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Pixying behavior: a versatile real-time and post-hoc automated optical 42 
tracking method for freely moving and head fixed animals 43 

Abstract 44 
A traditional approach to the study of neural function is to relate activity in a 45 
circuit to a distinct behavior. While methods for measuring and manipulating 46 
neural activity have become increasingly sophisticated, the ability to monitor and 47 
manipulate behavior has not kept pace. Here we describe an automated optical 48 
method for tracking animal behavior in both head-fixed and freely moving 49 
animals, in real-time and offline. It takes advantage of an off-the-shelf camera 50 
system, the Pixy camera, designed as a fast vision sensor for robotics that uses 51 
a color-based filtering algorithm at 50 Hz to track objects. Using customized 52 
software, we demonstrate the versatility of our approach by first tracking the 53 
rostro-caudal motion of individual adjacent row (D1, D2) or arc whiskers (beta, 54 
gamma), or a single whisker and points on the whisker pad, in head-fixed mice 55 
performing a tactile task. Next we acquired high-speed video and Pixy data 56 
simultaneously, and applied the pixy based real-time tracking to high-speed 57 
video data. With this approach we expand the temporal resolution of the Pixy 58 
camera and track motion (post-hoc) at the limit of high-speed video frame rates. 59 
Finally, we show that this system is flexible: it can be used to track individual 60 
whisker or limb position without any sophisticated object tracking algorithm, it can 61 
be used in many lighting conditions including infrared; it can be used to track 62 
head rotation and location of multiple animals simultaneously. Our system makes 63 
behavioral monitoring possible in virtually any biological setting.  64 
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Significance statement 65 
We developed a method for tracking the motion of whiskers, limbs and whole 66 
animals in real-time. We show how to use a plug and play Pixy camera to 67 
monitor the motion of multiple colored objects in real-time and post-hoc. Our 68 
method has major advantages over currently available methods: we can track the 69 
motion of multiple adjacent whiskers in real-time at 50 Hz, and apply the same 70 
methods post-hoc at a high-temporal resolution. Our method is flexible; it can 71 
track objects with similar shape like two adjacent whiskers, forepaws or even two 72 
freely moving animals. With this method it becomes possible to use the phase of 73 
movement of particular whiskers or a limb to perform closed-loop experiments.74 
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Introduction 75 
A traditional approach to the study of neural function is to relate activity of 76 

a circuit to a distinct behavior. While methods for measuring and manipulating 77 
neural activity have become increasingly sophisticated, the ability to monitor and 78 
manipulate behavior in real-time has not kept pace. Even today, despite the 79 
advancement in the methods developed to precisely track animal behavior such 80 
eye movement or head-direction of animal in real-time at different contexts 81 
(Holscher et al. 2005; Wallace et al. 2013), in some of the most sophisticated 82 
closed-loop behavioral electrophysiology and imaging systems i.e. visual virtual 83 
reality where motion of the treadmill or air-ball is used to remap the visual world, 84 
there is no direct report of the animal movement; the motion of the animal is 85 
tracked indirectly by monitoring the movement of the treadmill or the air-ball 86 
(Cushman et al. 2013; Dombeck et al. 2007; Harvey et al. 2009; Legg and 87 
Lambert 1990). 88 

To overcome these kinds of limitations in behavioral monitoring we used  89 
the whisker system, a model sensory motor system in which many of the key 90 
advances in monitoring neural activity in vivo have been used i.e. calcium 91 
imaging of neurons and dendrites in vivo, imaging activity of axons, whole cell 92 
patching in behaving animals etc. (Gentet et al. 2010; Lee et al. 2006; Petreanu 93 
et al. 2012; Svoboda et al. 1997; Svoboda et al. 1999). While the whisker to 94 
barrel cortex system is a model for investigations of sensory motor processes, it 95 
has one key limitation; whiskers are tiny, and can be difficult to track in real time. 96 
In the last decade , a variety of approaches have been used for monitoring 97 
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whisker movement during behavior (2013; Hentschke et al. 2006; Sofroniew and 98 
Svoboda 2015; Zuo et al. 2011). High-speed videography is one common 99 
approach (Arkley et al. 2014; Carvell and Simons 1990; Clack et al. 2012; Grant 100 
et al. 2009; Hartmann et al. 2003; Knutsen et al. 2005; Ritt et al. 2008; Sachdev 101 
et al. 2001; Voigts et al. 2015; Voigts et al. 2008). Another approach is to use 102 
electromyography (Berg and Kleinfeld 2003; Carvell and Simons 1990; Fee et al. 103 
1997; Sachdev et al. 2003; Zagha et al. 2013). Alternatively, an array of sensors 104 
or a single laser / IR sensor has been used for tracking the movement or position 105 
of a whisker (Bermejo et al. 1996; O'Connor et al. 2013). Each of these 106 
approaches has advantages and disadvantages. EMG provides real-time 107 
feedback, but it does not have the spatial resolution for monitoring the motion of 108 
any individual whisker (Berg and Kleinfeld 2003; Carvell and Simons 1990; Fee 109 
et al. 1997; Sachdev et al. 2003; Zagha et al. 2013). High-speed imaging has 110 
unmatched spatial-temporal resolution; it can be used for monitoring one or 111 
multiple whiskers at a time, but it is typically not used in real-time or in feedback 112 
mode (Diamond et al. 2008; Gyory et al. 2010; Knutsen et al. 2005; O'Connor et 113 
al. 2010; Perkon et al. 2011; Voigts et al. 2008). In addition, when automated 114 
analysis for tracking high speed video methods are inflexible, as most tracking 115 
algorithms are customized to track a distinct object in a very specific setting. 116 
Most of the automated algorithms for tracking objects with high speed cameras, 117 
cannot track whiskers or limbs, in systems where the floor and the walls around 118 
and under the animal move (Nashaat et al. 2016).  119 
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In this study, we present a method that turns an off-the-shelf camera 120 
(helped along by customized software) into a versatile real-time optical tracking 121 
system for monitoring whiskers, limbs or whole animals. We can quantify the 122 
location, trajectory and speed of almost any part of the body or of the whole 123 
animal. The same camera and algorithm can be used for offline tracking of 124 
movement, with almost no limit to the temporal resolution. This system makes it 125 
possible to analyze large quantities of video data and to generate continuous 126 
waveform of movement.   127 
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Methods 128 
Animals: All animal procedures were performed in accordance with the 129 

