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Abstract

Although vehicular networks have been studied for decades, reliable
message delivery in such dynamic environments remains a complex
challenge. Meeting strict requirements for throughput and latency—
needed for both safety-related and general services—is difficult with any
single wireless access technology, as each has its own limitations under
varying conditions. Combining multiple communication technologies
into a heterogeneous network can better address these demands, but
selecting the right technology for each situation requires careful decision-
making and management.

In this work, we propose a practical solution for intelligent message
delivery in vehicular networks leveraging heterogeneous networking
enhanced by historically measured cellular network quality data. The
core of the approach is a message delivery algorithm that dynamically
selects between direct V2V communication and cellular relays based on
current network conditions and historical network performance metrics.
The proposed solution utilizes network quality data collected via our
custom-designed data collection architecture, enabling informed decision-
making regarding the optimal communication technology. An important
aspect of this work, verified through statistical modeling based on real-
world data, is the improvement of network switching stability. This helps
in mitigating unnecessary technology transitions, optimizing network
utilization, and enhancing the reliability and efficiency of data delivery,
particularly for safety-critical and time-sensitive applications in dynamic
vehicular network environments.

The proposed algorithm was formally verified using Coloured Petri Nets.
Empirical evaluation was then performed using real-world network
quality data from our publicly available dataset, which we developed as
part of this research. The results suggest that the proposed approach
achieves stable communication in dynamic vehicular network conditions.
The presented solution integrates both the data collection architecture
and the dynamic technology selection algorithm into a unified framework
for improving vehicular network communication.



Abstrakt

Hoci boli vozidlové siete predmetom vyskumu uz celé desatrocia, spo-
lahlivé dorucovanie sprav v tak dynamickom prostredi zostava naro¢nou
tlohou. Splnenie prisnych poziadaviek na priepustnost a latenciu — po-
trebnych pre bezpecnostné aj vSeobecné sluzby — je fazko dosiahnutelné
pomocou jednej bezdrotovej pristupovej technolégie, kedze kazd4 ma
v roznych podmienkach svoje obmedzenia. Kombinécia viacerych ko-
munikacnych technol6gii do heterogénnej siete dokéze tieto poziadavky
riesit efektivnejsie, avsak vyber vhodnej technolégie v kazdej situacii si
vyzaduje premyslené rozhodovanie a spravu.

V tejto praci navrhujeme praktické riesenie pre inteligentné dorucova-
nie sprav vo vozidlovych siefach, ktoré vyuziva heterogénne prepojenie
rozsirené o historicky namerané tdaje o kvalite mobilnej siete. Jadrom
pristupu je algoritmus dorucovania sprav, ktory dynamicky voli medzi
priamou V2V komunikéciou a sprostredkovanym prenosom cez mobilnil
sief na zaklade aktudlnych siefovych podmienok a historickych ukazova-
telov vykonnosti siete. Navrhované riesenie vyuziva tdaje o kvalite siete
ziskané pomocou nami navrhnutej architektary na zber déat, ¢o umoz-
nuje informované rozhodovanie o optimalnej komunikac¢nej technolégii.
Dolezitym aspektom tejto prace, overenym statistickym modelovanim
na realnych datach, je zlepSenie stability prepinania medzi sietami. To
prispieva k obmedzeniu zbytoénych prepnuti technolégii, optimalizuje
vyuzitie siete a zvySuje spolahlivost a efektivitu prenosu dat, najmé
pre bezpecnostne kritické a casovo citlivé aplikacie v dynamickych
vozidlovych sietach.

