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Abstract. Purpose. Development of a formal methodology for architectural modeling and performance analysis of
event-driven real-time mobile systems, addressing bounded response times, energy minimization, and predictable
behavior under resource constraints and dynamic network conditions.

Method. Integration of algebraic modeling, graph-theoretical analysis, and WCET estimation. System formalized as
a tuple (E,H,C,T,R) representing events, handlers, mappings, temporal constraints, and execution locations. WCRT
analysis establishes temporal guarantees: WCRT (e,.) = {WCET (hj)+ A (hj)+ A,IW} . AdaptiveEventOffloading
algorithm implements multi-criteria optimization for dynamic execution placement.

Results. A comparative analysis of four architectural strategies was conducted: local processing, cloud offloading, edge
computing, and adaptive hybrid distribution. Local processing provides the highest determinism but increases energy
consumption; cloud offloading reduces device energy but introduces latency variability; edge computing achieves
intermediate trade-offs; adaptive hybrid strategies achieve balanced multi-dimensional performance. The WCRT-based
analytical evaluation provides provable upper bounds on response time at the design stage without profiling.
Scientific novelty. The study integrates algebraic system specification, WCRT analysis, and graph-based dependency
modeling into a unified architectural evaluation framework. An explicit multi-dimensional trade-off model is
developed between latency, energy, and determinism within device—edge—cloud hybrid systems. Adaptive execution
placement is formalized as a constrained multi-criteria optimization problem. The work proposes a structural shift from
implementation-level profiling to architectural-level predictive modeling.

Practical importance. The methodology enables systematic design of event-driven mobile real-time systems through
early-stage architectural decisions and supports temporal prediction without full implementation. Application domains
include autonomous navigation, augmented reality, intelligent transportation, and telemedicine.

Key words: event-driven architecture; real-time systems; mobile computing; worst-case response time; energy-aware
scheduling; edge computing; latency optimization; architectural modeling.

AHoTauisi. Mema. Po3poOka ¢popmanbHOI METOMOIOTIT AJIsT apXiTEKTYPHOTO MOJISITIOBAHHS Ta aHATi3y TMPOTYKTHBHOC-
Ti MTOJIIEBO-OPIEHTOBAHUX MOOUTLHUX CHCTEM PEaTbHOTO Yacy, IO BPaxoBy€ OOMEKEHHH Yac BiTYKy, MiHIMi3aIlito
eHeprii Ta nmependadyBaHy MOBEAIHKY 32 YMOB OOMEKEHUX PECYPCIB Ta JMHAMIYHUX MEPEK.

Memoouxa. Taterpartis anredpaitHoro MoaetoBaHHs1, rpado-reoperudnoro anamizy Ta oiinku WCET. Cucrema ¢op-
MajizoBaHa K Koptex (E,H,C,T,R) 10 NpeAcTaBisie MOAil, 0OpOOHUKH, BiJOOPaKEHHsI, 4aCOBI OOMEKEHHSI Ta Mic-
1 BUKOHAHHA. AHami3s WCRT BcTaHOBMIOE yacoBi TapaHtii: WCRT (ei):{WCET(hj)+Amm,,,(hj)+AqW}. AnropuT™
AdaptiveEventOffloading peasi3ye bararokpurepiaibHy ONTHMI3AIIFO I AMHAMIYHOTO PO3MIIICHHS BUKOHAHHSL.
Pesynomamu. Byno mpoBeneHO MOPIBHIILHUN aHali3 YOTUPHOX apXiTEeKTYPHUX CTpareriii: JToKalibHa 00poOKa, po3-
BaHTaXCHHS XMapH, repudepiriHi 00YrCIeHHs Ta aAanTUBHUHN Ti0puaHui po3noaii. JlokansHa 00poOka 3abe3mnedye
HaWBUIIMH IETEPMiHI3M 31 30UTBIIIEHUM CITOKUBAHHIM €HEPTii; pO3BaHTAKEHHS XMapH 3MEHIIY€E €HEeProCIIOKUBaHHS
MIPUCTPOIB, A€ BBOJAUTH JUCIIEPCIIO 3aTPUMKH; TiepudepiitHi 00UnCIeHHS TOCATAIOTh MPOMIKHUX XapaKTePUCTHK;
aJlanTUBHI TIOpUIHI cTparerii 3a0e3medyoTh 30aJaHcoBaHy MPOIYKTHBHICTh. AHAITUYHA OIliHKAa Ha OCHOBI WCRT
3a0e3medye JOBEACHI BEPXHI MEXKI Yacy BIATYKy Ha eTarll MPOCKTyBaHHs 0e3 IpodiIOBaHHS.

