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This paper presents the full-scale implementation and four-month production operation of the autonomous self-evolving and self-
healing mode (activated 1 November 2025) of an algorithm that dynamically orchestrates four hybrid pollution dispersion models
(LZA, ADBMS-Light, improved Gaussian with terrain and chemistry, and hybrid Gaussian-Lagrangian with Monte Carlo particle
tracking) for real-time roadside ecosystem safety management. Powered by a six-agent multi-agent system on Azure OpenAl and
tightly integrated with a central MCP (Modular Computation Platform) Tool Registry Server, the algorithm continuously discovers new
tools, autonomously creates and registers entirely new ecological-specific tools, maintains 100% test coverage across specialized tests,
and performs zero-downtime blue/green deployments. Through the MCP registry the system automatically recognizes the expected
control behavior (alerting drivers or activating active purification means) and integrates both alerting and control tools. The ecological
reward functions are built strictly around real roadside metrics: time to return to maximum permissible concentrations (MPC), shrinkage
of red danger zones on GIS maps, and impact on seasonal roadside vegetation. Agent «Kiro» (programmer) operates in two modes:
reactive (on anomaly or test fail) and proactive (in the last 72 hours of each billing period). The system is designed to support multiple
large language models with free quotas. Although today Azure OpenAl remains the most advantageous option due to its stability and
quality, the architecture is ready to dynamically switch to any other provider (Gemini, Claude etc.) that currently offers larger remaining
free credits. Using only the remaining free credits of the most beneficial provider at the moment — typically 8-15 out of 50 — Agent
Kiro creates planned improvements or new tools). Field results on highways M03, E40, and P02 (Kharkiv region, November 2025 —
February 2026) demonstrate 99.7% uptime, modest but steady additional 8.8% RMSE reduction purely from self-evolution cycles, 7%
faster time to MPC recovery, 9% reduction in red-zone area, and full compliance with Ukrainian and WHO standards. Only three major
new tools were created by Agent Kiro during the entire period. The developed system represents the final practical implementation
stage before the PhD thesis defense on integration of ecological safety control tools for roadside ecosystems and is ready for nationwide
scaling. Key words: self-evolving algorithm, multi-agent AI, MCP Tool Registry, roadside pollution dispersion, active control tools,
100% ecological test coverage, blue/green deployment, credit-aware proactive evolution, hybrid Gaussian-Lagrangian model

BripoBajikeHHsI aBTOHOMHOIO CaMOPO3BHBAJBHOIO Ta CAMOBIAHOBJIIOBAHOIO AJITOPHUTMY /ISl TiOPpHIHHX Mojesei
3a0pyIHeHHsl, KePOBAHUX IITYYHUM iHTEJIEKTOM, Y CHCTeMaxX KOHTPOJIIO 3a0pylHeHHsl Ha y30iuui gopir y pe:kumi peajibHOro
yacy. [Ipuxoasko K.B.

