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Abstract
In this work, we describe a new open-source MATLAB toolbox for the control of behavioral experiments. The toolbox caters to 
very different types of experiments in different species, and with different underlying hardware. Typical examples are operant 
chambers in animals, with or without neurophysiology, behavioral experiments in human subjects, and neurophysiological 
recordings in humans such as EEG and fMRI. In addition, the toolbox supports communication via Ethernet to either control 
and monitor one or several experimental setups remotely or to implement distributed paradigms across different computers. 
This flexibility is possible, since the toolbox supports a wide range of hardware, some of which is custom developments. An 
example is a fast network-based digital-IO device for the communication with experimental hardware such as feeders or trig-
gers in neurophysiological setups. We also included functions for online video analysis allowing paradigms to be contingent 
on responses to a screen, the head movement of a bird in an operant chamber, or the physical location of an animal in an 
open arena. While the toolbox is well tested and many components of it have been in use for many years, we do not see it as 
a finished product but rather a continuing development with a focus on easy extendibility and customization.
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Introduction

Here we introduce a new MATLAB project, the Open 
Toolbox for Behavioral Research (OTBR). The primary 
application of the system is to control behavioral experi-
ments in a wide range of setups and species. It offers a 
one-stop solution to implement feeding, visual or acous-
tic stimulation, camera tracking integration with MRI or 
physiology hardware, and many more. All hardware speci-
fications are provided in one place (myHardwareSetup.m) 
such that experiments are easily portable between differ-
ent hardware. The applications created with the OTBR 
can be individually controlled by a PC or configured 
as racks of multiple clients with a central control PC. 

The software can either be used on regular computers or 
on Raspberry Pi microcomputers without changing the 
experiments. Several computers running OTBR can be 
connected via WiFi or LAN to create larger, distributed 
setups. This versatility makes the toolbox very useful for 
technicians responsible for different labs with diverse 
research portfolio since it can serve as a one-stop solu-
tion for a wide range of different projects. The aim of this 
manuscript is to give an idea of the capabilities and the 
design of the toolbox, extensive documentation is beyond 
the scope of this manuscript and is therefore provided 
online (https:// gitlab. ruhr- uni- bochum. de/ ikn/ OTBR/-/ 
wikis/ home).

The software platform is programmed in MATLAB as 
an open toolbox such that complete paradigms or indi-
vidual functions can be used and shared. While MAT-
LAB itself is neither open source nor freely available, 
our toolbox generally does not rely on any commercial 
MathWorks toolboxes and can therefore be used with the 
free and open-source alternative Octave (the few excep-
tions to this rule are clearly marked in the documenta-
tion). Octave is freely available for Windows, Mac, and 
Linux, and can offer a cost-effective solution should 
a MATLAB license be unavailable or impractical. We 
chose MATLAB even though it is commercial software 
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since it is widely used in our field for both data analy-
sis and for experimental control. Additionally, it offers 
good hardware support and functions, for instance for 
video-image processing. Therefore, MATLAB can pro-
vide an easy one-stop solution for experimental control 
and for data analysis that benefits a wide range of users 
and can eliminate the need to learn additional program-
ming languages. In addition, MATLAB allows compiling 
experiments into a binary executable that can easily be 
shared and executed on machines without a full MAT-
LAB installation and license. Consequentially, the OTBR 
supports compilation of entire experiments, which allows 
users to program and test their experiments in the labora-
tory and share the final program in a manner that is safe 
from modification and that can be run without knowledge 
of the software.

