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2 Intr oduction

2.1 Statementof purpose

The purposeof this documentis to provide instructionsandguidancefor theclient (or technicalstaff ap-
pointedby theclient) to usewhenextending/modifyingThe Kalman Filter On-line Learning
Tool. This manualdoesnot attemptto anticipateevery concernthat may ariseduring the development
of laterversionsof The Kalman Filter On-line Learning Tool. Instead,it givesguidelines,
informationandpointersthatprovedusefulduringtheinitial developmentof thetool.

The Kalman filter is a set of mathematicalequationsthat provides an efficient computationalesti-
mateof the stateof a process(e.g., the positionandorientationof an airplane)given a time-varying se-
quenceof noisymeasurements(e.g., air speed,pressure,temperature,enginethrust).Thefilter is a popular
mathematicalestimatordueto its efficiency androbustness.(For moreinformationon the Kalmanfilter,
seehttp://www.cs.u nc .ed u/ � wel ch/ ka lm an/i ndex. ht ml .) The Kalman Filter On-
line Learning Tool is a web-basedtool to help develop the intuition and insight of novice users
regardingthebehavior of theKalmanfilter. Usershave theability to changevariousinput parametersand
thenseehow theKalmanfilter respondsfor agivensetof noisymeasurements.

It is assumedthatthereaderof thisdocumenthasageneralunderstandingof how The Kalman Fil-
ter On-line Learning Tool works. In particular, it is stronglyadvisedthat thereaderthoroughly
review the User Manual (seeAppendix A) and experimentwith the tool beforereadingthe rest of this
document.It is alsoadvisedthatthereaderhave experiencewith theJavaTM programminglanguage.

2.2 Documentconventions
� Commandline instructionsandURLs appearin this font .

� CVS (see
�
4.1)projectmodulesappearin this font.

� The Kalman Filter On-line Learning Tool alwaysrefersto the applicationto which
thismanualpertains.

2.3 Other relevant documents
� The client, Greg Welch, providesMatlabTM sourcecodethat executesthe samesimulationasThe
Kalman Filter On-line Learning Tool (seeAppendixD).

� Detaileddocumentationof the projectpackages,classesand interfacesis provided in “JavaTM API
Documentationfor The Kalman Filter On-line Learning Tool”. TheImplementation
Manual is also helpful for navigating the sourcecode. Both are referencedin the remainderof
this documentandareincludedin The Kalman Filter On-line Learning Tool project
package.

� The“DynamicandMeasurementModels”document,writtenby theclientGreg Welch,providesade-
scriptionof thesimulationperformedby The Kalman Filter On-line Learning Tool.
It is referencedin theremainderof this documentandis includedin The Kalman Filter On-
line Learning Tool projectpackage.
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3 SystemOverview

3.1 Project modules

All projectfilesarestoredin aCVSrepository(see
�
4.1),andbelongto oneof thefollowing projectmodules.

kftool. Thismodulecontainsthesourcecodefor The Kalman Filter On-line Learning Tool
applicationandapplet.Sections3.2and3.3aredevotedto thediscussionof this module.(Note: Theappli-
cationversionof The Kalman Filter On-line Learning Tool includesan option for saving
tab-delimitedsimulationdatato file. Theappletversiondoesnot includethisoptionbecauseJavaTM ’s secu-
rity featuresforbid appletsfrom accessingthelocal file system.Otherwise,thetwo versionsof thetool are
thesame.)

ptplot3.1p1. This modulecontainssourcecodefor theplot softwareusedin this project,andis included
for archival purposes.

