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ABSTRACT 

This thesis develops a rule-based and GIS-supported workflow for the delineation of 

Enumeration Areas (EAs) in Türkiye and evaluates it through the case of Ankara. The 

study focuses on the lack of an EA system in Türkiye that could improve the technical 

processes of census and sample surveys and support field implementation planning. 

The literature on EA production was reviewed, and the application was carried out in 

ArcGIS Pro and R. The number of residential units was used as the target variable, 

while physical barriers were treated as constraining elements. EA production was 

based on barrier-sensitive neighbourhood definition, urbanisation-sensitive targets, 

rule-based growing, and split-merge mechanisms. Based on the findings, a final 

workflow developed in R was proposed, together with a Shiny-based interface 

supporting its practical use. 

The pilot implementation at the neighbourhood scale showed that the workflow is 

applicable and that some areas may remain structurally indivisible under strict 

constraints. At the district scale, the workflow was applied to all neighbourhoods in 

Çankaya under a reference scenario and was compared with alternative scenarios that 

varied in terms of allowing zero-target units and splitting policies. The findings 

indicate that the method was able to establish an EA framework at the district level 

and to produce reproducible spatial and tabular outputs. Full compliance with the 

targeted value range, however, could not be achieved in all cases because of intense 

urban heterogeneity, deficiencies in barrier data, and rules designed to preserve 

building integrity. 

The main contribution of the study is the development of a transparent EA production 

workflow suitable for pilot implementation and institutional adaptation in Türkiye. 

The study shows that the use of EAs in statistical production can enable time- and cost-

efficient field operations and support the production of statistics with stronger 

representativeness. In this respect, the adoption of EA systems in Türkiye should be 

regarded as a strategic investment for improving the effectiveness and quality of 

national statistical production. 

Keywords: Enumeration Area, Türkiye, geographic information systems, barrier-

sensitive delineation methodology, census and sample surveys 



iii 

ÖZET 

Bu tez, Türkiye için Sayım Alanlarının (Enumeration Area, EA) tanımlanmasına 

yönelik kural tabanlı ve CBS destekli bir iş akışı geliştirmekte ve bu yaklaşımı Ankara 

örneği üzerinden değerlendirmektedir. Çalışma, Türkiye’de sayım ve örnekleme 

araştırmalarının teknik süreçlerini iyileştirebilecek ve saha uygulaması planlamasını 

destekleyebilecek bir EA sisteminin eksikliğine odaklanmaktadır. 

Çalışmada EA üretimine ilişkin literatür incelenmiş; ArcGIS Pro ve R yazılımlarında 

uygulama gerçekleştirilmiştir. Uygulamada konut sayısı hedef değişken, fiziksel 

bariyerler sınırlandırıcı unsur olarak ele alınmış; EA üretimi bariyer-duyarlı komşuluk, 

kentleşme derecesine duyarlı hedefler, kural tabanlı büyütme ve bölme-birleştirme 

mekanizmaları temelinde yürütülmüştür. Bulgular doğrultusunda R ortamında 

geliştirilen nihai bir iş akışı önerilmiş, bu yapıyı temel alan Shiny tabanlı bir arayüz 

geliştirilmiştir. 

Mahalle ölçeğindeki pilot uygulama, iş akışının uygulanabilir olduğunu ve sıkı kısıtlar 

altında yapısal olarak bölünemeyen bazı alanların oluşabildiğini göstermiştir. İlçe 

ölçeğinde iş akışı, Çankaya’daki tüm mahallelere referans bir senaryo altında 

uygulanmış ve sıfır-hedef içerip içermeme ile bölme politikalarını değiştiren alternatif 

senaryolarla karşılaştırılmıştır. Bulgular, yöntemin ilçe düzeyinde bir EA çerçevesi 

oluşturabildiğini ve yeniden üretilebilir mekânsal ve tablosal çıktılar sağlayabildiğini 

göstermektedir. Yoğun kentsel heterojenlik, bariyer verilerindeki eksiklikler ve bina 

bütünlüğünü koruyan kurallar nedeniyle hedeflenen değer aralığına tam uyum her 

durumda sağlanamamıştır. 

Çalışmanın temel katkısı, Türkiye’de pilot uygulama ve kurumsal uyarlamaya uygun, 

şeffaf bir EA üretim iş akışının geliştirilmiş olmasıdır. Çalışma, istatistik üretiminde 

EA kullanımının zaman ve maliyet etkin saha uygulamalarını mümkün kılabildiğini 

ve temsiliyeti güçlendirilmiş istatistiklerin üretilmesini destekleyebildiğini 

göstermektedir. Bu çerçevede EA sistemlerinin Türkiye’de kullanıma alınması, ulusal 

istatistik üretiminin etkinliğini ve kalitesini artırmak açısından stratejik bir yatırım 

olarak değerlendirilmelidir. 

Anahtar Kelimeler: Sayım Alanı, Türkiye, coğrafi bilgi sistemleri, bariyer-duyarlı 

sınırlandırma, sayım ve örnekleme araştırmaları 
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CHAPTER 1. INTRODUCTION 

Accurate and efficient data collection is a cornerstone of modern national 

statistical systems. Population censuses, sample surveys, and administrative registers 

constitute the main sources used for official statistics production. In many contexts, 

sample surveys remain essential because they can deliver regular and detailed 

estimates with manageable cost and within shorter production cycles than full 

enumeration. The performance of sample surveys, however, depends on the quality of 

the sampling frame and on the operational units through which data collection is 

organised. 

Enumeration Areas (EAs) are the smallest operational spatial units used to 

organise enumeration and to manage fieldwork workloads. Although EAs were 

historically developed for censuses, they are widely used today as primary sampling 

units or as the lowest-level building blocks of master sampling frames for repeated 

household surveys. A well-designed EA system supports complete geographic 

coverage, transparent workload allocation, and consistent measurement. In operational 

terms, EAs are expected to be contiguous, to provide full coverage without overlaps 

or gaps, and to align with recognisable boundaries that field staff can identify on the 

ground. 

International guidance emphasises that an EA is primarily an operational unit. 

The United Nations Statistics Division describes enumeration areas as the smallest 

geographic units created for census and survey operations, intended to be manageable 

by a single enumerator within a defined period (UNSD, 2010; United Nations, 2017). 

In practice, statistical offices often specify indicative workload bands, usually 

in terms of households or dwellings, to balance field efficiency and statistical equity. 

Very small areas tend to increase listing, supervision, and training costs, whereas very 

large or internally fragmented areas can be difficult to cover and may increase non-

sampling error. For household-based operations, bands around 80–120 dwellings are 

frequently cited as a pragmatic reference, although thresholds are adapted to local 

settlement structure and survey mode (Kish, 1965; UNSD, 2010). Comparable 
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backbone geographies include Output Areas in the United Kingdom and 

Dissemination Areas in Canada (ONS, 2022; Statistics Canada, 2021). 

EAs link spatial organisation to survey quality because they shape both 

coverage and sampling properties. When EA boundaries are outdated or inconsistent, 

frame coverage becomes difficult to verify and fieldwork becomes harder to plan and 

supervise. When workloads vary widely across EAs, survey operations may require 

additional adjustment and can lose efficiency. In contrast, EAs that are workload-

balanced, compact, and aligned with clear physical features can support more 

predictable fieldwork and can strengthen the comparability of repeated surveys across 

time and space. 

Many EA systems were created under paper-map workflows and were later 

updated through manual revision. Rapid urbanisation, infrastructure expansion, and 

continuous change in the built environment make it increasingly difficult to maintain 

EA boundaries through manual procedures alone. At the same time, contemporary 

survey programmes require EAs that are sufficiently stable to support repeated 

selection and comparable measurement over time, while remaining responsive to 

demographic change. 

Advances in geographic information systems (GIS) and the availability of 

digital geospatial layers create an opportunity to strengthen EA production through 

rule-based and semi-automated approaches. A central methodological tension, 

however, persists. On the one hand, EAs should be statistically balanced in expected 

workload to support efficient sample allocation and field management. On the other 

hand, EAs must satisfy spatial constraints such as contiguity and compliance with 

barriers (major roads, railways, and waterways), and they should remain interpretable 

for field staff and supervisors. 

From a sampling perspective, EAs commonly function as primary sampling 

units (PSUs) within multi-stage designs, followed by the selection of dwellings or 

households and then individuals. The definition of the sampling unit is not a minor 

detail: an unsuitable PSU can inflate design effects, complicate weighting, and reduce 

precision even when probability sampling procedures are correctly implemented 

(Cochran, 1977; Kish, 1965; Lohr, 2019). 
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Two failure modes are particularly relevant for operational and statistical 

performance. First, oversized EAs can contain several distinct settlement types and 

therefore high within-unit heterogeneity. Second, geometrically fragmented EAs that 

cross major barriers or contain disconnected parts can undermine field navigation and 

boundary control. Both conditions increase the risk of systematic omissions, duplicate 

visits, and avoidable field costs. 

This thesis addresses a practical research gap: the need for an operationally 

grounded, barrier-aware, and reproducible delineation workflow that can translate 

spatial address information and built-environment layers into workload-balanced EAs. 

The thesis further argues that delineation workflows should embed diagnostic 

checkpoints that detect topology errors, unrealistic adjacency relations, and workload 

anomalies during production rather than after deployment. Embedding diagnostics 

within the workflow supports transparent quality assurance and strengthens the 

credibility of the resulting sampling frame. 

In Türkiye, household sample surveys have traditionally relied on address lists 

that are largely text-based. Text-only frames can constrain the ability to plan 

workloads using geography and can limit the use of spatial diagnostics for monitoring 

coverage. In response, the Turkish Statistical Institute has initiated the Spatial Address 

Registration System (SARS) to transform address information into a spatially 

referenced database aligned with national and international standards. A spatial 

address database creates a foundation for building geographically explicit sampling 

frames and for integrating geospatial diagnostics into survey operations. 

EA-like operational units in Türkiye have historically been derived from 

address-based administrative records and street-numbering structures. This practice 

provides a strong register backbone, yet it may not systematically enforce spatial 

constraints such as barrier compliance and geometric compactness, and it can be 

difficult to maintain in areas experiencing rapid urban change. The present study does 

not frame these institutional practices as a deficiency; rather, it examines whether a 

spatially explicit, documented, and reproducible delineation pipeline can complement 

register-based systems by providing transparent geometry, diagnostics, and update 

mechanisms. 
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The transition toward spatially enabled registers also raises practical questions. 

Comparisons between legacy address databases and spatial datasets can reveal 

differences in boundary assignment, missing or misclassified building records, and 

heterogeneous block geometries that were not previously visible in list-based systems. 

Moreover, Türkiye includes diverse settlement patterns, ranging from dense urban 

neighbourhoods to low-density and peri-urban areas, where administrative boundaries 

and physical barriers interact in complex ways. These conditions motivate a 

delineation approach that is explicit in its rules, adaptable across contexts, and 

auditable through formal diagnostics. 

The overall aim of this thesis is to develop and evaluate a GIS-based, rule-

driven approach for delineating Enumeration Areas in Türkiye, with a focus on 

producing spatial units that are operationally feasible for fieldwork and suitable for 

use in sampling frames. The thesis proposes an Adaptive District-based Enumeration 

Area (AD-EA) workflow that combines building-based workload measures with 

barrier-aware contiguity rules and systematic quality assurance checkpoints. 

Within this overall aim, the thesis addresses practical design challenges that 

recur in automated delineation. These include enforcing workload balance under 

explicit thresholds, incorporating major physical barriers as non-crossable boundaries, 

ensuring building indivisibility so that residential units are not split across EAs, 

maintaining computational performance when processing large urban datasets, and 

handling exceptional cases where limited barriers or homogeneous morphology allow 

units to exceed intended upper bounds. Together, these challenges provide an 

empirical basis for discussing the limits of full automation and identifying where 

targeted human intervention may remain necessary. 

The thesis pursues four specific objectives. First, it seeks to define operational 

and statistical criteria for EA design that are consistent with survey sampling principles 

and relevant international guidance. Second, it aims to implement a reproducible GIS 

workflow capable of delineating contiguous, non-overlapping EAs with full coverage 

within administrative boundaries. Third, it examines how different barrier 

combinations and parameter settings influence EA geometry and workload balance. 

Fourth, it assesses the feasibility of scaling the proposed approach from a 

neighbourhood-level pilot to a district-level application. In line with these objectives, 
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the study is guided by a set of research questions addressing the design, 

implementation, and applicability of the proposed EA workflow. 

Under these objectives this thesis addresses the following research questions: 

RQ1. How can EAs be delineated through explicit spatial rules so that 

they remain contiguous, barrier-respecting, and workload-balanced 

at the same time? 

RQ2. To what extent can building-based measures (for example, the 

number of residential units or housing addresses) serve as a practical 

proxy for enumerator workload in EA design? 

RQ3. How sensitive are EA outputs to key parameters (such as target 

workload bands and contiguity constraints) and to alternative barrier 

layer combinations? 

RQ4. What diagnostic checks can be integrated into the production 

workflow to identify topology errors, unrealistic neighbour links, 

and workload anomalies early in the process? 

RQ5. Under what conditions can the proposed workflow be scaled from a 

pilot neighbourhood to a district-wide EA framework without loss 

of operational interpretability? 

The study is conducted under several working assumptions. First, building 

footprints and their residential attributes provide an adequate operational proxy for 

expected household workloads in the study context. Second, the main physical barriers 

relevant for field segmentation can be represented through road, railway, and water 

layers, after standard cleaning and harmonisation steps. Third, EA boundaries should 

align with barriers and other recognisable features where possible, while still 

maintaining full coverage, contiguity, and practical workload targets. 

The empirical evaluation is organised in two scales. The first scale is a 

neighbourhood-level pilot application used to develop the workflow, refine 

parameters, and test diagnostics under controlled conditions. In line with common 

survey practice, the pilot operationalises workload balance through a target cluster size 

defined on housing-related measures, with a tolerance band that supports practical 

delineation decisions. The second scale extends the same logic toward district-level 
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aggregation, where neighbourhood outputs are combined and assessed for spatial 

consistency and workload distribution. 

The neighbourhood-scale pilot is implemented for Bağlıca, a rapidly 

developing neighbourhood in Etimesgut district (Ankara), chosen because it combines 

dense new housing, ongoing construction, and mixed settlement morphology. In the 

pilot, the workload target is operationalised as 80–120 residential units per EA, and 

outputs exceeding 200 units are treated as exceptional cases for diagnostic review. 

Delineation is based on spatial layers—administrative boundaries, residential 

buildings, and barrier networks—and does not rely on internal administrative coding 

to construct EA geometry. 

The thesis concentrates on GIS-based delineation using administrative 

boundaries, building data with residential attributes, and barrier layers. It prioritises 

methodological transparency and repeatability, including the ability to reproduce 

outputs from the same inputs and parameters. Topics that require additional 

institutional decisions, such as long-term maintenance cycles, extensive field 

verification protocols, confidentiality rules for micro-level address data, and 

governance arrangements for interagency data sharing, are discussed as 

implementation considerations rather than as optimisation objectives within the 

delineation algorithm. 

Following this introduction, Chapter 2 reviews the conceptual foundations of 

EAs and sampling frames and surveys international practices in small-area 

geographies and automated zoning. Chapter 3 describes the data sources and 

preprocessing, including building-based residential attributes and barrier layers. It 

presents the conceptual and operational design of the EA delineation approach, 

specifies the constraints and quality criteria, and details the computational workflow 

and implementation, including neighbour-graph construction, barrier filtering, 

diagnostic checkpoints, the neighbourhood-scale case study, key parameter choices, 

exception handling, and the district-scale application. Chapter 4 presents the findings 

from the applications described in Chapter 3. Chapter 5 discusses methodological 

contributions, limitations, and institutional implications for a spatial sampling frame 

in Türkiye, and concludes with priorities for future work. 
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CHAPTER 2. LITERATURE REVIEW AND CONCEPTUAL FRAMEWORK 

This chapter provides the theoretical and empirical foundation for the 

Enumeration Area (EA) production approach developed in this thesis. It reviews the 

existing literature on the definition, purpose, and evolution of Enumeration Areas, 

examines international practices, and discusses the major methodological challenges 

associated with EA design. The chapter also introduces the key conceptual frameworks 

used to classify EA production approaches, including differences in spatial 

representation, use of Geographic Information Systems (GIS), and levels of 

automation. 

The first part of the chapter focuses on the concept of Enumeration Areas as 

fundamental spatial units in population censuses and sample surveys. It discusses their 

definitions, types, importance, and areas of application, emphasizing their dual role as 

both operational units for fieldwork and analytical units for statistical dissemination. 

This section establishes why EA design is a critical component of national statistical 

systems rather than a purely technical mapping exercise. 

The chapter then situates Enumeration Areas within an international context by 

reviewing how different countries and statistical offices implement EA systems under 

varying institutional, administrative, and technological conditions. These international 

examples highlight both common design principles and context-specific adaptations, 

illustrating the diversity of EA practices worldwide. 

Subsequently, the chapter examines the methodological challenges inherent in 

EA design, including issues related to spatial aggregation, workload balance, 

parameter sensitivity, and the Modifiable Areal Unit Problem (MAUP). These 

challenges motivate the transition from traditional manual delineation methods to GIS-

supported and algorithmic approaches. 

Building on this discussion, the chapter introduces a conceptual classification 

of EA production approaches based on three orthogonal dimensions: the technical 

environment (GIS-based versus non-GIS-based), the spatial representation unit (cell-

based versus object-based), and the level of automation (manual, semi-automated, 



8 

automated). This framework provides a structured lens through which existing 

methods are reviewed and compared. 

Finally, the chapter reviews GIS-based, cell-based, and object-based EA 

production methods in the literature, including the role of linear barriers and context-

sensitive constraints. The chapter concludes by identifying key research gaps and 

positioning the proposed method of this thesis within the existing body of work. 

2.1. Enumeration Areas 

This section introduces the concept of Enumeration Areas as the foundational 

spatial units of census and survey operations. It examines how EAs are defined in the 

literature, the different types of EAs used in practice, and their importance for data 

collection, statistical analysis, and policy-relevant applications. By clarifying the role 

and function of Enumeration Areas, this section establishes the conceptual basis for 

the methodological discussions that follow in subsequent sections. To provide context, 

it first outlines the historical emergence of EAs as operational field units and then 

summarises the core design principles that recur across national implementations.  

Enumeration Areas (EAs) emerged as a practical response to a core operational 

need: organising census fieldwork into manageable workloads with boundaries that 

enumerators can recognise on the ground. Early EA systems were typically produced 

through manual sketch mapping and local knowledge, which provided high 

interpretability but limited reproducibility and difficult updating. Over time, many 

national statistical systems transitioned toward digital cartography and GIS-supported 

workflows, allowing EA boundaries to be maintained as part of a geospatial database 

and linked more systematically to address/building sources, administrative 

geographies, and census outputs. In recent practice, the evolution continues in two 

directions: (i) greater standardisation and auditability of boundary maintenance, and 

(ii) increased use of rule-based or optimisation-inspired approaches—especially where 

timely updating, large-scale coverage, or limited field mapping capacity necessitates 

scalable production methods (United Nations, 2017; United Nations, 2025). 

Despite cross-country differences in terminology and institutional 

arrangements, the literature converges on a small set of design principles that 
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consistently shape EA outcomes. First, statistical balance refers to meeting target 

workload or population thresholds to enable efficient field operations and comparable 

sampling units. Second, spatial continuity and connectivity require zones to be 

contiguous and practically navigable; fragmentation typically increases field burden 

and complicates supervision and household listing. Third, operational feasibility 

requires boundaries to be interpretable and defensible, often by aligning them with 

observable linear features (e.g., roads, rivers, railways) and respecting administrative 

constraints when mandated. Fourth, temporal consistency and maintainability 

emphasise that EA systems should be updateable across census cycles, with 

transparent rules and QA/QC processes to avoid ad hoc boundary drift. Finally, 

confidentiality and disclosure control impose minimum-size and stability 

considerations for EA-like dissemination geographies, reinforcing the need to balance 

operational objectives with statistical governance requirements (Openshaw & Rao, 

1995; Cockings et al., 2011; United Nations, 2017).  

Against this background, Section 2.1.1 sets out the working definition of 

Enumeration Areas adopted in this thesis. 

2.1.1. Definition of Enumeration Areas 

Enumeration Areas (EAs) are geographically defined spatial units used as the 

primary operational framework for population censuses, household surveys, and 

sample-based statistical data collection. An EA is generally defined as a contiguous 

geographic area that can be completely enumerated by a single field enumerator within 

a specified period of time, under predefined operational constraints (United Nations, 

2007; United Nations Statistics Division, 2009). 

The fundamental purpose of defining EAs is to organize field operations in a 

systematic and manageable manner. By dividing larger administrative or geographic 

regions into smaller units, EAs ensure complete coverage of the population while 

minimizing the risk of omission or duplication. In addition to their operational role, 

EAs also function as the basic spatial building blocks for statistical aggregation, data 

dissemination, and sampling frame construction. 
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Although the general definition of EAs is widely accepted, their exact 

characteristics may vary across countries and institutional contexts. National statistical 

offices determine EA boundaries based on a combination of population thresholds, 

administrative considerations, geographic features, and fieldwork logistics. As a result, 

EAs may be referred to by different names, such as enumeration districts, census tracts, 

output areas, or dissemination areas, while serving functionally similar purposes 

(United Nations Statistics Division, 2017). 

Importantly, EAs are not purely administrative constructs. Rather, they 

represent an interface between statistical theory, spatial organization, and practical 

field implementation. This multidimensional nature makes EA design a complex task 

that extends beyond simple cartographic subdivision. 

Beyond their basic definition, Enumeration Areas can be understood as 

interface units that connect statistical requirements, spatial organization, and field 

operations. From a statistical perspective, EAs must support accurate population 

counts, reliable sampling frames, and consistent aggregation for data dissemination. 

From a spatial perspective, they must be contiguous, interpretable, and compatible 

with the physical structure of settlements. From an operational perspective, EAs must 

be feasible for field staff to enumerate within a limited time frame, taking into account 

accessibility, workload balance, and supervision requirements. 

