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Abstrakt

Habiita¢nd praca sa zameriava na podporu a vytvaranie podpornych ukazovatelov pre tzv.
Evidence-Based Training, teda tréning na zaklade dokazov. Préca je koncipovana formou
komentovaného stuboru publikovanych vedeckych prac autora. Konkrétna orientacia préce
je na hodnotenie trénovanosti pilotov, respektive ich podaného vykonu vo vycviku so
stcasnym hodnotenim vybranych biologickych signdlov a metdéd ich hodnotenia, ktoré mozu
odrazat psychofyziologckt kondiciu pilota. Prezentovany a komentovany sibor publikécii
sa vo vécsine pripadov opiera jednotné nastavenie experimentalneho tréningového procesu,
ktory vychddza zo zdmeru vytvorenia takého konceptu merani, ktory bude reflektovat ako
simuldtorovy tak redlny vycvik s prihliadnutim na faktory, ktoré ho mozu ovplivnit, a zaroveii
vytvoril moznosti pre komparaciu studii. To znamend, ze v predlozenej habilitacnej praci je
vyber publikécii zvoleny tak, aby mal uniformny charakter a vytvaral tak ucelenu struktiru

a komparatibilnost prezentovanych studii.

Klicové slova: Tréning, letecky vycvik, biologické signdly, telemetricky
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Predslov

Tréning pilotov zalozeny na koncepcii Evidence-Based Training (EBT), teda tréning na
zéklade dokazov, sa zrodil z potreby objektivizovat rdamec respektive standardy pilotného
vyeviku. Je nutné poznamenat, Ze vycvik pilotov sa vo svojej podstate od 60. rokov minulého
storocia takmer nezmenil. Co sa vSak zmenilo, si technoldgie, s ktorymi piloti prichddzaji
do kontaktu.

Myslienka na vznik novych vycvikovych programov prisla az koncom 80. zaciatkom 90.
rokov minulého storocia, a to v suvislosti so stipajicim poctom leteckych nehdd americkych
dopravcov, kde hlavnou pric¢inou bolo zlyhanie Tudského ¢initela. Najvyssi americky urad
spravujuci oblast letectva FAA (Federal Aviation Administration), na konci 80. rokov
povolil leteckému priemyslu flexibilny tréning s vicsou moznostou adekvatnej reakcia na
vtedajsie hrozby. FAA tento alternativny koncept vycviku prevzala z vtedy pouzivaného
vojenského vycvikového pristupu zalozeného na analyze letovych tloh a spétnom zhodnoteni
dét. Analyza tloh pritom brala do tdvahy vsetko, ¢o sa moze v priebehu letovej akcie stat,
do akych situdcii sa pilot moze dostat pri vykondvani manévrov. Tento prevzaty a upraveny
koncept v obchodnej leteckej doprave bol pomenovany ,, Advanced Qualification Program *.
Vyraznym rysom AQP bolo a je, Ze icast v programe je pre dopravcov dobrovolnd a Ze mozno
program kedykolvek opustit a vratit sa k tradicnému vycviku. Pri zavedeni programu je nutné
aplikovat ho na oblasti vycviku ako analyzu, struktiru, vyvoj, implementaciu, prevadzku a
hodnotenie. Ziskané a spracované dita musia dopravcovia zdielat s FAA pre spitni vizbu.
Ucast v programu je sice dobrovolnd, ale st uré¢ité casti vycviku, ktoré si v prdvnom poriadku
pevne zakotvené a ktoré je potrebné dodrziavat.

Spitnd vizba poukazuje na fakt, Ze dopravcovia ¢m dalej castejSie siahaji po
dobrovolnom pristupe k vycviku, pricom velakrat si sami dvihaji a prekracuji poziadavky
na vycvik, ktoré specifikuje FAA. Tento pristup sa aj vd'aka zvysenym ndrokom stdva ovela
bezpecnejsi (safety). Klicom k tispesnej implementdcii AQP st v tomto smere instruktori a

hodnotitelia.
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Odpovedou na americky alternativny pristup k vycviku bolo vytvorenie eurépskeho
programu alternativneho vycviku a kvalifikdcii (ATQP). Zékladny legislativny rdmec bol
opisany v nariadeni JAR-OPS 1.978, ktoré sa neskor zaclenilo pod Part ORO. FC.A.245 v
ramci EASA. ATQP je opiit odlisny sposob vykondvania zakladnych i obnovovacich vycvikov,
ktory dopravcom umoziiuje vycvik prisposobit svojim §pecifickym potrebdm, a tym zvysit
efektivitu.

Na zakladoch AQP (Advanced Qualification Program) a ATQP (Alternative Training
Qualification Programme), ktoré pontikaju dobrovolni alternativu k tradi¢nému poratiu
vycviku od pilotov, cez letecky persondl az po prevadzkovy persondl, bol vytvoreny program
vyeviku pilotov - EBT (Evidence-based Training).

Tym, ze sa dopravca sustredi na to, ¢o letecky personal potrebuje a neopakuje to, ¢o uz
clovek v zacviku moze ovladat, je vycvik flexibilny, kratsi a lacnejsi.

Aj ked je zdkladd myslienka EBT jasnd, doposial sa nevyuZivaju také koncepty,
ktoré by dokdzali personalizovat vycvik pilotov. Uvedené by bolo mozné riegit napriklad
kontinudlnym sledovanim progresu/degresu partikularnych ¢asti leteckého vycviku jedinca v
¢ase, a tym prisposobovat tréningovy proces jeho potrebdm. Pre uvedené tcely je mozné,
okrem iného, vyuzit sledovanie trénovanosti (napriklad préve prostrednictvom hodnotenia
presnosti vykondvanych ¢innosti) a hodnotenie fyziologickych parametrov ako ukazatela
psychofyziologickej kondicie pilota.

Predlozend praca je preto orientovana na hodnotenie trénovanosti pilotov, respektive ich
podaného vykonu vo vycviku so stic¢asnym hodnotenim vybranych fyziologickych parametrov
a metdd ich hodnotenia, ktoré mozu odrazat psychofyziologckd kondiciu pilota. Préica je

koncipovana formou komentovaného siboru publikovanych vedeckych préc.
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1 DMotivacia a definovanie primarneho zamerania

vedecko-vyskumnej ¢innosti habilitanta

1.1 Charakteristika EBT

Po rokoch praxe sa prislo na to, ze vacsia efektivita sa nedosiahne len zameranim sa na bezné
operacie dopravcu a ich perfektné vykonavanie, ale vytvorenim takého konceptu vycviku,
ktory by staval na skiisenostiach leteckého persondlu. Preco nespocetne krat opakovat tikon,
ktory pilot uz ddvno ovldda, a namiesto toho tento ¢as v rdmci vycviku vyuzit na precvicenie
toho, ¢o mu este nejde a potrebuje zdokonalif? Preto sa doéraz na stanovovanie programu
vycviku postupne prendsa z organizacie ako celku na jednotlivych pilotov, pricom ciele a
potreby organizacie zostavaju zachované. EBT koncept stoji na evidencii, teda na dokazoch,
na datach, ¢i predchadzajicich meraniach, a postup vycviku sa prisposobuje potrebam pilota.

Dopravca zavadzajici koncepciu EBT mé zadarmo k dispozicii globalne data na rozne
typy lietadiel. Casom je dopravca schopny zaclenit vlastné spracované déta a koncept opét
upravit na mieru svojim vlastnym potrebam.

Podla definicie v Part-ORO, EBT znamen4 trénovanie a hodnotenie zalozené na ditach
zbieranych v prevadzke. Tieto data su charakteristické vyvojom a hodnotenim celkovych
schopnosti Studenta v leteckom vycviku naprie¢ celym spektrom plnenych 1loh. Dochadza
teda k objektivizacii celkového hodnotenia vycviku namiesto individudlneho hodnotenia
jednotlivych manévrov. Zakladnym dokumentom pre dopravcov hladajicich informdcie pre
implementaciu EBT je dokument ICAO Doc 9995, ktory uZ zohladiiuje eurépsky pravny
rdmec EBT. V sticasnej dobe, ak sa dopravca rozhodne pre EBT musi tento koncept aplikovat
na celt flotilu, aviak nemusi ho aplikovat na vsetky typy vycviku [1].

V eurépskom pravnom ramci je EBT zacleneny do Part-ORO (Organization Requirements
for Air Operations) ¢o predstavuje Priloha 3 k nariadeniu Komisie (EU) ¢ 965/2012 z
5. oktobra 2012, ktorym sa ustanovuju technické poziadavky a administrativne postupy

tykajiice sa letovej prevadzky podla nariadenia Eurdpskeho parlamentu a Rady (ES) é.
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216/2008, inak nazyvaného Air OPS Regulation”. Toto zaclenenie bolo vykonané v roku 2015
formou rozhodnutia vykonného riaditela EASA, rozhodnutim 2015/027 / R zo 16. decembra
2015 s tc¢innostou rozhodnutia 20. decembra 2015 [2].

Okrem poziadaviek zaclenenych do nariadenia ¢. 965/2012, bola urcité cast poziadaviek
zaclenend do nariadenia Komisie (EU) ¢ 1178/2011 z 3. novembra 2011, ktorym sa
ustanovuju technické poziadavky a administrativne postupy tykajice sa posadky civilného
letectva podla nariadenia Eurépskeho parlamentu a Rady (ES) ¢. 216/2008.

Podla dokumentu vydivaného EASA "Terms of Reference” RMT.0696 bol vytvoreny
docasny Guidance Material (GM). Plné zaclenenie EBT podla ICAO Doc 9995 do GM
prislo az so zmenou RMT dokumentu RMT.0599 [2]. ICAO manuél Doc 9995 je urceny pre
letecké trady (CAA), prevadzkovatela a schvalené vycvikové organizéacie - ATO (Approved
Training Organizations), a to iba na obnovujuci vycvik vykonavany na simuldtoroch - FTSD
(Flight Simulation Training Device). Okrem ndvodu, ako koncept EBT zaclenit do svojich
vycvikovych programov, slizi tento dokument aj ako navod hodnotenia pre instruktorov
vykondvajtcich vyevik podla EBT. Dalsie podklady pre implementdciu EBT poskytuje
dokument vypracovany IATA v sucinnosti s IFALPA a ICAO Evidence-based Training
Implementation Guide. V roku 2014 IATA organizacia uverejnila dokument s ndzvom Data
Report for Evidence-based Training, ktory v sebe obsahuje doposial vsetky zozbierané,
analyzované a zhodnotené data. Dokument odraza dlhoro¢né skiisenosti mnohych aerolinii.

Propagétori myslienok EBT si uvedomuju, Ze dnesné technicky velmi pokro¢ilé simuldtory
obsahuji mnozstvo funkeii, ktoré nie st (efektivne) vyuzivané, pretoze legislativa je nastavend
k tzv. Checking, teda striktnému odskrtavani zoznamov - Checklist, a nikoho uz nezaujima,
preco sa niektoré veci deji. Cielom EBT je teda snaha o odstranenie nerovnovédhy medzi
skuto¢nou podstatou vycviku a jednoduchou kontrolou (checking-om).

Koncept EBT je ur¢eny k rozvoju a hodnoteniu vsetkych oblasti schopnosti (Competency)
letovej posadky v obnovovacom vycviku. Za tym ucelom bol vytvoreny zoznam hrozieb
a moznych chyb. Zoznam je kategorizovany podla generdcie lietadla (od najstarsich po
najnovsie modely) a fdz letu, v ktorej sa uvedené hrozby a chyby mozu vyskytnut. Aby

bolo mozné hodnotit schopnosti, je prvym krokom vytvorenie tiplného rdmca hodnotenych
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schopnosti, ich opis, ktoré zahiniaju technické a netechnické vedomosti, zrucénosti a postoje
ktoré umoziuji bezpecnt, efektivhu a ekonomickd prevadzku. Druhd cast metodiky
vytvorenie EBT vycviku je postavend na prieskume kritickych casti vycviku (Training
criticality survey) identifikujice hrozby a mozné chyby v roznych fazach letu. Tieto hrozby
a chyby st rozdelené do 8 kategérii, faz letu, od predletovej pripravy a rolovanie, cez vzlet,
stupanie, let, klesanie, priblizenie, pristatie a rolovanie a poletovy rozbor.

Zakladnym pilierom celého konceptu je zbieranie dat, ktorého zmysel tkvie v tom, ze slizi
ako referenény program udalosti zalozeny na spomenutych generaciach lietadiel. Je potrebné
zbierat tidaje nielen z vycviku zo simuldtorov, ale aj data z redlnej prevadzky, incidentov
a nehod, lebo neustalou aktualizaciou dat zostane vycvik aktualny. Za tymto tucelom sa
déta zbieraji od prevadzkovatelov, vyrobcov, orgdnov vysetrujici nehody, medzindrodnych
leteckych organizacii a leteckych uradov.

Kritickou ¢astou je potom analyza ddt po ktorej nasleduje celkova (potvrdzujica) analyza,
ktora kombinuje vSetky datové zdroje. Nasledne sa vykona spominany prieskum kritickych
casti vycviku, ¢ize “Training Criticality Survey”, ktorého vysledkom je mnozstvo matic
hrozieb a chyb zodpovedajice jednotlivym fazam letu. Neskor sa vykona analyza tychto
matic. Na zaver sa priradia vahy jednotlivym vysledkom. Ako nahle je proces analyzy matic
hotovy, nasleduje tzv. ,,Evidence Table process®. Jednd sa o tabulku obsahujicu vysledky z
roznych zdrojov, ktoré si identifikované a popisané niekolkymi klic¢ovymi slovami. Dalej sa
stanovia zavery, na zaklade ktorych je uréena priorita vycviku.

FAA plne podporuje cely koncept EBT. Zaroven sa podiela na vyvoji programu a
podporuje americkych dopravcov, ktorf uz praktizuji vycvik podla AQP, zaclenenim EBT
do vycvikovych pléanov [2].

Australsky tdrad kompetentny v oblasti bezpecénosti letectva CASA (Civil Aviation
Safety Authority) sa myslienkou alternativneho konceptu vycviku zaobera od roku 2012,
kedy bol schvéleny projekt moznosti alternativneho vycvikového konceptu. V roku 2016 sa
australskym dopravcom podali jasné a konzistentné informécie, ako data zbierat, hodnotit a
ako ziskané poznatky aplikovat na vlastné vycvikové programy. V roku 2017 ICAO zdéraznilo

potrebu implementacie nového zdravého ramca pre vycvikové programy, ktory by umoznoval
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kontinudlne analyzu a hodnotenie schopnosti pilota. Na zaklade analyzy zozbieranych dat
od dopravcov, Urad zistil, ze existuju vyznamné rozdiely v ocakavaniach pilotov, ktoré boli
podmienené tym, v akej organizdcii vykondvali vycvik. Zaroven sa zistilo, Ze len niekolko
malo dopravcov zbiera a analyzuje svoje déata a nakoniec podla nich aj upravuje vycvikovy
program. Preto CASA zdoraznuje potrebu zberu tychto dat, pretoze planuje vyvoj takého
vycvikového programu, ktory by odrazal poziadavky dopravcu s meniacim sa vybavenim,
technolégiami, novo vznikajicimi / vzniknutymi hrozbami alebo len zmenami v letovych
cestach. Tieto data by slizila ako databanka pre inkluzivne EBT vycvikové programy. Spolu
s planmi a viziami [2, 3].

EASA zase kazdy rok vydava a aktualizuje predchadzajici Eurépsky plan bezpecnosti
letectva EPAS (European Plan for Aviation Safety). V sicasnom Plane vydaného na rok 2018-
2022 je cielom kompletné prepracovanie ustanoveni v ¢asti ORO oddiel FC. Z vizie vyplyva,
7e EBT uz nebude dobrovolnou moznostou, ale stane sa povinnym sposobom vykondvania
vycviku.

Spominand ¢ast ORO, oddiel FC (Flight Crew) predstavujtce Prilohu 3 k nariadeniu
¢. 965/2012 obsahuje vSeobecné state o poskytovani vycviku. Konkrétne cast zaoberajica
sa vycvikom je ORO.FC.145 Poskytovanie vycviku, kde je povedané, Ze vycvik musi byt v
sulade s osnovami vycviku, ktoré si dopravca stanovuje, ze vyucovanie poskytuju adekvatne
kvalifikovani pracovnici, ze programy zakladného aj obnovujici vycviku vratane osnov
schvaluje prislusny letecky turad. Zaroveri je v casti ORO.FC.145 povedané, ze simuldtory, ¢ize
FTSD (Flight Simulation Training Devices), sa musia ¢o najviac zhodovat s lietadlom, ktoré
prevadzkovatel pouziva a Ze musi zaviest systém monitoringu FSTD tak, aby sa zabrénilo
vzniku vplyvov, ktoré by na program vycviku mali negativny dopad. Dalsou ¢astou, ktord sa
zaoberé vycvikom, je éast ORO.FC.230 Udrziavaci vycvik a preskisanie, ktord stanovuje, Ze
kazdy ¢len posadky musi absolvovat udrziavaci vycvik aj presktisanie na totozny typ lietadla,
na ktorom lieta. Pri preskisani pilot musi preukdzat odbornt sposobilost, absolvovat tratové
preskusanie v lietadle a preskisanie pouzivania ntidzového a bezpecénostného vybavenia.

Zakladnym dokumentom pre ziskanie licencii a kvalifikdcii je Part-FCL (Flight Crew
Licensing), Priloha 1 k nariadeniu Komisie (EU) & 1178/2011 (z 3. novembra 2011, ktorym sa
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ustanovuju technické poziadavky a administrativne postupy tykajice sa posadky v civilnom
letectve podla nariadenia Eurépskeho parlamentu a Rady (ES) ¢. 216/2008). Podla tohto
dokumentu ATO (Approved Training Organization), ¢ize schvalené vycvikové organizicie,
vytvara vlastné interné postupy vycvikov a preskusanie za sucasného dodrzania minim
a postupov stanovenych v ¢éasti FCL. Zakladnd osnova vycviku podla casti FCL vyzerd

nasledovne:

e Vyucba - teoretickych vedomosti na tirovni vedomosti pre ziskanie daného preukazu a

poziadavka na urcity pocet hodin, ktorych rozsah sa odvija od daného preukazu.
e Skiuska - teoretickych vedomosti do pozadovanej hibky a rozsahu.

e Vycvik v lietani - opét podla poziadaviek daného typu preukazu a pocet hodin resp.

rozsah.

e Prax - pri niektorych typoch licencie je nevyhnutné absolvovat aj prax do urcitého

poctu hodin a rozsahu.
e Skuska zrucnosti.

Standardné formy vycvikovych programov pracuji iba s dvoma moznymi vystupmi
hodnotenia, a to presiel / nepresiel. Instruktor samozrejme tiez prechddza vycvikom,
ktorého sucastou je zvladnutie metodiky hodnotenia. Okrem pripravy materidlov, vytvaranie
prostredia pre vyecvik, prenosu poznatkov a d’alsich odbornych znalosti je sticastou vycviku
aj vyskolenie na to, aby instruktori dokdzali spravne zhodnotit vykonnost ucastnika vycviku.
(FCL) V siestej kapitole prirucky pre leteckych instruktorov vydané novozélandskym
leteckym tradom je opisany sposob hodnotenia Ziadatela o preukaz. Tam je hodnotenie
popisané slovami: ,,comprehensive“, , systematic* a ,,objective“. Z toho vyplyva, ze inStruktor
mus{ k ziadatelovi o preukaz pristupovat s vsimavym, systematickym a objektivnym
sposobom, a to pri ustnom patraniach, pisomnom skusanie ¢i testovanie vykonu v leteckom
zariadeni. Sticastou naplne prace leteckého instruktora je pozorovanie zruénosti a schopnosti

ziadatela jeho zaznamendvanie. Toto zaznamendvanie vykonu Studenta je zndme ako
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,anecdotal record“, volne prelozené ako struény, no vystizny zdznam vykonu, ktory m4 uréiti
struktiru a pravidla vypfﬁania, a ktory je ¢isto subjektivneho charakteru. Novozélandska
prirucka vyzdvihuje pozitiva tohto zdznamu, najméi preto, ze dokaZe zachytit spravanie v
prirodzenych situaciach. Manual uvadza priklad studenta, ktory sice oplyva vynikajicimi
znalostami minim VFR, ale opakovane a vedome ich porusuje, ¢o taky ziznam moze
odhalit. Pre hodnotenie inych soft parametrov, ¢o st zru¢nosti v oblasti spravania, teda
predstavujuce socidlnu a emoc¢nu inteligenciu, je lepsim zaznamom Strukturalizovany ,rating
scale“. Novozélandska univerzita Massey vyvinula hodnotiace stupnice, ktoré poskytuju
systematicky postup zaznamendvania instruktorovych pozorovani. Stupnica sice mé opit
vystup presiel / nepresiel, ale objavuje sa naznak rozcleneného hodnotenia.

Snaha o detailnejsie hodnotiace kritérid je vidief v ¢asti FCL pri jazykovych
schopnostiach. Hodnotenie jazykovych schopnosti je dané droviiami, ked tri z nich, 4, 5
a 6 a ich slovné ekvivalenty prevadzkova, rozsirend a odborna droven, davaju viac moznosti
uspesného zlozenia skisky nez len presiel / nepresiel. Stéle v8ak neriesi problém nedostatocne;
objektivity.

,Hard skills“, ¢iZze odborné znalosti a zruc¢nosti sa na zéklade svojej podstaty meraji lahsie
ako mékké zrucnosti. V casti FCL je jasne popisané ¢o, a akym sposobom sa pri letovych
ulohach hodnoti. V sucasnej dobe vo svetle pokrocilych vycvikovych programov sa ukazuje,
ze prosté hodnotenie presiel / nepresiel je nedostatocné.

Vsetky prirucky sveta ziaka ubezpecuju, ze jeho vykon bude hodnoteny spravne a
spravodlivo, lebo instruktor je popisovany takmer ako boh. Spravodlivy a vzdy objektivny.
Ale skolenia a manudly pre instruktorov uz takou istotou neoplyvaji. Tieto Skolenia
instruktorov nabadaju k objektivnemu hodnoteniu. To, Ze inStruktor absolvuje vycvik a
ziska FI licenciu, este nezabezpecuje stopercentnii objektivitu ¢i spravnost jeho rozhodnuti.
Existuje tisic a jeden dévodov, ktoré mozu narusit instruktorovu objektivitu. Medzi také
dovody mozu patrit neovplyvnitelné fyzické priciny - hlad, sméd, dnava ¢i choroby, ktoré
znizuju vnimanie pre vykonanie letovej tlohy, psychofyziologické ako stres, alebo psychické od

silnych emocii az po sympatie ¢i antipatie k ziakovi. Nasledkom subjektivneho vyhodnotenia,
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¢i uz cieleného alebo nie, je evalvacia, ktora nezodpoveda skutocnému vykonu. Z toho vyplyva
potreba vytvorenia a pouzivania objektivnych nastrojov pre hodnotenie.

Je tazké a pravdepodobne aj nemozné prist s objekt{ivnym pristupom k hodnoteniu soft
parametrov. Je tiplne nemyslitelné, Ze by ¢lovek bol schopny plne objektivne hodnotit vykony
v oblasti vycviku a veda zatial tiez so Ziadnym konceptom neprisla.

Co vsak dnes mozné je, to je hodnotenie tvrdych zruénosti pomocou vedy a techniky.
Budicnostou sa mozu zdat automatické hodnotiace néstroje s implementovanou umelou
inteligenciou. Ale obmedzenie umelej inteligencie tkvie v tom, ze ¢lovek musi softvéru tuto
inteligenciu dodat. LenZe inteligencia sa sklad4 zo znalosti, ale aj zo skiisenosti a ludskych
schopnosti, teda ako z hard parametrov, tak i soft parametrov. Nie je problém stroj naucit
hodnotit presnost pilotovania lietadla s preddefinovanymi toleranénymi hranicami, napr. Ze
pri vzlete musi pilot drzat kurz zhodny s osou drahy s maximdlnou odchylkou Km=+ 5°, Ze
zatécat mé povolené az v uréitej vyske alebo drzaf konstantnd hladinu vysky apod.. Tazké,
ale nie nemozné je naucit stroj rozoznat napriklad jazykové schopnosti. Ale ¢o je takmer
nemozné, je softvér naprogramovat tak, aby dokézal spravne vyhodnotif problematicki,
neprehladni ¢ inak nérocni situdciu. V mnohych situdcidch, a pritom sa nemusi jednat
o kritické situdcie, nemusi byt vhodné len jedno mozné riesenie. V takychto situdcidch sa
totiz prejavia skisenosti instruktora. NajcennejSou devizou instruktorov je ich , know-how“,
,knowledge*, alebo inak povedané expertné znalosti.

Vychodiskom by bolo navrhnit také rieSenie, ktoré by kombinovalo automaticky
a objektivny sposob hodnotenia ,hard“ parametrov s expertnou znalostou instruktora.
Objektivne by softvér podporil nazor instruktora a naopak instruktor by validovali vystup
softvéru. Jednalo by sa tak o vhodné komplementarne riesenie.

Hodnotenie na zéklade analyzy dét je zatial mozné a dostupné len pre prevadzkovatelov
leteckej dopravy, viicSie aerolinie, a zatial len pre obnovovaci alebo typovy vycvik. Z
popisanych celosvetovych trendov v oblasti vycviku vyplyva, Ze je potrebné ndjst také
rieSenie, automaticky evaluator, ktory by v redlnom case vyhodnocoval vykon pilotov a
ktory by sluzil ako objektivny prvok dopiﬁajﬁci hodnotenie letového instruktora aj pre

mensie podniky, v tomto pripade pre letecké skoly. Vystup takéhoto systému zalozeného
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na analytickych a klasifikaé¢nych néstrojoch by mohol odhalit vela problémov, od ¢innosti, s
ktorymi student-pilot mé tazkosti az po také aktivity, ktoré instruktor nemusi postrehnit a
naopak ¢innosti, ktoré student-pilot zvldda natolko dobre, Ze je stratou ¢asu je neustdle
opakovat a tento ¢as venovany vycviku sa dd efektivnejsie vyuzit prave na precvicenie
problematickych tloh. Pouzitie takéhoto evaludtora by bolo najefektivnejsie, ak by ho bolo
mozné vyuzivat hned od zaciatku vycviku.

Takyto prostriedok by vyjadroval nielen esenciu EBT, teda vycviku zalozeného na analyze
dat, ale zaroven by naplnil ideu EASA vizie 2022.

Alternativne metédy hodnotenia vykonu pilota ICAO, IATA, dalsie medzinirodné
organizacie ¢i dopravcovi nezverejnuju sposob, akym letecké data spracivaji, ani aké
parametre si principmi evaludcie. V rdmci akademickej obce je tato téma rieSené len velmi
malo, ale z relativne mnohych uhlov.

Prinosné sa ukazuji byt vyskumy zamerané na meranie psychofyziologickych reakcii
jedincov na roézne podnety. Existuje relativne vela §tudif, zameranych na meranie reakcif
¢loveka v zétazovych a stresovych situdcidch, ale publikovanych bolo len malo studif, ktoré
by v tychto situacidach hodnotili psychofyziologicky stav lietajiceho personalu. Vseobecne
sa reakcia organizmu na zifaz hodnoti na zaklade rozbor krvi a slin, kedy dochadza k
saturacii arteridlnej krvi kyslikom, meni sa hladina krvného cukru, hladina kortizolu, IL-
3 a IL-6. Najcastejsie merané reakcie na stresové podnety st zmeny frekvencie srdcovej
¢innosti - EKG, dychovej frekvencie, myopotencialov - svalového napitia, teploty tela,
meranie mozgovej aktivity - EEG, galvanické kozné reakcie, krvny tlak atp. Ukazuje sa,
7e najspolahlivejsim ukazovatelom hodotenia tirovne stresovej zataze je tepova frekvencia.
Budicnost merania biosignalov tkvie v néslednej implementdcii do leteckych simuldtorov. V
praxi by to znamenalo, Ze by instruktorovi bol k dispozicii d'alsi datovy zdroj, z ktorého by
bolo vidiet, aké manévre, letové situdcie, fazy letu robia pilotovi fazkosti.

Dalsia oblast vyuzitia letovych dét je zameranie sa na hodnotenie technického vykonania
letu. Najéastejsie vyhodnocovanym parametrom je presnost techniky pilotdZe, v rdmeci ktorej
st sledované v urcitych etapach letu odchylky letovych parametrov od pozadovaného rezimu

letu.
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1.2 Zakladna charakteristika realizovaného vyskumu

V konexte vyssie uvedenych faktov, bol od roku 2013 uskutocneny kontinudlny zber dat
na zaklade vykonania experimentalnych merani. Nizsie popisany koncept opierajici sa o
vyber uchadzacov a nastavenie experimentalneho tréningového procesu vychadzal zo zameru
vytvorenia takého konceptu merani, ktory bude reflektovat ako simuldtorovy tak redlny
vyevik s prihliadnutim na faktory, ktoré ho mozu ovplivnit, a zdroveni vytvoril moznosti
pre kompardciu studii. To znamend, ze v predloZenej habilita¢nej préci (vo forme siboru
publikovanych vedeckych préc) je vyber publikacii zvoleny tak, aby mal uniformny charakter

a vytvaral tak ucelent Struktiru a komparatibilnost prezentovanych dat.

1.2.1 Vyber vyskumnej vzorky a realizacia vycviku

Pre zaradenie uchadzacov do vycvikového procesu prebehol vyber ucastnikov spomedzi
studentov Leteckej fakulty Technickej Univerzity v Kosiciach. Vyber spocival zo zlozenia
teoretickych testov, psychologickych testov a zdravotnych kritérii. Vsetci zdujemci o ticast
na experimentdlnych meraniach podstipili zatazovy test (tzv. OR-test, ktory je stcastou
psychologického hodnotenia na Ustave leteckého zdravotnictva), ktory spocival zo Styroch
casti.

Kazdy student dostal dva papiere popisané kombindciou dvoch alebo troch pismen a
dvoch ¢éisel. Vsetky strany boli rovnaké a kazda z nich bola pre jednu zo Styroch Specifickych
hodnotiacich ¢asti. Studentom bolo postupne nadiktovanych dvadsat kombindcii pismen a
¢isel, ktoré museli oznacit v testovacom harku. Na vyriesenie jednej tlohy mali tri sekundy.
V prvej casti poculi kombindciu pismen a &isel, ktori museli zaskrtnit. V druhej ¢asti im
boli najprv povedané dve kombinécie pismen a potom dve éisla. Cielom bolo zaskrtnit obe
spojenia. V tretej casti poc¢uli kombindciu pismen a ¢isel. Ak bolo ¢islo nepdrne, museli ho
zaskrtnut. V pripade, Ze iSlo o parne ¢islo, museli ho zakrizkovat. V stvrtej casti im najskor
boli nadiktované kombindcie dvoch pismen a potom dvoch é&fsel. Opiatf museli zaskrtnit

spojenie s neparnym ¢islom a zakrizkovat spojenie s ¢islom parnym.

11
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Kazda nasledujica ¢ast testu teda zvysovala naroky na emocént stabilitu, pozornost a
mentalne pretaZenie, ¢o sa prejavilo individudlne v pocte chybovych oznaceni spravnych
odpovedi v testovacom harku. Test bol prevzaty z Ustavu leteckého zdravotnictva a upraveny
pre potreby zaradenia subjektov do testovacej vzorky vzhladom k tiéelom tejto prace. Zo
vSetkych Styroch casti sa stanovilo celkové skére, na zaklade ktorého bolo vytvorené poradie
jednotlivych zdujemcov o tcast na experimentalnom tréningovom procese. Do experimentu
bolo zaradenych 35 uchddzacov. Okrem vyssie uvedeného museli vSetci vybrani uchadzaci
spiﬁat’ platné poziadavky na zdravotni sposobilost leteckého personédlu (JAR-FCL 3.105) a
zaroven nesmeli byt drzitelmi licencie pilota (PPL), vzhladom k zabezpeceniu ¢o najvyssej
urovne uniformnosti skiimanej vzorky subjektov.

Utastnici boli rozdeleni do troch skupin (A, B a C) skupinu A tvorilo 8 muzov a 2
zeny s priemernym vekom 22 + 5 rokov, skupina B pozostavala z 9 muzov a jednej zeny
s priemernym vekom 23+3 roky. Skupinu C tvorilo 10 muzov a 5 zien s priemernym vekom
2144 roky. Vsetci uchddzaci v uvedenych skupindch mali rozdielnu éast tréningu. Spoloénym
vSsak bola teoretickd priprava zamerand na zvladnutie jednoduchej techniky pilotovania
(JTP), a to v rozsahu 2 hodin. Cielom teoretickej pripravy bolo obozndmenie probandov
s ergondémiou pilotnej kabiny, rozmiestnenim jednotlivych ovlddacich prvkov a pristrojov,
ich vyznam a vyuzitie behom letu. Prakticky letovy vycvik prebiehal v silade so stanovenou
metodikou vycviku, zndzornenou na obréazku 1.1, pod vedenim skiiseného instruktora (pilota,
respektive ucitela lietania).

Ako bolo spomenuté, harmonogram realizdcie tréningu sa u jednotlivych skupin mierne
lisil. Skupina A najprv absolvovala 11 hodin na trenazéri s analégovym zobrazenim letovych,
navigacnych a motorovych tdajov, kedy druhéd a poslednd hodina bola merand (v zmysle
merania psychofyziologickych parametrov a presnosti pilotovania). Hned nato nasledoval
prvy vycvik v lietadle, pri ktorom bolo meranie taktiez realizované. Nasledne mali subjekty
daldie tri cvicenia na trenazéri a dve hodiny vycviku v lietadle, kedy posledny z nich bol
opét merany. Na zdver sa zmenilo zobrazenie letovych tidajov z analégového na Glasskokpit

a prebehlo merané cvic¢enie na trenazéri a merany vycvik v lietadle.

12
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Zaciatok vycviku skupiny B bol rovnaky ako u skupiny A. Studenti teda absolvovali 11
letovych hodin na trenazéri s analégovym zobrazenim letovych, motorovych a navigacnych
udajov, pricom meranie prebehlo pri 2. a 11. tréningovej hodine. Nasledoval prvy merany
vycvik v lietadle, tri cvicenia na trenazéri a potom dve tréningové hodiny v lietadle (merand
bola prave druhd hodina) s analégovym zobrazenim. Pre d'alsi vycvik sa zmenil rezim
zobrazenia na Glasskokpit. Na rozdiel od skupiny A, ale Studenti absolvovali 5 cvi¢eni
na trenazéri, kedy az posledné z nich bolo merané, a na zaver mali merany vycvik v lietadle
pri Glasskokpitovom zobrazeni. Skupina C na rozdiel od predchadzajicich dvoch skupin
neabsolvovala vycvik na redlnych lietadlach. Tréningovy harmonogram pozostaval len zo 16.
letov na simulatore s analégovym zobrazenim letovych, navigacnych a motorovych udajov.

Zber dat bol pritom realizovany v 2, 6, 11 a 16 hodine tréningu.
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Obr. 1.1: Harmonogram tréningu pre skupinu A, B a C (T — trenazér, analég; TM — meranie
na trenazéri, analég; LM — merany let, analoég; L — let, analég; TG — trenazér, glasskokpit;
TMG — meranie na trenazéri, glasskokpit; LMG — merany let, glasskokpit, Sk — zlozena
skupina zo vSetkych subjektov zaradenych do vycviku pri splnenej podmienke uniformného

vycvikového procesu )
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Obr. 1.2: Charakteristickd séria manévrov realizovand pri jednom lete, pozostavajica
z horizontélneho priamociareho letu (HPL), horizontélnej zatdcky (H360), stupavej zatdcky

(S180) a klesavej zatacky (K180)

Vzhladom k rozdielnosti vycvikového procesu v neskorsich fazach boli vyssie popisané
skupiny zjednotené pre evaluacné ucely tejto prace. Zjednotenie skupin teda spocivalo vo
vybere spolo¢nej tréningovej fazy. Pre skupinu A a B sa konkrétne jednalo o zjednotenie do
17 hodiny tréningu. Skupina C bola do vyslednej hodnotiacej vzorky zaradens s ohladom
na realizaciu tréningu po 11 tréningovi hodinu. Participanti povodne zaradeni do skupiny
C teda prispeli k rozsireniu sledovanych parametrov a vymedzeniu medzery medzi prvym
a druhym trenazérovym meranim. Celkovy prehlad vyslednej skupiny pre hodnotenie je
znazorneny na obrazku 1.1. Na uvedenom obrézku (dole) su taktiez zndzornené skratky
jednotlivych realizovanych merani, ktoré budd vystupovat v d'alsich ¢astiach tejto prace.
Konkrétne sa jednd o meranie na trenazeri v 2. hodine vycviku T2M (35 subjektov), meranie
na trenazéri v 6. hodine tréningu T6M (15 subjektov), meranie na trenazéri v 11. hodine
vycviku T11M (35 subjektov), meranie realizované na lietadle v 12. hodine vycviku L12M
(20 subjektov) a merania na lietadle v 17.1 hodine vycviku L17M (20 subjektov).

Vyecvik prebiehal na leteckom trenazéri typu TRD40, simulujicom lietadlo typu Cessna
172 a v lietadle typu Diamond DA40. Behom realizacie jednotlivych letov museli probandi
vykondvat presne definované letové tkony s cielom udrzania pozadovanych letovych
parametrov letu, a to behom horizontélneho priamociareho letu (HPL), horizontélnej zatacky
0 360° (H360) pri naklone 30°, stipavej a klesavej zatdcky (S/K180) o 180° pri naklone 15° a

vertikdlnej rychlosti stupania/klesania 500 ft/min. Uvedené poradie manévrov bolo striktne
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dodrziavané a jednotlivé série manévrov sa vykonavali trikrat v jednom lete. Okrem vzletu a
pristatia boli teda realizované tri série manévrov v poradi HPL, H360, S180, K180, (Obr. 1.2)

¢o zabezpecilo uniformnost vycviku a merani.

1.2.2 Zber dat

Okrem samotnych zaznamov letu (zo simuldtora) a subjektivneho hodnotenia chybovosti
instruktorom v jednotlivych fazach tréningového procesu, bol
zber dat (biosigndlov) realizovany pomocou nositelného telemetrického systému urcéeného
pre snimanie fyziologickych a blizkych environmentalnych parametrov subjektu.

Meranie fyziologickych dat prebiehalo s vyuzitim systému FlexiGuard vyvinutom na
spoloénom pracovisku biomedicinskeho inzinierstva FBMI CVUT a 1. LF UK. Systém bol
primarne urc¢eny pre meranie psychofyziologickeho stavu a environmentalnych parametrov
u ¢lenov integrovaného zachranného systému. Vdaka modularite, neinvazivite a konceptu,
ktory neobmedzuje merany subjekt vo vykonavani jeho ¢innosti, bol tento meraci system
vyuzity aj pri meraniach realizovanych pri vycviku pilotov.

Zakladny popis tohto systému na hardvérovej a softvérovej trovni, je blizsie popisany v

publikaciach uvedenych v Prilohe A a B.

Schlenker, J., Socha, V., Smrcka, P., Hana, K., Begera, V., Kutilek, P. et al.
(2015). FlexiGuard: Modular biotelemetry system for military applications.
In International Conference on Military Technologies (ICMT) 2015. IEEE.

Priloha A

Kliment, R., Smrcka, P., Hana, K., Schlenker, J., Socha, V., Socha, L., &
Kutilek, P. (2017). Wearable Modular Telemetry System for the Integrated

Rescue System Operational Use. Journal of Sensors, 2017, 1-12.

Priloha B
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2 Presnost pilotaze ako indikdtor vykonnosti

Vo vseobecnosti sa vycvik pre ziskanie tzv. Personal pilot license (PPL) respektive Ultralight
pilot licence (ULL) opiera o zvladnutie teoretickej pripravy obsahujicej pravidld lietania,
technické znalosti lettiina, planovanie a vykonanie letu, meteorologiu, navigaciu, prevadzkové
postupy, zéklady letu atp. Pri tomto type vycviku sa posudzuji schopnosti, skisenosti,
zrucénosti a navyky pilota-ziaka. Vycvik je povazovany za ukonceny ak st splnené minimalne
poziadavky na vycvik a Ziak je pripraveny preukdzat schopnost ako velitel letiina, vykondvat
postupy a manévre so stupfiom zruc¢nosti zodpovedajicim oprdvneniam PPL a dalej
preukdzat schopnost riadit letin v rozsahu jeho obmedzeni, vykondvat vSetky manévre
plynule a presne, prejavitf dobry tsudok a vyvinuty zmysel pre let, uplatiiovat teoretické
znalosti v praxi, riadit lettin takym spdsobom, Ze nikdy nevznikne véZzna pochybnost o
uspesnom vysledku vykondvaného postupu, alebo manévru. 7Z uvedeného vyplyva, ze v
ramci tréningu pri tomto type vycviku, ktory je vo vacsine pripadov prvotny, je potrebné
objektivne sledovat a hodnotit vycvikovy progres. V tomto smere je urcite uzitoéné sledovanie
praktického zvladnutia jednoduchej techniky pilotaze. Hodnotenie presnosti pilotaze patri
medzi zakladné hodnotiace kritéria vyuzivané instruktormi, sledovanie progresu - nie vzdy.

Moznosti hodnotenia presnosti pilotaze su zrejmé, avsak toto hodnotenie sa odvija od
dostupnosti dat a charakteru vykondvanej letovej tlohy. V podstate existuju dve pristupy
k takémuto hodnoteniu a to experty (hodnotenie instruktorom) alebo komplexna post-hoc
analyza letového zaznamu.

V ramci realizovanych studii orientovanych na hodnotenie presnosti pilotaze boli
publikované dva ¢lanky ktoré su predmetom Prilohy C a D. V prvom z predlozenych
publikacii je, okrem iného, vykonana analyza zavyslosti medzi exaktnym urcovanim presnosti
vo vykonavani konkrétnych manévrov (vyuzivajic spracovanie dat z letovéh zapisovaca) a
hodnotenim na zéklade instruktora. Vysledky poukazuju na fakt, ze hodnotenie instruktorom
je v podstate totozné s hodnotenim na zéklade redlnych dat. Taktiez je vsak povsimnutelns
relativne vysoka variabilita pri odhadovani presnosti vykonavaného manévru na zaklade

subjektivneho hodnotenia instruktorom.
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Socha, V., Kutilek, P., Stefek, A., Socha, L., Schlenker, J., Hana, K., et al.
(2014). Evaluation of relationship between the activity of upper limb and the
piloting precision. In Proceedings of the 16th International Conference on

Mechatronics - Mechatronika 2014. IEEE.

Priloha C

Okrem vyssie uvedeného sa c¢lanok taktiez zaoberda vplyvom aktivity hornej koncatiny
na presnost pilotdze. Tu vysledky ukazuji Ze piloti, bez osvojenych navykov zikladnej
techniky pilotovania vykazuju zvysent aktivitu pri riadeni (tzv. vysivanie), ¢o ma za nasledok
neustalu snahu korigovat trajektérie letu. Takéto chyby sposobené napriklad nedodrzanim
stanovenej vertikalnej rychlosti sttipania alebo klesania sposobuju skratenie alebo predIZenie
¢asu dosiahnutia pozadovanej hladiny alebo vysky letu lietadla. Tieto chyby mozu mat za
nasledok zniZenie bezpecnosti letu u menej skisenych pilotov najméa vo faze priblizenia
lietadla na pristatie, hustej letovej prevadzke apod.

Druhy publikovany ¢ldnok hodnotiaci presnost pilotdZe sumarizuje celkovy priebeh
vycviku u skupiny subjektov zaradenej do experimentalneho tréningového procesu. Okrem
samotného hodnotenia presnosti pilotdze, ¢ldnok pojedndva o vyuzitelnosti simuldtorov
pre vyuku zakladnej techniky pilotaze a osvojovani si navykov spojenych so samotnym
riadenim lietadla. Tato potreba vychadzala z faktu, ze kritické vyuzitie leteckych simulatorov
predstavuje ich zaclenenie do tréningového procesu pilotov a to hlavne pri prihliadnuti na
zékladnu pilotni licenciu vo forme personal pilot licence (PPL) pripadne ultralight pilot
licencie (ULL). Pri typovom vycviku pre obdizanie PPL, za predpisaného nédletu 45 hodin
je pritom mozné vyuzit 5 hodin na certifikovanom simuldtore. Simuldtori tu vSak nie st
vyuzivané pre oboznamenie sa s pilotazou.

Vzhladom k vyssie uvedenému sa predkladany ¢lanok konkrétne zaoberd hodnotenim
vyeviku pilotov s vyuZitim leteckého simuldtora, pricom hlavny ohlad je brany prave
na jednuduchu techniku pilotaze. Cielom &tidie bolo vyhodnotit vyhodnotit vyuZitelnost
leteckého simulatora pri nécviku jednoduchej techniky pilotovania a to prostrednictvom

hodnotenia chybovosti vo vykonavani predpisanych manévrov, ktord je jednym zo zakladnych
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kritérii pre obdfzanie licencie pilota. Dalsim cielom, ktory vychddza z analyzy stcasného
stavu, prezentovanej v publikécii, je zhodnotenie vplyvu prestupu zo simulovanych letov na

lety redlne a to vzhladom na progres/degres v presnosti vykondvanych manévrov.

Socha, V., Socha, L., Hanakova, L., Lalis, A., Koblen, I., Kusmirek, S. et
al. (2016). Basic Piloting Technique Error Rate as an Indicator of Flight
Simulators Usability for Pilot Training. International Review of Aerospace

Engineering (IREASE), 9(5), 162-172.

Priloha D

Ako je zo studije zrejmé, letecké simulatori uz v sucasnej dobe maji a aj v budicnosti
budd mat svoje nezastupitelné miesto vo vycviku pilotov. Ich vyznam spoéiva najméi
v ziskavani spravnych navykov, eliminacii chyb, tréningu predpisanych postupov, rieseni
krizovych situécii apod.

Parcidlne vysledky vyssie prezentovanych studii slizili ako dobry ukazovatel
vykonnosti/trénovanosti pilota a zaroven poskytovali predstavu o priebeu vycviku u

sledovanych subjektov, ktora bola vyuzita aj pri hodnoteni fyziologickych funkcii.
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3 Sledovanie fyziologickych funkcii u pilotov

Pomocou fyziologickych funkcii ako je srdcova frekvencia a dychova frekvencia je mozné
hodnotit zataz cloveka pri plneni urcitych iloh. V klasickej medicine sa tieto metody vyuzivaji
pri zvysenej fyzickej aktivite k zistovaniu vykonnosti organizmu. V kabine pilota vsak k velkej
fyzickej aktivite nedochddza, no napriek tomu sa vykon pilotov pri pilotdzi moze menit. V
tomto pripade to ovplyviiuje nie fyzickd ale psychicka zataz (inava, psychické poruchy, lieky
a pod.), ktord je taktiez regulovana fyziologickymi mechanizmami organizmu.

