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Students should use javascript, and C for this assignment, building on top of the provided starter code found 
on the course webpage. We recommend using the Chrome browser for debugging purposes (using the 
console). Other browsers might work too, but will not be supported by the teaching staff in labs, piazza, and 
office hours. Students may use the computers in Packard 001, or their own laptops, and desktops.  
Homeworks can be submitted individually or in teams of two. Make sure you acknowledge your team 
members when submitting on Gradescope. You can change your teams throughout the term.  Teams will 
share a computer and hardware (later on in the course) in the lab. 
Please document all your answers, plots, and insights in a single pdf file containing all requested results. 
When you are ready to submit drag the entire homework folder into the browser with the render.html file 
loaded and running. This will zip up the relevant files for submission and place a zip file in the homework 
directory. Submit the zip file to Gradescope. Do not modify the submit.js file or you risk not submitting 
all required files. 
 
Introduction 
In Homework 4 you implemented the aspects of VR rendering that don’t change much once the hardware has 
been determined: stereo rendering and lens distortion correction. The one caveat is setting the IPD, which is 
done on a per-person basis. In this homework you will work on one of the dynamic aspects of VR rendering, 
namely orientation tracking. With orientation tracking implemented, you will be able to look around the scene 
by simply rotating your head. You will use the Teensy and the IMU given to you in the last homework, as well 
as the board given to you in this week’s lab to determine the orientation of the VR headset. Once the 
orientation of the IMU is determined on the microprocessor, either through Euler angles or quaternions, it will 
be passed back to the rendering engine (WebGL code) which will then update the view matrix, and hence the 
scene. You will mostly be working with the Teensy this week, so get those C/C++ coding skills ready.  

Task 1 (5 points) 

While we’d like to assume the data streaming off of the IMU is correct, that would be slightly naïve as 
discussed in lecture. IMUs exhibit all types of errors that have to be accounted for to get accurate estimates 
of a user’s orientation, especially since integrations accumulate the error. Two prominent sources of error are 
bias and noise, which you will calibrate in this task. Take note that the bias term actually changes each time 
the IMU is turned on/off due to physical properties and initial conditions of the IMU, as well as during run time 
due to changes in temperature, time and/or mechanical stress on the system. However, for ease of use for 
this homework we will only perform this calibration once.  

To get yourself familiar with the Teensy system and remind yourself of some basic C code, let’s take some 
estimates on the bias and noise variance terms. 

A) Let’s first estimate the bias terms of the gyroscope, accelerometer, and magnetometer for each of the 
three axes. To do so, we simply need to compute the mean of a large number of samples from each 
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of the sensors without moving it. Using 1000 consecutive gyroscope, accelerometer, and 
magnetometer values compute their mean in the measureBias() function in vrduino.ino.  Store the 
values in the bias variables defined for you. These will be printed out over the serial connection to 
your Arduino program terminal.  Record and report these values in your PDF writeup. Also, update 
the bias global variables defined for you at the top of vrduino.ino. These will be used in computations 
later. (5 points) 

B) Now that the bias term is estimated, estimate the noise variance for the IMU sensors. As before, we 
simply want to observe a large number of samples from the sensors without moving it and to get an 
estimate on the variance in the data due to inherent IMU noise. Again, in the measureBias() function 
in vrduino.ino compute the noise variance for each of the axes for each of the sensors from 1000 
measurements. Store the values in the defined variance variables. These will be printed out over the 
serial connection to your Arduino program terminal. Record and report these values in the handout. 
(5 points) 

Task 2 (10 points) 

It’s important to differentiate between Euler angles, a representation of 3 dimensional rotations where we 
decompose the rotation into 3 separate angles (yaw, pitch, and roll), and what the gyroscope is actually 
measuring, its body rates (𝜔", 𝜔$, 𝜔%). Body rates are the rotational rates aligned with the coordinate system 
of the gyroscope. Computing Euler angles from gryo data is not as easy as simply integrating the body rates. 
Let’s define Euler rates (𝜔$'(, 𝜔)*+,-, 𝜔./00) to be the rates at which the body rotates in some fixed coordinate 
system. You can imagine a scenario where as the gyro rotates at a constant rate, 𝜔", 𝜔$, 𝜔% will all be 
constant. However, the Euler rates would be varying with time. Clearly, we should be integrating the Euler 
rates, instead of body rates, if we want to get Euler angles.  