This multidimensional role distinguishes Enumeration Areas from purely 

administrative or cartographic units. While administrative boundaries are primarily 

designed for governance and legal purposes, and cartographic units focus on spatial 

representation, EAs are explicitly designed to serve statistical production processes. 

As a result, EA design involves trade-offs between competing objectives, such as 

population homogeneity versus spatial compactness, or operational simplicity versus 

long-term statistical consistency. 

The literature consistently emphasizes that these trade-offs cannot be resolved 

through a single criterion or design rule. Instead, EA delineation requires a balanced 

consideration of multiple constraints, many of which may conflict depending on local 

context. For example, maintaining alignment with administrative boundaries may 

improve institutional integration, but it may also result in uneven population 
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distribution across EAs. Similarly, enforcing strict population thresholds may improve 

workload balance but lead to irregular or fragmented spatial units. 

Recognizing Enumeration Areas as hybrid units rather than purely technical 

constructs has important methodological implications. It explains why EA design 

remains sensitive to context, why full automation is difficult to achieve in practice, 

and why many national statistical offices rely on semi-automated or expert-guided 

approaches. This conceptualization also provides a foundation for understanding later 

discussions on GIS-based methods, spatial representation choices, and automation 

levels in EA production. 

The definition of Enumeration Areas extends beyond a purely operational or 

cartographic description. As discussed above, EAs simultaneously respond to 

statistical requirements, spatial constraints, and fieldwork considerations. This 

multidimensional role can be more clearly understood through a conceptual 

representation that highlights the intersection of these domains. 

Figure 2.1. Conceptual role of Enumeration Areas as an interface between statistical 

requirements, spatial constraints, and field operations  

 

Source: Author’s conceptualization based on United Nations (2007) and United Nations Statistics 

Division (2009). 
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Figure 2.1 illustrates the conceptual role of Enumeration Areas as hybrid units 

formed at the intersection of statistical, spatial, and operational considerations. 

Statistical requirements define population balance and sampling validity, spatial 

constraints impose contiguity and physical boundary/conditions, and field operations 

determine feasibility in terms of workload and accessibility. The Enumeration Area 

emerges from the integration of these dimensions, rather than from any single criterion 

in isolation. This conceptualization explains why EA design involves trade-offs and 

why context-sensitive and semi-automated approaches are commonly adopted in 

practice. 

This section has established Enumeration Areas as foundational yet inherently 

hybrid spatial units that integrate statistical requirements, spatial constraints, and field 

operations. By examining their definitions, types, importance, uses, and emerging 

dynamic forms, it has been shown that EA design is neither a purely technical nor a 

purely administrative task. This conceptual foundation provides the basis for the 

subsequent review of international practices and methodological approaches to EA 

production. 

2.1.2. Types of Enumeration Areas 

Enumeration Areas can be classified in several ways depending on their 

purpose, scale, and institutional use. In practice, multiple EA types often coexist within 

a single national statistical system. 

2.1.2.1. Administrative Enumeration Areas 

Administrative EAs are defined based on existing administrative boundaries 

such as provinces, districts, municipalities, wards, or villages. These areas align 

closely with governance structures and are commonly used to facilitate coordination 

between statistical agencies and administrative institutions. While administrative 

alignment simplifies data integration and reporting, it may not always produce 

statistically balanced or operationally optimal EAs, particularly in areas with uneven 

population distribution (United Nations Economic Commission for Europe, 2015). 
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2.1.2.2. Statistical Enumeration Areas 

Statistical EAs are specifically designed for data collection and statistical 

analysis purposes. Their boundaries are defined independently of administrative 

divisions and are optimized to meet criteria such as population homogeneity, workload 

balance, and spatial compactness. Examples include census tracts in the United States, 

Output Areas in the United Kingdom, and Dissemination Areas in Canada. These units 

are widely used for census dissemination and small-area statistical analysis (Office for 

National Statistics, 2016; Statistics Canada, 2018). 

2.1.2.3. Geographical Enumeration Areas 

Geographical EAs are delineated based on physical or spatial features such as 

roads, rivers, railways, or natural barriers. These features provide easily recognizable 

boundaries for field staff and help ensure spatial continuity. Geographical 

considerations are particularly important in rural or topographically complex regions, 

where administrative boundaries may be unclear or impractical for field operations. 

In addition to this functional classification, EAs may also be described by scale. 

Large units such as census tracts or statistical areas serve analytical and dissemination 

purposes, while smaller units such as blocks, meshblocks, or microdata areas support 

detailed population analysis and sampling. The choice of scale reflects a trade-off 

between statistical deail, confidentiality, and operational feasibility (Lohr, 2010). 

While Enumeration Areas are commonly classified into administrative, 

statistical, and geographical types for analytical clarity, the literature emphasizes that 

these categories are rarely applied in a strictly isolated manner in operational settings. 

Instead, most national EA systems exhibit hybrid configurations, in which 

administrative boundaries, statistical criteria, and geographical features are combined 

according to local context, settlement structure, and institutional priorities (United 

Nations, 2007; United Nations Economic Commission for Europe, 2015). 

Administrative Enumeration Areas provide clear advantages in terms of 

governance alignment and institutional coordination. Their compatibility with existing 

administrative units facilitates data integration across government agencies and 
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supports policy implementation at different territorial levels. However, several studies 

note that reliance on administrative boundaries alone often results in substantial 

variation in population size and workload, particularly in rapidly urbanizing cities or 

sparsely populated rural regions (United Nations Statistics Division, 2017; Martin et 

al., 2001). Consequently, purely administrative EAs are frequently adjusted using 

additional statistical or spatial constraints. 

Statistical Enumeration Areas are primarily designed to optimize sampling 

efficiency, population homogeneity, and analytical comparability over time. Units 

such as census tracts, Output Areas, and Dissemination Areas exemplify this approach. 

While these units support robust statistical inference, the literature also reports 

operational challenges, including reduced spatial legibility for field staff and limited 

alignment with locally recognized boundaries (Office for National Statistics, 2016; 

Statistics Canada, 2018). This tension highlights the need to balance statistical 

objectives with practical field considerations. 

Geographical Enumeration Areas emphasize the use of physical and 

infrastructural features—such as roads, rivers, railways, and natural barriers—to 

define EA boundaries. These features provide visible and easily interpretable limits 

that support field navigation and supervision. International census guidelines 

consistently recommend the use of recognizable physical boundaries to reduce 

ambiguity during enumeration (United Nations, 2007; United Nations Statistics 

Division, 2009). However, exclusive reliance on geographical features may lead to 

EAs with uneven population distribution, especially in heterogeneous urban 

environments. 

The coexistence of administrative, statistical, and geographical EA types 

suggests that EA design is context-dependent. International census guidance 

emphasizes that small-area units should be delineated clearly enough for consistent 

use, while the literature on the Modifiable Areal Unit Problem shows that statistical 

results may vary according to the scale and configuration of areal units. Taken 

together, these considerations indicate that urban, peri-urban, and rural areas may 

require different trade-offs among administrative coherence, statistical balance, and 

spatial legibility (United Nations Economic Commission for Europe, 2015; 
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Flowerdew, 2011). As a result, effective EA systems typically adopt flexible and 

adaptive rule sets rather than rigid classification schemes. 

This hybrid and context-sensitive understanding of EA types directly informs 

the methodological discussions that follow in this chapter. It explains why uniform 

design rules frequently fail in practice and why GIS-supported, constraint-based 

approaches are increasingly favored in contemporary EA production (Longley et al., 

2015). The next sections build on this perspective by examining how different 

methodological frameworks operationalize these hybrid design principles. 

2.1.3. Importance of Enumeration Areas 

Enumeration Areas play a critical role in ensuring the accuracy, efficiency, and 

reliability of census and survey operations. Their importance extends across several 

dimensions. 

First, EAs are essential for operational efficiency. By assigning a manageable 

workload to each enumerator, EAs enable systematic fieldwork planning, supervision, 

and quality control. Well-designed EAs reduce fieldwork duration, minimize travel 

time, and lower operational costs (United Nations, 2007). 

Second, EAs are central to data quality and coverage. Poorly designed EAs 

may result in under-coverage, over-coverage, or inconsistent enumeration practices. 

Since EAs define the spatial scope of data collection, their configuration directly 

affects non-sampling error, response rates, and the reliability of population counts 

(Groves et al., 2009). 

Third, EAs serve as the foundation for statistical sampling frames. In household 

and labor force surveys, EAs are commonly used as primary sampling units. Their 

stability and internal homogeneity are therefore critical for ensuring known selection 

probabilities and unbiased estimation (Kish, 1965; Lohr, 2010). 

Finally, EAs support spatial analysis and policy-relevant statistics. By linking 

demographic attributes to geographic units, EAs enable the analysis of spatial patterns 

related to health, education, poverty, employment, and infrastructure. This makes them 

indispensable tools for evidence-based policymaking and regional planning (United 

Nations Statistics Division, 2009). 
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The importance of Enumeration Areas extends beyond their role as logistical 

units for census fieldwork. In the literature, EAs are consistently recognized as a 

central determinant of data quality, sampling validity, and the analytical usefulness of 

census and survey outputs. Their design directly affects both operational performance 

and statistical reliability across multiple stages of the data production process. 

From an operational perspective, well-designed EAs enable effective planning, 

supervision, and quality control of fieldwork activities. By ensuring that each EA 

represents a manageable workload, statistical agencies can allocate enumerators 

efficiently, reduce travel time, and minimize fieldwork costs. International census 

guidelines emphasize that excessive variation in EA size or population leads to uneven 

workloads, increased error rates, and reduced enumeration completeness (United 

Nations, 2007; United Nations Economic Commission for Europe, 2015). 

From a data quality perspective, EAs play a critical role in controlling coverage 

error and non-sampling error. Poorly delineated EAs increase the risk of household 

omission, duplication, or inconsistent enumeration practices. Since enumeration is 

conducted at the EA level, any structural deficiencies in EA boundaries propagate 

directly into census results. Empirical studies in survey methodology show that clear, 

contiguous, and interpretable EA boundaries improve response rates and reduce 

interviewer-related error (Groves et al., 2009). 

Enumeration Areas are also fundamental to the construction of sampling 

frames. In most household and labor force surveys, EAs serve as primary sampling 

units (PSUs). The statistical properties of these units—such as population 

homogeneity, stability over time, and spatial coherence—directly influence selection 

probabilities and variance estimation. Inadequate EA design can therefore introduce 

bias and undermine the representativeness of survey estimates, even when sampling 

procedures are correctly implemented (Kish, 1965; Lohr, 2010). 

Beyond data collection, EAs are essential for statistical dissemination and 

spatial analysis. By linking demographic and socioeconomic attributes to geographic 

units, EAs enable the production of small-area statistics that support evidence-based 

policymaking. Indicators related to health, education, poverty, employment, and 

infrastructure are frequently analyzed at the EA level to identify spatial disparities and 

target interventions (United Nations Statistics Division, 2009; World Health 
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Organization, 2018). The analytical value of such indicators depends heavily on the 

internal consistency and spatial logic of EA boundaries. 

Finally, the importance of EAs is closely linked to temporal comparability. 

Stable EA systems allow statistical agencies to track demographic change over time 

and to compare census and survey results across different periods. Frequent or poorly 

documented changes to EA boundaries complicate longitudinal analysis and reduce 

the interpretability of trends. As a result, international guidelines stress the need to 

balance adaptability with boundary stability when updating EA systems (United 

Nations Statistics Division, 2017). 

Taken together, these considerations demonstrate that Enumeration Areas are 

not neutral containers of data, but active components of statistical systems. Their 

design choices shape operational efficiency, data quality, analytical validity, and 

policy relevance. This centrality explains why EA delineation has become a key focus 

of methodological research and why increasing attention is being paid to systematic, 

transparent, and reproducible EA production approaches. 

2.1.4. Uses of Enumeration Areas 

Enumeration Areas are used across a wide range of statistical, administrative, 

and analytical applications. While their primary function is to support census and 

survey field operations, their utility extends well beyond data collection, forming the 

spatial foundation of modern statistical systems. 

One of the most important uses of Enumeration Areas is in demographic and 

socioeconomic analysis. EA-level data allow researchers to examine population 

structure, household composition, migration patterns, and socioeconomic 

characteristics at a fine spatial scale. This level of detail enables the identification of 

local variations that are often masked at higher administrative levels and supports more 

nuanced interpretations of demographic trends (United Nations Statistics Division, 

2009; Lohr, 2010). 

Enumeration Areas also play a central role in survey sampling and design. In 

many household, labor force, and health surveys, EAs are used as primary sampling 

units (PSUs). Their spatial definition ensures complete coverage of the target 
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population and allows samples to be selected with known probabilities. Well-designed 

EAs facilitate efficient cluster sampling, reduce design effects, and improve the 

precision of survey estimates (Kish, 1965; Groves et al., 2009). 

In the field of urban and regional planning, EA-based statistics support 

evidence-based decision-making related to land use, housing, transportation, and 

public service provision. Planners and local authorities rely on EA-level indicators to 

identify areas experiencing rapid growth, decline, or socioeconomic disadvantage. By 

providing spatially detailed and standardized data, EAs enable comparisons across 

neighborhoods and support targeted policy interventions (United Nations Economic 

Commission for Europe, 2015). 

Public health applications constitute another major area of EA use. Health 

indicators such as disease prevalence, access to healthcare services, vaccination 

coverage, and environmental exposure are frequently analyzed at the EA level. This 

spatial granularity allows public health authorities to identify high-risk populations, 

allocate resources more effectively, and evaluate the impact of interventions. The 

integration of EA-based data with GIS further enhances spatial epidemiological 

analysis (World Health Organization, 2018). 

Enumeration Areas are also increasingly used in market research and private-

sector analysis. Businesses and service providers analyze EA-level demographic and 

income data to understand consumer behavior, define market segments, and inform 

location-based strategies. The standardized nature of EAs allows private-sector 

analyses to align with official statistics, improving comparability and reliability (Esri, 

2020). 

Beyond these sector-specific applications, EAs serve as a critical link between 

statistical data and geographic information systems. By providing stable spatial units, 

EAs enable the integration of census data with environmental, infrastructural, and 

administrative datasets. This interoperability supports advanced spatial analysis, 

visualization, and modeling, expanding the analytical value of official statistics 

(Longley et al., 2015). 

Taken together, these applications demonstrate that Enumeration Areas 

function not only as operational tools but also as key analytical units that underpin a 

wide range of data-driven activities. Their versatility and centrality explain why EA 
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design decisions have far-reaching implications across statistical production, research, 

and policy domains. 

2.1.5. Enumeration Areas as Dynamic Spatial Units 

Traditionally, Enumeration Areas have been treated as relatively static spatial 

units, typically revised only in preparation for decennial censuses. This approach was 

largely driven by operational constraints, limited data availability, and the need for 

stability in fieldwork organization. However, rapid urbanization, population mobility, 

and the increasing use of administrative registers have challenged the adequacy of 

static EA systems in many national statistical contexts (United Nations, 2007; United 

Nations Statistics Division, 2017). 

In response, the literature has increasingly discussed dynamic and adaptive EA 

systems, in which EA boundaries are periodically updated to reflect demographic 

change, urban expansion, and evolving settlement patterns. Dynamic EAs aim to 

reduce coverage error and workload imbalance by adjusting boundaries in areas 

experiencing significant population growth or decline. Such systems are particularly 

relevant in fast-growing metropolitan regions, where static EA boundaries may 

quickly become outdated (United Nations Economic Commission for Europe, 2015). 

Several countries have explored adaptive EA frameworks supported by GIS 

and register-based data infrastructures. For example, register-integrated statistical 

systems enable continuous monitoring of population distribution, allowing EA 

boundaries to be revised more frequently and with greater precision (Statistics Estonia, 

2021). These approaches reduce reliance on large-scale pre-census boundary redesigns 

and support more flexible fieldwork planning. 

Despite their advantages, dynamic EA systems introduce important 

methodological and institutional challenges. Frequent boundary changes may 

complicate longitudinal analysis, reduce comparability across census rounds, and 

increase the complexity of sampling frame maintenance. The literature therefore 

emphasizes the need to balance adaptability with boundary stability, often 

recommending incremental updates focused on high-change areas rather than 

wholesale redesigns (United Nations Statistics Division, 2017; Lohr, 2010). 
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As a result, most national statistical offices currently adopt hybrid approaches, 

combining stable EA frameworks with targeted updates informed by demographic 

indicators, administrative registers, or spatial analysis. These hybrid models reflect a 

broader consensus that EA systems must be both robust and responsive, 

accommodating change without undermining statistical continuity. 

The discussion of dynamic and adaptive Enumeration Areas highlights the 

growing importance of systematic, transparent, and reproducible EA production 

methods. As EA systems become more responsive to change, the role of GIS-

supported and algorithmic approaches becomes increasingly central. This perspective 

provides a direct conceptual bridge to the methodological frameworks reviewed in the 

following sections of this chapter. 

2.2. International Practices in Enumeration Area Design and Use 

Enumeration Areas are implemented through a wide variety of institutional, 

spatial, and technical arrangements across countries. While their core purpose—to 

support census and survey field operations—remains broadly consistent, international 

practice demonstrates substantial variation in how these units are defined, delineated, 

and maintained. Differences arise from administrative structures, population 

distribution, legal frameworks, and the maturity of geospatial and statistical 

infrastructures. Consequently, Enumeration Areas should be understood not as a single 

standardized concept but as a family of functionally equivalent yet structurally diverse 

spatial units (United Nations, 2017). 

In this thesis, the term “enumeration area” is used in an inclusive sense that 

covers both (a) operational enumeration units created to manage field workload, 

navigation, and supervision and (b) EA-like small-area statistical geographies that 

function as stable building blocks for dissemination, sampling frames, and longitudinal 

analysis. Although these units may differ in legal status or naming conventions (e.g., 

Output Areas, Dissemination Areas, IRIS, DeSO, microzones), they are comparable 

in the specific design dimensions that matter for census and survey implementation: 

workload balancing, contiguity, recognisable boundaries, confidentiality, 

updateability, and the ability to link microdata or registers to spatial units. 
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The country examples are drawn primarily from the most recent official 

manuals, methodological notes, and metadata available in the provided sources. Where 

only foundational or historical documentation is available, it is used to explain how 

current systems evolved from earlier approaches (e.g., transitions from legacy sketch 

mapping to GIS-based boundary maintenance, or from operational EAs to separate 

dissemination geographies). 

The level of detail varies across countries because documentation depth differs 

by statistical system and by the purpose of the source (e.g., census operations 

memoranda, survey sampling designs, geocoding technical notes, or academic 

applications). This variation is not treated as a weakness; instead, it reflects how EA 

practice is institutionalised differently across contexts. The synthesis focuses on 

extracting transferable design principles rather than producing uniform country 

profiles. 

To support comparability without forcing artificial uniformity, the country 

examples are interpreted through a common set of dimensions. Specifically, the 

discussion highlights (i) the primary building blocks used to define or maintain EAs 

(e.g., administrative units, address points, census blocks, grid cells, or settlement 

features), (ii) workload or size targets and any explicit threshold rules, (iii) boundary 

principles and recognisable features used for fieldwork (e.g., roads, rivers, 

neighbourhood limits, or settlement edges), (iv) the maintenance and update regime 

(continuous register updating versus census-cycle revision), and (v) the degree of 

automation and QA/QC used to ensure reproducibility. Using this lens makes the 

cross-country synthesis more transparent and directly relevant for the methodological 

positioning developed in Sections 2.3–2.5. 

National statistical systems implement enumeration areas (EAs) under 

different institutional and technical conditions; therefore, the operational form of an 

EA varies across countries. In most settings, EAs serve two closely related functions: 

(i) they provide manageable workloads for field enumeration or listing, and (ii) they 

act as primary sampling units (PSUs) or small-area reporting units that support 

recurring household surveys and intercensal estimates. Recent practice increasingly 

integrates EA design with geospatial infrastructures (GIS, geocoding, satellite 

imagery, and administrative registers), which reduces reliance on fully manual sketch 
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mapping while improving boundary consistency, coverage control, and linkages 

between statistical and spatial datasets (UNICEF, 2013; Balistreri & Cozzi, 2015; 

Qader et al., 2021). 

For clarity, it is useful to distinguish between (i) a GIS-based approach and (ii) 

an automated or semi-automated delineation approach. A GIS-based approach 

primarily describes the use of geospatial databases, mapping tools, and cartographic 

workflows to manage and update EA boundaries, support field navigation, and link 

census or survey attributes to small-area units. In contrast, automated or semi-

automated delineation refers to the degree of algorithmic decision-making during 

boundary construction and workload balancing (e.g., rule-based splitting/merging, 

constrained optimization, or segmentation). These approaches are not mutually 

exclusive: automated procedures can be implemented inside GIS environments or in 

external scripting workflows, and they can be applied to both polygon-based and cell-

based representations, depending on the available base data and the operational 

requirements of the census or survey programme (UNICEF, 2013; Qader et al., 2019; 

United Nations, 2017). 

Several countries have recently strengthened the “GIS-first” management of 

small-area geographies by upgrading census cartography into reusable geospatial 

layers that support multiple statistical domains and inter-agency data integration. 

Nepal provides a clear example of an incremental transition. A Nepal case study 

reports that prior to 1991, censuses did not consistently adhere to specific boundaries 

of census units, while cartographic work for the 1991 census remained limited in scale 

and in its linkage to census attributes; the same source notes that the 2011 census used 

detailed EA maps for the first time in the country’s census history, with EA mapping 

activities starting three to four years before the enumeration year (Central Bureau of 

Statistics Nepal, 2022). The Nepal experience highlights two practical improvements 

that accompany GIS-based EA mapping: stronger control of omission and duplication 

through location-specific referencing, and the ability to link household-level attributes 

to mapped units for later analysis and dissemination (Central Bureau of Statistics 

Nepal, 2022). In Italy, a different but complementary trajectory is seen in ISTAT’s 

development of a “microzones” layer as an upgrade of 2011 census cartography. 