Srdcovd frekvencia a dychovd frekvencia patria medzi najjednoduchsie meratelné
parametre v kabine pilota, ktoré mozu indikovat zmenu zataZe. Funkcia srdca a dychanie
je ovplyviiované autonémnym nervovym systémom, ktory je stcastou periferného nervového
systému, a to jeho dvoma zlozkami sympatikus a parasympatikus. Tieto dve zlozky v
organizme pracuju antagonisticky, ale nie absolitne protichodne, pretoze sa navzajom
dopliuji. Dynamicky reaguji na zmeny vonkajsieho a vnutorného prostredia organizmu
a podla tychto zmien reguluji Zivotné funkcie orgdnov k dosiahnutiu homeostdzy.
Sympatikus sa zucastnuje hlavne dejov, ktoré vyzaduji okamzitd reakciu, je s nim
preto spojené heslo bojuj, ute¢, na druhej strane parasympatikus sa aktivuje viac pri
celkovom telesnom klude s heslom odpoéivaj a prezivaj. Tieto dve zlozky velmi citlivo
reaguju uz na malé vychylenia z rovnovahy prostredia a prave preto je ich sledovanie
prostrednictvom fyziologickych parametrov dobrym indikdtorom fyzického a psychického
stavu organizmu cloveka. Najcastejsie merané parametre si prave tepova frekvencia, krvny
tlak, dychova frekvencia, telesnd teplota, elektromyopotenciély svalstva, odpor koze. Doposial
je odpublikovanych vela §tidif, ktoré prave pomocou tychto fyziologickych parametrov boli
schopné zhodnotit troven stresovej zataZe ¢Eloveka, ¢i uz v redlnych alebo simulovanych
zatazovych situdcidch [4, ?].

Vsetky psychofyziologické funkcie cloveka odzrkadluju jeho aktudlny psychicky a fyzicky
stav v akychkolvek zZivotnych situdcidch, ktoré ovplyviiuji jeho koneéné sprdvanie a
napokon aj subjektivne rozhodovanie. Prave tento aspekt je dolezité sledovat v oblasti

letectva k zamedzeniu vzniku moznych chyb v technike pilotovania, ¢o nasledne vedie
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k zvySeniu bezpeénosti v leteckej doprave. Problematika Iudského faktora v bezpecnosti
leteckekej dopravy totizto stale zohrava rozhodujicu tlohu, az 70-80% leteckych incidentov
bolo sposobenych prave zlyhanim TIudského faktora, z toho aZ 50% priamo lietajicim
persondlom [5]. Plnenie jednotlivych tiloh piloti musia vykondvat s presnostou a maximélnou
koncentriciou, akdkolvek nova informécia musi byt spracovand v ¢o najkratSom intervale.
Tieto podmienky mozu vytvorit ur¢iti hladinu mentdlnej a emociondlnej zétaze, ktord moze
nésledne vyvolat neadekvétnu reakciu pilota.

Psychické zafaz cez autonémny nervovy systém ovplyvituje ¢innost srdca, ¢o sa prejavi
zmenou srdcovej frekvencie. Vplyvom sympatika dochadza k zvySovaniu srdcovej ¢innosti
s kontraktility srdca, antagonisticky na tieto funkcie posobi parasympatikus. Samozrejme,
okrem tejto neurdlnej moduldcie na ¢innost srdca vplyvaji aj humoralne vplyvy (hormén
thyroxin alebo pomer adrenalin/noradrenalin), a napokon aj okolité prostredie (teplota
prostredia, nadmorskd vyska a pod.). Préve sledovanie neurdlnej modulédcie funkcie srdca
sa ale javi ako najvhodnejsi pre jeho hodnotenie. Zakladnou charakteristikou srdcovej
frekvencie je R-R interval, t.j. Interval medzi dvoma po sebe nasledujicimi QRS komplexmi
elektrokardiogramu (Obr. 3.1). Zmeny v tepovej frekvencii si vyvolané zmenami medzi
jednotlivymi kontrakciami srdcového svalu. Tieto zmeny si popisované ako variabilita
srdca rytmu (HRV). Prave pomocou tejto variability je mozné odvodzovat informécie o
regulovani homeostazy organizmu autonémnym nervovym systémom. Viaceré studie uz
potvrdili, ze HRV je podstatnym ukazovatelom schopnosti ¢loveka prisposobovat sa zmendm
a poziadavkam okolitého prostredia [6, 7].

Dychova frekvencia ako d'alsi fyziologicky ukazovatel zmeny psychického stavu ¢loveka
je taktiez regulovany autonémnym nervovym systémom. V stresovych situdciach dochadza
k narastu dychovej frekvencie. Dychova frekvencia ovplyviiuje aj éinnost srdca, srdcovii
frekvenciu, prave preto pri hodnoteni zdtaZe ¢loveka moze byt meranie tohto parametra

dolezité.
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Obr. 3.1: Priklad EKG krivky (A) a priklad signalu srdcovej aktivity vo forme R-R intervalov.

3.1 Analyza dychovej frekvencie

Pre neinvazivne snimanie dychovej frekvencie bol vyuzity piezoelektricky senzor vyvinuty
na sploénom pracovisku biomedicinskeho inzinierstva CVUT v Prahe a 1. Lekérskej
fakulty Univerzity Karlovej. Piezoelektrickd jednotka pre snimanie dychovej frekvencie bola
umiestnend v stredovej ¢iare pod processus xiphoideus (mecovity vybezok kosti hrudnej) cca
7 cm ventralne v oblasti epigastria s pasom obopinajicim telo v tejto tirovni. Umiestnenie
senzoru bolo zvolené kvoli vécsej objemovej zmene sposobenej respiraciou a minimalizacii
pohybovych artefaktov, z ¢oho vyplyvala presnejsia identifikdcia nadychov [8]. Dychova
frekvencia bola vypocitand z periédy medzi identifikovanymi nadychmi. Data reprezentujice

pocet dychov za minitu (bpm) boli zasielané do zbernej jednotky s odosielacou frekvenciou

5 Hz prostrednictvom radio frekvencéného rozhrania.

Hodnotenie dychovej frekvencie je zalozené na podobnych principoch ako hodnotenie
HRV, ktoré s popisané v kapitolach nizsie (vacsinou sa jednd o hodnotenie v ¢asovej oblasti).

Problémom pri merani dychovej frekvencie pilotov bol velké zasumenie dosiahnutého signélu,
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vzhladom k pohybovym artefaktom. Tento senzor sa nezdal vhodny pre dosiahnutie presnych
merani a v neskorsich fizach zberu dat prestal byt vyuzivany.

Namerané data, po odstraneni extrémov a predspracovani preukazali, Ze dychova
frekvencia moze byt reflektovat sympato-vagalny balanc podla tedérie popisanej vyssie. Tieto

zistenia boli prezentované v publikacii umiestnenej v Prilohe E.

Socha, V., Szabo, S., Socha, L., Kutilek, P. & V. Nemec (2014). Evaluation
of the variability of respiratory rate as a marker of stress changes. In
Proceedings of the 18th International Scientific Conference Transport Means.

Kaunas University of Technology.

Priloha E

3.2 Analyza HRV vo frekvenc¢nej obasti

Frekvencéna analyza je Siroko pouzivana metéda analyzy srdcovej ¢innosti. Ide o spektralnu
analyzu RR intervalov srdcovej frekvencie, pomocou Fourierovej transformacie (FT), ktord
rozklada komplexnt funkciu do roznych frekvencii oscilujucich funkcii ako st sinus a kosinus.
Priklad rozdelenia jednotlivych pasiem je zndzorneny na Obr. 3.2. Spektralna analyza vyuziva
FT pre findlne grafické prerozdelenie jednotlivych frekvenénych péasiem, nachddzajicich sa

v analyzovanom signéle. V pripade srdcovej ¢innosti ide o tri frekvenéné pasma:

e VLF —péasmo velmi nizkych frekvencif v rozsahu 0,01 — 0,04 Hz. Je vieobecne zname, ze
toto pasmo opisuje ¢innost pomalych mechanizmov sympatikového systému. Jednotkou

s ms?2.

e LF — pasmo nizkych frekvencii v rozsahu 0,04 — 0,15 Hz charakterizuje oba,
sympatikovy aj parasympatikovy systém, no vo vSeobecnosti je silnym indikatorom
sympatikovej aktivity. LF opisuje vplyv parasympatika, ak je frekvencia dychania nizsia
ako 7 dychov za mintitu alebo pocas hlbokého dychania. Ak je teda subjekt v pokoji

s pomalym a rovnhomernym dychanim, hodnoty LEF mozu byt velmi vysoké ukazujiic
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skor zvysenu parasympatikovi aktivitu, nez zvySenie sympatikovej regulacie. LF ma

rovnaku jednotku, a to milisekundy Stvorcové.

e HF — pasmo vysokych frekvencii s rozsahom 0,15 - 0,4 Hz odraza parasympatikovi
aktivitu, a je tiez zname ako dychacie pasmo, pretoze odpoveda varidciam NN intervalov
sposobenych dychanim (RSA). Srdcova frekvencia sa zvysuje pocas vdychovania a klesa

pri vydychu. Jednotkou st ms?.

Dalsfm parametrom charakterizujicim spektralnu analyzu je celkovy vykon (T'P) a je
to odhad celkového spektralneho vykonu, t.j. vSetky pasma 0 — 0,4 Hz. Prirodzene, ma
rovnaké jednotky ako frekvencéné pasma a indikuje celkovii autonémnu aktivitu, kde je
sympatikové ¢innost hlavnym aktérom. Vychodzim parametrom je vSak pomer nizkych
a vysokych pasiem (LF/HF), pretoze hovori o celkovej rovnovahe medzi symatikovym
a parasympatikovym systémom. Vyssie hodnoty znamenaji dominanciu sympatika, zatial
¢o nizke hodnoty dominanciu parasypatika. Tento podiel moze byt pouzity prave pre
kvantifikovanie spominanej rovnovahy autonémnych systémov. Okrem tychto parametrov
existuje aj upravena forma nizkych a vysokych frekvenénych péasiem. Ide o takzvané

normalizované hodnoty:

e Normalizovand LF (nLF) — normalizovand hodnota LF, je to podiel absolitnej
hodnoty LF a rozdielu celkového vykonu a VLF (3.1). Tato transformacia
povodnej hodnoty LF na normalizovanti md za ulohu minimalizovat vplyvy zmien

nizkofrekvencnej zlozky a zdoraznuje zmeny sympatikovej regulacie.

LF LF

LF = —
" TP_VLF HF+LF

(3.1)

e Normalizovand HF (nHF') — analogicky ide o pomer hodnoty HF' a rozdielu TP
a VLF (3.2). Normalizovand hodnota redukuje vplyvy zmien vysokofrekvencnej
zlozky a vyzdvihuje zmeny sposobené parasympatikom. nLF aj nHF' sa uvadzaju

v percentilovych jednotkach [9)].
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HF HF

= 2
TP—-VLF HF+LF (32)

nHF =

Vo viacerych studiach bolo dokazané, ze frekvencnd analyza srdcovej aktivity na zaklade
frekvencnych pasiem HF, LF a LF/HF podielu — podiel sympatikus/parasympatikus, je
vhodné pre charakterizovanie funkcie ANS, srdcovej ¢innosti, a teda aj psychického stresu
[10, 11]. HF je teda hlavnym indikatorom parasympatikovej a LF indikdtorom sympatikovej
aktivity. Podiel LF/HF predstavuje ich rovnovdhu a moze byt pouzity ako komplexny
ukazovatel urovne psychického zatfazenia. Podla publikdcie [12] st stresory alebo stres
spojené so zvysenou aktivitou sympatikového systému riadenia srdcovej ¢innosti a znizenou
aktivitou parasympatika. Tieto situdcie spojené s psychickym vypétim st v spojeni s ANS
charakterizované zvysenim nizkofrekvenéného pasma LF a zvySenim HF'.

Bertic do uvahy vyssie popisany princip, tento bol vyuzity pri hodnoteni pilotov
v definovanom tréningovom procese, beric do uvahy prestup z analégového zobrazania
letovych, motorovych a navigaénych tidajov (tzv. analog cockpit) na zobrazenie digitalne (tzv.
Glass cockpit). V ¢ase publikovania tychto ¢lankov totiz legislativa nebola usposobend na to,

aby usmernovala tréning pri prestupe z jedného typu zobrazenia na druhy. V stcasnosti je

0,004 F[Hz] P[sec’]

VLF 0,00 2,203x10"
VLE LF 0,10 1,424x10*

HF 026 7,936x10°

- VLF  0,00-0,03 Hz

= LF 0,03-0,15 Hz

§ HF  0,18-0,45Hz

a

[72)

o

0,000

0,0 0,5

Frekvencia [Hz]

Obr. 3.2: Rozlozenie vykonu jednotlivych frekvencnych pasiem HRV
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opravnenie pre pilotaz na Glass cockpit v podstate automatické a nieje potrebny transférovy
tréning z anal6gového zobrazenia na digitédlne. Je ale nutné podotknit, Ze vice versa to
neplati.

Clanok, ktory je obsahom Prilohy F bol publikovany v podstate pre poukézanie na tito

problematiku. Zistenia z tejto studie vsak viedli k vytvoreniu d alsiecho vyskumného konceptu.

Regula, M., Socha, V., Kutilek, P., Socha, L., Hana, K., Hanakova, L., &
Szabo, S. (2014). Study of heart
rate as the main stress indicator in aircraft pilots. In Proceedings of the
16th International Conference on Mechatronics - Mechatronika 2014. IEEE.
https://doi.org/10.1109/mechatronika.2014.7018334

Priloha F

V pripade realizacie tohto vyskumu bolo pozoruhodné, ze faktor akym je zmena zobrazenia
letovych, motorovych a naviga¢nych udajov prispieva k diskomfortu pocas tréningového
procesu a taktiez k nepriaznivej zmene psychofyziologického stavu.

Otazkou ostavalo, ¢i zmena v tréningovom procese, akou je pridanie simulovanych letov
do vycviku dokéze prispiet k zlepseniu psychofyziologického stavu pilotov. Pre tieto ticely
bola namerand druha skupina uchadzcov, ktory absolvovali dopliujici teoreticky a prakticky

vycvik.

Socha, V., Schlenker, J., Kalavksy, P., Kutilek, P., Socha, L., Szabo, S.,
& Smrcka, P. (2015). Effect of the change of flight, navigation and motor
data visualization on psychophysiological state of pilots. In 2015 IEEE 13th

International Symposium on Applied Machine Intelligence and Informatics

(SAMI). IEEE. https://doi.org/10.1109/sami.2015.7061900

Priloha G

Vysledky prezentované v publikacii, ktora je predmetom Prilohy G poukazali na to, ze
kratky transférovy tréning ma zmysel pre vyladenie tréningového procesu. Okrem iného je

mozné taktiez vidief principy data-driven tréningu, s vyuZitim bio-telemetrie, nehovoriac
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o moznostiach analyzy presnosti pilotovania. Tato problematika sa vSak k publikovaniu
nedostala vzhladom k zavedeniu transférového tréningu a tym pddom je mimo tému. V
sucasnosti sa vSak realizuju vyskumné aktivity pre hodnotenie prestupu analog-glass v
porovnani s glass-analog, kde bude mozné vysledky presnosti pilotaze z prezentovanych

merani aplikovat.

3.3 Analyza HRV pomocou nelinearnych metod

Batéria standardnych parametrov, ktoré mozu kvantifikovat nepredvidatelnost ¢asové rady
st zhrnuté v Tab. 3.1). Nelinedrne merania ukazuji nepredvidatelnost ¢asovej rady, ktord
vyplyva zo zlozitosti mechanizmov, ktoré reguluji HRV. Nelinedrne parametre suivisia
so Specifickymi meraniami vo frekvencnej aj casovej oblasti. Vsetky tieto parametre su
blizsie popisané v [13]. Uvedené parametre neboli predmetom publikovania orientovaného na
pilotov vo vycviku, pretoze tieto nevykazovali statisticky vyznamné rozdiely pri komparacii
jednotlivych realizovanych merani.

Najmé v oblasti medicinskeho vyskumu sa vsak ¢oraz viac rozsiruje vyuzitie nelinearne;j
analyzy signalov, ktora je zalozena na rekonstrukcii trajektorie vo fazovom priestore. Metody
zalozené na rekonstrukcii fazového priestoru si pomerne mladé - ich vyvoj zacal az po
objaveni teorému vnorenia matematikom F. Takensem v 80. rokoch 20. storocia. Jednou
z metdd nelinearnej analyzy je rekurentna analyza, ktora vychadza z tedrie chaosu.

Rekurentnd analyza umoznuje vizualizovaf rekurenciu (opakovanie) dynamickych
systémov. K tejto vizualizacii je potrebna jedna ¢asova rada dat, na ktoru nie su kladené
poziadavky ohladne deky, stacionarity alebo rozdelenia. Jednd sa o multidimenzionanu
metédu, vd'aka ktorej je mozné sledovat dynamiku celého systému.

Tento druh analyzy sa za¢ina experimentdlne vyuzivat aj pri spracovani biologickych
signalov, kde je vécSina Studii orientovand prave na hodnotenie variability srdcového
rytmu. Dovodom je, ze autonémny nervovy systém sa javy ako dobry priklad nelinedrneho

deterministického systému [14, 15], ktory ovplyviiuje srdcovu frekvenciu a krvny tlak tak,

26



Fakulta dopravni %
Ceské vysoké uceni technické v Praze

Tabulka 3.1: Standardné parametre nelinedrnych metéd hodnotenia HRV

Parameter Jednotka Definicia

S ms Plocha elipsy, ktora predstavuje celkovi HRV.

SD1 ms Poincaré plot smerodajnéa odchylka kolma na riadok identity.

SD2 ms Poincaré plot smerodajné odchylka pozdfz linie identity.

SD1/SD2 % Pomeér SD1 / SD2.

ApEn Priblizna entropia, ktord meria pravidelnost a zlozitost ¢asovej
rady.

SampEn Vzorka entropie, ktord meria pravidelnost a zlozitostt ¢asovych
radov.

DFA a1l Odtrendovana fluktuacna analyza, ktora popisuje kratkodobé

vykyvy (fluktudcie).

DFA a2 Odtrendovana fluktuacna analyza, ktora popisuje dlhodobé
vykyvy (fluktudcie).

D2 Korelacna dimenzia, ktora odhaduje minimalny
pocet premennych potrebnych pre konstrukciu modelu dynamiky

systému.

aby zabezpecil spravne fungovanie vsetkych organov na zaklade aktualneho fyziologického
stavu.

KedZe sa rekurentnd kvantifikacnd analyza javila ako slubnd metéda pre hodnotenie
psychofyziologickej kondicie pilotov, bolo v prvom kroku vytvorené softvérové riesenie
pre spracovanie signdlu touto metédou (Obr. 3.3). Dévodom taktiez bolo, ze okrem
dostatocne popisanej tedrie, neexistoval (neexistuje) volne dostupny softvérovy néastroj,
pripadne kniznica, pre aplikacné tucely. Na zdklade teoretického popisu uvedeného nizsie,
bolo teda vytvorené grafické uzivatelské prostredie v prostredi Matlab 2014. Prvym krokom
je vytvorenie viacedimenziondlniho systému, ktory sa vztahuje k povodnému fizovému

systému. Ide teda o rekonstrukciu fazového priestoru a zostrojenie vzdialenostnej matice
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Obr. 3.3: Ukézka grafického pouZivatelského prostredia pre hodnotenie dit pomocou

rekurentnej analyzy

(distance matrix, DM). Nésledne st identifikované body, ktoré nie si vzdialené v case, ale si
priestorovimy susedmi na urcitom radiuse, ¢im je vytvoreny rekurentny graf (tzv. Reccurence
plot, RP). Poslednym krokom je kvantitativne zhodnotenie RP - rekurentnéd kvantifikaéna

analyza (Recurrent quantification analysis, RQA) [16].

Socha, V., Schlenker, J. & Handkova, L. (2017) RQAcalc. [Autorizovany
Software], Dostupné z: http://uld.fd.cvut.cz/cs/veda-a-vyzkum/vedecke-

vystupy/
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Obr. 3.4: Fazovy priestor Lorenzovho systému

3.3.1 Rekonstrukcia fazového priestoru

Trajektoria vo fazovom priestore predstavuje casovy vyvoj a dynamiku systému. Kazdy
systém je mozné popisat pomocou jeho stanovenych premennych. Tieto premenné tvoria
v ¢ase trajektoriu v n-dimenziondlnom priestore, respektive vo fazovom priestore [17].

V mnohych pripadoch nieje mozné zaznamenat alebo zmerat vsetky stavové premenné
systému. Fazovy priestor vsak moze byt zrekonstuovany aj z jedinej stavovej veli¢iny.
Najpouzivanejsou metédou je metdda nizozemského matematika Florisa Takensa, jedna sa

o metédu vnorenia dimenzie a ¢asového oneskorenia, vid vztah (3.3) [17].

T = (Ui, Uigry -y Ui (m—1)r) (3.3)

kde u je pozorovand stavova veli¢ina, 7 je ¢asové oneskorenie a m je vkladana dimenzia.
Zrekonstruovany fazovy priestor nie je presne zhodny s originalnym fazovym priestorom,
ale jeho topologické vlastnosti si zachované v pripade, ze je vkladana dimenzia dostatocne
velkd [17]. V praxi by vkladand dimenzia mala byt minimélne dva-krdt vicsia ako
dimenzia atraktora, presnejsie potom m > 2d + 1 [18, 17]. Existuji rozne nézory
na nastavenia vstupnych parametrov (dimenzia, ¢asové oneskorenie). Optimdlne nastavenie
tychto parametrov je dolezité pre rekonstrukeiu fazového priestoru, ktory bude plne popisovat

dynamiku systému.
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Casové oneskorenie ndm udéva vzdialenost medzi susednymi elementmi, pre mald
hodnotu ¢asového oneskorenia je rozdiel medzi jednotlivymi stavmi rekonstruovaného
fazového priestoru nepatrny. Naopak, pokial bude hodnota ¢asového oneskorenia prili§ velk4,
moézu byt stavy vnimané ako nezavislé a rekonStruovand trajektéria sa bude javif ako
nahodny proces.

Jednou zo starsich metéd volby Easového oneskorenia bolo pouzitie autokorelacne;
funkcie. Bohuzial, td4to metéda nezohladiiovala moznost nelinedrnych procesov [18]. Posledné
studie ukazuji, Ze vhodnou metédou pre volbu optimélneho Easového oneskorenia je
miera vzdjomnej informécie [18, 19]. Miera vzajomnej informdcie predstavuje informéciu
o vzajomnej zavislosti dvoch zavislych veli¢in, ¢im su veli¢iny zavislejsie, tym je ich vzajomné
informécia vacsia. Ako najvhodnejsia dizka ¢asového oneskorenia je néasledne uvadzané prvé
minimum vzdjomnej informécie. Prvé minimum, pre pozorovanie z(t; + 7) v ¢ase t; + 7, ndm
v priemere prindsa najvyssi informaé¢ny prispevok k informécii z pozorovania xz(t;) v ¢ase t;.

Vzdjomnd informécia dvoch premennych A a B moéze byt definovand pomocou entropie ako:

I(A,B) = H(A) + H(B) — H(A, B) (3.4)

kde H(A) a H(B) st entropie a H(A, B) je zdruzend entropia A a B.

Po volbe optimalneho ¢asového oneskorenia je potrebné zvolit optimdlnu dimenziu
vnorenia. Jednou z najbeznejsie pouZivanych metéd pre volbu oprimélnej dimenzie vnorenia
je metoda najblizsich falosnych susedov. Podstatou metddy je fakt, ze pri projekcii trajektorie
systému z originalneho fazového priestoru do priestoru s nizSou dimenziou dochadza
k prekrizeniu trajektdrie so sebou samou. Vdaka tomuto prekrizeniu vznikaji takzvani
falosni susedia, ktorych pocet sa pri zvySovani dimezie znizuje. Nevyhodou metédy moze
byt fakt, Ze musi byt uréend prahové hodnota, pre ktorti budd uz susedia povazovani za
falosnych. Zaujimavi modifikaciu metédy falosnych najblizsich susedov, ktora tito nevyhodu
odstranuje, popisal vo svojej praci [20], ktory pouzil podiel Eukleidovskych vzdialenosti dvoch

susednych stavov v dimenzii m a dimenzii m + 1, vid vztah (3.5).
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i) — ys(m 4+ 1) = Yngim)(m + 1)
) = ) = ey (0] (35)

kde || je Eukleidovska vzdialenost, y;(m) je i-ty rekonstruovany vektor s dimenziou m a yy;m)

je najblizsi sused y;(m).

Dalej potom zavédza velicinu nazvanti ako priemer vietkych hodnot E(m) [20]:

N—mt
1

E(m) = —— > ali,m) (3.6)

=1

Priemer E(m) je zavisly len od dimenzie m a oneskoreni 7. Aby bolo mozné zistit odchylky

m od m + 1, definuji sa eSte pomery priemerov z dimenzie m a dimenzie m + 1, vid vzfah

(3.7) [20].

E(m+1)
E(m)

Hodnota premennej E1(m) sa prestane menit ked je dimenzia m vécsia ako hodnota

E1(m) = (3.7)

dimezie atraktora mg. Minimalna hodnota vkladanej dimenzie je nasledne rovna mg+ 1 [20].

3.3.2 Rekurentny graf

Vizualizacia trajektérie vo fazovom priestore, ktora ma viac ako tri dimenzie je narocné,
preto Eckmann [21] predstavili tzv. rekurentné grafy. Tieto grafy s zdkladnym néstrojom
rekurentnej analyzy a umoznuju vizualizaciu viacrozmerného fazového priestoru pomocou
dvojrozmerného grafu. Rekurentné stavy su v grafe zaznamenavané v maticovom formate
“jednickou”, stavy ktoré naopak rekurentné nie si “nulou”. Rekurentny stav je mozné
urcit pomocou prahovej vzdialenosti €, (vztah 3.9). Podla [17] je mozné rekurentny graf

matematicky zapisat ako:

R, ; = O(e — ||x; — x4l]), prei,j =1,2,...,N, (3.8)

kde je © Heavisidova funkcia, ktora nadobida hodnoty 1 a 0 podla vztahu 3.9:

R; ;=0 pre ||z; — x|| > € a R;j =1 pre ||z; — x;]| <, (3.9)
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kde R; ; oznacuje bod v matici R v Case ¢ a inom Case j, x; a x; su jednotlive stavy systému,
N je celkovy pocet stavov, ||.|| je vzdialenost dvoch stavov vo fazovom priestore a € je prahovd
vzdialenost [17].

Grafické znazornenie matice R je rekurentny graf, body v grafe predstavuji rekurentné
stavy, ktoré maji v matici hodnotu 1. Je mozné sa stretnif aj s nie bindrnou verziou
(kolorovanou) verziou rekurentného grafu, kedy si v matici uvedené vzdialenosti medzi
jednotlivymi stavmi (bodmi) vo fazovom priestore a nie je pouzitd Heavisidova funkcia.
Vd'aka tomuto postupu je mozné vyhnut sa zaddvaniu prahovej vzdialenosti. V legende grafu
je uvedena tzv. mapa grafu, ktora definuje aka farba odpoveda akej vzdialenosti.

Urcitou nevyhodou rekurentnych grafov je ich matematickd ndrocnost kvoli parovému
testu vietkych stavov. Pre N stavy sa poéita N2 testov. Rekurentny graf je vo svojej podstate
vzdy symetricky podla hlavnej diagonély a objavuji sa v fiom zakladné struktiry. Medzi tieto
struktury patria samostatné body, diagonalne ¢iary, zvislé a vodorovné ¢iary. Kazda z tychto
struktur ma svoj vyznam [17].

Osamotené body znacia jedineéné stavy vo fazovom priestore, v ktorych systém
nezotrvava dlho. Diagonalne ¢iary oznacuju, ze trajektoria vo fazovom priestore prebieha
rovnakou oblastou v roznych éasoch. Diagondlne ¢iary st charakteristické pre determinizmus.
Zvislé a vodorovné Ciary oznacuju, ze systém pretrvava v jednom bode, pripadne sa meni len
velmi pomaly [18]. Topoldgia rekurentného grafu je zndzornend na Obr. 3.3.

Najdolezitejsou fdzou pri tvorbe rekurentného grafu je volba vhodnej prahovej
vzdialenosti. V sticasnosti je volba optimdlnej prahovej vzdialenosti predmetom diskusif
[22, 23, 24], pretoze uz mald zmena prahovej vzdialenosti moze dramaticky ovplyvnit
vysledky [23]. Medzi ¢asto pouzivané metody nastavenia prahovej vzialenosti patri nastavenie
prahovej vzdialenosti percentudlne z maximéalnej vzdialenosti vo fazovom priestore. Dalej je
to nastavenie takej hodnoty, ktord by nemala prekrocit 10% priemernej alebo maximélne;j
vzdialenosti vo fazovom priestore [22]. Pomerne ¢asto pouzivanou metédou je nastavenie tzv.
fixného percenta rekurentnych bodov. Znamend to, ze sa nastavi takd hodnota prahovej
vzdialenosti, aby zarucovala presné percento rekurentnych bodov [22]. Casto byva této

hodnota 1% [22, 23], je mozné sa stretnif aj s inym nastavenim, napr. 5% [14].
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Medzi d'alsie doporucované nastavenia patri hodnota prahovej vzdialenosti € = 0.10 (o je
standardnd odchylka vstupného signalu). Toto nastavenie urcil prof. Marwan experimentélne

[24].

3.3.3 Kvantitativna analyza rekurentnych grafov

Aby rekurentné grafy neboli len vizudlnym nastrojom, ale dokdzali prispief aj svojim
evaluaénym aparatom, je potrebné ich lepSie popisat a kvatifikovat. Pre tento tcel slizi
tzv. kvantitativna analyza rekurentnych grafov (Recurrence Quatification Analysis - RQA),
ktoru predstavili Zbilut a Webber [25, 26] a rozsiril ju prof. Marwan [27]. Jednd sa o sadu
parametrov, ktoré statisticky popisuji rekurentny graf.

Percento rekurentnych bodov RR je percento rekurentnych bodov, ktoré tvoria graf.
Tento parameter zodpoveda pravdepodobnosti, Ze sa konkrétny stav bude opakovat. Vyssia

rekurencia znamend nizsiu variabilitu systému a naopak [18, 14]:

N
1
RR = — > Ry, (3.10)

ij=1

Determinizmus D E'T' je parameter, ktory predstavuje percento rekurentnych bodov, ktoré
tvoria diagondlne ciary. Diagondlne Ciary oznacuju, ze sa systém vracia k predchadzajicim
stavom v inom ¢ase. Parameter determinizmus stvisi s predvidatelnostou dynamického

systému:

N
LP(l
DT = Zicta PO
Ei,j Rm

kde P(1) je histogram dizok I diagonalnych ciar.

(3.11)

Laminarita LAM oznacuje percento bodov, ktoré tvoria zvislé ¢iary. Tento parameter
sluzi na detekciu laminarnych stavov, teda stavov kedy sa systém nemeni alebo sa meni len

Y . s’
velmi malo:

Zi\[:'umin v P<U)

LAM = &=
Zv:l v P(U)

: (3.12)
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kde P(v) je histogram dizok v zvislych ciar.
Rekurentny ¢as (Trapping Time) T'T je parameter, ktorym je oznacend priemernd dizka
zvislych ciar. Parameter teda oznacuje, ako dlho zostava sysém v konkrétnom stave a obsahuje

informéciu o frekvencii a dlzke laminarnych stavov:

3o U P(V)
> o P(0)

Nizka hodnota LAM a T'T oznacuje znacni komplexitu systému. Systém sa totiz vracia

TT = (3.13)

do predchddzajiicich stavov len na velmi kratku dobu [14].

Medzi dalsie parametre RQA patria maximalna dizka diagondlnej ciary Lmaz,
divergencia DIV (prevrétend hodnota Lmax), priemerna dizka diagonélnej ciary AV DL,
pomer RATTO (pomer medzi DET a RR), Shannonova entropia ENTR a maximélna dizka
zvislej ¢iary Vmaz.

Pomocou popisanej analyzy a pomocou vytvoreného softvérového nastroja boli v pociatku
vytvorené Studie orientujice sa na klinické hodnotenie variability srdcového rytmu u
pacientov s vazovagalnymi synkopami a u pacientov s atridlnou fibrilaciou indikovanych na

kardioverziou.

Schlenker, J., Socha, V., Riedlbauchova, L., Nedélka, T., Schlenker, A.,
Potockova, V. et al. (2016). Recurrence plot of heart rate variability signal in
patients with vasovagal syncopes. Biomedical Signal Processing and Control,

25, 1-11.

Priloha H

Socha, V., Schlenker, J., Hana, K., Smrcka, P., Hanakova, L., Prucha, J. et al
(2016). Prediction of atrial fibrillation and its successful termination based
on recurrence quantification analysis of ECG. In 2016 39th International

Conference on Telecommunications and Signal Processing (TSP). IEEE.

Priloha I
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Aj ked’ uvedené publikdcie priamo nestivia s evaludciou pilotov a ich psychofyziologickej
kondicie v priebehu tréningu, poukazuji na fakt, Ze metéda RQA je schopnd popisat
behavioralitu regulacie srdcovej c¢innosti. V tychto dvoch publikdciach bolo uvedené
potvrdené na zaklade testu aktivneho stdnia a ortostatického testu (blizsie popisané a
referované v Prilohe H a I).

Prvotna aplikacia RQA pre urcenie a popis psychofyziologickej kondicie pilotov bola
realizovand v publikdcii v Prilohe J. Vzhladom k moznéu rozsahu tejto publikicie bolo
hodnotenie orientované na prestup z leteckého simulatora na prvy realny let, ktory bol
sledovanymi subjektmi absolvovany. Ako v predchadzajicich pripadtoch tak aj v pripade
vyuZitia tejto partikuldrnej metédy bola potvrdend jej vhodnost a popisané moznosti dalsich

applikacii.

Socha, V., Socha, L., Schlenker, J., Hana, K., Hanakova, L., Lalis, A. et al.
(2016). Evaluation of pilots’ psychophysiological condition using recurrence
quantification analysis of heart rate variability. In 2016 20th International

Scientific Conference Transport Means. Kaunas University of Technology.

Priloha J

3.4 Analyza HRV v casovej oblasti

Mozno sa bude zdat umiestnenie tejto sekcie na koniec, oproti predchadzajiicim, nelogické,
avsak vyuzitie analyzy HRV v ¢asovej oblsti bolo aplikované az pri publikovani posledného
z ucelenej batérie publikacii. Parametre hodnotenia HRV v ¢asovej oblasti boli pouzité
pre klasifikdciu tirovni zétaze podla tirovne trénovanosti, respektive vykonnosti v priebehu
tréningového procesu.

Parametre v casovej oblasti si najjednoduchsie a vyplyvaju z nameranych hodnot
intervalov RR alebo okamzitej srdcovej frekvencie. Parametre ziskané pomocou Statistickych
metod vyskytujicich sa v casovej oblasti sui zavislé na presnosti oznacenia jednotlivych
RR intervalov. Smerodajnd odchylka a podobné Statistické vzorce su totizto ovplyvnené

hodnotami, ktoré sa lisia od priemeru analyzovanej sekvencie. Ukazovatele casovej domény
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HRV kvantifikuji mnozstvo variability pri merani behom danych obdobi (pohybujicich sa v
rozmedz{ < 1 mintta az > 24 hodin) medzi po sebe idicimi idermi srdca, tzv. interbeat
interval (IBI). Premenné SDNN, SDANN a SDNN index popisuji globdlnu autonémnu
reguldciu srdca, ale premenné RMSSD a pNN50 sa vztahuje k beat to beat varidcidm
odrazajucich tstup parasympatiku. Tieto hodnoty mozu byt vyjadrené v podvodnych
jednotkdch alebo ako prirodzeny logaritmus povodnych jednotiek, aby sa podla potreby
dosiahlo normadlne rozdelenie. [28, 29, 13]

SDNN (Standard Deviation of All NN Intervals) popisuje celkovii smerodajni odchylku
dizok vsetkych NN intervalov v segmente. Odraza teda vsSetky cyklické zlozky zodpovedné
za variabilitu v dobe merania. Vo viacerych studiach sa SDNN pocita v priebehu 24
hodinového zdznamu pomocou monitoru Holter a tym zahrniuje kratkodobé a dlhodobé zmeny
srdcového rytmu. Popri kardiorespiracnej reguldcie sa daji merat reakcie srdca na meniacu sa
pracovnt zdtaZ, anticipaénd centrdlna nervovd aktivita a cirkadidnne procesy vratane cyklov
spanku/bdenia. 24 hodinové nahrdvky odhaluji vplyv sympatikovej stistavy na HRV. Pre
kratkodobé merania je dany Standardny ¢asovy usek 5 min, vedci ale taktiez navrhli ultra
kratke obdobie pohybujtce sa od 60 do 240 s. SDNN je ovplyvnena ¢innostou sympatiku
a parasympatiku, respektive vykonmi pasiem ULF, VLF, LF a celkovym vykonom. Pokial
bude energia tychto pasiem vyssia ako v HF pasme, tak dochddza ku zvyseniu SDNN. Tento
vztah avsak z4visi na podmienkach pri merani. SDNN patri k najjednoduchsim a najcastejsie
pouzivanym Statistickym parametrom a jeho meranie je presnejsie, pokial sa vypocita z 24
hodinového zaznamu, ako z kratsich obdobi sledovania. Napriklad sa vyuziva v lekarstve
pre klasifikaciu rizik srdcovych ochoreni — predpoveda morbiditu a mortalitu. Na zaklade 24
hodin sledovania s pacienti s hodnotami SDNN nizsimi ako 50 ms klasifikovani ako nezdravi,
50-100 ms ako pacienti s ohrozenym zdravym a pokial maji viac ako 100 ms tak s zdravi.
(30, 11, 31, 13]

SDRR (Standard Deviation of All RR Intervals). Jednd sa o stredni odchylku
medzipulzného intervalu (IBI) pre vsetky sinusové tdery vrdtane abnormélnych alebo
falognych tderov, ktoré mozu odrazat srdcovi dysfunkciu alebo $um vyzerajici ako HRV.

Rovnako ako SDNN tak aj SDRR sa ¢asom spresnuje. Pri merani behom 24 hodin sa lepsie

36



Fakulta dopravni %
Ceské vysoké uceni technické v Praze

popisuju pomalSie procesy a reakcie kardiovaskularneho systému na roznorodé enviromentalne
podnety a na pracovni zataz. [13]

SDANN (Standard Deviation of the Average NN (RR) Interval). Jedna sa o smerodajnu
odchylku priemerov NN (RR) intervalov poc¢itani behom vsetkych stanovenych tsekov z
celého 24 hodinového zdznamu. Stanoveny segment moze byt dlhy od niekolkych sekind do
obvyklych 5 minit. Tato doba je zavisla na odhade zmien srdcovej frekvencie v sekvenciach
dlhsich ako 5 mintt. Tento parameter sa javi ako SDNN, ale nedaji sa zamenit kvoli dizke
zéaznamu. [11, 32, 13]

SDNNi — SDNN index je priemer smerodajnej odchylky vsetkych po sebe idicich NN
(RR) intervalov s minimélnym 24 hodinovym zdznamom HRV. Popisuje zmenu variability
behom kratkeho 5 minttového tseku. Vypocita sa tak, ze najskor doéjde k rozdeleniu 24
hodinového zdznamu na 255 patminitovych segmentov a ndsledne sa vypocita smerodajnd
odchylka vsetkych intervalov NN (RR) obsiahnutych v kazdom jednotlivom segmente. SDNNi
je teda priemer tychto 288 hodnot. SDNNi primarne odrédza autonomny vplyv na HRV.
(30, 11, 32, 13]

NNx (Number of Adjacent NN (RR) Intervals). Ide o pocet po sebe idicich NN (RR)
intervalov, ktoré sa lisia o viac ako x ms. Najcastejsia hodnota je 50 ms (teda potom NN50),
ktora vyzaduje 2 minutovy zdaznam. St mozné tri varianty vypoctu, teda pocitanie vsetkych
tychto parov intervalov NN (RR) alebo poéitanie iba péarov, v ktorych je prvy interval dlhsi,
alebo iba dvojic, v ktorych je druhy interval dlhsi. [13]

pNNx (NNx Count Value Divided by the Total Numbers of All NN (RR) Intervals).
Jednd sa o relativny pocet susediacich NN (RR) intervalov navzdjom sa odliSujicich o x
ms (najcastejsie 50 ms) vztahujici sa k celkovému poctu NN (RR) intervalov v postupnosti
(moze byt taktiez vztahujice sa k celkovému poctu RR intervalov v segmente). Presnejsie je
to percentudlna hodnota intervalu NNx (NN50). pNNx tizko sivisi s aktivitou parasympatika
a je casto vyuZivany ako spolahlivejs{ index ako SDNN zmerany v kratkom useku. Avsak
poskytuje horsie hodnotenie RSA ako parameter RMSSD. [30, 32, 13]

HR Max — HR min. Priemerny rozdiel medzi najvyssou a najnizsou tepovou frekvenciou

behom kazdého respiracéného cyklu je obzvlast citlivy na ti¢inky respiracnej frekvencie a nie
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je zavisly na vagovych nervoch. Pre vypocet HR Max — HR Min je pozadovany minimalne 2
minutovy zdznam merania [13].

RMSSD (Root Mean Square of the Successive Differences). Kvadraticky priemer dlzok
po sebe iducich NN (RR) intervalov sa ziska vypoéitanim vsetkych ¢asovych rozdielov medzi
srdcovymi pulzmi, tieto hodnoty sa nasledne spriemeruju a tym ziskame druhtd odmocninu
rozdielu tvorcov priemernych hodnét dizok NN (RR) intervalov. Klasicka doba zéznamu je 5
minut, ale taktiez bola navrhnutd aj kratsia doba zaznamu (10s, 30s, 60s). Tento parameter je
idedlny pre zistovanie zapojenia vagélnej sistavy do zmien v HRV a je totozny s parametrom
SD1, ktory avsak odraza kratkodobu variabilitu. [30, 11, 13]

NNb50, pNN50 a RMSSD sa vypocitaju za pouzitia rozdielov medzi po sebe iducimi
intervalmi NN (RR) a vd'aka tomu st z velkej casti ovplyvnené trendami v rozsirenej ¢asovej
rade. Parametre ziskané geometrickymi metodami z analyzy v ¢asovej oblasti su zalozené
na popise urcitych geometrickych tvarov (napr. Histogramov) a tym pddom si ovela menej
ovplyviiované artefaktmi v analyzovanom signdle EKG. Zaroven ich nevyhodou je potrebné
ziskanie dostatoéného po¢tu NN (RR) intervalov pre rozbor daného geometrického tvaru. [13]

HRVTi (HRV Triangular index). HRV trojuholnikovy index je urceny z integralu hustoty
histogramu RR intervalov behom 24 hodinového zdznamu deleny vyskou daného histogramu.
Jednd sa o najjednoduchsiu metédu analyzy variability srdcového rytmu, ktord popisuje
celkové HRV ako relativny pocet najviac zastupenych intervalov NN. Presnejsie povedané,
ide o integrélne rozlozenie hustoty, teda podiel celkového poctu intervalov NN (RR) a
maximalneho poctu intervalov NN (RR) rovnakého trvania. Spoloéne s RMSSD mozu
spoloéne odlisovat normélne srdcové rytmy a arytmie. Pri HRVTi < 20.42 a RMSSD < 0.068
je srdcovy rytmus normdlny a pokial je HRVTi > 20.42, jedné sa o arytmiu. [28, 11, 13]

TINN (The Triangular Interpolation of NN (RR) interval Histogram). Trojuholnikovéa
interpolacia histogramu intervalov NN (RR) sa vypocita pomocou pribliznosti distribucie
NN (RR) intervalov do trojuholnika a meranim sirky zdkladne, kde sa vyjadruje HRV. K
najdeniu takého trojuholnika sa pouziva minimalny rozdiel stvorcov. Ide teda o zakladnu

sirku histogramu zobrazujicu intervaly NN (RR). [28, 11, 13]
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Nie vSetky vyssie poifsané parametre si vhodné pre analyzu HRV pri relativne kratkych
meraniach (1h), ako je popisané vyssie. Zékladné a najviac vyuzivané parametre HRV z
¢asovej oblasti boli vyuzité pri navrhu klasifikatora prezentovaného v ¢lanku umiestnenom v

Prilohe K.

Hanakova, L., Socha, V., Socha, L., Szabo, S., Kozuba, J., Lalis, A., et al
(2017). Determining importance of physiological parameters and methods of
their evaluation for classification of pilots psychophysiological condition. In

2017 International Conference on Military Technologies (ICMT). IEEE.

Priloha K
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4 Zaver

Cielom predstaveného vyskumu je zvySenie efektivity vycviku leteckého persondlu s
primarnym zameranim na pilotov formou Evidence-Based Tréningu. Takyto typ tréningu
by mal byt postaveny na dokazoch ziskanych pocas vycviku daného subjektu. Aktudlne je
tento typ tréningu vseobecne podporovany, avSak dostupné metédy si zalozené najmé na
subjektivnom hodnoteni priebehu vycviku instruktorom. Hoci je expertnd znalost ingtruktora
nevyhnutnd pre dany typ vycviku, efektivitu EBT je mozné d'alej podporit nameranymi
ddtami ziskanymi pocas vycviku, ¢fm moze byt hodnotenie ¢iastoéne objektivizované. Takéto
déta teda mozu podporit instruktorove rozhodnutie o dalsom priebehu vyeviku, prip.
poukdzat na situdciu, ktord instruktor prehliadol. Medzi ziskané data mozno radit letové
parametre ziskané v priebehu simulatorového vycviku, sluziace pre hodnotenie presnosti
pilotaze a dalej data objektivizujice psychofyziologicky stav meraného subjektu. Z vyskumu
vyplyva, ze ako vhodné data pre tieto tucely su udaje ziskané sledovanim srdcovej aktivity
subjektu, HRV.

V priebehu realizacie predstaveného vyskumu doslo ku kontinudlnemu zberu uvedenych
dat v priebehu vycviku pilotov podla stanovenej metodiky. Vyber vyskumného vzorky
prebehol s ohladom na porovnatelnost veku, zdravotného stavu, skisenosti s lictanim a
d’alej bol podporeny psychologickym testovanim subjektov. Tymto sposobom bola zaistens
¢o mozno najvicsiu uniformnost stiboru skiimanych subjektov. Vybrané subjekty absolvovali
presne predpisany vycvik, pri ktorom prebichal uniformné lety v kazdej letovej hodine.
Tymto sposobom bolo mozné ziskat informéciu o progrese v priebehu vycviku podloZenou
nameranymi datami. Snimand boli fyziologické tdaje primérne pokryvajice informécie o
srdcovej a dychovej aktivite subjektu, jeho fyzickej aktivite hornej koncatiny, a dalej dita z
leteckého simulatora sltziace pre hodnotenie presnosti pilotaze pocas celého vykonu presne
definovanych manévrov.

S ohladom na merané ddta doslo k hodnoteniu na dvoch trovniach - hodnotenie
presnosti pilotaze a hodnotenie fyziologickych dat. V pripade fyziologickych dat prebiehalo

hodnotenie pomocou standardnych a experimentalnych metod, ktoré zahinali hodnotenie v
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casovej a frekvenénej oblasti a d'alej metédu zaloZenu na zistovani rekurencie chaotickych
signélov (rekurentnd kvantifikacny analyza), pre ktori bol v priebehu realizacie vyskumu
navrhnuty samostatny licencovany softvér. Na zdklade analyzy meranych biosignalov boli
nasledne vybrané najviac relevantné psychofyziologické parametre a importancia jednotlivych
parametrov pomocou metod multilinearnej regresie a klasifikacie.