Navrhovany algoritmus bol formalne overeny pomocou Farebnych Pet-
riho sieti. Empirické hodnotenie bolo néasledne realizované na realnych
udajoch o kvalite siete z nami publikovaného datasetu, ktory bol vy-
vinuty v rdmci tohto vyskumu. Vysledky naznacuju, ze navrhovany a
modelovany pristup dosahuje stabilnt a efektivnu komunikéciu v dyna-
mickych podmienkach vozidlovych sieti. Predstavené riesenie integruje
architektiru na zber dat a algoritmus pre dynamicky vyber technolégie
do jednotného ramca na zlepsenie komunikécie vo vozidlovych sietach.
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Chapter 1

Introduction

Transportation systems increasingly depend on timely and reliable ex-
change of information between vehicles, roadside infrastructure, and
traffic management services. Cooperative Intelligent Transport Sys-
tems require low end-to-end latency and high delivery reliability under
conditions that vary quickly across urban, suburban, and highway en-
vironments. Experience and surveys concur that no single wireless
technology consistently satisfies these constraints across all contexts;
performance is shaped by channel dynamics, interference, mobility, and
highly heterogeneous coverage. Direct short-range communication such
as IEEE 802.11p and cellular systems (LTE/5G with C-V2X) bring
complementary strengths. However, broadcast-centric dissemination
over contention-based media is prone to congestion and redundant
re-transmissions that inflate latency and diminish effective capacity
for time-critical messages. Limiting unnecessary broadcast overhead is
therefore an essential lever for improving timeliness and reliability [1]. In
parallel, standardization has clarified Vehicle-to-Everything (V2X) ser-
vice requirements and architectural capabilities for 5G systems—unicast,
groupcast, and multicast/broadcast support, as well as the placement
of V2X application servers—providing a reference frame for deployable
designs [2, 3, 4]. Recent studies on heterogeneous V2X likewise motivate
combining multiple access technologies and selecting the delivery mode
per context [5, 6, 7].

This dissertation responds to these conditions with a framework for
context-aware message delivery across heterogeneous networks, target-
ing practical integration with standard-compliant V2X deployments.
The central idea is to integrate real-time indicators with historical,
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location-specific information on cellular network quality, thereby en-
abling delivery decisions—between direct V2V and cellular communi-
cation—that align with the requirements of individual messages while
minimizing unnecessary network load. The work therefore begins with a
vehicle-centric measurement methodology tailored to driving scenarios,
capturing cellular quality indicators alongside precise localization on real
roads and aligning them to the road topology to form historical quality
maps. These maps reflect spatial regularities and recurrent impairments
that are not evident from instantaneous measurements alone, enabling
informed decisions at points where coverage or interference patterns are
known to shift.

On top of this data foundation, the dissertation specifies a decision
algorithm that fuses real-time context with the historical maps to choose
between direct and cellular delivery modes with the explicit goal of
meeting low-latency and reliability targets while curbing redundant
re-broadcast in broadcast-heavy patterns. The algorithm is modeled
and verified using Coloured Petri Nets (CPN). The CPN model verifies
(within the modeled abstractions) deadlock-freedom, and bounded be-
havior of the forwarding mechanism in representative scenarios before
any empirical assessment. Because heterogeneous quality can induce
pathological oscillations between technologies, the work further develops
a Continuous-Time Markov Chain (CTMC) model to analyze switching
stability under empirically derived regimes, reporting steady-state occu-
pancy and switching metrics. The CTMC serves as a practical baseline;
deviations from exponential holding times and low-confidence estimates
in specific regimes are noted.

An empirical evaluation then examines whether switching behavior
remains well-behaved in practice. The evaluation uses measurements
collected on Slovak roads and leverages a public dataset that cou-
ples continuous camera recordings with mobile-network telemetry and
high-precision localization, enabling reproducible analysis in realistic
conditions [8]. The framework and its assumptions are positioned with
respect to the capabilities and service expectations captured in the
relevant 3GPP specifications for V2X communication in 5G [2, 3, 4].
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Prior outputs published by the author and collaborators provide context
for the present integration. They include an assessment of Slovak road in-
frastructure readiness for intelligent transportation deployment [9], and
a study of road-segment compliance with 3GPP-motivated requirements
[10]. The released dataset of camera and telemetry recordings sup-
ports reproducible benchmarking in real traffic [8], and complementary
perception research on ultra-fast visible lane-distance estimation with
a single camera informs the broader environment understanding [11].
Building on these strands, the dissertation consolidates measurement,
decision-making, and validation into a coherent framework centered on
historical quality maps and context-aware delivery.

