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Abstract. The research project unites intelligent air-traffic-management sys-
tem development with the strict mathematical evaluation of control-action coordi-
nation interfaces between pilots and controllers. The controller—pilot interface must
receive formal specifications just like flight-control software since it represents a uni-
fied reactive system. Every system interaction receives probabilistic timed automaton
modeling because it represents both real-time operational constraints and the random
occurrence of human errors and equipment breakdowns. The Z formal specification
language enables writing contracts that link observable external actions to their re-
quired pre-conditions and post-conditions which humans and machines can verify.
The system interface modules that represent human operators and graphical displays
and underlying avionics logic and supervisory safety agents are connected to perform
weak branching bisimulation which proves behavioral equivalence under timing un-
certainty. The model demonstrates that the controller commands along with machine
feedback and supervisory vetoes and pilot acknowledgements can be represented with
twenty global states in a model that includes every significant timing and fault scenar-
i0. The automated verification system measures a low probability of mission success
as well as operator slips that increase overall risk and identifies critical time-diver-
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gent execution paths that reveal hidden design vulnerabilities. Interface engineers
can modify timing guards and revise visual cues and embed cognitive-load adapta-
tions without disrupting the existing formal proofs because the graphical display and
hidden logic have been proven equivalent. The study transforms the controller-pilot
interface into an air-traffic-management ecosystem component which receives math-
ematical certification and sets the stage for future interfaces that adapt to workload
data while providing safety guarantees that machines can verify.
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AnHotanusi. byn 3eprrey koOackl dye KO3FAJIBICHIH  0OacKapyblH
WHTEJUICKTYaJ/Ibl JKYWECIH d31piiey/1i YIIKBIIITap MEH JHUCIETUepiIep apachiHIarbl
Oackapy opekerTepiH yiiectipy wuHTepdeilcTepiH KaTaH MaTeMaTHKaJbIK
OaranmaymeHn OipikTipeni. «/lucnetuep—ymkpinn uHTEpdeEiici OipbIHFAll PEeaKTHUBTI
KyWeHi OelHeNeHTIHIIKTeH, oJ yily Oackapy OaraapiaMalblK >KacaKTaMachl
CUSKTBl Qopmanasl crenubukanusaaapra e O6omysl THic. JKyileniH opbip e3apa
OpeKeTTecyi HaKThl YaKbITTaFbl ONEPAIUSUIBIK MICKTEYJIEpIIl XKOHE agaM KaTelepi
MEH Ka0JIBIKTBIH ICTCH IIBIFYBIHBIH KE3/ICHCOK TYBIHJAYbIH OCHHEICHTIH yaKbITTHIK
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BIKTUMAJIJII aBTOMATIICH MOJICNIbJIeHe 1. Z GopManasl crieruuKaIys Tiji aJaMHbIH
Ja, MaIllMHAHBIH Jla TEKCepe ajaThlH IMapTTap MEH caijapiiapra OalaHbICTHI
OaKplIaHATBIH CHIPTKBI OPEKETTEP i cUNaTTayFa MyMKiHik 6epesi. OnepaTopiaap/sl,
rpaduKanblK AUCIUICHIEpAl, 1MIKI aBHOHUKAHBI JKOHE Kajaranay Kayilci3ik
areHTTepiH OeitHenelTiH nHTepderc MOTyIbepl YaKbITTHIK OCNTICI3IIK KaF IaibIH 1A
MiHe3-KYJIbIK SKBUBAJICHTTUIITH I9TENICHTIH oJICi3 TaApMaKTalIaThIH OMCUMYJISIUSHBI
OpBIHJAY YUIIH OipikTipineni. Monens aAucreTdep KOMaHAalapbIHBIH, MallTMHAHBIH
Kepi OalIaHBICBIHBIH, KaJlaFaliay BETO MICHIIMAEPIHIH JKOHE YIIKBIII pacTaylapbIHbIH
Oap bIK MaHBI3bl YaKbITTHIK JKOHE ICTEH IIBIFY ClIEHApHilIepiH KAMTUTBIH JKUbIpMa
xahaHJBIK KYHe KOpCeTUTyl MyMKIH €KeHIH JoNeNAei /1l. ABTOMAaTTaHAbIPbUIFaH Be-
puduKaIms )KyHeci MUCCUSHBIH COTTI asgKTaTy bIKTUMAJIIBIFGIHBIH TOMEHIIT1H, YKaJl-
MBI TOYEKEN Il apTThIPAThIH OMEepaTop KaTelepiH TIPKEiIl *KoHe >KachIphIH Kobanay
OCaNIBIKTAPbIH aHBIKTAUTBIH YaKBITTBHIK JUBEPTEHTTIK OPBIHAAY KOJJIAPbIH alKbIH-
naitnel. UaTepdeiic nHkeHepsepi YaKbITTHIK IIAPTTApAbl ©3repTe anajibl, BU3yabl
Oenrinep/i KaiiTa Kapail anmaabl )KoHE KOTHUTUBTIK JKYKTeMere OerimMaemyiepai eHri-
3¢ aJlaJibl, O TKEHI rpadUKaIbIK TUCTIIICH MEH KaCBhIPBIH JIOTHKAHBIH SKBUBAJICHTTIT]
pecMu TypZe AdJenieHreH. by 3epTTey «aucneryep—yIKsiin uHTepdecin Mare-
MaTHKaJIbIK cepTU(UKaTTayFa ue OONMaThiH 9ye KO3FaJBICHIH 0acKapy IKOKYHEeCiHIH
Kypamaac OeJlirine aiHaJIIbIpaIbl )KOHE )KYMBIC KYKTEMeCi JAepeKTepiHe Oerimie-
neTiH Oonamak WHTepQEHCTEpaiH HETi31H KaJaiapl, COHBIMEH KaTap MalldHajap
TeKcepe allaThIH KAYIMNCI3IIK KeMUIIIKTepiH KaMTaMachl3 eTe/i.
Tyiliin ce31ep: yakbITTBIK BIKTHUMAJJbl aBTOMAaTTap, aJaM—MallliHa e3apa