Prezentovany vyskum ukézal, Ze je mozné sledovat a objektivizovat psychicki zataz,
resp. jej zmenu, a to najmé na zaklade srdcovej aktivity, resp. tepovej frekvencie, ktorej
sledovanie je vyhodné aj s ohladom na jednoducht a pre subjekt pohodlni moZnost jej
snimania. Dalej potom, Zze v priebehu vycviku dochddza k zmendm v presnosti pilotéze,
ktora moze byt sledovand samotnym instruktorom a d'alej s vyuzitim letovych dat ziskanych
v priebehu simuldtorového vycviku. Takéto ddta teda mozu poslizit instruktorovi pocas EBT
pre nastavenie d’alieho priebehu d'alsiecho vycviku, napr. Neopakovat tikony, ktoré subjekt
zvldda a sustredif sa na dkony pre subjekt problematické. Dalsim benefitom je, ze tymto
sposobom je mozné sledovat subjekt od zaciatku jeho vyeviku, tj. instruktor ma kvalitné a
detailné podklady pre EBT takmer okamzite.

Vsetky analyzy vykonané pre ucely prezentovaného vyskumu prebehli post-hoc, teda az
po namerani kompletnych dat z priebehu letu. Prave v tomto smere sa aktudlne nachadza
vyznamné prilezitost pre posunutie vyskumu na d’algiu tiroveit formou online monitorovania
a hodnotenia stavu pilota a priebehu jeho letu. V takom pripade by mal inStruktor
dostupné informacie o zmene psychologického stavu a o priebehu letu okamzite, v priebehu
vykondvaného letu, ¢o by mohlo poslizit pre okamzitii reakciu instruktora. Moznost online
sledovania je podporend tiez vykonanym vyskumom, a to najmé# s ohladom na fakt, Ze
ako najvhodnejsie metédy monitorovania psychologického stavu sa ukazali metddy zalozené
na lahko meratelnych ddtach hodnotenych pomocou jednoduchych matematickych metéd s
nizkou vypoétovou naroc¢nostou, teda moznostou neustélej aktualizdcie informdcii o stave
pilota.

Predstaveny vyskum prindsa d alsie moZnosti pre vyvoj vycviku pilotov a rozvoj Evidence-

Based Tréningu. Moze teda slizit ako podklad pre zefektivnenie vycviku, ¢o prindsa benefity
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v podobe znizenia nakladov na samotny vycvik a prisposobenie vycviku pre kazdy subjekt
individudlne na zdklade objektivneho (i subjektivneho) hodnotenia jeho schopnosti.

Déta ziskané z EBT by v globdle mohli vytvorit platformu podobnt safety, pripade
poznatkami vychadzajicimi z EBT prispievat k popisu behaviorality celkovej leteckej
bezpecnoti. Samozrejme, uvedené by bolo viazané na ochotu poskytovania takychto dat,
ktoré by museli byt uniformné a centralizované pre tcely dalsieho hodnotenia. Podobna

problématika je, okrem iného, rozoberana v publikécii prezentovanj v Prilohe L.

Lalis, A., Socha, V., Kfemen, P., Vittek, P., Socha, L., & Kraus, J. (2018).
Generating synthetic aviation safety data to resample or establish new

datasets. Safety Science, 106, 154-161.

Priloha L
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Abstract—The article presents a FlexiGuard modular
biotelemetric system for real-time monitoring of special
military units. The main focus of the system is on automated
monitoring of special forces via parallel monitoring of each
member of the special team individually, witch includes
collecting sets of physiologic (or environmental) parameters.
The systems consists of a set of sensors (for monitoring
temperature, heart rate, acceleration, humidity etc.) and
modular sensing unit, which records the measured data and
sends them to the visualization unit. The measured values
(i.e. heart rate, surface temperature of the body and so
on) are then visualized in the graphic user interface of the
visualization unit. Testing of the functionality of the system
took place in both laboratory and real environment. In the
case of carrying out the measurements on 34 soldiers at
series of 4 probands at the same time, the sensor networks
worked without any loss of signal. During the data transfer
to the visualization unit, a loss of approx 0.2% of packets
occurred. The system thus can offer information to the com-
mander, which may prove essential for the optimalization of
operational strategies, taking the state of wellbeing of the
team members into account.

Keywords— bi dical telemetry; military equip t; as-
sistive devices; wireless sensor networks

I. INTRODUCTION

The selection and training of the members of military
forces and the integrated rescue system is vital for the
future employment in emergency situations. Similarly,
own safety of the members of special forces must not
be overlooked in particular actions. Currently, there are
several support systems designed (see also [1]) for en-
hancing safety and protection based on monitoring of the
physical variables of the environment and physical state of
the crew members. For instance, there is FireNet system
[2] for sending sensor data during rescue operations of
firefighters, also for the localization of firefighters oper-
ating inside buildings [3], [4] or MaD-WiSe [5] platform
for wireless communication with the sensor network.
None of the above-mentioned solutions, however, offers
a tool for automated monitoring of the members of the
crew, with enhanced resistance, able to work in extreme
conditions, and an ability to provide information on
the physiological state, location and parameters of the

V. Krivanek (eds). International Conference on Military Technologies 2015,
ICMT 2015, Brno, May 19 - 21, 2015: University of Defence,
p. 399 - 404. ISBN 978-80-7231-976-3.

environment surrounding the monitored member of the
team, or does not provide for parallel monitoring of all
team members in the above-mentioned conditions. The
stated circumstances point out to the necessity for creation
of a complex modular telemetric system for the evaluation
of the psychophysiologic state of the squad members.
Such approach and technical solution might be essential
in monitoring health and psychical condition by a real
intervention, or by the recruitment and training of cadets.

The main object of this article is to present the new
modular telemetric system offering relevant information
on the physiological state of a member of special forces.
The main orientation of the system (as opposed to other
systems) is primarily based on monitoring the whole
special team, which might provide for a detail information
on psychophysiological state of each crew member while
carrying out particular tasks. The system was designed
as modular telemetric platform enabling flexible and in-
dividual configuration with regard to a particular person.

II. MATERIALS AND METHODS

The proposed system is aimed on the creation of sensor
network providing for a wireless telecommunication of
physiological variables measured on the body of the user,
or in their close proximity (e.g in their clothes). The wire-
less solution has been chosen taking into consideration
the possibilities of the system’s integration into the gear
and the resistance against physical damage connected with
the wiring used to carry the signal. FlexiGuard telemetric
system is based on a modular platform, which physically
consists of three basic units (layers). These represent a
set of sensors accounting for wireless body area network
(WBAN), modular sensing unit (MSU) and concentration-
visualisation unit (Fig.1).

A. First Layer Design (WBAN System)

The sensing unit consists of three basic modules: sensor
module, main module and power source module. The
sensor module consist of a sensor of its own (Fig.2-
A) and supporting circuits such as low-pass filter, anti-
aliasing filter etc. (Fig.2-B). The main module contains
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Figure 1. Concept of the designed telemetric system.

microcontroller unit (MCU) (Fig.2-C), which processes
the signal from the sensor and provides a transition
of signal from analog to digital if needed. MCU also
provides for the data creation and communication with the
wireless interface circuit (Fig.2-D). The charging module
connects the battery (Fig.2-E). In case of the use of LiPol
battery, a circuit for the control of the recharging process,
or contactless recharging module can be involved.

As for the actual concept, sensors, computer logic
and wireless transmitter are integrated to a commercial
encasing with dimensions of 4 x 2 x 1 cm. Each sensor
is powered by its own replaceable CR2032 battery type
(lasting up to four weeks). Computing power is provided
for by MCU by NXP (Eidhoven, Netherlands) company
with ARM Cortex-MO core. Sensor layer enables for
sensing of the requested variables and their wireless
transmission through WBAN network based on ANT+
protocol in 2.4GHz band. The ANT technology was
chosen considering that it focuses on extremely low power
consumption and meets the requirements for the range and
data transmission efficiency. Compatibility with commer-
cially available sensors (e.g ANT+ heart rate monitors) is
also an advantage.

Currently, the system uses commercial sensors for
monitoring heart rate (HMR-G1, Garmin Inc.), temper-
ature (TMP112, Texas Instruments, Inc), relative hu-
midity (SHT21, Sensirion, Inc) and activity sensors
(MMAR8452Q, 12b, FreeScale Semi Conductor, Inc).
Modularity of the system provides for employing different
types of sensors (as is required), which was used in
the design of own sensory units for respiratory rate and
myopotential.

The firmware of WBAN modules extensively uses
power saving modes, which makes it possible to reduce
power consumption to approx 400 microamperes in active
mode (during measuring and transmitting via ANT inter-
face). Furthermore, a possibility of configuration of an
already programmed device through serial communication

J. Schlenker et al.

port (i.e. to choose the functionality of the motherboard
according to the connected sensor, control the period of
the transmission of the measured data, set up of the
wireless transmission etc.) has been made a part of the
firmware.

B. Second Layer Design (MSU System)

The second layer is based on a four-layer printed circuit
board (PCB) with inner charging layers. Its shape has
been chosen with respect to the used enclosing (an OKW
box, Minitec series, size L). An NXP (Eidhoven, Netherl-
nds) LPC1769 chip with ARM Cortex-M3 core was
used as a microcontroller. The controller’s crystal works
with tact frequency of 12MHz, the real time circuit is
controlled by a crystal of 23.768 kHz. An XB24CZ7UIS-
004 module by Digi (based on ZigBee protocol) serves as
a communicator with the visualization unit. It is connected
to the microcontroller via UART interface and further
using a line for the control of power consumption and
sleep mode. An AP281M4IB module provides wireless
communication with the sensors in the ANT network. It
is connected to the microcontroller via UART interface
as well, and by several lines for controlling sleep mode,
baud rate, and power consumption. PCB is also equipped
with pSD card docking which serves as storage medium.
An SPI type interface provides for communication with
the card. Charging lines of wireless modules and cards
are equipped with MOSFETs switched by the microcon-
troller. This allows a complete disconnection of the power
supply from the respective modules and thus reducing the
power consumption to minimum if needed.

A Li-Pol battery with the capacity of 1050 mAh and
an LTC3530 DC/DC converter, which is set to an output
voltage of 3.3 V is responsible for powering of the micro-
controller. The range of its input voltage covers the whole
range of the voltage used by the Li-Pol battery charger
without any problems. The batter charger is recharged
using and integrated LTC4054 circuit. As for the input
voltage for charging, 5 V from an USB connector is
used. The unit is also ready for inductive charging of
Qi standard. This functionality has not been implemented
in the training module, however shall be used in strike
monitors, which is one of the application requirements of
the end users. The state of the battery charger is measured
by a simple circuit, which is again switched by MOSFET.

Sensor Module Main Module

|
| Sensor, 1 Filter ! ! ADC’*Comlnirl:ication I
. 1
I Preprocessing L MCU Mmodule |1
|£‘-__I.___B_-I_J IC. __D-__I___'
TEETEEE
. ‘_‘§Optional |
| Battery  Charger | |
IE, E '

Power Source Module

Figure 2. Scheme of sensor layer design.



This avoids self-inflicted loss of power in case MSU has
been not used for a longer period of time. An MCP111T
circuit watches out for a critical loss of power in the
battery charger, which would lead to its destruction. This
device switches the DC/DC converter completely off in
case low voltage is detected and thus protects the battery
charger from further loss of power. Apart from the above
mentioned battery charger, the unit is also equipped with
CR1216/CR1220 button cell holders. This primary cell
provides for the powering of the microcontroller’s real
time circuit in case of absence or a complete loss of power
in the battery charger.

Firmware of the sensing unit is written in C pro-
gramming language and translated by GNU GDC v.
4.7.1 complier. Its concept is designed with respect to
minimal power consumption and uses advanced power
saving methods implemented in the ARM Cortex M3
microcontroller’s core itself, which represent sleeping
modes, options of powering respective peripherals and
underclocking of the core. Core of the firmware is a
uSystem providing for a selected range of OS functions.
This system takes care of the control of the microcon-
troller’s peripherals and the management of file system,
and thanks to its versatility it is moveable between plat-
forms, which provides for its swift employment on other
microcontrollers

After restarting the microcontroller, all available drivers
for the peripherals and other drivers (and later all periph-
erals) are registered to the system. Then the initialization
of microcontrollers take place by switching all periph-
erals off and set all input pins so that microcontroller
consumpts minimum power. Program then jumps to the
main loop in main function, where the user code takes
place. Here it is checked whether the unit is connected
to the PC by an USB connector. If so, the unit will
be recognized as USB Mass Storage Device accessing
its uSD card, which can be worked with as an external
memory device. In this mode, the unit is also charged.
If the USB is disconnected, or the unit is disconnected
from the USB mode, the program switches to measuring
mode, in which the microcontroller is first underclocked,
and then a protective timer (so called watchdog) is turned
on, which avoids getting the program stuck in a loop by
restarting it. Then loading UART interface, AD convertor,
GPIO, timer, real time circuit and others take place using
nSystem. At the same time, wireless modules get set.
Subsequently, microcontroller is set to sleeping mode in
an infinite loop due to power saving. All the rest of the
code is then processed during interruptions by peripherals.

During an interruption by the AD converter, voltage
on the battery charger is measured, which prevents its
complete loss of power, and at the same time the value
of the voltage is sent out using Xbee module. In case of
an interruption by the timer, the system finds out whether
or not the device has been connected to PC and if so,
the program switches to the USB Mass Storage Device
mode, mentioned above. The protective timer is also set
to zero to avoid reset of the program. The data from the
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Modular sensing unit

Figure 3. Modular sensing units with sensors (A) and setting screen of
the visualization unit of the telemetry system during measurement, on
a Tablet PC using Windows 8 OS (B).

sensing modules are also loaded and stored into a file on
the memory card.

At the same time, the concept of interruptions allows
for the communication and configuration of sensing mod-
ules depending on their availability. For a precise record
of the time of the incoming data, the real time circuit
and another timer are used. These two timers thus offer
the date and time for the recording of the incoming data
with accuracy within milliseconds. Interruption operation
of the UART interface connected to the ANT module
accounts for a correct decoding of the incoming data from
the sensing modules and their alternating storing into two
storages so that no data get lost during the storing process.

C. Third Layer Design (Software and Visualisation Unit)

This layer (visualization layer) offers an overview of
the measured values of the actual psychophysiological
state including values of physical parameters of the
environment for the commander, superordinate, or any
person responsible. This layer is characterised by a multi-
platform application including algorithms for the calcu-
lations of e.g energy outlay, stress etc. The data are
stored on the memory card and sent to the visualization
unit via format. Each data packet (on line of the CSV
format) contains central unit identifier, sensor identifier,
measured data and the real time of moment data were
measured. Fig.3 demonstrates a sample of the screen of
the visualization unit.
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III. FUNCTIONAL DESIGN VERIFICATION

FlexiGuard telemetric system has undergone a series of
testing experiments aimed at its key features. Especially
those connected to power consumption in various modes,
data transmission quality check, the effect of interference
and least, but not last, resistance against extreme temper-
atures and climate conditions.

A. Testing WBAN System Functionality

Sensor units of the WBAN system were tested in
following steps: power consumption, resistance against
extreme temperatures, data transmission capacity, func-
tionality check by simultaneous MSU or VHF/UHF
radio station activity. The average power consumption
was measured in standard laboratory conditions using a
calibrated measurement device (Gossen Metrawatt ME-
TRAHIT, M249A digital multimeter) over 200 sec. period
(Tab. I). Testing resistance against extreme temperatures
was carried out by observing the functions of the de-
vice when in environment with temperatures -15°C or,
+80°C. Temperature change did not have any effect on
the functionality of the device. Transmission capacity
and cooperation with the central recording unit (2.4 GHz
band, Zigbee) and UHF/VHF radio station (145 MHz and
433 MHz band, 5 W, 50 % changing) was observed in the
configuration set:

o Garmin HRM-1G heart rate sensor (approx 4 Hz data
period),

« Temperature sensor (approx 1 Hz data period),

o Actigraphy sensor (approx 1 Hz data period).

Sensors were mounted on the proband’s body (Fig.4),
the receiving part was about a meter away, radio sta-
tion was always held in hand. During the comparative
measurement, no effect of the sensing unit, nor the
radiostation on the quality of the transmitted data was
found. WBAN solution is therefore fully applicable for
the use as monitoring device during special operations.

B. Testing MSU System

Key features of the MSU system were tested. These
comprise especially wireless networks features and power
consumption. The consumption and modular sensing unit
battery life depends on the mode in which it operates.
Unit working in the mode of full power and non-stop
data transmission by Xbee radiocommunications shows
consumption of about 80 mAh, while by underclocking

TABLE 1. AVERAGE POWER CONSUMPTION IN NORMAL MODE AND
IN LOWERED POWER CONSUMPTION MODE

Sensing Data Average Power
Unit Trans- Power Consump-
issi C P tion in
Frequency tion Power
Saving
Mode
Actigraphy 1 Hz 5.61 mA 0.43 mA
Temperature | 0.5 Hz 4.88 mA 0.372 mA
Humiditiy 0.5 Hz 4.88 mA 0.372 mA
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TABLE II. AVERAGE VALUES OF DATAFLOWS FROM 5

MEASUREMENTS
WiFi Intereference Number of MSU | Dataflow [Byte/s]
1 6000 + 5%
Screened room 0
WiFi networks 2 4000 £ 5%
4 4000 + 5%
. - 1 5000 4 5%
Village 1-2 WiFi net- 2 2000 £ 5%
works
4 4000 + 5%
1 1600 + 5%
City (extrem case) -
15220 WiFi networks 2 1500 + 5%
4 1000 + 5%

the processor to 10 MHz and reduced dataflow in Xbee
networks, the value drops under 20 mAh while mainaining
sufficient power necessary for keeping a reliable dataflow.
This allows for a battery life of 15, or 72 hours respec-
tively.

Testing Zigbee data transmission efficiency took place
using Xbee SMT modules by Digi company (Digi In-
ternational Inc., Minnetonka, Minnesota, USA), which
MSU is equipped with. The tested devices were in a
proximity ranging in metres within the same room, to
minimalize the interference of antennae and the reach of
wireless modules. MSU firmware was adjusted so that it
sends a continuous data stream with precise, adjustable
dataflow. Data were received by a module connected to
PC equipped with a software designed for recording the
incoming bytes.

ZigBee data transmission efficiency is stated to 250 kb/s
[6]. It is the data transmission efficiency as a whole, not
two modules communicating with each other (especially
in the typical FlexiGuard system mode in which data
are sent from several units to a single visualization
point). This value however can not be physically reached
[7]. It changes depending on various modes in which
networks operate. Dependance on the number of units
in the system was found. Furthermore, a relatively sig-
nificant dependance on the presence of WiFi networks
was found as well. Tab. I demonstrates the results of
the ZigBee network data transmission efficiency testing.
The measured values are completely suitable for the
use in the scope of FlexiGuard telemetric system. Xbee
module range testing took place using the same hardware
configuration. Therefore, modular sensing units send data
periodically in CSV format to the receiver connected
to PC. To minimalize the effect of the network’s data
transmission efficiency, units were set to transmit one data
packet per second, which equals 30b/s for one central
unit.

Several types of antennae were used during the tests.
Testing revealed the effect of the type of antenna on
the range in so called direct visibility, while range over
obstructions (buildings, or their parts, walls between
rooms) was nearly independent from the type of antenna
used. From these results, and from the dimensional re-
quirements of the respective antenna types, Flexi Antenna
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Figure 4. An example of the measured signal using a specific set of sensors and its placement (MSU (1), accelerometer (2), temperature sensor
(3), heart rate sensor (4), electromyographic sensor (5)).

located inside MSU and a classic dipolar half wave 2.4
GHz antenna located on the receiver of the visualization
unit were chosen as the best solution. The resulting range
always depends on particular conditions. In our case, the
range may vary from hundreds to thousands of meters
in open space without any major obstructions. In case
of urbanized areas, the range can be tens of meters, or
through several (2-5) concrete walls.

IV. DISCUSSION

The results show, that the resulting range of the
FlexiGuard system, if it is used as training monitor, is
fully sufficient. In case of the utilization of the system
during special operations monitor, it would be possible
to enhance the range of the WiFi network. This can be
done in terms of Xbee network by installing so called
repeaters, or by using different types of communication
modules (due to the modular architecture of FlexiGuard,
this modification is easy to perform).

Testing experiments of the training monitor on
probands took place in military center in Olomouc. The
aim was to examine the functionality of the technical
solution of the training monitor and gain more data re-
quired for the optimalization of the system’s ergonomics.
Measurements were done on 34 probands from among
professional soldiers aged 19-38. These took place in
series including 4 probands equipped with training mon-
itors at the same time. Wireless sensor networks WBAN
worked without any blackouts during measurements, dur-
ing the transmission to the visualization unit, an estimated
amount of approx 0.2% lost packets was found, which is
given by the features of the Xbee wireless network and
communication protocol takes these into account (packets
are sent redundantly). Experiments fully proven the ca-
pability of the training monitor to measure-transmit and
archive all required data. Example of the measured signals
from specific sensors and telemetric system equipment is
shown in Fig.4.

The system optimalized for military objectives serves to
obtain physiological and environmental parameters from
a soldier for the sake of enhancing their safety during
a military operation. The obtained data are transmitted
to the commander, where they are very illustratively
visualized. Based on these data, the further course of the
operation can be optimalized by the commander in regard
to the state of his squad members.

V. CONCLUSION

The designed telemetric monitoring device is conceptu-
alized as modular with the possibility of a simple upgrade
using hardware or software modules according to the
requirements of end users. Based on the requirements
it is possible e.g to add a sensor watching out for
the presence of selected dangerous substances, or use a
software to modify outputs from the measured data to fit
the requirements of the end user.

The module can be used during observation and quan-
tification of the course of training of respective team
members in real time, to detect immediate reaction to
various situations, to archive the course of training and
subsequent long-term observation of trends in parameters
during the training process. Based on the stated facts, a
telemetric monitoring device with enhanced resistance has
been developed, enabling for localization of team mem-
bers, monitoring their physiological parameters (heart
rate, blood pressure, skin resistance sweating, tempera-
ture), automatic detection and signalization of emergency
state such as exhaustion, stress, hypothermia etc., in real
time and in extreme conditions. The systems allows for
distinguishing of the nature and intensity of movement
including monitoring environmental parameters (temper-
ature, smoke etc.) and other conditions based on real
requirements of special forces.

Quality of the evaluation of the state can be improved
with personal safety profile” of a soldier (a set of param-
eters obtained during training and previous operations).
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This profile allows for the creation of a relatively accurate
estimation of an immediate state for each soldier. All
acquired parameters would be updated automatically with
the acquisition of new data during each use of the system.

The commander could thus have an option of securing
safety of a soldier (exhaustion prevention, immediate
information on being wounded, or a change in the state
of a soldier), and optimally use the state of his squad
during an operation (based on the information on the
state of strain, an immediate strategy can be chosen),
and improve the efficiency of trainings (finding optimal
and safe strategy during training). The system has been
used on various occasions to monitor psychophysiological
state of soldiers, members of integrated rescue system
and during training of pilots in both simulated and real
conditions [8]-[11].
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The article summarizes the development of the FlexiGuard modular telemetry system designed for enhancing safety of the
Integrated Rescue System team members in solving crisis situations and for improving training processes. Further framework
solutions, which lead to the development of automatic modular telemetry system allowing for real time monitoring of physiological
parameters, are provided as well. The system provides for the signalization of critical states such as exhaustion, mental stress,
and overheating. It further provides differentiation between the nature and intensity of movement, including actual and overall
energy output, monitoring environmental parameters, and analysis of an intervention or training. The system has been tested in
laboratories as well as in the terrain under real circumstances, and the eventual end users participated in its optimization process.
Following the theory of games, a model of a transmission system was also created which demonstrates higher transmission efficiency

when using higher number of nodes.

1. Introduction

In the recent years, the field of wearable telemetry systems
for physiological parameters monitoring is developing owing
to the development of modern technologies. These are uses
mainly by sportsmen, who may choose from a range of the so-
called sport testers designed to monitor physical activity [1],
heartrate, sleep, and other parameters. Similarly doctors, who
are now capable of more precise diagnosing [2] or prescribing
medication and/or adjusting treatment for the patient, are
also interested in the field [3]. Telemetric systems monitoring
health are also expanding to fields such as car industry [4, 5]
or housing. One may also come across with so-called smart
homes, capable of monitoring health of their tenants [6, 7], or
with commercial products designed for monitoring health of
the elderly [8].

Besides generally known applications in sports and
medicine, the above concept of remote monitoring of psy-
chophysiological condition is starting to find its use also

with professions requiring mental or physical resistance. It is
therefore currently possible to see the utilization of telemetry
systems for monitoring physiological and environmental
parameters [9] in professions by which monitoring of people
performing highly demanding and responsible tasks appears
well-grounded. The basic requirement for such applications
is to limit the obstruction of carrying out the tasks to the
highest possible extent. It is thus vital to opt for compact
wearable telemetry systems. An example of such application
would be monitoring of pilots [10-12], in situations when it is
impossible to measure physiological signals using standard
medical devices due to their dimensions (e.g., ECG) in a
plane cockpit. The importance of wearable telemetry systems
capable of measuring and evaluating physiological condition
and environmental parameters of the close surroundings of
the user may be clearly seen with members of IRS (Integrates
Rescue System). Excessive stress and fatigue threatens their
health and may have negative effects on their momentary
ability to react promptly and appropriately to crisis situations.



As a result of this, consequences ranging from material to
health damages may take place. One of the alternatives to
avoid such scenarios is offered by the discussed systems.
The primary interest is therefore in surveillance systems
capable of providing the status on the condition and close
surroundings of the members of IRS in real time [13].

Currently, there is a number of available systems and con-
cepts which may find use with members of Integrated Rescue
Systems and their localization in urban spaces, obtaining data
from the team members, monitoring physiological signals,
and so forth. Most of these systems, however, provide only
a limited number of useful features (e.g., measures only a
limited number of specialized parameters) and are not open
to customization or further development.

LifeNEt [14], designed for localization of firefighters
inside complex buildings, is one of the already applied
systems. The general idea of LifeNEt evolves around a device
worn by a firefighter, capable of deploying a certain number
of lifeline beacons. These then serve as so-called access points
which detect particular team members in their close prox-
imity as well as their distance from and position towards the
beacon using an ultrasound receiver. This allows for locating
firefighters inside complex buildings. Miniature monitors can
be attached to the device allowing for a firefighter to see
his position as well as positions of other firefighters towards
beacons. Localization of firefighters using beacons takes place
in cooperation with a device which is mounted to their
boots. This device also contains a temperature sensor and
is furthermore compatible with other devices, for example,
accelerometers via 12C interface. Among other applications
of LifeNEt [15] there is also monitoring of various physical
activities (e.g., cycling, jogging, and walking). Besides the
fire brigade, the system has also been implemented for use
in military fields with soldiers required to perform men-
tally and physically demanding tasks in their surrounding
environments. From among medical applications of the
system, continuous monitoring of physiological parameters
in patients with Parkinson’s disease or epilepsy [15], helping
doctors adjust medications would be worth mentioning.

Another system designed for IRS applications is the
MiTag system (Medical information Tag) [16], designed to
collect information on the condition of a number of impacted
persons. The system is based on the MiTag platform, which
includes two wireless interfaces. One interface provides for
communication with sensors and creates so-called body area
network (BAN) and a wide range network of MESH type
allowing for communication with screener. A part of the
system are also repeaters which may be deployed along the
way between the screening unit and a patient should it
be the scenario that there is no direct reach of the signal
from the platform on the patient to the screening unit. The
MESH network protocol then automatically redirects the data
flow through the repeaters which offers virtually unlimited
range that the data can be sent over. The platform can be
extended by a considerable number of various sensors such as
GPS, pulse oximeter, blood pressure sensor, and temperature
sensor [16].

The architecture of the wireless network designed directly
for the needs of broadcasting the sensor measured data in
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the case of fire brigade interventions is represented by the
FireNet system [17]. It can reconfigure itself automatically as
needed and provide data flow to the desired location. Sensors
of various types are connected to the network either on the
fire fighters themselves or on some of their equipment, such as
vehicles. A GPS receiver is attached to a vehicle enabling their
localization, and then by using the network itself it makes it
possible to partially locate relative distances between points.
The obtained data are transmitted to screening unit of the
intervention commander and the using internet sent further
to the fire brigade headquarters [17].

Among fairly perspective systems, there is also Zephyr
Bioharness [18] or ProeTex [19]. Zephyr Bioharness is a
multifunctional chest harness able to monitor perspiration,
temperature, body activities, and life functions of its user. It
is primarily designed for training and exercise. The manu-
facturer claims the theoretical possibility of the use of this
device’s special configuration for purposes of military units
and it is able to connect to the communication equipment
of user [18]. ProeTex is a project running under the 6th
EU framework program. This project focuses primarily on
the development of “smart textiles” which are designed for
the future production of protective wear and accessories for
firefighters. Textile sensors developed within this project aim
primarily at monitoring basic body functions, physiological
parameters, and activities and identifying potential chemical
threats (toxic fumes, etc.) and the issues of providing power
sources for such devices [19].

Even though there is a considerable overall number of
system concepts based on the idea of wearable telemetry
systems applicable in IRS, these are in most cases focused
on measuring a limited number of specialized parameter.
Considering that commercial systems and devices do not
allow for recording of the measured data in all cases, which
would be useful for offline processing and evaluation of the
measured data, the design of the modular telemetry system
was also directed towards these kinds of utilization. The aim
of this paper was to develop a modular telemetry system
[20, 21], which would suit the needs of respective Integrated
Rescue System bodies as well as other potential users accord-
ing to their needs and requirements with the main emphasis
on the sensor base, modularity, data transmission security,
possibility of visualization of data online using various kinds
of devices, battery life, and, last but not least, the user. Within
the defined concept, among other issues, it was necessary to
research and design a solution of the issue with centralized,
or synchronized management of data flow of the designed
biotelemetry system of the PAN type. Therefore, besides the
overall description of technology, construction, topology, and
modular aspects, the article focuses in more detail on the
issue of managing data flow from several sensors or the entire
sensory systems.

2. Materials and Methods

Over the course of telemetry system design phase, three
firefighter units were contacted in order to obtain a portfolio
of features desired by the user. The following rank among the
major requirements: maximum user comfort (system must
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not limit the user); minimum maintenance requirements;
its use must not prolong the 2-minute time period for
deployment and automatic use during intervention.

The results for our research and analyses are then pri-
marily the requirements for high durability (i.e., low energy
consumption), appropriate controlling unit (efficiency x
consumption ratio), wireless system (consumption x range x
data flow), automatic use, simplicity, dimensions, and weight.

The development of the system further involved the
design of the software as well as the three main hardware
components of the device (sensor network, main module, and
visualization unit).

2.1. Hardware Design Specifications. The hardware design was
set in order to develop a modular telemetry system providing
a simple connection between the sensory base, the receiver

(main unit), and visualization unit. Visualization unit may
consist of a wide range of devices (laptop, smartphone,
or tablet). The major components of the designed system
however rely on the solution of sensory network and main
unit. Figure 1 presents a chart of the hardware solution.

2.1.1. Sensor Network (WBAN System). Generally, the sensor
network consists of several sensory WBAN units and main
processing unit. Sensory units work independently; the main
unit receives the measured data through simple tasks.
Sensory module comprises a sensor (Figure 2, part A) and
supporting circuits such as low pass filter (Figure 2, part B)
which processes the signal from sensor and converts analog
data to digital if needed (Figure 2, part C). Microcontroller as
well provides the data processing and communication with
the wireless radio interface (Figure 2, part D). Power source



module serves to connect the battery (Figure 2, part E) or
optional charger (Figure 2, part F).

In case of using an LiPol accumulator, it is possible to
incorporate here the circuit providing the powering process
or wireless powering module.

Based on the experience as well as feedback from the par-
ticipating subjects, optimizations were made to the wireless
measuring node. The typology of the system has proven itself
useful and stays in use; changes primarily take place in the
solutions for encasing this part of the system and further in
the circuitry solutions for the measuring node which reflect
the course of the current technology development.

The microcontroller type EFM32ZG (manufactured by
SiliconLabs, ARM-Cortex0+ core) was used. Solution for the
radio communication part of the sensory node represents
a dedicated module. This eliminates several issues with the
radio signal transmission. Furthermore, this solution is more
feasible considering future certification (CE) as the dedicated
module has already been certified by the manufacturer. This
alternative applies current communication protocols and is
therefore compatible both ways.

The result of the circuitry solution optimization process
is also the decrease in the number of (passive) components
on the printed circuit’s board.

Following the experience from testing of the system’s
versions, space for connecting other peripheries was reduced
and we used the universal board printed circuit.

Within the design optimization, respective sensor is
placed directly on the main printed circuit of the sensory
node; that is, each type of the sensory node (depending on
the variable) has a slightly different printed circuit (board);
nevertheless as for the modular design they all share a
common platform of further evaluation and communication.

Encasing of the module and the powering unit is a
major innovation proceeding from the experience from field
testing. BAN node consists of a sensory unit smothered
in polyurethane hermetical case and a powering unit, also
hermetically isolated. Both parts are mounted on each other
and held by the outer case. Due to requirements of the device
use, emphasis was put on being humidity and sweat resistant,
being simple to use, and having mechanical durability. The
system of the sensory node consists of an individual mea-
suring unit and the powering subsystem. Joining both of the
parts and inserting them into the fixating case activate the
device.

Sensitive electronics of the module are hermetically
smothered using polyurethane resin. Powering inputs as
well as service interface for setting communication param-
eters and firmware actualization are lined in the form of
contact areas on the sides of the module. Depending on
the measured variables, an own sensory element is either
included (smothered) in the module (e.g., accelerometer
module) or feasibly protruded from the module (e.g., contact
temperature sensor).

The selected module concept enables the use of both the
primary powering units in the case of nodes with low stan-
dards of power consumption (e.g., the widespread CR2032
3V lithium battery type) as well as LiPol accumulators
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(enhanced with a voltage stabilizer) for nodes with higher
consumption.

The module design also includes a mechanical key for
securing correct positioning of the powering and system
module (contact areas have to face each other); the design
calculates the positioning possibilities of the module around
its vertical limit.

The wireless sensor network, which should consist of
both digital and analog sensors placed on a subject’s body, is
connected through AD convertor. Each sensor connects to
the main unit as soon as it is switched on within the range
of the wireless network. Disconnection takes place by their
deactivation or outside the reach of the network.

Basic wireless sensor network of proposed system
includes thoracic harness used for heart activity detection,
humidity sensor, temperature sensor, and accelerometer.

2.1.2. Main Unit. As already mentioned, the main unit re-
ceives the measured data and is able to control the sensory
unit through simple commands (tasks).

Based on previous practical experience and measurement
observations, the unit’s hardware was adjusted for interven-
tion monitoring. The adjustment affects both the printed
circuit board upon which the main unit is constructed and its
encasing. The adjustments reflect primarily the necessity of
enhancing its mechanical and chemical resilience following
the field testing experience pointing to rare cases of unit’s
deactivation caused by high amounts of humidity and sweat.
Stability of the real time circuitry was enhanced as well, and
upgrades also included the powering element of the main
unit. Modular sensing unit used by each subject includes data
acquisition, data processing, and two-way communication.

Main unit operates in two modes, the measuring and
charging mode. Measuring mode activates by a hold switch
located on the side of the device unless the device is con-
nected to a PC or a charger through a USB cable. In this mode,
the unit is in emergency status ready to connect to sensors.
Frequency of saving and transmitting the data follows the
device settings and the number of connected sensors.

Connecting the sensors (BAN nodes) is a virtually auto-
matic process. After the sensor turns on within the reach
of the wireless network, sensors are automatically connected
to the main unit. This connection typically takes up to
30 seconds. Over the course of measuring, it is possible
to connect or remove the sensors (BAN nodes) from the
provided set. Disconnection of the sensors takes place by
their deactivation or reaching outside the wireless range
and reconnection then by their reactivation or returning to
the area covered by the main unit without any restarts or
manipulation with already connected sensors.

USB/charging mode activates once a unit is switched on
by the hold switch and voltage is detected at the USB input
(indicating the unit is connected to a PC or charger through
a mini USB cable). This mode does not allow connection
of sensors and proceeds with measuring. When a unit is
connected through USB cable to the charger, only recharging
takes place. As soon as a unit is connected to a PC, it
is fully functional on every operation system as a Mass
Storage Device besides being recharged. Before measuring it
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is necessary to have data.txt file created in the root folder
as this is where all the received data are stored. In case the
file is empty, data is being stored here from the measuring
initiation. Should the file already contain any data, new data
will be stored at the end of the document to avoid their
rewriting.

Main unit is built on a four-layer printed circuit with
inner connective layers. Its shape was selected considering
the used encasing (OKW box, Minitec series, size L). As a
processing microcontroller, the LPC1769 chip by the NXP
company is used. Sampling is provided by a crystal with
the frequency of 12 MHz; the real time circuit is controlled
by a 23.768 kHz crystal. The XB24CZ7UIS-004 module by
Digi used for communication with the visualization unit
connected to the UART interface as well as a line for
controlling sleep mode. An AP281M4IB module provides
wireless communication between sensors within the ANT
network. It connects to the microcontroller similarly through
UART interface together with several lines for controlling
sleep mode, consumption, and baud setting. The printed
circuit is further equipped with a holder for SD cards which
are used as the storage device. Communication with an
SD card is provided for by an SPI type interface. Powering
branches of wireless modules of a card are supplied by MOS-
FETs switched by the microcontroller. This enables total
disconnection of powering from respective modules, thus
reducing consumption to a minimum level if necessary.

A Li-Pol accumulator with its capacity of 1050 mAh
together with a DC\DC LTC3530 convertor (set to 3,3V)
supplies the microcontroller with power. The accumulator is
charged using the integrated LTD4054 circuit. As the input
voltage, 5V from the USB connector is used. The unit is
furthermore ready for inductive charging of the Qil standard.
This functionality has not been implemented into the training
module but is to be used with the intervention module which
represents one of the application requirements from end
users. The status of accumulator is monitored by a simple
circuit, once again switched by MOS-FET. This eliminates
possible random loss of power in cases the unit has not
been used for a longer time. An MCP1I1T module reduces
risks of critical accumulator failures which would lead to its
destruction. The module switches off the DC\DC convertor if
low voltage is detected, therefore protecting the accumulator.
Besides the above accumulator, the unit includes CR1216
coin button batteries holder for the purpose of powering
the microcontroller’s real time circuit during the absence
or complete battery discharge. Modular sensing unit is also
equipped by four LED indicators, button, USB connector, and
a JTAG programming connector. The outer dimensions are
88 x 50 x 21 mm. The main unit weights 57 grams.

2.2. Software Design Specifications. After the initial configu-
ration has completed, the software functions independently
without the necessity for operational interventions. The con-
figuration is set in a way ensuring that, in cases of intervention
module’s and visualization unit’s loss of connectivity, all data
are stored on the internal memory of the intervention mod-
ule and subsequently and automatically synchronized with
the visualization unit. The system’s functioning is therefore
outage-free as for the quality of the measured data.

Current version is in accordance with the system concept
fully modular and ready for work with multiple platforms
of the controlling microprocessor. This solution will enable
a low cost and technically simple porting of the entire
operating firmware of the intervention module for potentially
new or upgraded platforms based on the ARM Cortex
A3 architecture. The created platform of embedded drivers
remains the shared solution for firmware of the used sensory
nodes for the used WBAN network and therefore applicable
also to the ARM Cortex A0 platform. This solution offers
flexible upgrades of the system as for new peripheries and
functionality without the previous high cost and time con-
suming changes in the design of the whole system.

Firmware of the whole system is designed in the pro-
gramming language C and optimized for the gnu 11 standard.
Firmware has been developed in the Eclipse environment and
easy to implement.

The firmware configuration for a particular main unit
runs through the configuration file. This is where the number
of the main units is set as well as the desired number of up to
eight sensors which would be used, time variables and so on.
Complete setting possibilities are described in the file.

Once the controller is initialized and running, the main
function is called. This initializes and sets up the entire unit,
which is followed by the program entering an infinite loop
which processes blocking and time consuming operations,
especially the process of saving files to the storage device. The
main loop is interrupted using operations of interruptions of
individual peripheries such as timer, universal asynchronous
serial port (UART), and analog-digital convertor.

The firmware uses the principle of double-buffering and
saves the received data from sensors to either of the two
magazines. As soon as a magazine is full, it switches to
the other magazine and the full one is processed. The
processing is initialized using the interruption of the timer
(clocker) operation and proceeds further in the main loop
where the content of the magazine can be converted in any
combinations into ASCII code and can be saved on the SD
card and sent to the visualization unit. The interruption also
provides fully automatic connection process between sensors
and the main unit. Data flow and processing diagram are
shown in Figure 3.

Subsequently, a transmission system model of a BAN type
(body area network [22]) was created based on the game
theory (users behaving like game players). Considering, for
example, a 3 s measuring cycle, during which all nodes are
to send their respective measured data and the measuring
is controlled deterministically, each node is assigned an
exact time period of 0-3.000 ms during which it broadcasts
(broadcast takes approximately 100 ms). An issue arises in
case more nodes are connected that a single timeframe can
contain, as simultaneous broadcast of two or more sensors
causes collisions and data fail to transfer.

2.3. Design of the Transmission Network Model. The main
idea of the discussed design was to avoid the issue arising
with switching on the sensor unit, when the unit goes through
a cold start and starts sending data to the main unit. As
each unit switches on at a different time, this results in their
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Broadcast window Node no. 100 ms Model of the transmission network was realised using
Javascript, HTML and CSS technologies. The ECMA 6
Ol 2 specification was used for Javascript and the code was
(a) subsequently transpired using the babljs compiler into ECMA
5 specification supported by current browsers. The entire
O development stack is controlled by Gulp.js, which represents
(b) technology for task management which supports previous

FIGURE 4: Example of possible units’ colliding arrangement (a) and
deterministic unit arrangement (b).

random arrangement in the broadband. Each unit broadcasts
for a certain time period. As demonstrated on Figure 4(a),
with three randomly arranged units, broadcasting times of
units 0 and 1 collide and this results in no transmitted data.
Unit 2 transmits all data. As per standard approach, the
units receive a signal to stop transmitting. Then, each unit
is addressed in order to obtain the total number of units.
Once this information is obtained, the main unit assigns exact
broadcasting times to the units and sends a signal to resume
to data transfer. The resulting situation is demonstrated in
Figure 4(b).

However, if the signal is not received when addressing
the units, after the restart of the system the unit will then
broadcast in the initial time and further collisions may occur.
The signal is not received if the unit is outside the range or
the batteries die. This is why the designed resolution method
removes the main unit from control and leaves it to the units.
Central unit only sends through the broadcast signal the
amount of received data from respective units and successful
broadcasting times. The units adjust their broadcasting time
based on these data.

technologies and individual tasks, such as compilation and
minification of Javascript. The node.js technology was used
for library management. At the same time, it is used as the
environment for the compiler and gulp.js. The complete code
runs in a browser on the user’s end.

Basic construction of the model includes three elements
simulating data transmission and timing, that is, central unit,
clocker, and node (see Figure 5(a)). The entire model is based
on a star typology in which nodes communicate only with the
main unit and vice versa. This variation of typology does not
allow nodes to communicate among each other.

Clocker is responsible for the functioning of the whole
system (see Figure 5(b)). It works as an internal timer for all
component systems. Upon activating the model, it launches
under the ServiceWorker browser, which calls individual
steps of nodes and the central unit during an infinite loop.
ServiceWorker is a service (web thread) which runs in the
browser on the background. Clocker has information on the
broadcast window time, and depending on a given setting it
is sent to broadcast units, once for every set of x broadcast
rounds. ServiceWorker allows for switching between real
time simulation and accelerated (faster) mode when clocker
works at the maximum speed of the hardware.

Main unit is responsible for the count of the data sent
successfully by the respective nodes (see Figure 5(c)). The
inner implementation of the sent data count is based on
the principle of associative array storing each unit that
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FIGURE 5: Flow chart of the basic model construction (a), inner implementation of clocker (b), main unit (c), and internal arrangement of a

node (d).

starts broadcasting in a given time into the array of units
broadcasting in the given time. If there is more than one
unit in the array at a moment, the broadcast is considered as
unsuccessful and the result is stored. The unit receives a mes-
sage that it failed to transfer the data (due to visualization);
however the unit disregards the message and does not further
consider it. This is how the process described in the premises
chapter is preserved, when the unit is not aware if it succeeded
to transmit the data or not. The central unit also provides
for sending the broadcast to all nodes active at the moment.
Broadcast includes information on the amount of data sent by
each unit and also information of occupied broadcast times.

Node is a single broadcasting unit in the system. Fol-
lowing the creation of a node type system, this node is
included in the pole of nodes and using white noise it selects
a random place in the broadcasted loop. From this place,
it immediately starts to broadcast (transmit) with random
latencies, modulated by red noise. Node incorporates the
clock method which is called by the Clocker object and it
is where the actual time in the window is stored. Once all
the times have been generated, node waits until the method
is called and, subsequently, depending on the generated
times, proceeds with actions assigned to respective times
(broadcast start, broadcast stop, and generating times for
the next round). Once in x rounds the node receives the
broadcast signal with the data on which times had the highest
ratio of successful broadcasts and the number of successful
broadcasts. It then adjusts its broadcast strategy based on the
received information. Each node works as a state automat
with two states, one when it broadcasts and the other when
it is waiting for the next broadcast. Figure 5(d) demonstrates
the internal arrangement of a node.

Each node furthermore includes the strategy module
which is used by the unit to store the last six entries on success

percentage of broadcast. If the arithmetic mean of the total
success percentage drops below the set threshold, the unit
performs a so-called jump. It differs from the initial jump
primarily in that the new position is selected from the pole
of random numbers which are filtered using values generated
from the memory heatmap. This heatmap is generated by
each node before the jump.

Every broadcast carries information on the times of
successful data broadcasts (transmissions) and uses this
information to assign “scores” of respective times in its mem-
ory heatmap. To reduce the number of possible accidents,
considering identical memory heatmaps, partially random
forgetting of these heatmap prints takes place. This eliminates
the possibility of an identical heatmap for two different units.

Before a jump, a unit assigns scores to times generated by
the white noise. Assigning is processed as the unit considers
the selected broadcast time from the heatmap and calculates
the total score from its closest surroundings. All times with
scores above the mean value remove the nod from the
random selection.

During broadcast, unit selects a change in strategy if the
conditions allow it. If 100% data transmission occurs over
six consecutive broadcasts, the unit attempts a move towards
zero times. This choice of strategy is desirable due to the fact
that the units, considering the random nature of selecting
broadcast times, tend to create considerable gaps between
themselves which, however, are not big enough for another
unit to fit into. This way they take place and a major part of
bandwidth remains unused. Unit always attempts a random
move by several tens of milliseconds. When its broadcast
success decreases, it returns to its initial place before the move
and the attempted move is no longer considered.

