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Abstract

Operant animal behavioral tests require the interaction of the subject with sensors and actuators distributed in the experimental environment of
the arena. In order to provide user independent reliable results and versatile control of these devices it is vital to use an automated control system.
Commercial systems for control of animal mazes are usually based in software implementations that restrict their application to the proprietary
hardware of the vendor. In this paper we present OpenConirol; an opensource Visual Basic software that permits a Windows-based computer
o function as a system to run fully automated behavioral experiments. OpenControl integrates video-tracking of the animal, definition of zones
from the video signal for real-time assignment of animal position in the maze, control of the maze actuators from either hardware sensors or
from the online video tracking, and recording of experimental data. Bidirectional communication with the maze hardware is achieved through the
parallel-port interface, without the need for expensive AD-DA cards, while video tracking is attained using an inexpensive Firewire digital camera.
OpenControl Visual Basic code is siructurally general and versatile allowing it to be casily modificd or extended to fulfill specific experimental
protocols and custom hardware configurations. The Visual Basic environment was chosen in order to allow experimenters to easily adapt the code

and expand it at their own needs.
© 2007 Elsevier B.V, All rights reserved.

Keywords: Automated control; Behavior tests; Opensource software

1. Introduction

Many behavioral experiments in neuroscience address high-
level cognitive processes and are therefore extremely complex
to design and analyze. Since a vast number of variables may,
and often do contribute to the outcome of the experiments,
it is paramount to reduce possible external factors of vari-
ability, of which human factors are particularly noteworthy.
The complexity of behavioral testing is further increased by
the need to precisely quantify the core variables which have
been defined as representative of the animal’s behavior. These
two reasons, user independent control and precise quantita-
tive measurements, motivate the use of automated control
systems for behavioral mazes, Operant protocols used in cogni-
tive neuroscience research (Buccafusco, 2001) regularly require
interaction between the anima! and several mechanical or elec-
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tronic actuators that include levers, nose pokes, shockers, visual
or audio stimulators, and food or drink dispensers. Commercial
systems from top vendors already have software and hardware
packages to control all the sensors and actuators of the maze,
providing the possibility to define particular experimental con-
ditions without the need for the experimenter to have computer
programming skills. However, in addition to their high cost,
these control systems may also present experimental limita-
tions: they cannot be used universally to control actuators of any
manufacturer and they commonly restrict their input to analogic
signals (therefore, video tracking of animal pesition cannot be
used to control actuators). Moreover, many experimental set-
tings require the real-time integration of the behavioral data
with other methods (e.g. neurophysiological recordings, drug
delivery) asking for a degree of customization that commercial
contro] systems cannot anticipate.

Several experimental protocols require well defined con-
strains for the actuators activity: for example in radial arm
magzes it is convenient to dispense a food peliet only when the
animal advances halfway through each baited arm, which is com-
monly accomplished using photocell sensors; figure-eight mazes
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for delayed alternation tasks or circular mazes for probing the
activity of hippocampal place cells may also operate doors and
feeders according to the location of the animal (Belhaoues et al.,
2005: Dudchenko, 2004; Lee and Wilson, 2002); for example,
it was recently described a rewarded learning task in which the
animals were trained to use auditory cues of distance to goal
in order to locate an unmarked area in an open-field (Bao et
al., 2004). Video tracking of the animal location is therefore
not only used for offline trajectory calculation but becomes a
necessary element for real-time control of the maze hardware.
Automated control of these types of mazes would be extremely
easy to implement using a video camera instead of photocells
for determining the animal position, and custom solutions of
video-based control have been developed to satisfy particular
needs (Pedigo et al., 2006). Both free and commercial solutions
are already available for either video tracking of animal position
(Nolduset al., 2001; Ramazani et al., 2007; Togasaki et al., 2005)
or control of maze hardware (Zhang, 2006). However, no free
simple solution exists that integrates animal tracking with maze
hardware control. Even commercial solutions for this purpose
are not common.

Given the number of hardware customization that some
experimental protocols require, we have developed in our lab
a versatile control system for behavioral mazes that allows the
free integration of any electronic component deemed necessary
and also includes real-time video tracking of the animal position.
Three priorities guided the development of the software running
this control system: it should be open-source, no expensive hard-
ware components should be required and it should be very easy
1o adapt the software for specific experimental needs.