To better understand the difference, let’s try a little toy problem. In loop() integrate the gyroscope 
measurements to get a naïve estimate of the Euler angles. Store the integrated values in gyrIntX, gyrIntY, 
gyrIntz at the top of vrduino.ino. In vrduino.ino set the streamingMode to GYRINT. This will stream out the 
integrated gyroscope values. Hold the IMU up, meaning the +y axis is pointing up, with the –z axis point away 
from you (i.e. the Teensy and IMU on the board sticking out away from you). In this orientation, you should 
see a bunch of values streaming that are close to 0. As you wiggle the IMU around you should see things you 
expect. If you tilt the IMU forward you should see a negative “pitch”. Tilt it to the right, and you’ll see a positive 
“roll”. Things seem roughly ok right? Why don’t we just use this? The problem arises when we string multiple 
rotations together. Describe a series of four (roughly) 90° rotations that will bring the IMU back to its same 
starting position (Teensy and IMU sticking out away from you with the cable down), but with different 
integrated gryo readings (not the 0s you saw at the beginning of the test).  

Task 3 (30 points) 

Hopefully the lectures and Task 2 have convinced you that we need a better method for obtaining the 
orientation of some body, fixing it to the reference coordinate system, hence the complimentary filter 
described in class. In this task you will implement the 6 DOF orientation tracking via complimentary filtering 
using the Euler angle model with data from the gyroscope and accelerometer. Operate in the appropriate 
section of loop() in vrduino.ino. A good debugging tip is to print out intermediate values to the serial 
connection to see what is happening as you move the IMU around. Feel free to augment the streamData() 
function with you intermediate variables to make sure things are updating as you expect. 

A) Implement the complementary filter by combining the pitch and roll from the accelerometer with pitch 
and roll from the gyro integration. For the yaw of the complementary-filtered Euler angles, simply use 
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the integrated gyro 𝜔$. You will need to compute the elapsed time from the previous iteration as part 
of the computation. Make sure the units of your elapsed time is consistent with that of the data 
coming off of the IMU (i.e. make sure it is in seconds). (25 points) 

B) Experiment with different values of the blending factor alpha and report its effect. Back up your 
conclusions with 3 plots from the complimentary filter, under different alpha values. Use the Serial 
Plotter (Tools -> Serial Plotter) to draw these values for every loop() call and submit a screenshot of 
your plot. (3 points) 

C) In lecture, we mentioned a problem of using Euler angles is gimbal lock. Do you see any other 
problems with this implementation? Try re-doing Task 2 with the Euler angle model of the 
complimentary filter. Does anything change? (2 points) 

Task 4 (10 points) 

So while Euler angles are easy to conceptualize, they suffer from singularities, which is why we will make the 
switch to quaternions. Before we can do so, we will need to implement some of the basic quaternion 
operations defined in class like multiplication, inversion, rotation, etc found in Quaternion.h. You will find a few 
simple unit tests implemented for you in setup() in vrduino.ino to check your implementation. You will be 
needing these functions when implementing complimentary filtering, so make sure to test them thoroughly.  

A) Implement setFromAngleAxis() ( 3 points) 
B) Implement length() (1 point) 
C) Implement normalize() (1 point) 
D) Implement inverse() (1 point) 
E) Implement multiply() (3 point) 
F) Implement rotate() (1 point) 

Task 5 (35 points) 

Now that the library is all set up, you can finally implement 6 DOF orientation tracking using the quaternion 
model to avoid the gimbal problem discussed in lecture. A good debugging tip is to print out intermediate 
values to the serial connection to see what is happening as you move the IMU around. Feel free to augment 
the streamData() function with you intermediate variables to make sure things are updating as you expect. 