Peauizaniss aBTOHOMHOTO CaMOAQJaNTHBHOIO Ta CAMOBIJIHOBIIOBAJIBHOTO AJITOPUTMY I aBTOMAaTH30BAaHOTO OPKECTPYBAaHHS
riOpuIHUX MOJeNel POo3CitoBaHHS 3a0pYTHEHHS B CHCTEMaX YIMPABIIHHS EKOJIOTIYHOK OE3MeKOr y30idds aBTOMOOUIBHHX IOpIr
y peanrpHOMY 4aci. Y Wil cTaTTi MpeAcTaBIEHO MOBHOMACIITAOHY peajli3aliio Ta YOTHPUMICAYHY BUPOOHHUY ekciuryatamito (3 1
nucronana 2025 poky) aBTOHOMHOTO PEXHUMY CAMOPO3BHTKY Ta CaMOBIJHOBJICHHS aJrOPUTMY, SIKUH TUHAMIYHO OPKECTPYE YOTHPU
ribpunHi Mozeni po3ciroBanns 3a0pynnenHs (LZA, ADBMS-Light, ynockonaneHa raycciBcbka MOZENb 3 ypaxyBaHHIM penbedy Ta
XIMIYHUX IPOIECciB, a TAKOX TiOpUIHA rayCCiBCHKO-JIArpaHKeBa MOJENb 3 BIICTEKEHHSM YaCTHHOK MeronoM Monre-Kapmo) mms
yIpaBIiHHA OE3MEKOI0 EKOCHCTEM y30i4usi aBTOMOOUIBHUX JOPIr y peaqbHOMY Yaci. AITOPHUTM, IO Mpamioe Ha 6a3i miecTHareHTHOl
6araroarentHol cucremu Azure OpenAl Ta TicHO iHTErpoBaHHIl 3 LEHTPAJIBHUM cepBepoM peectpy incTpymentiB MCP (Modular
Computation Platform), nocriiiHo BUsBIIs€ HOBI IHCTPYMEHTH, aBTOHOMHO CTBOPIOE Ta PEECTPYE IMOBHICTIO HOBI €KOJIOTIYHO-CIICIIU-
¢iuni iHCTpYMeHTH, 3a0e3nedye 100 % TecToBe MOKPUTTS CIIeNiaNi30BaHUX TECTIB 1 BUKOHYE po3ropTaHHs blue/green 6e3 mpocroro.
3apmaxu peectpy MCP cuctema aBToMaTiaHO po3ITi3HA€E OUiKyBaHY MMOBEAIHKY KepyBaHHs (OIOBILICHHS BOAiiB a00 akTHBaIiio 3ac00iB
AKTMBHOTO OYHIIIEHHS MOBITPSI) Ta IHTETPYE SIK IHCTPYMEHTH OMOBIIIEHHS, TaK 1 IHCTpYMEHTH KepyBaHHA. Exonoriuni ¢yHKIii BUHAaro-
ponu nobyaoBaHi BUKITIOUHO HA peabHUX JOPOXKHIX METPHKAX: 4aci MOBEPHEHHS KOHLEHTPALIN 10 MAKCUMAJIBHO TOIMYCTUMHUX KOH-
nenrpaniit (M/JIK), 3MeHIIeHH] mIonI 4epBoHMX 30H HeOe3neku Ha kaprax ['IC Ta BIDIMBY Ha CE30HHY POCIMHHICTD y30iqds. ATeHT
«Kiro» (mporpamicT) mparroe y JBOX pexXUMax: peaKTUBHOMY (TIpH BUSABICHHI aHOMaTii a00 HEB/Iayl TECTY) Ta MPOAKTHBHOMY (JTHIIE
B OCTaHHi 72 FOIUHU KOKHOTO PO3PaxyHKOBOTO nepiofy). Cucrema CpoeKToBaHa AJI MIATPUMKHU KUIBKOX BEJTMKHX MOBHHUX MOZAEIEH
3 OE3KOIITOBHUMH KBOTaMH. Xo4a cboronHi Azure OpenAl 3anuinaeTbcsi HafOUIbII BUTIAHUM BapiaHTOM 3aBJISIKM CTaOUIBHOCTI Ta
SIKOCTI, apXITEKTypa roToBa JMHAMIYHO NEPEeMHUKATHCS Ha Oyab-skoro iHmoro nposainepa (Gemini, Claude Tomo), skuit Hapasi mpo-
MMOHY€ OUTBIIUIA 3aJIMIIOK OE3KOITOBHUX KPeAUTiB. BUKOPHCTOBYIOUH JIHIIE 3AJTUIIOK OE3KOIITOBHIX KPEAUTIB HAHOLIBII BUT1THOTO
npoBaiizepa (3a3suyaii 8-15 i3 50), arent Kiro cTBOproe 3amiaHoBaHi BAOCKOHAJIEHHS a00 HOBI iHCTpyMeHTHU. Pe3ynbsraru moiapoBUX
BUnpoOyBaHb Ha aBromarictpansix M03, E40 ta P02 (XapkiBcbka obnacts, aucronan 2025 — motuit 2026 pp.) neMoHCTpyroTh 99,7
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% Oe3mnepepBHOI pOOOTH, CKPOMHE, alie cTabiIbHE gonatkoBe 3HmKeHHs: RMSE Ha 8,8 % BUKITFOYHO 3aBJISIKM UKJIAM CAMOPO3BHTKY,
Ha 7 % mBume noBepHeHHs 10 M/IK, 3MeHIIeHHs TUI0Ii YepBOHUX 30H Ha 9 % Ta MOBHY BiANOBIAHICTh YKPaTHCHKUM HOPMaTHBaM
i crangapram BOO3. 3a Bech nepiof arent Kiro cTBOpuUB JuIIle TPH OCHOBHI HOBI iHCTpyMeHTH. Po3pobieHa cucteMa € 3aBepIiaibHuM
NPaKTUYHHUM €TaIroM IIiJITOTOBKHU J0 3aXMCTy JUCepTalil Ha 3100yTTs CTyneHs gokropa ¢inocodii 3 iHTerpauii iHCTpyMEHTIB KOHTp-
OJTI0 EKOJIOTIYHOT OE3MEeKH EKOCHCTEM Y3019l 0PI i TIOBHICTIO FOTOBA JI0 MacITaOyBaHHS Ha HAI[IOHALHOMY piBHI. Kiouoei crnosa:
QITOPUTM CaMOpO3BHUTKY, OararoarentHuii LI, peectp inctpymentiB MCP, aucnepcis 3abpynHeHHS y30iqdust OOpIT, IHCTpyMEHTH
aKTUBHOTO KepyBaHHs, 100 % exonoriuHe TeCTOBE MOKPUTTS, PO3ropTaHHs blue/green, MpoakTHBHA €BOMIOLIS 3 ypaxyBaHHSIM Kpeau-

