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Abstract

Digital applications that must be on-board of space missions must accomplish a very
restrictive set of requirements. These include energy efficiency, small volume and
weight, robustness and high performance. Moreover these circuits can not be repaired
in case of error, so they must be reliable or provide some way to recover from errors.
These features make reconfigurable hardware (FPGASs, Field Programmable Gate Ar-
rays) a very suitable technology to be used in space missions. This paper presents a
Martian dust devil detector implemented on a FPGA. The results show that a hardware
implementation of the algorithm present very good numbers in terms of performance
compared with the software version. Moreover, as the amount of time needed to per-
form all the computations on the reconfigurable hardware is small, this hardware can
be used more of the time to realize other applications.

1 Introduction

Digital systems for space applications have some special requirements not needed on
normal systems. These requirements include energy/power efficiency, small volume,
robustness and high performance as well as resistance under extreme conditions of
pressure, temperature fluctuations, radiation and impacts. Traditionally, this has been
got using embedded microprocessors and dedicated hardware peripherals. But many
times the performance of these devices is not enough for the applications. Moreover,
many applications have a high degree of internal parallelism that it is not used to im-
prove the performance.

In general, hardware-based solutions provide better performance and less energy
consumption than purely software solutions, since they eliminate the overhead due
to instruction decoding and they include optimized hardware for the requested oper-
ations instead of carrying out those operations executing a sequence of predefined
generic instructions. However, due to the exigent volume restrictions and the complex
and expensive design process, it is not always feasible to implement all the needed
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functionalities of an embedded system using only a hardware solution based on Ap-
plication Specific Integrated Circuits (ASICs). Nevertheless, since embedded systems
are targeting more and more complex applications, it is not likely that a software-based
solution will achieve the requested performance. Hence, hardware accelerators for the
most complex tasks are needed.

During the last 20 yr the hardware reconfigurable technology has evolved from small
uniform devices, able to implement small circuits and statically reconfigurable, to very
huge heterogeneous devices with capacity to be dynamically reconfigured. This evo-
lution has produced FPGAs (the most popular type of reconfigurable hardware) which
are used in a great number of applications, automotive circuits, digital image process-
ing, video games, etc.

In the field of space applications one additional requirement is that all the hard-
ware sent in space missions must be certified for space operation. This is because
space-based systems must operate in an environment in which radiation effects have
an adverse impact on integrated circuit operation Thomson (2005). lonizing radia-
tion can cause soft-errors in the static cells used to hold the configuration data. This
will affect the circuit functionality and ultimately result in system failure. This requires
special FPGAs that provide on-chip reconfiguration error-detection and/or correction
circuitry. High-speed, radiation-hardened FPGA chips with million gate densities have
recently emerged to support the high throughput requirements for space applications.
In fact, radiation-hardened FPGAs are in great demand for military and space appli-
cations. For instance, companies such as Actel Corporation or Xilinx have been pro-
ducing radiation-tolerant anti-fuse FPGAs for several years, intended for high-reliability
space-flight systems. Actel FPGAs have been on-board more than 100 launches and
Xilinx FPGAs have been used in more than 50 missions. For instance Xilinx (2003a,b)
and Graham et al. (1999).

FPGAs are an intermediate solution between software developments (highly flexible,
but power consuming and with performance problems) and ASICS (static applications,
with good numbers in performance and power consumption) as we can see in Fig. 1.
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FPGAs are now fully reconfigurable DeHon and Wawrzynek (2009); Hauck and De-
Hon (2008), a technological feature that allows a control station on Earh to adaptively
select a data processing algorithm (out of a pool of available algorithms implemented
on the FPGA) to be applied on-board. The idea is that FPGAs can be reconfigured
on the fly. This approach is called run-time reconfiguration Resano et al. (2008). Basi-
cally the FPGA (or a region of the FPGA) executes a series of tasks one after another
by reconfiguring itself between tasks. The reconfiguration process updates the func-
tionality implemented in the FPGA, and a new task can then be executed. This time-
multiplexing approach supports for the reduction of hardware components on-board
since one single reconfigurable module can substitute several hardware peripherals
carrying out different functions during different phases of the mission.

The flexibility provided by reconfigurable hardware can also be used to modify the
functionality of the satellite instrumentation during the flight, or to automatically recover
the system from malfunction. Moreover, the hardware design-cycle for FPGAs is much
shorter than the one for custom integrated circuits, mainly because the design can be
tested on the target platform since the first steps of the design process, thus avoiding
a complex chip fabrication process.