When the unit performs a big jump, the sensor for small
moves is automatically reset to zero. It is possible to a certain
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TaBLE 1: Overview of the adjustable settings and standard model setting values.
Parameter Description Mg, setting value
Box (s) Broadcast broadband capacity (for one round) 1
Jump threshold (%) Percentage variable defining the level of threshold under which nodes opt for jump 20
x-broadcast Variable defining number of rounds after which broadcast message launches 3
Move threshold (%) Percentage variable defining success level required to attempt small move 100
Start lower threshold Indicating whether a node decides to jump over or below the threshold True
Experiment time (s) Duration of the measuring 300
Start delay (s) Initial broadcast time of a node 0.1
Rounds stay Defining the difference between threshold and a unit’s success ratio required for a unit 6

to perform a jump

Fixed time Switching to deterministic mode False
Fast simulation Switching from real time to fast simulation True
Intelligence Dismissing all strategies and switching to the random broadcast mode True
Memory Value which will appear in the memory map 3
Min shift (ms) Minimum move when making a small move 1
Max shift (ms) Maximum move when making a small move 10
Nodes Total number of nodes 8

extent that unit stops moving due to fluctuations caused by
red noise despite the available space around. Due to this fact,
the sensor is reset with 1% probability also with unsuccessful
jumps.

For the purposes of the model, a graphic interface was
created allowing for adjustments in basic parameters of the
entire system as well as monitoring its condition. Also, a
visualization unit was created using the oCanvas library
providing real time monitoring of the arrangement of units
in broadcasting times and the duration of their broadcasts.
The interface also includes a switch designed for switching
the system from stochastic to deterministic, in which each
unit calculates its broadcasting time based on its ID and the
duration of the broadcasting window.

Time = 1D, - t, €]

where t is the actual time of the broadcast and ID
represents its position in the pole of units. In the deterministic
state, unit does not oscillate around the broadcast time but
transmits precisely in the calculated broadcast time. This
implies limits of unit broadcasting in the deterministic mode,
which, when exceeded, no other units fit into the broadcast
bandwidth and thus produce a 100% data loss.

broadcast time window
; .

limit = @)

The most vital adjustable parameters of the model were
incorporated into the designed software. Table 1 provides
characteristics of the adjustable parameters. The tab also
includes settings of the model standard type (Mgg), which
were compared to other adjustment settings. This type of
settings proved the most stable and most successful during
the experiments.

For further evaluation of the broadcasting success of
the designed broadcasting strategy, strategic setting of the

standard type (see Table 1) was compared to the white noise
broadcast that simulates cold starts of the units (i.e., the units
performs cold start after each broadcast and its broadcasting
time changes). Also, the designed broadcasting strategy was
compared to the white noise broadcast in the case of full
broadcasting range. The effects of memory, broadcast dura-
tion, jumps, and moves to the success of broadcasting were
also examined. Fragmentation of time for strategic setting of
Mg was also examined within the scope of evaluation.

A set of 20 experiments was performed for each setting
type of the model, and the duration of each experiments
was 300 seconds. Having the broadcast set to once in
three rounds, the success was evaluated every 3 seconds,
which yields 100 values of success for each unit for one
measurement. In the case of experiments with 8 broadcasting
units it is 2,000 values of success for each unit, and therefore
16,000 values for the total of the 20 experiments.

3. Results and Discussion

For the purposes of evaluating the suitability of the designed
strategy, success percentage of the broadcast was examined
using standard setting for 8 nodes (M), standard setting for
fully occupied bandwidth, that is, for 10 nodes (Mg, ), broad-
casting using white noise (M,,,5) for 8 nodes, and broadcast-
ing using white noise with fully occupied bandwidth (M, ().
Success percentage was further measured when changing
standard settings, particularly with the setting of so-called
aggressive memory, which means that the standard memory
was set to 10 and the forgetting parameter was set to 1.
Within the scope of results evaluation, normality of the
measured data was considered using Shapiro-Wilk test of
normality at the significance level of p = 0.05, when the
normal distribution hypothesis was rejected for p < 0.05.
Due to the fact that the normality test fails to confirm normal
distribution of all measured data, Wilcoxon nonparametric
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TABLE 2: Results of Wilcoxon test in the form of p values for the measured data distributions.
Mg Mg Mg ve-10 Mo Mo Mg sn-s0 Mg vo-20
Mg — <2.2e-16 0.1928 <2.2e-16 <2.2e-16 2.795e — 08 2.428e - 13
M, — — <2.2e-16 1.46e — 08 <22e-16 <2.2e-16 <2.2e-16
Megrieto — — — <2.2e-16 <22e-16 7.434e - 08 1.108¢ - 15
M0 — — — — <2.2e-16 <2.2e-16 <2.2¢-16
Mg, — — — — — <22e-16 8.812¢ - 15
Mg .50 — — — — — — 0.0003284
Mg Mo-20 - - - - - — -
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FIGURE 6: Mean broadcast success ratio depending on the selected broadcasting strategy.

test was used for further evaluation of differences in data
distribution, testing the hypothesis that medians of two
examined data vectors come from the same distribution.
Significance level of p = 0.05 was used for the test, while
hypothesis about intergroup differences on the level of medi-
ans was accepted for p < 0.05. The results of the Wilcoxon test
show that statistically significant differences were found in all
cases except when comparing Mge compared to Mg pre.105 See
Table 2.

Graphic representation of the summarized results of the
mean success of units adjusting their behavior based on the
prescribed strategy when using white noise and changing the
above described parameters is demonstrated by Figure 6. Red
curve crosses the data with polynomial of degree three.

When comparing the mean broadcast success ratio using
Mg to mean broadcast success ratio using M, ¢, it was
found that the mean success ratio is 4 times greater with the
designed broadcasting strategy (see Figure 6). In this case,
comparing the broadcasting time of 1000 ms, the bandwidth
is occupied at 70%. In the case of fully occupied bandwidth,
the selected strategy Mg, succeeds better with every instance

compared to broadcasting using white noise M, approxi-
mately 4 times (see Figure 6).

When changing the memory setting to aggressive mem-
ory, no significant difference was found between Mg \ie10
and Mg,. The aggressive memory setting means that every
broadcasting time leaves a greater trace in the memory
print, which however had no influence on the success of
broadcasting.

At high values of max shift (max shift > 50 ms), decrease
in the mean success ratio of units was observed at high
probability due to more frequent collisions during moves
(see Mgz g5 on Figure 6). The system does not converge
into a state which would allow for placing a unit in a
freshly created free slot. Small shift describes the effort of a
unit to defragment time. In other words, the value of max
shift basically characterizes the speed of defragmentation;
however increasing max shift values increases the probability
of collision. With lower values, the free time defragments at
slower speed. Statistically, a situation may take place in some
cases when the units occupy broadcasting times inefficiently,
and due to slow shift and slower defragmentation of free
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FIGURE 7: Effect of jump threshold on mean success.

time, some units would wait longer for a free slot. At lower
values, as in the case of Mg, with the max shift <20 ms, lesser
collisions happen owing to the shifts and therefore also better
defragmentation. Therefore, shift has no direct effect on the
units’ distribution; it is nevertheless vital for providing free
broadcast range for next possible units.

The move parameter sets the success ratio at which the
units attempt to defragment time. By standard setting, the
value is set to 100%. In the diagram for Mgg 1, 0 this value is
set to 20%; that is, units will attempt time defragmentation
at low success ratios. Time defragmentation will therefore
start earlier, which however causes more frequent collisions
decreasing success, as illustrated.

Besides the above, the article aimed to identify the effect
of jump threshold on the mean broadcast success ratio.
Figure 7 demonstrates the results in the form of boxplots,
with each boxplot describing the distribution of the mean
broadcasting success ratios of nodes for respective jump
threshold settings for Mgs. At the same time, each boxplot
illustrates, starting from the bottom vertical line, the distri-
bution minimum, first quartile, median, third quartile, and
maximum. Graphic representations suggest that increasing
the value of threshold for units big jump decreases the
success of units. Units perform jump more frequently and
come closer to the success of white noise. Performing jumps
was experimentally proven to be statistically most accurate
when reaching 0% success ratio. The influence of the jump
threshold is defined by the jump threshold parameter (see
Table 1), and it can be said that increasing the value of this
parameter brings the system closer to the setting of the white
noise.

Besides the presented results, the behavior of the model
Mgg when changing x parameter was measured (see Table 1),
that is, when changing the duration of the broadcast. Dura-
tion of the broadcast affects primarily the steepness of the
success ratio curve, as presented in Figure 8. Increasing
the broadcast duration slows down the feedback to the
system and units therefore broadcast potentially longer in the
collision spots. With lower values, the feedback speeds up
which results in faster adaptation of the system; this however
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software.

causes increased energy consumption. Figure 8 demonstrates
the decrease in success percentage caused by lower amount
of broadcast messages received by units over the same
experiment duration, which results in lower adaptation speed
of the system.

The entire model and the source code were systematically
tested aiming to eliminate implementation errors, enhancing
accuracy of generating noise functions and functionality of
the idea of decentralized operation. The designed operation
system using competitive strategy is functional, as presented
by the attached diagrams and confirmed by statistic tests.
Figure 9 illustrates how basic arrangement of units into the
broadcasting range is followed by applying the strategy of
small moves of the units in the broadcast and their conver-
gence to the left of the broadcasting range. The condition for
move can be set by the move threshold parameter.

In the work of Gorman et al. [23], the following formula
is used for fragmentation calculation:

Total Free Pages — ) (2iki)
Total Free Pages

fraglevel = x100. (3

However, this formula does not consider possible colli-
sions as it applies to a spot in the memory with no possibility
of collisions. To describe time fragmentation by parameters,
this formula was adjusted to consider use in an environment
allowing for situations with a seemingly free slot. A seemingly
free spot in the broadcast time represents a situation when
units broadcast in collision, and these collision times appear
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to increase the free spot. The adjusted formula offers and idea
of a free spot depending on collisions f,.

_ th - (thmax_ Ztc)
= th N

where ; represents free time, t, represents collision time, and
f fmax i the total sum of the greatest block of free time. If the
value of fragmentation exceeds 1, it means that collision time
is greater than free time. The following generalized formula
is used to determine the maximum value of f,:

fe 4)

(n_ l)tv

fcmax = (5)

tnax — by

where t,, represents the total broadcast duration, ¢, is the
duration of the broadcast time of a unit, and »n represents the
number of units.

Figure 10 presents the behavior of f, parameter in
the designed optimum model Mg and M, s model. The
parameter demonstrates the decrease of the value of time
fragmentation, which indicates an increasing free spot in the
broadcast time in Mgg. For comparison, we may observe that
the value of the fragmentation parameter in M, 4 is always
greater than 1; that is, the units experience more collisions
than free time.

4. Conclusion and Future Work

FlexiGuard modular telemetry system was developed by the
authors for the use by Integrated Rescue System bodies.
Individual parts of the system were designed with the focus
on minimum demands on the user, automatic use, and max-
imum modularity. Functionality of the system was verified
by a series of practical laboratory tests as well as under real

conditions. Based on the performed testing and feedback
from end users, the system was fine-tuned. Furthermore,
a model of a broadcast network was created based on the
theory of games. A new decentralized stochastic model of
data flow management in a wireless biosensory network
based on competitive strategy relying on the theory of games
was also designed and tested. The model is operated by a
delayed feedback proceeding from an approach which uses
units with separated broadcasting and receiving components
and are incapable of an immediate decision on successful
or unsuccessful broadcast. If the units are switched on, they
go through a cold start when broadcasting in white noise.
This noise was modeled and compared to the approach of
decentralized operation, in which the units receive delayed
feedback on broadcasting times of other units together with
the information on their own success. In the simulations,
the designed competitive operation strategy, which evaluates
each unit based on its success and changes the broadcasting
strategy accordingly, has proven several times more efficient
than leaving the units in their condition after the cold start.
Each unit changes its strategy over the course of broadcast not
only on the basis of success percentage. Several of the model
parameters are controlled by noise functions; therefore the
units do not behave identically. This is furthermore given by
the fact that each unit creates its own memory heatmap of
broadcast times modulated by a random selection.

The original design used the centralized operation which
stops all units and then gradually calls them, which is
followed by ascribing deterministic broadcast time to each
unit in which they broadcast. This approach loses its effect,
if does not fail completely, in situations with the number
of sensory units unknown or changing over time, when
broadcast times of units overlap and the central unit does
not receive the signal. This leads the central unit to assume
that the involved units are incapable of broadcast, switched
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off, or out of the network range, and the deterministic control
system fails.

We are currently working on implementing adjustments
to the broadcast network in to the FlexiGuard units and
testing larger numbers of units in cooperation with the army.
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Abstract — Flying an aircraft requires a significant degree of
coordination of upper and lower limbs. Such movements tend to
be rather uncoordinated in the case of inexperienced pilots which
results in inaccurate piloting. The aim of this study is to prove or
disprove the dependence of the upper limb activity in relation to
the aircraft steering during various actions which are required
for precise maneuvering. We also deal with the design of a
method to determine the degree of correlation between the
movement of the hand and the airplane. The study was
conducted on 8 subjects with the same level of experience during
11 hours of flight training on the simulator of type TRD40 and
aircraft of type DA40. Subjects performed 14 maneuvers in total.
Between takeoff and landing a recurring cycle of four maneuvers
has been carried out by the subjects. Repeated maneuvers were
in the order from the straight-and-level flight, horizontal turn by
360°, ascend turn by 180°, and descent turn by 180°. Recorded
data except for basic flight data (magnetic course, banked and
altitude) have been variables depicting the activity of the pilot’s
upper limb. The activity was measured using triaxial
accelerometer located on the dorsal side of the distal end of the
forearm. The correlation coefficient proved relationship between
the upper limb movement and aircraft steering both at bank and
altitude. It testifies that change of bank and altitude of aircraft is
directly connected with upper limb movements. Resultant
activity standard deviation relation correlation coefficient is 0.7.

Keywords — uper limb activity; piloting precision; flight
maneuver; aviation

L

The collection and processing of physiological data from
pilots during flight is nowadays a widely discussed topic.
Typical feature of flying a modern aircraft is that the demands
for mental activity of pilots are constantly rising. This
phenomenon gave impulse to the development of a scientific
discipline called Aviation psychophysiology, which is a part of
aviation medicine. The main objective of aviation
psychophysiology is the study of interrelationships between the
states of mental functioning, physical performance of pilot
during flight and physiological response which can be recorded
objectively using sensors [1]. Thanks to acquired knowledge
we know how great a stress overload pilots are exposed to
during flights and how they are able to resist and cope with it.
These factors play a very important role in flight safety. By an
early detection of limit fatigue of pilot through scanning of the
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physiological parameters, we can prevent airplane accidents.
The following system: pilot — aircraft — environment is
therefore studied.

From the available sources, not a single study was
identified which would focus on evaluation of correlation
between the piloting precision and the upper limb activity.
However many studies have used physiological parameters to
evaluate the magnitude and phasing of muscle activity
required to fly an aircraft. For example Hewson et al. [1]
examined dependence of muscle forces and electromyography
activity on aircraft or helicopter piloting. The aim of these
types of studies was to examine the muscle activation patterns
and steering forces of novice and experienced pilots during
simulated flight or measure the force variability and landing
performance of pilots during an instrumented landing in a
flight simulator [2-5]. The use of physiological parameters for
assessment of mental workload of pilots, or, for example truck
drivers in transportation is quite common. Data is usually
collected both during real flight or driving a car as well as on
flight or drive simulators. Differences between studies can be
found in the selection of physiological parameters studied
(hearth and respiratory rate, skin conductance, temperature,
electromyography, etc.), use of sensors in data collection or
methods for biological signals processing [6-10]. Until now no
publication has dealt with evaluation of the relationship
between the upper limb activity and the piloting precision
during pilot training. Since it is generally known that
movements have direct impact on physiological functions such
as respiratory and heart rate, the use of accelerometers in
telemetric systems can provide appropriate additional data for
a more accurate assessment of physiological functions in the
upcoming studies. Thus, the main aim of this study is to prove
or disprove the dependence of the upper limb activity in
relation to the aircraft steering during various actions which
are required for precise maneuvering.

Human movement as a concept cannot be merely seen as
physical ~manifestations but it necessarily includes
psychological, mechanical and especially physiological and
anatomical aspects [11]. Upper limb tremor is closely related
to movement activity. Physiological tremor is somewhat
rhythmic, roughly sinusoidal involuntary movement of the
upper limb, which is barely visible by eye. It is typical for
activities requiring an extreme precision [11]. For this reason
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we also had to take this physiological factor which affects
precision of piloting into account in assessing movement of
the upper limbs.

This study may be a contribution for the field of human-
machine interface as well as in the design of other systems for
monitoring of training of pilots and air traffic management
personnel. Improving and streamlining of training process
may ultimately support aviation safety.

II.  MATERIALS AND METHODS

A. Participants and Measuring Procedure

Twenty subjects (17 men and 3 women) were selected for
this study from among 100 applicants, both Faculty of
Aeronautics TUKE students and professional pilots. Selection
consisted of medical examination and passing an aviation
theory and psychological test. Selected subjects can be divided
into three groups: one being a group consisting of Faculty of
Aecronautics students with no previous piloting experience,
both in piloting an actual plane, or a flight simulator. Their
professional experience was ranked as 0. This group consisted
of 12 subjects. The second group as well consisted of students,
pilots in training, who have experience with piloting a plane or
a flight simulator, but are not yet holders of a pilot license.
Their professional experience was ranked as 1, and the group
consisted of 5 subjects. The final, third group contained
professional pilots as subjects, who are holders of Personal
Pilot License (PPL). Their professional experience was ranked
as 3, and there were 3 subjects in the group.

This work will further focus on evaluation of the group of
participants, who have piloting experience. The observed
sample was a result of a merger of group 2 and 3, totaling 8
subjects (22+5 years). The reason for this was that during the
ongoing study, instructor intervened with piloting of subjects
classified as group 1. This resulted in a situation when the
activity of the right arm in this sample was measured having
the left arm constantly in contact with lever. Participants were
informed about this fact beforehand, and other actions
connected to piloting (rotation speed increase, adjusting the
display etc.) were done using the right hand.

Training schedule is demonstrated in Fig. 1. Each subject
completed one flight lesson every training day. Measurement
was carried out during pilot training only under two flights on
simulators of Type TRD40 which are located at the Faculty of
Aeronautics, Technical University of Kosice. Flight Simulator
TRDA40 is hardware and software designed for simulation of
flying CESSNA 172 type of aircraft. Classical analogue way
of displaying flight and navigation data was chosen. Following
flights were realized using Diamond DA40 aircraft.

During a single flight, a pilot’s task was to perform 14
maneuvers altogether. Besides taking off and landing, these
were straight-and-level flight (HPL), horizontal turn by 360°
(360), ascend turn by 180° (S180), and descent turn by 180°
(K180). These four maneuvers were repeated three times as a
set. Landing took place as the last maneuver. Respective
maneuvers were divided by so called Markers, which were
marks inserted at the beginning and at the end of every
maneuver using a custom designed software, which was a part
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Figure 1. Training schedule demonstrating flying lessons without
measurement on a simulator (T), with measurement on a simulator (TM), with
measurement on aircraft (LM) and without measurement on aircraft (L)

of the measurement. Beginnings and ends of the respective
maneuvers took place according to instructor’s instructions.

B. Measuring Equipment

For recording movement activity of the upper limb a
measurement system which included a three-axis capacitive
digital MEMS  (micro-electro  mechanical  system)
accelerometer of Type MMAS8452 was used. During the
measurement of movement activity of the pilots” upper limb, a
range of acceleration of +2g, sample frequency of 50 Hz was
used. The output of the accelerometer was a 12 bit value.

For measuring the upper limb activity during flight,
placement of sensor on the distal end of the dorsal part of left
forearm was chosen, a place where a watch is normally worn.
Sensor was mounted to the anatomical segment using a nylon
band with Velcro fastener. Fig. 2A demonstrates the position
of the accelerometer. Primary reason for this placement choice
was that forearm copies manual piloting movements.
Furthermore, this placement is convenient due to the fact that
it does not limit the pilot in any way.

In the case of measurement during a real aircraft flight, a
reference accelerometer was used in order to measure only the
acceleration of a human body segment, not the entire aircraft
acceleration. This reference accelerometer, output value of
which in given time was always subtracted from the value
indicated at the same time by the limb-mounted accelerometer,
was mounted on the subject’s thorax. An advantage of this
placement was also that it resulted in a certain elimination of
the subject’s body.

Fig. 2B demonstrates the orientation of the accelerometer
in relation to handling the lever. The used accelerometer was
placed in a way that the measured activity in respective axes
complied with handling the lever. The main assumption is that
the activity in the x axis will describe the movements of the
lever in the sagittal plane from the point of view of the pilot,
and therefore its relation to the altitude change. Y and z axes
activity resultant will be analogically connected to the bank.

C. Data Recording and Processing

Information on flight data during respective maneuvers of
a single real aircraft flight were acquired only via the
instructor. In the case of simulator flight it was one of the two
possibilities of the flight data acquisition. The instructor’s
task, besides instructing a pilot, was to record altitude and
magnetic cursor deviations, and plane’s bank, as maximum
and minimum deviations.
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Figure 2. Placement of the accelerometer to measure the upper limb movement (A) and accelerometer orientation in relation to the arm and lever (B)

Flight data during the measurement of the upper limb
activity on a flight simulator were recorded with the sampling
frequency of 2.5 Hz. Between the maneuvers that had to be
made during a single flight according to prescribed rules, there
were periods of time which didn’t belong to maneuver and
were used only for leveling off the aircraft and preparing the
pilot for the next maneuver. All such periods have been
marked by marks and removed from the subsequent data
processing. However the marks don’t always label precise
sections of maneuver appropriate for evaluation. To avoid
errors in evaluating deviations, it was necessary to split the
measured section into the next smaller phase. This splitting
created pre-initiation phase, phase of maneuver and post-
maneuver phase (see Fig.3). Deviations of phase maneuver
were time synchronized with the data of the upper limb
activities. Movement corresponding to the bank was evaluated
as resultant activity of the upper limb in the y-z plane. Motion
in the x-axis responded to changes in flight altitude.

HPL maneuver was evaluated according to altitude and
magnetic course. It was assumed, that these parameters are
constant during the entire, precisely made maneuver. Thus, we
assume that the measurement of these variables, real value of
which is x,, only statistical errors (of random nature) occur.
Difference between the i measured value and the real value of

. i ccith
the variable is “i" measurement error” [12].

PIM Maneuver PMP.

Bank ()
B

Marker — start of the maneuver

Marker - end of the maneuver

102 194 196 198 2 202 204

Time (min)

Figure 3. Splinted horizontal sweep of 360° maneuver on the next smaller
phase. PIP — pre-initiation phase, PMP — post-maneuver phase
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We cannot determine this error, for example in the case of
magnetic course, since we do not have the “real” value of the
magnetic course, which the subject was told to follow. Thanks
to multiple measurement (in our case, sufficiently long
measurement), we are however able to determine the
presumable reference value. A number of n values of the
measured variables (magnetic course, altitude and bank) were
obtained. Using statistical method, it can be scientifically
proven, that arithmetical division of an observed set of values
stands for the most likely value of the measured variable
(reference).

When reaching a sufficient number of measurements
(values in one measurement), therefore if n = oo, the
arithmetical division value is convergent with the real value of
the performed maneuver. For quantitative evaluation of
measurement accuracy, standard deviation is used [12].
Therefore, for the further resolving of the issues, calculation of
error based on standard deviation will be used for processing
flight data collected by flight simulator. Since in all cases, a
set of the processed data is a selection from the realized
measurement, sample standard deviation will be used,
assuming a result in the form of more accurate values. On the
other hand, due to large number of measured values, the
difference between standard deviation and sample standard
deviation disappears [12].

D. Evaluation of relationship between the activity of upper
limb and the piloting precision

As designed recherche showed, that the issue of evaluating
the development of piloting precision by observing the activity
of the upper limb, or issue of similar nature, has not been
described yet. Therefore this chapter will focus on designing
new methodology for the analysis of the upper limb influence
on piloting.

Basic hypothesis states, that upper limb movements
affecting the lever, will indicate the change in the aircraft’s
bank, altitude and magnetic course. This change of flight
parameters ought to be in a direct relationship with the
observed activity. An observation analysis implies, that an
observed activity in a sequence with relatively low variability
causes continual course of maneuver performance in the given
sequence. Vice versa, high variability of the activity will cause
a set of changes in the maneuver. On the other hand, relatively
high levels of activities compared to other measured values
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cause actual change of the observed parameter, as opposed to
low level of activities. The above mentioned implies, that even
by a relatively high mean value of the activity level, piloting
can be precise , as long as the activity deviation from the mean
value is low. It is however also possible, that during a
maneuver which requires constant rate climb or bank, in terms
of precision the spread of the activity will be low compared to
its mean value. When observing the upper limb activity and its
influence on the maneuver performance, the main assumption
is that spread (standard deviation) in the measured sequence
will have a significant influence of the piloting precision. This
hypothesis arises from a logical deduction relying on the fact
that even if high levels of activities occur during the whole
flight, piloting will not change significantly. The reason for
this is, that rapid lever manipulation does not reflect in the
same rapid reaction of the aircraft. In case of a one-off high
level activity, flight parameter will change, which will reflect
in the increase in the deviation from its mean value.

In case of evaluation, which is an objective of this work, it
will be assumed that performing a constant rate maneuver by
small error will indicate low deviation in the activity. To
compare level of errors during performing particular flight
task with activity, comparative statistical methods were used.
Basic issue arising from the said methodology and hypotheses
is that in case of measurements carried out using Diamond
DAA40 aircraft, no data on the course of the flight are available
(as opposed to measurements realized on a flight simulator). It
is therefore necessary to use data recorded by the instructor,
which may describe necessary characteristics of piloting errors
during further evaluation. For the relevance of the use of data
recorded by the instructor and their subsequent use for the
evaluation of flights realized using DA40 type aircraft, it was
necessary to verify the relevance of these data. This issue was
resolved by comparing the available data recorded by the
instructor with the data obtained using a software tool, which
is a part of TRD40 flight simulator. Particularly, the
comparison between maximum and minimum deviations
during performing maneuver directly correlate with the
recorded data. All values (for all evaluated measurements) of
nuances between maximums and minimums for particular
flight parameters (altitude, bank, magnetic course) were taken
into account for the calculation of correlations.

III.  RESULTS

A. Rusults of evauation of data recorded by the instructor

Mean data error of data recorded by the instructor
compared to measured data was also calculated. The calculated
correlation for bank deviations is C,=0.96 and mean error in
the instructor’s records is Ch,=+0.51°. Fig 4 represents a graph
of correlation of maximum and minimum bank deviations
nuances.

Correlation for the relationship between the instructor’s and
flight simulator’s data is Cy=0.96 and error in instructor’s
determination of maximum and minimum deviation nuance is
CHy =+13.33 (ft). This error shows as statistically
insignificant. Fig.5 represents a graph of correlation of
maximum and minimum altitude nuances.
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Figure 4. Relationship between maximum and minimum deviation nuance in
bank based on the instructor’s data (AB) and flight simulator (AMMn)
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Figure 5. Relationship between maximum and minimum deviation nuance in
altitude based on the instructor’s data (AH) and flight simulator (AMMbh)

AKm ()

Figure 6. Relationship between maximum and minimum deviation nuance in
magnetic course based on the instructor’s data (AKm) and flight simulator
(AMMK)

In the case of evaluation of the relationship between
maximum and minimum magnetic course values nuances for
the two types of recorded data, correlation coefficient is
Cun=9.16, and instructor’s mean error in deviations record is
CHy,,=+1.36 (°). Fig.6 represents a graph of correlation of
maximum and minimum magnetic course nuances.
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Figure 7. Relationship between activity standard deviation and bank
standard deviations

Besides the interpreted findings, it was also found that the
standard deviation of the observed bank parameters is also
related to the instructor’s records, in this case the correlation
coefficient is C,=0.84. A relation was also found between
other parameters. Table I demonstrates results of significant
correlation coefficients which are significantly different from 0
based on spearman’s coefficient and statistic.

The table shows correlation coefficients results for mutual
relationship between nuances recorded by the instructor (AP,
AKm, AH), maximum and minimum nuance (dMM) and
standard deviation. Correlation coefficients were calculated
for the observed maneuver for all subjects including all
measurements with given parameter.

Based on the above results, it can be said that values
recorded by the instructor are relevant for the evaluation of
errors in piloting, and therefore can be used in further
evaluation.

B. Comparation of upper limb activity and flight parameters
Resultant activity standard deviation relation correlation

coefficient on the z and y axes is C,,.,=0.7. Fig.7 demonstrates
graphic representation of the result of this relationship.
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Figure 8. Relationship between activity standard deviation and altitude
standard deviations
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Figure 9. Relationship between activity standard deviation and magnetic
course standard deviation

The relation between the altitude mean value and the upper
limb activity was observed similarly to the case of bank.
Movement of the upper limb in the x axis (sagittal) was
observed. The resulting correlation, just as in the previous case,
is statistically different from 0 and its value is C,,.;=0.72. Fig.8
demonstrates the relationship between these two variables.

In the case of observing activity and its influence on
magnetic course, we proceeded from the observation of the
upper limb movement resultant in z and y axes. Correlation
coefficient is Cy, x»=0.46 and is not statistically different from
0. Fig.9 represents the graph of the observed relationship.

IV. DISCUSION

The objective was to determine the extent of correlation of
these two variables. Data recorded from every subject and for
every maneuver was used for this analysis, just as in the
previous chapter. The results show, that the stated hypothesis
can be proven. The correlation coefficient proved relationship
between the upper limb movement and aircraft steering both at
bank and altitude. It testifies that change of bank and altitude
of aircraft is directly connected with upper limb movements.
Based on the stated hypothesis it is assumed, that standard
deviation of an activity will be in a direct relationship with
flight parameter standard deviation.

Rebuttal of hypothesis in the case of monitoring of upper
limb activity in the y and z axes and its effect on the magnetic
course is most probably attributable to the fact that magnetic
course does not depend solely on the bank but also on the
speed and impact of the wind and also on bank angle in the
longitudinal and transverse axes of the aircraft [13].

Due to the fact that no publication has dealt with the
relationship between the activity of upper limb and the
piloting precision yet, we are not able to comprehensively
conclude on this issue. Additional comparative study would be
appropriate in order to answer questions that have been
yielded by this work.
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TABLE 1. CORRELATION RELATIONSHIP BETWEEN VALUES RECORDED BY THE
INSTRUCTOR AND VALUES OBTAINED BY FLIGHT SIMULATOR

Correlation coefficients for bank parameters

dMMn sd AB
dMMn - 0,820977 0,965844
sd 0,820977 - 0,839123
AB 0,965844 0,839123 -

Correlation coefficients for magnetic course parameters

dMMk sd AKm
dMMk - 0,946638 0,916068
sd 0,946638 - 0,936923
AKm 0,916068 0,936923 -

Correlation coefficients for altitude parameters

dMMh sd AH
dMMh - 0,906191 0,962594
sd 0,906191 - 0,931938
AH 0,962594 0,931938 -
V. CONCLUSION

This study was a pilot study in the field of evaluation of
relationship, i.e. correlation, between the upper limb activity
and precision of piloting during training process. As shown,
no one before us determine the correlation of trained pilots by
using newly designed method based on accelerometers.
Practical use of new telemetry systems with automatic
software evaluation may provide a contribution to evaluation
of human — machine interface. Acquired knowledge may be
applied during the process of training of pilots directly in the
aircraft. Flight simulator can easily determine piloting
inaccuracies using integrated software, however when flying
on an aircraft, direct access to the data is not possible.
Therefore, another application of the knowledge in the future
may be possible in the process of programming of applications
capable of immediate evaluation of piloting accuracy during
flights in the aircraft.
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Abstract — Flight simulator utilization for basic types of pilot training is restricted by
regulations. Flight simulators could contribute to improvements of training quality, especially for
initial training to obtain pilot license and, last but not least, to increase flight safety. The goal of
this study was to evaluate flight simulator usability for basic piloting technique training. For this
purpose, piloting error rate for 35 subjects was evaluated. Within prescribed, continuous flight
simulator training consisting of 11 flight hours, progress in piloting precision was monitored
during four different manoeuvers. The paper further evaluates influence of the transition between
simulated and real flights with regard to progress or regress of executed manoeuvers precision.
The results indicate, that during basic pilot techniques training on flight simulator, continuous and
statistically significant decrease of error rate during standard manoeuvers execution is achieved.
For acquisition of the habits related to mastering basic piloting techniques, the current possibility
to use 5 training hours on flight simulator is insufficient. Habits acquisition is noticeable first
during 11" flight simulator hour. The study also indicates that the acquired flight simulator habits
related to piloting precision applying basic piloting techniques are not observable during the

transition to real flights. Copyright © 2016 Praise Worthy Prize S.r.l. - All rights reserved.

Keywords: Flight Simulator, Piloting Error, Piloting Technique, Pilot Training, Safety

Nomenclature

BITD  Basic instrument training device

CPL Commercial pilot license

DA40  four-seat, single engine, light aircraft Diamond
DA40 Diamond Star developed by Diamond
Aircraft Industries

FNTP  Flight navigation and procedures trainer device

IFR Instrument flight rules

PPL Personal pilot license

TRD40 Product name of simulator used in study

ULL Ultralight pilot license

S2M Measurement performed during simulated
flight in 2" training hour

S6M Measurement performed during simulated
flight in 6™ training hour

S11IM  Measurement performed during simulated
flight in 11" training hour

Al2M  Measurement performed during real flight
in 12" training hour

Al7M  Measurement performed during real flight
in 17" training hour

SLF Steady level flight or straight and level flight

H360 Horizontal 360° turn with bank angle of 30°

C180 180° climb turn with the prescribed vertical
speed of 500 ft/min and bank angle of 15°

D180 180° descend turn with the prescribed vertical
speed of 500 ft/min and bank angle of 15°

B Bank angle

Copyright © 2016 Praise Worthy Prize S.r.l. - All rights reserved
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H Height
MC Magnetic course
VS Vertical speed
l. Introduction
Air traffic development puts an emphasis on

continuous improvements in the domain of safety.
Introducing new technologies implies increased demands
on theoretical and practical aircraft operation skills
including the demands on a crew itself. Studies dealing
with aviation accidents claim human factor as one of the
most frequently contributing factors [1]. Human factor
occurs when piloting skills of a crew are insufficient or
when a pilot is surprised by adverse situation to which he
or she reacted inadequately [2]. Even though the results
are different, it is unambiguous that human factor
contributes to 70 up to 85% of aviation accidents [3], [4].

The most frequent human errors are related to human
skills (up to 80 % of human errors). Half of these errors
contribute to chain of events leading to an incident [5].

The main role in reducing the human factor regarding
pilots plays the pilot training, education, skills and
emergency training of situations which may occur during
a flight[6]-[8]. The training itself and preparation for
unexpected events in the operations may considerably
increase the amount of successfully handled non-standard
occurrences in the aviation.
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To date, flight simulators became one of the important
elements of pilot training. Owing to their rapid
development, pilots can be partly trained and examined
on these devices. Also, international standards and
regulations reflect this development and so they specify
requirements for their operational utilization [9].
Pertaining modular courses, it is possible to fly 5 hours
without instrument flight rules (IFR) with Basic
Instrument  Training Devices (BITD) or Flight
Navigation and Procedures Trainer devices (FNPT)
during a personal pilot license (PPL) or commercial pilot
license (CPL) pilot training. During an IFR (single
engine) training it is possible to fly 20 hours with FNPT |
or up to 35 hours with FNPT II. In case of a multi-engine
IFR training, it is possible to conduct 25 hours with
FNPT I and 40 hours with FNPT II.

Certified flight simulators can be utilized during pilot
training for specific flight tasks but also for pilot
examination (see [10]). Incorporating flight simulators
into pilot training undoubtedly contributed to reducing
risks and improving the quality of training which leads to
increased flight safety [11], [12] and partial reduction of
training and aircraft operational costs [11].

Pilots on visual flight rules (VFR) course, i.e. trainees
for PPL and ultralight pilot license (ULL) qualification,
are trained mostly in real operations. In majority of flight
schools, training syllabus does not include flight
simulator lessons or it is very limited. During this type of
course, trainee's capabilities, experience, skills and habits
are assessed. Training isconsidered as finished if the
minimum requirements are satisfied and the trainee is
ready to prove his ability to fly as a pilot-in-command,
perform procedures and manoeuvers corresponding to the
requirements of PPL license and also prove the capability
of flying an aircraft with respect to its limits, perform all
manoeuvers smoothly and precisely, demonstrate good
judgment and developed sense for flight, apply
theoretical knowledge in practice and control an aircraft
so that there are no serious doubts about how
manoeuvers or procedures are executed.

Following the requirements, it is necessary to
objectively monitor and evaluate training progress during
this type of course. Generally, PPL (or ULL) training is
based on successfully passing theoretical preparation
comprised of flight rules, aircraft technical knowledge,
flight planning and execution, meteorology, navigation,
operational procedures, flight basics etc.

The most important, however, is mastering of basic
piloting techniques. For the purpose of a training oriented
to mastering the techniques correctly, flight simulators
could contribute to improved training quality and
eventually also to flight safety. Therefore, it is important
to focus on specific options for implementing flight
simulators into PPL or ULL training and determine,
whether the need to extend such training could be
justified with regard to the existing regulations and
standards. However, there are no studies regarding
optimal utilization of flight simulators for this purpose.

Most of the existing studies are focused on military
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aviation in this domain [13]-[15].

In these cases, unfortunately, overall training process
evaluation, where flight simulators are utilized, is
missing. Moreover, available studies are mostly
concerned with simulator assessment, based on skills
evaluation of pilots which are or were holders or a valid
pilot license (see [16]-[19]).

With regard to the above-mentioned issues, this article
deals with evaluation of pilot training with utilization of
flight simulator where the main emphasis is put on basic
piloting techniques. The goal of this study is to evaluate
usability of flight simulator for a training of basic
piloting techniques by the means of evaluating error rate
during an execution of basic prescribed manoeuvers by
trainees beginning the course. Another goal is to evaluate
the influence of the transition between simulated and real
flights with regard to progress or regress in the precision
of executed manoeuvers. This way, usability of flight
simulators during initial training can be assessed.

Il. Materials and Methods

I1.1.  Participants

For the purposes of this study, a selection of students
from the Faculty of Aeronautics, Technical University of
Kosice, Slovakia, was conducted.

The goal was to select representative sample of
subjects, consisting of beginners with the highest
uniformity possible. The selection was conditioned by
some criteria consisting by successfully passing
psychological and intelligence tests. Intelligence tests
were aimed at aviation regulations and flight basics.

Apart from that, participants had to meet the
requirements for medical fitness in line with Commission
Regulation (EU) No 1178/2011- Annex IV [10] and
could not be holders of a pilot license (ULL, PPL or
higher). This way, 35 subjects were selected (27 men and
8 women with an average age of 23+4 years), which met
the mentioned requirements.

1.2

All  participants underwent common theoretical
preparation in the extent of 2 hours, which was focused
on acquainting the subjects with pilot cabin ergonomics,
control elements arrangement, their purpose and use
during flight. Practical training was conducted according
to the methodology depicted on Fig. 1. The schedule
consisted of 14 simulated flights on TRD40 flight
simulator and 3 real flights on Diamond DA40 aircraft.

The group of subjects went through flight simulator
training (11 hours) which was followed by first real flight
(1 flight hour) and then again 3 flight simulator hours.

The training was finished by 2 hours of real flying.

The interval between individual training hours did not
exceed 2 days. During all flights, analogous projection of
flight, navigation and engine readings was used in the
aircraft (simulator) flight deck.

Training Schedule

International Review of Aerospace Engineering, Vol. 9, N. 5
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Fig. 1. Concept of the training process showing intervals of piloting precision measurements

All  flights were performed under uniform
meteorological conditions with few or no clouds and
visibility of ground. Both real and simulated flights were
performed in the terminal manoeuvring area of Kosice
International Airport (ICAO code: LZKZ).

During all flights, the subjects had to execute precisely
defined flight actions to maintain required flight
parameters during steady level flight (SLF), horizontal
360° (H360) turn with bank angle of 30°, climb or
descend 180° (C/D180) turn with bank angle of 15° and
vertical speed of 500 ft/min.

The sequence of manoeuvers was strictly followed and
individual manoeuver series were repeated three times a
flight. Apart from take-off and landing, three series of
manoeuvers were executed, namely in the sequence SLF,
H360, C180 and D180 (Fig. 1) what assured the
uniformity of training and measurements.

1.3.

For the purpose of this study, the main emphasis was
put on evaluation of piloting precision during prescribed
flight tasks. Each manoeuver was prescribed in terms of
flight parameters or rules, about which the subjects were
informed during theoretical preparation. Concerning the
SLF manoeuver, the most important was to maintain
constant altitude whilst the altitude itself (its value) was
not important. Further, it was important to maintain
constant magnetic heading where the heading itself was
also not important. In case of the H360 manoeuver, pilots
had to perform horizontal turn whilst the bank angle had
to be constant at the level of 30° and simultaneously
constant altitude had to be maintained.

During C180 or D180 manoeuvers, the subjects
performed climb or descend turn of prescribed vertical
speed 500 ft/min and bank angle of 15°. With respect to
the nature of the training, two data sets were available for
processing of piloting precision, namely instructor
records of error rate during individual executed

Measurements and Data Analysis
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manoeuvers and flight records acquired from simulator
flight recorder. Pertaining real flights, it was not possible
to obtain data from flight recorder. Due to this, it was
necessary to compare the evaluation of piloting precision
by the means of processing data obtained from instructor
and subsequently to evaluate the relevance and accuracy
of executed manoeuver error prediction by the instructor
with comparative methods.

If the hypothesis of sufficient correlation between two
piloting precision errors (instructor - flight simulator) can
be confirmed, it is possible to evaluate piloting error rate
based on notes from instructor. This concept of assessing
evaluation relevance concerning piloting error rate was
performed in the previous study (see [20]).

The evaluation methodology in this study was based
on the assumption that in case of achieving sufficient
amount of records (with the simulator data recorder) of
given flight parameter (n — ), the arithmetic average of
the monitored flight parameter will be approaching actual
prescribed value. It is then possible to quantify error rate
by calculating standard deviation. In the mentioned
study, deviations recorded by instructor were additionally
used in form of maximum deviation from prescribed
flight parameters (altitude, bank angle, vertical speed
etc.), which the subject was supposed to maintain.

Instructor noted the errors to checksheets in form of
maximum deviations from prescribed flight parameters
during execution of individual monitored manoeuvers.

It was possible to interpret individual notes as X*FE,
where X is prescribed flight parameter value (altitude,
bank angle, vertical speed and magnetic heading), PEis
the maximum plus error and ME the minimum minus
error. The total error A for particular parameter would
then follow the formula:

A = PE — ME )

From the equation it is apparent that it describes an
error which specifies variance of values between

International Review of Aerospace Engineering, Vol. 9, N. 5



Vladimir Socha et al.

maximum and minimum deviation.

The nature of recording the error rate did not allow
other forms of piloting precision evaluation. In the
above-mentioned study, piloting precision evaluation
was compared with calculated deviations.

The authors used the same data as in this study. The
results of analysis pointed that error rates calculated and
evaluated by instructor are mutually correlated and so it
is possible to use only instructor’s notes for further
evaluation. For details of the results see [20].

The evaluated piloting technique error rate was based
on Eq. (1). Data characterised by A were divided into
datasets, which described piloting error rate for all
subjects during SLF execution (error rate of maintaining
magnetic heading and constant altitude), H360 (error rate
of maintaining prescribed bank angle of 30° and constant
altitude) and C180 and/or D180 (error rate of maintaining
prescribed bank angle of 15° and prescribed vertical
speed of 500 ft/min).

With regard to the fact that manoeuver series were
executed three times, mentioned datasets contain data
describing error from all executed manoeuvers.

The datasets were subsequently separated and put into
corresponding phase of conducted training (or more
precisely assigned to corresponding measurement).

It means that all data from observed error rate of
specific flight parameter for given manoeuver were
assigned to S2M, S6M, S11M, A12M and A17M. Data
distributed in this way were subjected to statistical
analysis.

I1.4.  Statistical Analysis
For statistical evaluation of mutual differences
between individual ~measurements, non-parametric

Mann-Whitney U test was used [21]. The selection of
non-parametric testing was conditioned by testing of
normal distribution. For this purpose, Jarque-Bera test
was used [22], which tested the hypothesis that data from
observed vector (in this case S2M, S6M, etc.) originate
from normal distribution. The testing was done with 5%
level of significance and it was possible to conclude the
hypothesis that the data do not originate from normal
distribution with p < 0.05. Normal distribution was not
proved for all monitored datasets what led to the
utilization of non-parametric testing for inter-group
differences. By the means of Mann-Whitney U test, it
was tested whether two monitored populations originate
from distribution with equal mean to identify inter-group
differences.

The testing was done with level of significance
p = 0.05 whilst the hypothesis of significant inter-group
differences concerning means was concluded with
p <0.05. The testing was conducted for mutual
comparison of all performed measurements regarding
error rate of characteristic flight parameter during
specific manoeuver. Data interpretation was done with
the help of box plots where each box plot specifies error
rate distribution during particular flight parameter
execution and during specific training phase.

Each box plot contains in essence all values of
calculated errors for all subjects where its horizontal lines
represent (from the bottom) minimum, first quartile,
mean, second quartile and maximum of monitored
dataset. In individual box plots, values considered as
outliers were market as extremes which were clearly
separated from the rest of the data. Values marked as
outliers met the following condition:

Q1 —15IQR > Xpye > Q3 — 1.5IQR ®)
where Q1 is first quartile, Q3 is third quartile, IQR is
inter-quartile span calculated as @3 — Q1 and X, is the
value being clearly out of the monitored dataset [23].

For statistical analysis and the above-described
calculations, Matlab environment (MATLAB R2013a,
MathWorks, Inc., Natick, MA, USA) was used.

The results are presented in the form of graph and
sheet pairs which represent statistical evaluation and
error rate distribution of monitored flight parameter.

P-values in presented sheets constitute Wilcoxon
signed-rank test results where p < 0.05 points out
statistically significant difference among two groups of
measurements. Statistical evaluation of piloting precision
regarding maintaining of magnetic heading during steady
level flight revealed significant differences among all
measurements except between S2M and Al7M
measurements (see Table I). During first measured flight
hour, error rate median for given flight parameter was on
the level of 5°.

During second measurement, error rate median
considerably decreased to the level of 1.75°. During 11"
flight hour on the flight simulator (S11M), median of
monitored flight parameter error rate decreased ones
more to the level of 1° of the deviation from prescribed
magnetic heading.

