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2 INTRODUCTION 3

2 Intr oduction

2.1 Statementof purpose

The purposeof this documents to provide instructionsandguidancefor the client (or technicalstaf ap-
pointedby theclient) to usewhenextending/modifyingThe Kal man Filter On-line Learning
Tool . This manualdoesnot attemptto anticipateevery concernthat may ariseduring the development
of laterversionsof The Kal man Filter On-1ine Learni ng Tool . Instead,t givesguidelines,
informationandpointersthatproved usefulduringtheinitial developmentof thetool.

The Kalman filter is a set of mathematicalkequationsthat provides an efficient computationalesti-
mateof the stateof a procesge.g., the position and orientationof an airplane)given a time-varying se-
guenceof noisy measurement®.g., air speedpressuretemperatureenginethrust). Thefilter is a popular
mathematicakstimatordueto its efficiengy androbustness.(For moreinformation on the Kalmanfilter,
seehttp://www.cs.u nc.ed u/ ~wel ch/ kalman/i ndex. ht ml.) The Kal man Filter On-

I ine Learning Tool isaweb-basedool to help develop the intuition andinsight of novice users
regardingthe behaior of the Kalmanfilter. Usershave the ability to changevariousinput parametersand
thenseehow the Kalmanfilter respondgor a givensetof noisymeasurements.

It is assumedhatthereaderof thisdocumenthasageneraunderstandingf how The Kal man Fi | -
ter On-line Learning Tool works.In particular it is stronglyadvisedthatthe readerthoroughly
review the User Manual (seeAppendix A) and experimentwith the tool beforereadingthe rest of this
documentlt is alsoadvisedthatthereadeave experiencewith the Jasa™ programminganguage.

2.2 Documentcorventions

¢ Commandine instructionsandURLs appeatin this  font .
e CVS(sees4.1)projectmodulesappeaiin this font.

e The Kalman Filter On-line Learning Tool alwaysrefersto the applicationto which
this manualpertains.

2.3 Other relevant documents

e The client, Greg Welch, provides Matlab™ sourcecodethat executesthe samesimulationas The
Kal man Filter On-line Learning Tool (seeAppendixD).

e Detaileddocumentatiorof the project packagesclassesandinterfacesis providedin “Java™ API
Documentatiorfor The Kal man Filter On-line Learning Tool ”. Thelmplementation
Manual is also helpful for navigating the sourcecode. Both are referencedn the remainderof
this documeni@andareincludedin The Kal man Filter On-1ine Learni ng Tool project
package.

e The“DynamicandMeasurementodels” documentwritten by theclientGreg Welch,providesade-
scriptionof the simulationperformedby The Kal man Filter On-1ine Learni ng Tool.
It is referencedn the remainderof this documentandis includedin The Kal man Filter On-
| i ne Learning Tool projectpackage.
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3 SystemOverview

3.1 Project modules

All projectfilesarestoredn aCVSrepository(sees4.1),andbelongto oneof thefollowing projectmodules.

kftool. Thismodulecontainghesourcecodefor The Kal man Filter On-1ine Learni ng Tool
applicationandapplet.Sections3.2 and3.3 aredevotedto the discussiorof this module.(Note: Theappli-
cationversionof The Kal man Filter On-line Learning Tool includesanoptionfor saving
tab-delimitedsimulationdatato file. The appletversiondoesnotincludethis optionbecausdasa™’s secu-
rity featuredorbid appletsfrom accessinghe localfile system.Otherwise the two versionsof thetool are
thesame.)

ptplot3.1pl. This modulecontainssourcecodefor the plot softwareusedin this project,andis included
for archval purposes.

Jama. Themodulecontainssourcecodefor theJara™ matrix packagausedin this project,andis included
for archival purposes.

matlab_code. This modulecontainssourcecodefor aMatlab™ implementatiorof the Kalmanfilter sim-
ulation (seeAppendixD).

manuals. This modulecontainsfiles for the MaintenanceManual, ImplementatiorManualand“Java™
API Documentatiorior The Kal man Filter On-line Learning Tool".

latex_doclet. This module containssoftware for generatingthe “Java™ APl Documentationfor The
Kal man Filter On-line Learning Tool ”documentaJasa™ doclet. Thesoftwarereadslazadoc"
commentembeddedn sourcecodeand corveniently producesa IATEX documentwhich displaysthein-
formationin an organizedmanner Referto Section4.5 for instructionson creating/updatinglavadoc"
commentsandgeneratinghe Java™ doclet.

test_data. This modulecontainssimulationdatageneratedy the applicationversionof The Kal man
Filter On-1ine Learning Tool for every permutationof the input parameters.Thesedatafiles
may be usedto testthe correctnessf thetool (in the casethatit hasbeenmodified). Referto Section4.4
for testingguidelines.

jlfgr.  This module containsa collection of toolbar button graphics. The graphicshave beendesigned
specificallyfor usewith the Java™ look andfeel. They conformto the Jaza™ look andfeel DesignGuide-
lines. Thestepwindow’s buttoniconsuselook andfeel graphics.(For moreinformationsee
http://java.sun .c omp rod ucts /j If /dg /i ndex.h tm.)

web. Thismodulecontainghefilesnecessarfor runningThe Kal man Filter On-1ine Learn-
i ng Tool applet.Thefilesshouldbecopiedto ary spacealesiringto hosttheapplet.For moreinformation,
seethe READMHile in theweb module.
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3.2 High-level view of the kftool module

The kftool moduleis largestand mostimportantmoduleof the project. It containssourcecodefor The
Kal man Filter On-line Learning Tool applicationandapplet.Themoduleis dividedinto six
parts(seeFigurel), eachperformingadistinctfunction.