Hayxosa nosusna. JlocsrayTo iHTerpamii anreOpaidnoi cnenmdikariii cucremu, ananizy WCRT Ta MOJENIOBaHHS
3JIKHOCTEH Ha OCHOBI rpadiB B €MHY apXiTEKTYpHY CHUCTEMY OIliHKU. Po3pobieHo siBHy OararoBUMIpHY CHCTE-
My KOMITPOMICIB MiXk 3aTPHUMKOIO, €HEPTI€I0 Ta JETEPMiHIZMOM Yy TiIOPHIHUX CHCTEMax MPUCTpik-nieprdepis-xmapa.
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AjanTuBHE pO3MilllEHHs BUKOHAaHHS Oyio (opmatizoBaHo sk podieMy oOMexeHOi OararokpurepialbHOT ONTHMIi3a-
w1ii. 3anporOHOBAaHO CTPYKTYPHUIA IIEpeXi] BiJl MpoQiIroBaHHs Ha PiBHI peasti3alii 10 MPOrHO3HOI'0 MOJIEJIIOBAHHS Ha

PIBHI apXiTeKTypH.

Tpaxmuuna snawumicmes. MeTonomnoris 3ade3neuye CHCTEMaTHYHE MPOEKTYBAHHS MO[IEBO-OPIEHTOBAHUX MOOLTBHUX CHUC-
TEM pealIbHOTO Yacy uepe3 apXiTeKTypHI pillleHHs Ha paHHIN CTa/il Ta MITPUMYE YacoBe IPOrHO3yBaHHs Oe3 OBHOI pea-
mmizanil. [IpukiaaHi JoMEHH: aBTOHOMHA HaBIrallisi, JOMOBHCHA PEAIbHICTD, IHTENICKTYaIbHUI TPAHCIIOPT, TEJICME/IHUIHHA.

KoarouoBi ci1oBa: nojieBo-opieHTOBaHa apXiTEKTypa; CUCTEMH PEaJIbHOTO Yacy; HaMripiiunii yac BiAryKy; MOOLIbHI
oOuucnenHs; nepudepiiiHi 0OUMCICHHS; €Hepro-opieHTOBaHE IUIAHYBAaHHS; ONTHMI3allis 3aTPUMKH; apXiTEeKTypHE

MOACITHOBAHHA.

PROBLEM STATEMENT

Mobile real-time systems operating in critical
domains (autonomous navigation, augmented reality,
intelligent transportation, telemedicine) must simultane-
ously guarantee bounded response times, minimize ener-
gy consumption, and ensure predictable system behavior.
Traditional architectural approaches exhibit inherent lim-
itations. Purely local execution leads to increased energy
consumption, while cloud offloading introduces network-
induced latency variability that compromises temporal
predictability. Edge computing introduces additional
coordination complexity due to multiple conflicting opti-
mization objectives.

Despite extensive research efforts, a unified and for-
mally grounded methodology for systematic architectural
modeling and performance analysis remains insufficient-
ly addressed in the literature, particularly with respect to
rigorous analysis of energy—latency—determinism trade-
offs in hybrid multi-tier architectures.

ANALYSIS OF RECENT RESEARCH
AND PUBLICATIONS

Existing research on performance optimization in
hybrid cloud—edge real-time systems can be grouped into
several major directions.

The first direction focuses on load distribution and
energy-aware optimization between cloud and edge
infrastructures [1, 6, 19]. These works emphasize energy
efficiency and resource allocation but typically address
limited performance dimensions in isolation.

The second direction investigates formal methods
for timing analysis and real-time verification, includ-
ing WCET/WCRT modeling and parametric analysis
[3, 4, 11, 18]. While these approaches provide rigorous
timing guarantees, they often lack explicit integration of
energy and adaptive offloading strategies.

The third direction explores model-driven and archi-
tectural frameworks for embedded and reactive systems
[7, 8, 15, 16]. These studies enhance structural modeling
and code generation capabilities but do not fully capture
multi-dimensional trade-offs in hybrid multi-tier environ-
ments.

Finally, recent works apply Al-based optimiza-
tion and neural control techniques to dynamic systems
[5, 14]. Although promising, such approaches rarely pro-
vide formally verifiable guarantees required for safety-
critical domains.

Despite substantial contributions across these areas,
existing studies remain fragmented and do not provide
a unified formal methodology integrating timing deter-
minism, energy modeling, and adaptive architectural
decision-making within a single framework.