Jama. Themodulecontainssourcecodefor theJavaTM matrixpackageusedin thisproject,andis included
for archival purposes.

matlab code. Thismodulecontainssourcecodefor aMatlabTM implementationof theKalmanfilter sim-
ulation(seeAppendixD).

manuals. This modulecontainsfiles for the MaintenanceManual,ImplementationManualand“JavaTM

API Documentationfor The Kalman Filter On-line Learning Tool”.

latex doclet. This module containssoftware for generatingthe “JavaTM API Documentationfor The
Kalman Filter On-line Learning Tool” document,aJavaTM doclet.ThesoftwarereadsJavadocTM

commentsembeddedin sourcecodeandconvenientlyproducesa LATEX document,which displaysthe in-
formation in an organizedmanner. Refer to Section4.5 for instructionson creating/updatingJavadocTM

commentsandgeneratingtheJavaTM doclet.

test data. This modulecontainssimulationdatageneratedby the applicationversionof The Kalman
Filter On-line Learning Tool for every permutationof the input parameters.Thesedatafiles
maybeusedto testthecorrectnessof thetool (in thecasethat it hasbeenmodified). Referto Section4.4
for testingguidelines.

jlfgr. This modulecontainsa collection of toolbar button graphics. The graphicshave beendesigned
specificallyfor usewith theJavaTM look andfeel. They conformto theJavaTM look andfeel DesignGuide-
lines.Thestepwindow’s buttoniconsuselook andfeelgraphics.(For moreinformationsee
http://java.sun .c om/p rod uc ts /j lf /dg /i ndex .h tm .)

web. Thismodulecontainsthefilesnecessaryfor runningThe Kalman Filter On-line Learn-
ing Tool applet.Thefilesshouldbecopiedto any spacedesiringto hosttheapplet.Formoreinformation,
seetheREADMEfile in theweb module.
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3.2 High-level view of the kftool module

The kftool moduleis largestandmost importantmoduleof the project. It containssourcecodefor The
Kalman Filter On-line Learning Tool applicationandapplet.Themoduleis dividedinto six
parts(seeFigure1), eachperformingadistinctfunction.
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Figure1: High-level view of thekftool projectmodule.

Main window. Primarily, themainwindow servesto provide theuserwith choicesthatgoverntheexecu-
tion of The Kalman Filter On-line Learning Tool. Theusercanchooseto “Edit”, “Plot”, or
“Step” througha Kalmanfilter simulation.The“Edit” selectioninvokestheparameterwindow, the“Plot”
selectioninvokes theplot window, andthe “Step” selectioninvokes thestepperwindow. The useris also
givena “Help” option,whichdisplayswebpageswith instructionsandusefulinformation.

Secondarily, themainwindow actsasthemaincontrollerfor thesystem.It passesparametersfrom the
parameterwindow to theKalmanfilter engineandcollectssimulationdatafor passingto thedatarepository.
The main window alsopassesformattedsimulationdatafrom the datarepositoryto the plot window and
thestepwindow. In theapplicationversionof thetool, themainwindow alsoallows theuserto save (tab-
delimited)simulationdatato file, receiving suchdatafrom thedatarepository.
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Parameterwindow. Theparameterwindow givestheuseranopportunitytomodify thedefaultparameters
of the Kalmanfilter simulation. The usermay selectamongseveral optionsfor the actualdynamics,the
modeleddynamics,the measurementtype andthe measurementnoise. (For moreinformationaboutthe
purposeof theseparameters,seethe“Dynamic andMeasurementModels” document.)

Plot window. The plot window displaysthreeplots of simulationdatato the user. Plot 1 displaysthe
valuesof truth andestimatefor eachtime-step.Plot 2 displaysthe covariancevaluesfor eachtime-step.
Plot3 displaystheresidualvaluesfor eachtime-step.

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

Kalman filter engine. The Kalman filter engineperformsthe simulationaccordingto the parameters
passedfrom themain window (which areeitherthe default parametersor the parametersspecifiedby the
userin theparameterwindow). TheKalmanfilter enginegeneratesraw simulationdataandpassesit to the
mainwindow, which thenpassesit to thedatarepository.

Data repository. The datarepositoryreceives raw simulationdatafrom the main window, andformats
thisdatain thefollowing threeways.