The OTBR uses the extensively adopted open-source Psy-
chophysics toolbox (Brainard, 1997; Kleiner et al., 2007; 
Pelli, 1997), which offers a wide range of software tools and 
many useful extensions in its own regard. In many ways, 
this project is an expansion of our own Biopsychology tool-
box, which has been used successfully in several laborato-
ries and in a wide range of experiments (Rose et al., 2008). 
With the introduction of OTBR, we completely re-worked 
the underlying code, heavily expand on the capabilities of 
the Biopsychology toolbox, and include new hardware solu-
tions to offer a complete system for behavioral experiments 
across different species. In no way do we view this plat-
form as a finalized effort. Our goal is to share our own tools 
with the community and to encourage active participation 
in the project. Consequently, we welcome the contribution 
of compatible software, feature requests, bug reports, sug-
gestions, or support requests. We aim to grow the toolbox 
to not just accompany our current experiments – the driv-
ing force behind our own developments – but to enable a 
wide range of species, experiments, and applications. Thus 
far, the toolbox is used with birds (pigeons, crows, quail, 
and jackdaws) rats and humans. In animals, it was used in 
studies of behavior, pharmacology, single-cell neurophysiol-
ogy, optogenetic stimulation, and functional magnetic reso-
nance imaging (fMRI) (Hahn et al., 2021; Horváth et al., 
2016; Lukkes et al., 2016; Packheiser et al., 2021; Rook 
et al., 2020, 2021; Sonntag et al., 2014). In humans, the 
toolbox was used to conduct questionnaires, computer-based 
paradigms, measure electrodermal activity (EDA), electro-
encephalogram (EEG), fMRI, and to perform eye tracking 
(Bamberg et al., 2021; Beck et al., 2022; Hagedorn et al., 
2022; Kinner et al., 2017; Schwabe & Wolf, 2009; Zöllner 
et al., 2022). With the aim of creating a one-stop solution for 
a wide range of experiments in mind, OTBR supports dif-
ferent hardware and can be used to control different types of 
setups. A major novelty of our toolbox is the compatibility 
with a variety of hardware, be it different digital input-output 

(DIO) devices or to run entire paradigms on Raspberry Pi. 
The latter is a great hardware platform since it offers suf-
ficient computing power for most behavioral paradigms, it 
directly provides IO-pins for the control of external hard-
ware such as feeders, and it is small and highly affordable, 
giving great scalability to training setups. By heavily relying 
on Ethernet or WiFi for communication, the platform can 
cater to very different use cases as unusual as distributed 
setups with multiple Raspberry Pi presenting stimuli and 
monitoring responses in different locations. Importantly, the 
same software can be run on the different supported setups 
(Windows, Mac, and Linux) without much customization.

Outline of the toolbox

In this section, we provide an outline of the project along 
with use cases that are typical in our work (Fig. 1). However, 
in no way do we wish to imply that potential applications of 
the platform are limited to these examples. Instead, we hope 
to highlight the flexibility of the platform and its ability to 
function in a wide range of scenarios. In fact, the software 
(and hardware) as we describe it here should be understood 
as an example or ‘teaser’ of a larger project. We believe that 
you know best where this approach could benefit your own 
experiments and that you should adopt the tools as needed 
and, hopefully, extend the toolbox. Some code examples for 
the purpose of illustration are included in Box 1, for detailed 
documentation and schematics, please refer to the online 
presence of the project (Downloads: https:// gitlab. ruhr- uni- 
bochum. de/ ikn/ OTBR, Wiki: https:// gitlab. ruhr- uni- bochum. 
de/ ikn/ OTBR/-/ wikis/ home). 

The software is packaged as a MATLAB toolbox with func-
tions for randomization, visual stimulus presentation on moni-
tors, auditory stimulation, and hardware interaction including 
trigger handling. The toolbox can address several digital IO 
(DIO) devices and it can easily be adapted to different devices 
– MATLAB offers support for many commercial systems, 
making the addition of new hardware to the toolbox particu-
larly easy. Importantly, the software is platform-independent, 
and we currently use the toolbox on Windows and Linux sys-
tems as well as Raspberry Pi microcomputers where it runs 
under Octave instead of MATLAB. We also provide functions 
to monitor and control experiments remotely through an Eth-
ernet connection. This feature also allows controlling experi-
ments on different setups from a central machine or running 
paradigms on different computers simultaneously.

