
1 

 

Single-trial dynamics of competing reach plans in the human motor periphery 1 

 2 

Abbreviated title: Competing reach plans in the motor periphery  3 

Luc P. J. Selen1, Brian D. Corneil2-5 and W. Pieter Medendorp1 4 

 5 

1Radboud University, Donders Institute for Brain, Cognition and Behaviour; 6500 HB Nijmegen, 6 

The Netherlands   7 

Departments of 2Psychology and 3Physiology & Pharmacology; University of Western Ontario; 8 

London, ON, N6A 5B7; Canada 9 

The 4Brain and Mind Institute and 5Robarts Research Institute; 10 

 11 

Corresponding Author:  12 

Dr. Luc Selen 13 

luc.selen@donders.ru.nl 14 

 15 

 16 

Keywords: motor planning; decision making; visually-guided reaching; electromyography  17 

 18 

Number of Pages: 38 19 

Number of Figures: 7 20 

Words in Abstract: 248 21 

Words in Significance Statement: 109 22 

Words in Introduction: 650 23 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 31, 2023. ; https://doi.org/10.1101/765180doi: bioRxiv preprint 

https://doi.org/10.1101/765180
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 

 

Words in Discussion: 1600 24 

 25 

Acknowledgement  26 

This work was supported by operating grants from the Natural Sciences and Engineering 27 
Research Council of Canada (NSERC) to BDC [RGPIN-311680], the Canadian Institutes of 28 
Health Research (CIHR) to BDC [MOP-93796], a Vici grant from the Netherlands Organization 29 
for Scientific Research to WPM [453-11-001].   30 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 31, 2023. ; https://doi.org/10.1101/765180doi: bioRxiv preprint 

https://doi.org/10.1101/765180
http://creativecommons.org/licenses/by-nc-nd/4.0/


3 

 

ABSTRACT 31 

Contemporary motor control theories propose competition between multiple motor plans before 32 

the winning command is executed. While most competitions are completed prior to movement 33 

onset, movements are often initiated before the competition has been resolved. An example of 34 

this is saccadic averaging, wherein the eyes land at an intermediate location between two visual 35 

targets. Behavioral and neurophysiological signatures of competing motor commands have also 36 

been reported for reaching movements, but debate remains about whether such signatures attest 37 

to an unresolved competition, arise from averaging across many trials, or reflect a strategy to 38 

optimize behavior given task constraints. Here, we recorded electromyographic activity from an 39 

upper limb muscle (m. pectoralis) while twelve (8 female) participants performed an immediate 40 

response reach task, freely choosing between one of two identical and suddenly presented visual 41 

targets. On each trial, muscle recruitment showed two distinct phases of directionally-tuned 42 

activity. In the first wave, time-locked ~100 ms of target presentation, muscle activity was 43 

clearly influenced by the non-chosen target, reflecting a competition between reach commands 44 

that was biased in favor of the ultimately chosen target. This resulted in an initial movement 45 

intermediate between the two targets. In contrast, the second wave, time-locked to voluntary 46 

reach onset, was not biased toward the non-chosen target, showing that the competition between 47 

targets was resolved. Instead, this wave of activity compensated for the averaging induced by the 48 

first wave. Thus, single-trial analysis reveals an evolution in how the non-chosen target 49 

differentially influences the first and second wave of muscle activity.  50 

 51 

  52 
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SIGNIFICANCE STATEMENT 53 

Contemporary theories of motor control suggest that multiple motor plans compete for selection 54 

before the winning command is executed. Evidence for this is found in intermediate reach 55 

movements towards two potential target locations, but recent findings have challenged this 56 

notion by arguing that intermediate reaching movements reflect an optimal response strategy. By 57 

examining upper limb muscle recruitment during a free-choice reach task, we show early 58 

recruitment of a sub-optimal averaged motor command to the two targets that subsequently 59 

transitions to a single motor command that compensates for the initially averaged motor 60 

command. Recording limb muscle activity permits single-trial resolution of the dynamic 61 

influence of the non-chosen target through time.  62 
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INTRODUCTION 63 

The environment offers multiple action opportunities, but ultimately only one action can be 64 

selected. Classic decision-making theories assume a two-stage process, where the brain selects 65 

an appropriate action, and then plans and executes the desired motor commands (Donders, 1969; 66 

McClelland, 1979). However, neurophysiological studies have suggested that multiple potential 67 

motor plans can be concurrently encoded and compete for selection within brain regions 68 

involved in eye (Christopoulos et al., 2018; McPeek and Keller, 2004; Port and Wurtz, 2003) or 69 

reach movements (Cisek and Kalaska, 2005; Klaes et al., 2011). Competition may also influence 70 

behavioral output. For example, when free to look to either one of two suddenly appearing visual 71 

targets, participants sometimes look to an in-between position (Chou et al., 1999; Findlay, 1982). 72 

Because such saccadic averaging is most prominent for short-latency saccades (Ottes et al., 73 

1984; Walker et al., 1997), it is thought that target representations initially compete for selection, 74 

before resolving into a final decision (Kim and Basso, 2008; McPeek and Keller, 2002). 75 

 There is currently debate on whether reach motor plans can also be represented 76 

concurrently. Recent neurophysiological results (Dekleva et al., 2018) suggest that apparent 77 

concurrent encoding of multiple reach plans (Cisek and Kalaska,2005) may arise from averaging 78 

neural activity across many trials; while the represented alternative can vary trial-to-trial, only 79 

one alternative is represented on any given trial. Reach trajectories intermediate between two 80 

alternatives have been observed in ‘go-before-you-know’ paradigms (Chapman et al., 2010), in 81 

which reach movements start before the ‘correct’ target is unveiled. Such intermediate reaches 82 

have been ascribed to averaging of competing reach plans (Gallivan et al., 2017; Stewart et al., 83 

2014; Enachescu et al., 2021), or to strategic optimization of success given task constraints 84 

(Haith et al., 2015; Hudson et al., 2007; Wong and Haith, 2017; Alhussein and Smith, 2021).  85 
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 For reaching, target competition studies often impose a delay between target presentation 86 

and movement initiation or target identification (as in the ‘go-before-you-know’ paradigm). This 87 

approach differs from the immediate and free response paradigms that elicit saccadic averaging. 88 

Here, we employ an immediate response paradigm to show competition between potential reach 89 

targets at the individual trial level, studying humans reaching in a free-choice, double-target task 90 

(Fig. 1b,c). Unlike the ‘go-before-you-know’ paradigm, there is no correct target, and nothing is 91 

gained by strategically aiming between the two targets. We recorded electromyographic (EMG) 92 

activity (m. pectoralis) and analyzed timing and magnitude of recruitment in response to target 93 

presentation.  94 

For reaches to a single visual target, two waves of directionally-tuned EMG-activity have 95 

been observed (Glover and Baker, 2019; Pruszynski et al., 2010; Wood et al., 2015): an initial 96 

stimulus-locked response ~100 ms after visual target onset, which we refer to as an express 97 

visuomotor response (EVR, Contemori et al., 2021a), followed by a larger wave of EMG-activity 98 

predictive of the onset of the reach movement (MOV, ~200-300 ms after the EVR). Muscle 99 

recruitment during the EVR and MOV-interval are governed by different processes. For 100 

example, the EVR is directed towards the stimulus location even during anti-reaches (Gu et al., 101 

