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Figure 25: Long bus detected as two buses

The other 6 false positives where smaller trucks that were counted as cars, for an
example see figure 26 and 27. In the first picture a white truck that is correctly
labeled as a white truck can be seen. In the next picture however a black truck of
similar model is labeled as a car and not as a truck.
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Figure 26: Correctly counts white truck as truck

In the picture above the white truck is correctly labeled as a truck. However, as
can be seen in the above left part of the picture the the truck was initially labeled
as a car to then be relabeled as a truck when it had gotten closer to the camera.
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Figure 27: Black truck counted as car

Below is a table summarizing the accuracy of Axis Object Analytics. The first row
shows the manual counts of the vehicles in the videos. The second row from the
top shows the the number of True Positive (TP) counts by Axis Object Analytics.
The third fourth and fifth row are False Positives (FP), False Negatives (FN) and
Miss-Categorizations (MC) respectively.

Car Truck Bus Bike Total
Manual 717 61 9 17 804
TP 713 52 9 13 787
FP 6 0 1 0 7
FN 4 9 0 4 17
MC 6 0 0 0 6

The main difficulty of the algorithm seemed to be the classification of vehicles rather
than the detection. The difference between cars and trucks was not always clear
and the algorithm sometimes struggled to differentiate between small trucks and
big cars. For estimating the precision of the algorithm the total number of accurate
counts, True Positives (TP) were taken and divided by the total number of True
Positives together with the total number of False Positive counts.

Precision =
TP

TP + FP
=

787

794
= 0.9912
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Where TP is the count of True positive values, FP is the count of False Positive
values. The difference of 7 between the numerator and denominator represents the
false positive count of the bus that was counted as two and the 6 trucks that was
detected as cars. The overall precision of the vehicle detection algorithm came
out at about 99.12%. For calculating the recall also known as sensitivity of the
algorithm the True Positive value was divided by the True Positive together with
the False Negative.

Recall =
TP

TP + FN
=

787

804
= 0.9789

Due to the fact that the dataset was heavily imbalanced in favor of cars, calculating
the accuracy directly would give a heavily skewed result. Therefore the F1 score,
which is the harmonic mean between precision and recall was chosen as a measure
of the efficiency of Axis Object Analytics on the whole dataset. For calculating the
F1-score the the product of the precision and the recall is divided by the sum of the
precision and the recall, the resulting quotient is then multiplied by 2.

F1 = 2× Precision×Recall

Precision+Recall
= 2× 0.9702

1.9700
= 0.9850

The results of the overall performance of Axis Object Analytics on the whole dataset
was measured by the F1-score, however the accuracy of Axis Object Analytics was
also calculated for each class individually. Below can be seen the accuracy of all the
classes individually, cars, trucks, buses and bikes/bicycles.

Accuracycar =
TPcar

TPcar + FPcar + FNcar
=

713

723
= 0.9862

Accuracytruck =
TPtruck

TPtruck + FPtruck + FNtruck
=

52

61
= 0.8525

Accuracybus =
TPbus

TPbus + FPbus + FNbus
=

9

10
= 0.9

Accuracybike =
TPbike

TPbike + FPbike + FNbike
=

13

17
= 0.7647

The accuracy of Axis Object Analytics was lower for trucks than it was for cars,
mainly due to smaller trucks being erroneously classified as cars. The sample size
for busses was very small. To get an accurate picture of how well the algorithm
is able to detect buses a larger sample size would be needed. The sample size for
bicycles and motorcycles was also very small. A larger sample size would be needed
to get an accurate estimation of how well Axis object analytics is able to detect
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bicycles and motorcycles. However, the accuracy of detecting bikes and bicycles
does seem to be lower than for other types of vehicles.

