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MITLL RACECAR-MN

The MITLL RACECAR-MN is an open source educational platform consisting of an autonomous model car and
introductory robotics curriculum.
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1

Getting Started

The following pages walk you through the steps needed to get your RACECAR-MN up and running.

1.1 Ordering a Racecar
If you are interested in purchasing the parts to build a RACECAR-MN, please visit the automated bill of materials.
The first page of the bill of materials explains how to use it. You will be asked to answer a short series of questions,
and then the bill of materials will calculate your total expenses and provide you with an exact parts list to order.

1.1.1 Choosing between the Full and Lite models
The RACECAR-MN has two models: the Full and Lite versions. The Lite supports core driving and vision functionality but lacks the addition hardware offered by the Full. The Lite is approximately $300 cheaper and easier to assemble.
The Full is needed to complete the entire RACECAR-MN curriculum.
A RACECAR-MN Lite can be upgraded to a RACECAR-MN Full at any time.
Metric
Approximate cost (1 car)
Approximate cost (4 cars)
Assembly time
Supported labs
Driving
Depth camera
LIDAR
Sound processing
Arduino
Onboard monitor

RACECAR-MN Full
$1,085
$935 x 4
2-3 hours
Full curriculum
X
X
X
X
X
X

RACECAR-MN Lite
$735
$625 x 4
1-2 hours
Phase 1 (Labs 0-5)
X
X

3

MITLL RACECAR-MN

1.2 Assembling your Car
This build guide will walk you through the steps needed to assemble your RACECAR-MN.

1.2.1 Parts List
This page catalogues the parts in the RACECAR-MN Full. To order these parts, visit the Ordering a Racecar page.
CAD
Full CAD Design (SolidWorks)
Laser Cut Patterns
Bottom Cut Pattern: BottomCutPattern.DXF or BottomCutPattern.SLDPRT
Top Cut Pattern: TopCutPattern.DXF or TopCutPattern.SLDPRT
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Electronics

RC car
The RACECAR-MN chasis

Jetson Nano
The main computer of the RACECAR-MN

Speaker
Produces sound

Monitor
The screen used by the Jetson
1.2. Assembling your Car
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Cables

HDMI cable
Connects the Monitor to the Jetson

Mini to full USB cable
Connects the PWM to the Jetson

USB data cable
Connects the LIDAR to the Jetson

USB power cable
Powers the Jetson and the PWM
1.2. Assembling your Car
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Hardware

Foam tape
Secures the USB hubs and Speaker

Zip ties
Secures cables

Speaker
Produces sound

Corner bracket
Secures the Monitor
1.2. Assembling your Car
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Screws

Screws from left to right:

(F) 2-56 1/4 screw: Attaches PWM to frame
(E) 4-40 1/4 screw: Attaches Jetson and LIDAR PCB to frame
(D) 4-40 7/16 screw: Battery compartment
(C) 4-40 5/8 screw: Battery compartment
(B) 8-32 9/16 screw: Attaches the upper and lower layers of the frame
(A) 1/4-20 1/4 screw: Attaches Camera to frame

Metric screws (photo to come):

(G) M2.5x0.45 12mm screw: Attaches LIDAR to frame
(H) M6x1 8mm screw: Attaches Monitor to frame

10
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Standoffs

1.2. Assembling your Car
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Female-Female standoffs from left to right:
• FF 8-32 standoff: Separates the upper and lower layers of the frame
• FF 4-40 standoff: Battery compartment

Male-Female standoffs from left to right:
• MF 2-56 standoff: Attaches PWM to frame
• MF 4-40 standoff: Attaches Jetson and LIDAR PCB to frame

12
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Laser Cut Parts

Main base plate for the car.

1.2. Assembling your Car
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1.2.2 Step 0: Laser Cut Parts
New parts used in this step (see the Parts List for details):
• Two acrylic sheets
If you do not have access to a laser cutter, you can order the laser cut parts from an online laser cutting service.
0.1 Paint Acrylic Sheets
Spray paint one side of the first acrylic sheet red. Spray paint one side of the second acrylic sheet blue. These colors
will help us identify the top and bottom of each sheet and help ensure that we connect all pieces to the correct side.

0.2 Laser Cut the Bottom (Red) Pattern
Download the bottom cut pattern and load it into your laser cutter:
BottomCutPattern.SLDPRT. Set the cut speed and intensity accordingly.

BottomCutPattern.DXF or

Perform the necessary steps to warm up, focus, and zero your laser cutter. Place the red acrylic sheet in the laser
cutter with the red side facing up. The pattern does not leave much extra space on the acrylic sheet, so please be sure
to zero and align the cut carefully.
After executing the cut, carefully remove the pieces from the sheet and remove any plastic still stuck in a hole.

14

Chapter 1. Getting Started

MITLL RACECAR-MN

0.3 Laser Cut the Top (Blue) Pattern
Download the top cut pattern and load it into your laser cutter: TopCutPattern.DXF or TopCutPattern.
SLDPRT.
Place the blue acrylic sheet in the laser cutter with the blue side facing up. After executing the cut, carefully remove
the pieces from the sheet and remove any plastic still stuck in a hole.

1.2. Assembling your Car
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1.2.3 Step 1: Jetson Nano
New parts used in this step (see the Parts List for details):
• bottom plate
• Jetson Nano
• Four 4-40 MF standoffs
• Four 4-40 1/4 screws (E)
As a reminder, an MF standoff looks like this.
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1.1 Attach Standoffs
Screw tightness: very gentle
Gently screw four 4-40 MF standoffs into the four holes shown on the red side of the bottom plate using a 3/16 hex
screwdriver. These holes are toward the back of the car.

1.2 Attach Jetson Nano
Warning: discharge any static before touching the Jetson Nano
Screw tightness: gentle

Carefully align the four screw holes of the Jetson Nano with the 4-40 MF standoffs attached in the step 1.1. Make
sure that the USB ports of the Jetson Nano point toward the back of the bottom plate. Secure the the Jetson Nano
to the standoffs using four 4-40 1/4 screws. Tighten the screws with a small Philips screwdriver using a crisscross
pattern with multiple stages.

1.2.4 Step 2: Camera
New parts used in this step (see the Parts List for details):
• camera
• camera support
• One 1/4 20 1/2 screw (A)

1.2. Assembling your Car
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• Two 4-40 7/16 screws (D)
If the camera has a blue plastic film, leave this film on until the car is entirely assembled to help protect it from
scratches.

2.1 Expose Micro USB Port
Remove the USB protector on the back right corner of the camera by pulling outward as shown in the picture below.
This will expose the USB-C port of the camera.

18
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2.2 Attach Camera Support Loosely
Screw tightness: partial
Attach the camera support to the red side of the bottom plate with two 4-40 7/16 screws (D) using a small Philips
screwdriver. The red side of the camera support should face upwards, and the screws should tap into the bottom
plate with the head touching the red side of the camera support. Only partially tighten the screws so that the camera
support can still jiggle in place.

1.2. Assembling your Car
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2.3 Attach Camera Loosely
Warning: do not remove the protective film covering the camera lens
Screw tightness: partial

Attach the camera to the bottom plate with a 1/4-20 1/2 screw (A) using a large Philips screwdriver. The head of the
screw should touch the uncolored side of the bottom plate, and the rod of the screw should pass through the bottom
plate and into the threaded hole on the bottom of the camera. The camera should face off the front of the car, away
from the camera support. Only partially tighten the screw so that the camera can still jiggle in place.

20
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2.4 Align and Tighten Camera
Screw tightness: moderate
At this point, the camera and camera support should still jiggle in place. Align the camera so that it is parallel with
the front edge of the car and points directly forward. Carefully hold the camera and tighten the 1/4-20 1/4 screw (A)
on the uncolored side of the bottom plate to hold it in place. If the camera rotates while you are tightening the screw,
you may need to loosen the screw and try again.
Once the camera is secure, press the camera support against the back of the camera and tighten the two 4-40 7/16
screws (E) to hold it in place. Remember to tighten the two screws in multiple stages.

1.2. Assembling your Car
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1.2.5 Step 3: Battery Cradle
New parts used in this step (see the Parts List for details):
• battery plate
• battery ring
• Six 4-40 FF standoffs
• Six 4-40 5/8 screws (C)
• Six 4-40 7/16 screws (D)
As a reminder, an FF standoff looks like this.

22
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3.1 Create Battery Cradle
Screw tightness: tight
Place the battery ring on top of the red side of the battery plate such that the six holes align and the red side of both
pieces face upwards. One at a time, place a 4-40 5/8 screw (C) through one hole and secure the other side with a 4-40
FF standoff. The head of the screw should touch the uncolored sid of the battery plate, and the 4-40 FF standoff
should touch the red side of the battery ring. For now, you can simply tighten the standoff by hand. Repeat this
process for all six holes.

1.2. Assembling your Car
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Next, tighten the screws using a crisscross pattern with multiple stages. Hold each standoff in place with a 3/16 hex
screwdriver and tighten the screw with a small Philips screwdriver.

24
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3.2 Attach Battery Cradle
Screw tightness: tight
Align the battery cradle created in step 3.1 with the six holes shown on the bottom plate. The standoffs should touch
the uncolored side of the bottom plate. Hold each standoff in place with a 4-40 7/16 screw (D) (6 total). Use a small
Philips screwdriver to tighten the screws in a crisscross pattern with multiple stages.

