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1 ABSTRACT

To address the wide range of global challenges anuore sustainable society, the UN Sustainable
Development Goals (SDGs) were developed. They aet af 17 global, interconnected goals and proaide
comprehensive framework for governments, orgamrati and communities to work towards common
objectives. When aiming at a data-bsed approagirdmote a sustainable development, it is necedsary
identify for each SDG associated indicators ané dats that provide insights into the status qupast
developments. Existing approaches that aim to geowduch data-based information for cities are often
limited regarding the spatial resolution of theestunder consideration: they only allow the exgtion and
analysis of SDGs on a macro level, usually the detapcity. However, cities are not homogeneous —
different quarters vary a lot with regard to thpopulation, usage, building structure, etc. Evesidia of
quarters, social disparities can typically be daieed. Thus, to accurately identify existing probte and to
improve living conditions accordingly, an analyaismacro level is not enough. The SMEXI (Small 8cal
Exploration of SDG Indicators) tool presented iis tvork tries to overcome this limit and enablesrago
track the progress of SDGs in cities at a finergrdilevel.

Keywords: SDG, planning, smatrt city, sustainahjldgvelopment

2 INTRODUCTION

Cities worldwide face various complex environmentsbcial, economic, and governance challenges,
amplified by ongoing crises such as the Covid-18deaic or consequences of military conflicts. It is
increasingly evident that the multifaceted natufetltese problems requires comprehensive, holistic
approaches instead of attempts to find solutioas ahly focus on individual problem aspects. Ideathe
challenges are tackled by always aiming at a mostamable development, i.e., a development thatsne
the needs of the present without compromising thiktya of future generations to meet their own need
(United Nations 2015a).

The challenges for sustainability in cities haveleed over time, with the roots of modern concdrasing
back to works like the groundbreaking report tittétie Limits to Growth” of the Club of Rome (Meadsw
1972) or the collection “Small Is Beautiful: A Syudf Economics As If People Mattered” (Schumacher
1973). They highlighted the finite nature of Eattésources and the potential consequences of ckethe
population growth and industrialization. To addréss wide range of global challenges and to promaote
more sustainable and equitable world, the UN Suatdé Development Goals (SDGs) were developed as
part of the 2030 Agenda for Sustainable Developrtiattwas officially adopted by all member statethe

UN in September 2015 (United Nations 2015b). They & set of 17 global, interconnected goals and
address a range of social, economic, and envirotahemallenges. The role of the SDGs in promotiragen
sustainable cities lies in providing a comprehemsftamework for governments, organizations, and
communities to work towards common objectives.

When aiming to promote a sustainable developmei#t,aritical for any type of stakeholder to fidtain a
clear picture of the situation in the region ofeimtst. Accordingly, it is necessary to identify casated
indicators for each SDG that provide insights itite status quo or past developments. And lasteast,|
these indicators can only be examined properhathdets with information about them are availaivid
accessible. Several approaches exist that ainotoder such data-based information for cities, elge,SDG
tracker by Our World in Data (https://ourworldindattrg/sdgs) or the Open SDG platform (https://open-
sdg.org/). Yet, these tools are often limited rdgay the data sources used, but above all wheonikes to
the spatial resolution of the cities under consitien: they only allow the exploration and analy#iSDGs
on a macro level, usually the complete city. Howetdies are not homogeneous — different quartarg a
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lot with regard to their population, usage, buifglistructure, etc. Even inside of quarters, sodspatities
can typically be determined. Thus, to accurategntily existing problems, and to improve living citions
accordingly, an analysis at macro level is not ghou

This paper first discusses the problem context r@sédarch background. After an overview of SDGs and
related indicators and data sources, the methoslogmployed and the design and development of the
SMEXI prototype are presented. The tool itselfhisrt explained in detail, followed by the resultsadirst
evaluation. The paper concludes with a summaryaainolutiook to future work.