According to the F1-score the performance of Axis Object Analytics was very high,
and only in rare cases would a vehicle fail to be detected. Some uncertainty existed
as to how vehicles were supposed to be classified when the size of the vehicle was
somewhere between a car and a truck. Where to draw the line between what is
considered a truck and a car is however a matter of definition and the difference
between the two was not always clear even for the testers counting manually. The
definition of a truck according to the Cambridge English Dictionary a truck is ”a
large road vehicle that is used for transporting large amounts of goods” [13]. The
limit of what is considered large is however not defined and what is considered a
truck therefore becomes a matter of interpretation. The 6 false detections of a cars
in place of a trucks was counted as a False Positive due to the fact that similar
vehicles hade been counted as trucks before it or that the detection algorithm had
trouble deciding whether to classify it as a truck or a car but would eventually settle
for truck as the vehicle got closer to the camera. In cases where trucks would appear
very far from the camera they would sometimes first be classified as a car to then
later be classified as a truck when they got closer to the camera. If the detection
line was then placed in the scene very far from the camera small trucks would then
often be counted as cars before being identified as trucks. There also seemed to be
some variation in detection depending on what color the different vehicles had. In
one sequence of a video a gray truck with a colorful design pattern on the back side
was failed to be detected even though it was clearly visible, this scenario can be
seen in figure 28.

Figure 28: Missed truck

The accuracy was by far the highest for cars. Missed counts were usually due to
occlusion, portrayed with an example in figure 29.
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Figure 29: Car hidden behind other car

4.3 Preserving privacy and security by design

The installations are not configured nor programmed to collect, store, or send any
information besides the desired vehicles counts for selected directions: The cameras
in the system process the live video feed to count vehicles and discard the video
frames immediately. Operating system access would be needed to change this in
any way.

Additionally, remote access is effectively impossible due to the use of LoRa for
communication unless explicitly implemented. Implementing such remote access
would also require operating system access. As a result, a person cannot connect to
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or make any kind of modifications to the installations without physically interacting
with them.

For internet-enabled devices, there are several methods for limiting remote access.
Firewalls, secure passwords, certificates, and IP whitelisting are some techniques
used which help ensure that unauthorized actors cannot freely interact with the
system. Still, even with all of these employed, a device could still end up being
abused by a malicious actor, for example if the actor in question is an authorized
engineer working with said device. As such, by avoiding connecting the devices to
the internet altogether, we completely and wholly prevent any malicious modifica-
tions to the devices post-installation.

4.4 Planned improvements

After finishing work on the proof-of-concept, we began looking into how we could
improve the design. The long-term goal of the project was to create a battery-
powered device which could operate on some sort of renewable energy, for example
solar cells, as this would allow the unit to be installed off-grid. Naturally, bringing
down the power draw to something that can run on a limited supply became one
of the main priorities. General goals also included:

• Making the design more compact.

• Increasing ease of installation and maintenance.

• Reducing production- and running costs.

4.5 Replacing the FR201 and the iU880B

The improved unit would preferably be cheaper and more compact than the old
one, and should be able to withstand the same temperatures. The OnLogic FR201
had an operating temperature of -20 to 60 °C [16] and the LoRaWAN USB dongle
iU880B had an operating temperature of -40 - 85 °C [24]. The minimum operating
temperature of the device was therefore -20 °C. The OnLogic FR201 had a Rasp-
berry Pi Compute Module 4 (CM4) with a Broadcom BCM2711 Cortex-A72 (ARM
v8) processor with 4 1.5 GHz cores. This was for our project quite excessive since
the main task of the component was simple data manipulation. The FR201 was
therefore the first component we looked into replacing.