1.2. Assembling your Car
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1.2.6 Step 4: PWM
New parts used in this step (see the Parts List for details):
• PWM
• Two 2-56 MF standoffs
• Two 2-56 screws (F)
4.1 Attach Standoffs
Screw tightness: very gentle
Use a 3/16 hex screwdriver to screw two 2-56 MF standoffs into the two holes shown on uncolored side of the bottom
plate. These holes are toward the front of the car but behind the camera.

26

Chapter 1. Getting Started

MITLL RACECAR-MN

4.2 Attach PWM
Warning: discharge any static before touching the Jetson Nano
Screw tightness: gentle

Carefully align the two screw holes of the PWM with the 2-56 MF standoffs attached in step 4.1. Make sure that the
mini USB port of the PWM points upward as shown in the pictures below. Secure the the PWM to the standoffs with
2-56 1/4 screws (F) using a small Philips screwdriver. Remember to tighten the screws in multiple stages.

1.2. Assembling your Car
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1.2.7 Step 5: Arduino
Warning: discharge any static before touching the Arduino
New parts used in this step (see the Parts List for details):
• Arduino
• Four 4-40 5/8 screws (C)
• Two 4-40 7/16 screws (D)
The Arduino plastic base has 6 holes. Four of the holes go directly through the Arduino and are the correct size to tap
4-40 screws (we will call these the “main holes”). The two holes behind the Arduino are large enough to pass through
4-40 screws (we will call these the “side holes”).

28
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5.1 Arduino Main Holes
Screw tightness: moderate
Align the Arduino with the six holes on the red side of the bottom plate such that the micro USB port faces toward
the back of the car (away from the camera). The text “ARDUINO LEONARDO” should face the correct side up as
shown in the picture below.
Screw four 4-40 5/8 screws (C) through the uncolored side of the bottom plate such that they tap into the main
holes of the Arduino and the head touches the uncolored side of the bottom plate. These screws should pass through
the bottom plate without tapping. Use a small Philips screwdriver to tighten the screws in a crisscross pattern with
multiple stages.

1.2. Assembling your Car
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5.2 Arduino Side Holes
Screw tightness: moderate
Screw 4-40 7/16 screws (D) into the two side holes in the Arduino. These screws should tap into the bottom plate
and their head should touch the top of the Arduino plastic base. Notice that these screws are pointing the opposite
direction as the screws in step 5.1.

1.2. Assembling your Car
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1.2.8 Step 6: Main Standoffs
Screw tightness: very tight
New parts used in this step (see the Parts List for details):
• Six 8-32 FF standoffs
• Six 8-32 9/16 screws (B)
• Six washers
First, place a washer over each of the six 8-32 9/16 screws (B) as shown in the picture below.

Next, identify the six holes around the edge of the bottom plate shown in the pictures below. For each hole, place an
8-32 9/16 screw (B) with a washer through the hole such that the washer and screw head touch the uncolored side
of the bottom plate. On the red side of the bottom plate, secure the screw with an 8-32 FF standoff, which you
tightening by hand for now.
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Next, tighten the six screws using a crisscross pattern with multiple stages. To tighten a screw, hold the base of the
standoff with a wrench such that the wrench also touches the bottom plate as shown in the picture below. Then, use a
large Philips screwdriver to tighten the screw from the other side. On the final stage of your crisscross pattern, tighten
the screws as tightly as possible without injuring yourself or stripping the screw.

1.2. Assembling your Car
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1.2.9 Step 7: Monitor
New parts used in this step (see the Parts List for details):
• monitor
• monitor support
• Four corner brackets
• Six 8-32 9/16 screws (B)
• One M6x1 8mm screw (G)
• Four locknuts

34

Chapter 1. Getting Started

MITLL RACECAR-MN

Notice that the shorter side of each corner bracket has a circular hole and the longer side has a straight slot.

If the monitor has a clear plastic film, leave this film on until the car is entirely assembled to help protect it from
scratches.

1.2. Assembling your Car

35

MITLL RACECAR-MN

7.1 Create Monitor Support
Screw tightness: moderate
Without fully tightening, attach two corner brackets to the monitor support piece. Place an 8-32 9/16 screw (B)
through each corner bracket slot and tap the screw into one of the side holes in the monitor support, such that the
head of the screw touches the corner bracket. Partially tighten each screw with a large Philips screwdriver, but leave
it loose enough for the corner brackets to move freely.

36
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Place the monitor support against a flat surface and align the corner brackets such that the bottom of the monitor
support touches the flat surface. Once you find a good alignment, tighten the screws the rest of the way to keep the
corner brackets in place.

7.2 Attach Monitor Support to Frame
Screw tightness: very tight
Attach the monitor support to the blue side of the top frame using the two holes toward the back top frame. Place a
8-32 9/16 screw (B) through the circular hole in each corner bracket, place these screw through the two holes in the
top frame, and attach a locknut to the end of each screw on the uncolored side of the top plate.

1.2. Assembling your Car
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To tighten each screw, hold the locknut with a wrench and tighten the screw with a large Philips screwdriver as shown
in the picture below. Be sure to tighten the screws in multiple stages, and in the final stage, tighten the screws as much
as possible without hurting yourself.

7.3 Attach Monitor to Support
Screw tightness: tight
Identify the threaded hole on the bottom of the monitor. Place the monitor on the blue side of the top plate such that
its threaded hole lines up with the slot in the center of the monitor support. Screw a M6x1 8mm screw (G) through
the monitor support into the threaded hole in the monitor using a large Philips screwdriver.
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7.4 Attach Front Corner Brackets
Screw tightness: very tight
Identify the two screw holes in front of the monitor on the top plate. Secure the slotted side of a corner bracket to
the blue side of each hole using an 8-32 9/16 screw (B) (with the head touching the corner bracket) and a locknut on
the uncolored side of the hole. Align the corner bracket against the front of the monitor monitor. Tighten each screw
using the same method shown in step 7.1 by holding the locknut with a wrench and tightening the screw with a large
Philips screwdriver.

1.2. Assembling your Car
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1.2.10 Step 8: LIDAR PCB
New parts used in this step (see the Parts List for details):
• LIDAR PCB
• Four 4-40 standoffs
• Four 4-40 1/4 screws (E)
8.1 Attach Standoffs
Screw tightness: very gentle
Gently screw four 4-40 MF standoffs into the four holes shown on the uncolored side of the top plate using a 3/16
hex screwdriver. These holes are toward the front of the plate.

40
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8.2 Attach LIDAR PCB
Warning: discharge any static before touching the LIDAR PCB
Screw tightness: gentle

Carefully align the four screw holes of the LIDAR PCB with the 4-40 MF standoffs attached in step 8.1. Make sure
that the two micro USB ports of the LIDAR PCB point upward as shown in the picture below. Secure the the LIDAR
PCB to the standoffs using four 4-40 1/4 screws (E). Tighten the screws with a small Philips screwdriver using a
crisscross pattern with multiple stages.

1.2. Assembling your Car
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1.2.11 Step 9: LIDAR
Screw tightness: gentle
New parts used in this step (see the Parts List for details):
• LIDAR
• Four M2.5x0.45 12mm screws (H)
Align the four legs of the LIDAR with the with the holes shown on the blue side of the top plate, which are toward
the front of the car. Screw a M2.5x0.45 12mm screw into each leg (4 total) such that the head of each screw touches
the uncolored side of the top plate. Be sure to tighten the screws in multiple stages using a crisscross pattern.
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Finally, connect the colorful LIDAR cable from the LIDAR PCB to the LIDAR as shown in the picture below. The
cable should wrap directly around the edge of the top plate.

1.2. Assembling your Car
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1.2.12 Step 10: Top Plate
New parts used in this step (see the Parts List for details):
• Six 8-32 9/16 screws (B)
• Six washers
10.1 Remove Monitor
Remove the monitor by unscrewing the M6x1 8mm screw (G) used in step 7.3. This is necessary because the monitor
blocks two of the screw holes needed in step 10.2.
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10.2 Attach Top Plate
Screw tightness: very tight
On the top plate, you will find the same pattern of six holes used in step 6. Align these holes with the 8-32 FF
standoffs attached to the bottom plate. Secure each hole with a washer and an 8-32 9/16 screw (B) such that the
washer and screw head are on the blue side of the top plate. Tighten the screws in multiple stages using a crisscross
pattern with a large philips screwdriver. Since the standoff is already held in place on the bottom plate, you do not
need to use a wrench.

1.2. Assembling your Car
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10.3 Reattach Monitor
Reattach the monitor by repeating step 7.3.
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1.2.13 Step 11: Breadboard
New parts used in this step (see the Parts List for details):
• breadboard
Remove the yellow wax paper from the back of the breadboard to reveal the sticky foam tape.

Carefully align the breadboard with the very front of the blue side of the top plate. Firmly press the breadboard
while supporting the top plate from underneath to secure the tape.

1.2. Assembling your Car
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1.2.14 Step 12: USB Hubs
New parts used in this step (see the Parts List for details):
• Two USB hubs
• foam tape
12.1 Apply Foam Tape
Cut one piece of foam tape approximately 3.5 inches long and attach the sticky side to the middle of a USB hub by
firmly pressing the foam tape. Be sure to place the tape on the bottom of the USB hub, which is the side that does not
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say “Anker”. Finally, remove the wax paper from the foam tape to expose the other sticky side.
Repeat this process for a second USB hub.