Mugnoli, Lipizzi, and Esposto (2018) describe the integration of geographic datasets 
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to produce this layer through the management and fusion of land-cover and cadastral-

like sources with maps produced by regional or local authorities, emphasizing that the 

work is ongoing and under assessment. Together, these cases show that “updated 

cartography” is not only a census deliverable but also a strategic asset for broader 

official statistics. 

In the United States, census geography is organized around Census Blocks and 

Block Groups, which together perform functions analogous to Enumeration Areas. 

Census Blocks constitute the smallest geographic units, while Block Groups aggregate 

blocks into operational units typically containing between 600 and 3,000 people. Block 

Group boundaries are defined using automated GIS procedures based on population 

size and contiguity, but manual adjustments are routinely applied to account for 

physical barriers, urban morphology, and administrative considerations. This practice 

reflects a balance between national standardization and local adaptation within a 

highly centralized statistical system (U.S. Census Bureau, 2020; U.S. Census Bureau, 

2022). 

In the United States, the operational geography for the 2010 census illustrates 

how enumeration logistics can be embedded in geographic delineation decisions. The 

Type of Enumeration Area (TEA) framework classifies geographic space into areas 

that receive different enumeration methods (e.g., mail-out/mail-back versus 

update/leave), reflecting the feasibility of mail delivery, housing stock characteristics, 

and field requirements. In this sense, the operational objective is not only to partition 

space, but also to standardize how enumeration is executed across different contexts, 

while maintaining internal consistency for planning and coverage evaluation (U.S. 

Census Bureau, 2011). 

In the United Kingdom, census operations rely on a highly formalized 

statistical geography in which Output Areas serve as the smallest standard units for 

census data dissemination. Introduced with the 2001 Census, Output Areas were 

explicitly designed as statistical rather than administrative units, with the objectives of 

population uniformity, social homogeneity, and boundary stability. Typical Output 

Areas contain approximately 100–125 households and are constructed by aggregating 

base spatial units while respecting visible physical features such as roads and rivers. 

Their delineation is strongly GIS-based and combines automated zoning algorithms 
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with expert-led manual review to resolve local anomalies and ensure operational 

clarity (Office for National Statistics, 2016; Office for National Statistics, 2021). 

In Canada, Dissemination Areas represent the smallest standard geographic 

unit for census data dissemination and function as direct equivalents of Enumeration 

Areas. Dissemination Areas typically contain populations between 400 and 700 

persons and are explicitly designed to remain stable across census cycles in order to 

support longitudinal analysis. Delineation relies on GIS-based aggregation of census 

blocks using population thresholds, contiguity constraints, and physical boundaries. 

Manual validation is a core component of the process, particularly in rural and northern 

regions where settlement patterns are highly irregular. As a result, Dissemination 

Areas vary substantially in size and shape, illustrating that spatial heterogeneity is an 

accepted design characteristic rather than a limitation (Statistics Canada, 2018; 

Statistics Canada, 2021). 

Canada provides a complementary perspective where the definition of small-

area census units has been linked to the long-term maintenance of digital boundary 

systems and the re-use of census geography for analysis. Historical work on creating 

digital census boundary maps documents how earlier enumeration-area boundaries 

were reconstructed from legacy materials and converted into usable GIS boundary 

layers for spatial analysis and longitudinal comparison (Petrov & Ruus, 2007). In 

applied public health research, census small-area units have also been used as 

contextual socioeconomic status (SES) measures by linking census geography to 

postal code-based records, enabling the creation of neighborhood-level indicators for 

epidemiological studies (Statistics Canada, 2021; Borugian et al., 2005). 

In Australia, the Australian Statistical Geography Standard (ASGS) formalizes 

a nested hierarchy in which Statistical Areas Level 1 (SA1s) are built from whole Mesh 

Blocks and aggregate to SA2s. SA1s are designed to maximize the geographic detail 

available for census dissemination while also meeting operational and representational 

criteria, such as population size, transport connectivity, and anticipated growth. Most 

SA1s have populations of between 200 and 800 persons, with an average of 

approximately 400. The standard also includes non-spatial special purpose codes for 

populations that are difficult to allocate geographically, as well as zero-population 
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SA1s for large unpopulated areas that cannot be readily combined with surrounding 

populated SA1s (Australian Bureau of Statistics, 2021). 

In Japan, census enumeration districts are designed explicitly as operational 

field units and are typically delineated along clearly interpretable physical features 

such as streets, railways, and waterways. The emphasis on compactness, boundary 

readability, and workload manageability illustrates how dense urban settings can still 

be partitioned into practical micro-areas that support both census operations and 

repeated household surveys without creating ambiguous field boundaries. 

In France, the IRIS (Îlots Regroupés pour l’Information Statistique) system 

provides the basic building block for the dissemination of infra-municipal statistics. 

IRIS units were originally designed around a target size of 2,000 inhabitants per 

elementary unit, and they are required to meet both geographic and demographic 

criteria, with boundaries that are identifiable without ambiguity and stable over time. 

For residential IRIS, boundaries generally follow major breaks in the urban fabric, 

such as main roads, railways, and waterways (Institut national de la statistique et des 

études économiques [INSEE], 2016). 

Several European countries operate Enumeration Area–like units within 

register-based statistical systems. In Germany, census and survey operations are 

closely linked to population registers and address databases, enabling flexible 

aggregation of address-level data into operational units. Rather than maintaining 

permanently fixed Enumeration Areas, German practice emphasizes adaptability, with 

spatial units adjusted as settlement structures and population distributions change. GIS 

plays a central role in managing these aggregations, ensuring spatial contiguity and 

operational feasibility when field enumeration is required (United Nations Statistics 

Division, 2011; Eurostat, 2017). 

In Germany, the 2022 census round strongly emphasized administrative data 

integration and standardization. Register-based enumeration (supported by targeted 

surveys) reduces the need for full-field enumeration, and reporting frameworks 

increasingly include grid-based statistics that are less sensitive to administrative 

boundary changes (Statistisches Bundesamt [Destatis], n.d.; Eurostat, n.d.). 

A similar but more data-integrated approach is observed in the Netherlands, 

where detailed address and building registers underpin statistical geography. 
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Enumeration functions are fulfilled through dynamic aggregation of micro-level units 

rather than reliance on fixed EA boundaries. This approach allows boundaries to be 

adapted for specific census or survey purposes while preserving statistical consistency 

and confidentiality. The Dutch case demonstrates how advanced data infrastructures 

can reduce dependence on permanent Enumeration Areas without eliminating their 

functional role (Statistics Netherlands, 2019; Eurostat, 2017). 

In Nordic countries such as Sweden and Finland, Enumeration Area concepts 

are embedded within register-based census systems that rely heavily on geocoded 

address points and grid-based spatial frameworks. Although traditional field 

enumeration is limited, GIS remains essential for linking population registers to spatial 

units, supporting sampling design, and managing confidentiality. These systems 

illustrate an alternative pathway in which Enumeration Area functions persist even as 

their geometric representations evolve (Statistics Sweden, 2018; Statistics Finland, 

2019). 

In Sweden, Demografiska statistikområden (DeSO) were introduced as a 

national small-area division for demographic and socioeconomic analysis. DeSO 

divides Sweden into 6,160 areas, most designed to fall within a population range of 

700 to 3,000 inhabitants, and boundaries are designed to follow physical features such 

as streets, watercourses, and railways where feasible (Statistics Sweden [SCB], n.d.). 

In Estonia, a register-based census model has been developed around secure 

data exchange and register quality improvement, with the goal of reducing reliance on 

full field enumeration. Recent metadata describe approaches that combine multiple 

administrative registers and an index-based logic for defining the usual resident 

population, supported by national data exchange infrastructure (Eurostat, n.d.). 

In Spain, census sections (secciones censales) remain a core small-area unit in 

official statistics and survey sampling. They are used by the National Statistics 

Institute whenever an infra-municipal division is required, and in the Labour Force 

Survey they serve as first-stage sampling units. Their continued use makes stable 

maintenance and consistent linkage to address-based and population-register 

information essential for updating and analysis (Instituto Nacional de Estadística 

[INE], n.d.). 



27 

In South Africa, the Small Area Layer (SAL) supports small-area statistics and 

operational planning, with boundaries intended to be interpretable, stable, and 

consistent with settlement structure. Recent information products link SAL 

maintenance to dwelling-frame updates and broader statistical reporting needs 

(Statistics South Africa, n.d.). 

Taken together, the mature systems reviewed above tend to exhibit three 

operational regularities. First, they rely on stable identifiers and nested hierarchies that 

support both dissemination and operational planning. Second, even where register-

based approaches reduce reliance on full-field enumeration, countries still emphasise 

boundary legibility and settlement-aware design because these characteristics support 

survey operations, quality assurance, and interpretability in small-area analysis. Third, 

modernisation efforts increasingly formalise update rules and metadata management 

(e.g., versioning, change logs, and validation reports), which strengthens temporal 

consistency across cycles. 

Italy demonstrates a shift from EA use as a purely field-operational construct 

toward a broader geostatistical infrastructure. ISTAT has developed a “microzones” 

layer by integrating geographic datasets to support land cover statistics and other 

spatial analyses at a fine scale, thereby providing a structured small-area geography 

for statistics beyond the census (Mugnoli et al., 2018). In parallel, ISTAT’s geocoding 

work for the 9th Industry and Services Census describes how address archives and GIS 

packages were integrated to georeference enterprise records and to associate 

recognized addresses with census enumeration areas, supporting both territorial 

analysis and the updating of census EA characteristics (Balistreri & Cozzi, 2015). 

Beyond census cartography, some systems use EA-like units as an explicit 

integration layer between registers and census/survey operations. In Slovenia, register 

and census sources were merged at the EA level for national coverage, and EA-level 

datasets were enriched with geographic and operational proxies (e.g., building 

centroids, altitude) to support geodemographic stratification and nonresponse 

modelling at the small-area scale (Zaletel & Vehovar, 2000). 

In Brazil, the Instituto Brasileiro de Geografia e Estatística (IBGE) uses census 

tracts (setores censitários) as foundational enumeration and reporting units, and these 

units also support specialized modules such as the survey of the physical surroundings 
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of households. The 2022 census cycle continued this tract-based approach supported 

by updated digital cartography and boundary products (Instituto Brasileiro de 

Geografia e Estatística, 2024). 

In Brazil, census enumeration areas remain central to probability sampling for 

large-scale household surveys. An explicit example is the use of the 2010 census 

enumeration area frame to design complex multi-stage household samples, with 

attention to design effects and intra-class correlation derived from census-based 

frames. This approach highlights the role of EAs as stable PSUs that can be re-used 

across survey programs while controlling for clustering and fieldwork cost (Arantes & 

Silva, 2013). 

Similarly, multi-stage survey programs in other middle-income contexts adopt 

census EAs as basic units in national sampling frames. For instance, Mongolia’s 

Labour Force Survey documentation describes the use of the Population Census 2000 

frame, where enumeration areas are treated as basic units but may require cleaning 

(e.g., removing EAs associated with institutional living quarters or EAs without 

households). This illustrates that even when EA boundaries exist, operational quality 

assurance and frame maintenance are necessary to ensure that EAs function as valid 

sampling units (National Statistical Office of Mongolia, n.d.). 

International guidance documents also standardize key terminology and 

practical steps that connect these country cases. The MICS Manual defines an EA as 

the smallest geographical statistical unit for which census information is available and 

clarifies that a survey “cluster” may correspond to an entire EA or to a segment of a 

large EA with well-defined boundaries (UNICEF, 2013). The same manual introduces 

the base map as the reference map describing the location and boundaries of an EA 

and highlights segmentation as a pragmatic solution when complete household listing 

in large EAs is not cost-effective (UNICEF, 2013). These definitions are important 

because they make explicit that “EA” is not a fixed geometric form; rather, it is a field-

operational construct that can be subdivided, merged, or segmented depending on 

workload targets, boundary legibility, and available resources. 

International survey guidance further clarifies how EA-type clusters are 

operationalized under standardized field protocols. The MICS Manual for Mapping 

and Household Listing emphasizes that a listing operation typically updates cluster 
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maps (including location and sketch mapping) and records every structure and 

household on listing forms, because listing quality directly affects representativeness 

and survey cost (UNICEF, 2013). In post-enumeration survey (PES) settings, field 

manuals similarly rely on EA maps and systematic listing/verification to assess 

coverage and to validate the census, demonstrating the importance of consistent EA 

boundaries and enumerator training for quality control (Ghana Statistical Service, 

2021). 

Low- and lower-middle-income contexts often emphasize the operational role 

of EAs through detailed map use, listing, and field navigation procedures. Ghana’s 

2021 Population and Housing Census Post-Enumeration Survey (PES) manual 

positions the EA map as the most important aid for achieving complete enumeration 

within selected EAs and stresses that omissions of households and dwellings directly 

affect PES results (Ghana Statistical Service, 2021). The manual also provides a 

practitioner-oriented classification of EA maps and notes that, regardless of type, maps 

typically display locality identifiers, higher-level administrative names and codes, and 

supervision area and EA identifiers (Ghana Statistical Service, 2021). Such procedural 

detail demonstrates how EA cartography is operationalized in the field: it is used to 

identify boundaries, list structures, plan systematic coverage, and organize logistics 

and supervision (Ghana Statistical Service, 2021). Nigeria-oriented applied work 

similarly frames EAs as operational entities that benefit from digital geodatabases; a 

Lagos case study describes the development of a census enumeration information 

system intended to manage census data in a consistent digital database, and it 

demonstrates how GIS and network analysis can support the efficient routing and 

organization of enumeration activities (Amusa et al., 2017). While these contexts may 

differ in institutional maturity, they share a common emphasis on EA maps as tools 

for field control, coverage assurance, and cost containment. 

In India, enumeration blocks (EBs) are the main operational units for 

household listing and enumeration. Official census mapping materials show that EB-

based field organisation is closely tied to administrative atlases and mapped coverage 

units designed to support complete and non-overlapping field operations. This 

illustrates a strongly operational approach in which mapped control units are integral 
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to census implementation (Office of the Registrar General & Census Commissioner, 

India, 2012). 

In developing and transitional contexts, Enumeration Area practices are often 

shaped by constraints related to data availability, cartographic quality, and field 

logistics. In countries such as India and South Africa, Enumeration Areas are primarily 

delineated to support decennial census operations, with strong emphasis on balancing 

enumerator workload and accessibility. GIS adoption has increased substantially, but 

manual and semi-automated methods remain prevalent due to heterogeneous 

settlement patterns and informal housing structures. As a result, Enumeration Areas 

are frequently redesigned between census rounds, prioritizing operational feasibility 

over long-term boundary stability (United Nations, 2017; Statistics South Africa, 

2014). 

Low-income and fragile contexts often face incomplete, outdated, or missing 

EA demarcations; this drives innovation in GIS-assisted and semi-automated 

delineation. In Somalia, a semi-automatic workflow has been proposed to generate 

pre-census EAs and population sampling frames by combining satellite imagery with 

road networks, settlement information, and available administrative boundaries. The 

study explicitly frames EAs as both operational units for census data collection and as 

building blocks for national sampling frames, arguing that semi-automation can reduce 

cost and time while improving coverage in contexts where manual delineation would 

be slow and inconsistent (Qader et al., 2021). 

Fragile and data-scarce settings highlight another strand of recent practice: 

using openly available geospatial data and population models to (re)construct small-

area units when conventional census cartography is missing, outdated, or infeasible to 

update through large-scale field mapping. In Somalia, Qader et al. (2019) describe an 

automated approach that combines georeferenced features (including crowdsourced 

road and natural feature data from OpenStreetMap) with high-resolution population 

models (e.g., WorldPop) to design a complete set of pre-defined census EAs or to 

update existing EAs. The authors term their automated process “split and merge,” 

inspired by image segmentation in mathematical morphology, where the country is 

first split into the smallest possible regions that follow visible boundaries (such as 

roads) and is then progressively re-merged under explicit constraints (e.g., area and 
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population size) while ensuring that EA boundaries do not cross obstacles and 

administrative boundaries (Qader et al., 2019). From a conceptual perspective, this 

case illustrates the growing feasibility of automated EA reconstruction in contexts 

where official base data are limited, and it directly motivates the thesis emphasis on 

transparent constraints, barrier-respecting boundaries, and reproducible workflows. 

Nigeria-based case studies also emphasize the role of remote sensing and GIS 

for census planning and EA management, particularly in settings where traditional 

mapping and boundary verification are resource-intensive. One documented 

application mapped EAs using satellite remote sensing data and GIS in Enugu, with 

the objective of improving census mapping, dataset management, and contingency 

planning (Eze, 2009). A related “Census Enumeration Information System” case study 

in Lagos State presents an EA information system aimed at reducing under-

enumeration and improving management and retrieval of census data, showing how 

geospatial information systems can support both field operations and post-collection 

data use (Amusa et al., 2017). 

In Nigeria, the literature documents a sustained shift from analogue mapping 

towards remote sensing and GIS-based census mapping. Case studies report the use of 

high-resolution imagery and digitization to build geodemographic databases for 

managing enumeration areas and supervisory areas, and they argue that GIS-based EA 

databases improve updateability and transparency for national census management 

(Eze, 2009; Amusa et al., 2017). 

In Kenya, recent census rounds have relied on digital cartography and 

extensive GIS workflows for EA delineation and field operations. The mapping 

process typically combines administrative layers, satellite imagery, and GNSS-

supported ground verification to produce navigation-ready EA maps and to manage 

coverage and workload more systematically (Kenya National Bureau of Statistics 

[KNBS], 2019). 

In lower-capacity and data-scarce contexts, the same principles are pursued 

under different constraints. Documentation frequently emphasises the sequencing of 

mapping, listing, and enumeration; the use of GNSS-enabled field verification; and 

pragmatic reliance on remotely sensed settlement information and open geospatial 

layers. As a result, the “EA system” is often defined as much by the production 
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workflow and data integration strategy as by the final polygon boundaries, which 

reinforces the importance of auditable rules and standardised QA/QC outputs. 

The international evidence also indicates that EA geographies are increasingly 

combined with gridded population approaches for small-area estimation and planning, 

especially when census data need to be integrated with land cover or remotely sensed 

settlement layers. In East Africa, high-resolution population mapping work 

demonstrates how census data can be combined with land cover information to 

produce more detailed population surfaces for low-income nations, illustrating a 

pathway where EA-based census information supports model-based spatial allocation 

and validation (Tatem et al., 2007). 

Some national systems explicitly document the modernization of EA 

cartography as part of official statistical system development. For example, Nepal’s 

Central Bureau of Statistics highlights geospatial data and enumeration-area mapping 

as a distinct topic in its official statistical practices, indicating an institutional 

recognition that EA mapping is not only a field task but also a core component of 

statistical infrastructure and data integration (Central Bureau of Statistics Nepal, 

2022). 

In Nepal, official statistical practice documents describe a progressive 

transition from paper or sketch-based maps toward digital census mapping, including 

converting sketch maps into GIS, collecting GPS points for key features, and 

conducting full mapping programs where resources permit (Central Bureau of 

Statistics Nepal, 2022). 

Across these cases, three themes recur: (1) the separation between operational 

enumeration units and dissemination units (even when they share boundaries), (2) the 

increasing use of GIS/GNSS and digital boundaries to support consistent maintenance 

between rounds, and (3) the emergence of automated or semi-automated zoning 

approaches where conventional field mapping is costly or infeasible. These themes 

provide the comparative basis for positioning the proposed Türkiye-focused 

framework in later sections. 

Overall, cross-country practice suggests that "EA implementation" should be 

understood as a spectrum rather than a single template. Some countries emphasize 

operational stratification (e.g., the TEA concept), others prioritize maintaining fine-
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scale statistical geographies for analysis (e.g., microzones), and many programs rely 

on EAs primarily as PSUs for household surveys. In contexts where delineations are 

weak or missing, semi-automated workflows based on imagery and available 

transport/barrier layers can provide a pragmatic route to establishing an EA 

framework, but still require strong validation and field feedback to ensure usability for 

enumeration and sampling (U.S. Census Bureau, 2011; Mugnoli et al., 2018; Qader et 

al., 2021). 

Overall, the reviewed practices show a clear technological trajectory from 

paper-based EA sketch mapping toward georeferenced, database-driven, and 

increasingly reusable small-area geographies. At the same time, the cases illustrate that 

the most appropriate EA design is context-dependent. Stable hierarchical geographies 

and register linkage support continuity and comparability (e.g., the U.S. and Slovenia), 

upgraded spatial layers improve multi-purpose integration (e.g., Italy), census-based 

frames enable efficient two-stage household sampling (e.g., Brazil and Mongolia), and 

detailed EA map procedures improve field control and coverage in census and PES 

contexts (e.g., Ghana). Finally, Somalia demonstrates that automation can be used not 

as a substitute for GIS-based practice but as a complementary strategy when open data 

and population models are leveraged under explicit constraints. This distinction 

supports the methodological positioning adopted in the next chapter: GIS-based 

implementation refers to the broader use of geospatial databases, tools, and 

cartographic workflows, while automated or semi-automated delineation refers to the 

degree of algorithmic decision-making in boundary construction and unit balancing, 

which can be applied both within GIS environments and in external scripting 

workflows. 

These international practices motivate the conceptual distinction made in the 

next section between (i) the technical environment (GIS-enabled versus non-GIS), (ii) 

the chosen building blocks (administrative units, cells, or objects), and (iii) the 

automation strategy (manual, semi-automated, automated). Across countries, 

successful implementations typically combine elements from all three dimensions, 

which suggests that method evaluation should consider both statistical compliance and 

operational legibility rather than treating EA delineation as a purely geometric 

optimisation task. 
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In Türkiye, there is currently no publicly documented and standardised 

enumeration area (EA) layer used as a stable spatial framework for routine survey and 

census operations. Instead, household-based survey practice relies on operational 

clusters formed within existing settlement units, typically by grouping occupied 

addresses recorded in the address-based registration system. These clusters function as 

primary sampling units, but they are not defined as permanent, spatially explicit EA 

polygons. 