animal care committee's regulations. Mice were maintained in a reverse day 130 
night cycle environment throughout the course of the experiments. Eight adult 131 
female mice were surgically prepared for head restraint by attaching a head-post 132 
to the skull under Ketamine/Xylazine anesthesia (90 mg/10 mg/Kg). In the two 133 
days after surgery, Buprenex analgesia (0.1 mg/Kg) was administered and the 134 
animal health was monitored. Rely-X cement was used to affix the head-post to 135 
the skull (Applicaps, 3 Com, USA) (Andermann et al. 2013). In two animals, a 136 
lightweight detachable Styrofoam color ID was affixed to the head-post to enable 137 
tracking of the freely moving animal.  138 

One to two weeks after surgery, animals were habituated to head-fixation 139 
on a stationary platform, or to head-fixation on a treadmill or were allowed to 140 
explore a clear linear 42 cm long x 9 cm wide track made of Styrofoam. In 141 
subsequent days, animals were head-restrained for short periods of time, while 142 
individual whiskers were painted by dabbing UV sensitive body paint (UV Glow, 143 
Germany) mixed with super glue. Mice were habituated to the coloring of 144 
whiskers and the placement of a piezo-film sensor at some fixed distance from 145 
the whiskers (Bermejo and Zeigler 2000; Sachdev et al. 2001). Whisker contact 146 
with the sensor was rewarded with a drop of sweetened condensed milk. Mice 147 
were trained to move their whiskers in response to a sound cue (Figure 1). 148 
Whisker contact of sufficient force against the piezo-film sensor elicited a reward 149 
(Figure 1B). In the second task, animals were habituated to head-fixation while 150 
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on a treadmill. The forepaws were painted with two different UV dyes one for 151 
each paw. For freely moving animals, a piece of multi-colored Styrofoam 152 
(different colors combination for each animals) was glued to head-post and used 153 
for tracking mice in regular light conditions. In all paradigms, animals were water 154 
restricted and weights were monitored daily and maintained at >85% body 155 
weight. 156 

Experimental setting: A Pixy Camera (Charmed labs, Carnegie Mellon 157 
University) was equipped with a 10-30 mm f1.6 IR lens and connected to the 158 
USB port of a computer. Pixy uses an HSV (hue, saturation, and value) color-159 
based filtering algorithm to track colored objects. The open-source camera 160 
software, PixyMon, was used to mark up the colored whiskers and limbs defining 161 
a distinct signature for each color. Color signatures were tuned to achieve 162 
consistent tracking without generating false positives (detecting wrong objects) or 163 
false negatives (detecting the object intermittently or sparsely).  164 

Tracking software and importing data: PixyMon is the commercial computer 165 
software used to communicate with the Pixy camera. It is written using Qt 166 
language, which is an event-based C++ cross-platform framework widely used in 167 
GUI applications. PixyMon enables signature tuning – i.e. tuning the tracking of a 168 
colored object -- via its configure dialog tab. The tolerance of each signature can 169 
be optimized by adjusting a set of graphical sliders. The camera can learn up to 7 170 
distinct colors counting from “Signature 1” up to “Signature 7”. The user can 171 
either assign a signature as a “standard” signature where objects are detected 172 
based on a single color, or the user can assign a “color-code” signature in which 173 
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detected objects consist of 2 or more adjacent colors in distinct sequence. The 174 
“color-code” signatures reduce false positives, as they limit the possibility that 175 
colors are confused with other similar objects in the camera view. In the color-176 
code mode, PixyMon software reports the angle based on the position and 177 
rotation of two or more adjacent color. Here we used the “standard” mode for 178 
tracking whiskers, the whisker pad, and limbs (Figure 1-5) and use the color 179 
code for tracking the head rotation, and location of the freely moving animal 180 
(Figure 6).   181 