3 RESEARCH BACKGROUND

Several approaches exist that offer a data-basgeagh to track SDGs for specific regions. It isnooon

for them to rely on a global set of indicators &k 17 SDGs. E.g., (Arbab 2022) suggests an indicat
system for measuring city sustainability based osystematic literature review. On the one hands thi
facilitates global comparisons. On the other hatada availability for all indicators might be incstent
across countries, regions or cities, potentialadiag to biased assessments. Also, such indicasoily do

not capture local nuances, variations, and digpantithin countries or regions. E.g., trackers rslagw that

a country has made significant progress on SD®Iad Poverty - but they may not provide the datahovs

that there is a significant gap between urban anal mreas. Examples of such approaches are thraaBer
SDG-Portdl, the Eurostat SDG country overviewand the dashboards by the European Sustainable
Development Solutions Network (SDSN)

The Open SDG Platforhis an open data and technology framework thamsldab be designed to assist in
driving global action toward a sustainable and &dple future. By facilitating the collection, mamagent,
and dissemination of SDG data, the platform aimgmpowering stakeholders to track progress, assess
impact, and make informed decisions to drive chafigee open source platform is characterized by its
distinctive features, collaborative framework, andanced approach to data visualization. It can be
customized to align with specific contexts and ities, and allows users to create dashboards miztd to
their needs. However, this approach could not leel @s the basis of our work as their solution wdrks
drilling down information specific for an SDG artd dimensions for a region. One of our goals isrtable
users to understand how multiple SDGs and theiedsions are related and affect each other, for pkeam
the relation between Income Distribution (SDG 8l éime Amenity Distribution in a region, where orac
notice regions with higher income have access verde and better infrastructure than those withelow
income.

In (Editorials 2018), the authors provide a compretive overview of the state of SDG tracking arehidy
key challenges and opportunities. They state thagrpss on the SDGs is mixed, and that progresfes
uneven across countries and regions. The authendifyl several data gaps and methodological chgdlen
that need to be addressed to improve the qualiBDg data. These challenges include:

* Reliable and timely data on many of the SDGs i®rofscarce or unavailable, particularly in
developing countries.

« Even when data is available, it is often not corapkr across countries or regions. This is due to
differences in data collection methods, definiticansd reporting standards.

« The quality of SDG data can be poor, due to fackush as measurement error, bias, and
incompleteness.

e To address these challenges, the authors propasmiser of strategies, including:

* Investing in the capacity of national statisticgbacies and developing innovative data collection
methods could help in analyzing data more accuyratel

« Investment in data infrastructure can provide axdesdata and technologies that can be used to
improve data quality and improve current comparigod evaluation methodologies.

see https://sdg-portal.de
see https://ec.europa.eu/eurostat/cache/infogisgdrisountry-overview/
see https://eu-dashboards.sdgindex.org

1
2
3
“ see https://open-sdg.org
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» Promotion of new data sources, such as the useatefli® imagery, mobile data, and other
innovative data sources to fill data gaps. An eXengpthe usage of satellite imagery to bridge gaps
in land use data in a region, such as the forestrage.

« Techniques and processes such as developing datalization tools and training decision-makers
on how to use the SDG data effectively, can heljprave the use of data for decision-making.

The authors highlight the need for greater collabion and coordination among national governments,
international organizations, and civil society maprove SDG tracking. This includes developing a iwmm
understanding of the SDGs, establishing a shareafsmdicators, and developing a global monitoring
system. The paper concludes by calling attentiadghéamportance of SDG tracking for achieving thsGs.
The authors argue that by measuring progress oSiies, we can identify what is working, what is not
working, and what needs to be changed to achievgdhls.

4 THE SMEXI TOOL

In order to examine the potentials and challendges @pproach that allows spatially differentiatedlyses
of SDGs within cities, the project SMEXI (Small &dxploration of SDG Indicators) was initiated at
DFKI. Using the city of Kaiserslautern, Germany aafirst test bed, the aim is to provide an intevacand
adaptable, digital platform facilitating the tracgi of SDGs in cities at a small scale. Realizinghsa
platform entails the tasks (1) to identify indicst@nd (potentially) available data sets for allG&D(2) to
examine, preprocess and integrate these data(3¢t® determine spatial granularities that coroespto
meaningful examination areas, and that can be idescproperly with the identified data sets, (4)itw
suitable forms of presentation for the (aggregatida on SDGs, and (5) to develop a software @ctite
and identify suitable components and interfaces.

