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Abstract

:

A new device based on the Raspberry-Pi to monitor the locomotion of Arctic marine invertebrates and to analyze chronobiologic data has been made, tested and deployed. The device uses infrared sensors to monitor and record the locomotor activity of the animals, which is later analyzed. The software package consists of two separate scripts: the first designed to manage the acquisition and the evolution of the experiment, the second designed to generate actograms and perform various analyses to detect periodicity in the data (e.g., Fourier power spectra, chi-squared periodograms, and Lomb–Scargle periodograms). The data acquisition hardware and the software has been previously tested during an Arctic mission with an arctic marine invertebrate.
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1. Introduction


The spontaneous locomotor activity of animals is a useful parameter in ecological studies [1] and in chronobiology, in particular for circadian analysis. Animals show daily rhythms in their various physiological and behavioral functions. These rhythms are synchronized to environmental cycles, such as light–dark cycles (LD), which are related to the Earth’s rotation. Rhythmicity may be controlled by a circadian clock located in the central nervous system, such as the optic lobe or central brain mass, depending on the species [2].



The analysis of behavioral rhythmicity has led to the development of specialized hardware and software for a variety of different applications, with target organisms ranging from fruit flies to humans, and data acquisition based on methods including infrared (IR) sensors, accelerometers, and radio- and video-tracking [3,4,5,6,7,8]. Associated with these systems, a range of commercially available analysis packages have been developed to run on Windows or MacOS operating systems [9,10,11].



In this article, we present a new system for the acquisition and analysis of the behavioral data in chronobiological studies, based on an inexpensive hardware, coupled to a Raspberry-Pi computer (Raspberry Pi Foundation, Cambridge, United Kingdom). This configuration provides an inexpensive, platform-independent, and open-source platform to circadian analysis, similar to those utilized in other fields [12,13,14,15,16,17]. The data acquisition hardware is connected to the Raspberry-Pi computer by an electronic interface designed to operate under field conditions. The software for data acquisition and analysis was developed in the Astrophysics laboratory of Sapienza University in Rome, using a free programming language (Python). The design aim was to integrate algorithms typically used for the analysis of periodic signals with both specific functions for signal filtering, and functions allowing user specification of the statistical stringency in the signal detection. This approach increases flexibility in the analytical capability of the software.



The system has been tested under field conditions in the Svalbard Islands using a marine invertebrate Gammarus Setosus as a model. An image of the field test is also shown.




2. Monitoring and Data Analysis


Our system was designed to acquire data on 17 channels, 15 of which are IR activity sensors, and two of which are sensors for environmental light and temperature. As shown in Figure 1, the monitoring system consists of aquaria, electronics mounted on the aquaria and the signal conditioning circuit, light and temperature sensors, and a connector box interfaced with the Raspberry-Pi through a flat cable.



The software is composed of two sections: the first handles the data acquisition and the storage, the second manages the data analysis.



2.1. Aquaria


This device has been designed for small (0.5–3 cm) freshwater and sea invertebrates. This device does not filter or oxygenate the water, and therefore relies on regular water changes by the user. The system is built around Corning 225 cm2 culture flasks, which are made of transparent plastic that permits natural or artificial illumination of the aquarium environment. Two squared sheets of transparent Plexiglas (6 mm thick) were cut to match the area of the large faces of the culture flask and glued in place using plastic cement (e.g., Loctite, Super Attack). These sheets were used to locate the IR emitters and sensors on the outside of the aquarium (Figure 2).




2.2. Electronics


The optoelectronics components (OPTEK Inc., Carrollton, TX, USA) were: (a) Ø3 mm GaAlAs plastic IR emitting diodes OP298B narrow irradiance pattern, λ 890 nm, φ 25°, max output power 4.8 mW/cm2 [18]; (b) Ø3 mm NPN plastic silicon phototransistors OP598B wide receiving angle, λ 860 nm, and φ 25° [19] (Figure 2).



These emitter and sensor devices give a narrow beam, necessary for sensitive detection of activity of small invertebrates. Additionally, these devices offer optimal electronic coupling, and have proven high reliability at low temperatures [18,19]. The output signal of each sensor was amplified by operational amplifiers MC3303 [20]. This device offers a Gain Bandwidth product and operational temperature range ideal for this application. Then a positive-OR gate (74LS21 [21]) was used to sum all signals. The input signal for the Raspberry-Pi GPIO digital I/O pins was supplied from a LM 555 [22] in mono-stable mode, which provides an impulse of 15 ms limited to +3.3 Vdc such that compatibility with the GPIO (General Purpose Input Output) input dynamic is ensured. Figure 3 shows the schematic of the signal conditioning circuit reduced to only two IR sensors.



