimulus59

(Brown and Masland, 2001; Lisberger and Movshon, 1999; Maffei et al., 1973; Miller et al., 1991).60

This neuronal change is represented at the behavioral level as a motion aftereffect (MAE) – a vi-61

sual phenomenon produced after motion adaptation such that a stationary stimulus will appear62

to move in the opposite direction of the previously viewed motion. These motion aftereffects are63

suggested to be associated with an amalgam of adaptation of motion-selective opponency cells64

at several visuocortical sites (Antal et al., 2004; Ashida and Osaka, 1994; Bach and Ullrich, 1994;65

Barlow and Hill, 1963; Bex et al., 1999; Culham et al., 1998; Kohn andMovshon, 2003;Mather et al.,66

2008; Sutherland, 1961; Verstraten et al., 1998). Thus, our study operates under the assumption67

that if travel direction exhibits adaptation-like effects, then it is a fundamental component of the68

representation system for human navigation.69

In the present study, participants were adapted to travel direction by viewing movement in a70

hallway in a constant direction. To dissociate travel direction from head direction, head direction71

randomly reversed while travel direction was kept constant during adaptation (Fig. 1 and Video 1).72

We expected to observe motion aftereffects compared to a control condition with no adaptation.73

Typically, motion aftereffects are found in the opposite direction to the adapted motion (Anstis74

et al., 1998;Mather et al., 1998), and so we predicted motion aftereffects in the opposite direction75

of travel. However, high-level motion aftereffects are frequently seen in the same direction as the76

locally adapted motion because they use non-retinotopic visual features, although they might go77

in the opposite direction from the globally perceived movement (Culham et al., 2000; Dubé and78

Von Grünau, 1992; Hiris and Blake, 1992;Nishida and Sato, 1995; Von Grünau, 1986). Motion after-79

effects in other sensory modalities have been reported to go in the same direction as travel. For80

example, in a podokinetic (walking-based) adaptation study, blindfolded people were adapted to81

a circular trajectory but perceived themselves to be going straight; when released to move freely,82

they formed the same circular trajectory (Earhart et al., 2001). This occurred both when walking83

forward or backward, indicating that themotion adaptation could be transferred to both directions84

of locomotion. Navigation is considered high-level cognition (Wolbers and Hegarty, 2010) whose85

information processing generally centers around higher level brain regions rather than visual ar-86

eas (Chrastil, 2013; O’Keefe and Nadel, 1978), and navigation process are typically non-retinotopic87

(Chrastil et al., 2019; Giudice, 2018; Loomis et al., 1993). Thus, we theorized that we could instead88

observe high-level motion aftereffects in the same direction as the motion adaptation.89

In addition, as far as we know, motion adaptation paradigms have only been used previously to90

study motion from the third person view. The present study is the first to utilize such a paradigm91
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to study a first-person view of motion - self-motion. This novel implementation of the motion92

adaptation paradigmmay also lead to different adaptation effects than observed in previous visual93

perception studies. Regardless of the direction of the effect, a motion aftereffect would be the94

behavioral signature of travel direction selectivity that is represented in a particular way in the95

human brain, potentially operating as a fundamental basis function in human navigation.96

Results97

High-level motion aftereffects of travel direction98

To test whether there is a travel direction signal in humans, we used a visual motion adaptation99

paradigm in desktop virtual reality (VR), designed to isolate travel direction from the contribution100

of head direction. In the initial adaptation phase, participants experienced 60 seconds of visual101

self-motion toward a cardinal direction (towards a sun or towards a moon, Fig. 1a,b) along a vir-102

tual hallway (Fig. 1c). In the test phase, participants then experienced a series of visual back and103

forth movements, toward and away from the initial cardinal direction (Fig. 1e). We then asked104

participants to report their net travel direction during the test phase. Critically, in both adaptation105

and test phases the heading direction alternated occasionally, cancelling out any effect of overall106

heading direction, to dissociate heading from travel direction. To maintain an adaptation state,107

participants experienced shorter 10-second "top-up" adaptation between each trial.108

We compared the adaptation condition to a no-adapt control condition, in which participants109

viewed a static hallway with occasional heading changes (Fig. 1d); the control condition had the ex-110

act same test phase as the adaptation condition. By parametrically manipulating the coherence of111

global travel direction (Fig. 1e), we acquired psychometric functions for perceived travel direction,112

which allowed us to assess whether travel direction adaptation shifted the psychometric function,113

relative to the control.114

In Experiment 1, we recruited 60 participants (31 females). To guard against response bias for115

one of the cardinal directions (i.e., a preference for selecting the sun or the moon), we divided the116

participants into two groups through random assignment, with each group adapting to either the117

sun or the moon direction. (Fig. 1 a - e; Methods Experiment 1). The groups were combined for118

analysis (see Supplemental Information Fig. 7 for analysis of each group separately).119

We observed significant motion aftereffects of travel direction in the adaptation condition com-120

pared to the control (F (1, 59) = 11.38, p = 0.001, �2p = 0.162, 95% confidence interval (CI ) = [0.028,121

0.332]) (Fig. 2). Although we found a significant shift in the function with adaptation, the pattern122

was not in the direction we initially predicted: motion adaptation increased travel estimation in the123

same direction as the adaptation, instead of producing a traditional opponent-process aftereffect124

in the opposite direction. As expected, there was a main effect of the actual percentage of motion125

on perceived direction (F (2.14, 126.49) = 522.34, p < 0.001, �2p = 0.899, 95%C.I. = [0.882, 0.912]),126

with the perceived percentage of movement in the adaptation direction increased with the actual127

percentage. There was also an interaction between the experimental condition and the actual128

percentage of movement (F (4.22, 248.94) = 4.91, p < 0.001, �2p = 0.077, 95%C.I. = [0.021, 0.122]),129

which indicates that the difference between the adaptation and control conditions depended on130

the actual percentage of movement in the adaptation direction. Post-hoc analyses revealed that131

the adaptation significantly increased the perceived percentage of movement in the adaptation132

direction in several conditions where the actual percentage was below 60%. These planned com-133

parisons further confirmed that the adaptation condition was increased toward the adaptation134

direction compared to the control condition (Fig. 2).135

We conducted several additional analyses to preclude possible explanations besides a motion136

aftereffect. We separately analyzed results from the sun and moon adaptation groups and found137

the same result as the combined data (with somewhat weaker effects for the moon group), which138

ensured that neither the particular adaptation direction nor response bias disproportionately af-139

fected the results (Supplemental Information Fig. 7). We also found no serial position effects (i.e.,140
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Figure 1. Experiment 1. Hallway during the adaptation phase, facing the a) sun or b) moon direction. Notethat in the virtual environment, both the sun and the moon were rendered to move with the viewer at aconstant distance; the size of the moon and the sun did not change with self-motion and participants couldnot evaluate distance change based on perceptual changes in either the sun or the moon. The extremelength of the hallway and random textures also precluded using changes in the hallway itself for location cues.The ground for the hallways turned green during the test phase to provide a visual cue for when to starttracking movement direction. c) Overhead illustration of the 60-second adaptation phase for the sun group.During the adaptation phase, visual movement traveled toward the sun while the facing directionoccasionally changed. Half the participants were adapted to a similar moon condition, with travel directiontoward the moon. d) Overhead illustration of the 10-second initial phase for the control session, which wasthe same for both the sun and moon groups. There was no visual travel, but the facing direction randomlychanged. e) The test phase, which was the same for all sessions in all conditions. Visual movement traveledback-and-forth between the sun and the moon during a 10-second interval. Participants were asked to decidewhether the total movement was more toward the sun or more toward the moon in that interval. The facingdirection randomly changed during the test phase. Here, we show one example from each of the seven testphase conditions of the percent of net movement toward the adaptation direction (20%, 30%, 40%, 50%, 60%,70%, 80%). See also the experiment videos 1.
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Figure 2. Experiment 1. The perceived percentage of movement in the adaptation direction compared withthe actual percentage for all subjects (n = 60). Solid dots indicate the grand average value, and error barsindicate standard errors. Dashed lines indicate the average psychometric Weibull functions. The adaptationcondition had an overall significantly higher reported percentage than the control condition (p = 0.001). Theadaptation condition showed significantly higher reported percentages than corresponding controlconditions at 20%, 30%, 40%, and 50%, supporting the aftereffect. This result suggests an aftereffect in thesame direction of travel. There was also a significant interaction between condition and the actualpercentage. The bias psychometric function (i.e., �) for the adaptation condition did not significantly shiftcompared to the control (p = 0.252). The uncertainty psychometric function (i.e., �) became more flattenedwhen adapted, indicating that observers’ detectability of the difference between the two directions wasdecreased by adaptation (p = 0.007). * p < 0.05; ** p < 0.01, Tukey correction.
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no primacy or recency effects), suggesting that no particular portion of the test phase dispropor-141

tionately contributed to the reported rate (e.g. participants only paid attention to the last second142

of the movement) (Supplemental Information Fig. 8 - 11). We found no reaction time differences143

between conditions. We only found the expected higher reaction time at the 50%, indicating that144

participants found the condition with equal amounts of travel in each direction difficult to judge,145

which is an indication that our task was effective (Supplemental Information Fig. 6). We also specif-146

ically analyzed just the first test trials in each block after the initial 60-second adaptation and found147

similar patterns of results as the entire data set; this finding suggests that the opposite motion af-148

tereffect was not due to insufficient adaptation during the top-ups (Supplemental Information Fig.149

12). Further, the test trials were the same for the control and test conditions, so it is unlikely that150

remembering the movement direction they experienced for more or less time (availability heuris-151

tic) would underlie the aftereffect. In addition, the pattern of results was stable after we controlled152

for strategies in the analyses (see Methods Experiment 1 Data Analysis; Supplemental Informa-153

tion Experiment1). Finally, we filtered out 9 subjects (around 15% of the subjects; 3 from the sun154

adaptation group, 6 from the moon adaptation group), based on a Weibull function (Mood et al.,155

1974) and the results from the remaining subjects still revealed the same pattern as the raw data.156

This finding suggests that the observed opposite motion aftereffect was not due to outlier sub-157

jects (see Methods Experiment 1 Data Analysis for details of the filtering procedure; Supplemental158

Information Fig. 13).159

Higher uncertainty in estimating travel directions after adaptation160

To quantify the magnitude of the aftereffect, we fitted each participant’s data with a Weibull func-161

tion (Mood et al., 1974). � and � values were derived for each fitted function: � means a bias to162

respond to the “sun” or the “moon” direction in the task, while � means the detectability of the dif-163

ference in the task (Methods). We found no difference in the bias (�) between the adaptation and164

the control conditions (t(59) = 1.16, p = 0.252, Coℎen′s d = 0.196, 95%C.I. = [-0.143, 0.536], ns). The165

detectability (�) in the adaptation condition was significantly lower than in the control condition166

(t(59) = -2.79, p = 0.007, Coℎen′s d = -0.439, 95%C.I. = [-0.765, -0.113]), indicating that people had167

more uncertainty in making judgments in the adaptation condition (Fig. 2).168

In summary, our first experiment found a significantly increased perception of movement to-169

ward the direction of adaptation, consistent with a motion aftereffect. Participants also exhibited170

more uncertainty after the adaptation, compared to control, suggesting that the adaptation was171

affecting their judgments of movement direction during the test periods. Together, these findings172

are consistent with a role for travel direction that is independent of head direction.173

Motion aftereffects remain when adaptation heading is orthogonal to travel direc-174

tion175

In Experiment 2 (n = 30 participants; 16 females), we attempted to address additional questions176

about response biases and approaching effects from Experiment 1. Specifically, we wondered177

whether in Experiment 1 people felt like they were approaching the adapted direction due to the178

alignment of head and travel directions along the same axis. Although we separated travel direc-179

tion from head direction by randomly flipping head direction throughout the task, travel direction180

was still on the same axis as head direction – the direction that aligns with the front-back body axis.181

One possible outcome of this alignment of travel direction and head direction is that people might182

more easily generate a feeling of approaching the adapted travel direction. Thus, to test this alter-183

native possibility and to preclude approaching effects during the adaptation, in Experiment 2 we184

changed the facing direction to be perpendicular to travel direction (Fig. 3a-e and Video 2; Methods185

Experiment 2). Because travel direction and facing direction were never aligned, this experiment186

provides an even more stringent test of our motion aftereffect hypothesis.187

We observed a trend for a difference between the perceived percentage in the adaptation and188

the control conditions, but it was not statistically significant (F (1, 29) = 2.92, p = 0.098, �2p = 0.092,189
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Figure 3. Experiment 2. a) Hallway during the adaptation phase, adapting to the sun direction. b) Hallwayduring the adaptation phase, adapting to the sun direction, but with the opposite facing direction comparedto a). The ground for the hallways turned green during the test phase to provide a visual cue for when to starttracking movement direction. c) Overhead illustration of the 60-second adaptation phase for the experimentalcondition. During the adaptation phase, visual movement traveled toward the sun while the facing directionoccasionally changed. d) Overhead illustration of the 60-second initial phase for the control session. Therewas no visual travel, but the facing direction randomly changed. e) The test phase, which was the same for allsessions in all conditions. Visual movement traveled back-and-forth between the sun and the moon during a10-second interval. Participants were asked to decide whether the total movement was more toward the sunor more toward the moon in that interval. The facing direction randomly changed during the test phase. Herewe show one example from each of the seven test phase conditions of the percent of net movement towardthe adaptation direction (20%, 30%, 40%, 50%, 60%, 70%, 80% ). See also the experiment video 2.