In current practice, occupied addresses are grouped primarily according to 

address components such as street or avenue name, building number, and apartment 

number, and are then partitioned into clusters intended to contain approximately 

similar numbers of units. Because this procedure is not based on geographic 

coordinates, contiguity rules, or explicit barrier constraints, the resulting units do not 

constitute a fixed small-area geography and may vary over time as the sampling frame 

is updated and clusters are reconstructed. This limits transparency and makes it 

difficult to enforce design criteria such as workload balance, spatial coherence, and 

barrier compliance in a systematic and reproducible way. Figure 2.2 provides a 

schematic illustration of the existing non-spatial blocking output. 

Figure 2.2. Schematic illustration of the existing non-spatial blocking method used 

in survey practice in Türkiye 

 

Source: Author’s illustration based on the current operational logic of address-based clustering. 
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An early academic effort nevertheless examined the feasibility of establishing 

a dedicated census geography for Türkiye using GIS-based delineation principles. In 

a case study conducted for Çankaya (Ankara), Kırlangıçoğlu (2005) explored a 

candidate hierarchy of standardised small statistical areas intended to support census 

dissemination and small-area statistics beyond existing administrative boundaries. 

However, this proposal remained methodological and was not adopted as an official 

operational system in routine statistical production. 

Taken together, these observations indicate that Türkiye has a strong address-

based statistical infrastructure but still lacks a stable, standardised, and spatially 

explicit EA framework. The automated approach developed in this thesis addresses 

this gap by operationalising widely used EA design principles through spatial layers, 

barrier-aware neighbourhood structure, and building-based residential counts. 

To facilitate structured cross-country comparison, Table 2.1 provides an 

integrated synthesis of the country examples discussed above. Rather than repeating 

narrative detail, the table distils each example into (i) the unit terminology used in 

practice, (ii) the functional role of the unit, and (iii) the dominant data inputs and 

maintenance direction. This synthesis clarifies why EA implementation is best 

understood as a spectrum of institutional arrangements and technical workflows, even 

when the underlying objective—manageable fieldwork and reusable small-area 

statistical infrastructure—remains shared. 
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Table 2.1. Cross-country examples of EA implementation (integrated synthesis) 

Setting / 

programme 
Unit used 

(term) Main function and use Design basis / key inputs Recent direction 

/ note 

United States 

(Census Bureau) 

Census blocks; 

block groups; 

tracts; TEA 

Statistical small-area 

hierarchy, operational 

enumeration framework, 

and survey/sampling-

frame support. 

Hierarchical feature-based 

geography; TIGER/Line; PSAP; 

address- and delivery-based 

operational classification. 

Stable census 

geography 

combined with 

TEA-based 

operational 

strategy. 

United Kingdom 

(ONS) 
Output Areas 

(OAs); (S)OAs 

Operational workload unit 

and small-area 

statistical/sampling 

building block. 

OAs aggregated to higher units; 

digitally maintained boundaries 

and lookups. 

Comparability 

across rounds 

with selective 

updates. 

Canada (Statistics 

Canada) 

Dissemination 

Areas (DAs); 

historical 

enumeration 

areas 

Operational workload 

management, small-area 

dissemination, sampling-

frame construction, and 

applied GIS reuse. 

Dissemination blocks; digital 

boundary reconstruction; postal-

code linkages. 

Boundary updates 

and reuse of 

census geography 

in longitudinal 

GIS applications. 

Australia (ABS) SA1 

Operational workload unit 

and small-area 

statistical/sampling 

building block. 

Mesh Blocks; criteria include 

transport, growth, and 

special/zero SA1s. 

Population-sized 

small areas 

designed for 

stable operational 

use. 

France (INSEE) IRIS 

Operational workload unit 

and small-area 

statistical/sampling 

building block. 

Micro-neighbourhood groupings 

designed for interpretable 

dissemination geography. 

Strong emphasis 

on interpretability 

and stability. 

Sweden (SCB) DeSO 

Operational workload unit 

and small-area 

statistical/sampling 

building block. 

Regional divisions combined 

with physical features. 

Periodic revisions 

while preserving 

feature-following 

boundaries. 

Germany 

(Destatis) 
Small-area 

outputs; grids 

Small-area statistical 

production, integration, 

and confidentiality-

oriented reporting. 

Administrative and register 

sources; grid-based reporting in 

some outputs. 

Register 

integration and 

standardized 

reporting 

structures. 

Brazil (IBGE) 

Census tracts / 

setores 

censitários / EA-

based frame 

Operational workload unit 

and small-area 

statistical/sampling 

building block for census 

and household survey 

sampling. 

Tracts as operational/reporting 

base; digital cartography; 

census-based frame; design-

effect planning. 

Systematic use of 

tract/EA frames 

across survey 

programmes. 

Estonia (Statistics 

Estonia) 
Register-based 

outputs 

Small-area statistical 

production with minimal 

field burden. 

Administrative registers, spatial 

links, and secure data exchange. 

Strong register-

based integration 

rather than field 

enumeration. 

Kenya (KNBS) Enumeration 

Areas (EAs) 

Operational workload unit 

and small-area 

statistical/sampling 

building block for census 

operations. 

Administrative layers, imagery, 

and GNSS. 

Digital 

cartography and 

navigation-ready 

EA maps. 

South Africa 

(Stats SA) SAL / EAs 

Operational workload unit 

and small-area 

statistical/sampling 

building block. 

Small-area layer combined with 

dwelling frames. 

Stable small areas 

linked to updated 

dwelling-frame 

infrastructure. 
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Table 2.1. Cross-country examples of EA implementation (integrated synthesis) 

(continued) 

Setting / 

programme 

Unit used 

(term) 
Main function and use Design basis / key inputs 

Recent direction 

/ note 

India (ORGI / 

Census) 
Enumeration 

Blocks 

Operational workload unit 

and small-area 

statistical/sampling 

building block. 

Household listing units; GIS-

supported mapping; urban 

growth management. 

Explicit 

urban/rural 

household-based 

workload sizing. 

Nigeria (NPC) 

Enumeration 

Areas; 

Supervisory 

Areas 

Operational workload 

control, census mapping, 

and small-area 

statistical/sampling 

support. 

Digitized imagery, EA 

boundaries, GIS databases, and 

digital planning tools. 

GIS-supported 

updating and 

management of 

EA frames. 

Nepal (CBS) 
EAs; census 

mapping units; 

detailed EAs 

Census mapping, EA-

level spatial linkage, and 

broader statistical 

infrastructure 

development. 

Sketch maps evolving into GIS; 

GPS features; geospatial data; 

multi-year pre-census mapping. 

Progressive 

digitization and 

formalization of 

EA mapping. 

Somalia (pre-

census / WB-

supported 

applications) 

Predefined EAs 

(automatic or 

semi-automatic) 

Rapid EA creation, 

census mapping, and 

sampling-frame recovery 

in constrained contexts. 

Gridded population, 

OpenStreetMap, imagery, 

roads/barriers, and settlements. 

Automated 

delineation used 

where official 

demarcations are 

missing or 

outdated. 

Slovenia Enumeration 

Areas 

Register-census 

integration, 

geodemographic 

stratification, and 

nonresponse modelling. 

EA-level register linkage, 

including cost-related contextual 

variables. 

EA linkage used 

for integrated 

statistical 

analysis. 

Italy (ISTAT) 

Microzones; 

census EAs 

linked via 

geocoding 

Multi-purpose spatial 

layer for land-

cover/statistical 

integration and fine-scale 

geostatistics. 

Geodata fusion, cartography 

upgrading, integrated 

geodatasets, address archives, 

and GIS tools. 

Expansion of 

geocoding 

infrastructure and 

microzone layers. 

Mongolia (LFS 

2002-2003) 
Enumeration 

Areas as PSUs 

Labour force survey 

sampling with domain 

estimation. 

Two-stage probability sample 

based on the census frame. 

Census-based 

EAs used directly 

as PSUs in 

labour-force 

sampling. 

Ghana (PHC/PES 

2021) 

EAs with 

standardized map 

types 

Operational control for 

complete enumeration 

and post-enumeration 

listing. 

EA maps used as navigation and 

coverage tools; standardized 

identifiers. 

Standardized EA 

map products for 

census and PES 

operations. 

MICS (global 

guidance) 
EAs; segments 

of large EAs 

Standardized mapping, 

listing, and segmentation 

rules for surveys. 

Base maps, segmentation of 

large EAs, and cluster definition 

rules. 

Survey guidance 

centred on EA-

based mapping 

and listing. 
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2.3. Conceptual Framework for EA Production and Positioning of the 

Proposed Method 

Sections 2.1–2.2 established that Enumeration Areas (EAs) are both 

operational units for fieldwork management and, in many national systems, stable 

building blocks for statistical dissemination and sampling frames. This section builds 

a conceptual framework to classify EA production approaches in a way that is directly 

usable for methodological positioning in later chapters. The framework is designed to 

avoid common terminological conflations—particularly the tendency to treat “GIS-

based” as synonymous with “automated”—and to make explicit the choices that drive 

EA boundary outcomes (United Nations, 2025; Cockings et al., 2011). 

In Türkiye, the statistical system has benefited from strengthened address-

based registers and continuous administrative updating of address information. 

However, the presence of address-based registers does not automatically imply a stable 

and workload-balanced operational micro-geography for field surveys. Where an 

explicit EA layer is not formally defined and maintained, survey operations may 

default to heterogeneous proxy units (administrative subdivisions or ad hoc partitions), 

limiting standardisation across programmes and over time. This thesis therefore treats 

EA delineation as a missing infrastructural layer that can be derived from available 

spatial inputs (buildings and barriers) while remaining compatible with register-based 

sampling frames. 

Geographic Information Systems (GIS) refer to a set of concepts and tools for 

capturing, storing, managing, analysing, and visualising data that are referenced to 

locations on the Earth. In census and survey contexts, GIS typically supports (i) the 

maintenance of geospatial databases for administrative boundaries, buildings and 

addresses; (ii) cartographic production of enumeration maps; (iii) field logistics 

through recognisable boundaries and navigation aids; and (iv) integration of statistical 

attributes with small-area geometries (United Nations, 2025; UNICEF, 2013). 

Importantly, GIS is an enabling technical environment: it can support purely manual 

delineation (e.g., digitising sketch maps), rule-based semi-automation (e.g., scripted 
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splitting and merging), or fully automated zone design (e.g., optimisation under 

constraints). 

Conceptually, EA production can be described along three orthogonal 

dimensions. First, the technical environment distinguishes GIS-supported workflows 

from non-GIS workflows. Non-GIS workflows may still use digital mapping artefacts, 

but they do not rely on a geodatabase and spatial analysis as the backbone of 

production. Second, the spatial representation distinguishes polygon-based approaches 

(using administrative units, parcels, blocks, or building footprints as building blocks) 

from cell-based approaches (using regular grids such as 100 m or 1 km cells, or fishnet 

segmentation). Third, the degree of automation distinguishes manual delineation, 

semi-automated delineation (where algorithms propose or adjust boundaries subject to 

human supervision), and automated delineation (where optimisation or algorithmic 

rules determine boundaries with limited discretionary editing) (Openshaw & Rao, 

1995; Martin, 2001; Cockings et al., 2011). 

For operational clarity, “manual”, “semi-automated”, and “automated” 

delineation are defined here by where boundary decisions are made. Manual 

delineation means that an analyst or mapping team directly draws or edits EA 

boundaries and resolves exceptions case-by-case, even if GIS is used for digitising and 

validating topology. Semi-automated delineation means that explicit rules or 

algorithms generate candidate splits/merges or propose boundary adjustments to meet 

constraints (e.g., target workload, contiguity, barrier adherence), while a human 

supervises parameters and intervenes for edge cases or quality assurance. Automated 

delineation means that an algorithm (typically heuristic or optimisation-based) 

determines final boundaries under a formally specified constraint set, with minimal 

discretionary editing beyond QA/QC. This decision-authority definition supports 

transparent comparison of methods across countries and software environments. 

These three dimensions should not be nested as if one implies another. In 

particular, GIS-based workflows are not necessarily automated; they often formalise 

manual practice by improving data integration, map production, and reproducibility. 

Conversely, automation does not require a GIS interface: automated zone design can 

be implemented in external software and later imported into GIS for validation and 

map output. Similarly, cell-based representations are frequently implemented within 
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GIS because raster and grid operations are a standard part of modern GIS analysis; 

however, cell-based EA generation is conceptually distinct from polygon-based EA 

delineation because it changes the underlying unit of aggregation and, therefore, the 

constraint set and error modes (Eurostat, 2024; Openshaw & Rao, 1995). 

This separation also clarifies how core EA design principles translate into 

concrete method specifications. Statistical balance motivates explicit target constraints 

and reporting of deviations; spatial continuity/connectivity motivates topological rules 

and exception handling for edge cases; operational feasibility motivates the use of 

recognisable boundaries and barrier-aware logic; and temporal consistency motivates 

versioned workflows, stable identifiers, and documented update procedures. These 

principles recur across international guidance and national practice, even where the 

underlying data infrastructure differs (United Nations, 2017; United Nations, 2025). 

A practical implication of this framework is that debates about “best practice” 

should be reframed as debates about which dimension is being optimised. For example, 

operational enumeration emphasises manageable workload and navigable boundaries, 

while dissemination geographies emphasise stability, confidentiality, and 

comparability over time. Automated zone design literature explicitly recognises this 

multi-objective character by formulating zone design as constrained optimisation: 

zones must be contiguous, respect hard boundaries where required, achieve target 

population or workload sizes, and sometimes maximise internal homogeneity of social 

or built-environment attributes (Openshaw & Rao, 1995; Cockings et al., 2011; 

Haynes et al., 2007). 

A further implication concerns statistical validity and confidentiality. Zone 

design choices interact with the Modifiable Areal Unit Problem (MAUP): aggregation 

to different boundary configurations can change estimated relationships and spatial 

patterns, even when the underlying microdata are identical. For this reason, many 

statistical systems emphasise stability and comparability over time for dissemination 

units, while also applying minimum-size and disclosure-control considerations to 

protect respondent confidentiality. In practice, EA and EA-like geographies therefore 

balance operational manageability with statistical robustness, confidentiality 

thresholds, and the governance requirement that units be maintainable and auditable 
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across census cycles (Openshaw, 1984; Fotheringham & Wong, 1991; Cockings et al., 

2011). 

Boundary constraints are especially important for making zones interpretable 

to enumerators and acceptable to statistical authorities. In operational EA design, 

linear features such as rivers, railways, and roads are commonly used because they are 

observable on the ground and tend to correspond to real movement barriers. The 

relative “cutting strength” of these features is context dependent: major roads can be 

strong barriers in urban areas, while lower-class roads may still provide meaningful 

separation in rural settlement patterns. One way to make this context dependence 

explicit is to tie barrier rules to a settlement typology such as the Degree of 

Urbanisation (DEGURBA), which classifies territory along an urban–rural continuum 

using population grid cells and density thresholds (Eurostat, 2024). In this thesis, such 

typology-driven barrier logic is treated as a transferable design principle for 

reconciling navigability with spatial coherence. 

Positioning the proposed method within this framework, the thesis adopts a 

GIS-centred but algorithmically controlled workflow that is best characterised as rule-

based semi-automation operating on polygon building blocks. GIS is used primarily 

as an analytical and data-management infrastructure (geodatabase, topology checks, 

map outputs), while the delineation logic is implemented through explicit, 

reproducible rules and optimisation-inspired constraints (e.g., workload targets, 

contiguity, barrier respect, and controlled handling of zero-target cells). Accordingly, 

the method is GIS-based in its technical environment, but it is not defined by GIS 

alone; and it is semi-automated in its boundary construction logic, but it remains 

designed for human interpretability and operational defensibility (United Nations, 

2025; Cockings et al., 2011). 

This positioning matters for two reasons. First, it aligns with the cross-country 

evidence that successful EA systems combine stable cartographic infrastructure with 

explicit decision rules for boundary maintenance rather than relying on ad hoc edits. 

Second, it enables a transparent methodological comparison: later chapters can 

evaluate how different constraints (e.g., road hierarchies by settlement type, 

administrative boundary protection, or target thresholds) shape EA outcomes, without 
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ambiguity about whether observed differences stem from data environment, spatial 

representation, or automation level (Eurostat, 2024; United Nations, 2025). 

Across national statistical systems, a quality assurance and quality control 

(QA/QC) typically includes: (i) topology checks (no gaps/overlaps, valid geometries), 

(ii) contiguity verification, (iii) constraint compliance checks (workload/population 

targets, mandatory boundary protection), (iv) barrier coherence checks (whether major 

linear features are used consistently as boundaries), and (v) field usability checks 

(legibility of maps, stability of identifiers, and supervisor review). Where semi-

automated or automated procedures are used, QA/QC also requires a documented audit 

trail of parameters and rule versions so that boundary outcomes remain reproducible 

across iterations (United Nations, 2017; United Nations, 2025; UNICEF, 2013). 

A recurring theme in the literature is that many EA failures are not conceptual 

but operational: they arise from incomplete input data, uncontrolled parameter 

sensitivity, or inconsistent exception handling. For example, when road networks or 

building layers are incomplete, algorithmic splitting can generate implausible 

boundaries or disconnected fragments. Similarly, if a method treats all barriers with 

equal strength, it may over-fragment urban areas or under-separate rural settlements. 

The framework therefore motivates two practical design requirements for the proposed 

method: (i) explicit, context-aware barrier rules and (ii) explicit handling of edge cases 

(e.g., low-target or zero-target areas) under auditable decision rules, rather than ad hoc 

manual edits. 

Finally, comparability across time is strengthened when production workflows 

separate ‘stable’ components (e.g., administrative boundaries or dissemination 

geographies) from ‘adaptive’ components (e.g., workload-driven operational EAs). 

This separation allows a census programme to update operational units as settlement 

patterns change while maintaining consistent dissemination reporting where required. 

It also clarifies why different countries may adopt different unit portfolios without 

contradicting shared design principles: they are optimising different combinations of 

operational feasibility, statistical robustness, confidentiality, and maintainability 

(Office for National Statistics, 2021; Cockings et al., 2011). 
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2.4. Application Approaches and Method Families in EA Production 

Building on the cross-country evidence in Section 2.2 and the conceptual 

dimensions in Section 2.3, this section reviews the main method families used to 

delineate and maintain EAs (and EA-like small-area geographies). The objective is not 

to catalogue software tools, but to summarise transferable workflow patterns, typical 

data requirements, and known strengths and failure modes. This synthesis supports the 

later methodology chapter by clarifying which choices are genuinely methodological 

(rule sets, objective functions, constraints) versus those that are primarily data- or 

infrastructure-driven (United Nations, 2017; United Nations, 2025). Although 

presented as method families for clarity, these approaches are frequently combined in 

practice; therefore, they should be read as recurring workflow patterns aligned with 

the conceptual dimensions in Section 2.3 rather than as mutually exclusive categories. 

2.4.1. GIS-supported manual delineation and database-centred 

maintenance 

The most widely documented approach remains GIS-supported manual 

delineation. Here, GIS is used to maintain a geodatabase of base layers (administrative 

boundaries, roads, water features, settlements, buildings/addresses where available) 

and to produce standardised enumeration maps and field materials. Delineation 

decisions are largely manual, but they are implemented within a controlled 

environment that supports topology validation, consistent identifiers, versioning, and 

supervisor review (United Nations, 2025; UNICEF, 2013). 

This approach is operationally robust and defensible because boundaries can 

be aligned with recognisable features and exceptions can be resolved with local 

knowledge. Its limitations are scalability and consistency: manual editing becomes 

expensive at national scale, and different mapping teams may apply implicit rules 

differently unless a formal specification and QA/QC checklist is enforced (United 

Nations, 2017). 

In practice, many statistical offices treat this workflow as the baseline 

infrastructure even when advanced automation is introduced. Automated or semi-
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automated outputs are often imported into GIS for validation, cartographic refinement, 

and final publication of EA maps and identifiers (Office for National Statistics, 2021). 

This persistence reflects the fact that GIS-based boundary and identifier governance 

(geodatabases, topology rules, version control, and cartographic production) remains 

the institutional backbone of EA systems even when delineation becomes more 

algorithmic. 

The cross-country evidence in Section 2.2 shows that even in systems with 

advanced delineation practices, the operational production pipeline typically 

culminates in a GIS environment for validation, map outputs, and the management of 

stable identifiers and metadata. 

2.4.2. Rule-based semi-automation (scripted split/merge under 

constraints) 

Rule-based semi-automation occupies an intermediate position between 

manual delineation and fully automated zone design. The method family is defined by 

explicit decision rules that propose boundary changes—typically splitting large units 

or merging small adjacent units—until target thresholds are met (e.g., households, 

population, dwellings, or workload proxies). The rules frequently include contiguity 

requirements and hard constraints that protect administrative boundaries or other 

mandated limits (United Nations, 2025). 

Semi-automation is especially attractive when the input building blocks are 

reliable (e.g., blocks, parcels, or buildings) but the number of units makes manual 

balancing inefficient. Because human supervision remains integral, the workflow can 

accommodate context-specific exceptions and can prioritise interpretability of 

boundaries (e.g., ensuring alignment with major roads rather than arbitrary cuts). 

A key risk is parameter sensitivity: small changes in thresholds, neighbour 

definitions, or barrier ‘strength’ can change the resulting EA set. As a result, semi-

automated workflows should be paired with QA/QC that reports constraint violations, 

summary statistics (min–max–mean sizes), and diagnostic maps that reveal edge 

effects or disconnected fragments. The emphasis is therefore on reproducible rule 

versioning rather than on producing a single ‘optimal’ solution (United Nations, 2017; 
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Cockings et al., 2011). In this family, two recurring implementation challenges are 

particularly salient: (i) the treatment of low-target or zero-target areas that are spatially 

necessary for contiguity but neutral with respect to workload goals, and (ii) the 

definition of barrier hierarchies (e.g., differentiating major roads from minor streets) 

so that boundary formation remains both defensible and operationally legible. These 

issues are therefore addressed explicitly in the proposed method through auditable 

exception rules and context-aware barrier logic. 

Illustrations of this logic appear in the international practices reviewed in 

Section 2.2, where semi-automated or rule-guided split/merge workflows are used to 

maintain workload targets while respecting mandated administrative limits and 

recognisable features such as road and water networks. 

