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Posudek disertacni prace

Disertaéni prdce Ing. Jakuba Prithera se zabyvd vyuZitim gaussovych procesii pii
identifikaci dynamickych systémi a odhadu stavu. Prace pokryvd nékolik udzce
souvisejicich témat: pouZiti gaussovskych procesi pro rekurzivni identifikaci
dynamickych systémi, zpfesnéni metod transformace momentd a vyuZiti informace o
gradientu pfi numerické integraci. Sjednocujicim faktorem pro tato t€émata je vyuZiti
gaussovych procesti a bayesovského piistupu.

Zhodnoceni vyznamu disertacni prdce pro obor

Zvolené téma préce je aktudlni, a to jak z hlediska rozvoje teoretického aparétu, tak
z hlediska aplikaci. VyuZiti gaussovych procesii spolu s metodami Monte Carlo
vyznamné rozSifuje praktickou aplikovatelnost bayesovského pfistupu na nelinedrni a
negaussovské problémy. Aktudlnost tématu a intenzita vyzkumu v této oblasti je
dokumentovand také kvalitnim seznamem referenci, obsahujicim vice nezZ 170 poloZek.

Vyjddreni k postupu FeSeni problému, pouZitym metoddm a splnéni urceného cile

Postup feSeni problému, pouZity doktorandem, je logicky a dobie strukturovany.
V kapitole 2 doktorand shrnuje soucasny stav pozndni v oblasti identifikace
dynamickych systémi. V kapitole 3 uvadi sjednocujici pohled na metody nelinedrni
filtrace s vyuZitim transformace momentt. Obé tyto kapitoly jsou formulovany velmi
piehledné a Ctive.

V kapitole 3 doktorand formuluje tfi specifické cile préce, a to
1. Vyuziti Gaussovskych procest pro rekurzivni identifikaci dynamickych systémi

2. Zptesnéni metod transformace momentl pfi numerické integraci vyuZzivajici
Gaussovskych procesti

3. Vyuziti informace o gradientu pfi numerické integraci vyuZivajici Gaussovskych
procest.

Jednotlivé cile prace jsou detailné rozpracovédny v kapitolach 5, 6, 7. PouZit€ metody
zaloZzené na vyuZiti gaussovych procesi a bayesovské statistiky jsou vhodnym
nastrojem k dosaZeni deklarovanych cilt prace.



Stanovisko k vysledkim disertaéni prdce a k piivodnimu pfinosu autora

Kapitola 5 presentuje ptivodni vysledky autora v oblasti vyuZiti gaussovych procest pro
rekurzivni identifikaci dynamickych systémi. Vysledky jsou zaloZeny na konceptu
rekurzivni GPR, vychézejici z prace Huber (2013). Formulace problému (5.1.1.) je
dostate¢n€ obecnd a vyslednd kovarianéni funkce (5.2.7) umoZiuje dobfe zahrnout
apriorn{ informaci o funkcich f a g. Tuto alternativu vSak autor nevyuZiva. K popsané
implementaci dudlniho fizeni mdm fadu pfipominek, které jsou uvedeny dile.

Vysledky autora v oblasti transformace momentti pii numerické integraci vyuZivajici
Gaussovskych procesti prezentované v kapitole 6 jsou podle mého ndzoru podstatné
kvalitn€j8i. V této C4sti jsem nenalezl 74dné nedostatky, naopak ocefiuji zajimavé
inovativni kritéria, kterd autor pouZil pro porovnani jednotlivych metod (napf. indikator
INC). Vysledky testd jednoznaéné demonstruji pifnos autora, za zvl48t vyznamné

povazuji dosaZen{ realistickych hodnot kovarianéni matice odhadu ilustrované napt. na
obr. 6.2.6.

Vysledky prezentované v kapitole 7 jsou pomérn& piimocarou aplikaci line4rniho
operatoru na gaussilv proces, kterd se promitd na funkci jadra. Péivodnim piinosem
autora je detailni analyza souvislosti navrZeného postupu s linearizaci v odst. 7.2.1.
Piiklad 7.3.1 vystiZnym zplisobem ilustruje zpfesnéni, které vyuZiti informace o
gradientu miZe pfinést.