For clarity, the main technical contributions are as follows:

1. a practical road-measurement and mapping pipeline that allows
collection of cellular performance metrics aligned to the road
network for downstream decision support;

2. a context-aware message delivery algorithm that fuses real-time
indicators with historical cellular network quality and selects be-
tween direct and cellular modes while explicitly limiting redundant
broadcast overhead;

3. formal verification of the algorithmic core using Coloured Petri
Nets to ensure control-flow correctness and eliminate classes of
behavioral defects before field evaluation;

4. a CTMC-based analysis of switching stability that quantifies
selection dynamics under empirically derived regimes and identifies
conditions associated with low switching intensity.



Chapter 2

Objectives

The aim is to achieve reliable and timely delivery of safety-relevant
information in heterogeneous, time-varying road environments while
minimizing unnecessary wireless load. The solution is designed to
operate with realistic measurement inputs and to remain compatible with
the V2X service requirements and architectural assumptions codified
for 5G systems [2, 3, 4]. From this framing, the objectives follow
naturally. First, the approach should reduce redundant broadcast traffic
in contention-based media so that capacity is preserved for time-critical
messages and latency inflation is mitigated. Second, it should improve
delivery reliability and timeliness by adaptively selecting between direct
(V2V) and cellular modes using a combination of real-time indicators
and historically observed cellular quality.

To make these objectives concrete and reproducible, the work defines
tasks aligned with the overall architecture. A road-measurement pipeline
is specified and deployed to capture cellular quality indicators and pre-
cise localization along driven routes, producing historical quality maps
aligned to road segments for use in decision-making. A context-aware
algorithm is then designed to fuse instantaneous context with the histor-
ical maps and to choose the delivery mode in accordance with message
requirements such as latency target and intended dissemination range,
while incorporating mechanisms that limit redundant re-broadcast in
broadcast-heavy patterns. The algorithmic core is modeled in Coloured
Petri Nets to verify control-flow correctness and absence of deadlocks
prior to field trials. Switching behavior across heterogeneous conditions
is modeled with a Continuous-Time Markov Chain constructed from
empirically derived quality regimes to quantify expected switching rates
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and residence times and to demonstrate stability under noise. Finally,
the system is evaluated on real roads using the collected measurements
and the publicly released dataset [8], focusing on switching-stability
metrics derived from measured road segments (steady-state occupancy,
switch intensity, mean time between switches).

Success is demonstrated if, across representative operating regimes in
real traffic, the approach reduces redundant broadcast traffic compared
with naive dissemination and maintains switching stability consistent
with the CTMC analysis, while remaining practically implementable
within a standard-compliant V2X ecosystem. The work does not aim
to replace underlying radio stacks or to introduce a universal routing
protocol; rather, it contributes a decision layer that leverages historical
cellular quality to select among existing delivery modes in a manner
that is compatible with standard architectures and supported service
models.



Chapter 3

Methods and Design

The work develops a framework that combines on-road measurements
with context-aware decision making to select between direct short-range
transmission (V2V) and cellular delivery so that safety-relevant mes-
sages are delivered reliably and on time while avoiding unnecessary
wireless load. The design begins with a vehicle-centric measurement
methodology in real traffic that records standard cellular quality indi-
cators alongside precise localization. Measurements are aligned to the
road topology (and optionally aggregated) to form historical quality
maps that capture location-specific expectations of cellular performance.
This historical layer complements instantaneous indicators obtained
at the time of transmission and enables decisions that look beyond
momentary fluctuations. Prior studies on readiness and parameteri-
zation in vehicular contexts motivate the choice of indicators and the
road-segment representation and provide empirical grounding for the
mapping approach [9]. The overall direction follows heterogeneous net-
working in vehicular communication, where multiple access technologies
are combined and the delivery mode is chosen per context [5, 6, 7].

Table 3.1 defines the cellular quality classes used by the maps and by the
decision logic. The classes are derived from the measurement pipeline
and express expected latency regimes at the segment level.

