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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, IoT 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, CO₂e, 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 (≥95% of 
jobs served within service windows), and restricted-edge violations remained zero due 
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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, IoT 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 (CO₂e), 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, 
CO₂-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 

to enforced masks. CO₂e 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–IoT–satellite 
integration, peri-urban Kyiv, logistics costs, land-use change, FAIR/OGC interoperability, 
decision support, sustainability metrics.
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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 AI 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 AI-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 Falcão 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 IoT 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 (Falcão 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 areas. We used 
a scenario design with tunable weights 
on four operational criteria: time, direct 
cost, CO₂e, 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, UAV, 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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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/CO₂e/risk).

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

•	 Sustainability adjusted (C) –
fuel 80 UAH/l; “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 

1. Core datasets and roles in the system development pipeline*

Layer Source / Standard Spatial/Temporal Role in model
Sentinel-2 MSI (NDVI/
EVI)

EO hub; OGC WMS/
WCS

10–20 m; 
5-day

Field-level vigor/stress masks;                                   
fall back to classify priority blocks

Planet/Radar (optional 
where available)

WMS/WCS 3–5 m; 
daily/weekly

Cloud-robust change detection;                             
 soil moisture (radar)

UAV orthomosaics & 
VIs

Mission logs; 
GeoTIFF; STAC

2–10 cm; 
task-driven

Micro-windows for spraying/spot 
irrigation; 
obstacle detection

IoT sensors (soil 
moisture, micro-met)

OGC SensorThings 
API

Point grids; 
15–60 min

Trigger rules for irrigation/frost 
alerts; 
refine time windows

Cadastral & land-use 
(admin-econ)

GeoJSON/WFS; 
registers

Parcel polygons; 
annual

Legal constraints; crop/ownership; 
routing feasibility masks

Road network & 
congestion

OSM and local feeds Edges; 
5–15 min

Travel-time costs; 
restricted segments; detours

Market signals (fuel, 
inputs)

Weekly price feeds Scalars; 
weekly

UAH/l - UAH/km band priors; 
scenario stressors

Safety/restriction notices NOTAMs, civil 
advisories

Polygons/lines; 
event-based

No-fly/slow-down zones;
 risk penalties in routing

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

2. Demonstration sample data of three typical real-time scenarios using Kyiv 
as a transition transport hub *

Scenario Fuel 
(UAH/l)

Band 
(UAH/km)

Weights 
(time/cost/CO₂e/

risk)

Days of the week Notes

Baseline (A) 68 60–120 0.35 / 0.35 / 0.20 
/ 0.10

Irrig. Tue/Thu; Spray 
Wed/Fri

Typical week; 
partial UAV

Stress 
conditions  (B)

92 120–250 0.25 / 0.45 / 0.20 
/ 0.10

Same as Baseline 
with safety slow-
downs

High fuel; 
more restricted 
segments

Sustainability 
adjusted  (С)

80 60–120 0.25 / 0.30 / 0.35 
/ 0.10

Irrig. Tue/Thu; Wed/
Fri

preferable low-
CO₂ range

* prepared by Nazarenko V. based on the public research data
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Fig. 1. Baseline Simulation Fleet and Operational Parameters (based on 
Nazarenko V.'s research data)
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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, 

3. Normalized weighting coefficients for routing scenarios*

Scenario Fuel price 
(UAH/l)

Cost band 
(UAH/km)

Time Direct 
cost

CO₂e Risk Sum of 
coefficients

Baseline (A) 68 60–120 0.35 0.35 0.20 0.10 1.00
Stress (B) 92 120–250 0.25 0.45 0.20 0.10 1.00
Sustainability-
adjusted (C)

80 60–120 0.25 0.30 0.35 0.10 1.00

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

, with α weights in range up to 1, te is 
travel time, UAH/kme is transportation 

company-specific direct cost, κe is CO₂e 
per km (fuel/emissions factor), and ρe 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 IoT/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 scheduling 
method (algorithm Figure 1):

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

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

� � � � � + � � ������� � � � �
+ ���� � �� + �� � ��  

 
+
(1)

WMS/WCS

Earth Observation 
(Sentinel etc.)
UAV
IoT Sensors field
Software and data 
structs (GeoJSON etc.)

Data processing

Harmonize
Calculate
Combine

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

3.	 A list of 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 CO₂e 
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, CO₂e, 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), CO₂e (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 CO₂e per job, cost per 
km). A sensitivity sweep varies (\alpha) 
weights by ±0.1 and fuel by ±10 UAH/l 
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.