For Raspberry Pi, we offer a cloned operating system 
that can be copied onto a micro-SD card to serve as a hard 
drive of the microcomputer. The clone includes Octave, the 
psychophysics, and OTBR toolboxes, and you only need to 
adjust Ethernet settings to your local requirements. While 
there is no need to install the toolbox, most of the functions 

https://gitlab.ruhr-uni-bochum.de/ikn/OTBR
https://gitlab.ruhr-uni-bochum.de/ikn/OTBR
https://gitlab.ruhr-uni-bochum.de/ikn/OTBR/-/wikis/home
https://gitlab.ruhr-uni-bochum.de/ikn/OTBR/-/wikis/home
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rely on initialization (initOTBR.m) and hardware definitions 
(myHardwareSetup.m, myParadigmSetup.m) within a given 
paradigm. By adjusting one file (myHardwareSetup.m), it is 
possible to freely transfer entire paradigms between different 
setups and sometimes even species. This makes it possible to 
not only run identical paradigms on different hardware (e.g., 
Raspberry Pi or PC) but it also allows to develop and test new 
paradigms in the office and then deploy the final paradigm to 
the experimental setup. In the office, one can use a keyboard 
or mouse to test a paradigm that relies on touchscreen inputs 
and digital outputs in the experimental setup. Likewise, an 
experiment can be copied over the network to an experimen-
tal computer to be started and monitored remotely through 
the toolbox – useful for instance if dedicated hardware must 
be tested or if subjects must be left undisturbed by the experi-
menter. We offer a graphical user interface for the remote 
monitoring and control of experiments. These clientPanels 
(Fig. 2) are modular figures composed of several subpanels to 
include, for example, the stream from an IP camera, a panel 
to receive updates of the experimental progress or a presen-
tation of the stimuli displayed to the subject. A subpanel to 
load and start an experiment is also available. The modular 
nature of this approach allows us to easily add custom panels.

Exemplary use cases

Human behavior For a simple behavioral experiment, only 
a computer with the OTBR toolbox, a monitor for stimulus 
presentation, and a keyboard or mouse for response moni-
toring are required (Fig. 1A). We often use more complex 
setups with multiple monitors or with monitors with high 
refresh rates (the toolbox was tested up to 240 Hz on a 
DELL Alienware AW2518HF). In addition, several func-
tions allow for quick paradigm design such as functions for 
controlled stimulus pseudo randomization (randomOrder.m) 
and outcome monitoring. We also added functions dedicated 
to human subjects such as the display of questionnaires and 
the use of scales to query ratings.

Human neurophysiology The toolbox is also routinely 
used in experiments recording EDA, eye tracking, EEG, 
fMRI, or each. Such experiments require the time-critical 
transmission and recording of hardware triggers. To send 
or receive triggers within an experiment, a supported hard-
ware device, such as our open-source LAN DIO device 
(Box 2), must be selected in only one place in the code 
(myHardwareSetup.m). To receive triggers only one more 
line of code is needed in the experiment and to send trig-
gers only one line per event is necessary. Adding new DIO 
hardware to the toolbox is straightforward if the device is 
supported by MATLAB. The OTBR toolbox also provides 

Fig. 1  Typical use-cases. A The toolbox can run on a single com-
puter. We use this configuration to develop and test paradigms, to 
conduct human behavioral, EEG, or MRI studies or to control one 
operant chamber. This configuration is useful for graphics-intense 
or timing-critical applications. B Multiple operant-modules are con-
trolled by a single PC to run a distributed paradigm. Here we illus-
trate this with a hexagonal arena that is used to show stimuli, wait for 
responses, and deliver rewards at different locations in the arena. The 
paradigm is executed on the control-PC and individual commands 
or code-blocks are sent to and executed on the operant-modules. C 
A single PC is used to control multiple operant chambers. Here the 
operant-module in each chamber runs an experiment independently. 
One central computer is used to start and monitor the local code-
execution. This configuration can be used to train multiple animals 
in parallel. In our example, the operant chambers are positioned in a 
rack and controlled by an adjacent computer. Since the communica-
tion is Ethernet-based, setups do not need to be placed in the same 
room as the control computer
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functions that handle MRI specific procedures such as wait-
ing with execution of the experiment until a certain number 
of hardware triggers occurred. If the fMRI triggers are trans-
mitted via USB, usually no additional hardware is needed, 
and the experiments can be started directly.

