The Alberta Section of the AAPT,
The University of Alberta’s Physics UGL,
and the Shack present:

Raspberry Pi™

for Physics Labs
Please read through this lab manual before the workshop, as sections for the IMU will help
with CVGT and Doppler.

Introduction
Welcome to the first 1-day workshop for Raspberry Pi’s in Physics Labs, which is made
possible by the Alberta Section of the AAPT, the University of Alberta’s department of
physics and their undergraduate laboratories, and the student run organization The Shack.
This document is based on the Hands-on-physics workshop, (ualberta.ca/~hop) which is a
weeklong lab experience for high school students. This guide/lab manual will show you the
process of assembling lab equipment, and collecting/analyzing data using the Raspberry Pi
through 3 different experiments; one of which will be taken home by you. We want to show
that introducing concepts of programming and physics through hands-on-learning does
not have to be overly difficult or costly.

The Raspberry Pi
The Raspberry Pi™ Model 3 V1.2, (as pictured on the cover page) is a low-cost, credit card
sized computer that you plug into a monitor, mouse, and keyboard through HDMI, USB
and/or Bluetooth. These powerful little devices can be used to run the electronics for your
various projects/experiments; in addition, it can be used to run a home
theater/entertainment system and everything else that your desktop PC does:
spreadsheets, word processing, browsing the internet, high definition video, and playing
games. Their most important feature however, and the reason why we are all here, is that
they’re an incredible learning tool for students of any age. You will be supplied with your
own Raspberry Pi™, that you’ll get to keep after the workshop is over, this lab manual, a
python quick command sheet, and a python introduction guide.

Python
For this workshop, we will use the scripted programming language Python. Python is
straightforward to learn and has many useful features. The code is easy to read compared
to other languages, and its interactive shell allows for experimentation and visualization of
your code. It’s also a portable language: it runs on Unix, on Macs, and Windows systems.
Throughout this workshop, we’ll be teaching you how to use Python to explore some
experiments using your Raspberry Pi.

Experiments:
Inertia Measurement Unit, (IMU): This is a small circuit board with a built-in
accelerometer, magnetometer, and gyroscope. By rotating/moving it in 3D, you will be able
to demonstrate and analyze kinematic motions. This experiment is yours to keep.
Constant Volume Gas Thermometer, (CVGT): Here you will connect your Pi to a differential
pressure sensor, which is then connected to an experimental apparatus. Through this
experiment, you will be able to measure absolute zero.
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Doppler: This experiment uses a microphone, connected through your Pi, and a buzzer to
demonstrate the Doppler shift. When the buzzer is moved relative to the microphone, the
frequencies recorded are graphed and analyzed to show how they change as it moves past.
B

Before Starting:
We will be using simple programs to record, save, and graph raw data, but no prior
knowledge/coding experience is required to take this workshop. There are resources
everywhere that can provide you detailed answers to any question you might have
concerning the Raspberry Pi, or for writing programs, while you’re at home. We want you
to take away from this workshop:
- How to use the LINUX terminal.
- How to set up a store bought sensor, via open source programs.
- How to select data from saved files, manipulate it, graph it, and read off basic
information in order to perform some classic concepts in physics.
- Give an introduction to the versatility of mini-computers, (we will only be scratching
the surface.)
The Raspberry Pi, is a computer in itself, which means it does not get plugged into any
additional software to operate, (aside from a mouse, keyboard, and monitor/speakers.)
The Pi’s firmware and all its stored/saved information is put onto a micro-SD card. We will
provide an 8GB card, which will have the standard RASPBIAN operating system installed,
which runs on LINUX. This SD card will have all the files you will need to run the three
different experiments.
To start up the pi, insert the SD card, plug in the mouse, keyboard, and monitor, then
connect the 5V power supply. The screen should flash a coloured image, and then it will
run through its start-up commands. This should send you to a user friendly desktop
interface.
If your screen starts black, with a green terminal command in the top left corner, use the
following startup command: startx. This will boot up the desktop interface.
If you are requested to login, your information is:
User name: pi
Password: Ball00n
It is recommended that you change this on your own time, via sudo raspi-config.
On your desktop, you will find two folders, a pdf file, and an ad for the upcoming student
workshop. The folders contain the programs for experiments 2 and 3, and the file contains
additional introductory resources on how to graph/use python.
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Turning off the Pi:
There are two ways to shut down the Pi.
1) Type sudo halt in the terminal. This will immediately shut down everything on the Pi.
Before using this command, make sure all files have been saved, as this is a very powerful
command.
2) Go to the Menu tab in the top left corner, and then scroll down to Shutdown…
This will bring up three options, Shutdown, Reboot, and Logout.
After either of these options, the red and green lights on the Pi will flash. Once the lights
become solid, (stops flashing) it is okay to disconnect the power cable.
NOTE: The majority of problems in coding arise from typos, if you find that you’re having
problems, first check to see if you have a typo somewhere.
Note: Python is VERY sensitive language when it comes to formatting. If you have
problems, be sure to check that everything is lined up, and you’re not mixing the use of tabs
and or spaces.

