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State-Based Delay Representation and Its Transfer from a Game of Pong to 1 

Reaching and Tracking 2 

Abstract 3 

To accurately estimate the state of the body, the nervous system needs to account for delays 4 

between signals from different sensory modalities. To investigate how such delays may be 5 

represented in the sensorimotor system, we asked human participants to play a virtual pong 6 

game in which the movement of the virtual paddle was delayed with respect to their hand 7 

movement. We tested the representation of this new mapping between the hand and the 8 

delayed paddle by examining transfer of adaptation to blind reaching and blind tracking tasks. 9 

These blind tasks enabled to capture the representation in feedforward mechanisms of 10 

movement control. A Time Representation of the delay is an estimation of the actual time lag 11 

between hand and paddle movements. A State Representation is a representation of delay 12 

using current state variables: the distance between the paddle and the ball originating from the 13 

delay may be considered as a spatial shift; the low sensitivity in the response of the paddle may 14 

be interpreted as a minifying gain; and the lag may be attributed to a mechanical resistance 15 

that influences paddle's movement. We found that the effects of prolonged exposure to the 16 

delayed feedback transferred to blind reaching and tracking tasks and caused participants to 17 

exhibit hypermetric movements. These results, together with simulations of our representation 18 

models, suggest that delay is not represented based on time, but rather as a spatial gain change 19 

in visuomotor mapping.  20 

 21 
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Significance Statement 22 

It is known that the brain copes with sensory feedback delays to control movements, but it is 23 

unclear whether it does so using a representation of the actual time lag. We addressed this 24 

question by exposing participants to a visuomotor delay during a dynamic game of pong. 25 

Following the game, participants exhibited hypermetric reaching and tracking movements that 26 

indicate that delay is represented as a visuomotor gain rather than as a temporal shift. 27 

 28 

Keywords 29 

Delay; reaching; tracking; transfer; representation. 30 

 31 

Introduction 32 

It is unclear if the brain represents time explicitly (Karniel, 2011) using "neural clocks" (Ivry, 33 

1996; Spencer et al., 2003; Ivry and Schlerf, 2008). Evidence suggests that no such clock is 34 

involved in the control of movement: humans can adapt to force perturbations that depend on 35 

the state of the arm (position, velocity, etc.), but not to forces that are explicit functions of time 36 

(Karniel and Mussa-Ivaldi, 2003); also, time-dependent forces are sometimes treated as state- 37 

dependent (Conditt and Mussa-Ivaldi, 1999). Instead, for the timing of movements, the 38 

sensorimotor system may use the temporal dynamics of state variables that are associated with 39 

the performance of actions. 40 
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Time representation is important for sensory integration, movement planning and execution. 41 

Sensory signals are characterized by different transmission delays (Murray and Wallace, 2011), 42 

and movement planning and execution require additional processing time. Therefore, to enable 43 

the organism's survival, the sensorimotor system must account for these delays. The current 44 

literature is equivocal on how delays are represented. Humans can adapt to visuomotor delays 45 

(Miall and Jackson, 2006; Botzer and Karniel, 2013) and to delayed force feedback (Witney et 46 

al., 1999; Levy et al., 2010; Leib et al., 2015; Avraham et al., 2017). However, delayed feedback 47 

biases perception of impedance (Pressman et al., 2007; Nisky et al., 2008; Nisky et al., 2010; Di 48 

Luca et al., 2011; Kuling et al., 2015; Takamuku and Gomi, 2015; Leib et al., 2016), suggesting 49 

that the sensorimotor system has limited capability to realign the signals for accurate 50 

estimations of the environment (Ionta et al., 2014).  51 

To understand how the sensorimotor system controls movements with non-synchronized 52 

feedback, we examined the representation of visuomotor delay in an ecological interception 53 

task. Participants played a pong game and controlled a paddle to hit a moving ball. The paddle 54 

movement was either coincident or delayed with respect to hand movement (Fig. 1). Because 55 

the delay influences the distance between the hand and the paddle, its representation can be 56 

Time-based or State-based. In Time Representation, the player represents the actual time lag 57 

whereas in State Representation, she uses current state variables, and may attribute the 58 

distance between the hand and the paddle to a spatial shift, a minifying gain, or a mechanical 59 

resistance. Using Time Representation, the player would precede the movement of the hand by 60 

the appropriate time so that the paddle would hit the ball at the planned location. Instead, 61 

using State Representation, she would aim her hand to a farther location. 62 
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Coping with delayed feedback is critical for forming internal representations in feedforward 63 

control. A thorough understanding of this process requires identifying delay effects on 64 

feedforward mechanisms of movement coordination. Such mechanisms can be isolated only in 65 

the absence of visual feedback. Previous studies suggested the Time-based (Rohde et al., 2014; 66 

Farshchiansadegh et al., 2015) and the State-based spatial shift (Smith and Bowen, 1980) and 67 

mechanical system (Sarlegna et al., 2010; Takamuku and Gomi, 2015; Leib et al., 2017) as 68 

candidate representation models for visuomotor delay (Rohde and Ernst, 2016). They probed 69 

delay effects on perception, or by observing action during adaptation and its aftereffects, but 70 

always with visual feedback. Also, these studies evaluated the representation using a single 71 

task. Another common approach to characterizing changes in internal representations is to 72 

examine transfer of adaptation (Shadmehr and Mussa-Ivaldi, 1994; Krakauer et al., 2006). While 73 

various terminologies are used in different fields, we define transfer as a change in 74 

performance in one task after experiencing another task. We explored visuomotor delay 75 

representation in the pong game by investigating its transfer to blind reaching and tracking 76 

tasks. Transfer to these well-understood movements allowed for comparing our experimental 77 

observations to simulations of the four representation models. By omitting the visual feedback, 78 

we could examine performance when participants had to rely solely on feedforward control 79 

and proprioceptive feedback. Thus, our transfer tasks enabled capturing visuomotor delay 80 

representation in feedforward mechanisms. 81 

Abrupt or gradual perturbation schedule was shown to affect transfer of adaptation. 82 

Specifically, stronger transfers were reported after gradual presentations (Kluzik et al., 2008; 83 

Torres-Oviedo and Bastian, 2012), possibly due to the influences of awareness (Kluzik et al., 84 
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2008) and credit-assignment (Berniker and Kording, 2008). We hypothesized that a gradual 85 

rather than an abrupt increase in the delay during the game would enhance the behavioral 86 

effects in our transfer tasks. 87 

Our simulations and experimental results suggest a state-based visuomotor delay 88 

representation that is not influenced by perturbation schedule. Particularly, performance 89 

changes in both pong and transfer tasks favor a delay representation as a gain change in 90 

visuomotor mapping. 91 

 92 

Methods 93 

Notations 94 

We use lower-case letters for scalars, lower-case bold letters for vectors, and upper-case bold 95 

letters for matrices. x  is the Cartesian space position vector, with x  and y  the position 96 

coordinates (for the right-left / frontal and forward-backward / sagittal planes, respectively). f  97 

is the force vector, with xf  and yf  force coordinates. N indicates the number of participants in 98 

a group. Superscript lowercase letters refer to the statistical table provided in the results 99 

section. 100 

Experiments 101 

Participants and experimental setup 102 
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Seventy-seven healthy volunteers (aged [19-41], 41 females) participated in four experiments: 103 

17 participated in Experiment 1, 20 in Experiment 2, 20 in Experiment 3 and 20 in Experiment 4. 104 

Human subjects were recruited at a location which will be identified if the article is published.  105 

The experiments were administered in a virtual reality environment in which the participants 106 

controlled the handle of a robotic device, either a six degrees-of-freedom PHANTOM® 107 

PremiumTM 1.5 haptic device (Geomagic®) (Experiments 1 and 4), a two degrees-of-freedom 108 

MIT Manipulandum (Experiment 2) or a six degrees-of-freedom PHANTOM® PremiumTM 3.0 109 

haptic device (Geomagic®) (Experiment 3). Figure 1a illustrates the experimental setup. Seated 110 

participants held the handle of the device with their right hand while looking at a screen that 111 

was placed horizontally above their hand, at a distance of ~10 cm below the participants’ chin. 112 

They were instructed to move in a horizontal (transverse) plane. In Experiments 1, 3 and 4, 113 

hand position was maintained in this plane by forces generated by the device that resisted any 114 

vertical movement. The update rate of the control loop was 1,000 Hz. Since the Manipulandum 115 

is planar, this was not required in Experiment 2. In Experiments 1, 2 and 4, a projector that was 116 

suspended from the ceiling projected the scene onto a horizontal white screen placed above 117 

the participant's arm. In Experiment 3, a flat LED television was suspended approximately 20 118 

cm above a reflective screen, placing the visual scene approximately 20 cm below the screen, 119 

on the horizontal plane in which the hand was moving. The hand was hidden from sight by the 120 

screen, and a dark sheet covered the upper body of the participants to remove all visual cues 121 

about the arm configuration. When visual feedback of the hand location was provided, the 122 

movement of the device was mapped to the movement of a cursor; when it was not perturbed 123 

by the delay, the cursor movement was consistent with the hand movement, with a delay of 5 124 
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(Experiment 2) or 10 (Experiments 1, 3 and 4) ms due to the refresh rate of the display. The 125 

experimentally manipulated delay in the delay condition was added on top of this delay. 126 

Tasks 127 

Each experiment consisted of two tasks: a pong game task and another “blind” task. During the 128 

latter, no visual feedback about the hand location was provided. In Experiments 1 and 2, the 129 

blind task was a reaching task, and in Experiments 3 and 4, it was a tracking task. The purposes 130 

of the blind tasks were to examine transfer and to capture the participants’ representation of 131 

the hand-cursor dynamics following exposure to either the non-delayed or delayed pong game. 132 

Pong game 133 

In the pong game, participants observed the scene illustrated in Figure 1b. The rectangle 134 

delineated by the black walls (Experiments 1 and 3: [sagittal × frontal dimensions] 16 × 24 cm, 135 

Experiment 2: 17 × 34 cm, Experiment 4: 18 × 26 cm) indicates the pong arena. The red 136 

horizontal bar marks the location of the paddle and corresponds to the hand location. As 137 

described below (see Protocol), each experiment consisted of two Pong game sessions. We 138 

termed the first Pong session Pong No Delay, and the second Pong session Pong Delay. In the 139 

Pong No Delay session, the paddle moved synchronously with the hand. In the Pong Delay 140 

session, the paddle movement was delayed with respect to the hand movement: 141 

)()( tt hp xx , where )(tpx  and )(thx  are the positions of the paddle and the hand, 142 

respectively, and  is the applied delay (note that for the Control group in Experiment 1 alone, 143 

the delay in the Pong Delay session was equal to zero, and hence, the dynamics between the 144 

hand and the paddle in this session was equivalent to the dynamics during the Pong No Delay 145 
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session). To apply the delay, we saved the location of the hand in a buffer that was updated 146 

with the update rate of the control loop, and displayed the paddle at the location of the hand 147 

 time prior to it.  was set to values between 0 and 0.1 s, depending on the protocol and the 148 

stage within the session. The green dot indicates a ball that bounces off the walls and the 149 

paddle as it hits them. The duration of each Pong trial was stTrial 60 . Information about the 150 

elapsed time from the beginning of the trial was provided to the participants by a magenta- 151 

colored timer bar. Feedback on performance in each trial was also provided using a blue hit bar 152 

that incremented according to the recorded paddle-ball hits from trial initiation onward. In 153 

Experiments 1, 3 and 4, during each trial, we updated the hit bar on every hit. The total amount 154 

of hits required to fill the bar completely ( full
hitn ) was set to 80 in Experiment 1 and to 60 in 155 

Experiments 3 and 4, and it remained constant throughout the entire experiment. In 156 

Experiment 2, during each trial, we updated the hit bar every time the participants reached 5% 157 

of full
hitn . During the Pong No Delay session, we set 90full

hitn . After the last trial of the Pong No 158 

Delay session, we calculated each participant's average hitting rate on that trial, Trialhit tn , 159 

where hitn  is the number of hits on the last trial of the Pong No Delay session. On the first trial 160 

of the second Pong Delay session, we matched the progression rate of the hit bar for each 161 

participant according to performance at the end of the Pong No Delay session, such that 162 

hit
full
hit nn . Then, in order to encourage participants to improve, we decreased the progression 163 

rate of the hit bar by 5% on each successive trial. 164 

The ball was not displayed between trials. The initiation of a trial was associated with the 165 

appearance of the ball in the arena. In Experiments 1 and 2, a trial was initiated when 166 
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participants moved the paddle to the “restart zone” – a green rectangle (Experiment 1: 1 × 4 167 

cm, Experiment 2: 2 × 10 cm) that was placed 3 cm below the bottom (proximal) border of the 168 

arena. Throughout the entire experiment, including the Pong Delay session, the paddle was 169 

never delayed between trials. Since the displayed paddle movement between trials was always 170 

instantaneous with hand movement, we were concerned that the effect of delay on state 171 

representation could be attenuated by a recalibration of the estimated hand location according 172 

to the non-delayed paddle. Thus, in Experiments 3 and 4, we did not display the paddle 173 

between trials, and participants were instructed to initiate a trial by moving the handle of the 174 

robotic device backward (towards their body). When the invisible paddle crossed a distance of 175 

