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Facoltà di Scienze Matematiche, Fisiche e Naturali

Master in Computer Science
Final thesis

SQM-PI: helping astronomers to measure light
pollution

Supervisor:
Antonella De Angeli

Graduant:
Andrea Conci
ACCADEMIC YEAR 2012/2013

Abstract
In this document I will analyze the process of creation of SQMPI,
a new type of electronic device, the main goal of which is to make
light pollution measurements an easy task. The creation of such a device implies hardware design, software design and deep analysis of
user requirements. The whole process of development is user centric
and is a clear example of end-user design.The device developed is a
special sensor intended to measure the luminosity of the sky. These
types of devices are already on the market but they are lacking in
many aspects. The main purpose of these devices is to monitor the
situation of the sky in a location. They are used quite frequently by
amateur and professional astronomers to rate the darkness. SQMPI
aims to solve many of the problems that are actually present in the
products available. This brand new product is not one of the many
clones of an already existing product but a specific one that combines
and expands the features of the products offered by the current market.
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1

INTRODUCTION
1.1

the problem

The first and most important factor for an astronomer is the sky, in
particular the night sky. A “sky enthusiast” can buy any type of telescope, even the most expensive and powerful one, but if the night sky
is not dark enough he cannot see anything. To see deepsky objects,
like distant galaxies or faint nebulosity, there is only one unquestionable requirement, a very dark sky. Even the moon can be a problem
for astronomers. It seems impossible but it naturally pollutes the
night sky. A very dark place with no moon in the sky is the essential
requirement that allows our eyes to distinguish the very faint luminosity emitted by those deepsky objects that are so far away.
Astronomers are constantly in search of a good dark place. That place
is a sort of trade off between reachability, distance and darkness. All
astronomers know that the best dark places on the planet are the
Namibian desert or the Chilean Andes, but very few astronomers
can cope with the economical costs required to reach and visit these
places. In addition, every astronomer tries to stargaze at least once
every month, when the moon is not visible.
Discovering a good dark sky near home is very important and a crucial task for anyone interested in astronomy, both as a hobby or as a
profession. Even ESA (European Space Agency), the biggest and most
important Institution of European Astronomy is constantly searching
for new dark places to build observatories. Only if these high-end
observatories are built in the darkest places on Earth can they reach
their maximum potential. In conclusion, we can state that the common ground of all astronomers in the world is the night sky and that
everyone is in search of a good place to see the stars. In this thesis, I
present SQMPI a portable systems that allow darkness measurement
in the field and display these data in a public web-site.
1.2

design approach

All the phases of development followed a user-centric design. The
final users, in this specific case astronomers, were directly involved
in the development process of SQMPI. Figure 1 depicts the design
life-cycle. The process began with an analysis of the existing products, their pros and cons. An interview study was then conducted
involving 15 astronomers. The questions were organised around a
semi-structured interviews specifically designed not to bias the user
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answers. The study provided the basic and necessary requirements
which were used to inform a PACT analysis [2], reporting the most
important considerations to be considered during the design. PACT
stands for People, Activity, Context and Technology and it is a standard framework of user-centric development.
The first working prototype was the result of a process of further
refinements, including three iterations of hardware design and software development. The first prototype was the object of a field study,
involving 30 astronmers coming from all over Italy. They were asked
to try the SQMPI device during an observation night. Results of the
formative evaluation evidenced further requirements and defects in
the first prototype. The new requirements led to a new phase of hardware and software development.
The second prototype was composed of two components: the hard-

Figure 1: SQMPI development processes.
ware and a public website. The website was designed as a web repository to collect the data and make it available to all SQMPI users,
following established guidelines to ensure usability [8]. The summative evaluation phase focused on both components. The evaluation
involved 5 astronomers who tried out the SQMPI and the website
independently in a remote field study under no supervision. Data
were collected by log-files, a mobile diary (the SmartCampus LifeLog
app) to collect the user impressions in the field and post-experience
interviews.
Results revealed that SQMPI was considered a reliable working system which fully satisfied their need. Some minor requirements were

1.3 thesis organization

added, these will be the starting point for the future evolution of the
SQMPI system.
1.3

thesis organization

The chapter 2 illustrates the basis of astronomy. In particular it explain light pollution problems , difficulties related to the measurement process and an analysis of the existing products.
Chapter 3 is related to the development of the first prototype. It
explain the design methodology and the implementation choices applied. The process that led to the first prototype uses a PACT analysis
and interviews to collect the user requirements. The first SQMPI version was the result of 3 hardware and software design iterations. The
prototype formative evaluation was conducted through a field study.
Chapter 4 starts from the outcomes of field study and through a new
phase of hardware and software implementation bring to SQMPI second prototype. The SQMPI system expanded to be composed by
sensor hardware and a website used as web repository of the data
collected.
Final chapter summarize the outcomes of the summative evaluation
and analyze the possible future works.
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INTRODUCTION TO ASTRONOMY

2.1

how can we determine a good sky?

The reason for searching for a dark place is obvious, but how to grade
a sky remains a difficult task to achieve. The main problem in classifying the skies, lies in the fact that everybody has own mental-model
of what a dark sky is or what is not. For example, an astronomer
that lives in a big as city like Mexico City or New York can classify
the sky over Trento very dark, but an astronomer that lives in Chile
near the Atacama desert would surely classify the sky over Trento as
a very bad sky. User evaluations are subjective, variable and difficult
to compare.
For that reason, astronomers need a tool or a method that can measure the goodness of a night sky with no subjective interpretations,
so with this tool we would have a true quality estimator of the sky.
Before the diffusion of digital technology, the only method that was
suitable for all astronomers implied counting each visible star in a
well delimited portion of the sky. The number of the stars present in
those quadrants can be converted and used as objective sky quality
estimators. Technology can facilitate this difficult task of ”counting
the stars”. One simple solution could be the use of a digital camera.
In fact we can simply shoot a few photos and have a truly objective representation of the sky. With that solution, however, we have
also many drawbacks. If we are not have the same camera the data
collected are not comparable. How were the shots taken? This is
the real problem. Many astronomers are not photographers they use
their camera in automatic mode blindly, knowing little about exposure times, focal ratio and sensor sensibility. thus often the use of
digital camera is not the best solution.
One alternative could be the use of a high precision lux-meter, so that
we can have a common units and all the results will be comparable.
A drawback exists here too. A lux-meters needs to be very accurate
because we are measuring light in an environment in which there is
no light by definition. Normally, it gives the sky a value of dark because it is incapable of measuring such small quantities of photons.
The least but not last drawback is that a lux-meter with the right capabilities has a prohibitative cost for most astronomers.
The standard tool to do sky measurement is the Sky Quality Meter
(SQM)a sensor produced by a Canadian firm called Unihedron [4] [9].
All the SQM data are comparable, and that is assured by a calibration
process done during the production phases.
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2.2

what is light pollution?

The main problem for every astronomer is light pollution, in fact theoretically the night sky over our heads is the same in every place all
over the world, but in reality this is not true. The rapid expansion
of the world population in the last centuries and the invention of
electricity and artificial light have created a new problem called light
pollution [12].
Just as our cars pollute the air we breathe, our homes and our cities
emit light towards the sky and that light hides the natural light of the
sky. The effect of light pollution is not normally seen or perceived
by the citizen but it is an important issue. Wild life is affected by
artificial light. The behaviors of plants and animals changes and this
causes very dangerous imbalances in the ecosystem.
Nowadays is normal that we are not to see the milky way which is our
galaxy and the billions of stars in it that are emitting light. It crosses
the sky from horizon to horizon cutting the sky in half. This magnificent sight is no longer common, because light pollution is masking it
and astronomers have to go to very dark places do admire it. Figure
3 is an example of light pollution effect, from an urban area the milky
way is hidden. If we ask older people if they have ever seen the milky
way, they will surely remember the milky way that just a few decades
ago was visible even from small cities like Trento.
Galileo Galilei saw the Orion Nebula with a telescope with a lens of
30mm from the city of Florence. Now the sky over Florence can only
show some of the brighter stars of the sky. For that reason amateur
and professional astronomers are very sensitive to this problem. The
light that comes to us from distant galaxies and nebulas is cancelled
by the skyglow [10] (the diffused light that comes from artificial light)
which decreases the contrast and the luminosity of those objects until
they are completely hidden. Figure 4 shows the negative effects of
skyglow on deepsky objects.
Sky measurements can be useful when the sky is covered by clouds,
in fact the clouds are reflective objects. This physical aspect of clouds
helps evaluate the amount of local light pollution. The light sources
that are close to the clouds are reflected on it and the sky measurements are strongly influenced by these phenomenon. On a clear night
we can estimate the best observation conditions available for a specific
place and on cloudy nights we can judge how strong the local light
pollution is. This evaluation is useful because it is possible to understand if a change in the local public lighting can positively effect sky
luminosity. Comparing 2 measures, one on a clear night and one on
a a cloudy one is possible to quantify the amount of local light pollution. If the difference is small, changes in the public lighting will
have almost no effect.

2.3 what are the most used darkness units?

2.3

what are the most used darkness units?

There are several ways to measure the darkness of the sky. The
most widespread units are called NELM and MPSAS. Both are used
equally. NELM is used mostly to evaluate the sky without instruments. MPSAS is used mostly when the data is calculated by an
electronic sensor.

• NELM [15] [14] stands for Naked Eye Limiting Magnitude, this
system measures the dimmest star visible with only the naked
eyes at the zenith. To determine the NELM, it is sufficient to
consult a star atlas where every single star is catalogued with its
NELM value. When the user spot the dimmest star we have an
good estimation of sky goodness. NELM values have a very tiny
range. An average bad sky has normally a value of about 4, and
the darkest on the planet normally has a value of about 7. These
measurements are obviously dependent on the eyesight of the
user, and sobject to interindividual differences. Furthermore the
tiny range of measurements make it very difficult to understand
what these values really mean.
• MPSAS stands for Magnitude-Per-Square-Arcsec and is a complex unit of measurement. It measures the darkness taking into
account the absolute magnitude of one star measured in a small
square area with one arcsecond side. The full moon is about half
a square degree, one arcsecond squared is about 1/8000 smaller
than the moon. This type of measurement is done only by specific sensors that are able to capture and measure the faintest
stars. The measurements are much more accurate than NELM.
Sky luminosity can vary from -7 when there is the Sun, to 22-23
in the darkest place on Earth. Even if the range is wider than
NELM, the increase of one unit in a measurement corresponds
effectively to a 2,5 times darker sky. For example a sky of 18
MPSAS is 2,5 darker than a sky of 17 MPSAS .
2.4

how is the current situation?

