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Abstract. This paper describes the preliminary findings of a project that is still underway at the Biomedical Technology Department of the Don Gnocchi Foundation in Milano. The author took part in the project as visiting researcher from the Department of Electronic Technology of the University of Seville. This project tries to develop a wireless interface between a BCI (brain-computer interface) system and a smart home. First, this paper presents some theoretical fundamentals underlying the EEG (electro-encephalographic) techniques, the BCI systems and the KNX (Konnex) protocols. Then the hardware, the software and the technical infrastructure used are presented. Next, the characteristics of the purposely developed system are described. These include the options considered and then selected for controlling the house; the physical structure of the system and its components; the way the various components communicate among each other; the selection matrix designed to allow the user select the intended action the smart home should perform; the control options the user can choose, the paradigm used and the reasons to use it. Finally, the paper suggests the prospective final results of the project. In the section Discussion the future possibilities of BCI systems are discussed.
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1. Overview
The objective of this project is to develop a system that allows elderly people or people with disabilities to control their homes by means of their thoughts, without the need of speaking or using remote controls or switches, either for their convenience or because of disabilities that prevent them from moving. 

This system is composed of the elements shown in the picture 1 and described briefly below and more in depth in section Materials.
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Picture 1
· The user is the person who controls his home by means of his thoughts. The potential users of this system are mainly people who are totally paralyzed or “locked-in”, that is, people that have fully lost the ability to move their muscles.
· The user wears a kind of cap (like old-fashioned bathing caps) equipped with sensors that acquire his EEG (electroencephalogram) signals, that is, his brain signals. This cap is the device called g.EEGcap of the company Guger Technologies
. EEG signals will be explained more in depth in section Background.
· This cap is connected to an amplifier that acquires, digitizes, amplifies and processes signals up to 16 channels from the cap or any other signal acquisition device. This amplifier is the device called g.USBamp of the company Guger Technologies
 
· The amplifier is controlled by a piece of software. This software can belong to different vendors. BCI 2000 is the software chosen for processing the acquired signals
. 
· The communication between BCI 2000 and the smart home is carried out by my interface. It’s a wireless interface composed of a piece of software interacting with BCI 2000 together with a printed circuit board interacting with the smart home by means of an infrared transmitter. This interface translates the commands chosen by the user into an infrared code.  
· This emission is received by an infrared receiver, installed in a smart home. A smart home is a residence that integrates home automation systems that let its occupants locally or remotely control or program an array of automated home electronic devices by entering a single command. For example, a homeowner on vacation can use a phone to activate a home security system, control temperature gauges, switch appliances on or off, control lighting, program a home cinema or entertainment system, and perform many other tasks. It also allows triggering different scenarios such as I’m at home, I’m away, or Good night locally or remotely.
The set composed of the cap, the amplifier and the software controlling the amplifier is known as BCI system (Brain-Computer Interface). This project involves the design and implementation of a wireless interface between a BCI system and a smart home. 

The possible commands the user can select are:

· Activate/deactivate the alarm of the house.
· Turn on/off one, a group or all the lights in a room.
· Open/close the front door.
· Open/close the door of the room we are in.
· Open/close the door giving onto the garden.
· Raise/lower the blinds, totally o partially.
The project involves different technological areas of expertise, such as sensors and biosensors, BCI, signal processing, design of interfaces, protocol engineering, communication networks, home automation (also called domotics), and control systems.
2. Background
The BCI techniques

When the neurons of the human brain process information, they do so by changing the flow of electrical currents across their membranes. These changing currents generate electric and magnetic fields that can be recorded from the surface of the scalp. The electric fields are measured by attaching small electrodes to the scalp.