1. Arraysof size# of time-steps(target: plot window).

2. Singleelementscorrespondingto a time-step(target: stepwindow).

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

3.3 Low-level view of the kftool module

Foramoredetailedlook atthekftool projectmodule,referto “JavaTM API Documentationfor The Kalman
Filter On-line Learning Tool” andtheImplementationManual.
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4 Procedures

4.1 Getting the source

The Kalman Filter On-line Learning Tool sourcecodeis in a CVS (ConcurrentVersions
System,v1.11)repository. CVS is a versioncontrolsystemthatallows old versionsof programfiles to be
systematicallystoredwith correspondingexplanationsof when,why, andby whomthefilesweremodified.
(For moreinformationon CVS,seehttp://www.cvsh ome.o rg /d oc s/ manual/ cv s. htm l .)

To getacopy of thesourcecodefor any module(s),

1. SettheCVSROOTenvironmentvariableto thedesignatedprojectspace
(i.e., setenv CVSROOT/afs/cs.unc.edu /p ro je ct /tr ac ke r/ kf tut or ).

2. Go to your localworkspacewhereyoudesireto put thesourcecode
(e.g., cd /afs/cs.unc.edu /h ome/p ar ke r/ kfc ode).

3. Checkout themodule(s)
(e.g., to checkout thekftool module,cvs checkout kftool ).

Onceyou have checked out sourcecodeto your local workspace,it is easyto bring it up-to-datewith the
filescurrentlyin therepositoryby doingthefollowing,

1. Go to your localworkspacethatyoudesireto update
(e.g., cd /afs/cs.unc.edu /h ome/p ar ke r/ kfc ode).

2. Updatethemodule(s)
(e.g., cvs update kftool ).

4.2 Editing the source

To modify anexisting sourcecodefile for any module(s),

1. Checkout thesourcecode(see
�
4.1).

2. Modify thefile(s) in your local workspaceasdesired.

3. Rebuild theproject(see
�
4.3).

4. Checkinthemodifiedfile(s)
(i.e., cvs commit filename).

To createanew sourcecodefile for any module(s),

1. Checkout thesourcecode(see
�
4.1).

2. Createthefile(s) in your localworkspaceasdesired.

3. Rebuild theproject,modifying thebuild proceduresasappropriate(see
�
4.3).

4. Add andcheckinthenew file(s)
(i.e., cvs add filename

cvs commit filename).
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**Note: CVS allows you to provide a message anytime you addor commita file. Themessageis simply a
commentaddedto thechangelog, in which you cangive somereasonfor modifying thecode.Using this
featureis recommendedto get themostout of versioncontrol. To learnmoreaboutmessaging, typeman
cvs or seehttp://www.cvs home.or g/ docs /manual /c vs .h tml .

4.3 Building the project

The Makefile in the kftool moduleis provided to facilitatethe processof building an executablefor The
Kalman Filter On-line Learning Tool. To usetheMakefile do thefollowing,

1. Readandfollow thedirectionsin kf tool/Makefile .

2. Build thedesiredtarget
(e.g., make all ).

4.4 Testingthe system

Whenever The Kalman Filter On-line Learning Tool sourcecode is modified, testing its
outputfor correctnessis recommended.Thefollowing two methodsof testingaresuggested.

� The test data modulecontainsdatafiles for every permutationof theinputparametersto theKalman
filter simulation. The tab-delimiteddata output saved to file by the applicationversion of The
Kalman Filter On-line Learning Tool shouldbeidenticalto a datafile in the test data
module(accordingto thesimulationparametersusedasinput).

Therandomnumbergeneratorusedwill produceidenticalresultsfor a givensetof input parameters,
so long as the seedstaysthe same. (For more information,seethe java.util.Rand omclass.)
However, if therandomnumbergeneratorand/orits seedaremodified,comparisonagainstthesedata
fileswill notbeagoodtest.In fact,if therandomnumbergeneratoris modified,replacingthedatafiles
of the test data modulewith new datafiles (believed to becorrectfor themodifiedrandomnumber
generator)is recommendedto facilitate testingof subsequentversionsof The Kalman Filter
On-line Learning Tool.