PARAMETER PLOT STEPPER
WINDOW WINDOW WINDOW
Contains editable Display’s plots of a Steps through the
settings for the single simulation’s data of a single
simulation. data. simulation.

"PLOT"
© "STEP"

MAIN WINDOW

Allows the user to edit the
parameters of, plot, or step through
a Kalman filter simulation.

Visible to the user

Invisible to the user

DATA KFILTER
REPOSITORY ENGINE

Manages simulation Generates Kalman
data. filter simulation
(Input: raw data, data, given the
Output: formatted specified parameters|.
data for plot/step)

Figurel: High-level view of thekftool projectmodule.

Main window. Primarily, the mainwindow senesto provide theuserwith choiceshatgovernthe execu-
tionof The Kal man Filter On-line Learni ng Tool . Theusercanchooseo “Edit”, “Plot”, or
“Step” througha Kalmanfilter simulation. The “Edit” selectioninvokesthe parametervindow, the “Plot”
selectioninvokesthe plot window, andthe “Step” selectioninvokesthe steppemwindow. The useris also
givena“Help” option,which displaysweb pageswith instructionsandusefulinformation.
Secondarilythe mainwindow actsasthe maincontrollerfor the system.It passeparameterérom the
parametewindow to theKalmanfilter engineandcollectssimulationdatafor passingo thedatarepository
The mainwindow also passegormattedsimulationdatafrom the datarepositoryto the plot window and
the stepwindow. In the applicationversionof thetool, the mainwindow alsoallows the userto save (tab-
delimited)simulationdatato file, receving suchdatafrom the datarepository
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Parameterwindow. Theparametewindow givestheuseranopportunityto modify thedefaultparameters
of the Kalmanfilter simulation. The usermay selectamongseveral optionsfor the actualdynamics,the
modeleddynamics,the measuremenlype andthe measurementoise. (For moreinformationaboutthe
purposeof theseparametersseethe “Dynamic andMeasuremeniodels” document.)

Plot window. The plot window displaysthreeplots of simulationdatato the user Plot 1 displaysthe
valuesof truth and estimatefor eachtime-step. Plot 2 displaysthe covariancevaluesfor eachtime-step.
Plot 3 displaystheresidualvaluesfor eachtime-step.

Stepwindow. The stepwindow allows the userto stepthroughthe actualsimulationdatafor a given
time-step.

Kalman filter engine. The Kalmanfilter engineperformsthe simulationaccordingto the parameters
passedrom the main window (which are eitherthe default parametersr the parameterspecifiedby the
userin the parametewindow). The Kalmanfilter enginegeneratesaw simulationdataandpassed to the
mainwindow, whichthenpasse# to the datarepository

Data repository. The datarepositoryrecevesraw simulationdatafrom the main window, andformats
this datain thefollowing threeways.

1. Arraysof size# of time-stepgtamet: plot window).
2. Singleelementsorrespondingo atime-step(tamget: stepwindow).

3. Stringof tab-delimitedvaluesfor eachtime-step(tamget: file)

3.3 Low-level view of the kftool module

Foramoredetailedook atthekftool projectmodule referto “Java™ APl Documentatiorior The Kal man
Filter On-1line Learning Tool " andthelmplementatiorManual.
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4 Procedures

4.1 Getting the source

The Kalman Filter On-line Learning Tool sourcecodeis in a CVS (ConcurrentVersions
Systemyl.11)repository CVSis aversioncontrol systemthat allows old versionsof programfiles to be
systematicallystoredwith correspondingxplanationsof when,why, andby whomthe files weremodified.
(For moreinformationon CVS, seehttp://www.cvsh ome.o rg /d ocs/ manual/ cvs. html )

To getacopy of thesourcecodefor ary module(s),

1. Setthe CVSROOErnvironmentvariableto the designategbrojectspace
(i.e, setenv CVSROOT/afs/cs.unc.edu /Iproje ct /tr acker/ kf tut or).

2. Goto yourlocalworkspacevhereyou desireto putthe sourcecode
(eg., cd /afs/cs.unc.edu /h ome/p ar ker/ kfc ode).

3. Checloutthemodule(s)
(e.g., to checlout thekftool module,cvs checkout kftool ).

Onceyou have checled out sourcecodeto your local workspacejt is easyto bring it up-to-datewith the
files currentlyin therepositoryby doingthefollowing,

1. Goto yourlocalworkspacdhatyou desireto update
(eg., cd /afs/cs.unc.edu /h omelp ar ker/ kfc ode).

2. Updatethemodule(s)
(eg., cvs update kftool ).

4.2 Editing the source

To modify anexisting sourcecodefile for any module(s),
1. Checloutthesourcecode(sees4.1).
2. Modify thefile(s)in yourlocal workspaceasdesired.
3. Rehuild the project(sees4.3).

4. Checkinthe modifiedfile(s)
(i.e,cvs commit fil enane).

To createa new sourcecodefile for ary module(s),

1. Checloutthesourcecode(sees4.1).
2. Createthefile(s) in yourlocalworkspaceasdesired.
3. Reluild the project,modifying the build proceduressappropriatgsees4.3).

4. Add andcheckinthe new file(s)
(i.e,cvs add fil enane
cvs commit fil enane).
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**Note: CVS allows youto provide a message arytime you addor commitafile. The messagés simply a
commentaddedto the changeog, in which you cangive somereasorfor modifying the code. Using this
featureis recommendedb getthe mostout of versioncontrol. To learnmoreaboutmessaging, type man
cvs or seehttp://www.cvs homeor g/ docs/manual /c vs.h tml .

