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Abstract. Ukraine’s agricultural sector faces a compound set of economic and
spatial pressures: peri-urban land-use transformation, disrupted logistics, volatile fuel
costs, and restricted mobility in wartime conditions. These challenges are especially
evident in the Kyiv agglomeration, where agricultural operations increasingly depend
on rapid re-planning under changing constraints. This study presents and evaluates a
weights-based real-time routing platform for digital agriculture in Ukraine, integrated
into a FAIR/OGC-aligned middleware architecture that consolidates multi-source data
streams (satellite EO, UAV imagery when permitted, loT telemetry, road and congestion
layers, and administrative—economic registers). The platform operationalizes routing as
a continuous decision-support service by allowing users to tune explicit weights across
four criteria: time, direct cost, CO,e, and operational risk, while enforcing land-use and
safety restrictions through hard spatial masks and soft penalty layers.

Empirical testing was conducted over four pilot weeks in the peri-urban belt of
Kyiv using a controlled-scenario design with three weekly templates: Baseline (A),
Stress (B: high fuel prices and higher transport risk), and Sustainability-adjusted (C).
The middleware maintained continuous advisory generation under intermittent UAV
availability and short-lived network outages by employing store-and-forward edge
buffers, asynchronous refresh, and lineage capture; exported route advisories were
reproducible as CSV/GeoJSON with full provenance. Scenario results show strong
sensitivity of weekly logistics costs to fuel-driven cost bands: compared with Scenario A,
Scenario B increased direct logistics costs by 12.44%. In comparison, Scenario C increased
costs by 6.22%. Tactical re-weighting protected time performance (approximately
-1.15% total travel time in B and C). In comparison, feasibility remained high (>295% of
jobs served within service windows), and restricted-edge violations remained zero due
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to enforced masks. CO;e totals remained stable across scenarios under uniform emission
factors, highlighting the need for differentiated low-carbon corridors or fleet classes in

future pilots.

The results indicate that a standards-based middleware platform combined
with weight-based routing can serve as a practical tool for land-use governance and
agricultural economics by linking spatial constraints, cost dynamics, and auditable
sustainability indicators within a single operational workflow.

Keywords: digital agriculture, weight-based routing, middleware, UAV—loT—satellite
integration, peri-urban Kyiv, logistics costs, land-use change, FAIR/OGC interoperability,

decision support, sustainability metrics.

Introduction

Ukraine’s agricultural sector faces
a compound set of economic and spa-
tial pressures: rapid peri-urban land-use
transformation, disrupted spatial lo-
gistics, volatile fuel costs, and restrict-
ed mobility under wartime conditions.
These challenges are especially evident
in the Kyiv agglomeration, where sus-
tainable agricultural land management
increasingly depends on rapid spatial
re-planning. This study presents and
evaluates a spatio-temporal routing
framework with weighted indices, specif-
ically designed for agricultural land use
in Ukraine. The system is integrated into
a FAIR/OGC-aligned middleware archi-
tecture that consolidates multi-source
spatial data streams (satellite Earth Ob-
servation, UAV imagery, [oT telemetry,
and land cadastre registers). The plat-
form operationalizes routing as a contin-
uous land-management decision-support
service by allowing users to tune explicit
weights across four criteria: time, direct
cost, carbon emissions (COze), and spa-
tial operational risk, while strictly en-
forcing land-use and safety restrictions
through hard spatial masks.

This article advances a weights-
based, real-time routing approach in-
tegrated into a FAIR/OGC-aligned

middleware architecture for digital
agriculture in Ukraine. By “weights-
based,” we mean an explicit, tunable
multi-criteria scheme that optimizes
routes and task assignments across four
practical dimensions: time, direct cost,
CO;-equivalent emissions, and opera-
tional risk, while respecting agronomic
windows and infrastructure constraints.
The middleware abstraction layer en-
sures that heterogeneous sources (UAV
orthomosaics and vegetation indices,
Sentinel-class products, in-field IoT
telemetry, cadastral/land-use layers,
traffic and fuel price feeds) can be dis-
covered, linked, and consumed via in-
teroperable services rather than bespoke
pipelines. This architecture is intention-
ally modular — core system services can
be deployed incrementally, allowing
producers and local authorities to start
small (e.g., with a single cooperative)
and scale outward as data quality and
institutional trust improve.

From the economics policy per-
spective, the need for such a platform
is immediate. Transport and machin-
ery utilization decisions now have
outsized budget impacts due to price
volatility and safety-related transpor-
tation re-routing. Each non-optimal ki-
lometer increases costs and emissions;
each missed field-processing timeline
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(spraying or irrigation) erodes yield and
resilience. A routing model that can ab-
sorb up-to-date costs (UAH/km bands
derived from fuel prices and machine
classes), reflect congestion or restrict-
ed zones, and internalize sustainabil-
ity metrics offers a tractable path to
near-term savings and verifiable envi-
ronmental gains. Just as importantly, a
shared, standards-compliant backbone
makes output auditable for policy and
certification regimes (e.g., SAFA di-
mensions, IPCC AFOLU categories,
or Farm-to-Fork-aligned indicators),
which is critical for market access and
recovery programs.

From a land-use perspective, the
peri-urban Kyiv area provides a solid
foundation for study. The region ex-
hibits rapid spatial change, mixed farm
scales, and varied data availability due
to operational constraints. We treat
this not as a limitation but as a design
requirement: the system must remain
useful under non-optimal operational
conditions (UAV restrictions, variable
network connectivity, partial datasets)
by rolling back system state to satel-
lite and ground sensors data. Such sys-
tems must support caching of the recent
states and scheduling asynchronous
system and data updates. This resilience
architecture principle is embedded in
the middleware layer (event queues,
metadata lineage, edge buffering) and
the routing engine (risk-aware weight-
ing and data rollback options), ensuring
operational continuity and providing
decision support even when high-reso-
lution and live data are temporarily un-
available.