2016), is only influenced by the implicit but not explicit component of motor learning (Gu et al., 102 

2019), and depends on stimulus properties (Glover and Baker, 2019; Kozak et al., 2019; Wood et 103 

al., 2015; Kozak and Corneil, 2021) and cueing (Contemori et al., 2021b). In contrast, MOV-104 

epoch activity reflects the actual reach kinematics, but is not influenced by stimulus properties.   105 

 Examining EMG-activity in these intervals during free choice, double-target reaching, 106 

suggests a dynamically evolving interaction between the chosen and non-chosen target. During 107 

the EVR-interval, the non-chosen target influences muscle recruitment, revealing averaging that 108 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 31, 2023. ; https://doi.org/10.1101/765180doi: bioRxiv preprint 

https://doi.org/10.1101/765180
http://creativecommons.org/licenses/by-nc-nd/4.0/


7 

 

is biased in favor of the ultimately selected target. This averaging produces a subtle attraction of 109 

early reach kinematics to the non-chosen target. Subsequently, this non-chosen target influence 110 

yields into a goal-directed motor command during the MOV-interval, compensating for the 111 

earlier subtle attraction by bowing the reach trajectory away from the non-chosen target.  112 

 113 

MATERIALS AND METHODS  114 

Participants and Procedures  115 

The experiment was conducted with approval from the institutional ethics committee from the 116 

Faculty of Social Sciences at Radboud University Nijmegen, The Netherlands. Twelve 117 

participants (eight females and four males), between 18 and 33 years of age (mean  ±SD = 24  ±118 

5), gave their written consent prior to participating in the experiment. Three participants (one 119 

female and two males) were self-declared left-handed, while the remaining participants were 120 

self-declared right-handed. All participants were compensated for their time with either course 121 

credits or a monetary payment and they were free to withdraw from the experiment at any time. 122 

All participants had normal or corrected-to-normal vision and had no known motor impairments.  123 

 124 

Reach Apparatus and Kinematic Acquisition  125 

Participants were seated in a chair in front of a robotic rig. The participant’s right arm was 126 

supported by an air-sled floating on top of a glass table. All participants performed right-handed 127 

horizontal planar reaching movements while holding the handle of the planar robotic 128 

manipulandum (vBOT, Howard et al., 2009). The vBOT measured both the x- and y-positions of 129 

the handle at a 1 kHz sampling rate. Throughout the whole experiment a constant load of 5 N in 130 

the rightward direction, relative to the participant, was applied to increase the baseline activity 131 
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for the right pectoralis muscle (see below). All visual stimuli were presented within the plane of 132 

the horizontal reach movements via a mirror, which reflected the display of a downward facing 133 

LCD monitor (Asus – model VG278H, Taipei, Taiwan). The start position and the peripheral 134 

visual targets were presented as white circles (0.5 and 1.0 cm radii, respectively) onto a black 135 

background. Real-time visual feedback of the participant’s hand position was given throughout 136 

the experiment and was represented by a yellow cursor (0.25 cm in radius). Vision of the 137 

physical arm, hand and manipulandum was occluded by the mirror. 138 

 139 

EMG Acquisition  140 

EMG-activity was recorded from the clavicular head of the right pectoralis major (PEC) muscle 141 

using wireless surface EMG electrodes (Trigno sensors, Delsys Inc., Natick, MA, USA).  The 142 

electrodes were placed ~1 cm inferior to the inflection point of the participant’s right clavicle. 143 

Concurrent with the EMG recordings, we also recorded a photodiode signal that indicated the 144 

precise onset of the peripheral visual targets on the LCD screen. Both the EMG and photodiode 145 

signals were digitized and sampled at 1.11 kHz.  146 

 147 

Experimental Paradigm  148 

Each trial began with the onset of the start position located at the center of the screen, which was 149 

also aligned with the participant’s midline. Participants had to move their cursor into the start 150 

position and after a randomized delay period (1-1.5 s) either one (Single Target, 25% of all trials, 151 

Fig. 1a) or two peripheral targets appeared (Double Targets, 75%, Fig. 1b,c). All peripheral 152 

targets were presented 10 cm away from the start position and at one of 12 equally spaced 153 

locations around the start position (dotted circles in Fig. 1a). The onset of the peripheral targets 154 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 31, 2023. ; https://doi.org/10.1101/765180doi: bioRxiv preprint 

https://doi.org/10.1101/765180
http://creativecommons.org/licenses/by-nc-nd/4.0/


9 

 

occurred concurrently with the offset of the start position. Participants were explicitly instructed 155 

to reach as fast as possible towards one of the peripheral target locations during Double Target 156 

trials. To ensure that the participants reached as fast as possible, the peripheral targets turned red 157 

if the cursor had not moved out of the start position within 500 ms after the onset of the 158 

peripheral targets. The trial ended as soon as the cursor entered one of the peripheral targets. 159 

Note that it is highly unlikely and suboptimal for participants to make anticipatory movements, 160 

given the high degree of spatial uncertainty of where targets would appear across trials.  161 

 For every participant, the experiment consisted of eight blocks, each block contained 240 162 

trials, with 60 Single Target and 180 Double Target trials, pseudo-randomly interleaved. For the 163 

Double Target trials, the two targets appeared either 60°, 120°, or 180° apart in equal likelihood. 164 

Each possible single and double target configuration was presented five times in every block, 165 

resulting in 40 repeats over the whole experiment. This design is expected to average out any 166 

trial history effects. 167 

 168 

Data Analyses  169 

All data were analyzed using custom-written scripts in Matlab (version R2014b, Mathworks Inc., 170 

Natick, MA, USA). For both the 60° and 120° Double Target trials, we sorted trials based on 171 

whether the final reach was directed to either the CW (Fig. 1b, red arrow) or CCW target 172 

location (blue arrow). Thus, for all CW and CCW reach trials the non-chosen target location was 173 

in the CCW and CW direction, respectively. Trials from the 180° Double Target condition 174 

cannot be sorted in this way, since the non-chosen target location was always 180° away.  175 
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 176 