A first prototype of SMEXI was realized at the enid2023 making use of various data sets from the ci
administration of Kaiserslautern and other, mapuplicly available sources. It is a web-based that uses
local districts and statistical districts as spatiaits for fine-grained examinations. It offers ame to
compare different parts of a city, and to manudéfine scores for different SDGs.

4.1 |dentification of indicators and data sets

The successful implementation of the SMEXI protetypnges on a thorough understanding of the data
sources and their origins, elucidating how theytgbuate to monitoring and tracking SDGs. We firsed to
identify the data we need and its dimensions, whsclk challenging task. We identified that the most
efficient way to tackle the challenge is througé tbllowing steps and considerations:

(1) To decide the data we need, we start by uratsistg the underlying intentions of the SDGs, and f
each SDG discuss in detail questions we want tw@msvith respect to the SDG. In this step, it isyve
important to involve experts for specific fieldschuas health or education. As an outcome, a satlmfators
is identified for each SDG.

(2) For each identified indicator, we need to reseaf data sets exist that provide respective rmgtion.
Such data can come from different sources as showirable 1. When selecting a data source, quality
characteristics such as completeness, accuraayaligt and being devoid of bias must be considered
(Priestley et al 2023). We aimed at only usinglfrexailable, open data to foster the transferghdf our
approach. We were able to procure our data sets fuablicly available data sources as well as fram o
professional networks who work with and had acte¢be data sets we required to present our soluite
also considered the ethics of presenting our datthe visualizations and questioned ourselves om ho
diverse users can interpret them, keeping in niiadl visualizations can be misused to portray asdg®n
negativity and shortcomings (Williams 2020). Itinsportant to have discussions and debates withrskve
groups and experts on the selected approach.

It is important to be careful to not raise our estpgons that every SDG and indicator that we idiedtin
step (1) can be perfectly covered. The thoughtgoal is to ultimately support users and not to glea
perfect answer.
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4.2 Determination of spatial units used

Since we were aiming at facilitating the trackifgSGs on a micro level, meaningful spatial uniési o

be identified that allow such a small-scale exatmma In our test scenario we either had the pdggilo

rely on existing predefined structures used in Germdministrations, to define spatial units on @un, or

to allow end users to specify regions of interdstis decision was strongly influenced by the spatia
structures for which data exists or can be merdeeturned out that, among other things due to data
protection aspects, a large part of the data withintest scenario does not exist or cannot beextdar
freely definable regions, but only aggregated tatigp sizes established in the administration, ificady
“city districts” and the smaller scale “statistiahistricts”. These are geographical subdivisionthiwia city

or municipality used for the collection and anadysi statistical data. Relying on these granuksitillowed

us to make use of the majority of data sets.

Data Set Description

Shape Data Our main goal is to monitor sustairtgbibjectives at a small-scale level, achieved| by
dividing the city into smaller regions. The smallesgions are identified in our prototype @s
statistical regions which serve as the basis far sustainability analysis, employing |a
bottom-to-top approach where they are grouped iarger municipality regions fof
comprehensive data aggregation. The data set wteuctcludes GeoJSON data points for
statistical regions, each with a unique identifiercial for associating social data sets, while
the municipality/city districts data set utilizesn@apping file to group statistical regions
effectively.

Crowdsourced/ In our context, such data is mainly gathered by mmeaf volunteered geographjc
User Generated Data information (VGI). This refers to geographic datauntarily contributed by individuals g
communities, often through platforms like OpenSivism (OSM) to collectively create ari
share spatial information. They cover various afspesuch as public infrastructur
transportation, amenities, and land use, aidingaoatysis of diverse SDGs.

Pa=

Administration Data | Refers to data gathered, maiath and managed by municipal authorities, encasipg
various aspects such as demographics, infrastejcgervices, and policies, which are
utilized for urban planning, governance, and deaishaking processes within a city.