SEPARATION OF PREVIOUSLY UNRESOLVED
PARTS OF THE GENERAL PROBLEM

Despite substantial progress in individual aspects,
integration into a unified architectural modeling frame-
work remains fundamentally incomplete. Existing works
typically optimize a single performance dimension
while treating others merely as constraints rather than
co-equal analytical variables. Formal real-time models
rarely incorporate explicit energy modeling or dynamic
workload allocation strategies. Moreover, model-driven
frameworks lack the expressive capability to represent
runtime adaptation mechanisms that adjust execution
strategies based on battery level, network quality, and
workload variability.

RESEARCH OBJECTIVE

The objective of this research is to develop a uni-
fied formal methodology for architectural modeling and
performance analysis of event-driven real-time mobile
systems. The proposed approach integrates algebraic sys-
tem specification, analytical timing evaluation, and sys-
tematic comparison of hybrid execution strategies within
device—edge—cloud environments. The methodology sup-
ports evidence-based architectural decision-making by
explicitly modeling trade-offs between temporal predict-
ability, energy efficiency, and system determinism.

METHODS, OBJECTS
AND SUBJECTS OF RESEARCH

The object of research is event-driven mobile real-time
systems operating on resource-constrained platforms.

The subject of research is the formal architectural
modeling and analytical evaluation of temporal behav-
ior, energy efficiency, and load distribution strategies in
hybrid execution environments.

The research methodology integrates formal alge-
braic modeling, graph-theoretical analysis of dependency
structures, worst-case execution-time estimation, and
comparative analytical evaluation of execution strategies
across architectural tiers.

MAIN MATERIAL

To enable architectural-level formal analysis, a

structured algebraic representation of the system is
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introduced. The system is formally represented as a tuple
S=(E,H,C,T,R), where E is the set of event types,
H is the set of event handlers, C:E — 2" maps events
to handlers, 7:H - R" U assigns temporal constraints,
and R:H —LxN determines execution location and
resource requirements. This formal representation struc-
tures architectural decision-making and serves as the ana-
lytical foundation for subsequent performance evaluation
[1,p. 1;2,p. 259].

Event-driven systems are characterized by asynchro-
nous event arrival triggering computational reactions.
The fundamental challenge is ensuring bounded response
time despite uncertainty in arrival patterns [3, p. 41].
Hybrid systems combining time-triggered and event-
triggered paradigms enable improved resource utiliza-
tion while preserving temporal predictability within con-
strained mobile environments [4, p. 1].

Figure 1 presents the conceptual architecture of
hybrid event-driven real-time mobile systems integrating
local processing, edge computing, and cloud resources.

The architecture consists of three tiers with adaptive
coordinator for event routing decisions. Intelligent task
distribution requires monitoring device state, network
conditions, and load [6, p. 63].

For handler 7% , define worst-case execution time
WCET (h;) as the maximum time required under worst-
case conditions. The formal approach [7, p. 2] provides
compositional semantics for temporal properties:

WCRT (€)= {WCET (I, )+ Ay (1) + A e}
where WCRT(e;) denotes worst-case response time,
WCET (hj) denotes handler execution time, A (h) is

comm \ "% j

communication delay, and A, is queuing delay. This
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formulation enables derivation of explicit upper bounds
on system response time under constrained resource and
dynamic communication conditions. In contrast to empi-
rical profiling approaches, the presented WCRT model
provides predictive analytical guarantees at the archi-
tectural design stage, allowing quantitative validation of
temporal feasibility before implementation.

Model-driven approaches [8, p. 48] enable automated
component generation. The MQTT protocol performance
analyzed in [9, p. 21] demonstrates variable latency
depending on message size and broker load.

Figure 2 depicts an event dependency graph with
temporal stages for representative use cases.

Events propagate through stages (ti-ts) with depend-
encies determining the critical path. WCET analysis meth-
ods [10, p. 3] provide bounded prediction through static
analysis and profiling. Parametric WCET [11, p. 2] analy-
sis refines upper bounds as a function of input-dependent
parameters. Bigraphical modeling [12, p. 5] supports for-
mal verification of structural and behavioral properties.

