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SPARK Hardware

L. Alba1, P. Arena2, S. De Fiore2 and L. Patané2

Abstract In order to apply the proposed algorithms for action-oriented perception in
robotic platforms, a complete hardware architecture has been designed and realized.
The core of the system is the SPARK board, an FPGA-based hardware designed to
fulfill the requirements needed by the SPARK cognitive architecture. Besides the
SPARK board, a distributed sensory system has been designed to be embedded on
wheeled and legged robots. In this chapter the main aspects that characterize the
SPARK hardware are discussed.

10.1 Introduction

Multi-sensory integration can be defined as the synergistic use of the information
provided by multiple sensory devices to assist the accomplishment of a task by a
system [7]. Practically, multi-sensory fusion refers to any stage in the integration
process where there is a combination of different sources of sensory information
into one representational format.

Multi-sensory fusion is extremely important for an autonomous robot in order to
build an environment map using different sensors. One of the most relevant ques-
tions is the hardware and software architecture required to manage a great number
of sensors and, consequently, a large amount of data.

In particular, for a roving robot to successfully perform a navigation task, the
control loop must be able to process the different stimuli of the environment in a
time that must be compatible to real time applications. For a robot in the real world,
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the ability to interpret information coming from the environment is crucial, both
for its survival and for reaching its target. The real world differs from structured
environments because it is dynamic, so that it is impossible to fully programme the
robot’s behavior only on the basis of a priori knowledge.

As reported in Chapter 6 and 7, different cognitive architectures have been pre-
sented in the framework of the SPARK Project. A cognitive system must be able to
manage all the sensors needed in walking and roving robots to successfully complete
the assigned task. From the hardware implementation point of view, a cognitive ar-
chitecture should be characterized by a very efficient and fast multi sensory system
to handle the low level (touch, posture, load, distance) and the high level (visual,
hearing) sensors.

Nowadays, autonomous robots are used in a growing number of applications.
Therefore, recently many papers have focused on the multi- sensory integration
problem, proposing different solutions for various applications [1, 3, 5]. Other re-
searchers introduce a multi-sensory network based on smart sensors for a next-
generation rocket test facility [9]. A different approach was proposed in [4] where
Neuro-Fuzzy logic is used in a fault tolerant sensory fusion system for humanoid
robots. Even if these approaches are suitable for the corresponding applications,
they are too complex for real time implementation in walking robots. Another solu-
tion, exploiting environment modeling, is introduced in [8]. The proposed solution
is based on low level sensors and a micro-controller system that does not permit the
use of a great number of sensors.

In this chapter a new FPGA based architecture explicitly designed to deal with
a distributed sensory system for cognitive experiments is presented. The charac-
teristics that make an FPGA-based hardware an optimal solution for our purposes
are the flexibility of a reprogrammable hardware and the high computational power
obtained with a parallel processing [2]. So the proposed system can independently
manage several sensors with different frequencies. Dedicated channels are created
for the sensors that require a high band for data transfer (visual system). In order to
optimize the FPGA resources, a serial bus is used for the other sensors.

The computational power has also been considered to guarantee the implemen-
tation of the whole cognitive architecture.

10.2 Multi-sensory architecture

Taking advantage of the FPGA parallelism in data management, the proposed ar-
chitecture allows processing of a large number of sensors with an high degree of
flexibility, speed and accuracy. The architecture permits multi-sensory fusion pro-
cesses. The different sensory sources are accessible by a unique interface; in fact
the system can manage digital and analog sensors connected with parallel or serial
buses.

Fig.10.1 shows the main blocks of the multi-sensory architecture that we de-
signed, and the interconnections among the modules and the distributed sensors.
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The main board is based on Altera StratixII FPGA [10] that hosts the soft-core
32bit microprocessor NiosII. Three I2C Master VHDL blocks have been included
in the FPGA to interface the SPARK board with the Analog sensory board. All the
I2C blocks are able to work simultaneously with different levels of priority. The
first and the second I2C bus are dedicated to the devices that need analog to digital
conversion. To make this conversion 12bit-4channels ADC have been used, with a
maximum of five ADC for each line. So each bus can handle up to twenty analog
devices. For istance, taking into account the legged robot Gregor II (see Chapter 9),
the first I2C bus processes 8 infrared sensors and joint position sensors; the second
I2C channel is dedicated to acquire two auditory circuit outputs and up to 18 ana-
log inputs that are available for extra sensors. Finally the third I2C bus is used to
acquire those devices, such as the electronic compass and the accelerometer, that al-
ready have a I2C interface (see Fig. 10.1). The choice of the I2C bus has been made
for three main reasons: it is a serial bus operating with an acceptable speed accord-
ing to the desired final application; only two I/O pins are needed; it is a widespread
interface in a lot of devices available on the market. From the other hand, a par-
allel interface has been used only for high-level sensors (e.g. connection with the
visual system) that need to process huge amount of data. Finally, the digital sen-
sors (ground contact and long distance sensors) have been connected directly to the
digital input of the SPARK board.