Results

TABLEI
THE RESULTS OF MANN-WHITNEY U TEST FOR PILOTING PRECISION EVALUATION CONCERNING MAINTAINING PRESCRIBED VVALUES
OF MAGNETIC HEADING AND ALTITUDE DURING HORIZONTAL STEADY LEVEL FLIGHT

Magnetic course Height
S2M S6M S11M A12M ALTM S2M S6M S11M A12M ALTM
S2M - 1.6510% 3.3410% 1.8610% 0.08 - 1.6010% 19210% 3.3210% 0.92
S6M  1.651077 - 0.05 44810 23810 1.6010% - 0.03 73110 8.7110%
S11M  3.3410™° 0.05 - 31710% 54710% 1.9210% 0.03 - 22310% 20310
ALI2M  1.8610% 4.4810%° 3.1710% - 8.9210% 33210% 7.3110% 22310% - 4.48 10"
AL7TM 0.08 2.3810% 54710% 8.9210% - 0.92 87110 2.0310™ 4.4810% -
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TABLE 11
THE RESULTS OF MANN-WHITNEY U TEST FOR PILOTING PRECISION EVALUATION CONCERNING MAINTAINING PRESCRIBED VALUES
OF BANK ANGLE AND ALTITUDE DURING HORIZONTAL 360° TURN
Magnetic course Height
S2M S6M S11M Al12M Al7TM S2M S6M S11IM Al2M Al7TM
S2M - 15410 91010 0.09 0.13 - 1.1310% 1.8810%° 0.90 0.41
S6M 1.54 10" - 0.39 22910™ 16910 1.1310" - 0.17 1.3610%° 3.0710%
S11M  9.1010™ 0.39 - 27010% 9.9210™ 1.88107° 0.17 - 43110% 3.9110™
Al2M 0.09 22910 27010" - 0.96 0.90 1.3610" 4.3110" - 0.21
Al7TM 0.13 1.6910% 9.9210% 0.96 - 0.41 3.0710% 3.9110™ 0.21 -
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Fig. 3. Graphical depiction of recorded error rate distribution concerning prescribed bank angle and altitude for horizontal 360 turn

The decrease is statistically significant in comparison
with previous measurements (S2M and S11M).

Monitoring of piloting precision during first real flight
(A12M) revealed significant increase in the error rate
where its median concerning deviation from prescribed
magnetic heading increased up to 10°. Al2M
measurement indicates statistically significant difference
when compared with the rest of the measurements.

During the last measurement (A17M), statistically
significant decrease of median in comparison with A12M
was achieved up to the level of 3.75°. It can be noted that
between second real flight (A17M) and first flight
simulator flight there is no statistically significant
difference in the error rate and so has the error rate
stabilized on the level of S2M measurement. Graphical
presentation of the results and the progress of recorded
error rate development is depicted on Fig. 2.
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Statistical evaluation of piloting precision concerning
maintaining of required altitude during steady level flight
revealed significant differences among all measurements
except between S2M and A17M measurements (see
Table 1). Error rate median for maintaining constant
altitude during S2M reached the value of 35ft. The error
rate then considerably decreased to the level of 15ft
during S6M. During S11M, error rate median of 10ft was
recorded where this difference is statistically significant
compared to previous measurements.

During the first real flight execution (A12M),
considerable increase of error rate median pertaining
monitored flight parameter (med=50ft) was achieved
compared to all the previous measurements.

During A17M, statistically significant decrease in
error rate median (med=30ft) was achieved in
comparison to A12M.
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The difference in error rate recorded during S2M and
AL7M is not statistically significant and so it is possible
to conclude that the error rate during A17M was
stabilized on the level of S2M. Graphical presentation of
the results and the progress of recorded error rate
development is depicted on Fig. 2.

Statistical evaluation of piloting precision concerning
maintaining 30° bank angle did not reveal any
statistically significant differences between S2M and
Al12M, S6M and S11M, A12M and A17M measurements
(Table 11). P-values from Wilcoxon signed-rank test
results are in these cases greater than selected level of
significance p = 0.05. It means that the error rate
decreased during S2M and S6M measurements (from
3.5° to 1°) and then it stabilized so that the error rate
recorded during S11M measurement is similar to the
S6M measurement. Median of error rate for bank angle
remains for S6M and S11M the same, i.e. 1°. It can be
noted that the error rate exhibited by subjects during
S11M measurement is still considerably lower than for
the first measurement. Median of error rate increased to
the level of 5° during A12M but no significant difference
between this and S2M measurement was identified.

Therefore, it is possible to come to a conclusion that
the error rate during the first real flight achieved the level
from first contact with the flight simulator (S2M).

The error rate did not change even after the next real
flight execution (A17M) and so it remained the same as
for A12M (med=5°). Graphical presentation of the
results and the progress of recorded error rate
development is depicted on Fig. 3.

Statistical evaluation of piloting precision with regard
to maintaining prescribed altitude during horizontal turn
revealed no statistically significant differences among

S2M and A12M, S2M and A17M, S6M and S11M,
Al12M and A17M measurements (Table 11). The progress
can be interpreted in the same way as in the previous
example. Initial median of error rate for S2M
measurement was on the level of 75ft which indicates
statistically significant difference from S6M (med=20ft).

Between S2M and S6M measurements, statistically

significant decrease in error rate was recorded.
Subsequently, S11M measurement indicated another
decrease in error rate compared to previous

measurements, namely to the value of 11ft.

The decrease during S11M compared to S6M s,
however, not statistically significant. During the first real
flight, error rate increased to 75ft, i.e. to the level of
S2M. Subsequently, A17M measurement indicated
decrease in error rate to 50ft but this decrease is not
statistically significant compared to A12M. Significant
difference was also not confirmed in case of A17M
comparison with S2M. Graphical presentation of the
results and the progress of recorded error rate
development is depicted on Fig. 3.

Statistical evaluation of piloting precision concerning
15° bank angle during 180° climbing turn revealed
significant differences between all measurements, except
between S2M and A17M, S6M and S11M measurements
(see Table I11). Graphical presentation of the results and
the progress of recorded error development is depicted on
Fig. 4. Error rate decreased between S2M and S6M
measurements from 3° to 2.5°. Median value decreased
between S6M and S11M (from 2.5° to 1.75°), however,
this decrease was not statistically significant with regard
to the data distribution in these groups, so it can be
concluded that the error rate remained the same for S6M
and S11M measurements.

TABLE Il
THE RESULTS OF MANN-WHITNEY U TEST FOR PILOTING PRECISION EVALUATION CONCERNING MAINTAINING PRESCRIBED VALUES
OF BANK ANGLE AND VERTICAL SPEED DURING 180° CLIMB TURN

Magnetic course Height
S2M S6M S11M Al2M ALTM S2M S6M S11M Al2M ALTM
S2M - 3.0910% 1.0410™ 1.8710% 0.93 - 7.9210% 4.2610% 1.7210% 0.02
S6M  3.09 10 - 0.41 22110 64710 7.9210% - 33810 3.9810% 0.16
S11M  1.0410™ 0.41 - 597107 12010% 4.2610%"° 3.3810% - 24910% 55210
Al2M  1.8710%® 22110% 59710 - 40810%° 17210 39810%° 249107 - 8.24 10"
ALTM 0.93 6.4710% 1.2010™  4.08 10 - 0.02 0.16 55210% 8.2410" -
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Fig. 4. Graphical depiction of recorded error rate distribution concerning prescribed bank angle and vertical speed for 180° climb turn
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Error rates increased considerably during first real
flight A12M (med=4.75°) compared to previous
measurements. During the last measured flight (A17M),
significant decrease in median of error rate compared to
A12M was recorded and the achieved level was 3°.

Furthermore, it is possible to notice that between
Al7M and S2M there is no statistically significant
difference and so it is possible to conclude that the error
rate during the last executed real flight decreased to the
level of first simulated flight. Statistical evaluation of
piloting precision with regard to maintaining prescribed
vertical speed at the level of 500 ft/min during a climbing
turn identified significant differences between all
measurements except between S6M and Al7M (see
Table I111). Graphical presentation of the results and
progress of recorded error development is depicted on
Fig. 4. The error rate decreased between S2M and S6M
so that median value decreased from 160 ft/min to 100
ft/min. Another decrease in the error rate median value
from 100 ft/min to 70 ft/min was identified between S6M
and S11M. Significant increase in the error rate was
observed during first real flight A12M (med=240 ft/min)
followed by a decrease during second real flight A17M
(med=110 ft/min) to the level achieved during S6M.

Statistical evaluation of piloting precision concerning
15° bank angle during 180° descend turn indicated
significant differences among all measurements except
between A12M and Al7M, S2M and Al7M
measurements (see Table V). Calculated p-values from
Wilcoxon signed-rank test were greater than the selected
level of significance p = 0.05. Error rate progressively
decreased during the training process on the flight
simulator. The error rate median decreased from 2.5° to
2° compared to S2M and S6M measurements and it

continued to decrease further up to the level of 1°

achieved during S11M.

First real flight measurement on the DA40 aircraft
indicated significant increase in error rate compared to
earlier measurements (med=3°), achieving the results of
S2M measurement. For the following real flight (A17M),
the error rate preserved the level of 3°, i.e. no significant
difference was identified between A17M and Al2M
measurements. Fig. 5 shows the results and the progress
of recorded error rate development. Statistical evaluation
of the piloting precision regarding maintaining vertical
speed at the level of 500 ft/min during a descending turn,
identified between all
measurements except between S6M and Al7M (see
Table V). Graphical representation of the results and the
progress of recorded error rate indicated development

significant differences were

similar to previous cases as depicted on Fig. 5.

In this case, median of vertical speed error rate
to S2M
(med=150 ft/min)
measurements. Decrease in error rate was identified also
between S6M and S11M (from 150 ft/min to 80 ft/min)
measurements. During first real flight A12M, significant
increase in error rate median value was achieved, namely

decreases significantly ~when
(med=200 ft/min) and S6M

compared

220 ft/min.

During the final stage of the training, the median
decreased to 170 ft/min which is statistically similar to
S6M, whilep = 1. For overview of the error rate
progress during given training, all above-mentioned
courses were normalized. Normalized courses were
achieved based on the development of median values of
error rates for given manoeuver and were calculated to a
single scale with regard to the maximum value from

given dataset

TABLE IV
THE RESULTS OF MANN-WHITNEY U TEST FOR PILOTING PRECISION EVALUATION CONCERNING MAINTAINING PRESCRIBED VALUES
OF BANK ANGLE AND VERTICAL SPEED DURING 180° DESCEND TURN

Magnetic course Height
S2M S6M S11M Al2M ALTM S2M S6M S11M Al2M ALTM
S2M - 44710% 463107 0.02 0.35 - 0.03 21310 96510 9.0110%
S6M 4.47 10 - 0.04 9.1710%®  3.3610% 0.03 - 1.7810%  7.4710% 1.00
S11M 463107 0.04 - 209107 1.8510% 21310 1.7810% - 7.2110%  1.1610%
Al2M 0.02 9.1710%  2.0910% - 0.21 96510 7.4710% 7.2110™° - 3.06 10
AL7M 0.35 3.3610"® 185107 0.21 - 9.0110" 1.00 1.1610*  3.06 10 -
15 + 900 | +
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Fig. 5. Graphical depiction of recorded error rate distribution concerning prescribed bank angle and vertical speed for 180° descend turn
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Normalization was based on the equation:

_ med;
N; = ®3)

nmax

where N; is i-th normalized value, med; is i-th median
from given dataset (where i=1,..,5 for each
individual case of performed measurement) and n,, iS
maximum of medians regarding monitored error rate of
flight parameter during given manoeuver.

The graph summarizing normalized courses of error
rate for specific manoeuvers and monitored flight
parameters is depicted on Fig. 6.

1 — SLFH  (n,,=S0R)

=+t SLF MC (n,,=10%)

— H360H (n,=75ft)

e H360 B (n,,=5%)
CI180 VS (n,,=240ft/min)
CIS0B (n,=4.75°)
DISO VS (n,,
DISOB (n,=3%)

08 (n,

0.6

=220ft/min)

Normalized error (-)

S2M S6M S1IM AlIZM AlT™M

Fig. 6. Depiction of normalized error rate courses for monitored flight
parameters during executed flight manoeuvers (SLF — steady level
flight;H360 — horizontal 360° turn; C180 — 180° climb turn; D180 —
180° descend turn; H — height; MC — magnetic course; B — bank angle;
VS — vertical speed; nmax — normalization coefficient representing the
maximum in given dataset)

IV. Discussion

The results indicate that regarding horizontal steady
level flight, error rate continuously decreases during
flight simulator training. At the same time, increase in
piloting precision is observable in both monitored cases,
i.e. both concerning magnetic course and altitude.

The error regarding constant magnetic course and its
maintaining decreased from 5° to 1° after 11 lessons on
the flight simulator. Concerning altitude, decrease in
median of error from 35 ft to 10 ft was recorded during
the same time period as in the previous case. In this case
it is possible to conclude, that the utilization of flight
simulator contributes to perfection of basic piloting
technique but it is not possible to conclude, that flight
simulator utilization in the extent of 5 hours is sufficient
(as permitted by current regulations).

During the transition from flight simulator to real
operational  environment, error rate significantly
increased in both cases compared to S2M. Furthermore,
in both cases it is possible to observe significant decrease
in error rate during last executed (real) flight to the level
achieved during S2M. It is possible to conclude, that
usability of flight simulator has no influence on
maintaining altitude and magnetic heading during
horizontal steady level flight execution.

With regard to the piloting error rate during horizontal
360° turn, significant decrease in bank angle and altitude
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error rate can be recognized within 6 hours on the flight
simulator. During next flight simulator training,
statistically significant change cannot be observed, i.e.
between S6M and S11M there is no significant
difference. It is possible to conclude that in the discussed
case, flight simulator contributes to basic piloting
technique perfection. It is also possible to conclude that it
is not necessary to utilize the flight simulator for training
in the extent of 11 flight hours. During the transition to
real flights (A12M), error rate in both monitored flight
parameters increased to the level of S2M and it persisted
there during second real flight execution. Compared to
horizontal steady level flight, the pilot precision results
from horizontal turn execution are more satisfying.

However, it is not possible to conclude that flight
simulator training has positive influence on error rate
during real flight manoeuver execution.

Concerning climb and descend turn, piloting precision
was evaluated regarding maintaining prescribed bank
angle and vertical speed of climb or descend.

The results indicate that piloting error rate tends to
decrease with improved pilot experience or more
precisely with accumulated flight hours. This was
confirmed by the monitoring of piloting precision
progress during flight simulator training.

According to the evaluation of bank angle during
climb or descend 180° turn, the errors performed by the
subjects during flight simulator training were not
striking. In this case, error median was between 1° to 3°
for prescribed bank angle of 15° Pertaining both
monitored cases (C180 and D180), significant error
decrease can be noted during flight simulator training.

With a closer look on the transition between simulated
and real flights, it can be observed that error rate in bank
angle increased many times and in both cases (C180 and
D180) it either stabilized on the level of S2M or it was
higher. So it is possible to conclude, that initial training
on the flight simulator (in this case 11 hours) has
marginal or no effect on the capability to maintain
prescribed bank angle. It is obviously possible that
monitoring of other type of manoeuver would produce
different results. In any case, taking into account the fact
that for prescribed training, which consisted in total of
17 flight hours, and repetitive series of manoeuvers, the
results are unsatisfactory.

In case of evaluating error rate regarding vertical
speed, similar progress as concerning bank angle
evaluation can be observed in both cases (C180 and
D180). The evaluated error was relatively high in early
phase, i.e. 160 ft/min for C180 and 200 ft/min for D180
during S2M. This error, however, considerably decreased
during flight simulator training up to the median of 70
ft/min or 80 ft/min respectively. Nevertheless, better
change can be observed in this case during the transition
from flight simulator to real aircraft.

Even though significant increase of error rate is visible
during the first real flight compared to simulated flights,
during the training in both cases (C180 and D180) the
error rate decreased during A17M to the level of S6M. In
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this case it can be concluded that although the transition
from flight simulator to real aircraft had no effect on
maintaining prescribed vertical speed of climb/descend,
it was possible to monitor acquired pilots' habits, which
were reflected during real flights. This stems from the
fact that during real flights (or more precisely during 3
hours of real aircraft training) the error rate considerably
decreased to the level of S6M (i.e. 6 flight simulator
hours).

By the look on the overall evaluation comprising all
monitored error rates (see Fig. 6) and based on the
above-mentioned notions, it is possible to say that, in
general, during basic piloting technique training on a
flight simulator, continuous decrease in error rate during
standard manoeuvers execution occurs. To adopt the
habits related to precise handling of basic piloting
techniques, 5 flight simulator hours are insufficient.

The habits for precise execution of selected
manoeuvers are in most cases noticeable first after 11"
hour of continuous flight simulator training. During the
transition from simulated to real flights, basic piloting
technique error rate, in general, increases substantially.

In this case, acquired habits from flight simulator are
not observable. The habits acquisition is observable in
some cases during second real flight but this does not
support the idea that flight simulator training influences
precise manoeuver execution and maintaining prescribed
flight parameters.

V.

The presented paper evaluates usability of flight
simulators during training of beginner pilots for the
purpose of improving habits related to precise piloting.
Piloting errors can negatively influence flight safety.

In this work, piloting technique error rate was
evaluated during horizontal steady level flight, horizontal
turn, climb and descend turn. Generally, such errors can
contribute to decreased flight safety pertaining less
experienced pilots, especially during approach phase,
dense flight traffic, etc.

For example, error rate in maintaining bank angle
negatively affects radius and time of a turn, potentially
affecting expected flight trajectory. Another example is
deviation from vertical speed, which can lead to
erroneous climb to assigned altitude [24]. Therefore, the
primary goal of this study was to identify possibilities for
basic piloting technique training by the means of flight
simulators with the main focus on beginner pilots. It is
clear that flight simulator is used not only for fluent and
precise manoeuver execution training but at the same
time it serves as the means for establishing and
reinforcing correct habits for pilots, whilst abiding
prescribed procedures, especially during non-standard
situations which they may face during real operations and
whose realistic simulation can be an issue from the
standpoint of obeying safety regulations.

However, the results indicate that for basic piloting
technique training and with regard to real flights

Conclusion
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execution, a flight simulator is insufficient.

Within piloting precision monitoring it was further
revealed that 5 hours of flight simulator training are
insufficient (as stipulated by current law). The limitation
lies with the fact, that only one specific type of flight
simulator was used. Nevertheless, in the future it would
be possible to compare the presented results with training
on other types of flight simulators.

Another limitation is low amount of executed real
flights. It is not possible to evaluate and compare
continuous progress/regress regarding piloting precision
during real flights. On the other hand, the presented
paper is oriented primarily to flight simulator.

Next studies could be more oriented to the above-
mentioned issues. Also, it would be possible to optimize
the effectiveness of flight simulator utilization for flight
training with the employment of piloting precision
evaluation [25]. Next research in this domain could be
related to the evaluation of physiological parameters (see
[26], [27]) which would determine the level of pilot's
psycho-physiological state capable of influencing flight
execution. In addition, the concept of piloting precision
evaluation or dynamic evaluation of error rate related to
flight characteristics could be used as complementary
information to prevent conflicts, e.g. as part of free flight
systems [28] or with regard to pilot situational awareness
[29]. From this study it is apparent, that flight simulators
nowadays have and in the future will have their
irreplaceable position within pilots training.

Their importance lies with correct habits acquisition,
errors elimination, prescribed procedures training,
emergency situation handling etc.
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Abstract

Psychic discomfort or pilot’s stress can negatively influence the course of flight. Therefore it appears reasonable to monitor
those parameters, which directly reflect the psychic and physical state of the pilot. This work focuses on the analysis of
respiratory rate of pilots as a marker of stress changes. The measured sample consisted of 17 pilots — beginners in carrying
out flight tasks with a variable degree of difficulty. Interquartile range as a marker of variability was primarily used for the
evaluation of respiratory rate. The results show, that by this type of evaluation, the respiratory rate is a suitable marker of
stress change.

KEY WORDS: respiratory rate variability, stressful situation, piloting, human factor

1. Introduction

With an ongoing development of aviation, more attention is focused on the issues of safety during performing flight
tasks. Among the factors influencing the flight safety, there are, among others, the pilot’s psychic stress. Due to this
situation, studies are undertaken focus on psycho-physiological parameters in pilots as markers of stress during flight [1].
The elevation of stress level leads to limiting of perception abilities and consequently to difficulties in situation assessment
[2]. The influence of these facts leads to the decrease in pilot’s performance.

When elevating the stress level, or in stress situations, a change in physiological functions takes place, such as the
change in heart rate, respiratory rate, blood pressure etc. [3]. This is the reason why measuring physiological parameters can
serve as directs markers of psychic stress [4]. In most of receding studies focusing on stress assessment, heart rate was
primarily evaluated, and respiratory rate was measured only as a side variable. For the collection of data reflecting
physiologic functions, indirect non-invasive methods of measurement are used. The main reason for the choice of these
methods is the comfort of the measured subject during the measurement, which restrict the occurrence of measurement
artefacts directly caused by the subject. These circumstances justify the use of non-invasive sensors during the measurement
of respiratory rate, using primarily the changes in the thoracic wall based on the changes of respiratory volumes in inspirium
and expirium [5,6].

2. Materials and methods

Participants and measuring equipment

The measured sample consisted of 17 students of the Faculty of Aeronautics TU KoSice aged 22+5 years without
any previous flight experience. The group consisted of 2 women and 15 men. The main requirement of the subjects was a
valid public health certificate according to the valid requirements for the health fitness of aviation staff JAR-FCL 3.105. The
measurements were carried out using TRD-40 flight simulator and Diamond DA-40 aircraft. The actual flights took place at
the Kosice International Airport (LZKZ). For the elimination of the influence of the visualization of the aviation, navigation,
and engine data on the stereotype of the piloting of subjects, both in the case of simulator and real flights, analogue aviation
data were used. The subjects completed a theoretical preparation before the actual measurements.

A piezoelectric sensor was used for a non-invasive measurement of the respiratory rate, as a part of a telemetric
FlexiGuard [7] system, developed at the Joint Department of Biomedical Engineering CTU and CU in Prague. The
piezoelectric unit for the measurement of respiratory rate was located at the middle line under the processus xiphoideus
(approx. 7 cm) in the area of epigastrium with a belt encircling the body at this level (Fig.1). The location of the unit was
chosen due to a more significant volume change caused by respiration and due to the minimization of movement artefacts,
resulting in more precise identification of inspiration. [5]. Respiratory rate was calculated using the period between the
identified inspirations. Data representing the number of breaths per minute (bpm) were sent to the modular sensing unit
(MSU) with the frequency of 5Hz using RF interface. The designed software provided for an insertion of time markers, used
to for the determination of the beginning and the end of the realized maneuver enabling us to identify the time span of the



realized flight task. Fig 2.demonstrates an example of a measured signal with marked maneuvers.
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Fig.1Measuring system with modular sensing unit (A) Fig.2 Example of the measured respiratory rate with
and a respiratory rate sensor (B). markers of the beginning (red) and end (black)
of a maneuver.

Measuring procedure

The course of the flight on a TRD-40 flight simulator consisted of six maneuvers, absolved by the participants. The
first maneuver was a takeoff (TO). This was followed by a straight flight (S), horizontal 360° turn (H360) by a 30° bank
angle, climbing 180° turn (C180) and descending 180° turn (D180) at the climbing/descending vertical speed of 500 ft/min
and a 15° bank angle. This series of the four maneuvers was repeated three times during the flight. The maneuvers ware
sequenced according to their difficulty in an increasing fashion. The least difficult maneuver was a straight flight, and the
most difficult were C180 and D180 [8]. At the end of the measuring, subjects performed a landing maneuver (L).

The coursed of the flight on Diamond DA-40 took place identically to the one at a flight simulator for this type of
aircraft. In order to compare the measurements, flights had to be realized at the same atmospheric conditions. The actual
flights thus took place during standard flight conditions with a visible ground surface (VFR). Individual measurements of
respiratory rate were collected using the above-mentioned measurement device. At the instructor’s command, the beginning
and the end of each realized manoeuver were marked by a time marker. For further evaluation, only respiratory rate data in
their respective sequences were used.

Statistical analysis

For the evaluation of the stress reaction, a mean value is often used [3,9,10]. However, when comparing several
subjects, it is necessary to consider physiologic values of each individual’s respiratory rate. This fact is not always taken
into account. Therefore, in many studies, standard deviation is often used to evaluate physiologic parameters, of other
characteristics of variability mostly as an addition to the mean value [8,11]. Standard deviation counts on the mean value,
however its value does not define the value of data, but how widely are the values distributed in the given set [12]. This is
why the standard deviation is independent from the physiologic value of respiration and serves as a marker of variability.

For the testing of the normal distribution of the dataset in individual measurement phases of flights, Kolmogorov—
Smirnov test was used. The assumption about the normal distribution of the examined data was proven only in five
measurements. In the case of the rest of the datasets, the normal distribution of the data hypothesis was rejected at a
significance level of p =0.05. For this reason, as a marker of the variability of the respiratory rate, interquartile range of

the first and the third quartile was used. For the comparison of the coincidence between individual measured maneuvers for
all subjects, Wilcoxon two sample test was used. The testing took place at the significance level of p =0.05. For this

evaluation, within the scope of this paper, for the exception of the takeoff and landing, all data for the first series of
maneuvers were used (S, H360, C180 a D180) due to the elimination of the influence of the training on the results.

3. Results

From the calculated mean values of the respiratory rate for a given maneuver in all subjects, boxplots (Fig 3, Fig 4)
were processed for the flights on TRD-40 and Diamond D-40. It is obvious from the graphs representing the mean values
distribution, that with this type of evaluation, differences in mean values of respiratory rates are not significant for
respective maneuvers. Based on Wilcoxon test, no statistically significant difference was proven at the significance level of

p = 0.05. This is probably due to the fact, that the mean value of the respiratory rate is specific for each individual, and at

the same time may be influenced by various inner and outside environment factors, which can affect the values of the
respiratory rate [13].
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In the assessment of interquartile ranges (AQ) of the respiratory rate, as a marker of variability, the results point out
to a significant difference in individual maneuvers (Tab.1, Tab.2). Boxplots of the AQ parameter for individual maneuvers
are represented by Fig. 5 and Fig. 6. It is obvious from the graphs, that the mean value of the variability in the takeoff
maneuver acquires the greatest values for the simulator (4.2 bpm) as well as for the aircraft (5.9 bpm), while in both cases,
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Wilcoxon test results for measurements performed on
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Table 2.

Wilcoxon test results for measurements performed on

DA-40 aircraft type.

For the rest of the maneuvers realized at the simulator, the lowest mean value of variability S is (2.9 bpm), and it is
significantly different from the other. Mean value AQ in H360 is 3.6 bpm, and a significant difference was only proven with
S and C180. Between C180 and D180 maneuvers, no statistically significant difference of the mean values AQ (4.1 bpm

Maneuver S |H360|C180 | D180 Maneuver | TO
TO TO

S 0,06 S

H360 0,40 H360

C180 0,52 C180

D180 0,71 D180

L 0,76 L




a 3.9 bpm) was found. In this case this was an expected situation, since the maneuvers differed only in the climbing or
descending. In the case of measurements realized with the aircraft, only the AQ markers in the takeoff and landing are
statistically significant compared to other maneuvers.

4. Conclusions

Based on the evaluation of respiratory rate (RR) of pilots during carrying out maneuvers with a different degree of
difficulty, it was found that RR evaluation using mean values is not suitable for the assessment of the stress changes. The
above mentioned apparently follow from the fact that the mean value of the respiratory rate is dependent on the physiologic
value of breathing in individual subjects [13]. Therefore it is only possible to compare subjects on a mass scale only under
the condition that the referential mean value is the same for all subjects. On the other hand, during the evaluation using the
AQ variability it was proved, that in measurements realized at the simulator, maneuvers S, H360 a C180 are distinguishable.
It is therefore observable, that with the increase of the maneuver difficulty, RR variability increases. The calculated values
of AQ in C180 and D180 do not show significant difference. In this case it is a presupposed situation, since the flight tasks
differ only in the climbing or descending

During the measurement on Diamond DA-40, the mean value has an increasing character with S, H360, C180 and
D180, these values are however not statistically significantly different. This is probably due to the experience gained on the
simulator, non-uniform weather conditions, the influence of overload on the monitored results, or continuous stress. On the
other hand, during the takeoff and landing maneuver, which the subjects have absolved for the first time, there is a
significant increase in AQ.

This work pointed out to a fact, that a change in physiologic parameter, as RR variability, can reflect the reaction to
a stress situation, which can have a significant effect on the examination of the human factor. In the future studies, it would
be suitable to focus on an evaluation of a larger subject sample, from which a limitation of this work also follows.
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Abstract — Heart rate is a parameter describing activity of human
heart and its psycho-physiological character based on
sympathovagal balance of autonomic nervous system, which
could be instrumental for indicating stress in aircraft pilots. The
assessment focuses on transition from the airplane’s analog
presentation of flight data to digital visualization (glass cockpit).
The main objective was to examine heart rate of pilots according
to the change of flight data imaging during proposed training
program, using flight simulator (TRD40 type) and aircraft (DA40
type). Another aim is to interpret stress during different flight
tasks and define its influence on pilots’ performance. A group of
ten healthy pilots with the same level of experience participated
in a seven week training program. A custom designed system
consisting of non-complex units was used for measuring
procedures during every recorded flight. Heart rate was
recorded using a commercial chest belt made by Garmin®
Spectral analysis of the measured signal has provided the status
of sympathovagal balance based on Lomb normalized
periodogram. Variation of mental stress according to the values
of low to high frequency ratio LF/HF was proven according to
the course of training. Results show that the transit from analog
to digital visual presentation of avionic data induces stress among
pilots and heart rate could be an appropriate parameter defining
the actual stress condition.

Keywords — stress; piloting; heart rate; flight data presentation;
flight task

1. INTRODUCTION
Generally, stress represents a state of mental or
physiological strain following on adverse stimuli or

inappropriate condition. The effect of stress causes the
autonomic nervous system (ANS) to activate, resulting in its
sympathetic and parasympathetic component influencing the
activity of the heart. In the extensive field of stress indicators
there are several psychophysiological parameters describing
the state of increased mental strain. The most commonly used
value which directly or indirectly reflects ANS is heart rate.
Also parameters like electro-oculography or electro-
encephalography were measured in the evaluation of
psychological pressure in aviation and land transport, but the
heart rate has been always considered as a major indicator.
Previous studies also confirmed that pilots’ psycho-
physiological parameters provide information about psychical
and physical condition [1]-[6]. Psychic condition of aircraft
pilots during various flight tasks represents the main factor
affecting comfort, accuracy and safety of the flight [7]. It has
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been proven that the training degree of pilot has an impact on
his mental condition [2]. Despite significantly advanced
technologies, it is necessary to determine factors representing
potential causes of accidents. It has been confirmed that 60 —
80% of aircraft accidents was caused by human errors, and
50% of them directly by pilots [8], [9]. According to the
aforementioned, it is obvious that measurement of parameters
describing pilots’ status whether mental or physical may lead
to safety improvement in aviation.

Thus, the drop and increase of heart rate is also influenced
by other factors that have to be taken into consideration in
evaluation. In addition to neural modulation, although it seems
to be the best way to describe heart activity there is humoral
mechanism that affects heart rate as well. It involves factors
such as thyroxin or genetically coded adrenalin and
noradrenalin ratio, which depend on the given situations.
Thyroxin is hormone produced by thyroid that affects the
heart’s sensitivity to catecholamine. Besides humoral
regulation, a number of other factors influence heart rate,
temperature, altitude, volume of potassium and calcium in
blood flow [10]-[14].

Proceeding from the facts above, neural modulation seems
to best describe heart activity according to stress evaluation.
Focusing on heart rate evaluation there is a necessity to use
suitable parameters drawing sympathovagal balance. It has
been proven that the frequency domain analysis of heart rate
using LF/HF ratio (sympaticus/parasympaticus ratio) is
appropriate to describe ANS activity as well as heart activity
and mental stress [15]-[17].

This paper’s main aim is to describe mental demands of
pilots in training through heart rate measurement during
proposed training program, using flight simulator and real
aircraft. The evaluation focuses on the shift from aircraft using
analog presentation of flight data to aircraft providing digital
visualization (glass cockpit). The initial assumption is that
heart rate as the main psycho-physiologic indicator of stress
will vary according to the change of flight data visual
presentation. Therefore, the assumption is that heart rate will
rise in the switch from using analog flight instruments to glass
cockpit. Although the assessment of psycho-physiological
features is an already familiar technique [1], [16] it has never
been used to assess the impact of flight data visualization.
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II.  MATERIALS AND METHODS

A. Participants and measuring procedure

Ten healthy beginner pilots (8 males and 2 females) with
no previous flight experience participated in this study. Their
height ranged from 158 to 199 (Mean = 181.6 cm; SD = 10.8
cm) and weight ranged from 50 to 90 (Mean = 72.2 kg; SD =
10.7 kg). The main condition for the subjects to be included in
the study was meeting medical requirements according to valid
flight crew medical licensing JAR-FCL 3.105.

Measurement was realized using a TRD40 type flight
simulator, hardware and software equipment of which
simulates CESSNA 172 and Diamond DA40 aircraft flight.
Real flights took place at KoSice international airport. (ICAO
code: LZKZ). In both cases, the analog visualization of flight
and navigation data was classic, with so-called “Basic-T”
arrangement. (Fig.1A). In the case of digital visualization
(glass cockpit), the dashboard was equipped with an integrated
flight instrument system Garmin G1000 (Fig.1B). This system
was used in both TRD40 and DA40.

Each pilot completed an eleven hour long training course
consisting of simulator flights with analog data visualization
associated with theoretical lessons. For these flights, the heart
rate measurement was done using the 2nd (T2M) and the 1t
first simulator flight was

(T11M). The more or less

Figure 1. Analog visualization of flight and navigation data arranged as
“Basic-T” (A) including airspeed indicator (1), attitude indicator
(2), altimeter (3)| and heading indicator (4) and glass cockpit (B) with
integrated flight instrument system Garmin G1000 (5).

640

informatory, and served as a session for pilot to get acquainted
with the devices, simulated flight characteristics etc. Other
measured flights were realized in order to improve piloting
skills. After T11M measurement, the training was followed by
moving directly into the Diamond DA40, still with analog
flight instruments (L12M). Furthermore, a set of three training
(not measured) flights in simulator and one real measured
flight took place (L17M). Until this phase of the training, all
flights were realized with analog data presentation. Afterwards,
the change to glass cockpit occurred and two measurements
were realized during two consecutive flights. The first on the
simulator (T18M) and the second in the aircraft (L19M).

In order to compare the measurements, flights had to be
realized in the same atmospheric conditions. The real flights
thus took place during standard flight conditions with visible
ground surface (VFR). Another important aspect was to design
a uniform flight plan for each realized task. Thus, besides the
takeoff and landing, three series of maneuvers were exercised,
including straight on-level flight, horizontal 360° turn by a 30°
bank angle, climbing 180° turn and descending 180° turn at the
climbing/descending vertical speed of 500 ft/min and a 15°
bank angle. The congruence of all training lessons was reached
by a precise designation of the course of flight based on the
aforementioned maneuvers. All tasks were supervised by an
instructor, who instructed the pilot to follow the set schedule.
The average flight length from the takeoff to landing was 38.2
min (SD + 4.4 min), while take off was characterized by the
aircraft leaving the ground and landing by returning to the
ground.

B. Measuring equipment

Flexiguard system (FG) [17] was used for measuring
procedures during every recorded flight. This system provides
for real-time monitoring of user parameters and parameters of
environment in which the user is currently located. The system
is composed of three subunits. The first is an actual sensor unit
which records desired values and communicates via wireless
system, or sends acquired parameters to the second subunit,
which is the central unit. Its function is to collect data from
sensors, process, partially evaluate, store and finally send them
to the third subunit connected to PC. The part of FG intended
for heart rate measurement is a commercial Garmin® chest belt
communicating with central unit through wireless connection
using ANT+ protocol as well. The belt was located in the
middle line of the processus xiphoideus in the area of
epigastrium, with a belt encircling the body at this level (Fig.2).

Data representing heart rate (bpm) were sent to modular
sensing unit (MSU) with sampling frequency of 5Hz using
radio frequency (RF) interface. Data sent to MSU were
subsequently directed to the visualization unit using another RF
interface. Visualization unit in our case comprised of a laptop
with a custom designed software to observe the course of the
measured heart rate. The custom designed software enabled for
the insertion of time markers, serving to mark the beginning
and end of a realized maneuver, which provided for
identification and time span of the realized flight task. Fig.3
shows an example of a recorded signal with marked maneuvers
the recorded data were saved directly to a uSD card, which is a
part of MCU, as well as on the visualization’s unit hard drive.
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C.

Data regarding information of heart rate collected during
the whole flight were unevenly sampled. This was probably
caused by communication artifacts, which occurred between
the chest belt and MSU. In any case, the only verified and
utilized techniques for the determination mental stress
determining sympatho-vagal balance. For the determination of
cardiac autonomic regulation, power spectral analysis is
widely used in beat-to-beat variations of heart rate. Unevenly
sampled data however did not provide for the intended
analysis type using FFT in order to determine power spectral
density (PSD) [18], [19]. Therefore, Lomb-Scargle
periodogram was used for the calculation of power spectrum
[19], [20]. This method is based on evaluating data only in £;,
times, which correspond to the actual recorded values.
Assuming that there are N data points h=(t), i=,...,N, the
average and the spread of data are calculated first. [47]. Lomb-
Scargle periodogram, or spectral power as function of angular
frequency is defined as:

[Z/.(h[ —il)cosa(t/ —T)]Z . [Z/(hr —z)sindtj —T)]Z (1)
>, cos’ dlt, 1) > si’ alt, —7)

In which 71 is defined by:

Data evaluation methodology

1
PN(w)ET‘_Z

Z ,sin2ax
Z ;cos2ax;
Parameter 1 is a kind of offset, which causes Py (w)

to be completely independent of any #; shifts by any constant.
The advantage of this method is the fact, that weighing of data

2

tan(207) =

Figure 2. Measuring system with modular sensing unit (1) and a heart
rate sensor (2)

641

Heart Rate (bpm)
© 3 =)
& 3 K

o
S

Tl

5

\m ‘WA

20 30

%
&

.
15
Time (min)

Figure 3. Example of the measured heart rate during T2M for Subject
with markers of the beginning (red) and end (black) of a maneuver.

is not realized using time interval, but using a point [21].
Calculations were carried out in a custom designed Matlab®
program, part of which is also “/omb” implemented function.

Spectral analysis subsequently determined power spectral
densities for low frequency band (LF) in-between 0,04 — 0,15
Hz and high frequency band (HF) in-between 0,15 — 0,40 Hz.
Spectral densities were calculated as the area under the curve
of the given frequency range. These bands reflect sympathicus
and parasympathicus activity of ANS [22], [23]. LF reflects
both sympathetic and parasympathetic activity, but generally
is a strong indicator of sympathetic activity. On the other
hand, HF reflects the activity of parasympathicus [22]-[24]. It
has been proven in several studies, that an increase in mental
stress is connected to an increase in the activity of
sympathicus, and that activation of sympathicus is responsible
for the increase of LF/HF ratio [15], [25]. For this reason, the
focus of the statistical evaluation was indeed LF/HF ratio,
which describes sympatovagal balance.

D. Statistical analysis

From the calculated LF/HF ratio values, six statistic
samples were created relating to the measuring. To verify the
normality of the sample distribution, Kolmogorov-Smirnov
test was used. The assumption of normal distribution of the
samples was not proven in any of the cases. Hypothesis on
normal distribution was rejected on significance level p=0.05.
Nonparametric testing was thus selected for further evaluation.
To compare match between measurements, Wilcoxon two
sample test was used. Testing’s significance level was p=0.05
and results with s p<0.05 were considered as statistically
significantly different. Results for each evaluated parameter
were graphically interpreted using box-plots representing
median, the first and the third quartile, maximum, minimum,
and extreme values of the obtained statistic samples.

III.  RESULTS

Tab 1. presents results in significant difference between
measurements together with medians. No norms for evaluating
mental stress using LF/HF ratio have been designed yet. It is
therefore impossible to determine, whether the value of this
ratio points out to a high or low level of stress. Therefore, it
appears redundant to describe increments and or decreases of
median between measurements. Significant difference
between measurements will thus be an important indicator.
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Figure 4. Graphic representation of the distribution of LF/HF ratio for all
performed measurements.

The results show that the median of LF/HF ratio obtained
during the second measurement is significantly lower than
other measurements, except for T11M. Significant difference
was also found between T18M and T19M.

Considering subsequent course of the training, the LF/HF
median during the first measurement is significantly higher
than T11M, also on flight simulator with analog visualization
of flight data (p=0,02). During the subsequent measurement
on Diamond DA40 (L12M), the mean value rose compared to
T11M, however, statistically insignificantly (p=0.146). Fig.4
demonstrates, that in the case of this measurement, high
variability of calculated values is observable, causing L12M
not to differ significantly from any of the measurements.
During another aircraft measurement (L17M), median
increased compared to the previous one, how very this
difference is not statistically significant. After the shift back to
the flight simulator, this time with digital visualization, the
mean value of LF/HF ratio increased significantly compared
to T1IM (p=0.001), and it is at the same time significantly
lower than in the case of aircraft measurement with digital
visualization of flight data (p=0.031).

IV. DISCUSSION

Mental stress influence heart rate due to the ANS
influence. In such case, heart rhythm is controlled via nerves.
We differentiate afferent nerves, carrying impulses from the
heart to the central nervous system, and efferent nerves, which
further divide into sympathetic and parasympathetic. Due to
sympathicus” influence, changes such as increased heart rate,
speed of carrying impulses and contraction power. Activity of
sympathicus is increased when working, or influenced by
emotions and stress. Parasympathicus, on the other hand, has
the opposite effect on the heart — drops heartbeat, slows down
the carrying of the impulse in AV node and lowers the
contractility of the atria. Proceeding from the fact, that LF/HF
ratio is an indicator of sympato-vagal balance, which informs
about stress, or mental stress, it was obvious that increasing
this ratio will mean to increase mental stress.

As it was mention, there is currently no norm, which
would state the extent of mental stress based on LF/HF ratio
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TABLE L. WILCOXON TEST RESULTS FOR PERFORMED MEASUREMENTS
WITH MEDIANS (MDN) OF LF/HF RATIO.

Meas. | T2M | T11M | L12M | L17M | TI8M | LI9M | Mdn
T2M 0,002 | 0,604 | 0,888 | 0,489 | 0,297 | 6,23
T1IM | 0,002 0,146 | 0,021 | 0,036 | 0,001 | 4,74
L12M | 0,604 | 0,146 0,762 | 0,968 | 0,278 | 5,77
L17M | 0,888 | 0,021 | 0,762 0,370 | 0,673 | 7,04
T18M | 0,489 | 0,036 | 0,968 | 0,370 0,031 | 5,70
L19M | 0,297 | 0,001 | 0,278 | 0,673 | 0,031 7,26
Mdn 6,23 4,74 5,77 7,04 5,70 7,26

value. On the other hand, evaluation using this parameter is
possible, based on findings of previous studies [15], [25].

In the scope of our work, the results show, that mental
stress was relatively high during the first simulator
measurement with analog visualization of flight data,
compared to measurement which took place after eight
practice simulator flights. In this case, the result was expected,
since repeating the identical flight plan, subjects gained
enough skills and experience. Another expected result was the
fact, that upon switching to aircraft, the level of stress in
participants increases.

The results suggest, that the first measurement of mental
stress using flight simulator (T2M) was not significantly
different from real flights. Assumptions were not proven
between two measured flights (L12M and L17M), where
significant decrease in stress in L17M compared to L12M was
expected. Conditions are however different between simulated
and real flights. Several factors beyond our competence could
possibly influence measurements, such as turbulence or wind
during taking off and landing. These matters caused non-
uniformity of flight conditions which with most probability
caused high variability in the recorded data during L12M.
When changing to the other way of visualizing flight and
navigation data (glass cockpit), it is possible to observe that
during flight simulator measurement (T18M), the LF/HF ratio
is significantly larger than in T11M. Considering the fact that
participants gained experience during real flights, the switch
back to the simulator should cause no trouble.

The only change in this measurement was the change in
data visualization, which made the participants return to the
level of T2M measurement, if we evaluate their sympatovagal
balance. Another assumption was proven when switching back
to aircraft (L19M), where the LF/HF increment, and thus the
stress level increment, was significantly different. In case of
comparing this flight with the previous with analog
visualization, no significant decrease or increase in stress was
found.

The above findings show, that a change in the visualization
of flight and navigation data from analog to digital influences
mental stress in pilots.
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V.

The work aimed to describe the influence of visualization
of flight data on mental stress of the pilot. Based on verified,
and nowadays available means for this kind of evaluation, it
was possible to verify the influence of the change of
visualization on psycho-physiological parameters of pilots.
This area is relatively new and has not been an object of study
yet, therefore more studies in this field are necessary. The
main limitation of this work is a small number of participants.
It would also by suitable to examine the efficiency of pilots
based on measuring the precision of piloting in both types of
visualization and use other parameters, such as breath rate,
myopotentials etc.

CONCLUSIONS

Further development in this topic could reach the design of
such telemetric systems, which could serve for e.g. dynamic
evaluation of pilots” state and provide feedback to the
instructor, of traffic control staff. Aforementioned findings
and proposals can positively influence the improvement of
aviation safety.
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Abstract — Psychological discomfort and stress may
negatively affect various work activities especially in
professions that are directly responsible for the lives and
health of human beings. We can find these kinds of
professions mainly in civil aviation, specifically the
profession of a pilot. Analysis showed, that the legislative
requirements for the qualifications of a pilot, require only
the competence for a particular aircraft but they don’t take
in account the ergonomics of the cabin and the visualization
of the basic flight data (analog, glass-cockpit). That’s the
reason why this paper assesses the influence of flight,
navigation and engine data  visualization on
psychophysiological state of the pilot. In this paper we used
the measuring of the heart rate as the main indicator of
stress. Spectral analysis was used for the assessment of
stress levels with main focus on the activity of the autonomic
nervous system. The evaluation was based on twenty
subjects in flight training, which were divided into two
groups. Each group had different methods of training based
on flight data visualization. The results show that the group
with the more extensive glass-cockpit training exhibit lower
values of psychophysiological stress. These findings may
contribute to the increase of aviation safety and the
description of human-machine interface in aviation.

Keywords: avionics; stress; human factor; human-machine
interface; piloting

L

In terms of training and preparation of pilots, methods
are applied (or rather not applied) connected to switching
of the visualization of basic flight, navigation and motor
data on the instrument panel of the aircraft’s cockpit.
Recent state, which is a reflection of the legal
requirements for pilot preparation for such switch is
objectionable. A pilot’s competence is conditioned by
the plane type, however attributes such as cockpit
ergonomics as for the data visualization are not taking
into the account. Hence the issue of the visualization of
the flight, navigation and motor data is not yet resolved
for particular types of planes. This situation forces a pilot,
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who only has experience with flights using analog
visualization on a particular type of plane, to fly using
digital (glass cockpit) visualization on the same type of
plane without any retraining. These situation occur
mainly in general aviation and they may play a key role
in the human failure.

Recent development in the field of the basic flight,
navigation and motor data visualization on the plane’s
cockpit instrument board steers towards the replacement
of the classic analog indicators (airspeed indicator,
attitude indicator, altitude meter, compass, variometer,
clinometer) with digital visualization using primary flight
display in combination with navigation display (e.g.
GARMIN 1000), which in some cases substantially
change the visualization of the mentioned information
which are vital for piloting and navigation of a plane.