This is a difficult question to answer. The NASA has been monitoring the situation of light pollution for years. There are several weather
satellites, some of which photograph the earth from the space. The
results are quite shocking, places with a pristine sky are almost disappeared. A study states that the economical power of a country can be
measured and estimated by checking its light emissions [7]. From the
NASA images (visible in figure 2) it is clear that all the country characterized by a strong industrial economy, have high light pollution,
whereas developing countries have more pristine sky. Countries are
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slowly introducing rules and laws to cointain the unstoppable process responsible for light pollution. UNESCO has also been pushing
for sky preservation since 2003. Recognizing the sky as a common
and universal heritage [16].
Laws and regulations are not focusing on the avoidance of new light
sources, but on the way in which they must be realized. In particular they stress the energy efficiency of street light, their intensity and
physical constraints. In particular any light that is pointing toward
the sky is seen as a waste of energy. Light by definition is directional. If the light is necessary it must be pointed where it can be
useful. These laws are slowly changing the situation, where they are
correctly applied there is a tangible improvement of the sky quality.

Figure 2: Nasa light emission monitoring over Europe.

In figure 2 is possible to see where there is light pollution and
where the sky is almost pristine. Obviously, the sky is better in places
where there are not cities. These type of maps are useful to have
an idea of the current situation. Unfortunately even if the laws are
applied, the prevailing phenomenon is economical expansion, and
things are getting worse and worse. Map consultation is good only
to have global point of view. They are lacking in resolution local light
pollution values cannot be extracted from these data. For that reason
the use of automatized monitoring of the sky and tools for sky luminosity measurement are complementary to the satellites maps [3].
They represent in more details the local situation, for example a constant measurement near Breno, a city near Brescia, revealed that the
replacement of the whole public lightning on those small cities has
improved the sky luminosity by about 0,5 magnitudes. These type of
variations cannot be seen from space, but locally a half magnitude of
difference is a very tangible improvement.

2.5 what are the tools used in sky measurements?

Figure 3: Light pollution is hiding stars and milky way, on top a good
suburban sky, on bottom a urban sky.

2.5

what are the tools used in sky measurements?

There are some tools on the market that are suitable for sky measurements. These systems will be briefly analyzed to understand the pros
and cons of each system.
• Digital cameras Apparently the simplest approach uses a digital camera to measure the sky luminosity. This method is based
on the fact that every digital camera uses a ccd or cmos sensor,
that have a linear response with respect to the light that hits
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Figure 4: Two images of the Orion nebula complex, on the left a shot
from a dark place, on the right a shoot of the same area
from a small city sky.
the sensitive surface. Photons that hit a digital sensor are converted into electrical signals that are proportional in strength
with the number of photons cought. TDigital cameras have the
big advantage of wide, but there are several problems. First
of all there is an incredibly large amount of different technologies and sensors each with a different sensibility to the light.
This heterogeneity makes generalization practically impossible.
There are too many variables, and the process of normalization
of the data needs to be done manually by the user. It is necessary to compute the sky luminosity level considering: sensor,
lens, aperture, exposure time, pixel dimension and several of
other variables. The process of data manipulation that permits
a reliable value is so complex that most users who do not have
some background in information technology are unable to apply it.
• Solar Cells This method is unknown and not consolidated, but
it gives an estimation of the lightness of the sky. A solar cell
is normally used to produce electrical energy. But we can see
the solar panels as big sensors; they catch the light and in output there is a current flow. This flow is measurable and is linearly proportional to the light that hits the surface of the panels
[11]. This approach is comparable to the one that uses digital
cameras, but it shares the same weakness. There are too many
types of solar cells, with different characteristics and efficiencies.

2.5 what are the tools used in sky measurements?

Those differences bring in again the problem of data normalization. Data manipulation is also more difficult, because the documentation available for those panels is not normally complete
and lacks in many details that are useful to the normalization
process. The normalization process, as in the case of digital
cameras, is hard to achieve and its complexity creates a barrier
that most astronomers and users cannot overcome.
• Lux-meters Lux-meters are tools used in photography or in
light regulation, they measure the amount of light that falls on
their sensor. There are a large amount of models available, and
this introduces, as the cases analyzed before, the need to normalize the data. The conditions in which they will be used are
very particular because there is no light. Normally these sensors achieve their maximum accuracy in strong light conditions
and they lack in precision in low light situations. The models
that enable sufficient precision are very expensive and make
this method unsuited to widespread use.
• SQM & SQM-L These two models are the most popular ones.
They are the standard tools used to measure sky darkness. They
are very easy to use. A sensor is a small black box which is
portable and battery powered. The SQM differs from the SQML by the presence of a lens that narrows the field of view of
the sensor. In all cases sensors are inter-calibrated by the firm
and values can be compared without need for normalization.
The interface is very simple there is only a big red button. You
point the device toward the sky, press the button and then read
what the current darkness of the sky is on a small integrated
lcd display. This approach is easy, but there are many drawbacks, the more obvious one is that the reading of the sky is
influenced by the position the user points at. If we are pointing
the sensor manually the readings are not comparable or truly
repeatable during one night of measurements. For example a
measure done pointing the zenith will be darker than one near
the horizon, small changes in the position of the sensor produce value variations that are dependent on the position and
not on the sky darkness. A second drawback is that there is not
a suitable way to have the data exported to be used and consulted after the reading. If the user wants to know the trend of
one night he must repeat measurements at a constant rate and
write down the values on paper. This approach is possible but
we need to consider the environment in which an astronomer
operates. In particular, all these operations have to be done in
complete darkness and writing is therefore, difficult. Writing in
low light conditions forces the use of light and this means that
the user loses adaptation to the darkness every time he need to
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write down some data. It is clear that manual models are not
really suitable for logging data of one entire night.
• SQM-LU, SQM-LE & SQM-LU-DL These three sensors are
characterized by one common feature. They all need a computer to work properly. SQM-LU is a sensor with usb connectivity, SQM-LU-DL is a usb sensor with datalog functionality,
SQM-LE has ethernet connectivity. These products of Unihedron firm are the standard de facto for fixed position analysis.
They all need a pc to work and this means that there is also
the need of a power source. They can be used to monitor the
trend of night darkness. They do this task very well, but they
are lacking in usability. The need for a computer makes the
system complex for field observations, furthermore there are
not so many programs available that are able to operate with
these types of sensors. Using a laptop in the field pollutes the
surroundings with the screen light. The usability drawback of
these sensors is that there is not a lcd integrated on the sensor.
The only way to know the sky luminosity during a measurement is to send a command through the pc and then read the
result on the computer screen.
For the sake of completeness of the analysis I also include two projects
that have as the main objective to monitor of the sky darkness levels.
Both use SQM units.
• sqm-network.com This project is based on constant monitoring of light pollution in fixed positions. Sqm-network.com uses
SQM-LE as a light detector. Through a new self-developed program called Geko it is possible to interface a SQM-LE unit with
a windows based pc. This project was made available about
2 years ago, and is increasing in popularity. It is supported
and maintained by an Italian amateur organization GADS from
Brescia. The software takes care of the management of the sensor and of data collection, that are taken every 60 seconds. This
project is the only one that is spread throughout the world, all
the data is stored in a web server and it is possible to explore
data using the sqm-network.com website. Furthermore the data
is processed to provide interesting statistics that aim to provide
the user with correct interpretation of the darkness of a specific location. All the measures are collected in dedicated locations, this approach mainly focuses on“fixed position” monitoring that is easily implementable in public observatories or
other buildings, but it is impractical for field use, as it is strictly
dependent on a computer.
• BMP This is an Italian project similar to sqm-network.com, and
the core functionality is to monitor the night sky pollution, but

2.6 conclusion
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with a different approach. BMP stands for BuioMetriaPartecipativa, the sensor used is a manual SQM or SQM-L unit. The idea
is to lend these sensors to the people who want to contribute to
the measurement of the sky. When a user has collected some
data, they update manually on their database. The use of the
SQM or SQM-L detectors is the big drawback of that approach.
The whole system is based on trust of the user. BMP users
need to handwrite every measure, for that reason the readings
collected are very few. Those readings make this approach unreliable, furthermore the user can fake the measurements without
any trouble since the whole system is based on manually taken
annotations. In contrast of the sqm-network BMP is not growing. The measurements are very few and in most of the cases
old. There are too few sensors available and there is not enough
interest in single punctual measurement to give any reliable information about the real quality of a location.

Pros

Cons

Digital
cameras
cheap,
diffused

Lux meters
reliable
data

Manual
SQM
easy to
use, low
cost

unreliable
data, too
variables

expensive,
datalogging not
easy

not suitable for
datalogging

PC based
SQM
easy datalogging,
trend
monitoring
not
energy
efficient

BMP
easy
SQM
manual
based
unreliable
data

sqmnetwork
reliable
datalogging

not
able
field

Table 1: Summary of the analysis of existing products.