Figure 4 shows the conditioning circuit housed in a watertight box.




2.3. Connector Box


The connector box was built to facilitate the connection between different devices and sensors (e.g., IR devices, radar devices, and light/temperature sensors). It is composed of two lines of PCB (polychlorinated biphenyl) screw connectors and a flat cable connector to pick up the signals and send them to the GPIO of the Raspberry (Figure 5).




2.4. Software Package


The software package included in our setup consists of two separate scripts designed to interact with each other such that data acquisition and analysis is more easily managed. The acquisition program has the same structure of the one presented in [23] (Pasquali et al., 2016) but is modified to include multiple channels.



The Raspberry Pi has a limited amount of computing resources and the acquisition of several signals has a high computational cost. For this reason, we decided not to include in our package any real-time data visualization tools; nevertheless, the user is able to control the execution of the experiment by examining the main data file that is updated periodically with incoming data.



To achieve this goal, we designed the second script as an on-demand analyzer. The user is able to recall the data for a defined period of acquisition and for selected channels. The software will immediately perform the requested analysis without interrupting the acquisition. This user defined call generates files containing the requested data and plots of the quantities of interest, e.g., data streams, actograms, power spectra and Lomb–Scargle periodogram analysis to catch eventual periods in the data. In this way, the preliminary analysis will be performed on a branch of the main data file. When the on-demand analysis is completed, the user can transfer the output files remotely.



2.4.1. Main Software


The main software running on Raspberry is temporized by using a Unix C-Time library [24]. A single internal clock self-generated from another routine, or by an external hardware clock, gives the start for all operations. When the clock rises up, the software reads the sensors and records the binary state of the logic channel to a temporary array. This value is modified every 10 min and the software accumulates total counts for each channel and writes the results to a dedicated external file. The file is updated and every hour the Raspberry-Pi backs up the data in another file saved on internal SD memory and sends it on Ethernet to remote users. The time series data can be divided into up into four sections for subsequent analysis.




2.4.2. Real Time Analysis


The automatic generation of “actograms” can be activated or disabled by the user. The user can specify the length of the time segment and how to bin the dataset for analysis. The subroutine reads the last four chunks of data (one day) and produces four actograms on a table configuration (two rows, two columns) where an actogram is repeated on the second and third plot. To ensure minimal computation time with the hardware limitations, the software performs several controls on the dataset before starting the calculation.



The user can see the plot automatically updated on his screen using a virtual graphics server like Xming [25].




2.4.3. A Posteriori Analysis


Total Actogram Generator


The same subroutine that generates the real time actograms are used to produce the total actogram of the dataset. As example, an output plot is shown in Figure 6 (all underlying data used in this publication can be found here [26]).




The Fourier Transform Module


One of the steps required in the data analysis of our project is to perform Fourier analysis on the time streams. For this purpose, we developed a Python module that collects the powerful functions distributed under the numpy and scipy packages, which are freely distributed under the GNU (General Public License) license. Once the module is included in the main analysis script, all the functions are ready to be used. Below are descriptions of the functions.



After the main library is fed with the time stream data, an algorithm retrieves the data acquisition rate. This step is fundamental for the construction of the frequency axis, and to evaluate the Discrete Fast Fourier Transform (FFT) of the stream applying a window function. The result is a relative power spectral density (rPSD), and, if not specified, the module uses default values for the spectral range.



Advanced users will be able to choose the window function for their analysis, divide the sample into chunks with lengths corresponding to powers of two, evaluate the FT as the mean value of the chunks, and make an estimation of the response and phase of the complex FT. The outputs of the module are a file, an image for inspection of the results, and a numpy array that can be used for further analysis.



Figure 7 shows an example of the FFT output from this algorithm, where the x-axis is time in minutes on a logarithmic scale, and the y-axis is the relative magnitude of the peaks, where the total power (i.e., the area under the FFT curve) has been normalized to 100, to calculate relative power spectral densities (rPSD) [27].




Lomb–Scargle Periodogram


To better study the FT analysis, a statistical test, such as the Lomb–Scargle method [28,29], can be applied.