� Comparisonwith outputof the client’s MatlabTM code(seeAppendixD) is alsoa goodway to test
theaccuracy of thesimulationdataandplots. Note thatoutputtheMatlabTM implementationof the
Kalmanfilter simulationwill differ slightly from theJavaTM implementation(sinceadifferentrandom
numbergeneratoris used,and the sourcecodeis not identical). However, the MatlabTM outputof
dataandplotsshouldcertainlybesimilarto thatof The Kalman Filter On-line Learning
Tool.

4.5 Updating the documentation

Updatesto thedocumentationarerecommended,asThe Kalman Filter On-line Learning Tool
sourcecodeis modified.Of course,theseproceduresareoptionalandhave no effect on thefunctionalityof
thetool.

The ImplementationManualandMaintenanceManualshouldbeupdatedasnecessary(i.e., whensig-
nificantchangesaremadeto thesourcecode).Both documentsarewritten in LATEX, andthe .tex files are
locatedin themanuals module.(For moreinformationon LATEX, typeman latex .)
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The “JavaTM API Documentationfor The Kalman Filter On-line Learning Tool” doc-
umentshouldbe regeneratedwhenever changesto the sourcecodeaffect its documentation(e.g., dele-
tion/additionof projectclasses,deletion/additionof classmethods,deletion/additionof methodparameters,
etc.). Thesoftwarefor generatingtheJavaTM docletis locatedin the latex doclet module.Thefollowing two
stepsaresuggestionsfor updatingthe“JavaTM API Documentationfor The Kalman Filter On-line
Learning Tool” document.

1. Add/delete/editJavadocTM commentsin thesourcecode.Thegeneralform of a JavadocTM comment
is thefollowing.

/**
* This is the description part of a doc comment
*
* @tag Comment for the tag
*/

(For moreinformationonhow to write JavadocTM comments,
seehttp://java.sun .c om/j2 se /j av adoc/ wr it in gdocc omment s .)

2. GeneratetheJavaTM docletusingthefollowing suggestedsteps.

(a) Go to your localworkspace,whereyou have previously checkedout thesourcecode
(e.g., cd /afs/cs.unc.edu /h ome/p ar ke r/ kfc ode).

(b) Make certainthe latex doclet modulehasbeencheckedout
(e.g., cvs checkout latex doclet ).

(c) Go to thekftool module
(i.e., cd kftool ).

(d) UsetheMakefile to executetheJavaTM docletsoftware
(i.e., make latex docs ).

(e) A file doclet.tex will bewritten to the latex doc subdirectoryof kftool , sogo to that
subdirectory
(i.e., cd latex doc ).

(f) Senddoclet.tex to theLATEX interpreterto producethepostscriptdocument,doclet.ps
(i.e., latex doclet.tex

dvips -o doclet.ps doclet ).
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A Appendix: The UserManual

TheUser Manual is provided to give the readersomecontext for how theThe Kalman Filter On-
line Learning Tool is to beused,aswell as,to documenta setof instructions(shouldthey ever be
needed).

A.1 Quick Start

1. Go to http://www.cs. unc. edu/ � park er/ co mp145/ kal man. ht ml .

2. Click on Use The Kalman Filter On-line Learning Tool.

3. Leave thecontrolsin theirdefault settings.

4. Click on thePlot button.

5. View theplots.

6. Closetheplot window.

A.2 Descriptionsof the parameter settingsand control buttons

Actual Dynamics The actualdynamicsdeterminehow thewaterlevel will actuallybehave in the simu-
lation. Thedefault is that thewaterwill remainat a constantlevel. Theotheroptionsincludefilling
andsloshing. Whenfilling is selectedthe actuallevel of the watertank will steadilyincreaseover
thetime interval duringwhich thesimulationis run. Whensloshingis selectedtheactuallevel of the
watertankwill haveasinusoidalincreaseanddecrease(i.e., likewavesin water).Notethatthesetwo
options,filling andsloshing,areorthogonalto eachotherin thesensethat it is possibleto select(i)
only filling, (ii) only sloshing,(iii) both filling andsloshing,or (iv) neitherfilling nor sloshing(the
default).

