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Abstract We present here a toolbox for the real-time motion
capture of biological movements that runs in the cross-
platform MATLAB environment (The MathWorks, Inc.,
Natick, MA). It provides instantaneous processing of the 3-
D movement coordinates of up to 20 markers at a single in-
stant. Available functions include (1)the setting of reference
positions, areas, and trajectories of interest; (2)recording of
the 3-D coordinates for each marker over the trial duration;
and (3)the detection of events to use as triggers for external
reinforcers (e.g., lights, sounds, or odors). Through fast online
communication between the hardware controller and
RTMocap, automatic trial selection is possible by means of
either a preset or an adaptive criterion. Rapid preprocessing of
signals is also provided, which includes artifact rejection, fil-
tering, spline interpolation, and averaging. A key example is
detailed, and three typical variations are developed (1)to pro-
vide a clear understanding of the importance of real-time con-
trol for 3-D motion in cognitive sciences and (2)to present
users with simple lines of code that can be used as starting
points for customizing experiments using the simple MATL
AB syntax. RTMocap is freely available (http://sites.google.
com/site/RTMocap/) under the GNU public license for
noncommercial use and open-source development, together
with sample data and extensive documentation.
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The Real-Time Motion Capture (RTMocap) Toolbox is a
MATLAB toolbox dedicated to the instantaneous control
and processing of 3-D motion capture data. It was developed
to automatically trigger reinforcement sounds during reach-
and-grasp object-related movements, but it is potentially use-
ful in a wide range of other interactive situations—for in-
stance, when directing voluntary movements to places in
space (e.g., triggering a light on when the hand reaches a
predefined 3-D position in a room), when performing actions
toward stationary or moving objects (e.g., triggering a sound
when an object is grasped with the correct body posture),
or simply as a way to reinforce social interactions (e.g.,
turning music on when a child looks at a person by moving
the head in the proper direction). The RTMocap Toolbox is
created from open-source code, distributed under the GPL
license, and freely available for download at http://sites.
google.com/site/RTMocap/.

The RTMocap Toolbox is mainly intended to work with
recordingsmadewith an infraredmarker-based optical motion
capture system. Such motion capture systems are based on an
actively emitting source that pulses infrared light at a very
high frequency, which is then reflected by small, usually
circular markers attached to the tracked body parts and
objects. With each camera capturing the position of the
reflective markers in two dimensions (Fig. 1), a network
of several cameras can be used to obtain position data in
3-D. The RTMocap Toolbox was developed with the
Qualysis motion capture system, but it can be adapted,
by means of slight changes in code lines, to other 3-D
motion capture systems that provide real-time information
in the MATLAB environment—for instance, OptoTrack,
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Vicon, and others. In the current version, code lines are
included for the direct use with Qualysis, Vicon, Optotrak,
or Microsoft Kinect hardware.

The novelty of the RTMocap Toolbox is that it is the first
open-source code that provides online control of an interactive
3-D motion capture experimental setup. This Toolbox was
written for experimental researchers with little experience in
MATLAB programming who are interested in taking advan-
tage of motion capture to study human behavior in interactive
situations. It offers the possibility of collecting series of files
for further data analysis with code flexibility, specifying trial
number, and duration with a number of preprocessing and
postprocessing preprogrammed functions. Indeed, native
motion capture software do not provide the possibility to
sort, select and exclude trials automatically on the basis of
predefined parameters. It was thus necessary after data
collection to handpick out those trials that do not meet
selection criterion (e.g., target missed, reaction time, etc.).
The flexibility of the building block system allows novelty
in the way of constructing experimental protocols with
high levels of repeatability while ensuring high quality in
the collected data. Moreover, it is also possible to share
experimental setups between laboratories that use different
3-D movement capture systems by simply defining a new

hardware at the start of the setup. But most importantly,
the RTMocap software can emit sensory stimuli (e.g., au-
ditory noises) that can be delivered automatically follow-
ing a series of Boolean conditions. This provides the pos-
sibility of investigating the importance of direct feedback
on the motivational and intentional aspects of motor plan-
ning. Finally, RTMocap software allows complementary
analysis of 3-D kinematic data to that provided by the
native software that comes with most 3-D motion capture
systems. In the following pages, we provide details about
the easy-to-use MATLAB scripts and functions—that is,
the building blocks—that provide the possibility to per-
form four exemplary experiments that are common in the
field of cognitive psychology: (1) reach-to-grasp, (2)
sequential actions, (3)reinforcement learning, and (4)joint
actions during social interactions.

To get an idea of the potential of the RTMocap software in
conducting psychological studies, one can refer to a study
published by our group (Quesque et al. 2013) in which we
used the software to trigger informative auditory cues to indi-
cate who between two competing players was to pick and
place a wooden object. In the present article, we provide both
screenshots and exemplary data sets to illustrate the potential
data that could be collected using the RTMocap software.

sound 
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Fig. 1 Illustration describing the experimental setup, with a schematic
representation of the data-streaming procedure. Two interacting partici-
pants are here equipped with three reflecting markers on the hand (wrist,
thumb, and index finger). A single marker codes for the position of the
bottle (manipulated object). Three cameras are placed to cover the work-
ing area in which the social-interactive task will take place. Streaming at
200 Hz, the RTMocap reads in the 2-D data from the cameras, and

through its rapid data-treating procedure (<5 ms), it can modify the envi-
ronmental conditions of the working area: for instance, turn the lights on
brighter, trigger a series of rewarding sounds, or even modify the pleas-
antness of the room through the slight diffusion of orange zest odors. The
effects of these environmental changes on the dynamics of the partici-
pants can immediately be traced to assess the action-effect models of
embodied cognition
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General principles

Our primary objective was to fit within the methodological
high standards of hypothesis-driven human behavioral re-
search such as studies conducted in psychophysics or experi-
mental psychology. Thus, in the present article, we provide—
when possible—a short theoretical introduction and working
hypotheses before describing the methodological and techni-
cal aspects of the study. We also challenged our task by keep-
ing the environmental effects as simple and as minimal as
possible to ensure a systematic control of independent vari-
ables across all subjects. The novelty of our approach is for
participants to be able to produce actions and immediately
perceive the subsequent environmental effects without the
need of the presence of the experimenter through verbal
guidance. Such situations have been extensively studied in
computer-screen paradigms that provide visual and audio
immediate feedback, and the results have revealed their
substantial effects for a better understanding of sensorimo-
tor processes and learning dynamics (Farrer, Bouchereau,
Jeannerod, & Franck, 2008). Nonetheless, very few con-
tributions have offered the technical solution of software
interactivity for none computer-screen based paradigms.