From the perspective of agricultural
land administration, modern routing is
no longer merely a transport logistics
problem; it is a critical component of dy-
namic land-use governance. In peri-ur-

ban zones like the Kyiv agglomeration,
agricultural plots are frequently frag-
mented by expanding residential infra-
structure and temporary military exclu-
sion zones. Consequently, any logistical
framework must act as an extension of
the spatial cadastre, ensuring that agri-
cultural machinery movements strictly
comply with dynamic land-use restric-
tions, environmental protection zones,
and local safety regulations. Therefore,
the primary aim of this study is to de-
velop a routing optimization model that
integrates these complex spatial land-
use constraints into a cohesive, weight-
based decision-support system.

Analysis of recent research and
publications

Over the past decade, the digitaliza-
tion of the agricultural sector has pro-
gressed from individual experimental
solutions to complex digital platforms
that combine remote sensing, sensor
networks, decision-support models, and
digital services to manage production
processes. In the modern scientific lit-
erature, there are at least four interrelat-
ed areas that are directly relevant to the
topic of this study: 1) digital and preci-
sion agriculture based on EO/UAV/IoT;
2) interoperability of data, services and
digital platforms; 3) decision support
systems and digital twins in Agriculture
4.0; 4) multi-criteria routing and green
logistics in the face of spatial and re-
source constraints. Such a structure of
the review is important, since the solu-
tion proposed by the authors in the arti-
cle lies precisely at the intersection of
these four areas and does not belong to
any one of them.

The first direction concerns the de-
velopment of precision agriculture and
digital monitoring of agricultural pro-
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duction. In the work of Awais et al.
(2025), digital twins and Smart Farming
Technologies are considered as means
of transition from fragmented data
collection to holistic, model-oriented
management of agricultural systems.
Similarly, Miller et al. (2025) note that
modern IoT and Al solutions in the ag-
ricultural sector are no longer limited
to individual sensors but now form in-
tegrated systems for "smart" monitor-
ing of the production environment. In a
conceptually important review by Zhai
et al. (2020), decision support systems
for Agriculture 4.0 are described as
moving from simple monitoring to digi-
tally managed manufacturing solutions.
This means that modern research focus-
es less on fixing the state of the field and
increasingly on transforming data into
effective management actions.

A separate block of research is de-
voted to the role of UAVs and satellite
Earth Observation in precision agricul-
ture. Agrawal and Arafat (2024) ana-
lyze Al-powered UAV Technologies as
a highly detailed information-collec-
tion tool for agricultural process man-
agement, while Guebsi et al. (2024)
systematize the application of UAVs,
relevant technologies, and their limita-
tions in Precision Agriculture. These
studies show that UAVs are especially
valuable for local, high-precision di-
agnostics of crop conditions, detection
of heterogeneities, and support for op-
erational decisions at the plot level. At
the same time, satellite sources ensure
regularity, scalability, and sustainability
of observation. That is why, in current
research, there is a tendency to combine
UAV and EO data, rather than to con-
trast them. For the subject of the arti-
cle, this is fundamental, since routing in
the conditions of studying the suburban
area should consider both detailed local

observations and regular large-scale da-
tabases.

The second important area concerns
digital twins, integrated sensor ecosys-
tems, and the transition to data suitable
for automated scheduling. Aich et al.
(2022) define Digital Twins in Agricul-
ture as a forward-looking approach to
aligning field observations, models, and
digital control. Banerjee et al. (2025) are
working in a similar direction, linking
digital twins with Advanced Crop Rec-
ommendation to optimize production
solutions. A systematic review by Yousaf
et al. (2023) shows that the development
of Agriculture 4.0 is increasingly relying
on Data-Driven Systems. However, the
challenges of practical implementation,
data source integration, and transition-
ing from analytics to operational solu-
tions remain significant. For the topic
of this study, this means the problem is
no longer the lack of data sources per se.
The main challenge is transforming dis-
parate observations into actionable ac-
tion plans, especially for spatially con-
strained agricultural operations.

The third block of literature sources
covers platform interoperability, geo-
spatial standards, and data management.
Urdu et al. (2024) look at the align-
ment of interoperability architectures
for Digital Agri-Food Platforms, and
Obayi et al. (2025) analyze Pragmatic
Interoperability as a framework for hu-
man-machine interaction in agri-food
value chains. In the work of Falcao et
al. (2023), interoperability is addressed
through the Framework for Data Spaces
and automation based on standardized
architectures. Roccatello et al. (2025)
pay particular attention to loT standards
and protocols for Precision Agriculture,
with a focus on semantic interoperabil-
ity. For geospatial and service dimen-
sioning, the work of Qiao et al. (2023),
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which combines real-time OGC WPS
and SensorThings APIs for Environ-
mental Modeling, as well as the work of
Arz von Straussenburg et al. (2024) on
improving the OGC SensorThings API
for Industrial IoT use cases. Collective-
ly, these studies demonstrate that OGC
standards, SensorThings approaches,
service-oriented models, and FAIR prin-
ciples are not just a technical add-on, but
a key condition for the interoperability,
reproducibility, and reuse of spatial and
sensory data. That is why for systems fo-
cused on land use, cadastral and spatial
constraints, and multi-source monitor-
ing, the issue of interoperability is meth-
odologically determinative, not auxiliary.
The fourth direction is formed by
research on multi-criteria routing and
green logistics. Lin et al. (2020) provide
a state-of-the-art review of the green
vehicle routing problem, highlighting
the evolution from classic route prob-
lems to models that simultaneously
account for costs, time, emissions, and
operational constraints. Liu et al. (2024)
consider optimizing logistics routes to
reduce carbon emissions in the context
of Agricultural Cold Chain Logistics.
For the topic of this study, their work
is of fundamental importance, as it
demonstrates the methodological fea-
sibility of a multi-criteria approach to
route optimization. At the same time,
most research in this direction focuses
either on general transport logistics or
on individual supply chains. In contrast,
for agricultural production in suburban
areas, land-use restrictions, plot-level
regimes, route accessibility, local exclu-
sion zones, instability in fieldwork tim-
ing, and discontinuity in individual data
flows become particularly significant.
Separately, it is necessary to high-
light the works that help localize the
research problem within the Kyiv ag-