3rd Party Data This fefers to collections of dathtamed from organizations outside a public
administration, often provided by external vendoggvernment agencies, research
institutions, or commercial data providers. A feamples of where we use 3rd party data
are in the visualizations for income distributioaad educational qualifications. It |s
important to note that both this, and Administratidata are meticulously selected based on
the important information they contain about theniified SDGs and additional criterja
such as richness, reliability, and accessibility.

Table 1: A brief overview of different types of daources used in the SMEXI prototype.

4.3 Data processing and querying

We generally receive the data from the sources showTable 1 in a format that requires certain
preprocessing steps in order to be usable withinsgstem. We will briefly discuss how we procesis th
input data and rationalize our chosen storage agprElasticsearch.

The data is received in a variety of data formatshsas GeoJSON or CSV. We start by exploring the
existing dimensions of the data received in ordeuriderstand and how we can leverage them within ou
SMEXI prototype specifically for the multiple SD@g& are tracking. Consider a scenario where we have
data with information on infrastructure, we canga®d by solving for how we extract and process the
information to be used in tracking for amenitied &ransportation by categorizing the infrastructyyee and
extracting supporting data from the same data soor@additional data sources. To be able to do e

get the information stored in it in the currenttstave wanted to be able to make queries to the skit
Among others this is realized by leveraging théhmézal capabilities of Elasticsearch (Gormley & gon
2015) which has rich features such as ranking quesylts from which we can select the most desired
results from. E.g., when we query OSM data fornmi@tion on green spaces in a region, we can egsdyy
different representations such as ‘green’ or ‘greemmunity’.

® see https://www.elastic.co
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In a further data processing step, we need to reake that data that does not have a POI charditdss
associated with the spatial units we use in SMEXY.

4 .4 Functionalities

The objective of the SMEXI prototype is to enabileedse stakeholders to track and analyze SDGs,hnikic
possible through map visualizations, a panel wigualizations for different SDGs, data sets as aslla
“Region Index Value”, and through a mode that aidew compare different regions.

4.4.1 Map visualizations

The map visualization plots shapes correspondintpe¢cselected spatial granularity (i.e., "city dids" or
"statistical districts"), upon which informationlegant for the examined SDGs is presented. Admmatists
have the flexibility to define the size and shapehese regions, enabling detailed exploration amall
scale. The map visualizations are dynamically restleising OpenStreetMap (OSM) tiles, which are thase
on web maps. These tiles are meticulously craftech fa wealth of open data, including contributidos
OSM, GPS information, and visual input from volwerse The OSM tiles are flexible and can be custom
crafted by users according to their need, for aotgtype we utilize the standard OSM tile layer dhe
transport tile layer which focuses on providing tadinsportation-related details in a map visuajufé 1
presents the view of the prototype on initial loatien we click on a region on the map to the ritig,SDG
data associated with the region is presented itetheolumn of the prototype.

Welcome

We present this tool as a solution for
exploration of SDG Indicators on a Small
Scale.

Otterberg Baalborn|

Select Region:

Statistical Region View v - \
9 (] \
act
Compare regions: \
Compare Regions (i ]
SDG Score Settings
SDG Score Settings (i ) Fischt
{
=t eyer= .
4+
Region Selected ;) L

Region Score:

Educational Qualification
Distribution

Comparision of population by educational
qualification.

Hauptschulabschluss

Realschulabschluss

Fachhochschulreife

N = Leaflet | © OpenStreetMap contributorg

Fig. 1: Initial view of prototype on load. To thigit we have a map visualization with plots of eliint regions. To the left we
present the data visualizations specific to théoregnder consideration.

4.4.2 SDG/Data visualizations

On selection of a region on the map, the data &socwith it is visualized to allow the user toiakly
understand the information presented. As data Wisti@n plays an increasingly crucial role in daon-
making, storytelling, and communication, ethicalnsiderations become paramount. The creation and
presentation of the visualizations were discus$éength and in great detail throughout the implatagon
process to ensure that they are accurate, truthfolusive, and depict context clearly. The propaty
visualizes data specific to the region which reddtevarious SDGs. Table 2 describes which SD@Geked

for analysis in a data visualization. As seen iguFé 1, these data visualizations are loaded inldfie
column of the prototype based on the region sedemtethe map.