TiB, TIOpUIHA rayCcCiBCHKO-JIArPAHIKEBA MOEIH

Problem statement. Roadside ecosystems along
major highways are exposed to constant and multifac-
eted pressures from vehicle emissions of fine particulate
matter (PM2.5), nitrogen dioxide (NO-), and carbon
monoxide (CO). These pressures are compounded by
highly variable meteorological conditions, complex ter-
rain features, seasonal changes in plant cover, and spe-
cific wartime operational constraints, including civilian
drone bans that force reliance on manual terrain surveys
and occasional instability in IoT data streams. Previous
static orchestration of pollution dispersion models
proved insufficient for maintaining long-term accuracy
and reliability under rapidly changing ecological condi-
tions. Manual updates to model parameters or code were
too slow, labor-intensive, and costly, creating a critical
need for an autonomous system capable of continuous
adaptation without human intervention.

Relevance of the study. Real-time roadside ecosys-
tem safety management is crucial for compliance with
Ukrainian national standards and WHO air quality guide-
lines. The development of adaptive systems is particu-
larly relevant given the instability of infrastructure and
the need for precise ecological monitoring under war-
time conditions. Transforming passive monitoring plat-
forms into closed-loop ecological safety systems capable
of active intervention (alerting drivers, activating puri-
fication means) addresses an urgent practical necessity.
Furthermore, ensuring that such advanced Al systems
operate without additional financial costs through cred-
it-aware strategies enhances their viability for widespread
deployment in resource-constrained environments.

The connection of the author’s contribution with
important scientific and practical tasks. The devel-
oped system represents the final practical implemen-
tation stage before the PhD thesis defense on the inte-
gration of ecological safety control tools for roadside
ecosystems. The research directly supports the task of
nationwide scaling across the entire Ukrainian road net-
work. By integrating ecological safety control tools with
autonomous self-evolution mechanisms, the authors
address the scientific task of creating living compu-
tational ecosystems that grow together with the envi-
ronment they protect. Practically, the system enables
immediate deployment on highways to reduce health
risks associated with pollution spikes near schools and
residential areas.

Analysis of recent studies and publications.
Previous research conducted by the authors successfully
developed and field-validated four hybrid dispersion
models of progressively increasing complexity: Linear

Zone Approximation (LZA), ADBMS-Light, improved
Gaussian, and hybrid Gaussian-Lagrangian models.
Contemporary developments in dispersion modeling
include adaptive and hybrid optimization approaches
consistent with real-time air quality systems. Recent
studies have explored hybrid quantum-classical and
advanced neural network approaches for air quality
prediction, including data-driven time-series prediction
based on deep learning architectures such as BLSTM.
Traditional static modeling platforms such as SimScale
or AERMOD provide measurably less long-term accu-
racy and adaptability compared to autonomous solutions.
Comparative studies of dispersion models for roadside
ecosystems highlight the benefits of hybrid particle—puff
formulations validated in roadside conditions.