95%C.I. = [0.000, 0.321], ns). As expected, there was a main effect of the actual percentage report190

(F (2.10, 60.89) = 232.24, p < 0.001, �2p = 0.889, 95%C.I. = [0.861, 0.909]) that showed the perceived191

percentage increased with the actual percentage. There was no interaction between the experi-192

mental condition and the actual percentage (F (3.31, 95.97) = 2.07, p = 0.103, �2p = 0.067, 95%C.I. =193

[0.000, 0.122], ns). However, for the planned Tukey HSD paired t-tests between adaptation trials194

and control trials within each actual percentage, we found that adaptation increased the perceived195

percentage where the actual percentages were 20% and 40%. These planned comparisons found196

that the adaptation condition was increased toward the adaptation direction, compared to the197

control condition (Fig. 4), consistent with Experiment 1.198

Furthermore, after controlling for people’s self-reported strategies by including types of strate-199

gies (e.g., counting, focusing on part of the environment, and others) as a factor in the analyses (see200

Methods Experiment 2 Data Analysis), the difference between the adaptation and the control con-201

dition became more distinguishable, such that adaptation increased people’s reported rate (F (1,202

27) = 5.58, p = 0.026, �2p = 0.171, 95%C.I. = [0.000, 0.418]). There was also a significant interaction203

between condition and the actual percentage (F (3.53, 95.40) = 3.23, p = 0.020, �2p = 0.107, 95%C.I. =204

[0.012, 0.178]). Tukey HSD analyses revealed that people reported significantly more travel toward205

the adaptation direction in the adaptation session than in the control session at 20% (p = 0.003),206

40% (p = 0.005), 50% (p = 0.031), and marginally more at 30% (p = 0.070) (see Supplemental Infor-207

mation Experiment 2 for more details). The motion aftereffect also got stronger after excluding 7208

subjects (about 25% of subjects) based on implausible parameter estimates from the Weibull func-209

tion fitting procedure (Supplemental Information Fig.15; see Methods Experiment 2 Data Analysis210

for details of the filtering procedure).211

We fit each subject’s data into the Weibull function as we did in Experiment 1. We found no212

difference between the adaptation and the control conditions in either response bias (�) (t(29) =213

0.43, p = 0.670, Coℎen′s d = 0.112, 95%C.I. = [-0.409, 0.633], ns) or detectability (�) (t(29) = -1.28, p =214

0.210, Coℎen′s d = -0.251, 95%C.I. = [-0.648, -0.147], ns) (Fig. 4).215
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Figure 4. Experiment 2. The perceived percentage of movement in the adaptation direction compared withthe actual percentage for all subjects (n = 30). Solid dots indicate the grand average value, and error barsindicate standard errors. Dashed lines indicate the average psychometric Weibull functions. The adaptationcondition showed significantly higher reported percentages than corresponding control conditions at 20%and 40%, supporting the aftereffect. This result suggests an aftereffect in the same direction of travel. Thebias psychometric function (i.e., �) did not significantly shift when adapted (p = 0.670). The uncertaintypsychometric function (i.e., �) indicates that observers’ detectability of the difference between the twodirections was not significantly decreased by adaptation (p = 0.210). * p < 0.05, Tukey correction.
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Thus, the observed aftereffects in Experiment 2 were weaker compared with those observed216

in Experiment 1, but still largely followed the pattern of a motion aftereffect in the direction of217

travel. Experiment 2 had fewer participants than Experiment 1; the sample size was based on our218

power analysis from the Experiment 1 results. This weaker aftereffect could be also due to the219

unusual travel direction in the task: in daily life, people experience walking forward or backward220

more often than walking laterally. Moreover, especially for the adaptation condition, tracking four221

directions (front-back for head direction and left-right or sun-moon directions for travel direction)222

in Experiment 2 was likely more challenging than in Experiment 1, where people only tracked two223

directions (front-back or sun-moon directions for both travel direction and head direction). After224

including the strategy as an additional factor or excluding subjects based on implausible param-225

eter estimates from the Weibull function fitting procedure, we observed much stronger motion226

aftereffects, indicating that we were able to successfully replicate the results from Experiment 1 in227

this more challenging scenario.228

Motion aftereffects scale with duration of adaptation229

In Experiment 3 (n = 28 participants; 16 females), we attempted to address remaining questions230

from Experiment 1 and 2 about the adaptation duration. An alternative explanation for the "op-231

posite" adaptation effect is that the adaptation time used in the previous two experiments might232

be too long or too short to induce a sufficient adaptation effect for travel direction. We initially set233

the adaptation time (i.e., 60s initial adaptation, 10s top-ups) based on previous visual adaptation234

studies, but since adaptation effects of travel direction have never been studied before, we had235

few a priori expectations regarding whether adaptation duration would produce larger or smaller236

effects. Based on previous visual adaptation literature, the magnitude of a classic motion after-237

effect should scale depending on the amount of adaptation, as increased adaptation time yields238

a greater decrease in the neural responsiveness to the same stimuli (Fang et al., 2005; Fang and239

He, 2005; Leopold et al., 2005; Vautin and Berkley, 1977). To take a closer look at whether and240

how adaptation time affects motion aftereffects of travel direction, we conducted an experiment241

where we tested four adaptation time periods: 18s, 36s, 54s, and 72s. Motion was in the direction242

of the hallway like in Experiment 1, and for simplicity we only used the sun direction for this study.243

Because we added more adaptation conditions, we also only tested three levels of percentage of244

actual movement in the adaptation direction: 30, 50, and 70% (see Methods Experiment 3).245

We were again able to successfully replicate the primary results from Experiment 1 and Experi-246

ment 2. We observed a tendency for a difference between the experimental and control conditions247

at the 18s adaptation time period (F (1, 27) = 3.88, p = 0.059, �2p = 0.126, 95%C.I. = [0.000, 0.370]).248

The effect grew to become significant at 36s (F (1, 27) = 5.20, p = 0.031, �2p = 0.162, 95%C.I. = [0.000,249

0.408]), as well as at 54s (F (1, 27) = 13.25, p = 0.001, �2p = 0.329, 95%C.I. = [0.070, 0.555]), and 72s250

adaptation time periods (F (1, 27) = 7.22, p = 0.012, �2p = 0.211, 95%C.I. = [0.011, 0.455]). This result251

suggests that the magnitude of the travel motion aftereffect scales with adaptation time (Fig. 5,252

Supplemental Information Fig. 18).253

Next, wemade pair-wise comparisons between the different adaptation time conditions at each254

percentage of actual movement in the adaptation direction (Supplemental Information Fig. 16a-f,255

Supplemental Information Fig. 17, Supplemental Information Fig. 19). This analysis revealed that256

when the actual percentage was at 70%, the 72s adaptation trials had significantly higher perceived257

percentage than the 36s adaptation trials (p = 0.014) (Fig. 16e) and marginally higher than the 54s258

adaptation trials (p = 0.055) (Fig. 16f).259

All patterns of results were maintained after excluding 4 subjects (around 14% of subjects)260

based on implausible parameter estimates from the Weibull function fitting procedure (Supple-261

mental Information Fig. 20 - Fig. 23). These findings are consistent with motion aftereffects scaling262

with adaptation time. These findings were replicated in an independent sample of participants263

(n = 31 participants; 16 females), with slightly different instructions and some blocks having adap-264

tation to the moon direction (see Supplemental Information Fig. 24 - 29). In addition, the main265
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pattern of results did not shift after controlling for strategies in the analyses for both Experiment 3266

and the replication (seeMethods Experiment 3 Data Analysis, Supplemental Information Data Anal-267

ysis, Experiment 3, Experiment 4). The replication (i.e., Experiment 4, see Supplement) precludes268

the possible explanation of demand characteristics because the different instructions occasionally269

indicated that adaptation would be to the opposite direction than what actually occurred, yet the270

effect remained in those situations.271
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Figure 5. Experiment 3. The perceived percentage of movement in the adaptation direction compared withthe actual percentage for all subjects, separated by adaptation time periods (n = 28). Solid dots indicate thegrand average value, and error bars indicate standard errors. Dashed lines indicate the average psychometricWeibull functions. a) The reported rate for 18s adaptation trials. The adaptation condition showed a trend forhigher reported percentages than the control conditions (p = 0.059). b) The reported rate for 36s adaptationtrials. The adaptation condition showed significantly higher overall reported percentages than the controlconditions (p = 0.031), particularly at 30% (p = 0.015) and 50% (p = 0.032), supporting the aftereffect in thesame direction of travel. c) The reported rate for 54s adaptation trials. The adaptation condition showedsignificantly higher overall reported percentages than the control conditions (p = 0.001), particularly at 30% (p= 0.007) and 50% (p = 0.001), supporting the aftereffect. d) The reported rate for 72s adaptation trials. Theadaptation condition showed significantly higher reported overall percentages than the control conditions (p= 0.012), particularly at 30% (p = 0.047) and 50% (p = 0.032), supporting the aftereffect in the same direction oftravel. The bias psychometric function (i.e., �) marginally shifted toward a lower percentage of reportedmovement toward the adaptation direction when adapted at 72s adaptation (p = 0.056) time period, but theshift was not significant at 18s (p = 0.315), 36s (p = 0.407), or 54s (p = 0.669) adaptation time periods. Theuncertainty psychometric function (i.e., �) indicates that observers’ detectability of the difference between thetwo directions was decreased by adaptation but were not significant at 18s (p = 0.543) or 36s (p = 0.132)adaptation time periods, but was significant at 54s (p = 0.017) adaptation time period and marginallysignificant at 72s (p = 0.074) adaptation time period. * p < 0.05, ** p < 0.01, Tukey correction.

Further, Weibull analyses showed that when the adaptation time was 54s (t(27) = -2.54, p =272

0.017, Coℎen′s d = -0.616, 95%C.I. = [-1.146, -0.086]) and 72s (t(27) = -1.86, p = 0.074, Coℎen′s d =273

-0.146, 95%C.I. = [-0.623, 0.331]), people had significantly more uncertainty in making judgments274

in the adaptation condition compared to the control condition. When adaptation time was 72s,275

there was a tendency to bias responses (�) toward the adaptation direction (t(27) = -2.00, p = 0.056,276

Coℎen′s d = -0.575, 95%C.I. = [-1.199, 0.048]) (Fig. 5).277

Overall, the results in Experiment 3 successfully replicated effects fromExperiment 1 and Exper-278

iment 2. Importantly, we observed the same "opposite" motion aftereffect of travel direction for279

differing adaptation time lengths, precluding the alternative explanation that the "opposite" mo-280

tion aftereffect was due to the adaptation time being too long or too short. Furthermore, the travel281

aftereffect was scaled with adaptation duration, such that longer adaptation duration tended to282

have larger aftereffects. Together, these findings provide additional support for a motion afteref-283

fect for travel direction that is independent of head direction.284
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Discussion285

In a series of experiments, we employed a method from visual perception in a novel way to study286

travel direction during self-motion. We observed systematic travel motion aftereffects across all287

experiments in both raw data (Fig. 2, Fig. 4, Fig. 5) and filtered data (Supplemental Information Fig.288

13, Fig. 15, Fig. 20). The aftereffect was not due to response bias for a particular cardinal direction,289

approaching effects, or serial position effects. Moreover, the motion aftereffect scaled to a longer290

adaptation time span.291

The aftereffects were observed in the same direction as the adapted travel direction, which fits292

the characteristics of previous high-level motion aftereffects paradigms (Culham et al., 1998, 2000).293

First, the adaptation of travel direction we observed was likely high-level. It is unclear whether a294

high-level aftereffect is more likely to be implemented on the level of a single neuron or through295

neural systems. We designed the study so that the possible influence of low-level optic flow infor-296

mation would be cancelled out due to the constant changes of head direction in the experiment.297

Second, subjects were instructed to focus on the global net change in position, meaning that they298

had to integrate their movement over time. Third, the test phase was also dynamic, requiring in-299

tegration of travel direction over time. The current task differs from previous motion adaptation300

experiments in that we let participants take a first-person (egocentric) perspective to attentively301

track self-motion, rather than simply viewing stimuli move across the screen (e.g., the waterfall ef-302

fect). Taken together, this novel experimental designmakes the effects we observed in the current303

study unique among high-level motion aftereffects.304

This "opposite" motion aftereffect (which is actually in the same direction of travel) indicates305

that a non-opponent process underlies the travel direction system. Several previous studies have306

also found motion aftereffects in the direction of travel, but via different sensory modalities, in-307

cluding the podokinetic aftereffect where spatial orientation is changed via remodeling somatosen-308

sory signals between the trunk and feet (Gordon et al., 1995; Weber et al., 1998; Earhart et al.,309

2001), and the jogging/running-in-place aftereffect that involves recalibration of visuomotor control310

systems (Anstis, 1995; Durgin and Pelah, 1999;Mulavara et al., 2010).311

What could be the possible relationship between the head direction system and the travel direc-312

tion system in the brain? It is difficult to find direct answers to this question because, asmentioned313

in the introduction, the two direction systems have typically been conflated. However, we may get314

some clues from studies in which head direction and travel direction are perfectly aligned. Several315

studies have investigated heading direction using adaptation paradigms or “repetition suppres-316

sion” in fMRI to look at the sensitivity to heading direction of various cortical visual motion areas317