Fig. 10.1 Block diagram of the main board and sensory system.

In the following the main blocks of Fig. 10.1 will be described in more details.
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10.2.1 Spark Main Board

During the preliminary design stage of the hardware architecture, a first attempt
was done considering an Altera DSP Development Board equipped with a Stratix II
FPGA (EP2S60) [10]. This solution encounters some problems due to the big size
of the board, the unused number of components and mainly its lack of room within
the FPGA to implement the needed algorithms. For these reasons the design of a
new specific board arose.

Different approaches were taken into consideration during the design phase.

• One single board including a large FPGA (Stratix II EP2S180);
• One single board comprising two medium-size FPGA (Stratix II EP2S60);
• Two boards, each one with a medium-size EP2S60 FPGA connected via cables.

After studying all the possibilities the third option was chosen, as it was more
robust in terms of developing time, costs and flexibility. A simplified diagram of
the whole system is depicted in Fig. 10.2. This solution permits the use of only one
board when the resources are enough for the application, but also two or even more
boards, when the algorithm requires more computational power.

Fig. 10.2 SPARK system scheme: two or even more SPARK boards can be connected to fulfill the
algorithm requirements.

Fig. 10.3 shows the SPARK 1.0 Main Board features in details. It provides a hard-
ware platform for developing embedded systems based on Altera Stratix II EP2S60
FPGA with the following features:
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Fig. 10.3 SPARK board 1.0 block diagram.

• Startix II EP2S60F672C3N FPGA with more than 13,500 adaptive logic modules
(ALM) and 1.3 million bits of on-chip memory;

• 8 Mbytes SPI flash memory;
• 64 Mbytes SDRAM;
• On board logic for configuring the FPGA from flash memory;
• RS-232 DB9 serial port;
• 1 wireless UART port;
• 8 expansion headers with access to 249 FPGA user I/O pins (3.3V tolerant);
• 1 expansion header with access to 16 FPGA user I/O pins (5V tolerant);
• 4 push-button switches connected to FPGA user I/O pins;
• 8 LEDs connected to FPGA user I/O pins;
• Dual 7-segment LED display;
• Integrated USB Blaster circuitry to connect to the Altera software tools;
• 50 Mhz oscillator and zero skew clock distribution circuitry;
• 8-bit position DIPSwitch SPST;
• USB 1.1 Communication port.

A scheme with the components locations of the SPARK board is shown in Fig.
10.4 and a brief description of all board features is also given in Tab. 10.1.
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Fig. 10.4 Scheme of the SPARK board 1.0.

10.2.2 Analog Sensory Board

The analog sensory board is an important part of the whole system presented in Fig.
10.1 with the following functionalities:

• Analog to digital conversion;
• Signal processing.

The board permits the acquisition of all the analog sensory signals used. As far as
the potentiometers are concerned, the board has also a conditioning part to amplify
and adapt the characteristics of the analog signal for digital conversion. In particu-
lar, the conversion process is done through 10 A/D AD7994 converters; these can
be managed through the I2C bus fast mode (400Khz) [11]. The first and second
on-board I2C lines are able to process and convert up to 40 analog sensors. The
third I2C line is dedicated to sensors with an integrated analog to digital conversion
system (compass, accelerometer, etc).

The I2C bus used to connect the sensory board with the main FPGA-based con-
trol unit has been completely developed creating an I2C Master/Slave VHDL block
able to write on 8bit devices, to read from 8bit/16bit devices and to manage up to 4
sequentially readings from the same device without re-interrogation. The mentioned
core is able to work both in standard mode (100kHz) and in fast mode (400kHz).
To manage and memorize all the data from sensors, a VHDL block (I2C LINK)
has been designed. This block is the common interface between the Nios micro-
controller, the I2C block and the RAM blocks used to memorize the acquired data.
During the start-up phase, three RAM blocks are filled with the data needed to ini-
tialize the devices physically connected on the bus. These three RAM blocks are
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Number Name Description
1 Stratix II FPGA EP2S60F672C3N device
2 Expansion Connector 8 Expansion headers connecting to

249 pins (3.3 V tolerant) on the FPGA.
Supplies 5 V and 3.3 V for use by a daughter card