12.2 Attach Bottom USB Hub
On the uncolored side of the bottom plate, attach the first USB hub toward the back of the car with the USB ports
pointing toward the battery cradle. Make sure that the front edge of the USB hub is roughly in line with the middle of
the square holes as shown in the pictures below. Firmly press the USB hub to secure the foam tape.
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12.3 Attach Top USB Hub
On the uncolored side of the top plate, attach the second USB hub to the very back of the car with the USB ports
pointing out of the back of the car, as shown in the pictures below. Notice that the USB ports are pointing the opposite
direction as in step 12.2 and the same direction as the ports of the Jetson Nano. Firmly press the USB hub while
supporting the other side of the top plate to secure the foam tape.

50

Chapter 1. Getting Started

MITLL RACECAR-MN

1.2.15 Step 13: Speaker
New parts used in this step (see the Parts List for details):
• speaker
• foam tape
13.1 Apply Foam Tape
Cut one piece of foam tape approximately 2.5 inches long and attach it to the middle of the speaker by firmly
pressing the foam tape. Be sure to place the tape on the bottom of the speaker (the side with the two light gray pieces
of rubber). Finally, remove the wax paper from the foam tape to expose the other sticky side.
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13.2 Attach Speaker
On the blue side of the top plate, attach the speaker to the very back of the car, directly above the USB hub attached
in step 12.3. The speaker should point toward the back of the car, with the speaker cable pointing toward the front of
the car. Firmly press the speaker while supporting the other side of the top plate to secure the foam tape.
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1.2.16 Step 14: Batteries
New parts used in this step (see the Parts List for details):
• Two batteries
• velcro
14.1 Main Battery
Slide the first battery into the battery cradle as shown in the picture below. Be sure that the USB ports of the battery
face to the right side of the car, which is the same side as the micro USB port on the Jetson nano.
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14.2 Monitor Battery
Attach the second battery to the underside of the second layer using velcro. The battery should sit directly above the
Jetson nano.
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1.2.17 Before you Begin
Parts List
Throughout this assembly guide, part names are listed in bold, such as Jetson Nano or 4-40 1/4 screw (E), and tools
are listed in italics, such as 3/16 hex screwdriver or wire cutters. To help identify these parts and tools you can refer to
the Parts List page of this website. We recommend opening the parts list in a separate tab so that you can easily refer
to it throughout the assembly.
Threading and Tapping
Most of the RACECAR-MN is held together with threads, which are spirals of metal which lock together to hold
something in place. Specifically, a threaded rod (such as a screw) is turned into a threaded hole (such as a locknut)
until the threads are tightly pressed against each other, holding the rod in place. Often times, a threaded rod will pass
through multiple holes, but only the last hole should be threaded; every other hole in between should be larger than
the threads of the rod such that the rod can pass through easily.
In some cases, the threaded hole will come pre-threaded (meaning the threads are already cut for us), such as in a
locknut or a standoff. In other cases, the final hole unthreaded but smaller than the threads of the rod. Then, we
can tap the hole by turning the rod into the hole, which automatically cuts the correct threads into the hole. In the
RACECAR-MN, you will tap several screws and MF standoffs into the plastic frame.
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The left diagram shows a screw tightened into the pre-threaded hole of a locknut. The right diagram shows a screw
tapped into a plastic plate.
Common hardware
The following pieces of hardware are frequently used in the RACECAR-MN.

Tightening Pattern
When two parts are held together with multiple screws, it is important to tighten the screws in multiple steps using a
crisscross pattern. This consists of the following steps:
1. Tighten each screw very loosely such that the parts can still move around freely.
2. Select one screw and tighten it gently.
3. Select the screw farthest from the screw chosen in step 2 and tighten it gently.
4. Repeat step 3 for the remaining screws.
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5. Repeat the same tightening pattern used in steps 2-4 to tighten all of the screws again, this time tightening them
to the desired tension.

Fig. 1: This diagram shows the order for tightening a pattern of four screws. Remember to repeat the pattern multiple
times.

Fig. 2: This diagram shows the order for tightening a pattern of six screws. Remember to repeat the pattern multiple
times.

Tightness
If we leave a screw or MF standoff too lose, it can wiggle loose and fall off. If we over-tighten a screw or MF standoff,
we can damage the part, strip the screw, or strip the threads. Especially when we are tapping into plastic, it is very
easy to strip off the threads created in the plastic, which prevents the rod from staying in the hole.
Throughout this assembly guide, we specify six levels of screw tightness:
1. Partial: Do not tighten the screw all of the way and intentionally leave extra room so the part is free to move.
2. Very gentle: Slowly tightening the screw or MF standoff and stop as soon it touches the part.
3. Gentle: Slowly tighten the screw until it touches the part, then apply a small amount of pressure to tighten it
further.
4. Moderate: Slowly tighten the screw until it touches the part, then apply a moderate amount of pressure to tighten
it further.
5. Tight: Tighten the screw with a large amount of pressure.
6. Very tight: Tighten the screw as much as you can without hurting yourself.
To help avoid stripping a screw, always use the largest screwdriver which fully fits in the head of the screw.
1.2. Assembling your Car
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Safety Precautions
In order to protect the parts of RACECAR-MN during assembly, please take the following two precautions:
• Protective film: The camera and the monitor come with a layer of protective film covering the lense and
screen respectively. Please leave the protective film on these devices until the car is fully assembled to help
protect against any scratches that can occur during assembly.
• Static shock: Have you ever touched a door knob and felt a small shock? All of printed circuits (namely the
Jetson Nano, the Arduino, the PWM, and the LIDAR PCB) can be damaged if they receive one of these
electric shocks. Thus, before handling any of these pieces, please touch a large piece of metal (such as a metal
door handle) to discharge any static electricity in your body.

1.3 RACECAR-MN Software Setup
This page will walk you through the steps needed to set up the operating system of a RACECAR-MN. You can view
the full instructions here.

1.3.1 Image Setup
1. Download the latest version of the image file.
2. Unzip the file (the extension should be .img not .gz).
3. Find a computer that has an SD port, and plug in the micro-SD card in the SD adapter.
The operating system of your computer has will determine your next steps.
Linux
(These instructions have not been recently tested.)
1. Find the device name for your SD card. This can be done by using the lsblk command before and after
plugging in the SD card; the new device is the card. It will look something like /dev/name.
2. Unmount it with umount /dev/name_of_sd.
3. Open a terminal and navigate to the folder containing your image (it is probably in downloads, so on a fresh
terminal cd Downloads should work).
4. Finally, begin the copy process with sudo dd bs=1M if=name_of_image.img of=/dev/
name_of_sd status=progress. The image is 128 GB.
Mac
Follow instructions here.
Windows
(This section has not been completed yet).
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1.3.2 Router Setup
Creating an Account
1. Once you plug in your router and turn it on, go into a browser and type into the address bar 192.168.1.1
2. This should present you with a login page, type in the default username and password for the router. If you are
not sure, try “admin” for both.
3. Set a new username and password for the router login, and make sure to set a password for the Wi-Fi.
Connecting a RACECAR-MN
For each car you want on this network, you must do the following:
1. On the car, connect to your newly created network.
2. Under network settings on the car, click the checkbox enabling the “allow for all users” connection option, this
will ensure the car connects without needing you to login first.
3. Also make sure to tell the car to connect to your network automatically.
4. Once connected, type ifconfig, find the entry for Wi-Fi (it should be “wlan0” or “wlo1” or something else
starting with a w), and after that find a 12-digit alpha-numeric code delimited by colons (it should look like
d0:53:7a:bf:01:a6 or something similar, not ff:ff:ff:ff:ff:ff). This is called the MAC address.
5. On the router’s online portal, navigate to the DHCP settings page.
6. Add a reserved address for the car of 192.168.1.### where ### is your chosen 3 digit car number. Put the
MAC address mentioned before where prompted, and make sure you click enable and apply.

1.4 Setting up your Local Computer
This page will walk you through the steps needed to prepare your personal computer to program your RACECAR-MN.
Your computer can use Windows, Mac, or Linux.

1.4.1 Prerequisites
Use the following links to install the necessary software and libraries.
Visual Studio Code
Visual Studio Code (VS Code) is a text editor that we will use to write program files for RACECAR-MN. While
there are many great text editors, we recommend VS Code because it is free and open source with great collaboration
features, debugging tools, and integration with Git.
Installation
1. Visit the Visual Studio Code download page. Once you select your operating system, the installer should begin
downloading automatically.
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2. Launch the VS Code installer once it finishes downloading. This will open a new window as shown below. Use
the default settings until you reach the “Select Additional Tasks” page.
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3. On the “Select Additional Tasks” page, we highly recommend that you check the following options if they are
available:
• Add “Open with Code” action to Windows Explorer file context menu
• Add “Open with Code” action to Windows Explorer directory context menu
• Register Code as an editor for supported file types
• Add to PATH (requires shell restart)
These features make it significantly easier to open a file or folder for editing.
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4. Use the default settings for the remaining pages and begin installation.
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Extensions
Once VS Code is installed, add the following extensions to make it easier to program in Python.
Python
The VS Code Python extension provides several helpful features for programming in Python. This article provides an
in-depth look at using Python with Visual Studio Code. We will cover the basics here.
1. Open Visual Studio Code and open the Extensions menu, which appears along the left side of the screen (the icon
contains four squares). You can also open the Extensions menu with Ctrl + Shift + X. In the Extensions
search bar, type “Python”.
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2. Select the extension named “Python” created by Microsoft (it should be the first result). Click the green install
button.
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Python Black
Consistently formatted code is easier to read, better for collaboration, and more visually appealing. Formatting code
by hand can be tedious, so we recommend installing Black, a Python auto-formatter which can automatically format
your code.
Open a Python file in VS Code (you can simply create a new file and name it temp.py). In this file, press Shift
+ Alt + F (Windows) or Shift + Option + F (Mac). In the bottom right of the screen, a message should
appear saying “Formatter autopep8 is not installed. Install?”. We recommend Black over autopep8, so click the Use
black button on the message.
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This will automatically install black within Visual Studio Code. Once it is finished installing, you can auto-format any
Python file by pressing Shift + Alt + F (Windows) or Shift + Option + F (Mac).
Note: Black will not run if the Python code contains syntax errors. If you notice that Black is not running, check
your code for syntax errors.

