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The paper deals with the prediction of the flux of subatomic particles ejected from the upper
atmosphere of the Sun. The Bayesian approach to this issue is presented and a method capable of
taking available expert knowledge into account is introduced.

1. INTRODUCTION

Besides the spacecraft systems, manned space-flights
and launchers, the exposition to space weather has
effects on high-altitude air flights, where the penetrating
particles must be taken into account as well. The solar
particles may pose problems both on human beings and
the electronic devices installed in modern airplanes,
where the potential malfunctions might be very dange-
rous. These effects comprise the SEE (Single Event
Effects), arising from ionising interactions of the solar
particles and leading to both soft errors involving single
or multiple bits and hard errors like burn-outs [4].

During the last two decades or so, the researches of the
effects of ionisation on aircrew and frequent flyers were
undertaken. The increasing awareness of the health risks
lead in Europe to Directive 96/29/EURATOM, which spe-
cifies the demands posed on the aircraft operators in con-
nection with the exposure to the ionising energy.

In face to this facts, the mathematical modeling of the
particles flux becomes still more significant, because it
would allow to issue early warnings on its grow and the
increase in the health and SEE risks. There already exist
several methods, e.g. [S][6][7]. However there still exists
a challenge in the prediction of the Solar Energetic Par-
ticle (SEP) events, when the flux intensity is significant-
ly higher. We can take advantage of the known physical
facts, e.g. that higher intensity solar X-ray flares are
more likely accompanied by Coronal Mass Ejection
(CME) [3]. Andrews statistical study [1] shows that all
the X-class flares (peak burst intensity 1> 107 Wm™2) in

his samples were associated with CME, however it this
is not a rule for lower intensities. The hardening of the
spectrum is observable approximately one day before the
Earth is hit by the intensified solar wind, which allows us
to tune the mathematical model to catch the changes in
the flux development.

2. BAYESIAN MODEL

For our purpose, the basic underlaying model descri-
bing the evolution of the particles flux measured by Par-
ticle Flux Units (pfu, [particles/cm?-s-sr]) is given by the
autoregression model

pfulzzaip.fut—i+k+er ()

where the new flux value is expressed as a combination
of the values in the previous time instant ¢-i weighted by
model parameters a, and an absolute term k. The model
order n has to be determined to sufficiently catch the evo-
lution of the flux, n = 2 seems to be adequate. The auto-
regressive property of the flux seems to be obvious,
because under general conditions and with the exception
of SEP events each new value follows from the last data.
The fluctuations around the mean value can be interpre-
ted as the noise effect e, caused e.g. by the sensor conta-
mination and the non-homogeneity of the environment.
The noise is often supposed to be white and normally
distributed with zero mean and variance 2, e, ~ N(0, 62).

The Bayesian methodology employs probability
distributions of the model parameters evaluated by mea-
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surements, in this case the particles flux. Let‘s introduce
the regression vector in the form v, , = (pfu, ;,..., pfu, ,
1)* and the vector of parameters a = (a,, ..., a,, k). From
frequentists statistics it follows that pfi,, =y, , a + e, but
the Bayesian paradigm prefers the form of the conditio-
nal probability density function (pdf) inherent to the
distribution of the flux fipfit, |d(¢-1), a). The term d(t-1)
denotes the data available in time ¢ (i.e. the history). The
pdf says that the actual measurement pfi, has some distri-
bution, which is influenced by the past measurements
d(t-1) and the parameter vector a. For the prediction pur-
poses, the last one needs to be integrated out:

S(pfio |d(@)= [ f(pfu,., |d(t)a)fa] d(e)da

This is pretty straightforward if we know the distri-
bution of the model parameters f{a|d(¢)). The difference
to the frequentists viewpoint is obvious — while the Bay-
esian approach fixes the data and makes the parameter to
obey certain distribution, the frequentists fix the parame-
ters, which strongly depend on the count of measure-
ments and can fail if it is not large enough. And that can
be the drawback e.g. in the excessive CME.