Signature-mapper: We modified PixyMon to send coordinates over the 182 
network using (UDP) “user datagram protocol” to a new software that we’ve 183 
developed and called the signature-mapper.  This software can receive 184 
coordinates from multiple simultaneously running instances of PixyMon. It can 185 
also be used to automatically compress the video data played back in slow 186 
motion uniformly after acquisition with high speed camera. 187 

The signature-mapper is linked via a serial port to Spike 2 (or it can be 188 
linked to MATLAB or another python application via UDP or TCP “transimission 189 
control protocol”), or to a file to be stored on disk. In its current implementation 190 
the signature-mapper allows 7 different output channels (from ‘C1’ to ‘C7’). The 191 
source code and the binaries for the modified PixyMon and the signature-mapper 192 
are available at: http://www.neuro-airtrack.com/pixy_paper/pixy.html, 193 
https://github.com/larkum-lab, RRID: SCR_014813. 194 

System validation: The Pixy camera has a 50 Hz temporal resolution in 195 
real-time. To measure the actual temporal resolution and delay from the Pixy 196 
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camera to Arduino or Spike2 / CED Power 1401 interface, we triggered a green 197 
LED with a TTL and turned it off at the first report of a signal from the camera. 198 
We recorded the timestamps of both LED trigger and the first serial message that 199 
reported that the LED turned on, from Pixy camera either directly through 200 
Arduino or indirectly through Pixy USB port connected to the PixyMon which 201 
sends the data to Spike 2 via the Signature-Mapper software. We found that the 202 
time lag between triggering of the LED and reporting is ~ 30 ms. In another test 203 
of the system, we used a colored object attached to rotary motor, where the 204 
frequency of movement could be altered between 5-20 Hz. This experiment 205 
showed that Pixy can be used to make complete waveform of motion at about ~ 206 
8-Hz. 207 

During whisker tracking in real-time, there was a potential for false 208 
positives, or a false negative (missed frames). False positive frames usually 209 
develop when a colored object – a single painted whisker which can be reported 210 
as more than one signature (because of the angle or position of the colored 211 
whisker relative to the Pixy camera) is seen in two locations in the same frame. 212 
We excluded any frame which had more than one value for the same signature. 213 
Normally, this error is evident during real-time data collection, and can be 214 
corrected by changing the lighting or recoloring the whiskers / limbs or the head 215 
of the animal. To correct for missed frames (false negatives) we use offline 216 
tracking and data synchronization (Figure 3; see below). 217 

Resampling high-speed videography and synchronization: Synchronizing 218 
data stream obtained by PixyMon from high-speed camera in slow motion 219 
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depends on temporal resolution of high-speed camera and the replay speed of 220 
the movies in slow motion. The Signature-mapper software uses the values of 221 
recorded and replayed frame rates to process the offline tracking data and to 222 
synchronize it with the real-time video. The experimenter inputs the rate by which 223 
the recorded video was slowed down while the software applies a simple 224 
mathematical formula to perform the compression for the data stream obtained 225 
offline to fit the real-time value of the video.  226 

Data acquisition: Painted whiskers or limbs or color ID on the animal head 227 
showed continuous tracking without saturation or breakdown. Pixy adapts to a 228 
variety of light conditions, including dark-ultraviolet, infrared, incandescent 229 
(reddish hue), or fluorescent (bluish hue) light. The white balance for each 230 
lighting condition is automatically adjusted as the Pixy powers on. When light 231 
conditions change, the white balance can be reset by unplugging the Pixy 232 
camera or by pressing the reset button for 2 seconds. In dark light, we use no 233 
more than 3 colors. In IR light, a whisker was painted with fluorescent dye and 234 
tracked using illumination from an infrared light source (Thorlabs, Newton, NJ). 235 
On the treadmill, the same methodology was applied for tracking forepaws (one 236 
color for each paw). For freely moving animals, we tracked the head direction 237 
using multi-color signatures, called a “color code” with which object position and 238 
angle can be automatically tracked. For offline tracking, a Basler high-speed 239 
color camera (Model number acA1920-155) was used to capture images at 155 240 
Hz. The high-speed camera recordings were played back in slow motion on a 241 
screen while the Pixy camera was setup to track the colored objects off the 242 
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screen. From day to day, the coordinates (units) can vary because of positioning 243 
of the camera, the precise zoom used on the camera, and the angle of the 244 
camera. In the case of the beta gamma whiskers, which are arc whiskers, there 245 
is considerable overlap in position of the whiskers relative to the camera (Figure 246 
2).  247 