In this paper we are going to present a space application that shows that the use of
FPGAs is a good alternative in this kind of situations. The application is used to detect
dust devils in the Mars surface. A dust devil is a hot whirlwind generated by a huge
contrast between the atmospheric air and the surface in contact. This phenomenon
has been studied in Earth and Mars Renno et al. (2000) and it is well known. We have
to be able to detect a dust devil before it happens due to its destructive potential. This
weather phenomenon can cause a great damage to instrumentation and human being.
It is known that some big dust devils, about 1 km of height have been reported. In Mars
some dust devils have been identified with a height over than 10 km of height. Apart
from that, the friction caused by suspended particles brings a huge static load over
dangerous levels.
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The dust devils are detected as sudden changes in temperature and pressure. The
need to have an automatic system which detects these phenomena is due to the dis-
tance between Earth and Mars. The key to propose a dust devils detector over a
FPGA is that (1) an application like this is cheap in terms of space in a FPGA, (2) we
can implement a lot of different applications in the FPGA at the same time, (3) we can
reprogram it if we need and (4) there are FPGAs tested for space for other applications.

2 System description

To develop the design many ideas have been studied. We have studied several ap-
proaches to the STA/LTA algorithm and have implemented a software version in order
to obtain a first approach to the solution. STA and LTA mean Short Time Average and
Long Time Average respectively. The idea about have STA and LTA is because STA
represents the recent changes and LTA represents the long time changes in some pa-
rameters. If we detect changes between the behavior of the temperature and pressure
parameters in the short and large time we will declare an event that could be a dust
devil. In order to achieve a better realism we used real data, from Mars Pathfinder mis-
sion, to test our design. Once the algorithm has been validated on software we have
implemented a hardware design in a FPGA and a communication strategy between PC
and FPGA.

2.1 Input data

In order to recreate appropriately the Martian environment we have used real data
from Mars Pathfinder mission. In 1997 this mission which included a surface rover,
the Sojourner, completed a successful landing on Mars, and for more than 3 months
recovered data from the red planet.

Data from this mission can be accessed by anybody in NASA web page
NASA (1997) where we can find Mars Pathfinder mission data in a tabulated text plain
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format containing sensor lectures and date information. During the mission were de-
tected certain number of dust devils Renno et al. (2000) that we use to test our system.

Every time Sojourner took a sample, it recovered data from its sensors. The period
between two samples was very different, sometimes it was 4 s, and sometimes it was
more than 1 h.

For our interest and with the purpose of dust devil detection, we needed to study data
from temperature and atmospheric pressure, because these are the variables involved
when a dust devil runs over surface. Specifically a dust devil produces a temperature
rise and a pressure drop (see Fig. 2).

2.2 Algorithm

STA/LTA algorithms were developed for the first time by Lee and Stewart (1981) and
therefore were improved for seism detection by Allen (1982). These algorithms are
based on two sample sets, short time set (STA) and long time set (LTA).

With these two sample sets we can do different operations to achieve the current
value (CV) and predicted value (PV) results of our algorithm, which are compared
each other and if we get significant changes between them respect to a threshold
value (THR) we will report an event (see Fig. 3).

2.3 Software approximation

As we said, firstly different possibilities has been studied on software about STA/LTA
algorithms and their configuration parameters (number of STA and LTA samples and
THR value) and once tested it, they have been implemented on a FPGA. To execute
the variants of these algorithms are needed (1) a suitable storage structure for STA
and LTA sets, (2) a specific implementation of primary characteristic function (PCF)
and (3) the definition of THR value and its associated characteristic function.

The STA and LTA sets have a finite and static number of samples. We have decided
to use a circular array to handle the refresh of the STA and LTA sets efficiently. That

6

Jaded uoissnosiq | Jadeq uoissnosiq | Jeded uoissnosiq | Jaded uoissnosiqg

Title Page
Abstract Introduction
Conclusions References

Tables Figures

>l
>
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

,@0



http://www.geosci-instrum-method-data-syst-discuss.net
http://www.geosci-instrum-method-data-syst-discuss.net/1/1/2011/gid-1-1-2011-print.pdf
http://www.geosci-instrum-method-data-syst-discuss.net/1/1/2011/gid-1-1-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

circular array, which stores the samples as we see in Fig. 4, is a contiguous memory
zone and two more variables to manage it, (a) an auxiliary pointer, that points to a
position in memory where is stored the oldest element of the array, and (b) an integer,
which represents the occupation level of the array.

The PCF represents the operations made with the samples. Usually the most used
operation is the arithmetic average of each set but we can make more complex calcu-
lus. Other usual functions are root mean square and dispersion.

Finally we have the THR concept and its associated characteristic function (ACF).
In our case we want to detect rise and descent events on temperature and pressure
values. For that we have a rise THR (THRg) and a descent THR (THRp). To de-
tect variations between STA and LTA sets we realize a division between STA average
(STAayg) and LTA average (LTAayg) and then we compare its result with THR and
THRp as we show in Fig. 5. STAyg is equivalent to CV and LTAyg is equivalent to
PV.