After some research we settled on using a WisBlock RAK11310 with a Raspberry
Pi RP2040 Core Module and a SX 1262 LoRa transceiver. These components had
an operating temperature of -20 - 70 °C and a cheaper processor better suited
for the application. The Raspberry Pi RP2040 had a Dual ARM Cortex-M0+
operating at 133 MHz [43]. Not only was the board cheaper but it also removed
the need for a separate USB dongle to get LoRaWAN connectivity since both the
processor and the LoRaWAN module was on the same board. For powering the
device a RAK13800 Ethernet module and a RAK19018 PoE module was added to
the device. This allowed the processing unit to be powered by PoE just like the
camera. This further reduced the complexity of the device. These components were
placed on a RAK 19007 base board designed specifically for placement of various
WisBlock components.
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4.6 Rewriting software

We rewrote the application flow from scratch, rewriting code where it was worth
doing so. We did so because the flow and code we were provided from the very
beginning was rather confusing in multiple areas and structured in a way which
made it difficult to modify. The aim was to add functionality and make the code
more universal, with the goal of running the same code on every unit with a simple
list of settings instead of modifying the code directly for every new installation like
we had done prior.

The core change we made was to define the locally saved counters in an array
rather than as individual objects, allowing a dynamic set of counters. With this,
the application could automatically decide payload size as well as handle counter
resets simply using the array’s length. Furthermore, this was important if we ever
wanted to make it possible to modify the counters remotely; though for the time
being, the reasoning was that it resulted in much less code, and changing the number
of counters no longer required coding, which would make it much easier for those
who do not have programming knowledge or even were simply not that familiar
with the system.

Additional changes were made:

• Counter-related code such as updates, publishing, and resets were adapted to
use an array.

• A regex function was used to extract only the numbers from scenario names
when receiving messages from the camera, allowing scenario names to directly
refer to the corresponding array index.

• Inputs- and outputs related to LoRa messages were re-structured to allow
for the simultaneous use of multiple LoRa dongles, regardless of brand. This
allowed us to directly compare the performance of different dongles on the
same unit.

• Functions were added to allow the application to individually reboot the cam-
era, the RPi, and the dongles themselves using remote commands.

• A bit was added to the standard message to indicate whether the last received
remote command was valid or not.
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5 Evaluating power draw at different temperatures
using climate chambers

The idea of evaluating the power draw of the unit became relevant as we began
discussing how we could improve it. Off-grid installations naturally have limited
power compared to installations in the city, meaning a sufficiently low power draw
was crucial for the unit to stay powered without interruptions. Furthermore, we
realized that of the environmental factors we were familiar with, temperature would
likely have the largest effect on power draw, as processors are known to perform
worse in very high heat due to thermal throttling: As such, we hypothesized that
large differences in ambient temperature could potentially affect the power draw of
the unit.

5.1 Measuring power draw

To continuously monitor the power draw, we acquired a DC wattmeter and con-
nected it between the AC/DC adapter and the input power on the unit. This
allowed us to observe any changes in power draw when switching out or disabling
parts, and when configuring software. Additionally, by placing the wattmeter in
front of the camera and setting the camera to record, we were also able to do longer
measurements over the span of many hours; the readings were collected by for-
warding through the video and noting by hand the power draw displayed on the
wattmeter. Noting the power draw once every minute was deemed sufficient.

Exploring the camera’s web panel, we learned that the camera has the function to
monitor its own power draw. It was possible to retrieve a CSV (comma-separated
values) file of the average power draw covering a time span that can be set to 30
minutes, 1 hour, 24 hours, 1 week, and 1 month. A limitation was that the interval
of the averages varied depending on the time span selected: We could only retrieve
values for every 15 minutes when selecting a time span of 24 hours. This led to
difficulties when comparing the two sets of data, as the set from the camera had
major gaps compared to the set from the wattmeter. In particular, it was not clear
how to synchronize the timestamps for each set.

5.2 Camera temperature, built-in heater, and climate labs

Looking for ways to acquire reliable temperature readings, we found that the in-
cluded software library in the camera had commands which returned temperature
readings for the CPU, main board, optics, image sensor, and infrared sensor. We
used NodeRED to send these commands, parsing and saving the returned values in
a CSV file.

The command also returned the on/off status for something called heater, which
prompted us to hypothesize that the camera has a built-in heater to prevents dam-
age to the optics at freezing temperatures. We wanted to know whether this is true
or not, and what effect it would have on power draw. At the time we were not
able to find any documentation which explained how the heater works, so we began
looking into how to simulate freezing temperatures. The goal was to compare power
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draw at room temperature to power draw at the lowest ambient temperature the
camera was rated to operate at, which was -40°C.