(Baumann et al., 2010; Cardin et al., 2012; Shine et al., 2016). Researchers observed clear head318

direction adaptation in MT, MST (Cardin et al., 2012), medial parietal lobe (Baumann et al., 2010),319

as well as bilateral retrosplenial cortex, thalamus, and precuneus (Shine et al., 2016). We can take320

from these results that when head direction and travel direction are aligned, there is still adapta-321

tion taking place in the brain. The brain areas that demonstrate adaptation are higher-level motion322

systems, suggesting that these systems are involved in encoding heading direction in the human323

brain.324

Possible travel direction pathways are more speculative. They could involve independent sen-325

sory inputs (e.g., vision, somatosensation) and feed-forward high-level motion processing path-326

ways (e.g., MST, parietal lobe, hippocampus, etc.) (e.g., (Chrastil et al., 2016; Sherrill et al., 2015)).327

Recent findings of bi-directional cells in rodent dysgranular retrosplenial cortex (Jacob et al., 2017)328

may also be a good candidate for cells that are sensitive to travel direction. Further research using329

fMRI and computational modeling is needed to shed light on the relationship between the travel330

direction and head direction systems in the human brain, and the degree to which they have inde-331

pendent circuitry.332
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Conclusion333

In conclusion, we found high-levelmotion aftereffects of travel direction using a novelmotion adap-334

tation paradigm, which suggests that travel direction is a fundamental component of human navi-335

gation and indicates how it might be represented in the brain. Interestingly, the aftereffect is in the336

opposite direction to traditional motion aftereffects, suggesting that adapting to a travel direction337

will result in greater perception ofmoving towards the adapting direction. Critically, we dissociated338

head direction from travel direction across all experiments, indicating that travel direction has sep-339

arate neural mechanisms from head direction in the human brain. Considering travel direction as340

a basic navigation component provides a new path to understanding the question of how people341

form their sense of direction. Furthermore, the results will encourage scientists who study navi-342

gation behavior of other species (rodents, birds, insects, etc.) to look for more direct neurological343

evidence of travel direction, rather than only test for head direction.344

Materials and Methods345

Experiment 1346

Participants347

Participants consisted of 77 University of California, Santa Barbara (UCSB) undergraduates who348

participated in return for course credit or monetary incentive ($12/hour). Our task is novel, thus349

there is limited previous data to use for a power analysis. Therefore, we based our sample size on350

previous studies of movement adaptation that used within-subjects designs (Culham et al., 2000;351

Earhart et al., 2001) and desktop navigation tasks (Weisberg and Newcombe, 2016;Weisberg et al.,352

2014). These studies yielded a target of 30 participants per condition. We used the outcomes of353

Experiment 1 for power analysis of subsequent experiments. The four criteria for prescreening354

participants were 1) no history or a current condition of psychiatric problems, 2) no learning dis-355

ability or attention deficit disorder, 3) not currently taking psychoactive drugs, and 4) no history of356

head trauma.357

Participants were discarded for either not completing both control and adaptation sessions (n358

= 15), responding with the same key all the time (n = 1), or responding too slowly (RT > 10 s; n = 1).359

The final pool consisted of 60 participants (29 males, 31 females; 38 not Hispanic or Latino, 15 His-360

panic or Latino, 7 not reported; 20 Asian, 18 White, 2 African American, 3 American Indian/Alaskan361

Native, 1 Native Hawaiian/Pacific Islander, 3 more than one race, 13 not reported), with 30 partic-362

ipants randomly assigned in the moon condition virtual environment (16 males, 14 females) and363

30 participants randomly assigned in the sun condition virtual environment (13males, 17 females).364

Ages of the remaining 60 participants ranged from 18 to 30 (mean 20.32). All participants signed365

an informed consent form in agreement with the UCSB Institutional Review Board requirements366

in accordance with the Declaration of Helsinki.367

Stimuli368

The virtual environment was generated on a PC (Origin, NVIDIA GeForce GTX 980 graphics card,369

15-inch display, 1920 × 1080 pixels display resolution) using Vizard software (WorldViz) to render370

the images. Participants experienced visual self-motion in a long (8566 virtual units) landmark-free371

virtual hallway (see Fig. 1). The hallway was long enough such that the visual angle to the end of the372

hallway did not change duringmovement and therefore could not act as a cue to distance traveled.373

The translational speed of self-motion was randomly sampled from 10 - 15 virtual units/second in374

each trial. The rotational speed of self-motion was randomly sampled from 130o – 150o/second.375

Speeds for adaptation and test phases were sampled separately in each trial. The hallway con-376

sisted of two walls and a ground surface with coarse grained texture; the textures were designed377

to prevent participants using them for location cues during movement. The walls were always col-378

ored dark brown, while the ground was colored light brown during the adaptation phase and was379

colored green during the test phase (see Fig. 1a - b). At one end of the hallway, in the sky, there380
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was a sun and at the other end there was a moon. The sun and the moon were designed to be381

cardinal frames of reference and were rendered to move with the viewer at a constant distance.382

Therefore, the size of the moon and the sun did not change with self-motion, and participants383

could not evaluate distance change based on perceptual changes in either the sun or moon. In the384

moon condition, participants would initially move toward the moon frame of reference, and vice385

versa for the sun condition.386

Task387

The task consisted of an adaptation period followed by test trials (see Fig. 1c-e). In the adaptation388

phase for both the sun and the moon adaptation groups, each block started with 60 seconds of389

virtual travel toward the sun or the moon as the global travel direction, depending on their group390

(see Fig. 1c). During the adaptation phase, participants were instructed to pay attention to the391

movement in the hallway on the computer screen. To dissociate travel direction from heading392

direction, we included occasional 180o turns to change the local facing direction while maintaining393

the constant global travel direction. This heading change occurred through a rotation, such that394

the view turned around, rather than a sharp flip. The number of turns in all experiments were395

randomly sampled from a range varied by the time length of each trial (0-2 turns for 10s trials, 5-7396

turns for 60s initial adaptation phase).397

The control was the same for both groups, where the "adaptation" phase consisted of a still398

screen without movement. This phase only lasted 10 seconds, but with occasional 180o turns to399

change the facing direction (see Fig. 1d).400

Immediately after the adaptation phase was a 10-second test phase. The test phase was the401

same for all conditions. The ground in the hallway would turn green, signifying the 10-second test402

period. In the test phase, the travel direction would change, such that participants experienced403

back-and-forthmovement toward both the sun and themoon. The facing direction changed during404

the test phase, just like in the adaptation phase, with between 0 and 2 turns. The amount of back-405

and-forth movement on each trial was expressed in terms of a percentage of movement toward406

one of the two cardinal frames of reference (see Fig. 1e). The percentage of movement in one407

direction is complementary to the other direction such that they add up to 100%. For example, 20%408

of virtual movement toward the sun is equivalent to 80% of virtual movement toward themoon. In409

order to compare the sun and the moon conditions, all analyses are described as oriented toward410

the sun direction so that we could easily see the effect of adaptation in each condition.411

In addition to the experimental condition (adaptation vs. control), this percentage of virtual412

movement was the primary independent variable in the study, ranging from 20% to 80% in 10%413

steps. Participants were instructed to pay attention to the overall direction they traveled in during414

the test period. When the movement in the test period stopped, on-screen text asked participants415

to judge whether their movement during the test period was overall more toward the sun or more416

toward the moon direction. They used their left hand to press the “D” key to indicate that they417

moved closer to the sun and used their right hand to press the “K” key to indicate that they moved418

closer to the moon. Although the task was untimed, participants were instructed to respond as419

quickly and accurately as possible.420

As soon as participants pressed a response key, the hallway would turn brown again for 10421

seconds as a “top-up” adaptation phase. The top-up adaptation of the next trial started with the422

same facing direction as the last screen of the previous testing trial so that participants could have423

a more coherent experience in the virtual environment. During the 10-second top-up phase, par-424

ticipants would experience the same movement as the initial 60-second adaptation (i.e., the same425

initial travel direction with occasional changes of facing directions) but for a shorter time length.426

Then, participants would be given another 10-second test of travel direction. In the control con-427

dition, the top-up was 10 seconds in the hallway without movement, but with occasional facing428

changes. The task continued alternating between the original travel direction top-up adaptations429

(brown) and test phase (green) until the block ended, and then participants could take a break (up430
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to 5 minutes). Reported direction and reaction time for each trial were recorded.431

Design432

A 2 (experimental condition: adaptation, control; within subjects) × 7 (actual percentage of move-433

ment toward the sun: 20%, 30%, 40%, 50%, 60%, 70%, 80% rate; within subjects) within-subjects434

design was used. Each test condition was repeated for 12 trials, for a total of 84 trials (7 test con-435

ditions × 12 trials/test condition). These 84 trials were randomly separated into 3 blocks with a436

short break between blocks. A new 60-second adaptation occurred after each break to reinstate437

the adaptation. All stimuli were presented in random order for all participants.438

In order to control for the influence of a particular adapting direction and of response bias, half439

of subjects were randomly assigned to the sun adaptation group, and the other half were assigned440

to the moon adaptation group. We combined the sun and moon adaptation groups for analysis,441

although we also analyzed them separately (see Supplemental Information). The experiment was442

conducted over two sessions for each participant, with one session the experimental task and the443

other session as the control. The order of completing these two sessions were counterbalanced444

among participants within each group.445

Procedure446

Participants first were greeted in the lab, given information about the study, and given consent447

forms to sign. They then completed a participant screening form and were given an instruction448

sheet to learn about the task.449

Next, they performed the motion adaptation task. Participants sat approximately 50 cm in450

front of the computer screen. Before beginning the formal experiment, they were given additional451

instructions and the experimenter answered any questions. They completed 5 practice trials (the452

adaptation time and test conditions were different from the experimental trials), and then any453

additional questions were answered.454

Each session lasted approximately 1 hour. Participants completed the two sessions on two455

separate days to prevent fatigue, with no more than one week between sessions. Finally, after456

each session, participants were asked to rate the difficulty of the task based on a 1 – 7 Likert scale457

(1 meant very easy and 7 meant very difficult) and to respond to an open-ended question about458

their strategy.459

Data Analysis460

R-studio and MATLAB were used for data analysis. We first removed outlier trials that were 3461

standard deviations above or below of the mean of each subject’s reaction time. Approximately462

0.33% of trials were removed: no trials were removed in the sun group, and in the moon group463

0.04% trials were removed from the experimental session and 1.27% trials were removed from464

the control session. From the remaining trials for each participant, we calculated the reported465

percentage of movement toward the adaptation direction (i.e., sun or moon direction) as well as466

mean reaction time for each percentage level.467

First, we conducted a 2 (experimental condition: adaptation, control; within subjects) × 7 (ac-468

tual percentage toward the adaptation direction: 20% - 80% rate of actual movement toward the469

adaptation direction; within subjects) repeated-measures analysis of variance (ANOVA). The pri-470

mary comparison was the difference between the adaptation and the control conditions within471

each actual percentage of movement since a motion aftereffect would lead to a shift in the curve472

for the adaptation conditions. Because this difference between adaptation and control was the473

primary outcomemeasure, we also conducted Tukey HSD paired t-tests between adaptation trials474

and control trials within each actual percentage of movement.475

We then analyzed the data by fitting results with a Weibull function. In the current study, the476

Weibull function assumes that the perceived movement contrast between the moon and the sun477

scales proportionally to the signal-to-noise ratio of the actual movement contrast that supports478
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the perception. Separate Weibull functions were fit to individual participants’s data for each exper-479

imental condition (adaptation and control) and each percentage of movement in the adaptation480

direction (20% - 80%) using Palamedes toolbox in MATLAB (Prins and Kingdom, 2018). Two pa-481

rameters were derived for each fitted function: the � value (i.e., the point of subjective equality)482

measures a bias to respond the “sun” or the “moon” direction in the task, and the � value reflects483

the detectability of the difference in the task. We then filtered 9 subjects’ data (3 from the sun484

adaptation group, 6 from themoon adaptation group) whose � or � value were beyond 2 standard485

deviations above or below the mean, and conducted paired t-tests of the � and � values between486

the adaptation and control condition. In addition, we re-ran the same ANOVAs of reported rate487

and reaction time on the filtered data. Throughout the paper, "all subjects" refer to all the subjects488

whose data were used for the initial analyses, including subjects who were later excluded based489

on implausible parameter estimates from the Weibull function fitting procedure.490

Based on post-study questionnaires, participants generally reported the same strategies for491

both adaptation and control sessions. More specifically, more than half of the subjects (n = 36)492

reported using counting strategies (e.g., mentally counting time, counting steps, physically count-493

ing by tapping fingers, etc.). The next set of subjects (n = 18) reported keeping focus on a certain494

part of the environment (e.g., wall, hallway, ground, sky, etc.) for distance estimation. Each of the495

remaining people (n = 6) used a unique strategy. For the filtered data, there were still subjects496

using counting (n = 31), focusing on a part of the environment (n = 14), and a unique strategy (n =497

6). We controlled for the influence of strategies by adding strategy as a factor in the above ANOVA498

analyses for reported rate and reaction time.499

Experiment 2500

Participants501

The sample size in Experiment 2 was determined based on power analysis using the results of502

Experiment 1. We used G*Power software (http://www.gpower.hhu.de/) (Erdfelder et al., 1996)503

with an � = 0.05, power = 0.8, and Coℎen′s f measurement of effect size = 0.176 which is based on504

the weakest effect size (i.e., the interaction effect of the moon condition, see Extended Data Fig.505

