Projekt koncepcyjny systemu sm-s i bazy danych dla
/R dla miast z transportem publicznym.
Conceptual design of an SMS system and database
for SD in cities with public transport.
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Transgraniczny System sm-s: Od Danych do Zréownowazonego Rozwoju Zielonej Gory i Cottbus

Step 1: Data Sources (data acquisition) Step 2: Processing and KPIs  Step 3: Analysis and final outcomes
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CEL 11 ZROWNOWAZONEGO ROZWOJU (SDG 11): Zrdwnowazone miasta i spolecznosci, zapewnienie mieszkaficom bezpiecznego i czystego srodowiska f\% cia.
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System Data Architecture and ERD

Installation history of stationary devices Stationary device locations
P id PK £ site_id PK
@ device_id FK — ifo. naia
& site_id FK address
date_from city
date_to postal_code
| notes ) country
latitude
Measurement results longitude
Measurement device list active

- ] 2 measurement_id PK - y.
£ device_id PK & device_id EK

dev!ce_name measurement_time
deyuce_type latitude, longitude
§er|a|_number o, N02, 03, S02, C02
install_date pm1, pm25, pm4, pm10
status temperature

_ hotes ) humidity

pressure
_ raw_json A

Vehicle device assignment history
e T

P id PK Vehicle register
device_id FK ——

? vehicle_id FK 4> vehicle_id PK
date frc;m registration_no
date-to active

k. notes )
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Devices

This table acts as the central registry for all measurement devices involved in the
project.

unique device identifier — device_id

device name — device_name

device type — device_type ('stationary' or 'mobile’)

serial number — serial_number

installation date — install_date

current device status — status (e.qg., 'active’, 'inactive’, 'service')
additional information — notes
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Measurement

This table acts as the core component of the system, storing measurement data
transmitted by sensors. Each record corresponds to a single reading taken by a
specific device at a specific time and location.

ok wbdh-=

o

measurement identifier — measurement_id

unique device identifier — device_id

measurement time — measurement_time (UTC — Coordinated Universal Time)
geolocation data — (latitude, longitude)

a wide range of air quality readings and meteorological parameters — (co, no2, 03,
s02, co2, pm1, pm25, pm4, pm10, temperature, humidity, pressure)

raw data frame payload — raw_json
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Vehicles

This table acts as the registry for vehicles equipped with mobile sensors (e.g., public
transit buses).

1. unique vehicle identifier — vehicle_id
2. vehicle registration number — registration_no
3. flag indicating whether the vehicle is active — active
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Sites

This table acts as the registry for stationary monitoring points within the urban area.

unique monitoring point identifier — site_id

point name — site_name

exact address — address, city, postal_code, country
point geolocation — latitude, longitude

activity status — active

additional information — description
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Device vehicle_history

This table acts as the registry for the assignment history of individual measurement
devices to vehicles.

1. unique identifier — id

2. device identifier — device_id

3. vehicle identifier — vehicle_id

4. dates defining the device installation period on a given vehicle — date_from,
date_to
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Device_site history

This table acts as the registry for the installation history of measurement devices at
stationary monitoring points.

unique identifier — id

unique device identifier — device_id

monitoring point identifier — site_id

active period at a given location — date_from, date_to
additional notes — notes

ok wbdh =
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Data Acquisition Pipeline: From Device/Sensor to Database
Architektura Akwizycji Danych w Systemie sm-s: Od Sensora do Bazy Danych

Physical Layer: Sensor Network

Warstwa Fizyczna:
Sie¢ Sensorow

Spatial precision and sampling

Precyzja Przestrzenna i
Probkowanie

/ Speed Distancein1s

"o 30km/h 83m
40 - 40km/h 11.1m
; , 50 km/h 139 m
mobile sensors
Sensory Mobilne

80 Inteligentnych Punktow
Pomiarowych:

40 sensorow mobilnych w autobusach,
40 stacjonarnych punktow w Zielonej Gorze
i Cottbus.