Experiment 1: Inertial Measurement Unit
Recall: What are displacement, velocity, and acceleration?
Displacement is the change in position of an object. Units are in metres, (m) along
some direction, (𝑥̂).
Velocity is how displacement changes over time.
Units are in metres per second, (m/s) along some direction, (𝑥̂).
Ex. The higher your velocity, the farther you travel per unit time
If you’re running at 4m/s 𝑥̂ towards a wall, after every second passes you’ll be 4 m
closer.
Time (s)
0
1
Displacement (m)
0
4
Acceleration is how velocity changes over time.

2
8

3
12

Units are in metres per second per second, (m/s2) along some direction, (𝑥̂).
• Ex. Falling objects experience uniform acceleration downwards, (ignoring air
resistance)
• On the surface of earth, the acceleration due to gravity is -9.8 m/s2 𝑥̂.
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4
16

• If you drop a ball off a balcony, for every second that passes its velocity will increase
by 9.8 (m/s) every second in the downward direction.
Time (s)
Downward Velocity (m/s)
Equations:

0
0

1
9.8

𝛥𝑑⃑
,
𝛥𝑡
𝛥𝑣⃑
𝑎⃑ =
,
𝛥𝑡
𝑣⃑ =

2
19.6

3
29.4

4
39.2

(1)
(2)

If you feel like you need some practice, here are some optional exercises:
(Recommended to do before hand.)

1. Sally drives from Edmonton to Calgary (300 km) in 2 hours and 30min. Was she
speeding? (the speed limit is 110 km/h)

2. A plane on a runway uniformly accelerates from rest at 3 m/s2 for 30 seconds until it
takes off. What is the final speed before leaving the runway?

3. A test missile is inbound on a target that is set 3500 m away. It’s travelling with a
velocity of 800 m/s 𝑥̂. How long until it impacts?
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Additionally, graphs can be used to communicate kinematic information (data about an
objects motion).
The graph on the right describes the
velocity of a particle over a period of
time. What is the displacement of
the particle when t = 5s?

The graph on the right describes the
acceleration of a different particle
over some period of time. What is
the change in velocity after 20s?

Non-constant velocity and acceleration
Equation 1 only works if velocity is constant, and Equation 2 only works if acceleration
is constant. What do you do if you have a changing velocity and/or acceleration?
- The answer is to simply break it up into multiple pieces.
Example: A multistage rocket launches at t = 0.00s. The following chart describes its
upward acceleration as it enters different stages. Find the final speed of the rocket after the
4th stage. Try graphing the information, and find the change in velocity for each stage.
(Recommended to do this before hand.)
Stage
1
2
3
4

̂
Acceleration (m/s2) 𝒙
10
5
3
1
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Time (s)
0 to 15
15 to 45
45 to 75
75 to 195

After working through those problems, you should begin to see that the area underneath
these graphs contain information.
The area under an acceleration-time graph will give you the change in velocity.
The area under a velocity-time graph is the displacement.
The process of finding the area under a graph like this is called numerical integration.

How to get the sensor operational:
This experiment uses open source codes, which is becoming increasingly available with the
purchase of different sensors. When using open source code, do not remove the disclaimer
at the beginning of the files, as there has been a lot of work put in to make these
operational to any buyer upon purchase.
The IMU experiment uses the Polulu MinIMU-9 v3 chip, $11.95, which has a built in
magnetometer, accelerometer, and gyroscope. When used together, you can record
information that tells you the pitch, yaw, and role of whatever the chip is being mounted
too. For our purposes, we will be using the accelerometer data recordings to interpret 1D
kinematic motion. These chips are very sensitive, and incredibly robust. Therefore, to fully
understand the internal workings of the IMU board, it is recommend that you read through
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the README files, and go to David Greyson’s github to find the troubleshooting options
that have been applied over time.
The inner workings of the chip are run via C++ programming. We will not be focusing on
how to write C++ code, but we will show a few features that might help guide your own
investigations in the future. This is because all the other features of the chips are available;
they just need to be applied.
All the code we will be writing will be in python.
Begin by starting up your Pi, without the sensor connected.
To start, the IMU (inertial measurement unit) will need to be prepared:
1. Open the terminal window, (see monitor icon in the top left section of screen.) This
will open a black window with a green command line interface. This uses standard
LINUX commands, which we will only touch on the basics to walk you through the
process. There are countless online resources available that can provide detailed
instructions on terminal commands and how to use them.
It is worth noting, that most terminal interactions are done using the arrow keys, and
not a mouse to navigate.
What you will see in the window, is the following prompt:
pi@raspberrypi: ~ $
2. Following the $, type in the command ‘sudo raspi-config’ and hit enter.
3. Use the arrow keys to scroll to Interfacing Options, and hit enter.
4. Use the arrow keys to scroll down to I2C, hit enter and enable it by choosing Yes.
The I2C provides communication through the GPIO, (General Purpose Input Output)
pins. There are 40 pins in total, and they are located along one of the edges of the pi.
Be very careful to not damage these pins.
5. Exit the configuration window, and enter the command ‘sudo nano /etc/modules’.
This opens up the ‘modules’ file with the nano text editor.
6. Add the following 2 lines to the bottom of this file, (if they are not there already.)
i2c-dev
i2c-bcm2708
These commands will ensure that the I2C modules are loaded on start-up, meaning
we will be able to use the GPIO pins to communicate with external sensors.
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-