2.6

conclusion

Astronomers need a dark place where is possible to see the stars,
even technology cannot solve problems caused by light pollution. Luminosity of the sky determine where an astronomer go to stagaze,
for that reason measure the sky darkness is a crucial task to achieve.
The process of measurement of sky darkness is complex and data collected during the night must cover the trend of several hours to have
a correct estimation of sky darkness. There are multiple tools that can
do these type of measures, but only few of them are giving reliable
data. Furthermore usability of available tools is a big issue, sensors
that are able to measure the light intensity with the right accuracy are
not suitable for a field use. For these reasons there is need of SQMPI,
a new device that aims astronomers in sky measurements process in
fixed and non-fixed locations.

uson

3

PROTOTYPE 1
This chapter present the design process that allowed to develop the
first working prototype of SQMPI.
3.1

problem statement

In chapter 2 we have highlighted that there is no product that summarizes all the needs of an advanced amateur astronomer. The design of
a prototype should take into account many aspects. Above all what
the user really wants from a product, the technology limitations and
the environmental conditions. The analysis of sky measurement tools
evidencied that only SQM produce reliable data(see table 1), but even
SQM units are incomplete in their characteristics. The main problem
is that the sensors that are easy to use do only punctual measurements of darkness, and a single value is not a significant evaluation
of the sky quality. Conversely sensors that are suitable to capture
the trend of darkness levels with the right accuracy, are complex to
use and they need a computer to work. Not every astronomer has
a notebook to perform these measurement and in addition there is
the dependency on a source of energy. The environmental conditions
makes this energy dependency a requirement that makes impossible
to use computers in most cases. These problems evidencied the need
of a new tool of measurements, which is as easy to use as a manual
sensor, but is also able to do automatized measurement in time, capable of doing some basic analysis, and versatile as a “computer based”
sensor.
3.2

pact

As the final aim of this study is to provide a new product that will
statisfy user requirements, I use a PACT [2] analysis that outlines considerations that need to be taken during the design. This analysis is
divided into four groups: People, Activities, Context and Technologies.
3.2.1

People

The target users of SQMPI are a limited group of people. In particular we can say that every astronomer at any level of experience is
interested in monitoring light pollution. A typical user of this prod-
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uct would be an advanced astronomer. Tools for measurements are
not cheap enough for really widespread use; a basic version of a SQM
sensor costs at least 120e. A truly advanced astronomer is normally
interested in the details of sky luminosity and for that reason personal
sensations in rating the sky are not enough. An astronomer needs an
instrument like the SQM to measure with precision the darkness of a
place. He is particularly interested in dark places, so even very small
differences in the darkness can define or change the place he decides
to go. The typical user in this field has no fixed age. We can consider
a user any astronomer between 16 to 60 years of age.
Most of the time the user of SQMPI will be astronomers but not only,
in fact there are many people who are not interested only in the value
of the sky luminosity to see the stars. Some people are more interested in ecological and ethical questions, like light pollution. These
people could be active users of this new type of product. Specific
knowledge is not needed to use the device, so that nobody is excluded because of lack of competence. Only “Do It Yourself” users
will need some specific analysis to treat the data correctly. We can
divide our target users into 3 groups:
• Amateur Astronomers (interested in the true trend of the luminosity of the sky, evaluation of the darkness)
• Advanced Astronomers ( interested in trends and precise data
analysis and processing of the raw data with custom algorithms)
• Non Astronomers ( interested to see how much light pollution
is impacting wildlife or interested in evaluating wasted electrical energy )
Furthermore, we can identify a further subdivision:
• Photographers (people that in general have a good background
in technologies, they use computers on the field to do photos)
• Visualists (people that do only observations with ”eyes”, no
electronic technology used)
3.2.2 Activities
In this paragraph there we list the possible activities of each group of
users.
Amateur Astronomers
• Use the device on a field with no special requirements of electrical energy.
• Use the device to collect data during an entire night.
• Consult the integrated display to see the current darkness value.
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• Consult a posteriori the data already captured.
• Generate a graphical representation of the trend of one night of
measurements.
Advanced Astronomers
• All the activities of the Amateur Astronomers
• Export the data of the night collected to be consulted and further processed using a pc
• Analyze the trend of the night using graphs
• Consult basic processed information like averages and variance
Non astronomers
• All the activities of the Amateur Astronomers
• Use the graphs to spot out differences between light polluted
zones and pristine ones.
3.2.3

Context

Physical this is the most restrictive limitation, SQMPI needs to be
easy to use in the darkness without any external help(such as lights).
Most of the time it will be used in wild places where there are no facilities, no source of electrical power and unstable weather conditions.
In particular SQMPI will need a hardware design that can tolerate
very bad weather conditions, for example -20C in winter nights or
+30C during the summer. Another important physical constraint is
moisture resistance that can be very dangerous in conjunction with
the presence of electrical devices. As astronomers go to dark places
it is obvious that such a device should not have any sort of light polluting outcome.
Time The expected period of heaviest usage is the night of the new
moon, in these nights every month almost every astronomer tries to
go out and see the stars, if the weather is good. We can assume that
the measurements will be more often caught in new moon period
during the summer, when even non advanced astronomer go outside.
Obviously in contraposition the less usage is expected to be in the
period of winter during the full moon phase, the low temperatures
and the presence of the moon are good motivations to convince astronomers to remain at home.
3.2.4

Technologies

The device needs to be portable. Often the observations and the measurements will be done in very isolated places in which reachability
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is very limited and transportability and weight are necessary requirements.
Integration of a small screen that can be used to display useful information without any intervention of the user.
Long lasting capabilities of collecting data, since most of the time the
device will be powered by batteries it has to have very good power
management and guarantee at least one entire night of measuring.
Ability to perform logging and analysis of the data collected and generations of graphs are fundamental requirements.
It needs to be easy to put in place also when there is no light.
3.3

design methodology

In this section the methodology used to reach the first working prototype is described. The desgin followed a user-centric approach [1] [5]
[13]. Fifteen astronomers were involved in the process. The process
began with interviews of people interested in astronomy. Some interviews were conducted using Skype due to the long distances. All
the interviewers were amateur astronomer, but 2 of them had master
degrees in astrophysics. To improve the outcomes of the interviews
and also to have some specific requirement, I included one of the
founders of the sqm-network project. Furthermore to have a realistic
representation of the reality, I tried to make the group of astronomers
as heterogeneous as possible taking into account age, experience and
education level.
All the interviews had a common structure and their main purpose
was to understand if SQMPI was considered a useful tool. All the
interviews followed a common structure of question designed to not
bias the user answers. An important aspect to consider is also the
level of knowledge about computer use and confidence with the sky
luminosity values. Almost all of interviewees preferred to do the interview in Italian and the process of collecting these interviews took
a long time. I relied on the data collected to have a solid basis on
which to start developing the first medium fidelity prototype based
on the common and most important user requirements.
From the interviews and their analysis the next step was the first
implementation phase in which through a process of repeated refinements I reached the first working stable hardware, that included the
most important requirements spotted out from the analysis. When
the hardware was complete I started to develop all the needed software. The software had to manage the sensor and all the electronic
boards used. Only when the hardware and software were both stable did I start an indoor testing phase to detect most of the bugs
and hardware problems directly related to the way in which they had
been implemented. When the prototype one was sufficiently stable
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in hardware and in software, the next phase of the development was
the field test. It was effectively a true test on the field with other astronomers. From the field study I collected further requirements that
could improve the quality of the final product.
3.4

results

The first preliminary interviews involved 15 astronomers and from
answers I extracted the most important requirements that SQMPI has
to implement.
The respondents are 100% males and 100% astronomers at various levels of experience. They can be subdivided furthermore into 3
subgroups: starter astronomers with 1-3 years of experience, intermediate astronomers with about 10 years and expert astronomers with
20-30 years of experience.
About 60% of those interviewed are active and move from their living place at least once every month to stargaze, the remaining 40% is
partially active, some going 3-4 times a year and some going out very
rarely. The ones who are not active with stargazing, are more active
in the theoretical study of astronomy, in particular on the issue of
light pollution, they are normally the most experienced astronomers.
All respondents are conscious of the problem of light pollution,
and are interested in this problem. Those with the most experience,
more than 10 years, can already state that the sky over their living
places has changed, and they are able to do some comparisons.
Almost 90% of the interviewed know what an SQM is and have
an idea of the meaning of the values that this instrument provides as
output. Almost 50% have used it at least once or have seen somebody
use it.
The advantage of sqm-network is that about 30% of the astronomers
believed that it is useful to have a place to collect the data globally. Almost everyone thought it very important to see and check differences
in the trends at various times. We can, therefore, conclude that it is
crucial to monitor the trend of one entire night and repeat multiple
measurements in the same places.
The usage of the computer and related technologies is a fundamental parameter for the design of SQMPI. The capabilities of the
users determine how the whole system needs to be implemented. Almost all use a pc or a notebook, and 40% also use smartphones and
tablets. The astronomers interviewed were divided in 2 groups: Some
60% use every day computers, in particular email, browser, forums
and other applications. Some are more evolved and have some background of information technology and are able to do advanced tasks.
The remaining users consider themselves as not very confident with
computers. Everyone is using the computer to access the internet, so
100% are able to use a web browser.
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Part of interviews focused on the required characteristics and situations to avoid for SQMPI. Almost all the interviewed people claimed
that it would be not a problem to bring with them the SQMPI during the observation nights, but there was a common basis of requirements:
• The device must do all the work of datalogging without intervention, the whole process must be 100% automatic.
• the device should be small enough to be considered portable, it
has to be compact so as not to steal space from other equipment.
Some were interested in using the device out of the normal context, not only during the night observations, but also in all the situations where sky measurements are possible. For example mountain
trekking or during some holiday trips.
The following two requirements were considered to be the fundamental ones:
• everyone wants to be able to read the last lecture of the background luminosity of the sky
• it’s very useful to convert the actual reading to another unit,
preferably visual limit magnitude scale (NELM)
• the possibility to export all the data collected
SQMPI hardware and physical constraints. Users were asked to imagine the characteristics of this gadget.
• the presence of a display
• it has to emit weak light, in the darkness there is no need of a
strong backlighting
• good contrast of the output, values need to be easy to read
• it has to be a very low consumption device, powered with batteries
• it has to be simple to setup
• it has to be able to generate a graph of the data collected
Data management requirements, have been extracted from the most
experiences users that have more demanding data analysis requirements:
• generate graphs of the trend of one night
• data needs to be divided and classified using the date and time
• possibility to export raw data