Let’s consider the concrete case of a person moving a hand
towards a cup with the intention to lift to drink from it. In the
ideomotor theory of action production (Greenwald, 1970;
Prinz, 1997) it has been proposed that agents acquire bidirec-
tional associations between actions and effects when body
movements are followed by perceivable changes in the envi-
ronment (BI know that the cup moved because I touched it^).
Once, acquired, these associations can be used to predict the
required movement given the anticipation of an intended
effect (BIf I want that cup to move, I must touch it^). For
decades, this hypothesis was tested using one-dimension
dependent variables only, such as reaction times and total
movement durations, because of the technical challenge of
3-D measurements—for example, the arm kinematics of
motion. Very recently, by tracking the activity of the com-
puter mouse and by providing (or not) direct feedback on
the screen, it has been possible to show that the presence
of predictable changes in the agent’s physical environment
can indeed shape movement trajectories in a predictive
and systematic manner (Pfister, Janczyk, Wirth, Dignath,
& Kunde, 2014). Their results showed that the shaping of
the trajectories related to compatibility effects are only
present when true interactivity is achieved—that is, the
action-effects are contingent enough so that the partici-
pants Bfeel^ as if the perceived changes in the environ-
ment are truly the consequences of their own actions. But
more importantly, these findings are in line with a current motor
cognition hypothesis (Ansuini, Cavallo, Bertone, & Becchio,
2014; Becchio, Manera, Sartori, Cavallo, & Castiello, 2012)
that suggests that during our everyday actions, our intentions

in actionmay be revealed in early trajectory patterns of simple
movements. During social interaction, external observers
would thus infer motor and social intention through the simple
observation of the kinematic patterns of body motion (Herbort,
Koning, van Uem, & Meulenbroek, 2012; Lewkowicz,
Delevoye-Turrell, Bailly, Andry, & Gaussier, 2013; Sartori,
Becchio, & Castiello, 2011). But to further test this hypothesis,
interactivity for whole body motion is necessary. This was the
objective of the RTMocap software development project.

In the following sections, we will describe the recent im-
provements of motion capture systems that will provide the
possibility today to gain a better understanding of the role of
action-effect anticipations for optimal whole-body motor and
social interactions in true 3-D environments.

A technical challenge

Whereas similar contributions focus primarily on offline mo-
tion analysis techniques for full-body biomechanics (Burger
& Toiviainen, 2013; Poppe, Van Der Zee, Heylen, & Taylor,
2014; Wieber, Billet, Boissieux, & Pissard-Gibollet 2006) and
neuromuscular simulations (Sandholm, Pronost, & Thalmann,
2009), we focus our contribution on the online capturing and
recording of motion events to control environmental effects
while providing in addition fast and reliable offline analyses.

The RTMocap Toolbox was developed as a complement to
the native software that accompaniesmost 3-D camera hardware
systems. By streaming the data in simple matrix format, it offers
a solution to develop interactive environments for researchers
who do not have the help of computer-programming experts.
Knowledge inMATLAB programming is required but more for
the understanding of the logic of the scripts than for the ability to
write a program from scratch. The choice of Qualisys hardware
was made because of the capacity of the QTM environment (the
Qualysis data collection software) to give automatic identifica-
tions of markers (AIM) given a specific body model as refer-
ence. This type of identification is important to maintain as
stable as possible the data list in a specific order and to avoid
marker switching or flickering. After calibration of the 3-D
space and the creation of a simple dummy-trial for AIM identi-
fication and recognition, the real-time MATLAB plugin of
Qualisys is able to provide the identified marker position in less
than 3 ms. Studies conducted in our laboratory have suggested
that such negligible time-delays are undetected by the partici-
pant and thus, this setup is suitable for further online computa-
tion with participants experiencing the situation as being truly
interactive (Lewkowicz & Delevoye-Turrell 2014). Similar au-
tomatic high-quality streaming in real time of 3-D data can be
achieved using other platforms—for example, Vicon or
Optotrak systems—by simply changing the plug-in that
streams the raw data to MATLAB. In the following sections,
we present the building blocks that allow this flexibility of
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hardware use. Experiments using cheaper systems—for exam-
ple, the MS Kinect—can also be used. However, the accuracy
and the timing of the MS Kinect hardware will not allow for
experimental setups as interactive as that mentioned above
using high quality systems. To be clear, the MS Kinect
(more specifically, its first version) does not provide the
same standards of quality that are required for scientific
research in human behavior and we do not recommend it
for studying on-line psychological process in an experimental
situation. Nevertheless, the way to implement interactivity
remains identical and RTMocap may be used to compare the
quality of collected data between hardware systems.

Five building blocks

The idea of block programming is to simplify the content of
software coding to the minimal set of tools needed for general-
ization across a wide range of experimental designs. Through
the use of five building blocks (see Fig. 2), we provide a fully
customized opportunity to create innovative and interactive
experimental paradigms by taking advantage of the real-time
processing of motion capture. A limited set of preprocessing
tools are provided, corresponding to the minimal prerequisite
steps needed for motor kinematic analysis: recording, interpo-
lation, filtering, and the extraction of relevant parameters.
Nevertheless, other scripts and routines that are not readily
available in the current version of RTMocap can be included
in the general architecture of the program, in order to offer even
more customized software. In the following paragraphs, we

present the list of the building blocks that are illustrated in
Fig. 2 and their associated functions (see Table 1).

Initializing

The aim of the initializing block is to design the experiment,
and preload the required variables into their initial state before
running the experiment. This block is composed of three main
functions: RTMocap_audioinit, RTMocap_connect, and
RTMocap_design. A description of these functions is provid-
ed in Table 1. The experimenter is guided to fully specify the
parameters of the experiment. These parameters (e.g., sam-
pling rate, number of markers, number of movements, type
of reward, threshold adjustment, capture duration, and inter-
trial delay) are integrated into a unique configuration file to
avoid entering the parameters manually for each repeated ex-
perimental session and thus, ensure reproductability of the
experimental settings from one experimenter to the next.
The native software often records these parameters to create
a personalized work environment. However, the novelty with
our software is that we include these parameter settings to
create a customized interactive environment with (1)
hardware selection, (2)preset criterion to select those good
trials from those bad trials to discard, (3)selection of
hot zones in which stimuli will be triggered, and (4)
informative feedback stimuli that will automatically rein-
force subjects without need of additional intervention by
the experimenter.