opekerrtecyi, unTepdelicTi Bepudukarusiiay, oye Ko3ralbIChIH OacKapy, ONCUMY SIS
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AHHOTauusi. B mpencraBieHOM HCCIEIOBAaTENBCKOM IPOEKTE OOBEIUHSIOTCS
pa3paboTKa MHTEIUIEKTYaIbHOM CUCTEMBI YIIPABJICHUS BO3IYLIHBIM JBIKEHHEM M CTpOrast
MaTeMaTH4yecKasl OLEHKa HMHTep(deiicoB KOOPAMHALMM YIPABISIIOIMX JEHCTBUM MEXIy
MWIOTaMH U aucrerdepamu. MHTepdeiic «ancneryep—nuior» 10DKeH UMETh (opMalIbHbIC
crneunUKalMy Tak ke, KaKk U IpOrpaMMHOE 00ecIliedeHHE CUCTEM YINpPaBJICHHS MOJIETOM,
IIOCKOJIBKY OH IIPEICTaBIIsIeT COO0M e IMHBIN peakTHBHBIN KoMIUIeKe. Kaxoe B3anmoeiicTeie
B CHCTEME MOJACIHMPYETCS C IIOMOLIbIO BEPOSTHOCTHOI'O aBTOMAaTa C BPEMEHHBIMH
OTPaHMUYCHHUAMH, YTO OTPAKACT KaK peajbHble SKCIUTyaTallMOHHbIC OrpaHUYCHUS, TaK U
cllyyaifHoe BOSHMKHOBEHHE OIIMOOK oreparopa u cooeB 00opynoBanusi. SI3bIK (popMabHBIX
cneunpukauii Z mno3BoJsleT (OPMUPOBATh KOHTPAKTBI, CBS3BIBAIOLINE HaOII0aeMble
BHEIIHHUE JEHCTBUS ¢ NX HEOOXOJUMbBIMU IPEAYCIOBUSAMH U IIOCTYCIOBUSIMU, KOTOPBIE MOTYT
MIPOBEPATHCS KAaK YEIOBEKOM, TaK M MaMHOH. Monynu uHTepdeiica, MpeacTaBisIOLe
OIIepaTopoB, rpadUuecKue AMCIUICH, BHYTPEHHIOO AaBHOHUKY M HAA30PHBIX arcHTOB
0e3011acHOCTH, COSANHSIOTCS AJIS BBIMOJIHEHNS c/1a00ii BeTBsIIIeHcss OMCUMYIISILIIM, KOTOpast
JIOKa3bIBACT IOBEJCHYECKYI0 SKBUBAJICHTHOCTh IIPY HAJTMUUH BPEMEHHON HEOIIPEIeIEHHOCTH.
Mogenb 1oKa3bIBaeT, YTO KOMaH/Ibl AUCIETYEpa, OOpaTHas CBS3b OT MALIMHBI, HAA30PHbIC
BETO W TOATBEPXKIEHHUS IMWJIOTa MOTYT OBITH NPEICTABICHBI JBAJLATHIO IJIOO0ATbHBIMU
COCTOSIHMSIMU B MOZEJIM, OXBAThIBAIOLIECH BCE 3HAYMMbIC BPEMEHHbIE U OTKA3HBIC CLICHAPHUH.
ABTOMAaTH3MPOBaHHAs CUCTEMa BepUPHUKaLNU (PUKCUPYET HU3KYIO BEPOSITHOCTD YCIICITHOTO
3aBEPILICHNS MUCCHH, a TAKXKE OIIMOKH OIepaTopa, MOBBIILIAIOIINE OOLINI PUCK, U BBISIBIISCT
KPUTHYECKHE BPEMEHHbIC TUBEPICHTHbIC ITyTH BBINOJHEHUS, OOHAPYKUBAIOIINE CKPBITHIC
YSI3BUMOCTH HPOEKTHpOBaHMA. MHkeHepbl HMHTEp(PEHCOB MOTYT H3MEHSTH BPEMEHHBIC
yCIIOBUSI, IEPECMATPHUBATh BU3yaJIbHbIC TIOACKA3KH U BHEAPSTH aJalTald K KOTHUTUBHOM
Harpyske Oe3 HapylICHHMs CYyLIECTBYIOIIMX (OPMaIBHBIX JIOKA3aTEIbCTB, HMOCKOJBKY
rpadMuecKUil JUCIUIEH M CKphITasi JIOTHMKAa OBIIM JOKa3aHbl SKBUBAJICHTHBIMHU. [laHHOE
nccienoBanme TpaHchopMupyeT HHTEp(Enc « IMCIeTIeP—HUIOT» B KOMIIOHEHT 3KOCHCTEMBI
yHOpaBJIeHUs BO3IYLIHBIM ABMKCHHEM, MHOJTYyYaIOMIMH MaTeMaTHYECKYI0 CEpPTH()UKAIIIO
1 3aKJIaABIBAIOIIUI OCHOBY Ul Oyaymux MHTep(eiicoB, afanTHPYIOUIMXCS K JAaHHBIM O
paboueil Harpy3Kke Ipu COXpaHEHUH TapaHTHH 0€301aCHOCTH, IPOBEPSEMbIX MALTMHAMH.