3.5 medium fidelity prototype

• generate excel data format and/or other format that are compatible with spreadsheet applications
• means, variance calculation
There are also minor requirements that are wanted only by a few
people:
• a cyclic rotating display to show more information
• best and most recent reading on display
• some type of live chart on display
For astrophotographers the need of a notebook or a computer is no
problem since they normally use it during the imaging sessions. That
answer will be not considered useful because photographers are a
very small fraction of the whole population of astronomers.
3.5

medium fidelity prototype

We derived a starting point to design the first prototype. We can summarize that SQMPI has to be compact, energy efficient, easy to use
and totally automated. The first issue to solve was to identify how to
implement this, in particular in measuring the sky luminosity. The
best approach to follow is not to design a new light sensor. The development of a new sensor is a very difficult task and in addition every
data that comes out from the new sensor will not be comparable with
what the users already know. The best way to achieve the goal seems
to use an SQM device. From the interviews it emerged that almost
all the astronomers know SQM and they understand the meanings of
the readings.
The solution is to develop a prototype that uses an SQM as light detector and expand it’s characteristics to satisfy the user requirements
that were collected. We have to choose one of the available models of
SQM: manual or computer assisted models.
Manual SQM is not a suitable piece of hardware, as it would be necessary to completely dismantle a SQM to reach the electronic board
and modifiy it by adding an external port to bring out the data. Furthermore those sensors are built in such a way that they only work
when the button is pressed. This would mean the need for manual
intervention at each reading. These hardware constraints make the
manual SQM unsuitable.
SQMPI needs to be completely automatic and the only solution is to
use a sensor that is able to communicate with a computer or with
some other electronic device. The last and only choices available are
to use an SQM-LE or an SQM-LU, respectively ethernet or usb connectivity. The final choice falls on an SQM-LE device, because this
version is ethernet based and that characteristic enables positioning
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the sensor far away from SQMPI, this aspect not is a user requirement, but it makes sense to have the possibility to place the sensor in
the best position(that can be far from the observing point) having the
possibility to manage it in comfort. In contraposition the choice of an
SQM-LU is a limiting one for serveral reasons: the usb standard cannot reach distances that are bigger than 5meters, furthermore the usb
is a stricter requirement that narrows the possibility to work mainly
only with notebook or pc. Usb drivers are currently available only
for windows systems, which means that all the processing needs to
be on a computer that doesn’t meet the low power requirement. The
choice to use an SQM-LE has also enabled a more flexible approach, it
can easily be integrated in the already available sqm-network, which
already uses this type of sensor. SQM-LE choice introduces a further hardware requirement, since it is an ethernet version it needs
an electronic device that is able to connect to it, and able to communicate using its proprietary protocol[17]. Directly from the user
requirements collected I deduced that the majority of people are not
confident with computers, in particular they don’t bring with them
pcs when they go to stargaze. A solution would be to create a “magic
box” that hides completely what there is inside. From the point of
view of those inexperienced users, SQMPI has to work in a transparent way, without any need of user operations.
The possibilities that fulfill hardware requirements are widespread,
but user requirements collected are very specific and they limit the
choices to a very few.
A first choice can be a netbook. It needs some power but not too
much. Netbook, notebook and pc need high power requirements and
are closed platforms. They cannot be expanded electronicaly and in
addition, all the inexpert pc users would be excluded if we chose to
adopt that solution. Since one of the requirements is to have a display like the one already present on the manual SQM device, neither
notebook nor netbook are the right choice. They are extremely complex machines with a lot of useless features for SQMPI application,
for that reason they are not suitable to achieve the main goal. Using development boards like Arduino, could be an alternative. These
boards offer a good level of expandability.
Arduino and other similar boards have a very limited amount of
memory and a very low computing power. With these low power
devices it is impossible to generate graphs or export the data. No
micro-controller based boards can fulfill the user requirement of having a product that elaborates the data. In the late September of 2012 a
new type of low cost development board came out, called Raspberry
PI and it matches all the user requirements perfectly. Raspberry PI is
very cheap, it costs about 35$. This board uses an ARM 11 processor
with 512mb of ram memory, furthermore, it offers several expandability ports: 2 x usb2.0, 1 x hdmi, 1 x video-composite, 1 x analog
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audio and 1 x ethernet port. Expansion ports and their disposition
are shown in figure 5.
These hardware characteristics
fulfill the hardware requirements and at the current moment it represents the best pc
available for that price. The
board is able to run any linux
distributions compiled for the
arm architecture. This opens the
possibility to do complex implementations and developing applications with several programFigure 5: A representation of the
ming languages. Raspberry PI is
Raspberry PI hardware
like an Arduino board it has an
charateristics.
expansion port, on that port it is
possible to attach any external circuitry that respects ARM 11 hardware limitations to expand its capabilities. The cpu runs at 700Mhz
and has enough power to satisfy all the requirements extracted from
the user interview study.
The raspberry Pi board is the best board for that scope, its size being about the same as a credit card, and its power requirements
thanks to the ARM processor are less than 3W per hour when used
at 100%. This board represents a good summary including flexibility
and power of a normal pc running linux and expandability of microcontroller based platform of development. The expansion pins are
usable for anything we want, some are dedicated to special tasks but
they can also be used for other uses. Like an Arduino the management of those pins can be done by programming on the board. The
Raspberry PI system doesn’t require a very expensive hard disk but
it boots from a cheap SD card.
Prototype hardware requirements:
• low consumption: achieved by Raspberry PI
• external lcd display: needs to be implemented with software
and hardware on top of GPIO ports
• power supply management: needs to be implemented by external hardware
• software implementation of the sensor reading and data management
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3.6

first design iteration

For astronomers the most frequent accident that can happen using
an electronical device in the darkness is strictly related to the power
source. Almost every astronomical device available today is not protected in case of reversal of polarity and that fact leads to a burned
circuitry. Darkness limits our vision and makes it very easy to go
wrong when connecting cables.
I decided to implement and realize by myself the hardware required
to achieve the user requirements, since I have a basic background of
electronics design. Doing so I am able to design a good circuitry that
takes into account the problem of the inversion of polarity and I am
able to make boards that are specifically focused to satisfy the goals.
All the external circuitry is meant to be coupled on top of the board
using the GPIO port to attach it.
The PCB design is done using
a cad software called EAGLE
that aims to check the electrical connections. The result of
PCB design process is an image of the board that needs to
be engraved on a copper plate.
To speed up the development I
lost a bit of compactness due
to the selfmade engraving process that cannot achieve high resolutions. The alternative solution is to delegate the production of the pcb to an external
firm, that produces boards with
high standards, but this process Figure 6: First prototype board design
takes about 1-2 months for each
pcb design. After the first stage of development I came out with the
first PCB and due to the limitations of self building I had to operate on a single layer board(see figure 6). Its main functionality was
to provide a regulated power supply completely independent from
polarity and the connection and management of a lcd screen of 16x2
characters.
When the first prototype board was finished I could start the Raspberry PI board. I chose a Debian linux platform to achieve the goals.
The first use of the board was a success, the Raspberry PI as expected,
booted up regardless of the connection polarity and the lcd display
seemd to work well and with sufficient contrast.
To make the display work I needed to develop a C application that
controls the correct pins of the GPIO port, in order to send out the

3.6 first design iteration

right signals to the LCD processor. After some days of development I
was able to control and write correctly on the screen. The screen can
start to display messages only after the debian distro is completely
booted, this limitation cannot be solved. During the boot phase it
shows one line with all pixel active, when the boot process is finished
it starts to show the current luminosity value. The automatic management of the screen is achieved using the runlevel scripts, at boot
time the application for the display is launched and only after that
the screen is fully operational.
We know that all users use a web browser, for that reason I decided
that the best way to implement the configuration and management of
SQMPI was to use web pages. The management of the sensor is not
required for a simple night of measurements, this feature is needed
only if the user wants to access more advanced features. To access
the advanced features a user needs to attach his computer to the device, for example to export the data captured. These more advanced
options are not normally done on the field but when the user is at
home. The best way to do this is to have 2 ethernet ports, one dedicated to the sensor and one to the management. With that approach
the hardware design is clearer and there is no doubt as to what these
ports are.
Since the Raspberry PI has only one ethernet port available, the second one is added using an USB to Ethernet adapter attached to one
of the two usb ports of the boards. To have the linux system working
properly the system needs various services installed and configured.
From that point of view the Raspberry PI is a true linux server that
automatically manages the sensor.
The Debian distribution is configured as following:
• Apache 2 web server used to have a web interface
• PHP 5 server to do calculations and graphs
• DHCPD server to manage ip assignments
• Mysql server to store all the data and configurations
• DNS server to make it easy to reach the server
• LCD service at start
• Sensor reading service at start
The SQM-LE uses an proprietary protocol over TCP, I have to study
this protocol to interrogate the sensor and have back some data [17].
The SQM management is done using C code and as with the LCD
screen management the application is automatically started during
the boot-up process. The SQM application can send interrogations to
the sensor at regular intervals and parses the responses saving them
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automatically into the DB.
As with almost all commercial products, there are many drawbacks
at the first implementations which weren’t considered during the first
phase of design.
Problems that were spotted from the first revision of the board:
• Power supply stage is done using linear regulators, which can
tolerate very high variations in the voltage input, but they waste
a lot of energy in heat.
• The sqm needs a power supply too and to keep the design easy
it is better to avoid double power supply and make one sufficient for all.
• The data is correctly taken but the Raspberry board is lacking
in RealTimeClock hardware.
The first indoor testing evidencied that voltage regulator was wasting too much energy. The power supply system wasted more energy
than the one that is needed by the board. In addition the board did
not keep the time, there was not any sort of internal clock., it takes the
time from the internet. Obviously in this specific application SQMPI
cannot rely on internet connection because when it is used on the
field there is no internet connection.
3.7