3. FLUX MODEL PARAMETERS

The evaluation of the above equation presumes the
knowledge of the conditional parameter pdf flald(f)).
Unfortunately the flux is not a stationary process and its
statistical distribution varies. Hence, the model must rele-
ase the parameters and let them vary as well, in particular
if the solar activity is higher and if the solar flares are very
intensive and likely to be accompanied with CME.

The general estimation of model parameters holds the
form

flald(t))e f(pfu,|d(t-1).a)f(a|d(t-1)) ©)

where denotes proportionality, i.e. equality up to the con-
stant factor (normalization integral). This equation can be
viewed as the data-update of the parameter pdf by the last
flux measurements. The meaning is: we already know, that
the flux model parameters obey certain0020distribution. In
the beginning we are not sure about its properties, but as we
collect more data, our knowledge and potentiality to esti-
mate them increases. A significant complication is that this
step doesn‘t reflect the eventual real parameters time vari-
ability. Our approach to this issue is to formulate multiple
hypotheses H, i = 1, 2,... about the real but unknown
Aald(?)). One states that no flux model parameters vary and
employs directly the data-updated pdf from (3). Other
hypotheses introduce the expert knowledge — they either
carry the modified distributions which will faster respond
to change in the flux (e.g. flattened in the case of the Gaus-
sian distribution) or a knowledge of the distribution typical
for particular events, e.g. X-ray spectrum hardening, It is
not possible to explicitly say which hypothesis is true at the
moment (otherwise we would use it directly), but we can

determine their probabilities w; — mostly by an expert or by
mathematical optimization — and form a mixture of these
functions as their convex combination

mlal d(0)= 3l d(0) @

where f(ald(#)) denotes the pdf introduced by H. To
avoid the computing with mixture, we search for a sing-
le density g(a|d(¢)) with minimal Kullback-Leibler diver-
gence from it, i.e. KL(g || m) -> min. This approach is
described as partial forgetting in [2]. The result serves as
the best description of the flux model parameters. It can
be used in Eq. (2) and is therefore convenient for mode-
ling and prediction purposes.

4. CONCLUSIONS

The the solar particles flux can have significant
impact on modern electronic devices and human beings
in the orbit, in airplanes and even on the ground. To
avoid or minimize the exposure to the particles contained
in it, the need for a good prediction technique is self-evi-
dent. In the paper, we discussed the Bayesian approach to
this issue, allowing to use a simple autoregression model
enhanced by a partial forgetting technique. Such a tech-
nique should be able to track the model parameters and
improve the prediction quality even if the solar activity
varies in a short term.

Bayesovské modelovani a predikce toku slunecnich ¢as-
tic

Vliv subatomdrnich ¢astic vyvrzenych z hori vrstvy slune¢ni atmosfé-
ry na elektronickd zafizeni a ¢lovéka je pfedmétem mnoha studii.
Pomineme-li zafizeni v kosmu a pilotované kosmické lety, je potieba
brat v potaz jejich vliv i na leteckou ¢innost realizovanou ve vysokych
vyskach, kde expozice vlivu téchto ¢astic mize predstavovat zna¢né
riziko jak pro posadku, tak pro elektronicka zatizeni na palubéach leta-
del. Pro né mize mit i fatalni disledky, zejména v pfipadé ovlivnéni
¢innosti poziénich a navigacnich systémi, komunikaénich systému,
autopilota atd.

Vzhledem k témto faktim roste vyznam matematického modelovani
toku ¢astic od Slunce. Pomoci vhodnych modeld lze totiz provadét
predpovédi budoucich stavii a v pfipadé jejich nebezpeénosti vydavat
véasna varovani.