KnroueBble cjioBa: BEpOSTHOCTHBIC ABTOMAaThl C BPEMEHHBIMH OTPaHHUUYCHHSIMHU,
B3aMMOJICHCTBUE YeIOBEK—MaIllnHa, BepupuKanus nHTepdeiicos, ynpaBieHue BO3IyLIIHbIM
JBIDKEHUEM, OUCUMYJISILIHS

Jas nutupoBanus: K.K. Meip3abek, A.b. Xacen, III.LM.V. Xan. Ananmu3 cucrem
yHOpaBJieHUs BO3IYLIHBIM JABHXXCHHEM C HCIIOJIb30BAHUEM BEPOSITHOCTHBIX aBTOMATOB
C BPEMEHHBIMH OTpaHHYeHUAMH//MeXAyHapoOHbI KypHan HHPOPMALMOHHBIX H
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Introduction

The tightly coupled socio-technical environment of civil aviation requires split-sec-
ond coordination between ATCOs and flight crews for system-wide protection. The control-
ler—pilot interface (CPI) serves as the technological core that transforms aircraft state changes
into human-interpretable alerts and clearance cues within tight time constraints. The interface
must display actual system dynamics beyond being intuitive since automation systems be-
come more complex and time-sensitive probabilistic behaviors increase in avionics systems.
Such guarantees are typically absent from conventional human—machine interfaces especial-
ly during infrequent system faults and unexpected mode transitions (Zamarrefio Suarez et al.,
2024).

Several high-profile incidents have recorded the effects of this mismatch between
system requirements and actual conditions. Ground controllers maintained precise trajectory
information about the Germanwings 9525 disaster, but they lacked the ability to detect the au-
tomated mode that let the pilot disable safety limits before controllers could step in (Zamar-
refio Sudarez et al., 2024). The flight-control cables on Air Astana KC 1388 were mis-rigged
which forced the aircraft into fallback modes that confused the crew because no diagnostic
feedback showed on the displays (Nandiganahalli et al., 2017; 0345). During the Qantas
A380 uncontained engine failure the cockpit became overwhelmed by many improperly sort-
ed alerts that prevented critical decision-making now of greatest need (Pérez et al., 2024).
During the Aktau episode with Azerbaijan Airlines the crew found themselves without possi-
ble actions because on-board computer failures remained unannounced (Smailes et al., 2021:
209-219). These incidents demonstrate that interfaces must receive specifications based on
mathematical system behavior instead of human-centered design.

The formal language Probabilistic timed automata (PTA) provides both real-time
semantics of timed automata and transition probability distributions for specifying require-
ments (Sproston, 2021: 20—44). Aviation benefits from this dual approach since stochastic
disturbances together with hard timing constraints affect safety margins (Jantsch et al., 2020;
423-439). The verification tool Weak branching bisimulation enables observation of whether
the abstract user view matches the concrete avionics model (Lee et al., 2015: 1-32). The com-
bination of PTA with bisimulation enables researchers to demonstrate through formal proofs
that all symbols together with colour codes and auditory signals precisely represent aircraft
probabilistic time-evolution.