second design iteration

The first prototype board shows many drawbacks, this led to a new
development step of redesign and expansion of the hardware. Adding
a RealTimeClock can solve the problem of the system time. The data
collected must be correctly placed in time, a reading without information about time is completely unusable and has no meaning. To
avoid the problem of time there are no software solutions. It is an
hardware defect and the only way is to add a true RealTimeClock to
the hardware, changing the first board design. After some research
I found the right parts to solve that problem, a circuitry based on
DS1307 chip; an RTC timer that keeps the time updated using a small
battery, as happens in most normal pc’s and notebooks. The DS1307
revealed to be the best solution to the time problem. It’s a very small
chip, is very cheap and costs less than 5eto realize the whole circuit.
The RTC hardware uses the I2C bus that I had not used on the
first prototype board. The presence of unused pins enables adoption
of a modular hardware design on top of the old one. With modular
hardware solution there wasn’t need to redesign the first board, but
only to add a few simple connectors to mount on top of the new RTC
board. All the work and efforts of design the first PCB were not lost,
in addition the modular way of proceeding is a quicker way to solve
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problems. As before EAGLE software aims the correct electronical
implementation of the RTC expansion board.
The choice of a Debian linux distribution was a good solution because it
natively supports the I2C bus and writing the C code to access the RTC clock
was a task that took only a full day
of work. Modification to the operating
system was done mainly to change the
boot processes, in fact the original configuration started a fake RTC when the
system booted. The code of fake RTC
Figure 7: RTC pcb design
was removed from the startup process
and then substituted by loading 2 kernel modules: one for the I2C
bus and one for the DS1307 Real Time Clock. With those hardware
and software modifications the Raspberry PI now starts with the correct time, loading it each time the machine is powered.
The second problem to solve was the power supply. As for the RTC
I decided to solve it in a modular way without trashing the work already done. Heat generation is the main issue and it can be solved
by using a modern power supply stage. Tension stabilizers with new
switching technology were choosen. They have an efficiency that is
about 98% instead of a roughly 50% of the linear stabilizer utilized
before. The modification was done without big changes in the main
board design because I chose components that had the same pinout.
After replacing the powersupply stage the new SQMPI implementation was done. The last usability problem was the power supply for
the SQM-LE sensor, this sensor needed a 5V dc power supply. It
had the same specifications needed by the raspberry board. Knowing this, I was able to use the same tension stabilizers to support and
serve both devices at the same time.
Indoor testing
A new series of tests are required to evaluate new potential problems introduced by the added pieces of hardware. The new PCB for
the realTimeClock doesn’t show any particular problem. Every time
that the board is powered an init script queries the rtc chip, then it
responds with the current date and time. At the end of each rct interrogation the response is parsed and the result is set as local time into
the raspberry board. The new power supply unit feeds all the boards
with the correct tension without any waste of heat. Readings that
come from the sensors are correctly parsed and saved into the mysql
database. The whole circuit is working correctly, but I noticed some
unexpected behavior. With this new board the SQM unit is powered
at the same time as all the others boards. Due to some anomaly in the
implementation of the SQM firmware the sensor is unable to obtain
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any ip address from the DHCP server.
The problem resides in the firmware present inside the SQM sensor.
Only the producer is able to do modifications to the firmware code,
so there is the need to solve this issue without touching the sensor.
This problem can be solved if the sensor is powered after the boot sequence. If the sensor is active before the boot process is finished the
sensor will not obtain any ip address even if I restart the networking
services on linux, but if the sensor is powered as a last step of the
bootup sequence it works without any trouble.
One solution to this problem could be to get the user to attach the
sensor only after the boot is ended, but this not is practical as there
is no monitor attached to the device. There is only a small LCD and
the user cannot know if the system is booted correctly or is still in the
boot sequence. The only suitable solution is to delay and manage the
sensor switch-on by implementing a special hardware to satisfy this
particular hardware requirement. Using some free pins available on
the GPIO port of the Raspberry PI board it is possible to achieve an
automatic delayed power supply sequence.
3.8

third design iteration

As stated in the second iteration section,
the only way to achieve the 100% automatic power-on of SQMPI is to add another hardware module. That module
is very simple and makes use of a mechanical relay switch. As in the second
prototype board this new hardware is
added on top of the other boards, without touching the other modules. This
new piece of hardware also needs the
delayed
creation of a C program that is able to Figure 8: The
on/off
pcb.
command it. C program is launched
during the boot sequence as last step and always gives power to the
SQM sensor at the right time, indipendently of the time required to
start the whole operating system. After several tries and tests there
were no more bugs to correct. From that point on all the hardware
and software related to the management of the hardware is considered stable. Possible improvements will be related to the features.
3.9

final adjustments

With the hardware and basic software stability, all the components
work together flawlessly. But what the SQMPI is, is not what a final
user expects to see. The main requirement is to have a simple device
to use and at this stage of development the device is an unordered set
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of boards and cables. The whole machinery needs to be compacted
and also to have a hardware disposition that takes into account the
future working conditions. SQMPI must be usable in complete darkness and in bad weather conditions. A smart packaging process is
the solution to satisfy usability requirements. Since the device will
be used in wild places where weather can truly be a problem, I chose
to package all the boards inside a waterproof box, normally used
for electrical installations. Below there are the some pictures of the
various hardware components that need a smart positioning:
The first one, visible in figure 9, is a Raspberry PI board the size of
a credit card.

Figure 9: A Raspberry PI board with a self made flat cable to bring
out all the pins of the GPIO connector.
The figure 10 represent the power supply board which distributes
the power to the others boards including the sqm sensor. All the
modules of hardware are mounted on top of this board. This pcb is
the core of the whole device.
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Figure 10: The main power supply board with lcd management.

(a) RTC module board.

(b) Delayed on/off board.

Figure 11: PCB modules added to the main board.
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All those boards (figures 9, 10, 11a, 11b) need to be disposed in a
clever way to obtain a compact product. During the packaging phase
I toke into account the possible difficulties and I tried to arrange all
the components in a way that the user has a clear understanding of
what he is doing. The first choice is to make the size of the whole
system as tiny as possible, but without loosing usability. I have not
added anything that is not needed, the only ports present on SQMPI
packaging will be the ones that are actually used. That choice limits
the design to have 4 ports only.
• General power supply (without dependencies of polarity)
• Ethernet port to connect an external computer
• Power supply to connect the SQM-LE unit
• Ethernet connection for the SQM-LE
There will be place for the LCD display, which is one of the most important requirements. Taking into account the needs of astronomers
I thought that it was very useful if the backlight illumination was
completely adjustable. For that reason the only part of SQMPI that
is an input is a small knob that permits regulation of the level of
backlight illumination. The first source of uncertainty could be the
presence of 2 ethernet ports. To solve that issue I chose to place those
ports far from each other. The final arrangement of ports ideally divides the box into two parts: the first one is the computer side where
there is the ethernet dedicated to the exporting of the data and the
one on the opposite side where there is the ethernet dedicated to the
SQM-LE. This disposition makes it clear what to connect to each port.
The same reasoning was applied to the remaining ports with the following disposition: the power connector for the SQM-LE unit on the
same side as the sensor data port. The power connector of the sensor can be a usability issue for the final users. Normally a common
round connector is used like the one for the general power supply.
The presence of 2 equal round connectors is a source of uncertainty,
which makes it not clear which is the right connector to use. To avoid
bad connection issues I changed it with one that is physically different and that cannot be reversed in any way. This approach avoids the
problem of polarity inversions, and at the same time makes it clear
how to connect the sensor. The final result for the first prototype is
shown in figure 12 and 13 :
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Figure 12: Final prototype after the third iteration.
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Figure 13: Final prototype after the third iteration.
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In figure 12 and 13 with label A and B are showed the LCD and the
knob to adjust the backlight intensity. In figure 12 label C identifies
the general power supply input, label D is the ethernet port for the
connection with a pc, it is used to export data. In figure 13 label
C represent the one-way power connector used to power the sensor,
label D itdentifies the ethernet port that manage the SQM-LE sensor.
The prototype at this stage is fully working. To use it, the final user
needs only to place the SQM, and connect it to SQMPI. There is only
one way to connect it so it is physically impossible to make a wrong
connection. After the SQM is connected, the only action required
by the user is to connect it to a power source, without any specific
attention to the polarity. Now the device boots automatically and
shows the darkness values on the screen updating it every minute.
Hardware packaging is completed and seems to be very easy to use,
it does all the work automatically as requested. The last part to design
and develop is the web interface.
3.10

web interface design

The main core functionalities are the graph generation and the visualization of the last value measured. Advanced users have specified
that they need to export data to be used in spreadsheet programs.
The requirements are few so I decided to implement all the functionality in a minimalistic way. I tried to minimize the number of
clicks required to do an operation. I chose to create a top bar in which
the user can directly see the value of the last reading and the current
status of the sensor (active or not). In this top bar there will also
be the navigation menu that due to the very few features required
will be a simple button to return to the home page. To visualize the
graph page a calendar is used. The calendar shows with different
colors the days in which there is data and those in which there is
none; by simply clicking on one day the corrisponding graphs page
will be displayed. A simple mokup of the web-interface is depicted
in figure 14. The creation of the page graph is the most complex part,
it represents the core feature of SQMPI for the advanced astronomers.
The data can be displayed in several ways, but for those types of data
that are mainly variations over the time the best and easiest to understand is the area chart. The idea of the chart is to represent the trend
of one night/day of data using the classical way that is used in stock
charts. In addition to that there will also be a gradient representation
that starts from a whiter color to the darkest one that helps the user
graphically to understand the values. For example if the graph line
reaches a dark blue, the sky luminosity is very low, this means that
the place measured is good for observations. In the graph page there
will be also some statistics like average and standard deviations. The
average is a good parameter to evaluate the global darkness and stan-
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Figure 14: A mockup of the management site of the device.
dard deviation is a good indicator of weather conditions. Big values
in standard deviation correspond to big changes in the weather conditions (clouds, rain, snow). To fulfill the export data requirement
an additional page was created, in this page there will be a multiple
choice selector to choose the file format, and a calendar in which it is
possible to click on the day the user is interested in.

3.11

problems of the user interface

Even if that graphical implementation can be seen as the easiest part
of development, it turned out to be full of troubles. The main problem came from the hardware. To be really readable the graph must
cover a large area of the user screen, since the data is dense. There
are 60 points every hour to display. The first implementation of the
graph page was done using php gd and imagemagik libraries to generate graphs on the fly, this approach represents the standard way to
generate graphs with php. Apparently the graph generated with that
technology satisfies the requirements and a lot of tests have given positive outcomes. To test graph generation in the condition of real use,
I conducted a test of sky measurements,several hours of data were
collected. With real sky data the graph generation shows that the
Raspberry PI hardware is not sufficient to generate it. To be precise
the graph is generated correctly, but with a very long waiting time.
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With 6 hours (360 points) of data the graph is displayed only after
70-80seconds. This behaviour means that the user will be waiting
on a blank page until the graph is ready. All the resources are occupied too generate the graph and the automatic monitoring systems
are affected by this. Considering that “the average computer user” in
these situations clicks multiple times to have some feedback it is clear
that this graph generation tecnique is the wrong way to do it. The
simplest and more convenient solution to do those big graphs is to
delegate the generation of the graph to the browser of the user and
not to the Raspberry board. In this way the device is not occupied
in generating big graph images, but it is only a matter of database
queries and a few simple calculations. After some research the best
choice revealed to be javascript, in particular the use of jquery and
highchart libraries. The use of these technologies decreased significantly the load on the cpu, and the result is that the graph of one
entire night is generated in just a fraction of second. In addition the
versatility offered by the jquery framework helps to improve user experience, adding asyncronous calls and more interactive behaviours.
The new graph page implements the following characteristics:
• generation on the fly by the user browser
• low cpu and memory load on the device
• possibility to zoom in and out to see parts of the graphs better
• possibility to add overlays to the graph such as other graphs or
graphical elements
• possibility to see a punctual value by going over it with the
mouse
With those improvements the prototype should be considered a starting point to do some field studies.