First we did a test at room temperature at our workplace, so that we would have
something to compare against when doing the other tests. This would allow us to
immediately tell whether power draw did in fact change and ease troubleshooting
when we do any other tests.

For the remaining tests, we ended up going to the climate- and aerosol lab at IKDC
(Ingvar Kamprad Designcentrum, part of Lund’s Faculty of Engineering). At the lab
there were two climate chambers: One for cooling and one for warming. Combined,
they could reach temperatures from -25 to 50 °C. At this lab we conducted 2 tests
in the cold chamber, and 2 tests in the warm chamber. For each test, the unit was
left inside the chamber as we increased or decreased the chamber temperature in
steps, depending on which temperatures we wanted to test at. By testing an entire
range of temperatures in one go, we were able to create continuous graphs over both
the temperatures and the power draw combined.

Additionally, during the 2nd test in the warm chamber we used a sun lamp capable
of outputting around 1000 watts per square meter at a distance of 2.5 meters,
which roughly corresponds to the intensity of sunlight on a cloud-free summer day
in Sweden [46].

To ensure that we get reliable readings, we regularly checked the camera tempera-
ture to see whether it had stabilized before changing the chamber temperature. For
the first tests in each chamber, we waited less than 5 minutes after observing that
the camera temperature had stabilized. For the second tests, we waited between 10
to 20 minutes each time.

5.3 Units used and how to read the results

Altogether, we ended up using 2 slightly different units for the tests, as some of them
were done simultaneously and we did not have a second identical set of components
to work with. The 2 units were:

• Unit A: WisBlock-based device for communication, and a P3265-LVE camera
for data collection. The E in LVE stands for Exterior and signifies that the
camera can operate at temperatures down to -40°C.

• Unit B: A combination of a Rock Pi S and a LA66 adapter for communication,
and a P3265-LV camera for data collection. Note that a different camera was
used. Unit was only used once.

It is worth noting that due to the different devices and models used, we were not able
to draw direct comparisons between the results of the hot and cold tests. However,
we were still able to draw the conclusions we needed, as the aim was to approximate
the upper limit for power draw in the environments the unit was expected to operate
in, rather than to get a detailed view of power draw in all environments.

The results have been compiled into graphs and are described in the following
sections. Main stands for Main board, while optics, image sensor, and IR (infrared)
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refer to the different components of the camera used for collecting footage. Power
Consumption Camera refers to the power draw reported by the camera’s built-in
functions, and Power Consumption Whole refers to readings noted by hand from
the wattmeter.

We found that some of the temperatures (such as main and CPU temperatures)
follow each other closely, or at least follow a similar pattern. Based on this we also
included simplified variants of the graphs to aid in the presentation of the results,
where:

• The main board and CPU temperatures are shown as an average between the
two, referred to as the internal temperature.

• The optics, image sensor, and infrared sensor temperatures are shown as an
average between the three, referred to as the sensor temperature.

5.4 Test at room temperature

Unit A was used for the room temperature test. The ambient temperature was
observed to be around 20 to 22 °C. The collected readings are portrayed in figure 30.
The power draw of the camera, seen at the bottom of figure 30 and portrayed more
clearly in figure 31, appeared to hover around 2.7 to 2.9 watts at the very most,
fluctuating slightly. On the other hand, the average power draw of the whole unit
appeared to go down slightly over time, starting at around 3.6 watts, and drooping
to 3.4 watts over the span of 2 hours. Lastly, both the draw of the camera and the
whole unit appeared to have been higher at the very beginning, likely explained by
a higher draw when the unit first boots up.

5.5 1st cold chamber test

Unit A was used for the 1st test in the cold chamber. The results are presented in
figure 32 and figure 33. The chamber temperature was initially raised to around
room temperature, then lowered progressively down to 0, -10, and -20°C.