glomeration and the Ukrainian context
of digital governance. Nazarenko and
Martyn (2025) analyze Urban Growth
and Agrarian Dynamics in the Kyiv
agglomeration, which is important for
understanding the spatial pressure on
agricultural land use in suburban areas.
Nazarenko and Ostroushko (2024), in
their Smart City Management System
based on Microservices and IoT ap-
proaches, highlight the importance of
modular digital architectures for inte-
grating distributed data and services.
Taken together, these works emphasize
that, for the Kyiv agglomeration, digi-
tal planning of agricultural operations
cannot be considered in isolation from
broader processes of territorial spatial
transformation, the development of ser-
vice architectures, and the interaction
between urban and suburban systems.
Generalization of the considered
works allows us to draw several con-
clusions. Firstly, the scientific literature
is well represented in studies dedicated
separately to the monitoring of agri-
cultural production, UAVs, IoT, digital
twins, platform interoperability, and
green logistics (Aich et al., 2022; Awais
et al., 2025). Secondly, much less work
combines these areas into a single spa-
tially oriented decision-support system,
in which cadastral land and adminis-
trative restrictions directly affect route
formation and the prioritization of agri-
cultural operations (Falcdo et al., 2023;
Lin et al., 2020; Liu et al., 2024; Miller
et al., 2025). Thirdly, in suburban areas
such as the Kyiv agglomeration, aspects
that remain peripheral in many publica-
tions take on greater weight: instabili-
ty of data access, changes in transport
accessibility, competition for space, op-
erational redevelopment, and the need
to simultaneously consider economic,
time, environmental, and risk criteria.
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This gap in modern research under-
scores the need to develop a weighted
spatio-temporal routing model for dig-
ital agriculture in the suburban areas of
the Kyiv agglomeration.

Thus, in contrast to scientific papers
in which EO/UAV/IoT data is mainly
used for crop condition detection or an-
alytical monitoring, this study focuses
on their integration into the service ar-
chitecture for decision-making, where
spatial data, administrative-economic
constraints, and weighted optimization
criteria form the basis for planning op-
erational routes (Qiao et al., 2023; Roc-
catello et al., 2025; Urdu et al., 2024).
This allows us to consider the proposed
approach not only as a digital tool for
logistics modeling, but also as an ele-
ment of digital land-use management
in the difficult conditions of suburban
area transformation (Yousaf et al., 2023;
Zhai et al., 2020).

Despite significant progress in the
research and development of digital
logistics solutions, the analysis reveals
that most existing routing systems pri-
marily optimize transport costs in isola-
tion from spatial context and do not ac-
count for dynamic cadastral constraints,
environmental factors, or agricultural
land use.

Methods and research data

The empirical focus is the peri-urban
belt of the Kyiv agglomeration (the outer
districts of Kyiv City and adjacent hro-
madas), characterized by rapid land-use
turnover, varied farm sizes, and frequent
mobility constraints (Nazarenko et al.,
2024, 2025). The methodological goal
was to test whether a weights-based,
real-time routing service embedded in
FAIR/OGC-aligned middleware can
continuously generate actionable week-

ly plans under volatile costs, intermit-
tent data, and restricted arcas. We used
a scenario design with tunable weights
on four operational criteria: time, direct
cost, CO,e, and operational risk, validat-
ed across A/B/C stress conditions that re-
flect realistic price ranges and data avail-
ability. To comply with OGC standards,
the spatial constraints (cadastral bound-
aries) should be stored in a PostGIS da-
tabase and exposed via GeoServer. The
routing middleware queries these bound-
aries dynamically using standard Web
Feature Service (WFS) GET requests.
This ensures the data is FAIR-compliant,
as the spatial identifiers are globally ac-
cessible and not locked into proprietary
formats. While the platform's theoretical
architecture is designed to ingest-process
real-time UAV multispectral imagery,
wartime restrictions on civilian airspace
(martial law) necessitated a transition to
satellite Earth Observation data; at the
same time, the system architect itself has
appropriate modules for processing var-
ious types of input images (remote sens-
ing, UAYV, etc.).

We combined multi-source obser-
vations with administrative—economic
layers (Table 1). EO and UAV streams
provided spatial diagnostics (crop con-
dition, moisture/stress proxies) at differ-
ent scales; IoT telemetry added in-field
dynamics; administrative layers con-
strained routing (legal land category,
protected/restricted zones); and market
feeds parameterized the UAH/km cost
bands that drive the logistics objective.
Where UAV operations were limited
(e.g., NOTAMs/wartime restrictions),
the pipeline fell back to satellite and
ground sensors; the middleware cached
prior states and scheduled asynchronous
refresh as connectivity allowed.