For this purpose, we have included in our package an easy access to the scipy function for the evaluation of a Lomb–Scargle periodogram. The package calculates the periodogram using a slightly modified algorithm from Townsend [30], which allows the periodogram to be calculated using only a single pass through the input arrays for each frequency. The function takes the time series data array and the sampling frequency and outputs the periodogram formatted as a numpy array.




Health Monitoring System Subroutines (HMSS)


The main software has different sub-routines, which are synchronized with the data acquisition but are only executed occasionally. The Raspberry-Pi often works without user control, and thus it must control itself with a subroutine that checks the set-up health state. There are two different categories of HMSS: the first ones are for the external set-up control and the second ones are for the Raspberry-Pi state analysis. The first category of HMSS is:

	
Photodiode control: if the logical binary state of photodiode does not change over an extended period, it is probably broken, and a warning message appears on the screen. Using an external GSM (Global System for Mobile Communications) module, the Raspberry-Pi sends an SMS message or an email to the user.



	
Battery control: the Raspberry-Pi can be powered by an external battery, so it is important to control the charge state of this battery.



	
Physical state of the set-up: the Raspberry-Pi performs a continuous control on intensity of light, temperature, and humidity in the room.








The second category HMSS are:

	
Memory control: the Raspberry has a SD memory card on which data is written. If the available memory falls below ten percent, the Raspberry-Pi compresses the data on the SD card. After the compression, the Raspberry-Pi enters a low-resolution mode where it reduces the bit size of data acquired and starts to overwrite the oldest data. A warning message is sent to the user.



	
CPU temperature: the Raspberry can operate in strenuous environments, often with a high demand on the CPU, so its temperature is monitored. If the temperature becomes critical (around 90 °C), all activities are stopped.








Figure 8 shows the block scheme of the software that runs inside the Raspberry-Pi.







3. Comparison with Previous System


To highlight the advantages offered by this system, a comparison between the actual and the standard system is necessary.



The classical setup of this kind of instrument includes a PC-based measurement chain that drives the hardware section with a custom software. The hardware consists of several aquaria where the animals are located, electronic circuits inside the aquaria for the detection of the animal’s motion, and an acquisition card inserted inside of the personal computer that receives the signals coming from the aquaria. The software section manages two different processes: the acquisition and the analysis of the data. The data are processed offline, and this allows researchers more flexibility in configuring both the hardware and software. Figure 9 shows the classical architecture (left side) and the Raspberry-Pi based architecture (right side).



Although a classical system has the undoubted advantage to be already certified and used by many research groups in the world, it presents several drawbacks:

	(1)

	
The hardware sections, available on the market, are preset and custom configurations are not allowed, e.g., they may not afford the use of a combination of sensors with different technologies in the same measurement bench or to conceive different spatial geometries for the placing of the sensors, themselves, reducing the overall flexibility.




	(2)

	
Acquisition cards have prefixed characteristics that could not match the exigencies of new configurations. Hardware upgrades are usually impossible.




	(3)

	
The PC-based architectures are required to be installed in lab facilities. This requires moving the animals away from their natural environment. This prevents the possibility of in-field activity and could even introduce a bias.




	(4)

	
The software for the data elaboration available on the market need an operative system as Windows or MacOS to run. This increases the overall cost of the system.




	(5)

	
The overall dimensions are usually big.




	(6)

	
The overall costs of these systems could be extremely high.









A custom system based on the Raspberry-Pi allows overcoming these drawbacks. In fact:

	(1)

	
It allows designing of specific configurations (combination of sensors with different technologies and different spatial geometries for the placing of the sensors),




	(2)

	
It avoids buying a specific acquisition card.




	(3)

	
It allows the use of batteries to supply the system allowing in field acquisition campaigns.




	(4)

	
Using a release of Linux, it avoids use of proprietary OSs.




	(5)

	
It allows for direct programming by the user; therefore, it is possible to develop both the standard algorithms already used for this kind of research and new statistical functions that could show new interesting parameters for the study of these animals.




	(6)

	
The overall dimensions are extremely reduced with respect to a PC-based system.




	(7)

	
The costs are very low.









Table 1 shows the comparison between the costs of the Raspberry-based system with a PC one.



Despite the clear disadvantage to develop the software in house, the costs of a Raspberry-Pi system are extremely lower, about 1%, than commercial ones.



The most important drawback of a custom system, especially if used in harsh environment, could be the reliability.