OpenCentrol was designed in a modular way so that every
user may easily adapt the code to the needs of its particular
situation. In this paper we describe the core of the software
and electronic components that we have developed in order to
interface with actuators from commercial manufacturers, and
describe the application of the system in the control of a partic-
ular experimental protocol.

2. Materials and methods

The entire control system is made of five components:
the control computer, the OpenControl software, the video
camera, the maze hardware modules, and the custom elec-
tronics needed in order to use the parallel LPT1 port to
contro! generic maze hardware (Fig. 1). Each one of these
components will be described separately. Additional tech-
nical details on the setup and use of the system can be
found on the webpage set for free download of the software:
htip://sourceforge.net/projects/OpenControl.

2.1. Control computer

A standard personal computer (PC) has been used to develop,
test and operate OpenControl automation control system, The
computer outfitted an Intel Pentiuvm 4 processor @ 3.0 GHz and
1024 RAM. Computer configuration is not critical for proper
functioning of the system, although faster processors will result
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in smoother performance of the tracking algorithm. As in all
standard PCs, this computer had one parallel port available,
LPT1. For Firewire support, required by our video camera (see
below), we installed a generic Firewire PCI card. The com-
puter ran the Windows XP (Microsoft) operating system and we
installed Visual Basic 6.0 {(Microsoft) to develop and compile
OpenControl software, Notice that, once compiled, OpenCon-
trol can run in any Windows XP computer without Visual Basic
6.0 instatled.

2.2. Open control software

OpenControl is written in Microsoft’s Visual Basic 6 (but, if
required, can easily be ported Visual Basic .Net). Visval Basic
is an intuitive and popular programming language, accessible
even to people who are not familiar with programming. It has
the additional advantage of being contemplated on most hard-
ware drivers through the inclusion of Visual Basic ActiveX
modules or .Net components. This is the case for many digital
cameras, data acquisition boards and other hardware often used
in autornated control. These ActiveX modules or .Net compo-
nents allow a transparent and uncomplicated integration of the
hardware control into the software.

The CpenControl automated control software is formed by
the following components: automation control code, graphical
user interface (GUI), tracking algorithm and data acquisition
and communication.

2.2.1. Automation control code

OpenControl has been written in order to segregate the
code for specific logic state implementations (automated con-
trol) from all other “housekeeping” code such as reading and
writing data to the parallel port or running the tracking algo-
rithm. This is accomplished by creating specific user defined
routines which are aggregated in an independent Visual Basic
module file named UserCode. By writing simple code into
these routines (in most cases only uncomplicated IF-THEN-
ELSE conditions are necessary) the user can define the web
of stimuli-response, action—reaction conditions which charac-
terize the behavioral test experiment. These routines have access
to al} variables relevant for control such as sensors states, acto-
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ators states, animal’s position, etc. For example, if one wants to
start actuator 1 when sensor 2 is activated, the code is simply:
“IF sensor(2).state = True THEN actuator(1).state = True”.

2.2.2. Graphical user interface

The generic graphical user interface of OpenControl pro-
vides information regarding sensors states, animal position (if
the tracking algorithm is running), allows the user to load and
save data, among other things. In the automated system, the con-
trol actions are initiated not only by sensor events but also by
user events. User events are coded on top of the graphical user
interface and are usually associated with key presses or button
presses. OpenControl supports key presses to override sensor or
actuator activation and uses buttons to define and initiate the cas-
cade of events associated with the beginning of an experiment
or beginning of a trial. A screenshot of the defanlt OpenCon-
trol GUI window is depicted in Fig. 2. Different experiment
protocols, with different devices, may require a more specific
frontend. Again, the Visual Basic environment is advantageous
since it is extremely simple to design customized frontends.