Reach onset detection and initial reach error: Reach onset was identified as the first time-point 177 

after the onset of the peripheral targets at which the hand speed exceeded 2 cm/s. Reach reaction 178 

time (RT) was calculated as the time between the onset of the peripheral targets and the initiation 179 

of the reach movement. Initial reach direction was quantified as the angular direction of the 180 

vector between the start position and the location of the hand at the time of reach onset. From 181 

this, initial reach error was defined as the angular difference between the initial reach direction 182 

and the direction of the final chosen target.  183 

 184 

EMG processing and trial inclusion criteria: All EMG data were first rectified and aligned to 185 

both the onset of the peripheral targets (as measured by the onset of the photodiode) and reach 186 

initiation. To account for the difference in EMG recordings across the participants, we first 187 

normalized EMG-activity for each participant by dividing against their own mean baseline 188 

activity (i.e. mean EMG-activity over the 40 ms window prior to the stimuli onset). We then log-189 

normalized each participant’s EMG-activity to account for the non-linearity of EMG-activity. 190 

This normalization transforms the distribution of EMG values from an exponential distribution, 191 

with many values close to zero and few large values, into a normal distribution. We specifically 192 

examined two distinct epochs of EMG-activity: (1) The initial EVR, that is evoked 85-125 ms 193 

after the onset of the visual stimuli (Gu et al., 2016, 2018, 2019), and (2) the later movement-194 

related response (MOV, -20 to 20 ms around reach initiation) associated with reach onset. To 195 

prevent any overlap between these two different epochs (Gu et al., 2016, 2019; Kozak et al., 196 

2019), we excluded all trials with RTs less than 185 ms (~7% all trials). We also excluded with 197 

RTs greater than 500 ms (<0.1% of all trials).  198 
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 199 

Receiver-Operating Characteristic Analysis: As done previously (Corneil et al., 2004; 200 

Pruszynski et al., 2010), we used a time-series receiver-operating characteristic (ROC) analysis 201 

to quantitatively detect the presence of an EVR. To do this, we first separated leftward (target 202 

locations between 120° and 240° from straight right) and rightward (-60° to 60°) Single Target 203 

trials. For each timepoint from 100 ms before to 300 ms after target onset, we calculated the area 204 

under the ROC curve between the EMG-activity for leftward compared to rightward trials. This 205 

metric indicates the probability that an ideal observer could discriminate the target location based 206 

solely on the distribution of EMG-activity at that given timepoint. A value of 0.5 indicates 207 

chance discrimination, whereas a value of 1 or 0 indicates perfect correct or incorrect 208 

discrimination, respectively. We set the threshold for discrimination at 0.6, as this criterion 209 

exceeds the 95% confidence intervals for EMG data that has been randomly shuffled through a 210 

bootstrapping procedure (Chapman and Corneil, 2011). The discrimination time was defined as 211 

the first timepoint after target onset at which the ROC metric was above 0.6 and remained above 212 

that threshold for at least five out of the next 10 timepoints. We defined any participant with a 213 

discrimination time less than 125 ms as a participant exhibiting a EVR. Based on this criterion, 214 

11 of the 12 participants had a detectable EVR. All subsequent analyses were done on the 11 215 

participants with an EVR. 216 

 217 

Directional tuning of EMG-activity: We assumed cosine tuning (Eq. 1) between the log-218 

normalized EMG-activity and the chosen target location for both the EVR and MOV-epochs:  219 

 ������ � � 	 
���� 
 ��  (1) 220 
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in which � is the chosen target location in degrees, starting CCW from straight right; ������ 221 

is the log-normalized EMG-activity for the given target location; � is the amplitude of the cosine 222 

tuning; and �  is the preferred direction (PD) of the EMG-activity. We used Matlab’s curve 223 

fitting toolbox fit function to estimate both the � and � parameters. We constrained our search 224 

parameters such that � � 0 and 0° � � � 360°. The initial search parameters were � 	 1 225 

and � 	 180° . PDs of 0° and 180° would represent straight rightward and leftward, 226 

respectively.  227 

 228 

Model predictions: Previous studies have proposed different models of how the brain converts 229 

multiple visual targets into a single motor command. Here we assumed a constant non-linear 230 

cosine tuning between target locations and motor commands in Single Target trials to generate 231 

the predicted responses during Double Target trials. Each model used parameters derived from 232 

each participant’s own Single Target data (Fig. 2a) to predict both the PD and amplitude of the 233 

cosine tuning curves for Double Target trials. Thus, no free parameters were fitted in any of 234 

these four models. 235 

Model 1: The winner-take-all model (Fig. 4a) assumes that only the target location that 236 

the participant reaches towards is converted into a motor command. Therefore, 237 

�
�����|��, ��� 	 �
����� , where �1  and �2 are the chosen and non-chosen target 238 

locations, respectively.  239 
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Model 2: The spatial averaging model (Fig. 4b) assumes that the two potential target 240 

locations are first spatially averaged into an intermediate target location. Then that target location 241 

is converted into a motor command. Therefore, �
�����|��, ��� 	 �
� ������
�

�. 242 

 Model 3: The motor averaging model (Fig. 4c) assumes that the two potential target 243 

locations are first converted into their own distinct motor commands and then averaged into a 244 

single motor command. Therefore, �
�����|��, ��� 	 0.5 � �
����� � 0.5 �245 

�
�����. 246 

Model 4: The weighted motor averaging model (Fig. 4d) is a variation of the motor 247 

averaging model. It assumes that the two target locations are first converted into their associated 248 

motor commands, which are then differentially weighted before being averaged into a single 249 

motor command. A higher weight is assigned to the chosen target compared to the non-chosen 250 

target location. To estimate these weights indirectly, we used each participant’s own Single 251 

Target data. Previous studies have shown that the EVR magnitude is negatively correlated with 252 

the ensuing RT for single target visually-guided reaches (Pruszynski et al., 2010; Gu et al., 253 

2016). We assumed that the trial-by-trial magnitude of the EVR reflected the ‘readiness’ to move 254 

towards the target location. Thus, we performed a median RT split of the Single Target data to 255 

get cosine tuning for both Fast and Slow RT trials (Fig. 2a). This results in Fast RT and Slow RT 256 

amplitude and PD estimates, which were used to compute the tuning curves for the Double 257 

Target trials. The Fast RT and Slow RT parameters were used for the chosen and non-chosen 258 

target location, respectively. Therefore, �
�����|��, ��� 	 0.5 � �
��������� �259 

0.5 � �
�	
������. 260 
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To quantify the goodness-of-fit for each model, due to the non-linear interaction between 261 

PD and normalized amplitude, we evaluated the total fit error between the predicted and 262 

observed tuning curves. To do this, we took the sum of mean squared error for each of the 12 263 

different reach directions (i.e. x1 = 0°, 30°, 60°, … 330°) between the predicted and observed 264 

tuning curves. 265 

 266 

Statistical Analyses 267 

Statistical analyses were performed using either one or two-sample t-tests or a one-way 268 

ANOVA. For all post-hoc comparisons, we used a Tukey's HSD correction. The statistical 269 

significance was set as P < 0.05. For the model comparison, significance was set at P < 0.0083, 270 

Bonferroni corrected for the six possible comparisons between the four different models. 271 

 272 

RESULTS  273 

Under continuous EMG recording of the right PEC muscle, participants performed a free-choice 274 

goal-directed center-out right-handed reach movement in response to the onset of either one (Fig. 275 