Operant chambers A single computer runs the OTBR tool-
box to control one operant chamber. Here we place a monitor 
inside the operant chamber for stimulus presentation and 
another monitor next to the setup to control the paradigm. 
Responses of the animals are registered either using a touch-
screen monitor or by utilizing transparent response keys. 
Using our Ethernet-based-IO device (Box 2) we control 
lights and feeders, read response keys, and send synchro-
nizing triggers to neurophysiology hardware.

We use this type of setup mostly when timing is critical, 
for example for neurophysiological recordings. The system 
also controls a custom pellet feeder for food delivery and 
a fast video-based tracking module (the only OTBR func-
tion that requires additional MathWorks toolboxes) that we 
use to reconstruct the gaze direction of crows in real time 
(currently up to 150 Hz, camera limitation). We can also 
use the tracking module, for example to train the animals to 
hold the head in a certain position on each trial. The track-
ing module can easily be modified; for example, we use the 
same system to replace touchscreen monitors or to track 
an animal’s location in an open arena where we control 

the experiment contingent on the animals’ location. The 
module supports multiple cameras simultaneously, used 
for instance in three-dimensional gaze tracking or when 
operating in a large open arena (currently with up to four 
cameras).

Operant modules To our knowledge, this is a completely 
novel approach for controlling behavioral experiments. We 
designed operant modules utilizing Raspberry Pi microcom-
puters. Operant modules are stand-alone units that consist of 
a Raspberry Pi, a touchscreen, our pellet feeder, and a simple 
circuit board for power and IO handling. Raspberry Pi com-
puters have several advantages: They are readily available 
at a low cost, they have very small footprint, comparably 
low heat exhaustion, and they are equipped with an Ether-
net port. The most important property for our application, 
however, is that Raspberry Pi are equipped with digital and 
analog IO ports, eliminating the need for additional IO cards. 
Hardware such as lights, feeders, etc., can be controlled 
directly from the Raspberry Pi by using our circuit board 
or other community solutions. Additionally, several moni-
tors and touchscreens are available for use with Raspberry 
Pi, useful for stimulus presentation and as input device. By 
using Raspberry Pi, our operant modules offer highly flex-
ible solutions for very different setups and experiments.

The Raspberry Pi of each module runs Linux, Octave, 
the Psychophysics toolbox and the OTBR toolbox. Each 

Fig. 2  An example use of clientPanels (PC-screenshot). Here two 
clientPanels are added to one MATLAB-Figure to monitor two 
experiments remotely. Several subPanels are selected in both cases 
that allow the integration of a webcam, a paradigm viewer that dis-

plays the stimuli currently presented in the setup and a progress plot 
to monitor the behavior of the subject. Clientpanel also allow to add 
panels to remotely control the execution of paradigms, for instance if 
a central computer is set to control a rack of training boxes
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module can operate fully independently, acting like the 
computer in the traditional operant chamber (Buscher et al., 
2020; Geissmann et al., 2017). A module can also be posi-
tioned, for example, in the home cage of the animals for 
enrichment, for pre-training, or for full training. If needed, 
the modules can be configured to boot directly into the 
paradigm without the need to attach a keyboard, mouse, or 
additional monitor to the Raspberry Pi. Here data can be 
stored on a USB key or on a Network drive. For a different 
approach, we take advantage of the Ethernet connection 
of the Raspberry Pi. Modules can be controlled remotely 
through the OTBR toolbox such that a remote computer acts 
as a controller for one or for several modules. We developed 
this solution mainly with two use cases in mind: either to 
run distributed paradigms on several modules simultane-
ously (Fig. 1A) or to test multiple subjects in parallel (rack 
of operant modules, Fig. 1B).