4.3 Building the project

The Makefile in the kftool moduleis provided to facilitate the processof building an executablefor The
Kal man Filter On-line Learning Tool . TousetheMakefile dothefollowing,

1. Readandfollow thedirectionsin kf _tool/Makefile

2. Build thedesiredtarget
(eg., make all ).

4.4 Testingthe system

Wheneer The Kal man Filter On-line Learning Tool sourcecodeis modified, testingits
outputfor correctnesss recommendedThe following two methodof testingaresuggested.

e Thetest data modulecontainsdatafiles for every permutatiorof theinput parameterso the Kalman
filter simulation. The tab-delimiteddata output saved to file by the applicationversionof The
Kal man Filter On-1ine Learning Tool shouldbeidenticalto adatafile in thetest_data
module(accordingto the simulationparametersisedasinput).

Therandomnumbergeneratousedwill produceidenticalresultsfor a givensetof input parameters,
so long asthe seedstaysthe same. (For more information, seethe java.util. Rand omclass.)
However, if therandomnumbergeneratoand/orits seedaremodified,comparisoragainsthesedata
fileswill notbeagoodtest.In fact,if therandomnumbermenerators modified,replacingthedatafiles
of the test_data modulewith new datafiles (believed to be correctfor the modifiedrandomnumber
generator)s recommendedo facilitate testingof subsequentersionsof The Kal nan Filter
On-line Learning Tool.

e Comparisorwith outputof the client’'s Matlab™ code(seeAppendixD) is alsoa goodway to test
the accuray of the simulationdataandplots. Note that outputthe Matlab™ implementatiorof the
Kalmanfilter simulationwill differ slightly from theJasa™ implementatior{sinceadifferentrandom
numbergeneratoris used,andthe sourcecodeis not identical). However, the Matlab™ output of
dataandplotsshouldcertainlybesimilartothatof The Kal man Filter On-line Learning
Tool .

4.5 Updating the documentation

Updatedo thedocumentatiomarerecommendedisThe Kal man Filter On-1ine Learning Tool
sourcecodeis modified. Of course theseproceduresreoptionalandhave no effect on the functionality of
thetool.

The ImplementatiorManualand MaintenanceManualshouldbe updatedasnecessaryi.e., whensig-
nificantchangesiremadeto the sourcecode).Both documentsrewrittenin IATEX, andthe.tex filesare
locatedin the manuals module.(For moreinformationon IATEX, typeman latex )
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The “Java™ APl Documentatiorfor The Kal man Filter On-line Learning Tool ” doc-
umentshould be regeneratedvhen&er changeso the sourcecode affect its documentatior(e.g., dele-
tion/additionof projectclassesgeletion/additiorof classmethodsdeletion/additiorof methodparameters,
etc.). Thesoftwarefor generatinghe Java™ docletis locatedin thelatex_doclet module.Thefollowing two
stepsaresuggestionfor updatingthe“Java™ APl Documentatiorior The Kal man Filter On-line
Lear ni ng Tool ” document.

1. Add/delete/editlavadoc™ commentsn the sourcecode. The generaform of a Javadoc" comment
is thefollowing.

/**

* This is the description part of a doc comment
*

* @tag Comment for the tag
*/

(For moreinformationon how to write Javadoc™ comments,
seehttp://java.sun .c omj2 sel/j avadoc/ writ in gdocc onment s.)

2. Generatghe Java™ docletusingthefollowing suggestedteps.

(a) Goto yourlocalworkspacewhereyou have previously checled outthe sourcecode
(eg., cd /afs/cs.unc.edu /h ome/p ar ker/ kfc ode).

(b) Make certainthelatex_doclet modulehasbeenchecled out
(eg.,, cvs checkout latex _doclet ).

(c) Goto thekftool module
(i.e,cd kftool ).

(d) Usethe Makefile to executethe Java™ docletsoftware
(i.e, make latex _docs).

(e) A file doclet.tex will bewrittento thelatex _doc subdirectoryof kftool , sogoto that
subdirectory

(i.e,cd latex _doc).

(f) Senddoclet.tex to the IATEX interpreterto producethe postscripdocumentdoclet.ps
(i.e, latex  doclet.tex

dvips -0 doclet.ps doclet ).
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A Appendix: The User Manual

The User Manual is providedto give thereadersomecontect for how the The Kal nan Filter On-
Iine Learning Tool istobeusedaswell as,to documenta setof instructions(shouldthey ever be
needed).

A.1 Quick Start

. Goto http://www.cs. unc. edu/ ~park er/ compl45/ kal man. ht ml.
. ClickonUseThe Kalman Filter On-line Learning Tool.

. Leave thecontrolsin their default settings.

Click onthePlot button.

View theplots.

S N

Closethe plot window.

A.2 Descriptionsof the parameter settingsand control buttons

Actual Dynamics The actualdynamicsdeterminehow the waterlevel will actuallybehae in the simu-
lation. The default is thatthe waterwill remainat a constanievel. The otheroptionsincludefilling
andsloshing. Whenfilling is selectedthe actuallevel of the watertank will steadilyincreaseover
thetime interval duringwhich the simulationis run. Whensloshingis selectedhe actuallevel of the
watertankwill have asinusoidaincreaseanddecreaséi.e., like wavesin water). Notethatthesetwo
options,filling andsloshing,areorthogonalto eachotherin the sensehatit is possibleto select(i)
only filling, (ii) only sloshing,(iii) bothfilling andsloshing,or (iv) neitherfilling nor sloshing(the
default).

Modeled Dynamics Themodeleddynamicssettingdetermineshe analyticfunctionthatthe Kalmanfilter
will useto modelthe level of waterin the tank. In otherwords, the Kalmanfilter “thinks” thatthe
actualbehaior of thewateris describedy theestimatesetting.Naturally the Kalmanfilter will give
the bestestimateof the stateof the waterlevel whenthe modelingfunction matcheghe truth. It is
intendedhowever, thatthe userexperimentwith the behaior of thefilter whenthe modeledfunction
doesnot matchthat of the truth. In suchcase,notethe relationshipbetweenthe residualplot and
discrepang betweerthetruth andmodelfunctions.