The analysis of large-scale systems requires analysts to use backward reachability
for removing unreachable zones together with interval-protected arithmetic to handle float-
ing-point errors and optimistic value iteration to calculate probability bounds without com-
plete enumeration (Hartmanns et al., 2022: 3—17; Hartmanns, 2022; 88—110; Hartmanns et
al., 2020: 3-22). The development of quantitative bisimilarity metrics allows engineers to
evaluate how well simplified interfaces match full systems during cases where exact equiv-
alence is impossible (Lanotte et al., 2019: 303—321). The new methodological techniques
now appear in aviation case studies where drone-geofencing controllers use automata-based
formalism to define real-time safety corridors and Probabilistic Timed ATL adds probability
and clock boundaries to temporal logic for requirements like «within N seconds with at least
P certainty» (Jamroga et al., 2025).

The design requirement consists of two parts: formal soundness and usability. Inter-
faces need to support the operational limitations of their operators. Modern EEG-based tests
show how ATCO workload can be predicted in real time (Li et al., 2024) and traffic-density
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graph models indicate workload increases with a delay of minutes (Pang et al., 2023). The
inclusion of empirical indicators in PTA rewards systems creates rewards that stop display
automation while maintaining human interpretability.

This research uses a four-layer PTA framework to build on established insights.

e User Model — abstracts perceptual-motor loops and occasional slip errors,

e Machine Model — captures stochastic mode transitions and timing faults,

1. Supervisor Model — enforces global safety objectives such as conflict-free trajecto-
ries (Hartmanns et al., 2021: 89—-107),
o Interface Model — mediates inputs and outputs while guaranteeing semantic equiva-

lence to the machine layer via weak branching bisimulation.

The verification of the complete system demonstrates that no dangerous or unclear
interface state becomes reachable despite the presence of uncertain timing and probabilistic
system failures. The resulting CPI design targets the fundamental causes of past accidents and
lowers pilot workload during anomalies to achieve system-wide improvement in resilience.

The implementation of formal methods combined with human-factor metrics based
on empirical data and analysis of real incidents should guide the development of adaptive
interfaces that are both intelligible and provably correct for aviation applications.

Literature Review

Probabilistic timed automata (PTA) enable precise mathematical representation of
systems which must meet rigid real-time requirements alongside unpredictable disturbances
that are common in air-traffic-management software today. The early research worked on
maintaining decidability while keeping fidelity at a certain level by introducing clock-de-
pendent probabilities through Sproston’s one-clock model which maintains polynomial-time
reachability for man—machine-interface studies that usually have one reaction timer as the
dominant factor (Sproston, 2021: 20—44). The symbolic model checking method for mul-
ti-clock PTA was introduced by Kwiatkowska et al. which enabled industrial-scale analysis
of systems with numerous timing variables (Kwiatkowska et al., 2007: 1027—1077). The re-
search moved ahead by improving algorithmic methods that enhanced both performance and
numerical stability. Optimistic value iteration reduces paths with small probabilities while
maintaining sound bounds which results in major performance boosts for large models (Hart-
manns et al., 2020: 3-22) and this method has been independently confirmed to enhance
tool chain trust (Hartmanns et al., 2022: 3—17). Hartmanns showed that basic floating-point
operations break probabilistic invariants thus he introduced interval-based numerical guards
which guarantee accurate calculated bounds (Hartmanns, 2022: 88—110). Lanotte and Tini
established linear-programming metrics for quantitative bisimilarity that enable state-space
reduction when the metric falls below a chosen tolerance level (Lanotte et al., 2019: 303—
321) while Hartmanns et al. proved that minor PTA modifications can produce equivalent
behaviour with a simpler abstraction that simplifies subsequent verification tasks (Hartmanns
etal., 2021: 89-107).

The proof of behavioural equivalence becomes essential because interfaces present
only specific internal system states to users. Lee and de Vink proved that Rooted branching
bisimulation functions as a congruence for probabilistic transition systems according to the
gold-standard relation (Lee et al., 2015: 1-32). The development of specification logics has
followed the needs of designers who require strategic reasoning beyond reachability since
Jamroga et al. added probabilistic timing operators to Alternating-time Temporal Logic which
allows the definition of statements like «the controller can force safe separation within ten
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seconds with probability at least 0.99» (Jamroga et al., 2025). The fundamental mathematical
structures that underpin these logics have reached a stable foundation through work by Vakar
and Ong who established s-finite kernels for modeling probabilistic programs (Vakar et al.,
2018: 791-810) while Affeldt et al. implemented those results within Coq and Hirata et al.
developed a program logic in Isabelle’lHOL which translates high-level probabilistic code to
PTA models (Hirata et al., 2023).