To satisfy the interoperability require-
ments mandated by FAIR principles, the
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1. Core datasets and roles in the system development pipeline*

Layer Source / Standard | Spatial/Temporal Role in model
Sentinel-2 MSI (NDVI/ | EO hub; OGC WMS/ | 10-20 m; Field-level vigor/stress masks;
EVI) WCS 5-day fall back to classify priority blocks
Planet/Radar (optional | WMS/WCS 3-5m; Cloud-robust change detection;
where available) daily/weekly soil moisture (radar)

UAV orthomosaics & Mission logs; 2-10 cm; Micro-windows for spraying/spot
VIs GeoTIFF; STAC task-driven irrigation;

obstacle detection
10T sensors (soil OGC SensorThings | Point grids; Trigger rules for irrigation/frost
moisture, micro-met) API 15-60 min alerts;

refine time windows
Cadastral & land-use GeoJSON/WEFS; Parcel polygons; Legal constraints; crop/ownership;
(admin-econ) registers annual routing feasibility masks
Road network & OSM and local feeds | Edges; Travel-time costs;
congestion 5-15 min restricted segments; detours
Market signals (fuel, Weekly price feeds Scalars; UAH/1 - UAH/km band priors;
inputs) weekly scenario stressors
Safety/restriction notices | NOTAMs, civil Polygons/lines; No-fly/slow-down zones;

advisories event-based risk penalties in routing

* prepared by Nazarenko V. based on the public research data

proposed middleware avoids proprietary,
vendor-locked APIs. Instead, spatial data
consolidation relies solely on Open Geo-
spatial Consortium (OGC) standards.
Specifically, static land-use boundaries,
administrative constraints, and road net-
work topologies are fetched as vector
layers using the Web Feature Service
(WFS). Dynamic environmental data,
such as soil moisture maps derived from
satellite EO, are integrated via the Web
Map Service (WMS) and Web Coverage
Service (WCS). By standardizing the
input streams through these OGC pro-
tocols, the routing framework ensures
that all underlying spatial data remains
Findable, Accessible, Interoperable, and
Reusable for subsequent cadastre and
land-management applications.

We tested three typical real-time sce-
narios using Kyiv as a transition trans-
port hub area with the following three
priority templates:

*  Baseline (A) — fuel 68 UAH/L;
cost band “Medium (60-120 UAH/

km)”’; weights 0.35/0.35/0.20/0.10 (time/
cost/COe/risk).

«  Stress conditions (high fuel
price, consumption, and transport risks)
(B) — fuel 92 UAH/I; “High (120-250)”;
weights 0.25/0.45/0.20/0.10, special case
study.

*  Sustainability adjusted (C) —
fuel 80 UAH/I; “Medium”; weights
0.25/0.30/0.35/0.10,  preferential ~ for
low-emission approach.

Figure 1 illustrates the comparative
operational parameters of the simu-
lated typical fleet (commonly used in
agriculture and farming), specifically
contrasting heavy-duty transport trucks
with heavy agricultural tractors. The
chart highlights key logistical trade-offs,
demonstrating that while trucks offer sig-
nificantly higher transit speeds on paved
roads, tractors operate with higher base-
line fuel consumption but remain essen-
tial for navigating unpaved field terrain.
Ultimately, integrating these distinct
vehicle profiles ensures the simulation
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2. Demonstration sample data of three typical real-time scenarios using Kyiv
as a transition transport hub *

Scenario Fuel Band Weights Days of the week Notes
(UAH/M) | (UAH/km) | (time/cost/COe/

risk)

Baseline (A) 68 60-120 0.35/0.35/0.20 | Irrig. Tue/Thu; Spray | Typical week;
/0.10 Wed/Fri partial UAV

Stress 92 120-250 0.25/0.45/0.20 | Same as Baseline High fuel;

conditions (B) /0.10 with safety slow- more restricted

downs segments

Sustainability 80 60-120 0.25/0.30/0.35 | Irrig. Tue/Thu; Wed/ | preferable low-

adjusted (C) /0.10 Fri CO, range

* prepared by Nazarenko V. based on the public research data

Emission Factor (COze / L) =
Fuel Consumption (L/100 km) -
Speed - Unpaved (km/h) —
spet- e o) |
Fleet Size (Units) '
0 10 20 30 40 50 60 70

® Heavy Agricultural Tractors

B Heavy-Duty Transport Trucks

Fig. 1. Baseline Simulation Fleet and Operational Parameters (based on
Nazarenko V.'s research data)

accurately captures the complex physi-
cal and economic constraints inherent in
peri-urban agricultural routing.

The core of the proposed middleware
is a dynamic cost function C(e), calcu-
lated as a normalized weighted sum of
four criteria for each route edge e: transit
time, direct fuel cost, carbon-equivalent
emissions, and operational risk. Rather
than relying on arbitrary manual inputs,
the weights for these coefficients were
determined based on prioritized logis-
tical strategies. The simulations were
categorized into three distinct operation-

al scenarios, with the exact normalized
mathematical weights outlined in Table
3. The data provided in Table 3 high-
lights that the three scenarios differ not
only in the fuel-cost context but also in
the normalized weighting of route prior-
ities (note the distinction between base-
line, stress, and sustainability-adjusted
routing logic).

This research presents a simula-
tion-based study developed as a target-
ed proof-of-concept within a broader,
ongoing regional project focused on
agricultural land administration within
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3. Normalized weighting coefficients for routing scenarios*

Scenario Fuel price | Cost band Time Direct | CO,e | Risk Sum of
(UAH/N) (UAH/km) cost coefficients
Baseline (A) 68 60-120 0.35 0.35 020 |0.10 |1.00
Stress (B) 92 120-250 0.25 0.45 020 [0.10 |1.00
Sustainability- 80 60-120 0.25 0.30 035 |0.10 |1.00
adjusted (C)

* prepared by Nazarenko V. based on the public research data

the context of post-war reconstruction
and sustainable development. The Kyiv
agglomeration data were used for pilot
simulations, policy development, and
algorithm development. The core sys-
tem data, spatial boundaries, and logis-
tical constraints used in the simulation
are derived from authentic, real-world
research data and build on the author's
previous research (Nazarenko et al.,
2024, 2025).

