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2.76 / 2.760 Lecture 10: Error modeling
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2.76 STM surface sensing
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Announcements
Grades….

I am behind, apologies…

Literature critique
Posted: First come, First serve 
WAIT UNTIL AFTER CLASS!!!!!
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Questions
1. How did the STM reading go?

2. What do you perceive as being the most 
helpful way we can (outside of lecture) help 
your group get started on the design?

Meetings
Recitation
Etc…

3. What would you like to hear about from 
Thursday’s lecture?
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Nov.

Dec.

Design
•Perception
•Approach

Sept.

Oct.

Where are we at, where to go now…

Model
•Components
•Interfaces
•System
•Examples

Project
•Model
•Design
•Integration
•Validation
•Characterize

PSets
•3 p. max!
•Schedule
•Risk
•Mitigation
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Purpose of today
Connect qualitative analysis/view with 

component-level view

Error models link components and system 
behavior

Error budgets set limits on system and 
component errors
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Types of
errors in
systems
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Principle of determinism
Systems transform inputs into output

Desire a one to one relationship between 
inputs/outputs

Deterministic relationship = one relationship

Closed form modeling is then possible!
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System design principles
Inputs
System (Deterministic!!!)
Outputs

System

Environment
changesPeople

Desired output

Material
properties

Residual
stress

Actual output

Forces Vibration Equipment Friction

Measured output

Perceived
Error

Real
error
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The strategy for dealing with errors
What is the nature of cause/effect?

Deterministic: Is there 1 output for a set of given inputs
Sensitivity:

System

Environment
changesPeople

Desired output

Material
properties

Residual
stress

Actual output

Forces Vibration Equipment Friction

Measured output

?
inputerror 

output
=

d
d

Perceived
Error

Real
error
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Principle of accuracy
How well you achieve the goal
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Principle of repeatability
How well you can perform same function a 

multiplicity of times
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Accuracy and repeatability
Ideal situation, accuracy and repeatability
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What are most 
concerned with in 

the STM?
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Example
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Nature of
errors in
systems
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Excercise
In-class example

5 people measure

Tabulate measurements, one for each end

Will call on you in a minute
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Nature and type of errors
Systematic errors

Repeatable errors which are inherent to the system
These errors are always present

Random errors
Errors in a given system which are perceived to have a statistical 
nature to them

Error sources
Thermal
Compliance
Manufacturing
Etc..
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Apply physics to design systems to achieve?

Error management is key.  Types of errors
Random: Non-repeatable errors, no good way to model
Systematic: Repeatable, can be mapped/calibrated/corrected

Accuracy only as good as  repeatability
Experimentation is not a bad thing, often 

necessary (e.g. random errors)!!!

Goal of system design

AccuracyAccuracy RepeatabilityRepeatability Accuracy & repeatabilityAccuracy & repeatability
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Random nature of errors

Desired Position

Poor combinationPoor combination

RepeatableRepeatable Accurate and repeatableAccurate and repeatable

PoorPoor
combinationcombination

ErrorError

AccuracyAccuracy RepeatabilityRepeatability Accuracy & repeatabilityAccuracy & repeatability

ErrorError

Accuracy = ?Accuracy = ?
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Common sources of errors
Common error sources

Contacts Thermal Load Wear
Vibration Measurements Constraint Stress
Gravity Friction Others…..

System

Environment
changesPeople

Desired output

Material
properties

Residual
stress

Actual output

Forces Vibration Equipment Friction

Measured output

Perceived
Error

Real
error
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Unexpected error sources
If you can’t measure it, you can’t make it
Measure the “right thing”… Example:

Moral of the story:
People are lousy components of measurement systems
Measurement gurus…
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Error
budgets
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Error budgets 101
1. What are they needed?

2. Why are they needed?

3. How do you do predict errors?

4. How does this apply to project?

Macro
Meso

Micro

Nano
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System modeling fundamentals

( ) MuSSMuSS ISRGO ⋅=
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Input-output mapping

( ) MuSSMuSS ISRGO ⋅=

idealerrorMuSS OOe −=

( ) idealidealideal ISRGO ⋅=

( ) systematicrandomsystematicrandomerror ISRGO ++ ⋅=
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How do we do this?
Example

Identify Coordinate systems (CSs)
Look for symmetric centers and center of stiffness locations

Connect the CSs to form stick figures (SFs)

Assign length/orientation variables to SFs

Formulate component error equations between CSs

Formulate system error equation
Requires Homogeneous Transformation Matrices (HTM)

Obtain error vectors (ideally in parametric form)
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Homogeneous Transformation Matrices
What does this buy us? Example: Translation
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Homogeneous Transformation Matrices
Rotations:

For small θ, cos(θ)~0 & sin(θ)~θ

Order of multiplication is important for large θ
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Example: Mach. vs. concept model
Big issues first

Contacts Thermal Load Wear
Vibration Measurements Constraint Stress
Gravity Friction Others…..

Diagram removed for copyright 
reasons. Detailed schematic of 

machine tool, which forms the basis 
for the conceptual model (right).

Figure by MIT OCW.
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Example: Mach. vs. concept model
Stick figure model CS A is at stationary part

of bottom part

Diagram removed for copyright 
reasons. Detailed schematic of 

machine tool, which forms the basis 
for the conceptual model (right).

Figure by MIT OCW.
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General form w/o rotations
Multiple transformations
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Example cont.
Analytic modeling of linear errors
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Figure by MIT OCW.
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Statistical treatment of error models
Once you have a good parametric error model 

you can:

Put into a spreadsheet/Matlab/MathCAD

Run “what if” scenarios

Run sensitivity analyses

Run optimization

Run statistical analyses (e.g. Monte Carlo analysis)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


