
 
 
 
 
 

A new experimental system to test how the brain 
learns novel locomotion dynamics 

 
 

Kyle T. Yoshida, Ismail Uyanik, Erin Sutton, and Noah J. Cowan 
 

Johns Hopkins University, Department of Mechanical Engineering, Baltimore, MD 
21218, USA  



! " !

ABSTRACT  
Neural systems constantly enable animals to obtain and process sensory inputs 
for locomotion control. In this study, we introduce a method to experimentally 
investigate how the glass knifefish, Eigenmannia virescens, learns novel 
locomotion dynamics. In our experiments, the fish performs a refuge-tracking 
task in which our computer controlled motor system enables precise control of 
the refuge. Hence, we can apply open-loop input signals to the refuge for system 
identification of the fish response. Additionally, we are able to measure the fish 
position in real-time and feed it back to to modify the motion of the refuge in a 
closed-loop experimental paradigm. Specifically, our system processes the real 
time measurements of the fish, passes those measurements through a simulated 
transfer function, and feeds the output of the simulation back to modify the 
refuge's trajectory effectively changing the "locomotion dynamics". By introducing 
such novel dynamics into the closed-loop system, we can observe if and how the 
fish adapts to new dynamics. We hypothesized that when these novel dynamics 
were applied, the fish would slowly learn to adjust the way it controls its 
movements in response to sensory feedback, resulting in a change in the fish's 
control system. We also expected to observe a post-adaptation period, where the 
fish returned to its original controller when the novel dynamics were removed, i.e. 
the Òun-learningÓ process. Preliminary results support our hypothesis and indicate 
that there is a learning response over the course of time when novel dynamics 
were introduced in closed-loop. Specifically, the fishÕs gain in response to specific 
frequency sinusoids began to decrease with the addition of the feedback. In 
addition, in the post-adaptation phase, the fish began to recover its original 
controller. The experimental data suggest that we can track learning in this 
system and that Eigenmannia can learn new locomotor behavior while adapting 
to novel dynamics.  
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INTRODUCTION 

Adaptive modifications constantly take place in animals as they fine tune their 

motor behavior. These adaptive modifications have been studied in multiple 

animal models and occur when constant perturbations applied to the animal, 

generating movement error (Shadmehr and Mussa-Ivaldi, 1994). This error is 

detected by the nervous system, which in turn, modifies its motor control signal to 

reduce error and to cope with perturbations through adaptation and prediction of 

the new dynamics (Kawato et al. 1987). Lastly, when those perturbations are 

removed, the animal no longer needs to compensate for the error and the animal 

often begins to recover its original control system parameters, showing an 

aftereffect or de-adaptive behavior where it still, temporarily, anticipates the 

dynamics, providing evidence of a stored representation (Shadmehr and Mussa-

Ivaldi 1994).   

 

The cerebellum is a crucial component in locomotion that provides feed forward 

information for the control for motor signals (Bastian, 2006). Interestingly, the 

Glass Knifefish, Eigenmannia virescens, and other electric fishes, have a 

hypertrophy of the cerebellum compared to non-electric fishes. Researchers 

have exploited this electric system and found that the cerebellum receives direct 

input from the electrosense organs (Bastian, 1973). Additionally, command 

signals that activate the electric organs also project to the cerebellum and 

produce a gating effect from electroreceptor sensory inflow (Bennet & Steinbach, 

1969). Exploring adaptation of novel dynamics in Eigenmannia, may lead to new 
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findings and applications about the role of the cerebellum in animals. In addition 

to its unique anatomy, Eigenmannia have already been extensively studied due 

to its ribbon fin (Sefati et al, 2013) allowing for fore-aft movement in both 

directions and its refuge-tracking behavior in which vision and electrosense are 

used for its sensorimotor control (Cowan and Fortune, 2007, Cowan et. al, 2014). 

In this study, we use concepts and tools from control theory and system 

identification to develop a method to measure the changes in the locomotor 

control in Eigenmannia virescens, as it adapts to novel dynamics.  