Exit the text editor using the following command sequence: Ctrl x -> y -> Enter
Reboot your Pi using: sudo reboot

The next set of steps involve downloading the necessary open source drivers/files from
Github, and installing some tools onto the Pi. To save time, and remove the potential
problem of internet access in the lab rooms, all the downloaded content has already
been done for you. However, the downloading process is an important step, and we
encourage you to walk yourself through it on your own time to be sure you understand the
method.
Note: All installation/download commands require internet access.
1. In the terminal, execute the following command:
‘sudo apt-get install git’
This will install a package that lets you clone repositories from github. This is
important as this grants you access to open source programs online.
2. Enter the following command in the terminal to download the drivers that will run
the IMU:
‘git clone git://github.com/DavidEGrayson/minimu9-ahrs-test.git’
This will download the drivers to a folder called ‘minimu9-ahrs-test’ in your home
directory. “-test” has been added to the directory name so that if you decide to
follow these commands, you will be able to tell which added folder is the unneeded
one. (The directory we will be using is ‘minimu9-ahrs’.)
3. In the terminal, enter ‘sudo apt-get install make’ (a utility to help maintain
programs).
4. In terminal enter:
‘sudo apt-get install libi2c-dev libboost-program-options-dev’.
These packages are required in order to run the IMU correctly.
5. Reboot your Pi using: sudo reboot
Next, some of the code in the C++ programs have been removed so that we can show you
some terminal command line features, and to introduce some key programing concepts.
Use the following to re-apply the removed pieces.
Note: Removing code fragments and instructing students to fill in what’s missing is a great
learning tool, and can be scaled to the level of education being taught. Talk to the instructor
at the end of the workshop for some ideas on how to approach this technique.
1. Use the following command in the terminal: cd minimu9-ahrs/
This will place you into the minimu9-ahrs directory. Now use the ls command, which
shows all the files that are within the directory you’re currently in. If you’re ever
unsure what directory you are currently in, use pwd.
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You can move back to the previous directory by using: cd ..
Notes:
-

~/ is the same directory as /home/pi.
If the terminal is closed, and then re-opened, you will be defaulted to the home
directory. Make sure to change back to the proper directory when running any
of the programs.
- Use the up/down arrow keys to surf through previous commands.
- Use the tab key to auto-fill the file names, (this is handy and can save typing.)
2. Once in the proper directory, open the program “minimu9-ahrs.cpp” in geany by
entering the following command into the terminal: sudo geany minimu9-ahrs.cpp
‘Sudo’ is an administrative command and is not typically required. Excluding this will
still open the files, but we include it here to introduce its existence and to insure
writing privileges, (IMU files are in the home directory and not on the Desktop.) This
is a very powerful command, and therefore DO NOT use this recklessly. It is
recommended that you research the use of this command to be sure you don’t
accidently delete important files/directories.
‘geany’ is a programming interface that we decided to use. There is a wide range of
similar interfaces with select advantages and disadvantages, so don’t feel restricted
to only using geany. There are also various online notebook versions that can be
easily downloaded onto the Pi. A couple of examples are Jupyter, and Spyder, (these
generally require internet, which is the only reason we will not be using notebooks
for this workshop.)
‘minimu9-ahrs.cpp’ is the program we want to look at. ‘.cpp’ means that the code is
written in C++.
Scroll down to line 75, which will look like this:
printf("%7d %7d %7d %7d %7d %7d %7d %7d %7d\n",
This line regulates the raw data’s output. It set’s 9 spots that are separated by spaces and
will hold data readings. Each %7d sets a position that can store a 7 digit decimal number.
The \n represents a new line key. Therefore, when this command is run, the file will output
the chips raw data as space separated decimals right to the terminal.
Change it to look like this instead:
printf("%7d %7d %7d %7d %7d %7d %7d %7d %7d %d\n",
This allocates a spot for a tenth data point, with an undetermined number of decimal
places.
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Next look at line 78 which looks like:
imu.raw_g[0], imu.raw_g[1], imu.raw_g[2]
Change it to look like this instead:
imu.raw_g[0], imu.raw_g[1], imu.raw_g[2], millis()
“millis()” adds a millisecond clocking feature to the raw data stream, (making it easier to
keep track of time intervals.) Therefore, the %d added to line 75 will now be filled by time
information. The millis() function is defined earlier in the program, and is applied due to
availability. There are other ways to record time intervals, which might be more intuitive,
but for simplicity we will be using what’s already available in the program as we do not
want to focus on C++ notations.
Use Ctrl s to save.
3. Add ‘#include <unistd.h>’ to the top of the following files
a. I2CBus.cpp
b. MinIMU9.cpp
This is an example of an imbedded C++ header file. We will not be placing our focus
on C++ programs, but header files contain a lot of background information, and can
be useful to open and read.
The above files are opened using the same command as mentioned in 2:
sudo geany I2CBus.cpp
sudo geany MinIMU9.cpp
Use Ctrl s to save.
Now enter: ‘sudo make install’.
This will compile the C++ code, implementing any changes that were made.
You will get an error message concerning two unrecognizable commands, which is okay
for our purposes. Use the following command:
g++ -lboost_program_options minimu9-ahrs.o I2CBus.o MinIMU9.o LSM303.o
L3G.o -o minimu9-ahrs
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Wiring your IMU to your Raspberry Pi:
Provided in your goody bag is:
-