Vyjddieni k systematice, piehlednosti, formdlni dpravé a jazykové drovni prdce

Uspotéddani prace je systematické a logické, vyklad je srozumitelny, rozsah jednotlivych
kapitol pfiméfeny.

Prace md dobrou jazykovou i grafickou troveii a obsahuje pouze drobné formalni
nedostatky (zaménény horni a dolni index v Definice 1 na str. 31, prohozeny popis

odezev na obr. 5.4.1 a 3 na str. 57, inicializace parametri hodnotou 8 = log ([0 0 0 0])
na str. 67).

Vyjddieni k publikacim autora

Vysledky doktoranda byly publikovdny v Casopisech a na kvalitnich mezin4rodnich
konferencich. Vyznamnym dspéchem je publikace v prestiznim &asopise IEEE
Transactions on Automatic Control. Ocetiuji také, Ze nékolik publikaci autora vzniklo
v rdmci mezindrodni spolupréce s Aalto University ve Finsku.

Pripominky oponenta a naméty k odborné diskusi

1. Jaka je hodnota parametru v ve vztahu (3.1.12b)? Vzhledem k tomu, Ze veli¢ina
B definovand (3.1.12c) ma rozdéleni y* s d; stupni volnosti, je ve vztahu pro
kovarianéni matici (3.1.12b) stfedni hodnota multiplikativniho faktoru
E{ (v-24p)/ (v-2+d;) } =1. M4 uvaZovéni Studentova rozdéleni opravdu
vyznamny vliv na chovéani odhadu (i pro kone¢né hodnoty parametru v) ?



10.

Pokud matice P ve vztahu (3.1.13) odpovidad druhému centrdlnimu momentu, jak
je aplikovana metoda momentt pfi uvaZované zméné poctu stupii volnosti v?

Inicializace hyper parametrit 8o = [0 0 O O] uvedend na str. 56 neddva dobry
smysl. Funkce k(®;, ®j, 00) nespliluje poZadavky na funkci jddra (kovariancni
matice K(0o) je nulovd) a gradient logaritmické vérohodnostni funkce (2.2.19)
neni v tomto pifpadé dobfe definovan (obsahuje vyraz K(6o)" )

Predpoklady uvedené v odstavci 5.1 nemusi byt dostateCné. Je zndmo, Ze
strategie minimum variance control (5.6.1) nevede v nékterych piipadech na
stabilizujici zakon fizeni.

Autor vyuzivd GPR k identifikaci ¢asové invariantniho modelu (5.1.1). Vhodna
volba hyper parametrii pfi vyuZiti jader typu ,,squared exponential® pro
neparametricky odhad funkce y = f{x) by méla umoZnit dobrou aproximaci
v mistech s nejvétsi , kiivosti §*A.)/dx>. Tato vlastnost neni Easové promeénni,
proto nepovazuji pribéznou aktualizaci hyper parametrii maximalizujici
margindlni vérohodnost (5.2.20) za dobfe zdivodnénou. MiuZete porovnat
odezvy modelli na obr. 5.4.2 pro pevné hodnoty hyper parametri @ (napf.
ustdlené hodnoty z Obr. 5.4.3.) — md pouZiti Casov€ proménnych hyper
parametrl néjaky piinos?

Odvozeni vztaht (2.2.24) ... (2.2.28), které umoZiiuji aproximovat informaci
z mnoziny dat rostouci dimenze pomoci stfednich hodnot a rozptyldi pro
pteddefinovanou mnozinu béazovych vektori @; pevné dimenze, vychazi
z fixnich jadrovych funkci k(®i, @;). Pokud autor pouzivé pfi rekurzivni regresi
proménné hyper parametry, mél by detailn€ odvodit tyto vztahy a zapracovat do
nich proménné jadrové funkce k(P;, Dj, 6x), nebo explicitné dokézat, Ze uvedena
aproximace neni na zménéch funkce jadra zdvisl4. Jinak neni navrhované pouZiti
rekurzivn{ GPR korektni.

Volba hyper parametrti na zékladé nejv&tsi ,kfivosti* 5*A(.)/dx* umoZiuje také
kvalifikovanou volbu mnoZiny bazovych vektori @;. Pokud neni pii volbé t€to
béze respektovan ,,vzorkovaci teorém®, miiZe byt volba hyper parametri (5.3.9)
na zdklad€ pozorovani ux zcela zavadeéjici.