Measurement Type The measuremertype featureallows the userto selectwhetherthe device usedto
measurghe waterlevel in thetankis (i) the heightof a float on top of the water or (ii) the angleof
a mechanicabrm whoseendsits on top of the water Mathematicallythis differenceis significant
becauseén the linear float case,the stateof the process(the actuallevel of the water)is a linear
functionof themeasurement&ceved. In theangularcasehowever, the stateof the processs amore
sophisticateginefunction with respecto the measurementseceved. The Kalmanfilter equations
musttake this differenceinto accountandaremorecomple in theangularcase.lt is recommended
thatthe userthoroughlyunderstandhe linear casebeforerunningsimulationsin theangularcase.

Measurement Noise The measurementoisedeterminesghe accurag of the measurement® which the
filter hasaccessRealsystemsisingthe Kalmanfilter will have differentqualitiesof measuremerdas
determinedy theprecisionof themeasuremernhstrumentsvailableandfeatureof theenvironment
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in which the systemoperatesTheThe Kal man Filter On-line Learni ng Tool allows
the userto simulatethesedifferencesby insertingrandomnoisein levels commensuratevith the
simulatedervironment/system.

Edit The edit buttonin the main window allows the userto selectthe desiredactualdynamicsmodeled
dynamicsmeasuremertype,andmeasurememoise.

Plot The plot button performsthe simulationfor a fixed amountof time. At eachinstantthe actuallevel
of the wateris determinedbasedon the users choiceof actualdynamics. Noisy measurementare
thenavailableto thefilter basednthe measurememoiseandmeasuremenypeselectedy theuser
The Kalmanfilter thenusesthe modelingfunction selectedby the userasa partof the Kalmanfilter
equationdo determinehefilter’s estimateof the stateof thewater Thesequantitiesarethenplotted
in aseparatavindow. If somepartof theplotis of particularinterestthe mousemaybeusedto drav
arectanglearoundthatregion, causingt to be shavn in moredetail.

Help The help button allows the userto seethe help featureshuilt into The Kal nan Filter On-
line Learning Tool.

StepAfter developingagenerafeelfor how theKalmanfilter behaeswith differentcombinationsf truth
andestimatdunctions thesteppingnodeis designedo allow usergo studyexactly how thisbehaior
is achieved via the actualKalmanfilter equations.The stepfunction shaws, for a selectedime step,
the decimalvaluesthatdeterminghetrue state predictedstate correctedstate actualmeasurement,
predictedmeasuremenalmangain, predictedcovariance andcorrectedcovariance. Thesevalues
aredisplayedfor two adjacentime steps,sothatthe usercanseehow the equationscomputethese
gquantitiesat pointsof interestin the simulation. The buttonswithin the stepwindow allow different
time instancego be selectecat which the behaior of thefilter is mostinteresting.
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B Appendix: DevelopmentSystemRequirementsand Information
Thefollowing arerequirementgor extensions/modificationt® the project.

e Java™ Developmentit: JDK 1.3.0for Linux™ (or Sun™) from Suri™
(includesJava™ 2 RTE andJava Hotspot" Client VM)

e Jasa™ Plug-in1.3allows abrowserto view webpageausingJasa™ 2 RTE:
(availableat http://java.su n. com/p ro duct s/p lu gi n,
for moreinformationseehttp://java.su n. com/pro duct s/ pl ugi n/ 1. 3/ overv ie w. ht ml)

Thefollowing is informationabouttools usedin theinitial projectdevelopmentprovidedin casethey can
be usefulfor furtherdevelopmeniof the project.

e IntegratedDevelopmentEnvironment:Forte™ for Java™ 2.0from Surn™
(availableat http://www.sun .com/fort e/ ff j)

¢ PlottingTool: Ptplot3.1
(availableathttp://ptolemy .ee cs.b erkeley .e du/j ava/p tplo t3 .1 /pt ol eny/ pl ot/ doc)

e Java Matrix Package:Jamal.0.1
(availableat http://math.ni st .go v/ ja vanumeric s/ ja ma

e VersionControlSoftware: CVS 1.10.7
(for more information seehttp://www.cvs home.or g/ docs/manual /c vs.ht ml or type
man cvs )

e IATEX2 Generatinglava™ doclet
(availableat http://www.c2- te ch. com/ja va/Te xDocle t)

This optionalinformationprovedto be helpful duringtheinitial projectdevelopment.

e Java™ 2 API Specification
(availableat http://java.su n. com/p ro duct s/j dk/1 .2 /d ocs/a pi /i ndex. ht ml)

e Jasa™ Look andFeelDesignGuidelines
(availableat http://java.su n. com/p ro duct s/j If /d g/ in dex.h tm)
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C Appendix: Contact Information

The following studentscompletedThe Kal nan Filter On-1ine Learning Tool asa course
projectfor COMP145atthe University of North Carolinaat ChapeHill.

e TEAM 18
DIRECT OR ChristopherRiley, cjriley@cs.unc. edu
PRODUCER ThomasBodenheimermodenhei@cs.unc. edu
ADMINISTRA TIVE LEADER Erin Parker, parker@cs.unc.e  du
LIBRARIAN JohnCarpentercarpente@cs.un c. edu

Theclientfor the projectwasGreg Welch,a professoiin the Departmenbf ComputerScienceat UNC-CH,
welch@cs.unc.ed u.
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D Appendix: Matlab Codefor the Kalman Filter

Thefollowing is Matlab™ sourcecode(written by the client, Greg Welch)for the Kalmanfilter simulation
performedoy The Kal man Filter On-line Learning Tool . Thecodemaybe checledoutof
the CVSrepository(see§4.1),asmodulematlab_code. To runthe simulation,executegui.m in Matlab™.
(**Note thatthe Matlab™ sourcecodeis notadirecttranslationof the Jara™ sourcecodeof The Kal man
Filter On-1ine Learning Tool ,butbothperformthe sameKalmanfilter simulation.)