The potentials between different electrodes are then amplified and recorded as the electroencephalogram (EEG), which means writing out the electrical activity of the brain. The human EEG was first recorded in the 1920s by a German psychiatrist named Hans Berger.
People having motor disabilities that prevent muscle control cannot use conventional augmentative technologies. They need another way to access to these technologies. This way is by means of their brain signals. 
BCI research seeks to develop new augmentative communication and control technology for people with severe neuromuscular disorders, such as amyotrophic lateral sclerosis (ALS), brainstem stroke, and spinal cord injury. The goal is to give these users, who may be totally paralyzed, basic communication and control capabilities (Wolpaw 2007).
In BCI systems, the signals from the brain are acquired and processed to extract signal features that reflect the user’s intent. These features are translated into commands that allow him to answer simple questions, or control a program (e.g., a word processing program), a device (e.g., a wheelchair or a neuroprosthesis), or a system (e.g., a smart home, as in this case) (Schalk et al., 2004). 
The brain signals are acquired by electrodes on the scalp (EEG), the cortical surface (ECoG), or from within the brain (neuronal action potentials or local field potentials). The features of the brain signals used by BCI systems include slow cortical potentials, P300 evoked potentials, and sensorimotor rhythms. Let’s explain each one:
· Slow cortical potentials. Slow cortical potentials (SCPs) are potential shifts in the scalp-recorded EEG that occur over 0.5–10 s. Negative and positive SCPs are typically associated with functions that involve cortical activation and deactivation, respectively. People can learn to control SCPs and use that control to move a cursor to targets on a computer screen (Birbaumer et al., 2000). BCI systems record EEG at the vertex referenced to both mastoids and measures SCPs after eliminating artefacts caused by eye movements or blinks. The resulting signal can control vertical cursor movement to a target located at the bottom or top of the screen. 
· P300 evoked potentials. Infrequent stimuli typically evoke a positive response in the EEG over parietal cortex about 300 ms after stimulus presentation. This response is called the P300 potential and has been used as the basis for a BCI system (Farwell et al., 1988). In this system a 6 x 6 matrix of characters was presented to the user. The rows and columns in this matrix flashed successively and randomly at a rate of eight flashes per second. The user selected a character by focusing attention on it and counting how many times it flashed. The row or column that contained this character evoked a P300 response, whereas the others did not. After averaging a number of responses, the computer could determine the character’s row and column (as the row/column with the highest P300 amplitude) and, thus, the desired character.
· Sensorimotor rhythms. Most adults display 8–12 Hz (i.e., () and/or 18–26 Hz (i.e., () rhythms in the EEG recorded over primary sensorimotor cortices. Normally, these sensorimotor rhythms show amplitude increases and decreases that are related to sensory input and/or movement or movement imagery (Niedermeyer 1999) (Pfurtscheller 1999). People can learn to control ( or ( rhythm amplitudes independent of actual movement and use that control to move a cursor to targets on a computer screen (Kostov et al., 2000).
The performance of BCI systems depends on a lot of factors including the brain signals used, the signal processing methods that extract signal features, the algorithms that translate these features into device commands, the output devices that execute these commands, the feedback provided to the user, and the characteristics of the user. 
The Konnex home automation protocol
KNX 
,
 is a standard multimedia and open communication protocol that is standardised in Europe (not in America) and whose application is restricted to housing and, to a lesser extent, buildings. KNX is the result of joining three other technologies, BatiBUS, EIB and EHS, seeking a more powerful resulting from the best of each, although its basis is EIB (European Installation Bus). 
KNX is a multimedia protocol, i.e. it uses twisted pair, radio frequency, power line or IP/Ethernet as transmission medium, and infrared (expected in short time). All the devices are connected to that medium and utilize it to exchange information.
The devices connected to the bus, whether sensors or actuators, are used to control building management equipment in all possible applications: lighting, blinds/shutters, security systems, energy management, heating, ventilation and air conditioning, monitoring and signalling systems, interfaces to services, and building control systems, remote control, metering, audio/video, white goods control, etc. All these functions can be controlled, supervised and signalled using a uniform system without the need for additional control centres. 
The transmission rate of KNX is only 9600 bps, while the maximum bus length, not including a router or repeater, can theoretically reach up to 1,000 meters (though this theoretical value decreases in reality, due to its low transmission rate forces segmentation). 

The programming tool is unique and is called ETS (Engineering Tool Software).