Results

The research results demonstrate
that the proposed weights-based rout-
ing platform is not limited to a concep-
tual software model, but functions as a
practical decision-support instrument
under the complex economic and land-
use conditions of peri-urban Ukraine.
Simulation testing within the Kyiv ag-
glomeration confirmed that integrating
satellite, UAV, IoT, and administra-
tive-economic layers through a FAIR/
OGC-aligned middleware enables sta-
ble weekly planning, observable data
flows and changes, and transparent
routing logic under volatile fuel pric-
es, restricted mobility, and partially
degraded data environments. From the
perspectives of land management and
agricultural economics, the value of the
system lies not only in route generation
itself, but also in its capacity to integrate
spatial constraints, cost dynamics, and

sustainability indicators into a single
operational environment.

During pilot simulation testing (a
four-week loop) in the peri-urban zone
of the Kyiv agglomeration, the middle-
ware maintained continuous advisory
generation despite intermittent UAV
availability and short-lived network
outages. The system architecture ac-
counted for cases in which NOTAMs
or local restrictions prevented flights. In
such cases, the system switched to sat-
ellite (10-20 m) and in-field IoT teleme-
try, with store-and-forward edge buffers
preserving event integrity and asynchro-
nous refresh backfilling high-resolution
layers once links recovered. The system
tracked parameters and their changes
over time, processing parameters and
graph masks for each simulation run;
advisory data were exported as CSV/
GeoJSON and can be reused within
the system. From a practical manage-
ment perspective, the system ensured
that weekly operational schedules were
generated consistently on time. Further-
more, if sudden disruptions occurred —
such as unexpected traffic congestion or
abrupt changes in fuel costs —the system
could recalculate routes rapidly enough
to support immediate daily management
decisions. Crucially for land adminis-
tration, the simulation showed no viola-
tions of restricted land zones, meaning
machinery never entered protected or
unauthorized areas. At the same time,
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the system maintained a high operation-
al reliability, completing at least 95% of
scheduled agricultural tasks within their
required agronomic timeframes.

To achieve these results, various
spatial data sources are standardized
onto a consistent territorial grid. The
system tracks ongoing changes in crop
health and monitors local soil condi-
tions; when moisture or plant health
drops below specific levels, it automati-
cally schedules necessary interventions,
such as irrigation or spraying. Addi-
tionally, local land-use regulations are
integrated directly into the spatial map.
Certain areas are designated as strictly
prohibited (e.g., protected environmen-
tal strips, military zones, or private par-
cels), while other routes are assigned
economic penalties (e.g., slow-travel
rural corridors). Ultimately, this cre-
ates a dynamic land-management map
where every route segment is continu-
ously updated with the following opera-
tional and economic parameters:

Ce =y xt, +a.* UAH/km,+
+ @coz * ke + @y * p, (1

, with a weights in range up to 1, teis
travel time, UAH/kme is transportation

WMS/WCS

Earth Observation

(Sentinel etc.) Harmonize

UAv Calculate

ToT Sensors field .
Combine

Software and data

structs (GeoJSON etc.)

company-specific direct cost, keis CO,e
per km (fuel/emissions factor), and pe is
risk penalty from safety/terrain/restric-
tions. It should be noted that the calcu-
lation based on equation 1 is part of the
software system's data processing (as
shown in Figures 3 and 4).

We formulate a multi-objective
shortest-path/VRP hybrid with ser-
vice-time windows. For small fleets and
daily tours, we use a label-setting short-
est-path with time windows (SP-TW)
on a pruned graph; for weekly plans, we
construct daily subproblems and apply
an iterative greedy-plus-repair heuris-
tic seeded by SP-TW solutions. Each
edge is valued by (ce) (1), updating
hourly with congestion and daily with
new price bands. When [oT/UAV data
is missing, imputation (using the last-
good satellite or aerial photo imagery)
maintains feasibility and flags the un-
certainty in the advisory.

Sample routing and
method (algorithm Figure 1):

1.  First, we collect data from dif-
ferent sources and bring them to a single
format: satellite/loT/admin-economics
(and UAV, if available).

2. Next, the system determines
where and what can be done: creates
“masks” (prohibited zones, priority ar-

scheduling

Data processing

Featured data

NDVI/EVI data\rules
Price an Fuel feed
Safety and restrictions

Fig. 2. Middleware-to-Routing dataflow (based on Nazarenko V.'s research data)

N2 22026

81



3emneycmpiti, Kadacmp i MOHIMopuUHa 3emerlb

eas) and adds “fines” for problematic
sections of the route (traffic jams, risk
areas, restrictions).

3. Alistof specific tasks is formed
for each day - for example, watering /
spraying/inspection, and time windows
are set for each task when it can be com-
pleted.

4.  The system updates the cost of
transportation (at current prices/ranges
in UAH/km) and the estimate of CO,e
emissions (according to fuel coeffi-
cients), after which it applies the user’s
weights: what is more important: time,
money, ecology, or risks.

5. Then the algorithm finds sever-
al potential routes, and then “finishes”
them: checks the capacity of the equip-
ment, the order of execution, the realism
of the schedule, and restrictions.