2.4.3. Automated zone design (optimisation and heuristic methods) 

Automated zone design treats EA delineation as a constrained optimisation 

problem: building blocks are allocated to zones so that each zone is contiguous, meets 

target sizes, respects required boundaries, and may also optimise secondary criteria 

such as internal homogeneity of socio-demographic characteristics. In the literature, 

this family is closely linked to discussions of the Modifiable Areal Unit Problem 

(MAUP), because alternative admissible partitions can yield different statistical 

patterns (Openshaw, 1984; Fotheringham & Wong, 1991). 

Optimisation-based methods can deliver consistent outcomes at scale and 

provide transparent objective functions. However, they can also generate zones that 

are difficult to interpret operationally if ‘ground-recognisable’ boundary constraints 

are weak. For census operations, this has led many systems to integrate optimisation 

with practical constraints such as using major linear features as preferred cut-lines and 

enforcing administrative boundary protection where required (Openshaw & Rao, 

1995; Cockings et al., 2011). 

In applied settings, automated zone design is rarely an opaque ‘black-box’ 

procedure. Instead, it is typically embedded within a broader production system that 

includes stakeholder constraints, iterative parameter testing, and GIS-based QA/QC 

before final adoption. 
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The examples summarised in Section 2.2 indicate that, where optimisation 

concepts are adopted, they are typically constrained by operational requirements (e.g., 

preferred cut-lines along major linear features) and implemented within a governance 

process that includes iterative testing and formal approval, rather than being treated as 

a purely technical exercise. 

2.4.4. Cell-based (grid/fishnet) and gridded-population approaches 

Cell-based approaches use regular grid cells (e.g., fishnets) as the base unit for 

workload balancing and spatial aggregation. In contexts where building footprints, 

addresses, or block-level units are incomplete or inconsistent, grid-based 

representations can provide a uniform, nationally consistent foundation. Grids also 

align naturally with modern urban–rural typologies and population-surface products, 

supporting both sampling-frame construction and analytical stratification (Eurostat, 

2024). 

The main methodological distinction is that cell-based approaches change the 

unit of aggregation and therefore shift the constraint set. While they can support 

automated balancing, they can also create operational challenges when grid boundaries 

are not recognisable on the ground. Practical implementations often require converting 

grid-based outputs into field-usable polygons by snapping to roads or administrative 

lines, which can introduce conversion artefacts and additional QA/QC needs. In 

operational settings, grid-based outputs are therefore commonly used as an 

intermediate analytic layer and subsequently translated into field-usable polygonal 

units by snapping boundaries to roads or administrative lines, producing a hybrid grid–

polygon workflow. 

The cross-country practices in Section 2.2 also suggest that gridded products 

are most effective when they complement, rather than replace, administratively 

grounded geographies—serving as inputs for stratification, coverage checks, or 

preliminary balancing where detailed address or building data are limited. 
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2.4.5. Object-based (building- and address-centric) approaches 

Object-based approaches treat individual buildings, addresses, or housing units 

as primary inputs and aggregate them into EAs. Where high-quality address registers 

or building footprints exist, this approach can improve workload precision and reduce 

reliance on coarse population proxies. It is also compatible with frequent updates, 

because new buildings can be integrated continuously and then rebalanced under 

defined rules. 

However, object-based methods are data inten,sive and are vulnerable to 

systematic omissions (informal settlements, rapidly changing peri-urban areas) unless 

complemented by field verification or auxiliary sources. For this reason, many national 

systems combine building-centric layers with administrative and road-based 

constraints to maintain interpretability and governance compatibility (United Nations, 

2025). This approach is particularly feasible in statistical systems with mature address 

registers and routine geocoding pipelines, where building-centric updates can be 

integrated continuously and then rebalanced under explicit rules, while still 

maintaining compatibility with administrative governance requirements. 

This institutional pattern is reflected in several country examples discussed in 

Section 2.2, where address or building layers support either EA maintenance directly 

or the linkage between operational units and dissemination geographies. 

To support comparison across method families, Table 2.2 summarises typical 

inputs, expected automation levels, recurring strengths and failure modes, and the 

QA/QC emphases most frequently recommended in the literature. The table also 

anticipates the evaluation metrics reported in later chapters. 
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Table 2.2. Summary of EA method families, typical inputs, and quality-control 

emphases 

Method 

family 

Typical 

building blocks 

/ inputs 

Automation 

level (typical) 

Main 

strengths 

Common 

limitations / 

risks 

QA/QC 

emphasis 

(illustrative) 

Illustrative 

sources 

GIS-

supported 

manual 

delineation 

Admin 

boundaries, 

roads/water, 

settlements; 

optional 

buildings/addres

ses 

Manual High 

interpretability

; strong 

institutional 

defensibility 

Labour-

intensive; 

inconsistent 

decisions 

without formal 

rules 

Topology, 

contiguity, 

identifier 

management, 

supervisor 

review 

United 

Nations 

(2017, 

2025); 

UNICEF 

(2013) 

Rule-based 

semi-

automation 

Polygons 

(blocks/parcels/ 

admin units) 

and/or 

buildings; 

barrier layers 

Semi-

automated 

Scalable 

balancing with 

human 

oversight; 

reproducible 

rule versions 

Parameter 

sensitivity; 

edge-case 

instability 

Constraint 

compliance 

reports; 

diagnostic 

maps; 

parameter 

logging 

United 

Nations 

(2017, 

2025); 

Cockings et 

al. (2011) 

Automated 

zone design 

Fine-scale 

building blocks 

with attribute 

vectors; 

constraints 

Automated 

(with 

QA/QC) 

Consistency 

at scale; 

explicit 

objective 

functions 

Operational 

‘meaning’ may 

degrade 

without strong 

constraints; 

MAUP 

sensitivity 

Objective/const

raint auditing; 

sensitivity 

checks; 

disclosure 

considerations 

Openshaw 

(1984); 

Fotheringha

m & Wong 

(1991); 

Openshaw & 

Rao (1995) 

Cell-based 

/ gridded 

approaches 

Regular grid 

cells; 

population 

surfaces; land 

cover; 

DEGURBA-

type typologies 

Semi-

automated to 

automated 

Uniform 

coverage 

when 

admin/object 

data are 

limited 

Poor ground-

recognisability; 

polygon 

conversion 

artefacts 

Grid-to-

polygon 

validation; 

barrier snapping 

checks; size 

distribution 

Eurostat 

(2024); 

United 

Nations 

(2025) 

Object-

based 

aggregation 

Buildings/addre

sses; optional 

registers; 

roads/admin 

constraints 

Semi-

automated to 

automated 

Precise 

workload 

accounting; 

update-

friendly 

Data 

completeness 

bias 

(informal/peri-

urban); 

integration 

complexity 

Coverage 

audits; register–

map 

reconciliation; 

exception 

documentation 

United 

Nations 

(2025) 

 

Taken together, the literature suggests that robust EA systems rarely depend on 

a single technique. Instead, they combine an auditable GIS infrastructure with explicit 

rules and QA/QC, while selecting polygon-, grid-, or object-based building blocks 
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according to data availability and operational requirements. This observation 

motivates the methodological choices of the proposed approach in later chapters, 

where the focus is placed on rule transparency, barrier-aware spatial constraints, and 

defensible exception handling rather than on an unconstrained notion of optimality 

(United Nations, 2017; United Nations, 2025). 

2.5. Problems and Research Gaps Identified in the Literature 

The literature reviewed in Sections 2.1–2.4 shows that EA production is rarely 

constrained by a single objective. Instead, it is shaped by a set of competing 

requirements that involve field logistics, statistical governance, spatial data 

infrastructure, and temporal maintenance. Accordingly, the most frequently reported 

problems do not merely concern how to ‘draw boundaries’, but how to maintain a 

defensible, auditable, and updateable small-area system under imperfect data and 

heterogeneous settlement patterns. This section synthesises the dominant challenges 

reported in international guidance and academic studies, and it clarifies the main 

research gaps that motivate the proposed approach in later chapters (United Nations, 

2017; United Nations, 2025; Cockings et al., 2011). 

2.5.1. Tension between statistical balance and spatial continuity 

A recurring challenge is the trade-off between statistical balance (e.g., 

workload or population targets) and spatial continuity/connectivity. From an 

operational perspective, EAs are expected to be contiguous and navigable units that 

enumerators can traverse efficiently, often using recognisable boundaries such as 

major roads or water features. From a statistical perspective, EAs are expected to 

remain within target ranges to reduce field burden variability and support comparable 

sampling units. These objectives can conflict in heterogeneous urban contexts, where 

dense housing clusters may force repeated splitting to meet workload targets, 

potentially producing irregular shapes or boundaries that are less legible on the ground 

(United Nations, 2025). 
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The literature on zone design highlights that balancing constraints often yields 

multiple feasible partitions, and that ‘optimality’ depends on how objectives are 

weighted. For example, prioritising size targets can reduce workload variance but may 

increase the number of boundary segments that do not correspond to ground features. 

Conversely, prioritising barrier alignment and recognisability can preserve operational 

legibility but may create EAs that deviate from target thresholds, especially in areas 

with sparse or unevenly distributed settlement. The implication is that EA methods 

must explicitly state which constraints are ‘hard’ (non-negotiable) versus ‘soft’ 

(optimised where possible), and must disclose how trade-offs are resolved in practice 

(Openshaw & Rao, 1995; Cockings et al., 2011). 

A further tension concerns confidentiality and disclosure control in published 

statistics. While operational EAs are designed primarily for fieldwork efficiency, 

dissemination or output geographies often require minimum-size and stability criteria 

to reduce disclosure risk. In practice, these requirements can pull in different 

directions: enforcing minimum sizes may encourage merging that worsens operational 

legibility, whereas strict workload balancing may produce very small units that are 

unsuitable for release. The literature therefore distinguishes between operational EAs 

and dissemination geographies, or it introduces additional constraints and post-

processing steps to align the two where a single geography is expected to serve both 

functions (Openshaw, 1984; United Nations, 2017; United Nations, 2025). 

A related research gap concerns the translation of ‘field usability’ into 

measurable criteria. While international manuals emphasise readable maps and 

ground-recognisable boundaries, fewer studies formalise these as quantitative 

constraints comparable to population/workload targets. This gap is relevant for semi-

automated workflows, where operational feasibility must be encoded into rules (e.g., 

barrier hierarchies) rather than left to discretionary manual edits. 

These trade-offs are also visible in the international practices summarised in 

Section 2.2, where countries combine workload targets with ground-recognisable 

boundaries and administrative constraints through iterative review and standardised 

mapping procedures. 
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2.5.2. The impact of zero- and low-target areas, sparsity, and edge effects 

Zero-population or low-target areas (hereafter also referred to as zero-target or 

0-RES units when the target variable is residential dwellings) appear frequently in 

practice, particularly when EAs are constructed from regular grids (fishnets) or when 

building blocks include non-residential land uses, industrial zones, parks, water 

bodies, or buffer corridors. Such units can be spatially necessary to preserve contiguity 

and to avoid gaps, yet they are ‘neutral’ with respect to the workload objective. If not 

handled explicitly, zero/low-target units can distort split/merge logic by acting as 

artificial barriers or by forcing inefficient merges that create long, thin, or operationally 

implausible EAs (United Nations, 2017; Eurostat, 2024). 

The literature identifies at least three common failure modes. First, an 

algorithm may isolate zero-target units as standalone polygons that are operationally 

meaningless. Second, the algorithm may attach them to a neighbouring EA using 

arbitrary adjacency rules, producing outcomes that do not respect barrier logic or 

administrative constraints. Third, when zero-target units occur at administrative 

boundaries or near complex road intersections, boundary effects can trigger 

fragmentation, generating small ‘sliver’ EAs or disconnected components. These 

patterns are often underreported because they may be resolved informally during 

cartographic clean-up; however, such ad hoc fixes reduce reproducibility and make it 

difficult to compare results across iterations (Cockings et al., 2011; United Nations, 

2025). 

A clear gap is therefore the limited standardisation of exception-handling rules 

for zero/low-target units. International guidance encourages logical attachment to 

neighbouring units and the use of recognisable boundaries, but the literature offers 

fewer explicit, auditable decision rules that can be reused across contexts. This 

motivates methods that treat zero/low-target units as first-class edge cases, with 

deterministic attachment rules and documented QA/QC checks, rather than as 

incidental artefacts to be repaired manually. 

Section 2.2 provides practical illustrations of these edge effects, particularly in 

contexts where sparse settlement patterns and mixed land-use produce ‘empty’ units 
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that must be attached under defensible rules to preserve contiguity and operational 

readability. 

2.5.3. Parameter sensitivity, instability, and reproducibility 

Another widely reported issue is parameter sensitivity. Many EA workflows—

manual, semi-automated, or automated—depend on design choices such as target 

thresholds, neighbour definitions, barrier ‘strength’, and the sequencing of split/merge 

operations. Small changes in these parameters can produce materially different EA 

configurations, even when the same input layers are used. This sensitivity is closely 

related to the fact that multiple feasible solutions exist under the same constraint set, 

and that algorithms may converge to different local optima depending on initial 

conditions and tie-breaking rules (Cockings et al., 2011; Openshaw, 1984). 

For statistical governance, instability undermines temporal consistency and 

complicates longitudinal comparisons. If EAs change substantially between updates 

without clear documentation, it becomes difficult to interpret changes in indicators as 

‘real’ social change versus boundary change. For field operations, instability 

complicates training and supervision because enumerators and supervisors rely on 

stable identifiers and map familiarity. Consequently, guidance documents increasingly 

emphasise version control, parameter logging, and formal QA/QC reporting as part of 

the EA production process (United Nations, 2017; United Nations, 2025). 

A research gap concerns the standard reporting of sensitivity and uncertainty. 

While optimisation-based zone design literature discusses MAUP and alternative 

admissible partitions, census practice often treats the produced EA set as a single 

deterministic output. In semi-automated settings, it is particularly valuable to report 

diagnostic summaries (e.g., min–max–mean unit sizes, number of units outside target 

range, count of disconnected polygons, and frequency of constraint violations) to 

support transparent comparison of parameter settings across iterations. 

The need for reproducibility is reflected in Section 2.2, where several national 

systems emphasise versioned workflows, stable identifiers, and documented QA/QC 

reporting to support maintenance across census cycles. 
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2.5.4. Tool dependency, transparency, and institutional feasibility 

Finally, the literature highlights institutional constraints that can dominate 

technical choices. Many countries rely on a combination of commercial GIS platforms, 

bespoke scripts, and manual cartographic workflows. While these toolchains can be 

effective, they may also create dependency on specific software, limited 

reproducibility across teams, and difficulty in transferring methods to new contexts. 

Tool dependency is particularly salient when methods are described at a high level 

(e.g., “use GIS to delineate EAs”) without specifying the underlying rules, data checks, 

and exception-handling procedures that determine the final boundaries (United 

Nations, 2017; UNICEF, 2013). 

Transparency is not only a scientific concern but also an operational 

requirement. EAs constitute official geographies that influence resource allocation, 

sampling frames, and the interpretation of published statistics. Therefore, the literature 

increasingly calls for auditable methods with clear documentation of inputs, 

constraints, rule versions, and QA/QC results. In practice, this implies separating (i) 

the conceptual method specification (rules and constraints), (ii) the production 

environment (GIS infrastructure and data sources), and (iii) the automation strategy 

(manual, semi-automated, automated). This separation supports replication and cross-

country comparison and aligns with the conceptual positioning developed in Section 

2.3. 

These institutional constraints are also evident in Section 2.2, where capacity, 

software ecosystems, and data availability shape how far automation can be adopted 

without compromising transparency and governance. 

Operationally, EA systems are implemented through combinations of GIS 

platforms and scripting environments. Commercial GIS software can provide robust 

topology tools and interactive editing, but it can constrain full reproducibility outside 

licensed settings. Open-source stacks (e.g., QGIS, R with sf/lwgeom, and PostGIS) 

offer strong transparency and automation potential, yet they require explicit 

management of geometry validity, coordinate reference systems, and computational 

performance when scaling to large urban datasets. 
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From a governance perspective, cross-country experience also suggests that 

sustainable EA systems require institutional components beyond a one-off delineation 

algorithm. A Türkiye-oriented implementation would likely need (i) a national EA 

geometry layer designed around workload thresholds and field constraints; (ii) a 

documented update protocol that absorbs new buildings into existing units and defines 

controlled split/merge rules; (iii) confidentiality-aware design choices for small-area 

outputs; and (iv) systematic versioning and governance to support auditability and 

repeated survey use. 

To consolidate the synthesis, Table 2.3 maps each major challenge reported in 

the literature to its typical causes, operational/statistical consequences, and common 

mitigation strategies. The final column indicates how each challenge informs method 

design choices in this thesis, thereby linking the literature review to the methodological 

specification and evaluation metrics presented in later chapters. 

Table 2.3. Key challenges in EA production, typical causes, and implications for 

method design 

Challenge Typical causes Operational/statistical 

consequences 

Common mitigations 

reported in the literature 

Implications for 

this thesis 

Balance vs 

recognisability 

Heterogeneous settlement; 

strict targets; weak barrier 

constraints 

Irregular or hard-to-

navigate EAs; 

inconsistent workload 

Define hard vs soft 

constraints; prefer major 

barriers; supervisor review 

(United Nations, 2025) 

Use barrier-aware 

rules and explicit 

trade-off logic; 

report compliance 

summaries 

Zero/low-

target units 

and sparsity 

Non-residential land; 

fishnet cells with 0 

dwellings; missing building 

data 

Standalone ‘empty’ 

polygons; arbitrary 

attachments; sliver units 

Deterministic attachment 

rules; post-processing clean-

up with documentation 

(United Nations, 2017) 

Treat 0-target/0-

RES as explicit 

edge cases with 

auditable merge 

rules 

Parameter 

sensitivity 

Threshold choices; 

neighbour definitions; 

split/merge order; barrier 

weighting 

Instability across runs; 

weak temporal 

consistency 

Version control; parameter 

logging; diagnostic statistics 

(Cockings et al., 2011) 

Define 

reproducible rule 

versions; add 

sensitivity-aware 

evaluation metrics 

Data 

incompleteness 

Incomplete roads/buildings; 

outdated admin boundaries; 

misaligned layers 

Disconnected fragments; 

implausible boundaries; 

field confusion 

Coverage audits; topology 

checks; integration QA/QC 

(UNICEF, 2013) 

Layer validation 

pipeline and 

explicit exception 

handling for 

missing inputs 

Tool 

dependency / 

low 

transparency 

Proprietary toolchains; 

undocumented manual 

edits; ad hoc fixes 

Low replicability; 

difficult transfer and 

review 

Document rules, constraints, 

QA/QC; standard outputs 

(United Nations, 2017) 

Separate method 

specification from 

platform; produce 

traceable outputs 
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In summary, the literature indicates that the key gaps are not limited to 

proposing new delineation algorithms. Rather, they concern the operationalisation of 

design principles into transparent rule sets, the standardisation of exception handling 

(notably for zero/low-target areas), and the reporting of reproducible QA/QC metrics. 

These gaps are central for contexts where data are heterogeneous and where the 

institutional environment requires methods that are auditable, transferable, and 

maintainable across cycles (United Nations, 2017; United Nations, 2025). 

This chapter reviewed the concept, functions, and design logic of Enumeration 

Areas (EAs) as the foundational spatial units of census and survey operations. Section 

2.1 clarified the role of EAs as operational workload units and as intermediaries 

between fieldwork and statistical outputs, including their importance for sampling 

frames, data integration, confidentiality-aware reporting, and longitudinal 

comparability. Section 2.2 demonstrated that EA implementation differs across 

countries in terms of unit types, maintenance strategies, and the balance between 

operational and dissemination geographies, but that recurring principles can still be 

identified (United Nations, 2017; United Nations, 2025). 

Section 2.3 positioned EA design within a three-part conceptual space: the 

technical environment (GIS-enabled versus non-GIS environments), the spatial 

representation used as building blocks (polygon-, cell-, or object-based), and the 

automation strategy (manual, semi-automated, automated). This positioning 

highlighted why GIS-based does not imply automation, why automation can also be 

implemented in non-GIS computational settings, and why the chosen building blocks 

strongly influence both the feasible constraint set and the practical failure modes. 

Section 2.4 then consolidated the major method families used internationally—GIS-

supported manual delineation, rule-based semi-automation, automated zone design, 

cell-based approaches, and object-based aggregation—showing that robust EA 

systems are typically hybrid and depend on auditable QA/QC procedures as much as 

on delineation algorithms (UNICEF, 2013; Office for National Statistics, 2021; 

Cockings et al., 2011). 

Building on this foundation, Section 2.5 synthesised the dominant problems 

and research gaps emphasised in the literature: the persistent trade-off between 

workload balance and ground-recognisable boundaries; the operational disruption 
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caused by zero/low-target units and edge effects; parameter sensitivity and instability 

across runs and cycles; data incompleteness and layer misalignment; and institutional 

constraints associated with tool dependency and limited transparency. These gaps 

motivate a methodological focus on explicit rule specification, deterministic exception 

handling (particularly for zero/low-target or 0-RES units), barrier-aware logic, and 

reproducible QA/QC reporting rather than reliance on ad hoc manual corrections or 

opaque optimisation outputs (United Nations, 2017; United Nations, 2025; Openshaw, 

1984). 

The literature review provides three direct implications that guide the 

methodological design of the proposed approach. First, the method should treat EA 

delineation as an auditable production workflow rather than a one-time partitioning 

task, and therefore must include traceable rule versions, parameter logging, and 

standard QA/QC outputs. Second, it should integrate barrier information through an 

explicit hierarchy (e.g., distinguishing major roads from minor streets) to improve 

operational legibility and reduce arbitrary boundary formation. Third, it should define 

deterministic exception rules for zero/low-target units so that spatial continuity is 

preserved without creating stand-alone ‘empty’ units or arbitrary attachments. 