Zdtvodnéni kritéria (5.6.3) na str. 62 neni spravné. Pokud by cilem druhého
kritéria bylo penalizovat chybu predikce, vedlo by to typicky ke sniZeni
amplitudy fizeni. Vzhledem k zdpornému znaménku kritéria (5.6.3) je naopak
chyba predikce maximalizovdna. V parametrickém pifpad€ lze druh€ kritérium
zdlivodnit napf. maximélnim ndrastem informaéni matice parametri. Bylo by
mozné najit podobnou interpretaci pro neparametrické modely GPR?

Vztah (5.6.7) je chybny, plati E{(r-y)*} = (-E{y})? + cov{y}
Odvozeni vysledného zdkonu fizeni na stran¢ 64 a 65 je nesrozumitelné. Pokud

hleddme fizeni dle (5.6.4) v mnoZiné Qi = [w-0, ux+d], méla by vyslednd
hodnota Fizeni (5.6.14) mit tvar ux— J sign(dJ/duy).



I1.Pfi vyhodnoceni kvality fizeni v tabulce 5.6.1 by bylo zajimavé doplnit
porovnani s certainty equivivalent regulatorem.

12. Operdtor integrace je stejné jako operator derivovén{ linedrnim operatorem. Bylo

by mozné vyuZit k vypoétu integralu Gaussova procesu integralni transformaci

Jédra (podobné jako diferencidlni transformaci ve vztazich (7.1.14) a (7.1.15)) ?
Celkové zhodnoceni prdce
Prace Ing. Jakuba Priihera obsahuje originalni vysledky autora, které jsou piinosem pro
védeckou komunitu v oboru a tedy spliluje ndroky na udéleni akademického titulu
»doktor v oboru Kybernetika. Zaroven konstatuji, Ze jsem v praci nalezl zévazné
nedostatky, ale ptedpokldddm, Ze doktorand pii obhajobé bude schopen ukézat, jak tyto
nedostatky odstranit.

Doporucuji diserta¢ni praci Ing. Ing. Jakuba Priihera k obhajobg.

V Praze 26. 7. 2018
/.
V’ ‘%\Q/Q/{/kg\_‘

prof. Ing. Vladimir Havlena, CSc.
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The thesis of Mr. Prither is concerned with Gaussian process regression, which is a nonpar-
ametric Bayesian method for estimating nonlinear models: based on noisy data. Originally

developed under the name “kriging” in geostatistics in the 1960’s, Gaussian processes (GP)

" are an established and popular method in the machine learning community.

Two applications of GPs are considered in this thesis:

1) The first application is the recursive identification of discrete-time nonlinear stochastic
time-invariant dynamical systems fromnoisy-measurements of system-inputs and out-
puts.
2) The second application is the calculation of moments in local nonlinear filters.

In the context of these applications, three goals are formulated:

1) Employing recursive Gaussian process regression for the recursive identification of

nonlinear dynamic systems,

2) improving current moment transformatlon methods in local nonlin-
ear filters, and

3) using derivative information for reducing the uncertainty in Bayes-
ian quadrature.
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There are significant challenges associated with these goals, which include the theoretical
understanding of the involved concepts and coping with the computational complexnty of re-
- cursive Gaussian process regression.

Summary of the Thesis

The present thesis consists of an introduction (chapter 1), six main chapters (chapter 2 to
chapter 7), a conclusion in chapter 8, three appendices, and a bibliography with more than
160 references.

The introduction in chapter 1 gives a short overview of Gaussian processes and applications,
system identification, and state estimation. Finally, the structure of the thesis is shown.

The remaining part of the thesis is divided into two parts. The first part covers the basics and
consists of chapter 2 and chapter 3. The second part covers the contributions and consists
of chapters 4 to 7.

Chapter 2 is devoted to the basics of system identification. It describes popular parametric
system models in section 2.1. In section 2.2 nonparametric Gaussian processes are intro-
duced, which are generalized to Student-t processes in section 2.3.