3 Expansion Connector 1 Expansion headers connecting to
16 pins (5 V tolerant) on the FPGA.

Supplies 5 V for use by a daughter card
4 1.2 V power supply 1.2 V power module providing 6 A
5 5 V power supply 5 V power module providing 6 A
6 Power Connector 2 mm jack power connector
7 3.3 V power supply 3.3 V power module providing 6 A
8 Individual LEDs Eights individual LEDs driven by the FPGA
9 Push-button switches Four momentary contact switches

for user input to the FPGA
10 SDRAM Memory 32 Mbytes of SDRAM
11 Dual 7-segment Display Dual 7-segment LEDs that display

numeric output from the FPGA
12 USB Blaster Integrated USB Blaster to connect

to ALTERA Software tools in a PC
13 SDRAM Memory 32 Mbytes of SDRAM
14 Serial Connector RS-232 serial connector with 5 V tolerant buffers.
15 Wireless UART Wireless UART Communication Port
16 USB 1.1 USB 1.1 Communication Port
17 Oscillator 50 MHz clock signal driven to FPGA
18 Flash Memory 8 Mbytes SPI Flash Memory
19 CPU Reset Button Push-button switch to reboot the

NIOS II processor configured in the FPGA
20 DIP Switch 8-bit DIP switch

Table 10.1 SPARK 1.0 Main Board Components and Interfaces.

respectively for: I2C device write address, I2C device read address, I2C device reg-
ister address. After that, the I2C LINK block receives a start signal from the mi-
croprocessor and begin to query all the devices defined during the start phase. All
the data acquired from sensors are memorized on four RAM blocks, one for each
channel of the A/D converter. As soon as the I2C LINK has finished this cycle for
all the devices, an interrupt signal of data-ready is sent to the microcontroller. Using
this architecture, each device is unequivocally identified by a 3bit RAM address.
So the NiosII, when receives the interrupt, is able to obtain the desired data by a
RAM address and a RAM selector. The block diagram is shown in Fig. 10.5. The
choice to realize an I2C not embedded in the microcontroller was made to optimize
the NiosII performance, to avoid charging it with the I2C operations and having idle
time. Therefore the only task the NiosII has to carry out is to give the starting sig-
nal to the I2C LINK block. After that, the microprocessor is free to elaborate other
computations, because of the parallelism in the VHDL design.

Analyzing both simulations and real-time tests, a time acquisition of 115us is
estimated for an 8bit-output device whereas from a 16bit-output device a time of
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Fig. 10.5 Block diagram of the VHDL architecture designed to manage analog sensors.

130 µs is needed. Because the analog to digital converter used (AD7994 [11]) has
four channel sequentially converted, it needs 270 us to be read. So, to read all the 20
analog channels available on the first or on the second I2C bus, it is necessary a time
of 1.4 ms. Due to the parallelism of the FPGA architecture, which simultaneously
starts both the first and the second I2C bus, all the 40 analog channels can be read
simultaneously in 1.4 ms. According to this analysis, the maximum usable sample
rate for the first and second I2C, in the case where all channels are used, is 715 Hz.
If only one channel is acquired, the maximum sample frequency rises up to 7.7 kHz.
The same sample rate is valid for the third I2C channel.

About the accuracy of the measurements, in a range of 0V to 3.3V, the error is
estimated in a maximum of 120mV (3%). Finally, the robustness and accurateness of
the analog sensory board have been tested through a series of experimental sensors.

10.3 Sensory system

In this section all the sensors available on the robotic test beds will be analyzed in
detail. Particular attention will be focused on the characterization and conditioning
of each single sensor.

Infrared sensors
The sensory system includes infrared distance sensors that can be a suitable re-

source to detect obstacles that should be avoided by the robotic system. We adopted
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the Sharp GP2D12 model commonly used for robotic applications [12]. The sensor
response according to the distance from the object detected shows how under 10
cm there is an ambiguity, so the measure is not reliable. The maximum value of
outgoing voltage (2.4V) is reached when the object is 10 cm far from the sensor.
The Vout value incrementally decreases as the object moves away from the sensor.
Over a distance of 80 cm, the Vout stabilizes on the value of 0.4V. The color of the
reflective object is mostly influent in the detection process.

Compass sensor
The electronic CMPS03 compass [13] is able to measure its orientation with re-

spect to the terrestrial magnetic field, using two magnetic sensors Philips KMZ51.
A PICmicro acquires the magnetic flow intensity measured by each sensor and cal-
culates the horizontal component of the rotation angle, with respect to the terrestrial
magnetic field. It is possible to store an initial position, during calibration. The ro-
tation value is provided both as simple PWM signal and in digital form through I2C
bus.