Here we use Spike2 (CED, Cambridge) for data acquisition. A Spike2 248 
script is used to transform the x, y, and angle text coordinates into waveforms. 249 
The spike2 script is available online at: http://www.neuro-250 
airtrack.com/pixy_paper/pixy.html, https://github.com/larkum-lab, RRID: 251 
SCR_014813. 252 

Data analysis: The real-time data from Pixy was mapped to Spike 2 253 
channels.  When combined with the timing of behavioral events it is possible to 254 
take single trial (touch triggered or go-cue triggered) data for two adjacent 255 
whiskers and to make average waveforms for all movement data for each 256 
whisker over multiple trials. To show that both the x and y coordinates could be 257 
monitored by Pixy we sampled the x and y coordinates of limb position and 258 
mapped this to Spike2 channels. In freely moving animals, the head rotation 259 
angle and x / y coordinates of animal position were acquired into spike 2 260 
channels and converted into a linear track of movement of the animal, or into 261 
heat maps of the animal.  For the heat maps, we constructed a 2 dimensional 262 
histogram of pixels in each video frame, and applied 100 rounds of spatial 263 
filtering, where each pixel’s value was recomputed as the mean value of the pixel 264 
and each of its adjacent pixels (n=8). Finally, high-speed video acquired at 150 265 
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Hz was played back at 6 Hz, and Pixy was used to capture the movement of 266 
whiskers into a spike2 channel.  267 
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Results 268 
 We used the Pixy-based system on head-fixed mice (n=6). 5 mice had 269 
their whiskers painted with UV-fluorescent paint and 1 mouse had both forelimbs 270 
painted (see Methods). A high-speed Basler camera and a Pixy camera were 271 
positioned to track two whiskers (Figure 1A). In this paradigm, mice were 272 
conditioned to whisk in order to contact a piezo-film sensor after a sound go-cue 273 
turned on (Figure 1B). To ensure that the painted whiskers were used in the 274 
contact task, the large whiskers rostral to the painted ones were trimmed off. We 275 
first determined whether the real-time whisker motion captured in video frames 276 
matched the position data recorded in real-time (Figure 1C). Video synchronized 277 
to the real-time data provided by Pixy indicated that both the absolute (real) and 278 
relative (x, y coordinates in the Pixy frame) whisker positions were tracked 279 
accurately (Figure 1C middle). In frame 1, the two painted whiskers are close to 280 
each other, in frame 2 both tracked whiskers are further apart. The total 281 
movement (in 20 ms) of the two whiskers is reflected in the length of the lines 282 
(Figure 1C, middle) and the location of the red and green traces (lines) reflects 283 
the position of the whiskers in the two frames. 284 

Next we used these methods to track two adjacent whiskers (Figure 2A, 285 
Video 1). The D2 and D1 or the beta and gamma whiskers were tracked in the 286 
course of five cue-triggered contacts. The mouse used the D2 or the beta 287 
whisker to touch the piezo-film sensor. These five contact trials show that at rest 288 
and during contact with the piezo-film sensor, the position of D2 whisker rarely 289 
overlapped (<1 mm) with the D1 whisker (at least at the point where the two 290 
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whiskers were painted). While the two whiskers position was distinct and non-291 
overlapping, the motion of the whiskers was in phase with each other. In 292 
contrast, when the arc whiskers (beta and gamma) were tracked (Figure 2A, 293 
right), the whiskers showed considerable overlap in the rostro-caudal position. 294 
These data indicate that the spatial location of the whiskers can be accurately 295 
tracked. Next we generated whisker touch triggered averages of movement of 296 
the two painted whiskers in each animal (Figure 2B). These experiments show 297 
that the whisker that touched the sensor (D2 or beta) moved to a greater extent, 298 
i.e. there is a larger deviation from rest on average for the whisker used to elicit 299 
touch-triggered reward.  300 

To examine whether we could use these methods to track the motion of a 301 
single whisker over days of training, we painted the B2 whisker each day and 302 
tracked the performance of a single mouse. On day 1 (Figure 2C, left) the 303 
average sound cue triggered whisker movement of the B2 whisker was minimal, 304 
but by day 9 of training the B2 whisker moved immediately after the go-cue 305 
turned on (Figure 2C, right). The whisker movement data for these days could 306 
also be aligned to the timing of contact; this also shows a change from day 1 to 307 
day 9, in the average rate of movement, as the B2 whisker makes contact with 308 
the piezo-film (Figure 2D). 309 