2.2.3. Tracking algorithm

The OpenControl software includes a tracking algorithm
capable of producing real-time estimates of the animal’s posi-
tion from an input video streaming. The position information
is available in the code as a global variable and can be used
for location monitoring or can be additicnally used to set state
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logic definitions in the automated control system. For example,
a door or gate can be automatically opened when the rat is in
its neighbourhood. The tracking algorithm uses a background
image of the experimental arena without the animal, to continu-
ously produce an image mask defining regions of occlusion. The
mask is produced by comparing the present image with the back-
ground: areas where the value of the pixels, in all three colour
filters (red, green and blue), exceed a predefined threshold are
signalled as an occlusion area. All pixels in the occlusion area
are then scored according to user-defined colour targets. This
score is calculated using the Euclidean distance in RGB space
between the pixel value and target colour. The scores are semi-
linear in the sense that differences below a predefined threshold
are zeroed. This nonlinearity is essential for the quality of the
results. The position is then calculated as the centroid of the
weighted region.

Two target colours can be chosen, meaning that two positions
are independently calculated. This serves the purpose of setting
body and head locations in an animal where a colourful spot
has been painted on its head. The tracking algorithm depends on
the environment light conditions and their variability. However,
leaving the camera in automatic white balance settings and back-
light compensation (two options commonly available in video
input devices) produces consistent light and contrast conditions
across time which allows the algorithm to work properly and
reliably. Both thresholds for background and colour target can
be changed by the user from the graphical user interface. This

Fig. 2. Screenshot of OpenControl’s basic GUI. Information regarding the state of sensors, actuators and input keys is shown in the frontend as well as other
environmental variables including the animal’s position, The tracking area occupies the lower half of the GUT and allows the user to set, as well as visualize, several

properties of the algorithm.
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allows the user to fine wne the algorithm for particular light
conditions. Better tracking results are obtained when the tracked
colours are very distinct, or ideally absent, from the background
image colours.

Processing images require handling a large amount of data.
In order to reduce the processor load, the tracking algorithm
supports three simplifications with little or no effect in position
detection. First, only a fraction of the video frames are used by
the tracking algorithm. Unless the camera frame rate is below
10Hz and the animal is running fast around in the arena (or
the image scale is very big), this reduction does not produce
noticeable changes. Secondly, only a fraction of the pixels are
sampled. If the camera is in 640 x 480 mode, sampling 1/4 of
the pixels allows the tracking to run efficiently without compro-
mising the results. The sampling fraction limit depends on the
amount of pixels involved in the animal image (where the image
scale is again an important factor). Finally, the algorithm keeps
track of the animal’s previous position and velocity. This allows
the algorithm to predict where the animal should the located in
the next frame and reduce considerably the search area. Only
if the anima! is not found in the predicted area then the whole
image will be used for tracking. Despite the simplicity of this
algorithm, its performance is very good and comparable with
commercial solutions. If needed, modifications and improve-
ments to the algorithm can always be made in its open-source
code.

OpenControl also allows the user o define spatial regions of
interest, here named “zones” of the maze. This information is
stored as an image file, with the same resolution properties as the
camera image, with the different zones painted uniformly with
different colours. These images can be created in any image
editor and are easily loaded into OpenControl using its GUI
(Fig. 2, lower left area). Using these images together with the
tracking algorithm the user can define events associated with
each zone without the need of complex functions of positions,
or may be used for tracking analyses such as time spent on each
zone of the maze, or number of entries into each one (mea-
sures cotnmonly used in the openfield, plus or water mazes, for
example).

2.2.4. Daia acquisition and communication

Communication with the parallel port relies on a Windows
XP dynamic link library—"inpout32.d1l”. The ccde associated
with sending data and reading data from the parallel port is
segregated from the user code.

2.3, Video camera

The system was developed using an inexpensive DFK21F04
digital video camera (Imaging Source Europe, Bremen, Ger-
many), fitted with a 2.8-6mm, 1/3in. lens (Computar,
Commack, NY). The choice for this specific camera manufac-
turer relied on the inclusion of Visual Basic ActiveX modules
(as well as .Net components} on the software drivers of their
cameras {IC Imaging Control), which permits easy integration
of the camera functions within the program. Another important
feature behind the choice of the camera was the interchange-

ability of the lenses through a regular c-mount adaptor, so that
the same camera could be adapted to record at very different
distances from the animal.