Chapter 3 introduces states estimation by means of local nonlinear filtering, see section 3.1.
The focus is on the transformation of moments, see section 3.2, which is identified as the
central problem of local nonlinear filtering. Several standard moment transformation methods
are shown. Bayesian quadrature is introduced in section 3.3.

Chapter 4 discusses the two applications, system identification and moment calculation, and
gives the three main goals of the thesis.

In chapter 5, the problem of recursive system identification with GP models is considered.
The problem setup is given in section 5.1. The full GP model is presented in section 5.2, while
section 5.3 introduces the recursive GP model. Numerical experiments are shown in section
5.4 and conclusions are drawn in section 5.5. The application of recursive GP models to
functional dual adaptive control is presented in section 5.6. '

Chapter 6 is concerned with using Bayesian quadrature to calculate moment transforms.
Section 6.1 introduces the general setup of Bayesian quadrature in the context of moment
transforms. Section 6.2 focuses on Gaussian process quadrature moment transforms, while
section 6.3. focuses on Student-t process quadrature moment transforms.

In chapter 7, the concept of Bayesian quadrature is generalized to using derivative infor-
mation in the case that the integrand is differentiable. Section 7.1 discusses derivative infor-
mation, while section 7.2 applies these quantities to Gaussian process quadrature moment
transforms. The performance gain is demonstrated in section 7.2 by means of numerical
-evaluations. Section 7.4 concludes the chapter.
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In chapter 8, the thesis is summarized and the main contributions are discussed. Section 8. 1
then discusses challenges and gives an outlook to possible future work.

Contributions of the Thesis

Mr. Prither successfully applied Gaussian process regression methods to the recursive iden-
tification on nonlinear dynamical systems and to moment transformation in local nonlinear
filters. In this context, he reached his three initial goals that include 1) employing recursive
Gaussian process regression for the recursive identification of nonlinear dynamic systems,
2) improving current moment transformation methods in local nonlinear filters, and 3) using
derivative information for reducing the uncertainty in Bayesian quadrature.

Goal 1) was solved in chapter 5 by using the recursive Gaussian progress algorithm for
system identification while proposing a faster kernel parameter optimization method for fur-
ther reducing the computational complexity. Evaluations demonstrated a comparable per-
formance to the full Gaussian process at a significantly lower computational cost, which
was further underlined by using the proposed identification method in an adaptive control
loop.

Goal 2) was attacked in chapter 6 by including the integral uncertainty of both Gaussian
and Student-t process models into the moment transform. It was demonstrated that this
proposed transform mechanism significantly improved the desired covariance estimates.
The method is currently limited to low-dimensional system. In addition, it has to be men-
tioned that the performance of local nonlinear filters is generally limited by the assumption
that state and measurement are jointly Gaussian distributed. Hence, even the optimum val-
ues for the moments would not result in the same performance as a Gaussian-assumed
density filter (that does not assume joint Gaussianity).

Goal 3) was approached in chapter 7. It was found that using derivative information signifi-
cantly reduces the integration errors in the Gaussian process quadrature moment trans-
form.

Evaluation

Nir. Prither-mastered the various challenges in-his pursuit of solving-his three main goals in
the context of system identification and moment transforms. He showed a high level of com-
petence and knowledge of the fields of system theory, state estimation, and machine learn-
ing. His theoretical concepts are well thought-out and have been converted to practical im-
plementations. The methods have been thoroughly tested and evaluated in realistic simula-
tions. The present thesis is a major step in the direction of the practical applicability of non-
linear estimation and control. :

The thesis is clearly structured and very well formulated. The proposed methods‘ are correctly
derived, well documented, and easily comprehensible. Mr. Priiher published his results ln
8 papers (7 as first author, 1 as second author).
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With the present thesis, Ing. Jakub Priiher clearly demonstrated his abilities for independent
scientific work and for the systematic presentation of his theoretical and practical results In
addition, Mr. Priiher provided new and original scientific contributions.

1 strongly suggest 1o the Department of Cybernetics of the Faculty of Applied Science, Uni-

versity of West Bohemia the contlnuatlon of the promotion procedure and recommend this
thesis for the defense.

Best regards,
U. D. Hanebeck
(Univ.-Professor)
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