CO₂e 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 CO₂e 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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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 CO₂e 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. CO₂e stability here reflects identical 
distance and emission factors; when 
low-emission corridors or electrified 
assets are present, the CO₂e 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 

show how model assumptions, scenar-
io 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-

4. Weekly totals by scenario (same job set and masks)*

KPI (units) Scenario A 
(Baseline)

Scenario B
 (Stress)

Scenario C 
(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
CO₂e (kg)† 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

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

Metric B vs. A C vs. A
Direct logistics cost +12.44% +6.22%
Total travel time −1.15% −1.15%
CO₂e 0.00% 0.00%
Feasibility −1 pp 0 pp

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

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.

 

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-

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,  

 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 CO₂e 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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ЗЕМЛЕУСТРІЙ, КАДАСТР І МОНІТОРИНГ ЗЕМЕЛЬ  2'26: 72-88
http://dx.doi.org/10.31548/zemleustriy2025.02.05
Анотація. Аграрний сектор України стикається з комплексним економічним і 

просторовим тиском: змінами у передміському землекористуванні, ускладненою та 
порушеною логістикою, нестабільними цінами на паливо та обмеженою мобільністю 
в умовах воєнного стану. Ці виклики особливо помітні в Київській агломерації, де 
аграрне виробництво дедалі більше залежить від швидкого перепланування в умовах 
змінних обмежень. У цьому дослідженні представлена та оцінена платформа 
маршрутизації на основі коефіцієнтів для цифрового аграрного виробництва в Україні, 
інтегрована в архітектуру проміжного програмного забезпечення, узгоджена з FAIR/
OGC, яка консолідує потоки даних отримані із великої кількості джерел (супутникові 
EO, зображення БПЛА за дозволом, телеметрія IoT, завантаженість доріг і затори, 
а також адміністративно-економічні реєстри тощо). Платформа функціонує як 
інструмент безперервної підтримки прийняття рішень. Вона дозволяє користувачам 
гнучко налаштовувати маршрути за чотирма критеріями (час, прямі витрати, викиди 
CO₂e та операційні ризики), тоді як алгоритм автоматично враховує просторові та 
безпекові обмеження за допомогою жорстких заборонених зон та змінних коефіцієнтів 
для правильного налаштування модуля обробки даних.

Проведено імітаційне сценарне моделювання роботи алгоритму відбувалося 
на основі часових даних чотирьох тижнів у приміській зоні Києва з використанням 
контрольованого сценарію з трьома тижневими шаблонами: базовим (A), стресовим 
(B): високі ціни на паливо та вищий транспортний ризик) та скоригованим на сталий 
розвиток (C). Проміжне програмне забезпечення (ПЗ) підтримувало безперервне 
генерування рекомендацій під час періодичної доступності БПЛА та короткочасної 
недоступності мережі, застосовуючи перевірку заповнення баз даних та пересилання, 
асинхронне оновлення та опрацювання часових рядів даних; експортовані повідомлення 
про маршрути можна було відтворити як CSV/GeoJSON з повним походженням. Аналіз 
змодельованих сценаріїв показав високу залежність логістичних витрат за тиждень від 
зміни цін на пальне. Зокрема, порівняно з базовим сценарієм А, прямі витрати зросли на 
12,44% у сценарії B та на 6,22% у сценарії C. Водночас гнучке налаштування коефіцієнтів 
дозволило зберегти стабільний час проходження маршрутів (загальний час у дорозі 
для B і C навіть зменшився на 1,15%). Крім того, система забезпечила високу точність 
планування (понад 95% завдань виконано у задані часові вікна) та повністю уникнула 
маршрутизації через заборонені зони завдяки застосуванню жорстких просторових 
обмежень. Загальні показники CO₂e фіксувалися стабільними у різних сценаріях за 
уніфікованих коефіцієнтів викидів, що підкреслює необхідність диференційованих 
низьковуглецевих діапазонів або баз даних у майбутніх пілотних симуляціях.

Результати свідчать, що стандартизоване проміжне ПЗ та маршрутизація на основі 
вагових коефіцієнтів може слугувати практичним інструментом управління просторовими 
даними та аграрною економікою, поєднуючи просторові обмеження, динаміку витрат та 
індикатори контролю сталості у межах одного операційного робочого процесу.
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