IMU board
4 jumper cables
Bread board with pin connectors already soldered on.

The soldering has been done for you, but this is a useful skill that can sometimes be
required when assembling experiments. Solderless boards can be used instead; however
they do not provide good surface contact and are prone to problems. To learn more about
the soldering required for this experiment, talk to the instructor.
Look on the bottom side of the IMU board, and you will see that the pins are labeled, and
there is an x, y, and z coordinate system marked for user reference.
Be careful while doing this step, as you
could potentially short out your Pi.
Therefore, it is recommended to have
the Pi off WHENEVER adding or
removing wiring. The chart on the right
will show you which pins match on the
IMU board and the Raspberry Pi™. Start
by plugging the IMU board into the
bread board. Next attach the four jumper cables to their proper locations, and observe that
the Vin and VA0 are NOT being used. You should only have four connected cables.
Below is the GPIO reference guide. Be sure to note how the pins are labelled.

To test if it was installed correctly, type the following into the terminal:
‘sudo minimu9-ahrs --mode raw -b /dev/i2c-1’
A live stream of raw data will be shown in the terminal. Move your IMU chip around, and
you will see the raw data change accordingly. Press ctrl-c to interrupt the stream.
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Note: ctrl-c can also be used to free up the terminal.
To save the data to a file, simply add a piping command and the file name/type. For example:
sudo ./minimu9-ahrs –mode raw -b /dev/i2c-1 > FILE_NAME.txt
Replace FILE_NAME with whatever you want it to be named. Just be sure to remain
consistent.

Analysis
The completed sample code we will walk through can be found in the following
directory:
~/minimu9-ahrs/Data_test.py
Try to complete the analysis without first checking this answer key.
The file containing your logged data should have 10 columns. To open the file, use:
sudo nano FILE_NAME.txt
0
1
2
3
4
5
6
7
8
Magnetometer Data
Accelerometer Data
Gyroscope Data
X axis Y axis Z axis X axis Y axis Z axis X axis Y axis Z axis
For our purposes, you’ll only need to use columns 3,4,5,9.

9
Table
Clocking

Because of the robust nature of programming, there are many ways to approaching any
problem, no matter how difficult or simple it may be. Therefore, the following is just an
example you can use. Feel free to play around with your code to make it unique, and to
really teach yourself what your doing. If you’re ever unsure how to do what you want, help
is a good command that when used with the code names in the terminal, it will tell you how
it works. Additionally, online documentation is an excellent resource; don’t be afraid to use
google!

Aside:
For python, # denotes a comment. (You may have noticed in the C++ files that // denotes a
comment.)
Therefore, in the following python lines:
print (‘Hello Teachers! ’)
#print(‘Any questions before we start?’)
print(‘Get to it!’)
The output will be: Hello Teachers! Get to it!
Any line with # preceding it will be ignored during run time. This is an important tool that
is used to document what is going on in the code. (Feel free to try this out.)