A typical feature of flying a modern aircraft is the
constantly increasing demands especially on the mental
activity of pilots [1], [2], which points out to the necessity
of monitoring psychophysiological parameters. These
parameters can influence the pilot’s performance as for
piloting technique, which results in digressions of the
actual position of the plane and the plane’s trajectory
from the required flight and navigation parameters.

The field of collecting and processing physiological
data of pilots during the flight is a widely discussed
subject. It has been proven, that the measured
physiological quantities are influenced by the change in
the difficulty level of flight tasks both in real and
simulated flights, [3], [4]. It has been also found, that the
level of pilots” mental stress depends on the level of his
training [5]. Mental discomfort of the pilot, high level of
stress, or lack of experience can influence the course of
flight negatively. Exactly for this reason, measurement
and evaluation of psychophysiological state of a pilot in
relation to the cockpit ergonomics can lead to
optimalization of the human-machine interaction in
aviation.

There are various physiological parameters among the
observed values in the evaluation of mental pressure. The



most frequently observed value is the heart rate, then
there come other bodily functions, which directly or
indirectly reflex the activity of the autonomic nervous
system. [6] - [12]. Generally, in stressful situations, the
autonomic nervous system activates its sympathetic
sub-system, increasing the heart and respiratory rate and
blood pressure, as well as blood flow in skeletal muscles,
and decreasing the blood flow in smooth muscles. This
also elevates sensory perception (dilated pupils), activates
energy reserve, etc. On the other hand, parasympathetic
nervous system is active outside stressful situations, and
its effects are basically the opposite of those of
sympathetic nervous system. It slows down the heart and
respiratory rate, increases the blood flow in smooth
muscles, etc. [13]. Thus, using indicators such as heart
rate, it is possible to evaluate whether or not the observed
subject is under stress.

The main objective of this article is therefore the
evaluation of the changes in psychophysiological state
when changing the presentation of flight, navigation and
motor data by means of measuring the heart rate. This
obiective is presented mainly due to the fact that human-
machine interaction plays a key role in aviation and can
affect its safety. Although the evaluation of
psychophysiological parameters is not a new method,
[14], [15] it has never been used in the evaluation of the
influence of avionic data presentation.

II.  MATERIALS AND METHODS

A. Participants

Twenty students of the Faculty of Aeronautics of
Technical University of Kosice, who have been chosen
from among 100 applicants took part in this study. The
choice of the participants consisted in completing theory
and psychological tests and medical examination. Every
selected participant complied with the medical fitness
criteria according to JAR-FCL 3.105. The participants did
not have any previous experience with piloting a plane.

Students were split into two groups (Group A, Group
B), while the first group members undertook a course
using recent training methods focusing on the switch
between the analog and glass-cockpit visualization during
the training. The other group went through theoretical and
practical training for digital visualization of flight data.
Group A consisted of 8 men and 2 women at the average
age of 2245 years, and Group B complied of 9 men and 1
women aged 23+3 years.

B.  Measuring Procedure and training schedule

Flight simulator TRD40, equipped with hardware and
software to simulate flight on CESSNA 172 and
Diamond DA40 was used for the measurements, Real
flights took place at the international airport in Kosice
(ICAO code: LZKZ). In both cases, the analog
visualization was common using so called “Basic-T” set
(Fig.1A). As for the measurements with the digital
visualization alternative, the dashboard was equipped
with an integrated Garmin G1000 flight instrument
system (Fig.1B). This system was used in both TRD40
and DA40.
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Figure 1. Basic flight, navigation and motor indicators presented

by analog (a) and digital (b) data visualization.

Before measurements and simulated flights took place,
all subjects completed basic theory training focused on
coping with piloting followed by instructing the pilots
with simple flight simulator piloting technique using
analog visualization (with duration of one flight hour).
After finishing the first training on a flight simulator, the
first measurement (M 1) of heart rate (HR) of each subject
took place. This was followed by basic piloting technique
training on flight simulator with analog visualization of
flight data (with duration of 8 flight hours) focused on
acquisition of basic piloting skills aiming to follow given
flight parameters including straight and level flight,
horizontal turn to a given course, climb and descent turn
at given vertical speed with turning to the given course.
Except for the take-off and landing, the sequence of the
flight tasks was strictly prescribed in order to maintain
the uniformity of measurement procedure. After
completing the introductory program for flight simulator
with analog visualization, another measurement (M2) of
HR on flight simulator with analog visualization (with the
duration of 1 fight hour) was performed.

Prior to the real flight training, all subjects completed
theory preparation followed by the third measurement
(M3) of HR on a Diamond DA40 plane with analog
visualization (lasting 1 flight hour). Following three
lessons took place on flight simulator with analog
visualization, after which subjects again performed real
flight which was one flight hour long. This stage of
piloting with analog visualization was followed by the
fourth measurement (M4) of HR on an aircraft with
analog visualization (with a duration of one flight hour).
The described training and measurement methodology
was applied to both groups A and B. In the following
stages of the training process, the methodology was
different for both groups.

Group A undertook theoretical preparation for the
acquaintance with glass cockpit visualization according
to the procedures applied by this kind of visualization
change. Added to that, the following numbers of flight
hours usually exceed the number of hours undertaken in
practice, in which also flight simulator is usually not used



SAMI 2015 « IEEE 13th International Symposium on Applied Machine Intelligence and Informatics « January 22-24, 2015 « Herl'any, Slovakia

at all. This means that the subjects from group A
completed brief theoretical preparation (with duration of
1 hour) followed by the fifth measurement (M5-A) of HR
on flight simulator with glass cockpit visualization
(lasting one hour), and the sixth measurement (M6-A) of
HR on an aircraft with glass cockpit visualization (with
duration of one hour).

Group B undertook detailed theoretical preparation for
the acquaintance with glass cockpit visualization which
lasted three hours, plus basic training of piloting
technique on flight simulator with glass cockpit
visualization which lasted four flight hours. After the
completion of this training, the fifth measurement (M5-B)
of HR on flight simulator with glass cockpit visualization
was performed, lasting one flight hour.

In order to compare the measurements, flights had to
be realized at the same atmospheric conditions. The real
flights thus took place during standard flight conditions
with a visible ground surface (VFR).

C. Measuring equipment and data analysis

During  flights  (including simulated flights),
physiological parameters of pilots were recorded using
FlexiGuard, a highly modular system for telemetric
measurement of physiological state [16]. FlexiGuard
system allows for continuous monitoring of physiological
parameters of the user and environment parameters in
real time. It uses commercial Garmin chest band to
monitor heart rate, and connection device using ANT+
for the communication with central unit. Beats per minute
(bpm) and R-R interval data is send to modular sensing
unit (MSU) with frequency of 5 Hz using radio frequency
interface. These data are then send using another RF
interface to the visualization unit. Visualization unit

consisted of a laptop with custom designed software for
measurement of heart rate.

To measure the sympathovagal activity, spectral
analysis of the signal of the R-R intervals was used. To
obtain power spectral density, the authors used a custom
designed software created in Matlab®. The principle of
the processing of such signal consisted in removing linear
trend and following calculation of power spectral density
(PSD) using the Welch method [17], by which the signal
is split to overlapping segments, which are then averaged.
Hanning function was finally used to remove spectral
leakage.

Three basic frequency bands describing autonomic
nervous system are recognized by this type of analysis.
These are very low frequency ban (VLF) ranging
between 0.0033 Hz-0.04 Hz, which indicates altogether
activity of various slow mechanisms of sympathetic
nervous system, then there is low frequency (LF) band
(0.04Hz-0.15 Hz), which reflects the activities of both
sympathetic and parasympathetic nervous systems, but is
generally regarded as a strong indicator of sympathetic
activity, and high frequency (HF) band ranges between
0.15 Hz-0.40 Hz is on the other hand influenced
exclusively by vagal activity (parasympathetic nervous
system) [18], [19]. Powers in the respective bands were
measured by the integration of given sections. Parameters
used in the further measurement were therefore powers in
LF, HF and LF/HF ratio, which reflects the balance
between sympathetic and parasympathetic nervous
system.

According to studies [18], [20]1 stress is often
connected with higher sympathetic activity, lowering
parasympathetic control, or both. With relation to this,
increase in power in the band of low frequencies occurs

TABLE L STATISTICAL SIGNIFICANCE LEVELS FOR HF PARAMETER
Group A Group B
Meas. 1 2 3 4 5 1 2 3 4 5 6
1 - 0.0854 | 0.6433 | 0.7623 | 0.0195* | 0.8242 - 0.7674 | 0.0116 | 0.5905 | 0.9395 | 0.2219
2 0.0854 - 0.2124 | 0.1632 | 0.9047 0.1040 | 0.7674 - 0.0069* | 0.4582 | 0.5370 | 0.1865
3 0.6433 | 0.2124 - 0.7902 | 0.0547 0.7023 0.0116 | 0.0069* - 0.0592 | 0.0045* | 0.3614
4 0.7623 | 0.1632 | 0.7902 - 0.0606 | 0.9697 | 0.5905 | 0.4582 0.0592 - 0.3069 | 0.4438
5 0.0195* | 0.9047 | 0.0547 | 0.0606 - 0.0227* | 0.9395 | 0.5370 | 0.0045* | 0.3069 - 0.0799
6 0.8242 | 0.1040 | 0.7023 | 0.9697 | 0.0227* 0.2219 | 0.1865 0.3614 | 0.4438 | 0.0799 -
* Significant values with p <0.05
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Figure 2. Graphic representation of the HF values distribution for group A (A) and group B (B)



in the evaluation of the heart rate variability, which
represent especially sympathetic segment, and to a lesser
extent, parasympathetic counterpart. At the same time,
power values in higher frequencies (HF) go down in
stress situations, which represent the parasympathetic
activity and/or increase in LF/HF ratio.

Kubios® [19] software was used to test the calculation
accuracy of the software designed for the spectral
analysis.

D. Statistical analysis

Datasets were created from the observed parameters
individually for each measurement. Kolmogorov-
Smirnov test was used to test the normality of the data,
set at the significance level p=0.05. The assumed normal
distribution was not proven in any dataset. Hence for
further statistical testing, nonparametric methods were
used. To determine significant differences between
measurements in particular parameters of spectral
analysis, two tailed Wilcoxon test was used. Testing was
realized at the level of significance p=0.05, and
significant difference was defined for p<0.05.

Results of spectral analysis were statistically
evaluated in Matlab®.

III.  RESULTS

Wilcoxon test found significant differences in group A
between M1 and M5-A measurements of HR. Compared
to M5-A, HF band shows lower power in M1, which
represents higher stress load. This result was assumable,

V. Socha et al. « Effect of the Change of Flight, Navigation and Motor Data Visualization on Psychophysiological State of Pilots

had already had 11 training hours on the simulator and
completed real flight training. Another significant finding
in group A occurred between MS5-A and M6-A
measurements, when subjects undertook training using
digital visualization, while a decrease in HF band
occurred in M6-A, in contrast to M5-A. This result
represents higher stress load during the change to digital
visualization of flight data in a plane even though at this
stage, subjects had finished 17 hours of training. As for
group B, significant difference was found between M2-
M3, and M3-M5-B, while the value of HF band in M3
was lower compared to M2 and MS5-B. These results
indicate higher stress level in M3. Stress load was higher
by the change from the simulator with analog
visualization of flight data to the plane with the same
equipment, by the change to flight simulator with digital
visualization, stress level was lower. When compared to
group A, there was no significant difference between MS5-
B and M6-B. This finding was expected due to the fact
that group B completed four hours of training on the
simulator with digital visualization before M5-B. As it
was also assumed, extra training hours had positive effect
on relieving stress levels. Above mentioned results are
shown in Tab. 1 and graphically presented in Fig 2.

Insignificant result of LF parameters in group A is
interpreted by considerable individual differences in the
way of reacting to stress, some subjects show high
activity of sympatheticus and some especially vagus [18].
In group B, significant differences were found between
M3 and all the other measurements. In M3, there were
lower LF values compared to other measurements, which

since before M1, subjects completed only one flight hour ~ would mean lower stress load, however, since LF
on the simulator when compared to M5-A, by which they =~ parameter  represents  both  sympatheticus  and
TABLE IL STATISTICAL SIGNIFICANCE LEVELS FOR LF PARAMETER
Group A Group B
Meas. 1 2 3 4 5 6 1 2 3 4 5 6
1 - 0.1951 | 0.6499 | 0.7910 | 0.9839 | 1.0000 - 1.0000 | 0.0104* 1.0000 0.9852 1.0000
2 0.1951 - 0.3720 | 0.1799 | 0.2349 | 0.2743 1.0000 - 0.0004* | 0.4065 0.7049 0.4322
3 0.6499 | 0.3720 - 0.5703 | 0.6449 | 0.6774 | 0.0104* | 0.0004* - 0.0005* | 0.0021* | 0.0376*
4 0.7910 | 0.1799 | 0.5703 - 0.7048 | 0.5706 1.0000 0.4065 | 0.0005* - 0.5520 0.7392
5 0.9839 | 0.2349 | 0.6449 | 0.7048 - 0.8881 0.9852 0.7049 0.0021* 0.5520 - 0.8417
6 1.0000 | 0.2743 | 0.6774 | 0.5706 | 0.8881 - 1.0000 0.4322 | 0.0376* | 0.7392 0.8417 -
* Significant values with p <0.05
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TABLE III. STATISTICAL SIGNIFICANCE LEVELS FOR LF/HF PARAMETER
Group A Group B
Meas. 1 2 3 4 5 6 1 2 3 4 5 6
1 - 0.3447 | 0.5708 0.4274 | 0.0163* 0.6776 - 0.6038 | 0.0220* | 0.2110 | 0.4894 | 0.1672
2 0.3447 - 0.3847 0.1405 0.0755 0.1405 0.6038 - 0.0452* | 0.3847 | 0.9682 | 0.2031
3 0.5708 | 0.3847 - 0.8501 | 0.0073* | 0.8501 | 0.0220* | 0.0452* - 0.5205 | 0.0350* | 0.2031
4 0.4274 | 0.1405 0.8501 - 0.0054* 0.8501 0.2110 0.3847 0.5205 - 0.3562 | 0.8968
5 0.0163* | 0.0755 | 0.0073* | 0.0054* - 0.0054* 0.4894 0.9682 | 0.0350* | 0.3562 - 0.2766
6 0.6776 | 0.1405 0.8501 0.8501 0.0054* - 0.1672 0.2031 0.2031 0.8968 0.2766 -
* Significant values with p <0.05
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Figure 4. Graphic representation of the LF/HF values distribution for group A (A) and group B (B)

parasympatheticus, we cannot state precisely which part
is dominant in this situation. Due to the mentioned
individuality and the influence of both ANS parts, we do
not consider this parameter crucial in stress level
evaluation. Levels of statistical significance between
measurements for LF are shown in
Tab. 2 and graphically presented in Fig 3.

As for group A, significant difference was found
between M1 and M5-A, with lower LF/HF values in M5-
A. The results correspond to the HF findings in the same
group. Furthermore, significant difference was found in
both measurements in the plane (M3, M4) compared to
MS5-A on the simulator with digital visualization. This
situation indicates higher stress load during flight.
Similarly to HF parameters, significant difference was
found between MS5-A and M6-A, when higher stress level
occurred after the switch from the simulator with digital
visualization to the aircraft with the same equipment.

In the case of Group B, significant differences were
found between measurements M1-M3, M2-M3 a M3-
MS5-B. These results reinforce HF parameters findings in
the group B, which means that increased stress level is
caused primarily by external factors. Between M5-B and
M6-B, no significant difference was found, which
complies with HR parameters for this group. Described
results are shown in Tab. 3 and Fig. 4.

IV. DISCUSSION

Based on the visualization switch from analog to
digital, we assumed higher levels of stress load in group
A subjects during the transition from flight simulator (M-
5A) to the aircraft (M6-A). At the same time, we
expected lower stress load during the change from flight
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simulator (M-5B) to the aircraft (M6-B) in the case of
group B pilots. This assumption was based on the
difference between the second phase of the training, in
which group B subjects undertook a four hour training on
the flight simulator with digital visualization before M5.
This assumption was proven on the basis of significant
increase in LF/HF parameters and significant decrease in
HF values during the switch from flight simulator with
digital visualization to real flight with digital
visualization in group A. At the same time, as expected,
changes in HF and LF/HF parameters were not
significant in group B.

The assumption about the increase, or decrease of
stress level during training process was not proven only
in M3 in group B. Significant stress load in this
measurement was with most probability caused by
external factors (wind, turbulence, etc.). Although
measurements protocol proceeded from identical
conditions for flight performance (VFR, METAR), some
external factors could not have been changed, mainly due
to the fact that the flight plan was set in advance.

V.

Nowadays, spectral analysis of the heart rate variability
is standardly used for the assessment of psychological
and physical stress. This method has its negatives like the
sensitivity of evaluated signals and/or the impossibility of
the usage of an uneven sampling rate of the signal.
Another main problem can be the insensitivity of the
measured signal. This negatives can be eliminated by
using various of the nonlinear methods. Every ANS is a
nonlinear deterministic system [21] and it offers usage of
the above mentioned methods. One of the most

CONCLUSIONS



interesting methods is the recurrence analysis which is
used more and more frequently for the assessment of
heart rate variability [22], [23].

In general, monitoring of psychophysiological
parameters can contribute to recognize the pilot fatigue
borderlines, decrease in concentration, or current physical
state of the pilot [18].

Some limitations of this work might be measuring
“only* the heart rate, or rather small size of the sample. In
any case, this work points out to the necessity of the
further research of the pilots’ stress levels. In future
studies, it would be interesting to observe and evaluate
more parameters, such as myopotentials, movement
activity, respiratory rate, etc. In any case, the article
shows that the change of the cockpit ergonomics
including the change of the flight, navigation and motor
data presentation causes changes in psychophysiological
state of the pilot and the aforementioned findings and
proposals can positively influence the improvement of
aviation safety.

Furthermore, similar types of measurements may
provide contribution in evaluation of human — machine
interface.
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ARTICLE INFO ABSTRACT

Arﬁclf—’ history: Currently, heart rate variability (HRV) is commonly evaluated using time and frequency domain analysis
Received 2 March 2015 in the clinical practice. Due to the fact that cardiovascular system is regulated by the autonomic nervous
Received in revised form 17 October 2015 system (ANS) that also influences HRV, however exhibits rather nonlinear behaviour, it appears more

Accepted 22 October 2015 appropriate to apply nonlinear methods to evaluate functioning of ANS. This study presents recurrence

analysis as a tool to test the presence of ANS dysfunction that is responsible i.e. for orthostatic (vasovagal)
syncope by which abnormal HRV has been demonstrated in the past.

R Study included 18 patients that experienced vasovagal syncope (mean age 23.7 £5.2 years) and 18

ecurrence plot R . .

Heart rate variability healthy subjects (mean age 24.5+3.2, p=0.85). In all tested subjects, ECG recording was performed
Vasovagal syncope during active orthostatic test that comprised two phases (5 min of resting in a supine position and 5 min
Nonlinear analysis of active standing). Sequence of R-R intervals (time intervals between two consecutive heart beats derived
from ECG) was analysed using standard time (mean RR, mean HR, SDNN, SDHR, RMSSD, NN50 and pNN50)
and frequency domain (LF, HF and LF/HF ratio) analysis. Moreover, recurrence analysis was performed
(RATIO, DIV, AVDL, MAXV, DET, ENTR, LMAX, TT and LAM).

Frequency domain analysis did not demonstrate significant difference between the two groups in any of
the parameters during both phases of the test. On the contrary, both time domain analysis and recurrence
analysis showed comparable findings in both groups during resting phase of the orthostatic test with a
significant change of most tested parameters after stand-up.

As the use of time domain HRV may be perceived as problematic regarding their interpretation in
short ECG recordings, recurrence analysis appears to be a sensitive tool for detecting ANS dysfunction in
patients with vasovagal syncope.

Keywords:
Recurrence analysis

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction theory [1-3] that describe the dynamics of a system [4]. What

makes nonlinear methods so widely used nowadays is their ability

Currently, the field of medicine is experiencing a rising ten- to describe certain ongoing processes in the organism more pre-

dency towards the use of nonlinear methods derived from chaos cisely than a range of other methods [5] that are currently used in
medicine.

Every living organism shows signs of chaotic behaviour ran-

ging from sub-cellular level to vital regulations, such as heart rate

* Corresponding author. Tel.: +420 224358425. and blood pressure [4]. Since dysregulation of the latter may prove

E-mail addresses: pathological and yields significant clinical consequences, measure-
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are particularly instrumental and important in clinical practice.
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nervous system (ANS) regulation, as in the case of vasovagal syn-
copes [6]. Dysregulated oscillation activity of ANS in vasovagal
syncopes is related to hemodynamic changes that lead to sud-
den occurrence of bradycardia and hypotension resulting in loss of
consciousness and collapse of a patient although there is no struc-
tural heart disease present. The most frequent provoking factor
resulting in syncopes is orthostasis that leads to blood concen-
tration in lower limb vessels in sensitive individuals. This blood
redistribution in the vascular space causes lower blood filling of
the heart with resulting activation of baroreceptors in the aor-
tic arch and carotic sinus. Consequently, sympathetic division
of ANS is activated, which results in increased heart rate and
diastolic pressure [7]. However, in patients with vasovagal syn-
copes, no increase of sympathetic division activity occurs. Thus
blood pressure decreases as a result of diminished ventricular fill-
ing and excessive activity of parasympathicus (the other part of
ANS) causes bradycardia through mechanoreceptors in pulmonary
artery, atrial walls and left ventricle [8]. In fact, vasovagal syn-
cope is not a rare disease and falls among the most common
causes of fainting, black-outs, sudden falls and short term loss of
consciousness.

Autonomic nervous system, perceived as a fine example of non-
linear deterministic system [4,9,10], influences heart rate and blood
pressure inorder to secure proper functioning of all organs based on
the state of the body. A constant and balanced tone between sym-
pathicus and parasympathicus is responsible for adequate blood
pressure and heart rate that reflects an actual hemodynamic need.
Thus, ANS functioning can be partly studied using heart rate vari-
ability (HRV), an analysis of heart rate changes over time, which
reflects the heart’s ability to react to the changes of ANS tone
[11].

Clinical assumption on vasovagal aetiology of syncope is verified
in a defined test that aims to de-mask presence of ANS dysfunction
under the heading of so-called orthostatic test. There are two dif-
ferent methods of orthostatic testing, first is active standing and
second is head-up tilt test (HUTT) [12,13].

ANS system dysfunction is believed to be present when blood
pressure and/or heart rate suddenly decreases during stand-up
phase of the test which is usually associated with manifestation
of typical clinical symptoms/syncope. However, HRV analysis has
proven to better identify and measure autonomic dysregulation
responsible for heart rate and blood pressure changes before they
manifest themselves in the form of a syncope. Actually, HRV has
been known to be an effective tool for the prediction of cardiovascu-
lar morbidity and mortality [ 14-16]. For HRV evaluation, there are
commonly used linear methods of analysis (based on time and fre-
quency domain analysis) as well as nonlinear methods [14,17,3,18].
However, linear methods that are based on fast Fourier transform
and autoregressive model proved to have a number of disadvan-
tages [10]. Frequency domain also yields disadvantages such as
long sessions of obtaining data, non-stationarity, lower sensitivity
as well as high sensitivity to noise. On the other hand, recurrence
analysis as a new and promising approach to HRV assessment
seems to be able to tackle these obstacles relying on the observation
that a healthy subject’s ANS immediately responds to impulses of
the organism resulting in lower occurrence of the same or similar
states. In contrast, since autonomic dysfunction causes a signif-
icant simplification of bodily functions control (including heart
rate variability), similar states recur more frequently. Recurrence
analysis seemed to be promising in pilot studies as an effective non-
linear technique capable of presenting discrete abnormalities in
heart rate regulation in earlier stages of the autonomic dysfunction
[9,19-23].

This work primarily aims to verify relevance of recurrence anal-
ysis in the detection of ANS regulation disorders that result in
vasovagal syncopes.

Table 1
Study groups characteristics.

Control group Syncope group The significance
level
Mean age (years) 245+3.2 23.7+5.2 0.8493
Maximal age (years) 33 33 -
Minimal age (years) 20 15 -
Sex (male/female) 9/9 2/16 0.0477

2. Methods
2.1. Participants and measuring procedure

Two groups were formed with the total of 36 subjects. Eigh-
teen patients, 16 women and 2 men, aged 15-33 years (mean
age 23.7 5.2 years), suffering from vasovagal syncope comprised
the Syncope group. The second, Control group comprised of 18
healthy subjects. 9 women and 9 men, aged 20-33 years (mean age
24.5+3.2 years), see Table 1. None of the subjects had history of
cardiovascular disease or other disorders. All subjects participating
in this study gave their informed consent with the examination.

Active standing test (including resting supine position phase
lasting 5min and standing position phase of the same duration)
was used for this study. Subjects were instructed to avoid alco-
hol, caffeine and nicotine consumption for at least 12h prior to
examination. In our autonomic laboratory, heart rate variability
recordings were assessed under standard conditions. We assessed
short-term recordings between 10 a.m. and 12 a.m., and patients
remained in supine rest 15 min before recording. Then the 5min
supine rest phase was recorded. For the standing phase, patients
were instructed to stand up. To prevent artifacts from muscular
contraction, the stand-up phase measurement was initiated after
the patient was fully adapted to standing position (usually 10-15s
after standing up) and then the 5 min standing phase was recorded.
We did not use paced breathing as it was considered less physio-
logical than normal breathing, however, patients were instructed to
breath comfortably a without changing breathing frequency after
changing the position of their body. According to literature [24,25],
we absolutely agree that short term heart indices are subject to
high variation and their reliability is still discussed in literature.
We are trying to achieve similar conditions (i.e. time of exami-
nation, room temperature, humidity, absence of unwanted noise,
etc.) to minimize those variations. During the entire test, ECG and
blood pressure were recorded in both phases and sequence of R-R
intervals (intervals between two consecutive heart beats) was sub-
sequently derived from ECG recording. This series of R-R intervals
was then analysed using Schwarzer FAN Study (FAN®, Schwarzer,
Germany) system and HRV analysis was performed in accordance
with standard measurement techniques and algorithms [26-28].

2.2. Data analysis

Specifically, sequence of R-R intervals has been analysed using
standard time and frequency domain analysis. In addition, recur-
rence analysis was subsequently performed. In case of the former,
following parameters were calculated: mean R-R, mean heart rate
(HR), standard deviation for R-R intervals (SDNN), standard devi-
ation for heart rate (SDHR), root mean square of the successive
differences for R-R intervals (RMSSD), the sum of all R-R intervals
occurring more than 50 ms from each other (NN50), percentual rep-
resentation of NN50 occurrence in the total sum of R-R intervals
(pNN50). Parameters derived from geometric methods (Triangular
interpolation of N-N intervals and HRV triangular index) were not
evaluated, as they are not suitable for short-term 5-min records
[14,29].



J. Schlenker et al. / Biomedical Signal Processing and Control 25 (2016) 1-11 3

For direct evaluation of sympathovagal activity, spectral anal-
ysis of measured R-R intervals was selected. Kubios® software
was used with this regard [30]. This type of analysis distinguishes
between three basic bands, which describe the behaviour of the
autonomic nervous system. There is the very low frequency (VLF)
band (0.0033—0.04 Hz) indicating the overall activity of various
slow sympathicus functional mechanisms, the low frequency (LF)
band (0.04-0.15Hz) reflecting both the activity of sympathicus
and that of parasympathicus (but generally being a major indi-
cator of sympathicus activity), and the high frequency (HF) band
(0.15-0.40Hz) which on the other hand reflects vagal activity (i.e.
parasympathicus) [14,31-33]. Power values in individual bands
were calculated by integrating respective sequences. Parameters
used for further evaluation include power values in LF, HF and LF/HF
ratio which indicates balance between sympathicus and parasym-
pathicus. These parameters were used in previous studies focused
on vasovagal syncope evaluation [34,29,35].

The same sequence of R-R interval was then analysed using
recurrent analysis, methodology of which is described in detail
below.

2.2.1. Phase space reconstruction

Recurrence analysis starts with phase space reconstruction, for
which the length of R-R intervals was used as an input signal.
Every given point in the space phase represents a certain state
of the system. The most commonly used method for phase space
reconstruction is time delay embedding based on Takens’ theorem
[2,36,37].

State variables can be used to describe the state of a system. They
form vectors which represent a trajectory in phase space, which is
N-dimensional for N state variables. On one hand, it is often impos-
sible to observe more than one state variable of a system [2], since
they are either unknown or difficult to measure. Using the Tak-
ens’ theorem [2], however enables us to reconstruct a phase space
trajectory from a single observation:

Xi = (Vis Yigrs -+ 7, (1)

in which m is the embedding dimension, 7 is the time delay and y;
is a single observation, T is period.

Literature offers a range of various approaches when choosing
time delay and dimension [36]. To describe system dynamics fully
using phase space reconstruction, an accurate set of these param-
eters is required [36].

The distance between neighboring elements is given by the time
delay. Small state difference is determined by a small time delay,
and vice versa, large time delays represent states which can be eval-
uated as independent. Autocorrelation function is one of the older
methods for choosing time delay [38,36], however the possibility of
nonlinear processes is not taken into account by this method. The
accurate criterion for choosing time delay, as latest studies sug-
gest, is mutual information function [36,38,39], which enables to
measure mutual dependence of two random variables. The most
suitable way for choosing time delay for space portraits is the first
minimum of mutual information [39]. Using entropy, the mutual
information of two variables can be defined as follows [39]:

< Yir(m-1)r

I(A,B) = H(A) + H(B) — H(A, B), (2)
in which H(A) and H(B) are the entropies and H(A, B) is the joint
entropy of A and B.

An optimal embedding dimension is required right after the
selection of an optimal time delay. It reflects number of the
reconstructed shape space dimensions [36]. False nearest neigh-
bor method represents one of the methods used to set optimal
embedding dimension, and it proceeds from an observation that the
selection of low embedding dimension results in crossing of phase
space trajectory [36], representing a situation when points which

are distant from each other in original phase space become closer in
reconstructed phase space [40]. Modified false nearest neighbour
method was introduced by Cao [40,36,41].

A custom designed MATLAB script (MATLAB R2013a, Math-
Works, Inc., Natick, MA, USA) was used in this study. Cao’s modified
method of false nearest neighbour [40], and method of first mini-
mum of mutual information function [39] (to obtain optimal time
delay) were used in this work as well.

2.2.2. Recurrence analysis

The objective of recurrence analysis is the comparison of all
possible states in the phase space trajectory. It primarily uses recur-
rence plot (RP), which is able to represent recurrences in a dynamic
system graphically (see Fig. 1). RPs are used both to identify interre-
lations between different systems and to find transitions between
different states [2]. This can be described by the following formula:

Rij=0© (e~ lxi=Xll), for i,j=1.2,...,N, 3)

in which N is the number of states x;, € is a threshold distance, || - ||
anorm and ©(-) the Heaviside function.

The most important parameter in recurrence analysis is the
threshold distance. It points out that we can assume an occurrence
of the recurrence point in case when the trajectory between two
states is smaller than the threshold. A number of studies [42,9,21]
focused on the choice of threshold distance €;, which can be set to
e.g. 10% of mean space diameter, 25% of standard deviation, 5-6% of
maximal space diameter or to fixed percentage or recurrence points
(basically ranged from 1.5% to 15% [43]). The above-mentioned
settings are standardly used and we selected the method of fixed
percentage of recurrence points %RR = 2.5% for this study, being one
of the most frequently used method (see also [9,19]).

Graphic representation of multidimensional phase space in 2D
graph (see Fig. 1), immunity to noise and nonstationarity, and
recording chaotic properties without extensive data collection rep-
resent the greatest advantage of RP. Another feature of RP are
recurrence points, diagonal lines as well as vertical and horizon-
tal lines. Sequences of recurrent states are represented by diagonal
lines, whereas the duration of a non-changing, or slowly changing
states are reflected by vertical and horizontal lines. Rare states are
represented by single isolated recurrence points [38].

Finally, structures formed by points and lines yielded by RPs
comprise a basis for recurrence quantification analysis (RQA),
introduced by Zbilut and Webber [44], which allow quantitative
evaluation of RPs.

The following measures are standardly derived from RP: Per-
centage of recurrence points (RR) which form RP. This measure
corresponds to the probability that concrete state will recur [38].
Higher recurrence means lower system variability. However we use
such a threshold distance which ensures 2.5% of recurrence points.

N
1
RR = mZ:R,‘J. (4)
ij=1

Determinism (DET) is the percentage of recurrence points that
form diagonal lines [38]. This parameter corresponds to system
predictability [38]:

N
_.. IP(D)
DET = z’*’;gin (5)
ijRii

in which P(I) is the histogram of the lengths of the diagonal lines
0.
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Fig. 1. Example of orthostatic test results in a young healthy man (a) and a young patient with syncope (b) during the orthostatic test. Upper parts of (a) and (b) depict
variation of R-Rintervals during the two phases of orthostatic test (first (left) part - resting in supine position, second (right) part - standing position; duration of R-R intervals
on axis y and time represented in form of a sequence of R-R intervals on axis x). The lower graphs demonstrate corresponding recurrence plot in both phases of the test in

each patient.

Divergence (DIV) is related with the Kolmogorov-Sinai entropy
of the system [38]:

1

Lmax

DIV = (6)

Laminarity (LAM), percentage of points which forms vertical
lines. This parameter helps to detect laminar states (states that do
not change at all or that change very slowly) [38]:

SN vPw)

V=Vmin (7)
—n
> VPW)
in which P(v) is the histogram of the lengths of the vertical lines (v).
Ratio between DET and RR (RATIO), can be used to discover tran-
sitions [38]:

gy, PO
REEMICN
(k)

The DET and RR ratio (RATIO) are used to identify hidden transi-
tions [38].

Trapping time (TT), the average length of vertical lines. This
parameter informs us for how long is the system trapped in a
specific state [38]. It represents frequency and length of laminar

LAM =

RATIO = N? (8)

states. Low values of LAM and TT indicate high complexity of a
system [9].

N
P
> 0) .

N
z:U:Vminp(u)
Longest diagonal line (LMAX) [38]:
Lmax = max({l;;i=1,...,N}). (10)

Maximum length of a diagonal line LMAX and its reciprocal value
DIV might berelated to the largest positive Lyapunov exponent [38].
Longest vertical line (MAXV) [38]:

MAXV = max({v;;i=1...Ny}). (11)

Average length of diagonal line (AVDL) reflects average time
when there are two segments of the trajectory in phase space close
to each other [38]:

N
_ P
AVDL = Z’*& (12)

S PO

'min
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Fig. 2. Box-plots illustrating the comparison of time domain parameters between patients with syncope and control group during laying phase of the active standing test.

Shannon entropy (ENTR) reflects the complexity of system
dynamics [38]:

N
ENTR = — Z p(1np(l).

[=lmin

(13)

For more details with regard to RQA measures, see also [38].

2.3. Statistical analysis

Parameters of time and frequency domain analysis and RQA
measures were calculated for each subject and each phase of
measurement. Kolmogorov-Smirnov test was used to verify the
normality of parameters in each group. The assumption of nor-
mal data distribution in the observed participant samples was not
proven in any of the cases and the normal data distribution hypoth-
esis was rejected at significance level p=0.05.

Therefore, non-parametric Wilcoxon test was used to com-
pare statistical significance in the two observed groups. Testing
was realized using significance level p=0.05, and results p<0.05
were considered significant. The results and observed differ-
ences in the measured parameters between the two groups were
visualized as box-plots representing median, the first and third
quartile, maximum, minimum and extreme values of the obtained
statistic samples. The statistical analysis was performed in MAT-
LAB environment (MATLAB R2013a, MathWorks, Inc., Natick, MA,
USA).

3. Results

According to an earlier study by Pietrucha et al. [45], syncopes
were induced in similar proportion of women and men. Also, there
was no significant relation between gender and orthostatic test
results [45].
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Fig. 3. Box-plots illustrating the comparison of time domain parameters between patients with syncope and control group during standing phase of the active standing test.

Time domain evaluation of R-R interval analysis revealed a
significant drop in the values of SDNN (p=0.0111), mean HR
(p=0.0018), NN50 (p=0.0031), pNN50 (p = 0.0042) parameters, and
a significant rise in the value of Mean RR (p=0.002) parameter in
patients with syncope during the second phase of the active stand-
ing test in contrast to the first phase where a significant difference
was found only in RMSSD (p = 0.0421) parameter, see Figs. 2 and 3.

On the other hand, spectral analysis of R-R intervals did not
identify any significant differences between the groups during the
second phase of the active standing test, see Fig. 4. These two groups
differed only in the significantly lower ocurrence of LF (p=0.0032)
in the syncopal group in the first phase of the test (Fig. 4).

Results of recurrence analysis are depicted in Fig. 1, 5 and 6 and
in Tables 2 and 3.

Fig. 1 demonstrates examples of findings in a healthy sub-
ject (Fig. 1a) with significant shortening of R-R intervals after
standing-up (resting phase on the left, stand-up phase on the right
of appropriate graphs in Fig. 1a and b) and with two distinctly

separated parts in the recurrence plot. On the other hand, in a syn-
copal patient (Fig. 1b), no clear heart rate change after stand-up
was apparent and both phases of the tests overlap in the recurrence
plot.

No significant change was found in RQA measures during the
first phase of the orthostatic test (resting in supine position)
between both groups. Wilcoxon test showed, that medians of the
examined RQA measures were not significantly different (Fig. 5).
Table 2 summarizes mean values of all RQA measures in the resting
phase of the orthostatic test.

On the contrary, significant differences were found in most RQA
measures between patients and the control group in the standing
phase of the orthostatic test (Fig. 6). Significantly lower divergence
(DIV) and significantly higher proportion of points forming diagonal
lines (DET), length of the longest diagonal line (LMAX), points form-
ing vertical lines (LAM), the average length of diagonal lines (AVDL),
RATIO, the average length of vertical lines (TT) and maximal length
of vertical line (MAXV) were found in Syncope group.
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Fig. 4. Box-plots illustrating the comparison of frequency domain parameters between patients with syncope and control group during laying phase (Phase 1) and standing
phase (Phase 2) of the active standing test.

Table 2

Overview results: the medians of RQA measures during first phase of active standing test.

RQA measure Control group Syncope group The significance level
25th 50th 75th 25th 50th 75th

DET 0.1676 0.2547 0.3191 0.1676 0.2508 0.3191 0.5198
DIV 0.0852 0.0955 0.1607 0.0852 0.1181 0.1607 0.6257
LAM 0.1624 0.3508 0.4646 0.1624 0.2204 0.4646 0.2750
RATIO 6.6927 10.1700 12.7252 6.6927 10.0017 12.7252 0.5198
T 2.0364 2.3160 2.4785 2.0364 2.1567 2.4785 0.8424
AVDL 2.2603 24914 2.7799 2.2603 2.3428 2.7799 0.4380
MAXV 3.0000 6.5000 7.7500 3.0000 5.0000 7.7500 0.1681
LMAX 6.2500 10.5000 11.7500 6.2500 8.5000 11.7500 0.8500
ENTR 0.5836 0.8407 0.9955 0.5836 0.7253 0.9955 0.4380

25th: 1st quartile/25th percentile; 50th: median/2nd quartile; 75th: 3rd quartile/75th percentile.

Table 3

Overview results: the medians of RQA measures during second phase of active standing test.
RQA measure Control group Syncope group The significance level

25th 50th 75th 25th 50th 75th

DET 04178 0.5232 0.6511 0.6208 0.6743 0.7059 0.0238
DIV 0.0171 0.0282 0.0580 0.0102 0.0159 0.0240 0.0236
LAM 0.5632 0.6408 0.7412 0.7061 0.7457 0.7943 0.0099
RATIO 16.6148 20.9085 26.0312 24.6308 26.9236 28.1627 0.0153
T 2.5700 2.7229 3.1141 2.8882 3.1127 3.3084 0.0338
AVDL 2.7310 2.8101 2.9780 2.8636 3.1686 3.4910 0.0086
MAXV 8.0000 9.0000 12.7500 10.2500 16.0000 19.5000 0.0189
LMAX 17.2500 35.5000 58.5000 41.7500 64.0000 99.2500 0.0052
ENTR 0.9889 1.0721 1.2326 1.1299 1.2952 1.3782 0.0649

25th: 1st quartile/25th percentile; 50th: median/2nd quartile; 75th: 3rd quartile/75th percentile.
Significant values (p 0.05) are in bold.
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Fig. 5. Box-plots illustrating the comparison of RQA measures between patients with syncope and control group during laying phase of the active standing test.

Higher values of DET reflect more frequent return of the sys-
tem into the previous state reflecting the system’s predictability.
Significant differences in TT and MAXV were also identified, see
Table 3.

4. Discussion

It is well known that the rigidity of sinus rhythm, i.e. a decrease
in HRV is a negative prognostic marker [46,14].

The results of time domain analysis showed significant differ-
ences between the groups in the second phase of the active standing
test. These findings correspond to results presented in previous
studies, e.g. Lagi et al. [47] despite the fact that the analysed record
was 24 h long in their study. On the other hand, results yielded
by frequency domain analysis did not point to any significant

differences between the groups in any phase of the test. Based
on our results, it is not possible to verify the claim [29,35] that
HRV analysis is capable of identifying differences between patients
and the control group, with respect to autonomic nervous system
activation as a reaction to orthostasis, or of reflecting changes in
the autonomic nervous system related to the onset of vasovagal
episodes. In any case, the measuring protocol is partly divided in
our study, with the main focus on the total test duration of 10 min-
utes without using tilt table. With regard to spectral analysis, it
is also necessary to take into account a significant interindivid-
ual variability [31], which may significantly distort the results with
errors.

This pilot study identified significant differences between
results obtained from vasovagal syncope patients and healthy sub-
jects using recurrence analysis. Our study demonstrated that the
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Fig. 6. Box-plots illustrating the comparison of RQA measures between patients with syncope and control group during standing phase of the active standing test.

RQA measures did not differ significantly in the two groups in the
first phase of the orthostatic test (resting phase). This finding was
predictable, since the activity of ANS between vasovagal syncope
patients and healthy population does not differ in resting position
[48].

In the second phase of active standing test, expected clinical
symptoms typical for syncope patients took place [48]. At the same
time, changes occurred in the RQA measures. The Syncope group
yielded higher DET, LAM, MAXV, TT, AVDL, RATIO and LMAX and
lower DIV values reflecting lower heart rate variability, which imply
pathological conditions.

Increase in DET values generally points out to a more frequent
return of the system (sinus rhythm) to previous states [49] and at
the same time, increase in LAM values reflects higher rate of lami-
nar phases in the system [49], and thus an increased intermittence.

An increase in MAXV value in patients with syncopes points out
to the fact that sinus rhythm remains in its previous phase longer
[49]. Additional data to MAXV is TT, which represents the time span
of a specific state in the system [49]. Higher values of AVDL levels
in patients with syncope also reflect lower variability. An average
length of an AVDL diagonal line represents a state when the trajec-
tory in the phase space runs directly into another segment of the
phase space, also called mean prediction time [38].

The significant differences observed between these parameters
in healthy subjects and in patients with syncopes after verticaliza-
tion reflect lower HRV. This means that increase in the parameters
implies a higher predictability of the system [50].

The aforementioned observation is caused by the fact that phys-
iological circumstances activate the regulatory function of ANS in
terms of the adaptation to the given situation either by increased
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activity of sympathicus or parasympathicus, to preserve balanced
system and to avoid the occurrence of pathological states. These
changes in the activation of the two parts of ANS at the same time
cause significant deviations in heart rate. However, in the case of
syncope, with disorders in regulatory function of ANS (decreased
activity of sympathicus), these mechanisms cannot take place, and
thus apparent influence of ANS on heart activity in terms of heart
beat variability are not as significant.

5. Conclusions

In our study, recurrence analysis was applied for evaluation of
HRV with the aim to identify ANS dysfunction that is responsible
for orthostatic syncopes in patients. Results from recurrence anal-
ysis were compared with the standard HRV analysis that is based
on time-domain and frequency domain analysis. Our results sug-
gest that recurrence analysis may be useful tool for identifying
patients with autonomic dysfunction that present with orthostatic
syncope and that this method may be more sensitive in detecting
ANS dysfunction than the measures of HRV derived from time and
frequency domain analysis. Since these standard methods of HRV
analysis have been demonstrated to be useful in the assessment
and identification of high-risk patients with cardiovascular dis-
eases connected to heart attack [15,16,46] or diabetic neuropathy
[27,28], recurrence analysis with its possibly higher sensitivity to
detect ANS dysfunction may help in the risk-stratification of these
patients in the future.

However, since recurrence analysis represents a new method,
some questions related to optimal set of input parameters (espe-
cially the threshold distance) remain open and widely discussed
[42,43]. Moreover, this study represents a pilot project and the
demonstrated findings should be perceived in this light, as a rel-
atively small number of subjects in both groups and the lack of
gender-matched control group pose certain limitations. Therefore,
future studies in this area would be appreciated.
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Abstract—Atrial fibrillation ranks among the most common
heart rhythm disorders. Considering the lack of any trusted
method capable of foreseeing possible recurrence of atrial fibril-
lation after it has been terminated, nonlinear analyses of beat-to-
beat heart rate variability demonstrate promising potential. This
work focuses on verifying the capability of the nonlinear methods
to differentiate patients with early recurrence of atrial fibrillation
from those with stable normal sinus rhythm after cardioversion.
Both patients groups underwent the active-standing test involving
ECG measurement. Recurrence quantification analysis was used
to evaluate sequences of intervals between two consecutive heart
beats. The data were derived from body surface ECG signal.
The results selected those parameters capable of identification of
patient groups during the initial phase of the active-standing test
prior to cardioversion.

Keywords—active-standing test; atrial fibrilation; cardiover-
sion; heart rate variability; recurrence quantification analysis

I. INTRODUCTION

Atrial fibrillation (AF), as a remarkably common type of
cardiac arrhythmia appears to be a considerable variable in
morbidity and mortality rates. The occurrence of the disease
rapidly increases with age, and most frequently develops in
patients suffering from hypertension, ischemic heart disease,
valvular heart disease etc. Patophysiology describes it as a
number of re-entry circuits in the atria [1]. The most common
symptoms include e.g palpitation, dyspnoe, presyncopes. Stan-
dard therapy focuses on three objectives: heart rate monitoring,
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maintaining sinus rhythm and prevention of thromboembolism
and related complications [2]. The focus on heart rate con-
trol relies mainly on pharmaceutics. Restoring normal sinus
rhythm can be also achieved via medication, however the
most efficient alternative is the electrical cardioversion for
atrial fibrillation. The short-term efficiency is between 70-
90%. The energy required to restore sinus rhythm ranges
between 50J and 360]J in the case of monophasic shocks, while
a significantly lower range (20J-200J) applies for biphasic
shocks, reaching nearly 100% efficiency [3], [4]. However,
recurrence of atrial fibrillation in the following days or weeks
after originally successful electrical cardioversion is quite
frequent. Therefore, tools to predict successful restoration
of sinus rhythm and its longer-term persistence are of high
clinical relevance and importance.