We observed that when the sensor temperature reaches a low enough point, the
power draw increases significantly, and the sensor temperature begins to spike back
up. After reaching a high enough point, the power draw drops, and the sensor
temperature begins dropping again.

We also observed that at a low enough chamber temperature, the sensor temperature
instead stabilizes at around 20°C, and that the power draw remains elevated during
this time.

Based on these findings, we made the assumption that the camera must have a
built-in heater or a similar component, presumably for the purpose of preventing
the lenses from freezing over, and to protect temperature-sensitive components from
damage. With this we concluded that the heater must be responsible for the increase
in sensor temperature as well as the increased power draw: The power draw of the
camera increased from a little under 3 watts to around 5 watts whenever the heater
was active.
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Figure 30: Camera temperature and power draw at a room temperature of around
20°C.

Figure 31: Variant of figure 30 with only power draw.
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Figure 32: Results of 1st test in the cold chamber.

The results also appear to portray the behavior of the heater: It would turn on
and off repeatedly at a chamber temperature down to -10°C, whilst at a chamber
temperature of -20°C it remained active indefinitely.

Wanting to learn whether the results would be different if we left the unit in the
chamber at the different temperatures for a longer period of time, we decided to do
another test.

5.6 2nd cold chamber test

Unit A was used for the 2nd test in the cold chamber. The results are presented in
figure 34 and figure 35. We began at a chamber temperature of -20°C, then raised
it progressively to -10, -5, 0, and 5 °C.

For this test, we decided to wait until the internal temperature had been stable for
at least around 5 to 10 minutes before changing the chamber temperature. Initially
during the steps from -20 to -10°C, and -10 to -5°C, we waited much longer, but
towards the second half of the test we began to rush it as we were facing time
constraints.

Building on our previous conclusion regarding the existence of a heater, we observed
that the chamber temperature played a role in how often the heater would turn on.
Naturally, the warmer it was in the chamber, the slower the camera would cool
down, and the longer the delay would be before the heater turns on again.
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Figure 33: Variant of figure 32. Simplified using averages.

Upon closer inspection, we assumed that this behavior is most likely steered either
by the temperature of the optics, or the image sensor, as these appear to give the
most consistent values across the test, even when compared to the 1st test.

With the heater active, the power draw of the whole system increases significantly,
going from under 5 watts to around 6.9-8.0 watts with slight variations based on
ambient temperature: We observed that the highest observed power draw of the
system appeared to be around 0.5-0.7 watts higher at an ambient temperature of
-20°C compared to 5°C, even though the heater activated at both.
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Figure 34: Results of 2nd test in the cold chamber.
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Figure 35: Simplified variant of figure 34 using averages.

5.7 1st hot chamber test

Unit B was used for the 1st test in the hot chamber. This was the only test unit B
was used for. The results are presented in figure 36 and figure 37. We started with
a chamber temperature of 40°C, which was lowered to 30°C, and then raised again
up to 50°C.

We noticed that the 5 different temperature readings followed the same pattern
with a consistent difference between them. With this in mind, we focused on the
CPU and main board temperatures moving forward.

From the results we gathered that the power draw did not change by more than 0.4
watts over the course of the test, even though the CPU temperature reached 64°C.
The power draw fluctuated very slightly between 3.1 and almost 3.5 watts.

Wanting to learn what kind of CPU temperatures we would be dealing with in
a more realistic situation, we opted to do another test where we instead left the
chamber temperature at a stable 35°C and used a sun lamp to artificially heat up
the box.

5.8 2nd hot chamber test

Unit A was used for the 2nd test in the hot chamber. The results are presented
in figure 38, 39, and 40. The chamber temperature was left at 35°C for the entire
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Figure 36: Results of 1st test in the hot chamber.

Figure 37: Variant of figure 36. Simplified using averages.
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duration, as we wanted to do a test at the same chamber temperature with and
without the sun lamp, and the camera temperature took a long time to stabilize.