On top of this data foundation, the message-delivery algorithm operates
as a lightweight decision layer above existing communication stacks.
It consumes message descriptors and context, including the intended
dissemination characteristics and the sender’s position, combines these
with the historical quality expected for the current road segment, and
produces a delivery choice together with a broadcast-control action.
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Table 3.1: Cellular network quality classification

Class Description Latency

RED Cellular network is unavailable or the mea- > 500 ms
sured latency is too high for practical ve-
hicular applications.

ORANGE Cellular network is available, but expected 100-500 ms
latency is usable only for basic vehicular
use cases.

GREEN Cellular network is available and meets < 100ms
requirements for selected advanced vehic-
ular applications.

The design aims to respect latency/reliability targets and to limit re-
dundant re-broadcast in contention-based patterns (these are design
objectives rather than outcomes measured in the evaluation), since
broadcast-centric contention otherwise inflates latency and reduces ef-
fective capacity [1]. The algorithm targets practical integration with
standard-compliant V2X deployments (without altering lower-layer pro-
tocols), and it is framed against service requirements and architectural
capabilities captured in 3GPP specifications, which define the roles and
communication modes applicable to vehicular applications [2, 3, 4].

The decision logic combines the map-derived network quality class with
the message’s dissemination intent and simple real-time cues to select
a single delivery mode per message. Table 3.2 summarizes the rule
structure exactly as used in the thesis, including how short/long range
and short visibility affect the choice among DIRECT, CELLULAR,
and BOTH.

Inputs to the decision therefore include (i) message requirements that
determine timeliness and dissemination range, (ii) current geographic
context and road-segment identity, (iii) instantaneous indicators avail-
able to the sender, and (iv) the historical cellular quality associated
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Table 3.2: Network technology selection logic overview

Network Quality Decision Logic
RED (Cellular unavail-
able) — Use DIRECT only

ORANGE  (Cellular ) )
available, but low qual- — Use DIRECT primarily
%

ity) Also use CELLULAR when SHORT
visibility

GREEN (High quality

cellular) — Use CELLULAR for LONG-range mes-
sages

— Use BOTH for SHORT-range messages
in case of SHORT visibility

— Also use DIRECT if any part of the
message range lies outside the GREEN
zone

with the present segment and its neighbors.

To avoid cases where the sender is in GREEN but part of the addressed
footprint is not, the decision looks at the entire delivery footprint
from the origin up to the requested range boundary. CELLULAR-
only is used only if all segments in that footprint are GREEN; if any
segment is ORANGE or RED, the sender includes DIRECT—or BOTH
under SHORT visibility—to cover the non-GREEN part (see Table 3.2).
This complements the local smoothing by the present segment and its
neighbors with a global “all-GREEN” check over the addressed area.

The algorithm produces two coupled outputs: the selected delivery
mode—direct or cellular, with the possibility of using both where in-
dicated—and a broadcast-control action that reduces unnecessary re-
broadcasts when direct dissemination is chosen. The control action rests
on duplicate awareness and restrained forwarding so that nodes that
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have already observed sufficient coverage do not re-inject messages need-
lessly. The use of historical quality is crucial for predictable behavior; if
the present segment is known to present impaired cellular coverage, the
algorithm avoids costly retries in the cellular path and prioritizes direct
dissemination, whereas in segments with consistently strong cellular
performance it prefers cellular relaying to spare the contention-based
channel and meet end-to-end targets.

To conclude, this chapter specified the decision logic—its inputs, the
segment-level cellular-quality maps, and the rule set in Table 3.2—that
yields a delivery mode (DIRECT, CELLULAR, or BOTH) together with
a broadcast-control action. The next chapters formalize the procedure
with a Coloured Petri Net to check control-flow properties within the
modeled scope and evaluate switching stability on road measurements
using CTMC-derived metrics.