12

Start by collecting a set of data for linear motion using:
sudo minimu9-ahrs --mode raw -b /dev/i2c-1 > FILE_NAME.txt
I would recommend aligning the edge of the breadboard with the table top, and sliding it
back and forth at variable speeds. Or, move the chip steadily in the vertical directions.
Because of the length of the jumper cables, it might be best to move the Pi alongside the
sensors, and have someone else start and stop the code. To stop data collection use Ctrl C.
Note: the IMU board is extremely sensitive, meaning you will want to reduce as much noise
as possible from your hand moving.
Open your data file using:
sudo nano FILE_NAME.txt
Use Ctrl v to scroll to the very bottom of the file. Here you’ll note that the last line is
incomplete, which will cause problems later when we try to graph the data. Therefore,
delete what ever is in the last row in the text file.
Use ‘Ctrl x -> y -> enter’ to save and exit.

How to graph?
Create a new python script in Geany by entering: geany YOURfilename.py
To start, we need to export the text file where you saved your data. The ‘open’ tool makes
this easy:
f = open(‘FILE_NAME.txt’,”r”)
‘f’ is just a variable, this can be anything you choose.
‘open’ is an internal python function that takes two arguments, which is observed by the
comma separated list within the parenthesis. ‘FILE_NAME.txt’ is the first argument, and is
the file that ‘open’ will select. “r” is the second argument and symbolizes a read command,
(if you wanted to write to the file you would use, “w” instead.) Therefore, ‘open’ will look to
what file it needs to access, then it will read the information from that file and make it
accessible by your program.
Next, you’ll need to find a method of pulling data from the columns of interest into their
own lists. There are different methods to do so, but we will use a combination of for loops
and some imbedded python functions:
x = []
y = []
z = []
t = []
for columns in ( FILE_NAME.strip().split() for FILE_NAME in f):
x.append(columns[3])
y.append(columns[4])
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z.append(columns[5])
t.append(columns[9])
So… what does this do? The effect of this code is as follows:
- Declares variables x, y, z, and t as lists of undetermined size. Which means they
can store as many values as it receives.
- The for loop will start by reading the first row in the data text file, and it will split
off the individual column values for that row.
- “columns” is a variable that will keep track of for loop interactions. Any word, or
letter could be used instead.
- It will save the values in columns 3, 4, 5, and 9 to the end of their respective list
variables.
- It will move onto the next row, and repeat the saving process.
- This will continue until there are no more values to save, at which point it will
exit the for loop.
The result is four lists that contain the 4 columns of information that we are interested in.
To test this try adding a print(x) command and compare it to the text file to be sure you’ve
selected the correct column. (Do so for all of them for extra practice.)
Next we need to scale the data to some sort of reference point, (we will use the very
first data point for simplicity.) Start by selecting the first data points in the list variables (x,
y, z, t) and save those to different variables:
tau = int(t[0])
xi = int(x[0])
gamma = int(y[0])
zeta = int(z[0])
Because the variables x, y, z, and t are type lists, we need to convert those to integer
variables, which int() does for us. This will make it easier for use to manipulate the data at
a later step.
Note: The first stored value in any list is in position 0, not 1. Therefore, position 34 would
be called using 33, etc.
Additionally, declare 4 new list variables:
xdata = []
ydata = []
zdata = []
tdata = []
Run a second for loop that will create our reference point:
for i in range(len(t)):
conv_t = int(t[i])
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conv_x = int(x[i])
conv_y = int(y[i])
conv_z = int(z[i])
tdata.append(conv_t – tau)
xdata.append(conv_x – xi)
ydata.append(conv_y – gamma)
zdata.append(conv_z – zetta)
This will select the values in each column depending on the row number, (or iteration in
the for loop) and then it will minus that value from the very first data point collected. This
new value is then appended to the end of the respective lists we defined above.
You’ll need to figure out which axis is of interest to you. Check the labels on the board of
the IMU itself; they will help you figure out which direction is which.
Once you’ve found the axis, try plotting your data using matplotlib.pyplot.
Here’s a simplified example of how matplotlib could be used:
Import matplotlib.pyplot as plt
time_values = [0.12,0.32,0.47,0.60,0.71]
accel_values = [4,7,3,4,5]
plt . plot ( time values , accel values , color=‘blue ’ )
plt . show()

After trying this example, try plotting your scaled data.
Try to interpret the motion of your pi based on the shape of the curve.
Try to match what different sections on the graph correspond to different stages of the
Pi’s motion. When does it start to move, hit maximum speed and finally stop?
It would be a good idea to trim your data down to only include acceleration data from
the beginning of its motion to the end of its motion.
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To further this experiment at home, try writing your own function that will find the area
under the curve. (Hint: Start off by using only a hand full of data points.)