3 cm from the bottom border of the arena, the trial was initiated. In Experiments 1, 3 and 4, the 176 

initial velocity of the ball in the first Pong trial was 20 cm/s, and in every other Pong trial, it was 177 

the same as the velocity at the end of the previous trial. In Experiment 2, the initial velocity of 178 

the ball in each Pong trial was 28 cm/s.  179 

The participants were instructed to hit the ball towards the upper (distal) wall as many times as 180 

possible. When the ball hit a wall, its movement direction was changed to the reflected arrival 181 

direction, keeping the same absolute velocity (consistent with the laws of elastic collision). To 182 

encourage the participants to explore the whole arena and to eliminate a drift to stationary 183 

strategies, the reflection of the upper wall (and not the other walls) included some random 184 

jitter. Introducing the jitter effectively corresponded to creating a compromise between playing 185 

against a wall and playing against an opponent. This was done by adding the jitter component 186 

j  to the horizontal component of the ball velocity before the collision with the upper wall 187 

preUW
bx , such that: 188 
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(1) jxx preUW
b

postUW
b . 189 

where postUW
bx  is the horizontal component of ball’s velocity following the collision with the 190 

upper wall. In Experiments 1, 3 and 4, )tan( j
preUW
byj , where preUW

by  is the vertical 191 

component of ball’s velocity before the collision with the upper wall and 192 

05.0,0,~ 2 NNj .  and 2   denote the mean and variance of the normal 193 

distribution N , respectively. In Experiment 2, s
cm

s
cmUbaUj 13,13,~ , where U  is the 194 

uniform distribution between its two arguments.  195 

The velocity of the ball was also influenced by the paddle velocity at the time of a hit. We 196 

determined the relationship between the velocity of the ball following a paddle hit ( postP
bx ) 197 

according to the velocity of the ball before the hit ( preP
bx ) and the velocity of the paddle when 198 

contacting the ball ( px ). For the frontal dimension, the ball velocity after bouncing off the 199 

paddle was computed as: 200 

(2) p
preP
b

postP
b xxx 42.07.0 . 201 

For the sagittal dimension, we let a hit occur only when the paddle was moving upward and the 202 

ball was moving downward. In all other cases, the ball passed through the paddle as if it was 203 

moving over different planes. The rationale for allowing hits to occur only in the upward 204 

direction was to differentiate between the effects of the Time and State – Spatial Shift 205 

representation models. In our design, we assumed that a change in representation would occur 206 

primarily during meaningful events in the pong game; i.e., paddle-ball hits. Hence, allowing hits 207 
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to occur in both the upward and downward directions could have cancelled the State 208 

Representation – Spatial Shift effect, and would have restricted our ability to distinguish it from 209 

the Time Representation model. In this dimension, after a hit occurred, the ball's movement 210 

direction was always reversed, and its velocity was computed as: 211 

(3) p
preP
b

postP
b yyy 42.07.0 . 212 

In our setup, the forward movement direction had a positive velocity, and the backward 213 

direction was negative. Note that since a hit occurred only when preP
by  was negative and py  214 

was positive, the resulting postP
by  was always positive. This way, the ball movement direction 215 

following the hit was reversed, and moved towards the upper wall. A possible strategy to cope 216 

with the delay was to slow down, and thus, for the delay to be effective, we encouraged 217 

participants to maintain their movement velocity as much as possible during the game despite 218 

the change in delay. Therefore, we set the coefficients’ absolute values of preP
by  and py  (Eq. 3) 219 

to be between 0 and 1, such that they would reduce the effect of these velocities on the 220 

velocity of the ball after the hit. Thus, to maintain the ball speed after the hit as it was before 221 

the hit or to make it faster, py   needed to be at least preP
by71.0~ . In addition to the 222 

constraint on the paddle to move upward, participants were informed that they should control 223 

the paddle to move fast enough at the moment of a hit, otherwise the ball would slow down, 224 

reducing the number of opportunities to hit it. 225 

Once participants hit the ball with the paddle, a haptic pulse was delivered by the device 226 

simultaneously with the displayed collision; that is, when the paddle was delayed, the pulse 227 
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was delayed. This design was thought to strengthen the delay effect during the hit. The pulse 228 

postPf   was applied according to: 229 

(4) 
t

m preP
b

postP
bbpostP xxf , 230 

where bm  is the ball’s mass and t  is the duration of the applied force. The specific parameters 231 

of the magnitude and durations of the haptic pulses were tuned for each of the devices that 232 

were used in the different experiments such that a relatively similar haptic stimulation was 233 

applied despite the differences in the specifications of the devices. In Experiments 1, 3 and 4, 234 

kgmb 15.0 , and we calculated postPf  as the maximum applied force according to a time 235 

interval of st 025.0 . However, the haptic pulse was applied for s05.0 , in which it gradually 236 

and linearly increased from zero to postPf  for the first s025.0  (since the update rate of the 237 

control loop in this setup was 1,000 Hz, this is equivalent to 25 sample intervals) and then 238 

decreased back to zero in a similar manner for the remaining s025.0 . In Experiment 2, 239 

kgmb 05.0 , and the force was applied during a single sample interval of st 005.0 .  240 

Reaching 241 

At the beginning of a reaching trial, the entire display was turned off, and the device applied a 242 

spring-like force that brought the hand to a start location, which was at the center of the 243 

bottom wall of the pong arena (that was displayed only during the pong trials) and 1 cm 244 

(Experiment 1) or 3 cm (Experiment 2) below it. A trial began when a target (a hollow square, 245 

1.5 × 1.5 cm inner area) appeared in one of three locations in the plane, which were 10 cm 246 
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(Experiment 1) or 12 cm (Experiment 2) from the start location in the forward direction, and 247 

separated from each other by 450 (Fig. 2a,b, 4a and 6a). Throughout a reaching session, each of 248 

the three targets appeared fifteen times in a random and predetermined order. The 249 

appearance of the target was the cue for the participants to reach fast and to stop at the target. 250 

During each reaching trial in the experiment, we defined movement initiation as the time when 251 

the hand was 3 cm from the start location (Experiment 1) or when the sagittal component of 252 

the hand velocity ( hy ) exceeded 25 cm/s (Experiment 2). Movement stop was defined at  0.5 s 253 

after hy  went below 10 cm/s (Experiment 1) or 0.2 s after it went below 15 cm/s (Experiment 254 

2). After identifying that a reaching movement had been initiated and completed, the device 255 

returned the hand to the start location in preparation for the next target to appear. We used 256 

three types of reaching sessions that differed from each other in terms of the visual feedback 257 

provided to the participants (Fig. 2a and 2b). During the Reach – Training session, participants 258 

received full visual feedback on the hand location using a cursor (filled square, 1.5 × 1.5 cm) on 259 

the screen throughout the entire movement. They were instructed to put the cursor inside the 260 

hollow target. During the Blind Reach – Training session, the cursor was not presented during 261 

the movement, and participants were requested to imagine there was a cursor, and to stop 262 

when the invisible cursor was within the target. When they stopped, we displayed the cursor, 263 

providing the participants with feedback about their movement endpoint with respect to the 264 

location of the target. During the Blind Reach sessions that were presented after each of the 265 

Pong sessions, participants did not receive any visual feedback about their performance during 266 

or after the trial. 267 
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Tracking – figure-of-eight 268 

At the beginning of a tracking trial, the entire display was turned off, and the device applied a 269 

spring-like force that brought the hand to a start location, which was at the center of the 270 

bottom wall of the Pong arena and 2 cm below it. During each trial, participants were asked to 271 

track a target (a hollow square, 1.5 × 1.5 cm inner area) that moved along an invisible figure-of- 272 

eight path (Fig. 2c). This path was constructed as a combination of the following cyclic 273 

trajectories in the two-dimensional plane: 274 

(5) 

T
tAty

T
tAtx

t

t

4sin)(

2sin)(
, 275 

where cmA 8  is the path amplitude, and sT 5  is the cycle time. The center of the figure- 276 

of-eight path was located 15 cm ahead of the location of the hand at trial initiation (start 277 

location). A trial began when a target appeared in one of five locations in the plane: either in 278 

the center of the figure-of-eight path (15 cm ahead of the start location), or in each of the four 279 

sagittal extrema (~9 and ~24 cm ahead). Throughout a tracking session, the five targets 280 

appeared in equally often and in a random and predetermined order. The appearance of the 281 

target was the cue for the participants to reach fast and stop at the target. Reaching initiation 282 

was defined as the time when either the frontal ( hx ) or sagittal ( hy ) components of hand 283 

velocity exceeded 10 cm/s. Reaching stop was defined as 0.5 s after both hx  and hy  went 284 

below 5 cm/s. When the reaching movement stopped, the target started moving along the 285 

figure-of-eight path until it returned to its initial location. The targets moved in the same 286 
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direction along the path (as illustrated by the dotted arrow in Fig. 2c), regardless of their initial 287 

location. A trial was completed after the device returned the hand to the start location in 288 

preparation for the next target to appear. Each experiment included two types of tracking 289 

sessions that differed from each other by the visual feedback that was provided to the 290 

participants (Fig. 2c). During the Track – Training session, participants received full visual 291 

feedback on the hand location using a cursor (filled square, 1.5 × 1.5 cm) on the screen 292 

throughout the entire movement. They were instructed to keep the cursor inside the hollow 293 

target. During the Blind Track session, the cursor was not visible during the trial, and 294 

participants were requested to imagine there was a cursor, and to keep the imagined cursor 295 

within the moving target. 296 

Tracking – mixture of sinusoids 297 

At the beginning of the tracking trial, the entire display was turned off, and the device applied a 298 

spring-like force that brought the hand to a start location, which was 2 cm above the center of 299 

the Pong arena. This was followed by the appearance of a target (a hollow square, 1.5 × 1.5 cm 300 

inner area) above the start location. A trial began two seconds later with the movement 301 

initiation of the target along an invisible one-dimensional path (Fig. 2d). This path was 302 

constructed as a mixture of five cyclic trajectories, all of which had the same amplitude ( 303 

cmA 2 ) but each trajectory consisted of a different frequency ( 304 

54.0,42.0,23.0,67.0,31.0fr ) and phase ( 3,23,,4,0 ): 305 

(6) 
5

1
sin)(

i
iit tfrAty . 306 
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In each trial, participants were asked to track the movement of the target. The duration of each 307 

trial was two minutes. The tracking path was the same across trials. Each experiment included 308 

two types of tracking sessions that were different from each other in terms of the visual 309 

feedback that was provided to the participants (Fig. 2d). During a Track – Training session, 310 

participants received full visual feedback of their hand location using a cursor (filled square, 1.5 311 

× 1.5 cm) on the screen throughout the entire movement. They were instructed to keep the 312 

cursor inside the hollow target. During the Blind Track sessions, the cursor was not presented, 313 

and participants were requested to imagine there was a cursor, and to keep the imagined 314 

cursor within the moving target. 315 

Protocol 316 

Experiment 1 317 

In each experiment, sessions alternated a pong game and a reaching task (Fig. 2a). Each Reach 318 

session consisted of 45 trials (fifteen for each target). An experiment started with a Reach – 319 

Training session. The purpose of this session was to familiarize participants with the reaching 320 

task. After training, participants were presented with the Pong No Delay session for ~10 min. 321 

This was followed by a Blind Reach session (Post No Delay). Next, participants experienced the 322 

Pong Delay session for ~30 min. In the Delay group (N=9), we introduced a delay of s1.0  323 

between hand and paddle movements on the first trial of the Pong Delay session, which 324 

remained constant throughout the entire session. In the Control group (N=8), no delay was 325 

applied in Pong Delay session. The Pong Delay session was followed by another Blind Reach 326 

session (Post Delay).  327 
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Experiment 2 328 

In each experiment, sessions alternated a pong game and a reaching task (Fig. 2b). An 329 

experiment started with a Reach – Training session that consisted of six trials (two for each 330 

target) and familiarized participants with the reaching task. The next session was a Blind Reach 331 

– Training session that consisted of 45 trials (15 for each target). By providing visual feedback 332 

only after the movement ended, we aimed in this session to train participants to reach 333 

accurately to the targets when they did not have any visual indication of their hand location 334 

throughout the movement and to improve their baseline performance. After training, 335 

participants were presented with a Pong No Delay session consisting of 10 trials. This was 336 

followed by a Blind Reach session (Post No Delay) with 45 trials. Next, participants experienced 337 

a Pong Delay session consisting of 30 trials. In the Abrupt group (N=10), we introduced a delay 338 

of s1.0  between hand and paddle movements on the first trial of the Pong Delay session 339 

that remained constant throughout the entire session. In the Gradual group (N=10), we 340 

introduced a delay of s004.0  on the first trial of the Pong Delay session and gradually 341 

increased it by s004.0  on every trial until the 25th trial of the session, when it reached to 342 

s1.0 ; then, the delay was kept constant for the remaining five trials in the session. The 343 

experiment ended with another Blind Reach session (Post Delay) of 45 trials.  344 

Experiment 3 345 

In each experiment, sessions alternated a pong game and a tracking task (Fig. 2c). An 346 

experiment started with a Track – Training session that consisted of 30 trials (six for each 347 

target). The purpose of this session was to familiarize participants with the tracking task and to 348 
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train them on the predictable figure-of-eight path. After training, participants were presented 349 

with a Pong No Delay session consisting of 10 trials. This was followed by a Blind Track session 350 

(Post No Delay) that consisted of 15 trials (three for each target). Next, participants 351 

experienced a Pong Delay session consisting of 30 trials. The time course of change in delay 352 

throughout the Pong Delay session in the Abrupt (N=10) and Gradual (N=10) groups was the 353 

same as in Experiment 2. The experiment ended with another Blind Track session (Post Delay) 354 

of 45 trials.  355 

Experiment 4 356 

In each experiment, sessions alternated a pong game and a tracking task (Fig. 2d). Each tracking 357 

session consisted of a single trial. An experiment started with a Track – Training session, 358 

followed by a Blind Track – Training session. The purpose of these sessions was to familiarize 359 

participants with the task. After training, participants were presented with a Pong No Delay 360 

session consisting of 10 trials. This was followed by a Blind Track session (Post No Delay). Next, 361 

participants experienced a Pong Delay session. The time course of change in delay throughout 362 

the Pong Delay session was the same as that of the Gradual groups in Experiments 2 and 3 for 363 

all participants (N=20). The experiment ended with another Blind Track session (Post Delay). 364 