Servo-motor potentiometer
As far as the legged robot is concerned, Hitec digital servomotors have been

used [14]. In order to monitoring in real time the position of each single leg joint,
the internal potentiometer of the servomotor has been used. To acquire the position
signal of the motor, two new wires have been connected in parallel to the cables
used for the potentiometer internal control. In Fig. 10.6 the modified motor is shown
together with the potentiometer conditioning circuit.

(a) (b)

Fig. 10.6 (a) Modified servomotor and (b) conditioning circuit. It is an operational amplifier in
differential configuration, the IC used is the TS914; R1 ed R2 are 100K resistors, R5 1K resistor,
R3 and R4 200K trimmer, C1 value is 100nF.

Accelerometer sensor
The LIS3LV02DQ device [15] is a three axes accelerometer with I2C interface.

The main features consist in having an “embedded self test” and a programmable
range from ± 2g to ± 6g.

Long distance contact sensors
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A biological inspired antenna has been realized to be used as a long distance
contact sensors. The system consists of two plastic tubes linked to the robot with a
pan-tilt realized with two micro-servos. An antenna contains four active elements
distributed along the tube. Each element consists of an Ionic Polymer Metal Com-
posite (IPMC) membrane material used as contact sensor to detect objects close to
the robot’s head.

IPMC are a class of electro-active polymers characterized by an interesting
electro-mechanic bidirectional coupling: if subject to an electrical stimulus (1-10V),
wide deformations are shown, otherwise, if subject to a deformation it is possible
to measure an electrical signal [16]. These properties, together with lightness, ro-
bustness and flexibility, make the use of the IPMC extremely interesting in several
applications, with significant advantages with respect to the conventional transduc-
ers. Nafion is an Ionic polymer, produced and commercialized in many formats:
as different thickness membrane, as resin, as a liquid reacting. In sensor working
mode, a mechanical deformation is applied to the membrane, and a voltage can be
measured on it. The characterization of IPMC as sensors and as actuators, together
with all the conditioning circuit structures were designed and tested during the ac-
tivities of the ISAMCO EU project [6], recently concluded. The antenna realization
has been partially inspired to biology (see Chapter 2). The antennas in a real bio-
logical system display a central flexible and strong body, with several receptors. To
realize something similar, a pipe for pneumatic realizations (6mm) has been used as
the central antenna body. It shows flexibility, low weight and internal cavity for the
wiring. The receptors have been realized with segments of IPMC (30mm x 5mm)
fixed on the central body. Each antenna, 18cm of length, has been divided into 6
identical segments, to identify a generic contact point within a range of 3cm. Fig.
10.7 shows the structure of the antenna system.

Due to the fact that IPMC membranes give analog output signals, a circuit for
conditioning has been designed. In this way a digital output of sensors can be con-
nected directly to the digital input of the SPARK board. Details about the condi-
tioning circuit, the tactile sensors based on IPMC and the actuation mechanism are
shown in Fig. 10.8.

To move each single antenna, because of the low weight, two Hitech micro-
servomotors have been used. Each antenna has two degrees of freedom, therefore a
“pan-tilt” like structure has been realized. Biological studies showed that, in some
cases, the movements of the antennas can be described by a series of complex tra-
jectories in the space. To guarantee the complete exploration of the space in front
of the robot each antenna is controlled through the state variables of a chaotic sys-
tem. In the preliminary tests the Rossler system evolving in a single scroll has been
considered. The equations are:





ẋ =−y− z
ẏ = x+ay
ż = b+ xz− cz

(10.1)

where a = 0.17,b = 0.4,c = 8.5.
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Fig. 10.7 Antennae equipped on the hexapod robot.

The two antennas adopt different initial conditions to obtain, for the same param-
eters, different movements. The antenna motors are controlled with PWM signals
generated by the SPARK board.

Phonotaxis system
Phonotaxis is the ability to approach sound sources as deeply discussed in Chap-

ter 3. Female crickets are able to recognise the species specific pattern of male call-
ing song, produced by opening and closing their wings, and move towards it. For
Gryllus bimaculatus the calling song consists of four 20 millisecond syllables of
4.7 kHz, separated by 20 millisecond intervals, which make up a “chirp”, produced
several times a second. Females appear to be particularly selective for the repeti-
tion rate of syllables within each chirp. Further details about this behaviour and its
biological basis are given in Chapter 3.

The Ears circuit used on the robots, consists of two microphones and condition-
ing circuit fine-tuned to the carrier frequency of the cricket song. The output from
each ear is an analog signal in the range from 0 to 5 V.