D.1 dosimm

function S = dosim(T, cda, cdm, cm, sr_scale, sqg_scale, stq_C, stq_F, stg_S)
%

% Run sim of level sensors

%

% Input:

% T: truth struct with fields...

% L: actual levels struct w/ fields

% L.C (constant)

% L.F (filling)

% L.S (sloshing)

% L.FS (filling and sloshing)

% L.SO (slosh around 0)

% m: measured values struct

% level/linear fields mlC, mlF, mlLS, mlFS

% angle/nonlinear fields m.a.C, m.a.F, m.asS, m.a.FS
% ts: time steps [second]

% a bunch of other parameters that need to come from “truth"

% cda: char specifying ACTUAL dynamics (C','F','S"'FS’)
% cdm: char specifying MODELEDdynamics ('C','F','S','FS’)

% cm: char specifying the measurement type (L', 'A)
% sr_scale: meas noise factor (to play) -- {0.01, 0.1, 1, 10, 100}
% sq_scale: process noise factor (to play) -- {0.01, 0.1, 1, 10, 100}

%

% misc globals
global d2r r2d;
d2r pi/180.0; % constant to convert [degree] to [radian]
r2d 180.0/pi; % constant to convert [radian] to [degree]

% temporal  parameters

stime = T.stime; % length of sim [second]

mrate = T.mrate; % measurement rate [l/second]

dt = 1l/mrate;

% water level limits

L_min T.L_min; % where start filling, etc. [meter]

L_max = T.L_max; % full [meter]

% Measurement device parameters
global db df ka Kl

db = T.db; % Base for angular sensor, just above the max water [meter]

df = T.df; % Angular sensor arm w/ float, long enough to hit bottom on empty [meter]
ka = T.ka; % Angular/non-linear float scale constant

kI = T.KkI; % Levelllinear float parameters scale constant

% Sloshing  (sinusoidal) parameters

sf = T.sf; % slosh/sin frequency  [l/second]
sp T.sp; % slosh phase [degree]

% measurement noise magnitudes
srl_m = sr_scale*T.srl_m; % stdev of levelllinear sensor noise [meter]
sra_d = sr_scale*T.sra_d; % stdev  of angule/non-linear sensor noise [degree]
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%

% Set up filter parameters

%

% Four possibilities

% 1. Constant level (C)

% 2. Filling F)

% 3. Sloshing (S)

% 4. Filling + Sloshing (FS)
%

if (nargin == 6) % normal situation
stq_C(1) = 5.9609e-05; % Tuned Constant w/ linear meas
stq_C(2) = 3.5936e-05; % Tuned Constant w/ angular meas

sq_C = mean(stq_C); % avg of the two

stq_F(2) 1.9638; % Tuned Filling w/ linear  meas
stq_F(2) = 2.027; % Tuned Filling w/ angular meas
sq_F = mean(stq_F); % avg of the two

stq_S(1) = 5.9609e-05; % Tuned Sloshing w/ linear meas
stq_S(2) = 5.9609e-05; % Tuned Sloshing w/ angular meas
sq_S = mean(stq_S); % avg of the two
% special tune case for filling and sloshing
if (cdm == 'FS)
stg_F(1) = 0.0028009; % Tuned Filling w/ linear  meas
stg_F(2) = 0.0021271; % Tuned Filling w/ angular meas
sq_F = mean(stg_F); % avg of the two
stg_S(1) = 0.0014462; % Tuned Sloshing w/ linear meas
stg_S(2) = 0.0010254; % Tuned Sloshing w/ angular meas
sq_S = mean(stq_S); % avg of the two
end
elseif (nargin == 9) % tuning the filters
sq_C = stq_C;
sq_F = stg_F;
Sq_S = stq_S;
else
error(’Incorrect number of input arguments for dosim.m.’)

end

% Measurement model

if (cm == ")
mtype = 1;
elseif (cm == "A)
mtype = 2;
else
error("Unkown measurement model.’);
end

% Set up the dynamic model parameters based on the input selector
switch cdm
case 'C'’ % Constant level
% State  dimension
sd = 1;

% Dynamic/process model

% see Section 1.2.1 in document "models"

A = zeros(1,1,T.nmeas);

A(1,1,) = 1;

gc = (sq_scale*sq_C)"2; % scale qc then square for variance
Q = zeros(1,1,T.nmeas);

Q(1,1,) = qc*dt;

% Set aside space for results
S.Xp = zeros(sd,T.nmeas); % predicted state  (X)
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S.Xc = zeros(sd,T.nmeas); % corrected

S.Pp = zeros(sd,sd,T.nmeas); % predicted covariance  (P)
S.Pc = zeros(sd,sd,T.nmeas); % corrected

S.Zp = zeros(1,T.nmeas); % predicted measurement (Z)
S.K = zeros(sd,T.nmeas); % Kalman gain

% Initialize filter

L_init = L_max/2.0; % initial guess

S.Xp(1,1) = L_init;

S.Xc(1,1) = L_init;

S.Pp(1:1,1:1,1) = L_max"2;

S.Pc(1:1,1:1,2) = L_max"2;

case 'F % Filling
% State dimension
sd = 2;