The next chapter operationalises these implications by specifying: (i) the 

required spatial input layers and their validation checks; (ii) the building-block 

representation used in the proposed workflow; (iii) the split/merge and attachment 

rules, including barrier-aware decisions and edge-case handling; and (iv) the QA/QC 

and evaluation metrics used to compare outputs across parameter settings and study 

areas. Consistent with the challenges identified in this chapter, the evaluation 

emphasises both statistical targets (e.g., compliance with workload thresholds) and 

spatial-operational criteria (e.g., contiguity, barrier coherence, and reduction of 

artefacts such as sliver polygons), with transparent reporting designed to support 

replication and maintenance across cycles (United Nations, 2017; United Nations, 

2025; Cockings et al., 2011). 
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CHAPTER 3. METHOD 

The primary objective of the methodology developed in this study is to design 

an automated, reproducible, and barrier-aware Enumeration Area (EA) delineation 

framework suitable for large metropolitan regions, with a specific application to 

Ankara, Türkiye. Enumeration Areas constitute the fundamental spatial units for 

population censuses and large-scale household surveys, and their design directly 

affects data quality, field operability, and statistical comparability (United Nations, 

2017). 

Traditional EA delineation practices in many countries rely on manual 

cartographic processes, local expert judgment, or semi-automated tools that still 

require extensive human intervention. While such approaches may yield acceptable 

results for limited geographic extents, they are increasingly inadequate for large and 

rapidly evolving urban environments. Urban expansion, mixed land-use patterns, and 

complex transportation infrastructures introduce spatial heterogeneity that cannot be 

efficiently addressed through static or purely administrative partitioning schemes. 

In response to these conditions, the methodology is designed to address three 

central challenges observed in contemporary EA design. First, target size 

heterogeneity requires threshold settings that remain operationally meaningful across 

urban, semi-urban, and rural contexts. Second, delineation must respect physical and 

functional barriers—such as major roads, railways, and waterways—that constrain 

feasible field movement and should not be crossed by enumerators during field 

operations. Third, the workflow must be operationally robust, enabling restartable 

execution, auditable decision trails, and scalability to metropolitan-level datasets. 

Rather than treating EA delineation as a purely geometric partitioning problem, 

the proposed approach frames it as a constrained spatial aggregation task. Atomic 

spatial units are first generated based on physical barriers, after which these units are 

aggregated under explicit population-based constraints. This two-stage structure 

reflects international best practices recommended by the United Nations Statistics 

Division (UNSD) and Eurostat, while allowing adaptation to local data availability and 

administrative classifications such as DEGURBA (Eurostat, 2021). 
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The scope of this methodology is limited to the pre-fieldwork phase of census 

operations. It does not attempt to optimize enumerator routing or workload balancing 

at the individual enumerator level. Instead, it focuses on producing spatially coherent, 

non-overlapping, and operationally feasible EA polygons that satisfy predefined size 

constraints and respect real-world barriers. 

The preference for ArcGIS Pro is based on two main reasons. First, the ArcGIS 

ecosystem is still dominant in institutional GIS practice in Türkiye, including 

municipalities and central public institutions. For applications associated with official 

statistical processes such as EA production, developing a method in a software 

environment that is widely used institutionally increases the applicability and 

transferability of the outputs. The second reason is that ArcGIS Pro provides 

reproducible, script-based automation through ArcPy. This feature enables the 

systematic testing of different parameters and the verification of results in multi-stage 

and iterative EA production processes. 

Within the tool ecosystem provided by ArcGIS Pro, there are several 

geoprocessing tools that may potentially be suitable for EA production. In particular, 

the ability to organize spatial data in a structured manner through Feature Dataset 

structures; the ability to analyze barrier effects and neighborhood relationships using 

the Pairwise Buffer and Polygon Neighbors tools; and the ability to convert building 

and housing information into spatial attributes using the Summarize Within tool led to 

the initial assessment of ArcGIS Pro as a strong implementation environment. 

Within this toolset, the Build Balanced Zones (BBZ) tool initially emerged as 

a particularly notable solution for EA production. BBZ is an automated zoning tool 

that aims to generate spatially contiguous regions by balancing a target quantitative 

variable (e.g., population or number of dwellings). Because it conceptually overlaps 

with EA requirements defined in the literature and can produce results quickly, BBZ 

was initially considered a reasonable reference tool in this study (Esri, n.d.). 

However, applications conducted with BBZ showed that the tool could not 

fully deliver the EA behavior targeted in this thesis. In particular, the level of user 

control remained limited in areas such as applying specific thresholds, handling 

structures with zero dwellings in the zoning process, and defining special merging 

rules. In addition, the tool’s cost and license dependency and its black-box structure 
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created important constraints in terms of methodological transparency and 

reproducibility. 

At this point, ArcGIS Pro was re-evaluated not only as an environment for 

using ready-made tools, but also as a platform where open, rule-based, and 

customizable workflows can be developed through ArcPy. Since BBZ was not adopted 

as the final solution, the study transitioned to an ArcPy-based workflow with full 

building-level control, explicitly defined constraints, and auditable steps for EA 

production. This transition constitutes the starting point of the methodological 

evolution that is discussed in detail in the subsequent sections. 

At the initial stage, it was assumed that EAs that both preserve spatial 

continuity and comply with dwelling-unit constraints could be produced within 

neighborhood boundaries by combining ArcGIS Pro’s advanced geoprocessing tools. 

However, during implementation it was observed that this assumption could not be 

satisfied in every neighborhood due to license-level constraints of tools for planar 

partitioning and full-coverage production, as well as output stability problems (Esri, 

n.d.). These observations revealed the limitations of approaches based on ready-made 

tools and strengthened the need for more flexible methodological solutions. 

3.1. Practical Evaluation and Limitations of the Build Balanced Zones 

(BBZ) Tool 

This section explains how the Build Balanced Zones (BBZ) tool in the ArcGIS 

Pro environment was evaluated in practice in the context of Enumeration Area (EA) 

production and why it was not adopted as the final solution in this thesis. The 

discussion focuses on the differences between the opportunities BBZ theoretically 

offers and the behaviors encountered in practice; it also addresses the methodological 

implications of BBZ not being sufficient on its own for “EA area production.” 

BBZ is an optimization tool that groups “input features” into a smaller number 

of “zones” according to a selected zoning method, while attempting to keep these 

zones spatially contiguous. According to Esri documentation, BBZ can accept point or 

polygon data as input and produces an output layer showing which inputs are grouped 

under which ZONE_ID (Esri, n.d.). Accordingly, BBZ primarily answers the question 
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of “which units should be grouped together” for EA production; however, the problem 

of “which areas will be represented by boundaries” (full-coverage polygon production) 

may remain outside the scope of BBZ. 

This creates a critical gap for the operational use of EAs. In practice, EA 

outputs are generally expected to be used as polygon areas (for map production, field 

planning, and census organization). However, when point inputs are provided to BBZ, 

the output layer still retains point geometry and carries the ZONE_ID information; the 

tool does not automatically generate area boundaries from points. BBZ documentation 

explicitly states that neighborhood constraints vary by input geometry: if the input is 

polygon, neighborhood is handled through contiguity; if the input is point, a point-

based neighborhood definition such as trimmed Delaunay triangulation is used (Esri, 

n.d.). This technical distinction indicates that the input geometry and preprocessing 

steps are decisive for representing EAs as areas. 

In this thesis, because building and dwelling-unit information is mostly carried 

through point- or building-based data structures, using BBZ alone did not guarantee 

producing EAs as polygon areas. Therefore, even in scenarios where BBZ could be 

used, it became necessary to develop additional methods for area representation either 

before or after zoning. In practice, this need was evaluated through two main 

strategies: (i) producing a preliminary area layer to be used as the census unit (e.g., 

fishnet/grid), summarizing dwelling information into these areas, and providing 

polygon input to BBZ; (ii) after grouping point/building-based units with BBZ, using 

planar partitioning (full coverage) approaches to create an areal representation for each 

group. Both strategies demonstrated that BBZ can produce a meaningful output for EA 

production only when combined with complementary geoprocessing steps. 

In previous trials conducted with BBZ (in a separate implementation process 

outside the thesis text), inconsistencies were observed, particularly in keeping EA sizes 

within the targeted 80–120 dwelling range. In some areas, EAs remained clearly below 

the lower threshold, while in other cases the upper thresholds were exceeded 

substantially. Such deviations stem from the user’s inability to closely control BBZ’s 

internal decision mechanisms and optimization preferences during the zone-growing 

process. Esri states that BBZ uses a genetic algorithm-based search process and 

evaluates different constraints using “fitness” scores (Esri, n.d.). While this structure 
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provides strong optimization capability, it can make it difficult to apply the specific 

threshold and exception rules targeted in this study in a deterministic manner. 

Another major limitation of BBZ is that it does not provide detailed building-

level control. In this thesis, EAs are intended to be created based on dwelling units 

defined at the building level. However, BBZ does not make visible in detail how 

building-based attributes are incorporated into the zoning process; it offers limited 

capability to define “special merging” rules for structures with zero dwellings, mixed-

use buildings, or outliers. For this reason, BBZ remains a more general-purpose zoning 

tool rather than a framework where EA behavior is finely tuned using building-based 

constraints. 

Tool dependency and explainability also contributed to BBZ not being selected 

as the final solution. As a black-box tool, BBZ does not expose intermediate decisions 

such as the zone-growth order, prioritization of neighborhood relationships, and tie-

breaking rules. This makes it difficult to explain why the produced EAs take a 

particular form and limits methodological auditability. In the context of official 

statistics and population censuses, methodological transparency and reproducibility 

are not merely technical preferences; they are also institutional quality assurance 

requirements (United Nations, 2017). 

 

Due to these practical requirements, the workflow was attempted to be 

automated by moving to Python/ArcPy scenarios that included BBZ. The aim was to 

manage steps such as area production before BBZ (e.g., fishnet) and area 

representation after BBZ (full coverage via planar partitioning) within a single script. 

However, during implementation, serious difficulties were encountered, particularly 

under boundary conditions (fragmented geometries of neighborhood boundaries, 

intersections of road/barrier lines, gap formation, disjoint parts) and due to 

license/stability problems of planar partitioning tools. These difficulties showed that 

BBZ must be run not alone but together with auxiliary processes that require “area 

production,” and thus the solution increases tool dependency. 

At this point, the role of ArcPy should be briefly explained. ArcPy is a site 

package that provides access to ArcGIS Pro’s geoprocessing tools through Python; it 

enables script-based execution of tasks such as geographic data analysis, data 
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management, transformation, and map automation (Esri, n.d.). The main advantages 

of ArcPy are end-to-end automation of workflows, systematic testing of parameters, 

preservation of processing logs, and the ability to define rule-based post-processing 

steps. In contrast, ArcPy depends on the ArcGIS licensing model; access to some tools 

may vary by license level, which can affect long-term reproducibility. In addition, 

complex geoprocessing steps can become fragile with respect to geometric validity 

and topology and may require additional error handling. 

In summary, while BBZ is valuable as a conceptual reference and starting point 

for EA production, it was not adopted as the final solution in this thesis because (i) it 

requires complementary methods for the areal representation of EAs, (ii) it remains 

limited in applying building-level special constraints deterministically, and (iii) it 

increases tool/license dependency. For these reasons, the study moved from BBZ-

including scenarios to a BBZ-independent, open, rule-based, and building-centered 

approach. The next section discusses in detail how this transition was transformed into 

a customized ArcPy-based workflow. 

3.2. Transition to a Rule-Based ArcPy Workflow Independent of BBZ and 

the Design of the EA Production Process 

This section addresses the methodological evolution followed for Enumeration 

Area (EA) production in the ArcGIS Pro environment within an integrated framework. 

The practical and methodological limitations of trials initially carried out based on the 

Build Balanced Zones (BBZ) tool made it necessary, in later stages of the study, to re-

formulate EA production without dependence on ready-made tool behavior. In line 

with this need, the EA production process was re-designed using ArcPy as a rule-

based, traceable, and reproducible workflow. 

The main limitation of BBZ-based approaches is that they reduce EA 

production to two separate and disconnected problems: (i) which spatial units should 

be grouped together and (ii) how these groups should be represented as areas. BBZ 

can address the first problem to a certain extent; however, for the second problem it 

directs the user to additional tools and complex pre-/post-processing steps such as 

fishnet, Thiessen/Voronoi polygons, or planar partitioning. This has made it difficult 
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to produce gap-free, topologically valid, and operational EA polygons within 

neighborhood boundaries. The “area” representation that is mandatory for field 

applications of EA production emerged as a structural gap that BBZ does not solve 

directly (Esri, n.d.). 

At this point, EA production was reconsidered not merely as a zoning problem, 

but as a multi-dimensional process requiring the simultaneous management of spatial, 

statistical, and topological constraints. This reframing required moving beyond the 

closed optimization logics offered by ready-made tools and defining the EA 

production process through rules specific to the research question. In this context, 

ArcPy was adopted as the primary implementation environment that made the 

methodological reconstruction of EA production possible. 

ArcPy is the Python-based application programming interface (API) of ArcGIS 

Pro and enables script-level automation of geospatial data processing workflows (Esri, 

n.d.). Spatial operations performed through the graphical user interface can be 

transformed into parametric, reproducible, and auditable scripts via ArcPy. In this 

thesis, the main reasons for preferring ArcPy are the ability to control the EA 

production process step by step, systematically test different parameter sets, and 

increase the comparability of the produced results (Longley et al., 2015). In this way, 

it became clearly traceable which spatial operation was applied in which order, which 

rules were activated at which stage, and how EA boundaries were formed. 

This flexibility offered by ArcPy also brings certain structural limitations. A 

large portion of ArcGIS tools depend on license level, and some critical operations 

(for example, planar partitioning or advanced area production) have become 

inaccessible in certain periods. In addition, the internal optimization logic of closed-

source tools not being visible to the user limits methodological transparency in 

complex spatial problems (Openshaw, 1984; Goodchild, 2007). Nevertheless, in this 

thesis ArcPy is evaluated not as a final solution, but as a transition and analysis 

environment that enables systematic and auditable execution of methodological trials 

within the ArcGIS environment. 

The ArcPy-based EA production workflow was initially built on a fishnet-

based design that aimed to solve the area representation problem from the outset. The 

primary motivation for this approach is that BBZ does not directly produce areas and 
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that there is a mandatory need for polygon representation in the operational use of EAs. 

Fishnet was evaluated as a suitable precursor structure because it provides a 

geometrically regular starting unit that is gap-free and ensures full coverage within 

neighborhood boundaries. The general structure of this workflow is presented as a 

methodological process diagram in Figure 3.1. 

Figure 3.1. Methodological representation of a fishnet-based EA production 

workflow developed in ArcGIS Pro and ArcPy environments. 

 

Source: Generated by the author. 

 

In the figure, gray tones represent data definition and preliminary preparation 

stages, blue tones represent spatial analysis and calculation steps, and orange tones 

represent merging and optimization stages based on housing-unit constraints. 

In the first stage of the workflow, the administrative boundary of the 

neighborhood included in the analysis was defined and the building dataset within this 

boundary was prepared. Building polygons were cleaned by removing records that do 
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not contain housing-unit information or that are geometrically invalid. They were then 

dissolved using unique identifiers to obtain building-level analytical units. This step is 

critical because it allows EA size constraints (e.g., 80–120 housing units) to be 

monitored directly through building attributes. 

Following the preparation of the building data, spatial barriers intended to 

guide EA growth were defined. Natural and artificial obstacles—such as primary 

roads, railways, and water bodies—were combined to create a barrier mask. This mask 

was incorporated into the workflow to be used when defining neighborhood 

relationships. The purpose of this approach is to ensure that EAs remain within logical 

and operationally accessible boundaries for field operations. 

Fishnet generation is one of the most sensitive stages of the workflow. Equal-

sized square cells were generated within the neighborhood boundary, and cell size was 

defined as a parametric variable. Selecting an appropriate cell size was treated as a 

trade-off between the flexibility of EA boundaries and computational stability. While 

smaller cell sizes enable more detailed EA boundaries, they also increase the 

complexity of the neighborhood graph and reduce the stability of the results. 

After the grid cells were created, building-based housing-unit information was 

summarized at the cell level. Using the Summarize Within tool, the total number of 

housing units was calculated for each cell, and the fishnet cells became the core 

analytical units for EA production, carrying both spatial and quantitative information. 

At this stage, the presence of cells with zero housing units became evident and later 

emerged as a key source of methodological problems. 

Neighborhood relationships were extracted using the Polygon Neighbors tool, 

and selected connections were disabled with the support of the barrier mask. A cell-

based region-growing logic was then applied to this neighborhood graph. Starting from 

initial cells, adjacent cells were gradually merged in an attempt to reach the targeted 

housing-unit band. However, during implementation it was observed that factors such 

as cell size, the neighborhood definition, and the influence of zero-housing areas made 

EA outputs highly sensitive and unstable. 

Overall, the fishnet-based workflow made the spatial representation and 

quantitative balancing requirements of EA production explicitly visible; however, it 

was not adopted as the final solution due to practical limitations. These experiences 
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demonstrated that EA production should be treated as a spatial integration problem 

defined directly by rules, without dependence on antecedent units such as fishnets. The 

transition from the fishnet-based approach to the rule-based approach is summarized 

in Figure 3.2. 

Figure 3.2. The final methodological workflow demonstrating the transition from a 

fishnet-based approach to a rule-based and building-oriented EA production process.  

 

Source: Generated by the author. 

 

The colors used in this manner are consistent with the color coding defined in 

Figure 3.1; green tones are used to emphasize the final EA production approach 

proposed in this thesis. 
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In conclusion, the ArcGIS Pro– and ArcPy-based EA production workflow 

presented in this section represents a methodological transition phase within the scope 

of this thesis. The fishnet-based approach clearly revealed the points at which EA 

production becomes unstable; ArcPy, by making the causes of these problems visible, 

established the conceptual basis required for the data preparation and preprocessing 

processes discussed in the next section. 

3.3. Data Preparation and Preprocessing Processes 

Enumeration Area (EA) production, although it may appear on the surface to 

be a spatial zoning problem, is fundamentally a process that is highly sensitive to 

prerequisites such as data quality, representational consistency, and attribute accuracy. 

EAs are not merely areas drawn on a map; they are the basic building blocks of 

operational processes such as population censuses, household statistics, and field 

organization. For this reason, the building data used for EA production must be 

carefully prepared, both geometrically and in terms of attributes. 

In this thesis, for applications conducted in ArcGIS Pro and ArcPy, the data 

preparation process was initially treated as a secondary technical step. However, as the 

implementation progressed, it became evident that many problems encountered in EA 

production were directly related to decisions made at this stage. In particular, the 

fragmented structure of building geometries, the spatial distribution of housing-unit 

information, and the inaccurate definition of dwelling characteristics emerged as key 

factors determining the statistical and spatial stability of EA results. 

Therefore, data preparation is considered in this thesis not only as 

“preprocessing,” but as a methodological stage that shapes the behavior of EA 

production. 

3.3.1. Merging (Dissolving) Building Polygons 

Building datasets produced at the urban scale often do not reflect physical 

reality on a one-to-one basis. Different sections, floors, or functional areas of the same 

structure may be represented as separate polygons. This is common especially in 
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apartment-type buildings and mixed-use parcels. While such fragmented 

representations may be acceptable for certain spatial analyses, they create major 

methodological problems in a threshold-based task such as EA production. 

A core constraint in EA production is keeping the number of housing units 

within a specified range (for example, 80–120) within each enumeration area. When 

housing units belonging to the same physical building are distributed across multiple 

polygons, this count is artificially divided. As a result, EA algorithms attempt to 

optimize a spatial fragmentation that does not exist in reality. Consequently, EA 

boundaries take forms that respond to errors in the data structure rather than to 

statistical requirements. 

To eliminate this problem, building polygons were merged (dissolved) based 

on the yapi_kimli field. During this operation, the bb_sayisi field, or an equivalent 

housing-unit field, was aggregated into a single value using the SUM statistic. As a 

result, each physical building is represented by a single geometric feature and a single 

housing-unit value. 

This step ensured that the smallest analytical unit used in EA production was 

not arbitrary geometric fragments, but physical buildings consistent with on-the-

ground reality. The spatial effect of the Dissolve operation is presented visually in 

Figure 3.3, which shows fragmented polygons belonging to the same building being 

consolidated under single building geometries. 

Figure 3.3. Representation of building polygons before and after the dissolve 

process.  

 

Source: Generated by the author. 
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The literature also emphasizes that enumeration areas should, as far as possible, 

be based on spatial units that are meaningful, operationally definable, and consistent 

with on-the-ground reality (United Nations, 2017). 

3.3.2. Distinguishing Residential and Non-Residential Structures 

Building datasets typically include not only structures that accommodate 

population, but also buildings used for commercial, public, and industrial purposes. 

However, the primary objective of Enumeration Area (EA) production is to create 

spatial units that support the reliable production of population- and household-based 

statistics. For this reason, the assumption that every building geometry contributes 

equally to EA size is not methodologically valid and can directly distort statistical 

outputs. 

In this thesis, structures were classified as residential or non-residential using 

the “type” field (or an equivalent land-use/use-category attribute) in the building 

dataset. Only buildings with a residential function were included in the housing-unit 

(RES) calculation. Buildings with commercial, public, or industrial functions were 

retained in the workflow but assigned a RES value of 0. This approach ensured that 

the statistical content of EAs was defined directly through population-carrying units 

and enabled EA size constraints (e.g., 80–120 housing units) to be monitored in a more 

meaningful way. 

Nevertheless, non-residential structures were not fully excluded from the 

analysis. Although they do not carry resident population, non-residential buildings are 

important components of spatial continuity within a neighborhood. Removing them 

entirely can create gaps within EA boundaries, produce irregular geometries, and result 

in areas that are problematic from the perspective of field operations. Therefore, non-

residential structures were geometrically preserved while being treated as statistically 

neutral. 

The effect of this distinction on EA production is illustrated schematically in 

Figure 3.4. On the left side of the figure, residential buildings that carry housing units 

contribute directly to EA size, and spatial continuity aligns with statistical content. On 

the right side, non-residential buildings are shown to have no housing-unit contribution 
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while still forming part of spatial continuity and thus playing an indirect role in shaping 

EA boundaries. This visualization clearly captures the distinction between the 

“absence of statistical contribution” and “spatial presence” for 0-RES structures. 