ModeledDynamicsThemodeleddynamicssettingdeterminestheanalyticfunctionthattheKalmanfilter
will useto modelthe level of waterin the tank. In otherwords,the Kalmanfilter “thinks” that the
actualbehavior of thewateris describedby theestimatesetting.Naturally, theKalmanfilter will give
the bestestimateof the stateof the waterlevel whenthemodelingfunctionmatchesthe truth. It is
intendedhowever, thattheuserexperimentwith thebehavior of thefilter whenthemodeledfunction
doesnot matchthat of the truth. In suchcase,note the relationshipbetweenthe residualplot and
discrepancy betweenthetruth andmodelfunctions.

Measurement Type The measurementtype featureallows the userto selectwhetherthe device usedto
measurethewaterlevel in thetank is (i) theheightof a float on top of thewater, or (ii) theangleof
a mechanicalarm whoseendsits on top of the water. Mathematicallythis differenceis significant
becausein the linear float case,the stateof the process(the actual level of the water) is a linear
functionof themeasurementsreceived. In theangularcasehowever, thestateof theprocessis amore
sophisticatedsinefunctionwith respectto themeasurementsreceived. TheKalmanfilter equations
musttake this differenceinto account,andaremorecomplex in theangularcase.It is recommended
thattheuserthoroughlyunderstandthelinearcasebeforerunningsimulationsin theangularcase.

Measurement NoiseThemeasurementnoisedeterminestheaccuracy of themeasurementsto which the
filter hasaccess.RealsystemsusingtheKalmanfilter will havedifferentqualitiesof measurementas
determinedby theprecisionof themeasurementinstrumentsavailableandfeaturesof theenvironment
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in which thesystemoperates.TheThe Kalman Filter On-line Learning Tool allows
the userto simulatethesedifferencesby insertingrandomnoisein levels commensuratewith the
simulatedenvironment/system.

Edit Theedit button in themain window allows theuserto selectthedesiredactualdynamics,modeled
dynamics,measurementtype,andmeasurementnoise.

Plot Theplot buttonperformsthesimulationfor a fixedamountof time. At eachinstanttheactuallevel
of thewateris determinedbasedon the user’s choiceof actualdynamics.Noisy measurementsare
thenavailableto thefilter basedonthemeasurementnoiseandmeasurementtypeselectedby theuser.
TheKalmanfilter thenusesthemodelingfunctionselectedby theuserasa partof theKalmanfilter
equationsto determinethefilter’s estimateof thestateof thewater. Thesequantitiesarethenplotted
in aseparatewindow. If somepartof theplot is of particularinterest,themousemaybeusedto draw
arectanglearoundthatregion,causingit to beshown in moredetail.

Help The help button allows the userto seethe help featuresbuilt into The Kalman Filter On-
line Learning Tool.

StepAfter developingageneralfeel for how theKalmanfilter behaveswith differentcombinationsof truth
andestimatefunctions,thesteppingmodeisdesignedto allow userstostudyexactlyhow thisbehavior
is achievedvia theactualKalmanfilter equations.Thestepfunctionshows, for a selectedtime step,
thedecimalvaluesthatdeterminethetruestate,predictedstate,correctedstate,actualmeasurement,
predictedmeasurement,Kalmangain,predictedcovariance,andcorrectedcovariance.Thesevalues
aredisplayedfor two adjacenttime steps,so that theusercanseehow theequationscomputethese
quantitiesat pointsof interestin thesimulation.Thebuttonswithin thestepwindow allow different
time instancesto beselectedat which thebehavior of thefilter is mostinteresting.
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B Appendix: DevelopmentSystemRequirementsand Inf ormation

Thefollowing arerequirementsfor extensions/modificationsto theproject.