Within this block, we have also included the
RTMocap_connect function, which specifies the hardware plat-
form that is going to be used during the experiment. Here, the

Fig. 2 The building blocks of the RTMocap software are presented here
within the general software architecture. The simplest of studies may use
the first blocks only (e.g., initiating, referencing, and capturing). However,

as soon as interactivity is desired, all of the blocks need to be used. The
reward block can be unimodal or multimodal in function, depending on the
nature of the interactive experience that one wants to implement
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script will simply prompt the experimenter to provide the name
of the system that is to be used to stream the data into the
MATLAB application. At the moment, RTMocap can be used
with the following hardware systems: Quaslysis, Vicon,
Optotrak, and MS Kinect.

Referencing

The aim of the referencing block is to specify the spatial po-
sitions that will be used to trigger the different events of the
experiment. Because the aim of the toolbox is to remove all
verbal instructions between trials, it is necessary to set the
spatial positions before running the experiment. These spatial

positions are for example the initial and terminal positions of a
simple hand movement. The main functions in this block are
RTMocap_pointref and RTMocap_pauseref. One important
point to verify here is the variability range of the static refer-
ence positions. We recommend that the variability of the spa-
tial position should not exceed 20 mm/s during referencing. It
is also possible to use a full trajectory as a reference with the
RTMocap_trajref function.

Capturing

Once the references have been set, the capture can start. This
block overrides in part the native software, as its goal is data

Table 1 Using functions and developing MATLAB scripts for full flexibility

Name Type Block Description

RTMocap_design Offline 1. Initializing This function sets all parameters into their initial state and stores then it in a separated
file. The parameters are capture frequency, trial duration, number of trials, intertrial
interval, number of markers to be captured, speed threshold (if required), number of
pauses, and the marker table (specifying, which markers must be verified and at
which reference positions).

RTMocap_audioinit Online 1. Initializing This function will initialize the sounds that will be used during the experiment and will
preload them in the live memory of the computer.

RTMocap_connect Online 1. Initializing This function will select the correct plug-in for various hardware type (Qualisys, Vicon,
Optotrak, Kinect, etc..)

RTMocap_pointref Online 2. Referencing This function is used to specify the initial and terminal positions of a target marker for a
given sequence. A participant is thus required to maintain immobility for a few
seconds for good reference determination.

RTMocap_trajref Online 2. Referencing This function is used to specify a reference trajectory instead of a single point.

RTMocap_pauseref Online 2. Referencing This function is used to specify a position where the pause constraint should be imposed
for a given sequence.

RTMocap_capture Online 3. Capturing This function will launch the recordings for a given duration. The trial will automatically
be saved in text file noted as subject code_rawdata_trial nb.txt.

RTMocap_smoothing Offline 4. Processing This function offers a filtering procedure for the collected raw data. A dual-pass 4th-
order low-pass Butterworth filter is recommended.

RTMocap_interp Offline 4. Processing This function offers an interpolation procedure that is required when the tracking of one
or many markers is briefly interrupted. We recommend using spline interpolation on
each axis (X, Y, and Z) for real-time purposes and avoiding interpolation of gaps that
are larger than 20 frames.

RTMocap_3Ddist Offline 4. Processing Compute Euclidean distance in 3-D space. The same function can be used to compute
distances between two points or distances between two mobile markers

RTMocap_3Dvel Offline 4. Processing Compute the instantaneous velocity of a marker.

RTMocap_3Devent Offline 4. Processing Returns the time code of the beginning of a motion event according to a spatiotemporal
threshold (generally used for reaction times).

RTMocap_read Offline 4. Processing Reads a previously recorded file and fetch the N-by-3-by-M matrix, with N being the
number of samples and M the number of markers.

RTMocap_kinematics Offline 4. Processing Extract kinematic parameters and returns a structure with the kinematic parameters of
motions events (time of start and stop, amplitude of peak velocity, time to peak velocity,
movement time, deceleration percentage, amplitude, and time to peak height).

RTMocap_display Offline 5. Rewarding This function offers a graphic representation of the executed sequence.

RTMocap_reward Online 5. Rewarding This function is used to play either an engaging or an artificial sound at the end of a trial.

RTMocap_adjust Offline 5. Rewarding This function is used to adapt the current speed threshold according to the last trial’s
performance and the last threshold level in an adaptive staircase procedure.

Certain functions can be run without camera systems (offline functions), but others need the hardware camera system to be running with an active
participant in order to be tested (online functions)
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collection and storing. The 3-D data is aggregated under
MATLAB as a three dimensional matrix. For each marker,
an N-by-3 array of data is collected, with N being the total
number of samples along the three axes (X, Y, and Z). Each
array is then concatenated as to have the third dimension of the
matrix coding for the marker ordinal number (see Fig. 3).
Here, RTMocap takes advantage of high-quality cameras
(available, e.g., with the Qualisys and Vicon systems) that
integrate an automatic pause after each data point recording,
in order to control for interframe time delays. In practical
terms, at 200 Hz, the interframe delay should be 5 ms, even
if the cameras are able to compute with an interval threshold of
3 ms. Hence, when MATLAB makes a request for a new
sample, the native software waits the prespecified time inter-
val before data capturing. With such small time delays, cap-
turing in real time can be done up to sampling rates of 200 Hz
without significant jittering—that is, without undesirable var-
iability of the durations between frames (see Nymoen,
Voldsund, Skogstad, Jensenius, & Torresen, 2012, for com-
parison of Qualisys vs. an iPod Touch motion capture sys-
tems). In theory, higher real-time frequencies may be reached
(250–300 Hz), but at the cost of higher jittering, so we do not

recommend it at the time. It is also very important that the
computation process within the recording loops does not ex-
ceed 80% to 90% of the maximum time interval tolerated
through the sampling rate (e.g., for sampling at 200 Hz, com-
puting loops should not exceed 4 to 4.5 ms).With this inmind,
the present version of the RTMocap software is designed to
maintain the amount of computation to its strict minimum
such as collecting extra data coordinates, time stamping and
mean calculations. For example, in the case of online compu-
tations such as spatial verifications within a sequence (see
Example 2), care was taken to use the fastest form of 3-D
Euclidean distance computation provided under MATLAB
(e.g., RTMocap_3Ddist, which offers 3-D computations in
less than 1 ms). When using slow systems (e.g., the MS
Kinect), capturing in real time cannot exceed sampling rates
of 30 Hz.