Live Share
VS Code Live Share allows multiple users to edit the same file simultaneously, just like a Google Doc. Install live
share from the Extensions menu just like we installed the Python extension.
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Spell Checker
If you wish to add a spell checker, we recommend the Code Spell Checker extension by Street Side Software. It properly handles camelCase and snake_case, making it useful for checking both comments and variable names. Misspelled
words are shown with a blue underline, and you can see suggestions by selecting the word and pressing Ctrl + ..
Optional Customizations
Ruler
Python Black formats lines of code to contain at most 88 characters. To help visualize this boundary, we can add a
“ruler” in VS Code.
1. Go to File -> Preferences -> Settings.
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2. In the “Search Settings” bar, type “editor.rulers” and the “Editor: Rulers” setting should appear. Click Edit
in settings.json.
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3. This will open settings.json, where you can specify the character columns at which to add rulers. For
example, to add one ruler at 80 characters and one at 88 characters, add the line "editor.rulers": [80,
88].
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4. Save and close settings.json. Now, you will see a thin gray line denoting the specified ruler(s).
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Color Theme
The Color Theme determines the colors used by VS Code, such as the background color and the syntax highlighting
colors used in code files.
1. To show the theme options, press Ctrl + Shift + P, type “Preferences: Color Theme”, and hit enter.
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2. Click on the theme you wish to load. I personally prefer the light+ theme.
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After you select a new theme, you should see the colors change. If you copy and paste code to Microsoft Word, the
theme colors are (usually) maintained.
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Windows Only: Ubuntu on Windows
Every operating system has a terminal (sometimes referred to as a shell or console), which is a text-based program
used to run low-level commands. The terminals on Mac (Terminal) and Linux (bash, zsh, etc.) are compatible
with the RACECAR-MN, but the terminals on Windows (cmd or PowerShell) unfortunately are not.
In order to program the RACECAR-MN on a Windows machine, you will need to install Ubuntu on Windows. This
will allow us to use bash, a Linux terminal program.
Installation
1. Before you install Ubuntu, you will need to enable Windows Subsystem for Linux (WSL). Open Control Panel
and type “Windows Features” in the search bar. Select Turn Windows features on or off.
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2. This will bring up a new window titled “Windows Features”. Scroll to the very bottom of the list and check the
box next to Windows Subsystem for Linux. Select OK to save your changes.

3. Restart your computer to install these changes.
4. Install Ubuntu from the Windows Store.
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4. Launch Ubuntu from the start menu, which will open a bash terminal. The first time you open bash, it will need
to install.

5. Finally, you will be asked to create a username and password. This will be the password that you use whenever
bash asks you for your sudo password.
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You are now ready to use bash on Windows. Whenever you are asked to use a terminal program in the RACECAR-MN
course, always use bash (by launching Ubuntu from the start menu). Never use PowerShell or cmd for anything
related to the racecar.
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Git Line Endings
Windows uses a different set of characters to denote the end of a line in a file than Mac or Linux. Specifically,
Windows uses CRLF (\r\n), while Mac and Linux uses LF (\n) (You can read more here). Since we are using a
Linux terminal and Linux on the physical racecar, we must use LF for all racecar files.
Because we are on Windows, Git will try to automatically change all of our racecar files from LF to CRLF. To disable
this, enter the following command in bash.
git config --global core.autocrlf false

If you do not see any output, this means that the command succeeded.

Troubleshooting
I forgot my Ubuntu password
This article explains how to reset your Ubuntu password.
Python and Libraries
The RACECAR-MN is programmed with the Python programming language, so we will need to install the newest
version of Python along with a few Python libraries.
In short, you will need to run the following commands on the terminal.
Windows and Linux:
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sudo apt update
sudo apt install python3.8
sudo apt install python3-pip
pip3
pip3
pip3
pip3
pip3
pip3

install
install
install
install
install
install

--upgrade pip
numpy
matplotlib
mypy
nptyping
opencv-contrib-python

pip3 install jupyter
pip3 install ipywidgets
jupyter nbextension enable --py widgetsnbextension

Mac:
xcode-select --install
ruby -e "$(curl -fsSL https://raw.githubusercontent.com/Homebrew/install/master/
˓→install)"
brew install python3
pip3
pip3
pip3
pip3
pip3
pip3

install
install
install
install
install
install

--upgrade pip
numpy
matplotlib
mypy
nptyping
opencv-contrib-python

pip3 install jupyter
pip3 install ipywidgets
jupyter nbextension enable --py widgetsnbextension

Installing Python 3
To check if Python 3 is already installed, run python3 --version. If it returns Python 3.x.x, (such as
Python 3.8.3), then Python 3 is already installed and you can skip to the Installing Libraries section.

If not, follow the steps below to install Python 3 on your computer.
Windows and Linux
1. We will install Python with APT (Advanced Package Tool), so we first need to make sure that APT is up to date.
Open a terminal and run sudo apt update. Remember that if you are using Windows, you must use a
bash terminal (see Windows Only: Ubuntu on Windows), not cmd or PowerShell.
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2. To install Python, run the command sudo apt install python3.8. When you are asked “Do you want
to continue?”, enter Y for yes.
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3. Finally, we need to install pip, the Python package management system, which will allow us to install libraries
such as NumPy and OpenCV. Run the command sudo apt install python3-pip.
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Mac
Unfortunately, Mac does not have APT, so we will need to install and use homebrew instead.
1. Install XCode by running xcode-select --install on the terminal.
2. Install Homebrew by running ruby -e "$(curl -fsSL https://raw.githubusercontent.
com/Homebrew/install/master/install) on the terminal.
3. Install Python 3 by running brew install python3.
You can find more details here.
Installing Libraries
Libraries are pieces of code written by other people which we can use in our programs. For example, the NumPy
library allows us to efficiently handle large arrays, and we will use to store and process the images captured by the car.
Before using pip, you should always update it to the newest version by entering pip3 install --upgrade pip
on the terminal.
To install a library, type the command pip3 install <libraryname> on the terminal. You will need to install
the following Python libraries:
• NumPy helps us process large arrays and matrices. Install it by entering pip3 install numpy on the
terminal.
• Matplotlib helps us display images and data. Install it by entering pip3 install matplotlib on the
terminal.
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• MyPy is a static type checker which can help identify mistakes before we run our program. Install it by entering
pip3 install mypy on the terminal.
• Nptyping extends python type hints to support Numpy types.
nptyping on the terminal.

Install it by entering pip3 install

• OpenCV helps us process images. Install it by entering pip3 install opencv-contrib-python on
the terminal.

You can view all of the installed libraries by entering pip3 list on the terminal. If you need to uninstall a library,
enter pip3 uninstall package-name, such as pip3 uninstall numpy‘.
Installing Jupyter
Jupyter Notebook is a web application which can incrementally run pieces of code. It is ideally suited for exploration
and collaboration and is heavily used in data science and CS education. We will be using Jupyter Notebooks in the
exploration portions of several labs to learn how to process the different data sources on the car.
1. Install Jupyter by entering pip3 install jupyter on the terminal.
2. Next, we need to install the ipywidgets extension, which is necessary to use the widgets in several of our
notebooks. Enter pip3 install ipywidgets.
3. Finally, we need to enable the widget extension. Enter jupyter nbextension enable --py
widgetsnbextension. If you see a message that ends with - Validating: OK, the widget extension was successfully enabled.
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Windows Only: X Server
If you are using Ubuntu on Windows (see Windows Only: Ubuntu on Windows), you need to install an X Server in
order to see images displayed by bash. In this section, we will install the Xming X Server. Skip this section if you
are using Mac or Linux.
1. Download Xming using the provided link.
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2. Launch the Xming installer once it finishes downloading. This will open a new window as shown below. Use
the default settings until you reach the “Select Components” page.
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3. On the “Select Components” page, select “Don’t install an SSH client”. Make sure that the box for “XLaunch
wizard - frontend for Xming” is checked.
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Use the default settings for the remaining pages and begin installation.
4. When the installation finishes, you will see that two programs were installed - XLaunch and Xming. We will
use XLaunch to launch the X Server frequently, so you may wish to pin it to your start menu.
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5. Run XLaunch (not Xming). The first time you run it, it may be stopped by your firewall. You will need to allow
access.