During this test we encountered an issue which led to the loss of any useful video
footage: The sun lamp caused high-speed flickering in the video stream once on,
which worked against the video encoder and caused the bitrate of the output video
to go up from around 500 KB/s to around 17 000 KB/s. This quickly filled the SD
card to max capacity, at which point the camera began deleting old video footage
to make space for the one currently being recorded. As a result, we could not use
any of the footage to gather wattmeter readings, and had to rely on the camera’s
built-in power draw readings for this test.

After 3 hours, the CPU temperature had stabilized at a little above 50°C. Once
stable, we turned on the sun lamp, and the CPU temperature began rising again
as expected. After 2 hours it stabilized at a little above 60°C, though it continued
to fluctuate slightly until the end of the test.

The power draw of the camera had risen to around 3.1 watts at most. In comparison,
the camera reported drawing around 2.7 to 2.9 during tests at room temperature,
as seen in figure 31. The conclusion was that the power draw of the camera could
be expected to increase if the unit was to operate during the summer, but not by
more than 0.5 watts.

Figure 38: Results of 2nd test in the hot chamber.
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Figure 39: Variant of figure 38 without temperature of optics, image sensor, or
infrared sensor.

Figure 40: Variant of figure 38 showing only power draw.
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6 Discussion

A system for monitoring road traffic was built and the viability of deploying it
off-grid was evaluated. The system was evaluated based on its ability to effectively
detect and count various types of vehicles in traffic as well as its power consumption
and ability to wirelessly transmit data. For an off grid system that is not connected
to the main power grid renewable energy could be used. Potential energy sources
could be solar power, or wind power, or alternatively fuel cells. The average power
consumption of the system was about 3.5 - 4 watts in room temperature and about
double that in a freezing cold environment.

6.1 Effects of temperature

Ambient temperature is an important environmental factor to be considered when
installing any kind of electronic device outdoors. Many devices are not rated for,
and may cease to operate or even break at low enough or high enough temperatures.
A device installed outdoors for the purpose of measuring traffic is expected to stay
on indefinitely, and has to be able to withstand the temperatures brought on by
both winters and summers.

Cameras in particular face a few unique issues: Condensation can build up on the
lenses, the image sensor can stop working, and the shutters and lens can freeze in
place. To prevent such issues in our project, we first and foremost used cameras
rated to operate in temperatures down to -40°C; though their startup temperature
range only reaches down to -25°C, meaning that they may not start up again if
they, for example, experience a crash whilst it is -30°C outside.

Batteries also have a tendency to underperform and even suffer from damage at
extreme temperatures. A common phenomenon is the drop in a phone’s battery
charge when the user goes outdoors in the winter: This can happen when the
chemical reactions in a lithium-ion battery slow down due to the cold, which reduces
the voltage, causing the battery to behave as if it has lost charge. Such issues would
very heavily impact the kind of unit this project concerns, as the power draw can be
high enough that losing even a small chunk of the charge could interrupt operation:
The choice of battery type is critical.

6.1.1 Enclosure

Electronic devices should always be enclosed or encased if they are installed outdoors
in order to protect them from rain, sunlight, and in the worst cases vandalism.
Naturally this also provides some amount of insulation against both heat and cold,
but the main role of an enclosure is to protect the devices from moisture.

For this project, we chose an enclosure made from a strong, UV-resistant plastic
with an ingress protection (IP) rating of 67. The enclosure was designed with knock-
outs, where cable glands can be mounted to allow pass-through of cables without
compromising the IP rating.
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6.2 High power draw and reducing it

Compared to other ways of measuring traffic such as the use of pneumatic tubes
which can last for months on batteries, computer vision naturally demands more
power as it involves an intelligent method of processing complex information in the
form of video. The camera is where the processing happens, and at an average
of 3 to 4 watts, it is likely that a battery would have to be recharged at the very
least once every few days, depending on how much charge it can store. For this, a
consistent

The power draw could theoretically be reduced by offloading the video processing
to a single-board computer and swapping out the network camera to a regular one.
This would allow us more freedom in the choice of components, and as the current
components have a lot of features we do not use, it would potentially allow us to
build something more efficient. We did not continue research into this by much, as
project requirements limited us to network cameras.