Processing

The processing block includes basic operations that are the
most common techniques used in motion tracking, which
can both be used in online (experimental) or offline
(analysis) scripts. First, a motion detector is provided by the
RTMocap_3Devent function, which is a backward detection
of the beginning of a movement; it returns the time-code for an
event. Similar to the other functions, it can be customized by
modifying the threshold applied for the detection of the start of
a movement (e.g., when computing reaction times or a mov-
ing finger). Second, the 3-D Euclidean distance can be com-
puted between a marker and a static point or between two
moving markers (e.g., index and thumb) when using the
RTMocap_3Ddist function. The result of this distance can
be used as a Boolean condition to trigger an event in the
experimental protocol. Third, the RTMocap_3Dvel computes
the instantaneous tangential velocity of a marker by simply
dividing the travelled distance in 3-D space by the duration
between two successive optical frames. This duration must
be constant or interpolated to constant; otherwise, the in-
stantaneous velocity value will be incorrect. Forth, the
RTMocap_kinematics function detects the number of
movement events (called Bmotor elements^) and returns a
series of kinematic parameters related to each of these
events (time of start and stop, amplitude of peak velocity, time
to peak velocity, movement time, deceleration percentage,
amplitude of peak height, and time to peak height). The results
of this function can be used for the purpose of selecting trials
in an online procedure (see Fig. 6 below) or in a systematic
offline analysis for statistical analyses—for example, when
comparing multiple conditions. One should take the time to
try each one of these processing functions independently in
order to get a feel of how they operate.

The processing block also includes a low-pass filter meth-
od (RTMocap_smoothing) to remove high-frequency noise.

Fig. 3 Illustration of XYZmatrices that are collected using the capturing
block
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We recommend using a dual pass 4th-order Butterworth to
maximize noise attenuation and minimize signal distortion in
the time domain (especially if you are planning to double
differentiate and use acceleration patterns). The optimal cutoff
frequency can be manually chosen using the residual analysis
embedded in RTMocap_smoothing function. For that, one
simply needs to call the function on a previously recorded
Raw_data file without entering the cutoff frequency as an
input parameter. This will cause display a graph of the signal
distortion as a function of the cutoff frequency (see Fig. 4).
After selecting the best cutoff parameter that maximizes noise
reduction (smallest frequency) and minimizes signal distor-
tion (smallest residuals), one can enter the determined cutoff
frequency within the RTMocap_design function so that the
value will be used systematically for all future recordings.
Determination of the optimal cutoff frequency should be
reconsidered for different body parts (Winter, 2009).

The processing block also helps manage the recording
biases that can hinder the validity of 3-D motion capture re-
cording. More specifically, it addresses (1)an abnormal delay
between two frames, mostly due to unexpected computation
delays within the capture loop—this can happen at any mo-
ment depending on the operating system of the computer and
(2)missing frames due to possible occlusions of the optical
sensors. Indeed, with any optical motion capture based on
infrared limb and body movements are associated to occlu-
sions between camera and markers resulting in small gaps in
the recorded data. The improvement of camera calibration can
minimize the occurrence of such occlusions by insuring that
each marker is tracked by at least three cameras at any point in
time. Nonetheless, missing frames of small dimensions often

occur and this can be compensated for by using software cubic
spline interpolation (gap-fill), and extrapolation for data points
outside the range of collected data. Timestamp verification is
also required to check for abnormal delays between two
frames. In the present package, this procedure is provided by
the RTMocap_interp function. When used offline, these
functions can be run on batched files automatically.
When used online, they are run instantaneously after the
recording of the last data point of the trial in order to
filter, interpolate and perform any other processing function
that was preprogrammed before the start of the experiment.
The obtained results are then used to perform future actions—
for instance, rejecting the trial or triggering reward.

Rewarding

The main purpose of this block is to provide full control of the
desired environmental modifications as a consequence of the
participants’ movements. The RTMocap_reward function
provides the opportunity to trigger any type of sensory stim-
ulus, from the most basic artificial sound to a complex series
of visual, auditory and odorant signals for—for instance,
video gaming. Obviously, the function can trigger the re-
ward system differentially depending on preset criterion and
thus, be used during social games to code specifically—for
example, competitive and cooperative situations. The
RTMocap_display provides feedback to the experimenter
concerning the participants’ performance levels by plotting
automatically at the end of every trial the velocity profile
with color-coded indications of the target speed and/or ac-
curacy criteria that were preset before the beginning of the
sequence. The RTMocap_adjust function provides an adap-
tive staircase procedure to modulate speed and accuracy
thresholds following a specific set of rules that are modu-
lated in function of the participants’ performance levels.

The session can be conducted without intervention by the
experimenter as verbal instructions are not required. Indeed,
the real-time controllers can filter out bad trials by detecting—
for example, anticipatory reactions (negative reaction time),
hesitations (multiple velocity peaks), unexpected arm trajec-
tories, or hand terminal positions. The RTMocap_reward
function can thus be used to select automatically what trials
should be rejected within an experimental block. Furthermore,
different sounds can be triggered in function of the nature of
the detected error in order to provide participants with imme-
diate informative feedback on performance. Finally, by chang-
ing a unique line code in the MATLAB script, it is possible to
adjust whether one wants to control a block design to have a
set number of correct trials across conditions or a set total
number of trials per participant.