To verify if the system was able to work at low temperatures, some preliminary tests were performed in laboratory using a climate chamber. The temperature was decreased to −20 °C (that is at least 10 degrees under the lower operative temperature during the measurements season). In order to verify the correct activity of the board, a stress test script, designed to push the CPU at 100% of its duty cycle, has been loaded on the Raspberry Pi and executed for all the duration of the test. The next graphs show three examples of the test done.



Figure 10 shows the temperature of the chamber, of the CPU and of the board. The first has been measured by the embedded sensor, the temperature of the CPU has been obtained by the internal sensor and the temperature of the board has been obtained by a PT100 sensor directly mounted on the board.



The figure shows that, jointly with the temperature of the chamber, the temperature of the CPU and of the board constantly decrease, but the device activity is always ensured.



Figure 11 presents an image of the board taken with an infrared camera that shows the uniformity of the temperature on the board [31].



The second test shows the current consumption of the Raspberry as a function of the time (Figure 12).



After a brief transitory, the current consumption reaches a stable value that ensures the regular activity of the Raspberry.



Figure 13 shows the current consumption of the Raspberry as a function of the CPU temperature.



The plot clearly shows that the power consumption, through the current flow, rise accordingly with the board’s temperature. These tests have been made to confirm that the Raspberry Pi is able to behave correctly even in extreme operating conditions. For the sake of consistency, we repeated the test on five boards, which, tested in the same configuration, with the same stress test script, shown concordant results, always ensuring the full efficiency of the board.



Testing the device in the field, requires a battery pack capable of providing the right power for the system. The power consumption of our setup has been experimentally measured, and it is about 4 W; for a comparison, the power consumption of other commercial systems is around 130 W. We tested, with a 12 V, 24 Ah battery, that we were able to operate our setup for more than a week. We planned a campaign duration of seven days (168 h) with a single battery. The test was run in a climate chamber. For comparison, the same power supply, modified to power a classic PC-based setup with an AC/DC converter, would ensure an autonomy of just 10 h.



After this preliminary lab phase, the device has been tested in the field confirming the Raspberry Pi reliability.




4. Experiment, Results and Discussions


Marine and freshwater Arctic invertebrates relevant to ecological studies were chosen for the experiments [32]. We analyzed the activity of the Gammarus Setosus that is a marine invertebrate (order of the amphipods). This animal commonly lives in intertidal zones and is a useful biomarker for pollution [33,34]. In this study, we applied a typical chronobiological design [35,36].



4.1. Animals


Gammarus setosus (n = 20) were collected in June and July 2015 (CNR and NP Summer Campaign 2015 Pasquali V. and Granberg M.) during the low tide from the coastal area on the Kongsfjorden, Spitsbergen Svalbard (78°55′40′′ N, 11°54′22′′ E), using a hand-nest and stored in a 10 L plastic tank. Permits to conduct this research were issued by the Governor of Svalbard (Fieldwork 2015, RIS-ID 10211, Granberg M.).




4.2. Experimental Procedure


After capture, animals were carried to the laboratory where they were randomly selected and individually transferred into a 1 L plastic flask at a temperature of 10 ± 1 °C that was exposed to continuous light (LL). The aquaria were not provided with pumps for circulation and filtration of the water because of possible interference with the electronic monitoring system. Water was changed every three days to maintain normal levels of oxygen, salinity, and pH. The seawater used for replenishment was obtained from KingsBay Marine Laboratory (Ny-Alesund, Svalbard). No food was provided during the tests in order to prevent synchronization of activity rhythms with feeding time, as previously reported in marine decapods and fish held in similar laboratory conditions [37]. Animals were monitored continuously for 15 days; Figure 14 shows the complete set-up.




4.3. Results and Discussion


Chronobiologic parameters were calculated with Lomb–Scargle periodograms to obtain the length of the circadian period (between 20 and 28 h) and the tidal period (between 10 and 14 h). Power spectra analysis by FFT was used to observe the peaks and their magnitudes (corresponding to amplitude) at circadian and tidal periods. For the circadian periodicity under LL, only four out of 15 animals showed circadian rhythms, and these had a period length of 23.2 ± 2.8 h (Mean ± SD). Tidal periodicity was also calculated and analysed; and we observed a period of 12.0 ± 1.1 h (Mean ± SD) for only nine animals that showed tidal rhythms. Spectral analysis confirmed the presence of the circadian periods lower than twenty-four hours, and the presence of tidal rhythms. The amplitude of the circadian rhythm is 6.7% ± 4.0% rPSD (Mean ± SD), and the amplitude of the tidal rhythm is 6.9% ± 4.3% rPSD (Mean ± SD).