Experiment 2: Constant Volume Gas Thermometer
Gases are all around us, and they provide a useful tool in learning about the fundamental
properties of the universe. One of these concepts is absolute zero, which is the coldest
possible temperature possible. This quantity is easier to measure than you think, and it
only requires one physical law: the Ideal Gas Law.
The Ideal Gas Law is as follows:
PV = nRT,

(1)

• P is the gas pressure in Newtons per metre squared (N/m2) or Pascals (Pa)
• V is the volume (L)
• n is the number of moles of the gas (1 mole = 6.022 × 1023 )
• R is the universal gas constant 8.314 J/mol·K
• T is the temperature, in Kelvins (K)
Converting between temperature in ᵒC and temperature in Kelvin is easy:
Temperature in Kelvins = Temperature in ◦ C + 273
In this experiment, we use an air-filled glass bulb suspended inside of a copper canister.
In doing so, we keep the volume and number of moles of gas constant. Looking at the Ideal
Gas Law, it should become clear that if V is constant, then the law states that the pressure
and temperature will have a linear relationship (i.e. they should form a graph with a
straight line). Linear equations all have the same form:
y = mx + b,

(2)

Remember that m is the slope of the graph and b is the y-intercept. In our experiment, if
we measure the temperature in Celsius, and note that
linear equation as
T = mP + TAB ,

is constant, we can rewrite the

(3)

where T is the temperature in ◦ C, and m and TAB are experimentally determined
constants.
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Using the Ideal Gas Law, try to determine what m and tAB are. What happens if the
pressure becomes 0?

Pressure
Pressure gauges come in two basic varieties: those that measure absolute pressure and
those that measure relative pressure. Absolute pressure is measured against a reference of
zero pressure, whereas relative pressure uses atmospheric pressure (the pressure at sea
level) as a reference, requiring a correction to calculate absolute pressure.
To calculate the absolute pressure from a relative pressure gauge (or sensor), the
measurement simply needs to be adjusted using the atmospheric pressure, Pa. The
atmospheric pressure must be recorded while relative pressure measurements are being
taken - it is ideal to check the atmospheric pressure periodically over the course of an
experiment. Since relative pressure Pr uses a linear scale for its zero pressure reference, the
equation to adjust it to absolute pressure is given by:
P = Pr + Pa

(4)

You can use this in our linear equation.

Materials and Equipment
The apparatus being used is an air-filled glass bulb placed inside a copper canister (see
below). The glass bulb is connected via vinyl tubing to an analog pressure sensor that seals
the air within, creating a constant volume system. Therefore, heating or cooling the air
inside the bulb will change the pressure being exerted by the gas onto the sensor. These
changes will then be recorded onto your Raspberry Pi.

Figure 1: Image of the glass bulb within the copper can.

17

To change the temperature of the bulb, water is added into the canister such that the
bulb is completely submerging and the armholes of the can are filled. The arm is important,
because you will be using a Bunsen burner to heat the arm, which will then heat the water.
This allows for even heating of both the water and the bulb, because the arm is used to
trigger convection in the water. Additionally, the inner wall of the can also has a stirrer and
thermometer attached; the stirrer is used to mix up the water so that it heats evenly in less
time.

Figure 2: Side view of the copper can
showing the stirrer handle.

Figure 3: Correct placement of the
Bunsen burner under the can arm.

Experimental Procedure
Be sure to follow the steps at the beginning of the IMU section to be sure the I2C interface is
enabled.
1. Measure the atmospheric pressure Pa (cmHg) using one of the barometers in CCIS L2010 and L2-029. Ensure the barometer is zeroed before recording a measurement (if
you’re unsure, ask an instructor for help).
Note: To zero the barometer, adjust the height of the mercury in the bottom well until
it just touches the pointer tip visible inside. The height of the mercury can be changed
by turning the thumb screw behind the well.
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Figure 4: Original version of the experiment apparatus.
2.
Before adding water to the container, measure the gas pressure in the bulb,
and determine the room’s temperature using the thermometer in the canister.
To take a pressure measurement use the following instructions:
(a) Open an LXTerminal window and enter:
sudo python /home/pi/Desktop/CVGT/Pi3.py
(b) In the graphing window, check the Acquire Data box when thermal equilibrium
is established then click on Save Data after a second or two to collect the
pressure data in a file.
Note: The file created will contain all the data acquired since the beginning of
the experiment. Saving individual files for each acquisition is advisable to avoid
confusion.
3. Pour ice water into the canister such that the bulb and arm are submerged. Allow a
few minutes for the air in the bulb to reach the temperature of the water, and stir
occasionally to keep the temperature uniform. Once the system has appeared to reach
equilibrium, record both the water temperature and the gas pressure as before.
4. Heat the canister by placing a Bunsen burner below the arm. Ask an instructor to
help you ignite the burner. Run the burner until a desired temperature is reached
then stir the water to allow it to reach equilibrium. Once equilibrium is established,
record the temperature and pressure.
5. Continue heating the canister to a maximum of 80 ◦ C, pausing to take at least ten sets
of measurements in the process.
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6. Once the maximum temperature has been reached allow the water to cool, pausing its
decrease to take further measurements in the process. The cooling rate can be
increased by adding small amounts of cold water to the canister.