Distributed paradigms on several operant modules A 
novel use case is distributed paradigms (Fig. 1B). Here the 
paradigm is executed on a control computer that controls 
several behavioral modules remotely. The program on the 
controller therefore remotely coordinates stimulus pres-
entation, reward delivery and behavioral responses on the 
different modules. We use this design in paradigms where 
animals are required to move between modules to give dif-
ferent responses to the stimuli displayed on the modules. 
The communication between controller and the modules 
is implemented such that the controller sends a MATLAB 
command to the module and triggers its remote execution on 
the module. This allows running any MATLAB command 
giving the user ample flexibility. One command could be 
used to present a single stimulus, to deliver a reward, or to 
execute a full stimulus-response-outcome sequence – using 
one line of code on the controller. In most paradigms, we 
copy preprogrammed code snippets (scripts) to a network 
share on the Raspberry Pi of each module at the start of the 
paradigm. During runtime, we then only trigger the execu-
tion of these scripts from the control computer. Functions to 
collect response and timing data from the module are also 
available. This is particularly convenient if such code snip-
pets can be reused between paradigms.

Rack of operant modules A rack of operant modules can be 
assembled to provide a convenient space- and cost-effective 
setup to train or test many animals simultaneously (Fig. 1C). 
The paradigms are started remotely using a single control 
computer for the entire rack. However, in this case, the Rasp-
berry Pi of each module executes the full paradigm indepen-
dently. Once the program is started, the control computer 
could be disconnected without affecting the execution of 
the paradigm, albeit we use it to monitor the paradigm. The 
controller is connected via Ethernet, so it does not have to 

be placed directly adjacent to the rack. In fact, the controller 
could be placed in a different room to allow the experimenter 
to monitor several racks while working nearby and without 
disrupting the animals. A graphical user interface (Fig. 2) on 
the controller can be used to control each module and to start 
individual paradigms remotely. This control panel can also 
be used to monitor the progress and to view a webcam inside 
each module. This unique solution offers a scalable space- and 
cost-effective system for high-throughput behavioral testing.

Synopsis

The OTBR toolbox offers an easy and highly flexible approach 
to programming behavioral and neurophysiological experi-
ments in MATLAB. This toolbox is the expansion (and full 
re-development) of the Biopsychology toolbox that has been in 
continuous use over the last 14 years. To make the project read-
ily available it is open source. Importantly, we put considerable 
effort into the documentation to make the toolbox accessible to 
anyone with some programming experience in MATLAB. The 
OTBR toolbox is already in use with several species and very 
different hardware, for instance different digital IO devices. A 
wide range of experiments ranging from fMRI and EEG exper-
iments in human subjects to optogenetics in pigeons and neuro-
physiology in crows are implemented using the OTBR toolbox. 
Particularly, the LAN tools gave our work novel approaches. 
We can now construct comparably small and affordable setups 
for high-throughput testing. Importantly, we can also design 
completely new, distributed paradigms that take our research 
in new directions. For our laboratories, a great appeal is the 
ability conduct such a wide range of different experiments with 
a very similar code base. In many cases, experiments can be 
conveniently ported between entirely different setups and spe-
cies with only minor modifications to a single hardware config 
file (myHardwareSetup.m). We aim to share this project with 
other laboratories in the hope to not only pass on the tools 
that we developed for our own work but also to gain further 
contributions to the toolbox.

Box 1: Software examples

The first stop for any potential use of novel code is 
always the documentation. Since we provide this else-
where (https:// gitlab. ruhr- uni- bochum. de/ ikn/ OTBR/-/ 
wikis/ home) along with a complete function reference, 
examples, and instructions on how to get started, it 
is well beyond the scope of this article. Instead, we 
chose to include only a few illustrations of OTBR 
functionality in allow the reader to get some sense of 
our approach.

https://gitlab.ruhr-uni-bochum.de/ikn/OTBR/-/wikis/home
https://gitlab.ruhr-uni-bochum.de/ikn/OTBR/-/wikis/home
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Questionnaires and scales for human subjects

A simple questionnaire (or a scale for ratings) can be 
generated with one line of code and executed with one 
simple command. The questionnaire responds to mouse 
or touchscreen input and reports all relevant information 
back. These functions are useful either to conduct full 
standalone experiments or, for instance, to collect addi-
tional information before an EEG.