Chapter 4

Formal Verification and Sta-
bility Modeling

The decision layer is first checked with a Coloured Petri Net (CPN)
model to check sound control flow and bounded behaviour before field
evaluation. A complementary Continuous-Time Markov Chain (CTMC)
then captures the stability of technology selection under heterogeneous
cellular quality derived from measurements. Together, these two ap-
proaches show that the algorithm follows the intended logic and does
not oscillate pathologically when conditions vary.

4.1 Coloured Petri Net verification

The model represents vehicles, messages, and the road as coloured
tokens flowing through decision and delivery stages. Road topology is
abstracted into N segments; each segment carries a cellular-quality zone
(GREEN, ORANGE, RED) representing the historical maps used
by the algorithm. Messages carry the range class (SHORT/LONG),
a requested delivery distance (in segments), origin segment, and the
network type over which they were last received. Vehicle movement
during exploration is not modelled; the focus is on correctness of selection
and forwarding behaviour across reachable configurations of segment
qualities and placements.

The net distinguishes idle vehicles, messages in the air via DIRECT or
CELLULAR, and inbound processing at receivers. Transition guards

10
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Table 4.1: State-space exploration by number of road segments V.
N States Arcs Time [s] Bounded No inf. seq.

3 26428 37617 47 Yes Yes
4 158 101 240 162 812 Yes Yes
5° 365828 767 767 99 999" Yes Yes

Note: "Partial exploration for N=5 (stopped before completion).

encode the selection logic that fuses the current segment’s quality with
the message range. Broadcast control is represented by restrained
forwarding and duplicate awareness: receivers add the message to their
seen set and forward only when policy rules allow it.

For state-space exploration, parameters are set to scaled values that
make complete analysis feasible on desktop hardware while preserving
the decision structure. Full exploration completes for N € {3,4} road
segments; N > 5 shows the expected combinatorial growth and is
reported as partial. Across explored configurations the net is bounded,
with no infinite occurrence sequences.

These results suggest that the executable decision logic terminates under
the modelled assumptions, the net remains bounded, and pathological
cycles are absent at the resolution of this model. The abstraction
currently omits vehicle motion, explicit timing, and probabilistic delivery;
these can be added (e.g., timed transitions or loss processes) without
changing the core decision structure.

4.2 Stability modelling with a Continuous-
Time Markov Chain

To quantify how often the selected technology would change under
realistic heterogeneity, a CTMC is fitted from measured sequences
of quality zones along representative roads. Each state captures the
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effective delivery regime implied by the zone and range rules; transition
rates are estimated from observed zone transitions. From the generator
one obtains the steady-state distribution 7 and the overall switching
intensity A (the sum of leaving rates). The mean time between switches
follows as 1/A, and for a decision interval T seconds the probability of
at least one zone-driven switch is

Pswitch(T) =1- 67AT~

The corresponding steady-state occupancy, switching intensity, mean
time between switches, and short-horizon switch probabilities are re-
ported per route in Chapter 5.

Suitability of the exponential holding-time assumption is examined with
QQ plots and a Lilliefors-style check applied to reconstructed dwell-time
samples. Departures from the exponential appear in parts of the data
(longer-than-exponential tails for some zones), which is consistent with
the intended use of the model as a large-scale stability summary rather
than a micro-scale predictor. Considering the CTMC as a practical
baseline model that captures the overall trends, it provides consistent
steady-state estimates and switching intensities across repeated drives
and supports the interpretation of selection stability established by the
decision logic.



Chapter 5

Empirical Evaluation

This chapter evaluates whether a context-aware decision layer that lever-
ages historically observed cellular network quality can operate stably
in realistic road environments. The evaluation uses on-road measure-
ments gathered with the vehicle platform described in the thesis and
a publicly released dataset that couples continuous camera recordings
with mobile-network telemetry and high-precision localization, providing
reproducible inputs from Slovak roads [9, 8]. The analysis focuses on
stability of technology selection under heterogeneous conditions rather
than on micro-level radio effects.