Clanek predstavuje autoregresni model vybudovany na Bayesovské
metodologii. Vzhledem k nehomogenité sluneéniho vétru, pfedstavo-
vaného zminénymi ¢asticemi, vyuziva model rovnéz expertni informa-
ce, zaloZené na podobnych disledcich riznych jevu, které tuto neho-
mogenitu zptsobuji. Pfikladem maZe byt zmeéna rentgenového spektra
slunce, ktera je za ur€itych okolnosti doprovazena sluneéni erupci
vedouci k znaénému nariistu mnoZstvi vyvrzenych éastic.
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Pristupy k hodnoceni radiaéni zatéze populace
spojené s lékarskym ozarenim pfi CT vySetfenich
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V soucasné dobé vyznamné nariista radiacni zdatéz, kterd je spojena s vysetrovacimi metodami
vypocetni tomografie a je proto potreba ji pravidelné hodnotit.

S pomoci dat o poctu a typech vySetieni ve Fakultni nemocnici Olomouc za rok 2008 byla stano-
vena hodnota vazeného pruméru efektivai davky pro CT vySetreni (5,74 mSv). S jejim pouzitim
a s pomoci udajii o celkovém poctu CT vysetieni v CR za rok 2008 byl proveden odhad kolektiv-
ni efektivni davky. Stanovena hodnota 4095 manSv ma vztah k radiacni zatézi populace = CT vy-

Setreni v CR v tomto roce.

Byla stanovena vékova distribuce pacientii vysetiovanych na zakladé CT v CR, kterd byla srov-
nana s publikovanymi udaji z USA. V praci byla ovérena moznost a efektivita vyuziti nemocni-
Enich informacnich systémi pro hodnocent radiacni zatéze populace.

1. UVOD

Metody vypocetni tomografie (CT) znamenaji vedle
nezpochybnitelného piinosu pro pacienty i vyznamny
narast radiaéni zatéze obyvatelstva. V roce 2009 upozor-
nila NCRP [1] vefejnost, ze se hodnoty kolektivnich
efektivnich davek z lékaiského ozafeni v populaci USA
od roku 1980 do roku 2006 zvysily vice nez sedmkrat,
pficemz vyznamny podil na této skute¢nosti maji davky
z CT vySetteni. ’

Cilem této prace bylo posoudit, jakym zplsobem je
mozné z dostupnych idajii v CR stanovit radiacni zatéz
populace z CT vySetteni.

2. SOUCASNY STAV V CR

ZvySovani poctu CT vysetfeni souvisi s naristem
poctu CT zatizeni CR. V roce 1996 bylo v CR evidovano
62 CT [2] zafizeni a v roce 2008 jiz 154,

Pro stanoveni radia¢ni zat¢zc populacc je potfcba mit
k dispozici spolehlivé Gdaje o davkach pacientd a sou-
¢asné mit k dispozici udaje o pacientech a provedenych
vySetrenich:

— Stanoveni davek pacienta pti CT vysetienich bylo hod-
noceno v ramci dvou studii [3,4], které prokazaly, ze
situace v CR je srovnatelna s evropskou rovni.

— Pro zpracovani dat ve zdravotnictvi se v CR vyuzivaji
tzv. nemocni¢ni informacéni systémy (NIS) urcené ke
zpracovani pacientské dokumentace, k fizeni ¢innosti
zdravotnického zatizeni a pro predavani pozadovanych
udaju do centralnich registrii. Dva nejdulezitéjsi cent-
ralni registry, jejichz data vyuziva i SUJB, je registr
VZP [5], ktery v roce 2008 pokryval 62 % poji§ténch
v CR, a registr UZIS [6], ktery soustied'uje zakladni
statisticka data o zdravotnictvi. NCkteré N1S umozinuji
1 zpracovani davek ozafeni pii vySetfenich zobrazova-
ci technikou (v&etné CT).

3. METODA

Spolehlivé udaje o radiaéni zatézi populace a rizika
zvySeni poétu nadori ve skupiné pacientti ozarenych pii
CT vySetienich by poskytla pouze cilena epidemiologicka
studie. Tu v8ak neni mozné v soucasné dobé realizovat.

ICRP doporucuje stanovovat pocet indukovanych
rakovin v ozafenych tkanich a organech na zaklad¢ zna-
losti organovych davek pro dana vySetfeni a s pouzitim
hodnot nominalnich rizik jednotlivych organi [7].