7c) from Experiment 1. The resulting sample size for within-group comparison was 24. Using this506

power analysis, we recruited 33 participants for Experiment 2, which is more than adequate for507

the main objectives of this study and which matched closely with the participant numbers from508

the Experiment 1 sun condition. Participants consisted of 33 University of California, Irvine (UCI)509

students who participated in return for monetary incentive ($12/hour). Three participants were510

discarded for misunderstanding the task instruction (n = 1), wrongly pressing the reverse response511

buttons (n = 1), or not completing both control and adaptation sessions (n = 1). The final pool512

consisted of 30 participants (14 males, 16 females; 20 not Hispanic or Latino, 9 Hispanic or Latino,513

1 not reported; 14 Asian, 11 White, 2 African American, 1 American Indian, 1 other, 1 not reported).514

Ages of the remaining 30 participants ranged from 18 to 34 (mean 22.93). All participants signed515

an informed consent form in agreement with the UCI Institutional Review Board requirements in516

accordance with the Declaration of Helsinki.517

The Stimuli, Task, Design, and Procedure were the same as Experiment 1, except that tasks518

were modified such that the head direction was always orthogonal to the travel direction (see Fig.519

3). For simplicity, we only conducted adaptation to the sun direction. The initial control adaptation520

period lasted 60s in Experiment 2.521

Data Analysis522

The analysis was largely the same as Experiment 1. We first removed outlier trials that were 3523

standard deviations above or below of the mean of each subject’s reaction time. Approximately524

2.12% of trials were removed: 2.18% trials were removed from the experimental session and 2.06%525

trials were removed from the control session. From the remaining trials for each participant, we526

calculated the reported percentage of movement toward the sun as well as mean reaction time527
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for each percentage level.528

First, we conducted a 2 (experimental condition: adaptation, control; within subjects) × 7 (actual529

sun percentage: 20% - 80% rate of actual movement toward the sun; within subjects) repeated-530

measures analysis of variance (ANOVA) analysis. Because the primary comparison was the differ-531

ence between the adaptation and the control conditions within each actual percentage of move-532

ment, we also conducted Tukey HSD paired t-tests between adaptation trials and control trials533

within each actual percentage of movement. We then filtered 7 subjects’ data and analyzed the534

data using parameters derived from Weibull fits, similar to Experiment 1.535

Based on post-study questionnaires, participants generally reported the same strategies for536

both adaptation and control sessions. Same as we had observed in Experiment 1, people reported537

three main types of strategies in Experiment 2: counting strategies (n = 13), keeping focus on a cer-538

tain part of the environment for distance estimation (n = 7), and a unique strategy (n = 10). For the539

filtered data, there were still subjects using counting (n = 12), focusing on a part of the environment540

(n = 4), and a unique strategy (n = 7). Again, we controlled for the influence of strategies by adding541

strategy as a factor in the above ANOVA analyses for reported rate and reaction time.542

Experiment 3543

Participants544

Similar to Experiment 2, we calculated a sample size of 24 for within-group comparison in Experi-545

ment 3determinedbasedonpower analysis usingG*Power software (http://www.gpower.hhu.de/)546

(Erdfelder et al., 1996) based on the weakest effect size from Experiment 1 (Extended Data Fig. 7c).547

We recruited 28 participants for Experiment 3 (12 males, 16 females; 26 not Hispanic or Latino, 1548

Hispanic or Latino, 1 not reported; 19 Asian, 9 White), which is more than adequate for the main549

objectives of this study. All participants were UCI students who participated in return for monetary550

incentive ($12/hour). Ages of the participants ranged from 18 to 30 (mean 24.71). All participants551

signed an informed consent form in agreement with the UCI Institutional Review Board require-552

ments in accordance with the Declaration of Helsinki.553

The Stimuli and Procedure were the same as Experiment 1.554

Task555

The Task was the same as Experiment 1, except for the following:556

1. Each block started with different initial adaptation time periods (18s, 36, 54s, or 72s), corre-557

spondingly followed by different top-up time periods (3s, 6s, 9s, or 12s). The control adaptation558

phases and top-up periods had the same corresponding time lengths. For convenience, we refer559

to all adaptation trials in terms of their initial adaptation time.560

2. Corresponding to the change in the time length for the adaptation phases, we also changed561

the range of the number of turns of the facing direction that each top-up and adaptation period562

was sampled from: 0-1 turn for 3s top-ups, 0-2 turns for 6s top-ups, 0-2 turns for 9s top-ups, 0-2563

turns for 12s top-ups, 1-3 turns for 18s adaptation periods, 3-5 turns for 36s adaptation periods,564

4-6 turns for 54s adaptation periods, 6-8 turns for 72s adaptation periods. Ranges were calculated565

based on the following equations:566

Nmax = ⌊�t + 1⌉ (1)

Nmin =

⎧

⎪

⎨

⎪

⎩

⌊�t − 1⌉, if t ≥ 10

0, otherwise (2)

N denotes number of turns. � is a coefficient which was set to 0.1. t denotes the number of567

time step in the trial (either the adaptation or the test phase). ⌊⌉ denotes round to the nearest568

integer.569
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3. To keep the experiment within two sessions, we used three percentages of virtual movement570

(30%, 50%, and 70%) and reduced the number of trials in each percentage to 9.571

Design572

A 2 (experimental condition: adaptation, control; within subjects) × 4 (adaptation time blocks: 3s573

top-up with 18s initial adaptation, 6s top-up with 36s initial adaptation, 9s top-up with 54s initial574

adaptation, 12s top-up with 72s initial adaptation; within subjects) × 3 (actual percentage of move-575

ment toward the sun: 30%, 50%, 70% rate; within subjects) within-subject design was used. Each576

test condition was repeated for 9 trials, for a total of 108 trials (4 blocks x 3 percentages/block × 9577

trials/percentage, not including the initial trial of each block). Each of the 4 blocks corresponded578

to one adaptation time condition. The order of the 4 blocks was counterbalanced across subjects.579

The trials with the 3 different percentages of actual movement toward the sun were presented in580

random order within each block. There was a short break between blocks. A new initial adaptation581

period occurred after each break to initiate adaptation of a different magnitude.582

The experiment was conducted over two sessions for each participant, with one session the583

experimental task and the other session as the control. The order of completing these two sessions584

was counterbalanced.585

Data Analysis586

The analysis was largely the same as Experiment 1. We first removed outlier trials that were 3587

standard deviations above or below of the mean of each subject’s reaction time. Approximately588

1.93% of trials were removed: 1.79% trials were removed from the experimental session and 2.08%589

trials were removed from the control session. From the remaining trials for each participant, we590

calculated the reported percentage of movement toward the sun as well as mean reaction time for591

each percentage level at each adaptation condition (the initial adaptation trial in each block were592

not included).593

First, we conducted a 2 (experimental condition: adaptation, control; within subjects) × 3 (actual594

sun percentage: 30%, 50%, 70% rate of actualmovement toward the sun; within subjects) repeated-595

measures ANOVA for each adaptation time periods (18s, 36s, 54s, or 72s) separately. Because596

the primary comparison was the difference between the adaptation and the control conditions597

within each actual percentage of movement, we also conducted Tukey HSD paired t-tests between598

adaptation trials and control trials within each actual percentage of movement.599

Next, we conducted a 4 (adaptation time periods: 18s, 36s, 54s, or 72s; within subjects) ×600

3 (actual sun percentage: 30%, 50%, 70% rate of actual movement toward the sun; within sub-601

jects) repeated-measures ANOVA for each experimental condition (control, adaptation) separately.602

Because the primary comparison was the difference between different adaptation time periods603

within each actual percentage of movement, we also conducted Tukey HSD paired t-tests between604

different adaptation time periods within each actual percentage of movement. We then filtered605

and analyzed the data using the Weibull function, similar to Experiment 1. We filtered 4 subjects’606

data from all conditions based on subjects whose results were excluded by more than one adap-607

tation time period condition.608

Same as we have observed in Experiment 1 and 2, people reported three main types of strate-609

gies in Experiment 3: counting strategies (n = 13), keeping focus on a certain part of the environ-610

ment for distance estimation (n = 13), and a unique strategy (n = 2). For the filtered data, there were611

still subjects using counting (n = 10), focusing on a part of the environment (n = 12), and a unique612

strategy (n = 2). Again, we controlled for the influence of strategies by adding strategy as a factor613

in the above ANOVA analyses for reported rate and reaction time.614

Data Availability615

All data generated or analysed during this study, as well as codes, will be available on Open Science616

Framework.617
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Appendix 0—figure 6. Experiment 1: Reaction times of all subjects(n=60). The reaction time increased as theactual percentage approached 50%. Solid lines indicate the grand average value, and the shaded areaindicate 1 standard error of means.
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Experiment 1: Separate Results for Sun and Moon Groups777

Appendix 0—figure 7. The perceived percentage of movement in the sun direction compared with the actualpercentage for all subjects. a) The reported rate of the sun group. The sun adaptation condition had anoverall higher reported percentage than the control condition. This result suggests an aftereffect in the samedirection of travel (p = 0.012). The adaptation condition showed higher reported percentages thancorresponding control conditions at 20%, 30%, 40%, and 50%, supporting this aftereffect. This result alsosuggests an aftereffect in the same direction of travel. There was also a significant interaction betweencondition and the actual percentage. b) Reaction times of the sun group. The reaction time increased as theactual percentage approached 50%. c) The reported rate of the moon group. The moon adaptation had amarginally lower reported percentage overall than the control condition (p = 0.051). This result suggests anaftereffect in the same direction of travel. The adaptation condition showed marginally lower reportedpercentages than corresponding control conditions at the 50% and 70%, supporting this aftereffect. d) Thereaction time of the moon group. The reaction time increased as the actual percentage got closer to 50%.Solid lines indicate the grand average value, and the shaded area indicate 1 standard error of means. + p <0.08; * p < 0.05, Tukey correction.
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Experiment 1: Serial Position Effects for Sun and Moon Adaptation Groups778

In order to determine if any portion of the 10-second test phase contributed to the reported rate,779

we tested for a serial position effect. A serial position effect occurs when people tend to remember780

the first items (the primacy effect) or the last items (the recency effect) best in a list. In this case, if781

there is a serial position effect formovements within the 10-second test trial, people’s performance782

could be influenced by the movement towards the sun in the first few seconds (primacy effect) or783

the last few seconds (recency effect) of movement. For example, if by chance the last 3 seconds of784

movement in the 10-second test phase was in the sun direction, perhaps people would be more785

inclined to select "sun", even if the overall movement wasmore toward themoon. If people’s judge-786

ments were based on only a portion of the test trial, then the actual percentage of the 10-second787

trial was not fully used for judgements. Therefore, we first recalculated the "actual percentage"788

assuming people only made judgements based on the first 1 - 9 seconds or the last 1- 9 seconds789

separately and then conducted the same analysis protocol used in the full 10-second test trials to790

see if the adaptation effect would be found in certain partial movement steps.791

For convenience, in both groups, "percentage" refers to the percentage of movement in the792

sun direction.793

Primacy Effects794

We first calculated the actual movement percentage of each of the 9 possible first time steps (i.e., 1795

s, 1 s – 2 s, 1 s – 3 s, 1 s – 4 s, 1 s – 5 s, 1 s – 6 s, 1 s – 7 s, 1 s – 8 s, and 1 s – 9 s). Next, we conducted the796

2-way experimental condition × actual percentage within-subjects repeated measures ANOVA and797

then Tukey HSD paired t-tests for adaptation trials and control trials within each actual percentage798

in each of the 9 first time steps. Note that the possible actual percentages vary in different time799

steps. For perceived percentage, results in both the sun group (see Figure 8a) and themoon group800

(see Figure 8b) revealed "opposite aftereffects" that adaptation increased the reported rate in the801

same direction, which is similar to the previous full 10-second results. Also similar to previous802

results, reaction time in both the sun group (see Figure 9a) and themoon group (see Figure 9b) did803

not have any differences between the adaptation condition and the control condition. Therefore,804

no primacy effect was found to affect the results in either the sun group or the moon group.805
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Appendix 0—figure 8. Experiment 1: We looked for primacy effects by examining the reported percentage ofthe first 1 – 9 seconds of travel. a) The sun group. Adaptation toward the sun direction increased theperceived percentage of movement in the sun direction, similar to the full 10-second trial. b) The moon group.Adaptation toward the moon direction decreased the perceived percentage of movement in the sun direction,i.e., increased perceived percentage of movement in the moon direction, similar to the full 10-second trial.Solid lines indicate the grand average value, and the shaded area indicate 1 standard error of means. + p <0.08; * p < 0.05; ** p < 0.01; *** p < 0.001; o not enough data for analysis under the corresponding condition,Tukey correction.
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Appendix 0—figure 9. Experiment 1: We looked for primacy effects by examining the reaction time of thefirst 1 – 9 seconds of travel. a) The sun group. We did not observe any differences between the adaptationcondition and the control condition. b) The moon group. We did not observe any differences between theadaptation condition and the control condition. Solid lines indicate the grand average value, and the shadedarea indicate 1 standard error of means.
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Recency Effects806

We first calculated the actual movement percentage of each of the 9 possible last time steps (i.e.,807