1a, Single Target) or two visual targets (Fig. 1b and c, Double Target trials) that appeared 276 

concurrently. The visual targets pseudo-randomly appeared at 12 different possible directions 277 

equally spaced around the start position. For Double Target trials, the two visual stimuli had an 278 

angular separation of either 60°, 120°, or 180°. Choice probability for the clockwise or 279 

counterclockwise target in Double Target did not differ from 0.5 for both the 60° and 120° target 280 

separation (PCW,60 = 0.52 ± 0.04; p = 0.06 and PCW,120 = 0.51 ± 0.02; p = 0.13). 281 

  Prior to examining the Double Target trials, we will first describe PEC EMG-activity 282 

during the Single Target trials. Figure 1a shows the individual (middle panel) and mean log-283 
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normalized EMG-activity (right) during left-outward (orange trace), straight outward (gray), and 284 

right-outward Single Target trials (green) from a representative participant. All trials are aligned 285 

to visual target onset and the individual trials were sorted based on the reach RTs (color squares). 286 

Note, the increase and decrease of activity for the right PEC muscle for left-outward and right-287 

outward reach movement, respectively. Consistent with previous studies (Pruszynski et al., 2010; 288 

Wood et al., 2015; Glover and Baker, 2019), we observed a reliable difference in EMG-activity 289 

for the three different reach directions at two epochs: an initial EVR-epoch that occurs ~100 ms 290 

after stimulus onset and a later MOV-epoch associated with reach RT (stochastically occurring 291 

~200 ms after stimulus onset). Across our participants, the mean  ±SEM discrimination time (see 292 

Materials and Methods) for the EVR was 88 ±3 ms and the corresponding reach RT was 232 ±293 

3 ms. We calculated the EVR magnitude for a given trial as the mean log-normalized EMG-294 

activity during the EVR-epoch, 85-125 ms after stimulus onset (Gu et al., 2018, 2019) indicated 295 

by the white dashed boxes and shaded panels in Figure 1. For this participant, we found a 296 

reliable increase and decrease in EVR magnitude for left-outward and right-outward trials, 297 

respectively, when compared to straight outward trials (1-way ANOVA, F(2,105) = 37.4, P < 10-12, 298 

post-hoc Tukey’s HSD, both P < 0.001). 299 

 Having established the profile of EMG-activity during the EVR-epoch on Single Target 300 

trials, we next examined if the presence of a second non-chosen target during the Double Target 301 

trials changed the EVR. For a direct comparison with Figure 1a, we first examined trials with 302 

the same reach direction (i.e. straight outward) but with a different non-chosen target location 303 

(60° CW, blue, or 60° CCW, red, from the target, Figure 1b). If the non-chosen target location 304 

has no influence (i.e. no averaging), we would predict that the EVR magnitude resembles that 305 

observed during outward reach movement during Single Target trials, which we overlaid in gray 306 
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in Figure 1b. Despite the same reach direction, we observed both an increase and a decrease of 307 

EMG-activity during EVR-epoch for Double Target trials relative to the Single Target trials (1-308 

way ANOVA, F(2,83) = 16.2, P < 10-5, post-hoc Tukey’s HSD, P = 0.01 and P = 0.004, 309 

respectively) when the non-chosen target was in the left-outward and right-outward locations, 310 

respectively. This result suggests that EMG-activity during the EVR is systematically altered by 311 

the presence of a second non-chosen target. 312 

 A second way to examine the EVR during Double Target trials is to compare EVR 313 

magnitude on trials with the same two visual targets, but different reach directions. Figure 1c 314 

shows the EMG-activity when both the left-outward (blue) and right-outward (red) targets were 315 

presented to the representative participant. If the EVR averaged the locations of the two visual 316 

targets completely, then we would predict that the resulting EMG-activity would not differ 317 

regardless of the final reach direction. However, we observed a reliable difference in the EVR, 318 

with it being slightly larger when the participant chose the left-outward versus right-outward 319 

target (1-way ANOVA, F(2,72) = 7.06, P = 0.002, post-hoc Tukey’s HSD, P = 0.01). This result 320 

suggests that EMG-activity during the EVR is modulated by the chosen reach direction, even 321 

when the same two visual targets are presented.  322 

 323 

Systematic shifts in tuning of the EVR during Double Target trials  324 

The results from Figure 1b and c demonstrate that the magnitude of the EVR during Double 325 

Target trials depended on both the target configuration and the eventual reach direction. To 326 

quantify the extent of averaging that occurred, we sought to compare how the directional tuning 327 

of the EVR changed between Single and Double Target trials. Previously, it has been shown that 328 

the log transformed EVR magnitude can be described by a cosine tuning function (Gu et al., 329 
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2019; Eq. 1). For each tuning function we can extract both the preferred direction (PD) and the 330 

amplitude of the fit. Figure 2a shows both individual trial data (dots) and the cosine tuning fit 331 

(line) for the Single Target trials from the representative participant in Figure 1a. The PD of this 332 

fit was 173° CCW (arrow) from straight rightward, indicating that the largest EVR magnitude 333 

could be evoked by a visual target presented straight leftward of the start position. Importantly, 334 

this cosine tuning between EVR magnitude and target location was not simply due to movement-335 

related EMG-activity from trials with the shortest RTs, as this relation was still present when we 336 

performed a median RT split and re-fitted the data on either Fast RT (Figure 2b, dark line) or 337 

Slow RT trials (light), separately. Across our participants, we found no systematic difference in 338 

the PDs between Fast and Slow RT trials (Figure 2c, group mean  ±SEM: PD = 169°± 3° and 339 

162° ± 5°, respectively, paired t-test, t(10) = 1.30, P = 0.22). We did find larger amplitudes (i.e. 340 

larger EVR magnitudes) for Fast compared to Slow RT trials (Figure 2d, paired t-test, t(10) = 341 

7.89, P < 10-4), which is consistent with previous studies demonstrating a negative correlation 342 

between EVR magnitudes and RTs on a trial-by-trial basis (Pruszynski et al., 2010; Gu et al., 343 

2016). Note, we will leverage this relationship later in the modeling portion of the RESULTS. 344 

 We next fitted the EVR cosine tuning for the Double Target trials. For this we chose to 345 

align the trials based on the participant’s reach direction (Figure 1b) rather than controlling for 346 

the visual target locations (Figure 1c) to accentuate the effect of the non-chosen target location. 347 