The real-time temporal resolution of 50 Hz is borderline for the use of the 310 
Pixy camera for fast movements of the body, fast movements that include 311 
whisking, which in mice can reach 25 Hz. We therefore developed and validated 312 
another approach – an automated, offline, slow motion approach using an 313 
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additional high-speed video camera that is often used to faithfully track whisker 314 
motion. The recorded high-speed video behavior was played back on a computer 315 
monitor in slow motion and a Pixy camera was positioned in front of the monitor 316 
to track the colored whiskers (Figure 3A, Video 2). For a fraction of cue-317 
triggered trials, we compared the Pixy camera tracked slow motion data to the 318 
simultaneously acquired real-time data (Figure 3B). Surprisingly, the real-time 319 
and the offline slow motion waveforms are qualitatively similar, the position of the 320 
two whiskers (top traces are from one whisker bottom from another, Figure 3B) 321 
does not overlap at rest or during contact, and the envelope and duration of 322 
movement of the adjacent whiskers looks similar in both conditions. In another 323 
experiment we tracked two points on the whisker pad – one just under the D1 324 
whisker and a second one under an A row whisker -- and a single whisker, the 325 
D1 whisker in both real time and post-hoc at 200 Hz (Figure 3C). The five real 326 
time and the five slow motion epochs of the same trials shown here have a few 327 
elements that should be noted: 1) the protraction to contact begins at different 328 
positions on each of the five trials, and this is evident in both real-time and post-329 
hoc slow motion analysis; 2) pad motion does not quite capture the difference in 330 
set point from trial to trial; 3) whisker motion is evident when the animal is not 331 
whisking in both the real-time and slow motion data (arrow heads point to 332 
deflection in the traces), but is clearer in the slow motion data (Figure 3C, right); 333 
4) the slow motion data contains more high frequency components, but the 334 
envelope of motion is being captured in real-time and in slow motion data 335 
(Figure 3B, C bottom). Taken together, this implies that for some purposes, the 336 
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Pixy camera approach is appropriate. But the higher temporal resolution tracking 337 
of the offline video shows that the high frequency components of the movement 338 
are not captured in real-time by the Pixy camera. 339 
 To examine whether this method can be extended to infrared light 340 
condition (invisible to rodents), we painted a whisker with the same UV body 341 
paint, but instead of using UV dark light or regular illumination, we illuminated the 342 
whisker with infrared light. For proper IR illumination of just the whisker, the angle 343 
of the infrared light was key: the IR light was positioned under the Pixy camera, 344 
and directed at the mouse whisker pad from the side. A single, painted whisker 345 
was tracked using a Pixy camera (Figure 4, Video 3). Turning the infrared light 346 
off, removed all position information in the output. The text marks, and the y 347 
position information were no longer generated and were no longer evident as a 348 
waveform. When the IR light was turned back on the real-time whisker motion 349 
was reacquired and tracked without any additional adjustment.  350 

To demonstrate the flexibility of the Pixy camera system, we used it to 351 
track both forepaws of mice on a treadmill. The paws were painted with different 352 
colors, and the Pixy camera was positioned at the height of the forepaw of a 353 
mouse (Figure 5 Video 4). In this configuration, we tracked the position of the 354 
treadmill, the velocity of the treadmill, and the up and down motion of each 355 
forepaw as the animal moved on the treadmill.  Here it is easy to see the 356 
alternating Up and Down motion of each limb as the animal moves forward on 357 
the treadmill.  358 
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Finally, we used Pixy to track head rotation and x / y coordinates of freely 359 
moving animals position in a 42 cm x 9 cm wide box in real-time (Figure 6A, B, 360 
Video 5). The moment by moment changes in head angle and animal location 361 
data (x and y coordinates) can be transformed into waveform (Figure 6A) where 362 
F1 (related to the vertical position of the animal in frame 1 on the right) is at the 363 
bottom and has a value close to zero. In frame 1, the animals head angle is 364 
horizontal, in frame 2 the angle rotates by ~70 degrees, in frames 3 and 4 the 365 
angle is rotated by 180 degrees (compared to frame 1, Figure 6A). The side to 366 
side position of the animal changes, with the animal sometimes hugging the right 367 
side (frames 1, 3), the left side (frame 2) or is roughly in the middle of the box. 368 
The position of the animal can be traced at 50 Hz (Figure 6B) and a heat map of 369 
the animal location in the box over 3 minutes of tracking can be constructed. In 370 
addition to tracking the location of individual animals, Pixy can be used to track 371 
multiple color IDs affixed to the animal head (Figure 6C), thus simply and flexibly 372 
tracking one or multiple distinct freely moving animals.  373 
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Discussion 374 
This study demonstrates the utility of a color tracking camera that can be 375 

used for rapid real-time tracking of two adjacent whiskers, limbs or even multiple 376 
animals. The method is flexible; it can work in various lighting conditions, it can 377 
be used for real-time data acquisition, and for automated tracking.  378 