Pseudo randomization

The function randomOrder.m can be used for stimulus 
randomization. The function generates pseudorandom 
sequences of values and is highly customizable. By 
default, it prevents the excessive accidental repetition of 
one value.

Input monitoring

We use the function keyBuffer to halt program execution 
until a certain behavioral criterion is met. The function 
can either monitor response keys on the keyboard, the sta-
tus of physical DIO pins, a touch, or a mouse click to a 
pre-defined response region on a monitor. We also use the 
same function to react to camera-based head tracking or 
whole animal tracking.

% Wait 10 seconds
response = keyBuffer(10);

% Wait 10 seconds or until subject
makes correct choice (key 1 or 3)
response = keyBuffer(10,’goodKey’,[1 3]);

% Wait 10 seconds or until subject makes
correct or incorrect choice (key 2)
response = keyBuffer(10,’goodkey’,[1 3], ‘badkey’,2);

% Randomize 1, 2 to generate 6 values
(default: max 3 repetitions)
randomOrder(2,6)
ans = [2 1 1 2 1 2]

% Randomize 1, 2 to generate 10 values with
ratio of 1 to 9 (less than 10 repetitions)
randomOrder(2,10,'ratio',[.1 .9],'maxrepeat',10)
ans = [2 2 1 2 2 2 2 2 2 2]
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Adapting to different underlying hardware

All hardware definitions are stored in one file 
(myHardwareSetup.m). This allows us to easily move a para-
digm to a new setup or to propagate code changes to different 
hardware by simply copying all files except one. Furthermore, 
the necessary changes to transition between different supported 
hardware are very simple. For example, the underlying (sup-
ported) IO device can be switched using one line of code.

Box 2: Digital IO over LAN

The toolbox also supports a DIO device that we 
developed to communicate efficiently with different 
types of hardware. We chose Ethernet for its flex-
ibility, availability, ease of use and, importantly, for 
its speed. On the hardware side, we decided to use a 
microcomputer board (Odroid C1+) that is compa-
rable to Raspberry Pi but enables faster communica-
tion by offering a gigabit Ethernet connection. The 
principle of our approach is simple: the system is set 
up by coping a fully cloned (Linux) operating system 
onto a micro-SD or eMMC card that serves as the 

% Use the keyboard as IO device, for
example when testing a paradigm in the
office or when testing human subjects
SETUP.io.interface = 'Keyboard';

% Select DIO device (Box 2) for example
in an operant chamber
SETUP.io.interface = 'NetworkBox';

e

hard dive of the Gigabit- Ethernet-based DIO device. 
A DIO round-trip can be realized in under 250 μs. 
The first trace (turquoise) is the state-change of a 
digital pin on our DIO device. The toolbox is then 
used to read this signal back through another pin 
on the DIO device. Once the state-change is detected 
in the toolbox, it set another digital pin high. This 
is visible in the second  trace (magenta). The lag 
between the two traces is the roundtrip time

microcomputer. Only the Ethernet settings must 
be adjusted to the local requirements. After boot-
ing, the microcomputer awaits a data package over 
Ethernet. If such a package received, the state of 
the onboard output pins is changed according to 
the received data. In the same manner, if an input 
pin changes its value, the microcomputer sends a 
defined data package over Ethernet. This system 
is very fast, allowing a full roundtrip (write-read-
write) in under 1 ms. Therefore, this device offers 
sufficiently low latencies to replace traditional PCI/
PCIe IO devices even in demanding neurophysiolog-
ical applications. Compared to internal cards, this 
new approach dramatically increases hardware flex-
ibility since virtually any type of computer (includ-
ing laptops) can be used without modification or the 
use of proprietary hardware, cables, etc. Ethernet 
is one of the most abundant, tested, and flexible 
communications systems between computers. If 
speed is not critical, a Raspberry PI can be used 
with the installation of the OTBR toolbox instead 
of the ODROID.



 Behavior Research Methods

1 3

Acknowledgements Thanks also to Guillermo Hidalgo Gadea and Jesus 
J Ballesteros for helpful comments on the manuscript.