6.  The system then compares the
options based on four criteria (cost,
time, CO.e, risk), selects the best one,
and publishes the plan/recommenda-
tions.

7. Finally, it stores the full history
(what data and what parameters led to
this decision). If some data is unavail-
able, it runs an update in the background
and automatically recalculates the plan
once the information becomes available.

Figure 2 illustrates the Middle-
ware-to-Routing dataflow, where the
Web Map Service (WMS) integrates vi-
sual spatial layers (e.g., land-use bound-
aries and road networks), and the Web
Coverage Service (WCS) manages dy-
namic, multidimensional environmental
data (e.g., soil moisture grids and satel-
lite imagery).

We compare scenarios for weekly
totals and day-to-day distribution: di-
rect logistics cost (UAH), total travel
time (hours), COe (kg), feasibility rate
(% of jobs served within windows), and
number of restricted-edge violations

(expected 0). We track delta-KPIs (B
to A, C to A) and generate policy-grade
metrics (e.g., kg COe per job, cost per
km). A sensitivity sweep varies (\alpha)
weights by £0.1 and fuel by =10 UAH/I
to assess robustness.

Three weekly scenarios were evaluat-
ed, with specific coefficients set accord-
ingly. The simulation was conducted in
the suburban area of the Kyiv agglom-
eration: A (baseline), B (stressed: high
fuel prices and higher transport risk),
and C (sustainability-oriented), using the
same set of tasks and spatial routing con-
straints. The values in Table 4 show the
results of a single controlled test run for
each scenario, executed under fixed input
parameters. Note that these indicators
should be interpreted as scenario-com-
parative demonstration results, and not
as statistically averaged estimates over a
series of independent launches.

CO,e was calculated from the mod-
eled weekly transportation distance,
baseline fuel-use intensity, and a fixed
emission factor. Because these inputs
remained unchanged across scenari-
os, the CO,e total also remained un-
changed; the weighting structure af-
fected route prioritization, but not the
underlying fleet-emission assumptions.
Restricted-edge violations indicate the
number of prohibited spatial segments
used in the final routing solution. Since
hard masks removed such edges before
optimization, the value remained zero in
all scenarios.

Restricted-edge violations were cal-
culated as the number of route segments
in the final weekly solution intersecting
spatially prohibited or legally restrict-
ed edges. Because such edges were re-
moved from the feasible routing graph
through hard spatial masks before opti-
mization, the resulting value remained
zero in all simulated scenarios.
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4. Weekly totals by scenario (same job set and masks)*

KPI (units) Scenario A Scenario B Scenario C
(Baseline) (Stress) (Sustainability-
tilted)
Distance (km) 1,240 1,240 1,240
Direct logistics cost (UAH) 76,582 86,106 81,344
Average cost per km (UAH/km) 61.76 69.44 65.60
Total travel time (h) 89.61 88.58 88.58
COze (kg)T 1,116.3 1,116.3 1,116.3
Feasibility (% jobs within windows) 96% 95% 96%
Restricted-edge violations (count) 0 0 0

* prepared by Nazarenko V. based on the public research data

Two observations stand out. First, di-
rect cost is highly sensitive to fuel-driv-
en bands: B increases weekly outlay
by +12.44% vs. A, and C sits midway
(+6.22%). Second, time and COye re-
main largely stable at the weekly level
across identical job sets, with small time
differences arising from weight profiles
(slightly lower time in B/C, where the
time weight is reduced and cost pressure
is high). Because restricted segments
were enforced as hard masks, feasibil-
ity and safety outcomes were preserved
across scenarios.

Table 5 presents clear evidence
that in weeks with high fuel prices and
tighter risk handling, cost rises sharply,
while tactical re-weighting can protect
time (—1.15%) without sacrificing safe-
ty. CO,e stability here reflects identical
distance and emission factors; when
low-emission corridors or electrified
assets are present, the CO,e column
becomes a live differentiator (not avail-
able in these pilot assets).

While Tables 4 and 5 quantify the
economic and operational effects of the
three routing scenarios, the practical
significance of the proposed system is
more fully illustrated through the soft-
ware interface and service logic pre-
sented in Figures 3 and 4. These figures

5. Scenario testing delta-KPIs
(relative to Scenario A)*

Metric Bvs.A Cvs.A
Direct logistics cost | +12.44% +6.22%
Total travel time -1.15% -1.15%
CO.e 0.00% 0.00%
Feasibility -1 pp 0pp

* prepared by Nazarenko V. based on the
public research data

show how model assumptions, scenar-
i0o weights, and routing outcomes are
translated into a user-oriented digital en-
vironment, allowing planners, research-
ers, and local decision-makers to move
from raw multi-source data toward in-
terpretable weekly plans, comparative
KPIs, and policy-relevant recommenda-
tions. In this sense, the software layer
acts not merely as a visualization add-
on, but as an integral component of the
routing methodology itself.

Figure 3 presents the main opera-
tional screen of the routing service de-
veloped within the study. The interface
combines weekly planning logic, scenar-
io configuration, and KPI visualization
in a single decision-support workspace.
From a methodological standpoint, this
screen demonstrates that route planning
is no longer treated as an isolated op-
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timization task but as part of a broader
digital environment in which the plan-
ner can simultaneously adjust fuel pric-
es, emissions factors, cost bands, and
routing weights. Such an arrangement is
particularly relevant for peri-urban ag-
ricultural systems, where land-use con-
flicts, road accessibility, and economic
volatility require frequent recalibration
of operational priorities.

It should be noted that the presented
software was developed by the author
using the React]S software framework
and JSON data files, and is currently
undergoing testing at early development
and production stages. All the calcula-
tions and simulations presented were
performed in this software web applica-
tion (at this stage, only the local version
is available).