Figure 3.4. Schematic representation of the different roles of residential and non-

residential buildings in the EA production process.  

 

Source: Generated by the author. 

 

This methodological choice played a decisive role in the later stages of the 

fishnet and region-growing approaches. In particular, the fact that 0-RES areas can 

cause spatial expansion during EA growth without providing any statistical 

contribution emerged as one of the main sources of methodological problems. 

Accordingly, distinguishing residential and non-residential structures in this manner is 

not merely a data-cleaning step; it is a critical design decision that directly influences 

the behavior of EA production algorithms. 

The literature similarly emphasizes that enumeration areas should be defined 

on the basis of population-carrying units, while the preservation of spatial continuity 

is indispensable for field implementation (United Nations, 2017; Eurostat, 2019). The 

approach adopted in this study aims to establish a balance between these two 

requirements. 
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3.3.3. Total RES Validation and Diagnostic Monitoring (Methodological 

Framework) 

At each stage of the data preparation process, the systematic calculation and 

recording of the total number of housing units (RES_UNITS) was designed as a 

methodological control mechanism. The purpose of this approach is to enable early 

detection of whether the spatial transformations applied in the EA production 

workflow produce unexpected effects on housing-unit information. In this context, the 

total RES value is treated not as an outcome indicator, but as a diagnostic variable used 

to audit data integrity and the internal consistency of the processing chain. 

Within the scope of this thesis, the total RES value was recalculated after each 

major processing step, including the dissolution of building polygons, the separation 

of residential and non-residential structures, spatial summarization, and key operations 

related to areal representation. These calculations were planned to monitor whether 

housing-unit information is carried consistently through the workflow at every stage 

of data preparation. This control mechanism was considered critical, particularly 

because steps involving areal representation and spatial summarization can indirectly 

affect quantitative attributes. 

The logic of total RES monitoring is presented in Figure 3.5 as a 

methodological flow diagram. The diagram shows how the total RES value is used not 

only as a final output, but also as a diagnostic reference tracked across successive 

spatial operations in the EA production process. At each stage of the workflow, the 

total RES value is compared with the values from preceding steps to verify whether 

quantitative consistency is maintained. 
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Figure 3.5. Methodological flow for diagnostic monitoring of total residential unit 

(RES) value in the data preparation process.  

 

Source: Generated by the author. 

The total RES value was recalculated after successive spatial operations and 

used as a diagnostic reference variable to monitor data integrity and the consistency of 

the processing chain. 

The green markers shown in the figure represent cases in which the total RES 

value is preserved consistently with the previous stages at the corresponding 

processing step. The warning symbols indicate methodological control points showing 

that a discrepancy in the total RES value has emerged after specific spatial operations. 

The query stage at the end of the diagram represents a diagnostic process aimed at 

methodologically assessing possible sources of these discrepancies (such as boundary 

effects, geometry problems, or the internal behaviors of spatial summarization tools). 

Within this approach, changes in the total RES value were not interpreted as 

direct results or findings; they were treated only as technical indicators intended to 

monitor the interaction between data and method. The diagnostic monitoring logic 

aims to identify which processing steps are more sensitive in terms of quantitative 

information and to guide, in an informed manner, the methodological decisions to be 

taken in subsequent stages of the EA production process. 
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Such diagnostic control mechanisms are consistent with quality assurance 

approaches recommended for ensuring data integrity in complex, multi-stage spatial 

workflows. In particular, monitoring consistency across intermediate outputs is widely 

regarded as one of the core methodological principles that supports the reliability of 

final results (Longley et al., 2015). 

3.3.4. Potential Sources of Deviation and Methodological Risks in Data 

Preparation 

The data preparation process is not merely a technical preliminary stage of 

Enumeration Area (EA) production; it is a critical methodological component that 

directly determines the statistical validity and spatial consistency of the produced 

areas. In this context, deviations that may emerge during data preparation should be 

evaluated not only as implementation errors, but also as methodological risks inherent 

to the nature of the EA production process. This subsection addresses, at a conceptual 

level, the main deviation sources that are likely to arise during data preparation 

operations conducted in ArcGIS Pro and ArcPy, and discusses their potential effects 

on EA production. 

The first major source of deviation encountered in data preparation is boundary 

effects. Because neighborhood boundaries are often irregular and defined for 

administrative reasons, they may not coincide exactly with building geometries. 

Buildings that partially intersect the neighborhood boundary may be either fully 

excluded or only partially accounted for during spatial summarization or areal 

representation operations. This can cause housing-unit information to change 

unexpectedly after spatial transformations. Boundary effects should be considered a 

methodological risk in all cases where the spatial units used in EA production 

necessarily intersect administrative boundaries. 

The second major source of deviation is geometric validity problems. Building 

datasets produced at the urban scale may include various geometric inconsistencies, 

such as self-intersections, overlapping polygons, sliver geometries, or unclosed 

boundaries. Such geometric problems can produce unexpected outputs, particularly 

when tools such as Dissolve, Summarize Within, or neighborhood analysis are applied. 
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Geometric validity issues are often not detectable through visual inspection alone; 

however, they can lead to methodological inconsistencies through their indirect effects 

on quantitative outputs. 

A third source of deviation concerns the behavior of spatial summarization 

tools in edge cases. Tools such as Summarize Within rely on certain assumptions 

regarding when a geometry is considered “inside” or “outside.” In edge cases—such 

as point touches, partial intersections, or very small area overlaps—these assumptions 

can lead to decisions that are not explicitly controllable by the user. This, in turn, can 

prevent quantitative information from being fully preserved throughout the spatial 

analysis chain. 

A common characteristic of these deviation sources is that they often do not 

appear as a single, isolated error, but rather as small inconsistencies that accumulate 

across successive operations. For this reason, deviations that may occur during data 

preparation must be monitored not only through final outputs, but also through 

methodological controls applied at intermediate stages. In this thesis, using the total 

housing-unit (RES) value as a diagnostic reference variable was developed as a 

methodological strategy aimed at making such risks visible at an early stage. 

In conclusion, deviations encountered during data preparation were treated in 

this thesis not as “errors,” but as a natural consequence of the complex and multi-stage 

nature of EA production. Systematic monitoring of these deviations and their 

evaluation with methodological awareness are critical for making the EA production 

process more predictable, explainable, and reproducible. This approach is also 

consistent with quality assurance and data integrity principles recommended in 

geographic information systems (Longley et al., 2015). 

The data preparation steps and methodological risks discussed in this section 

demonstrate that the EA production process depends not only on statistical thresholds, 

but also strongly on forms of spatial representation. Cleaning, classifying, and 

diagnostically monitoring housing-unit information at the building level are necessary 

for EA production, but they are not sufficient on their own. For enumeration areas to 

be usable in field applications, this quantitative information must be transformed into 

gap-free, topologically valid, and administratively consistent areal representations 

within neighborhood boundaries. 
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This requirement moves EA production beyond the question of “which units 

should be grouped together” and also makes methodologically necessary the question 

of “how these groups should be represented spatially.” Although the previous steps 

conducted in ArcGIS Pro and ArcPy enabled building-based data to be controlled in 

quantitative terms, the problem of areal production had not yet been resolved at this 

stage. Therefore, in the next phase, the use of spatial precursor structures that can 

provide gap-free coverage within neighborhood boundaries and enable polygon 

representation of EAs was evaluated. 

In this context, the fishnet (grid)-based areal production approach was 

considered as the first systematic solution attempt for the areal representation of EAs. 

In the next section (3.4), the reasons why the fishnet approach appeared attractive for 

EA production, how it was implemented, and which methodological problems it 

introduced are examined in detail. 

3.3.5. Data Sources, OSM-Derived Inputs, and Cross-Layer Consistency 

Data preparation constitutes a decisive phase in the Enumeration Area (EA) 

delineation process, often exerting a greater influence on final outcomes than the 

aggregation algorithm itself. In complex urban environments, deficiencies in data 

structure, spatial consistency, or attribute completeness propagate downstream, 

resulting in unstable geometries, infeasible EA configurations, and excessive manual 

intervention. 

In this study, data preprocessing is not treated as a purely technical prerequisite 

but as an integral methodological component. The preprocessing strategy is explicitly 

designed to support the barrier-aware, target-driven EA delineation framework 

introduced. Each preprocessing step is therefore motivated by a specific operational or 

methodological requirement, rather than by generic GIS conventions. 

Three guiding principles shape the preprocessing workflow. First, data 

integrity must be preserved to ensure that every building and household-equivalent 

unit is accounted for exactly once. Second, topological robustness must be ensured to 

prevent geometry-related failures during atomic unit generation. Third, process 
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reproducibility must be maintained at metropolitan scale, enabling the workflow to be 

restarted, audited, and extended without loss of consistency. 

These principles are particularly relevant in the context of Ankara, where 

heterogeneous building typologies, large administrative extents, and dense 

transportation networks combine to create a challenging data environment. 

OpenStreetMap (OSM)-derived inputs bring both advantages and structural 

risks. OpenStreetMap (OSM) is an attractive alternative because it provides a highly 

up-to-date and freely accessible spatial data source worldwide. In particular, building 

footprints, road networks, and administrative boundaries provide critical inputs for EA 

production. However, OSM is not a system designed for the production of official 

census data. This brings several structural risks in using the data. 

Studies in the literature on the accuracy and completeness of OSM show that 

the data can provide high accuracy in urban areas, but it may also contain anomalies 

that are not expected for the intended use (Haklay, 2010). The problems encountered 

in this thesis make this general observation concrete at the neighbourhood scale. 

A related issue concerns scale mismatch and cross-layer consistency. In the 

case of Bağlıca Neighbourhood, the building and road data downloaded from OSM 

are the product of a schema designed at the national scale. When these data are 

processed at the neighbourhood scale, excessive detail, a high number of geometries, 

and topological complexity emerge. In particular, a large number of small building 

polygons and complex road nodes dramatically increased the computational cost of 

geometric operations. 

This corresponds to the problem referred to as "scale mismatch" in the literature 

(Goodchild, 2011). Scale mismatch arises from the difference between the context in 

which the data were produced and the context in which they are used, and it typically 

results in performance bottlenecks. 

From an operational perspective, the EA delineation workflow relies on three 

primary data categories: administrative boundary data, building-level attribute data, 

and physical barrier data. Each category plays a distinct role in the methodological 

framework. 

First, administrative boundary data define the spatial scope within which EAs 

are generated. In this study, neighbourhood boundaries constitute the primary 
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administrative units for EA delineation. These boundaries serve two purposes. First, 

they ensure alignment with existing administrative and statistical reporting units. 

Second, they provide an upper-level spatial constraint that prevents EAs from crossing 

neighbourhood borders. 

Neighbourhood boundaries are treated as hard constraints rather than soft 

guidelines. All subsequent spatial operations—including barrier filtering, atomic unit 

generation, and EA aggregation—are performed within the confines of these 

boundaries. This decision reflects standard census practice, where EAs are nested 

within established administrative hierarchies (United Nations, 2017). 

Each neighbourhood is uniquely identified by a persistent identifier, which 

enables consistent linkage across datasets and supports restartable processing at scale. 

Second, building-level data form the quantitative foundation of the EA 

delineation process. Rather than relying on population estimates aggregated to coarse 

spatial units, this study uses detailed building attributes to derive household-equivalent 

counts. 

Each building record contains multiple attributes representing the number of 

independent units by usage type. Attributes beginning with the prefix kt_ denote 

distinct functional categories. Two categories—residential units (kt_1110) and 

residential-purpose units (kt_11)—are identified as primary contributors to 

enumeration workload. All other kt_ categories are explicitly retained in the dataset 

but contribute zero to the household-equivalent target count. 

This design choice ensures that non-residential buildings are spatially 

represented within EAs without artificially inflating target sizes. It also guarantees that 

no building is excluded from the EA framework, thereby preserving full spatial 

coverage. 

Building-level data are spatially linked to neighbourhoods through a common 

identifier. This linkage is validated during preprocessing to detect orphan records and 

ensure consistency between administrative and building datasets. 

Third, physical barrier data are derived from OpenStreetMap (OSM), an openly 

available and continuously updated spatial dataset. OSM provides detailed 

representations of transportation and hydrological features that are critical for barrier-

aware EA design. 
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Three barrier categories are utilised: 

 Major road classes (motorways, trunk roads, primary and secondary 

roads) 

 Railways 

 Waterways 

These categories are selected based on their operational relevance for census 

fieldwork. Minor streets and local access roads are intentionally excluded to avoid 

over-fragmentation, consistent with international recommendations for census 

geography design (United Nations, 2017). In some neighborhoods, the road network 

is the main determinant, while in others railways, waterways, or water surfaces directly 

shape EA production. Taking this diversity into account, the EA algorithm handles 

barriers as combinations. 

Figure 3.6. Physical barrier combinations 

 

Source: Generated by the author. 

The four basic combinations shown in Figure 3.6 visually summarize this 

context-sensitive approach. Road-based partitioning represents the baseline case in 

neighborhoods with a regular road network. In this setting, EAs tend to form around 

the natural cells created by the road network. 

In neighborhoods where roads and railways coexist, the railway is treated as a 

hard and impermeable barrier. Built development is expected to be limited around 
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railways, and these areas are typically evaluated separately in the EA growth process. 

This approach is consistent with considerations of field accessibility and safety. Barrier 

data are used exclusively as geometric constraints and do not contribute attribute 

information to EA statistics. 

3.3.9. DEGURBA Integration and Target Definition Preprocessing 

A distinguishing feature of the preprocessing workflow is the integration of the 

DEGURBA classification prior to EA generation. DEGURBA (Degree of 

Urbanisation) is a settlement typology that classifies areas along an urban–rural 

continuum using population grid cells and density thresholds (Eurostat, 2024; see also 

Section 2.3). In this study, DEGURBA functions as the contextual variable that 

determines the target size thresholds applied to each neighbourhood. For this reason, 

DEGURBA integration is not treated as a secondary descriptive step, but as a core 

preprocessing component that directly shapes the subsequent aggregation process. 

The first stage of this integration involves the attribution of DEGURBA values 

to neighbourhoods using an external reference table that links administrative units to 

their degree of urbanisation. This attribution is performed through a non-spatial join 

based on standardised district and neighbourhood names. Because administrative 

naming conventions are not always fully consistent across datasets, extensive 

validation is carried out to detect mismatches arising from spelling variations, 

abbreviations, formatting differences, or typographical inconsistencies. This 

validation step is important for ensuring that the urbanisation context assigned to each 

neighbourhood is both accurate and operationally usable within the EA production 

workflow. 

In addition to standard matching procedures, special handling is applied to 

organised industrial zones (OSB). Although such areas may not always align neatly 

with conventional urban-rural classifications, they are systematically classified as rural 

for enumeration purposes because of their low residential density and limited 

relevance as household-based enumeration environments. This rule-based override 

ensures that DEGURBA is interpreted in a way that is consistent with the operational 
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requirements of census geography rather than being applied only in a purely nominal 

or administrative sense. 

Neighbourhoods that remain without DEGURBA attribution after automated 

matching are flagged for further review. This makes it possible to identify unresolved 

naming inconsistencies or limitations in the reference table before the target-setting 

stage begins. Through this combination of automated matching, validation, and 

manual review where necessary, the final dataset is produced without missing 

DEGURBA values. As a result, target thresholds can be assigned to all 

neighbourhoods in an unambiguous and internally consistent manner. 

Once DEGURBA values have been assigned and verified, neighbourhood-

specific target ranges are derived. These ranges define the minimum and maximum 

household-equivalent counts used for EA aggregation. Importantly, the target ranges 

are assigned at the neighbourhood level rather than globally across the entire study 

area. This distinction is methodologically significant because it allows the aggregation 

framework to respond to local settlement structure and degree of urbanisation instead 

of imposing a single uniform rule on areas with very different spatial and residential 

characteristics. 

By incorporating DEGURBA into preprocessing in this way, the EA 

aggregation algorithm operates from the outset with explicit and context-sensitive 

constraints. This improves the internal coherence of the workflow and reduces the need 

for post hoc corrections after EA generation. In methodological terms, DEGURBA 

integration therefore serves as the bridge between the administrative context of the 

study area and the operational logic of workload-based EA design. 

3.3.10. Coordinate Reference Systems and Topological Consistency 

Spatial preprocessing places particular emphasis on coordinate reference 

system (CRS) management and topological consistency. All geometric operations 

involved in EA delineation, especially line union, snapping, and polygonization, are 

highly sensitive to CRS choice. For this reason, this section addresses three closely 

related issues that directly affect the reliability of the preprocessing workflow: the use 

of a projected CRS for geometry-intensive operations, the treatment of invalid and 
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near-degenerate geometries, and the implications of adopting planar assumptions 

when working with data that are originally stored in geographic coordinates. 

A first consideration concerns the CRS framework within which geometric 

processing is conducted. Geographic coordinate systems based on longitude and 

latitude are unsuitable for planar topological operations because they are affected by 

angular distortion and can introduce numerical instability in operations that depend on 

distance, adjacency, and boundary alignment. Since EA delineation requires repeated 

execution of such operations, including the construction of line networks, boundary 

integration, snapping, and polygonization, all spatial datasets are transformed into a 

projected CRS appropriate for the study area before any geometry-intensive 

processing is performed. For Ankara, a transverse Mercator projection (EPSG:5254) 

is used. This projection minimises distortion across the metropolitan extent and 

supports metre-based distance and area calculations, thereby providing a more stable 

basis for topological processing. Accordingly, all barrier processing, atomic unit 

generation, and EA aggregation are carried out exclusively in this projected CRS 

environment. 

A second consideration relates to the internal geometric quality of the input 

data. Urban spatial datasets frequently contain minor geometric inconsistencies, 

including self-intersections, nearly coincident vertices, duplicated segments, and sliver 

polygons. Although such issues may appear negligible at first inspection, they can 

create substantial problems during automated preprocessing, particularly when the 

workflow relies on the exact closure of linework and the valid construction of 

polygonal units. If left unaddressed, these inconsistencies may cause polygonization 

to fail, generate incomplete faces, or produce invalid atomic units that cannot be used 

reliably in subsequent EA aggregation steps. To mitigate these risks, preprocessing 

includes explicit geometry validation and regularisation procedures. Line geometries 

are snapped to a fine grid prior to polygonization in order to remove micro-gaps and 

improve line continuity, while invalid geometries are corrected using standard 

topological repair functions. These interventions are not merely technical refinements; 

they are essential for ensuring that atomic unit generation remains stable, reproducible, 

and comparable across all neighbourhoods included in the study. 
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A third issue concerns the relationship between planar computation and 

geodesic reality. Many of the topological operations implemented in the R sf package 

operate, by default, under an assumption of planar geometry. In contrast, OSM-derived 

data are generally stored in a geographic coordinate reference system based on latitude 

and longitude. This mismatch led to warnings such as “st_union assumes planar” 

during processing. As Pebesma (2018) emphasises, the distinction between planar 

operations and s2-based geodesic operations within the sf ecosystem is particularly 

important when spatial data are large, complex, and topologically demanding. In the 

present study, however, geodesic accuracy was treated as a secondary concern in 

comparison with computational stability, reproducibility, and the practical feasibility 

of large-scale EA production. Planar assumptions were therefore accepted in a 

controlled and methodologically explicit manner. This choice was justified by the scale 

and operational purpose of the analysis, since the principal objective was not geodetic 

precision in a strict cartographic sense, but the stable production of contiguous and 

topologically consistent operational units. Nevertheless, as discussed in later sections, 

the controlled acceptance of planar assumptions also contributed to some unexpected 

outcomes in the processing results. 

Taken together, these considerations show that CRS selection and topological 

consistency are not peripheral technical matters, but central conditions for the 

successful implementation of the preprocessing workflow. The stability of atomic unit 

generation, the validity of polygonized outputs, and the reproducibility of EA 

delineation all depend on maintaining an appropriate projected CRS, repairing 

problematic geometries, and adopting a coherent computational framework for spatial 

operations. In this sense, CRS management and topology control form a foundational 

layer of the overall methodology rather than a routine preparatory step. 

3.3.11. Large-Scale Processing, Restartability, and Preprocessing Outputs 

Processing an entire metropolitan area such as Ankara in a single, uninterrupted 

workflow poses substantial computational and operational risks. The volume of spatial 

data, combined with geometry-intensive operations, increases the likelihood of 

software interruptions, memory exhaustion, and unexpected topological failures. 
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These risks become even more critical when preprocessing is designed not merely as 

a one-time technical exercise, but as a reproducible workflow intended to support 

repeated testing, parameter adjustment, and large-scale implementation. For this 

reason, the preprocessing strategy adopted in this study is explicitly designed to 

support incremental execution and restartability. 

A central feature of this strategy is the decomposition of the metropolitan area 

into smaller and operationally manageable units. Rather than treating Ankara as a 

single spatial entity, the preprocessing workflow decomposes the metropolitan area 

into neighbourhood-level units. Each neighbourhood is processed independently, 

producing self-contained outputs that can be reused in downstream stages. This design 

choice is important not only from a computational perspective, but also from a 

methodological one, because it allows the workflow to maintain continuity even when 

local processing problems arise. In other words, the structure of the workflow is 

intentionally organised so that the failure of one unit does not invalidate the processing 

logic or outputs associated with the others. 

This decomposition yields several advantages. First, it localises errors: failures 

encountered in one neighbourhood do not compromise the entire processing run. This 

is particularly valuable in large-scale spatial workflows, where the probability of local 

geometric anomalies or unexpected data-specific issues cannot be assumed to be 

negligible. Second, it enables parallel inspection and validation of intermediate 

outputs. Since each neighbourhood produces a separate and interpretable result, 

quality control can be conducted progressively rather than postponed until the end of 

a full metropolitan-scale run. Third, it allows the overall workflow to be paused and 

resumed without reprocessing completed neighbourhoods. This greatly improves the 

practical usability of the method, especially in environments where long-running 

processes may be interrupted by software instability, system limitations, or the need 

for interim methodological revisions. The neighbourhood-based approach also aligns 

with established practices in large-scale census geography production, where 

hierarchical processing is preferred to monolithic execution (United Nations, 2017). 