2.4 Hardware

Once tested different variants of STA/LTA algorithms we have implemented the hard-
ware version. We have used a Virtex Il pro to develop our designs and all the logic
has been implemented with CLBs (Configurable Logic Blocks), see in Fig. 6 the board
used to realize this implementation. Each CLB contains four slices Xilinx (2011).

2.41 Hardware Improvements

With a hardware design we can achieve a better performance than with a software
design for several reasons.

A hardware design in a FPGA allows a high degree of parallelism. We can implement
a system with a module for each magnitude without overhead on time execution. Also,
with this alternative, we can have different modules with arithmetic average, root mean
square, dispersion or any other functions as we want.
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For all hardware algorithms we have taken the following design decisions.

1. We work with fixed point numbers. The reason is that the hardware required to ex-
ecute integer division is not as expensive as float point division hardware. So we
send data to the FPGA in fixed point format. Also the studied magnitudes such as
pressure and temperature are presented in millibar and kelvin units respectively
which allows us to work with unsigned integers.

2. We have defined a four byte wide data for each in-sample and return value.

3. In order to achieve a better performance we have implemented a circular FIFO
RAM to access and compute data samples. This FIFO RAM has an integer occu-
pation variable and a least recently used pointer to run.

4. As we said we have two sample sets, STA and LTA, being STA the set used to
compute STA,yg (STA average) and LTA used to compute LTApyg (LTA average).
In order to calculate efficiently the arithmetic average and the root mean square
we introduce an integer variable for each set which represents the sum of all
values in each set. So when we introduce a new sample we do not have to sum
all samples again, we only have to subtract the least recently used sample from
this integer variable and add the new sample obtaining the sum of all samples at
O(1) time.

aj+a+..+a,

(1)

n

ai+a>+...+a a —-a

1 2 n+ n+1 1 (2)
n n

ao+...+a,+a;,q (3)
n

5. Eventually we have studied the viability of change integer division by binary right
shift. Each right shift of a integer represents a division by two, so if we can achieve
8
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a number of elements power of two for STA and LTA sets we can make the division
in a single clock cycle instead several. This produces an important reduction in
area and execution time.

2.4.2 Hardware communication

The data to be analyzed has been sent from a PC to the FPGA. This communication
has been performed through a serial port using RS232 protocol at 115200 baud rate
without hardware flow control, one stop bit and no parity. The reason to use this method
is that we do not need a system which compute a huge amount of data in the minimum
possible time, we need a system which compute a single data in the minimum number
of cycles because the maximum frequency of new data is 1 Hz. So this strategy (see
Fig. 7) is enough to our requirements. We have defined not only a sample four bytes
frame to send data to the FPGA, but also for test purposes we have defined a four
bytes return frame which contains execution information.

2.4.3 Arithmetic average version

This algorithm calculates STA g and LTA,y (see Fig. 9), being the PCF the arithmetic
average, and then execute the ACF (Associated Characteristic Function) which obtains
the result of the algorithm, i.e. declares or does not declare an event. The core ACF is
composed by a division between STAy,g-100 and LTA,g (see Fig. 8). Then we com-
pare this result with THRg and THRp and we declare or not the event as appropriate.
The reason to multiply STA»g by hundred is that we are using fixed point arithmetic
and we want two digits precision to compare with the THRs.

About cycles of execution we have to comment that since we receive a new sample
until we finish the execution for that sample we consume 79 clock cycles. A big amount
of that cycles are due to the two divisions of the algorithm (36 clock cycles per division).
One division to calculate STA and LTA averages and other division to calculate STA
average and LTA average quotient. So if we are able to eliminate these divisions we
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would accelerate rather the whole algorithm. We cannot eliminate the second division
because we cannot guarantee that LTA g is a power of two, but the number of samples
of STA and LTA sets can be power of two, it depends on if we are able to achieve a
configuration parameters with this characteristic and which achieves our requirements.

Eventually we have to speak about FPGA utilization. The final report provided by
Xilinx shows us an utilization of 29 % of slices with a number of samples of 64 for the
STA set and 128 for the LTA set.

2.4.4 Arithmetic average optimized version

As we said if we can achieve a configuration with a number of samples power of two
by each sample set we can replace the division by a right shift. This shift will be of
X positions, being x = log,(number of samples). The algorithm is similar to the original
algorithm being the only difference the substitution of the divider by a right shifter. Due
to this right shift will be necessary a new initial stage to initialize the content of the FIFO
RAMs before we start to divide. Only when we have fulled the FIFO RAMs we can start
to divide otherwise we will obtain several incorrect initial values (up to number of LTA
samples). With this variation we save 36 clock cycles. The final report provided by
Xilinx shows us an utilization of 11 % (instead 29 %) of slices with a number of samples
of 64 for the STA set and 128 for the LTA set.