0 AgriRouting - Demo  Research Frototype

& Routing Workspace

under adaptive

High (120-250 UAH/km)

Low cost (20-60 UAH fkm)
Megium (60-120 UAH/km)

+ High (120-250 UAH/km)

Figure 4 illustrates the delta-KPI
comparison service generated by the
scenario-testing module. The figure op-
erationalizes the analytical differences
among the baseline, stress, and sus-
tainability-oriented routing scenarios
by presenting them in an interpretable
managerial dashboard. In contrast to
static tabular comparison, the interface
enables rapid identification of how
specific weight distributions influence
direct logistics costs, travel time, and
feasibility outcomes. This is especially
important from an economic perspec-
tive, as the system makes the conse-
quences of fuel-price shocks or stricter
routing constraints visible in real time,
allowing the user to compare not only
route efficiency but also the broader
cost profile of alternative strategies.
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Fig. 3. Routing service main service screen demonstration
(based on Nazarenko V.'s research data)
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Taken together, Figures 3 and 4 pro-
vide evidence that the proposed routing
architecture has practical applicabili-
ty beyond theoretical modeling. They
demonstrate how middleware and a
routing engine can be embedded in a
real software service that supports hu-
man-in-the-loop planning, scenario test-
ing, and evidence-based policy commu-
nication. For research work focused on
land management and economics, these
figures are particularly useful because
they make visible the link between spa-
tial constraints, operational planning,
and measurable economic effects. In
other words, the figures strengthen the
article by demonstrating that the study
is not only about algorithmic optimiza-
tion, but about the creation of a usable
digital instrument for land-use gover-

e Scenario Planner & Advisories « Demo  What « ki« €0,

% Scenario A
Baseline / current policy
Scope Costband

Kyiv Peri-Urban Megium (50-120)

B Fuel GAUAHA G EF

-—)

Waight Time 8.35

2.65 kgCOL

@ KPIs (A from A — B)

Negative valuss are improvements Jobs, distance. notes

212.4% ¥1.2%

nance and agricultural decision-making.
Discussion

The results confirm a broader trend
identified in recent research on digital
agriculture: the analytical value of UAV,
EO, and IoT data increases significantly
when these sources are integrated into
a decision-oriented service architecture
rather than used solely for monitoring or
descriptive reporting. In contrast to many
studies that focus primarily on field diag-
nostics, the present research demonstrates
how multi-source spatial and economic
data can be transformed into operational
routing decisions with measurable week-
ly effects. This positions the study closer
to the literature on Agriculture 4.0 deci-
sion-support systems and green logistics,
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Fig. 4. Scenario testing delta-KPIs (relative to Scenario A) service
demonstration (based on Nazarenko V.'s research data)
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while extending those approaches by ex-
plicitly considering Ukrainian peri-urban
land-use constraints and scenario-specif-
ic economic bands.

A particularly important finding is
the strong sensitivity of weekly logistics
costs to fuel-driven routing conditions,
while travel time remained compara-
tively stable across the tested scenarios.
This indicates that, under the current
structure of Kyiv's suburban system,
within the framework of a controlled
scenario experiment, the fuel and cost
component is the main source of vari-
ation in logistics costs and has a stron-
ger immediate impact on operational
planning than the spatial distance itself.
Such a result complements previous
studies on sustainable routing and green
vehicle logistics, which often empha-
size carbon and distance optimization,
but less frequently examine the role of
regional fuel-cost fluctuations and land-
use restrictions in shaping route feasi-
bility. The current research, therefore,
contributes an applied economic dimen-
sion to digital routing studies by show-
ing that the same routing architecture
can serve both as a logistics tool and as
an instrument for understanding the ter-
ritorial cost structure of agriculture near
large metropolitan areas.

At the same time, the study also
reveals several limitations that define
the direction for future work. First, the
stability of CO,e values across scenar-
ios indicates that, in the present pilot
configuration, emissions are largely
driven by uniform distance and fuel
assumptions rather than by differenti-
ated low-carbon corridors or machinery
classes. Second, the scenario design
was intentionally controlled and does
not yet represent the full seasonal vari-
ability of crop calendars, labor alloca-
tion, or weather shocks. Third, while

the software interface confirms prac-
tical applicability, broader validation
with cooperatives, municipalities, and
agricultural service providers is still re-
quired. Nevertheless, these limitations
do not weaken the study's contribution;
rather, they confirm that the present-
ed platform should be understood as a
scalable middleware-based foundation
for further integration of digital twins,
real-time mobility feeds, and policy-ori-
ented sustainability accounting.
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AHomauyisa. AzpapHuli cekmop YKpaiHU CMUKAEMbCA 3 KOMIM/AEKCHUM eKOHOMIYHUM |
MPOCMOPOBUM MUCKOM: 3MIHaMU Y nepedmiCbKOMY 3eMseKopucmyeaHHi, YCKAadHeHow ma
MopyWeHOK 7102icmuKoto, HecmabinbHUMU UiHaMU Ha n1aauso ma obmexceHoto MobinbHicmio
8 yMosax 80€HHO020 cmaHy. Lli euknuku ocobauso nomimui e Kuiscekili aenomepayii, de
azpapHe supobHuymeo oedani binbwe 3a1exumes 6i0 WEUOKO20 nepernaHy8aHHA 8 yMosax
3MiHHUX o0bMexceHb. Y ybomy 00cniOxweHHi npedcmasneHa ma oyiHeHa naamgopma
mapwpymusayii Ha 0cHo8i KoegiyieHmis 017 yugposo2o azpapHo20 supobHUYMEa 8 YKpaiHi,
iHme2posaHa 8 apximeKkmypy MPOMIHHO20 MPO2PAMHO20 3a6e3neyeHHs, y3200xeHa 3 FAIR/
OGC, AKa KOHCONIOYe NOMoOKU OaHUX OMPUMQHI i3 8eaUKOI KinbKocmi Oxcepen (cymymHuKosi
EO, 306paxceHHA Bl/IA 3a 0o38o10m, menemempis loT, 3a8aHmaxceHicme Oopie i 3amopu,
a Makox adMiHicmpamueHO-eKOHOMIYHI peecmpu mouwio). Maamgpopma GyHKUYiOHYE AK
iHcmpymeHm 6e3nepeps8Hoi NiOMpumMKu npuliHAMmMA piweHs. BoHa 00380/4€ Kopucmysayam
2HYYKO HaAawmosysamu Mapwpymu 3a Yomupma Kpumepiamu (4ac, npami sumpamu, 8UKUOU
CO,e ma onepayiliHi pusuku), Mooi AK an20pUMM AB8MOMAMUYHO B8PAXOBYE MPOCMOPO8i ma
be3neKosi 0bmexeHHsA 30 00MOMO20H HOPCMKUX 3a60POHEHUX 30H MA 3MIHHUX KoegiyieHmis
017 MPABUALHO20 HAAAWMYBAHHA MOOYsA 06POOKU OAHUX.