6. Once XLaunch successfully opens, you should see the following window. You can close it for now (we will
discuss how to use it later).
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If you are a student, you will need to create or join a team in GitHub classroom. If you are an instructor or developer,
you can skip this step and clone the template repository directly (discussed in the next step).
GitHub Classroom
The RACECAR-MN libraries and labs are organized in a Git repository distributed through GitHub Classroom. A Git
repository is a special type of directory which stores files and tracks changes to those files. This allows us to easily
restore previous versions and synchronize changes across multiple places. If multiple people clone a repository onto
their computer, they can use Git to ensure that the repository stays up to date with changes made by all users. You can
learn more about Git here.
In this step, you will create or join a team on GitHub Classroom and create your own racecar repository.
1. Click on the following GitHub classroom assignment link. You will be asked to sign in to GitHub. If you do not
have an account, you can create one by following the “Create an account” link.
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2. When prompted, authorize GitHub Classroom to access your GitHub account.
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3. Next, you will need to select your team. If you are working individually or are the first person from your team,
you can create a new team with the dialog at the bottom of the screen. Your team name cannot contain a slash
character (/). Otherwise, you can join an existing team. Ask your instructor how you should complete this
step.
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Warning: Your team name cannot contain a slash character (/).
This is your only opportunity to select your team, so please double check that you have selected the correct team.
Carefully follow any instructions from your instructor to ensure that you complete this step correctly.
4. Once you have successfully created or joined a team, follow the link to your team’s GitHub repository.
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We recommend that you favorite/bookmark this page for easy access. The next section will show you how to clone
this repository onto your computer.

1.4.2 Racecar Installation
You are now ready to clone your racecar repository and install the racecar command line tool by following the instructions on the Racecar Setup Helper.

Webpage Inputs
To begin, the Racecar Setup Helper will ask you to provide the following information:
1. Role: If you created or joined a team on GitHub classroom, select “Student”. If you wish to checkout out the
template repository directly, select “Instructor or developer”.
2. GitHub repository (appears if Role is Student): This is the clone link for the repository you created/joined
in the GitHub Classroom step. On your repository’s home page, click the green Clone button, make sure it
says “Clone with HTTPS”, and copy the provided URL. This URL should look something like https://
github.com/MITLLRacecar/racecar-<team_name>.git.
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Team name (appears if Role is Instructor/Developer): Choose the name of your team. This will be the name of
your folder created on the racecar. Your team name cannot contain a slash character (/).
3. Absolute path: This is the directory on your computer into which you will download the racecar repository. On
Mac or Linux, you can navigate to the directory and type the pwd command to show the absolute path.
On Windows, navigate to the directory in File Explorer. Right click in an empty area and select Properties.
The “Location” shown in the properties window is the absolute path up to this directory, so you will need
to add the name of the current directory to the end. For the example shown in the picture below, the location is C:\Users\matth\Documents and the name of the directory is Racecar, so the absolute path is
C:\Users\matth\Documents\Racecar.
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4. IP Address: This is the static IP address of your racecar assigned by the Wi-Fi router. Ask your instructor for
this information. If you do not know your IP address, you can put a placeholder for now (such as 0.0.0.0)
and fill it in later.
5. Operating System: Select the operating system of your computer, either Windows, Mac, or Linux.
Troubleshooting
If you are using Windows, remember to use bash, as described in Windows Only: Ubuntu on Windows. You cannot
use Command Prompt (cmd) or PowerShell.
General Suggestions
1. If you run into issues, try closing all open terminals and opening a brand new terminal.
2. If this does not work, try restarting your computer.
Step 3 (Clone repository)
In you are using Windows, and after the git clone command you see an error of the form error: chmod on
<some directory path> failed: Operation not permitted, try the following steps.
1. Restart your computer.
2. Open a terminal and enter the following commands

96

Chapter 1. Getting Started

MITLL RACECAR-MN

sudo umount /mnt/c
sudo mount -t drvfs C: /mnt/c -o metadata

3. Repeat step 3 from the webpage.
For more details, see this post On StackExchange.
Step 4 (Create config file)
Once you complete this step, you should see a file called .config appear in the scripts folder of your racecar repository.
Depending on your settings, this file may be hidden in your file explorer, but you should be able to see it in
Visual Studio Code. The contents of the file should look something like this (although the exact values will vary):

If this file was not created, ask an instructor for help. As a fall back, you can create the file manually in VS Code and
add the following text.
Windows:
RACECAR_ABSOLUTE_PATH="<absolute path to your racecar directory>"
RACECAR_IP="<racecar IP address>"
RACECAR_TEAM="<team name>"
RACECAR_CONFIG_LOADED="TRUE"
export DISPLAY=localhost:42.0

Mac or Linux:
RACECAR_ABSOLUTE_PATH="<absolute path to your racecar directory>"
RACECAR_IP="<racecar IP address>"
RACECAR_TEAM="<team name>"
RACECAR_CONFIG_LOADED="TRUE"
sudo sysctl -w net.inet.udp.maxdgram=65535

Replace <absolute path to your racecar directory>, <racecar IP address>, and <team
name> with their respective values, as seen in the example above.
Step 5 (Setup racecar tool)
At the end of this step when you run racecar test, if you receive the error racecar:
found, then the racecar tool was not successfully installed.
1.4. Setting up your Local Computer

command not
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The commands you ran in this step add code to your .bashrc/.zshrc to source the .config file (created in step
4) and the racear_tool.sh script. To see if they have been added to your .bashrc, run cat ~/.bashrc if
you are using bash or cat ~/.zshrc if you are using zsh. The output should be long, and end with something like
this:

Specifically, you should see two if statements to source .config and .bash_racecar respectively, with each
line ending with the tag # RACECAR_ALIASES. Here are some things to check for:
• Check that the paths to .config and .bash_racecar are correct. If not, ask an instructor to help you fix
them manually with a command line editor such as vim or nano.
• Check that there are only two if statements with the # RACECAR_ALIASES tags (one for .config and one
for .bash_racecar). If there are more than two if statements with this tag, an older version may have not
been removed properly. With the help of an instructor, use vim or nano to remove the outdated if statements.
• If you see no such if statements, then the Step 4 command did not properly modify your .bashrc. Try running
the relevant portions of the command again, or ask an instructor for help.
• If the command cat ~/.bashrc returns the error cat: home/<username>/.bashrc: No such
file or directory, then you do not have a .bashrc file in your home directory. With the help of an
instructor, locate your .bashrc file (it may have another name, such as .bash_profile), and add the two
if statements to source .config and .bash_racecar.
If you are on Windows and specifically see the following error when you open a new terminal, your racecar_tool.
sh may have the wrong line endings (CRLF instead of LF).
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First, open scripts/racecar_tool.sh in Visual Studio. On the bottom right corner of the screen, you should
see that it says CRLF instead of LF. Click on the CRLF and change it to LF, then save racecar_tool.sh.

Open a new terminal. If the issue has been resolved, you should now enter git config --global core.
autocrlf false on the terminal to make sure it does not happen again. All of the racecar files must have LF
endings instead of CRLF (see Windows Only: Ubuntu on Windows for details).

1.5 Running your First Program
Before you begin, please make sure that you have completed all of the instructions on Setting up your Local Computer.
To turn on your RACECAR-MN, please take the following steps.
1. Plug in the Xbox controller to one of the USB ports.
2. Plug the two USB cables into the white battery.
3. Connect the black car battery using the red banana connectors.
4. Turn on your car using the switch. You should hear it beep once.
On your personal computer, please take the following steps.
1. Make sure that your personal computer is connected to the same Wi-Fi router as your RACECAR-MN.
2. Open a new terminal. If you are using Windows, you must use bash, not PowerShell or Command Prompt.
3. Enter racecar setup to create your team directory on your RACECAR-MN.
4. Enter racecar connect to connect to your RACECAR-MN. Once you connect, run teleop and leave
this terminal window open. The front wheels of the car should now be pointing directly forward and resist
turning.
5. Open a new terminal and enter racecar connect to connect to your RACECAR-MN a second time. Enter
python demo.py to run the demo program.

1.5. Running your First Program
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Your RACECAR-MN is now in default drive mode. You can accelerate using the triggers and steer with the left
joystick. To exit the program, press the start and back buttons at the same time.
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2

How To Guides

The following pages walk you through several common workflows associated with the RACECAR-MN. These guides
assume that you have completed all of the setup steps in Getting Started.

2.1 Using Jupyter
Jupyter Notebook is a web application which can incrementally run pieces of code. It is ideally suited for exploration
and collaboration and is heavily used in data science and CS education. We will be using Jupyter Notebooks in the
exploration portions of several labs to learn how to process the different data sources on the car.

2.1.1 Jupyter with RacecarSim
This section will walk you through the steps of using Jupyter Notebook with the RacecarSim simulation.
1. To start the Jupyter server, open a terminal and run racecar jupyter. If the server starts successfully, it
will print a URL to the terminal
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2. Copy and paste this URL into your web browser (remember that in the terminal, you may need to use right-click
to copy instead of ctrl + c). You will now be able to explore your racecar directory on Jupyter.

3. Open the directory of your current lab and open the corresponding .ipynb (jupyter notebook) file. For example, we will navigate into the lab2 directory and open lab2.ipynb.
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This will open the Jupyter notebook in a new tab. You are now ready to begin writing and running code.