A) Implement the gyro integration model. Initialize the rotation quaternion as (1,0,0,0) and implement the 
gyro integration model for quaternions discussed in class. Be careful with the units – make sure you 
work with the correct units (either degrees or radians) for each task. Also prevent division by zero. 
Normalize your updated quaternion to ensure that it represents a valid rotation. (5 points) 

B) Implement a complementary filter for tilt correction with quaternions. (25 points) 
a. Create a vector quaternion from the accelerometer measurements. 
b. Rotate that vector quaternion from the sensor (body) frame into the inertial frame using the 

current estimate of the rotation quaternion of the complementary filter. Normalize the 
resulting vector quaternion. 

c. Compute the angle between the rotated, normalized accelerometer vector quaternion and the 
y axis (0,1,0) using the dot product. 

d. Compute the rotation axis between the rotated, normalized accelerometer vector quaternion 
and the y axis (0,1,0) using the cross product. Normalize this axis. 

e. Create a tilt correction quaternion from this angle (subtask c) and axis (subtask d) 
representation. Use the weighting factor (1-alpha) to weight the angle of this quaternion. 

f. Implement the quaternion complementary filter by applying the weighted rotation quaternion 
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from subtask e to the current estimate of the rotation quaternion of the complementary filter. 
C) Visually compare the Euler angles you implemented in task 2 with the quaternion-based 

representation of this task. For the visual comparison, you can use axis.html. This HTML file allows 
you to rotate an axis object based on the values streamed from Arduino. As instructed in the lab 
session, port the serial data stream to WebSocket server. By hitting “1” or “2” on keyboard in your 
terminal or command prompt, you can change the data stream to Euler angle or quaternion, 
respectively. (Note: Do not hit return/enter after hitting “1” or “2”. If you hit it, the data streaming 
stops.) The program detects the type of the incoming data and rotates the axis object. 
Describe any differences you may see. Focus particularly on the situations that are known to cause 
problems with Euler angles (i.e. when rotating straight up or down) – what happens? Also, redo your 
motion from Task 2. Do you see the same issue arising? (5 points) 

Task 6 (10 points) 

Implement the view matrix updates for your HMD as well as the head and neck model in transform.js. The 
serial connection to the Arduino has already been implemented for you and the values are stored in 
stateController.js. The serial implementation automatically updates the orientation values received from the 
Teensy, so you can use these variables right away in transform.js expecting them to be the most recent 
sensor orientation data. To stream the quaternion values (which you will need for this part) enter “2” into 
terminal/command prompt when server.js is running. If websocket connection is lost, please refresh the page. 

A) In the computeViewTransformFromQuatertion() in transform.js, make updates to the view matrix 
based on the orientation of the headset (received from the Teensy) to make the viewing content 
update properly. Due to the problems you hopefully witnessed in Task 3 we will not be updating the 
orientation using Euler angles. Implement the orientation rotation by getting the quaternion data off of 
the Teensy and creating the rotation matrix directly from the quaternion. You might find the THREE 
function Matrix4().makeRotationFromQuaternion()  useful. We’ve already implemented the basic 
translation around the world as well as the IPD shift for you so you’ll just have to add in the additional 
modifications in the right places. (4 points) 

B) Implement the head and neck model into your view matrix as discussed in class. Use the values 
defined in displayParameters.js. (4 points) 

C) Compare the visual experience of the orientation tracking with and without the head and neck model. 
Report your experience and focus on the importance of the small amount of motion parallax created 
by the head and neck model. (2 points) 

Questions?  

First, Google it! It’s a good habit to use the internet to answer your question. For 99% of all question, the 
answer is easier found online than asking us. If you can’t figure it out this way, post on piazza and definitely 
make sure you attend the lab on Fridays (in Packard 001).  

 