Simulations of the representation models 365 

To control movements, it is commonly accepted that the brain performs state estimation of the 366 

body using sensory feedback (Wolpert et al., 1998; Shadmehr and Krakauer, 2008). Thus, to 367 

computationally formalize predictions of delay representation in the pong game, we assumed 368 

that the participants updated an estimate of the relationship between the hand location )(ˆ thx  369 
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and the state of the visual feedback, the displayed paddle )(tpx . For the Pong No Delay 370 

session, we assumed that participants estimated the hand movement as being aligned with the 371 

movement of the paddle, and thus: 372 

(7) )()(ˆ tt ph xx . 373 

For the Pong Delay session, the hand moved according to the hand-paddle relationship that 374 

was predicted by each of the representation models. A Time-based Representation of the delay 375 

would lead to an estimate of hand location that explicitly included the actual time lag ( ) 376 

between hand and paddle movements: 377 

(8) )ˆ()(ˆ tt ph xx , 378 

where )ˆ(tpx  is the location of the paddle at estimated  ( ˆ ) time ahead (Fig. 1c, left panel). 379 

A State-based Representation of the delay may follow one of three alternative models (Fig .1c, 380 

right panel): participants may represent the current location of the hand according to the 381 

current location of the paddle spatially shifted by x̂  as a result of the delay (Spatial Shift – the 382 

paddle is constantly behind the hand): 383 

(9) xxx ˆ)()(ˆ tt ph . 384 

Alternatively, participants may attribute the distance between the hand and the delayed paddle 385 

to an altered proportional mapping ( ĝ ) between the movement amplitudes of the hand and 386 

the paddle (Gain – the paddle moves in a smaller amplitude with respect to the amplitude of 387 

the hand): 388 
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(10) 1ˆ);(ˆ)(ˆ gtgt ph xx . 389 

Another State-based alternative is to use a Mechanical System equivalent. A possible 390 

representation is that the paddle is a damped ( B̂ ) mass ( M̂ ) that is connected to the estimated 391 

representation of the hand position with a spring ( K̂ ): 392 

(11) )()(ˆˆ)(ˆ)(ˆ tttt phpp xxKxMxB .  393 

Such an approximation is based solely on the current state; i.e., the position, velocity and 394 

acceleration of the paddle. One possible choice of parameters in this representation can be 395 

calculated by considering a Taylor’s series approximation of the expression in Equation 8 396 

around the position of the delayed paddle 397 

(12) )(
2
ˆ

)(ˆ)()ˆ()(ˆ
2

ttttt pppph xxxxx . 398 

Rewriting Equation 11 as: 399 

(13) )(ˆ
ˆ

)(ˆ
ˆ

)()(ˆ tttt ppph x
K
Mx

K
Bxx  400 

reveals that by choosing ˆˆ
ˆ

K
B  and 

2
ˆ

ˆ
ˆ 2

K
M  Equations 12 and 13 are equivalent.  401 

We constructed predictions about the way each of the delay representation models affects the 402 

performance during the blind transfer tasks by simulating the predicted movements of each 403 

type of blind transfer task. Since during the transfer tasks participants were requested to 404 

imagine that there is a cursor, we assumed that they performed the task in the visual space, 405 
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estimating the location of the imagined cursor ( )(ˆ tim
cx ) and attempting to place it in the target 406 

(which was either stationary during reaching or moving during tracking). Also, we assumed that 407 

the participants estimated )(ˆ tim
cx  based on the position of the displayed paddle ( )(tpx ) during 408 

the former pong session such that )()(ˆ tt p
im
c xx . Thus, in our simulations, the hand moved 409 

according to the estimated relationship between the hand and the paddle. For the Post No 410 

Delay session, the simulated hand movement was based on a complete alignment between the 411 

hand and the paddle movements (Eq. 7). For the Post Delay session, the hand moved according 412 

to the hand-paddle relationship that was predicted by each of the representation models (Eqs. 413 

8-10, 12).  414 

Reaching 415 

Reaching movements were simulated according to the minimum jerk trajectory (Flash and 416 

Hogan, 1985): 417 

(14) 
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, 418 

were st f 3.0  was the movement duration; cmyx hh 000  and hfx , hfy  were the initial and 419 

final hand positions coordinates of the simulated reaching movement, respectively. For the 420 

Post No Delay session, we set hfx  and hfy  at the location of the targets in Experiment 1 such 421 

that the simulated movement amplitude was 10 cm. For the Post Delay, we simulated the 422 
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predicted hand trajectories according to each of the representation models such that the 423 

imagined cursor / paddle would reach the target (Eqs. 8-10, 12). We chose the parameters that, 424 

when possible, produced the effects that were similar in magnitude to the effects that were 425 

observed in the experiment. For Time Representation of the delay, we presented the simulation 426 

results for s1.0ˆ  (Eq. 8). For the State Representation models, the reaching movements for 427 

the Spatial Shift model were generated with the free parameter x̂  (Eq. 9) equals to cm5.1 ; 428 

the results for the Gain model were generated with the free parameter ĝ  (Eq. 10) equals to 429 

1.2; and the results for the Mechanical System model were generated with a free parameter of 430 

the Taylor’s series approximation ˆ  (Eq. 12) equals to 0.1 s. 431 

To present the simulation results (Fig. 4c) in a consistent manner with the presentation of the 432 

experimental results, we added noise to the endpoint of each simulated movement. The noise 433 

was drawn from a normal distribution with zero mean and 1 cm standard deviation. This noise 434 

is thought to correspond to the noise present in various stages of sensorimotor control 435 

(Franklin and Wolpert, 2011).  436 

Tracking – figure-of-eight 437 

Tracking movements were simulated for a complete single cycle of the target movement along 438 

the sagittal dimension of the figure-of-eight path (Fig. 7). Thus, each hand trajectory was 439 

simulated as a single sine cycle. Since accurate performance during such a task is very rare, 440 

participants may exhibit various tracking errors even during baseline. However, the predicted 441 

relative effects of the delay are valid regardless of baseline accuracy. Thus, for illustration 442 

purposes, we assume that during the Post No Delay session, the hand lagged behind the 443 
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movement of the target (Rohde et al., 2014) by 0.2 s. For the Post Delay session, we simulated 444 

the effect of each delay representation model on the resulting hand movement. For Time 445 

Representation, we presented the simulation results for s5.0ˆ  (Eq. 8) (0.7 s relative to 446 

baseline). For the State Representation models, the tracking movements for the Spatial Shift 447 

model were generated with  cm4x̂  (Eq. 9); those for the Gain model were generated with 448 

5.1ĝ  (Eq. 10); and the results for the Mechanical System model were generated with the 449 

values of K̂ , B̂  and M̂  that fulfill s5.0ˆ
ˆ

K
B

 and 2005.0ˆ
ˆ

s
K
M

 (Eq. 13). Note that we did not 450 

draw any conclusions from the magnitudes of the parameters’ in the representations; we chose 451 

parameters that resulted in an observable change in the hand trajectory due to the delay and 452 

that could illustrate the effects qualitatively.  453 

Tracking – mixture of sinusoids 454 

We simulated frequency responses for tracking movements in different frequencies to illustrate 455 

the predicted effect of delay representation as Gain and Mechanical System on frequency- 456 

dependent increase in movement amplitude (Fig. 9). The simulation was conducted for a target 457 

movement that had an amplitude of cmAt 2  for all movement frequencies ( fr ) within the 458 

range of 10 . For an accurate baseline (Post No Delay) tracking performance, we simulated 459 

hand amplitude ( hA ) that was equivalent to the target amplitude at all movement frequencies: 460 

th AA . For the Post Delay session, we calculated for the Gain model the predicted hand 461 

amplitude in all frequencies with 15.1ĝ . For the Mechanical System model, we used the 462 
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Fourier transform of Equation 12 (for the sagittal plane, which was the only dimension in which 463 

the target was moving), and calculated the transfer function of the hand-paddle relationship: 464 

(15) frj
jY
jY

p

h 2;ˆ
2
ˆ

1
ˆ

2
2

. 465 

Thus, the predicted hand amplitude for a target moving at an amplitude of tA  with a 466 

Mechanical System representation is: 467 

(16) 4
4

2
2

2
2

4
ˆ

1ˆ
2
ˆ

1 tth AAA . 468 

The simulation results for this model were generated with s2.0ˆ . We presented the 469 

predicted frequency responses for both the amplitude in metric scale ( hA , in cm) and the 470 

decibel amplitude ( hDA , in dB). We calculated the latter as )(log10 10 powDAh , where 471 

2

2
hApow  is the power associated with each movement frequency. 472 

To illustrate the effect of baseline accuracy on the predicted amplitude for each model, we also 473 

simulated the frequency responses for the case of an increase in the baseline movement 474 

amplitude with an increase in the movement frequency (Foulkes and Miall, 2000). We 475 

presented the simulation for the function 21.0th AA , which exhibits an increase in the 476 

examined range of . 477 

Pong 478 
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We simulated frequency responses for the movements during the pong game to illustrate the 479 

predicted effect of all the representation models on changes in movement amplitudes due to 480 

the delay (Fig. 11c). To conduct the simulation, we averaged the frequency response profiles of 481 

the last four trials of the Pong No Delay session from a representative participant (Fig. 11b, 482 

black) (see Data analysis – Metrics); we used this mean profile as an example for a baseline 483 

frequency response in the pong game. For the Delay session, we used the same frequency 484 

response mean profile for both the Time and Spatial Shift models as they are not associated 485 

with any change in the movement amplitude. For the Gain model, we calculated the predicted 486 

hand amplitude in all frequencies with 25.1ĝ . For the Mechanical System model, we used the 487 

same transfer function of the hand-paddle relationship as with the tracking – mixture of 488 

sinusoid simulation (Eq. 15) and calculated the predicted hand amplitude using Equation 16 489 

(this time, tA  in Eq. 16 is the baseline frequency response profile). The simulation results for 490 

this model were generated with s2.0ˆ . We presented the predicted frequency responses for 491 

the amplitude in metric scale and the frequency response difference profile between the Delay 492 

and No Delay sessions in decibel units. 493 

 494 

Code accessibility 495 

Matlab codes for the above simulations can be found as Extended Data and in the following 496 

GitHub repository: https://github.com/guyavr/StateBasedDelayRepresentation.git. 497 

 498 
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Data analysis 499 

Metrics 500 

Device position, velocity, and the forces applied were recorded throughout the experiments at 501 

200 Hz. They were analyzed off-line using custom-written MATLAB® code (The MathWorks®, 502 

Inc., Natick, MA, USA, RRID: SCR_001622). 503 

Pong: Hit rate 504 

To examine performance in the pong game, we analyzed the change in the paddle-ball hit rate 505 

throughout the experiment. As mentioned above, the ball changed its movement direction 506 

from down to up when it either hit the bottom wall of the arena or during a hit. Thus, we 507 

identified the number of hits off-line by extracting the number of times the ball movement 508 

direction changed upward and its sagittal location was not at the bottom wall at the time of the 509 

change. Since the duration of each of the Pong sessions in Experiment 1 varied across 510 

participants, to analyze the changes in the average hit rate of all participants in each group, for 511 

each participant, we pooled the data of a session and divided it into bins of equal duration. The 512 

Pong No Delay session was divided into five bins, and the Pong Delay session was divided into 513 

20 bins. Hit rate was calculated as binhit tn , where hitn  was the number of hits in a bin. In 514 

Experiment 2, the duration of the Pong sessions was equal between participants, and consisted 515 

of the same number of trials, each with a duration of stTrial 60 . Thus, in these experiments, 516 

hit rate was calculated as Trialhit tn , where hitn  was the number of hits in a trial. 517 

Reaching: Amplitude 518 
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For the purpose of data analysis, we defined movement onset at the first time the velocity 519 

exceeded two percent of its maximum value. Movement end time was set at 0.1 s after the 520 

velocity dropped below five percent of its maximum value; the reaching end-point was thus 521 

defined as the hand location ( hx ) at that time point. Reaching amplitude was calculated as the 522 

Euclidean distance between hx  at movement onset and movement end-point. 523 

Tracking – figure-of-eight: Target-Hand Delay, Slope, and Intercept (Experiment 3) 524 

As mentioned above, during each figure-of-eight tracking trial, the tracking task began 525 

immediately after the participant reached towards a target within the figure-of-eight path and 526 

stopped. Thus, we segregated the tracking movement from the reaching movement by defining 527 

tracking onset as the first sampled time point in which the target started moving. 528 

To evaluate tracking accuracy, we calculated an 2R  value for each tracking trial according to 529 

(Nagengast et al., 2009): 530 

(17) 
)var()var(

)var()var(12

hh

thth

yx
yyxxR , 531 

where var  was the variance of the expression in parentheses. In 12% of the individual Blind 532 

Track trials, the 2R  was less than 0.6, and were omitted from further analyses. 533 

Since the pong game was two dimensional, we analyzed the effect of the game on both the 534 

)(txh  and )(tyh  components of the hand movement that tracked the two-dimensional target 535 

path (Eq. 5). To measure Target-Hand Delay, for each dimension, we calculated the cross 536 

correlation between target and hand positions ( )(txt  and )(txh  for the frontal dimension, and 537 
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)(tyt  and )(tyh  for the sagittal dimension) on each trial, and found the lag for which the cross 538 

correlation was maximal. Positive values of Target-Hand Delay indicate that the hand 539 

movement preceded the movement of the target. The purpose of this measure was to examine 540 

whether participants used a Time-based Representation to cope with the delay. If they did, the 541 

predicted effect would be an increase in the Target-Hand Delay from the Post No Delay to the 542 

Post Delay tracking session. 543 

As illustrated in Figures 7 and 8, we examined the relationship between the target and the hand 544 

during tracking by projecting the sampled position of each in a target-hand position space. 545 

Then, we fit an ellipse to the data points with the following form (Fitzgibbon et al., 1999; 546 

Chernov, 2009): 547 

(18) 0222 22
ehetehehtete fxexdxcxxbxa , 548 

where tx  and hx  are the Euclidean space coordinates of the target and hand frontal movement 549 

direction in a single trial, respectively. The same was done also for ty  and hy  – the Euclidean 550 

space coordinates of the target and hand sagittal movement direction. Note that the figure-of- 551 

eight is constructed from a single frontal sine cycle and two sagittal cycles, but for each 552 

dimension we fitted a single ellipse for all the data points. Then, we extracted the Slope and the 553 