The multi-criteria decision logic for adaptive event
distribution:

Algorithm: AdaptiveEventOffloading

Input: event e, battery level B, network latency L,
cpu load C
Output: location € {LOCAL, EDGE, CLOUD}

1: weet_local «— EstimateWCET(e, LOCAL)

2: weet_edge «— EstimateWCET(e, EDGE) +
NetworkDelay(L)

3: if IsCritical(e) then

4: if weet_local < Deadline(e) then return LOCAL

5: else if weet_edge < Deadline(e) then return EDGE
6: else return LOCAL

Edge Server

High-Performance
Compute

Local High criticality, low energy
Edge Medium latency, moderate load
Cloud Complex tasks, high resources

Location | Criteria ‘

Fig. 1. Hybrid event-driven real-time mobile system architecture with a three-tier execution model
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7: else

8: utility local « 1/(a-wcet local +
B-Energy(e,LOCAL,B))

9: utility edge « 1/(a-wcet_edge +
B-Energy(e,EDGE,B))

10: return argmax {utility local, utility edge}

The weights a and B (a, B > 0) reflect the relative
importance of latency and energy efficiency in the deci-
sion process. In practical scenarios, these coefficients
may be tuned according to application-specific require-
ments or quality-of-service policies.

This algorithm implements multi-criteria optimiza-
tion [13, p. 3]. Al techniques' role in design optimiza-
tion is analyzed by Casini [14, p. 295]. Formal verifica-
tion methods [15, p. 2] enable compositional reasoning.
MATERIAL framework [16, p. 1] bridges specification
and code. Optimization technique selection [14, p. 296]
shows MILP provides optimal solutions for small-scale
problems. Inter-core timing analysis [17, p. 2] address-
es multicore interference. Static analysis specialization
[18, p. 492] reduces WCET. Resource-aware allocation
[19, p. 2] minimizes latency while respecting QoS.

Theoretical trade-offs between architectural strate-
gies are presented through qualitative comparison based
on literature [1; 6; 13].

Figure 3 presents conceptual latency comparison
across strategies.

Adaptive hybrid approaches achieve the lowest
latency by dynamically selecting the optimal execution
location depending on event criticality and device context.

Hybrid approaches achieve intermediate latency
between local and remote processing [1, p. 2].

Figure 4 depicts conceptual energy consumption patterns.

Local processing exhibits highest sustained consump-
tion; intelligent offloading reduces device energy [1; 2].

Figure 5 presents a deadline miss rate comparison.

Local execution provides highest determinism; cloud
introduces variance; adaptive methods achieve better
compliance [3, p. 42; 10, p. 5].

Cloud offloading shows the highest miss rate; local
execution shows a moderate miss rate; adaptive methods
achieve the lowest miss rate [3, 10].

Table 1 systematizes the theoretical characteristics of
architectural approaches.

Event Dependency Graph with Timing Constraints

e 20 | er
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Fig. 2. Event dependency graph with critical path and temporal constraints
for real-time processing
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Fig. 3. Conceptual comparison of event processing latency across architectural approaches
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Fig. 5. Conceptual deadline miss rates under varying system load conditions

Table 1. Theoretical comparison of event processing architectures

Approach Latency Energy Determinism Resilience
Local Only Variable High High High
Cloud Offioad Variable Low Low Low
Edge Moderate Moderate Moderate Moderate
Adaptive Hybrid Context-dependent Low Moderate-High High

No single architectural strategy optimally satisfies all
performance criteria simultaneously [1]. Energy—latency
trade-offs remain fundamental for battery-constrained
devices [2]. Temporal determinism favors local execution
in safety-critical scenarios [4].

DISCUSSION OF THE RESULTS

The developed formal model s = (E,H,C,T,R) estab-
lishes a unified analytical framework for architectural
specification of event-driven real-time mobile systems. By
explicitly modeling dependencies, temporal constraints,

122

and execution allocation policies, the approach ena-
bles systematic reasoning about performance
trade-offs.

WCRT-based analytical evaluation provides prov-
able upper bounds on response time, incorporating han-
dler execution cost, communication latency, and queuing
effects. Comparative analysis demonstrates that adaptive
hybrid strategies achieve a more balanced compromise
across latency, energy efficiency, determinism, and resil-
ience than purely local or purely offloading approaches.
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The proposed AdaptiveEventOffloading algorithm
operationalizes multi-criteria optimization within runt-
ime decision-making, dynamically selecting execution
location based on deadline feasibility and weighted per-
formance utility.

CONCLUSIONS

The presented study establishes a unified formal
framework for architectural modeling and performance
analysis of event-driven real-time mobile systems under
hybrid execution strategies. The integration of algebraic

system specification, event-dependency modeling, and
WCRT-based temporal analysis enables predictive archi-
tectural-level evaluation without implementation-level
profiling. Comparative theoretical analysis confirms
that adaptive hybrid strategies provide improved multi-
dimensional balance across latency, energy efficiency,
determinism, and resilience. Future work should focus on
empirical validation under realistic workloads and exten-
sion toward probabilistic timing guarantees for soft real-
time systems.
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