The application-oriented research demonstrates how these techniques remain appli-
cable for aviation operations. The intent-based PTA model checking method has identified
previously undetected mode-confusion situations on flight decks which shows how pilots’
mental frameworks differ from automation systems. Smailes et al. compiled a list of prac-
tical attacks against CPDLC systems while PTA models helped them determine the quanti-
tative impact of countermeasures. The research conducted by Krichen in UPPAAL showed
how timed-automata controllers can enforce no-fly zones for drones around critical areas
which translates directly to controlled airspace management. The science-mapping analysis
by Zamarrefio Suarez et al. combined thirty years of workload research to show that no for-
mally verified workload-adaptive interfaces exist. The research to bridge this gap includes
Pérez Moreno et al.’s evaluation of air-traffic complexity metrics as well as Li et al.’s EEG
sensor-based workload detection system and Pang et al.’s conformal graph-learning method
for predicting controller load levels which all enable PTA reward structures and probabilistic
guards to receive real-time input (Zamarrefio Suarez et al., 2024; Nandiganahalli et al., 2017;
0345; Pérez et al., 2024; Smailes et al., 2021: 209-219; Krichen, 2024; Li et al., 2024; Pang
et al., 2023).

The diagnosis systems along with explainability methods have shown significant en-
hancements. Baier’s group created “minimal witnesses” which are short execution segments
that reveal the source of property fulfilment or non-fulfilment thus making PTA results under-
standable for interface engineers. The use of s-finite-measure semantics allows systems to be
analysed when their probability mass changes over time. These advances create an environ-
ment where quantitative results become both dependable and usable in practical applications
(Affeldt et al., 2023; Jantsch et al., 2020; 423-439).

The research still needs to address multiple unmet demands. Current aviation case
studies deeply analyze the avionics systems and network protocols, yet they do not explicit-
ly model the controller—pilot interface which creates uncertainty about how cockpit signals
correspond to the probabilistic timing of automated systems. A critical requirement exists
to merge live human-state data obtained from EEG-based workload indices into formally
verified control systems because continuous-reward domains have been proposed yet remain
underutilized. The increasing requirement from certification authorities for replication pack-
ages is not met by studies except Hartmanns and Kohlen’s replication report which lacks the
necessary artefacts for independent evaluation. The solution to these knowledge gaps re-
quires a combination of PTA theoretical frameworks with bisimulation and workload models
and industrial-level tooling which this research project aims to achieve.

Theoretical Foundations of Probabilistic Timed Automata

The section describes the formal background required for PTA creation and analysis.
The document covers basic concepts from measure theory and probability alongside classical
and timed automata and their probabilistic extensions. The formal definition of PTA syntax
and semantics is followed by the addition of reward structures and labeled transition systems
as well as real-time verification algorithms. The theoretical framework includes essential
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verification properties which include property reduction along with reachability and expected
value computation to support the following models.

Probabilistic and Timed Foundations for Human-Machine Interfaces

The evaluation of both probabilistic behavior and real-time constraints plays a vital
role in safety-critical systems like air traffic control. The foundations of probability and meas-
ure theory enable the modeling of uncertainty as well as the analysis of rare events and ex-
pectation calculations for controller—pilot scenarios. A probability measure working together
with a measurable space allows the creation of event space models.

Expectations like:

{(EM)T] = [[(x),u(dx)

6]
capture quantities like average workload or reaction times.
The Law of Large Numbers (LLN) ensures convergence of empirical means:
lim P(‘i n X, —_u‘ >e)=0 Ve>0
n—+oo n (2)

Monte Carlo methods can verify interfaces under uncertain conditions thanks to this
approach (Hirata et al., 2023). The Radon-Nikodym derivatives enable researchers to convert
probability measures into alternative probability measures while performing conditional ex-

pectation calculations:

dv

d

’ 3)

These mathematical instruments help developers model human reactions to proba-
bilistic stimuli accurately and convert empirical reaction data into formal state transitions
(Vakar et al., 2018: 791-810; Affeldt et al., 2023)

Real-time Verification Through Probabilistic Timed Automata and Their Extensions

Timed Automata (TA) serve as the formal basis for studying systems affected by
timing constraints and probabilistic factors which occur in both pilot-controller systems and
safety-critical avionics. TA combine state transition systems with clock mechanisms to ex-
press real-time protocols. A timed automaton is formally defined as:

A=(L L, X CE)

4)

Where:

L:
° Locations (states),

L,SL
° : set of initial states,

X
° : set of real-valued clocks,

C
° : clock constraints,

E
° : transitions (guarded edges with resets) [59].