Intercept of the ellipse’s major line. To do this, we derived the coordinates of the center of the 554 

ellipse ( to , ho ) according to: 555 

(19) 
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The counterclockwise angle of rotation ( ) between the tx  or the ty  axis and the ellipse’s 557 

major line is: 558 

(20) 
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The ellipse’s major line Slope ( majs ) and Intercept ( maji ) were calculated according to: 560 

(21) )tan(majs , 561 

(22) tmajhmaj osoi . 562 

The Slope and Intercept measures were used to assess how the State Representation of the 563 

delay takes place; an increase in the Intercept suggests a representation of delay in the form of 564 

a Spatial Shift, whereas an increase in the Slope is consistent with a delay representation as a 565 

Gain or a Mechanical System. 566 

Tracking – mixture of sinusoids: Frequency response (Experiment 4) 567 

To measure the hand amplitude for each of the main frequencies in the tracking movement, we 568 

calculated the periodogram power estimate for each hand trajectory using the Matlab function 569 

periodogram() and with a Hanning window (Matlab’s hann() function). To obtain accurate 570 

estimates of the amplitudes in the sharp peaks of the discrete Fourier transform in our 571 

experiment, each hand trajectory vector (~24000 samples length) was padded with zeros to a 572 
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vector length of 600,000 samples. Then, we extracted the five peak power estimates associated 573 

with each of the five frequencies in the target trajectory. The amplitude ( hA , in cm, Fig. 10b) 574 

was calculated from the power ( pow ) as powAh 2 . To examine the effect of delay, we 575 

calculated the decibel amplitude ( hDA , in dB units, Fig. 9c) from the power as 576 

)(log10 10 powDAh . Finally, we calculated the difference in DA between the Post Delay and 577 

the Post No Delay sessions (Fig. 10d). 578 

Pong: Frequency response (Experiment 4) 579 

To measure the change in hand amplitude due to the delay during the pong game, we 580 

calculated the Fast Fourier Transform (FFT ) for each hand trajectory from the last four trials 581 

of each of the Pong No Delay and the Pong Delay sessions using the Matlab function fft(). Since 582 

the design of our pong game encouraged participants to repetitively hit the ball towards the 583 

upper wall of the arena, we focused our analysis on the sagittal component of the hand 584 

movement. Prior to the FFT calculation, each hand trajectory vector (~12000 samples length) 585 

was padded with zeros to a vector length of 300,000 samples. For each trajectory, we 586 

calculated the amplitude as 
L
FFTabsAh

)(2 , where L  is the length of the original hand 587 

trajectory vector (prior to the zero padding), and the decibel amplitude as 
2

2
h

h
ADA  for all 588 

movement frequencies. Then, for each participant, we averaged the frequency responses of the 589 

four trials in each stage. Visual examination of the responses revealed that participants were 590 

mainly moving within the [0.5 1.5] Hz frequency range, and therefore, we focused on the 591 

responses within this range (we also observed a low frequency (<0.2 Hz) peak that is due to 592 
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pauses during the game, and is less interesting in terms of dynamic delay perturbation). For 593 

each of the mean hDA  frequency responses, we filtered the mean responses by calculating the 594 

centered moving average with a window size of 101 samples and found the maximum decibel 595 

amplitude and its corresponding frequency. 596 

 597 

Statistical analysis 598 

Statistical analyses were performed using custom written Matlab functions, Matlab Statistics 599 

Toolbox, and IBM® SPSS (RRID: SCR_002865). The raw data and custom software will be made 600 

available upon publication. 601 

We used the Lilliefors test to determine whether our measurements were normally distributed 602 

(Lilliefors, 1967). For ANOVA models that included a within-participants independent factor 603 

with more than two levels, we used Mauchly’s test to examine whether the assumption of 604 

sphericity was met. When it was not, F-test degrees of freedom were corrected using the 605 

Greenhouse-Geisser adjustment for violation of sphericity. We denote the p values that were 606 

calculated using these adjusted degrees of freedom as p . For the factors that were statistically 607 

significant, we performed planned comparisons, and corrected for family-wise error using a 608 

Bonferroni correction. We denote the Bonferroni-corrected p values as Bp . 609 

In Experiment 1, to analyze the change in hit rate throughout the experiment for each of the 610 

Delay and Control groups, for each participant we calculated the mean hit rate of the last four 611 

bins in the Pong No Delay session (Late No Delay), and the first (Early Delay) and last (Late 612 
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Delay) four bins in the Pong Delay session. Then, we fit a two-way mixed effect ANOVA model, 613 

with the mean hit rate as the dependent variable, one between-participants independent 614 

factor (Group: two levels, Delay and Control), and one within-participants independent factor 615 

(Stage: three levels, Late No Delay, Early Delay and Late Delay). 616 

In Experiment 2, to analyze the change in hit rate throughout the Pong Delay session and to 617 

compare the Abrupt and Gradual groups, for each participant we calculated the mean hit rate 618 

of the last five trials in the Pong No Delay session (Late No Delay), and the first (Early Delay) 619 

and last (Late Delay) five trials in the Pong Delay session. Then, we fit a two-way mixed effect 620 

ANOVA model, with the mean hit rate as the dependent variable, one between-participants 621 

independent factor (Group: two levels, Abrupt and Gradual), and one within-participants 622 

independent factor (Stage: three levels, Late No Delay, Early Delay and Late Delay). 623 

To analyze the effect of the delayed pong on reaching amplitude, for each participant we 624 

evaluated the mean reaching amplitude during the Post No Delay and Post Delay sessions. We 625 

fit a three-way mixed effects ANOVA model, with the mean reaching amplitude as the 626 

dependent variable, one between-participants independent factor (Group: two levels, 627 

Experiment 1: Delay and Control, Experiment 2: Abrupt and Gradual), and two within- 628 

participants independent factor (Session: two levels, Post No Delay and Post Delay. Target: 629 

three levels, Right, Middle and Left). Mauchly’s test indicated a violation of the assumption of 630 

sphericity for the main effect of Target on the reaching amplitude in Experiment 2 ( 631 

507.6)2(2 , 039.0p ), and for the Session and Target interaction effect ( 028.12)2(2 , 632 

002.0p ). Thus, we applied the Greenhouse-Geisser correction factor to the Target factor’s 633 
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degrees of freedom in the former ( 664.0ˆ ), and to the Session-Target and the Session- 634 

Target-Group interactions’ degrees of freedom in the latter ( 759.0ˆ ). 635 

To analyze the effect of the delayed Pong on the figure-of-eight tracking performance in 636 

Experiment 3, for each participant we evaluated the mean Target-Hand Delay, Slope and 637 

Intercept measures for each movement dimension during the Post No Delay and Post Delay 638 

sessions. For each measure, we fit a two-way mixed effect ANOVA model, with the measure as 639 

the dependent variable, one between-participants independent factor (Group: two levels, 640 

Abrupt and Gradual), and one within-participants independent factor (Session: two levels, Post 641 

No Delay and Post Delay). 642 

To analyze the effect of the delayed Pong on the mixture of sinusoids tracking performance in 643 

Experiment 4, for each participant we evaluated the decibel amplitude of the main five 644 

movement frequencies during the Post No Delay and Post Delay sessions. We fit a two-way 645 

repeated measures ANOVA model, with the decibel amplitude as the dependent variable, and 646 

two within-participants independent factors (Session: two levels, Post No Delay and Post Delay. 647 

Frequency: five levels). Mauchly’s test indicated a violation of the assumption of sphericity for 648 

the main effect of Frequency on the tracking amplitude ( 383.30)9(2 , 001.0p ), and for 649 

the Session-Frequency interaction effect ( 066.25)9(2 , 003.0p ). 650 

We used a two-tailed paired-sample t-test to examine the effect of the delayed pong on the 651 

Target-Hand delay in the tracking task of Experiment 4, and on the maximum decibel 652 

movement amplitude and its corresponding frequency (dominant frequency) in the pong game.  653 
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Throughout this paper, statistical significance was set at the 05.0p   threshold. 654 

 655 

Results 656 

Experiments 1 & 2  657 

Transfer of hypermetria following a delayed pong game to a blind reaching task suggests State 658 

rather than Time Representation of the delay.  659 

In Experiment 1, the Delay (N=9) and the Control (N=8) groups played two Pong sessions (Fig. 660 

2a). To evaluate performance in the pong game, we calculated the paddle-ball hit rate and 661 

analyzed its change throughout the experiment in both the Delay and Control groups (Fig. 3). 662 

The change in hit rate throughout the stages of the experiment was different between the 663 

groups (Stage-Group interaction effect: 512.20)30,2(F , 001.0p a). The hit rate of the Control 664 

group, who did not experience a delay in both Pong sessions, remained the same throughout 665 

the experiment (Late No Delay – Early Delay: 982.0Bp
b; Late No Delay – Late Delay: 666 

000.1Bp
c; Early Delay – Late Delay: 438.0Bp

d). However, as a result of the sudden 667 

presentation of the delay, the hit rate of the Delay group decreased drastically ( 001.0Bp
e), 668 

and then increased with continued exposure to delay ( 023.0Bp
f). Yet, they did not reach the 669 

same hit rate as during Late No Delay ( 001.0Bp
g) or the Control group at the corresponding 670 

Late Delay stage ( 004.0Bp
h). Thus, participants from the Delay group were able to improve 671 

their performance during exposure to the delay, but this improvement was mild, suggesting a 672 

difficulty in adapting to the perturbation. 673 
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Both the Delay and the Control groups performed sessions of a blind reaching task after the 674 

two Pong sessions (Fig. 2a, blue and orange frames). This enabled us to capture the 675 

representation of hand-paddle dynamics following exposure to either the non-delayed or the 676 

delayed pong game where participants had to rely solely on a feedforward mechanism and 677 

proprioceptive feedback. Analysis of participants’ performance in the blind reaching task 678 

revealed that participants from the Delay group, but not the Control group, made longer 679 

(hypermetric) reaching movements after the delayed pong game. Figure 4a presents the 680 

reaching endpoints – the locations of movement terminations – during the Post No Delay and 681 

Post Delay blind reaching sessions from a representative participant in each group. Whereas for 682 

the participant in the Delay group, Post Delay movement endpoints reached farther from the 683 

start location than the Post No Delay movements’ endpoints (Fig. 4a, left), for the participant in  684 

the Control group, the blind reaching movements from the Post No Delay and Post Delay 685 

sessions ended at around the same location (Fig. 4a, right). 686 

We extracted the reaching amplitude from all movements in each session (Fig.4b). Playing pong 687 

in the presence of a delay affected reaching amplitudes (Session-Group interaction effect: 688 

717.4)15,1(F , 046.0p i). For participants in the Delay group, the reaching amplitude 689 

significantly increased from the Post No Delay to the Post Delay session (Post Delay – Post No 690 

Delay: [mean difference, 95% CI], 925.2470.0,697.1 cm , 010.0Bp
j) (Fig 4b, left). A similar 691 

increase was not found in the Control group ( 176.1427.1,126.0 cm , 840.0Bp
k) (Fig.4b, 692 

right). Overall, these statistical analyses suggest that the specific experience with the delayed 693 

pong caused the participants to perform larger blind reaching movements. 694 
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Analysis showed that participants made larger movements towards the right target than they 695 

did towards the other targets (main effect of Target: 581.59)30,2(F , 001.0p  l). For both 696 

Delay and Control groups, the reaching amplitudes to the right target were larger than to the 697 

left ( 001.0Bp
m) and to the middle ( 001.0Bp

n) targets. In addition, for the right target alone 698 

(Target-Session interaction effect: 175.10)30,2(F , 001.0p o), there was a statistically 699 

significant increase in movement amplitude between the Post No Delay and the Post Delay 700 

blind reaching sessions  ( 007.0Bp
p). No such differences were found for the left ( 808.0Bp 701 

q) and for the middle targets ( 167.0Bp
r). Importantly, these differences in reaching 702 

amplitudes between the targets did not stem from the applied delay (Group-Target-Session 703 

interaction effect: 299.0)30,2(F , 744.0p  s). Thus, we reasoned that they stemmed from 704 

biomechanical differences in reaching towards different directions (Mussa-Ivaldi et al., 1985; 705 

Carey et al., 1996), from the difficulty of reaching to visual targets without visual feedback of 706 

the hand, and potentially, insufficient training on this task. Therefore, in Experiment 2, we 707 

added an additional session at the beginning of the experiment to train the participants on the 708 

blind reaching task. 709 

To understand which of the representation models depicted in Figure 1c best accounted for the 710 

observed results, we simulated reaching movements towards targets for the Post No Delay and 711 

Post Delay conditions of the Delay group based on four models: Time Representation, State 712 

Representation – Spatial Shift, State Representation – Gain and State Representation – 713 

Mechanical System.  714 
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The simulation results are presented in Figure 4c. The Post No Delay endpoints were closely 715 

distributed around the target locations. For Time Representation of the delay, in which an 716 

estimate of the actual time delay was available ( ˆ  in Eq. 8), the Post Delay endpoints were also 717 

distributed around the target locations, and were not influenced by the value chosen for the 718 

estimated delay parameter ˆ . Hence, there was no parameter value in the Time 719 

Representation model yielding simulation results that were consistent with the reaching 720 

overshoot observed in the experimental results. In contrast, for all the State Representation 721 

models (the Spatial Shift, the Gain and the Mechanical System), we identified parameter values 722 

which resulted in simulated Post Delay overshoots similar to the experimental observations. 723 