2.4. Maze hardware modules

We have run the OpenControl software to control both com-
mercial and in-house built maze actuators. Commercial modular
maze components were acquired from Coulbourn Instruments
(Allentown, PA, USA). Apart from the passive elements of maze
construction (cages, hubs, walkways), we have tested pellet food
dispensers, retractable and non-retractable levers, and nose poke
sensors. In addition, we have used the OpenControl software to
control custom built audio and visual stimulators, as well as a
thermal stimulator built with Peltier elements. Given the usually
simple connectivity schemes used in operating the commercial
maze modules, we believe that no incompatibility exists between
OpenControl and current maze hardware. Commercial modules
for operant behavior mazes commonly belong in two classes of
complexity: TTL-like controlled modules (in which the line of
power supply is distinct from the line of control operational con-
trol), and switch-like modules (in which the controtl signal is the
powering signal). Most vendors provide external power supply
units for their modules, as well as voltage adaptors that convert
the 5V TTL signals from computer ports to the adequate volt-
age required at the control input of their modules {commonly
a positive or negative 24-28 V signal). In the download page
of OpenControl we also provide the schematics for an exter-
nal power supply and optocoupled TTL converters that we have
developed to specifically operate the Coulbourn modules.

2.5. Parallel interface hardware

With the goal of making this automated control software as
general and unrestricted as possible, OpenControl was designed
for the standard parallel port, LPT!. The computer parallel
port interface LPT1 is a very convenient bidirectional port for
communication with external devices because of: (1) its straight-
forward access functions under the Visual Basic programming
environment and (2) the portability of the software to any com-
puter independently of its hardware. On the other hand, the use
of LPT1 port intreduces two drawbacks on the CpenControl sys-
tem: first, it restricts the channels of communication to a small
number of input and output signals; second, it cannot be used for
control with millisecond precise timing since data port access
(read and write) is done at fixed sampling frequencies which
may vary according with instantaneous values of CPU usage.
The first drawback will affect only a few experimental situations.
Even in commercial control stations, the input connections are
very limited in number since most behavioral protocols com-
monly require only a handful of actuators. In the configuration
we adopted for OpenControl, the parallel port provides 5 input
bits and 8 output bits. This choice was made in order to keep the
external circuit bridging the port and the devices as simples as
possible (see the OpenControl webpage for schematics of this
circuit). These input—output numbers can nevertheless be sub-
stantially increased in optimized configurations where the inputs
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can go up to 13 bits and the outputs up to 12 bits. These config-
urations require, however, complex external circuits which we
choose do not use in this paper (but see OpenControl website
for suggestions of implementation).

The second drawback, regarding time precision issues, is not
imputable to the parallel port alone but to its control through
Visual Basic. Best performance in an automated control system
is achieved using background or asynchronous operation. How-
ever, the parallel port under Visual Basic (as well as most low
and medium range data acquisitions boards) dees not support
this mode. Instead, all input bits have to be read synchronously
in what is called polling mode. In polling mode OpenControl
defines a sampling frequency for checking the status of the input
bits. An external S-R flip-flop circuit (latch circuit) ensures that
every sensor activation (as narrow as 1077 s) is preserved until
acquired by the following LPT1 read command. While the time
resolutions appropriate for most behavioral tests are guaran-
teed, millisecond precision is not possible. See Section 4 for
a complete analysis of the time precision and time resolution of
OpenControl.

2.6, Other hardware configurations

Where required, other hardware configurations can be used
without introducing significant changes into OpenControl. A
component with noteworthy significance is the data acquisition
interface. If millisecond precision is required, the parallel port
interface can be replaced with a specialized data acquisition
board. Many boards come with ActiveX or .Net components
making their integration into the Visual Basic environment
straightforward.

3. Results

The OpenControl system has been used in our laboratory in
the contro! of several protocols, including the Rodent Gambling
Task reported elsewhere (Pais-Vieira et al., 2007). It has also
been used in experiments involving tethered rats with chroni-
cally implanted multielectrodes for simultaneous recording of
behavioral and neural activities (Pais-Vieira et al., unpublished
results). The use of optocoupling circuitry in the bidirectional
connections through the parallel port prevented the occurrence
of elecirical noise generated by the control computer.

In the above-mentioned Rodent Gambling Task (Pais-Vieira
et al., 2007), the generic code of the OpenControl software
was customized to operate a novel behavioral protocol designed
to probe the role of the orbitofrontal cortex on an emotional
decision-making task. Further details about the results and rel-
evance of the study can be found in the original paper. Here we
will describe the use of the OpenControl system to its operation
as a simple example of the customization casily attainable by
this system.