10 s, 9 s – 10 s, 8 s – 10 s, 7 s – 10 s, 6 s – 10s, 5 s – 10 s, 4 s – 10 s, 3 s – 10 s, and 2 s – 10 s). Next, we808

conducted the 2-way experimental condition × actual percentage within-subjects repeated mea-809

sures ANOVA and then Tukey HSD paired t-tests for adaptation trials and control trials within each810

actual percentage in each of the 9 last time steps. Note that the possible actual percentages vary in811

different time steps. The results of the perceived percentage in both the sun group (see Figure 10a)812

and the moon group (see Figure 10b) showed similar "opposite aftereffects" as found in the full813

10-second trial analyses. Also similar to previous analyses, the results of reaction time in both the814

sun group and the moon group did not show any differences between the adaptation condition815

and the control condition. Therefore, no recency effect was found to affect the results in either816

the sun group (see Figure 11a) or the moon group (see Figure 11b). The lack of primacy or recency817

effects suggests that people used the entire test phase to make their judgments.818

Appendix 0—figure 10. Experiment 1: We looked for recency effects by examining the reported percentageof the last 1 – 9 seconds of travel. a) The sun group. Adaptation toward the sun direction increased theperceived percentage of movement in the sun direction, similar to the full 10-second trial. b) The moon group.Adaptation toward the moon direction decreased the perceived percentage of movement in the sun direction,i.e., increased perceived percentage of movement in the moon direction, similar to the full 10-second trial.Solid lines indicate the grand average value, and the shaded area indicate 1 standard error of means. + p <0.08; * p < 0.05; ** p < 0.01; *** p < 0.001; o not enough data for analysis under the corresponding condition,Tukey correction.
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Appendix 0—figure 11. Experiment 1: We looked for recency effects by examining the reaction time of thefirst 1 – 9 seconds of travel. a) The sun group. We did not observe any differences between the adaptationcondition and the control condition. b) The moon group. We did not observe any differences between theadaptation condition and the control condition. Solid lines indicate the grand average value, and the shadedarea indicate 1 standard error of means.
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Experiment 1: Initial Trial Results for Sun and Moon Adaptation Groups819

Appendix 0—figure 12. The perceived percentage of movement in the sun direction compared with theactual percentage for all initial trials. a) The reported rate of the sun group. The sun adaptation conditionshowed a tendency of overall higher reported percentage than the control condition. b) Reaction times of thesun group. No difference were observed in reaction time between the two conditions. c) The reported rate ofthe moon group. The moon adaptation showed a tendency of lower reported percentage overall than thecontrol condition. d) The reaction time of the moon group. Reaction times of the sun group. No differencewere observed in reaction time between the two conditions. Solid lines indicate the grand average value, andthe shaded area indicate 1 standard error of means. No inferential statistical analyses was conducted due tonot enough initial trials.
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Experiment 1: Filtered Data820

Appendix 0—figure 13. Experiment 1: The perceived percentage of movement in the adaptation directioncompared with the actual percentage for filtered subjects (n = 51). a) The reported rate of filtered subjects.The adaptation condition had an overall higher reported percentage than the control condition (p = 0.002).The adaptation condition showed higher reported percentages than corresponding control conditions at 20%,30%, 40%, and 50%, supporting the aftereffect. This result suggests an aftereffect in the same direction oftravel. There was also a significant interaction between condition and the actual percentage. b) Reactiontimes of filtered subjects. The reaction time increased as the actual percentage approached 50%. Solid linesindicate the grand average value, and the shaded area indicate 1 standard error of means. * p < 0.05; ** p <0.01, Tukey correction.
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Experiment 2: Reaction Time821

Raw Data822
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Appendix 0—figure 14. Experiment 1: Reaction times of all subjects (n=30). The reaction time increased asthe actual percentage approached 50%. Solid lines indicate the grand average value, and the shaded areaindicate 1 standard error of means.
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Experiment 2: Filtered Data823

Appendix 0—figure 15. Experiment 2: The perceived percentage of movement in the adaptation directioncompared with the actual percentage for filtered subjects (n = 23). a) The reported rate of filtered subjects.The adaptation condition had an overall marginally higher reported percentage than the control condition (p= 0.078). The adaptation condition showed higher reported percentages than corresponding controlconditions at 20% and 40%, supporting the aftereffect. This result suggests an aftereffect in the samedirection of travel. There was also a marginally significant interaction between condition and the actualpercentage. b) Reaction times of filtered subjects. The reaction time increased as the actual percentageapproached 50%. Solid lines indicate the grand average value, and the shaded area indicate 1 standard errorof means. + p < 0.08; * p < 0.05; ** p < 0.01, Tukey correction.
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Experiment 3: Raw Data824

Reported Rate by Adaptation Time Periods825
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Appendix 0—figure 16. Experiment 3. The perceived percentage of movement in the adaptation directioncompared with the actual percentage for all subjects, separated by experimental conditions (n = 28). a) Thereported rate for the 18s and 36s adaptation conditions. b) The reported rate for the 18s and 54s adaptationconditions. c) The reported rate for the 18s and 72s adaptation conditions. d) The reported rate for the 36sand 54s adaptation conditions. e) The reported rate for the 36s and 72s adaptation conditions. At 70%, 72sadaptation trials had a significantly higher perceived percentage than 36s adaptation trials (p = 0.014),supporting that the aftereffect increased with adaptation time. The aftereffect is in the same direction oftravel. f) The reported rate for the 54s and 72s adaptation conditions. At 70%, 72s adaptation trials had slightlyhigher perceived percentage than 54s adaptation trials (p = 0.055), supporting that the aftereffect increasedwith adaptation time. The aftereffect is in the same direction of travel. g) The reported rate for all four controlconditions. There were no differences between trials with different adaptation time periods within any actualpercentage. Solid lines indicate the grand average value, and the shaded area indicate 1 standard error ofmeans. + p < 0.08, * p < 0.05. All results are reported with the Tukey correction for multiple comparisons.

33 of 56

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 22, 2022. ; https://doi.org/10.1101/2022.08.22.504860doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.22.504860


Reported Rate by Control Conditions826
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Appendix 0—figure 17. Experiment 3: The perceived percentage of movement in the adaptation directioncompared with the actual percentage for all subjects, separated by control conditions (n = 28). a) Thereported rate for the 18s and 36s control conditions. b) The reported rate for the 18s and 54s controlconditions. c) The reported rate for the 18s and 72s control conditions. d) The reported rate for the 36s and54s control conditions. e) The reported rate for the 36s and 72s control conditions. f) The reported rate forthe 54s and 72s control conditions. Solid lines indicate the grand average value, and the shaded area indicate1 standard error of means. All results are reported with the Tukey correction for multiple comparisons.
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Reaction Times by Adaptation Time Periods827

Appendix 0—figure 18. Experiment 3: Reaction times compared with the actual percentage for all subjects,separated by adaptation time periods (n = 28). The reaction time increased as the actual percentageapproached 50% in all adaptation time periods. a) Reaction times for 18s adaptation trials. b) Reaction timesfor 36s adaptation trials. c) Reaction times for 54s adaptation trials. d) Reaction times for 72s adaptation trials.Solid lines indicate the grand average value, and the shaded area indicate 1 standard error of means. Tukeycorrection.
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Reaction Times by Experimental Conditions828

Appendix 0—figure 19. Experiment 3: Reaction times compared with the actual percentage for all subjects,separated by experimental conditions (n = 28). The reaction time increased as the actual percentageapproached 50% in both experimental conditions. a) Reaction times for adaptation condition. b) Reactiontimes for control condition. At 30%, people responded slightly slower to 72s adaptation trials than to 18sadaptation trials (p = 0.054). At 70%, people responded slightly slower to 54s adaptation trials than to 36sadaptation trials (p = 0.074). Solid lines indicate the grand average value, and the shaded area indicate 1standard error of means. Tukey correction.
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Experiment 3: Filtered Data829

Reported Rate by Adaptation Time Periods830

Appendix 0—figure 20. Experiment 3: The perceived percentage of movement in the adaptation directioncompared with the actual percentage for filtered subjects, separated by adaptation time periods (n = 24). a)The reported rate for 18s adaptation trials. The adaptation condition showed no difference from the controlcondition (p = 0.367). b) The reported rate for 36s adaptation trials. The adaptation condition showed slightlyhigher reported percentages than control conditions (p = 0.061) particularly at 30% (p = 0.013) and 50% (p =0.048), supporting the aftereffect in the same direction of travel. c) The reported rate for 54s adaptation trials.The adaptation condition showed higher reported percentages than control conditions (p = 0.004) particularlyat 30% (p = 0.009) and 50% (p = 0.001), supporting the aftereffect. d) The reported rate for 72s adaptationtrials. The adaptation condition showed higher reported percentages than control conditions (p = 0.022)particularly at 30% (p = 0.076) and 50% (p = 0.027), supporting the aftereffect in the same direction of travel.Solid lines indicate the grand average value, and the shaded area indicate 1 standard error of means. + p <0.08, * p < 0.05, ** p < 0.01, Tukey correction.
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Reaction Times by Adaptation Time Periods831

Appendix 0—figure 21. Experiment 3: Reaction times compared with the actual percentage for filteredsubjects, separated by adaptation time periods (n = 24). The reaction time increased as the actual percentageapproached 50% in all adaptation time periods. a) Reaction times for 18s adaptation trials. b) Reaction timesfor 36s adaptation trials. c) Reaction times for 54s adaptation trials. d) Reaction times for 72s adaptation trials.Solid lines indicate the grand average value, and the shaded area indicate 1 standard error of means. Tukeycorrection.
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Reported Rate by Experimental Conditions832

Appendix 0—figure 22. Experiment 3: The perceived percentage of movement in the adaptation directioncompared with the actual percentage for filtered subjects, separated by experimental conditions (n = 24). a)The reported rate for adaptation condition. At 70%, 72s adaptation trials had higher perceived percentagethan 36s adaptation trials (p = 0.014) and slightly higher than 54s adaptation trials (p = 0.053), supporting thatthe aftereffect increased with adaptation time. The aftereffect is in the same direction of travel. b) Thereported rate for control condition. There were no differences between trials with different adaptation timeperiods within any actual percentage. Tukey correction.
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Reaction Times by Experimental Conditions833

Appendix 0—figure 23. Experiment 3: Reaction times compared with the actual percentage for filteredsubjects, separated by experimental conditions (n = 24). The reaction time increased as the actual percentageapproached 50% in both experimental conditions. a) Reaction times for adaptation condition. b) Reactiontimes for control condition. At 30%, people responded slightly slower to 72s adaptation trials than to 18sadaptation trials (p = 0.054). At 70%, people responded slower to 54s adaptation trials than to 36s adaptationtrials (p = 0.034). Solid lines indicate the grand average value, and the shaded area indicate 1 standard errorof means. Tukey correction.
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Experiment 4: Methods834

Participants, Stimuli, Task, Design, and Procedure835

Similar to Experiment 2 and 3, we calculated a sample size of 24 for within-group comparison in Ex-836

periment 4 determinedbasedonpower analysis usingG*Power software (http://www.gpower.hhu.de/)837

(Erdfelder et al., 1996) based on the weakest effect size from Experiment 1. We recruited 37 par-838

ticipants for Experiment 3, which is more than adequate for the main objectives of this study. All839

participants were UCI students who participated in return for course credit or monetary incentive840

($12/hour). Six participants were discarded for not completing both control and adaptation ses-841

sions (n = 6). The final pool consisted of 31 participants (15 males, 16 females; 24 not Hispanic or842

Latino, 5 Hispanic or Latino, 2 not reported; 17 Asian, 6 White, 2 African American, 1 American In-843

dian/Alaskan Native, 4 more than one race, 1 not reported). Ages of the remaining 31 participants844

ranged from 18 to 31 (mean 21.71). All participants signed an informed consent form in agree-845

ment with the UCI Institutional Review Board requirements in accordance with the Declaration of846

Helsinki.847

The Stimuli, Task, Design, and Procedure are the same as Experiment 3. The only change was848

that in the adaptation session, a few (0 - 3) blocks were inadvertently randomly changed to adap-849

tation to the moon direction. Regardless of whether the block was adapted to the sun or to the850

moon direction, within each block the initial trial and top-up trials all adapted to the same direc-851

tion. Participants were not informed of this change in advance. Data from both directions were852

combined for analysis based on the adaptation direction.853

Data Analysis854

We first removed outlier trials that were 3 standard deviations above or below of themean of each855

subject’s reaction time. Approximately 1.88% of trials were removed: 1.70% trials were removed856

from the experimental session and 2.06% trials were removed from the control session. From the857

remaining trials for each participant, we calculated the reported percentage of movement toward858

the adaptation direction aswell asmean reaction time for each percentage level at each adaptation859

condition (the initial adaptation trial in each block were not included). We filtered 4 subjects’ data860

based on the same criteria from Weibull model fit in Experiment 3. The rest of the data analyses861

were the same as Experiment.862

Same as we have observed in Experiment 1, 2, and 3, people’s report covered three main types863

of strategies in Experiment 4: counting strategies (n = 18), keeping focus on a certain part of the864

environment for distance estimation (n = 4), and a unique strategy (n = 9). For the filtered data,865

there were still subjects using counting (n = 15), focusing on a part of the environment (n = 4), and866

a unique strategy (n = 8). Again, we controlled for the influence of strategies by adding strategy as867

a factor in the above ANOVA analyses for reported rate and reaction time.868
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Experiment 4: Reaction Times869