Thus, State Representation and not Time Representation appeared to be able to account for the 724 

increase in movement amplitude following the delayed pong task. 725 

Hypermetria is comparable in the abrupt and gradual conditions. 726 

The group that experienced the delay in Experiment 1 which then exhibited hypermetric 727 

movements during transfer to a blind reaching task was presented with an abrupt delay 728 

perturbation. Since adaptation through gradually increasing perturbations was shown to 729 

enhance transfer (Kluzik et al., 2008; Torres-Oviedo and Bastian, 2012), we hypothesized that 730 

presenting participants with a gradually increasing delay during the Pong Delay session would 731 

result in an increase in the reaching movement amplitude during the blind transfer task 732 

compared to the abrupt case. To test this hypothesis, we ran a second experiment (Experiment 733 

2) in which we compared between a gradual (Gradual, N=10) and abrupt (Abrupt, N=10) 734 

presentation of the delay. 735 
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The analysis of the paddle ball hit rate (Fig. 5) revealed that the change in the hit rate 736 

throughout the delayed pong session differed between groups (Group-Stage interaction effect: 737 

546.18)36,2(F , 001.0p t). Participants in the Abrupt group improved their performance in 738 

the presence of the delay ( 006.0Bp
u). In contrast, since the Gradual group did not 739 

experience an abrupt change in the delay, the mean hit rate of these participants was higher 740 

than that of the Abrupt group at the beginning of the Pong Delay session ( 001.0Bp
v). As the 741 

delay increased, there was a decrease in their performance ( 001.0Bp
w). Altogether, while 742 

these results suggest that the Abrupt group adapted to the delay, due to the increase in the 743 

delay in the Gradual protocol, which may conceal a possible tendency towards improvement, 744 

we cannot claim the same for the participants in the Gradual group. 745 

Similar to Experiment 1, we examined transfer for each type of schedule of delay presentation 746 

to a blind reaching task after each of the Pong sessions (Fig. 2b, blue and orange frames). 747 

Analysis of participants’ performance in the blind reaching task revealed that regardless of 748 

whether the delay was presented abruptly or gradually, participants made larger reaching 749 

movements following the delayed pong game, and the effect size was similar between the two 750 

groups. Figure 6a presents the reaching endpoints during the Post No Delay and Post Delay 751 

blind reaching sessions of a representative participant from each group. In both participants, 752 

whereas the Post No Delay movement endpoints reached close to the targets, the Post Delay 753 

movement endpoints overshot them. We analyzed the changes in reaching amplitude due to 754 

the delayed pong and compared the Abrupt and Gradual groups (Fig. 6b). Playing the delayed 755 

pong resulted in a significant increase in reaching amplitudes (main effect of the Session: 756 
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805.19)18,1(F , 001.0p x, [mean difference, 95% CI], 369.2907.0,638.1 cm ), and this effect 757 

was not different between the groups (Session-Group interaction effect: 507.1)18,1(F , 758 

235.0p y) (Fig. 6b). These results suggest that the hypermetric blind reaching movements 759 

following the experience with the delayed pong were not influenced by the schedule of the 760 

delay presentation. 761 

There was no significant difference in reaching amplitudes between the targets (main effect of 762 

Target: 228.3)887.23,327.1(F , 075.0p z). In addition, there was no difference in the change in 763 

reaching amplitudes throughout the experiment between the targets (Target-Session 764 

interaction effect: 205.1)313.27,517.1(F , 304.0p aa), and no difference between the Abrupt 765 

and Gradual groups (Group-Target-Session: 114.0)313.27,517.1(F , 729.0p ab). Thus, the 766 

increase in the blind reaching amplitudes following the delayed pong game was similar across 767 

the different targets. 768 

Experiment 3 769 

Transfer of hypermetria to a blind tracking task suggests State Representation as either a Gain 770 

or a Mechanical System equivalent rather than a Spatial Shift. 771 

Although the comparison between the blind reaching experimental and simulation results 772 

suggested that State and not Time variables were used to represent the delayed feedback, the 773 

blind reaching task has two limitations: (1) the increase in blind reaching amplitude following 774 

the experience with the delay indicated that the delay affected the representation of the state 775 

of the hand, but it may also have masked some extent of the time representation. Since the 776 
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reaching task is mainly spatial, if there is a partial representation of the time lag it cannot be 777 

identified on this transfer task. (2) The blind reaching cannot differentiate between the 778 

different types of State Representations. All three State Representation models – the Spatial 779 

Shift, the Gain and the Mechanical System – predict reaching overshoot after the delayed Pong. 780 

Thus, to determine which model best explains delay representation, we conducted an 781 

additional experiment in which we examined transfer to blind tracking after each of the Pong 782 

sessions (Fig. 2c, purple and green frames). On each trial, a target moved along a figure-of-eight 783 

path and participants were required to track and maintain the imagined cursor within the 784 

target. Importantly, we designed the tracking task so that it would be predictive, and therefore 785 

could reveal any temporal components in the representation (for both the Time and 786 

Mechanical System Representation models) (Rohde et al., 2014). To test whether the transfer is 787 

influenced by the schedule of delay presentation, the participants were again assigned to one 788 

of two groups: Gradual (N=10) and Abrupt (N=10), which were different from the schedule of 789 

delay presentation during the Pong Delay session. 790 

Figure 7 presents the predicted blind tracking performance in a single dimension (e.g. sagittal) 791 

and for a complete single cycle of the figure-of-eight path during Post No Delay and Post Delay 792 

sessions for each of the representation models. The figure displays both the predicted target 793 

and hand position trajectories (upper panels) and the corresponding target-hand position space 794 

plots (lower panels). The latter panels depict the position of the hand as a function of the 795 

position of the target for each sample during the movement. We assume that during the Post 796 

No Delay session, the hand lagged slightly behind the movement of the target (Rohde et al., 797 
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2014). This relationship is equivalent to an ellipse in the target-hand position space that has a 798 

major axis with a zero intercept and a slope of 1. For the Post Delay session, if participants 799 

coped with the delay using the Time Representation, the movement of their hand would be 800 

shifted in time with respect to the movement of the paddle, by preceding the path according to 801 

the represented time lag. When viewed in terms of the relationship between hand and target, 802 

this would result in a wider ellipse in the target-hand position space, and the major axis of this 803 

ellipse was expected to overlap with the Post No Delay target-hand position space line. 804 

Alternatively, if participants represented the delay as a Spatial Shift, the entire path of the hand 805 

would be shifted farther away from the body of the participant relative to the target. This 806 

would result in an upward shift of the target-hand position space ellipse, and thus, a higher 807 

ordinate intercept value for its major axis with respect to that of the Post No Delay target-hand 808 

position space ellipse, but without any change in its slope. A representation of the delay as 809 

either a Gain or a Mechanical System would result in an increase in the hand amplitude from 810 

the Post No Delay to the Post Delay tracking session, which is equivalent to an increase in the 811 

slope of the target-hand position space line. Note that a representation of the delay as a 812 

Mechanical System would also result in a hand trajectory that would precede the target 813 

trajectory. Since both the hand lead and hand lag scenarios predict an increase in the width of 814 

the target-hand position space ellipse, we examined this temporal relationship using a cross- 815 

correlation analysis between the hand and target trajectories rather than based on ellipse 816 

fitting. 817 

We analyzed participants’ blind tracking performance by examining the hand and target 818 

positional trajectories in both the frontal and sagittal dimensions of the movements. We 819 
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evaluated the dynamics between hand and target movements by mapping the hand position to 820 

the target position for each sample, and by fitting an ellipse to the scatter of each trial. Figure 821 

8a presents examples of target-hand position space scatters and their corresponding fitted 822 

ellipses of a single participant from two blind tracking trials – one from a Post No Delay session 823 

(purple) and one from a Post Delay session (green) – and for a single cycle in the sagittal 824 

dimension. The results demonstrate that the major axis of the Post Delay ellipse had a greater 825 

slope than that of the Post No Delay ellipse. This type of change in slope is consistent with both 826 

the Gain and Mechanical System representation models, but not with the Time or Spatial Shift 827 

representation models. 828 

For a quantitative analysis of the dynamics between the hand and the target in each of the 829 

frontal (Fig. 8b) and sagittal (Fig. 8c) dimensions, we extracted three measures from each trial: 830 

the delay between the target and the hand (Target-Hand Delay), the intercept of the major axis 831 

of the ellipse (Intercept) and the slope of the major axis (Slope). The Target-Hand Delay was 832 

evaluated by finding the lag for which the cross-correlation between the movements of the 833 

target and the hand was maximal. Positive values of Target-Hand Delay indicate that the hand 834 

movement preceded the movement of the target. The delayed pong did not cause participants 835 

to precede their hand movement with respect to the target movement in the blind tracking 836 

task. In both the frontal and sagittal dimensions of the task, the mean Target-Hand Delay was 837 

not significantly different between the Post No Delay and the Post Delay blind tracking sessions 838 

(Table 2, Session main) ([mean difference, 95% CI], frontal: 011.0021.0,005.0 ac, sagittal: 839 

002.0028.0,013.0 ad) (Fig. 8b,c, left). This suggests that participants did not use a Time 840 

Representation of the experienced delay. Furthermore, participants' hands did not move 841 
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farther away from the target in a consistent manner as a result of the experience of the delayed 842 

pong. There was no significant difference in the mean Intercept between the Post No Delay and 843 

the Post Delay sessions (Table 2, Session main) (frontal: 012.0093.1,541.0 ae, sagittal: 844 

286.1070.0,608.0 af) (Fig. 8b,c, middle). This suggests that it is unlikely the State 845 

Representation – Spatial Shift model can account for participants’ performance. In contrast, 846 

playing the delayed pong game caused participants to execute longer hand movements during 847 

the blind tracking task. We found a significantly higher Slope during the Post Delay than during 848 

the Post No Delay session (Table 2, Session main) (frontal: 182.0046.0,114.0 ag, sagittal: 849 

262.0061.0,162.0 ah) (Fig. 8b,c, right). These results are consistent with both the State 850 

Representation – Gain and State Representation – Mechanical System models. 851 

We did not find an overall difference between the groups in any of these three measures (Table 852 

2, Group main), and no difference in the influence of the delayed pong between the groups 853 

(Table 2, Session-Group interaction). These results suggest that similar to the transfer to 854 

reaching case (Experiment 2), the schedule of the delay presentation did not influence tracking 855 

performance. 856 

Experiment 4 857 

Transfer of hypermetria to a blind tracking task with different movement frequencies suggests 858 

State Representation as a Gain rather than a Mechanical System equivalent.  859 

The results of Experiment 3 could not dissociate between the Gain and the Mechanical System 860 

representation models. Both models could explain the increase in the movement amplitude 861 
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during reaching and tracking. However, these models provide different predictions in terms of 862 

frequency and velocity dependency.  863 

To illustrate the predicted effect of frequency on movement amplitude, we simulated the 864 

frequency response according to each of these representation models (Fig. 9). Since the Time 865 

and Spatial Shift representation models were not associated with any change in the hand 866 

amplitude, we focused our simulations solely on the State Representation models of the Gain 867 

and Mechanical System. Consider a task where following each Pong No Delay and Pong Delay 868 

session, the hand blindly tracks a target moving along a sinusoid trajectory that has a specific 869 

amplitude of 2 cm, but which varies in its frequency. In the case of an accurate tracking 870 

performance in the Post No Delay session, the hand amplitude would be the same as the target 871 

amplitude at all movement frequencies (Fig. 9a, upper panel, magenta lines). For the Post 872 

Delay session, whereas hypermetria due to a Gain representation does not depend on 873 

movement frequency, hypermetria resulting from a Mechanical System representation is 874 

predicted to increase with frequency (Fig. 9a, upper panel, cyan lines). Another way of thinking 875 

about this prediction is considering both representations at different velocities. While the Gain 876 

representation is not expected to depend on movement velocity, the Mechanical System 877 

representation should yield a velocity-dependent response. Higher frequencies for similar 878 

amplitudes of target motion should also result in faster movements of the target. 879 

To test these predictions, in Experiment 4 we examined transfer to a blind tracking task in 880 

which the target was moving along a trajectory that was generated as a mixture of five 881 

sinusoids (Miall, 1996; Miall and Jackson, 2006), all having the same amplitude (2 cm) but each 882 
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with a different frequency (0.23, 0.31, 0.42, 0.54 and 0.67 Hz) and with a different phase shift 883 

(Fig. 2d, magenta and cyan frames). This served to examine the effect of frequency on the 884 

delayed-induced hypermetria. 885 

We analyzed participants’ blind tracking performance by examining the hand amplitude for 886 

each of the main frequencies in the tracking movements and compared the Post No Delay to 887 

the Post Delay sessions. Figures 10a and 10b present the tracking movements of the hand of a 888 

representative participant from each session, and the frequency responses, respectively. These 889 

figures show an overall increase in the movement amplitude between the Post No Delay and 890 

the Post Delay session and in all five main frequencies. Note that this participant exhibited an 891 

increase in the baseline (Post No Delay) movement amplitude with an increase in the 892 

movement frequency. This effect was also observed in other participants, and in a previous 893 

study that examined tracking of a target that moved in frequencies below 1 Hz (Foulkes and 894 

Miall, 2000). Because of this effect, the Gain model predicts a non-constant increase in the 895 

metric measure of the amplitude due to the delay (Fig. 9b). While the predictions between 896 

models remain different, this makes them statistically and qualitatively less distinguishable. 897 

Therefore, we calculated the 10log10  of the resulting power (decibel amplitude, dB) for each 898 

movement (Fig. 9c, d, upper panels) and examined the difference between the Post Delay and 899 

the Post No Delay sessions to control for the baseline modulation in the amplitude that results 900 

from the increase in movement frequency (Fig. 9c, d, lower panels). 901 

Playing the delayed pong game caused an increase in tracking amplitude, where the magnitude 902 

of the increase did not depend on the movement frequency. An analysis of the tracking 903 



 

48 
 

performance of all participants revealed a significant increase in movement amplitude from the 904 

Post No Delay to the Post Delay session (main effect of Session: 423.9)19,1(F , 006.0p 905 

ai,[mean difference, 95% CI], 816.1344.0,080.1 cm ) (Fig. 10c). Consistent with the results of 906 