 

Here, we introduce perturbations in the form real time "virtual" simulations of 

novel dynamics that, when fed back to the fish, create the affect of simulating 

novel locomotino dynamics. Specifically, these novel dynamics are applied by 

creating a closed loop feedback system in which the refuge position is partially 

controlled by the fishÕs own movement through a first order transfer function. As 

the experiments progress, we decrease a damping term, thus increasing refuge 

motion feedback from the fish. This allows the fish to slowly adapt to the novel 

dynamics, as there is a gradual increase in feedback oscillations on the refuge 

positions. If these new dynamics are sufficiently challenging for the fish's original 

control system then, when the dynamics applied, we would expect to see an 

increase in locomotion error, which would then elicit an adaptive response to the 

fish's control system to cope with these new dynamics. Post-adaptation, we 

expect to continue to see the same locomotion dynamics from the adaptation 
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period slowly fade out back to baseline. Preliminary results showing a decrease 

in gain over the course of adaptation support this hypothesis.  

 

MATERIALS AND METHODS  

Experimental procedures were approved by the Johns Hopkins Animal Care and 

Use Committee and complied with National Research Council and The Society 

for Neuroscience guidelines. Adult Eigenmannia virescens (Valenciennes, 1836) 

between 10 and 15 cm in length were purchased commercially and housed 

according to published guidelines for Gymnotiform fishes (Hitschfeld et al., 2009). 

Water in the tanks was maintained at a conductivity of 200±15 !S cm -1 and a 

temperature of ~27°C.  Fish transferred to the experimental tank were given 4 

hours to acclimate to the environment. If a fish left the refuge, a lamp was turned 

on, to help the fish to locate and return to the refuge.   

 

Experimental Apparatus  

The refuge is 111 mm x 46.64 mm x 50.65 mm and made from rectangular 

polycarbonate. The bottom face of the refuge was removed in addition to five 

evenly spaced 6 mm windows (spaced 19 mm apart) on each side of the refuge 

to provide visual and electrosensory cues. The distance between the edge and 

end window was 2.5 mm. The refuge was suspended less than 0.3 cm from the 

bottom of the tank to provide an adequate field of view for video recordings. 

Video was obtained using a high-speed camera (pco.1200s, Cooke Corp., 

Romulus, MI, USA) at a frame rate of 25 Hz. The fish trajectories were input into 
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a custom LabVIEW program (National Instruments, Austin, TX, USA) to control 

refuge feedback in real time. The refuge was driven by a Stepnet motor controller 

(Copley Controls, Canton, MA, USA), which was synchronized to the camera 

triggers through a Multifunction DAQ (USB-6221, National Instruments, Austin, 

TX, USA).  

 

Fig. 1. (A) The Data Acquisition board synchronizes commands sent to the 
camera and a linear actuator (1). This actuator moves the refuge on fixed guide 
rails based on input trajectories. A rigid body (2) attaches the refuge (3) 
suspended 0.3 cm from the bottom of the tank. The fishÕs image is reflected on a 
mirror (4) and is recorded by the camera (5) and analyzed in LabVIEW. (B) Using 
the fishÕs image, the software uses tracking to measure the red and green dot 
locations, corresponding to shuttle and camera positions.  

 

Experimental Procedure  

Fish (N=1) performed a refuge-tracking task in three stages of experiments, 

baseline, adaptation, and post-adaptation. Throughout all stages, we used 

system identification tools to analyze fish response. The baseline stage occurred 

at the beginning before novel dynamics are introduced to establish the normal 
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fish response. The adaptation stage consisted of 30 trials in which novel 

dynamics containing increasing oscillations and difficulty were applied. The post-

adaptation stage was carried out after the novel dynamics from the adaptation 

stage are removed. This consisted of open loop system ID trials. In all 

experiments, the fish were presented with refuge trajectories composed of a 

sum-of-sines stimulus and the fish positions were recorded, r(t) and y(t), 

respectively. The sum-of-sines stimulus trajectory composed of single-sine 

sinusoids using the first fourteen prime harmonics of 0.05 Hz (0.1 to 2.15 Hz). 