Looking into other options, we have considered that for installations with fewer
than 3 PoE-powered devices, we could use a pair of PoE injectors instead of a PoE
switch. On top of powering other devices, the network switch draws some power as
well, as it needs to keep track of the addresses of connected devices and do packet
switching. A PoE injector connects two devices together and powers one of them.
By using two injectors, we could connect and power 2 PoE devices without a switch,
theoretically reducing power draw.

6.3 Providing power

Making the unit self-powered would allow it to be installed even where outlets or
electrical boxes are not readily available. Additionally, it would eliminate the aspect
of working with high voltages, making both installation and maintenance safer.
Potentially, it would also allow installation to be done without the involvement of
an electrician, reducing costs and increasing flexibility.

To make this possible, the unit needs to have its own power source, and most likely
some form of power storage. To address this, we investigated how power draw may
vary based on outdoor temperatures, and began looking into how we could actually
power the unit; both in terms of sources of renewable energy as well battery types
that would be suitable for the task. Our work past this point is limited, and further
research and testing will be needed to understand what would work best.

6.3.1 Solar panels

In countries with sufficient sunlight solar panels may be a viable option assuming
the device is connected to a battery with high enough capacity to allow the unit
to run throughout the night. The difference in power produced by a solar panel
depending on season and latitude would have to be evaluated before deployment.
Energy production through solar panels can vary greatly depending on weather and
time of year. A solution involving solar panels would have to be evaluated based
on latitude and what kind of weather patterns are commonly occurring in the area.
Sudden weather changes such as when a cloud covers the sun can reduce the amount
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of energy radiated by the sun from above 1000 Watts per square meter to almost 0
in an a matter of seconds. [46].

6.3.2 Wind turbines

Small-scale wind turbines could be integrated with IoT devices to form autonomous
power systems, allowing continuous, uninterrupted operation in areas with favorable
wind conditions. Additionally, wind power can be more cost-effective in the long
term due to low operating costs once the initial infrastructure is installed.

However, several technical challenges hinder the widespread adoption of wind power
for IoT applications. Wind energy is inherently intermittent, with power genera-
tion fluctuating based on wind speed and direction. This variability requires energy
storage solutions, such as batteries or capacitors, to ensure consistent power for IoT
devices, adding complexity and cost to the system. Furthermore, the efficiency of
small wind turbines diminishes in areas with low or inconsistent wind speeds, lim-
iting their applicability in certain regions. Maintenance of wind turbines, including
sensor calibration and mechanical upkeep, also adds to the operational complexity.
These factors make wind power a less reliable solution compared to other energy
sources for IoT devices in less favorable conditions.

6.4 Communication, Privacy, and LoRaWAN

A camera installation in a public space, regardless of how it is explained, is bound
to raise concerns about individual privacy. Connecting such an installation to the
internet additionally raises concerns of security, as someone could potentially hack
into the unit remotely and use the camera with malicious intent. Simultaneously,
the unit should still be able to transmit desired data as per schedule in order to
fulfill its purpose.

Within our project, this was solved with the use of LoRaWAN for all communica-
tion. LoRaWAN does not inherently implement remote access; it could theoretically
be used for such, but the functionality does not exist until it is implemented in the
unit. With such functionality missing, it is impossible to access or modify the unit
remotely, preventing intrusion until someone physically tampers with the unit.

Additionally, the low data rate of LoRa makes it naturally difficult to remotely
retrieve video or image. Although it can be considered irrelevant considering the
limited access, it can be a reassuring argument, as it showcases security- and privacy
by design.

6.5 Limitations

There are several limitations with the design of the units we installed, mostly in
terms of keeping the units operational.

