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abstract

A recent area for investigation into the development of adaptable robot control is the use of living neuronal networks to control a mobile robot. The so-called Animat paradigm comprises a neuronal network (the ‘brain’) connected to an external embodiment (in this case a mobile robot), facilitating potentially robust, adaptable robot control and increased understanding of neural processes. Sensory input from the robot is provided to the neuronal network via stimulation on a number of electrodes embedded in a specialist Petri dish (Multi Electrode Array (MEA)), accurate control of this stimulation is vital. We present software tools allowing precise, near real-time control of electrical stimulation on MEAs, with fast switching between electrodes and the application of custom stimulus waveforms. These Linux-based tools are compatible with the widely used MEABench data acquisition system.  Benefits include rapid stimulus modulation in response to neuronal activity (closed loop) and batch processing of stimulation protocols.
1. Introduction 

The Animat paradigm, which comprises a neuronal network connected to an external embodiment such as a mobile robot has lead to a great deal of interest in experiments on cultures of neuronal networks. The cultures are grown on a specialist Petri dish (Multi Electrode Array [MEA]) with embedded electrodes providing a bi-directional interface for applying stimuli and recording electrical activity. Although the culture’s stimulation can be controlled using custom hardware, a key element in recent investigations of cultured neuronal networks on Multi Electrode Arrays (MEAs) is the ability to apply electrical stimuli to a culture using standard hardware such as the STG 2004 (MCS, Reutlingen, Germany). However, the commonly used MS Windows-based electrode selection and stimulus waveform tools provide limited flexibility of stimulation control. 

Constraining factors include: i) the need for manual switching between active electrodes separately from creating / loading and executing stimulus waveforms, ii) lack of automated protocol execution and iii) significant delays imposed if MS Windows (non-real time) batch processing is used. As a consequence, investigations that rely upon rapid stimulus modulation in response to neuronal activity recorded via MEAs are severely limited. Whilst stimulus control has been improved using custom hardware [1], such control for off-the-shelf stimulators is not presently available. Consequently, we have developed software tools allowing precise, near real-time control of MCS hardware (MEA1060BC plus STG 2004) from a single interface. These Linux-based tools are presently designed to work with the MEABench [2] but could easily be used with other acquisition systems.
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Figure 1. Graphical User Interface (GUI) for the Test Mode. Inset: a typical stimulus waveform and corresponding sync pulse: top waveform is the sync pulse and bottom waveform is a biphasic pulse (100 µs each phase, positive phase first).

1.1. Stimulation Control

Stimulation control has three main applications: (i) testing neuronal responsiveness to different stimulation patterns (to establish appropriate stimulus), (ii) training a substrate in order to elicit plasticity (learning) and (iii) stimulating within a ‘live’ closed-loop system such as an Animat (‘embodied culture’) whereby continual stimulus modulation by culture activity is mediated via robotic embodiment in the external environment. 

To achieve (i & ii), an easy to configure ‘interactive’ interface is required, affording safe yet flexible experimentation with different stimulation patterns across rapidly switching electrodes. The ability to store and batch protocols (with minimal manual input) is invaluable in saving time and ensuring experimental consistency, whilst a graphical user interface provides an easy and safe way to work within the hardware and biological constraints. To achieve (iii), speed and efficiency are the most important factors to ensure that the real time constraints are met as closely as possible. Here, the software must wait for an automatically delivered choice of electrode(s) and waveform(s) (based on robot sensor data), before triggering stimulation.

2. METHODS

Software was written in C and C++ with libraries interfacing to the underlying hardware via the STG 2004 and MEA1060BC driver software. The STG 2004 driver was ported from Linux kernel 2.4 to 2.6*. 

A Python and TKinter wrapper was written to provide the Graphical User Interface (GUI).

2.1 Software Configuration and Testing

Software installation scripts were created to ensure correct configuration. The software was tested using a combination of low-level function and high-level functionality testing.  System performance was evaluated with timed C tests (gettime()).
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Figure 2. Explicit (rear) and concise (front: MC Stimulus type 4) waveform files. Concise format specifies amplitudes in mV (Column 1) and durations in µs (Column 2), thereby reducing file size.
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Figure 3. Closed loop system (Live Mode). Top left: robot embodiment, top right MEA + hardware and software, bottom: client-server architecture.

3. RESULTS

Our software interface to the MEA1060BC and STG 2004* stimulus generator provides all of the above functionality in an Open Source, easily extensible set of libraries and command line/GUI interfaces for use with MEABench. Our software has allowed us to conduct ‘closed’ loop Animat experiments, previously limited by tedious manual input or custom hardware solutions. We have achieved a 34 +/- 6 ms (mean +/- SD: n=10) round trip time for the culture closed loop (from stimulation to culture response-based stimulation). The time for a robot closed loop (from sensory-based culture stimulation to new sensory input stimulation following robot action) depends on frequency and speed of robot sensors, actuators and communications (Fig. 4).
The sections below highlight benefits of the software tools, starting with their functionality and flexibility. 

