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Characterizing Sensor Performance
• Basic sensor response ratings 

• Range
• upper limit; lower limit

• Resolution
• minimum difference between two values
• usually: lower limit of dynamic range = resolution
• for digital sensors it is usually the A/D resolution.

• e.g.  5V / 255 (8 bit)

• Linearity
• variation of output signal as function of the input signal
• linearity is less important when signal is treated with a computer )(
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Characterizing Sensor Performance
• Bandwidth or Frequency

• the speed with which a sensor can provide a stream of readings
• usually there is an upper limit depending on the sensor and the sampling rate
• lower limit is also possible, e.g. acceleration sensor
• one has also to consider phase (delay) of the signal  

• Sensitivity
• ratio of output change to input change 

• Cross-sensitivity (and cross-talk)
• sensitivity to other environmental parameters (e.g. temperature, magnetic field)
• influence of other active sensors

Robotics ShanghaiTech University - SIST - 28.09.2016 3

dx
dy



In Situ Sensor Performance
• In Situ: Latin for “in place”

• Error / Accuracy
• How close to true value

• Precision
• Reproducibility
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error
m = measured value
v = true value



Types of error
• Systematic error -> deterministic errors

• caused by factors that can (in theory) be 
modeled -> prediction

• e.g. calibration of a laser sensor or of the 
distortion caused by the optic of a camera

• Random error -> non-deterministic
• no prediction possible
• however, they can be described probabilistically 
• e.g. Hue instability of camera, black level noise of camera ..
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Sensors: outline
• Optical encoders
• Heading sensors

• Compass
• Gyroscopes

• Accelerometer
• IMU
• GPS
• Range sensors

• Sonar
• Laser
• Structured light

• Vision

IR camera

stereo camera

Pan, tilt, zoom camera
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Wheel / Motor Encoders
• measure position or speed of the wheels or steering
• integrate wheel movements to get an estimate of the position  -> odometry
• optical encoders are proprioceptive sensors
• typical resolutions: 64 - 2048 increments per revolution. 

• for high resolution: interpolation 
• optical encoders

• regular: counts the number of transitions but cannot tell the direction of motion
• quadrature: uses two sensors in quadrature-phase shift. The ordering of which wave produces a rising 

edge first tells the direction of motion. Additionally, resolution is 4 times bigger
• a single slot in the outer track generates a reference pulse per revolution
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Gray Encoder
• Aka: reflected binary code, Gray Code

• Binary numeral system where two successive values 
differ in only one bit 

• Also used for error correction in digital communications 
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http://en.wikipedia.org/wiki/Gray_code

• Absolute position encoder
• Normal binary => 

change from 011 to 100
• 2 bits change – NEVER 

simultaneously =>
• 011 -> 111 -> 101 -> 100     or
• 011 -> 010 -> 110 -> 100   ….
• => wrong encoder positions might be 

read
• Gray encoding: only one bit change!



Heading Sensors

• Heading sensors can be proprioceptive (gyroscope, acceleration) or 
exteroceptive (compass, inclinometer). 

• Used to determine the robots orientation and inclination. 
• Allow, together with an appropriate velocity information, to integrate the 

movement to a position estimate. 
• This procedure is called deduced reckoning (ship navigation) 
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Compass
• Since over 2000 B.C.

• China: suspended a piece of naturally magnetite from a silk thread to guide a chariot over land. 

• Magnetic field on earth 
• absolute measure for orientation (even birds use it for migrations (2001 discovery))

• Large variety of solutions to measure the earth magnetic field
• mechanical magnetic compass
• direct measure of the magnetic field (Hall-effect, magneto-resistive sensors)

• Major drawback
• weakness of the earth field (30 μTesla)
• easily disturbed by magnetic objects or other sources
• bandwidth limitations (0.5 Hz) and susceptible to vibrations
• not feasible for indoor environments for absolute orientation
• useful indoor (only locally)
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Gyroscope
• Heading sensors that preserve their orientation in relation to a fixed reference 

frame
• absolute measure for the heading of a mobile system. 

• Two categories, the mechanical and the optical gyroscopes
• Mechanical Gyroscopes

• Standard gyro (angle)
• Rate gyro (speed)

• Optical Gyroscopes
• Rate gyro (speed)
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Mechanical Gyroscopes
• Concept:  inertial properties of a fast spinning rotor
• Angular momentum associated with a spinning wheel keeps the axis of the gyroscope inertially stable. 
• No torque can be transmitted from the outer pivot to the wheel axis

• spinning axis will therefore be space-stable
• however friction in the axes bearings will introduce torque and so drift

• Quality: 0.1° in 6 hours (a high quality mech. gyro costs up to 100,000 $)

• If the spinning axis is aligned with the 
north-south meridian, the earth’s rotation 
has no effect on the gyro’s horizontal axis

• If it points east-west, the horizontal axis 
reads the earth rotation
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Rate gyros
• Same basic arrangement shown as regular mechanical gyros

• But: gimbals are restrained by torsional springs
• enables to measure angular speeds instead of the orientation.
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Single axis optical gyro

Optical Gyroscopes
• First commercial use: early 1980 in airplanes
• Optical gyroscopes

• angular speed (heading) sensors using two monochromic light (or laser) beams from the same source. 
• One is traveling in a fiber clockwise, the other counterclockwise around a cylinder
• Laser beam traveling in direction opposite to the rotation 

• slightly shorter path
• phase shift of the two beams is proportional to the angular velocity W of the cylinder
• In order to measure the phase shift, coil consists of as much as 5Km optical fiber

• New solid-state optical gyroscopes based on the same principle 
are build using micro-fabrication technology.