Reaction Times by Adaptation Time Periods870

Appendix 0—figure 24. Experiment 4: Reaction times compared with the actual percentage for all subjects,separated by adaptation time periods (n = 31). The reaction time increased as the actual percentageapproached 50% in all adaptation time periods. a) Reaction times for 18s adaptation trials. b) Reaction timesfor 36s adaptation trials. c) Reaction times for 54s adaptation trials. d) Reaction times for 72s adaptation trials.Solid lines indicate the grand average value, and the shaded area indicate 1 standard error of means. Tukeycorrection.
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Reaction Times by Experimental Conditions871

Appendix 0—figure 25. Experiment 4: Reaction times compared with the actual percentage for all subjects,separated by experimental conditions (n = 31). The reaction time increased as the actual percentageapproached 50% in both experimental conditions. a) Reaction times for adaptation conditions. b) Reactiontimes for control conditions. Solid lines indicate the grand average value, and the shaded area indicate 1standard error of means.
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Experiment 4: Filtered Data872

Reported Rate by Adaptation Time Periods873

Appendix 0—figure 26. Experiment 4: The perceived percentage of movement in the adaptation directioncompared with the actual percentage for filtered subjects, separated by adaptation time periods (n = 27). a)The reported rate for 18s adaptation trials. The adaptation condition showed no difference from the controlcondition (p = 0.474). b) The reported rate for 36s adaptation trials. The adaptation condition showed higherreported percentages than control conditions (p = 0.029) particularly at 30% (p = 0.012), supporting theaftereffect in the same direction of travel. c) The reported rate for 54s adaptation trials. The adaptationcondition showed higher reported percentages than control conditions (p = 0.043) particularly at 50% (p =0.006), supporting the aftereffect. d) The reported rate for 72s adaptation trials. The adaptation conditionshowed slightly higher reported percentages than control conditions (p = 0.055) particularly at 30% (p = 0.004)and 50% (p = 0.015), supporting the aftereffect in the same direction of travel. Higher reported percentageswas shown in the control condition than in the adaptation condition at 30% (p = 0.043) though. Solid linesindicate the grand average value, and the shaded area indicate 1 standard error of means. * p < 0.05, ** p <0.01, Tukey correction.
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Reaction Times by Adaptation Time Periods874

Appendix 0—figure 27. Experiment 4: Reaction times compared with the actual percentage for filteredsubjects, separated by adaptation time periods (n = 27). The reaction time increased as the actual percentageapproached 50% in all adaptation time periods. a) Reaction times for 18s adaptation trials. b) Reaction timesfor 36s adaptation trials. c) Reaction times for 54s adaptation trials. d) Reaction times for 72s adaptation trials.Solid lines indicate the grand average value, and the shaded area indicate 1 standard error of means. Tukeycorrection.
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Reported Rate by Experimental Conditions875

Appendix 0—figure 28. Experiment 4: The perceived percentage of movement in the adaptation directioncompared with the actual percentage for filtered subjects, separated by experimental conditions (n = 27). a)The reported rate for adaptation conditions. At 70%, 72s adaptation trials had slightly higher perceivedpercentage than 36s adaptation trials (p = 0.058), supporting that the aftereffect increased with adaptationtime. The aftereffect is in the same direction of travel. b) The reported rate for control conditions. There wereno differences between trials with different adaptation time periods within any actual percentage. Tukeycorrection.
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Reaction Times by Experimental Conditions876

Appendix 0—figure 29. Experiment 4: Reaction times compared with the actual percentage for filteredsubjects, separated by experimental conditions (n = 27). The reaction time increased as the actual percentageapproached 50% in both experimental conditions. a) Reaction times for adaptation conditions. b) Reactiontimes for control conditions. Solid lines indicate the grand average value, and the shaded area indicate 1standard error of means. Tukey correction.
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Experiment 1-4: Difficulty877

When comparing difficulty ratings across experiments, there was a main effect of experimental878

condition that people overall rated adaptation condition to bemore difficult than control condition879

(F (1, 145) = 4.57, p = 0.034, �2p = 0.031, 95%C.I. = [0.000, 0.104]), and Experiment 3 was rated more880

difficult than Experiment 1 (p = 0.003) (Supplemental Information Section Experiment 1-4: Difficulty881

Raw Data Fig. 30, Supplemental Information Section Experiment 1-4: Difficulty Filtered Data Fig.882

31).883

Raw Data884

For the task difficulty, we conducted an experimental condition (adaptation, control) × Experiments885

(Experiment 1, Experiment 2, Experiment 3, Experiment 4) mixed-subjects repeated measures886

ANOVA.We found amain effect of the experimental condition (F (1, 145) = 4.57, p = 0.034, �2p = 0.031,887

95%C.I. = [0.000, 0.104]) such that subjects found the adaptation condition (M = 3.93%±0.12%) to be888

more difficult than the control condition (M = 3.68%±0.12%). There was also amain effect of the ex-889

periments (F (3, 145) = 4.16, p = 0.007, �2p = 0.079, 95%C.I. = [0.007, 0.162]). Pairwise t-tests showed890

people rated Experiment 3 to be more difficult than Experiment 1 (p = 0.003) and Experiment 3891

to be slightly more difficult than Experiment 4 (p = 0.079). There was no interaction between the892

experimental condition and experiments (F (3, 145) = 1.82, p = 0.146, �2p = 0.036, 95%C.I. = [0.000,893

0.099], ns). See Figure 30.894

Sidak post-hoc analyses revealed that people rated the adaptation session in Experiment 3 to895

be more difficult than the adaptation session in Experiment 1 (p = 0.018). People rated the control896

session in Experiment 3 to be marginally more difficult than the control session in Experiment 1 (p897

= 0.051). No difference in difficulty ratings were found between adaptation and control conditions898

within each experiment (all p > 0.08).899

Appendix 0—figure 30. Task difficulty, separated by experiments and adaptation conditions. Peoplereported the adaptation condition to be around the same as the control condition in Experiment 1 (p = 0.992),Experiment 2 (p = 0.164), Experiment 3 (p = 0.998), and Experiment 4 (p = 0.176). Note: Experiment 1 (n = 60),Experiment 2 (n = 30), Experiment 3 (n = 28), Experiment 4 (n = 31)
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Filtered Data900

Then we conducted same analyses for task difficulty on filtered data. We found amain effect of the901

experimental condition (F (1, 122) = 4.99, p = 0.027, �2p = 0.039, 95%C.I. = [0.000, 0.127]) such that902

subjects found the adaptation condition (M = 3.95% ± 0.14%) to be more difficult than the control903

condition (M = 3.67% ± 0.13%). There was also a main effect of the experiments (F (3, 122) = 3.31, p904

= 0.023, �2p = 0.075, 95%C.I. = [0.001, 0.164]). Pairwise t-tests showed people rated Experiment 3 to905

be more difficult than Experiment 1 (p = 0.014). There was a interaction between the experimental906

condition and experiments (F (3, 122) = 2.91, p = 0.037, �2p = 0.067, 95%C.I. = [0.000, 0.152]). See907

Figure 31.908

Sidak post-hoc analyses revealed that people rated the adaptation session in Experiment 3 to be909

moredifficult than the adaptation session in Experiment 1 (p = 0.041). In Experiment 2, people rated910

the adaptation session to be only marginally more difficult than the control session (p = 0.067).911

Appendix 0—figure 31. Task difficulty, separated by experiments and adaptation conditions. Peoplereported the adaptation condition to be marginally more difficult than the control condition in Experiment 2(p = 0.067), but not in Experiment 1 (p = 0.836), Experiment 3 (p = 0.997), or Experiment 4 (p = 0.146) (Sidekcorrected). Note: Experiment 1 (n = 51), Experiment 2 (n = 23), Experiment 3 (n = 24), Experiment 4 (n = 27)
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Strategies912

Experiment1913

Reported Rate914

Raw Data For the perceived percentage, we conducted an experimental condition(adaptation,915

control) × actual percentage(20%, 30%, 40%, 50%, 60% ,70%, 80%) × strategy(counting strategies, fo-916

cusing on part of the environment, unique strategies) mixed-subjects repeated measures ANOVA.917

There was no main effect of strategy (F (2, 53) < 0.001, p = 0.398, �2p < 0.001, 95%CI = [0.000, 0.000],918

ns), condition (F (1, 53) = 2.62, p = 0.112, �2p = 0.047, 95%CI = [0.000, 0.196], ns), or interaction be-919

tween strategy and condition (F (2, 53) = 0.87, p = 0.424, �2p = 0.032, 95%CI = [0.000, 0.148], ns). As920

expected, there was also amain effect of the actual percentage (F (2.08, 110.39) = 257.10, p < 0.001,921

�2p = 0.829, 95%CI = [0.799, 0.852]) that showed the perceived percentage increased with the actual922

percentage. We also found a marginally significant interaction between strategy and the actual923

percentage (F (4.17, 110.39) = 2.34, p = 0.057, �2p = 0.081, 95%CI = [0.007, 0.113]). There was no inter-924

action between condition and the actual percentage (F (4.04, 214.16) = 1.47, p = 0.213, �2p = 0.027,925

95%CI = [0.000, 0.053], ns), or interaction among strategy, condition, and the actual percentage926

(F (8.08, 214.16) = 1.34, p = 0.224, �2p = 0.048, 95%CI = [0.000, 0.066], ns). Mixed-subjects repeated927

measures ANOVA on the filtered report rate revealed the same pattern of results as the raw data928

except that there was no interaction between strategy and the actual percentage. Formore details,929

see below.930

Filtered Data Then we conducted the same ANOVA analyses on filtered data. There was no931

main effect of strategy (F (2, 44) = 0.02, p = 0.977, �2p = 0.001, 95%CI = [0.000, 0.000], ns), condition932

(F (1, 44) = 2.82, p = 0.100, �2p = 0.060, 95%CI = [0.000, 0.234], ns), or interaction between strategy933

and condition (F (2, 44) = 0.97, p = 0.386, �2p = 0.042, 95%CI = [0.000, 0.182], ns). As expected, there934

was also a main effect of the actual percentage (F (2.13, 93.83) = 312.39, p < 0.001, �2p = 0.877,935

95%CI = [0.852, 0.895]) that showed the perceived percentage increasedwith the actual percentage.936

We found no interaction between strategy and the actual percentage (F (4.27, 93.83) = 1.38, p =937

0.244, �2p = 0.059, 95%CI = [0.000, 0.109]), between condition and the actual percentage (F (3.76,938

165.34) = 1.03, p = 0.393, �2p = 0.023, 95%CI = [0.000, 0.047], ns), or among strategy, condition, and939

the actual percentage (F (7.52, 165.34) = 1.71, p = 0.105, �2p = 0.072, 95%CI = [0.000, 0.100], ns).940

Reaction Time941

There were also no reaction time differences in strategies. For more details, see below.942

Raw Data For the reaction time, we conducted an experimental condition(adaptation, control)943

× actual percentage(20%, 30%, 40%, 50%, 60% ,70%, 80%) × strategy(counting strategies, focusing on944

part of the environment, unique strategies) mixed-subjects repeatedmeasures ANOVA. There was945

nomain effect of strategy (F (2, 53) = 1.56, p = 0.220, �2p = 0.056, 95%CI = [0.000, 0.192], ns), condition946

(F (1, 53) = 2.49, p = 0.121, �2p = 0.045, 95%CI = [0.000, 0.192], ns), or interaction between strategy and947

condition (F (2, 53) = 4.37, p = 0.224, �2p = 0.055, 95%CI = [0.000, 0.191], ns). As expected, there was948

a main effect of the actual percentage (F (4.23, 223.96) = 7.34, p < 0.001, �2p = 0.122, 95%CI =949

[0.051, 0.179]) that showed the perceived percentage increased with the actual percentage. We950

found no interaction between strategy and the actual percentage (F (8.45, 223.96) = 1.32, p = 0.229,951

�2p = 0.048, 95%CI = [0.000, 0.089], ns), between condition and the actual percentage (F (3.79, 200.86)952

= 0.41, p = 0.790, �2p = 0.008, 95%CI = [0.000, 0.014], ns), or interaction among strategy, condition,953

and the actual percentage (F (7.58, 200.86) = 0.66, p = 0.715, �2p = 0.024, 95%CI = [0.000, 0.025], ns).954

Filtered Data Then we conducted the same ANOVA analyses on filtered data. There was no955

main effect of strategy (F (2, 44) = 0.69, p = 0.506, �2p = 0.030, 95%CI = [0.000, 0.157], ns), condition956

(F (1, 44) = 2.98, p = 0.091, �2p = 0.063, 95%CI = [0.000, 0.238], ns), or interaction between strategy and957

condition (F (2, 44) = 1.60, p = 0.213, �2p = 0.068, 95%CI = [0.000, 0.225], ns). As expected, there was958
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a main effect of the actual percentage (F (4.19, 184.32) = 7.40, p < 0.001, �2p = 0.144, 95%CI =959

[0.061, 0.210]) that showed the perceived percentage increased with the actual percentage. We960

found no interaction between strategy and the actual percentage (F (8.38, 184.32) = 1.37, p = 0.208,961

�2p = 0.059, 95%CI = [0.000, 0.108], ns), between condition and the actual percentage (F (4.54, 199.65)962

= 0.31, p = 0.891, �2p = 0.007, 95%CI = [0.000, 0.010], ns), or interaction among strategy, condition,963

and the actual percentage (F (9.07, 199.65) = 0.56, p = 0.831, �2p = 0.025, 95%CI = [0.000, 0.021], ns).964