3.12 field study

3.12

field study

Evaluation of the work done on the first prototype should actively
involve astronomers and this task is very difficult to achieve. All astronomers have different places where they prefer to go and weather
of the first part of the year made it almost impossible to go out and
stargaze. In addition there are very few astronomers near Trento. To

Figure 15: Field of the astronomers and some telescopes at starparty.
achieve a good number of tests I decided to go to a StarParty event.
These type of events are organized once a year and they are the places
where there are the most astronomers. Fortunatly, in the middle of
May there was one of these events, the biggest one in north Italy.
At these events a very heterogeneous group of astronomers is present, from
the novice to the most expert. On that occasion I went
to Bazena a little place near
Brescia. The place is quite
difficult to reach as is often
the case and this represent a
good case study with difficulties due to the environment.
I went on the 11 of May, the
day with the highest probability of a clear night sky,
and consequently the day in
which there would be the
most astronomers. Also on

Figure 16: Some telescopes present at
starparty.
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that special occasion the weather ruined initial expectations. Normally there are at least 100 astronomers, but the high probability of
rain/snow led to there being only 35-40 astronomers. Despite the
reduced size of the starparty event, it was the best place to conduct
a field study. An important fact was that the same people who invented and are currently managing the sqm-network project were in
charge of the organization of the event. For that reason the majority
of the astronomers there knew the SQM very well.
3.12.1

Field Study Methodology

The time to do the field study was only after dinner before the sky
went dark. The first feedbacks were positive. During the dinner some
astronomers had already been discussing my project and after a few
minutes I presented my project with it’s particularities. After that
short introduction I invited them to try it. After the tries I collected
the users impressions through a short interview.
3.12.2

Analysis

All the astronomers could be considered intermediate or very expert.
The difficulties in reaching the location cut out the youngest people.
The astronomers that tried SQMPI were divided in two groups: visual
astronomers and astrophotographers.
As expected the visual astronomers liked the easy things and they
were not really interested in complicated analysis or export features.
On the other hand the photographers liked the more complex things
like graphs and export capabilities. This fact respected the trend of
the initial interviews. Astrophotographers are very confident with
technology and they use it without any issue. Visual astronomers are
less demanding, “if it works, it is ok”.
3.12.3

Conclusion

All the astronomers were able to connect and power up the device
correctly. Some were scared about polarity disasters, but after a few
explanations they understood that in SQMPI the problem doesn’t exist. All the astronomers liked the fact that the display worked as a
normal manual SQM without the need of intervention to know what
the current value of darkness was. The backlighting regulation was
appreciated, it can be set to a very low luminosity level and it doesn’t
disturb the visual or photographic sessions. The photographers liked
the possibility of connecting to a laptop and seeing the results directly
on their screens, and the possibility to zoom was considered a good
feature. At the time of this testing the device didn’t have an easy way
to shutdown it. There were only 2 ways using the web management
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interface or simply removing the power. As expected the visual astronomers wanted a physical interface to shutdown, this feature was
already planned but at the time wasn’t implemented. Photographers
liked the graphs, but they complained that they were static and they
showed only the current data collected at the moment of generation,
in particular at the moment of the click. As an additional feature they
asked if it were possible to do a kind of live graph, to constantly monitor the trend of the sky.
As opposed to the visual astronomers, the photographers always had
a little notebook and normally they stayed in their tents during the
night, so it is quite reasonable that they want a dynamic graph to
consult. It was requested if SQMPI could directly integrate the sensor inside it, but there is the problem that stray lights coming from
internal leds and lcdscreen can somehow influence the readings. This
feature can be implemented, but it needs a good project, and a custom
industrial level packaging. The simple home user resources are not
enough to implement it, furthermore bringing in the sensor signifies
to have a free hole in the device, to which moisture and bad weather
could do serious damage. A solution that avoids moisture is to make
an optical window on the packaging but that implies complex recalibration processes of the sensor and use of special expensive optical
glass. Furthermore the optical glass needs to have the same response
at all light wavelengths as the eyes. These characteristics are difficult
to achieve and the presence of an additional optical window renders
the measuraments unreliable.
Almost every astronomer detected that mean values and standard
deviations are not so useful if they are done taking all the data into
account. As the biggest request of improvement they claims that only
valuable data should be used in the calculations. In particual valuable
data are those collected during the astronomical darkness period. It is
quite pointless taking into account data taken during the light hours,
those data are not so useful. The astronomical darkness is the condition in which the sun reaches the altitude of 108◦ degrees starting
from the zenith [6]. The zenith identifies the center of the sky, it is
the highest point and its coordinate is 0◦ degree. The motivation to
use the astronomical darkness is simple, the refraction phenomenon
of the atmosphere is scattering sun light also when the sun is set, the
true maximum darkness values are reached when the sun is 18◦ below
the horizon and the refraction no longer affects the sky luminosity. In
addition to the astronomical darkness period, the Moon is also able
to alter the readings.
So they found it essential that the calculation and the graph generation also took into account the moon phases. The Moon has to be
at least at 0◦ on the horizon line to be considered a period of true
astronomical darkness. The astronomers considered that the value
of the sensor temperature displayed on the lcd screen was not of in-
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terest, they considered more important a visualization of darkness
in another unit, for example the value of the visual limit magnitude (NELM) as detected from the first interviews. Almost every
astronomer said that the data must be somehow be socialy shared,
there is the need of a website to upload and discover good places
without the need to do a personal measurement.
3.13

summary

• Hardware is working correctly
• Every one was able to use it
• Need to add a physical way to shutdown
• Improve graph generation adding live graphs
• Improve graphs and calculation taking into account astronomical darkness and moon phases
• A public website where to put all the data and make it available
to all the users
In general the hardware project can be considered done with exception of the shutdown issue. Internal interface and graph generation
must be improved. The new requirements imply the creation of a
web application where it is possible to share and upload all the data
collected by the users.

4

PROTOTYPE 2
4.1

requirements summary

Analysis of the field study in chapter 3 highlighted some missing features in the first prototype. In general it worked and is was doing
it’s basic task. After several tries the users wanted some more advanced characteristics. Visual observers needed a tangible interface
to shutdown the machine, this requirement was due to the fact that
observers do not use any sort of pc or technology during the night. In
these conditions, without a pc, they can not shutdown the machine,
since the only method is to access it through the web management
interface. This specific requirement is somehow due to the fact that
prototype one at the time of the field study was not 100% finished.
The presence of a physical shutdown button was planned because
that problem was discovered at the first interview.
From the astrophotographers and from those who desire to use
the SQMPI also in a fixed or semi-fixed position there was the requirement of a new type of graph, a live graph. This type of graph
is automatically updated every time there is a new reading available,
this graph doesn’t need to show the complete set of measurements. It
has to show only the last few hours, but in detail. This narrower view
helps to achieve a better readability of the values. Live graph has to
easily show the values, a graph that contains too many values can be
difficult to analyze and the values will be too close to each other. In a
more general view the static graph also needs some improvement to
its characteristics. Almost all astronomers were interested in the data
that have more meaning. In particular the data collected during the
astronomical darkness period and without the moon.
The most demanding requirement was the creation of a public web
repository to store the data online. With this system there is the
possibility of consulting graphs and data of each SQMPI user that
has uploaded it online.
4.2

choices and implementations

To solve the shutdown issue I chose to add a momentary switch to
the SQMPI box, this switch is connected with the GPIO port and all
the other electronic parts. The switch doesn’t work “out of the box”
but it needs to be managed with a little software that is able to detect
when it is pressed. To avoid unwanted shutdown I reputed reasonable that the button needs to be kept pressed at least for 5 seconds, the
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environment in which the SQMPI is used is really dark so a scenario
in which the user presses the button by mistake is possible. The implementation is simple and during indoor testing it worked without
difficulties. The implementation of the new type of graph is a software modification that needs to be made in the management page of
the device. The only practicable way to implement this type of graph
is using javascript; the computing power to do it in other ways is not
sufficient.
I decided to maintain the same look and feel of the chart generated
before, which was apreciated in the field study. On the X axis the
time is represented and on the Y the sky luminosity value. The big
difference is that this chart makes asynchronous calls using ajax technology and every time that a reading is collected it adds a new point
on the graph. As briefly explained before, this type of graph was
requested mainly to monitor the actual state of the sky , in particular
its purpose is to evaluate the latest changes in sky luminosity. To
better achieve this task a whole chart with all the readings is not the
best solution. With all the data the graph barely gives an idea of the
trend and for that reason the implementation shows only the last 90
minutes of data. This is a reasonably precise graphical representation
which even distinguishes very small variations.
The management page needs to be updated adding this new feature
(see figure 17). I tried to keep the user interface as simple as possible
without adding unrequested features, thereby, minimizing the number of clicks that are required to do an operation. The next request of

Figure 17: The new management page and the live graph.
implementation is to add some improvements on all the charts, which
should keep account of astronomical darkness and moon presence to
correctly calculate and represent the data that are valuable to the astronomers. The astronomical darkness calculation is not an easy task
to achieve, there are multiple factors that influence that calculation.
The position of the sun is strictly linked with the time and date, but
this information is simple to discover since SQMPI includes a true
hardware RealTimeClock.
The second factor is the position of the measurement. To have a
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correct estimation of the sun times it is necessary to know the latitude and longitude of the observation site. Latitude and longitude
are currently not available on the SQMPI, it doesn’t integrate a GPS
unit. For that reason in the management page the current location
of observation should be inserted. The current design of the main
management page needs to be extended. I chose to add a horizontal
black bar like the top one with a link that brings the user to the configuration page. To have a really precise calculation these parameters
are not sufficient, but they can achieve a precision of 5-8 minutes. In
the new added “option section” I also added the altitude parameter
which is optional. Altitude permit compensation of the astronomical darkness due to the fact that from a high place the horizon line
can be under the normal 0 degree limitation. In practice a high altitude place achieves the condition of astronomical darkness later than
a 0◦ altitude place. For high altitude places there is a need to extend
the concept of 18◦ under the horizon definition. This last parameter
is fully optional and the calculation works even without value, but
if specified it is possible to reach a precision of 1-2minutes. With the
astronomical darkness calculated the charts can be updated. To better
visualize the astronomical darkness I chose to use one overlay. The
beginning and end of astromical darkness period are marked with a
red vertical line above the graph, and to be more clearer I wrote on
those lines date, time and “begin/end” to understand the period correctly. To avoid possible misunderstandings due to this addition, the
red lines are displayed only if the data is influenced by the astronomical darkness. A similar request of improvement regards the moon
phase, also in this case the calculation is complex. As the sun case
the moon is dependent on date, time, latitude and longitude. Since
all these data are already present in the new designed interface, it is
possible to add this calculation without any further user input. For
the graphical representation I chose to adopt the same look and feel
of the astronomical darkness, this time green vertical lines were used
to represent the moonrise and the moonset times.
These calculation improvements were not only for the chart visualization but also to calculate the mean and standard deviations more precisely. In fact with these information I can compute the true darkest
part of the night. The data collected in that period is really a representation of the best sky quality achievable. In astronomical darkness
time there is no influence coming from the sun. If the moon rise or
moonset times enter into the astronomical darkness period, the part
to take into account is the one in which the moon has already set or
the one in which the moon has not yet risen.

