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Context
What is Error Budgeting?
Motivating Example

Error Budgeting in SysML

O Error Breakdown Tree

o Error Roll-Up Pattern

o Tying to Requirements & Product Breakdown Structure
MagicDraw Customizations

Summary & Conclusions
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® Alignment and Phasing System (APS)

o Sensor responsible for measuring the pre-adaptive optics
wavefront quality

o APS (and AO) team uses MBSE with SysML to analyze
requirements, produce design, and perform analysis
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Thirty Meter Telescope

® Track how accurate expected system performance will be
compared to the requirements

® Error budgeting:
o Flow down requirements and allocations
o Roll-up capabilies or Current Best Estimates (CBE)

© Track margins and reserve

® Examples: Mass, Power, Throughput, timing, Pointing Alignment, measurement
errors, performance
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® Error budget analysis involves multiple, related artifacts:
o Requirements €< required accuracy
o System design €< current best estimates, parameters
o Error decomposition < roll-up definition

® CBEs of errors characterize errors on properties of the system

® Decomposition of error != product breakdown structure
=» Related, but different hierarchies
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® M3 to APS-TMT interface pupil alignment error: “APS shall
measure the position of the telescope pupil to an accuracy of
0.03% of the diameter of the pupil.”

«block»

«ObjectProperties»
APS gw”‘ B.'l::"”" ' «TMT Requirement»
[RRisontion E - f_Spef'ﬁej' o Telescope Pupil Alignment
Text = 'TREQ-2-APS-0086] APS shall measure the
¥ position the telescope pupil to an accuracy of 0.03% the
diameter of the pupil. "
TMT ID = "REQ-2-APS-0086"
«refinex /
/
«block» «constraint»
Telescope Pupil Alignment Requirement Pupil Alignment CBE vs_
telescope Pupil Alignment Requirement constraints e constr | Required Value Comparison
1 * conversion : Convert Meters to Percent ’ constraints
= {requiredinPercent>=cbelnPercent}
va S
requiredAccuracyinPercent : Real = 0.03 perameters
requiredinPercent : Real
cbelnPercent : Real
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«rootSumSquaredRollUp»
Alignment of M3 to APS-TMT interface point

nootSmVnSquatedRoIUp»‘
Knowledge of APT-TMT interface point

«rootSumSquaredRollUp»
Alignment of APS Stimulus to Referenence Point

i
«errorRollUpElements» «errorRollUpElement»
Knowledge of Reference Point Error between Reference Point and fiducials
values values

errorCBE : Real = 0.004

/errorReq : Real = 0.005
/errorMargin : Real
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errorCBE : Real = 0.002
/errorReq : Real = 0.003
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ubError
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® Margin depends only on CBE
and and allocation

«block»

values /subError
/errorReq : Real E K B
MBEW%aI {union}
margin= allocated —cbe/allocated _— ' T

marginPercentageCalc
«constraint»
MarginPercentage

constraints
{margin = (allocated - cbe) / allocated}

parameters
cbe : Real
allocated : Real
margin : Real
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«block»
ProductRollUp
«block» 4 blodks
ErrorRollUpPatternElement
ubError SumRollUp
values
/errorReq : Real L
/enmC_BE : Real {union}
/errorMargin : Real
I— «block»
RootSumSquaredRollUp

errorCBECalc

® Different roll-up calculations depending on context

«constraint»
RootSumSquared

constraints
{vars =0,
for (i = 0; i < inputVals.length; i++)
s += inputVals[i] * inputValsli];
output = Math.sqrt(s)}

output: Real

|inputVals : Real [1..*]
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AlsubError : ErrorRollUpPatternElement [0..*]

lerrorCBE : Real

YputVals : Real [1..%]

«equal»l

for (i = 0; i < inputVals.length; i++)
s += inputVals[i] * inputVals[i];
output = Math.sqrt(s)}

® Different roll-up calculations depending on context
par [Block] RootSumSquaredRollUp| ErrorCBECalc J,I
«constraint»
errorCBECalc : RootSumSquared
AlerrorCBE : Real «equal» output : Real {vars=0;

© 2016 California Institute of Technology. Government sponsorship acknowledged.
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/errorMargin : Real(redefines errorMargin}

«block» «block»
: «rootSumSquaredRollUp»
RootSumSquaredRollU, T
= P _ ~ Ex Rolled Up 2. Subset
constraints . ”SUbError”
,“mqné:f: . 3 Ra(é?ﬁs rCBE)
: RootSu u C . a efnnes erro
4 e \—//erlofReq : Real{redefines errorReq} property of
lerrorMargin : Realiredefines errorMargin} | ErrorRollUpPattern
1. Inherit from a Element
specific error
«block» roll-up type part 1 |{subsets sublgrant}2 |{subsets subError}
SumRollUp «block» S~—_ shiock—

B il ! | «sumRollUp» «errorRollUpElement»
errorReqCalcSum \Sum Part 1 Part 2
errorCBECalcSum : - —

/ermrorCBE : Real{redefines errorCBE} emorCBE : Real = 12.0{redefines errorCBE}
/errorReq : Reallredefines errorReq) emorReq : Real = 13.0{redefines errorReq)

3. Define default values for all

"leaf”-
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B-A-I,.I-..... o

> \Tying to/Requirements & Product

par [Block] M3 to APS-TMT Interface Point Alignment Error Analysig] Error Analysis Context u

aPS Mission Conceptual : APS Mission Conceptual

APS Operational Blackbox : APS Conceptual [1]

pit : Pupil and Image Tracking Assembly [1] “

par [Block] Telescope Pupil Alignment Requiremen{ Telescope Pupil Alignment Requimnengj

| []