From a chronobiological point of view, the results show that this device can be useful for recording and characterizing chronobiologic parameters of these and other animals, not only in the circadian range, but also the ultradian (see reference [38] where different methodological approaches to study these rhythms is shown). This species has never been studied before in this way, and it could be an interesting model for studying the biological rhythms, particularly in marine high arctic animals.



From an electronic point of view, many challenges have been faced and overcome, and we have compiled a list of obtained goals:

	(1)

	
The reliability offered by the Raspberry-Pi is certified by field tests carried out for many days and has demonstrated that the Raspberry can be used to fabricate an instrument suitable for extremely harsh environments, such as those in Arctic and Antarctic. Consequently, this technology presents new opportunities for researchers working in similarly difficult situations, e.g., in outer space.




	(2)

	
The challenge to reduce the dimensions and the weight with respect to a PC-based, has been accomplished. This is also extremely important for various research where the weight and the dimensions are a variable fundamental for keeping shipment costs low.




	(3)

	
The device, which works @ 12 Vdc; therefore, it can be supplied by a battery as in our case. This allows one to place the device directly in the field without the mains, as contrasted with a PC-based system. This allow researchers to leave the animal in its natural environment without disturbing it.




	(4)

	
The use of the Raspberry allows researchers to conceive of new hardware for specific tasks.




	(5)

	
The possibility to directly program the device increases the overall flexibility of the instrument. In fact, new algorithms can be conceived by researchers to find new information. This feature is not always present in commercial tools that provide only predetermined functions.











5. Conclusions


The article shows the development and application of a new device based on the Raspberry-Pi to monitor the locomotor activity of small marine invertebrates. The device has been conceived to emulate more costly and complex commercially available systems. The use of IR sensors for the continuous monitoring of the activity of the animal and the use of specific software for data analysis is similar to that done in commercial alternatives but is performed at a lower cost. Apart from cost, the great advantage of our system is that the use of the Raspberry-Pi allows increasing overall flexibility, allowing creation of specific hardware configurations or specific analysis routines not provided by commercial systems. Moreover, the substitution of the computer with the Raspberry allows the reduction of the overall dimensions compared to a classical system, and thus reduces the shipping costs, which is an important factor for in-field research. This project demonstrates how the overall reduction of costs and the increase in performance flexibility may increase the interest towards this kind of research.
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Figure 1. Block diagram of the monitoring system. 
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Figure 2. The electronic aquaria, with a Gammarus shrimp inside and with the IR emitters mounted on the aquarium roof. The IR sensors are in the floor of the aquarium (not visible here). 
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Figure 3. Schematic of the signal conditioning circuit reduced to only two IR sensors. 
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Figure 4. Signal conditioning circuit. 
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Figure 5. Connector box. Flat cable connector between two line of PCB (polychlorinated biphenyl) screw connectors. 
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Figure 6. Example of double-plot actograms on the screen of the Raspberry-Pi. 
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Figure 7. Example of spectral analysis by FT (Fourier Transform). Power values are shown on the y-axis; periods (in minute) on a logarithmic scale are shown on the x-axis. 
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Figure 8. Shows the block scheme of the software that runs inside the Raspberry-Pi. 
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Figure 9. Classical and Raspberry-based architecture. 
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Figure 10. Temperature of climate chamber, CPU and board. 
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Figure 11. Temperature on the board caught using an infrared camera. 
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Figure 12. Current consumption as a function of the variation of time. 






Figure 12. Current consumption as a function of the variation of time.



[image: Electronics 05 00058 g012]







[image: Electronics 05 00058 g013 1024] 





Figure 13. Current consumption as a function of the variation of the CPU temperature. 
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Figure 14. The complete set-up inside the cold room. 
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Table 1. Costs comparison between the Standard and the Raspberry system.
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Raspberry-Pi System

	
Standard System






	
Hardware

	
~75 €

	
Hardware

	
From 500 to 10,000 €




	
Software

	
Free

	
Software (Operative System) OS + elaboration tool)

	
From 500 to 3,500 €




	
Total

	
~75 €

	
Total

	
From 1,000 to 13,500 €










© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
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