4. Open RacecarSim. Select the level corresponding to your lab. For example, we will choose Lab 2 Jupyter
Notebook.

2.1. Using Jupyter
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5. Leave the car in Default Drive mode. RacecarSim is now ready to service requests from Jupyter. If you run
a block of code in Jupyter which captures data (such as a color photo, depth photo, or lidar data), the Jupyter
Notebook will ask RacecarSim for this data. RacecarSim will return the current data captured by the car.
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2.1.2 Jupyter with a physical RACECAR-MN
This section has not been written yet.

2.1. Using Jupyter
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CHAPTER

3

Curriculum

3.1 Lab 0: Assemble your Car
In this lab, you will build your RACECAR-MN.
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3.1.1 Objectives
Main objective
Build a RACECAR-MN and setup the operating system.
Learning objectives
• Understand the hardware of the RACECAR-MN.
• Learn how to use common tools and hardware.
• Gain experience translating 2D pictures and diagrams into a 3D product

3.1.2 Instructions
Please follow the instructions in Assembling your Car.
Afterwards, please follow the RACECAR-MN Software Setup instructions to install and configure the car’s operating
system.
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3.2 Lab 1: Driving
In this lab, you will program the car to respond to controller input by driving in predefined shapes.
Presentation Slides
Video Lecture
You can view the starter code for this lab in the labs directory of your student repository.

3.2.1 Objectives
Main objective
Program the car to respond to controller input by driving.
Learning objectives
• Understand and use the start-update paradigm to create a program which can run on the car.
• Use the Drive Module to control the car.
• Use the Controller Module to respond ot input from the Xbox controller in real time.

3.2.2 Instructions
Setup
If you have not done so already, please follow the instructions for Setting up your Local Computer and Running your
First Program.
Warm Up: Driving Controls
Open the racecar directory on your computer in Visual Studio Code. In labs/lab1/lab1.py, replace the TODO:
(warm up) comment with code that allows the car to respond to controller input as follows:
• When the right trigger is pressed, the car should accelerate forward.
• When the left trigger is pressed, the car should accelerate backward.
• The front wheels of the car should steer based on the horizontal position of the left joystick.
Main Challenge: Driving in Shapes
For your main challenge, replace the TODO: (main challenge) comments with code that allows the car to drive
in predefined shapes when a button is pressed.
• After the A button is pressed, the car should drive in a circle.
• After the B button is pressed, the car should drive in a square.
• After the X button is pressed, the car should drive in a figure eight.
• After the Y button is pressed, the car should drive in a shape of your design. Document this shape in the start
message printed by the start function.

3.2. Lab 1: Driving
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At this point, you do not need to use any of the sensors on the car to calculate how much the car has turned. Simply
experiment with different speeds and times until you reach the desired shapes.

3.3 Lab 2: Color Images
In this lab, you will program the car to respond to images captured by the camera.
Presentation Slides: 2A: Color Images, 2B: State Machines
Video Lectures: lab 2A and lab 2B.
You can view the starter code for this lab in the labs directory of your student repository.

3.3.1 Objectives
Main objective
Use the color camera to recognize and respond to objects of certain colors.
Learning objectives
• Extract contours from a color image to identify the location and closeness of key objects.
• Implement proportional control to allow for smooth responses to stimuli.
• Use the Camera Module to capture color images with the car’s camera.
• Use the Display Module to print images to the onboard monitor.

3.3.2 Instructions
Jupyter Notebook
Work through the lab 2 Jupyter notebook (labs/lab2/lab2.ipynb). This Jupyter notebook will help you experiment with image processing and build up functions that you will need for the main challenges.
See Using Jupyter for instructions on how to use the Jupyter Notebook with RacecarSim or a physical RACECAR-MN.
Lab 2A - Line Following
Open the racecar directory on your computer in Visual Studio Code. The starter code for lab 2A (labs/lab2/
lab2a.py) instructs the car to to follow a blue line. However, this implementation is very jerky.
Replace the TODO: (warm up) comment with code that allows the car to follow a blue line more smoothly.
Replace the TODO: (challenge 1) comments with code that allows the car to follow lines of the following colors
with the following priorities:
1. Red (highest priority)
2. Green
3. Blue (lowest priority)
For example, if the car sees a red, green, and blue line at the same time, it should follow the red line. The car should
only follow a blue line if it does not see any red or green lines.
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Lab 2B - Cone Parking
The starter code for lab 2B (labs/lab2/lab2b.py) has similar helper functions to lab 2A, but it currently has no
instructions for moving the car. Replace the TODO: comment with code that allows the car to drive up to an orange
cone and stop 30 cm in front of it. If the car is not pointing directly towards the cone, it should steer towards it. If the
car is too close to the cone, it should back up. If you pick up the cone and move it, the car should follow the cone.

3.4 Lab 3: Depth Images
In this lab, you will program the car to respond to depth images captured by the camera.
Presentation Slides
Video Lecture (some of the recording was lost)
You can view the starter code for this lab in the labs directory of your student repository.

3.4.1 Objectives
Main objective
Use depth information (in coordination with color information) to perform simple navigation tasks.
Learning objectives
• Explore different methods of visualizing depth images.
• Use depth information to estimate the distance and orientation of objects.
• Use the Camera Module to capture depth images with the car’s camera.
• Use the Display Module to visualize depth images on the onboard monitor.

3.4.2 Instructions
Physical RACECAR-MN only: Visualization Tools
Connect a mouse and keyboard to your car so that you can control it directly (using the onboard monitor). We will
first run RVIZ, a tool which helps us visualize the depth images captured by the camera.
1. Open a terminal and run rviz. A new window should appear.
2. Click add and by topic, and select depth/image_rect_raw. You will want to display DepthCloud
compressed.
3. Explore other types of visualizations.
RQT is another visualization software. Try running this as well.
1. Open a terminal and run rqt. A new window should appear.
2. In the toolbar, select Plugins->Visualization->Image View.
3. Select topics to view live from the camera.
Finally, you can read and display depth images using the Camera and Display modules of racecar_core. Run the lab 3
starter code, and you should see a visualization of the depth image appear on the onboard monitor.
3.4. Lab 3: Depth Images
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Jupyter Notebook
Work through the lab 3 Jupyter notebook (labs/lab3/lab3.ipynb). It will teach you how to use the depth
camera and build up important helper functions for working with depth images.
Lab 3A: Safety Stop
Open the racecar directory on your computer in Visual Studio Code and open the starter code for lab 3A (labs/
lab3/lab3A.py). The starter code currently drives using the same controls as in Lab 1: Driving.
Replace the TODO: (warm up) comment with code that stops the car if it is about to drive forward into an object.
You will likely want to use the center_distance variable provided in the starter code.
Lab 3B Cone Parking (Revisited)
In lab 2B, you programmed the car to to park 30 cm away from an orange cone by extracting contours from a color
image (see Lab 2: Color Images). In order to estimate the distance of the cone, you likely used the area of the cone’s
contour. However, this approach is not very accurate and does not work for cones of different sizes.
In lab 3B (labs/lab3/lab3b.py), you will perform the same task but use a combination of depth and color
information to accommodate cones of different sizes. You may wish to copy some of your code from lab 2B.
Lab 3C: Wall Parking
In lab 3C (labs/lab3/lab3c.py), your goal is to park the car 20 cm away from a flat wall. The car must align
itself so that it is facing directly at the wall. The car must park without hitting the wall and may need to back up and
drive forward multiple times to align itself.

3.5 Phase 1 Challenge: Cone Slalom
At this point, we have explored several strategies for observing and responding to the environment around the car. We
now have all of the tools necessary to conquer our first major challenge!
Slalom is an olympic skiing event in which competitors weave around colored poles. To emulate this event, we will
program our car to weave around colored cones.
The course consists of a line of cones one meter apart alternating between red and blue, with the first cone red. The
car should navigate the course such that it passes to the right of each red cone and to the left of each blue cone. Your
goal is to complete the course as quickly as possible without hitting any cones.
RacecarSim has a normal and hard version of the cone slalom course. The hard course begins the exact same as the
normal course but includes two additional sections: one with extremely close cones, and one with an uphill portion.
You should be able to complete the normal course with only the depth and color cameras, but you may wish to come
back to the hard version after you have learned about the LIDAR and/or IMU.

3.6 Lab 4: LIDAR
So far, we have primarily used the car’s camera to view the world in front of the car. Unfortunately, the camera cannot
see to the side or rear of the car, which makes other tasks such as wall following more difficult.
In this lab, we will use the LIDAR to gain a 360 degree view around the car and use this expanded field of view to
solve new problems such as wall following.
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Fig. 1: A skier racing on a slalom course.

Fig. 2: A SLAM map generated by the RACECAR-MN LIDAR (shown in RVIZ).

3.6. Lab 4: LIDAR
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Presentation Slides
Video Lecture
You can view the starter code for this lab in the labs directory of your student repository.

3.6.1 Objectives
Main objective
Use the LIDAR to increase the car’s field of view and use this to complete new navigational tasks.
Learning objectives
• Explore the SLAM visualization using the LIDAR.
• Use the LIDAR Module to extract LIDAR information.
• Use the LIDAR information to identify and respond to objects around the car.