Experiment 2965

Reported Rate966

Raw Data For the perceived percentage, we conducted an experimental condition(adaptation,967

control) × actual percentage(20%, 30%, 40%, 50%, 60% ,70%, 80%) × strategy(counting strategies,968

focusing onpart of the environment, unique strategies)mixed-subjects repeatedmeasures ANOVA.969

There was a main effect of strategy (F (2, 27) = 8.79, p = 0.001, �2p = 0.394, 95%CI = [0.097, 0.597])970

where people who focused on a certain part of the environment (M = 0.578± 0.037) reported more971

toward adaptation direction than people using counting strategies (M = 0.496 ± 0.029;p = 0.003) or972

unique strategies (M = 0.487 ± 0.029;p = 0.002). There was no difference in report rate between973

people who used counting strategies or unique strategies (p = 0.886).974

There was also a main effect of condition (F (1, 27) = 5.58, p = 0.026, �2p = 0.171, 95%CI =975

[0.000, 0.418]) where people reported more toward the adaptation direction in the adaptation ses-976

sion (M = 0.532 ± 0.025) than in the control session (M = 0.493 ± 0.026).977

There was a marginally significant interaction between strategy and condition (F (2, 27) = 3.10,978

p = 0.061, �2p = 0.187, 95%CI = [0.000, 0.417]). As expected, there was also a main effect of the actual979

percentage (F (2.12, 57.37) = 214.78, p < 0.001, �2p = 0.888, 95%CI = [0.859, 0.909]) that showed980

the perceived percentage increased with the actual percentage. There was no interaction between981

strategy and the actual percentage (F (4.25, 57.37) = 1.33, p = 0.269, �2p = 0.090, 95%CI = [0.000, 0.122],982

ns).983

There was a significant interaction between condition and the actual percentage (F (3.53, 95.40)984

= 3.23, p = 0.020, �2p = 0.107, 95%CI = [0.012, 0.178]). Tukey HSD analyses revealed that people985

reported more toward the adaptation direction in the adaptation session than in the condition986

session at 20% (p = 0.003), 40% (p = 0.005), 50% (p = 0.031), and marginally significant at 30% (p =987

0.070).988

There was a marginally significant interaction among strategy, condition, and the actual per-989

centage (F (7.07, 95.40) = 2.10, p = 0.050, �2p = 0.135, 95%CI = [0.003, 0.185]).990

The filtered data had similar results; for more details, see below.991

Filtered Data Then we conducted the same ANOVA analyses on filtered data. There was992

a main effect of strategy (F (2, 20) = 13.83, p < 0.001, �2p = 0.580, 95%CI = [0.241, 0.747]) where993

people who focused on a certain part of the environment (M = 0.582±0.046) reportedmore toward994

adaptation direction than people using counting strategies (M = 0.497 ± 0.029;p < 0.001) or unique995

strategies (M = 0.503±0.033;p < 0.001). There was no difference in report rate between people who996

used counting strategies or unique strategies (p = 0.910).997

There was also a main effect of condition (F (1, 27) = 5.58, p = 0.026, �2p = 0.171, 95%CI =998

[0.000, 0.418]) where people reported more toward the adaptation direction in the adaptation ses-999

sion (M = 0.532 ± 0.025) than in the control session (M = 0.493 ± 0.026).1000

There was no interaction between strategy and condition (F (2, 20) = 2.03, p = 0.158, �2p = 0.169,1001

95%CI = [0.000, 0.428], ns). As expected, there was also a main effect of the actual percentage1002

(F (2.30, 45.93) = 151.55, p < 0.001, �2p = 0.883, 95%CI = [0.847, 0.908]) that showed the perceived1003

percentage increased with the actual percentage. There was no interaction between strategy and1004

the actual percentage (F (4.59, 45.93) = 1.24, p = 0.307, �2p = 0.110, 95%CI = [0.000, 0.194], ns).1005

There was a significant interaction between condition and the actual percentage (F (3.94, 78.80)1006

= 4.90, p = 0.001, �2p = 0.197, 95%CI = [0.056, 0.295]). Tukey HSD analyses revealed that people1007
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reported more toward the adaptation direction in the adaptation session than in the condition1008

session at 20% (p < 0.001) and 40% (p = 0.004), and marginally significant at 50% (p = 0.073).1009

Therewas a significant interaction among strategy, condition, and the actual percentage (F (7.88,1010

78.80) = 3.21, p = 0.003, �2p = 0.243, 95%CI = [0.060, 0.320]). Tukey HSD analyses revealed that people1011

who used strategy of focusing on part of the environment reported more toward the adaptation1012

direction in the adaptation session than in the condition session at 20% (p = 0.012), 40% (p = 0.021),1013

and marginally significant at 50% (p = 0.072). People who used unique strategies reported more1014

toward the adaptation direction in the adaptation session than in the condition session at 20%1015

(p = 0.029). At 40% actual percentage, people who focused on part of the environment reported1016

more toward the adaptation direction in adaptation sessions than people with counting strategies1017

in adaptation sessions (p = 0.014) and people with unique strategies in control sessions (p = 0.018).1018

At 50% actual percentage, people who focused on part of the environment reported more toward1019

the adaptation direction in adaptation sessions than people with unique strategies in both adapta-1020

tion sessions (p = 0.018) and control sessions (p = 0.042), as well as people with counting strategies1021

in both adaptation sessions (p = 0.021) and control sessions (p = 0.017).1022

Reaction Time1023

There were no reaction time differences in strategies. For more details, see below.1024

Raw Data For the reaction time, we conducted an experimental condition(adaptation, control)1025

× actual percentage(20%, 30%, 40%, 50%, 60% ,70%, 80%) × strategy(counting strategies, focusing on1026

part of the environment, unique strategies) mixed-subjects repeatedmeasures ANOVA. There was1027

nomain effect of strategy (F (2, 27) = 0.77, p = 0.472, �2p = 0.054, 95%CI = [0.000, 0.244], ns), condition1028

(F (1, 27) = 0.44, p = 0.514, �2p = 0.016, 95%CI = [0.000, 0.202], ns), or interaction between strategy1029

and condition (F (2, 27) = 0.59, p = 0.560, �2p = 0.042, 95%CI = [0.000, 0.220], ns). As expected, there1030

was a main effect of the actual percentage (F (2.61, 70.40) = 14.51, p < 0.001, �2p = 0.349, 95%CI =1031

[0.221, 0.440]) such that the reaction time increased with actual percentage, peaking at 50%. We1032

found no interaction between strategy and the actual percentage (F (5.21, 70.40) = 0.73, p = 0.608,1033

�2p = 0.051, 95%CI = [0.000, 0.058], ns), between condition and the actual percentage (F (2.72, 73.32)1034

= 1.02, p = 0.384, �2p = 0.036, 95%CI = [0.000, 0.077], ns), or interaction among strategy, condition,1035

and the actual percentage (F (5.43, 73.32) = 1.66, p = 0.150, �2p = 0.109, 95%CI = [0.000, 0.193], ns).1036

Filtered Data Then we conducted the same ANOVA analyses on filtered data. We found1037

a marginally significant main effect of strategy (F (2, 20) = 2.68, p = 0.093, �2p = 0.211, 95%CI =1038

[0.000, 0.471]). Tukey HSD analyses did not found difference in reaction time between people fo-1039

cusing on part of the environment (M = 1.555 ± 0.096s) and people using counting strategies (M =1040

2.348 ± 0.072s; p = 0.089), or people using unique strategies (M = 1.986 ± 0.081s; p = 0.513). There1041

was also no difference in reaction time between people using counting strategies and people using1042

unique strategies (p = 0.444). We found amain effect of experimental condition (F (1, 20) = 4.82, p =1043

0.040, �2p = 0.194, 95%CI = [0.000, 0.474]) where people responded slower in the adaptation session1044

(M = 2.244 ± 0.077s) than in the control session (M = 1.956 ± 0.063a).1045

There was no interaction between strategy and condition (F (2, 20) = 0.56, p = 0.580, �2p = 0.053,1046

95%CI = [0.000, 0.271], ns). As expected, there was a main effect of the actual percentage (F (2.43,1047

48.62) = 7.14, p = 0.001, �2p = 0.263, 95%CI = [0.112, 0.366]) such that the reaction time increased1048

with actual percentage, peaking at 50%. We found no interaction between strategy and the actual1049

percentage (F (4.86, 48.62) = 0.56, p = 0.729, �2p = 0.053, 95%CI = [0.000, 0.046], ns), between condition1050

and the actual percentage (F (3.40, 68.05) = 0.90, p = 0.457, �2p = 0.043, 95%CI = [0.000, 0.088], ns), or1051

interaction among strategy, condition, and the actual percentage (F (6.81, 68.05) = 1.16, p = 0.337,1052

�2p = 0.104, 95%CI = [0.000, 0.185], ns).1053

Experiment 31054

52 of 56

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 22, 2022. ; https://doi.org/10.1101/2022.08.22.504860doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.22.504860


Reported Rate1055

Raw Data For the perceived percentage, we conducted an experimental condition(adaptation,1056

control) × actual percentage(30%, 50%, 70%) × adaptation time periods (18s, 36s, 54s, 72s) × strat-1057

egy(counting strategies, focusing on part of the environment, unique strategies) mixed-subjects1058

repeated measures ANOVA. There was a main effect of condition (F (1, 25) = 4.69, p = 0.040, �2p =1059

0.129, 95%CI = [0.000, 0.383]) where people reported more toward the adaptation direction in the1060

adaptation session (M = 0.566 ± 0.020) than in the control session (M = 0.486 ± 0.021). As expected,1061

there was also a main effect of the actual percentage (F (1.37, 34.18) = 298.65, p < 0.001, �2p = 0.920,1062

95%CI = [0.849, 0.951]) that showed the perceived percentage increased with the actual percent-1063

age. There was a marginally significant interaction between the experimental condition and the1064

actual percentage (F (1.65, 41.22) = 2.99, p = 0.070, �2p = 0.107, 95%CI = [0.000, 0.270]). Because the1065

interaction was only marginally significant, we did not conduct further post-hoc analyses.1066

Therewere nomain effect of strategy (F (2, 25) = 0.06, p = 0.946, �2p = 0.004, 95%CI = [0.000, 0.060],1067

ns), no main effect of adaptation time periods (F (2.68, 66.89) = 0.72, p = 0.529, �2p = 0.014, 95%CI =1068

[0.000, 0.056], ns), no interaction between the strategy and the experimental condition (F (2, 25) =1069

0.33, p = 0.725, �2p = 0.020, 95%CI = [0.000, 0.167], ns), no interaction between the strategy and the1070

actual percentage (F (2.73, 34.18) = 2.50, p = 0.081, �2p = 0.162, 95%CI = [0.000, 0.356], ns), no interac-1071

tion between the strategy and adaptation time periods (F (5.35, 66.89) = 0.64, p = 0.684, �2p = 0.024,1072

95%CI = [0.000, 0.000], ns), no interaction between the actual percentage and adaptation time peri-1073

ods (F (4.41, 110.33) = 1.33, p = 0.269, �2p = 0.090, 95%CI = [0.000, 0.122], ns), no interaction between1074

the experimental condition and adaptation time periods (F (4.25, 57.37) = 0.66, p = 0.637, �2p = 0.026,1075

95%CI = [0.000, 0.053], ns), no interaction among the strategy, the experimental condition, and the1076

actual percentage (F (3.30, 41.22) = 2.10, p = 0.050, �2p = 0.103, 95%CI = [0.000, 0.234], ns), no in-1077

teraction among the strategy, the experimental condition, and adaptation time periods (F (4.77,1078

59.61) = 0.73, p = 0.601, �2p = 0.055, 95%CI = [0.000, 0.112], ns), no interaction among the strategy,1079

the actual percentage, and adaptation time periods (F (8.83, 110.33) = 0.82, p = 0.594, �2p = 0.062,1080

95%CI = [0.000, 0.074], ns), no interaction among the experimental condition, the actual percentage,1081

and adaptation time periods (F (4.13, 103.23) = 1.45, p = 0.223, �2p = 0.055, 95%CI = [0.000, 0.106], ns),1082

or interaction among the strategy, the experimental condition, the actual percentage, and adapta-1083

tion time periods (F (8.26, 103.23) = 1.18, p = 0.318, �2p = 0.086, 95%CI = [0.000, 0.155], ns).1084

FilteredData For the perceivedpercentage, we conducted an experimental condition(adaptation,1085

control) × actual percentage(30%, 50%, 70%) × adaptation time periods (18s, 36s, 54s, 72s) × strat-1086

egy(counting strategies, focusing on part of the environment, unique strategies) mixed-subjects1087

repeated measures ANOVA. There was a main effect of condition (F (1, 21) = 4.66, p = 0.043, �2p =1088

0.203, 95%CI = [0.000, 0.476]) where people reported more toward the adaptation direction in the1089

adaptation session (M = 0.561 ± 0.021) than in the control session (M = 0.496 ± 0.022). As expected,1090

there was also a main effect of the actual percentage (F (1.32, 27.71) = 281.68, p < 0.001, �2p = 0.964,1091

95%CI = [0.927, 0.979]) that showed the perceived percentage increasedwith the actual percentage.1092

There was a significant interaction between the experimental condition and the actual percentage1093