Figure 3a shows the fits for the three different angular separations for the representative 348 

participant. For both the 60° and 120° conditions, we generated two separate fits for when the 349 

non-chosen target location was either CW (red) or CCW (blue) relative to the reach direction. To 350 

give more intuition of how this figure relates to individual trials, the highlighted data (shaded 351 

box in the left panel of Figure 3a) corresponds to the same trials as Figure 1b. The right panel 352 
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of Figure 3a shows the fit of EVR magnitude to the 180° Double Target condition. Note, the 353 

data cannot be split because the non-chosen target location is always 180° away from the reach 354 

direction. Despite the two targets being in diametrically opposite directions, the EVR was still 355 

reliably tuned for the 180° condition (r2 = 0.19, for this participant). Across participants, the 356 

directional tuning of the EVR during the 180° Double Target trials was not reliably different 357 

from that observed in the Single Target trials (paired t-test, t(10) = 1.92, P = 0.08), although we 358 

did find a systematic decrease in the amplitude of the fits (see below). 359 

 For both the 60° and 120° conditions, since we aligned our data relative to the final reach 360 

direction, the only difference between CW and CCW trials was the non-chosen target location. If 361 

the EMG-activity was the result of a perfect averaging between the two target locations, then we 362 

would predict the difference in PD between CW and CCW trials (∆PD) to be equal to the angular 363 

separation between the two targets (i.e. ∆PD = 60° and 120°, respectively). If the EMG-activity 364 

was only influenced by the chosen target direction, then we would predict no difference between 365 

CW and CCW conditions (∆PD = 0°). Consistent with the individual trial data from Figure 1b, 366 

we observed signs of averaging, albeit incomplete, for the representative participant for both the 367 

60° and 120° conditions, with ∆PDs of 49.3° and 53.0°, respectively (Figure 3a). 368 

 We found similar results of partial averaging across our participants for both the 60° 369 

(Figure 3b, left panel, mean  ±SEM, ∆PD = 38.6° ± 3.5°, one sample t-test against zero, t(10) = 370 

10.9, P < 10-6) and 120° Double Target conditions (∆PD = 47.2° ± 5.4°, one sample t-test, t(10) = 371 

8.7, P < 10-5). To fairly compare the extent of averaging between the conditions, we converted 372 

the ∆PD into an averaging ratio (Figure 3b, right panel): a value of 1 indicates complete 373 

averaging (∆PD = 60° and 120°, dashed lines) and a value of 0 indicates no averaging (∆PD = 374 

0°). Overall, we found that the extent of averaging decreases as the angular separation increased 375 
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from 60° to 120° (averaging ratio = 0.6 ± 0.06 and 0.39 ± 0.05 a.u., respectively, paired t-test, 376 

t(10) = 3.81, P = 0.003). 377 

 In addition to the changes in PD of the EVR tuning, we also quantified the changes in the 378 

amplitude during Double Target trials. Figure 3c shows the mean amplitude for the three 379 

conditions, normalized to each participant’s own Single Target amplitude as a baseline. We 380 

observed a systematic decrease in amplitude as a function of angular separation: 1.13 ± 0.04, 381 

0.88 ± 0.04, and 0.63 ± 0.05 a.u. for the 60°, 120°, and 180° conditions, respectively (repeated 382 

measures 1-way ANOVA, F(2,20) = 41.1, P < 10-7, post-hoc paired t-test, all t(10) > 5.5, P < 10-3). 383 

The systematic changes in PD and amplitude will be interpreted based on different possible 384 

averaging models tested below.  385 

  386 

Model predictions of EMG-activity during the EVR-epoch for Double Target trials 387 

Previous studies examining averaging behavior for both eye and reach movements have 388 

proposed different models for how the two visual targets may be integrated into a single motor 389 

command. These models make distinct predictions for how the PD and amplitude of the tuning 390 

curves should change between Single and Double Target trials (see Materials and Methods for 391 

exact details). Figure 4, right column, shows the predicted tuning curves generated from the four 392 

different proposed models for both the 120° CW and CCW conditions, using the Single Target 393 

data (dashed gray line) from the representative participants. Model 1 is the winner-takes-all 394 

model (Figure 4a), which proposes that the two visual targets compete for selection in a winner-395 

takes-all process, resulting in a motor command that is generated towards the winning target 396 

location (Donders, 1969; McClelland, 1979). Effectively, there is no integration between the two 397 

target locations at any stage of the process. Note this model is agnostic about whether the 398 
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competition for selection occurs at either a spatial or motor representation. Model 2 is the spatial 399 

averaging model (Figure 4b), which proposes that the two targets are first averaged into a spatial 400 

representation, resulting in a motor command towards the intermediate spatial direction (Findlay, 401 

1982; Glimcher and Sparks, 1993; Walker et al., 1997; Chou et al., 1999). Model 3 is the motor 402 

averaging model (Figure 4c), which proposes that the two targets are first converted into two 403 

independent motor commands (Edelman and Keller, 1998; Port and Wurtz, 2003; Cisek and 404 

Kalaska, 2005) and then averaged into a single motor command (Katnani and Gandhi, 2011; 405 

Stewart et al., 2014; Gallivan et al., 2017). Finally, Model 4 is the weighted motor averaging 406 

model (Figure 4d), which is a variation of the motor averaging model. Once again, the two 407 

targets are first converted into two separate motor commands, but a stronger weighting is given 408 

towards the chosen compared to the non-chosen target location (Kim and Basso, 2008, 2010; 409 

Pastor-Bernier and Cisek, 2011). The final motor command is then an average of these two 410 

differentially weighted motor commands. This model can be conceptualized as a race between 411 

two accumulators (Schall, 2001, Enachescu et al., 2021), with the eventual chosen target location 412 

accumulating at a faster rate compared to the non-chosen target location. Instead of fitting the 413 

weights of the chosen and non-chosen target locations, we decided to indirectly estimate them by 414 

using the Fast and Slow RT tuning curves from the Single Target trials, respectively (Figure 2b). 415 

Previous studies (Pruszynski et al., 2010; Gu et al., 2016, 2018) have linked trial-by-trial EVR 416 

magnitude to the ‘readiness’ of the motor system towards a specific target location. Here, we 417 

assumed that during Double Target trials the motor system reaches towards the more ‘ready’ 418 

target location.  419 

 420 
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Weighted motor averaging model best explains EVR-related EMG-activity  421 

Figure 5a and b summarize the four different model predictions (color lines) for both the ∆PD 422 

averaging ratio and normalized amplitude fits across the three different Double Target angular 423 

separation conditions relative to Single Target trials. The winner-takes-all model predicted no 424 

change in either ∆PD (i.e. averaging ratio = 0 a.u.) or amplitude (i.e. normalized amplitude = 1 425 

a.u.). Both the spatial and motor averaging models predicted complete averaging (averaging 426 

ratio = 1 a.u.) for both the 60° and 120° conditions. The key difference between the two models 427 

was in the predicted amplitude, where the spatial averaging model predicted no change 428 

(amplitude = 1 a.u.), while the motor averaging model predicted a systematic decrease 429 