4.3

website choices and implementation

Requirements:
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• Login management: as in almost all websites the site is usable
as a guest user or as a registered user. Registered users can add
their data and their comments.
• Account management: the management of the user personal
data such as email, password and address. The account management permits the user to update his data or configure his
account to receive email notifications.
• Display data: the core functionality of the website is to make
the data visible to all the users. All the users registered or not
can see the data available.
• Creation of charts: as the SQMPI implementation the website
must include the functionality of generation of charts. Here too
there is the need to take into account moon and sun position.
• Comment platform: as stimulant for the creation of an active
community the possibility to comment a measurement is a good
incentive to keep the user interested
• Geo-referencing the data : when the user is uploading he must
georeference his data to identify precisely the place where the
data were taken
• Display data on a map: to easily spot the data it is advisable to
display data on a big map, rather than to show a mere list of
latitude and longitude values
• Upload user data into system: this is a strict requirement that
permits only the registered user to add data to the public database,
for security reasons there must be an anti-fakery system to prevent the upload of corrupted or false data.
One important and fundamental aspect is the domain name. If the
domain name is too long or too complicated it is difficult for users to
visit the website. Since the device is called SQMPI I thought that a
good domain name can be SQMPI.tk it’s very short, only 7 characters
and every user that has a SQMPI device and would not forget this
name. The .tk domain is chosen only for economical questions, .tk
domains are free. The website is implemented using php, mysql and
javascript as the management interface of the physical SQMPI device.
To have a more coherent look and feel, I chose to maintain as much
as possible the style used in the management page, so that the user
would not need a big effort to switch between SQMPI and website
implementation. The most important part of the website is the map
visualization. Only if the map is clear can the user understand if there
are interesting data. The choice to represent the data was to use the
google maps api services. The reason is economical and because the
google maps are a standard de facto in the generation of custom maps
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on the web. Google maps api permits a good level of customization
of the maps, such as the possibility to add overlays and interactive
parts to it. The google maps api offers also the possibility to have a
service of georeferentiation which means that it is possible to obtain
the address of a place with only the gps coordinates and vice-versa.
This specific feature permits a one click georeferentiation of the data.
When the user is uploading the data a simple click on the right target
place on the map provides all the needed parameters for the further
calculations.
One problem on the upload of user data is the possibility that an
unskilled user or a malicious user can insert corrupted data. The
result will be an unstable website where reliable data is mixed with
valueless ones, as a consequence the reliability of the site will drop
to zero quickly. The possible security issues can be divided in the
following categories:

• Upload of data that where intentionally modified (showing data
that are not reliable)
• Upload of data that was already present, creating unnecessary
duplicates
• Upload of data that are coming from unreliable sources(other
users, other measurement tools)
To solve this major security problem I implemented a new typology
of file export in the SQMPI management interface.
This new type of file exportation mode, creates a file that embeds a
special alphanumeric code. This code is the result of a hash function,
which identifies uniquely the measurement data taking into account
username, quantity of data exported and time of acquisition. With
this file it is easy to check every upload that is done on website. If a
user manually edits the file, at the moment of upload the server has
the ability to spot out the fakery of data and reject the upload request.
If the file comes from another type of device the file cannot include
the special authentication code, only the server of sqmpi.tk and the
SQMPI device are able to generate those special codes, so if the files
come from an untrustworthy source, they will be rejected.
Since the user must be logged in to upload the data, there is the
chance to check if the upload user is the same as the one that generated the data. To achieve this goal a new option is added to the
SQMPI option interface, where the user can insert his registered username.
Another thing that could go wrong is the forgetful user, it can happen
that a user doesn’t remember if he had already uploaded data, this
can lead to a sitemap where the data are doubled and also misplaced,
the current implementation of the upload on server takes care of that
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problem and tags every upload data with an unique code. If the user
tries to upload an already present data, this is immediately discovered and the data is discarded. The system also works if the file is
somehow renamed or changed in any way.
With these checks fakery is
virtually impossible, only if the
hash function fails could there
be the possibility of an upload
of wrong data, but such failure
Figure 18: The final aspect of the
is practically impossible withlogo.
out knowing the exact algorithm
that
calculates
hash
values.
As every website the visual part is very important, the disposition
of the blocks and look and feel are core requirements to achieving
good visibility and a good number of users. One of the key points
of every site is the logo (figure 18) that univocally identifies it. It
has to be pleasant and significative, representing and summarizing
the spirit of the whole website. To design a good logo was designed
after multiple tries. The key factor of the site is the availability of the
charts. To achieve a good looking logo I considered all these factors.
The main aspect of the logo is the Q that is replaced with a tiny
representation of a area chart like the one that is used to display the
measurements data. In addition the Q is utilized also as pointer for
the map location. The small triangle is replaced with another one
in perpendicular position. This slight modification keeps the design
similar and clearly identifies where the data where taken (figure 19).
The charts displayed on the website are of the
same type of the SQMPI management page, I’ve
used an area chart to display the trend of the measurements, this graph can be zoomed in and out,
and show also the punctual data if we go over it
with the mouse.
I assumed that the kind of services needed for the
website are the same as the ones required by the
SQMPI implementation, in fact the data are the
same and the users as well. All the reasonings apFigure 19: Map
pointer. plied to the chart generation fit the website implementation. Charts include astronomical darkness
calculation and moon phase. Since the gps coordinates can be everywhere the website deals with the problem of local times. To have a
correct calculation of times of sunrise, sunset, moonrise and moonset
time compensation is necessary. The time compensation keeps the
data comparable across all the countries. With time compensation
the interpretations to the graph are easier and they respect the normal way of thinking. The user doesn’t need to think about where the
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data have been collected. If the user has correctly georeferentiate it,
all the data will be coherent.
To make the process of georeferentiation easier I made it possible
to upload the data on already defined points. For example, if there
are already some data in the same place, a marker is displayed and
simply by clicking on it, the data will be tagged with the same coordinates. This approach makes it easy to achieve a data aggregation.
In particular if the data is tagged with the same position there will
be more comparisons. The precision of the point where the measurements are done is not a crucial point, a fairly good accuracy is about
a circle of roughly 200m.
4.4

first design iteration

As with previously designed websites, I tried to realize the whole
application exploiting the powerful features offered by the drupal 7
CMS system. Drupal offers a very good customization possibility and
all the security issues that can be generated by user inputs are very
well treated. The main idea is to utilize it as a starting point, the
drupal core offers a safe login and user management, and a very well
structured customization of the graphical layouts. Furthermore the
views module allows to design very complex queries that can generate any sort of contents. I began developing a starting page, the
page in which the global maps need to be displayed. At the first try
the maps didn’t show up, and a deeper investigation showed that
the javascript core libraries of drupal 7 were completely incompatible
with the google maps api. The only available solution was the use
of iframes. With this approach the map is correctly displayed. The
use of iframes makes the website not usable. Iframes are considered
deprecated stuff and can cause several problems for site navigations.
Since one of the core requirements that have been specified is usability, I had to change the way to implement this website.
4.5

second design iteration

As the drupal approach was not working properly, the only solution
to fulfill the user requirements was to implement from stretch the
whole website. All the pages will be realized using php, mysql and
javascript technologies. As stated before i tried to keep the look and
feel of the website consistent with the integrated management pages
inside the device. Keypoints:
• Simple to use
• Mimimize the number of clicks required for every operation
• Have a nice management of the errors
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• Map integrations
All those keypoints have contribuited to the final realization of the
user interface. At this stage of development, and after some tries, the

Figure 20: A mockup of the most important pages of the website, the
home page and the chart page.
website was stable to be tested directly by the users. All the possible
errors are caused by user actions, to make those errors visible, they
are displayed on the page dynamically, without changing or refreshing the page. Errors are written in a specially designed bar under the
black menu navigation. Errors are displayed in a red bar and correct
operation feedbacks in a green one. A useful feature is the reverse
geolocation. Any user that need to explore data or upload it, can
type directly an address and that it will be automatically translated
in latitude and longitude numbers. This special search is really useful
and speeds up the operation of geotagging, so that the neighborhood
of the right place can be reached in a matter of few seconds. A first
implementation of the interactive map uses circles as position markers, which were too complicated to place with precision. The solution
to that problem was to customize the map marker with one that has
a clear indicator of where it is pointing. Furthermore the use of the
website logo as marker makes the whole aspect of the website more
coherent.
4.6

usability evaluation

4.6.1 Methodology
SQMPI project has expanded to be a system based on two distinct
components, the hardware that takes care of collecting data correctly
and the software. The software part is furthermore subdivided in
two. The management software which is implemented inside SQMPI
device, and the public website. Since there are now two distinct software components, users must use and evaluate both parts and in particular the website that was not available during the previous phases
of testing.