Experiments 1-3, this effect suggests that the participants did not use either a Time or a Spatial 907 

Shift representation of the delay. As was mentioned above, we also found a significant effect of 908 

frequency on the tracking amplitude in both the Post No Delay and the Post Delay sessions 909 

(main effect of Frequency: 199.48)830.41,202.2(F , 001.0p aj) . However, we did not find a 910 

dependency of the delay-induced hypermetria on movement frequency (Session-Frequency 911 

interaction effect: 132.0)040.46,423.2(F , 910.0p ak) (Fig. 10d). These results are consistent with 912 

a representation of the delay as a Gain, rather than as a Mechanical System equivalent. 913 

We also calculated the Target-Hand Delay measure using a cross-correlation analysis between 914 

the hand and target trajectories for each participant and during each of the Post No Delay and 915 

Post Delay sessions. The Target-Hand Delay is positive when the hand precedes the target. If 916 

participants had used Time Representation of the delayed feedback, their hand would have 917 

preceded the target movement to a greater extent during the Post Delay tracking session than 918 

during the Post No Delay session, and the Target-Hand Delay would have increased, regardless 919 

of its baseline level.  To a lesser extent, a small increase in this measure would also be predicted 920 

by the Mechanical System representation (Fig. 7a). We found a significant decrease in the 921 

Target-Hand Delay from the Post No Delay to the Post Delay session ( 268.3)19(t , 004.0p al). 922 

This result indicates that following the Post Delay tracking session, participants hand lagged 923 
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farther behind the movement of the target with respect to the Post No Delay session, contrary 924 

to the predictions of the Time Representation and the Mechanical System models.  925 

Hypermetria during the delayed pong game is consistent with the Gain Representation model 926 

rather than the Time, Spatial Shift and Mechanical System models 927 

The hypermetria observed in all the blind transfer tasks that we examined and the finding that 928 

its magnitude does not depend on movement frequency suggest that the nervous system 929 

constructs a feedforward representation of the delay as a Gain. To examine if the 930 

representation is also reflected in the pong game, we analyzed the frequency response of the 931 

sagittal position trajectories during the game and compared it to the frequency responses 932 

predicted by each of the representation models (Fig. 11). For a representative participant, both 933 

the sagittal position trajectories of the hand from the last pong trial of each session (Fig. 11a) 934 

and the mean profiles of the frequency responses of the last four trials from each session (Fig. 935 

11b) suggest that the participant increased the movement amplitude from the No Delay to the 936 

Delay session. The frequency responses show that the participant had a preferred frequency 937 

range of movement. Therefore, to illustrate the predicted effect of each representation model, 938 

we simulated frequency responses according to each of the models using the frequency 939 

response profile of the no delay session around this frequency range ([0.5 1.5] Hz) (Fig. 11c). 940 

Consistent with the simulations of the transfer tasks, the simulation results of the pong game 941 

show that the Time and Spatial Shift models did not predict a change in the movement 942 

amplitude due to the delay; In contrast, the Gain model predicted a frequency independent 943 

hypermetria; and the Mechanical System model was expected to result in hypermetria that 944 
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increases with movement frequency. Such a response is expected to have a stronger effect on 945 

higher frequencies, and it might cause one of the higher frequencies to become dominant. 946 

Since the participant exhibited hypermetria that did not seem to increase with higher 947 

frequencies, his performance is consistent with the Gain representation model rather than all 948 

the other models that we tested. 949 

All the transfer tasks that we used posed some constraints, such as movements in specific 950 

amplitudes and/or frequencies, which enabled us to examine the effect of the delay by 951 

controllably compare the performance between the Post No Delay and Post Delay sessions. For 952 

example, the target movement of the tracking transfer task of Experiment 4 directed 953 

participants to move in the same five frequencies in both the Post No Delay and Post Delay 954 

sessions, and thus, we could examine the change in amplitude for each of these frequencies. In 955 

contrast, because of the less constrained nature of the pong task, participants were not 956 

necessarily moving with the same specific frequencies between the non-delayed and delayed 957 

pong sessions. Specifically, we found a significant decrease in the dominant movement 958 

frequency, which was defined as the frequency with which the movement had the highest 959 

amplitude ( 708.3)19(t , 002.0p am) (Fig. 11d). This means that the participants moved slower 960 

in the presence of delay, possibly to reduce the larger magnitude of the spatial disturbance that 961 

results from the online delayed feedback in faster movements. For the dominant movement 962 

frequency of each session, the respective movement amplitude (maximum amplitude) 963 

significantly increased ( 879.3)19(t , 001.0p an) (Fig. 11e); this effect is not consistent with 964 

both the Time and the Spatial Shift representation models. Moreover, the Mechanical System 965 
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model predicts hypermetria that increases with movement frequency, and thus, this is the only 966 

representation that may result in an increase in the dominant movement frequency from the 967 

non-delayed to the delayed pong session. Hence, the findings that the dominant movement 968 

frequency decreased due to the delay while increasing its amplitude (Fig. 11f) favor the Gain 969 

model more than the Mechanical System representation of visuomotor delay. 970 

 971 

 Data Structure Type of test 
Power / 

Confidence Interval 
a Normal distribution Two-way mixed effect ANOVA 1.000 
b Normal distribution paired-sample t-test [-0.136 0.062] 
c Normal distribution paired-sample t-test [-0.103 0.096] 
d Normal distribution paired-sample t-test [-0.026 0.093] 
e Normal distribution paired-sample t-test [0.153 0.340] 
f Normal distribution paired-sample t-test [-0.120 -0.08] 
g Normal distribution paired-sample t-test [0.088 0.276] 
h Normal distribution unpaired-sample t-test [-0.384 -0.089] 
i Normal distribution Three-way mixed effect ANOVA 0.529 
j Normal distribution paired-sample t-test [0.470 2.925] 
k Normal distribution paired-sample t-test [-1.427 1.176] 
l Normal distribution Three-way mixed effect ANOVA 1.000 

m Normal distribution paired-sample t-test [1.940 3.936] 
n Normal distribution paired-sample t-test [2.048 3.400] 
o Normal distribution Three-way mixed effect ANOVA 0.977 
p Normal distribution paired-sample t-test [-2.917 -0.549] 
q Normal distribution paired-sample t-test [-1.163 0.921] 
r Normal distribution paired-sample t-test [-1.243 0.236] 
s Normal distribution Three-way mixed effect ANOVA 0.093 
t Normal distribution Two-way mixed effect ANOVA 1.000 
u Normal distribution paired-sample t-test [-0.185 -0.029] 
v Normal distribution unpaired-sample t-test [0.200 0.395] 
w Normal distribution paired-sample t-test [0.060 0.206] 
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x Normal distribution Three-way mixed effect ANOVA 0.988 
y Normal distribution Three-way mixed effect ANOVA 0.214 
z Normal distribution Three-way mixed effect ANOVA 0.463 

aa Normal distribution Three-way mixed effect ANOVA 0.216 
ab Normal distribution Three-way mixed effect ANOVA 0.080 
ac Normal distribution Two-way mixed effect ANOVA 0.096 
ad Normal distribution Two-way mixed effect ANOVA 0.366 
ae Normal distribution Two-way mixed effect ANOVA 0.467 
af Normal distribution Two-way mixed effect ANOVA 0.395 
ag Normal distribution Two-way mixed effect ANOVA 0.872 
ah Normal distribution Two-way mixed effect ANOVA 0.846 
ai Normal distribution Two-way mixed effect ANOVA 0.829 
aj Normal distribution Two-way mixed effect ANOVA 1.000 
ak Normal distribution Two-way mixed effect ANOVA 0.071 
al Normal distribution paired-sample t-test [0.006 0.027] 

am Normal distribution paired-sample t-test [0.045 0.227] 
an Normal distribution paired-sample t-test [-3.078 -0.971] 

 972 

Table 1. Statistical table  973 

The data structure, statistical test and its observed power value (single value) / confidence 974 

interval (range of values) for each of the statistical results that is mentioned in the paper 975 

(indicated by the letter in the first column). 976 

 977 

Discussion 978 

We exposed participants to delayed feedback in an ecological task – a pong game. Following 979 

prolonged experience with the delay, regardless of whether the delay was introduced gradually 980 

or abruptly, their movements became hypermetric during subsequent blind reaching and 981 
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tracking. Simulations suggest that this hypermetria was an outcome of a delay representation 982 

as an altered gain rather than as a temporal lag, a spatial shift or a mechanical system 983 

equivalent.  984 

Delay representation – time-based or state-based? 985 

There is an inherent difficulty in deciphering the representation of delay because it is a 986 

temporal perturbation that causes spatial effects. For example, a visuomotor delay was shown 987 

to increase driving errors (Cunningham et al., 2001) and the size of drawn letters and shapes 988 

(Kalmus et al., 1960; Morikiyo and Matsushima, 1990). The ability to determine the 989 

representation of the delay in these ecological tasks is limited due to their complexity. Our 990 

experimental setup was not entirely natural – the task scene was in 2D and the manipulated 991 

objects were not real – and more natural setups are useful for ecological investigations 992 

(Jeannerod et al., 1995; Fourneret and Jeannerod, 1998). Nevertheless, the pong game is more 993 

complex and dynamic than the motor tasks that are usually employed to study the 994 

sensorimotor system: it is composed of multiple interception movements that start and end at 995 

various locations of the workspace, and the movement of the target (the ball) is altered by the 996 

paddle hits. To overcome the difficulty of extracting the change in representation from such a 997 

task, we examined transfer to simple and well-understood tasks. The hypermetria in the 998 

transfer tasks implies that the participants used a state-based representation of the visuomotor 999 

delay. This may also help accounting for the limited transfer of adaptation to delay to timing- 1000 

related tasks (de la Malla et al., 2014). 1001 
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Conversely, recent studies have reported evidence for a time-based representation of delay. In 1002 

a tracking task, participants adapted to a visuomotor delay by time-shifting the motor 1003 

command (Rohde et al., 2014), even in highly redundant tasks (Farshchiansadegh et al., 2015). 1004 

Contrary to our ecological pong game, the tracking tasks in these studies were highly 1005 

predictable. In addition, the reported time-shift was observed during adaptation and after 1006 

perturbation removal with a single task. If our participants represented time, it only partially 1007 

contributed to the adaptation, and was not transferred to blind reaching and tracking. Similar 1008 

temporal adjustments were also observed with delayed force feedback (Witney et al., 1999; 1009 

Levy et al., 2010; Leib et al., 2015; Avraham et al., 2017); such adjustments may be based on 1010 

the capability of sensory organs that respond to force – such as the Golgi tendon organ (Houk 1011 

and Simon, 1967) or mechanoreceptors in the skin of the fingers (Zimmerman et al., 2014) – to 1012 

represent delay as a time lag. 1013 

Adaptation to delay versus a spatial shift 1014 

There is an apparent similarity between a visuomotor delay and a spatial shift. In previous 1015 

studies of reach movements, both displaced and delayed feedback caused overshoots that 1016 

were reduced following adaptation, and a surprise removal of the perturbations caused 1017 

undershoots (Smith and Bowen, 1980; Botzer and Karniel, 2013). In those studies, participants 1018 

were required to stop at stationary targets, whereas in the interception task of the pong game, 1019 

movement endpoints were not constrained. Importantly, in Smith and Bowen (1980), the 1020 

transfer to movements in the opposite direction was different: overshoot in displacement, and 1021 
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undershoot in delay. This is consistent with our claim that delay is not represented as a spatial 1022 

shift.  1023 

Mechanical system representation of delay  1024 

A dynamic systems approach to the representation of visuomotor delay, and specifically a 1025 

spring-damper-mass system, was suggested in previous studies (Sarlegna et al., 2010; Rohde 1026 

and Ernst, 2016; Leib et al., 2017). Unlike our experiments that integrated blind transfer tasks 1027 

to capture representational changes in feedforward control, the studies that found evidence for 1028 

the mechanical system representation did so in contexts that included online visual feedback, 1029 

which may have influenced the motor response (Botzer and Karniel, 2013; Cluff and Scott, 1030 

2013). 1031 

In studies of tracking tasks, due to the delay, participants changed their grip force control in 1032 

accordance with the dynamics of a mechanical system (Leib et al., 2017), but the modulations 1033 

vanished immediately upon delay removal (Sarlegna et al., 2010). Thus, it is unclear whether 1034 

these effects were the result of a change in an internal representation of hand-cursor dynamics, 1035 

or an online effect that could possibly be tied to perceptual illusions. The discrepancy between 1036 

the grip force evidence and ours can also be explained by other results showing that 1037 

anticipatory grip force adjustment is dissociable from trajectory adaptation (Danion et al., 1038 

2013). 1039 

In terms of kinematics, delay representation as a mechanical system should result in a 1040 

frequency dependent increase in hand movement amplitude and a lead of the hand with 1041 

respect to the target (Rohde and Ernst, 2016). Studies of tracking with visuomotor delay 1042 
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observed an increase in task related movement errors (Tass et al., 1996; Sarlegna et al., 2010; 1043 

Leib et al., 2017) that were modulated with frequency (Langenberg et al., 1998) and a hand- 1044 

leading phenomenon (Hefter and Langenberg, 1998; Sarlegna et al., 2010; Leib et al., 2017). 1045 

Since the errors appeared in the presence of perturbed feedback, they could result from online 1046 

correction attempts (Botzer and Karniel, 2013), and they highlight the difficulty of the 1047 

sensorimotor system to interpret the delay as an actual time lag. Alternatively, they could have 1048 

stemmed from changes in both tracking amplitude and the observed temporal phase shifts. 1049 

However, these studies did not report changes in the movement amplitude due to the delay. 1050 

Also, hand-leading was not observed in our blind tracking tasks, suggesting that this 1051 

anticipatory behavior is not part of the feedforward representation of delay.  1052 