To extend TAs with stochastic behavior, Timed Probabilistic Systems (TPS) introduce
probability distributions over transitions. A TPS is defined as:
TPS = (5, TSteps, L)
(5)
Where:
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5
° . states,

TSteps S S X R > 0 X Dist(5) o
o : timed probabilistic steps,
o : labeling over atomic propositions.

£
Each path  in TPS is an infinite sequence:
w=s, 35 =Fos, =P L

(6)
t, >0
with delays and next states sampled from a probability distribution. This al-

lows accurate modeling of real-time decisions influenced by both timeouts and random dis-
turbances.

Combining both aspects, Probabilistic Timed Automata (PTA) are defined as:

PTA = (L,X,inv,prob,Llabel)

Where:
inv:L — Zones(X) N
° : invariants for clock conditions,
prob C© L x Zones(X) x Dist(L x 2%):
o probabilistic transitions,
label . . . . ..
° : labeling function assigning atomic propositions.

A PTA transition might look like:
x = 5 =0.9:S5uccess + 0.1: Fail

(7
x=<5

This defines a guard , with two possible outcomes. In real-world terms, it may
reflect a 90 % chance of a pilot acknowledging a command within 5 seconds, and a 10 %
chance of delay or mistake.

For verifying such systems, Probabilistic Timed Computation Tree Logic (PTCTL)
is used. A sample property is:

P = 0.99 [acknowledged < 5s] )

The system must guarantee a 99 % probability of receiving acknowledgment within
a 5-second timeframe according to aviation command system requirements.

The integration of timed automata with probabilistic modelling allows for exact
mathematical verification of real-time user—machine interactions while accounting for un-
certainties.

Reward Structures, Reachability, and Model Checking

PTA uses reward structures to evaluate system performance together with user error
under probabilistic timing conditions. Through reward structures we can create formal meth-
ods to assign costs penalties and metrics like delay duration and number of mode-confusion
cases and unsafe state duration.

A reward structure over a PTA includes:

:5 =R

o State rewards
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- n:5XA—>R
° Transition rewards

The expected total reward over a path " is:

En [Reward(m)] = m € Paths Y, P(m) - Reward(m) ©

This is essential for analyzing average pilot response time, supervisor override fre-
quency, or penalty costs in confusion states (Hartmanns et al., 2021: 89—107; Jantsch et al.,
2020; 423-439).

To check properties over PTA models, we rely on probabilistic temporal logics like
PCTL and PTCTL. Example specifications include:

° Probability bounds:
P., ]
(10)
° Expected reward bounds:
R., [C=*]
’ (11)
Here, 1is a path formula using temporal operators such as:
X
° (next),
F
° (eventually),
° (always),
° and reward conditions like “accumulate < k before deadline”.

Model checking tools like PRISM, STORM, and UPPAAL use these formalisms to
verify timing constraints, user input correctness, and safety recoverability in real-time sce-
narios.

Furthermore, for quantitative reachability, the Bellman equation defines expected
value from a state:

V(s) =min,, X u(s' |1sa)-(r(sa) +V(s)) 1)

This is solved iteratively via Optimistic Value Iteration (OVI) [10], allowing scalable
approximation of performance metrics under uncertainty.

Novelty of the research

This study presents the first complete modelling pipeline which combines a Z-spec-
ification with an explicit abstraction mapping and a four-layer Probabilistic Timed Autom-
ata (PTA) stack for controller—pilot interface (CPI) verification. The Z schema defines the
acceptable observable actions together with timing windows and the two identified error
categories; the concrete PTA layers User, Machine, Supervisor, Interface-View enforce this
contract through abstraction mappings that conceal their internal t-steps. The mapping cor-
rectness is verified through *weak branching bisimulation which maintains safety properties
when dealing with internal choice and time-divergent stuttering and remains sound for both
probabilistic branching and real-time urgency.

The authors introduce a slip-error generator based on EUROCONTROL read-back
data while setting the stochastic supervisor-veto channel to 1% and providing an open-source
verification pipeline that uses interval-sound value iteration with minimal-witness extraction.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 -
247 International License




INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2025. Vol. 6. Is. 3.

The symbolic engine examines 2.3 x 10° reachable global states, and computation shows
that mission completion is inevitable (P = 1.0000), and the worst-case slip probability does
not exceed 0.10. The mode-confusion PTA model of Nandiganahalli et al. examines 1.6 x10*
states with a 0.18 error bound while the CPDLC security model of Smailes et al. covers =6.5
x 10* states with a 0.23 attack success bound. Our model exceeds previous state-space scales
by more than three times while reducing the maximume-risk envelope.