Czestotliwosc Probkowania:
Stacjonarne co 1 minute (1440/dobe) vs.
Mobilne co 1 sekunde (86 400 odczytéw/dobe).

Przy predkosci 30 km/h:
odczytco 8,3 m

Sampling rate (‘)

stationary Przy predkosci 50 kmy/h:

. odczytco 13,9 m
every minute
1,440 per day
mobile ut |
every second Lo uiuon m_ap along
86,400 per day transit corridors

Sensory Stacjonarne

40 stationary sensors Zielona Géra Cottbus
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Pojedynczy pomiar

Projekt BBPLO300099 — , Transgraniczny stacjonarno-mobilny system
monitorowania i predykcji poziomu zrownowazonego rozwoju miast

Data transmission and optimization
Transmisja i Optymalizacja

Storage and analytics
Sktadowanie i Analiza

Danych (Back-end)
Struktura Ramki JSON
Racnel i Protokotu TCP/IP
dpPprox. S measurements 3 ©
480 B Wyniki pomiaréw srodowisowych

£ measurement_id PK
& device_id FK
measurement_time
latitude, longitude
€0, N02, 03, S02, c02
pm1, pm25, pm4, pm10

Baza danych SQL gromadzi kompletne dane: ~ temperature
stezenia gazow (CO, C02, NO2, 03,S02), pyté  humidity
(PM1, PM2,5, PM4, PM10) oraz parametry mett  pressure
(temperatura, witgotnosc, cisnienie). raw_json

3

Pakiet grupowy
(60 odczytow)
Data buffering:

50-100 measurement
records per transmission
(reduces network load).

25-47 GB/month
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- Optymalizacja Transmisji Danych w Systemie sm-s: |
ﬂ# — ) Data transmission optimization O' —

{ - ES - .
J 86,400 daily 7 million daily 1,440 daily
measurements per vehicle measurements
- Anatomia Danych i Problem Efektywnosci Rozwigzanie: Grupowanie i MQTT -
Struktura pojedynczego odczytu danych (240 Bajtow - rozmiar ramki JSON) =) m=) (=) [@=) -

= 1 pakiet = 60 odczytow
Wartosci parametrow Skiednia formatu (BIEIEE = Zamiast wysytaé kazdy punkt
(120 B) JSON (45 B) =) =) (i=) [i=) osobno, system grupuje dane,
E co drastycznie redukuje wplyw
(W= (W= (W= (Ba=) narzutu nagtéwkow sieclowych.

The Problem:
Individual sending drops efficiency to ~40% (560—-640 B/reading).

The Solution:

Data grouped into 60-measurement batches via MQTT.
Performance:

Easily handles 7M daily measurements.

Cloud Storage:

27.5-74.6 GB/month of data growth.
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Cyfrowa Droga Danyﬁh: Proces XVeryfikacji i Bezgeczeﬁstwa w Systemie sm-s

Verification an secCurity proce
1. Wejscie 2. Back-End - Modut 3. Sktadowanie - 4. Analiza - Silnik 5. Front-End -
Auto-walidaciji i Filtraciji Architektura Baz Danych Al/ML w CK UZ Dostep i Aplikacje
Input Module for automatic Database Architecture / Storage Al/ML Analytics Engine rontend Access & Apps
e e R Univ?eig;rtl:a?ul(zczg;g:;;?rvsv:iego | —_ '
davice_sita_history davice_vehicle_hlstory - p—

Q OUt Of range = LDEViCGiﬂfO . LDevice info C' . ‘
esimgsersor | 22| b =2 i
S e : '

cross-consistency

1T

Location-agnostic
History tables (device_site /

odczytow:

86 400 devi : : Dynamic Maps & KPI Reports
odczytow evice_vehicle) decoupling for Local Government

dz'(i'(‘,"'e physical locations from or Local Sovernments
1sekunda)

unique deviceilDs.