3. Materials
The hardware of the BCI system is composed of two elements: the cap with sensors and the amplifier.
The sensors of the cap are electrodes that acquire the user’s EEG signals. The cap used is the g.EEGcap of the company Guger Technologies (http://www.gtec.at/products/g.Accessories/Cap.htm). It has sixty-five bayonet sockets to plug the electrodes in (with a 90° turn) and adjust their pressure to the skin. This reduces artifacts and signal noise resulting from high impedance between the electrode(s) and the skin (e.g. 50/60 Hz coupling, artifacts caused by electrode or cable movements, distorted signals or background noise). It can work with both active (inside the electrode there is an additional ultra-low noise pre-amplifier) and passive EEG electrodes, made of gold or Ag/AgCl (for DC recordings). g.EEGcap allows making high quality low noise EEG recordings. It is firmly fastened to the body by means of a harness that guarantees an optimal stability of the cap to reduce artifacts. A gel is applied to the skin before the electrode is inserted.
This cap is connected to the amplifier g.USBamp of the company Guger Technologies (http://www.gtec.at/products/g.USBamp/gUSBamp.htm). It acquires, digitizes, filters, amplifies and processes signals up to 16 channels from the cap or any other signal acquisition device. This allows investigating brain-, heart-, muscle-activity, eye movement, respiration, galvanic skin response and other body signals. g.USBamp has a resolution of 24 bits and a sample rate up to 38.4 kHz, and has an internal impedance testing unit that measures the impedance for the individual electrodes. A multi-channel system of up to 128 channels can be built using multiple g.USBamp devices together. A synchronization cable guarantees that all of them are sampling with exactly the same frequency. There are different graphical tools and APIs for g.USBamp.
As a part of the system I have used a software platform called BCI 2000. It is a flexible general-purpose BCI research and development system that simplifies substantially the implementation of BCI systems, and facilitates the evaluation, comparison and combination of alternative brain signals, processing methods, applications, and operating protocols. 
BCI 2000 is implemented in C++ using Borland C++ Builder as development environment and Microsoft Windows™ 2000/XP as operating system, but it accommodates any programming language, any development environment, and any operating system. 
BCI 2000 satisfies the stringent real-time requirements of BCI systems (Schalk et al., 2004). Furthermore it has been used to create BCI systems that function well in online operation for a variety of brain signals, processing methods, and applications. BCI 2000 satisfies the different signal processing needs of BCI designs based on sensorimotor rhythms, cortical surface rhythms, slow cortical potentials, and the P300 potential, and provides the different outputs needed for several kinds of cursor control and for selection from a matrix.
BCI 2000 can be configured to use the specific brain signal, analysis method, application, and protocol that are best suited for a specific user.
Other interesting features of BCI 2000 is that it records in a file all the information needed for the reconstruction of the session and includes tools for offline analyses of this information.
BCI 2000 is available with full documentation and free of charge for research or educational purposes and is currently being used in a variety of studies by many research groups. Moreover, it does not place any restrictions on how it might be used.
BCI 2000 has a modular structure composed of four independent and interconnected modules. These modules are:
· Source. This module deals with data acquisition and storage. It digitizes and stores brain signals and passes them on without any further pre-processing to signal processing module. The acquired brain signal samples are stored along with all relevant system variables (such as system parameters or all current event markers) in a data file.
· Signal processing. This module converts brain signals into signals that control an output device. This conversion in carried out in two phases: first, the digitalized brain signal received from de source module is processed to obtain signal features. Second, these signal features are translated into control signals that are sent to the user application module. Each of the two phases consists of a series of signal operators (e.g., spatial filter, temporal filter, linear classifier) which transforms an input signal into an output signal.
· User application. This module uses the control signals received from the signal processing module to control a program, a device or a system. User feedback is also managed by this module. BCI 2000 includes cursor movement applications, an application for evaluating prospective users, an application that can present user-selectable auditory and visual stimuli, and a spelling application based on evoked potentials.
· Operator interface. This module provides a graphical interface that displays real-time analysis results (e.g., frequency spectra) communicated by other modules and allows the investigator to manage the system parameters and to control the timing of system operation. 
These modules communicate the information needed for operation by means of a network-capable protocol based on TCP/IP which allows these modules to run on different machines on a network.
There are several software options for carrying out the processing of the acquired signals. Among the different options, the software BCI 2000 has been selected because it is free, open source, robust and widely used with the amplifier g.USBamp. 
The infrastructure used to develop this project has been the smart home present at DAT service (Domotics, Assistive Technology and Occupational Therapy; Domotica, Ausili, Terapia occupazionale, in Italian),  located in Milan, Italy, at the Don Carlo Gnocchi Foundation (Andrich et al., 2006) (Andrich et al., 2007). The DAT service also includes occupational therapy facilities, and a permanent exhibition of assistive devices for mobility, activities of daily life and communication. 
The smart home is a 130 m2 flat composed of 7 rooms (entrance, kitchen, living room, office, bathroom, and two bedrooms) and equipped with advanced solutions for independence, security and safety. The subsystems of the smart home technological infrastructure include: climate control, lighting, safety and security, video surveillance, emergency, doors and windows control, ICT (Information and Communications Technologies) and multimedia. 
The smart home was designed according to a hidden technology concept and looks like a traditional home. It has no architectural barriers and the kitchen and the bathroom are fully usable by people in a wheelchair. Particular solutions for making easier personal mobility of people with motor disabilities inside the house have been adopted, such as sliding doors and a ceiling mounted hoist.
In order to accommodate for the different requirements of DAT clients, the smart home is easily configurable by means of a purposely developed software tool. This tool allows choosing which automation functions activate and configure their parameters (e.g. the devices and type of messages used for alerts and alarms). For an easier and faster configuration six pre-charged profiles corresponding to six categories of users are proposed by the software.
Outside the flat, a control room allows the professional team to customize the home automation configuration and to process/analyse all bio-signals collected from patients for research purpose. Outside the flat, there is also a yard where it is possible practice gardening and test wheelchairs on different terrains.
The communication between the electric and electronic devices of the smart home is carried out through a bus based on the konnex™ standard on twisted pair wire. This standard was chosen for its interoperability (possibility of integrating products from different manufacturers on the same network) and the reliability demonstrated in previous similar projects. The basic environmental control function (such as lighting, climate, door, and windows control) are based on distributed intelligence automation concept and therefore do not require a supervisory unit. On the other hand higher level automation functions (such as the power off of dangerous electrical appliances or automatic stop of tap water involuntary left open) are implemented using a supervisory unit to allow for a higher flexibility and configurability. 
One of the objectives of the smart home is to allow disabled people to evaluate and improve their independence at home by means of technologically advanced home automation solutions. As in this case, the smart home also serves as research laboratory to test and develop new products in the field of environmental control.