MposedeHo imimauiliHe cueHapHe MoOent8aHHA pobomu anzopummy ei0bysanocs
HO OCHO8i 4acosux OGHUX YOMUPLOX MUMCHIB y npumiceKili 30Hi Kuesa 3 8UKOPUCMAHHAM
KOHMPO/b0BAHO20 CUEHAPIO 3 MPbOMA MuicHesuUMU wabnoHamu: 6asosum (A), cmpecosum
(B): sucoki yiHu Ha naanueo ma suwuli mpaHcnopmuuli pu3uk) ma cKopu2o8aHuUmM Ha cmanuli
pozsumok (C). [lpomircHe npoepamHe 3abesneveHHsa (M13) niompumysano 6esnepepsHe
2eHepy8aHHA pekomeHOauil nid 4ac nepioou4Hoi docmynHocmi BIM/IA ma Kopomko4yacHol
HedocmynHocmi Mepexi, 3aCmMocosyroYU fnepesipKy 3arnoeHeHHA 6a3 OOHUX Ma nepecunaHHs,
QCUHXPOHHE OHOB/IEHHA MA ONPAYOBAHHA YaCO8UX PA0ie OGHUX; eKCrIopMOBaHi M08i0oMaeHHA
npo mapwpymu moxcHa 6yno gidmeopumu Ak CSV/GeoJSON 3 Mo8HUM MOXOOHEHHAM. AHANI3
3M00enb08aHUX CUEHAPIi8 MOKA3a8 BUCOKY 30A1EHHICMb 7102ICMUYHUX 8BUMPAM 30 MUXOEHb 8i0
3MiHU YiH Ha nasabHe. 30Kpema, NopieHAHO 3 6A308UM CUeHapiem A, npami sumpamu 3pocau Ha
12,44% y cueHapii B ma Ha 6,22% y cueHapii C. BoOHo4ac 2Hy4Ke HanawmysaHHsA KoegiyieHmis
00380nuM0 36epeemu cmabinbHUli Yac NPOXoOHEeHHA mapwpymie (3az2anbHuli Yac y 0opo3si
015 B i C Hagimb 3meHwusca Ha 1,15%). Kpim mozo, cucmema 3a6e3nequna 8UCOKYy moYyHicme
nAaHY8aHHA (MoHad 95% 3a680aHb BUKOHAHO y 3a0aHi 4aCo8i 8iKHA) MQA MOBHICMIO YHUKHYAA
mapwpymu3sauii yepes 3060pOHEHI 30HU 3080AKU 30CMOCYBAHHIO HOPCMKUX POCMOpPo8UX
obmexceHb. 3aeanbHi nokazHuku COze ¢hikcysanuca cmabineHUMU y pi3HUX cuyeHapiax 3a
YHithikosaHux KoegpiyieHmie 8uKudie, wWo MiOKpecatoe HeobxioHicme OugepeHyiliosaHux
HU3bKoBY2neuesux dianazoHie abo 6a3 OaHUX y MalibymHix ninoMHUX CUMYAAYiAX.

Pe3ynemamu ceid4ams, wjo cmaHoapmu3osaHe npomixcHe 13 ma mapwpymu3ayis Ha ocHoei
80208UX KoegbiyieHmis Moxce cry2ysamu NPaKMUYHUM iHCMPYMEHMOM YrpaesiHHA Npocmoposumu
OaHUMU Ma a2papHO EKOHOMIKOK, MOEOHYIOYU MPOCMOpPOsi 0bMeHeHHA, OUHAMIKy sumpam ma
IHOUKamMopu KOHMpPo cmManocmi'y Mexax 00Ho20 onepayiliHo2o pobo4o2o npoyecy.

Kntouoei cnosa: yugpose cinbcbke 20cnodapcmeo, Mapwpymu3ayia Ha 0CHO8i MUMoMux
KoegiuieHmis, npomixcHe npozpamHe 3abesneyeHHs, iHmezpayia UAV—loT-cynymHuKoso2o
3a6e3ne4yeHHs, npumicski 3oHU Kueea, nozicmu4Hi sumpamu, 3mMiHQ 8UKOPUCMAHHA 3eMerb,
cymicHicms FAIR/OGC, nidmpumka npuliHAmMms piweHs, MempuKu cmaso20 pO38UMKY..
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