While earlier work in the whisker system has successfully used high-379 
speed imaging, and electromyography to detect motion of the whisker pad or of 380 
individual whiskers, these methods have limitations and advantages mentioned 381 
in the introduction. Aside from being easy to use and inexpensive, the Pixy 382 
method has key advantages over other methods (highlighted in Table 1), 383 
foremost among them is that Pixy is versatile and can be used for tracking almost 384 
any colored object – one or multiple distinct whiskers, points on the whisker pad, 385 
limbs, or even whole animals – in real time. It is flexible enough to be rapidly 386 
reconfigured for monitoring any part of the body, multiple body parts, and even 387 
the whole animal. Furthermore, Pixy is an open-source tool, where almost every 388 
aspect of the process the data stream, the, PixyMon software, the objectives 389 
used, even the lighting, and coloring are accessible and modifiable.   390 

Most other methods are not nearly as flexible: videography is not 391 
commonly used in real-time; EMG cannot be used for single whisker tracking; 392 
and optoelectronics – IR beam breaking methods -- can be used only in 393 
designated locations (Table 1). Most earlier methods are not versatile enough 394 
and have not currently been used for any level of individual whisker or whisker-395 
combined-with whisker- pad tracking in real time. The Pixy approach has many 396 
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advantages over other methods, but it also has some drawbacks. First, is that 397 
color is necessary and must be visible on the animal. Coloring, i.e. painting, adds 398 
some weight to a whisker, and requires that the animal be habituated to the 399 
repeated application of body paint on animal’s limbs or whiskers. In addition, 400 
using a color-filtering algorithm limits the use of the system in infrared light, 401 
where Pixy can be used to track only one object. This limitation can be overcome 402 
by adding more than one Pixy camera to track each limb, or track a single 403 
whisker on each side of the face. Another limitation of the Pixy system is that it 404 
does not automatically provide a frame by frame update, rather it generates a 405 
serial time-stamp of the tracked object. This limitation can be overcome by using 406 
TTL triggered image capturing methods. Finally, another limitation is the temporal 407 
resolution of 50 Hz, where the actual resolution can be lower, depending on the 408 
configuration of the acquisition system. This temporal limit can be overcome 409 
post-hoc. For studies where it is necessary to monitor higher frequency 410 
movement (>~50 Hz), the Pixy camera can still be used to automatically track 411 
motion in slow motion videos. A major element of this experimental design is that 412 
the fast movements missed in real-time can be recaptured for analysis. 413 
Furthermore, key events (e.g. object contacts, etc.) can be still be tracked online 414 
using the Pixy camera during the behavior and can be used offline to quickly 415 
direct the researcher to important parts of the high-speed video images.   416 

The advantage of the color based system over the earlier automatic 417 
tracking software packages (Diamond et al. 2008; Gyory et al. 2010; Knutsen et 418 
al. 2005; O'Connor et al. 2010; Perkon et al. 2011; Voigts et al. 2015; Voigts et 419 
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al. 2008) is that tracking depends on colors, where within some limits, the 420 
changes in lighting -- the presence of motion under the whiskers, around the 421 
animal – and even changes in focus are less relevant than in most high-speed 422 
video imaging experiments. With the Pixy based method, it becomes possible to 423 
non-invasively, flexibly, and inexpensively configure experiments where motion 424 
or location of one or more whiskers, limbs, or even the movement of the animal is 425 
used as feedback to trigger rewards, optogenetic signals or even to change the 426 
real or virtual environment around the animal (Nashaat et al. 2016).  427 