In conclusion, the objective here was to develop a tool kit
that would contain the minimum number of functions required
for data analysis to ensure the extraction, processing, and
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Fig. 4 Illustration of the procedure proposed in order to determine the
optimal cutoff frequency for the low-pass filter, using the estimation
method of Challis (1999). If no cutoff frequency has been entered as an
input parameter for the RTMocap_smooth function, the user is prompted
to manually select the cutoff frequency just after display of this window.
In the present example, a cutoff threshold of 15 Hz should be chosen
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characterization of human motor kinematics in real time.
The novelty is the creation of a truly interactive, person-
alized environment that provides the key to transform any
laboratory-based setup with systematic and accurate measure-
ments into an interactive experience. The second novelty is
the existence of a rewarding block that provides for sensory
signals being triggered online as a function of the performance
of a natural voluntary action, allowing researchers to further
explore the cognitive process of action–effect relationships in
3-D space. This in turn provides key features to accurately
study the motor components of social interactions during
competitive or collaborative joint actions, which can be ob-
served during more natural social games. Because the scripts
can be used, combined, and implemented as is, we provide a
simple and flexible tool for nonexpert users of MATLAB pro-
gramming. In the following paragraphs, we describe a set of
clear examples of how the toolbox can be used to advance our
knowledge in various fields of the cognitive sciences.

Four key examples using RTMocap

For each of the following examples, we express the scientific
question to set the general context. Then, we describe briefly
the methods and the instructions given to the participants. The
procedure will be rather exhaustive for the first example to
accompany the potential RTMocap users through the different
methodological steps (see the Steps to Follow section below).
Then, three variations around the first example will be pre-
sented in a much briefer format in order to set emphasis on
how real-time can be exploited to engage innovating research
in cognitive sciences.

Reading motor intention in a reach-to-grasp task

Field of application: Movement psychology
Name of experiment: BReach to grasp^
Required functions: audioinit, pointref, smoothing, 3Ddist,

3Dvel, display

Scientific background The information theory of human
cognition claims that the amount of time needed to prepare
and trigger a motor response is indicative of the complexity of
brain processing required to extract stimulus information and
proceed to decision making. Because these cognitive process-
es operate on symbols that are abstracted from sensorimotor
components, cognition has been studied through button-press
tasks without thought taken on the nature of the motor re-
sponse itself. However, in recent years, the embodied theory
of cognition claims that most cognitive functions are ground-
ed in and shaped by sensory-motor aspects of the body in
movement (Barsalou, 2008). Hence, cognitive functions can-
not be fully examined without looking at the way the body

operates during cognitive operations. For those reasons, the
RTMocap toolbox may be a key feature for future studies.
Indeed, through its real time control and interactivity, our tool-
box software will provide the opportunity to study cognition
with complex whole bodymovements by detecting changes in
body posture and/or shape of limb trajectory as an ecological
response coding for a specific cognitive decision. More spe-
cifically, instead of selecting between two response buttons,
the participants can be instructed to select between two termi-
nal positions, or as it is the case in our first example, to select
between two different ways of grasping a unique object.

Instructions BStart with the hand placed within a target zone
and reach for a cup placed at 30 cm in front of you, at the
sound of a go signal. In function of the tonality of this go
signal, you are required to either grasp the cup with a precision
grip, i.e., by the handle (high pitch), or with a whole-hand
grip, i.e., from the top (low pitch). At the end of each trial,
you will receive an auditory reward indicating whether the
trial was performed correctly or not.^

Examples of collected data When performing this task, par-
ticipants start the trial with their hand immobile. Their first
task is to quickly detect the pitch of the auditory tone and
decide which action to perform as quickly as possible. In
Fig. 5, screenshots and examples of the arm kinematics of a
typical trial are displayed, with the resulting feedback that the
experimenter receives online, immediately after the comple-
tion of the trial. Because of this automatic and immediate
processing of data, the experimenter remains silent and can
concentrate on the participants’ correct performance of the
task by visualizing key features (e.g., velocity, terminal posi-
tion, movement time).

Key features Using RTMocap, it was possible here to use
complex hand posture as a response rather than basic right/
left buttonpresses. Thus, real-time encoding of hand position
opens the way to the use of more ecological tasks in
laboratory set studies. As an extension, by encoding hand
trajectory rather than hand terminal position, it would have
been possible here to evaluate distance from reference
trajectories rather than reference positions. This would en-
able, for example, the triggering in real time of a sound
(e.g., as negative reinforcement) if early on during the
hand trajectory significant deviations of the current from the
reference trajectory were detected. In place of triggering a
sound, one could also imagine switching off the lights, emit-
ting a vibration or simply arresting data collection. Because of
the flexibility of block coding, this change in referencing is
simple, since it requires using the RTMocap_trajref from the
RTMocap toolbox in place of the RTMocap_pointref func-
tion. In such case, a simple modification of a few lines within
the RTMocap_capture function only would be necessary to
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call up the RTMocap_3Ddist function and thus, verify within
the loop the current trajectory and compare it to the reference
trajectory—with a custom threshold that would code for the
rejection decision. Because the reference trajectory is speci-
fied both in time and in space, one should not use too small a
distance threshold to constrain the trajectory. Empirical testing
is required for each specific experiment to better understand
how these time and space constraints may influence other
motor parameters and/or related cognitive functions.

Introducing timing uncertainty within sequential motor
actions

Field of application: Cognitive psychology
Name of experiment: BSequential actions^
Required functions: audioinit, pointref, pauseref, smooth-

ing, 3Devent, 3Ddist, 3Dvel, display.

Scientific objectives When performing actions in our daily ac-
tivities, the notion ofmotor timing is central.Movementsmust be
performed in a coordinated fashion thus imposing on the system
the problem of controlling the sequencing of each motor element
within a complex action in function of the passage of time. It has
been reported that accurate estimation and execution of time
intervals—in the order of several seconds—require sustained
focusing of attention and/or memory (Delevoye-Turrell,

Thomas, & Giersch, 2006; Fortin, Rousseau, Bourque, &
Kirouac, 1993; Zakay & Block, 1996). Nevertheless, the
experimental setups that can be used to study the motor timing
during object manipulation, or even during more complex
motor tasks, remain limited (Repp, 2005). In the following,
we describe how the use of the RTMocap software may not
only open up new perspectives in the understanding of the role
of predictive timing in motor psychology, but also suggest
new paradigms offering the possibility to study the role of
more basic cognitive functions, such as attention and memory
for the rhythmic control of complex motor actions.