6.5.1 Low data throughput

The data throughput of LoRaWAN is very limited. For spreading factors 10, 11
and 12 only 51 bytes per package can be sent, for spreading factor 9 only 115 bytes
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per package can be sent and for spreading factors 7 and 8, 242 bytes per package
can be sent. This is very little data and for the application of counting road traffic
the 51 byte limitation at the higher spreading factors may not always be sufficient.
In this project 2 bytes where used for each counter was used, one counter being one
specific vehicle going in a particular direction. In this project 4 different vehicles
was counted, cars, trucks, buses and bikes. 2 bytes times 4 vehicle types is 8 bytes
for one single direction to be counted. This means that for a spreading factor of
10 or above only 6 lanes can be counted since 6 times 8 is 48 and the maximum
number of bytes per package for spreading factors above 10 is 51. [32]

6.5.2 Requires a consistent power source

Many IoT devices do not require a constant power supply in order to function.
Many IoT devices consists of simple sensors designed to send status updates in
previously determined time intervals. These kinds of devices can be left in idle
mode between transmissions leaving cutting power to them almost entirely. In a
system employing cameras to measure road traffic this is not possible. Road traffic
is not something that can easily be predicted and to be able to measure traffic flow
the device is always going to need power in order to operate. One solution to this
could be to employ some kind of motion sensor in order to turn on the camera only
when motion is detected. This may be suitable for a less trafficked road where the
passing of vehicles is less frequent. On a more heavily trafficked road in the city
where several cars may go by every minute it is questionable whether this would
lead to any noticeable improvement.

6.5.3 Cannot debug and maintain without remote access

Due to the absence of remote access being an intentional part of the design, any
maintenance and debugging requires direct contact with the units, even if it’s only
software-related. In the case of units that are supposed to be installed in multiple
different places across country, this can become a severe issue. Travel costs and
travel time have to be accounted for. Due to this it is critical that fail-safes are
implemented to handle potential malfunctions, and that known bugs are fixed.
Ideally, the software should be designed to handle all potential issues automatically
without failure.

6.6 Repurposing the unit

AXIS Object Analytics can not only count vehicles, but also pedestrians. It can also
count both in an area rather than when they cross a line. Other AXIS applications
provide additional functionality such as reading of registration plates. With these
applications and certain software changes, the unit can be repurposed for measuring
foot traffic, detecting intrusion, or theoretically for finding a specific car.

With heavier software changes, or by replacing the camera with a radar, the unit
could gather other kinds of data, such as average speed on a road; though anything
related to removing the camera raises the question of whether LoRa would still be
worth using, as it was mainly chosen for privacy reasons.
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7 Conclusion

During this project we finalized the design for a proof of concept, built it, and
successfully put it into use. The units we installed gather desired data whilst fully
respecting the privacy of individuals. Observing the units in action allowed us to
evaluate the accuracy of the chosen form of computer vision, as well as the reliability
of the chosen method of communication. We learned that AXIS Object Analytics is
sufficiently accurate except in specific edge cases, and that LoRaWAN is sufficiently
reliable for deployment within cities.

Furthermore, we made improvements over the initial design, and investigated how it
behaves in different ambient temperatures, focusing on changes in power draw. We
learned that the camera heats itself to remain functional in freezing temperatures,
increasing power draw significantly when it gets too cold. On the other hand,
the power draw of the components excluding the heater does not fluctuate by a
significant amount, whether it gets very cold or very warm.

Several modifications are possible which could further lower the power draw, but as
the design relies on edge processing and the use of network cameras with built-in
deep learning, it may be difficult to minimize it beyond the average draw of the
camera. Thus in order to make a self-powered unit that can stay on indefinitely,
the design likely needs to include reliable power storage. More work has to be put
into researching which types of power storage would work best.

Lastly, it may be worthwhile to consider whether the unit has to stay on indefinitely.
Accuracy is not 100%, and data points could be lost to other issues, so it may be
more cost-effective to prepare for the event that the unit may go offline for a few
hours every now and then, than to attempt to guarantee continuous uninterrupted
operation year-round.
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