3.1. Functionality and Flexibility:

· Rapid switching of electrodes and precise control over timing of stimulation.

· Ability to store and batch protocols from file (ideal for running long, repetitive experiments). 

· Ability to load ASCII waveform files (MC_Stimulus type 4). 

· Open Source, easily extensible and compatible with off-the shelf hardware (STG 2004 stimulus generator, MEA1060BC system).

· Fully compatible with the MEABench suite of tools.
3.2. Two Modes of Operation

· Test Mode – Easy to use ‘interactive’ interface for testing neuronal responsiveness to different stimulation patterns, ability to load protocols and batch files of protocol sequences. 

· Live Mode (Closed Loop) – Client-Server configuration accepts electrodes and waveform choice, providing near real-time control of culture stimulation from external sources (e.g. sensory input from robot). 

3.3. Flexible Programming of Closed Loop Experiments

The client-server interface to the stimulation software provides flexibility when programming closed loop experiments. The client can be built into any user-written program, allowing multiple experimental client-server configurations (e.g. use of different encoding methods, input of different sensory information, variations in timing of sensory input updates).

	Action
	Mean Time +/- SD (ms)

	(1) Select or switch electrode/s
	16
	+/- 1

	(2) Stimulus request to observed stimulus receipt
	35
	+/-6

	(3) Stimulate pre-selected electrode (repeat)
	2
	+/- 1

	(4) Stimulate different electrode
	19 
	+/- 3

	(5) Load and apply new stimulus waveform
	24
	+/- 2

	(6) Apply 2 different waveforms (same elec.)
	7
	+/- 2

	(7) Apply 2 waveforms (different elecs.)
	19
	+/- 2

	(8) Stimulate, observe response (different elec.)
	32
	+/- 5

	Complete closed loop (3) + (8)
	34
	+/- 6


Table 1. Software performance (n = 10).
	Parameter
	Min
	Max
	Resolution

	Amplitude (mV)
	-7500
	7500
	1-2

	Duration (µs)
	20
	?i
	20

	Electrode
	1
	60
	-

	#Electrodes Sel-d
	0
	60
	1 Electrode

	Channel
	1 (A)
	2 (B)
	-



i Limited only by waveform file size and STG memory

Table 2. Bounds of stimulus and electrode parameters.
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Figure 4. Timing diagram for the closed loop system. Colour key (fade from left to right): Dark Shade: MEABench Tools, Medium Shade: Spike Sorting, Decoding.  At time T = 4 the diagram branches, top row: Robot (actuation), Encoding, Stimulation, bottom row: Encoding, Stimulation.  (Lightest Shade is Stimulation).

4. DISCUSSIOn

These new tools facilitate experiments requiring automated rapid electrode switching and precisely timed application of stimuli, including execution of traditional protocols such as electrode cycling (applying a pulse on each) and stimulating with trains of tetanic pulses at various frequencies (inc. the simultaneous application of different frequency trains on different electrodes). This level of flexibility and control cannot presently be achieved with MS Windows-based tools which require manual interaction between two non-communicating programs for electrode selection and stimulation.
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4.1. Applications

Such precise timing and automated control lend themselves to closed loop Animat experiments, facilitating easy modification of the methods for decoding culture activity and encoding robot sensor data as stimulation. The client-server architecture allows closed loop components to run on separate machines. The efficacy of different stimulation types can be evaluated using the Test Mode and associated GUI. 

5. Conclusion and future work

Our software affords flexible stimulation control using standard hardware, thus opening the door for users wishing to conduct previously impractical closed loop neuronal network investigations. We plan to release the software tools in the near future under the GPL.
Acknowledgement: 

* Original STG 2004 Driver software by Pu Jiangbo. 

Thanks to Edward Robbins for the STG 2004 Linux Driver modifications and ElectrodeSelect library creation.
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Results





Our software interface to the MEA1060BC and STG 2004* stimulus generator provides all of the above functionality in an Open Source, easily extensible set of libraries and command line/GUI interfaces for use with MEABench. Our software has allowed us to conduct ‘closed’ loop Animat experiments, previously limited by tedious manual input or custom hardware solutions. We have achieved  a 34 +/- 6 ms (mean +/- SD: n=10) round trip time for the culture closed loop (from stimulation to culture response-based stimulation). The time for a robot closed loop (from sensory-based culture stimulation to new sensory input stimulation following robot action) depends on frequency and speed of robot sensors, actuators and communications (Fig. 4).
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Table 1: Bounds of stimulus and electrode parameters.





1 Limited only by waveform file size and STG memory
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Fig. 4: Timing Diagram for the Closed Loop System.  


Colour Key (fade left to right): • Grey: MEA Bench Tools , • Light Blue: Spike Sorting, • Blue: Decoding, • Red: Robot (Actuation),         • Purple: Encoding, • Pink: Stimulation.
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Fig. 4: Timing Diagram for the Closed Loop System.  
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