3.6.2 Instructions
Physical RACECAR-MN Only: LIDAR SLAM
On the physical RACECAR-MN, we can use RVIZ to perform LIDAR SLAM.
1. If not already running, start the lidar using the command roslaunch ydlidar_ros X4.launch.
2. Make sure that you have the DISPLAY correctly set to use the car screen for the visualization.
3. Using the screen on the car (with mouse and keyboard), you will see an RVIZ window will open.
a. You will see immediately on the screen scan continuously updating.
b. If you want to see the SLAM map click the Add button in the lower left.
c. You will see a long list of options, scroll until you find LaserScan. Once added, select the topic as /scan.
d. Now the points from the Lidar are converted into a SLAM map.
4. Try navigating the car around the room, to see if you can create a usable SLAM map!
5. Save the final image you have before closing out of the RVIZ window.
Jupyter Notebook
Work through the lab 4 Jupyter notebook (labs/lab4/lab4.ipynb). It will teach you how to read data from the
LIDAR and write important helper functions for working with LIDAR data.
Lab 4A: Safety Stop (Revisited)
In lab 3A from ref:lab_3, you implemented a safety stop which prevents the car from driving forward into an object.
You will now use LIDAR data to also prevent the car from hitting objects in any direction.
Open the racecar directory on your computer in Visual Studio Code and open the starter code for lab 4A (labs/
lab4/lab4A.py). The starter code currently drives using the same controls as in Lab 1: Driving.
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Replace the TODO: (warm up) comment with a new safety stop that works in both directions by also preventing
the car from driving backward into an object. You may wish to use the forward_dist and back_dist variables
provided in the starter code.
Lab 4B: Wall Following
In lab 4B (labs/lab4/lab4b.py), your goal is to navigate a hallway with several sharp turns. We recommend
using LIDAR data to identify the walls to the sides of the car, which are out of view of the depth camera.
Replace the TODO: (main challenge) comment with code to navigate the hallways without hitting any walls.

3.7 Lab 5: AR Markers
AR markers are black and white patterns which are designed to be recognized by computers. In this lab, you will
program the car to identify and respond to AR markers.

Fig. 3: An ArUco AR marker.
Presentation Slides
Video Lecture
You can view the starter code for this lab in the labs directory of your student repository.

3.7.1 Objectives
Main objective
Identify and respond to the AR markers in the environment.
Learning objectives
• Identify the the AR markers in a color image using the ArUco library.

3.7. Lab 5: AR Markers
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• Use the corner information of an AR marker to determine its orientation and color.
• Make dynamic decisions based on the id, orientation, and color of an AR marker.

3.7.2 Instructions
Jupyter Notebook
Lab 5 currently does not have a Jupyter notebook, but one will be added soon (hopefully before January 1, 2021).
Lab 5: AR Marker Decisions
Until now, every lab has used a static race course which is the same every time. This lab introduces the first dynamic
race course which has randomized elements which are not known beforehand. Specifically, we will need to turn either
left or right, and specific traits of an AR marker will indicate which direction to turn.
Open the racecar directory on your computer in Visual Studio Code and open the starter code for lab 5 (labs/lab5/
lab5.py). The starter code currently identifies the markers in the current color image.
This lab consists of 3 parts, each corresponding to an AR marker.
1. Turn left if the marker has an ID of 0 and right if the marker has an ID of 1.
2. Turn left if the marker faces is rotated 90 degrees to the left and right if the marker is rotated 90 degrees to the
right.
3. Follow the color line which matches the color border surrounding the marker.

3.8 Final Challenge
3.8.1 Time Trial
The time trial is an individual race consisting of four sections:
1. Line following: Similar to lab 2A, follow colored lines. The colors are randomized but indicated with AR
markers, allowing you to choose the best path.
2. Lane following: Similar to line following, but now you must stay between two colored lines. The lines change
color to indicate tight turns where you may wish to slow down. The path forks in the middle, and an AR marker
indicates the path without speed bumps.
3. Cone slaloming: Similar to the phase 1 challenge, pass red cones on the right and blue cones on the left. If you
pass a cone on the wrong side, you will incur a time penalty.
4. Wall following: Similar to lab 4B, navigate a hallway with many twists and turns. At one point, the path splits
and an AR markers indicates the shorter route.
An AR marker indicates the transition between each section.

3.8.2 Grand Prix
The grand prix race course is the true culmination of the racecar curriculum, including pieces from all five labs. While
the course can be completed individually, it can also facilitate races of up to 4 cars at once.
We encourage you to explore the race in default drive mode to get a feel for all of the sections.
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3.9 Bonus Lab 1: Inertial Measurement
In this lab, you will program the car to utilize the the acceleration and rotation information provided by the inertial
measurement unit (IMU).
Presentation Slides
Video Lecture
You can view the starter code for this lab in the labs directory of your student repository.

3.9.1 Objectives
Main objective
Program the car to use the IMU to reason about its physical state in the world.
Learning objectives
• Use the Physics Module to extract acceleration and rotation information.
• Use this information to control car behavior.
• Perform numerical integration to extrapolate changes in position.

3.9.2 Instructions
Bonus Lab 1A: Roll Protection
If the center of mass of a car is far off the ground, the car may roll if it turns too sharply. The RACECAR-MN has
been designed to prevent rolling, but for this lab, we will pretend that we are carrying a large load on top of the car.
Open the racecar directory on your computer in Visual Studio Code and open the starter code for bonus lab 1A
(labs/bonus1/bonus1a.py). The starter code currently drives using the same controls as in Lab 1: Driving.
Replace the TODO: (warm up) comment with code that prevents the car from turning too sharply. If you are using
RacecarSim, the racecar’s center of mass has been artificially increased for this lab, so you should specifically prevent
the car from tipping over. If you are using a physical RACECAR-MN, you can define “too abruptly” as you see fit.
Bonus Lab 2B: Driving in Shapes (Revisited)
In the main challenge of Lab 1: Driving, you programmed the car to to drive in shapes by hard coding speed and time
parameters. As you may have found, tuning these parameters can be quite tedious. Further, these tuned parameters
will no longer be accurate if a different surface material or incline causes the car to travels at a different speed.
In bonus lab 1b (labs/bonus1/bonus1b.py), replace the TODO: (challenge) comment with code that uses
the Physics module to drive in the same shapes specified in lab 1. As a reminder, these shapes are as follows:
• After the A button is pressed, the car should drive in a circle.
• After the B button is pressed, the car should drive in a square.
• After the X button is pressed, the car should drive in a figure eight.
• After the Y button is pressed, the car should drive in a shape of your design.

3.9. Bonus Lab 1: Inertial Measurement
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3.10 Bonus Lab 2: Sensor Fusion
By now, we have used several sensors to allow the car to understand its place in its environment. Several of these
sensors can be used to calculate the car’s velocity, but on their own, no particular method is particularly accurate.
Sensor fusion is the process of combining several uncertain sources of truth to create a more reliable source of truth.
In this lab, we will perform sensor fusion to calculate a more accurate velocity measurement for the car.
Presentation Slides
Video Lecture
You can view the starter code for this lab in the labs directory of your student repository.

3.10.1 Objectives
Main objective
Use sensor fusion to calculate an accurate measurement of velocity.
Learning objectives
• Explore several ways of calculating velocity with the car’s hardware.
• Identify the strengths and limitations of each approach.
• Use accurate velocity measures to implement a speed limit.

3.10.2 Instructions
Bonus Lab 2: Speed limit
In this lab, we will implement a speed limit which prevents the car from traveling above 0.5 m/s, regardless of incline.
Open the racecar directory on your computer in Visual Studio Code and open the starter code for bonus lab 2 (labs/
bonus2/bonus2.py). The starter code currently drives using the same controls as in Lab 1: Driving.
In order to perform sensor, we will need several independent sources of velocity information. Replace the first TODO
comment at least three independent methods of calculating velocity. Consider the strengths and limitations of each
method. Under what circumstances would each method be particularly unreliable?
Next, use sensor fusion to combine these measurements into a single velocity estimate. In general, a measurement
should be given greater weight if it is more reliable. How can we estimate the reliability of a measurement?
Finally, use this velocity estimate to prevent the car from traveling over 0.5 meters per second.

3.11 About the Course
The RACECAR-MN curriculum is designed as an introductory course in robotics for students with some programming
experience. Each lab consists of a lecture, an exploration component, and a series of hands-on challenges. These labs
grow in complexity, beginning with basic tasks such as driving in shapes and building to important concepts in robotics
including SLAM, sensor fusion, and path planning.
This course also serves as a tutorial to the RACECAR-MN platform. By working through the course, students will
gain familiarity with the RACECAR-MN hardware and racecar libraries.
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3.11.1 Intended Audience
This course is primarily aimed toward students at the middle or high school level with some familiarity with the basics
of Python. Students and instructors do not need to have any prior experience with robotics.

3.12 Instructors
If you are an instructor interested in teaching this curriculum, you should visit our instructor-only repository at
https://github.com/MITLLRacecar/Instructor. This repository contains materials specifically designed for instructors
teaching or contributing to this course, including lab solutions and PowerPoint source files for the lecture slides.