Identification of previously unresolved parts of
the overall problem addressed in this article. Despite
previous advancements, several critical gaps remained
unresolved. Static orchestration was insufficient for
maintaining accuracy under rapidly changing ecolog-
ical conditions typical of Ukrainian highways. There
was a lack of autonomous self-healing modes capable of
detecting ecological anomalies and improving orches-
tration logic without human input. Additionally, existing
systems lacked tight integration with a central tool reg-
istry that enables automatic discovery and autonomous
creation of ecological-specific tools. Finally, the high
cost of Al-driven self-improvement remained a barrier,
as previous architectures did not utilize a credit-aware
strategy to ensure cost-free evolution using remaining
free quotas of LLM providers.

The novelty of the study lies. The core innovations
distinguishing this work are fourfold. First, a six-agent
multi-agent chat system operates on Azure OpenAl with
function calling, guided by carefully designed ecologi-
cal-specific reward functions. Second, tight integration
with a central MCP (Modular Computation Platform)
Tool Registry Server enables automatic discovery of
externally provided tools as well as autonomous creation
and registration of entirely new ecological tools by the
system itself. Third, a comprehensive testing framework
consisting of specialized tests guarantees 100% code
coverage and 100% ecological coverage of all relevant
roadside scenarios. Fourth, a credit-aware proactive evo-
lution mode ensures that all self-improvements remain
completely cost-free by utilizing only the remaining
free Azure OpenAl credits in the final 72 hours of each
monthly billing period.

Methodological or general scientific significance.
The study introduces six ecological-specific self-evolu-
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tion algorithms: reinforcement learning using Proximal
Policy Optimization (PPO) with weighted ecological
indicators; Bayesian optimization with a Gaussian
Process surrogate model for tuning dispersion param-
eters; evolutionary strategies using a (n + A) evolu-
tion strategy for tool combination discovery; an adap-
tive Monte Carlo self-correction loop for turbulence
changes; physics-informed neural network (PINN)
meta-learning for residual correction; and concept
drift detection using the Page-Hinkley statistical test.
Methodologically, the implementation of Continuous
Deployment (CD) with Blue/Green and Canary strat-
egies for ecological models ensures zero-downtime
releases. The comprehensive testing framework covers
unit, integration, regression, load, chaos, ecological
compliance, seasonal, active control, security, cred-
it-aware, mutation, and end-to-end testing, setting a
new standard for reliability in safety-critical ecological
applications.

Presentation of the main material. Roadside The
platform builds upon four hybrid pollution dispersion
models previously developed and field-validated by
the authors along highways M03, E40, and P02: the
Linear Zone Approximation (LZA), ADBMS-Light, the
improved Gaussian model with terrain and chemistry
corrections, and the hybrid Gaussian-Lagrangian model
with Monte Carlo particle tracking. These models were
initially orchestrated statically. To overcome the limita-
tions of static orchestration under highly variable mete-
orological conditions, complex terrain, seasonal veg-
etation dynamics, and wartime operational constraints
(including the civilian drone ban that forced reliance
on manual Leica TSO07 surveys), the fully autonomous
self-evolving and self-healing mode was activated on
1 November 2025 [1, 2].

The core of continuous improvement is a six-agent
multi-agent system powered by Azure OpenAl with
function calling, tightly integrated with the central MCP
(Modular Computation Platform) Tool Registry Server
[3]. The MCP registry provides automatic discovery of
external tools, secure self-registration of newly created
ecological-specific tools, full versioning with rollback,
sandbox execution, and seamless provision of both
alerting tools (driver mobile notifications and SCADA
alarms) and active control tools (Roadside Air Purifiers
and Roadvent curb-integrated systems). This bidirec-
tional integration transforms the platform from passive
forecasting into a closed-loop ecological safety system
capable of active pollution mitigation.

Self-evolution is driven by six complementary
mechanisms specifically tailored to the dynamic nature
of roadside ecosystems (terrain effects, traffic-induced
turbulence, seasonal vegetation buffers, and data-stream
instability under wartime conditions). These mecha-
nisms operate under strictly ecological reward functions
based on real roadside metrics. The primary reward
function used within Proximal Policy Optimization
(PPO) is defined as:

R=0(1- RVSE )+m1(l—ﬁ)+
RMSEO TMPC,()
) (M
+ (Dl (1 - red ) + bl Bsea,mn + bZBlool

red 0

where RMSE is the root mean square error of pollution
predictions, T, is the time required for concentrations
to return to maximum permissible levels after a spike,
A, is the area of red danger zones on GIS maps,
subscript 0 denotes baseline (pre-improvement) values,
B,., and B , are bonus terms rewarding improved
seasonal performance and successful integration of new
MCP tools, and ®,, b, are weighting coefficients [4].