5.1 Data and road contexts

Road measurements are aligned to the road topology and aggregated
into segment-level historical quality maps. Three representative routes
are used to cover typical operating regimes established elsewhere in the
thesis: C1 as a first-class road with largely flat surroundings and sparse
obstacles, C2 with elevation changes and forested sections interleaved
with a village, and D1 as a highway segment with mostly unobstructed
surroundings [9]. Each segment is assigned one of the empirically derived
cellular-quality zones (GREEN/ORANGE/RED) used by the decision
logic in Chapter 3.

13
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5.2 Evaluation scope and method

The decision problem is to map the present segment’s historical quality
and instantaneous indicators to a single delivery mode (DIRECT or
CELLULAR, with BOTH where indicated in Chapter 3) so that mes-
sage requirements are respected while redundant re-broadcast is curbed.
Because heterogeneous quality can induce frequent technology toggling,
the environment dynamics are summarized with a Continuous-Time
Markov Chain (CTMC) constructed from measured sequences of zone
labels along each road. From the fitted generator, the evaluation re-
ports the steady-state distribution over zones and the overall switching
intensity. The mean time between switches and the probability of at
least one switch in a short time window follow directly:

1
MTBS = &+, Pawiten(r) = 1= e A

These metrics quantify the stability context in which the decision layer
operates.

5.3 Results

Table 5.1 summarizes the steady-state occupancy and the overall switch-
ing intensity for routes C1, C2, and D1. C1 and D1 spend most of
the time in the best zone, with modest switching; C2 exhibits more
frequent regime changes. The corresponding timing metrics are listed
in Table 5.2.

The stability context indicated by Tables 5.1 and 5.2 supports the
intended operation of the decision layer. On C1 and D1, long residence
in the favourable zone is consistent with prioritizing CELLULAR where
it is historically strong; on C2, more frequent regime changes justify
relying on DIRECT more often where cellular quality is historically
impaired, while still using CELLULAR when conditions allow. This
aligns with the decision logic specified in Chapter 3.
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Table 5.1: CTMC steady-state distribution and switch intensity per
route.

Route 7¢ TO mr As7Y
C1 0.898 0.085 0.018 0.03096
C2 0.789 0.194 0.017 0.0565
D1 0.915 0.062 0.023 0.02099

Table 5.2: CTMC timing metrics per route.
Mean time Switch probability

Route between switches within 10 s
C1 32.3s 0.27
C2 17.7s 0.43
D1 47.6s 0.19

5.4 Model suitability and limitations

Goodness-of-fit checks (including QQ plots of residence times) show that
the CTMC exponential holding-time assumption is a workable large-
scale summary but not a micro-scale model; longer-than-exponential
tails appear in parts of the data, which is expected for road segments
with stable stretches. Within its intended scope, the CTMC yields con-
sistent steady-state occupancy and switching intensities across multiple
drives and provides a compact lens for interpreting selection stability.
Measurement coverage is finite and route-specific; generator matrices
and per-zone leaving rates are therefore treated as route summaries and
not universal constants. The evaluation focuses on stability metrics
rather than on end-to-end latency measurements.
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5.5 Summary

The empirical road data and CTMC-derived metrics show that the
decision layer operates in environments dominated by long stable periods
with occasional regime changes on two routes (C1, D1), and in more
dynamic conditions on C2. In all cases, the observed stability context
is compatible with the rule set from Chapter 3, supporting technology
selection that avoids unnecessary switching while preserving delivery
viability under heterogeneous coverage.



Chapter 6

Discussion

This chapter interprets the modelling and empirical evidence, positions
the decision layer with respect to deployable V2X systems, and states
limits and implications in a way consistent with the preceding chapters.

6.1 Conclusions Related to Theses

Thesis 1 — Reduce unnecessary wireless load while meeting
message requirements. The work turns location-specific cellular
quality maps (GREEN/ORANGE/RED) into sender /receiver rules that
choose CELLULAR, DIRECT, or BOTH per message. CELLULAR
is used when the delivery area lies in GREEN; if any segment is non-
GREEN, the policy switches to DIRECT or BOTH. Decisions are
re-evaluated hop by hop, so redundancy is added only where the map
indicates risk, avoiding needless broadcast elsewhere. The Coloured Petri
Net model shows boundedness, no infinite occurrence sequences, and
termination in the explored configurations (no uncontrolled forwarding).
The CTMC results on real roads indicate technology switching on the
order of tens of seconds rather than rapid flip-flopping, consistent with
restrained use of additional transmissions.