2.4.5 Root mean square version

This variation of the algorithm calculates the root mean square of the samples. When
we receive the new sample we calculate the square of it and this is what we send to
the FIFO RAM of STA and LTA modules (see Fig. 10). The rest of the algorithm is the
same as the arithmetic average algorithm. As we have to calculate the square of each
sample we have introduced a multiplier in the design.

Each multiplier adds 5 clock cycles in parallel to execution time and due to that we
need to store the new sample to calculate the square we add one more clock cycle.
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Then we have an algorithm which can compute a new sample each 79+5+1 =85
clock cycles.

Regarding the FPGA occupation now we have two new 32-bit multipliers so the size
of the design grow significantly. Each multiplier occupies 1088 LUTs of the FPGA. Due
to the fact that we have got similar results with this algorithm and the first algorithm we
have dismissed to implement it in hardware.

2.4.6 Dust devils detector version

This algorithm consist on two copies of the first algorithm (arithmetic average algo-
rithm). One for each magnitude to analyze. In our case a module for pressure and
other for temperature. The difference with the first algorithm is the final part of the ACF,
it is, the condition to determine if we signal an event or not. In our study of the data with
the software version of this algorithm we have obtained the configuration parameters
contained on Table 1. These parameters are the number of samples for each set for
pressure and temperature and the values for THRg and THR.

As we can see we achieve a number of samples power of two for each sample set,
so the dust devil detector will be implemented with the optimized version of the first
algorithm. So we have the same number of clock cycles as the first algorithm, 79
for normal algorithm and 43 for optimized version. Regarding the FPGA occupation
we have obtained a rate of 59 % of slices for normal version and 23 % for optimized
version.

3 Results

In this section we have proceed to show the performance of the dust devil detector
with the data provided and also we comment the pros of the hardware system versus
a software system.

As we said the data provided are from Mars Pathfinder mission. In that mission
were detected several dust devils which become this data set in a suitable data set.
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Using these dust devils detected we have tunned our dust devils detector. The tunning
process has been made with the software alternative and once achieved some suitable
parameters we have proven these in the hardware system obtaining the results shown
in tables three and four.

We can see that when we improve the pressure variations sensitivity we have an
increment in the number of dust devil detections (Table 5), but we also increment the
number of possible detections which are not reported in the original data as dust devils.

The software algorithm has been run over an Intel Q8200 Core2 Quad, with 2.33 Ghz
frequency, 4 GB RAM at 1333 Mhz and Ubuntu 10.04LTS operative system. The FPGA
clock used in this comparative has a frequency of 100 Mhz. The table two shows us the
number of samples per second that the hardware and software algorithms can run. We
observe that the performance of the hardware not optimized version is about 15 times
higher than the software algorithm performance and the performance of the hardware
optimized version is about 25 times higher. Also we obtain a decrease about 61 % in
area with the hardware optimized version.

4 Conclusions

As we said, many applications have a high degree of internal parallelism which can
not be used by traditional software solutions to improve the performance. A hardware
design in a FPGA allows us to use that high degree of internal parallelism given that
we can implement an algorithm with an independent module for each magnitude, even
more, we can implement different algorithms and all without overhead on execution
time. Other relevant aspect of use FPGAs is that the flexibility provided by reconfig-
urable hardware can be used to modify the functionality of the satellite instrumentation
during the flight or to automatically recover the system from malfunction.

The results show that the hardware implementation of the algorithm present very
good numbers in terms of performance compared with the software version (up to 25
times higher). Moreover, as the amount of time needed to perform all the computations
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on the reconfigurable hardware is small, this hardware can be used more of the time
to realize other applications. With these results and keeping in mind the difference
between FPGA and PC clocks frequency we can conclude that the use of FPGAs to
implement these algorithms is the best alternative.

Future work

In a real scenario the dust devils detector should be used to increment or decrease
the measuring frequency of sensors. This would allows a system to do not lose events
and to preserve power consumption. We would not need to have a high measuring
frequency all the time to record all the events, but we would only need a minimum initial
measuring frequency and capacity to modify that frequency in order to avoid the lost of
events. Also, in order to minimize the false positives in the detection of events we could
add to the system information about the normal values of the parameters involved in
the detection. This will be possible as soon as we have an accurate characterization of
the Martian surface layer Martinez et al. (2008) Meiga-Metnet (2000).
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