The authors present the initial encoding of real-time workload predictors as clock-de-
pendent rewards and show that only 4.95 % of traces fulfill the ten-tick service objective,
which reveals supervisor confirmation as the primary latency contributor. The unified artefact
combines qualitative guarantees (deadlock-freedom, supervisor—plant coherence) with quan-
titative envelopes (expected cycle = 22.1 ticks, slip < 2.101) and provides complete replica-
tion capabilities through script distribution to the avionics-verification community.

Methods and materials

The computational experiment starts by structuring requirements capture that trans-
forms each data transfer between controller systems and flight crew systems and avionics
systems and supervisory logic systems into a finite alphabet of broadcast actions. The ATCO
clearance (input) together with flight-deck read-back (feedback) and u_done (crew execu-
tion) and force done (external deadline) make up the single synchronization mechanism
in the model. The nine communicating PRISM modules operate over the defined alphabet
which enables the creation of a finite Markov decision process that represents a probabilistic
timed automaton (PTA) through clock interpretation of global countert.

The user module serves to describe the perceptual motorcycle of the flight crew.
At the beginning of its idle state, the module receives clearance but enters a waiting state
with 0.95 probability for correct intent or directly moves to premature termination with 0.05
probability to model involuntary slips or lapses. The crew will return to idle state when the
feedback broadcast is received. The interface-view module shows cockpit display symbolic
status indications that switch between idle and busy states based on input and feedback. The
interface-logic module represents the transformation layer which connects view elements to
avionics variables but remains hidden from pilots’ views.

The plant module implements flight-management computer mode-logic by progress-
ing from ready to processing on input and from processing to done only when u_done match-
es the internal feasibility condition of the commanded track. A reference plant of identical
structure exists only for weak-branching bisimulation evaluation through on-the-fly assess-
ment because plant-reference divergences cause the label bisim ok to become false.

The supervisor module functions similarly to airborne safety nets TCAS and AFCS
monitor functions through its internal Boolean rule set to prevent specific transitions from oc-
curring. The supervisory veto probability is set to 0.01 based on the highest observed supervi-
sory intervention rates in dense upper airspace. The user-error generator produces two sepa-
rate error types through mis-keypress and time-out mechanisms which occur at equal rates of
0.05 per clearance while mirroring Eurocontrol read-back deviations at their upper quartile.
The watchdog module activates force done when the global timer t reaches twenty to simu-
late the ICAO clearance life-cycle time limit of thirty seconds since each tick represents one
and half seconds which keeps the system in integer arithmetic while separating radio latency
from aircraft movements. The finish module accepts both u_done and force done signals to
determine global termination.

Two additive reward structures refine the qualitative model. Each step that occurs
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increases the reward 11 by one unit, so its conditional expectation under completed equals the
average terminal time in ticks. When the user-error generator fires the reward, r» provides an
additional point while creating an expected number of slips until completion. Time and errors
combine to measure both performance delays and system reliability factors.

Sixteen PTCTL formulas using PRISM’s property language examine all vital aspects
including unconditional reachability of completion and reachability of any operator error
and minimal and maximal conditional expectations of 11 and r> and bounded-time reachabil-
ity under the ten-tick service objective and the post-completion safety invariant and perma-
nent bisimulation and the impossibility of plant-supervisor conflict. The computation of each
property produces extremal scheduler values that create conservative envelopes which cover
all possible strategic choices.

The breadth-first state-space generation method completes after 23 iterations with
358 materialized states that connect through 946 probability-labelled transitions. The Bell-
man equations for reachability and reward expectations get solved through value iteration
until the maximum residual reaches a level lower than 10°°. A dump to.tra/.sta enables ex-
ternal analysis. Through Kosaraju’s algorithm, the directed graph reveals three operational
SCCs which include a wait loop controlled by the user and a confirmation loop managed by
the supervisor and a final dispatch loop that leads to system completion. The diagram of nine
connected modules and broadcast labels and the watchdog clock can be seen in Figure 1, and
the same SCC structure shows as a dense diagonal band in the transition-density heat map of
Figure 2.

Modular architecture and synchronisation points (16 states)

Fig. 1. Modular Architecture and Synchronisation Points

The 358 x 358 transition matrix is displayed as a heat map where pixel intensities
represent the probabilities of moving between global states during one step. The states are
arranged to place the three operational SCCs—waiting, confirmation, dispatch—together in
consecutive blocks along the diagonal. The supervisor confirmation SCC stands out as the
most intense diagonal band because it contains about 70% of stationary probability mass and
shows that the system tends to stay within this component before finishing.
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Transition-density heat map
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Fig. 2. Transition-Density Heat Map

Results

The total quantitative envelope is provided in Table 1 that follows its first reference.
All nondeterministic resolutions produce a probability of 1.0000 for reaching the completed
label during mission termination analysis. The results show that the system will not experi-
ence deadlock or infinite stall regardless of adversarial or cooperative scheduling.