4. Methods
One of the first tasks performed within the framework of this project was to study the needs of the users, and the control and communications structures present at the smart home, identifying thus the needs of control to cover and the different ways to interact with the house.
As a result of this study I got different options for controlling the smart home. These options include, among others:
· Use of a push button interface. It is a hardware device that sends a command to the KNX bus when one of its keys is pressed. The task of the BCI system would be to simulate the pressing of keys depending on the user choice.
· Development of my own hardware device. It would be connected to the BCI system and the KNX bus, and would transmit KNX telegrams on the KNX bus depending on the user choice.
· Use of the infrared communication infrastructure present in the smart home (receiver and decoder) and design of a programmable infrared emitter that connects to the BCI system (via USB, bluetooth or RS-232) and emits using the infrared protocol used by that infrastructure. For that purpose, the commands selected by the user of the BCI system should be translated into the code used by the remote control that allows controlling the smart home.
· Use of the standard OPC
 (OLE for Process Control, where OLE is Object Linking and Embedding). In this case, we should implement an OPC client which would connect to and control the OPC server running on the PC connected to the KNX bus in the smart home. 
· Implementation of the control application using the falcon driver library
. This is a tool that includes the API (Application Programming Interface) necessary for sending and receiving telegrams on a KNX network.
· Establishment of a communication between the output of the BCI system and the PC connected to the KNX bus of the smart home.

After studying and evaluating the pros and cons of the various solutions proposed, I chose to implement the interface by using infrared. This decision is justified by the fact that no change in the infrastructure present in the smart home is needed, since systems already installed are used, and no expensive licenses or commercial products need to be purchased.
The interface is composed of two elements: a piece of software and a printed circuit board. These two elements act together as an interface between the BCI system (g.EEGcap and g.USBamp as hardware and BCI 2000 as software) and the smart home, sending to the smart home the commands selected by the user of the BCI system. This interface would be placed at the same wheelchair or bed where the user is.
The software is connected to BCI 2000 by means of an UDP socket, and to the printed circuit board by means of the serial port of the PC where it runs. This software receives from BCI 2000 a character representing the icon selected by the user of the BCI system and, after checking the correctness of this character, sends to the printed circuit board a code of three characters that codifies the command associated to this icon.

Several prototypes of the printed circuit board have been designed and implemented. The objective was to design and implement a programmable infrared emitter that act as interface between the BCI system and smart home, sending to the house the commands selected by the user. To avoid making changes to the infrastructure of the smart home, I decided my board would transmit with the same code (protocol) that the infrared communication devices present thereon were already using.
This board is connected to the software by means of the serial port of the PC where it is running, and to the smart home by means of an infrared emitter. This board receives from the software the one-character code mentioned above, and sends to the infrared receiver of the smart home an infrared code compatible with that used by the communications infrastructure of the smart home. This infrared code is the same one as used by the commercial infrared remote control of Siemens present in the smart home. 
The communication between the board and the smart home should be based on wireless technology. To this end we could use infrared, Bluetooth, Zigbee, a sensor network, Wi-Fi, etcetera. However, I opted to use infrared for its economy, simplicity and, above all, compatibility with the communication infrastructure present in the house which made that adopting this solution would require no change in it.
The three-character code used to communicate the software and the printed circuit board establishes a correspondence between each command and the key of the remote control of the smart home that must be pressed to execute that command. This code is intuitive and easy to use for the programmer, who could easily modify the program of the system. Each of the characters of the code has a meaning:
· The first character is a number between “1” and “8”, corresponding to the number of the key in the remote control.