(amplitude < 1 a.u.). Finally, the weighted motor averaging model predicted both a partial 430 

averaging (0 < averaging ratio < 1) and a decrease in amplitude. The extent of these changes 431 

depended on each participant’s own Fast and Slow RT fits. 432 

Figure 5a and b also show our observed group data (open bars) plotted against the 433 

predictions from the four models during the EVR-epoch. Note only the weighted motor 434 

averaging model (green lines) captured both the systematic decrease in averaging ratio and 435 

amplitude that was in the observed data. Since the parameters of all four models were derived 436 

from each participant’s own Single Target trials and contained no free parameters, we can 437 

directly compare the four different models. Figure 5c illustrates the mean ± SEM of the fit error 438 

between the observed and predicted fits across the participants. We found that the weighted 439 

motor averaging model best predicted the observed tuning curves compared to the other three 440 

models during the EVR-epoch (repeated measures 1-way ANOVA, F(3,30) = 7.7, P < 10-3, post-441 

hoc paired t-test, t(10) = 3.6, 4.1, and 4.8, P = 0.005, 0.002, and 0.0001, compared to the winner-442 

takes-all, spatial, and motor averaging models, respectively). 443 
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 444 

Winner-takes-all model best explains MOV-related EMG-activity 445 

Up to this point, we have only examined the initial wave of EMG-activity time-locked to the 446 

onset of the two visual targets (i.e. during the EVR-epoch). Are there also signatures of 447 

averaging in the tuning of EMG-activity associated with movement onset (MOV-epoch) in the 448 

Double Target trials? We therefore examined EMG activity during the MOV-epoch, i.e. mean 449 

EMG-activity -20 to 20 ms around reach onset.  450 

Figure 6a shows the EMG-activity during the MOV-epoch for individual trials for our 451 

exemplar participant, centered at the chosen target direction and split by the direction of the non-452 

chosen target and the three target separations. On top the cosine tuning curves are shown. For 453 

this subject the amplitudes do not differ between target separations or non-chosen target 454 

direction. However, small shifts in preferred direction, away from the non-chosen target, can be 455 

observed for the 60° and 120° target separation. 456 

Figure 6b and c show both the averaging ratio and amplitude across participants, based 457 

on fits to the EMG-activity during the MOV-epoch. Unlike the EVR-epoch, the winner-takes-all 458 

model best predicted EMG-activity around reach onset (Fig. 6d, repeated measures 1-way 459 

ANOVA, F(3,30) = 348.8, P < 10-22, post-hoc paired t-test, t(10) = 28.6, 21.8, 29.0, all P < 10-9, 460 

compared to the spatial, motor, and weighted motor averaging models, respectively). Although 461 

the winner-takes-all model provides the best explanation for our MOV-epoch data, we still 462 

observed an influence of the non-chosen target location with an averaging ratio shifting in the 463 

opposite direction, suggesting a repulsion from the non-chosen target location (averaging ratio = 464 

–0.13 ± 0.03 and –0.11 ± 0.01 a.u., for 60° and 120° Double Target trials, respectively, one 465 

sample t-test against zero, t(10) = –4.2 and –11.7, both P < 0.05, Fig. 6b). However, in the next 466 
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section we will argue that this is not a genuine repulsion from the non-chosen target, but rather 467 

compensation for the earlier attraction by the non-chosen target in the EVR-epoch. 468 

 469 

Early kinematics show attraction to the non-chosen target location  470 

Having established an opposite influence of the non-chosen target on the tuning of EMG-activity 471 

during the EVR and MOV-epoch, we next determined whether the brief burst of muscle 472 

recruitment during the EVR-interval carried any behavioral consequences. Figure 7a shows the 473 

representative participant’s initial reach error (i.e. the difference between the chosen target 474 

location and the initial reach direction at the time of reach onset) for both Single and Double 475 

Target trials. For the Single Target trials the distribution of initial reach direction is closely 476 

centered on the actual target direction. However, for the Double Target trials the distributions of 477 

initial reach direction are clearly shifted toward the non-chosen target. Figure 7b shows the 478 

median initial reach error direction, averaged across participants. This initial reach error differed 479 

significantly from zero for both target separations (Initial Reach Error = 15.2° ± 4.3° and 13.9° ± 480 

5.5°, paired t-test, t(10) = -11.7 and -8.4, both P < 10-5, respectively). These initial reach errors 481 

indicate an early attraction toward the non-chosen target, which is consistent with the averaging 482 

of EMG-activity during the EVR-interval. Following this averaging during the EVR-interval, we 483 

subsequently observed an opposite effect in the tuning of the EMG-activity in the MOV-epoch 484 

for the Double Target trials. This is highlighted by a significant negative averaging ratio (Figure 485 

6b). We surmise that this opposing effect corresponds to compensatory muscular activity that 486 

corrects for the initial attraction of the arm toward the non-chosen target, bowing the arm back 487 

toward the chosen target location (Figure 7c).   488 

  489 
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DISCUSSION 490 

Contemporary theories of decision-making posit that multiple potential motor plans compete for 491 

selection (Cisek, 2007; Schall, 2001). Behavioral and neurophysiological results have shown 492 

such competition within the oculomotor system (Chou et al., 1999; Coren and Hoenig, 1971; 493 

Findlay, 1982; Ottes et al., 1984; Walker et al., 1997; Bhutani et al., 2012), but it is unclear 494 

whether such results generalize to reaching. Here, by measuring upper limb EMG during a 495 

reaching task that demands an immediate response, we demonstrate that the non-chosen target 496 

influences the earliest wave of muscle recruitment following target onset. Such evidence is 497 

apparent on single trials, implicating biased competition between the chosen and non-chosen 498 

target within upstream premotor areas soon after target appearance. This initial biased motor 499 

averaging affected the initial direction, but subsequently gave way to a goal-directed motor 500 

command that bowed the arm back onto a trajectory directed toward the chosen target. 501 

 502 

The EVR is a trial-by-trial weighted average of motor commands  503 

We tested different models of how the brain could have integrated the two visual targets 504 

and found that a weighted-motor-averaging model best explained partial averaging during the 505 

EVR-epoch. Such weighted-motor-averaging is apparent on a single trial and inconsistent with a 506 

recent interpretation that the apparent encoding of multiple alternatives in premotor cortex is 507 

caused by averaging of different alternatives across multiple trials (Dekleva et al., 2018). Instead, 508 

our result is consistent with contemporary theories for a deliberation process between multiple 509 

motor plans (Cisek, 2007; Schall, 2001; Enachescu et al., 2021). For example, previous 510 

neurophysiological studies have shown that experimentally manipulating the decision variable, 511 

via either target uncertainty (Basso and Wurtz, 1997; Dorris and Munoz, 1998), target 512 
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expectation (Basso and Wurtz, 1998; Bichot et al., 1996), or reward expectation (Pastor-Bernier 513 

and Cisek, 2011; Rezvani and Corneil, 2008), modulates the neural representation of the 514 

competing motor plans. Similarly, signatures of an evolving decision variable during deliberation 515 

have been shown in the long latency reflex, when participants must indicate the direction of a 516 

random-dot motion stimulus (Selen et al., 2012). Here, we exploited the fact that participants 517 

randomly choose one of two visual targets and demonstrated post-hoc that the averaged EVR 518 

was biased towards the chosen target. This suggests that either fluctuations along the 519 

sensorimotor pathway (Faisal et al., 2008; Siegel et al., 2015) or idiosyncratic preferences based 520 

on previous choices (Urai et al., 2019) biased both the initial EVR and the ultimate choice. 521 