Considering the fact that the autonomic nervous system
(ANS) controls the cardiovascular system, it is presumed that
autonomic dysfunctions affect the onset and development of
AF [5].

Complex behavior of ANS limits our ability to fully un-
derstand and describe autonomic regulation. Current methods
of ANS testing are based on heart rate variability (HRV)
evaluation. Slight changes in heart rate serve as sign of gener-
ally normal functioning of ANS, while autonomic dysfunction
is characterized by diminished heart rate variability. Since
it is believed that autonomic control plays a role in the
development and maintenance of atrial fibrillation, study of
heart rate variability may give an insight into the functioning
of ANS.

The HRV analysis is based on the evaluation of sequence
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of intervals between consecutive beats that are derived from
surface ECG as a sequence of so-called R-R intervals (see
Fig.1). Various methods are then used for further analysis,
while straight-line methods based on the time and frequency
domain have become the standard choice [6]-[9]. On the
other hand, non-linear methods such as the recurrent analysis
and fractal dimension are becoming the point of focus in a
growing number of studies due to the non-linear nature of
autonomic nervous system behavior [10]. It would be useful
for clinical practice to establish reliability of these methods in
the prediction of AF recurrence within a certain timeframe.

The objective of this work is thus to apply non-linear
methods on R-R intervals analysis and identify paramaters
capable of predicting recurrence of AF after it has been
successfully terminated.

II. MATERIALS AND METHODS
A. Subjects and measuring protocol

Study population consisted of 66 patients with atrial fib-
rilation, average age 66 + 10 (SD) years (as to the date
when measurements were performed). Due to the diagnosed
AF, all patients underwent delectrical cardioversion in order
to terminate the arrhythmia and restore normal sinus rhythm.
Before and after the cardioversion, modified orthostatic test
with continual ECG recording was performed. During the
first phase, a subject was lying still on his or her back for
10 minutes (Phl), the second phase required a patient to
sit for 8 minutes (Ph2), which was followed by returning
to horizontal position for 8 minutes (Ph3), and finally, the
subject performed upright stance for as long as 8 minutes
(Ph4). Figure 2 describes the whole measurement process,
which actually represents active-standing test [11], [12].

On the 5th and the 30th day following the cardioversion,
the patients underwent a 24 hour ECG monitoring using an
ambulatory electrocardiography device (i.e. Holter). Its pur-
pose was to identify recurring arrhythmia (atrial fibrillation).
Besides this procedure, patients were continuously monitored
by the medical staff via regular medical checkups.

Based on the medical observation as well as Holter records
results, patients were further divided into two groups. The first
group (Grl) included those subjects, which did not show signs
of recurrence of AF during the observed period of 30 days
after successful cardioversion. Patients in which AF recurred
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Fig. 1. Example of ECG curve with representation of QRS complex and R-R
interval.

between 5th and 30th day represented the second group (Gr2).
Patients diagnosed with AF recurrence within 5 days were
excluded from further evaluation.

The subject sample for further evaluation was reduced to
42 patients aged 65.9 &+ 10 (SD), while Grl comprised of 27
subjects (12 women and 15 men) aged 64 + 8.2 (SD), and
Gr2 included 15 subjects (6 women and 9 men) aged 69 +
13 (SD).

All measurements and the entire experiment was perfomed
by professional medical staff at Department of Cardiology
of Motol University Hospital using noninvasive methods in
accordance with “Ethical Principles for Medical Research
Involving Human Subjects” (Helsinky Declaration [13]).

B. Data processing

The initial stage of processing ECG signals from subjects
included the detection of R peaks of the QRS complex (see
Fig.1) in Lead II, which is commonly used to record the
rhythm strip [14].

Detection of R wave (peaks) from ECG was realized using
the Pan-Tompkins method [15], while utilizing a custom
designed MatLab software (MatLab R2013b, Mathworks, Inc.,
Natick, MA, USA). Following the detection of R peaks of the
QRS complex, R-R intervals were calculated using the form
R(j + 1) — R(j), in which j = 1...n.

Recurrence quantification analysis (RQA), a method for
describing recurrence plots, was then used for quantitative
evaluation of the recurrence plots created from R-R interval
signal. The method in fact represents a 2D visualization of N-
dimensional phase space. The potential of this type of analysis
in detecting dysfunctions of ANS has been previously demon-
strated in the fields of cardiology, neurology, or epileptology
[12], [16], [17].

Thus, reconstruction of the phase space of the signal in
form of R-R intervals represented the first step in the analysis
process and relied on the time delay method, which is a
common choice in similar studies [18]. A method using the
first minimum of mutual information was used to determine
the optimum time-delay [19]. The choice of the optimum
dimension, being the extension of the false nearest neighbour
method described in [20], followed as the next step. The
final significant attribute affecting the resulting recurrence plot
is the threshold value e, representing the minimum distance
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Fig. 2. Illustration of the course of the active-standing test.
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between two adjacent points. If this value is lower than e,
logical one is placed in the recurrence plot, otherwise the
result is logical zero. The commonly used threshold value
represents the fixed percentage of recurrence points with its
value ranging between 1.5-15% [21], [22], [23]. Following
previous works published by the authors, in this case it was
opted for € = 8.5%.

Proceeding from the above, recurrence plot of the phase
space of R-R intervals was created (see Fig.3). Parameters
describing the dynamics of HRV were derived from the
recurrence plot [18], namely RR, DET, LAM, RATIO, AVDL,
TT, MAXYV, LMAX, DIV, ENTR and TREND.

RR - recurrence rate measuring the density of recurrence
points within the recurrence plot. DET represents the pro-
portion of recurrence points which results in the formation
of diagonal lines, reflecting the system‘s recurrence into the
identical or similar state. LAM is understood as an analogy
(for vertical lines) to the definition of DET and describes lami-
narity of the system. RATIO represents the ratio between DET
and RR, describing the system‘s dynamics. AVDL is defined
as the average length of diagonal lines. TT trapping time is
an analogical parameter of AVDL for vertical lines. MAXV is
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Fig. 3. Example of recurrence plot (top) created using phase space recon-
struction of the signal in the form of R-R intervals (bottom). Recurrence plot
is formed by recurrence points, which forms lines and structures that are basis
for recurrence quantification analysis.
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Fig. 4. Example of the MAXV parameter distribution and the course of
active-standing test in Grl and Gr2 before (Bf) and after (Af) cardioversion.

the acronym for the length of the longest vertical line as well
as its analogical value for diagonal lines LMAX the length of
the longest diagonal line (maximum time of recurrence). DIV
represents the inverse value of LMAX. ENTR measures the
Shannon entropy of the probability distribution of the diagonal
line lengths. TREND is a linear regression coefficient over
the recurrence point density assesing non-stationarity in the
process. The parameters are further described in [24].

The above parameters were calculated for each measure-
ment phase in every subject in either Grl or Gr2 both prior
to and following the cardioversion.

C. Statistical analysis

Statistical assessment was performed with datasets charac-
terized by the evaluated RQA parameters for the respective
patient groups in individual test phases before and after
cardioversion. The objective of the statistical evaluation was
the comparison of the patient groups within the entire course
of the test. The initial stage of the statistical analysis was the
evaluation of data distribution in the datasets. Kolomogorov-
Smirnov [25] test of normal distribution was performed in the
MatLab environment at the significance level of p = 0.05,
which verified the normal data distribution hypothesis for
p < 0.05. Normal distribution was found only in two datasets.
Due to this fact, nonparametric Wilcoxon test [26] was chosen
for further evaluation. The hypothesis of significant intergroup
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TABLE 1.

RESULTS IN FORM OF WILCOXON TEST P-VALUES FOR COMPARISON OF GROUP 1 AND 2.

p-values of Wilcoxon

Parameter test

PhI Before | Phl After | Ph2 Before | Ph2 After | Ph3 Before | Ph3 After | Ph4 Before | Ph4 After
RR 0.753307 0.587833 | 0.004349* |0.807875 |0.006521* |0.167261 |0.866010 0.385621
DET 0.016473* |} | 0.985624 | 0.136566 0.134769 |0.138675 0.246583 | 0.429538 0.5764438
DIV 0.003499* 1 | 0.880945 | 0.573815 0.029306* | 0.127963 0.194148 | 0.056028 0.050034
LAM 0.655641 0.250851 | 0.302549 0.149634 | 0.155318 0.465531 | 0.298389 0.652372
RATIO 0.016473* |} | 0.985624 | 0.136566 0.134769 |0.138675 0.246583 | 0.429538 0.576448
TT 0.100256 0.142741 | 0.402869 0.860952 | 0.179486 0.525549 |0.483450 0.652372
AVDL 0.003414* 4} | 0.121776 | 0.095394 0.925459 |0.055334 0.495731 | 0.960506 0.774556
MAXV 0.018548* 4} [ 0.613594 | 0.390779 0.154717 |0.847802 0.564031 |0.739548 0.294212
MAXD 0.004888* {1 | 0.730938 | 0.520431 0.111298 |[0.017732* |0.730961 |0.234591 0.090263
ENTR 0.003927* 1 | 0.041039* | 0.287033 0.871173 | 0.090156 0.311528 |0.940789 0.745476
TND 0.138651 0.321247 | 0.881659 0.304388 [ 0.000619* |0.635927 |0.928932 0.381133

* Intergroup significant difference (p < 0.05); f} - median of the parameter is higher for Grl compared to Gr2; |} - median of the parameter is lower for Grl compared to Gr2

difference between the observed phases and groups was veri-
fied for p < 0.05.

Demonstration of the results via figures illustrates only one
example (due to the rather extensive number of diagrams),
describes the course of test phases for Grl and Gr2 for the
MAXV parameter (Fig.4). More specifically, Fig.4 presents
boxplots describing the distribution of an observed parameter
for a subject group (vertical lines from the bottom - minimum,
first quartile, median, third quartile, maximum) in the respec-
tive phases of the active-standing test both before and after
cardioversion.

The major objective is to compare the course between
the groups of Grl and Gr2 in order to determine the most
significant parameters and phases of the active-standing test,
based on which, atrial fibrillation and its successful termination
may be predicted.

III. RESULTS

The results pointing to significant intergroup difference are
presented in Tab.l, in the form of p-values calculated by the
application of Wilcoxon test. Values of p < 0.05 describe
intergroup difference in a given parameter for a given phase
of the active-standing test. It is specifically apparent that the
significant difference between the Grl (subjects in which the
arrhythmia did not recur) and Gr2 (recurrence between Sth and
30th day following the cardioversion) demonstrates during Ph1
before the cardioversion. Significant differences for Phl were
thus found for DET, DIV, RATIO, AVDL, MAXYV, MAXD
and ENTR.

Significant difference was also found for the ENTR param-
eter during Phl after the cardioversion. Ph2 of the active-
standing test did not identify any remarkable intergroup dif-
ferences considering the observed parameters except for the
RR and DIV parameters. The evaluation of Ph3 before the
cardioversion suggests significant intergroup differences in
RR, MAXD and TND. Ph3 after the cardioversion failed to
identify any significant differences for any of the parameters.

During the phase of the test which involved moving to the
upright stance, no intergroup differences were found in any of
the parameters, neither before, nor after the cardioversion.

The results thus show, that the most appropriate phase for
the identification of patients with successful AF termination is
Ph1 before cardioversion, while the most differentiating RQA
parameters are DET, DIV, RATIO, AVDL MAXYV, MAXD,
ENTR. Significant changes in the observed parameters were
hardly seen during the remaining phases.

IV. DISCUSSION

Based on presented results it appears, that there are not
visible differences between two patients groups with diagnosed
AF after performed cardioversion. This finding would be
presumable as, in fact, physiologically normal sinus rhythm
was restored in each examined patient.

The results further suggest that it is possible to separate
the group of patients with AF and with the expected recurrent
fibrillation within 30 days from those patients who will not
experience recurrence. Identification of differences between
Grl and Gr2 is the clearest during the first phase of the active-
standing test while RQA parameters point to changes in HRV
between the observed groups.

Increased values of the DET and ENTR parameters in Gr2
indicate lower variability compared to Grl. The determinism
in Grl suggests that the system tends to return to the previous
states more frequently than in the case of Grl. Entropy sug-
gests higher variability diagonal line lengths in Grl compared
to Gr2, i.e the system is more predictable. On the other hand,
higher values of MAXYV, MAXD and AVDL in the case of Grl
indicate that once Grl system returns to the same or similar
state at a different time, the state is kept longer compared to
Gr2. Higher values of RATIO, and vice versa lower values
of the DIV parameter in Gr2 than in Grl suggest lower
HRV. Similar results can be observed in the case of vasovagal
syncopes [12].
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Increases or decreases in the median of the observed signif-
icance parameter during the first phase of the active-standing
test before the cardioversion is presented in Tab.I.

V. CONCLUSION

Having the results presented and discussed, we arrive at the
conclusion that prediction of AF and its successful termination
does not depend on the evaluation of the active-standing test
phases. It follows from the results that for this purpose, ECG
measurement of a patient lying in a horizontal position is
sufficient. The most significant markers capable of prediction
of successful AF termination might be the parameters of RQA
(in the case of our study DET, DIV, RATIO, AVDL, MAXYV,
MAXD and ENTR).

The results of the recurrence analysis indicate the po-
tential of the method in the prediction of successful AF
termination. Nevertheless, future studies might require more
specific division of subjects into individual groups, based on
diagnoses and risk factors triggering pathological conditions
of the myocardium and consequent onset of atrial fibrillation.

Opportunities in this field appear also for the use of other
nonlinear methods such as analysis of fractal dimensions, or
Lyapun exponents.

The possibility to succeed in complex predictions of car-
dioversion success using simple tests and RQA analysis would
open up for alternative treatment methods (pharmacological,
surgical etc.) which would facilitate the decision making of
doctors. Last but not least, this might also reduce the duration
of the treatment period in patients with AF.
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Abstract

Psychological discomfort or increased stress can negatively influence performing specific activities mainly concerning
professions which are responsible for human lives. Such group of professionals includes aviation specialists, especially
pilots. Psychophysiological state is indicated by certain physiological parameters by means of which it is possible to
describe it. There is a wide range of methods for signal processing of measured physiological parameters which are,
however, based on linear methods. This paper deals with application of non-linear method, the so-called recurrence
quantification analysis for evaluation of psychophysiological state of pilots. For this purpose, R-R interval recording of
pilots in training was conducted by the means of wearable telemetric system. Research sample consisted of 35 beginner
pilots and measurements were performed during both simulated and real flights. Measured signal processing was done
using standard time-series analysis (Mean R-R and SDNN) and also using recurrence quantification analysis. The
results indicate that both standard and recurrence quantification analysis parameters were able to distinguish between
two groups of measurements (simulated vs. real flights) at the significance level of p < 0.05. Apart from that, the results
indicate considerable increase of heart rate frequency and decrease in its variability during real flights.

KEY WORDS: recurrence quantification analysis, heart rate, piloting, pilot training, flight simulator

1. Introduction

In the domain of aviation, air carriers are willing to achieve maximum comfort and safety of passengers.
Achieving this depends on pilot, his co-pilot but also on various aviation employees or flight parameters. Flight
parameters are influenced by the effect of environmental conditions on pilot and so it is flight safety. There are plenty of
specific influences on human organism during flight, which depend on physical properties of surrounding environment,
aircraft performance, demanding nature of required actions and on mutual effect of these influences on physiological
functions of individual organs [1]. The goal of all human factor studies in aviation was and still is increase of flight
safety. Owing to the acquired knowledge, awareness of pilot’s stress load during flight is expanding also in terms of
how to resist it or how to cope with it.

Individual aviation accidents statistics differ regarding the number of accidents caused by human factor.
According to PlaneCrashinfo.com, 67.57% of aviation accidents are caused by human factors whilst almost 54% is
caused by fatal piloting error. Majority of these errors emerges during approach and landing phase but almost 28% take
place during routine flight phases [2]. Piloting errors are caused by various factors, for instance fatigue accompanied
with reduced awareness, stress, flight crew’s psychological state or inexperience in critical situations. The very pilot’s
state is indicated by his or her physiological parameters by means of which it is possible to evaluate his or her
psychophysiological condition. In this field, majority of studies is focused on stress evaluation using heart rate
variability (HRV) [3], [4]. The reason is that HRV reflects autonomic nervous system (ANS) modulation, which allows
differentiating between connection of sympathetic and parasympathetic elements. With the help of ANS (sympathetic
and parasympathetic) behavioural specification, it is possible to partly objectivise the effect of stress on human
organism. From short-term perspective, the stress itself brings some benefits to organism. During long-term persistence,
however, all benefits are lost and it can lead to fatigue or possible pathological consequences [5]. Such state is for pilots
unacceptable.

As mentioned, most studies use HRV regarding identification of load, stress or more precisely adverse
psychophysiological condition. Obtained signal evaluation methods are mainly based on time-series or spectral analysis
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[6], [7], which are linear methods. Autonomic nervous system is characterised as non-linear deterministic system
though [7]. The goal of this paper is to verify non-linear method application (recurrence quantification analysis (RQA))
on pilots’ psychophysiological state evaluation. The concept of HRV evaluation using RQA is expanding but it was
never used for pilots’ evaluation.

2. Materials and Methods

For the purpose of verification of RQA suitability for its application on evaluation of psychophysiological state
of pilots, heart rate frequency measurement was used for pilots in training. Research sample consisted of 35 subjects (27
men and 8 women) put in flight simulator (type TRD40) training and real flight training on Diamond DA40 aircraft.
The pilots were students at Technical University of Kosice and at the age of 23 + 4 years. Selection of research sample
was conditional on medical fitness and theoretical knowledge of flight fundamentals. Specifications of the training are
described closer in preceding study (see [8]). In essence, the point was to experimentally set the training for beginner
pilots with the main emphasis put on simulator training with implemented real flights. Members of the sample
completed continuous preparation covering 11 flight simulator hours followed by one flight hour on Diamond DA40
aircraft and then next 3 flight simulator hours were followed by another two flight hours finishing the training.
Individual flights were uniform and consisted of series of precisely predefined manoeuvres. For the purpose of this
study, it was the first transfer between simulated and real flying which was monitored. Estimated stress load was
tracked and it was assumed that it would follow ascending trend concerning simulated and real flight comparison.
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Fig. 1 Data processing: A - system FlexiGuard with central collection unit (1) and chest strap for heart rate monitoring
(2); B — example of R-R interval; C — example of heart rate frequency signal in the form of R-R intervals;
D — example of recurrence plot)

To verify the increase or decrease in stress load, ECG recoding was performed at 11" (simulated flight - SF) and
12" (real flight - RF) hour of training. FlexiGuard (FG) system (Fig. 1, A) was used for data recording. It is a wearable
telemetric modular system designed for this purpose by Faculty of Biomedical Engineering, CTU in Prague (see [9]).
The system is capable of continuous data recording of several physiological parameters but for the purpose of this
study, only heart activity data were used, recorded by means of Garmin® chest strap. FG system recorded R-R interval
data (Fig. 1, B) tracking time intervals between two characteristic ECG peaks. This concept is used mainly for heart rate
variability evaluation, which could indicate various pathophysiological states such as stress [10]. R-R intervals
measurement was performed during entire flight where the measurement begun at the time of take-off roll initiation and
stopped at the time of touchdown.
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The recorded signal (Fig. 1, C) was processed in two ways. The first way consisted of standard variables
calculation used in clinical practice. Calculated were mean R-R, indicating average heart rate, and heart rate variability
throughout standard deviation of N-N intervals (SDNN) which means SD of R-R intervals in our case [6]. This
calculation was performed with regard to the verification of RQA suitability. The second way of data processing and
evaluation consisted of procedures for creating recurrence plots (Fig. 1, D) which are essential for RQA. Detailed
description of R-R interval signal processing by the means of recurrence analysis is presented below.

2.1. Signal Processing - Recurrence Analysis

In the domain of medicine research, non-linear analysis is becoming widespread. It is based on signal trajectory
reconstruction in phase space [7]. One of non-linear analysis methods is recurrence analysis, which stems from theory
of chaos. Recurrence analysis allows visualising recurrence of dynamic systems. For this visualisation, a time-series is
needed with no requirements for its length, stationarity or distribution. It is possible to monitor dynamics of the entire
system by means of this multidimensional method. First step is to establish multidimensional system, which relates to
the original phase system. Phase space and distance matrix (DM) are to be computed here. Then points are identified
which are distant in time but in terms of selected radius they are space neighbours. This creates recurrence plot
(Fig. 1, D). The last step is evaluation of recurrence plot with the help of RQA.

Trajectory in phase space expresses dynamics of the entire system and with the help of several methods it can be
reconstructed from just one scalar time-series. The most commonly used method is time delay embedding method,
which prescribes following signal reconstruction [11]:

[x X(t +7).. ,x(ti+(m—1)r)], 1)

where i =1...M; m is embedding dimension; 7 is time delay and M= N - (m - 1) z, where N is amount of samples.
Reconstructed phase space in this way is not identical with the original phase space but under certain conditions,
dynamics of both systems are the same [11]. Basic condition for this is sufficient embedding dimension m and
appropriate time delay . It was proved that for attractor of dimension D, the sufficient embedding dimension is m >
2D + 1. This knowledge works for infinite and accurate time-series which are, however, not measurable in practice.
Because incorrect initial parameter selection can significantly affect the results and so the data may be misinterpreted, it
is important to be careful when selecting m and z.

For purpose of this study, time delay = was selected so that the interactions between points of time-series
would be minimised. This way is the attractor verified if it exists. Time delay r states the distance between two
neighbouring points of the time-series, which is to be reconstructed. For low z is the difference between reconstructed
vectors minimal and the information obtained about the dynamics of the system is not much enriched (it is so-called
redundant state). Too much time delay causes the system’s behaviour to become chaotic and complicated. In that case it
is called irrelevant state. For optimal time delay 7 setting, | was selected by means of minimal mutual information. It
shows interdependence between two dependent quantities where the higher the dependence, the more information is
obtained. Mutual information (I) calculation stems from entropy and is given by following:

I(AB)=H(A)+H(B)-H(AB), @

where A and B are individual variables, H(A) and H(B) are their entropies and H(A,B) is their combined entropy. The
most appropriate time delay for measured signal was selected as the first minimum of mutual information. The first
minimum of | corresponds to time step where measurement/observation x(t; + z) contributes on average with maximum
information to the information which is already known from measurement/observation x(t;). If there is no minimum of
mutual information, the value of = was selected such where (z) / 1(0) = 0.2, (see [11]).

The goal of phase space reconstruction was to ensure that there would be no trajectory intersecting. With small
dimension, in majority of cases the trajectory intersects itself whilst increase in dimension causes the trajectory to cease
this phenomenon. As a result of trajectory intersecting there are so-called false neighbours. One of the most commonly
used methods for proper dimension m selection is method based on the number of false neighbours. It is about linear
increasing of phase space dimension and monitoring of false neighbours. The disadvantage of this method is the
selection of threshold at which two points are still considered as neighbouring. This problem was partly solved by Cao
[12] who introduced following equation:

(i P (D= ()1
S PRGSO @)

where ||.|| is Euclidean distance; x,(i) is i-th reconstructed vector with dimension m and x " (i) is his closest neighbour

with non-zero distance from point xn(i). Cao also introduced E(m) as average of all values a(i,m) which can be
calculated as:



E(m)= 2 a(im). @

From Eq. 4 it is apparent that first time delay is to be set. The difference between the number of false neighbours
between two neighbouring dimensions is specified by comparison of values E(m) and E(m+1). This difference is given
as a fraction E;(m) of individual averages (Eq. 5). At sufficiently high embedding dimension is the value of E;(m)
stabilised at around 1.

E(m+1)

E.(m) Em) (5)

By the above stated means, phase space with optimal time delay r and embedding m dimension was
reconstructed for each signal. For further processing it was necessary to create recurrence plot which characteristics
were used for quantification analysis.

Recurrence plot (Fig 1-D) can be comprehended as two-dimensional depiction of N-dimensional phase space.
The basis for recurrence plot (RP) creation is distance matrix (DM) which is squared matrix symmetric with respect to
the main diagonal and from which the RP is obtained by thresholding. For DM calculation, Euclidian norm was used
where the very prescription for DM is as follows:

DM (i, j) Al x(i)=x(i)Il, (6)

where ||.|| is Euclidean distance, x(i) and x(j) are system’s states in time i or j respectively and i, j=1,..., N- z(m-1),
where N is the number of points, 7 is time delay and m is embedding dimension. Recurrence matrix (RM), or more
precisely RP as visualisation of RM, is derived from thresholding DM. RM can be described mathematically as follows:

R(i,j)=0(e~11x(i)—x(i)l). )

where @ is Heaviside function (i.e. R(i, j) = 0 for ||x(i) - x(j)]] > ¢) and ¢ is distance threshold. Graphical depiction of
RP is therefore binary coded, i.e. recurrence states are represented by points in RP. From Eq. 7 it is apparent, that
thresholding directly influences the number of recurrence points. That implies that the threshold selection is one of the
key factors of recurrence analysis. However, the optimal threshold setting is still subject of discussion. The most simple
and used way for thresholding is selection of fixed percentage of recurrence points, i.e. such threshold setting which
ensures the percentage value set for recurrence points in RP. When setting the threshold in this way there are several
recommendations. One of them is that the recurrence points’ percentage in graph should be kept at low values, i.e. no
more than 5%. Other studies state that fixed recurrence points’ percentage should be between 1.5% and 15% [7].
Because previous studies dealing with heart rate recurrence analysis often used fixed recurrence points’ percentage set
at 2.5% [7], this study used the same setting.

After recurrence plot creation (with selected thresholding), recurrence quantification analysis (RQA) was used
for RP evaluation for each measured R-R interval signal obtained from heart rate measurements. Explicit mathematical
definition for distinct RP properties allows in general analysing multidimensional, non-linear or noisy signals. The
definition and procedures for RP structures quantification are based on horizontal, vertical and diagonal structures
evaluation in RP. Currently, 9 variables are used for RP description. They are recurrence rate, which shows point
density in RP, determinism (DET), laminarity (LAM), longest diagonal line (LMAX), divergence (DIV), average length
of diagonal lines (AVDL), ratio between DET and recurrence rate (RATIO), Shannon entropy (ENTR) and maximal
length of vertical line (MAXV) [13]. Because for the purpose of thresholding a fixed percentage setting for recurrence
points was used, the parameter recurrence rate was discarded from the evaluation. Another reason for discarding this
parameter was that it is covered in RATIO and so it would exhibit direct dependence. For the other above stated RQA
parameters, which were calculated for each measured signal of R-R intervals, a statistical evaluation was performed.

For the above stated signal processing, an own-designed software in Matlab environment was used (MATLAB
R2013a, MathWorks, Inc., Natick, MA, USA).

2.2. Statistical Analysis

Statistical analysis was used to evaluate the intergroup differences in standard parameters (Mean R-R a SDNN)
and individual RQA parameters. The goal was to find those parameters, which were able to distinguish between the two
groups of measurements during simulated and real flight. Statistical test selection was determined by probability
distribution. Because the measured and tested data groups (represented by RQA parameters, Mean R-R and SDNN)
obey normal distribution, Jarque-Bera test was used. Null hypothesis was that the data originate from normal
distribution at the 5% significance level against alternative hypothesis that the data do not originate from normal
distribution (p <0.05). The testing did not indicate normal distribution for any data vector containing measured
parameter. With respect to this finding, Mann-Whitney U nonparametric test was used for intergroup testing with null
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hypothesis stating that two samples originate from distribution with the same median at the 5% significance level.

Alternative hypothesis stating that two samples originate from distributions with different median was accepted for

p<0.05 and so it is possible to tell that between the two measured samples there is statistically significant difference.
Statistical testing was performed in Matlab environment (MATLAB R2013a, MathWorks, Inc., Natick, MA, USA).

3. Results

Graphical representation is realised in form of boxplots, where one boxplot demonstrates data distribution of
measured parameter within measured group (SF or RF). Each boxplot shows (from lower horizontal line) minimum,
first quartile, median (red), third quartile and maximum value of measured parameter in measured group.

The results of standard analysis, i.e. Mean R-R and SDNN evaluation, indicate statistically significant (p < 0.05)
increase of average R-R interval values for SF compared to RP. Mean R-R value was 732 ms for simulated flights
compared to 598 ms for real flights. This can be interpreted also by means of heart rate frequency in beats per minute
(bpm) units (see Fig. 2). It is possible to tell that the average heart rate for researched sample of pilots is considerably
lower for simulated flights than for real flights.

Significant differences between SF and RF were found also for heart rate variability by the means of SDNN. In
case of SF, this was parameter 48 ms whereas for RF it was 32 ms. It is possible to see this considerable decrease in
heart rate variability for RF compared to SF.

The results of statistical testing also indicated that there are significant differences (p < 0.05) between SF and RF
between all measured RQA parameters. Statistically significant increase or decrease of measured parameters is depicted
on Fig. 3. The importance of increase or decrease in respective parameters is the subject of discussion.
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Fig. 2 Graphical representation of Mean R-R and SDNN distribution for pilots’ heart rate during performing simulated
(SF) and real flight (RF)

4. Discussion

The results of standard analysis demonstrated that in the research sample, psychophysiological stress load is
higher in case of RF. During RF, significant increase in heart rate frequency with simultaneous decrease in heart rate
variability was observed, what clearly indicates higher pilots’ stress load [5]. This was in line with expectation.

RQA parameters support these finding. RP average length of diagonal line (AVDL) reflects average time during
which two trajectory segments in phase space are close to each other (in distance =<¢). Regarding R-R intervals
measurement, greater AVDL value indicates lower variability for group of subjects performing RF. In other words, RF
group subjects exhibit less variance from mean heart frequency. LAM parameter indicates laminar state duration. It is a
state where the dynamics of the system does not change or it changes only marginally. In case of a signal given by R-R
intervals, the LAM parameter indicates decreased heart rate variability for RF.

DET (percentage of points comprising diagonal lines in RP) indicates that the system is more frequently
returning to its previous states. The higher the determinism, the more frequently the system returns to its previous state.
This is relates with system’s foreseeability, i.e. the greater the DET the more foreseeable the system. Regarding the
signals measured, DET indicates lower RF variability compared to SF.

RATIO is the ratio between DET and recurrence rate. In this case, DET is divided by constant (due to the fixed
setting for percentage of recurrence points in RP) which means that, in terms of this study, the parameter has no special
significance and its interpretation is similar to DET. In case of other type of thresholding (which will not ensure fixed
setting for percentage of recurrence points in RP), the ratio between DET and recurrence rate could be used for
revealing of hidden transitions [13].

ENTR parameter is derived from Shannon entropy where greater entropy means wider span of diagonal lines
length (demonstrable in histogram) in RP. Greater ENTR value for RF group would mean greater variability in length
but it is necessary to realise that average lines length for this observed group is greater thus more span for variation of



433

diagonal lines length exists. In essence, this parameter points to previous findings concerning AVDL and DET. ENTR
parameter is in case of this study a side-effect, complementing and confirmative figure. Information value of this
parameter would be higher for system descriptions, where average length of diagonal line and number of points
comprising diagonal lines would be comparable, i.e. statistically indistinguishable.
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Fig. 3 Graphical representation of RQA parameters’ distribution for pilots’ heart rate during performing simulated (SF)
and real flight (RF)

MAXYV parameter denotes value of shortest vertical line. This value determines longest stay in specific state. In
terms of evaluating signals of R-R intervals it is possible to tell that in case of RF the system remains in specific state
longer compared to SF, what also indicates lower variability of heart rate for RF.

Maximal length of diagonal line (LMAX) in RP denotes longest time period during which the trajectory in phase
space runs parallel to other segment (at distance =<¢). LMAX is closely related to divergence (DIV) where DIV is
inverse value of LMAX. Both DIV and LMAX relate to the maximal Lyapunov exponent. Chaotic attractors are
characteristic for their high sensitivity to initial conditions. It is possible to quantify the degree of chaotic nature by
means of Lyapunov exponent. The exponent shows whether trajectories close to attractor converge or diverge. There
are several of such exponents for each system or more precisely exactly one for each its dimension. The most important
is the maximal one. In simple terms, maximal Lyapunov exponent is mostly influenced by long-term system behaviour
and it is used as one of the indicators of chaotic nature. LMAX and DIV parameters then describe foreseeability of the
system where greater DIV (lower LMAX) indicate lower foreseeability and vice versa.

Generally, the results in both cases (standard parameters and RQA parameters) demonstrate decrease in heart
rate variability when performing real flights. Taking into account that at higher psychical or physical load, the heart rate
increases with simultaneous decrease in its variability [5], it is possible to say that RQA parameters are capable of
distinguishing such state. RQA parameters provide relevant information about psychophysiological condition of
monitored pilots and they are able to describe complex system’s behaviour based on R-R interval monitoring.

5. Conclusion

Aviation accidents are mostly caused by human factor, i.e. by pilot, co-pilot or the rest of flight crew. Due to
this, it is suitable to monitor mental state of flight crew to ensure safety. The goal of this study was monitoring of pilots’
psychic state during simulated and real flights using physiological data, i.e. ECG signal. Such monitoring can timely
point out the change in pilot’s physical state what makes it possible to prevent errors emerging for instance from higher
mental load.
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The study utilised standard ANS activity evaluation methods — mean R-R and SDNN. Non-linear data analysis
RQA was used. The results indicate that during transition from SF to RF there is increased heart rate coupled with
decrease in its variability what indicates higher stress load for RF. Identical results were achieved during all three types
of analysis. This confirms suitability of RQA application for stress quantification. Although the RQA is not used for
evaluation of pilots’ mental state, compared to standard methods it provides the ability to monitor entire dynamics of
the system, i.e. its behaviour description. RQA utilisation thus can lead to flight safety improvements.
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Abstract— At present, several studies exist describing the I. INTRODUCTION
relevance of human factor in air transport with main focus
on pilots and flight safety. Within such studies, monitoring of In the domain of aviation, whether military of civil

physiological functions is used. There are lot of physiological transport, operators are making efforts to achieve max-
parameters and methods of their assessment; however, they §

are mostly based on principles originating from clinical 1.ml..1m comfort aI.ld saf.ety fqr p assengf:‘:rs. Available ?ta'
practice. Yet, sensitivity and specificity of these methods tistical data dealing with aviation accidents are varying
with regard to assessment of aviation professionals - pilots  in the number of accidents and their causes, but it is
is unknown. Therefore, this paper is oriented towards  possible to claim that pilot error contributed to 60 % of
description of the most common methods for physiological  ¢,.,) accidents. For example, according to the statistics

parameters assessment. The paper also describes evaluation .. .
methods, which are on experimental level in terms of phys- of PlaneCrashlnfo [1], 58 % of aviation accidents from

iological data evaluation, namely recurrent quantification 17171960 up to 12/31/2015 was caused by fatal piloting er-
analysis. Within the research carried out, sample group of  rors. Most of these errors occur during landing phase, but
pilots was subjected to measurement for evaluation of their almost 28 % takes place during routine flight phases [1].
psychophysiological condition and performance. Selected Piloting errors are caused by different factors, for

evaluation methods were applied on the collected data . . . .
and importance of those parameters and methods, which ~ eXxample by fatigue accompanied with reduced attention,

provided best classification for level of psychophysiologi-  stress, pilots’ psychical condition and also by insufficient
cal stress, was evaluated by means of statistical analyses.  experience with critical situations. Timely recognition of
The results indicate that the most important physiological  jim;t pilot fatigue, drop of situational awareness or stress
parameter for psychophysiological condition assessment of by means of monitoring physiological parameters could

pilots is heart electrical activity where the possibility to .. . . . .
perform signal processing whilst preserving its importance ~ Prevent aviation accidents. This stems from the fact that

is provided by linear methods in the time and frequency during a flight, number of specific effects influence human
domain, or alternatively by non-linear methods utilizing  organism and they depend on physical properties of the

recurrent quantification analysis. surrounding environment, aircraft technical properties,

Keywords— air transportation; biomedical signal process- fiemandmg character o.f required activity as well as mutl.lal
ing; biomedical telemetry; decision trees; nonlinear dynam-  influence of the mentioned and other effects on physio-
ical systems; regression analysis logical functions [2]. It is possible to obtain information

about pilot’s psychical and physiological condition [3] by
measuring his/her physiological parameters.

) . ; - There were lot of studies with the goal to improve
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rate, breathing, blood pressure, blood saturation with
oxygen, electrodermal activity etc. [6], [7], [8], [9]. Stress
emerging from actual situation, which respective subject
is confronted with, plays the key role [10]. Physiological
function, such as heart rate, unfold from this condition,
originating from human neural system. Part of the neural
system is autonomic neural system (ANS), consisting of
parasympathetic and sympathetic elements, which serve
control of internal organs activities. Even small deviations
from the so-called sympathovagal balance may be caused
by stress situation. Therefore, it is important to timely
identify changes in ANS and take adequate measures to
reduce or eliminate stress situation and its negative effects
on human activity.

In this way, many studies concentrate on individual pa-
rameters, which may have insufficient explanatory value,
but the measurement of physiological parameters is more
effective if multiple physiological measurements, which
are mutually relevant, are merged. Analysis of such data
and subsequent possibilities are extensive and there are
many methods for biological signal processing; impor-
tant is, however, which parameter is concerned, how to
measure it and how to process such signal. Nevertheless,
ordinary and clinically utilized systems appear not suit-
able for recording of such signal during performance of
piloting activities. For majority of cases, the reason is their
robustness and potential restrictions for working activities.
With regard to this, mobile biotelemetry systems come to
the fore which are, due to the mentioned reasons, used
also in this study.

Based on the above-mentioned, experimental measure-
ments were carried out to identify optimal usage of
measured physiological parameters and methods of their
evaluation to describe psychophysiological condition of
pilots. Within the presented research concept, monitoring
of piloting precision was used as comparative indicator
of pilot’s stress and performance.

II. MATERIALS AND METHODS
A. Participants

For the purpose of this study, selection of candidates
from students of Technical University in KoSice was
performed. The goal was to select representative sample
of subjects (consisting of beginners) with the largest level
of uniformity possible. The selection was conditioned by
meeting selection criteria, which consisted of successfully
passing psychological and intelligence tests. Intelligence
tests were focused on aviation regulations and basics of
flight. Apart from that, participants had to meet the criteria
for medical fitness according to Commission Regulation
(EU) No 1178/2011, Annex IV [11] and could not be
holders of a pilot license of any type (ULL, PPL or
higher). This way, 35 subjects were selected (27 men and
8 women of average age 2 + 4 years), who met the
above-mentioned criteria.

B. Measurement Procedure

The general measurement methodology, regarding
flight execution and evaluated subjects, was the same as

501

in the previous study (see [12]). First part of the training
took place on TRD40 flight simulator equipment, second
(real flights) was executed on Diamond DA40 aircraft.
During individual flights, the participants had to perform
three precisely defined flight manoeuvres series during
which they had to maintain prescribed flight parameters.
Each of the series consisted of four flight tasks in pre-
defined sequence: horizontal steady flight (HPL), hori-
zontal 360° turn (H360) with 30° bank angle, 180° climb
and descent turn with 15° bank angle and vertical speed
of climb/descent equal to 500 ft/min. The entire flight
consisted of the following: departure, three HPL series,
H360, C180, D180 and landing. Obeying the prescribed
flight sequence, uniformity of training and measurements
was assured.

The entire training consisted of 17 flight lessons, where
the above described series were repeated in each flight
lesson. The subjects first finished the training part on flight
simulator (11 lessons), then completed 1 real flight lesson
followed by another 3 flight simulator training lessons and
the training was finished by 2 lessons of real flying. Max-
imum time span between individual training lessons was
2 days. The entire training was done with analogue flight,
navigation and engine gauges in the flight deck of both
the simulator and real aircraft. For uniformity assurance,
all flights were executed under uniform meteorological
conditions with no or few clouds, ground visibility and in
terminal manoeuvring area of KoSice International Airport
(ICAO code: LZKZ).

During selected flight lessons, a pair of measurements
was conducted where piloting precision of individual
manoeuvres was monitored and list of physiological pa-
rameters was recorded. Within the training, these mea-
surements were conducted during lessons 2, 6 and 11
(simulated flights) and during lessons 12 and 17 (real
flights), see Fig. 1.

Physiological parameters measurements were per-
formed using modular telemetry system FlexiGuard [13],
[14]. This system was conceptually aimed to build sensory
network allowing wireless transmission of physiological
and environmental variables measured on the body of
its user. Sensory base for performing measurements was,
owing to system modularity, adjusted for application
purposes and based on typically measured variables [15],
[16], heart rate, respiratory rate and myopotential mea-
surement sensors were selected. The location of individual
sensors was picked to acquire signal of the highest quality.
Sensors location on test subject is depicted in Fig. 2.

T2M
T6M
T11M
L12M
L17M

|

Training lesson

|T HT™M LM mL

Figure 1. Training schedule (T — flight simulator, TM — flight simulator
measurement, LM — flight measurement, L — flight).



Figure 2.

Location of FlexiGuard modular telemetry system sensors
on test subject (A — myopotential sensor, B — heart rate sensor, C —
respiratory rate sensor, D — modular sensing unit (MSU)).

On the figure, respiratory rate sensor is put on inner layer
of test subject clothes because it did not require direct
contact with skin.

C. Physiological Parameters Evaluation Methods

For heart rate data processing, only the values of RR
intervals were used (time intervals between R peaks of
QRS complex of ECG recording). Although the Flexi-
guard system offers data on heart rate also in bpm (beats
per minute) units, the rate can be calculated using RR
intervals, not to mention that most studies dealing with
ECG processing use the above mentioned time difference
between RR peaks [17].

RR intervals recording was evaluated using standard
methods of time series analysis. Specifically, an average
value of measured RR intervals, standard deviation of RR
intervals (SDNN) and root mean square of the succes-
sive differences (RMSSD) [18] were calculated. Further,
Kubios® software environment was used for data pro-
cessing using spectral analysis [19]. Other output param-
eters were obtained as performance in frequency bands
describing three basic spectral components: very low
frequency (VLF), low frequency (LF) and high frequency
(HF). The VLF band ranges between 0.01 — 0.04 Hz and
describes the slow mechanisms of sympathetic system.
The LF band is in the range of 0.04 — 0.15 Hz and
characterizes both sympathetic and parasympathetic sys-
tem, but, in general, it is considered as a strong indicator
of sympathetic activity. The HF ranges between 0.15
— 0.4 Hz and reflects parasympathetic activity. Another
parameter characterizing the spectral analysis is total
performance (7'P) which is an estimate of total spectral
performance, i.e. all bands of 0.01 — 0.4 Hz, indicating
overall ANS activity. However, the initial parameter is a
low to high bands ratio (LF'/H F) because it describes the
total balance between sympathetic and parasympathetic
component of ANS.

Data characterizing the number of breaths and my-
opotential activity were processed using standard anal-
ysis in time series domain, i.e. average respiratory rate
and its variance were calculated. Pulse, respiratory rate
and myopotentials data were also processed by recurrent
quantification analysis (RQA). Recurrent analysis is one
of the non-linear data analyses derived from chaos theory.
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Recurrence is an essential property of such dissipative
dynamic systems. Recurrent graphs, the basic recurrent
analysis tool, allow repetitive behaviour visualization of
dynamic systems. The method is also suitable for non-
linear analyses of short-term and non-stationary data [20].
This method of signal processing was used due to non-
linear nature of autonomous neural regulation. Recurrent
analysis procedure could be divided into three parts. The
first step is, as for most of non-linear techniques [20], re-
construction of phase space. The second step is production
of recurrent graph using threshold distance as an input
parameter (see [21], [22]). Calculation of RQA variables
is the last step of the analysis. It is a percentage of
recurrent R R points, which form the recurrent graph. This
parameter corresponds to the probability that particular
condition will recur. Higher recurrence means a lower
system variability and vice versa [23], [24]. Determinism
DET is a parameter, that represents a percentage of
recurrent points that form diagonal lines. Diagonal lines
indicate that the system is returning to previous state at
a different time. The determinism parameter is related to
the predictability of dynamic systems. Laminarity LAM
refers to the percentage of points that form vertical
lines. This parameter is used for detection of laminar
states, i.e. states, when the system does not change or it
changes very little. Trapping Time 7'7" is a parameter that
labels an average length of vertical lines. This parameter
denotes how long the system remains in a particular state
and it includes information about frequency and length
of laminar states. Low LAM and T'T values indicate
significant system complexity, i.e. the system returning to
previous state only for a short period of time [24]. Other
parameters of RQA include maximum length of diagonal
line Lmax, divergence DIV (inverse value of Lmax),
average length of diagonal line AV DL, ratio RATIO
(ratio between DET and RR), Shannon entropy ENTR
and maximum length of vertical line Vmax. To evaluate
data using the described analysis, MATLAB environment
was used to create software according to mathematical
definitions [21].

D. Piloting Error Rate Evaluation

For piloting precision processing, two types of data sets
were available, namely instructor notes and flight records.

Each manoeuver had prescribed flight parameters or
more precisely rules, about which the subjects were
informed during theoretical preparation. In case of HPL
manoeuver and with regard to the precision, the most
important was to maintain constant altitude whilst the
altitude itself (its value) was not important. Further, it was
important to maintain constant heading whilst the heading
itself (its value) was again unimportant.

In case of H360 manoeuvre, the pilot was supposed to
perform horizontal turn, whilst aircraft bank angle had to
be constant at the level of 30°. The pilot had to maintain
also constant altitude. During C180 or D180 manoeuvre,
all subjects performed climb or descent 180° turn where
the vertical speed of climb or descent was prescribed as



constant to 500 ft/min and the prescribed bank angle was
15°.

The precision evaluation itself for data gathered from
flight simulator was described in detail within conference
paper named “Evaluation of relationship between the
activity of upper limb and piloting precision” [25]. The
evaluation methodology relies on the assumption that in
case of sufficient number of recorded values for respective
flight parameter (n — 00), arithmetic mean of monitored
parameter will approach real prescribed value. In essence,
it is then possible to quantify error rate by calculating
standard deviation.

The problem occurs when assessing real flights because
for the research there were no data available from aircraft
flight data recorder. This problem is partly resolved by
instructor notes on piloting precision. Instructor manually
recorded deviations during each individual manoeuvre.
The deviations were recorded as maximal deviations from
prescribed values (altitude, bank angle, vertical speed
etc.), which were to be maintained by respective subject.
In the previous study, piloting precision evaluation was
compared with calculated deviations. Authors used the
same data as in case of this work. The analysis showed
that error rate calculated and evaluated by instructor
mutually correlates and so it is possible to use only
instructor notes for further evaluation.

For piloting precision evaluation, only instructor notes
were used in this work. The data were divided into data
sets describing precision when executing prescribed flight
parameters and subsets defining measurements (T2M,
T6M, T11M, L12M a L17M). In other words, all error
rates from all subjects were included in the measurement
categories. Within the statistical evaluation during the first
phase, sub-data sets normality was evaluated by means
of Kolmogorov-Smirnov test. The testing was performed
on level of significance p = 0.05, where the hypothesis
of normality was concluded with p < 0.05. Normal
distribution was not identified in any case, i.e. for any sub-
data set. Due to this, Wilcoxon test was used for further
statistical evaluation to identify significant differences
between groups. Hypothesis of significant difference be-
tween sub-data sets was concluded with p < 0.05, where
all groups of measurements were compared with each
other.