� JavaTM DevelopmentKit: JDK 1.3.0for LinuxTM (or SunTM) from SunTM

(includesJavaTM 2 RTE andJava HotspotTM ClientVM)

� JavaTM Plug-in1.3allows abrowserto view webpagesusingJavaTM 2 RTE:
(availableat http://java.su n. com/p ro duct s/p lu gi n,
for moreinformationseehttp://java.su n. co m/pro duct s/ pl ugi n/ 1. 3/ ov erv ie w. ht ml )

Thefollowing is informationabouttoolsusedin theinitial projectdevelopment,provided in casethey can
beusefulfor furtherdevelopmentof theproject.

� IntegratedDevelopmentEnvironment:ForteTM for JavaTM 2.0from SunTM

(availableat http://www.sun .c om/ fo rt e/ ff j )

� PlottingTool: Ptplot3.1
(availableathttp://ptolemy .ee cs .b er ke ley .e du/j av a/p tp lo t3 .1 /pt ol emy/ pl ot/ doc )

� Java Matrix Package:Jama1.0.1
(availableat http://math.ni st .go v/ ja va numeric s/ ja ma)

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

� LATEX ��� GeneratingJavaTM doclet
(availableat http://www.c2- te ch. co m/ja va /Te xDoc le t )

Thisoptionalinformationprovedto behelpfulduringtheinitial projectdevelopment.

� JavaTM 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 )

� JavaTM Look andFeelDesignGuidelines
(availableat http://java.su n. com/p ro duct s/j lf /d g/ in dex .h tm)
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C Appendix: Contact Inf ormation

The following studentscompletedThe Kalman Filter On-line Learning Tool as a course
projectfor COMP145at theUniversityof North CarolinaatChapelHill.

� TEAM 18

DIRECT OR ChristopherRiley, cjriley@cs.unc. edu

PRODUCER ThomasBodenheimer, bodenhei@cs.unc. edu

ADMINISTRA TIVE LEADER Erin Parker, parker@cs.unc.e du

LIBRARIAN JohnCarpenter, carpente@cs.un c. edu

Theclient for theprojectwasGreg Welch,aprofessorin theDepartmentof ComputerScienceatUNC-CH,
welch@cs.unc.ed u.
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D Appendix: Matlab Codefor the Kalman Filter

Thefollowing is MatlabTM sourcecode(written by theclient,Greg Welch)for theKalmanfilter simulation
performedby The Kalman Filter On-line Learning Tool. Thecodemaybecheckedout of
theCVS repository(see

�
4.1),asmodulematlab code. To run thesimulation,executegui.m in MatlabTM.

(**Note thattheMatlabTM sourcecodeis notadirecttranslationof theJavaTM sourcecodeof The Kalman
Filter On-line Learning Tool, but bothperformthesameKalmanfilter simulation.)

D.1 dosim.m

function S = dosim(T, cda, cdm, cm, sr_scale, sq_scale, stq_C, stq_F, stq_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.S0 (slosh around 0)
% m: measured values struct
% level/linear fields m.l.C, m.l.F, m.l.S, m.l.FS
% angle/nonlinear fields m.a.C, m.a.F, m.a.S, 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 [1/second]
dt = 1/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
kl = T.kl; % Level/linear float parameters scale constant

% Sloshing (sinusoidal) parameters
sf = T.sf; % slosh/sin frequency [1/second]
sp = T.sp; % slosh phase [degree]

% measurement noise magnitudes
srl_m = sr_scale*T.srl_m; % stdev of level/linear 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(1) = 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’)

stq_F(1) = 0.0028009; % Tuned Filling w/ linear meas
stq_F(2) = 0.0021271; % Tuned Filling w/ angular meas
sq_F = mean(stq_F); % avg of the two

stq_S(1) = 0.0014462; % Tuned Sloshing w/ linear meas
stq_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 = stq_F;
sq_S = stq_S;

else
error(’Incorrect number of input arguments for dosim.m.’)