Satellite Quality

Check: szk'/
Pozvskanie danvch . Con sl

| Praqgdeksowani? e

JSON (ang. JavaScript Object monitoring  “Sstrzenno-czas
Notation) connection status o Advances Al htospot

Geofence o . detection

H AR ime->eries - Imized for
. x(aelrli?iaetslc\)/zl.id high-speed, continuoups ingestion Fee(.jing Data to Al/ML Citizen Raa|Enie
of time-ordered data. Engine / Notification
lat/lon coordinate pats Lake: centralized Data Transfer to Al/ML Systems BHICRIE RS
ranges for the repository for massive scale Engine

urban area. storage of raw data in any format.
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Pre-processing Danych w Systemie sm-s

Data Preprocessing Pipeline

WEJSCIE:
SUROWA RAMKA JSON

AUTO-WALIDACJA | FILTRACJA DANYCH (SERWERY CK UZ)

Data Ready for Al/ML Processing

WYJSCIE:
DANE GOTOWE DLA Al/ML

; 8 = )
S e
2 —— Step 1. Measurement Error Step 2. GPS Status & clean data
& device_id FK oo . i i
ersnn e Verification Coordinate Allgnmen
€0, N02, 03, 502, 02 0®00
il i éi
humidity
pres§ure
raw_json
r
& ¢ s
- e
® ¢ e
=3 o
0 Al/ML Engine:
l '‘ID": "yadal_3G", Predictive &
"1d": 1679901324, .
‘ve_voluee": { Analytics Module
::PH‘J.S‘ :115.
jSON "PNLB": 25,
) e [ g
HY 5515
; "P": 1013
S b Odrzucanie Bleds Sensor C
Ot aals rzucanie ow: ensor Cross- . . . o
et el ee Out of Range Consistency Check Signal Quality Control: Real-time monitoring of the Archiving &
; ) satellite link (status > 0 check) to eliminate data noise Indexing
from high-rise signal blockage.
, Geofence Validation: Automated verification of
coordinates to ensure they fall within valid municipal
boundaries (valid lat/lon range check).
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Analiza Wrazliwosci Al: Budowanie Odpornosci Systemu sm-s

Al Sensitivity Analysis: Key to Building System Resilience

Sztuczne

//AkoiK\\

\\"; S0 :«/
\

@ C::\ 50‘??‘0‘ 0.0

Sztuczne luki @@/O _ : y - //‘\

‘A A\

//\V//

Toleranc;a (@) ﬁ} M

Stabilnosé Adaptacja

Predictive Stability Hyperparameter Tuning . o
Validation Continuous Prediction
Data Gap Analysis: Resilience to Data Gaps: Optimizing
Sensor Outage Assessing how missing readings from Al models to withstand short-term
Simulation transit corridors impact Al prediction missing data.
errors.

Prediction Continuity: Maintaining
accurate forecasts using historical
corridor patterns.
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Predykcja Przestrzenna Spatio-Temporal Prediction

Conventional Monitoring Limitations

80 ZINTEGROWANYCH

Luki w danych mobilnych .
PUNKTOW POMIAROWYCH

2 _BIALE PLAMY”
INFORMACYJNE

Fixed Route Limitations
Unmonitored Urban

Total: 80 Measurement Points
-> 40 Mobile Sensors -> 40 Stationary Sensors

mobile
sensors

Wielowymiarowe
dane wejsciowe

Multidimensional e . 2
Inputs c
Weather Conditions :/
Time of Day
Traffic Density i Q?@
RUCH ULICZNY (ITS)
Logotype: Miasta:

Interreg - Uz UNIWERSYTET

Brondorko:
ZIELOROROWSKXI btu s W
Brandenburgia-Poltka ot Soamavors

Roeeserye Kavamums s CHRXG VS DG COTYBUS
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Solution: Hybrid Network and Spatial Intelligence