Recent studies have reported effects of delayed visual feedback on perception – including 1053 

increased mass (Honda et al., 2013) or resistance (Takamuku and Gomi, 2015) – that are 1054 

suggestive of a mechanical system representation. The anecdotal verbal responses of our 1055 

participants that the paddle is “harder to maneuver”, “sluggish”, or “mechanical” are consistent 1056 

with this view and with previous reports (Smith, 1972; Vercher and Gauthier, 1992). Our 1057 

findings that the transfer of delay effects is not consistent with explicit reports may stem from 1058 

the separate processing of visual information for perception and action (Goodale and Milner, 1059 

1992).  1060 

We considered a representation of a spring-mass-damper that is computationally derived from 1061 

a Taylor’s series approximation of the delay, and its representational effect is predicted to 1062 

depend on frequency. In fact, our results of frequency-independent hypermetria are 1063 
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inconsistent with any mechanical system whose gain depends on frequency within the range 1064 

that we examined; other classes of mechanical systems could yield frequency-independent 1065 

response, and these would still be consistent with our gain model. Albeit, changes in 1066 

hypermetria with frequency could still appear for larger movement frequencies, for longer 1067 

delays or after longer experience. Future studies should examine these possibilities. 1068 

Representation of delay as an altered gain  1069 

Our finding that hypermetria during tracking does not depend on movement frequency is 1070 

consistent with a delay representation as a gain change in visuomotor mapping. Indeed, gain 1071 

and delay perturbations have several common features: for both of them, the target and cursor 1072 

locations at movement onset are unaltered, and the aftereffects are similar (Krakauer et al., 1073 

2000; Paz et al., 2005). However, the way the magnitude of the spatial effects depends on the 1074 

movement is different: the effects of delay depend on velocity, and the effects of gain depend 1075 

on movement amplitude. Indirect evidence for the relationship between gain and delay comes 1076 

from interference studies. The interference paradigm shows that both successive (Krakauer et 1077 

al., 1999; Tong et al., 2002; Caithness et al., 2004) or simultaneous (Tcheang et al., 2007; Sing et 1078 

al., 2009) presentations of competing tasks disrupt learning and consolidation. Delayed visual 1079 

feedback disrupts adaptation to visuomotor rotation and displacement (Held et al., 1966; 1080 

Honda et al., 2012), but gain and rotation were not found to interfere with each other (Prager 1081 

and Contreras-Vidal, 2003). This comparison suggests that gain and delay are processed and 1082 

represented separately. 1083 
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Nevertheless, our study provides direct evidence that gain may be used as a representation of 1084 

delay. None of the previous studies that linked the reported effects of delayed visual feedback 1085 

to a mechanical system representation (Sarlegna et al., 2010; Honda et al., 2013; Takamuku and 1086 

Gomi, 2015; Leib et al., 2017) examined them in the context of different movement frequencies 1087 

or velocities. Because a mechanical system is essentially a frequency-dependent gain together 1088 

with a phase shift, evaluating the frequency dependency of the representation is critical for 1089 

distinguishing between the two representations.  1090 

Similar transfer of adaptation between abrupt and gradual schedules 1091 

In both reaching and tracking, the strength of transfer did not depend on whether delay was 1092 

introduced abruptly or gradually. Other studies have reported no difference in the influence of 1093 

the schedule of perturbation presentation on motor learning of other types of perturbations, 1094 

either in healthy (Wang et al., 2011; Joiner et al., 2013; Patrick et al., 2014) or in impaired 1095 

participants (Gibo et al., 2013; Schlerf et al., 2013). In contrast, abruptly-introduced 1096 

perturbations were shown to strengthen interlimb transfer (Malfait and Ostry, 2004). 1097 

Furthermore, gradually-introduced perturbations strengthen aftereffects (Kagerer et al., 1997) 1098 

and the transfer of adaptation to other contexts (Kluzik et al., 2008; Torres-Oviedo and Bastian, 1099 

2012). This was found despite the fact that for the same duration of adaptation and for the 1100 

same maximum magnitude of the perturbation, participants experienced a smaller integral of 1101 

the perturbation in the gradual compared to the abrupt protocol. In this sense, by comparing 1102 

the transfer effects with respect to the overall experienced perturbation, and not with respect 1103 
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to its terminal/maximum value, the influence of the gradual presentation of the perturbation 1104 

on transfer to another context can be considered stronger than the abrupt presentation.  1105 

In any case, differences between abrupt and gradual presentations of perturbations may be 1106 

attributed to the presence or absence of an awareness of these perturbations (Kluzik et al., 1107 

2008). Awareness may affect the assignment of the perturbation to extrinsic rather than 1108 

intrinsic sources (Berniker and Kording, 2008), and to elicit explicit rather than implicit learning 1109 

(Mazzoni and Krakauer, 2006; Taylor et al., 2014). It may have been the case here that the delay 1110 

was assigned to an intrinsic source, and that the adaptation to the delayed feedback was a 1111 

result of an implicit process. This is likely because the brain naturally deals with intrinsic 1112 

transmission and processing delays. However, this conjecture should be entertained with 1113 

caution since we probed the delay representation before and after a prolonged exposure to the 1114 

delay, and therefore, may have missed differences between the abrupt and gradual groups 1115 

during adaptation.  1116 

The learning rule for adaptation to the delayed pong 1117 

Although we saw an improvement in the hit rate in the groups that experienced an abrupt and 1118 

constant delay, the effects were not strong. In addition, due to the dynamic nature of the 1119 

gradual protocol, we did not find adaptation in the gradual groups. However, it is obvious in 1120 

terms of the change in performance during both transfer tasks that an internal representation 1121 

was indeed constructed during the participants’ experience with the delayed environment and 1122 

independently of whether they improved or not in the game. Importantly, the findings that the 1123 

participants were unable to regain their baseline performance during the delayed pong game 1124 
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are likely a direct consequence of the failure to learn the true dynamics of the environment. 1125 

Although previous studies that examined adaptation to visuomotor delays showed a slight 1126 

improvement with prolonged training (Foulkes and Miall, 2000), participants could not return 1127 

to their baseline performance even after five days of exposure to the delay (Miall and Jackson, 1128 

2006). In our pong game, only a full representation of the actual time lag between the hand and 1129 

the paddle could have led to complete compensation of the perturbation and recovery of 1130 

baseline performance. 1131 

The gain representation of the delay is reflected in the change of the participants’ performance 1132 

during the game: with repeated exposure to the delayed pong, participants increased the 1133 

movement amplitude. In addition, they exhibited a decrease in the dominant movement 1134 

frequency. The latter finding can be explained by the influences of the uncontrolled nature of 1135 

the pong game and the online visual feedback. The pong task does not constrain the 1136 

participants to continuously track a target that moves with specific frequencies, but it requires 1137 

to estimate the future locations of the ball and the paddle at each interception attempt. 1138 

Therefore, participants likely wait for the feedback for planning their next movement, thus 1139 

reducing their movement velocity. This effect is consistent with evidence that humans slow 1140 

down their movements when the feedback is delayed (Ferrell, 1965; Avraham et al., 2017), 1141 

which effectively weakens the delayed-state dependent perturbation.  1142 

We did not deal here with the learning mechanisms involved in adaptation to the delay. Various 1143 

measures can be used to examine adaptation in our pong game (Sternad, 2006; Faisal and 1144 

Wolpert, 2009; Reichenthal et al., 2016). Since participants were instructed to hit the ball as 1145 



 

61 
 

many times as possible within the time duration of each trial, and were provided with a 1146 

feedback according to this performance measure, we reported their hit rate throughout the 1147 

experiments. These hits can be considered as reward signals that influence future interception 1148 

attempts in a reinforcement learning mechanism (Izawa and Shadmehr, 2011; Wolpert et al., 1149 

2011; Shmuelof et al., 2012; Nikooyan and Ahmed, 2015). If the adaptation is error-based 1150 

(Thoroughman and Shadmehr, 2000; Donchin et al., 2003; Smith et al., 2006; Herzfeld et al., 1151 

2014), the candidate error signals need to be identified; for example, the distance between the 1152 

hand and the paddle at meaningful events during the game such as ball-paddle hits. Further 1153 

studies are required to understand how the state-based representation of the delay is 1154 

constructed. 1155 

We assumed that the brain uses an estimation of the current position of the hand and updates 1156 

it according to the delayed visual feedback; thus, for the gain model, it computes a proportional 1157 

relationship between the hand and the paddle. Another solution that does not require 1158 

estimation of current hand state is to update a threshold position (Pilon and Feldman, 2006) – 1159 

set a desired position of the hand that is farther away; this would increase the emergent muscle 1160 

torques that would bring the arm to the distant position. Also, delayed feedback tends to 1161 

decrease stability (Milner and Cloutier, 1993), which in turn may change the impedance control 1162 

of the arm (Burdet et al., 2001). However, this would not cause hypermetria, and such a 1163 

process may occur in parallel to the update of the internal model (Franklin et al., 2003). 1164 

Representation of longer delays 1165 
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The representation of visuomotor delay in the sensorimotor system may depend on the 1166 

magnitude of the delay. Typically, delays in visuomotor integration processes range from 150 to 1167 

250 ms (Miall and Wolpert, 1995; Kawato, 1999; Franklin and Wolpert, 2011), and numerous 1168 

results suggest that humans can cope with such internal delays through neural structures that 1169 

predict the sensory outcomes of a motor command (Miall et al., 1998; Miall et al., 2001; 1170 

Imamizu, 2010). The delays that were applied between the hand and paddle movements in our 1171 

experiments did not exceed 100 ms. For the mean movement frequency that the participants 1172 

exhibited in the game (~1 Hz), this absolute delay magnitude is equivalent to a relative delay of 1173 

~10% of the movement cycle duration, which was considered relatively easy to cope with in 1174 

visuomotor tasks (Hefter and Langenberg, 1998; Langenberg et al., 1998). Thus, it was possibly 1175 

small enough for the sensorimotor system to be able to adopt a current state-based 1176 

approximation of the delay to moderately improve in the task. However, higher delays are likely 1177 

to result in new coping strategies that suggest a time-based representation (Diedrichsen et al., 1178 

2007), such as using a delayed state (Witney et al., 1999). Another solution is the move-and- 1179 

wait strategy (Sheridan and Ferrell, 1963; Ferrell, 1965) where participants move in a 1180 

feedforward manner in which they stop to wait for the responsive visual feedback, and after 1181 

the delayed object that is being controlled starts to move, they execute an additional corrective 1182 

movement. In fact, in the presence of longer delays (from 300 ms to 3.2 sec), the total task 1183 

completion time is longer (Sheridan and Ferrell, 1963; Ferrell, 1965). We believe that in the 1184 

context of our pong game, such high delays would deteriorate performance even further, 1185 

would break down the causal relationship between the motor command and the visual 1186 

feedback, and would impede any form of representation. 1187 
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Implications 1188 

Understanding delay representation in the sensorimotor system can be useful for 1189 

understanding the motor consequences of delay-associated pathologies like multiple sclerosis 1190 

(Trapp and Stys, 2009). Also, this study opens a new prospect regarding to the role of temporal 1191 

information in rehabilitation. Traditionally, rehabilitation tasks focus on spatial accuracy. 1192 

However, reproducing temporal aspects of sensory feedback may improve rehabilitation and 1193 

help recovering performance at different phases of movements (planning, preparation and 1194 

execution). Furthermore, our results may be useful in developing in-home rehabilitation 1195 

procedures utilizing virtual games and simple devices such as a computer mouse. The use of 1196 

delayed visual feedback as a perturbation has several advantages: it encourages participants to 1197 

exhibit longer movements, it has a strong transfer to different contexts, and it seems to be 1198 

robust to explicit processes that would enable to maintain an improvement outside the clinic 1199 

(Taub et al., 1999).  1200 

Understanding the relationship between temporal and spatial aspects of visuomotor 1201 

coordination is important for the development of additional technologies, such as remote 1202 

teleoperation (Nisky et al., 2013), brain-machine interfaces (Wolpaw et al., 2000) and 1203 

prosthetics. The interaction with such systems should be improved by artificially reproducing 1204 

the natural sensory consequences of the motor commands (Perruchoud et al., 2016), or by 1205 

incorporating the necessary training if the latter is impossible. Since such systems include 1206 

substantial feedback delays due to information transmission or processing, the development 1207 
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process of these technologies can benefit from accounting for the spatial aspects in the 1208 

representation of these temporal discrepancies. 1209 

  1210 
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Legends 1463 

Fig 1. The pong game and the representation models for hand-paddle delay 1464 

(a) An illustration of the experimental setup and the pong game: participants sat and held the 1465 

handle of a robotic arm. A screen that was placed horizontally above their hand covered the 1466 

hand and displayed the scene of the experiment. During the pong game, participants controlled 1467 

the movement of the paddle (red bar) and were required to hit a moving ball (green dot) 1468 

towards the upper wall of the pong arena, which is delineated by the black rectangle. (b) The 1469 

paddle movement was either concurrent (left – No Delay) or delayed (right – Delay) with 1470 

respect to the hand movement (the red arrow indicates the paddle movement direction). (c) 1471 

Participants could represent the hand location based on the delayed paddle using a Time 1472 

Representation (left) or a State Representation (right). In a Time Representation, participants 1473 

were assumed to estimate the actual time lag, , and represented the hand location at time t   1474 

as the location of the paddle at t  (blurred paddle). In a State Representation, participants 1475 

would represent a Spatial Shift ( x ) between the hand and the paddle, an altered visuomotor 1476 

Gain ( g ) relationship between hand and paddle movements, or a Mechanical System that 1477 

connects the two and includes a spring (K ), a mass (M ) and a damper (B ). 1478 

Fig 2. Experimental protocols 1479 

In all experiments, the participants’ hand (gray) was hidden from sight the entire time. (a) 1480 

Experiment 1: Delay vs. Control, transfer to reaching. Sessions alternated between a pong game 1481 

and a reaching task. During a reach trial, a target (gray square) appeared in one of three 1482 

locations in space beyond a start location (black square), and participants were asked to reach 1483 
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and stop at the target. An experiment started with a Reach – Training session in which 1484 

participants received full visual feedback of the hand location using a cursor on the screen (dark 1485 

gray filled square). After training, participants were presented with a Pong game session (No 1486 