· The second character is a “U” or a “D”, corresponding to the kind of key in the remote control (UP or DOWN).

· The third character is an “S” or an “L”, corresponding to the duration of the key-press needed to select this command with the remote control (SHORT or LONG).

A graphical matrix provides the user with the different options he can choose to control the smart home. It is a 4 x 5 matrix of icons representing control options and commands the user can select. The control options allow the user to pause or to halt the system. The commands allow him to control the smart home. These commands are:
· Activate/deactivate the alarm of the house.
· Turn on/off one, a group or all the lights in a room.
· Open/close the front door.
· Open/close the door of the room we are in.
· Open/close the door giving onto the garden.
· Raise/lower the blinds, totally o partially.
By using the P300 evoked potentials paradigm and this matrix of icons, the BCI system performs the visual stimulation of the user and the selection of options. The matrix is presented to the user on screen. The rows and columns of the matrix flashed successively and randomly at a configurable rate. To select an icon, the user must focus attention on it and count how many times it flashed. The row or column that contained this icon evokes a P300 response, whereas the others do not. After averaging a number of responses, the computer can determine the icon’s row and column (as the row/column with the highest P300 amplitude) and, thus, the desired icon.
The choice of P300 paradigm is justified by the fact that it works better (lower error rate), requires less training, is easier for the user and causes less fatigue.
This matrix is introduced in the BCI 2000 spelling application, replacing the default matrix of characters it uses.
As mentioned, this project is still underway and the tests haven’t been completed yet. The software has been completely debugged and checked, and has been confirmed to be fully functioning. However, although the printed circuit board has been checked it still has flaws. These flaws occur with the commands corresponding to long key-press of the remote control, and will be fixed as soon as my personal circumstances make it possible.
5. Results
As mentioned in the previous section, the prototype is an interface between a BCI system and a smart home, and is composed of two elements: a piece of software and a printed circuit board. With these two elements I’ve tried to implement a kind of remote control controlled by a BCI instead of a finger. 
The software performs the function of taking the command selected by the user of the BCI system and sending it to the printed circuit board. The communication between both elements is done physically through the serial port and logically by means of a simple three-bit code. 
The printed circuit board takes the codified option from the software and translates it into an infrared code. This code is the same one used by the Siemens remote control, already present in the smart home. 
The look of this prototype is still quite crude since it has not been finished yet. However, in the future it could be a black box connected both to the PC and the smart home wirelessly.
In order to use this system we do not need to change anything in the smart home. We only need to run BCI 2000, configure it to function with the matrix I have designed, and execute my software. We also have to connect the PC with the board by means of the serial port and begin using the system to control the house. In order to select a command, the user should focus his attention on the icon of the matrix representing the function he wants to execute. Once the user has finished using the system, he can select the option HALT on the matrix to stop the system. 
6. Discussion
Studies conducted so far in the field of BCI show that non-muscular communication and control are possible and might be useful for people who cannot use conventional augmentative technologies because of the lack of muscle control. However, the performance of this new technology, measured in rate and accuracy, or in information transfer rate is very modest. Current systems can reach no more than 25 bits/min, even under optimal conditions (Wolpaw et al., 2000). Exceptions are systems based on steady-state visually evoked potentials. These systems do not directly depend on muscle control but they require the user to control gaze direction. Thus, they cannot be used by people who are totally paralyzed.
The usability of BCI systems will depend largely on the degree to which its performance can be increased. Specifically, it would be necessary to improve transfer rate and accuracy, so that the user could get more accurate results in less time. 
About the safety of this system, its use is non-invasive and does not involve any X-rays, radiation, or injections. So, we can state it is safe. The electrodes record activity without producing any sensation. Slight redness may occur in the locations where the electrodes were placed, but it disappears after a few hours. However, there could be risks depending on the medical condition of the user.
The system designed can contribute to social welfare, improving the quality of life of people with severe physical disabilities of various types, providing them with a higher degree of independence. However, there is still a long road ahead. Some disadvantages have been observed, such as:

· Using the system can be uncomfortable for the user and cause fatigue.
· BCI systems should improve their performance. It takes a lot of time to select and execute a command.
· BCI systems should improve their precision, since sometime the selected command is not the desired one.
· A BCI system is really expensive since both the hardware from Guger and the software from BCI 2000 are expensive.
It is very difficult that BCI became an effective way to control a smart home or any other system if it does not became more user-friendly, efficient and inexpensive.
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