% Dynamic/process model

% see Section 1.2.2 and equations (4) and (5) in document
A = zeros(sd,sd, T.nmeas);

for m=1:T.nmeas

A(l,1,m) = 1;
A(1,2,m) = dt

end

Q = zeros(sd,sd,T.nmeas);

gc = (sq_scale*sg_F)"2; % scale qc then square for variance

for m=1:T.nmeas
Q(1,1,m) = qc*dt"3/3.0;
Q(1,2,m) = qc*dt"2/2.0;
Q(2,1,m) = Q(1,2,m),
Q(2,2,m) = qc*dt;

end

% Set aside space for results

S.Xp = zeros(sd,T.nmeas); % predicted state  (X)

S.Xc = zeros(sd,T.nmeas); % corrected

S.Pp = zeros(sd,sd,T.nmeas); % predicted covariance  (P)
S.Pc = zeros(sd,sd,T.nmeas); % corrected

S.Zp = zeros(1,T.nmeas); % predicted measurement (Z)
S.K = zeros(sd,T.nmeas); % Kalman gain

% Initialize filter

L_init = L_max/2.0; % initial guess

S.Xp(1,1) = L_init;

S.Xc(1,1) = L_init;

S.Pp(;,:,1) = [L_max"2,0;0,(L_max/stime)"2];

S.Pc(:,:;,1) = [L_max"2,0;0,(L_max/stime)"2];

case 'S’ % Sloshing
% State dimension
sd = 2;

% Dynamic/process model
% see Section 1.2.3 and equations (6) and (7) in document
A = zeros(sd,sd, T.nmeas);

w = 2*pi*sf; % omega
for m=1:T.nmeas
A(l,1,m) = 1;
A(22m) = 1;
A(1,2,m) = w*cos(w*T.ts(m)+sp*d2r);
end
Q = zeros(sd,sd, T.nmeas);
gc = (sq_scale*sq_S)"2; % scale qc then square for variance
for m=1:T.nmeas
Q(1,1,m) = qc*w 2*cos(W*T.ts(m))"2*dt*(3*T.ts(m) 2+3*T.ts(
Q(1,2,m) = w*cos(W*T.ts(m))*qc*dt*(2*T.ts(m) + dt)/2.0;
Q(21m) = Q(1,2,m);

"models”

"models”

m)*dt+d t°2)/3

.0;
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Q(2,2,m) = qgc*dt;
end

% Set aside space for results

S.Xp = zeros(sd,T.nmeas); % predicted state  (X)

S.Xc = zeros(sd,T.nmeas); % corrected

S.Pp = zeros(sd,sd,T.nmeas); % predicted covariance  (P)
S.Pc = zeros(sd,sd,T.nmeas); % corrected

S.Zp = zeros(1,T.nmeas); % predicted measurement (Z)
S.K = zeros(sd,T.nmeas); % Kalman gain

% Initialize filter

L_init = L_max/2.0; % initial guess

S.Xp(1,1) = L_init;

S.Xc(1,1) = L_init;

S.Xp(2,1) = T.sm; %temp - cheat

S.Xc(2,1) = T.sm;

S.Pp(:,:,1) = [L_max"2,0;0,(L_max/2)"2];

S.Pc(:,:,1) = [L_max"2,0;0,(L_max/2)"2];

case 'FS’ % Filling and Sloshing
% State  dimension
sd = 3;

% Dynamic/process model
% see Section 1.2.4 and equations (8) and (9) in document "models"
A = zeros(sd,sd, T.nmeas);

w = 2*pi*sf; % omega
for m=1:T.nmeas
A(l,1,m) = 1;
A(2,2,m) = 1;
A@B,3,m) = 1;
A(1,2,m) = dt
A(1,2,m) = w*cos(w*T.ts(m)+sp*d2r);
end
Q = zeros(sd,sd,T.nmeas);
gcs = (sq_scale*sg_S)°2; % scale qc then square for variance
gcf = (sq_scale*sq_F)"2; % scale qc then square for variance

for m=1:T.nmeas
Q(1,1,m) = dt*(dt"2+3*T.ts(m)"2+3*T.ts(m)*dt)*
(gcf+w"2*cos(w*T.ts(m))"2*qcs)/3.0;

Q(1,2,m) = qcfdt*(2*T.ts(m) + dt)/2.0;
Q@21m) = Q(1,2,m);
Q(1,3,m) = w*cos(W*T.ts(m))*qcs*dt*(2*T.ts(m)+dt)/2.0;
Q@B.1m) = Q(1,3m);
Q(2,2,m) = qcf*dt;
Q(3,3,m) = qcs*dt;

end

% Set aside space for results

S.Xp = zeros(sd,T.nmeas); % predicted state  (X)

S.Xc = zeros(sd,T.nmeas); % corrected

S.Pp = zeros(sd,sd,T.nmeas); % predicted covariance  (P)

S.Pc = zeros(sd,sd,T.nmeas); % corrected

S.Zp = zeros(1,T.nmeas); % predicted measurement (Z)

S.K = zeros(sd,T.nmeas); % Kalman gain

% Initialize filter

L_init = L_max/2.0; % initial guess

S.Xp(1,1) = L_init;

S.Xc(1,1) = L_init;

S.Xp(3,1) = T.sm; %temp - cheat

S.Xc(3,1) = T.sm;

S.Pp(:,:,1) = [L_max"2,0,0; 0,(L_max/stime)"2,0; 0,0,(L_max/2)"2];
S.Pc(:,:;,1) = [L_max"2,0,0; 0,(L_max/stime)"2,0; 0,0,(L_max/2)"2];

otherwise
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error('Unknown
end