Instructions BStart with the hand placed within a target
zone and reach for the object placed 30 cm in front of
you, at the sound of a go signal. Then, move the object in
order to place it on the place pad to your right. In func-
tion of the tonality of this go signal, you are required to
either grasp the object and place it without interruption
during the sequence or to grasp it, mark a pause, wait for
the second go signal before placing the object on the
place pad. At the end of each trial, you will receive an
auditory reward indicating whether the trial was per-
formed correctly of not.^

Examples of collected data When performing this task, par-
ticipants need to code for the timing aspect of the motor

−200
−150

−100
−50

0
50

100 −50
0

50
100

−100

0

100

200

Movements of markers in 3D Space

Marker: 1
Marker: 2
Marker: 3
Marker: 4
Marker: 5
Marker: 6

0 500 1000 1500
0

500

1000

1500

2000

2500
Velocity profile

Time (ms)

Sp
ee

d 
(m

m
/s

ec
)

RT:310ms

APV: 682.72mm/s

MT: 85ms

APV: 1252.27mm/s

MT: 10ms APV: 1626.27mm/s

MT: 530ms

−200
−150

−100
−50

0
50

100 −50
0

50
100

−100

0

100

200

Movements of markers in 3D Space

Marker: 1
Marker: 3
Marker: 4
Marker: 5
Marker: 6

0 500 1000 1500
0

500

1000

1500

2000

2500
Velocity profile

Time (ms)

Sp
ee

d 
(m

m
/s

ec
)

RT:315ms

APV: 1611.65mm/s

MT: 625ms

A B

C D

Fig. 5 Typical trial of a reach-to-grasp task. Trajectory patterns are pre-
sented on the left, with markers coding for the movements of the object
(1–3) and of the index finger(4), thumb(5), and wrist (6). The filter

function of the processing block was applied (15 Hz) on the trial before
displaying the subject’s performance using the RTMocap_display
function
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sequence. In function of the available information about the
predictability of task outcome, we have shown that this type of
timing manipulation can lead to different modes of motor
planning, inducing specific changes in motor kinematics
(Lewkowicz & Delevoye-Turrell 2014). On a more technical
note, the use of the RTMocap software provides the possibility
to control for degree of predictability of the timing constraints
and thus, gain a better understanding of the central role of
predictive timing for the fluent planning and execution of
motor sequences. Screenshots and examples of arm kinemat-
ics for such a task are displayed in Fig. 6 for a trial with a
pause (bottom) or no pause (top). For each subelement, the
experimenter receives immediate information about how the
movement was performed and can thus verify that the partic-
ipants followed instruction.

Key features With the real-time control of how the partici-
pants perform the first subelement of a sequence, it is possible
to code multiple variations of the present paradigm. During
the pause, it is possible, for instance, to implement congruency

manipulations to reproduce the Posner effects, modify the
time constraints implicitly in function of the participants’ ex-
pectancy, or introduce abrupt onsets to assess the effects of
different types of attention on specific phases of motor plan-
ning/execution. Finally, by selectively adding Boolean condi-
tions related to two or more different markers simultaneously,
one could track independently the two limbs in order to run
studies on the cognitive functions required for two-hand ma-
nipulative actions through time and space.

Reinforcement learning

Field of application: Child psychology
Name of experiment: BReinforcement learning^
Required functions: audioinit, pointref, smoothing,

3Devent, 3Ddist, 3Dvel, kinematics, display, adjust

Scientific objectives Reinforcement learning is the process of
learning what to do—that is, how to map situations to actions
so as to maximize the reception of a numerical reward signal.
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Fig. 6 Typical trial of a pick-and-place task, with variable timing con-
straints between sequenced subelements. Trajectory patterns are present-
ed on the left, with markers coding for the movements of the object (1–3)
and of the index finger(4), thumb(5), and wrist(6). We present here the
contrasts obtained when comparing conditions with no pause (a–b) and

with a pause (c–d). The pause was automatically introduced by the
RTMocap software when the thumb contacted the object (end of the first
reach segment). The characteristics of the pauses were preprogrammed by
the experimenter within the initializing block before the start of the ex-
perimental session
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Thus, the participant is not told which actions to take, as in
most protocols of learning psychology, but instead must dis-
cover which actions yield the most reward by trying them out
(Sutton & Barto, 1998). In child psychology, many studies
have been interested in the value of reinforcers, seeking to
distinguish the effects of positive and negative reinforcements
(Staddon, 1983; Terry, 2000). Because of the need to code for
online responses, most studies provide verbal reward given by
an experimenter (guidance). Those who have tried to develop
automatic reward systems have largely used keypresses
(in animal studies) or tactile screens (in human studies), but
this conditions the task to require simple responses in 2-D
space. Recently, online software has been developed using
eyetracking systems, which have been important to reveal
the role of variability in the shaping of human saccadic sys-
tems (Madelain, Paeye, & Darcheville, 2011). In the case of
whole-body motion, such studies have not been possible
yet, because of the limited access to online coding of 3-D
trajectories. In the present example, we will show how it
is possible to modulate action–perception associations by
manipulating space–time thresholds following an adaptive
staircase procedure.

By implementing different types of sensory feedbacks, it is
possible without verbal instructions to guide the learning
phases of a novel task. For example, by rewarding only when
the acceleration phase of a movement is increased, we can
induce significant changes in the kinematic profile of a partic-
ipant while maintaining the terminal spatial accuracy of the
task (unpublished data). Such Bshaping^ is difficult to im-
plement without online measurements of 3-D kinematics,
because visual inspection of motor performance is not
accurate enough. Here, the learning phase follows a trial-
to-trial adaption and can be optimized through the use of
engaging sounds or specific types of rewards (see RTMocap
website to discover the sounds). For most interesting and chal-
lenging cases, it may even be possible to code for actions that
affect not only the immediate reward but also the next situa-
tion and, through that, all subsequent rewards. These adaptive
procedures are classically implemented in behavioral studies
assessing reinforcement learning and motivation models, but
can be applied to the study of abnormal patterns of behavior in
pathological populations as well as in serious gaming—a new
field of psychology that is faced with high technological chal-
lenges. The RTMocap software can provide the possibility to
perform all such experiments in 3-D space.