Interestingly, the influence of idiosyncratic preferences on the representation of alternatives was 522 

also reported in premotor cortex (Dekleva et al., 2018).  523 

While the weighted-motor-averaging model best explained the EVR, the fits were 524 

imperfect (Figure 5). This is likely due to the arbitrary weighting of the EVR strength for the 525 

chosen vs. non-chosen target, exploiting the inverse relationship between EVR magnitude and 526 

reach RT (Gu et al., 2016; Pruszynski et al., 2010; Wood et al., 2015). We assume an 527 

independent race between the motor programs to each of the two targets, with the one proceeding 528 

faster (drawn from the shorter-than-average subset, having a larger EVR) ‘winning’ over the 529 

non-chosen alternative (Rowe et al., 2010). This process is admittedly coarse, as it remains 530 

unknown what the RT and EVR of the non-chosen alternative would have been. Regardless, only 531 

the weighted-motor-averaging model captured the influence of the non-chosen target on both the 532 

EVR tuning and magnitude (Figure 5); hence this model best captures the essence, if not the 533 

magnitude, of the interaction between competing motor plans. 534 
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A weighted-spatial-averaging model, an extended version of Model 2, was not explicitly 535 

evaluated. If we would allow the averaged target location to be somewhere between the 536 

presented targets, instead of in the middle, the pre-motor circuitry would receive a ‘go here’ 537 

signal that could change the shift of the tuning curve, but would not influence the amplitude of 538 

the tuning. In contrast, our data show a systematic decrease in amplitude for the Dual Target 539 

conditions, which can only be captured by the weighted-motor-averaging model. 540 

 541 

Influence of task design on the EVR  542 

Our results illustrate that different stages of decision-making influence distinct EMG 543 

epochs in the motor periphery and thus suggest an influence of task design or stimulus properties 544 

on these epochs. Indeed, the EVR is muted (Wood et al., 2015) or abolished (Pruszynski et al., 545 

2010) when a delay is imposed between stimulus presentation and movement onset.  546 

Furthermore, the EVR is augmented when targets are temporally predictable (Kozak et al., 2020; 547 

Contemori et al., 2021a). Given this, the EVR may be negligible or absent in delayed response 548 

tasks (Cisek and Kalaska, 2005; Dekleva et al., 2018; Thura and Cisek, 2014), or in ‘go-before-549 

you-know’ tasks introducing a delay between presentation of alternatives and initiation of the 550 

reach. When an immediate response is required in the ‘go-before-you-know’ paradigm, the 551 

intermediate reaching movements skew toward the more salient stimulus (Wood et al., 2011), 552 

paralleling the observation of earlier and larger-magnitude EVRs evoked by high-contrast (Wood 553 

et al., 2015; Kozak and Corneil, 2021) or low-spatial frequency stimuli (Kozak et al., 2019).   554 

The instruction to move rapidly reduces the production of intermediate reaches, possibly 555 

due to adopting a control policy that maximizes task success (Wong and Haith, 2017). While the 556 

impact of velocity instructions on the EVR is unknown, previous results suggest that the 557 
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magnitude, not timing, of the EVR would be modulated by changing control policy (Gu et al., 558 

2018, 2016). Furthermore, the EVR’s short-latency makes the establishment of a control policy 559 

after target presentation unlikely, but suggests a task dependent, preset control policy 560 

implementing task instructions affecting relevant motor circuitry (Scott, 2016; Contemori et al., 561 

2022).  Recently, Enachescu et al. (2021) provided a dynamic neural field model connected with 562 

stochastic optimal feedback controllers. This model executes a weighted average of a continuum 563 

of control policies for all possible reach directions, where competition and weighing of control 564 

policies continues as the reach unfolds, consistent with the present findings. 565 

 566 

Kinetic consequences of the EVR 567 

EMG recordings permit the resolution of a decision-making dynamic at a level that 568 

would be difficult, if not impossible, to resolve based on kinematics alone. For example, while 569 

EMG-activity during the EVR was biased toward the non-chosen target, EMG-activity during 570 

the MOV-interval was biased away from the non-chosen target (Fig. 6). At first glance, opposite 571 

directions of EMG recruitment in these intervals seems paradoxical. The forces consequent to the 572 

brief and smaller-magnitude EVR are undoubtedly less than those developed closer to the time of 573 

reach initiation. However, the EVR has behavioral consequences, generating small forces toward 574 

a stimulus (Gu et al., 2016). We show that forces from the averaged EVR bias the initial reach 575 

toward the non-chosen target, but subsequent EMG compensates for their trial-specific kinematic 576 

consequences. This suggests that voluntary control mechanisms are rapidly informed about trial-577 

specific kinematic consequences of the averaged EVR, using this information for feedforward 578 

adjustments of the voluntary EMG-activity. These adjustments occur within 100ms after the 579 

onset of EVR and are unlikely to be driven by visual feedback of the cursor.   A similar fast 580 
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mechanism has been reported for stretch reflexes (Pruszynski et al., 2009). If the background 581 

load to a muscle increases, the mono-synaptic short latency reflex increases, but adjustments in 582 

later phases, as quick as 45 ms after perturbation onset, already compensate for the stronger 583 

adjustment in the first phase.  584 

 585 

A shared neural substrate with the saccadic system 586 

 Our task incorporated many task features used to elicit saccadic averaging (Chou et al., 587 

1999; He and Kowler, 1989), including the requirement for an immediate response. Most 588 

experiments on saccadic averaging have not been designed to dissociate between averaging at 589 

the spatial or motor level. However, by contrasting two task instructions (“look at the last 590 

presented target” vs “look at the targets in order of presentation”) in a double-step paradigm, 591 

Bhutani et al., (2012) provided evidence that saccadic averaging also takes place at the level of 592 

the motor plan. Saccade kinematics offer a straightforward readout of the temporal evolution of 593 

decision-making, paralleling our observations for EVRs. For example, the transition from an 594 

averaged to a goal-directed command between the EVR and MOV-epoch resembles the 595 

observation that averaging is strongest for short-latency saccades (Chou et al., 1999; Walker et 596 

al., 1997). Further, EVR averaging diminishes with increasing angular target separation, 597 

resembling observations for saccadic averaging (Chou et al., 1999; Vokoun et al., 2014). 598 

Saccadic averaging has been related to the initial representation and subsequent resolution of 599 

competing saccade plans within superior colliculus (Edelman and Keller, 1998; Port and Wurtz, 600 