Funding Open Access funding enabled and organized by Projekt 
DEAL. This work was funded by a Volkswagen Foundation Freigeist 
Fellowship and by the DFG SFB874, 122679504, B13 and DFG 
SFB1280, 316803389, INF, A19. 

Data availability The work outlined in this manuscript is the devel-
opment of a new software tool. All code is made publicly available, 
documented extensively, and published under an open-source license. 
No relevant research data were obtained.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Bamberg, C. C. L., Flasbeck, V., Diop, S., & Brüne, M. (2021). Ecol-
ogy of cooperation: The influence of fasting and satiety on inter-
personal trust. Social Neuroscience, 16(2), 134–144. https:// doi. 
org/ 10. 1080/ 17470 919. 2021. 18767 58

Beck, K., Meir Drexler, S., Wolf, O. T., & Merz, C. J. (2022). Stress 
effects on memory retrieval of aversive and appetitive instrumen-
tal counterconditioning in men. Neurobiology of Learning and 
Memory, 196, 107697. https:// doi. org/ 10. 1016/j. nlm. 2022. 107697

Brainard, D. H. (1997). The psychophysics toolbox. Spatial Vision, 
10(4), 433–436.

Buscher, N., Ojeda, A., Francoeur, M., Hulyalkar, S., Claros, C., Tang, 
T., Terry, A., Gupta, A., Fakhraei, L., & Ramanathan, D. S. (2020). 
Open-source raspberry pi-based operant box for translational behav-
ioral testing in rodents. Journal of Neuroscience Methods, 342, 
108761. https:// doi. org/ 10. 1016/j. jneum eth. 2020. 108761

Geissmann, Q., Rodriguez, L. G., Beckwith, E. J., French, A. S., 
Jamasb, A. R., & Gilestro, G. F. (2017). Ethoscopes: An open 
platform for high-throughput ethomics. PLoS Biology, 15(10), 
e2003026. https:// doi. org/ 10. 1371/ journ al. pbio. 20030 26

Hagedorn, B., Wolf, O. T., & Merz, C. J. (2022). Cortisol before extinc-
tion generalization alters its neural correlates during retrieval. 
Psychoneuroendocrinology, 136, 105607. https:// doi. org/ 10. 
1016/j. psyne uen. 2021. 105607

Hahn, L. A., Balakhonov, D., Fongaro, E., Nieder, A., & Rose, J. 
(2021). Working memory capacity of crows and monkeys arises 
from similar neuronal computations. ELife, 10, e72783. https:// 
doi. org/ 10. 7554/ eLife. 72783

Horváth, M., Pichová, K., & Košťál, Ľ. (2016). The effects of housing 
conditions on judgement bias in Japanese quail. Applied Animal 
Behaviour Science, 185, 121–130. https:// doi. org/ 10. 1016/j. appla 
nim. 2016. 09. 007

Kinner, V. L., Kuchinke, L., Dierolf, A. M., Merz, C. J., Otto, T., & 
Wolf, O. T. (2017). What our eyes tell us about feelings: Tracking 
pupillary responses during emotion regulation processes. Psycho-
physiology, 54, 508–518. https:// doi. org/ 10. 1111/ psyp. 12816

Kleiner, M., Brainard, D., & Pelli, D. (2007). What’s new in Psychtool-
box-3? 14. https:// doi. org/ 10. 1177/ 03010 06607 0360S 101.

Lukkes, J. L., Thompson, B. S., Freund, N., & Andersen, S. L. (2016). The 
developmental inter-relationships between activity, novelty prefer-
ences, and delay discounting in male and female rats. Developmental 
Psychobiology, 58(2), 231–242. https:// doi. org/ 10. 1002/ dev. 21368

Packheiser, J., Donoso, J. R., Cheng, S., Güntürkün, O., & Pusch, R. 
(2021). Trial-by-trial dynamics of reward prediction error-associated 
signals during extinction learning and renewal. Progress in Neurobi-
ology, 197, 101901. https:// doi. org/ 10. 1016/j. pneur obio. 2020. 101901