The six mechanisms are:

1. PPO-based reinforcement learning — optimizes
model orchestration and tool selection using the mul-
ti-component ecological reward.

2. Bayesian optimization with Gaussian Process
surrogate — efficiently tunes dispersion parameters (o,
K, A ) against live sensor data.

3. (n+A) evolutionary strategies — discovers opti-
mal combinations of MCP tools and model modules
through population-based fitness evaluation.

4. Adaptive Monte Carlo self-correction loop —
dynamically adjusts turbulence modeling in response to
detected changes in wind or traffic-induced fluctuations.

5. Physics-informed neural network (PINN)
meta-learning — learns and corrects systematic residuals
of the hybrid models from recent roadside observations.

6. Page-Hinkley concept drift detection — identifies
seasonal or traffic-induced shifts and triggers creation of
specialized model variants [5].

All proposed changes are executed only after passing
a comprehensive multi-layered test suite that guarantees
100% code coverage and 100% ecological coverage
across relevant roadside scenarios, with no regression in
key performance metrics.

A typical self-evolution cycle is triggered every
15 minutes or immediately upon anomaly detection.
Agent Monitor ingests real-time IoT and GIS data,
Agent Analyzer computes the ecological reward, Agent
Ecologist provides roadside-specific interpretation, and
Agent Model Optimizer applies the appropriate evo-
lution mechanisms. After validation by Agent Tester,
Agent Kiro generates code or new tools. Approved
updates are deployed using zero-downtime Blue/Green
strategy, with Canary rollout (initially 10% of traffic)
applied for major modifications.

The system implements a strictly credit-aware proac-
tive evolution mode. Major improvements and creation
of new tools by Agent Kiro occur exclusively during
the final 72 hours of each billing period, using only the
remaining free credits (typically 8-15 out of 50) of the
currently most advantageous LLM provider (primarily
Azure OpenAl, with architecture ready to dynamically
switch to Gemini, Claude or other providers offering
larger remaining quotas) [6]. This approach ensures
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Table 1

Performance before and after self-evolution (average values, November 2025 — February 2026)

Metric (g'ecﬁ)ersetlgzsltt?;ilc) After self-evolution Improvement

RMSE (PM2.5) 1.02 pg/m? 0.93 pg/m? 8.8%
Time to MPC recovery 47 min 43.7 min 7%
Red danger zone area 12.4 ha 11.3 ha 9%
Computation time 2.1 min 1.95 min 7%

Uptime 97.2% 99.7% +2.5%

Test coverage 89% 100% +11%

New MCP tools created by Kiro 1 3 +300%

completely cost-free self-evolution while preserving
high-quality code generation for ecological applications.

Over four months of uninterrupted production oper-
ation (November 2025 — February 2026) on a total of
47 km of highways MO03, E40, and P02, the system
completed 127 self-evolution cycles. Agent Kiro auton-
omously created and registered exactly three new eco-
logical tools: the winter salt deposition adjuster, the veg-
etation buffer optimizer, and the traffic spike predictor.
These enhancements, combined with the self-evolution
mechanisms, resulted in the quantitative improvements
summarized in Table 1.

The system maintained full compliance with
Ukrainian national standards and WHO air quality
guidelines [7].

Main conclusions. The implemented autonomous
self-evolving and self-healing algorithm, augmented
with seamless MCP Tool Registry integration (including

automatic recognition of expected control behaviour and
support for both alerting and active purification tools), a
comprehensive test suite achieving 100% coverage, and
a strictly credit-aware proactive evolution strategy, suc-
cessfully transforms a previously static Al-orchestrated
modelling platform into a living, continuously improv-
ing system for real-time roadside ecosystem safety man-
agement. Four months of uninterrupted operation of the
self-evolving mode on three major Ukrainian highways
have confirmed exceptional reliability (99.7% uptime),
modest but consistent accuracy gains (8.8% RMSE
reduction attributable solely to self-evolution), and zero
additional operational cost. Only three major ecological
tools were created by Agent Kiro, each delivering tar-
geted improvements validated by real sensor data. The
system is fully prepared for immediate nationwide scal-
ing across the entire Ukrainian road network and pro-
vides the complete practical foundation.
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