Analysis
1. Derive Equation 3 from Equation 1 and explain what m in Equation 3 represents.

2. Graph your recorded temperatures and pressures. Using Equation 3, and Equation 4,
determine an experimental value for the temperature of absolute zero. How close is it
to the accepted value of −273.15◦ C?

Here’s a simplified example of how matplotlib could be used to graph:
Import matplotlib.pyplot as plt
time_values = [0.12,0.32,0.47,0.60,0.71]
accel_values = [4,7,3,4,5]
plt . plot ( time values , accel values , color=‘blue ’ )
plt . show()
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After trying this example, try plotting your data.
To determine the y-intercept, there are many methods that can be used to accurately
extrapolate its value, but to save time with this experiment, just hover the mouse over the
spot where the line intersects the y-axes and see how close it matches the accepted value.
On the Desktop, there is an additional how-to reference page for python graphing. Look
through it for a suggestion on how to calculate the slope and intercept of a linear equation.

Experiment 3: The Doppler Effect
The Doppler Effect is the change in frequency of a sound wave when either you or the
source is moving relative to each other.
Imagine a train passing by you while blowing its horn. Does the noise stay a constant
pitch as it passes?
If the train is moving towards you the noise will sound higher pitched, and if it’s moving
away it will sound lower pitched.
Why? In this diagram, the source
is moving towards the observer,
so the perceived pitch is higher
than what was emitted by the
source.
The source will constantly emit
sound waves, with an equal
amount of time between all the
wave fronts (shown as the dark
rings in the diagram). All the wave
fronts will travel outwards at the same speed. Since the source is moving towards the
observer, the wave fronts in that direction will have a smaller spacing between each other
(shorter wavelength). This will then be perceived by the observer as a higher frequency
(and therefore a higher pitch).
Note that if the observer in this diagram were placed behind the source, it would
perceive a lower frequency, because the waves in this region have a longer wavelength.
You can achieve the same effect if the observer is moving, while the source is stationary.
The equation which describes this phenomenon is:

• v is the speed of sound in air (m/s)
• vs is the speed of the source relative to the observer (m/s)
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• f is the frequency of the emitted sound (Hz)
• f ’ is the frequency of the perceived sound (Hz)

Collecting Data
Plug in the microphone via an open USB port.
See: ~/Desktop/Doppler/audio_demo.py and ~/Destop/Doppler/audio_analyze.py
for completed sample code. Try to run the experiment without looking at the answer key
beforehand. These same codes include other features of python that are worth playing
around with if you have time, but will not be required for the purposes of the workshop.
First, open up a new python file: sudo geany FILE_NAME.py
We’ll use a python module designed to be used with linux systems called ALSA audio. You
can read up on some of its documentation here: http://larsimmisch.github.io/ pyalsaaudio/
Generally, your code for collecting data should be structured in this way:
1. Import necessary modules
import alsaaudio
from struct import unpack
2. Set recording parameters using ALSA audio
There are 4 recording parameters you’ll want to set, but first you must set up your PCM
object. A PCM object is something that is assigned to a variable, and will contain all the
information and parameters related to the recording process (PCM is a type of audio
format). The following line will turn the “recorder” variable into your PCM object:
recorder = alsaaudio.PCM(alsaaudio.PCM_CAPTURE, alsaaudio.PCM_NONBLOCK,
‘sysdefault:CARD=Set’)
Here are some commands you can run on your new PCM object to set various
parameters:
• recorder.setchannels(x)
This will determine the number of channels, or signals. In our case, x = 1.
• recorder.setrate(y)
This is the frequency at which it the microphone will record data. It defines how
many audio samples will be taken per second. A good starting point would be to set y
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to 48000. (the units are Hz). Feel free to play around with this, but please move in
small changes to avoid damaging the buzzers, (or your ear drums.)
• recorder.setformat(z)
“z” will define the format the audio is recorded in. There are many options to record
in, but we’ll use one called PCM FORMAT S16 LE. Therefore:
z = alsaaudio.PCM_FORMAT_S16_LE
• MyRecorder.setperiodsize(t)
This is the number of samples which will be included in each period. Try setting t to
64 to start.
3. Create a loop to read the data from the microphone
A loop will repeatedly pull data from the soundcard multiple times per second.
Additionally, an essential command is recorder.read(), where ‘recorder’ is the
alsaaudio PCM object you created previously. It will output a list containing two
elements. Here’s a good way to organize the output:
[leng,read]=recorder.read()
The first assigned element (leng) will be the number of samples in that period, and
the second (read) will be the actual data in a compressed string format. If a full period
isn’t available from the soundcard to pull, the length will simply be 0, and you can
discard that reading. It will keep attempting to pull periods from the soundcard on
each loop until a full one is ready. Once an actual reading is pulled, leng will then be
non-zero and read will contain the audio data for that period.
When your read variable contains the audio data from a period, it will not be stored in
a regular format, but rather a compressed format. We’ll need to use the “unpack”
command from the “struct” module. Here’s how the command is used:
newread = struct.unpack(str(leng)+‘h’, read)
In the IMU experiment we used a for loop to grab and organize data, for this experiment
try a while loop. For example, the previous can be structured as follows: (this assumes
you’ve imported time.)
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data=[]
init_time2 = time.time()
while time.time() – init_time2 < rec_time:
[l, read] = recorder.read()
read = unpack(str(int(len(read)/2))+h,read)
data.append(read)
time.sleep(0.01)
4. Save the data to a file
Lastly you’ll want to use the open, write, and close commands to save your data to a
file. We will try a slightly different trick then what we used in IMU, but the process is
still the same.
f = open(‘/home/pi/Desktop/Doppler/YOURFILE.tsv’,’w’)
f.write(str(rec_time) + ‘\n’)
f.write(str(freq) + ‘\n’)
for index in range(len(data)):
for I in data[index]:
f.write(str(i) + ‘\n’)
f.close()