The hardware of the behavioral apparatus consisted in a
tectangular chamber connected to an octagonal hub through a
motorized guillotine door. The hub was partially divided into
two adjacent chambers by a 15cm protruding opaque Plexi-
glas panel. Each half of the hub contained one non-retractable

lever and one automated pellet dispenser. All the above mod-
ules were acquired from Coulbourn Instruments. In addition we
also installed in the hub a ceiling light and an audio speaker.
Hence, the OpenControl received two inputs, one from each
lever, and generated five outputs: two pellet feeders, guillotine
door, ceiling light and the audio speaker (driven directly from
the computer audio card). Coulbourn modules are powered by
—28V and therefore we built a power supply unit for that volt-
age that is able to provide 3 A (circuit schematics provided in
the OpenControl download page).

Briefly, the experimental protocol of the Rodent Gambling
Task consisted in 90 trials of 20s that followed the same
sequence: first, the animal was placed in the entrance cham-
ber; after a random period of 5-10s, the ceiling light switched
on, a brief audio tone signaled the begin a new trial and the guil-
lotine door opened allowing access to the hub; the first lever the
animal pressed generated the correspondent reward according to
the contingency table (see below), and any further press had no
longer effect; when the trial time limit was reached the ceiling
light was switched off, and the animal was placed back in the
entrance chamber.

The OpenControl interface was adapted so that relevant infor-
mation about the progress of the task would be immediately
presented to the experimenter. Since tracking the location of the
animal was not relevant to this particular task, the video was only
used for remote observation of the animal. The main OpenCon-
trol Visual Basic form specifying the GUI was modified so that
only the status of the sensors, actuators and counters used in the
task would appear in the screen (Fig. 3). Since each experimen-
tal session comprised 90 trials of fixed duration, several buttons
were added to the GUIL: the BeginSession button initiates a ses-
sion; the BeginTrial button initiates each trial; the EndSession
button terminates the session and records the experimental data
to a predefined file. Additionally, a series of buttons to remotely
operate the feeders, guillotine door, audio tone and ceiling light
were introduced in order to help the experimenter during the
autoshaping training of the animals, but were not used during
the experimental session. The remaining items in the GUI refer
to the timers and counters used in the task and that are displayed
only for feedback of the experimenter.

The core of the task relies on the fact that choices between the
left or right levers led to different rewards in size and probability:
one lever attributed a one pellet reward with 0.8 probability (low
risk lever), while the other attributed a three pellets reward with
only 0.3 probability (high risk lever). Rewards per lever followed
a pseudo-random pattern that was kept fixed for every animal so
that the sequence of rewards in each lever would always be the
same. This contingency table was defined in a separate config-
uration file read by OpenControl at the beginning of a session.
The few specific rules necessary to control the modules were
inserted in the UserCode module file, and they are detailed in
Table 1 (additional Visual Basic variables were used to keep
track of the trial-by-trial events, but those were omitted here
for simplicity). At the end of the experimental session, trial-
by-trial events and the final value of the relevant counters were
saved in tabbed text format importable in MATLAB for further
analyses.
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Fig. 3. OpenConirol's implementation for a specific behavioral test. Some buttons were added to the OpenControl's basic GUI and all unnecessary controls were
removed. The process of redesigning the GUI is completely straightforward in Visual Basic.

3.1. Performance analysis of open control

To quantitatively assess the performance of the software sev-
eral tests were carried out. These tests included assessment
of sampling resolution, time delays and time jitter. All tests
were performed with a TDS 1002 two-channel digital stor-
age oscilloscope with 60 MHz sampling frequency (Tektronix,

The sensors sampling resolution can be defined in OpenCon-
trolup to 1 KHz but there is no a priori guarantee of the precision
or accuracy attained: since the sampling is done in foreground
(synchronously), very high resolutions will not be respected,
especially if the CPU is under high loads.