While our methods are by no means the first using color filtering, the 428 
range of tracking used in the work presented here --  from tracking adjacent 429 
whiskers, to tracking freely moving animals – with little essential change in 430 
algorithm is unique and makes our methods almost universally applicable, to a 431 
variety of settings and species (Bobrov et al. 2014; Cheung et al. 2014; Varga 432 
and Ritzmann 2016).  433 
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Legends 547 
Figure 1. A. Setup design. Head-fixed mice are acclimatized to whisker painting, 548 
and trained to use their whiskers to contact a piezo-film touch sensor. A Pixy 549 
camera is used to track whiskers in real-time (left), a high-speed color camera is 550 
used simultaneously to acquire data. B. Paradigm for whisker task. A sound-cue 551 
initiates the trial. The animal whisks one of the two painted whiskers into contact 552 
with a piezo-film sensor and if contact reaches threshold, the animal obtains a 553 
liquid reward. There is a minimum inter-trial interval of 10 seconds. C. Capturing 554 
whisker motion in real-time. The movement and location of the D1 (green, S=1, 555 
signature 1) and D2 (red, S=2, signature 2) whiskers shown at two time points, 556 
Frame 1 and Frame 2 (below). The waveform of whisker data reflects the spatial 557 
location and the dimensions of the tracked box around the whisker. The 558 
waveforms in the middle show the movement of the two whiskers, towards and 559 
away from each other.   560 
Figure 2. Real-time multiple whisker tracking.  A. Pixy data from D1 and D2 561 
whiskers (left, raw and smoothed) or Beta and Gamma whiskers (right, 562 
smoothed), as a mouse performs five auditory go-cue triggered trials. A mouse 563 
moves a whisker into contact with a piezo-film sensor (bottom). Contact with the 564 
sensor triggers a reward. The cue onset and the reward trigger times are marked 565 
below the whiskers movement traces. Note that the spatial location of the D1 and 566 
D2 whiskers is distinct; the position of the two whiskers rarely overlap. In these 567 
trials, the distance between the two whiskers ranged from ~ 2-10 mm (distances 568 
converted into arbitrary units that denote spatial location). B. Average position 569 
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during task performance. The D1 and D2 whiskers move differently (left): the 570 
average position of the two whiskers at rest is different (before zero), and the 571 
average position of the two whiskers at contact is different (at zero). The D2 572 
whisker, which contacts the piezo-film sensor and is rostral to the D1 whisker, 573 
moves more than the D1 whisker. In contrast, the two arc whiskers’ position 574 
overlaps at rest and at contact, but even here the average motion of the whisker 575 
used to make contact with the sensor is different from the motion of the adjacent 576 
whisker. C. Tracking performance by tracking whisker movement over days. The 577 
performance of an animal trained in the go cue task was monitored by monitoring 578 
the motion of the B2 whisker over days of training. The go-cue triggered motion 579 
of the B2 whisker is task related by Day 9 of training (compared to the 580 
imperceptible motion of the same whisker after the cue on Day1). D. The contact 581 
triggered motion is also faster and larger by Day 9, compared to its motion on 582 
Day 1 (on the left).  583 
Figure 3. Pixy for automated tracking. A. Diagram of a Pixy camera capturing 584 
whisker motion previously recorded with a high-speed video camera and played 585 
back in slow motion on a monitor. B. Comparison of the high-fidelity signature of 586 
the D1 and D2 whiskers (top and bottom), recaptured automatically by the Pixy 587 
camera in slow motion (orange) with the data acquired in real-time (black). C. 588 
Motion of the two points on the whisker pad and one whisker are tracked in real-589 
time and post-hoc in slow motion. The motion of the D1 whisker and the pad-590 
point under the D1 whisker, and the second pad point under the A2 whisker 591 
could be tracked easily in real-time and the same trials could be examined post-592 
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hoc with analysis of the slow motion playback of high speed video data. The 593 
motion of the whisker pad appears to be a filtered version the whisker motion. 594 
The motion of the D1 whisker in both real-time (left) and post-hoc (right) reveals 595 
differences in the set-point of protraction on each of five trials, but real-time pixy 596 
data captures the entire envelope of both the whisker and the pad motion 597 
(bottom, expanded record of trial above on right).  598 
Figure 4. Pixy in infrared light. Top, Pixy image of whisker painted with yellow 599 
UV light sensitive paint, illuminated with infrared light only and automatically 600 
tracked in real-time. Bottom, output from Pixy camera showing periods with 601 
infrared (IR ON) and without infrared (IR OFF) illumination.  602 
Figure 5. Pixy tracking of two limbs. The animal is head fixed on a treadmill 603 
(schematic on right) and the paws, one painted green, the other painted red are 604 
tracked with a Pixy camera. The positon and velocity of the treadmill and the 605 
alternating Up and Down motion of the limbs are tracked in real-time.    606 
Figure 6. Tracking head rotation and location of freely moving animals. A. The 607 
head rotation (top), x (middle) and y (bottom) coordinates of animal position were 608 
simultaneously tracked. Four time points corresponding to the four frames (right) 609 
are shown, where the animals head direction, and position in the box change 610 
from moment to moment. B. The animal’s position over 3 minutes was tracked 611 
and a heat map of the preferred location was created, red = more time, blue = 612 
less time. C. The location of two animals in the same enclosure can be distinctly 613 
tracked, including each animals head rotation, and position. Pixy tracking is 614 
shown by the boxes around the animal’s head.  615 
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Figure 1 616 
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Figure 2 618 
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Figure 3 621 
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Figure 4 623 
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Figure 5 625 
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Videos  630 
Video 1. Real-time tracking of D1 and D2 whiskers. Left panel shows the real-631 
time data transmitted from Pixy to data files. The top right panel shows the 632 
simultaneously acquired high-speed video of the two whiskers, and the bottom 633 
right shows Pixy view. The D2 whisker is painted red, and shows up as the red 634 
waveform on the top left, the D1 whisker is painted green and is the green 635 
waveform on the left. The yellow/black boxes are the text mark indicators, 636 
showing that Pixy is transmitting data in real-time via the USB interface. The 637 
positions of the two whiskers do not overlap. They are not at the same point in 638 
space at the same time, in the videos or in the waveforms. The set point of both 639 
whiskers changes from moment to moment (time 5 s in the video, to 8 s in the 640 
video). The actual distance moved in millimeters can be seen in both the high-641 
speed and the Pixy video. 642 
Video 2. Pixy analysis of slow motion video data. The color high-speed video can 643 
be played back in slow motion (left panel), and Pixy camera and Pixymon (middle 644 
panel) can be used to track the position of the two whiskers and the data can be 645 
extracted into a data file (right panel). 646 
Video 3. Pixy in infrared illumination. A single painted whisker shown in the video 647 
on the right is tracked in real-time (left panel) with infrared illumination. At 3 648 
seconds into the video the infrared light is turned off, and the tracking of the 649 
whisker stops as well. When the light is turned on again, the whisker can be 650 
tracked. 651 
 Video 4. Pixy for tracking limbs. The painted limbs can be tracked in two 652 
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dimensions (x and y coordinates), Up/Down and side to side. The red traces on 653 
the left are the UP/Down and side to side movement of the left limbs. The green 654 
traces are for the right limb. The treadmill position and velocity are also shown in 655 
the traces below. 656 
Video 5. Tracking a single animal head rotation / direction and position in real-657 
time. Pixy camera tracks a multi-colored piece of Styrofoam fixed on animal 658 
head-plate in regular light condition. The red traces on the top-left shows the 659 
angle of head-direction, while the blue traces in the middle-left and green trace in 660 
bottom-left shows the horizontal and vertical movement respectively. 661 
  662 