2003; Vokoun et al., 2014). Superior colliculus is also a potential substrate for the EVR via the 601 

tecto-reticulo-spinal pathway (Corneil and Munoz, 2014; Glover and Baker, 2019; Gu et al., 602 

2016; Pruszynski et al., 2010; Contemori et al., 2021a, Kozak and Corneil, 2021; Kozak et al., 603 
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2019). Thus, circumstantial evidence suggests that saccadic averaging and EVR averaging on 604 

upper limb muscles may have a common collicular substrate. This subcortical substrate for the 605 

deliberation process would agree with findings that M1 and PMd are mainly involved in 606 

commitment to a choice (Derosiere et al., 2019; Thura and Cisek, 2020), but not the competition 607 

between alternatives. Future neurophysiological experiments should investigate the causal 608 

structure between weighted averaging of the EVR and the commitment to a single goal-directed 609 

reach.  610 

In summary, we examined neuromuscular activity during a free-choice reaching task to 611 

two targets. We found that, similar to saccadic averaging, the earliest motor command in the 612 

reaching system attests to a still-unresolved competition between multiple distinct motor plans. 613 

However, this competition is rapidly resolved and by the time of movement onset the motor 614 

system generates a goal directed reach movement that compensates for the averaging observed in 615 

the early trajectory.  616 

 617 

 618 
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FIGURE LEGENDS 628 

Figure 1: EVR from a representative participant. A. Individual (middle panel) and mean ± 629 

SEM (right) log-normalized EMG-activity from the right PEC muscle during left-outward 630 

(yellow), straight outward (gray), and right-outward (green) Single Target reach trials (left 631 

panel). All EMG- activity is aligned to the onset of the peripheral visual target (thick black 632 

vertical line). For the middle panel, each row represents EMG-activity within a single trial and 633 

trials were sorted based on reach RT (colored squares). Dashed white box and shaded area in the 634 

individual and mean EMG plots represent the EVR-epoch (85-125 ms after stimulus onset). B. 635 

EMG-activity for Double Target trials when matched for the same outward reach movement. 636 

The non-chosen target was either 60° CW (blue) or CCW (red) of the reach target. Same layout 637 

as A. C. EMG-activity for 120° Double Target trials for the same visual target layout, but 638 

different chosen target directions. Same layout as A. * P < 0.05. 639 

 640 

Figure 2: Directional tuning of the EVR during Single Target trials. A. Cosine tuning of log-641 

normalized EVR magnitude as a function of the target direction for Single Target trials from the 642 

representative participant in Figure 1. Dots indicate each trial, the solid line indicates the fit, and 643 

the arrow indicates the PD of the fit. B. The cosine tuning is maintained regardless of the ensuing 644 

reach RT, same data as a. but re-fitted for Fast (black) and Slow RT (gray) Single Target trials 645 

separately. For illustration purposes only, we have staggered the individual trial data to illustrate 646 

the difference between the two conditions. We did not stagger the cosine tuning curves. C. D. 647 

Group (n = 11) mean ± SEM for the PD (c) and amplitude (d) of the fits between the Fast and 648 

Slow RT trials. Each gray line indicates an individual participant, and the darker line indicates the 649 

representative participant. * P < 0.05. 650 
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 651 

Figure 3: Systematic changes in directional tuning of the EVR during Double Target trials. 652 

A. Fits for 60°, 120° and 180° conditions of the Double Target trials with all data aligned to the 653 

chosen target direction from the representative participant. For both the 60° and 120° conditions, 654 

the trials were sorted based on whether the non-chosen target was either CW (blue) or CCW 655 

(red) of the chosen target direction. Data in the shaded panel indicates the trials from Figure 1b. 656 

B. Group mean ± SEM shifts in PD (∆PD) between the CW and CCW trials (left panel) and the 657 

normalized averaging ratio (right) for both 60° and 120° conditions across our participants. 658 

Dashed box indicates the predicted ∆PD if the EVR would be a complete average of the two 659 

targets (averaging ratio = 1 a.u.). C. Mean ± SEM amplitude of the fits for the three different 660 

Double Target conditions across our participants. The amplitudes were normalized to each 661 

participant’s own amplitude fit from the Single Target trials. Each grey line indicates a different 662 

participant. * P < 0.05. 663 

 664 

Figure 4: Model predictions of the tuning curves during Double Target trials. A. The 665 

winner-takes-all model chooses one visual stimulus as the target and converts it into the final 666 

motor command. B. The spatial averaging model averages the two visual stimulus directions 667 

into an intermediate target direction and that target direction is converted into a motor command. 668 

C. The motor averaging model first converts the two visual stimuli into two separated motor 669 

commands. Then it averages the two motor commands into a single motor command. D. The 670 

weighted motor averaging model first converts the two visual stimuli into two separate motor 671 

commands, but the cosine tuning have different weights. Then it averages the two motor 672 
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commands into a single motor command. For the right column: red curves for CW chosen target, 673 

blue curves for the CCW chosen target and dashed grey curve the single target tuning curve. 674 

 675 

Figure 5: Comparisons of model predictions and observed group data for Double Target 676 

trial fits. a, b. The model predictions (colored lines, see legend for color coding) overlaid over 677 

the observed mean ± SEM group data (open black bars) for EMG-activity during the EVR-epoch 678 

(85 to 125 ms after stimuli onset) for both the averaging ratio (a) and amplitude (b). c. The mean 679 

± SEM group model fit errors for the four different models.  680 

 681 

Figure 6: EMG-activity and tuning properties in the MOV-epoch (-20 to 20 ms around 682 

reach RT). a. Fits for 60°, 120° and 180° conditions of the Double Target trials with all data 683 

aligned to the chosen target direction from the representative participant. For both the 60° and 684 

120° conditions, the trials were sorted based on whether the non-chosen target was either CW 685 

(blue) or CCW (red) of the chosen target direction. b, c. The model predictions overlaid over the 686 

observed mean ± SEM group data (open black bars) for EMG-activity during the MOV-epoch 687 

for both the averaging ratio (b) and amplitude (c). d. The mean ± SEM group model fit errors for 688 

the four different models. * P < 0.0083.   689 

 690 

Figure 7: Systematic repulsion away from the non-chosen target direction at the time of 691 

reach RT. a. Histogram of reach error direction, relative to the chosen target direction, at the 692 

time of reach RT for the representative participant during the experiment. For Double Target 693 

trials, the location of the non-chosen target direction is shown as colored circles along the x-axis. 694 

Vertical lines represent the median reach errors. b. Mean  ±SEM of difference in median reach 695 
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error between CW and CCW during Double Target trials. Dashed boxes represent full averaging, 696 

i.e. predictions from model 2 and 3. c. Initial reach errors converge to the target direction while 697 

the reach unfolds and the reach percentage (RP) increases. RP = 0% corresponds to hand speed 698 

above 2cm/s and RP = 100% to covering the target distance. Across subjects and conditions this 699 

corresponds to a time window of 270 ± 23ms. 700 

  701 
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