end

% Measurement model
if (cm == ’L’)

mtype = 1;
elseif (cm == ’A’)

mtype = 2;
else

error(’Unkown measurement model.’);
end

% Set up the dynamic model parameters based on the input selector cdm
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;
qc = (sq_scale*sq_C)ˆ2; % 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_maxˆ2;
S.Pc(1:1,1:1,1) = L_maxˆ2;

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

% Dynamic/process model
% see Section 1.2.2 and equations (4) and (5) in document "models"
A = zeros(sd,sd,T.nmeas);
for m=1:T.nmeas

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

end
Q = zeros(sd,sd,T.nmeas);
qc = (sq_scale*sq_F)ˆ2; % scale qc then square for variance
for m=1:T.nmeas

Q(1,1,m) = qc*dtˆ3/3.0;
Q(1,2,m) = qc*dtˆ2/2.0;
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_maxˆ2,0;0,(L_max/stime)ˆ2];
S.Pc(:,:,1) = [L_maxˆ2,0;0,(L_max/stime)ˆ2];

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

% Dynamic/process model
% see Section 1.2.3 and equations (6) and (7) in document "models"
A = zeros(sd,sd,T.nmeas);
w = 2*pi*sf; % omega
for m=1:T.nmeas

A(1,1,m) = 1;
A(2,2,m) = 1;
A(1,2,m) = w*cos(w*T.ts(m)+sp*d2r);

end
Q = zeros(sd,sd,T.nmeas);
qc = (sq_scale*sq_S)ˆ2; % scale qc then square for variance
for m=1:T.nmeas

Q(1,1,m) = qc*wˆ2*cos(w*T.ts(m))ˆ2*dt*(3*T.ts(m)ˆ2+3*T.ts( m)*dt+d tˆ2)/3 .0;
Q(1,2,m) = w*cos(w*T.ts(m))*qc*dt*(2*T.ts(m) + dt)/2.0;
Q(2,1,m) = Q(1,2,m);
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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.Xp(2,1) = T.sm; % temp - cheat
S.Xc(2,1) = T.sm;
S.Pp(:,:,1) = [L_maxˆ2,0;0,(L_max/2)ˆ2];
S.Pc(:,:,1) = [L_maxˆ2,0;0,(L_max/2)ˆ2];

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(1,1,m) = 1;
A(2,2,m) = 1;
A(3,3,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);
qcs = (sq_scale*sq_S)ˆ2; % scale qc then square for variance
qcf = (sq_scale*sq_F)ˆ2; % scale qc then square for variance
for m=1:T.nmeas

Q(1,1,m) = dt*(dtˆ2+3*T.ts(m)ˆ2+3*T.ts(m)*dt)*
(qcf+wˆ2*cos(w*T.ts(m))ˆ2*qcs)/3.0;

Q(1,2,m) = qcf*dt*(2*T.ts(m) + dt)/2.0;
Q(2,1,m) = Q(1,2,m);
Q(1,3,m) = w*cos(w*T.ts(m))*qcs*dt*(2*T.ts(m)+dt)/2.0;
Q(3,1,m) = Q(1,3,m);
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_maxˆ2,0,0; 0,(L_max/stime)ˆ2,0; 0,0,(L_max/2)ˆ2];
S.Pc(:,:,1) = [L_maxˆ2,0,0; 0,(L_max/stime)ˆ2,0; 0,0,(L_max/2)ˆ2];

otherwise
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error(’Unknown dynamic model type.’);
end

% Choose the set of measurements based on the input selector cda
% (actual dynamics)
switch cda

case ’C’ % Constant level
% Measurement model
if (mtype == 1)