~_ MAPOWANIEW

SIATCE H3 UBER

Core Framework:
Uber’s H3 hexagonal
hierarchical spatial
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Predictive Estimation for

unmonitored hexagons

Uwzglednienie ruchu ITS: Rzadko

lie

Impact: Digital Support for Smart Cities

_ CIAGLOSC MONITOROWANIA
W CZASIE RZECZYWISTYM

Continuous.Real-Time

Monitoring  pREDYKCJA
HOTSPOTOW

Predictive
Hotspot
Map 'ng

WIARYGODNE
RAPORTY DLA JST

Reliable Reports for
Local Authorities

PRZESTRZENNA

INTERPOLACJA Al Poréwnanie moziiwosci: Tradycyjny monitoring vs. System sm-s z predykcja Al

Al Spatial i Itr:gimyaj:l:estacje System sm-s

Inte rpolatlon Zasieg przestrzenny: Punktowy (maly) Pelne pokrycie miasta (siatka H3)
Reakcja na luki w danych: Brak danych Automatyczna interpolacja Al
Mobilnosé: Brak Wysoka (40 autobusow)

Tak (kluczowy parametr predykcji)
A NotebookLM

UNIWERSY TET
ZIEL ONOGORSKI



G SM-S SM-S SYSTEM ARCHITECTURE & Al PREDICTIVE WORKFLOW

Estimated SYSTEM OUTPUTS & IMPACT

Pollution Level

40 MOBILE BUS SENSORS

. p & )
Dynamic spatial HIGH-RESOLUTION POLLUTION MAP

sz Y spatial hRA%aa:.sttI:::e?nent NOX NOx
| ~| ' sampling /J\/J\/\ ﬂ I
e IIIII llls
> pM25 PM2.5

* Full City Coverage

» Eliminating Blind Spots J

(CONTINUOUS REAL-TIME MONITORING\

- —( '\

Dynamic
spatial sampling

40 STATIONARY SENSORS Uber's Hexogonal
H3 grid Cells
______ * Resilient Data Streams
2 * Network Continuity )
Al SPATIAL INTERPOLATION CORE \
= R
8 N e g VR Y% WEATHER ACTIONABLE MUNICIPAL REPORTS
| X 7’57 coNDiTIoNs -
s = |
‘ 2o '—> TIME OF DAY
: l =y
, =5 ITS TRAFFI
GAPS DETECTION REGRESSION [ | 2= '_’m FLOW EE i
. ! & MITAGTION b 3
» Continuous » Continuous (AlI/ML) . g e NEIGHBORING * Reliable Decision Support
L baseline data baseline data . >/ P Sl ), CELL °°NTEXT) « Local Authority Insights B
&=/ = \_ =
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COMPARATIVE ANALYSIS: TRADITIONAL VS. AI-POWERED SM-S SYSTEM

TRADITIONAL STATIONARY MONITORING @)~ WAl TOMERED M = SUCTCHR

SPATIAL COVERAGE

) MOBILE
&  SENSOR

: - STATIONARY
@ PMZ ¢ S22 SENSOR
NOx MOBILE :§
© G — S
=t } T —— FULLCITY
) : ' COVERAGE
e ﬂ N , iSENSOR (H3 GRID)
UNCOVERED ZONE / STATIONARY — K& , A AUTOMATIC Al
BLIND SPOTS SENSOR \— ' ~ INTERPOLATION
DATA GAP HANDLING DATA GAP HANDLING @ Weather ;{g&ﬁc @ Neighbouring Cells
» Information Gaps MISSING DATA (GAP) » Resilient Data l /
1 ]
| | AautomaTicar | | ] e
RECORDING | MISSING DATA (GAP) RECORDING | RECORDING | ESTIMATION i |——} | URL
. 1 | = - J
@ In.forma‘tlon Gaps . NO INTERPOLATION Resﬂyent Data ) . Al MITIGATION
» Discontinuous Tracking » Continuous Real-Time Monitoring
MOBILITY MOBILITY
High Mobility

No Mobility / J

Fixed Stations (40 mobile sensors)
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DATA VOLUME OPTIMIZATION STRATEGY