Analysis
The code used to analyze your audio signal should follow this general outline:
1. Import the necessary modules. (numpy and matplotlib.pyplot)
import matplotlib.pyplot as plt
import numpy as np
from struct import unpack
Open your audio data file, and extract the info into lists. We will use a similar method
as in IMU, but now try adding in a defining function:
f=open(‘/home/pi/Desktop/Doppler/audio_data.tsv’,’r’)
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def tab_data(f):
data=[]
for line in f:
data.append(float(line))
return data
header1=[0,0]
header1[0] = float(f.readline())
header1[1]=float(f.readline())
data1=tab_data(f)
If you were to plot these two lists using matplotlib, you will recreate the original
sound wave the microphone recorded.

fig = plt.figure()
plt.plot(time1[::10],data1[::10],’r’)
plt.xlabel(“Time (s)”)
plt.show()
2. Perform a Fast Fourier Transform on your data (called FFT)
What is a Fourier transform? In essence, it is a mathematical tool which will show
you the magnitude of all frequencies present in your audio data. Your signal is a
sound wave which is comprised of dozens of other sound waves from various
sources. A Fourier Transform will decompose the signal, and output all the sound
waves which it is comprised of. It is vital in analyzing your audio data.
For example, if you input a signal with a single 4140Hz tone from the piezo buzzer,
the FFT (Fast Fourier Transform) will output a graph with a single peak at 4140Hz.
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If you have ever seen an audio visualizer that shows the frequency spectrum of
music, you have already seen Fourier transforms in action.

We’ll provide you a function that will perform a Fourier transform using the numpy
module: (note: this function assumes that when you imported the numpy module, it
was imported as np. See above.)
def fft gen(time , data ) :
start=time[0]
stop = time[−1]
num=len( time )
freq magnitude = np. fft.fft( data )
frequencies = np.fft.fftfreq(len(time))∗num/(stop−start)
return[ frequencies , freq magnitude ]

The first element of the output list, frequencies, contains the values of the frequencies
themselves which will be used for the x axis. The second element, freq magnitude, will
contain the magnitudes of the frequencies stored in the frequencies list. This will be
used for the y axis.
3. Plot your results for easy viewing
To graph these lists, we will use a module called matplotlib.pyplot. Here’s a simplified
example of how matplotlib could be used (note - the color parameter is optional, and this
also assumes you’ve imported matplotlib.pyplot as plt):
frequencies =[1000, 2000 , 3000 , 4000 , 5000]
freq magnitude =[4245, 2341 , 6230 , 245518 , 7283]
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plt . plot ( frequencies , freq magnitude , color=‘green’ )
plt . show()
This creates the following plot:

If you compare the FFT graph of a stationary piezo buzzer with a FFT graph of a piezo
buzzer moving past a microphone at some velocity, you should notice a significant
difference. Hover the mouse over the peaks and record their values, (getting good data may
take a few test trials.)
Take the speed of sound in air at room temperature to be 343m/s. Using your FFT
graphs of a stationary piezo buzzer and a moving one, try to estimate how fast the moving
buzzer was travelling. You’ll need to rearrange this equation to solve for vs.

Try experimenting with different directions/methods of travel.
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