Instructions BStart with the hand placed within a target zone.
At the sound of a go signal, reach for the object that is placed
30 cm in front of you. You are required to grasp the object and
place it as fast as possible within the spatial boundaries of
the place pad. At the end of each trial, you will receive an
auditory reward indicating whether the trial was performed
correctly or not.^

Examples of collected data When performing this task, par-
ticipants do not know that specific constraints are set on hand
trajectories (e.g., reaction time, height of the trajectory, and
terminal accuracy of the object placing). The idea here is to
assess how many trials would be required for a participant to
adapt to implicit constraints and whether, for instance, the
personality traits of an individual will affect resistance to ad-
aptation. This dynamic example of the use of RTMocap is
difficult to illustrate in a static figure. Videos are available
on the website associated with the RTMocap tutorial.

Key features Through the control of the reward system and
the adaptive threshold possibility, the RTMocap toolbox
makes it easier to study motor learning and trial-to-trial
adaptations in a true interactive environment. Here, no
visual cues of the required spatial accuracy are available.
Participants learn implicitly to increase spatial constraints
in function of the absence/presence of reward (see video).
The algorithm of the threshold adaptation can be modified
in the RTMocap_adjust function, and the reward can be
fully customized in terms of type, occurrence, and strength
within the RTMocap_reward function. Hence, this
Bshaping^ procedure can be generalized to many types
of reinforcement-learning studies, from the simplest situa-
tions (constrained in 2-D space) to more complex ones
(constrained in 3-D space within a predefined time window
after the start of a trial). Such software can thus be used to
shape 3-D trajectories for pathological individuals during mo-
tor rehabilitation, or in children when learning new motor
skills requiring specific body spatio-temporal coordination
patterns (e.g., writing; see Delevoye-Turrell, 2011).

Introducing the social aspects of motor control

Field of application: Social psychology
Name of experiment: BJoint actions^
Required functions: audioinit, pointref, smoothing,

3Devent, 3Ddist, 3Dvel, kinematics, display, reward, adjust.

Scientific objectives Recent kinematic studies have shown
that social context shapes action planning (Becchio, Sartori,
& Castiello, 2010; Quesque, Lewkowicz, Delevoye-Turrell,
& Coello, 2013). Moreover, we observed in a previous study
that humans are able to discriminate between actions per-
formed under different social contexts: reach for a cup for
my own use or reach for a cup to give it to someone else
(Lewkowicz et al. 2013). Interestingly, more and more con-
ceptual and empirical studies are reporting consistently the
need to investigate real-time social encounters in true interac-
tive situations (Schilbach et al. 2013). Nonetheless very few
cases of studies have been reported in which two humans have
interacted in true 3-D situations—for example, face-to-face
interaction around the same table while using real-time
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measurements to code for interaction dynamics. Here, we de-
scribe an example of a very simple face-to-face interactive par-
adigm in which two human agents exchange an object while
trying to earn the most rewards possible. This software solution
was used to run the study that is reported in Quesque et al.
(2013); it was also used to test the integration of eyetracking
and 3-D movement capture (Lewkowicz & Delevoye-Turrell,
2014).

Task The go signal for agent A is emitted after a random
delay. The go signal for agent B is emitted as soon as the
object is correctly placed on the central place pad by agent
A (i.e., this is a speed–accuracy task in which space accuracy
is the controlled parameter for successful trials).

Instructions for agent A BStart with the hand placed within a
target zone and reach for the object placed at 30 cm in front of
you; At the sound of a go signal, move the object in order to
place it on the place pad located in front of you.^

Instructions for agent B BStart with the hand placed within a
target zone and reach for the object placed by agent A on the
place pad located at 50 cm in front of you; At the sound of a go
signal, move the object to place it on the place pad located on
your right.^

Cooperative instructions The goal of both agents is to per-
form the joint sequence as quickly as possible by maintaining
a high accuracy level in space, on both place pads. Both par-
ticipants receive a joint reward if the full sequence is correctly
executed.

Competitive instructions The goal of each agent is to per-
form their own part of the segment as quickly as possible,
regardless of the total time taken for the total sequence.
Thus, the objective is to improve the speed of action in
reference to one’s own previous performance, following an
adaptive staircase procedure. Participants receive individual
rewards.

Examples of collected data When performing this task,
participants are prepared to react as fast as possible (if
in competition mode) or as adequately as possible (if in
cooperation mode). In Fig. 7, screenshots and examples
of arm kinematics of a typical cooperation trial are
displayed, with the resulting feedback that the experi-
menter receives online, immediately after the completion
of the trial. The experimenter determines within the ini-
tializing block whether the feedback is to be displayed on
agent A (top) or B (bottom). One can note the effects of
displacement direction on the key features of reaction
time, peak wrist height, and peak velocity as a function
of displacement direction.

Key features By measuring online velocity peaks, it is pos-
sible here to control online whether participants are truly
performing the task as quickly as possible (in reference to
the maximum velocity of each participant, measured in a se-
ries of familiarization trials collected before the experimental
session). It is also possible to customize the reward function,
and thus to alter the degree of interactivity in order to assess
possible changes in the motor coordination patterns between
two agents (mirroring of hand trajectories, for example). In our
example, we chose two different instructions (competition vs.
collaboration), but it would be possible not to give any instruc-
tions and to observe how participants implicitly modify their
social behavior if their partner’s mistakes impact or not on the
obtained reward. As was proposed by Sebanz and Knoblich
(2009), prediction in joint action is a key element to fully un-
derstand social interactions. As such, the RTMocap toolbox
can help build new paradigms through an advanced control
of environment variables and their predictability.

The steps to follow

In the following section, we describe the different steps need-
ed to set up and use the RTMocap toolbox. As we mentioned
earlier, this toolbox is mainly for scientists that have basic
programming experience in MATLAB and good experience
in motion capture. This section will guide you to test the first
example (the simple reach-to-grasp task) in a step-by-step
fashion.

Setting the configuration parameters

In MATLAB, launch RTMocap_design to set the configura-
tion parameters of the experiment (see Fig. 1). Note that the
intertrial interval (ITI; e.g., 4s) is a single parameter that will
be separated into two components: a constant part (ITI/2) and
a random part (from ITI/2 s to, e.g., 6 s). This calculation
provides two main advantages: (1)It helps maintain the over-
all ITI close to the parameter that you selected and avoids
large discrepancies between trial durations by using a constant
part, and (2)it prohibits any anticipatory strategies that partic-
ipants may use at the beginning of a trial, by using a random
part. At the end of this procedure, a Reach.cfg file is created to
encode and save all of the experimental configuration param-
eters within a single text file.