To define an upper bound for the sampling resolution, given
the computer configuration mentioned earlier, we have set an

Courtaboeuf, France),

Table 1
Logical operations coded in the UserCode module

artificial setup where OpenControl sensors were driven by an

Event

Actions

BeginSession button
BeginTrial button
Timer TrialWait reaches “0”

Sensor LeverRight ON and LeverAvailable equals 1

Sensor LeverLeft ON and LeverAvailable equals “17

Timer TrialTime reaches “0"

EndSession button

Reset ali timers and counters; start timer SessionTime; set button BeginSession as OFF, set
buttons EndSession and BeginTrial as ON

Increment counter TrialNumber; set buttons EndSession and BeginTrial as OFF; set timer
TrialWait to random value between 5 and 10s; start countdown

Ceiling light ON; sound tone; open guillotine door; set timer TrialTime 10 “20"; start
countdown; set counter LeverAvailable to *1”

Set counter LeverAvailable to “0"; increment counter LeverRight; if reward is due in this trial,
set RightFeeder as ON; if reward is due in this trial, increment counters TotalPellers and
PelleisRight

Set counter LeverAvailable to “0"; increment counter LeverLeft; if reward is due in this trial,
set LeftFeeder as ON; if reward is due in this trial, increment counters TotalFellets and
PelletsLeft

Set counter LeverAvailable to “0"; ceiling light off; close guillotine door; set buttons
EndSession and BeginTrial as ON

Proceed to WriteData section; reset all timers and counters; set button BeginSession as ON;
set buttons EndSession and BeginTrial as OFF
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external square wave generator (300! Signal Generator-BK Pre-
cision, CA, USA). The maximum sampling rate was defined as
the limit frequency where, reliably, no pulse from the exter-
nal signal generator was lost. This test was performed with and
without the tracking algorithm and the results have shown that
OpenControl is capable of maintaining a reliable polling rate
well above 50 Hz. However, higher frequencies affect the pre-
cision of the pulses. At a polling rate of 50Hz, and without
performing tracking, OpenControl is capable of maintaining
very stable periods with sub-millisecond jitter. With the track-
ing algorithm running, the maximum recorded jitter was 2ms
{0.820 - 0.733 ms; 100 recordings; error is the standard error).
We thus recommend using 50 Hz as the maximum polling fre-
quency for OpenControl.

In addition to the sampling resolution, we assessed the time
precision of the system. To do that we defined two automation
tests with very simple logical conditions foran actuator: intest A,
the actuator should be immediately activated when a sensor was
pressed; in test B, the actuator should be immediately activated
when the tracked position entered a specific region. In both tests,
the maximum delay measured was 8 ms, with most of the pulses
arriving just in time (JIT).

All these values reported in these section all well above the
precision requirements for behavioral tests, making OpenCon-
trol a robust solution as an automation system.

4, Discussion

We presented a software solution for autemated control of
behavioral tests. The OpenControl software, including the track-
ing algorithm, is freely available under the GNU general public
license (http://www.gnu.org/licenses/gpl.html). We expect that
our program may be valuable for laboratories wanting to have
full access and control of the automation software, Despite being
written under general assumptions, our program can be eas-
ily modified and expanded to face other needs. The process of
developing a control program is greatly enhanced by having the
support of an existing solution. We provide a program which
can be legally reverse engineered.

It was our goal to have OpenControl running in a standard
personal computer with an inexpensive digital camera and using
the standard parallel port for data communication. This option
avoids the costs of a dedicated data acquisition board and, as we
have shown, did not impose strong limitations on experimen-
tal accuracy. Behavioral tests typically require a time precision
on the order of hundreds of milliseconds which is well within
the capabilities of this system (under Windows XP and Visual
Basic). The number of maze elements and the time precision
attained by the parallel port is perfectly compatible with the
majority of the behavioral experimental setups. We have also
demonstrated the additional advantages of using a standard PC
to control behavioral experiments instead of a proprietary con-
strained hardware, since the logical control of the maze hardware

may use all the computer functions as interactive tools under
OpenControl: real-time video tracking may be used to act on the
maze, the experimenter is able to remotely operate each actuator
via the keyboard, and in addition to the digital output provided
by the paralle] port both the computer display and the sound
card can be used as analogic outputs to present visual stimuli,
drive external hardware, or even function as touch screen sen-
sors (Bussey et al., 2001; Izquierdo et al., 2006). Finally, we
hope that the ease of configuration permitied by OpenControl
boosts the development of customized protocols for behavioral
research.
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