4.6 usability evaluation

With this need to test both the components the usability evaluation
was done in the following operational mode. An hardware setup test
and a test of the chart and advanced capabilities of the SQMPI hardware. The test involved five astronomers living in the surroundings
of Trento. These people were almost all novice astronomers with few
years of experience. They didn’t have much experience in the astronomy world, 3 of them were from the first interview group and they
rated himself as not expert computer users. These 5 people were the
best available candidates for this type of test. The hardware evaluation phase was done giving them the instrument with all of it’s
components unmounted. The user had to connect all the cables in
the correct way and position the sensor correctly pointing the sky. To
collect the user impression I used the SmartCampus LifeLog app as
an experience booster. The user is quickly introduced to the use of
the smartphone at the moment of consigning the hardware.
When the user had some difficulties during the phases of setup he
was asked to use the LifeLog app to document his impressions. The
setup operation theoretically is not difficult for the user, and in the
field study all the astronomers were able to achieve that goal. When
the hardware was correctly working they could see the current value
on the lcd. Once that milestone was achieved, they were asked to
test the management pages of the device. In the hardware kit that
they had received there was also a small notebook which they could
connect it to the SQMPI to do this type of testing. This specific case
of testing was needed to evaluate the new improved chart capabilities, the astronomical darkness and moon calculations, with corrected
means and standard deviation. When the user had collected a reasonable amount of data he could shutdown the SQMPI. The testing
focus was on the website built for sharing of the data and to do this
correctly they had to connect the SQMPI to the notebook and export
the data previously collected. This phase didn’t require mounting all
the parts again, it was sufficient to power the SQMPI and connect the
data cable between the user’s pc and SQMPI.
To access the web interface they had to use a webbrowser and type
the ip address showed on the small lcd screen. The data collected had
to be saved in the proper format to be uploaded on the website. In
this specific case the right format was the website format that enabled
loading all the data of one night of measurements. This special file
format include all the data is exported, not only the value of darkness but also the sensor internal status, like temperature, frequencies
of sampling and duration of the measurement.
All the remaining testing is about the registration, consultation and
upload of the data. All these operations can be done accessing the
www.sqmpi.tk website. They had to register on the site, go to the
upload page and tag their new collected data with the right location.
No other specific task was required, they were simple asked in gen-
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eral to explore the remaining parts of the website. Also in this case
the problems or good impressions were caught using the LifeLog application.
The final phase is the final interview were I asked the astronomers
to describe their impressions to me. This was facilitated by the use of
the experience booster app that permitted remembering more details
about all the testing phases.
They was asked to respond to 3 simple questions:

• How did your measurements night go ?
• You are happy because ...
• You are unhappy because ...
4.6.2

Results

The first result from the usability testing is that all the 5 users were
able to assemble the whole equipment correctly. The last version of
the hardware had added labels to each port available, thus simplifing
and clarifing how the sensor and the power supply needs to be connected.
The result confirms the outcomes of the Field Study. As expected the
users who used the device under a true dark sky apprecieated the
small lcd screen and its knob. The possibility of light regulation is
non linear, it achieves maximum accuracy when it is used at the lowest levels of light intensity. This fact compensates very well the fact
that the backlight is not red as the ‘holy bible of the astronomers” dictates, and the users that required the red backlight were also satisfied
with it. The small knob can adjust the visibility of the screen so low
that it can be seen with difficulty also in the darkness.
Contrary to what the users expected, the NELM value displayed on
lcd was not considered particularly useful. The NELM scale has values too similar and evaluating a dark sky with this type of unit is difficult in comparison with sqm normal scale. Some users had mounted
the hardware in reverse order, attaching first the main power supply
and then all the others cables that go to sensor. Sensor management
thanks to the delayed switch on, solved this problem and SQMPI
worked in all the cases.
Users claim that the feature they didn’t like about the SQMPI was
the fact that the packaging was not compact enough, in particular
SQMPI dimension was considered reasonable but it would be better
if the batteries were integrated directly into the same packaging. All
5 users were able to register on the sqmpi.tk website. They found it
easy to explore the map and access the graphs. The computer test on
the field for evaluation of the advanced features was performed by
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Figure 21: A photo taken with LifeLog application, it shows the
whole SQMPI system connected to a laptop showing the
live graph. SQMPI shows the description labels on each
port.
all users. Only one user had some difficulties accessing the management page. After some tries he figured out, that the mistake was in
the bad connection. The ethernet plug was not completely inserted
and the management page was not reachable. This specific problem
was due to the fact that the ethernet cable present in the kit had a
small security tab that made plugging in the cable more difficult. A
normal ethernet cable does not have this tab and the plug-in action is
easy.
The management interface of SQMPI was positively evaluated, there
are few options and all the main functions are easily accessible. All
the users appreciated the asyncronous update of graph and the last
value read. The export data feature showed no problems, but the
users interviewed were not interested in the spreadsheet analysis.
They checked that the exported files were correctly opened by spreadsheet applications like excel or openoffice calc. The export data feature wasn’t considered crucial by the 5 users. They were not interested in more advanced analysis, but all were able to bring out the
data from the SQMPi. All 5 testing users were able to export the
data into the ”website format” and upload the data collected into the
public website sqmpi.tk. They appreciated the way of tagging the
measurements locations and the rapid location search. They claimed
that the fast location search was misplaced into the upload section of
the website. They preferred the rapid search to be positioned under
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the map, in this way there would be a clear separation between the
”upload data form” section and the rapid search section.
4.6.3

Usability evaluation difficulties

The usability evaluation had to be ideally done on clear nights. This
aspect due to the adversity of the weather conditions could not be
achieved by all the five users. There is only a week of time every
month where the moon is not present in the night sky, personal commitments and work limits further restricted the possibility of doing
valuable data testing. Furthermore one single testing session needs at
least 2 days of time: one to collect the data and one to do the website
testing. Two days is the minimum amount of time because testing the
hardware to collect some data takes hours of time. For that reason
this usability testing was conducted when the users had their free
time, without any restriction of the sky conditions. This implied that
the some data that was collected and uploaded was of no value for
an astronomers evaluation of the night sky. In contraposition these
test conditions from the point of view of usability and evaluation of
the system had no influence at all, the data was not valuable for astronomers but was valuable for the task of usability testing.
4.6.4

New requirements

I extracted some further requirements. In general the SQMPI is appreciated and considered a complete product. The requirements that
emerged were some slight modifications, there were no more new features required by the users. We can summarize the new requirements
into two groups: hardware and software.
• Hardware. The functionalities offered by the second prototype
hardware fulfill the user requirements. The requests for improvments were about the physical aspect of the SQMPI packaging.
Users wanted the SQMPI to integrate the batteries into the packaging, this specific request was already known, but had not
been done due to technical factors. Only if all the electronic
boards are re-engineered and produced with industrial standards will it be possible to achieve the goals of compactness
and internal batteries. As explained previously, all the boards
were realized at home with easy and traditional technology that
do not permit to achieve miniaturization of electronics.
• Software. Software requirements are very few. Users wanted
to replace the NELM value on display with another value, but
from last interview there was not a clear idea of what to display. Some preferred to display date and time, some preferred
to display the highest value of the day. In general there was no
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a common idea of what to display, even if the NELM value was
a user request. The second requirements regarded the upload
section of the sqmpi.tk website. As explained before the rapid
search form confuses the users. One simple solution is to put
the rapid search at the bottom of the map, in that way the two
forms are clearly separated, an other approach would be to add
the rapid search into the map with a new overlay.

53

5

CONCLUSIONS AND FUTURE WORK
This thesis has addressed the design of a new device called SQMPI.
This device is an electronic gadget based on a linux distribuition.
SQMPI has the main goal of rendering the light pollution monitoring processes easier. SQMPI in contraposition of other products is a
complete one, which is easy to use and also capable of doing complex analysis. The whole process of development is user centric, and
at each development stage there is a phase of prototype evaluation
and collection of new requirements. The last usability analysis shows
that the prototype developed matches the user requirements and expectations.
User studies show that SQMPI is a necessity for advanced astronomers,
a new type of device that helps to achieve automated analysis and collection of data. User requirements show that the most critical aspect
to consider is the environment; weather conditions and physical constraints are critical factor that need to be taken into account. In the
field study was the first public user testing of SQMPI involving 30
astronomers. The outcomes were in general positive, SQMPI fulfill
their basic needs, only few requirements were added. In particular
interviews highlighted that the SQMPI device must be implemented
in conjunction of a public website. Astronomers at different levels of
experience showed different needs, the fundamental are:
• portable device SQMPI dimensions has to be small.
• energy efficiency SQMPI has to be able to log at least one entire
night when powered with batteries.
• web repository a public website to upload and consult data.
• visualists needs a simple interface 100% automatized a display
to see the actual sky darkness without the need of intervention.
• photographers needs an advanced data analysis, chart visualizations, statistics and calculations of astronomical darkness
and moon phase.
The SQMPI implementation on a portable linux based server was a
flexible platform to fulfill the requirements of novice and expert astronomers.
Environmental factors were fundamental, SQMPI was built to resist
in adverse weather conditions. The final usability study confirms that
the prototype is easy to use. In fact all the astronomers, who had not
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seen the SQMPI before, were able to start it and use it correctly. Furthermore the operation to have the SQMPI operational revealed to
be fast, in most cases less than 5 minutes. This time can be further
lowered with some experience, considering that all the users were at
their first attempt.
Users showed interest in alternative uses, like, monitoring light emitted by cities and luminosity changes in wild places. Social interaction
emerges directly from the users during the field study. They claimed
that there is the need of a website repository where users can interact, seeing other users measurements and commenting the graphs
available.
The whole collection of outcomes is an ecouraging evaluation that
confirms that SQMPI is an appreciated device. Furthermore the ideas
that emerged from interviews and tests show that the SQMPI project
can be further developed. Possible future improvements can be the
following:

• Re-engineering process to develop a single electronic board that
includes all the hardware. A rough try of eingineering using
industrial standards shows that the whole electronics can be
the size of a credit card.
• Case refinement with internal sensor. A new case for the sensor that permits accommodating a SQM-LE unit. A clever design of the case can avoid the influence of internal lights on the
sensor. Furthermore with a specially designed case it would
possible to integrate batteries. With this improvment the whole
system would not need a cable during measurements. There
will be only a ethernet port to export data and a power supply
to recharge the battery.
• SQMPI management software can implement an advanced lcd
screen option. With these options the users can choose what
to show on display. This specific improvment solves the big
uncertainty which emerged that every astronomer has different
ideas.
• SQMPI can integrate a GPS module. A gps could simplify the
upload of data, all the information needed would be already
present in the files exported. Furthermore option for astronomical darkness into management page can be removed.
• Implementation on website of a system of ranking. Every user
has a personal ranking based on the number of measurements
and their quality. This simple system could help to motivate
the user to do more measurements, creating a sort of challenge
between users.

conclusions and future work

A last positive evaluation comes from sqm-network developers.
They showed interest into the graph generation, and live graph capabilities. It is possible that some parts of the work done on SQMPI
could be included and integrated in the sqm-network system.
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