Starting the session

Participants are ready to execute the reaching movement, which
will offer the possibility to set the initial and terminal constraints.
In MATLAB, launch example_1_reach.m. The RTMocap
Toolbox will execute the function RTMocap_pointref twice, to
record the starting and ending positions of the marker, which
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will be tracked in real time. MATLAB will at this time display
the following text:

BPlace the marker on the initial position^ Have subjects
place their hand within the starting reference zone. When the
experimenter starts recording, the Binitial^ reference position
is calculated as the mean position across a 500-ms time inter-
val. At the end of the recording, the software displays the
mean X, Y, and Z coordinates, as well as the standard deviation
of the measurement and the total distance traveled. In addition,
the software displays a recommendation to repeat the refer-
ence if, during the referencing, the traveled distance exceeds
10 mm. At this stage, the experimenter can repeat the refer-
ence recording as many times as necessary to reach acceptable
stability. When reached, these coordinates are saved for future
use as the XYZ references of the Binitial^ position of the hand.

BPlace the marker on the terminal position^ Have subjects
place their hand stable within the terminal position. A proce-
dure similar to that above is repeated here, to obtain the XYZ

references of the terminal coordinates. This procedure is re-
peated as many times as there are set conditions (two, for the
present example). The software then indicates that the exper-
imenter should explain the instructions to the participants.

Launch the experiment

When the participants are ready, the experimenter presses the
space bar to start data collection. For each trial a sound is
triggered, indicating to the subjects that they should start the
reaching movement. As soon as the fingers contact the object,
the auditory feedback indicates whether or not the trial was
correctly performed. Optionally, a line code can be added
within the script to delay the feedback by a given time interval.
Participants are required to come back to the initial position
without a prompt to be ready for the start of the next trial. After
a random delay, the next trial is triggered. If the participants
were not immobile within the starting reference zone at least
500 ms before trial onset, then Bfail^ feedback is immediately
sent, indicating to the participants that the trial cannot be

A B

C D

0

200

400

600

800

1000

1200
0

200

400

600

−200

0

200

Movements of markers in 3D Space

Marker: 1
Marker: 2
Marker: 3
Marker: 4
Marker: 5
Marker: 6
Marker: 7
Marker: 8

0 500 1000 1500 2000 2500 3000 3500 4000
0

500

1000

1500

2000

2500

3000

3500
Velocity profile

Time (ms)

Sp
ee

d 
(m

m
/s

ec
)

RT:540ms

APV: 1973.03mm/s

MT: 355ms

APV: 1382.31mm/s

MT: 290ms

APV: 2522.30mm/s

MT: 520ms

−200

0

200

400

600

800

1000
0

200

400

600

−200

0

200

Movements of markers in 3D Space

Marker: 1
Marker: 2
Marker: 3
Marker: 4
Marker: 5
Marker: 6
Marker: 7
Marker: 8

0 500 1000 1500 2000 2500 3000 3500 4000
0

500

1000

1500

2000

2500

3000
Velocity profiles

Time (ms)

Sp
ee

d 
(m

m
/s

ec
)

RT:1815ms

APV: 2165.09mm/s

MT: 400ms

APV: 1336.78mm/s

MT: 355ms

APV: 1476.64mm/s

MT: 1000ms

Fig. 7 Two typical trials of the social interaction paradigm are presented
here. Trajectory patterns are presented on the left, with markers coding for
agent a (1–4) and agent b (5–8). Agent A was instructed to place the
object in the central place pad; agent B was instructed to place the
object on the pad located on either his right (a–b) or left (c–d) side. In

panel B, we display the kinematic information of participant A’s index
finger. In panel D, we display kinematic information for participant B’s
index finger. Black stars indicate the start and the stop positions (3-D
plots), and the red stars indicate the peak values that were detected by
the RTMocap algorithm
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initiated. This procedure is repeated until the total number of
trials is reached.

Ending the session

During the session, the software creates one data file per trial,
containing the timestamps and the XYZ coordinates for the
total number of selected markers specified in the AIM model
(Reach_raw-data1, -data2, -data3 ...). A graph of the velocity
of the tracked marker (Reach_velfig1.jpg), a file with the
Reach_errorTab.txt is also recorded. This latter file defines for
each trial the desired target position and the observed final po-
sition of the trackedmarker in XYZ coordinates (each trial being
presented on a separate line). This last file can be used before
complex preprocessing—for example, to verify the terminal
variability of finger positions on an object, and thus to calculate
the number of correct answers as a function of hand terminal
position on the object, without the need of any kind of interven-
tion by the experimenter during the experimental session.

Debriefing the participants

When first setting up the experiment, it is important to question
the participants on their ease of use of technology as it has been
shown recently that participants who are frequently in contact
with interactive systems (smartphones, tablets) are more in-
clined to be poorly sensitive to interactive environments
(Delevoye-Turrell, unpublished data). More importantly, one
must test the feeling of interactivity perceived by the partici-
pants in order to ensure that the reference preset by the exper-
imenter affords Btrust^ in the system. If the terminal position
variability is too high or the latency of the reinforcement signal
is too long, the participants may not Bbelieve^ the automatic
feedback that they receive. This may lead to unwanted modifi-
cations in the participants’ attitudes. Hence, trust in and accep-
tance of the setup need to be evaluated on an analogue scale to
ensure consistency across experimental conditions.

Conclusion

In the present contribution, we have focused mainly on the
potential use of real-time coding for motion capture to develop
innovative behavioral interactive experiments in the cognitive
sciences. But the potential applications range from virtual re-
ality control to improved assessment of the cognitive control
of 3-D world technology. Indeed, the RTMocap software can
be adapted to various types of 3-D motion capture systems
and could, in the near future, be implemented within human-
oid robots to code for human kinematics in real time in order
to offer intuitive human–robot interactions during collabora-
tive tasks (Andry et al., 2014).

In conclusion, the real-time detection of 3-D body motion
offers a multitude of possibilities. We have here described
specific examples used for the study of motor cognition and
decision-making processes, but a wide range of fields could
take advantage of this software to gain better understanding
not only of how different contextual variables influence reac-
tion and movement times, but also of the shape and variability
of motor planning, as well as the properties of motor execution
in ecological and free-willed 3-D interactions.
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