Each single sine input was designed to maintain a constant velocity amplitude of 

1.2 cm s-1 with a random phase shift (Roth et al., 2011). Each experiment was 70 

s starting with a slow 10 s sine wave ramp up duration to initiate fish movements 

in the refuge. The positions of the fish were recorded and analyzed to measure 

their response to the stimulus over the course of the experiments. In baseline 

and post-adaptation stages, the fish was presented with stimuli only composed of 

the sum-of-sines input. In the adaptation stage, novel dynamics provided 

feedback, altering the sum-of-sines refuge trajectory and the fishÕs locomotive 

perception. The novel dynamics in the adaptation stage were modulated by using 

a transfer function (V) consisting of ten sets of decreasing damping values (b) 

over time with each set repeated three times before moving to the next damping 

value. The damping values used decreased by 0.2, starting from 2.0 to 0.2. The 

gain (K) was held constant throughout all experiments at 0.5. This transfer 

function was in the form of a high pass filter that attenuates fewer frequencies as 
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the b values decrease. The goal of this transfer function was to simulate a type of 

mass-spring-damper system.  
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This gradual decrease in damping would allow the fish to slowly adapt to the 

novel dynamics of the system (Roth et al., 2011). As these damping values 

decrease, we expect the fish to have a harder time tracking the refuge, in which it 

will require adaptation to the novel dynamics. Trials in which the fish exited or 

reversed orientation within the refuge were repeated. 

 

Data Analysis  

Throughout the experiment, System ID was conducted to gain information on 

how the fishÕs response is changing. In the open loop system, the fishÕs transfer 

function (G) can be easily determined based on the input sum-of-sines refuge 

position (R) and output fish position (Y) as 
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For the closed loop system (Gcl), the fishÕs transfer function could be obtained 

from relating the input and output by unwrapping the closed loop testing system 

with our known transfer function in MATLAB (MathWorks, Natick, MA,USA) as 
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For each trial, the fish tracking gain and phase were determined with System ID. 

Each damping value set conducted in triplicate was time-domain averaged, that 

is the positions of the fish over three trials were averaged to obtain the fish output 

signal. The system response was determined by computing the Discrete Fourier 

Transform (DFT) from the time domain positions of the refuge r(t) and the fish y(t) 

to obtain the frequency domain content comparing the input sum-of-sines refuge 

signal R(w) to the output fish signal Y(w). The Gain is computed as the ratio of 

signal magnitudes, while the Phase is computed as the difference of signal 

angles (Stamper et al., 2012). 

 

Fig. 2. (A) In time domain, the fish position follows the refuge position. (B) In the 
frequency domain, all major peaks resembling shuttle inputs are also expressed 
in the fish.  

 

Previous studies have described Eigenmannia virescens fish tracking behavior 

as a non-linear system (Roth et al., 2011). However, in this study we conduct 

analysis based on the assumption of linearity in this specific regime. Animals do 

contain complex, non-linear systems, but using a linear model, we are able to 



! * !

test a range of stimuli to record fish response. In other animal models, this linear 

approximation is also used (Cowan et al., 2006; Lee et al., 2008). The purpose of 

linear analysis in this study is to provide tools to measure fish adaptation to novel 

dynamics over the experiment.  
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Fig. 3. (A) In the open loop system, a sum-of-sines input R is provided to the 
motor to determine fish output Y positions for system ID of the fish G. (B) Adding 
the transfer function V closes the system and the feedback effects the next 
refuge position. (C) Experimentally, in the closed loop experiments where new 
dynamics are being applied, we can arbitrarily make an open loop system by 
Identifying Gcl, a closed loop system that contains the fish controller and our 
prescribed transfer function. (D) We can use this closed loop system in an open 
loop setting and then infer the fishÕs transfer function from the values we can 
measure.  
 

RESULTS 

Fish adapt to novel dynamics  

The Bode gain and phase were calculated (Stamper et al., 2012) and a decrease 

in gain was detected over the course of the adaptation phase. In addition, the 

performance of the fish matched previous studies (Cowan and Fortune, 2007; 

Roth et al., 2011) in which the fishÕs bandwidth is between 0.05 and 1.55 Hz with 

phase lags of 180° in the upper limit of the fishÕs bandwidth.  

 

Over the course of the adaptation phase of the trial as dynamics are being 

applied, there is a decrease in gain of the fish response and most prominently in 

frequencies at 0.35 Hz and 0.55 Hz. This decrease increases while the novel 

dynamics are being applied to the fish locomotion feedback. The phase however 

does not have a significant change in response to the novel dynamics.  
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Fig. 4. The Bode Gain has a decrease over the frequency range.  