Za = T.m.l.C; % actual measurements
else

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

case ’F’ % Filling level
% Measurement model
if (mtype == 1)

Za = T.m.l.F; % actual measurements
else

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

case ’S’ % Sloshing level
% Measurement model
if (mtype == 1)

Za = T.m.l.S; % 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.l.FS; % actual measurements
else

Za = T.m.a.FS; % actual measurements
end

otherwise
error(’Unknown dynamic model type.’);

end

% Measurement noise model
if (mtype == 1)

% see Section 2.1 in document "models"
R = (srl_m * kl)ˆ2;

else
% see Section 2.2 in document "models"
R = (sra_d * ka)ˆ2;

end

% Loop through all measurements
for k = 2:T.nmeas

% predict
S.Xp(:,k) = A(:,:,k)*S.Xc(:,k-1);
S.Pp(:,:,k) = A(:,:,k)*S.Pc(:,:,k-1)*A(:,:,k)’ + Q(:,:,k);

% measurement prediction and Jacobian
S.Zp(k) = meas(S.Xp(:,k),mtype,sd);
H = measJacobian(S.Xp(:,k),mtype,sd);

% correct
S.K(:,k) = S.Pp(:,:,k)*H’*inv(H*S.Pp(:,:,k)*H’ + R); % Kalman gain
S.Xc(:,k) = S.Xp(:,k) + S.K(:,k)*(Za(k)-S.Zp(k));
S.Pc(:,:,k) = (eye(sd) - S.K(:,k)*H)*S.Pp(:,:,k);

end
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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 "models"
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 kl r2d;

if (mtype == 1)
% Linear measurement model
% see Section 2.1 in document "models"
H = zeros(1,sd);
H(1,1) = kl;

else
% Angular measurement model
% see Section 2.2 and equation (14) in document "models"
H = zeros(1,sd);
as2 = ((db-Xp(1))/df)ˆ2;
H(1,1) = -r2d*ka/(df*sqrt(abs(1-as2)));

end
return

D.2 gui.m

da = uicontrol(’Style’,’Popup’,’String’,...
’Constant|Fill|Slosh|Fill & Slosh’,’Position’,[20 320 100 50]);

dm = uicontrol(’Style’,’Popup’,’String’,...
’Constant|Fill|Slosh|Fill & Slosh’,’Position’,[120 320 100 50]);

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 guiCallback.m

vda = get(da,’Value’);
vdm = get(dm,’Value’);
vmm = get(mm,’Value’);
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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 vmm
case 1

cm = ’L’;
case 2

cm = ’A’;
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);

D.4 plotSim.m

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 [meter]’);
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(’sqrt(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.FS-S.Zp)
else

plot(T.ts,T.m.a.FS-S.Zp)
end

otherwise
error(’Unknown dynamic model type.’);

end
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]’);
if (cm == ’L’)

ylabel(’dL [meter]’);
else

ylabel(’Angle [degree]’);
end
title(sprintf(’Measurement Residual (%s)’,cm));

return
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D.5 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.S0 (slosh around 0)
% m: measured values struct
% level/linear fields m.l.C, m.l.F, m.l.S, m.l.FS
% angle/nonlinear fields m.a.C, m.a.F, m.a.S, m.a.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 [1/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
T.kl = 1.0;

% measurement noise magnitudes
T.srl_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 (F)
% 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/linear 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 = T.kl*L.C + n.l; % level measured = signal + level/linear noise
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 = T.kl*L.F + n.l; % level measured = signal + level/linear noise
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.S0 = T.sm*sin(2*pi*T.ts*T.sf + T.sp*d2r); % around 0
L.S = T.L_min + L.S0;
m.l.S = T.kl*L.S + n.l; % level measured = signal + level/linear noise
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"
L.FS = L.F + L.S0; % sum of filling and sloshing (slosh around 0 not min)
m.l.FS = T.kl*L.FS + n.l; % level measured = signal + level/linear noise
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
T.L = L;
T.m = m;

return
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