Thesis 2 — Improve delivery reliability and timeliness by using
heterogeneity. The algorithm prefers CELLULAR in consistently
good segments, falls back to DIRECT where coverage is impaired,
and uses BOTH when short visibility suggests risk on short-range
dissemination. The utilization of both transmission technologies like
this is expected to improve deliverability (compared to a single technol-

17
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ogy) while using both technologies only when necessary; detailed load
measurements are left for future work.

6.2 Interpretation and Comparison

The CTMC summaries in Chapter 5 show distinct operating regimes
across the three routes. C1 and D1 spend most time in GREEN with
modest switching intensity, which aligns with prioritising CELLULAR
to spare contention on the broadcast medium. C2 exhibits increased
time in ORANGE and a higher switching intensity, which justifies
relying more often on DIRECT while still using CELLULAR where
conditions allow. These patterns match the decision inputs (zone, range
class, visibility cue) and outcomes (DIRECT/CELLULAR/BOTH)
established in Chapter 3. The interpretation therefore links the empirical
stability context (Tables 5.1, 5.2) to the intended behaviour of the mode-
selection rules without requiring additional mechanisms.

Two caveats from the evaluation remain important when interpreting
cross-route differences. First, some zone-route combinations (e.g., rare
visits to RED on the highway) yield fewer observations, which lowers
confidence for those specific leaving rates while having limited effect on
overall switching because the steady-state mass in such states is small.
Second, QQ-plot diagnostics indicate heavier upper tails in residence
times than a pure exponential would predict; the CTMC is thus used
as a large-scale stability summary rather than a micro-scale predictor.

6.3 Limitations and Validity

Modelling abstractions. The CTMC omits additional predictors (e.g.,
lane-distance visibility) and assumes exponential holding times. Diagnos-
tics (QQ plots and a Lilliefors-style check) reveal systematic deviations
from exponentiality due to rare but important long residence times.
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A more robust validation—testing whether exit counts are Poisson-
proportional to time in state—was identified as a logical next step but
not executed here. Consequently, the CTMC is applied as a stability
lens over long horizons, not as a short-time predictor of individual
transitions.

Decision inputs. Lane-distance visibility is incorporated in the decision
logic as a practical indicator of propagation risk for short-range warnings,
yet it was neither represented in the CPN model nor separately evaluated
for its effect on switching stability; formal verification and empirical
assessment of this cue remain open items.

Measurement and data handling. The empirical study relies on a modu-
lar, roof-mounted platform (cameras, LIDAR, GNSS, cellular modem
with external antennas). Sampling is at user-defined multi-second in-
tervals; RTT probes require non-negligible measurement time; and
residence times are panel-observed rather than continuously tracked. To
stabilise estimates, 16 drives per road are pooled into a single sample,
which enhances statistical robustness at the cost of spatial specificity.
These choices limit temporal resolution and can bias tail statistics, so
CTMC outputs are interpreted as indicators of dominant trends rather
than of extreme events.

6.4 Implications and Future Work

Operational implications. Because the policy layer depends on mes-
sage metadata and on historical cellular-quality maps derived from
routine measurement, it can be integrated as a thin component above
standard-compliant stacks. GREEN-dominated environments benefit
from offloading to CELLULAR; mixed environments retain delivery
viability via DIRECT/BOTH while curbing unnecessary broadcast.
Maintaining map relevance (refresh and monitoring) is advisable, since
network evolution or environmental change can render historical expec-
tations stale.