(F (1.98, 41.56) = 4.57, p = 0.016, �2p = 0.179, 95%CI = [0.007, 0.368]). Tukey HSD post-hoc analyses re-1094

vealed that people had increased report rate in the adaptation condition than the control condition1095

at 50% actual percentage (p = 0.011).1096

Therewere nomain effect of strategy (F (2, 21) = 0.14, p = 0.866, �2p = 0.014, 95%CI = [0.000, 0.147],1097

ns), no main effect of adaptation time periods (F (2.63, 55.16) = 0.82, p = 0.474, �2p = 0.037, 95%CI =1098

[0.000, 0.169], ns), no interaction between the strategy and the experimental condition (F (2, 21) =1099

0.01, p = 0.993, �2p < 0.001, 95%CI = [0.000, 0.000], ns), no interaction between the strategy and the1100

actual percentage (F (2.64, 27.71) = 1.58, p = 0.220, �2p = 0.231, 95%CI = [0.000, 0.449], ns), no interac-1101

tion between the strategy and adaptation time periods (F (5.25, 55.16) = 0.77, p = 0.578, �2p = 0.067,1102

95%CI = [0.000, 0.069], ns), no interaction between the actual percentage and adaptation time peri-1103

ods (F (4.78, 100.36) = 0.71, p = 0.614, �2p = 0.033, 95%CI = [0.000, 0.067], ns), no interaction between1104
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the experimental condition and adaptation time periods (F (2.51, 52.76) = 1.84, p = 0.160, �2p = 0.080,1105

95%CI = [0.000, 0.204], ns), no interaction among the strategy, the experimental condition, and the1106

actual percentage (F (3.96, 41.56) = 2.00, p = 0.113, �2p = 0.160, 95%CI = [0.000, 0.320], ns), no in-1107

teraction among the strategy, the experimental condition, and adaptation time periods (F (5.02,1108

52.76) = 0.61, p = 0.690, �2p = 0.055, 95%CI = [0.000, 0.112], ns), no interaction among the strategy,1109

the actual percentage, and adaptation time periods (F (9.56, 100.36) = 0.90, p = 0.535, �2p = 0.079,1110

95%CI = [0.000, 0.098], ns), no interaction among the experimental condition, the actual percentage,1111

and adaptation time periods (F (3.81, 79.98) = 1.80, p = 0.140, �2p = 0.079, 95%CI = [0.000, 0.146], ns),1112

or interaction among the strategy, the experimental condition, the actual percentage, and adapta-1113

tion time periods (F (7.62, 79.98) = 1.20, p = 0.311, �2p = 0.103, 95%CI = [0.000, 0.137], ns).1114

Reaction Time1115

There were also no reaction time differences in strategies. For more details, see below.1116

Raw Data For the reaction time, we conducted an experimental condition(adaptation, control)1117

× actual percentage(30%, 50%, 70%) × adaptation time periods (18s, 36s, 54s, 72s) × strategy(counting1118

strategies, focusing on part of the environment, unique strategies) mixed-subjects repeated mea-1119

sures ANOVA. We only observed a main effect of the actual percentage (F (1.29, 32.36) = 37.87, p <1120

0.001, �2p = 0.087, 95%CI = [0.000, 0.305]) such that the reaction time increased with actual percent-1121

age, peaking at 50%.1122

Therewere no effect of condition (F (1, 25) = 0.26, p = 0.612, �2p < 0.001, 95%CI = [0.000, 0.113], ns),1123

no main effect of strategy (F (2, 25) = 0.81, p = 0.455, �2p = 0.061, 95%CI = [0.000, 0.264], ns), no main1124

effect of adaptation time periods (F (2.55, 63.65) = 1.52, p = 0.223, �2p = 0.004, 95%CI = [0.000, 0.000],1125

ns), no interaction between the experimental condition and the actual percentage (F (1.79, 44.70)1126

= 0.98, p = 0.374, �2p = 0.038, 95%CI = [0.000, 0.164], ns), no interaction between the strategy and1127

the experimental condition (F (2, 25) = 0.11, p = 0.896, �2p < 0.001, 95%CI = [0.000, 0.000], ns), no1128

interaction between the strategy and the actual percentage (F (2.59, 32.36) = 2.25, p = 0.109, �2p =1129

0.011, 95%CI = [0.000, 0.000], ns), no interaction between the strategy and adaptation time peri-1130

ods (F (5.09, 63.65) = 0.46, p = 0.809, �2p = 0.002, 95%CI = [0.000, 0.000], ns), no interaction between1131

the actual percentage and adaptation time periods (F (4.18, 104.47) = 0.74, p = 0.573, �2p = 0.029,1132

95%CI = [0.000, 0.060], ns), no interaction between the experimental condition and adaptation time1133

periods (F (2.71, 67.72) = 0.46, p = 0.691, �2p = 0.018, 95%CI = [0.000, 0.079], ns), no interaction among1134

the strategy, the experimental condition, and the actual percentage (F (3.58, 44.70) = 0.75, p = 0.551,1135

�2p = 0.056, 95%CI = [0.000, 0.157], ns), no interaction among the strategy, the experimental condi-1136

tion, and adaptation time periods (F (5.42, 67.72) = 1.11, p = 0.367, �2p = 0.081, 95%CI = [0.000, 0.159],1137

ns), no interaction among the strategy, the actual percentage, and adaptation time periods (F (8.36,1138

104.47) = 0.59, p = 0.795, �2p = 0.045, 95%CI = [0.000, 0.041], ns), no interaction among the exper-1139

imental condition, the actual percentage, and adaptation time periods (F (3.80, 94.98) = 0.73, p =1140

0.568, �2p = 0.028, 95%CI = [0.000, 0.059], ns), or interaction among the strategy, the experimental1141

condition, the actual percentage, and adaptation time periods (F (7.60, 94.98) = 0.41, p = 0.907, �2p1142

= 0.032, 95%CI = [0.000, 0.010], ns).1143

Filtered Data Then we conducted the same ANOVA analyses on filtered data. Again, we only1144

observed a main effect of the actual percentage (F (1.22, 25.52) = 36.42, p < 0.001, �2p = 0.101,1145

95%CI = [0.000, 0.343]) such that the reaction time increased with actual percentage, peaking at1146

50%. There were no effect of condition (F (1, 21) = 0.15, p = 0.705, �2p < 0.001, 95%CI = [0.000, 0.108],1147

ns), no main effect of strategy (F (2, 21) = 0.43, p = 0.655, �2p = 0.040, 95%CI = [0.000, 0.238], ns),1148

no main effect of adaptation time periods (F (2.53, 53.17) = 1.80, p = 0.166, �2p = 0.005, 95%CI =1149

[0.000, 0.000], ns), no interaction between the experimental condition and the actual percentage1150

(F (1.71, 35.88) = 0.58, p = 0.539, �2p = 0.027, 95%CI = [0.000, 0.152], ns), no interaction between the1151

strategy and the experimental condition (F (2, 21) = 0.24, p = 0.791, �2p = 0.022, 95%CI = [0.000, 0.000],1152
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ns), no interaction between the strategy and the actual percentage (F (2.43, 25.52) = 2.19, p = 0.124,1153

�2p = 0.013, 95%CI = [0.000, 0.000], ns), no interaction between the strategy and adaptation time pe-1154

riods (F (5.06, 53.17) = 0.52, p = 0.761, �2p = 0.003, 95%CI = [0.000, 0.000], ns), no interaction between1155

the actual percentage and adaptation time periods (F (4.19, 88.07) = 1.30, p = 0.275, �2p = 0.058,1156

95%CI = [0.000, 0.114], ns), no interaction between the experimental condition and adaptation time1157

periods (F (2.75, 57.79) = 0.36, p = 0.768, �2p = 0.017, 95%CI = [0.000, 0.194], ns), no interaction among1158

the strategy, the experimental condition, and the actual percentage (F (3.42, 35.88) = 0.58, p = 0.653,1159

�2p = 0.052, 95%CI = [0.000, 0.153], ns), no interaction among the strategy, the experimental condi-1160

tion, and adaptation time periods (F (5.50, 57.79) = 1.18, p = 0.328, �2p = 0.101, 95%CI = [0.000, 0.194],1161

ns), no interaction among the strategy, the actual percentage, and adaptation time periods (F (8.39,1162

88.07) = 1.01, p = 0.438, �2p = 0.088, 95%CI = [0.000, 0.158], ns), no interaction among the experi-1163

mental condition, the actual percentage, and adaptation time periods (F (3.69, 77.59) = 0.74, p =1164

0.558, �2p = 0.034, 95%CI = [0.000, 0.070], ns), or interaction among the strategy, the experimental1165

condition, the actual percentage, and adaptation time periods (F (7.39, 77.59) = 0.62, p = 0.750, �2p1166

= 0.055, 95%CI = [0.000, 0.054], ns).1167

Experiment 41168

Reported Rate1169

Raw Data For the perceived percentage, we conducted an experimental condition(adaptation,1170

control) × actual percentage(30%, 50%, 70%) × adaptation time periods (18s, 36s, 54s, 72s) × strat-1171

egy(counting strategies, focusing on part of the environment, unique strategies) mixed-subjects1172

repeated measures ANOVA. There was a main effect of condition (F (1, 28) = 5.23, p = 0.030, �2p =1173

0.135, 95%CI = [0.000, 0.376]) where people reported more toward the adaptation direction in the1174

adaptation session (M = 0.555 ± 0.019) than in the control session (M = 0.503 ± 0.020). As expected,1175

there was also a main effect of the actual percentage (F (1.46, 40.91) = 570.20, p < 0.001, �2p = 0.972,1176

95%CI = [0.948, 0.982]) that showed the perceived percentage increasedwith the actual percentage.1177

There was a significant interaction between the experimental condition and the actual percentage1178

(F (1.57, 43.96) = 3.87, p = 0.038, �2p = 0.121, 95%CI = [0.000, 0.279]). Post-hoc Tukey analyses re-1179

vealed that adaptation increased perceived percentage at 30% (p = 0.038) and 50% (p = 0.016). All1180

other main effects and interactions were not significant (all p > 0.08).1181

FilteredData For the perceivedpercentage, we conducted an experimental condition(adaptation,1182

control) × actual percentage(30%, 50%, 70%) × adaptation time periods (18s, 36s, 54s, 72s) × strat-1183

egy(counting strategies, focusing on part of the environment, unique strategies) mixed-subjects1184

repeated measures ANOVA. There was a main effect of condition (F (1, 24) = 4.93, p = 0.036, �2p =1185

0.123, 95%CI = [0.000, 0.381]) where people reported more toward the adaptation direction in the1186

adaptation session (M = 0.542 ± 0.018) than in the control session (M = 0.503 ± 0.006). As expected,1187

there was also a main effect of the actual percentage (F (1.49, 35.67) = 579.28, p < 0.001, �2p = 0.980,1188

95%CI = [0.962, 0.988]) that showed the perceived percentage increasedwith the actual percentage.1189

There was a significant interaction between the experimental condition and the actual percentage1190

(F (1.67, 40.17) = 4.89, p = 0.017, �2p = 0.169, 95%CI = [0.010, 0.346]). Tukey HSD post-hoc analyses re-1191

vealed that people had increased report rate in the adaptation condition than the control condition1192

at 50% (p = 0.032) and 50% (p = 0.019). All other main effects and interactions were not significant1193

(all p > 0.08).1194

Reaction Time1195

Raw Data For the reaction time, we conducted an experimental condition(adaptation, control)1196

× actual percentage(30%, 50%, 70%) × adaptation time periods (18s, 36s, 54s, 72s) × strategy(counting1197

strategies, focusing on part of the environment, unique strategies) mixed-subjects repeated mea-1198

sures ANOVA.We observed amain effect of the actual percentage (F (1.14, 31.92) = 34.57, p < 0.001,1199

�2p = 0.185, 95%CI = [0.000, 0.411]) such that the reaction time increased with actual percentage,1200
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peaking at 50%. There was a significant interaction between the strategy and the experimental1201

condition (F (2, 28) = 3.79, p = 0.035, �2p = 0.065, 95%CI = [0.000, 0.260]). Post-hoc Tukey paired t-1202

tests did not found difference between any pairs of strategies and conditions. There was also a1203

marginally significant interaction among the experimental condition, the actual percentage, and1204

adaptation time periods (F (4.57, 128.02) = 2.11, p = 0.074, �2p = 0.070, 95%CI = [0.000, 0.128]). Be-1205

cause this interaction was only marginally significant, we did not conduct further posthoc analyses.1206

All other main effects and interactions were not significant (all p > 0.08).1207

Filtered Data Then we conducted the same ANOVA analyses on filtered data. Again, we1208

observed a main effect of the actual percentage (F (1.13, 27.04) = 33.88, p < 0.001, �2p = 0.204,1209

95%CI = [0.000, 0.446]) such that the reaction time increased with actual percentage, peaking at1210

50%. There was a significant interaction between the strategy and the experimental condition1211

(F (2, 24) = 3.95, p = 0.033, �2p = 0.078, 95%CI = [0.000, 0.296]). Post-hoc Tukey paired t-tests found1212

that people with the strategy of focusing on part of the environment responded slower in the1213

adaptation condition than the control condition (p = 0.024). There was also a marginally significant1214

interaction among the experimental condition, the actual percentage, and adaptation time periods1215

(F (4.59, 110.13) = 2.26, p = 0.059, �2p = 0.086, 95%CI = [0.000, 0.153]). Because this interaction was1216

onlymarginally significant, we did not conduct further posthoc analyses. All othermain effects and1217

interactions were not significant (all p > 0.08).1218
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