4.4.3 Reqion Index Value

The determination of an index for tracking SDGs &ach region involves a comprehensive approach,
integrating insights from various research papé&uh6lske et al. 2021, Memmel et al 2021) and eistaibg
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standardized formulas (Randall & Baetz 2015). itidting the calculation process, each settingraefian
ideal value (Kurth et al. 2023), serving as thetistg point for subsequent score computations. &hésal
values align with standards established by relexesgarch papers (Grisolia & Torchio 2022), reftectin
ideal benchmark. Acknowledging the diverse natureegions, the solution introduces sliders thabwall
users and policymakers to adjust values within ghedefined ideal range. This flexibility ensuresitth
regions can be accurately characterized based an uhique conditions and attributes. The aim d th
technique using a weighted value for a region awdparing it with others is to bring quality to adigions
as a start before moving up to a better index score

Data Visualization SDGs Tracked
Income Distribution SDG 8

Educational Qualification Distribution| SDG 4

Population Age Distribution SDG 10 and SDG 11
Population Diversity SDG 5 and SDG 10
Amenities Distribution SDG 3 and SDG 11
Transport Distribution SDG 8 and SDG 11
Car Fuel Type Distribution SDG 7 and SDG 13

Table 2: Correlation between the visualizationsungrototype and the SDGs they address.

4.4.4 Comparing Regions

This functionality is designed to establish a cosmgnsive methodology for comparing two regions.
Through the utilization of visualizations and tlmrgputation of index scores for each region, theahbje is
to spotlight variations between different regions.

This information serves as a valuable resource golicymakers, offering insights into regional
characteristics. By identifying specific scores attithensions that may benefit from introduction or
improvement, this approach contributes to the pucfreater equality between regions.

4.5 Architecture and components

The technical architecture (Fielding et al. 200Djhe@ SMEXI prototype is provided in Figure 2. Wewn
briefly discuss the rationale behind choosing #ehhology stack. For the client side, which repneséhe

user interface and functionality that users inteweith directly, we decided to use a no-framewaoskuson

and leverage the complete functionality of Javalchihis was done since our goal is to offer aective

long term solution, so we wanted to avoid challesngéen frameworks are deprecated and no longer
supported which can cause potential code rewriejsiand OSM are chosen as they are open-source and
have a large community of developers releasing fieasures for data visualization. Our data setsstreed

in Elasticsearch indices, which describes our detaliechnology. Its features of aggregating quesults,
retrieval speeds, and query ranked results aredged, as discussed in Section 4.3.

Client Side

Database/Backend
Js
- Elasticsearch
- - Indices
API Call A
Response

;
W
E HTML Shape SDG Related

Dataset Datasets
cxn
3|

Fig. 2: Architecture diagram
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We developed our code base using the Model-ViewaGber (MVC) (Reenskaug 2003) chosen for its code
modularity and reusability which are the most dddi principles in modern development.

We will now briefly present the controllers whicteaesponsible for handling user inputs and margtia
flow of data and control in the code in Table 3.

Controller Responsibilities
App Controller » Controls execution from first load to the end &.li
 Manages data flow and events between the Map dtemtrand Region Information
Controller.
Map Controller * Query the data sets.

e User click events on a region plot on the map Vization as seen to the right in Figure
1, transfers control to the Region Information Coiker with the data bound to the
region to be used for generating the region’s Vizatons.

Region Information| « Instances of all the visualization models are nadinetd.

Controller »  When data received from the Map Controller on uegion selection, it transmits data
to each visualization model.

» Calculation of the Regional Index Score as disaligs&ection 4.4.

Table 3: Overview of the responsibilities of thegollers.

Models represent the data and business logic anteaponsible for storing data, performing comportast

and enforcing business rules. Models encapsulatajplication’s state and behavior. A controlles bz
capability to instantiate multiple models neededeen in Figure 3 where the Map Controller is lthkethe
Map Model in a one-to-one relationship, indicatimgsingle instance of the map model. Conversely, the
Region Information Controller has a one-to-manyatiehship with its associated models, allowing the
controller to create multiple models as required.