 

Fish slowly recover th eir old dynamics post -adaptation  

Post-adaptation, the fish are able to slowly recover their own controller over the 

course of a few hours, specifically where decreases of Gain occurred during the 

adaptation phase between 0.05 and 1.15 Hz. The phase also does not elicit a 

significant change during the post-adaptation period.  

  

Fig. 5. The fish has an increase in bode Gain after adaptation showing the fish 
reverting to its normal locomotive controller.  
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DISCUSSION 

The results suggest that the fish was able to adapt to novel dynamics. As the 

damping term in the transfer function decreases, more of the fishÕs movements 

are fed back through the transfer function. Because of this amplification, it would 

make sense that the fish would begin to have a lower magnitude of response to 

these frequencies. At very high damping values, the system models more of an 

open-loop system, while at lower damping values, the system resembles a 

system that has a constant gain affecting feedback.  

 

In other studies involving human dynamics, the de-adaptation, or the time it takes 

to return to normal dynamics, is much faster than the adaptation process 

(Shadmehr et al., 1998). While it may take many repetitions to learn new 

dynamics, it might only take a few to un-learn them. The adaptation time in the 

fish lasted only about one hour, in which the fish was able to acquaint with its 

new dynamics. However, the de-adaptation in these fish lasted for a long 

duration of time (over three hours), which is abnormal when comparing this 

phenomenon to other animals such as humans. It appears that the fish holds on 

to the adaptations to the novel dynamics for a longer period of time. A future 

point of study would be to re-introduce the dynamics and observe the adaptation 

time required. In other human trials, when humans were re-introduced to novel 

dynamics, they were able to re-adapt to them in only a few attempts (Brashers et 

al., 1996). By conducting these experiments and understanding adaptive motor 

control in fish, we will gain better insight as to how fish process signals for 
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predictive movements. This closed-loop learning technique also opens the path 

to neural recordings to understand how the fish processes locomotor signals.  
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Appendices  

1. Research Ethics- The LIMBS lab frequently uses animals and humans as 

test subjects for collecting data to study neuromechanics and locomotion. 

This summer, I conducted research on a weakly electric fish, Eigenmannia 

virescens. Throughout the summer, we constantly assessed and 

minimized the dangers these animals might face. For example, we use a 

template-matching process to track the fish to move a refuge. For this 

process, we would turn off the motor when testing new tracking templates 

to minimize harm to the fish that may be caused by tracking failure. This 

ensured that when we reinitialized the tracking system, the fish would not 

be harmed. In addition, we took proper care to document, cite, and 

collaborate on our work and resources. This assisted us in double-

checking otherÕs work or being able to identify an individual to contact 

when there were any misunderstandings.  

2. Value of the Program- My experience in the LIMBS lab has provided me 

with the invaluable opportunity to learn from not just one, but three 

individuals with a PhD. I have gained a lot of knowledge on how to search, 

apply, and represent myself for graduate school programs. My main goal 

this summer was to learn more about control theory so that I would be 

able to apply it to both my senior thesis and my work in graduate school. 

Since taking my signals class about one year ago, I wanted to see how 

control theory was used in a practical setting. The LIMBS lab fulfilled my 

goal in attaining this knowledge in a rich, productive setting. From this 
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experience, I have also learned more about how creativity is driven by 

collaboration. In my time here, I have worked with individuals studying 

neurobiology and all fields of engineering at all stages of their academic 

careers, and I have never seen such a rich melting pot of ideas from an 

array of individuals. In the future, I now realize I want to be part of a 

program that brings together people from various subject areas who are 

all passionate about the same research goals and objectives. The support 

structure at the LCSR is very unique and this community is one that I want 

to look for when I apply to PhD programs this coming year.   

3. Overview of the Program- If I were to recommend this program to a friend, 

I would highlight the impactful research that is being conducted at Johns 

Hopkins. IÕd also encourage them to contact the professors on the project 

lists and reach out to Anita, who was able to answer every email promptly 

and take care of us very well. At the LCSR, I found that I was able to talk 

to almost anyone and learn about his or her interests and research. I also 

really enjoyed the field trips and short information sessions on business or 

graduate school. Even the housing was strategically planned so that all 

the interns could get to know each other and visit places together. The 

program really opens you up to the life that you would have as a graduate 

student or a post-doc and it is really helpful especially if you are trying to 

decide what to do after graduating from college.  

 

 