% Choose the set
% (actual dynami
switch cda

dynamic model type.);

of measurements based on the
cs)

case 'C' % Constant level
% Measurement model
if (mtype == 1)
Za = T.m.lL.C; % actual measurements

else

Za = T.m.a.C; % actual measurements

end
case 'F % Filli

ng level

% Measurement model

if (mtype == 1)

Za = T.m.lLF; % actual measurements
else

Za = T.m.a.F; % actual measurements

end

case 'S’ % Sloshing level
% Measurement model

if (mtype == 1)
Za = T.m.lS; % actual measurements
else
Za = T.m.a.S; % actual measurements
end
case 'FS’ % Filling and Sloshing level
% Measurement model
if (mtype == 1)
Za = T.m.LFS; % actual measurements
else
Za = T.m.a.FS; % actual measurements
end
otherwise

error('Unknown
end

dynamic model type.’);

% Measurement noise model

if (mtype == 1)
% see Section

2.1 in document "models"

R = (sr_m * KkI)'2;

else
% see Section

2.2 in document "models"

R = (sra_d * ka)2;

end

% Loop through all measurements

for k = 2:T.nmeas

% predict
S.Xp(:,k)
S.Pp(:,:,k)

% measurement

A(,:,k)*S. Xc(:,k-1);
A, K)*S.Pc(:,: k-1)*A(:,:, k)

prediction and Jacobian

S.Zp(k) = meas(S.Xp(:,k),mtype,sd);
H = measJacobian(S.Xp(:,k),mtype,sd);

% correct
S.K(:,K)
S.Xc(;,k)
S.Pc(:,:,k)

end

S.Pp(:,:,kK)*H*inv(H*S.Pp(:,:,k)*H’
S.Xp(:,k) + S.K(,k)*(Za(k)-S.Zp(k));
(eye(sd) - S.K(,k)*H)*S.Pp(:,:,k);

input  selector cda

+ Q(:,:,k);

+ R);

% Kalman gain
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return

% local  subroutine for measurement model
function Zp = meas(Xp,mtype,sd)
global db df ka r2d;

if (mtype == 1)
% Linear measurement model
% see Section 2.1 in document "models"
H = measJacobian(Xp,mtype,sd);
Zp = H*Xp;
else
% Angular measurement model
% see Section 2.2 and equation (13) in document
as = (db-Xp(1))/df;
if (as > 1)
as = 1;
elseif (as < -1)
as = -1;
end
Zp = r2d*ka*asin(as);
end
return

% local  subroutine for measurement model Jacobian
function H = measJacobian(Xp,mtype,sd)
global db df ka kil r2d;

if (mtype == 1)
% Linear measurement model
% see Section 2.1 in document "models"
H = zeros(1,sd);
H(1,1) = K
else
% Angular measurement model
% see Section 2.2 and equation (14) in document
H = zeros(1,sd);
as2 = ((db-Xp(1))/df)"2;

H(1,1) = -r2d*ka/(df*sqrt(abs(1l-as2)));
end
return
D.2 gui.m
da = uicontrol('Style’,’Popup’,’String’,...
"Constant|Fill|Slosh|Fill & Slosh’,’Position’,[20
dm = uicontrol('Style’,’Popup’,’'String’,...

"Constant]|Fill|Slosh|Fill & Slosh’,’'Position’,[120

mm=uicontrol('Style’,’Popup’,’String’,...

‘Linear|Angular’,’Position’,[220 320 100 50));

go = uicontrol(’Style’,’Pushbutton’,’Position’,...
[20 150 100 70], 'Callback’, 'guiCallback’,’String’,'Go’);

D.3 gui Cal | back. m

vda get(da,'Value’);
vdm = get(dm,'Value’);
vmm = get(mm,Value’);

"models"

"models"

320 100 50]);

320 100 50]);
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switch  vda

case 1

cda = 'C;
case 2

cda = 'F;
case 3

cda = 'S}
case 4

cda = 'FS’;
otherwise

error('Unknown actual dynamic model type.);

end

switch  vdm
case 1
cdm = 'C’;
case 2
cdm = 'F’;
case 3
cdm = 'S’
case 4
cdm = 'FS’;
otherwise
error('Unknown measured dynamic model type.);
end

switch v
case 1
cm =
case 2
cm =
otherwise
error('Unknown measurement model type.’);
end

meas_scale = 100;

process_scale = 1;

T = truth(0);

S = dosim(T,cda,cdm,cm,meas_scale,process_scale);
plotSim(T,S,cda,cdm,cm);

D4 plotSimm

function plotSim(T,S,cda,cdm,cm)

scrsz = get(0,'ScreenSize’);

h = figure(2)

set(h,’Position’,[1 scrsz(4)/2 scrsz(3)/2 scrsz(4)));
% Level

pane = 1;

h = subplot(3,1,pane);
switch  cda

case 'C’
plot(T.ts,S.Xc(1,:),T.ts, T.L.C)
case 'F
plot(T.ts,S.Xc(1,:),T.ts, T.L.F)
case 'S’
plot(T.ts,S.Xc(1,:),T.ts, T.L.S)
case 'FS’
plot(T.ts,S.Xc(1,:),T.ts, T.L.FS)
otherwise
error('Unknown dynamic model type.);
end
min_x 0;

max_x T.stime;
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min_y = 0;

max_y = T.L_max;

axis([min_x max_x min_y max_y]);
xlabel('t [second]);

ylabel('L [meterT);

title(sprintf(’Actual (%s) vs. Estimated (%s)’,cda,cdm));

% Covariance

pane = 2,

h = subplot(3,1,pane);
semilogy(T.ts,sqrt(squeeze(S.Pc(1,1,:))));

min_x = 0;

max_x = T.stime

min_y = 0;

max_y = T.L_max;

axis([min_x max_x min_y max_y]);

xlabel('t [second]);

ylabel('sgrt(P) [meter]’);
title(sprintf(Process deviation’,cda,cdm));