Overall progress of the training with regard to pilot-
ing precision as an indicator of performance, or more
precisely pilot experience, is described more in detail
within complex study dedicated to this issue [12]. For
the purpose of this study, however, it was necessary and
sufficient to consider normalized training progress. It was
possible to calculate normalized progresses based on sta-
tistically significant differences between medians of indi-
vidual training phases. These progresses were established
based on error rate medians for specific manoeuvre and
monitored flight parameter. They were then recalculated
into single scale according to the maximum value from
monitored data set. The normalization took place in line
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with equation:

med;

max(medy, meds, . .

.,medy)’ &
where NN; is i-th normalized value, med; is i-th median
from monitored data set (where i 1...5, for each
measured training phase) and maz is maximum of ob-
served medians. Normalized progresses are depicted in
Fig. 3 together with resulting average progress of piloting
precision. The average progress was used as standard for
evaluation of data gathered from evaluation of selected
physiological parameters.

E. Statistical Analysis

Progressive regression method was selected for the
choice of the most important parameters. The method
performs the so-called stepwise regression, which is a
systematic method for adding and removing terms from
multilinear model based on their statistical significance in
a regression. The method begins with an initial model and
then compares the explanatory power of incrementally
larger and smaller models. At each step, the p value of an
F-statistic is computed to test models with and without a
potential term. If a term is not currently in the model,
the null hypothesis is that the term would have zero
coefficient if added to the model. If there is sufficient
evidence to reject the null hypothesis, the term is added to
the model. Conversely, if a term is currently in the model,
the null hypothesis is that the term has zero coefficient. If
there is insufficient evidence to reject the null hypothesis,
the term is removed from the model [26].

Basic classification criterion (or more precisely classifi-
cation vector y) was, in case of addressing the mentioned
issues, established based on piloting precision evaluation.
Monitored parameters progresses, within statistical eval-
uation of piloting precision, pointed to behaviorality of
tested subjects. To establish optimal classification vec-
tor y, median progresses for each monitored parameter
were averaged and normalized. The result was vector
y = [0.7426 0.4041 0.2571 1.0000 0.6880]. The values
correspond to individual training phases, their progress
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Figure 3. Depiction of normalized error rate courses for monitored
flight parameters during executed flight manoeuvers (SLF — steady level
flight; H360 — horizontal 360° turn; C180 — 180° climb turn; D180 —
180° descend turn; H — height; MC — magnetic course; B — bank angle;
VS - vertical speed; nmax — normalization coefficient representing the

maximum in given dataset) [12].



is logical and, in essence, it corresponds to logical as-
sumption about the training. It is possible to describe the
assumption as:

“All monitored training phases will exhibit statistically
significant difference where the total psychophysiological
stress during training on flight simulator will significantly
decrease and during first flight on real aircraft then signif-
icantly increase compared to previous measurements. At
the final stage, i.e. during second flight in real aircraft,
psychophysiological stress will significantly decrease in
comparison with the previous fight.”

The above-mentioned classification criterion “y” is thus
criterion established based on exact results from piloting
precision evaluation and it also meets logical considera-
tion, which can be named as base hypothesis.

The classification criterion was further used to select
the most statistically significant parameters. The selection
was performed in MATLAB environment using function
stepwisefit. Based on the performed analysis and within
the indicated steps, the parameters from data matrix listed
below were selected as the most significant.

o Step 1, added column 1, p = 2.5311 - 10~
Step 2, added column 2, p = 0.0416275
Step 3, added column 9, p = 0.0170257
Step 4, added column 18, p = 0.0302947
Step 5, deleted column 2, p = 0.17803
Final selection of columns: 1, 9, 18

Column 1 represents Mean RR, column 9 is HR RA-
TIO and column 18 is HF. SDNN parameter (column
2) was deleted by backwards elimination. The testing
was conducted at the level of significance p 0.05.
Parameters, which will be used for further evaluation
are thus Mean RR (mean value of R-R intervals, i.e.
intervals between individual heart beats) or Mean HR
(mean heart rate), HR RATIO (RATIO parameter for heart
rate from recurrent analysis) and HF (high-frequency band
spectral density for R-R intervals). From the nature of
the processing, it follows that the selected parameters are
linearly independent.

Subsequently, importance for the selected parameters
was determined. Importance calculation was formulated
by Friedman [27]. The calculation is based on frequency
of variable for splitting and it is weighed by the squared
improvement to the model, which is a result of each
splitting followed by averaging across all trees. If needed,
predictor importance was scaled according to their portion
so that the total importance was 100 % [28].

III. RESULTS

Tables presented below show the distribution of Mean
RR parameter (average time between RR intervals —
heart beats), which was marked as the most important
by progressive regression. The parameter is presented as
sample, due to the assumption of corresponding progress
with other selected parameters, i.e. HR RATIO (RATIO
from heart rate recurrent analysis) and HF (evaluation
parameter of sympathovagal activity symptoms using
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frequency analysis). Interpretation of training progress
based on psychophysiological condition is, therefore,
comprehensively assessed using the example of Mean RR.
Graphical representation of the results is in form of box-
plots showing distribution of monitored parameter for all
subjects from evaluated training phases (T2M, T6M, ...).

The tables represent results from Wilcoxon text in the
form of p-values. The test was selected considering the
normality of data (examined by Kolomorgov — Smirgov
test), where the hypothesis about normality on the level
of significance p < 0.05 was not concluded for all
observed groups. Therefore, this condition determined
non-parametric form of testing of inter-group similarity.
The testing was done on level of significance p = 0.05,
where values of p < 0.05 concluded the hypothesis about
statistically significant inter-group difference.

When evaluating Mean RR parameter, significant dif-
ferences between T2M and T11M, T2M and L12M, T6M
and L12M, T6M and L17M, T11M and L12M, and T11M
and L17M (Tab. I) were discovered. The interpretation of
the discovery can be following. The mean RR interval
increased between the first and second measurement on
flight simulator. This increase, however, is not statistically
significant, although the testing showed that resulting
level of significance of inter-group difference is p =
0.084, which is a value not too different from 0.05. Subse-
quently, the median of average time between RR intervals
decreased minimally. The decrease, however, is not statis-
tically significant compared to T6M. On the other hand,
statistical significance became evident in comparison to
T2M measurement. During the first measured flight on
DA-40 aircraft, rapid decrease in Mean RR parameter was
recorded and this decrease exhibits statistically significant
difference from previous measurements. Measurement
L17M is, with regard to the evaluated parameter, on the
same level as T6M measurement. Described progress is
shown in Fig. 4.

Regression trees providing information about strength
of classification predictor were used for backwards clas-
sification of subjects into individual groups. Testing and
training group were randomly selected in a ratio of 70:30.
In case of this analysis, the classification predictors were
the above-mentioned selected parameters. The analysis
was carried out with regard to verification of parameters
significance and their capability to assign subjects into
respective phase of training.

In the case presented in Fig. 5, the subjects were classi-
fied into individual groups. The importance of predictors

TABLE I

WILCOXON TEST RESULTS FOR HEART RATE MEAN RR
PARAMETER

T2M T6M TIIM L12M L1I7T™M

T2M I 0.0844 | 0.0318 0.0038 0.2447

T6M | 0.0844 | 1 0.7177 0.0007 0.0207

TIIM | 0.0318 | 0.7177 | 1 9.74 10795 | 0.0021

LI2M | 0.0038 | 0.0007 | 9.74 10796 | 1 0.1719
LI7M | 0.2447 | 0.0207 | 0.0021 0.1719 I
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Figure 5.  Backwards classification of subjects into groups using
selected heart rate parameters (left) and their importance (%) (right).

was in the following sequence (from highest to lowest):
Mean RR (or Mean HR), RATIO and HF.

IV. DiscussION

The study results show that change of psychological
stress was not reflected by each monitored physiological
parameter but only by evaluated parameters based on heart
activity. Based on the performed multi-regression anal-
ysis, no relationship between all monitored parameters
was found, except between mean value of heart rate R-
R intervals (Mean RR) or mean heart rate (Mean HR),
RATIO parameter for heart rate from recurrent analysis
and high-frequency band spectral density of RR intervals
for heart rate.

Based on the results, monitored Mean RR parame-
ter can be pronounced as characterizing pilot training
progress with regard to psychophysiological stress, de-
scribing it as continuously decreasing during flight sim-
ulator training. The stress significantly increased during
the first flight on DA-40 aircraft and during next flight
lesson (L17M) it decreased to the level of T6M.

Interpretation of Mean RR parameter progress is the
same as for Mean HR. Mean RR parameter is one of the
main indicators of heart rhythm variability, which increase
indicates higher psychophysiological stress [29]. It means
that graphs presented in Fig. 4 exibit inverted progress
compared to the progress of Mean HR.

The results also show that the parameters characterizing
heart rate as an indicator of psychophysiological condition
are more significant than all other parameters considered
in this work. HF parameter itself reflects parasympathetic

activity of autonomic nervous system of human organism.
RATIO parameter represents return of the system to pre-
vious states, i.e. for RR intervals analysis this parameter
reflects heart rate variability.

V. CONCLUSION

The goal of this study was to determine the utiliza-
tion of selected physiological parameters and methods
of their evaluation with regard to description of pilots
psychophysiological stress. The measurements of phys-
iological parameters of group of subjects undergoing
flight training took place according to defined train-
ing methodology. To ensure measurement uniformity,
research sample selection was performed based on psy-
chological testing, comparable age, flying experience and
health conditions of the subjects. During the training, data
collection consisting of selected physiological parameters
(respiratory rate, heart rate, myoelectric activity) and
evaluation of piloting precision of selected flight tasks
were carried out in accordance with training methodology.

Data evaluation was performed at two levels — assess-
ment of piloting precision and evaluation of physiological
parameters. Standard and experimental methods, regularly
used for the purpose of physiological parameters evalua-
tion, were chosen. From standard methods, methods for
evaluation in the domain of time-series and frequency
were used. In addition, a method not typically used for
evaluation of physiological parameters was selected. It is
called recurrent analysis and it is based on investigation of
chaotic signals seasonality. Using statistical methods and
approach, separation of the most important physiological
parameters and methods of their evaluation was achieved.
Also, importance of monitored parameters with regard to
classification prediction was determined.

Based on the results, it was possible to determine
suitable methods for evaluation of physiological param-
eters and to determine suitable physiological parameters
serving as indicators of psychophysiological stress, which
enables starting points for further practical research in this
field.
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ARTICLE INFO ABSTRACT

Aviation safety data are limited in availability due to their confidential nature. Some aggregated overviews
already exist but in order to effectively use the data, it is important to fill the gaps of their existing limitations.
For some data, there are not enough data points in order to process them through advanced analysis. For other,
only expert assumptions can be obtained. In both cases, these shortcomings can be addressed via proper data
resampling or simulation where little effort can make the data suitable for various research and development
initiatives. Examples of real aviation safety data made public are demonstrated together with key principles of
how to perform their resampling. Then, for cases where only expert assumptions are available, general solution
to the transformation of the assumptions into simulated data is introduced. The goal is to demonstrate how to
transform accessible data or knowledge about aviation safety into data samples with sufficient granularity. The
results provide general solution suitable not only for aviation safety data and knowledge, but also for similar
transportation or high-risk industries related data issues, indicating that both the data resampling and simulation
provide an option for generating datasets, which can be used for statistical inferential methods, linear regression
modelling, recurrent analysis etc. Example of data resampling application is included in Aerospace Performance
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Factor calculation for years 2008 up to 2015.

1. Introduction

To date, aviation safety is subject of intensive research in terms of
new information technology deployment. It is recognised, that further
progress in this domain can be achieved by implementing technology,
which collects, processes and analyses safety data in order to produce
system-wide information of how the system performs on safety (ICAO,
2013). This information is to be used for safety-critical decision-making
within safety management system as far as the aviation is concerned,
but this principle is generally true for other high-risk industries as well
(Niu and Song, 2013; Klein and Viard, 2013). One of the features of the
system-wide information is that it cannot be reliably derived by in-
dividuals from the data available because aviation became very com-
plex, i.e. hardly manageable for humans. The industry is distributed
system of many types of stakeholders (airspace users, organisations,
regulators, manufacturers, policy makers etc.) which use different
technologies, different procedures and which overlap with each other to
various extent. As a result, safety performance of one stakeholder may
be severely affected by how safety is managed by other stakeholder and
it can be difficult to identify this from either side.

Today’s accidents only support this claim. They consist of long chain
of events and contributing factors, which typically exceed responsi-
bilities of one stakeholder and its safety management (Socha et al.,
2014). From the perspective of managing safety, it is important to have
some sort of full picture to be able to apply effective measures to pre-
vent modern accidents. The distributed character of aviation, however,
sets constraints for achieving such a full picture. Not only are the data
and the full picture to be established distributed in parts among the
stakeholders, but also the nature of both is often confidential and may
have potential to damage someone’s position on the market, if misused.
Aviation authorities encourage organisations and other stakeholders to
share safety data, experience and safety knowledge (ICAO, 2013;
European Commission, 2010) but the degree of these activities is still
not perceived to be satisfactory. This paper does not aim to resolve this
issue but rather address its consequences, namely limited safety data
availability.

Research and development initiatives in the domain of aviation
safety are restricted by the safety data not being available. Whilst it
may be possible to sign some bilateral confidential agreement between
two parties, this is still rather difficult to achieve for multiple

* Corresponding author at: Czech Technical University in Prague, Faculty of Transportation Sciences, Department of Air Transport, Horskéd 3, 128 03 Prague, Czech Republic.

E-mail address: lalisand@fd.cvut.cz (A. Lali§).

https://doi.org/10.1016/j.ss¢i.2018.03.013

Received 22 September 2016; Received in revised form 20 February 2018; Accepted 8 March 2018

Available online 21 March 2018
0925-7535/ © 2018 Elsevier Ltd. All rights reserved.



A. Lalis et al.

stakeholders at the time. Fortunately, some of the data are regularly
(annually) published by authorities in form of aggregated overview of
key safety issues (such as Safety Regulation Commission, 2016; EASA,
2016 or Federal Aviation Administration, 2015), but this is true only for
some segments of the industry, e.g. for air navigation services providers
(ANSPs). These providers have a lot of advanced technology and data at
their disposal and they are typically state-owned monopolies, which are
not subject of market competition. The latter was likely the key factor
for making some of their data publicly available.

To better understand the issue, it is important to note basic facts of
data evolution in this domain. Safety was always measured indirectly,
i.e. through its absence (Reason, 2000). It is quite hard to find any
effective way to measure it directly as it is the case for conventional
measurements related to more tangible issues (Hanakova et al., 2017).
Overall safety is intangible system property and even where it is pos-
sible to measure it directly, it is often impractical because measuring
the things which go right simply means a lot of effort to be spent in
order to have meaningful records. Unlike safe state, unsafe outcomes
are not only less frequent but they are much more tangible thus con-
siderably easier to track (Hollnagel, 2014). Aviation accidents and in-
cidents attract society from early days of its existence and for decades
they were the best driver for safety improvements. As soon as they
became rare, the focus just shifted to incidents and safety occurrences
with their contributing factors, which, according to investigations, lead
to the accidents.

Recently, a new type of data emerged in this domain. Tracking back
the root causes of accidents led to the discovery of the so-called orga-
nisational factors denoting those contributing factors, which stem from
how safety management and safety oversight work (ICAO, 2013). Until
the discovery of the importance of how aviation organisations and
regulatory bodies are set up as entities, no safety management system
nor any sophisticated safety oversight were needed. Progressive re-
quirements for gathering how organisations and regulatory bodies ap-
proach safety from management perspective appeared first around the
year 2010 (European Commission, 2010; EASA). These requirements
established datasets different in their very fundamentals; they assess
activities which can hardly be associated with specific unsafe behaviour
but which are capable of generating background on which unsafe be-
haviour emerges. Starting to collect this type of safety data was sig-
nificant milestone for aviation safety as it brought the industry closer to
generate the full picture.

Nowadays, we are closer to the full picture as the content of col-
lected data evolved, but due to the insufficient data sharing and con-
fidentiality restrictions, they are typically not available for research and
development initiatives. This inhibits the progress of introducing new
technology which could integrate and process the data so that all par-
ties would benefit from industry-wide, open data based knowledge. So
has the progress to be achieved the other way. Current research in-
itiatives have to make the best use of public but restricted data samples
to come with solutions that aviation organisations may trial and which
would expedite establishing the full picture.

Data scarcity, however, is not a new issue. There are several studies
available to date, which propose methodologies to overcome this issue
in different applications. In fact, very few deal with this problem in
scope of safety (such as Yu et al., 2017; El-Gheriani et al., 2017, which
are only oriented to major accidents); much more frequent are studies
oriented to system reliability, failure and risk assessment in terms of
data uncertainty and its reduction. Both safety and reliability oriented
studies are typically using Bayesian approach in some variations to
produce a posterior distribution by combining data, expert knowledge
or various simulation results. Among other methods, first order relia-
bility method and Monte Carlo simulation (Awadallah et al., 2016), or
grey system theory (Wen et al., 2011) are used in respective applica-
tions. Special attention in the literature is paid to expert elicitation,
which was already formalised in several publications (such as Meyer,
2001; Keeney and von Winterfeldt, 1991 or Aven and Guikema, 2011).
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All the methodologies are, however, difficult to apply directly on the
problem in this work as they require various inputs which are out of the
scope of this paper. The problem here is of more generic nature, even
though it can be complemented with the methods from other studies.

With respect to the afore-mentioned, this article describes the public
aviation safety data in detail and provides solutions for how to over-
come their limitations. It suggests generating either synthetic aviation
safety data or resampling the data already available. The motivation to
use data resampling is based on the need to decompose existing signals
to increase their granularity for the purpose of further processing and
analysis. Data simulation complements this approach by extending the
possibility to generate entirely synthetic signals.’ Synthetic data have
their apparent limitations but the important aspect is that they can
enable application of advanced analyses, even for experimental or
learning purposes only, where real data do not allow it. Direct appli-
cation of mathematical tools and methods, such as statistical inferential
procedures, autoregression or recurrent analysis, to make inferences
about safety performance (the full picture) would be otherwise im-
possible. To enable the tools and methods, it is important to resample
the data, i.e. to transform annual figures into month, week or day
distribution. For cases where no data are available, simulation based on
expert assumptions can provide the solution.

Taking into account the goal, this paper deals with methodology of
both data resampling and simulation. It describes data and identifies
the gap for improvement. The methods are applied on selected figures
from real datasets in the domain of aviation safety. At the end, aviation
safety performance is computed using the resampled data to exemplify
the contribution of the proposed solution.

2. Methods

This section details the proposed methodology to achieve the goal of
this paper. At first, aviation safety data are specified, including their
sources, relevant issues and examples. At second, data resampling fol-
lows with description of key principles of how to combine expert
knowledge and real datasets to increase data granularity by the means
of mathematical functions. Lastly, after the outline of data resampling
principles, the methodology further specifies data simulation in order to
extend the principles of generating synthetic data to situations where
no real data are available.

2.1. Data characteristics

Aviation safety data comprise accidents, incidents and safety oc-
currences. The data are available in form of aggregated figures denoting
number of observations of respective accident, incident or occurrence
during given time interval. Additionally, new data types were recently
introduced to aviation through the European Union-wide (EU-wide)
safety key performance indicators (SKPIs) (European Commission,
2013), which are based on the so-called organisational factors. How-
ever, these are using artificial scores and due to their novelty, inherent
bias and lack of relevant expert assumptions, they are not considered in
the methods of this study.

Aviation accident records were gathered reliably till now and they
are publicly available together with investigation reports, including
conclusions and corrective measures. These data can be found on
website of responsible body for respective investigation.? But because
aviation accidents became rare, they solely cannot be used for safety
management today. In terms of any research and development in-
itiatives, much more valuable are data concerning incidents and safety

1 For further reading on data resampling and simulation methods refer to Lahiri (2003)
and Carsey (2014)).

28uch as Air Accidents Investigation Institute (2017) in the Czech Republic or
Bundesstelle fiir Flugunfalluntersuchung (2017) in Germany.
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occurrences. These data are published on websites of some aviation
authorities, but there are not many yet.

One of the most useful data repositories is provided by European
Organisation for the Safety of Air Navigation (EUROCONTROL) on its
dedicated performance monitoring websites **° and in annual safety-
and operations-related reports (Safety Regulation Commission, 2016;
EUROCONTROL, 2016). EUROCONTROL provides EU-wide aggregated
overview of the most common safety issues in the domain of Air Traffic
Management (ATM) and ANSPs in form of interactive dashboards (see
Fig. 1) together with many other overall performance-related in-
dicators, such as complexity scores, flight delays, traffic distribution
etc. Because the most detailed aviation safety data are provided from
this domain, they are used to exemplify generating synthetic data.

At the highest level of detail, ATM related safety data are published
on (a) Separation Minima Infringements; (b) Unauthorised Penetrations
of Airspace; (c) Runway Incursions and (d) ATM Specific Occurrences.
The data include severity distribution for the most severe events (se-
verity A - serious incident and severity B - major incident, as defined in
(EUROCONTROL, 1999)) and are available back to the year 2004.
Federal Administration Authority (FAA) publishes regularly reports of
similar quality in the U.S., but unlike in Europe, no data on organisa-
tional factors (structure) are provided. In Europe, the data can also be
obtained directly from providers’ annual reports but these are not all
consistent in their content. Some providers are more advanced in safety
and others are less, which results in each ANSP publishing different
data.

Table 1 demonstrates the Separation Minima Infringements (SMI) in
total numbers from year 2008 to 2015. It shows EU-wide figures of
these occurrences, where severity A and B Infringements are extracted
and stated separately because they represent the most severe outcomes
of this type of occurrence.

For aviation organisations other than ANSPs there are almost no
data accessible. Owing to the recent initiatives to establish common
reporting scheme in the EU (European Commission, 2014), some data
from other organisations are already available on the EU level and basic
statistics and knowledge were extracted into newest annual safety re-
view by European Aviation Safety Agency (EASA) (EASA, 2016).
Compared to the EU-wide data published by EUROCONTROL, however,
it does not provide much level of detail, such as distribution per year
and month, or per country and airport.

With respect to the mentioned facts, this study demonstrates the
basic principles of resampling using data from EUROCONTROL’s re-
positories, which relate to the listed occurrences measured at the
highest level of detail. In fact, its data exclusively can be resampled
with no need for complementing them with data from other stake-
holders to be able to test, for instance, statistical and stochastic tools to
analyse the data.

2.2. Data processing

Data processing can be performed using two methods: data resam-
pling and data simulation. The selection of appropriate method depends
on following conditions. The first is real data accessibility and the
second is expert assumptions availability. In this study, data resampling
is used only if real data are accessible and at least some expert as-
sumptions are provided. Data simulation is used to synthesise data
vectors where no real data are accessible but expert assumptions exist.
It is possible to use the simulation also in case where no data nor any
expert assumptions are available but then the output may be highly
questionable.

3 http://ansperformance.eu/.
4 http://www.eurocontrol.int/prudata/dashboard/eur_view_2014.html.
S http://www.eurocontrol.int/prudata/dashboard/rp2_2015.html.
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Fig. 1. Separation Minima Infringements (SMI) dataset with number of states reporting
(NSR), total number of records (TNR), number of reports with severity “A” type (SA) and
severity “B” type (SB).! Note that only TNR refers to the right-most y-axis.

Table 1
Separation Minima Infringements (SMI) distribution per year and highest severity.

2008 2009 2010 2011 2012 2013 2014 2015
SMI severity A 56 24 16 35 29 30 23 20
SMI severity B 236 141 178 217 258 232 250 228
SMI total rep. 1711 1418 1402 1571 1796 2161 2359 2316

2.2.1. Data resampling

First method transforms real data into desired distribution with the
help of expert assumptions. Typically, resampling is needed when data
granularity is to be increased; even the most detailed data on safety
occurrences in aviation are public only as annual figures of occurrence
observations but at least distribution by month or week is needed for
the deployment of advanced mathematical methods. To resample the
data, expert assumptions are to be made before the resampling process
starts. In general, regarding safety occurrences similar to SMI, it is true
that (a) occurrence rate is higher in summer than in winter; (b) the
higher the total amount of reports per year the bigger the difference
between peak and trough values; (c) occurrence observations should
correspond to the traffic distribution, i.e. maximum number of ob-
servations is most likely in July and minimum in January and (d) values
are to be natural numbers or zero.

The assumptions are based on following facts. Occurrence rate as-
sumption stems from the fact, that the higher the traffic saturation, the
higher the probability of a conflicting situation. This is especially true
for today’s volumes of traffic reaching maximum capacity of existing
airspaces in Europe (Lehouillier et al., 2016) and it is indicated by in-
creasing complexity scores of Europe’s ANSPs (EUROCONTROL, 2017).
Traffic saturation is known to be seasonal, what can be inferred from
traffic figures clearly indicating regular peak values around July and
troughs around January, justifying the second assumption. Absolute
difference between peak and trough values of occurrence observations
during a year can hardly be constant for all safety occurrences; occur-
rences with hundreds of observations per year should have the differ-
ence amplified by their magnitude, causing it to increase. Occurrences
with no more than 10 observations per year must remain within their
limits. Last assumption relates to the format of occurrences. Any oc-
currence is a binary variable; either there is an occurrence or there is no
occurrence. It is clear that there cannot be negative number of ob-
servations and any other than natural number or zero is not conceivable
in real world. All these assumptions are general enough to be universal
and valid for all safety occurrences similar to the SMI, i.e. for all oc-
currences on which the data are currently accessible. This is mainly due
to the binary property of monitored safety occurrences and their close
relation with traffic saturation, especially when reaching limits of given
airspace.

Taking into account all these assumptions, following equation
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provides basic solution to the problem, where the goal is to resample
data into any other distribution with higher granularity:
M

N= [ kf @, o
where N is annual total number of selected occurrence observations, M
is scale determined by the new distribution to be produced, k is coef-
ficient of seasonal variance, x represents time and f (x) is time-depen-
dent mathematical function capturing expert assumptions. Scale M is
determined by total number of data points to be produced (e.g. M = 12
for data distributed by month whilst N is the total figure per year).
Coefficient k may be calculated in many ways but it should be in line
with provided expert assumptions. If there are no expert assumptions
on the coefficient, one of the possible ways to calculate it is to use
average occurrence rate N/M as a starting point because the variance
typically depends on this rate: the higher the number of observations
per event type, the higher the variance. For datasets by EUROCONT-
ROL, the variance is unknown and no expert assumptions can be con-
sidered, so the problem is then shifted to the coefficient k. Based on
empirical testing in MATLAB environment (MATLAB R2015b,
MathWorks, Inc., Natick, MA,USA) for the purpose of this study, rea-
sonable results with the data samples from Table 1 were achieved with
k = 0.25-N/M (k amplifies f (x) by 25% of the average occurrence rate
N/M). The coefficient may be set differently at ones discretion so that
the results copy as much as possible what is supposed to be real.

With regard to the Eq. (1), new data distribution can be calculated
as follows:

Ny=[kF)l, i=12,..M, (@)

where N; is number of occurrences during selected time interval i and
F(x) is anti-derivative of the integrand (function f (x)). Obviously, N;
needs to be rounded in order to fulfil the last assumption about natural
numbers or zero. If deemed appropriate, Eq. (2) may be complemented
with white noise, which makes the resampling more realistic. The noise
can be of any distribution but because Gaussian white noise is good
approximation of many real-world situations (Yanushevsky, 2007), it is
preferred in this study. Gaussian white noise can be generated using
pseudorandom component of Gaussian distribution with mean 0 and
variation equal to 1 (such pseudorandom numbers can be produced by
MATLAB or similar software). The component is based on the following
equation:

- e
€ =p-u, u~N(uo?,

3

where € is vector of final white noise components, 7, is vector of
pseudorandom Gaussian distributed numbers with mean u =0 and
variance o2 = 1 and p is noise effect coefficient. The coefficient p am-
plifies the noise as needed. If the expert assumptions do not include any
information about the noise, the variable p should be so that the output
will be reasonable, i.e. no extreme differences between each two con-
secutive resampled points are achieved but on the other hand, the
function f (x) should not be clearly visible. In addition, the coefficient
needs to be variable with the magnitude of occurrence observations,
because the same noise cannot influence data with hundreds of occur-
rences per given time period in the same way as those with no more
than ten. Therefore, p needs to be expressed rather as ratio, dependent
on the average number of occurrences of given event type, multiplied
by constant as follows:

p=r—.

M “@

where N is number of selected occurrence observations of original
distribution, M is scale determined by the new distribution to be pro-
duced and r is constant to be set. Experiments performed in this study
estimated the value for r = 0.125 to fit well the EUROCONTROL data
repositories but it may be set different for other cases. The sum of all N;
may not precisely be equal to the real values of N due to rounding the
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results and adding the noise, but it should remain acceptably close for
all cases. This also means that there should not be too much noise
added, otherwise the resampling output may exceed reasonable limits.

For the particular expert assumptions introduced in this chapter,
data seasonality may be modeled by sinus function:

M
N=f k-sin(x~2—ﬂ—z—2—ﬂ)dx
0 M 2 M

(5)
The sinus uses the expression
2r_m 2w
M 2 M 6)

to move the extreme values on the interval (0,M) so that its maximum is
achieved at the point of 7-M/12 (July data) and the minimum at M/12
(January data). The sinus function is shifted upwards by constant of
integration so that no values are negative. Recalculating new occur-
rence distribution during given year will, therefore, follow the equa-
tion:

i
N = —k-cos(x-z—ﬂ—z—z—ﬂ)
M 2 M

, i=12,..,M,
i1

@)
where N; is number of selected occurrence observations during month i
in selected year, M is scale determined by the new distribution to be
produced, k is coefficient of seasonal variation and i is successive time
step of the series from new distribution.

However, problem may arise as soon as specific requirement exists
for resampled data distribution. No data distribution is assured by Eq.
(7) but empirical testing showed that Gaussian and various skewed
distributions are randomly obtained with the sinus function and k.
Safety occurrences in aviation are assumed to follow non-Gaussian
distribution (Seshadri, 1998; Wang et al., 2014) which also seems to be
the case in other industries, where inverse Gaussian distribution fits
incidents and lognormal distribution fits less severe but more frequent
non-conformances (Love et al., 2015). Unfortunately, inverse Gaussian
distribution could not be obtained from Eq. (7) and there is no general
transformation function by which such distribution could be obtained
e.g. from Gaussian distributed random variable (Chhikara, 1988),
which is frequent product of the equation. The basic solution in Eq. (2)
may produce different data distribution with different f (x) and k and so
has the investigator first check the distribution of the output from Eq.
(2) and then add white noise with appropriate distribution in order to
obtain desired distribution of the resampled data. Due to the com-
plexity, however, this may not always be possible.

To demonstrate the resampling method as applied on aviation safety
occurrences (Eq. (7)), at this point there is missing only a real figure of
annual occurrences of selected event type (variable N;) and the final
decision about how many points are to be obtained from the figure
(variable M). In this paper, SMI severity B recorded number of occur-
rences for year 2011 within the EUROCONTROL region was randomly
selected (N; = 217 occurrences) and this figure was resampled into
monthly-distributed dataset of 12 figures (M = 12) for each month
during 2011. The results are in shown in Section 3.

2.2.2. Data simulation

As long as there are no data available and it is important to generate
some, assumptions have to additionally include what is available for
resampling, i.e. occurrence observation figures. Experts to provide such
assumptions are preferred to be front line personnel as they can usually
estimate how frequent some occurrences are. For example, an Air
Traffic Control Officer (ATCO) can estimate how many times a day or a
week does he or she experience Short Term Conflict Alerts (STCA),
alerting him or her to some aircraft being on collision course, whether
horizontally, vertically or both. Usually, ATCO can also estimate how
much does this value vary during a year, providing an estimation for
variability as well.

Key principles of the simulation remain the same as for data
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resampling, but this time the core lies with pseudorandom number
generation. Concerning data simulation, the pseudorandom component
will not simulate noise only, but the entire dataset. The distribution
parameters are to be fitted to the expert or front line personnel as-
sumptions on the occurrence. The basic solution for data simulation is
then as follows:

8

where E; is sum of occurrence observations of event type E during time
period i,¢; is vector of observations during time period i,D; is number of
data points during time period i and e; is j* element from the vector <.
Vector elements are assumed to be natural numbers or zero and obeying
inverse Gaussian distribution with mean u; and shape parameter A;
(both variable with i). In this case, no real data exist which would re-
strict the simulation and so it can be based on truly inverse Gaussian
distribution.

The vector ¢, is to be generated using pseudorandom numbers as
MATLAB or similar software can produce. Average value y; and its
estimated variance can be provided by an expert, but shape parameter
A; is difficult to obtain. It can only be reliably inferred from real data
samples of similar occurrences. Because data in EUROCONTROL’s re-
positories are not sufficient for such analysis, parameter 1; will be re-
placed for the purposes of this study to produce single parameter in-
verse Gaussian distribution as follows:

D;
E=1gll=)) e & ~IGuh) Ae;eN,
j=1

i = u. ©

This distribution allows overcoming the issue with unknown 4;, but
eventually it may not be so different from the distribution based on real
data. For lower numbers of occurrence observations (u; less than ap-
proximately 25), the probability density function is similar in shape to
how the distribution of aviation safety occurrences is described by
Wang et al. (2014), whilst for larger numbers (x; more than 25) it is
approaching normal (Gaussian) distribution. Mean y; greater than 25
can be prevented simply by utilising the pseudorandom element to si-
mulate data ”on daily basis” as it is the case in Eq. (8), where weekly or
monthly data can be produced as a sum of daily simulation. This is
possible due to additive property of the distribution according to which
the sum of inverse Gaussian distributed random variables produces
another inverse Gaussian distributed variable under given conditions
(Chhikara, 1988). According to all EUROCONTROL’s datasets, it is very
unlikely, that there would be on average 25 or more observations per an
occurrence a day. This way, the desired properties of inverse Gaussian
distribution are preserved and can be used to simulate synthetic data.
However, the noise induced by the omission of actual 4; may be sig-
nificant in some cases, and so should such a simulation be used only
when necessary and only for testing of mathematical models, analytical
tools etc. The desired noise is added by rounding the values to achieve
natural numbers or zero but this may change the distribution. It is
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therefore highly advisable to perform tests of the produced statistics
before the data are used.

To demonstrate the simulator, fictional assumptions (a) STCA is
experienced on average 2 to 3 times a day; (b) the average occurrence
rate during peak days is by 1 occurrence more a day, and vice versa, the
average during trough day is by 1 occurrence less a day; will serve as
the basis to synthesise new data.

STCA is a safety occurrence similar to SMI. In fact, it relates to SMI
because it is supposed to alert ATCO to prevent SMI or similar situations
in advance, but obviously there must be more STCA warnings than
SMIs, because STCA under normal operational conditions precedes SMI
and only after the conflict is unresolved by ATCO, SMI can emerge.
Other assumptions are therefore the same as in the example with data
resampling.

The assumptions are to be taken into account in similar way as for
data resampling, i.e. by the means of mathematical functions, which
quantify the assumptions. For the STCA assumptions, Eq. (8) was
complemented with the following equations, using the same sinus
function to model data seasonality:

2r 7w 27
, = kesin|i-2>—=— 4 xg i=12,.M,
Hi Sm(lM 2 M) e M 10
k= max(x,)—min(x,)
- 2 ’ an

where y; is the distribution mean during time step ik is distribution
mean variation, M is scale determined by the new distribution to be
produced and xz is expert assumption on process intercept. Given the
assumption on occurrence rate for STCA, the process intercept value
(xg) is 2.5 per day. Coefficient of seasonal variation k can be calculated
as the difference between its maximum and minimum estimated value,
as follows (by the means of Eq. (11)).

3.5-1.5
=222
2

« a2)
If the goal is to generate data distributed by month, D; corresponds to
number of days per each month from January to December and M is
equal to 12. Likewise, many other assumptions may be included, which
can set different 1;x; and y; or even set requirement for different
probability distribution of the simulated data. The simulator does not
aim to provide solution for every possible scenario but rather provide
key principles on how to simulate safety data by reusing the principle of
data resampling from previous section.

At this point, the simulator Egs. (8)-(11) can be used to generate
synthetic data for STCA event type according to the afore-mentioned
expert assumptions (a) and (b). Variable M was set to 12 as in case of
data resampling, D; included number of days of each month during
average year (28 for February) and variable k was set to 1 in line with
Eq. (12). The results are in shown in Section 3.
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Fig. 2. Basic solution for given assumptions and SMI severity B in 2011 (a) and generated monthly-distributed data according to the basic solution for SMI severity B in 2011 (b).
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Fig. 3. Example of simulated data for STCA event type.

3. Results

The results of data resampling are depicted in Fig. 2. They are based
on SMI severity B from year 2011. Fig. 2a demonstrates the sinus
function behind the data resampling equations, where the area below
the sinus curve and x-axis equals total number of SMI severity B ob-
servations in the year 2011. Fig. 2b depicts resampled data. Pseudor-
andom component (as per Egs. (3) and (4) with r = 0.125) was added
and so the distribution does not follow the sinus function too precisely
as it is assumed to be the case during real operations. The data represent
occurrence observations distributed by month of the year 2011. Data
distribution remains random in this case.

The results of data simulation are on Fig. 3. The simulation is based
on the fictional assumptions about STCA event type and the results are
distributed by month of a fictional year. For February, 28 days are as-
sumed in this example and the data obey inverse Gaussian distribution.

4. Discussion

The sum of all resampled occurrences on Fig. 2b is 231 which,
compared to the real data of 217 occurrences in 2011, shows that the
sum of the error induced by rounding and adding the noise was 6.45%
thus not so significant.

Concerning data simulation, due to quite a lot of uncertainty put in
the simulator (all the assumptions together), each time it runs it usually
produces a notably different curve or histogram. This may not always
correspond to the reality and thus shall not be preferred over data re-
sampling, but the results make it possible to learn how to build or to
trial different methodologies or advanced models where no other op-
tions exist. In any case, it is advisable to check on regular basis with
experts or front line personnel how the trends evolve in order not to
have the simulated data based on obsolete assumptions.

It is possible to use different or even multiple functions f (x) instead
of the sinus used in this study for data resampling or simulation
equations. However, in such case, it is important to carefully quantify
qualitative statements, which produce such need and insert them into
the equations as either coefficients, constants or mathematical func-
tions. This study does not aim to provide solutions for any possible case
that may exist, but it rather outlines and exemplifies how such simu-
lator and data resampling works, providing general solution for most
common issues. On the other hand, the general nature of the proposed
methods provides an option for their implementation in other trans-
portation domains or high-risk industries.

When considering the results in terms of other research performed
especially in reliability engineering, where similar problems with data
unavailability appeared, the overlap with this study regards using more
robust functions f (x) or parameter estimation of more optimal function
than sinus used in this work. Bayesian approach of integrating different
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data sources and expert knowledge works with probability density
functions of parameters typically pertaining different variables (inputs)
composing a regression model to predict future output. This study is,
however, focused only on the mathematical models and their applica-
tion on increasing data granularity. The core principles are also de-
monstrated on data simulation, but the input available in this study is
very limited to allow for robust approach in producing mathematical
models. If the inputs necessary to use such modelling are available,
Bayesian approach and other methodologies applied to data scarcity
can be used to produce more complex and precise model for generating
or resampling data. Likewise, additional improvement can be achieved
by robust expert elicitation, following the published frameworks sui-
table for particular application.

Both resampled and simulated data are suitable for applications
only as entire datasets. This is because local differences between two
consecutive data points may not correspond to the reality at all either
due to inaccuracies in expert assumptions or due to added noise, and if
only a selection of such data is used for building mathematical models,
this may be completely misleading. Therefore, it is highly re-
commended to use entire datasets and not only their subsets.

As an example of application of the methods in this study, re-
construction of Aerospace Performance Factor (APF) according to the
methodology developed by FAA (Lintner et al., 2009) will be demon-
strated. Generally, the APF is one of the system-wide information,
which can be produced by composing safety data into a single data
point, which is intended to quantify level of system’s safety perfor-
mance. Concerning the data published by EUROCONTROL, the APF
signal can be reconstructed for several years and in this example, it is
calculated from 2008 up to 2015. According to the APF methodology,
required are (a) resampled data on selected EU-wide safety occurrences
into distribution by month and (b) EU-wide traffic distribution data by
month in total hours flown format.

For the selected time period, data on safety occurrences from all
EUROCONTROL data repositories were subjected to resampling. The
real data sample comprises only 8 data points per each occurrence
(distributed by year), i.e. 96 data points per each event type were
achieved by the resampling process. It is to be noted here, that EUR-
OCONTROL used for their APF calculation larger datasets concerning
the safety occurrences included in the calculation (Neubauer and
Lintner, 2010) whilst in this study only the occurrences provided in the
public data repositories were used. The reason for omitting majority of
safety occurrences used by EUROCONTROL is the complete unavail-
ability of respective safety data. The missing data were not simulated
due to that only rough assumptions could be provided. On the other
hand, the most critical safety occurrences are included in the public
repositories and so simulating the rest of the data could actually in-
troduce more noise to the reconstructed signal than just omitting the
data. Therefore, in this case, data resampling was preferred over data
simulation. The impact of this decision can be verified through the
comparison of the reconstructed signal with EUROCONTROL’s output
(Fig. 4), because both include year 2008.

With regard to the traffic distribution, the public repositories in-
clude annual total figures for flight hours in the EU region, but only for
year 2015 the distribution by month is available. On the other hand, the
same data for traffic distribution in the EU region are available using
different unit, namely average daily movements, for the entire time
period both as annual figures as well as figures distributed by month.
The procedure to obtain distribution by month for years 2008 up to
2014 needs no resampling because the real data are there and just need
to be converted into different units. Most important is to obtain the
ratio between the figures as follows:

_ ADM,,
THE,

13

where R,, is the calculated ratio, ADM is traffic in average IFR daily
movement format, THF is the same figure in total flight hours format
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Fig. 4. APF signal based on real data from 2006 to 2008 (Lintner et al., 2009).

and m stands for respective month. Because the traffic figures in total
flight hours format distributed by month are accessible for year 2015
only, the ratios R,, can be calculated using data from year 2015 only.
Obtained ratios serve then as coefficients to recalculate all the years
backwards using Eq. (13) to obtain monthly-distributed traffic data in
total hours flown format.

At this stage, all variables are known and the APF signal can be
reconstructed. Fig. 5 depicts the results. For the year 2008, re-
constructed APF signal is similar to the one on Fig. 4. EUROCONTROL
used relative APF figures, which are adjusted to the process mean whilst
Fig. 5 demonstrates absolute APF figures, which cause shifting the scale
of y-axis. Some difference can be observed, which is certainly attribu-
table to the difference between the data behind each calculation, but
comparing the outputs for the year 2008, the two signals are convin-
cingly similar in shape and magnitude.

Last point to discuss is the new type of data on organisational fac-
tors. They are publicly available in Europe only, measured from 2012
and referring to the three EU-wide SKPIs, measured at both national
and ANSP level. The data contain information on (a) Effectiveness of
Safety Management; (b) Application of Just Culture and (c) Risk
Analysis Tool (RAT) methodology usage.

This dataset is limited compared to the accidents and occurrences
due to its novelty. It is available on the same EUROCONTROL websites
together with accidents, incidents and occurrences but methodology
and format of these data is obviously different from safety occurrences.
To evaluate these SKPIs, artificial scores are used, represented by per-
centage derived from self-assessment questionnaires (see EASA). These
questionnaires, however, provide certain room for bias, and so the data
are not comparably accurate to the safety occurrence records. Con-
sidering this new type of safety data, no such data resampling or
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Fig. 5. APF signal based on public data repositories with applied data resampling from
2008 to 2015.
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simulation can be used as for safety occurrences. These data are not
seasonal nor do they depend on the volume of traffic etc. Their dyna-
micity is very low; according to the dashboards at EUROCONTROLs
websites they tend to change a bit year after a year, but it is quite
normal as they refer to things, which are hard to change (such as
fundamentals of safety management system), and which are seasonally
independent. At this point, resampling the data would more or less just
follow even distribution with some linear trend during all the year thus
it makes no sense to pay special attention to them. Should this change
in the future and new assumptions could be drawn, then similar prin-
ciples as used in the examples in this paper can be reused to build
dedicated simulator for these datasets.

5. Conclusions

Restrictions concerning aviation safety data and their availability
lead to the search for solutions, which are capable to overcome them.
There are cases in which almost all safety data are accessible and just
few data points need to be acquired via data resampling; in other cases
there are very little or no safety data available and so they need to be
simulated using expert assumptions only. The former can help to verify
new methodologies or advanced modelling as they are likely to achieve
comparable results with real data; the latter makes it possible to learn
how to build or to trial the same methodologies or advanced models as
in the former case. Both cases are usable for modern research and de-
velopment activities in the domain of aviation safety but due to their
general nature, they can find application in other transportation do-
mains or high-risk industries. Because the data to be simulated or re-
sampled in aviation are related to socio-technical system, expert as-
sumptions are often of critical importance and are to be considered
adequately.

This paper drew basic principles and solutions to the above-men-
tioned problems. Using basic mathematical functions, expert assump-
tions were transformed into sets of equations. Were real data were
accessible, the equations considered them. Typical problem with such
data in aviation is that it is available only annually as total figures
whilst month or day distribution is desired. Introduced sets of equations
were used for data resampling whilst annual total figures were obeyed.
Where no data are available, the solution is based on pseudorandom
number generation, such as modern computational software can gen-
erate. Mathematical functions then complement the pseudorandom
number so that it produces conceivable outcome in accordance with
expert assumptions.

It is clear that the synthetic data used to fill the gaps of existing
limitations will never contain anything outside of what is inserted in the
very equations behind the simulation. Even though they are based on
expert assumptions and account for randomness, it is not possible to
include all the variables, which affect the values of measured aviation
safety data. The less real data and expert assumptions there are, the
more inaccurate the resampled or simulated data and vice versa. It is
important to note that because the aviation is a socio-technical system,
it is unlikely that the system is deterministic. Therefore, there is no
ultimate set of assumptions and equations, which describe the system
completely and so real data should always be preferred. On the other
hand, some of these limitations may be reduced by further research,
applying methods from different studies dealing with data scarcity,
such as Bayesian approach or Monte Carlo simulation, to refine and
perfect the mathematical functions used to generate synthetic data in
specific applications.

Despite the limitations, the synthesised data make it possible to
implement, verify and validate advanced methodologies or analytical
tools, which are highly dependent on data sample size. There are con-
straints stemming from the confidential nature of aviation safety data
but because no aviation stakeholder is willing to share them ex-
tensively, under the risk of their misuse and with no assurance what
will the benefits be, it seems unlikely that this will improve soon. On
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the other hand, a chance exists to improve the situation with new
technologies and inventions. At this stage, these can be pre-set up and
checked using simulated data and then, if proven, used to demonstrate
their capabilities to aviation stakeholders, including regulatory bodies.
This may eventually resolve the general unwillingness to share and
work with safety data jointly and to establish the full picture of aviation
safety. As soon as some technology is proven at least on partially real
data, it may eventually convince aviation stakeholders to trial it.
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