The input to the circuit is given by two microphones placed on the robot in a
specific configuration: the distance among the two sensors is equivalent to a quarter
of the wavelength (λ/4) of the carrier frequency (4.7 kHz) (i.e. 18mm). The input
from each microphone is delayed by a period equivalent to a quarter of the phase of
the carrier frequency, i.e. approximately 53 µs, and this is used to provide the signal
output. The output from a particular ear is given by the difference between its own
input from the microphone and the input from the other microphone delayed by this
period. This is closely based on how biological systems work, and the two resulting
analog signals represent the amplitude of vibration of the posterior tympani in the
cricket. This also facilitates high directionality, as the amplitude of the resulting
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Fig. 10.8 Elements constituting the antennae system: conditioning circuit, the tactile sensors based
on IPMC and the actuation mechanism.

waves is direction dependent. Fig. 10.9 shows the realised ears circuit, built by the
group of Prof. B. Webb (see Chapter 3), with a microphone attached to each channel.

A visual representation of the cricket song, as acquired by the hearing board, is
shown in Fig. 10.10.

10.4 Conclusion

In this Chapter we discuss on the realization of a hardware platform where to eval-
uate the cognitive models presented in the previous chapters. The SPARK hardware
architecture consists of an FPGA-based board (SPARK 1.0), completely designed
and developed in order to guarantee the computational resources needed by the cog-
nitive algorithms and to handle the distributed sensory system embedded on the
roving and walking robots used as test beds. The basic hardware blocks, here de-
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Fig. 10.9 Phontaxis board and microphones equipped on the hexapod robot.

Fig. 10.10 Chirp waveform acquired through the two microphones of the ears board.

scribed, have been used to develop the whole architecture that has been used to host
the perceptual algorithms. In the next Chapter the final robotic platforms will be
presented together with the most relevant experiments carried out to demonstrate
the system potentialities.
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References

1. Bailey, J.K., Willis, M.A., Quinn, R.D.: A multi-sensory robot for testing biologically-
inspired odor plume tracking strategies. In: Proceedings of Advanced Intelligent Mechatron-
ics International Conference (ASME) (2005)

2. Chappell, S., Macarthur, A., Preston, D., Olmstead, D., Flint, B., Sullivan, C.: Exploiting real-
time FPGA based adaptive systems technology for real-time sensor fusion in next generation
automotive safety systems. In: Proceedings of Design Automation and Test in Europe (2005).

3. Garcia, J.G., Robertsson, A., Ortega, J.G., Johansson, R.: Sensor fusion of force and accelera-
tion for robot force control. In: Proceedings of International Conference on Intelligent Robots
and Systems (2004)

4. Giesen, K., Deutscher, R., Milighetti, G., Frey, C.W., Kuntze, H.B.: Structure variable multi-
sensoric supervisory control of human interactive robots. In: Proceedings of Control Appli-
cations International Conference (2004)

5. Hyeong-Soon, M., Baek, K.Y., Beattie, R.J.: Multi sensor data fusion for improving perfor-
mance and reliability of fully automatic welding system. In: Proceedings of International
Journal of Advanced Manufacturing Technology (2006)

6. Isamco Project, Webpage available on line at http://www.mediainnovation.it/progetti/isamco.
7. Luo, R.C., Kay, M.G.: A tutorial on multisensor integration and fusion. In: Proceedings of

16th Annual Conference of IEEE Industrial Electronics Society (IECON) (1990)
8. Park, S.H., Kim J.R., Oh, S.R., Lee, B.H.: Development of a practical sensor fusion module

for environment modeling. In: Proceedings of Advanced Intelligent Mechatronics Interna-
tional Conference (2003)

9. Schmalzel, J., Figueroa, F., Morris, J., Mandayam, S., Polikar, R.: An architecture for intel-
ligent systems based on smart sensors Instrumentation and Measurement. In: Proceedings of
IEEE Transactions (2005)

10. Hardware - Altera home page,Webpage available on line at http://www.altera.com
11. Hardware - ADC producer home page,Webpage available on line at http://www.analog.com
12. Hardware - Datasheet distance sensors, Webpage available on line at

http://www.alldatasheet.com/datasheet-pdf/pdf/SHARP/GP2D12.html
13. Hardware - Datasheet componet,Webpage available on line at http://www.robot-italy.com/
14. Hardware - Motor information,Webpage available on line at http://www.hitecrcd.com/
15. Hardware - Datasheet component,Webpage available on line at http://www.st.com/
16. Hardware - Antenna’s material, Webpage available on line at

http://www.dupont.com/fuelcells/products/nafion.html