3-axis optical gyro

Robotics ShanghaiTech University - SIST - 28.09.2016 14



Mechanical Accelerometer
• Accelerometers measure all external forces acting 

upon them, including gravity
• Accelerometer acts like a spring–mass–damper 

system
• On the Earth's surface, the accelerometer always 

indicates 1g along the vertical axis
• To obtain the inertial acceleration (due to motion 

alone), the gravity must be subtracted. 
• Bandwidth up to 50 KHz
• An accelerometer measures acceleration only along 

a single axis
• => mount 3 accelerometers orthogonally =>

three-axis accelerometer
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Factsheet: MEMS Accelerometer (1)

1. Operational Principle
The primary transducer is a vibrating mass that 
relates acceleration to displacement. The 
secondary transducer (a capacitive divider) 
converts the displacement of the seismic mass 
into an electric signal. 

2. Main Characteristics
• Can be multi-directional
• Various sensing ranges from 1 to 50 g

3. Applications
• Dynamic acceleration
• Static acceleration (inclinometer)
• Airbag sensors (+- 35 g)
• Control of video games (Wii)

seismic mass

capacitive 
divider

<http://www.mems.sandia.gov/>
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Inertial Measurement Unit (IMU)
• Device combining different measurement systems:

• Gyroscopes, Accelerometers, Compass 

• Estimate relative position (x, y, z), orientation (roll, pitch, yaw), velocity, and 
acceleration

• Gravity vector is subtracted to estimate motion
• Initial velocity has to be known

Xsens MTI
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IMU Error and Drift
• Extremely sensitive to measurement errors in gyroscopes and 

accelerometers: 
• drift in the gyroscope unavoidably => 
• error in orientation relative to gravity => 
• incorrect cancellation of the gravity vector. 

• Accelerometer data is integrated twice to obtain the position => gravity vector 
error leads to quadratic error in position. 

• All IMUs drift after some time
• Use of external reference for correction: 
• compass, GPS, cameras, localization
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ADMIN
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PAPER PRESENTATION
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Presentation
• Submit pdf or ppt till Thursday, Oct 20 22:00 to repo – it will be set to read only 

after that!
• Presentation on Friday, Oct 21
• 10 minute presentation plus 3 minutes questions

• Do not rush your presentation! Better present less items more slowly!
• 10 minute presentation => 5 – max. 10 slides
• Maybe have a slide at towards the end that you can skip if you run out of time.
• Give a test presentation to your friends beforehand!

• Finish preparing your slides early (e.g. Oct 15), such that you have time 
practicing and improving the slides – but do NOT learn your presentation by 
heart!

• Send you presentation latest Oct 15 to me and I will give you feedback before 
your final presentation (mail subject: ”[Robotics]”)!
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Scoring of the Presentation
• 10 %: Your basic understanding/ knowledge about the paper you present
• 20 %: Presentation timing (plus or minus one minute is ok) – no rushing – good speed!
• 10 %: Correct written English in presentation:

• No complete sentences, no grammatical or spelling mistakes
• 10 %: Good structure of presentation:

• Depends on the type of paper, how much time you have, how long you need to present the main 
achievement.

• For example: outline, introduction/ motivation, problem statement, state of the art, approach, 
experiments, results, conclusion, outlook

• 20 %: Clarity of written presentation
• 10 %: Good presentation style:

• Interact with audience: look at the whole room (not just your slides, notes, or the back of the room)
• Present the paper – do not read (or repeat the learned) speech from a prepared text
• Use the presentation as visual aid – not as your tele-prompter to read from
• Move your body – do not stand frozen at one place

• 10 %: Answering the questions
• Questions have to be asked and answered in English – Chinese can be used for clarification

• 10 %: Asking questions to other students!
• Not scored: Your English skill
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Misc.
• I will travel to ROSCON http://roscon.ros.org/2016/ and IROS 

http://iros2016.org/ (International Conference on Intelligent Robots and 
Systems) between Oct 7 and 15

• TA Xiangyang will give a hands-on about sensors and robots on Oct 12 in the 
robotics lab!

• HW 1 will be graded soon! …
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Projects
• Three students per project
• Projects will be split into two distinct parts!
• The group will have to write a short project proposal (LaTeX, 2 pages, English)
• Other steps:

• Coding/ building
• Experiments
• Evaluation
• Documentation!
• Write short project report
• Create a webpage
• Make videos

• After the 2nd part of the project: Presentation/ Demo
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Project Ideas:
• 3D mapping robot 
• "RoboCup Project Smartphone Robot" 
• Schunk arm programming 
• Omni-directional robot 
• Car mapping (put sensors on my car and collect data) 
• Full Speed Jackal 
• Work with the FARO data (e.g. registration, extract planes, "terrain 

classification", path planning for ground robots) 
• Some aerial project (I’m not a big fan)
• …
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SENSORS FOR LOCALIZATION
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