CHAPTER 6. DISCUSSION 20

Future work. The thesis identifies concrete next steps: (i) strengthen
CTMC validation under irregular sampling using exit-count propor-
tionality to time in state; (ii) formally verify and empirically assess
the visibility cue as a decision input; (iii) increase spatial and tempo-
ral resolution by broadening data collection (e.g., additional drives or
crowd-sourced measurement) with robust quality control prior to map
updates. These steps would tighten the link between decision inputs
and observed dynamics while preserving the simplicity that makes the
framework deployable.



Chapter 7

Conclusion

Vehicular communication must sustain reliable, low-latency delivery
under conditions that change across short distances and time scales.
No single radio technology consistently satisfies these constraints on
all road types; direct short-range communication and cellular systems
exhibit complementary strengths shaped by interference, mobility, and
heterogeneous coverage [12, 5, 6, 7]. The dissertation addressed this
reality with a practical decision layer that combines real-time indicators
with historical, location-specific information about cellular quality to
select between direct dissemination and cellular relaying while explicitly
limiting redundant broadcast activity in contention-based media. The
design is framed against the capabilities and service expectations codified
for V2X in 5G systems, ensuring compatibility with standardized roles
(2, 3, 4].

The work assembled a road-measurement pipeline tailored to driving
scenarios, aligned measurements to road segments, and constructed
historical quality maps that expose stable, location-bound patterns not
visible from instantaneous readings alone. On this foundation, a context-
aware message-delivery algorithm fuses instantaneous indicators with
historical expectations to choose a single delivery mode per message
and to apply restrained broadcast forwarding when direct dissemination
is selected. The executable algorithm is mirrored (with limitations)
by a Coloured Petri Net model that verifies absence of deadlocks and
bounded broadcast behavior before field evaluation. To analyze whether
the selection remains stable under noisy conditions, a Continuous-
Time Markov Chain model parameterized from on-road measurements
quantifies steady-state occupancy, switching intensity, and time-window

21
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switch probabilities on representative routes, showing long residence
in favorable regimes interspersed with occasional transitions. The
empirical study on Slovak roads confirms the intended operational
pattern: in segments with historically impaired cellular coverage the
algorithm would prioritize direct dissemination to avoid costly cellular
retries, whereas in segments with consistently strong cellular conditions
it prefers cellular relaying to preserve capacity on contention-based
media, with behavior interpreted against standardized V2X modes and
service assumptions.

The contributions can be summarized as: (i) a measurement and map-
ping pipeline enabling creation of cellular quality maps aligned with
road topology; (ii) a context-aware delivery algorithm that integrates
historical expectations with real-time indicators and constrains redun-
dant broadcast activity; (iii) formal verification of the decision core
using Coloured Petri Nets; and (iv) CTMC-based analysis of switching
stability fitted from real-road data. Prior outputs by the author and
collaborators provided groundwork on LTE/5G parameters for V2X, in-
frastructure readiness, and segment-level compliance with performance
expectations, and publicly released data couples camera recordings with
mobile-network telemetry and high-precision localization to support
reproducible analysis [8].

Limitations arise from measurement coverage and modeling abstraction.
Aggregation to segment-level zones and irregular sampling imply that
the CTMC serves as a large-scale summary rather than a micro-scale
model; goodness-of-fit checks reveal deviations from simple exponential
dwell-time assumptions in parts of the data, which is consistent with the
intended use of the model as a stability lens rather than a fine-grained
predictor. Historical maps can drift as deployments evolve; practical
deployments should therefore refresh maps and include lightweight run-
time checks for persistent mismatches. The decision layer is deliberately
lightweight to ease integration; device-specific effects and short-term
interference variations are not modeled explicitly and represent avenues
for extension.

Future work follows directly: extending measurement coverage to more
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diverse roads and operating conditions, refining map granularity where
data density allows, studying refresh cadence under network evolution,
and enriching decision cues with robust, low-cost signals that correlate
with upcoming quality changes on specific geometries. These steps
preserve the guiding principle of the dissertation—Ileverage stable his-
torical structure where it exists and augment it with simple real-time
evidence—while moving closer to deployment in standard-compliant
V2X ecosystems.
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