Handling 210 Million Monthly Measurements

- UNOPTIMIZED NETWORK STATE - —— OPTIMIZED SYSTEM ARCHITECTURE

TCP/IP & SESSION ~— SYSTEM CORE / BUFFER MODULE —
AR Unacceptagllje overhead (« D ) . :
= .2 |

240 B each :
{ Gl mobile networks MOBILE | =.
(27.5-74.6 GB SENSORS | = 5
monthly ingestion rate) STATIONARY —

SENSORS mmp| =°

T

Transmission

: (71 Efficiency > 90%
= |5

. g / .,1_::—%3 ) — L—J

OVERHEAD < OPTIMIZATION: COMPRESSION
(TCP/IPE | S BATCHING & BATCHING (JSON Frame)
SESSION). COMPRESSION 60 e=dings)

P

[MIPIE

l

|

INDIVIDUAL JSON ' >

READINGS DATA TRANSMISSION
(240 B each) EFFICIENCY

T 77 BATCHED &
: _ ' COMPRESSED
< = = @
%, G}B PACKET

Overhead reduced per payload;
Storage growth optimized

FINAL OUTCOME:
ELIMINATING INDIVIDUAL-RAME TCP/IP OVERHEAD
& ACHIEVING RESILIENT, HIGH-EFFICIENCY DATA
INGESTION FOR ALL 80 SENSORS
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Al PREDICTIVE MODULE GUIDELINES: Modeling & Training Framework

DATA INGESTION & STORAGE NEURAL NETWORK TRAINING PROCESS SYSTEM OUTPUT:
(DATA LAKE) (Al/ML) ACTIONABLE
PREDICTIVE MODELS

P

S i B
i /4/\%’ ACTIONABLE
.Q. o ’Wﬁv{/ 8\ : MODELS
ik _Jaia AN
c—) @) 7 i‘:" %’éfﬁ’%’/ N
MOB“—E !) ';\?Y"l . \."‘"é%%‘\}éﬁ’w; ’ \h t .'.I ‘ 7 g AP Busctey Fersconing Medcis
SENSORS — R /l‘&‘@:\’“c A~ AN S
= S A A R L) 7N |

- O -’\./’ ~ ‘:"{ RO
SPATIOTEMPORAL @ IT9 e

AT

P 5 %
Za
’ . .. oy % D
DATA LAKE & SRS SR o RS
N\C 90 10
NN {§ /}6"‘\\\ 703
2N

STATIONARY g BN
SENSORS  negaelTes.00 SPECIFIC NATURE G\

/ Big Data

ACCOMMODATION ’ |
VARIED SAMPLING INTERVALS i ACTIONABLE
BIG DATA | 1. Moving Traffic Assets (Buses): MACHINE LEARNING | MODELS
ACCUMULATION § 1-Second Sample Rate PIPELINE

ST LU LU o LU b Ak s
i

wre v amembavacse@

R AN L L D

TRAFFIC
ITS DATA

© ®

Air GPS Meteorology

RELIABLE
Feature ' 7 SUPPORT

Engineering

2. Stationary Baselines (Fized Stations):
1-Minute Sample Rate

(<] [»] G ® O

@ 2
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OPTIMIZING STATIONARY SENSOR PLACEMENT AND CRITERIA (Advanced Version)

SENSOR PLACEMENT METHODS

Triangulation & Geometric Cover
Minimize blind spots, maximize
coverage area.

Environmental Modeling

Consider localized wind patterns,
temperature gradients.

DEFINING SENSOR LOCATION CRITERIA

( CORE CRITERIA )

v v v

(Monitoring Objective] @epresentativenessj G’roximity to Sources)
v : v l \ 4 - v

REGULATORY RESEARCH MICRO-SCALE vs. DIRECT  BACKGROUND
COMPLIANCE DATA MACRO-SCALE SOURCE LEVELS

(@) () (@] @) @

" IMPLEMENTATION CRITERIA |
@ POWER AVAILABILITY

@ MAINTENANCE ACCESS

Ep/ NETWORK REDUNDANCY

ATA (U IA /\ AN

Source-Specific Targeting
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