«constraints

constr : Pupil Alignment CBE vs Required Value Comparison

{requiredinPercent>=cbelnPercent}

«equal»

requiredinPercent : Real

|:u:bolnPercent : Real

«equaly

cbelnPercent

Alignment Requirement [1]

requiredAccuracyinPercent : Real

| [

LI

«constraint»

conversion : Convert Meters to Percent
{cbelnPercent = cbe / diameter * 100}

.

diameter cbe

© 2016 California Institute of Technology. Government sponsorship acknowledged.
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Thirty Meter Telescope

® Parametric solver used for solving set of equations specified
in model — here, Cameo Simulation Toolkit was used

bdd [Block] K-Mirror Offset [ K-Mirror Offset Error Budget ﬂ .
|Author: fdekens |Vefsion:
M3 Tip/Tilt Error budget
«block» I\Pﬂadiﬂcatlon Date: 4/5/17 10:31 Completion Status:
«rootSumSquaredRollUp»
K-Mirror Offset | Reviewed by: |
values
JerrorReq : Real = 0.005099019513592785redefines errorReq) |L881 Modifed by: fdekens |
/errorCBE : Real = 0.004079215610874228redefines errorCBE}
/errorMargin : Real = 0.200000000000000¥redefines errorMargin} «block»
7 ErrorRollUpPatternElement
|{subsets subError} |{subsets subError} {subsets subError}
«block» «block» «block»
«rootSumSquaredRollUp» «rootSumSquaredRollUp» «rootSumSquaredRollUp»
Stimulus Pupil Shift Error Knowledge of the Shear Plate position Interpolation Error
values values values
/errorReq : Real = 0.005{redefines errorReq}) MerrorReq : Real /errorReq : Real = 0.001{redefines errorReq)
/errorCBE : Real = 0.004{redefines errorCBE} AlerrorCBE : Real /errorCBE : Real = 8.0E-4{redefines errorCBE}
/errorMargin : Real{redefines errorMargin} AlerrorMargin : Real /errorMargin : Real{redefines errorMargin}
! T
/ L I
This is the shift of the pupil mask inside the s::umtn:am x Ec:g::%fm e We will measure the K-mirror error as a function
stimulus in x,y as we rotate it in the stage. Shear Plate location (as measured by the of angle. This is the error between the calibration
i ehéoder) i Y curve and the actual point on the sky. (This
= should be negligible if we do it right).
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® Parametric solver used for solving set of equations specified
in model — here, Cameo Simulation Toolkit was used

1. Formalized requirement

«ObjectProperties»
«TMT Requirement»
Telescope Pupil Alignment
Text = TREQ-2-APS-0086] APS shall measure the 2. Automated roll-up
position the telescope pupil to an accuracy of 0.03% the
diameter of the pupil. * «block»
TMT ID = 'REQ-2-APS-0086" «rootSumSquaredRollUp»
Alignment of M3 to APS-TMT interface point
«refine»
/ values
«block» /errorMargin : Real = 0.20424201591767288
Telescope Pupil Alignment Requirement /errorCBE : Real = 0.012831211945876352
{ constraints /errorReq : Real = 0.0161245154965971
| conversion : Convert Meters to Percent

values
requiredAccuracyinPercent : Real = 0.03

3. Automated verification of requirement
@ ‘ Name ' Constr : Pupil Alignment CBE Vs Required Value Comparison {
| 1 | = m3 to APS-TMT Interface Point| fall |

© 2016 California Institute of Technology. Government sponsorship acknowledged. 15
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Thirty Meter Telescope

® |f we hide inheritance, how do we
c «stereotype»
know which type of error roll-up rootSumSquaredRollUp
was applied? S

® Also, inheritance cumbersome «Customization N
RootSumSquaredRollUpCustomization
® Used stereotypes and MagicDraw e N
DSL customizations to solve both superTypes = (JRootSumSquaredRollUp
® Automatic inheritance
from a roll-up type 7 o
- RootSumSquaredRollUp R el ips
when stereotype is — Ex Rolled Up
a Iled ¢ RootSu"..S‘,l:f:zj ¥ WCBE:M?;’;i% emmorCBE)
p p EteCalo - e ‘errorReq : Radfredeﬁr% error‘Req}‘
/errorMargin : Reallredefines errorMargin}

o Unfortunately, no - -
solution for subsetting...

© 2016 California Institute of Technology. Government sponsorship acknowledged. 16
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® Typical Excel Error Budget ® Proposed SysML Error Budget
o Pros: o Pros:
® Every one knows Excel! ® Tied to requirements
® Easy to make a copy for what-ifs ® Tied to system design
® Easy to make changes ® Tied or system parameters
® Easy to make yet an other error ® Collaborative
budget (copy one from an other ® Version controlled

project, or from online) ® Standardized through patterns

® Extensive math libraries ® Can be extended to math

® Existing tools (queries, linking, etc.) languages (like Matlab, etc.)

© 2016 California Institute of Technology. Government sponsorship acknowledged. 17
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® Demonstrated method and pattern for performing error
budget analysis within a SysML model

o Capture decomposition of error
o Perform roll-up of current best estimates of leaf nodes
o Calculate margins & verify requirements

® Method formally ties together requirements on accuracy,
system design and relations between errors in an error
budget

o Safer = integration provides less danger of inconsistencies
o Comes at a cost = careful modeling required

© 2016 California Institute of Technology. Government sponsorship acknowledged. 18
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Open Source TMT model:
https://github.com/Open-MBEE/TMT-SysML-Model

* A Practical Guide to SysML, 3™ Edition, Chapter 17 by Friedenthal, Moore,
and Steiner
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