Delay), in which the paddle moved instantaneously with their hand movement, followed by a 1487 

Blind Reach session where no visual feedback was provided at any point during the trial (Post 1488 

No Delay, blue frame). The second Pong game session (Delay) was introduced with a delay 1489 

(Delay group) or without a delay (Control group) between hand and paddle movements, and 1490 

was followed by another Blind Reach session (Post Delay, orange frame). (b) Experiment 2: 1491 

Abrupt vs. Gradual delay, transfer to reaching. The experimental protocol was similar to 1492 

Experiment 1, but with the addition of a Blind Reach – Training session: the cursor was omitted 1493 

during movement, but was displayed at the movement stop location. In the second Pong game 1494 

session, we introduced either an abruptly (Abrupt group) or gradually (Gradual group) 1495 

increasing delay. (c) Experiment 3: Abrupt vs. Gradual delay, transfer to tracking (figure-of- 1496 

eight). Sessions alternated between a pong game and a tracking task. During a track trial, 1497 

participants were asked to track a target that moved along a figure-of-eight path (dashed gray. 1498 

The path was not presented to the participants) in a direction illustrated by the dotted dark 1499 

gray arrow. The experiment started with a Track – Training session in which participants 1500 

received full visual feedback on their hand location (dark gray filled square). After training, 1501 

participants were presented with a Pong game session with no delay (No Delay), followed by a 1502 

Blind Track session (Post No Delay, purple frame). Next, a Pong game session was introduced 1503 

with either an abruptly (Abrupt group) or gradually (Gradual group) increasing delay (Delay), 1504 

and was followed by another Blind Track session (Post Delay, green frame). (d) Experiment 4: 1505 



 

78 
 

Gradual delay, transfer to tracking (mixture of sinusoids). Sessions alternated between a pong 1506 

game and a tracking task. During a track trial, participants were asked to track a target that 1507 

moved along a sagittal path (dashed gray. The path was not presented to the participants). The 1508 

target trajectory (left zooming window) was designed as a mixture of five sinusoids of different 1509 

frequencies and phases. The experiment started with a Track – Training session in which 1510 

participants received full visual feedback on their hand location (dark gray filled square), 1511 

followed by a Blind Track – Training session. After training, participants were presented with a 1512 

Pong game session with no delay (No Delay), followed by a Blind Track session (Post No Delay, 1513 

magenta frame). Next, a Pong game session was introduced with a gradually increasing delay 1514 

(Delay), and was followed by another Blind Track session (Post Delay, cyan frame). 1515 

Fig 3. Experiment 1: paddle-ball hit rate in the presence of delayed and non-delayed feedback 1516 

Time courses of the mean hit rate of all participants in each of the Delay (a, filled markers, N=9) 1517 

and Control (b, hollow markers, N=8) groups. The grey dashed vertical line separates the Pong 1518 

No Delay (triangles) and the Pong Delay (circles) sessions. Shading represents the 95% 1519 

confidence interval. 1520 

Fig 4. Experiment 1: reaching experimental results and representation model simulation 1521 

results suggest a State-based rather than a Time-based Representation of delay. 1522 

(a) Single participant’s experimental results from each of the Delay (left, filled markers) and 1523 

Control (right, hollow markers) groups. Movements start location is indicated by the black 1524 

square and target locations are marked by the gray squares. Markers represent the end point 1525 

locations of the hand at movement terminations during the Post No Delay (blue triangles) and 1526 
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Post Delay (orange circles) Blind Reach sessions. (b) Experimental results group analysis. 1527 

Colored bars represent the mean reaching movement amplitudes towards all targets of each 1528 

participant, and for each of the Blind Reach sessions, averaged over all the participants in each 1529 

group (Delay: left, N=9, Control: right, N=8) and following subtraction of each group’s average 1530 

baseline amplitude (during the Blind Reach – Post No Delay session). Black bars (insets) 1531 

represent the difference in mean amplitude between the Post Delay and the Post No Delay 1532 

blind reaching sessions for each participant, averaged over all targets and over all the 1533 

participants in each group. Error bars represent the 95% confidence interval. (c) Simulation 1534 

results of reaching end points in the Delay group (Post No Delay – black outlined blue triangles, 1535 

Post Delay – black outlined orange circles) for Time Representation (left) and State 1536 

Representation (right) of the delay. **p<0.01.  1537 

Fig 5. Experiment 2: paddle-ball hit rate in the presence of abruptly- and gradually-introduced 1538 

delayed feedback 1539 

Time courses of the mean hit rate for all participants in each group of the Abrupt (a, filled 1540 

markers, N=10) and Gradual (b, hollow-dotted markers, N=10) groups. The grey dashed vertical 1541 

line separates the Pong No Delay (triangles) and the Pong Delay (circles) sessions. Shading 1542 

represents the 95% confidence interval.  1543 

Fig 6. Experiment 2: a comparison between the reaching results in the Abrupt and Gradual 1544 

groups suggests that the schedule of delay presentation does not influence the 1545 

representation of delay. 1546 
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(a) Single participant’s experimental results from each of the Abrupt (left, filled markers) and 1547 

Gradual (right, hollow-dotted markers) groups. Movement start location is indicated by the 1548 

black square and target locations are marked by the gray squares. Markers represent the end 1549 

point locations of the hand at movement terminations during the Post No Delay (blue triangles) 1550 

and Post Delay (orange circles) Blind Reach sessions. (b) Experimental results group analysis. 1551 

Colored bars represent the mean reaching movement amplitudes towards all targets of each 1552 

participant, and for each of the Blind Reach sessions, averaged over all the participants in each 1553 

group (Abrupt: filled, N=10, Gradual: diagonal lines, N=10) and following subtraction of each 1554 

group’s average baseline amplitude. The black bar (inset) represents the difference in mean 1555 

amplitude between the Post Delay and the Post No Delay blind reaching sessions for each 1556 

participant, averaged over all targets and all the participants in both groups. Error bars 1557 

represent the 95% confidence interval. ***p<0.001.  1558 

Fig 7. Experiment 3: blind tracking predictions 1559 

Predicted tracking performance for each representation model: Time Representation (left), 1560 

State Representation (right) – Spatial Shift, Gain and Mechanical System. The upper panel 1561 

depicts schematic illustrations of a sinusoidal target trajectory (bold black) and hand 1562 

trajectories during a tracking task following a non-delayed (Post No Delay, dashed gray) and a 1563 

delayed (Post Delay, dotted gray) Pong game. The lower panel depicts the target-hand position 1564 

space plots for the post non-delayed (Post No Delay, purple) and post delayed (Post Delay, 1565 

green) conditions; each corresponds to the target and hand trajectories presented above it.  For 1566 

the Time Representation of the delay, the hand trajectory is predicted to precede the target 1567 
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trajectory, resulting in a wider ellipse in the target-hand position space. For the State 1568 

Representation – Spatial Shift model, the hand trajectory is predicted to be shifted away with 1569 

respect to the target trajectory, resulting in an upward shift in the major axis (dashed-dotted 1570 

dark lines) of the target-hand position space ellipse. For the State Representation – Gain model, 1571 

the hand trajectory is predicted to increase in its amplitude with respect to the target 1572 

trajectory, resulting in an ellipse that has a major axis tilted such that its slope is greater than 1573 

the slope of the major axis of the Post No Delay target-hand position space ellipse. For the 1574 

State Representation – Mechanical System model, the hand trajectory is predicted to precede 1575 

the target trajectory while increasing in its amplitude, bringing about an ellipse that has a major 1576 

axis tilted such that its slope is greater than the slope of the major axis of the Post No Delay 1577 

target-hand position space ellipse.  1578 

Fig 8. Experiment 3: tracking experimental results suggest a State Representation of delay as 1579 

either a Gain or a Mechanical System equivalent rather than a Spatial Shift. 1580 

(a) Single participant’s results. Target-hand position space of a single sagittal cycle from each of 1581 

the Post No Delay (purple triangle) and Post Delay (green circles) Blind Track sessions. The left 1582 

panel presents data points sampled at 11.8 Hz. The right panel presents data points sampled at 1583 

28.6 Hz and the fitted ellipses for entire data distribution (sampled at 200 Hz) from each of the 1584 

Post No Delay (purple) and Post Delay (green) tracking sessions, together with the 1585 

corresponding major axis lines (dashed-dotted dark purple and dashed-dotted dark green, 1586 

respectively). (b,c) Group analyses for the frontal cycle (b) and for the sagittal cycles (c) of the 1587 

delay between the hand and the target (left), and the major axis intercepts (after subtraction of 1588 



 

82 
 

each group’s average Post No Delay intercept, middle) and slopes (right), extracted from 1589 

participants’ tracking performances. Colored bars represent each participant’s mean, from each 1590 

of the Post No Delay (purple) and Post Delay (green) tracking sessions, averaged over all the 1591 

participants in each group (Abrupt: filled, N=10, Gradual: diagonal lines, N=10). The black bars 1592 

(insets) represent the mean difference for each measure between the Post Delay and the Post 1593 

No Delay blind tracking sessions. **p<0.01. 1594 

Fig 9. Experiment 4: predicted frequency effects on delay-induced hypermetria 1595 

Predicted effects of tracking movement frequency on the increase in movement amplitude 1596 

following the delayed pong game. In each of the a-d subfigures, the predictions are presented 1597 

for the State Representation - Gain (left) and State Representation – Mechanical System (right) 1598 

models. Upper panels display the Post No Delay (magenta) and the Post Delay (cyan) 1599 

amplitudes in cm (a, b) or in dB (c, d), and lower panels present the difference between them. 1600 

(a, c) When assuming accurate tracking of a target movement that has an amplitude of a 2 cm 1601 

during the Post No Delay session, the Gain representation should predict the same increase in 1602 

movement amplitude for all frequencies during the Post Delay session, whereas the 1603 

Mechanical System representation predicts a higher hypermetria with increasing frequency. (b, 1604 

d) A simulation of an increase in the baseline (Post No Delay) movement amplitude with an 1605 

increase in the movement frequency illustrates that the predictions of both models are 1606 

equivalent to the predictions for accurate baseline performance when examined in a 1607 

logarithmic amplitude scale. 1608 
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Fig 10. Experiment 4: experimental results for tracking with different frequencies suggest a 1609 

State Representation of delay as a Gain rather than a Mechanical System equivalent. 1610 

(a, b) Single participant’s results. Hand tracking trajectories of a representative participant 1611 

during the Post No Delay (magenta) and Post Delay (cyan) sessions (a), and the frequency 1612 

responses (b). The filled circles represent the amplitude of each of the five main frequencies in 1613 

the hand trajectories. (c, d) Group analysis. Mean decibel amplitude of all participants (N=20) 1614 

for each of the five main frequencies (c). The black bar (inset) represents the mean difference in 1615 

decibel amplitude between the Post Delay and the Post No Delay blind tracking sessions, and d 1616 

represents the mean difference separately for each frequency. **p<0.01. 1617 

Fig 11. Experiment 4: frequency response analysis of pong movements and representation 1618 

model simulation results are most consistent with the Gain representation model. 1619 

(a, b) Single participant’s results. Sagittal hand trajectories of a representative participant 1620 

during the last pong trial of each of the No Delay (black) and Delay (gray) sessions (a), and the 1621 

mean frequency responses of the sagittal hand trajectories from the last four trials of each 1622 

session (b). The vertical dashed lines define the frequency range of interest within which the 1623 

participants were mainly moving ([0.5 1.5] Hz). (c) Simulation results of the predicted effect of 1624 

delay according to each of the representation models, illustrated using the baseline (no delay) 1625 

frequency response of the participant in (b). Upper panels display the No Delay (black) and the 1626 

Delay (gray) amplitudes in cm, and lower panels present the difference between the 1627 

amplitudes in dB. (d-e) Group analysis. Mean dominant frequency (d) and mean maximum 1628 

amplitude (e) of all participants (N=20). The black bars (inset) represent the mean difference in 1629 
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each measure between the Delay and the No Delay pong sessions. Error bars represent the 1630 

95% confidence interval. Dots represent differences of individual participants. (f) The maximum 1631 

amplitude and its respective frequency (dominant frequency) for each participant is presented 1632 

in a frequency-amplitude space to illustrate the overall changes dynamic of both measures 1633 

from the No Delay (dark markers) to the Delay (light markers) pong session. **p<0.01; 1634 

***p=0.001. 1635 

 1636 

Effect Dimension 
Measure 

Target-Hand Delay Intercept Slope  
F(1,18) p F(1,18) p F(1,18) p 

Session main 
Frontal 0.437 0.517 3.937 0.063 10.729 0.004 
Sagittal 2.919 0.105 3.195 0.091 9.924 0.006 

Group main 
Frontal 0.032 0.860 0.054 0.819 2.233 0.152 
Sagittal 0.693 0.416 1.152 0.297 0.487 0.494 

Session-Group 
interaction 

Frontal 2.949 0.103 2.322 0.145 1.110 0.306 
Sagittal 0.104 0.751 1.668 0.213 1.156 0.296 

 1637 

Table 2. Statistical analyses of the blind tracking task in Experiment 3 1638 

For each of the Target-Hand Delay, the Intercept, and the Slope measures, and for each of the 1639 

frontal and sagittal dimensions of the tracking path, we fit a two-way mixed effect ANOVA 1640 

model, with the measure as the dependent variable, one between-participants independent 1641 

factor (Group: two levels, Abrupt and Gradual), and one within-participants independent factor 1642 

(Session: two levels, Post No Delay and Post Delay). The reported values for each measure are 1643 
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the F ratio, with the corresponding factor and residuals degrees of freedom in parentheses (left 1644 

column), and the corresponding p-value (right column).  1645 

 1646 

Extended Data – Simulation Codes 1647 

Simulations of movements according to different delay representation models 1648 

 1649 
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