Model Responsibilities

Map Model e Switching between map tiles, which are intendedptovide users distinct
perspectives and information layers in a map viewr prototype has the base
map and transport map tiles.

e Oversees the creation, editing, and deletion asma the map visualization.

Donut Chart Model, Progregss  Generates and manages the state of the visuatizdtio the charts.
Bar Chart Model, & Pyramig
Chart Model

Table 4: Overview of the responsibilities of thedats.

Services play a crucial role in encapsulating thgicl associated with making requests to the dagabas
through API calls, handling the responses, and giagalata. Services abstract the complexities ook
communication and data manipulation, providingeanlinterface for other parts of the solution teriact
with external APIs or internal data sources.

Services Functionalities

—

Elasticsearch Query Service Encapsulates functtbas support the generation of complex queries ey
Elasticsearch standard and processing the resfrmmsehe queries into a desirable
data structure format used in the prototype.

Overpass Query Service Interacts with the Overpddls extracting OpenStreetMap (OSM) data. It forms
queries based on Overpass API protocols, filteoptions extend to various shapes
via GeoJSON, enabling tailored data retrieval.

PubSub Service Based on the Publish-Subscribe rdepajtern, coordinates communicatipn
between controllers or models. It handles eventribigion and subscribefr
management, allowing communication without dirempehdencies.

Table 5: Overview of the functionalities of the\sees.
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Controllers Services

Elastlicsearch
App Controller Query
Service

Overpass Query
Service

Region Information
\ MapConlroler} { Controller J Pubslub
Service

y
[1:N]
Models
—_—
Map Model > Donut Chart
e
—_—

—» Progress Bar Chart

oy

L  Pyramid Chart

—/

Fig. 3: MVC Design

5 PRELIMINARY EVALUATION RESULTS

As not all the data required for a complete evabumabf the SMEXI tool was available at the time of
publication, the corresponding results are notayeilable. However, we engaged with diverse stalkiens
and sustainability experts during the developmdnthe system. Their feedback helped us improve the
solution's effectiveness, practicality, and acdel#si for a broader audience. Specifically, wedised on
making visualizations, regional scoring, and corigmar methods quick and easy to understand witlen th
SDG context. This aimed to prevent misinterpretetiand support users in drawing meaningful conahssi
from the data. Our work unfolded through iteratoevelopment stages. We continuously presented our
findings to the city of Kaiserslautern, framing @alution as a potential input for ongoing initias. This
ensured our work aligned with local context andablier development goals. Furthermore, we showcased o
solution at consortium meetings of the project “igeSmart™ We demonstrated its ability to aggregate
municipal data and provided interactive examplesdfda exploration. The positive feedback and mtid)
guestions fueled further development, confirming dblution's effectiveness, practicality, and dgeptial to
empower stakeholders for positive change.

6 SUMMARY AND OUTLOOK

The small-scale consideration of SDGs in citiearigmportant task to be able to make informed d@tss

for sustainable development, and to adequatelyidenshe given diversity and heterogeneity in urban
environments. The SMEXI prototype implements suchapproach and uses the established geographical
subdivisions of “city districts” and “statisticalistiricts” for this purpose. This ensures that thegést
possible number of available data sources can ée. Wis addition, these are spatial dimensions Weae
already considered useful for small-scale studesed on various considerations by city administrati
These spaces are therefore also particularly $eifaban investigation of SDGs.

The identification and integration of indicatorsdacorresponding data sets for individual SDGs satess
of central importance and requires both in-depthwkedge of the goals and the availability and asitdgy

of data, particularly within urban administratioms.many cases, such data sets only provide infiloma
about a limited number of facets of an SDG, yadait support decision makers and experts in an sisaly

® see https://ageing-smart.de/
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process and serve as a motivation to carry outduiitvestigations, or to contribute with furthefarmation
that can be integrated into the system.

In the future, we plan to publish the SMEXI softeas open source and to realize further use caseder
to learn more about potentially relevant data sets, about further configuration means that areired to
adapt the tool to specific local settings.
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