 

 39

Table 663 
Table 1. Comparison of videography, optoelectronic and EMG methods to 664 
Pixy. Here we compare 13 different features of 7 earlier tracking methods, 665 
including optoelectronic (Opto), electromyography (EMG), to our Pixy based 666 
method. The elements that we compared here: 1) Tracking principle. 667 
Videography, optoelectronic methods like beam breaking, EMG or color. 2) 668 
Spatial coordinate system.  Beam breaking has a distinct (single or multiple) 669 
spatial coordinate, while videography can track over multiple spatial locations. 3) 670 
Real-time at any frequency. 4, 5, 6) Number of objects tracked.  A single whisker, 671 
or multiple individual whiskers, with or without plucking or removing whiskers. 7) 672 
Limiting element of each method. Lighting, contrast, resolution and length of 673 
whiskers for videography, or color and painting for Pixy), 8) Output.  Single 674 
whisker, multiple whisker or whisker and whisker pad. 9, 10) Head tracking and 675 
how. Used or not used, and whether the eye need or tip of the nose or a color 676 
needs to be tracked. 11) Ability to tack in infrared red light. All the high speed 677 
cameras can work with infrared light, as can EMG and optoelectronic methods.  678 
The pixy camera is limited in this context because it can only be used to track a 679 
single spatially distinct point with a pixy camera. 12) The flexibility in tracking 680 
multiple body parts. Cameras can be used for tracking any object, but 681 
optoelectronic methods, and EMGs, and even automated tracking video systems 682 
have to be optimized or positioned for tracking the object of interest. 13) The 683 
ability to use the system in unrestrained animals. 14) The species used for proof 684 
of principle tracking.685 
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  Bermejo 
1998 

Knutsen 
2005 Voigts 015 Ritt 2008 O'Connor 

2010 Gyory 2010 Perkon 
2011 EMG 

Pixy 
(Our 

method) 
1  Tracking principle Opto Video Video Video Video Video Video Muscle Opto / 

Video 

2 Spatial element Single point Multiple points Multiple points Multiple points Multiple points Multiple points Multiple points NA Multiple points 
3 Real-time  Yes No No No No No No Yes Yes 
4 Individual whisker Yes Yes Yes Yes Yes No No No Yes 

5 No. of single 
whiskers 

1 Whisker on each side 1 whisker on each side Up to 4 whiskers 3 whiskers 5 whiskers N/A N/A NA 2 whiskers (up to 7 in principle) 
6  Whisker removal Yes Yes Yes Yes Yes N/A N/A No  No (whisker fall) 
7 Limitation Whisker thickness Contrast and resolution Contrast and resolution Contrast and resolution Contrast and resolution Contrast and resolution Contrast and resolution NA Illumination & color 
8 Method shows Single whisker Single row C1-4 whiskers Single whiskers Multiple whiskers Two rows Full whisker pad Whisker pad 2 whiskers/ 1 whisker and 2 pad/ 2 paws 
9 Head tracking No Yes Yes Yes No Yes Yes Yes Yes 

10 Head tracking 
requirement N/A Additional light source for the eye Tip of nose Contour edge / whisker base  N/A No Requirement No Requirement Wire in muscle Marker glued to head 

11 Compatible in IR Yes Yes Yes Yes Yes Yes Yes Yes Yes (Single Whisker) 
12 Algorithm 

Flexibility  
Yes (not automatic) No No No No No No Yes (with wires) Yes 

13 Unrestrained animal No Yes Yes Yes No Yes Yes Yes Yes (whole 
animal) 
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