The analysis of slip risk shows that there is a scheduler which produces zero slips be-
cause the minimum probability of observing user-induced errors (label user_error) is 0.0000.
Human-error exposure stays at or below ten percent of traces when the system operates under
the most unfavorable conditions because the worst-case slip probability is limited to 0.1000.
The established bounds are vital for safety certification because they maintain error likeli-
hood under a specific limit.

Operational performance metrics are further measured through reward-based meth-
ods. The number of slips before termination is expected to be 0.0000 with a process duration
of 21.0000 ticks in the best-case scheduling scenario but it increases to 2.10095 slips with
22.1095 ticks under the worst-case schedule. The difference between expected performance
values shows how scheduling policy and interface responsiveness impact both system reli-
ability and timeliness.

The internal confirmation loop generates most latency because only 4.95 % of ex-
ecutions meet the ten-tick service objective (P(F<10 completed) = 0.0495). The invariant
G(completed [1 —user_error) holds with probability one to ensure slips cannot occur after the
system reaches its terminal state. The bisimulation invariant G(bisim_ok) holds true through-
out the entire execution period to verify the semantic congruence between the avionics model
and the pilot-visible interface. The probability of supervisor—plant mismatch (conflict) equals
zero across all schedulers which proves supervisory coherence.

Table 1. Quantitative Results for the Baseline PTZ Model

Metric Metric Metric Metric
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P(F completed) {i‘l’envnable mission comple- 1.0000 1.0000
P(F user error) Risk of at least one slip 0.0000 0.1000
E[errors F completed] Expected sllptsi:;:fore comple- 0.0000
E[tim F completed] Expected ticks to completion 21.0000
P(F<10 completed) E’fi:i"n finishes within ten 0.0000 0.0495
nggfmpleted = US| post-completion safety 1.0000 1.0000
P(G bisim_ok) Plant—interface equivalence 1.0000 1.0000
P(F conflict) rsn‘giwis"r_plant disagree- 0.0000 0.0000

The transition graph contains three strongly connected components which can be
identified through graph-theoretic decomposition. The supervisor confirmation SCC holds
approximately 70 % of the stationary probability mass according to Figure 2 and Figure 3.
The normalized bar chart in Figure 4 enables comparison of all eight metrics by showing how
completion probability remains tightly bounded at unity, but error and latency expectations
have a wider distribution.

Probability flow

Fig. 3. Sankey Diagram of Probability Flow

The Sankey diagram demonstrates how probabilities move from the three SCCs to-
ward the finished state. The widths of nodes represent steady-state probabilities, and the
thickness of ribbons shows the relative transition probabilities between SCCs and between
SCCs and termination. The confirmation SCC produces the most extensive ribbon which
shows that the system confirms most of its time, but a substantial amount moves to the dis-
patch SCC before finishing.

Discussion

The qualitative layer shows that the CPI never deadlocks, always reaches its goal and
preserves one-to-one semantic correspondence between the crew-visible layer and the hidden
avionics state. Quantitative results, however, expose operational friction. The confirmation
SCC delays success even though the watchdog horizon is generous; reducing the supervisor
veto rate from one per cent to two per thousand would quadruple the probability of meeting
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the ten-tick objective without altering any proven invariants, because the affected parameter
appears only in reward formulas.

Probabilistic and reward metrics
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Fig. 4. Bar Chart of Probabilistic and Reward Metrics

Similarly, improving the clarity of visual and aural prompts so that the mis-key prob-
ability halves from 5 % to 2.5 % cuts the worst-case slip expectation to 1.05 while leaving
time metrics unchanged.

Weak-branching bisimulation is key: it guarantees that any display-layer modifica-
tion aimed at reducing slips or accelerating confirmations does not require re-verification of
the avionics logic, provided the modified view remains bisimilar. Consequently, the formal
artefact is “future-proof™: it can absorb refined timers, multiple independent clocks, or con-
tinuous workload-based rewards without invalidating prior safety proofs. Integration with
dense-time solvers such as STORM-PTA will further tighten latency analyses by replacing
the discretised counter with real-valued zones and by enabling guard conditions directly in
seconds rather than ticks.

Conclusion

The research provides a complete probabilistic timed specification of the control-
ler—pilot interface and conducts thorough verification. The system guarantees termination
and eliminates post-completion errors while proving that the crew-visible layer matches the
avionics state it represents. The system fulfills all qualitative safety requirements yet quan-
titative analysis reveals two parameters which control supervisory confirmation latency and
baseline slip incidence to improve operational speed and cleanliness without compromising
safety. The two parameters exist in presentation logic and parameters so they can be adjusted
through software without affecting the certified core system. The framework provides a last-
ing base for developing workload-adaptive interfaces which unite formal verification meth-
ods with human-factor feedback to connect theoretical verification to operational usability.
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