3.12. Instructors
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CHAPTER

4

RacecarSim

The RACECAR-MN Simulation Environment

4.1 Setup Instructions
4.1.1 Installing RacecarSim
1. If you have not done so already, complete all of the steps in Setting up your Local Computer.
2. Download the most recent version of RacecarSim compatible with your operating system using the links below:
• Windows
• Mac
• Linux
3. RacecarSim will be downloaded as a zipped file. Unzip or untar the directory.
4. Open the extracted directory to find the executable program. Launch the RacecarSim executable.
5. Once RacecarSim finishes loading, you should see a screen titled “RACECAR-MN Simulation”. Click the
“Begin Simulation” button.
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6. A level will load with the racecar. The car begins in default drive mode, allowing you to drive around with the
standard default drive controls (triggers to accelerate, left joystick to steer).
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Troubleshooting
1. When driving in default drive mode, the simulation has a very low frame rate and/or is lagged, making it
appear choppy or delayed.
The depth camera is one of the most computationally intensive parts of the simulation. From the main menu, select
“Settings” and reduce the “Depth Resolution”. This decreases the number of samples collected by the depth camera,
which should decrease lag but may make programs using the depth camera less accurate.
If RacecarSim only lags when connected to a Python program but not in default drive mode, see the troubleshooting
in Connecting a Python Program.

4.1.2 Mac Only: Controller Driver
If you are using a Mac and wish to use an Xbox 360 controller with RacecarSim, you will first need to install the
corresponding driver.
Installation
1. Go to the release page on GitHub.
2. Under the “Assets” dropdown, double click the .dmg file.
It should have a name similar to
360ControllerInstall_1.0.0-alpha.6.dmg. This will create a new window titled “Install Install360Controller”.
3. Complete all of the steps in the installation window. The final step will cause your computer to restart.
Testing
1. Plug your Xbox 360 controller into a USB port on your computer.
2. Under “System Preferences”, you should see an option titled “Xbox 360 Controllers”. Click this option to create
a new window titled “Xbox 360 Controllers”.
3. On the “Controller Test” page, you will see a model of the controller which indicates when each button is
pressed. Test that each button on your controller causes the corresponding button on the controller test to
register. If so, you are now ready to use your Xbox 360 controller with RacecarSim.
Note: These instructions were adopted from this article. Beware that this article will also instruct you to install
unnecessary programs such as CleanMyMac X and Joystick Mapper. We do not recommend that you install
this software.

4.2 Connecting a Python Program
1. This step is for Windows only: Run XLaunch. On the first page (Select display settings), enter 42 as the
Display number. Use the default settings for the remaining options. To save time, you can save these settings
with the Save configuration button on the last page.

4.2. Connecting a Python Program
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You must run XLaunch once every time you restart your computer.
2. Open a terminal. (On Windows, remember to use bash, as described in Windows Only: Ubuntu on Windows).
3. Navigate to the directory containing the Python file you wish to run. Remember that you can use racecar cd
to immediately move to your labs directory.
4. Run your program by entering racecar sim <filename.py>, such as racecar sim demo.
py. You should see the message >> Python script loaded, awaiting connection from
RacecarSim..
5. If you have not already done so, open RacecarSim and select the level corresponding to the lab which you wish to
test. The terminal should now print the message >> Connection established with RacecarSim.
Enter user program mode in RacecarSim to begin.... In RacecarSim, the Python logo
should now be filled in.
6. In RacecarSim, press the start button (Xbox controller) or enter (keyboard). The HUD should now say “User
Program” in the bottom right. If so, the car is now being controlled by your Python program.
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Warning: The very first time you run a Python program with RacecarSim or send across images, it frequently will
not succeed because your computer needs to run first-time setup associated with the UDP protocol. Try restarting
RacecarSim and your terminal.

4.2.1 Troubleshooting
In general, the following strategies (in increasing order of severity) are a good first step if things are not working:
• Restart the current level by pressing START + BACK (Xbox controller) or enter + delete (keyboard).
• Return to the main menu with escape and restart the level from there.
• Restart RacecarSim.
• Restart your computer.
1. When I run racecar sim <filename.py>, I get an error similar to python3:
'<filename.py>': [Errno 2] No such file or directory.

can't open file

To use the racecar sim command, you must be in the directory containing the program you wish to run. Enter ls
to list out the files in your current directory. If you do not see the file you are trying to run, then you are not in the
correct directory. Navigate to the correct directory using the cd command.
2. (Mac or Linux): My program can control the car and access LIDAR data, but as soon as I request a depth
or color image, it crashes.
This may occur if the UDP packet size is not large enough to fit the depth and color images. Open a terminal and run
the command sudo sysctl -w net.inet.udp.maxdgram=65535.
Note:

This command should have been added to the .config file in the scripts directory of your racecar
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repository if you selected Mac or Linux during setup. If this command is missing, you should consider adding it so
that it is automatically run every time you create a terminal.
3. (Windows): When I attempt to display an image, I receive the error :
localhost:42.0.

cannot connect to X server

Make sure that you have created an X server with XLaunch (See step 1 of Running a Program above). Unfortunately,
you will need to run XLaunch every time you restart your computer.
4. (Mac): RacecarSim responds to keyboard input but does not correctly respond to input from my Xbox 360
controller. For example, certain buttons/joysticks register as other buttons/joysticks or do nothing at all.
Make sure that you have installed the current Xbox 360 controller driver, as described in Setup Instructions.
5. After connecting a Python program, RacecarSim becomes very lagged and/or has a decreased frame rate.
This likely means that your Python program is too computationally intensive. Try to run a simpler Python program
(such as demo.py) and see if the issue persists.
Here are some steps you can take to make your Python program run faster:
• Be cautious of using large loops, such as a loop iterating over all of the pixels in an image. If you find yourself
needing to write such a loop, try to use a library function instead (such as Numpy functions).
• Print fewer images to the screen. While printing an image every frame can help with debugging, it is quite
computationally intensive. You can also disable the display module entirely by running in headless mode (add
the -h command line flag, such as racecar sim test_core.py -h).
• Reduce the number of lines you print. Printing to the terminal can be surprisingly slow: even printing one
line per frame can be enough to cause lag. Try only printing debug messages in update_slow() or when a
certain button is pressed on the controller.
• Never use sleep(), as this will also suspend RacecarSim and is guaranteed to cause lag. If you need to wait
to execute a block of code, create a global counter variable and change it by rc.get_delta_time() in
update().
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• Use rc.camera.get_color_image_no_copy() instead of rc.camera.get_color_image() if
you do not modify the image, such as by drawing on top of it.

4.3 Autograder
The RacecarSim autograder evaluates a lab solution by using it to complete a series of trials. Each trial tests a specific
part of the overall lab objective. If you are taking the Mini-Racecar OpenEdx course, you will use the autograder to
earn a score on each lab. Instructors may also choose to incorporate the autograder into their grading scheme.

4.3.1 How to Use the Autograder
1. Open RacecarSim.
2. If you have not done so already, you will first need to enter your username in the Settings page (this is how
you prove that your scores were earned by you). If you are using the OpenEdx course, enter your OpenEdx
username. Otherwise, follow the instructions provided by your instructor.
3. In the main menu, choose the lab you wish to test and select Autograder Mode from the dropdown.

4. This will load the autograder for the level in Wait mode. In a terminal, connect your lab solution as described
in Connecting a Python Program. For example we would enter the following commands on the terminal to run
our lab 1 solution:
racecar cd
cd lab1
racecar sim lab1.py

4.3. Autograder
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Once your program successfully connects, the Python icon in RacecarSim should become filled in.
Note: To improve performance, it is often helpful to run your program in “headless” mode when using the autograder
by passing in the -h flag (ex: racecar sim lab1.py -h). This disables the display module, which preventing
images from being shown.
5. You can now begin the autograder in RacecarSim by pressing the start button (Xbox controller) or enter (keyboard). The autograder will run multiple trials, and you will earn a score on each trial.
6. When the final trial finishes (or you fail a required trial), RacecarSim will show a summary of your performance.
From top to bottom, this summary includes:
• Your overall score and time an the lab.
• The username and score code you will enter in OpenEdx to verify your score.
• Your score and time on each trial.
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7. If you are using the OpenEdx course, directly copy the username and score code into OpenEdx. Beware that
the Score Code is usually longer than the textbox, so you should use Ctrl+A to make sure you select the entire
code.
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4.4 Versions
This page catalogs all released versions of RacecarSim.

4.4.1 Latest Version: 1.1.1
July 25, 2021
Adds the Grand Prix 2021 track and a few race-related features.
• Windows
• Mac
• Linux
Source Code

4.4.2 Version: 1.1.0
January 18, 2021
Introduces autograder mode and some minor improvements.
• Windows 1.1.0
• Mac 1.1.0
• Linux 1.1.0
Source Code 1.1.0

4.4.3 Version 1.0.0
November 1, 2020
The first stable release of RacecarSim.
• Windows 1.0.0
• Mac 1.0.0
• Linux 1.0.0
Source Code 1.0.0
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RacecarSim is a simulation environment created in Unity to emulate the physical RACECAR-MN. It can serve as a
testing environment, allowing users to safely and rapidly test software before deploying it to a physical car. It also
can serve as a substitute for the car, allowing students to complete the entire course without a RACECAR-MN. The
simulation contains a level for each lab, which includes obstacles and objectives corresponding to the lab content.
You can view and contribute to the source code of RacecarSim here.

4.4. Versions
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About

The RACECAR-MN platform was designed by Matthew Calligaro, Evan Johnson, Zoe Ryan, and Emi Suzuki (all of
whom are Harvey Mudd class of 2020). This project was sponsored by The MIT Lincoln Laboratory Beaver Works
Center.
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Library Documentation

You can view the documentation for the racecar libraries here:
• racecar_core Library
• racecar_utils Library
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