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Motivace

S
en

zo
ry

p(x(t))

p(x0)

Měřeńı je

k dispozici,

odhad stavu

Měřeńı neńı k dispozici,

propagace nejistoty

ẋ(t) = f(x(t), t),
x0 ∼ p(x0)

Dynamický systém

x(t)

y(t)

I Ćıl = naj́ıt pravděpodobnostńı popis stavu x(t), určit oblast ve
které bude stav v daném čase realizován s danou pravděpodobnost́ı
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Formalizace problému

I dynamické systémy ve tvaru

ẋ(t) = f(x(t), t), x0 ∼ p(x0)

nelineárńı f , nap̌r. popis pohybu objekt̊u

I mě̌reńı neńı k dispozici v dlouhých časových intervalech
I nejistota v počátečńı podḿınce ... chyba posledńıho mě̌reńı
I hledáńı ppstńıho popisu stavu x(t) ... propagace x0

p(x(t0))

p(x(t))

aproximovaná

dáno

t
m0, P0

p(x(t))

reálnáFokkerova-Planckova rovnice

Metody propagace nejistoty

konvergence

pomoćı gaussovské směsi, m(t), P(t), . . .
pomoćı
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Simulačńı modely
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LEO počátečńı výška nad povrchem země = 225 [km]

HEO počátečńı výška nad povrchem země = 35, 000 [km]

High-Earth-Orbit:
pouze pod vlivem gravitace

ṙ = v, v̇ = − µ
r3
r

Low-Earth-Orbit:
vliv gravitace a odporu vzduchu
ṙ = v, v̇ = − µ

r3
r− 1

2ρ(h)βvrelvrel

I Stav x(t) = [x(t), y(t), vx(t), vy(t)]
T = [rT (t),vT (t)]T
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Vybrané metody

Lineárńı metody

Nelineárńı metody

Lokálńı linearizace

Statistická linearizace

Linear Covariance Analysis (LinCov)

Covariance Analysis Describing

First Order Taylor Expansion (FOTE)

Využit́ı vzorkŭ

Aproximace

Aproximace

Transformace souřadné śıtě

Hybridńı metody

Function Technique (CADET)

Unscentovaná Transformace (UT)

Polynomial chaos expansion (PC)

State Transition Tensors (STTs)

Differential Algebra (DA)

Gaussian Mixture Model (GMM)

Řešeńı Fokker-Planckovy rce (FPE)

Ostatńı metody
GMM+STTs, GMM+PC, GMM+UT

Implicitńı Runge Kutta+UT

Based Propagation

Monte Carlo simulace (MC)

dynamiky

hustoty ppsti
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Monte Carlo simulace

I popis: množina vzork̊u
I transformace náhodně
vygenerovaných vzork̊u
I nelineárńı
I ”p̌resná”

CADET

I popis: m(t), P(t)
I statistická linearizace

x = m + r
f̂ = Nmm + Nrr

r ... náhodná složka stavu
I ńızké požadavky na f
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vygenerovaných vzork̊u
I nelineárńı
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LinCov

I popis: m(tk), P(tk)
I lokálńı linearizace
I propagace v diskrétńıch
časových okamžićıch (∆t)

A(x(t), t) = ∇⊗ f(x(t, t)

FOTE based propagation

I popis: m(t), P(t)
I lokálńı linearizace
I propagace ve spojitých
časových okamžićıch
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Unscentovaná
transformace

I popis: m(t), P(t)
I transformace několika
zvolených vzork̊u, z nich
výpočet m(t) a P(t)
I nelineárńı

Statistical properties before transformation

generated MC samples
initial mean
initial PDF

Statistical properties after transformation

transformed MC samples
means of GMM components
the resulting GMM PDF

nonlinear propagation of components

monitoring the entropy

splitting a non-Gaussian component

Transformation

metoda AEGIS

I popis: adaptuj́ıćı se
gaussovská směs
I využ́ıvá UT
I nelineárńı
I pokročilá
I výpočetně náročná
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Vniťrńı fungováńı metody AEGIS, adaptace GMM

tsts−1

GMM

GMM
Proces děleńı

3 . . . . . . 5

:=

nové komponenty

Nelineárńı propagátor

Schéma propagace, t ∈ 〈ts−1, ts〉

monitorováńı komponentŭ GMM:

pokud | Entropie − Entropie | ≥ práh:

konec propagace, t := ts

pro každou komponentu:

modrá komponenta splnila

GMM

Proces děleńı proběhl

pŭvodńı nová

rozděl tuto komponentu

Entropie

Entropie

v předchoźım intervalu

Lineárńı propagátor

| Entropie − Entropie | ≥ práh
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Výsledky simulaćı: Low Earth Orbit, 2 orbity
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Porovnáńı p̌ribližných časových výpočetńıch nárok̊u

HEO LEO
1 orbit 2 orbits 1 orbit 2 orbits

MC 6.8 9.6 6.5 10.0
LinCov 8.9 17.9 0.8 1.6
FOTE 0.2 0.2 0.2 0.2

CADET 0.6 1.4 0.3 0.8
UT 0.1 0.2 0.1 0.1

s-AEGIS-3 185.6 1 682.9 81.7 497.6
e-AEGIS-3 296.2 2 668.4 109.3 1 050.6
e-AEGIS-5 - - 112.4 889.9
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Závěr
Rekapitulace: pro dynamické systémy ve tvaru

ẋ(t) = f(x(t), t), x0 ∼ p(x0)

nelineárńı f , nap̌r. popis pohybu objekt̊u

I mě̌reńı neńı k dispozici v dlouhých časových intervalech
I nejistota v počátečńı podḿınce ... chyba posledńıho mě̌reńı
I hledáńı ppstńıho popisu stavu x(t) ... propagace x0

Př́ınos:
I analýza a implementace vybraných metod
I simulačńı porovnáńı těchto metod na dvou modelech
I úprava metody AEGIS

Využit́ı p̌ri výběru vhodné metody v rámci:
I nelineárńı filtrace, predikce
I využit́ı v Kalmanově filtru, odhadu stavu
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