Pelli, D. G. (1997). The VideoToolbox software for visual psychophys-
ics: Transforming numbers into movies. Spatial Vision, 10(4), 
437–442. https:// doi. org/ 10. 1163/ 15685 6897X 00366

Rook, N., Letzner, S., Packheiser, J., Güntürkün, O., & Beste, C. 
(2020). Immediate early gene fingerprints of multi-component 
behaviour. Scientific Reports, 10(1), 1. https:// doi. org/ 10. 1038/ 
s41598- 019- 56998-4

Rook, N., Tuff, J. M., Isparta, S., Masseck, O. A., Herlitze, S., Güntürkün, 
O., & Pusch, R. (2021). AAV1 is the optimal viral vector for optoge-
netic experiments in pigeons (Columba livia). Communications Biol-
ogy, 4(1), Article 1. https:// doi. org/ 10. 1038/ s42003- 020- 01595-9

Rose, J., Otto, T., & Dittrich, L. (2008). The biopsychology-toolbox: A 
free, open-source MATLAB-toolbox for the control of behavioral 
experiments. Journal of Neuroscience Methods, 175(1), 104–107. 
https:// doi. org/ 10. 1016/j. jneum eth. 2008. 08. 006

Schwabe, L., & Wolf, O. T. (2009). Stress prompts habit behavior in 
humans. The Journal of Neuroscience: The Official Journal of the 
Society for Neuroscience, 29(22), 7191–7198. https:// doi. org/ 10. 
1523/ JNEUR OSCI. 0979- 09. 2009

Sonntag, K. C., Brenhouse, H. C., Freund, N., Thompson, B. S., Puhl, 
M., & Andersen, S. L. (2014). Viral over-expression of D1 dopa-
mine receptors in the prefrontal cortex increase high-risk behav-
iors in adults: Comparison with adolescents. Psychopharmacology, 
231(8), 1615–1626. https:// doi. org/ 10. 1007/ s00213- 013- 3399-8

Zöllner, C., Klein, N., Cheng, S., Schubotz, R. I., Axmacher, N., & 
Wolf, O. T. (2022). Where was the toaster? A systematic inves-
tigation of semantic construction in a new virtual episodic mem-
ory paradigm. Quarterly Journal of Experimental Psychology, 
17470218221116610. https:// doi. org/ 10. 1177/ 17470 21822 11166 10

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/17470919.2021.1876758
https://doi.org/10.1080/17470919.2021.1876758
https://doi.org/10.1016/j.nlm.2022.107697
https://doi.org/10.1016/j.jneumeth.2020.108761
https://doi.org/10.1371/journal.pbio.2003026
https://doi.org/10.1016/j.psyneuen.2021.105607
https://doi.org/10.1016/j.psyneuen.2021.105607
https://doi.org/10.7554/eLife.72783
https://doi.org/10.7554/eLife.72783
https://doi.org/10.1016/j.applanim.2016.09.007
https://doi.org/10.1016/j.applanim.2016.09.007
https://doi.org/10.1111/psyp.12816
https://doi.org/10.1177/03010066070360S101
https://doi.org/10.1002/dev.21368
https://doi.org/10.1016/j.pneurobio.2020.101901
https://doi.org/10.1163/156856897X00366
https://doi.org/10.1038/s41598-019-56998-4
https://doi.org/10.1038/s41598-019-56998-4
https://doi.org/10.1038/s42003-020-01595-9
https://doi.org/10.1016/j.jneumeth.2008.08.006
https://doi.org/10.1523/JNEUROSCI.0979-09.2009
https://doi.org/10.1523/JNEUROSCI.0979-09.2009
https://doi.org/10.1007/s00213-013-3399-8
https://doi.org/10.1177/17470218221116610

	The open toolbox for behavioral research
	Abstract
	Introduction
	Outline of the toolbox
	Exemplary use cases
	Synopsis
	Questionnaires and scales for human subjects
	Pseudo randomization
	Input monitoring
	Adapting to different underlying hardware

	Acknowledgements 
	References