% Measurement residuals
pane = 3;
h = subplot(3,1,pane);
switch cda
case 'C’
if (cm == 'L
plot(T.ts, T.m.l.C-S.Zp)
else
plot(T.ts,T.m.a.C-S.Zp)
end
case 'F
if (cm == "'L)
plot(T.ts, T.m.l.F-S.Zp)
else
plot(T.ts,T.m.a.F-S.Zp)
end
case 'S’
if (cm == "'L)
plot(T.ts, T.m.l.S-S.Zp)
else
plot(T.ts,T.m.a.S-S.Zp)
end
case 'FS’
if (cm =="'L)
plot(T.ts,T.m.l.LFS-S.Zp)
else
plot(T.ts,T.m.a.FS-S.Zp)
end
otherwise
error('Unknown dynamic model type.’);
end
min_x
max_x
min_y 0;
max_y T.L_max;
Y%axis([min_x max_x min_y max_y]);
xlabel('t [second]);
if (cm == ")
ylabel('dL [meter]’);
else
ylabel('Angle [degree]);
end
title(sprintf(‘Measurement Residual  (%s)’,cm));

0;
T.stime;

return
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D5 truth.m

function T = truth(seed);

%

% Generate truth  signals

%

% Input:

% seed: random number seed (allows it to generate repeatable results)
%

% Output:

% T: truth struct with fields...

% L: actual levels struct w/ fields

% L.C (constant)

% L.F (filling)

% L.S (sloshing)

% L.FS (filling and sloshing)

% L.SO (slosh around 0)

% m: measured values struct

% level/linear fields m.l.C, m.LF, m.l.S, m.LFS
% angle/nonlinear fields m.a.C, m.aF, m.asS, ma.FS

% ts: time steps [second]

% misc globals
d2r = pi/180.0; % constant to convert [degree] to [radian]
r2d = 180.0/pi; % constant  to convert [radian] to [degree]

% seed random number generator
randn('state’,seed);

% temporal  parameters

T.stime 5, %length of sim [second]
T.mrate 50; % measurement rate [1l/second]
T.nmeas T.stime*T.mrate + 1

% water level limits
T.L_min 0.3; % where start filling, etc. [meter]
T.L_max 1.0; % full [meter]

% Angular/non-linear float  parameters

T.db = T.L_max + 0.02; % base for angular sensor, just above the max water [meter]

T.df 1.25*T.db; % angular sensor arm w/ float, long enough to hit bottom on empty [meter]
T.ka 1.0;

% Level/linear float  parameters
Tkl = 1.0;

% measurement noise magnitudes
T.st_m = 0.01*T.L_max; % stdev  of level/linear sensor noise [meter]
T.sra_d = 0.01*90; % stdev of angule/non-linear sensor noise [degree]

% Filling parameters

T.delay = 1; %delay to start of filling [second]

frate = (T.L_max - T.L_min) [/ (T.stime - T.delay + 1/T.mrate);

% fill rate [meter/second]

fmeas = frate/T.mrate; % amount filled per measurement [meter/meas]
mf = T.delay*T.mrate; % meas of first fill motion

% Sloshing  (sinusoidal) parameters

T.sf 10/T.stime; % slosh/sin frequency  [1/second]
T.sp 0; % slosh phase [degree]

T.sm 0.05; % slosh magnitude [meter]

%
% Generate signals
%
% Four possibilities
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% 1. Constant level (C)

% 2. Filling (®)

% 3. Sloshing (S)

% 4. Filling + Sloshing (FS)
%

% sample times
T.ts = 0:1/T.mrate:T.stime;

% noise signals for each sensor type

n.l = T.srl_m*randn(1,T.nmeas); % level/llinear noise

n.a = T.sra_d*randn(1,T.nmeas); % angle/non-linear noise

%

% actual/true levels (generate  same number/resolution as measurements)

%

% 1. Constant level (C)
% see equation (1) in document "models"

L.C = repmat(T.L_min,1,T.nmeas); % constant  signal

m.l.C = TkI*L.C + nl;  %level measured = signal + level/linear
m.a.C = T.ka*r2d*asin((T.db-L.C)/T.df) + n.a;

% angle measured = signal + angle/non-linear noise

% 2. Filling (F)
% see equation (2) in document "models"
L.F = zeros(1,T.nmeas);

L.F(1:mf-1) = T.L_min;

L.F(mf:T.nmeas) = T.L_min:fmeas:T.L_max;

m.l.F = TKkI*L.F + nl;  %level measured = signal + level/linear
m.a.F = T.ka*r2d*asin((T.db-L.F)/T.df) + n.a;

% angle measured = signal + angle/non-linear noise

% 3. Sloshing (S)
% see equation (3) in document "models"

L.SO = T.sm*sin(2*pi*T.ts*T.sf + T.sp*d2r); % around O

LS = T.L_min + L.SO;

ml.S = TKkP*L.S + nl;  %level measured = signal + level/llinear
m.a.S = T.ka*r2d*asin((T.db-L.S)/T.df) + n.a;

% angle measured = signal + angle/non-linear noise

% 4. Filling + Sloshing (FS)
% see equations (2) and (3) in document "models"

LFS = LF + L.SO; % sum of filling and sloshing  (slosh around O

m.l.FS = TKkI*L.FS + nl;  %level measured = signal + level/llinear
m.a.FS = T.ka*r2d*asin((T.db-L.FS)/T.df) + n.a;

% angle measured = signal + angle/non-linear noise

% put true Level and measurement information in struct

TL =1

Tm = m;

return

noise

noise

noise

not min)
noise
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