The operational logic of restartability is further supported by explicit process 

monitoring. In addition to spatial outputs, the preprocessing workflow maintains a 

progress log recording the status, processing time, and completion timestamp for each 
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neighbourhood. This log enables real-time monitoring of long-running processes and 

also supports post hoc performance analysis by making it possible to identify which 

units required longer runtimes or produced interruptions. In this sense, the progress 

log serves both as a technical monitoring instrument and as a diagnostic record of 

workflow behaviour across the study area. 

Building on this logging structure, checkpointing is implemented by comparing 

completed neighbourhood identifiers against the progress log at runtime. 

Neighbourhoods already marked as completed are automatically skipped, allowing the 

workflow to resume precisely from the point of interruption. This mechanism ensures 

that restartability is not dependent on manual tracking or ad hoc intervention, but is 

embedded directly into the logic of the preprocessing routine. As a result, the workflow 

can recover efficiently from interruptions while preserving the integrity of outputs that 

have already been generated. 

Taken together, these design choices show that large-scale processing in this 

study is approached not as a single continuous run, but as a controlled and modular 

workflow architecture. Incremental execution, neighbourhood-based decomposition, 

progress logging, and checkpoint-based restartability jointly provide the operational 

resilience required for metropolitan-scale preprocessing. This makes the workflow 

more robust, more transparent, and more suitable for reproducible EA production 

under real-world computational conditions. 

A further dimension of this large-scale processing strategy concerns 

performance considerations and computational trade-offs. Beyond spatial and 

statistical diagnostics, the pre-analysis stage also includes a systematic examination of 

computational performance. Given the scale of the Ankara dataset and the geometric 

complexity introduced by barrier-aware operations, runtime behaviour is a critical 

design consideration. 

Initial exploratory runs reveal that spatial clipping, intersection, and 

polygonisation operations constitute the dominant share of computational cost. In 

particular, repeated clipping of large OpenStreetMap (OSM) datasets to 

neighbourhood boundaries is identified as a major bottleneck. These operations scale 

nonlinearly with both neighbourhood size and barrier density. 
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Pre-analysis timing experiments further demonstrate substantial variability in 

processing time across neighbourhoods. Dense urban neighbourhoods with complex 

barrier networks require significantly longer processing times than smaller or more 

homogeneous areas. This variability highlights the impracticality of monolithic, city-

wide processing pipelines. 

As a result, performance considerations emerge as a first-order design 

constraint rather than a secondary optimization concern. The methodology must be 

structured in a way that accommodates long runtimes, supports interruption and 

resumption, and provides continuous feedback on progress. 

The findings of the pre-analysis stage directly inform several key design 

decisions formalized in the methodology. 

First, the decision to preprocess and store neighbourhood-level datasets 

independently is motivated by both spatial logic and computational efficiency. By 

performing expensive geometric operations once and reusing the results, the 

methodology significantly reduces redundant computation. 

Second, the introduction of incremental output writing and progress logging 

addresses the observed runtime variability. These mechanisms ensure that partial 

results are preserved even if processing is interrupted, enabling robust long-running 

execution. 

Third, the decision to avoid aggressive optimization during the primary EA 

delineation stage reflects insights gained from pre-analysis. Attempting to enforce 

strict target compliance in structurally constrained neighbourhoods would increase 

algorithmic complexity without guaranteeing meaningful improvement in outcomes. 

Finally, the pre-analysis supports the choice to decouple area-based refinement 

from the core methodology. By deferring secondary subdivision to a later stage, the 

primary algorithm remains interpretable and grounded in empirically observed 

constraints. 

A related output of this strategy is the production of persistent preprocessing 

datasets for each neighbourhood. For each neighbourhood, preprocessing produces an 

intermediate spatial dataset containing the neighbourhood boundary, DEGURBA 

classification, and summary statistics such as the number of buildings. These 
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intermediate outputs are stored as persistent files and serve as stable inputs for 

subsequent EA delineation stages. 

Crucially, these outputs are not transient objects held only in memory. By 

writing them to disk, the workflow ensures that progress is preserved even in the event 

of system failure or forced termination. This design decision proved essential in 

practice, as full preprocessing of Ankara required extended computation time. 

The pre-analysis stage establishes a detailed empirical foundation for the EA 

delineation methodology developed in this thesis. Through systematic exploration of 

the Ankara dataset, it identifies the spatial structures, statistical distributions, and 

computational constraints that shape feasible EA design. 

Key findings include the presence of extreme building-level values, strong 

barrier-induced fragmentation, substantial variation across DEGURBA classes, and 

significant runtime heterogeneity. These findings collectively demonstrate that EA 

delineation cannot be approached as a purely numerical problem. 

By explicitly linking pre-analysis outcomes to methodological choices, this 

chapter ensures that the design decisions presented in Section 4 are both empirically 

justified and transparent. The transition from diagnostics to formal methodology thus 

represents a progression from observation to structured action rather than an abstract 

leap. 

3.4. ArcGIS Pro–Based EA Production Trials: Fishnet Discretisation, 

Region Growing, and Failure Analysis 

The ArcGIS Pro trial was conducted as an initial, single-neighbourhood 

experiment to test whether off-the-shelf zoning functionality could produce workload-

balanced, barrier-compliant EAs with minimal custom development. The limitations 

observed in this environment motivated the transition to a fully reproducible, script-

based workflow in R, first stabilised at the neighbourhood scale and subsequently 

generalised for district-scale processing. 

In this section, following the completion of the data preparation and 

preprocessing stages, the fishnet (grid)-based approach implemented in the ArcGIS 

Pro environment for Enumeration Area (EA) production is examined in detail. The 
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fishnet approach was initially evaluated as a strong and attractive method for EA 

production because it provides full spatial coverage within neighborhood boundaries 

and because its initial units are geometrically regular. 

Within this ArcGIS trial, “fishnet-based production” refers to the discretisation 

of the study area into uniform cells and the allocation of RES to those cells, whereas 

“region growing” refers to the subsequent graph-based aggregation of cells into 

candidate EAs. They are therefore treated as sequential components of a single 

ArcGIS-stage approach, rather than competing methods. 

The data preparation steps described in the previous section (Section 3.3) 

enabled housing-unit information to be defined consistently at the building level and 

allowed quantitative integrity to be diagnostically monitored throughout the workflow. 

This preparation ensured that the spatial units to be used for EA production were no 

longer only geometric objects, but also analytical entities carrying housing-unit 

information. The fishnet approach was the first method selected to place this 

quantitative information within an areal framework. 

The main assumption of the fishnet-based approach is that, if the study area is 

divided into equal-sized cells, these cells can later be merged in line with specific 

statistical constraints (e.g., 80–120 housing units). This assumption aligns with regular 

grid-based methods widely used in the GIS literature, especially in spatial sampling, 

density analysis, and zoning studies (Longley et al., 2015; Openshaw, 1984). In the 

context of EA production, this approach was considered methodologically 

advantageous because it enables complete and gap-free areal representation within 

neighborhood boundaries. 

Nevertheless, the fishnet approach was evaluated not only through theoretical 

assumptions, but also through the behaviors observed during implementation. The 

objective of this section is not to label the fishnet method as “successful” or 

“unsuccessful,” but rather to systematically identify under which conditions it 

operates, where it becomes unstable, and which structural issues it makes visible in 

terms of EA production. This evaluation represents a critical intermediate stage for 

understanding why region-growing algorithms and building-based approaches became 

necessary in later sections. 
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Accordingly, Section 3.4 addresses the fishnet approach step by step by 

examining (i) its theoretical rationale, (ii) how it was implemented in the ArcGIS Pro 

environment, (iii) the logic of cell-based housing-unit calculation, and (iv) the 

methodological limitations that emerged during implementation. The intermediate 

assessment presented at the end of the section clarifies the role of the fishnet-based 

approach in the EA production process and provides a methodological basis for the 

transition to the next stage. 

3.4.1. Theoretical Rationale of the Fishnet Approach 

Fishnet (grid)-based approaches have long been used in GIS to standardize 

spatial analysis and reduce it to controllable units. The core assumption of this 

approach is that, if the study area is partitioned into regular and equal-sized cells, 

spatial operations conducted over these cells become more predictable both 

algorithmically and statistically. In the context of EA production, fishnet was 

considered a theoretically attractive starting point, particularly because it directly 

addresses the problem of areal representation. 

One of the key requirements in enumeration area design is full coverage of the 

study area and the absence of gaps or overlaps between EAs. At the neighborhood 

scale, where administrative boundaries are irregular and complex, meeting this 

requirement can necessitate additional correction steps when working directly with 

building or parcel geometries. The fishnet approach, by guaranteeing that every point 

within the neighborhood boundary belongs to a cell, provides gap-free spatial 

coverage. This property was seen as an important advantage in terms of operational 

requirements related to the areal representation of EAs. 

A second major rationale of the fishnet approach is the geometric homogeneity 

of the initial units. Because all cells have the same size and shape, the initial conditions 

of region-growing or merging algorithms used for EA production become 

standardized. This aims to ensure that the behavior of the algorithm is driven by 

defined rules and parameters rather than by the geometry of the input data. The 

literature also emphasizes that regular grids can simplify complex spatial patterns and 

facilitate analytical processes (Openshaw, 1984; Longley et al., 2015). 
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Another theoretical advantage of the fishnet approach is that it enables 

parametric control. Cell size functions as an indirect but powerful control variable in 

EA production. Reducing cell size increases the potential to produce more detailed and 

flexible EA boundaries, whereas increasing cell size results in fewer and coarser initial 

units. This property makes it possible to systematically test different scenarios rather 

than assuming a single “correct” solution. In this respect, fishnet was considered a 

methodological experimentation space. 

A further theoretical strength of regular grid structures is that neighborhood 

relationships between cells are relatively simple and predictable. In a fishnet composed 

of square cells, the number of possible neighbors per cell is limited and these 

neighborhood relationships can be defined topologically. This was considered a factor 

that can simplify computation for region-growing algorithms to be applied in later 

stages. In particular, in neighborhood-based algorithms, having a regular initial graph 

is typically regarded as a methodological advantage. 

Based on these rationales, the fishnet approach was adopted as the first main 

method for EA production. However, this choice was not based on the assumption that 

fishnet constitutes the final solution for EA production. On the contrary, the aim was 

to systematically evaluate the extent to which the theoretical advantages of the 

approach are realized under practical implementation conditions. For this reason, 

within the scope of this thesis the fishnet approach is treated both as a method and as 

a comparative reference framework for alternative approaches developed in later 

stages. 

In the next subsection (3.4.2), the implementation of the fishnet approach in 

ArcGIS Pro, the parameters used for cell generation, and how these parameter choices 

are reflected in the EA production process are explained in detail. 
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3.4.2. Fishnet Generation Process and Parameter Selection 

The implementation of the fishnet-based EA production approach is based on 

generating a regular grid structure within the neighborhood boundary included in the 

analysis in the ArcGIS Pro environment. The main purpose of this stage is to define 

the initial spatial units to be used in the EA production process in an explicit, 

reproducible, and parametrically controllable manner. For this reason, fishnet 

generation was treated not merely as a technical preprocessing step, but as a 

methodological decision that directly influences the behavior of all subsequent steps. 

Working with a regular grid was intended to provide “controllability” and “scenario 

comparability,” and in particular to enable repeated runs in the same neighborhood 

with different parameter settings. 

Fishnet generation was performed using the Create Fishnet tool in ArcGIS Pro. 

This tool creates a grid composed of equal-sized rectangular or square cells within a 

user-defined extent. In this thesis, the extent was defined as the administrative 

boundary polygon of the neighborhood to be analyzed. In this way, it was intended 

that the fishnet structure would not generate cells outside neighborhood boundaries 

and would overlap with the analysis area as closely as possible. Nevertheless, due to 

the irregular structure of administrative boundary geometries, partial cutting of cells 

along the boundary line can be unavoidable. This causes the theoretical regularity of 

the fishnet approach to be disrupted in practice and produces a structural mechanism 

that should be treated as a “boundary effect” (discussed in detail below). 

The main parameters used for fishnet generation were configured as follows: 

• Extent: Neighborhood boundary polygon 

• Cell shape: Square 

• Coordinate system: Metric projection consistent with the neighborhood 

dataset 

• Cell size: A fixed value determined experimentally 

Among these parameters, cell size stands out as the most critical and sensitive 

component of the fishnet approach. Cell size functions like a meta-parameter that 

determines (i) the number of initial units, (ii) the density of the neighborhood graph, 



91 

and therefore (iii) the “order and direction” in which the region-growing algorithm will 

expand. In other words, cell size shapes not only geometric resolution, but also the 

operating regime of the merging/neighborhood logic used for EA production. For this 

reason, cell size selection was treated not as a one-time setting, but as a methodological 

design variable, and it was tested systematically across different values. 

Within this scope, the effect of cell size on spatial representation was evaluated 

not only through numerical outputs, but also by comparing geometric representation 

behavior. For the same neighborhood boundary, fishnet structures generated with 

different cell sizes were compared in terms of cell count, fragmentation along the 

boundary, and representational resolution. This comparison indicates that there is no 

single “ideal” cell size in the fishnet approach; rather, cell size should be treated as a 

methodological sensitivity parameter in EA production (Figure 3.7). 

Figure 3.7. Effect of different cell sizes on fishnet structure and spatial 

representation. 

 

Source: Generated by the author. 

During implementation, cell size was tested through trial and error across 

different values. Relatively small cell sizes (e.g., 20–30 m) allowed the settlement 

pattern within the neighborhood to be represented in greater detail, but they 

substantially increased the number of initial units. This not only increased 

computational burden, but also produced a denser topological structure in 

neighborhood relationships. In contrast, larger cell sizes (e.g., 50 m and above) 

reduced the number of initial units; however, the cells then produced a coarser 

representation that masked spatial heterogeneity in the distribution of housing units. 
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Accordingly, each change in cell size altered not only the “number of cells,” but also 

the operating conditions of the neighborhood-based algorithms to be used for EA 

production. 

These observations are consistent with the literature emphasizing that scale 

selection in regular grid-based analyses can fundamentally change outcomes. In the 

context of the “scale problem,” it is noted that different resolutions applied to the same 

dataset may produce different spatial results (Openshaw, 1984; Longley et al., 2015). 

In the context of this thesis, this scale problem demonstrates that fishnet cell size is not 

merely a technical parameter, but a decision that shapes the methodological orientation 

of EA production. 

Another methodological issue considered in fishnet generation is the geometric 

irregularity of the neighborhood boundary. The indented and protruding structure of 

administrative boundaries can cause fishnet cells to be partially cut along the boundary 

or split into very small fragments. These boundary cells can become “weak” initial 

units both geometrically (very small or thin polygons) and statistically (often carrying 

low or zero housing units). Therefore, the regularity that the fishnet approach 

theoretically provides can be partially undermined in practice due to boundary effects. 

The main reason boundary effects are critical for EA production is that these 

weak cells can unexpectedly influence EA growth decisions in later steps (for example, 

neighborhood graph construction and region-growing algorithms). How boundary 

effects emerge in practice in the fishnet approach is illustrated in Figure 3.8 through 

the interaction between the neighborhood boundary geometry and the regular fishnet 

structure. The figure clearly shows that some cells along the boundary are partially cut 

and transformed into very small polygons with weak functional integrity. Although 

these cells are part of a geometrically regular grid structure, they often carry low or 

zero housing units (0-RES) in terms of statistical content. This situation 

methodologically weakens the fishnet approach’s assumption of “equivalent initial 

units.” 
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Figure 3.8. Boundary effects of neighborhood boundary geometry on fishnet cells.  

 

Source: Generated by the author. 

On the left, the fishnet structure generated over the neighborhood boundary is 

presented; on the right, a zoomed-in area is provided in which the cells that were cut 

along the boundary and whose functional integrity has weakened are more clearly 

visible. 

At this stage, the fishnet cells were not yet treated as EAs. The generated grid 

was considered only as a precursor spatial structure, and it was acknowledged that, for 

the cells to become meaningful for EA production, building-based housing-unit 

information had to be transferred to these cells. For this reason, fishnet generation was 

planned as a geometric step independent of quantitative information, and the statistical 

dimension of the EA production process was deferred to the next stage. 

To document methodologically the effect of cell size on the EA production 

process, a series of trials was conducted using different cell sizes during fishnet 

generation. The purpose of these trials was not to identify a single “best” cell size, but 

rather to observe how cell size influences the number of initial units, boundary 

fragmentation, and the way in which the distribution of housing units is reflected in 

the cells. The summary indicators derived in this context were evaluated not to produce 

quantitative results, but to document, at the methodological level, the parameter 

sensitivity of the fishnet approach. 
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Table 3.1. Methodological summary indicators for fishnet generation across different 

cell sizes 

Cell size 

(m) 

Total number 

of cells 

Mean RES 

per cell 

Share of 0-RES 

cells (%) 

Methodological 

observation 

25 ↑ high ↓ low ↑ high 

High resolution, excessive 

fragmentation, and dense 

neighborhood. 

35 medium medium Medium 

Balanced representation, 

but boundary effects 

remain evident. 

50 ↓ low ↑ high ↓ low 

Coarse representation; 

spatial heterogeneity is 

masked. 

Note: The qualitative terms “high / medium / low” used in the table are not intended for numerical 

comparison; they are used only to describe methodological tendencies associated with cell size. 

This table shows that cell size in the EA production process is not only a 

geometric preference; it is also a design variable that directly affects the neighborhood 

structure, the way quantitative information is distributed across cells, and the 

proportion of weak units created along boundaries. In particular, the change in the 

share of 0-RES cells indicates that boundary effects and scale selection must be 

evaluated jointly in the fishnet approach. For this reason, cell size selection was treated 

as a decisive prerequisite for the subsequent steps of cell-based housing-unit 

calculation and region growing. 

In summary, the fishnet generation process was defined as a methodological 

stage that aims to meet the basic requirements of areal representation in EA production, 

but is highly sensitive to parameter choice. Factors such as cell size and boundary 

effects were observed to determine the operating conditions of the neighborhood and 

growth operations applied in later stages; therefore, fishnet generation was evaluated 

as an “initial design” step that shapes the behavior of the entire workflow. 

In the next subsection (3.4.3), the logic of cell-based housing-unit (RES) 

calculation on the generated fishnet cells is discussed in detail, and the role of the 

spatial summarization step in the EA production process is explained. 
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3.4.3. Logic of Cell-Based Housing-Unit (RES) Calculation 

After the fishnet generation stage, building-based housing-unit (RES) 

information must be transferred to the generated cells so that the cells can be converted 

into analytical units usable for EA production. This step is the core methodological 

stage that enables the fishnet approach to move beyond being a purely geometric 

precursor structure and to become an analysis layer carrying quantitative content. 

In this thesis, cell-based RES calculation was performed using dissolved 

building polygons. As described in previous sections, building geometries were 

merged based on building identity, and the total number of housing units for each 

building was defined as a single attribute. This preparation aims to prevent housing-

unit information from being artificially fragmented during spatial summarization and 

to ensure that each building contributes to EA production with an appropriate weight. 

Cell-based RES calculation was implemented in the ArcGIS Pro environment 

using the Summarize Within tool. In this operation, the RES values of building 

polygons falling within each fishnet cell were summed, and the result was assigned to 

the cell as an attribute. As a result, each fishnet cell gained a quantitative variable 

representing the total number of housing units within its covered area. 

Figure 3.9. Transfer of building-based residential unit (RES) information onto 

fishnet cells via spatial summarization. 

 

Source: Generated by the author. 
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The methodological operation of this process can be explained by considering 

Figures 3.9 and 3.10 together. Figure 3.9 schematically illustrates how building-based 

housing-unit (RES) information is transferred to regular fishnet cells through spatial 

summarization (Summarize Within). At this stage, each cell acquires a quantitative 

attribute by taking the sum of the RES values of the building polygons that fall within 

its boundaries. 

Complementing this basic transfer logic, Figure 3.10 conceptually shows how 

the same spatial summarization operation produces a heterogeneous RES distribution 

at the cell level. Although fishnet cells have a regular geometric structure, once 

quantitative information is transferred they cease to be statistically equivalent units: 

some cells carry high housing-unit values, whereas cells corresponding to roads, open 

spaces, or areas without buildings receive a zero housing-unit (0-RES) value. 

Figure 3.10. Schematic representation of the spatial distribution of 0-RES cells and 

residential cells after cell-based RES calculation.  

 

Source: Generated by the author. 

In this context, Figure 3.10 makes visible a critical methodological tension 

inherent in the fishnet approach: even if cells are geometrically equal in size, the RES 

distribution exhibits high variance across cells, and this directly affects the statistical 
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quality of the initial units used for EA production. In particular, the presence of 0-RES 

cells becomes one of the key factors shaping the behavior of the neighborhood-based 

growth algorithms applied in subsequent stages. 

For this reason, the cell-based RES calculation step was evaluated not as a 

“balancing” mechanism in the EA production process, but rather as an analytical 

threshold that reveals the spatial and statistical limitations of the fishnet approach. The 

0-RES cells that emerge at this stage were not treated as errors or anomalies; they were 

interpreted as a natural output of the method and as a structural characteristic that must 

be addressed in later stages. 

Accordingly, Section 3.4.3 represents the stage at which fishnet cells become 

not only geometric units, but also quantitative initial units to be used in EA production. 

However, this transformation also formed the basis for the methodological instabilities 

that are discussed in detail in the next subsection. 

In the next subsection (3.4.4), it is discussed in detail how the cell-based RES 

distribution—particularly through 0-RES cells—affects EA production and why this 

creates structural instability within the fishnet approach. 

3.4.4. Structural Effects of 0-RES Cells 

After cell-based housing-unit (RES) values were calculated for fishnet cells, 

one of the most critical methodological issues determining the behaviour of the EA 

production process was the presence of 0-RES cells. These cells are an integral 

geometric component of the fishnet structure, yet statistically they carry no housing 

units. In other words, 0-RES cells are necessary for spatial continuity, but they are 

neutral with respect to quantitative targets. 

One theoretical assumption of the fishnet approach is that initial units can be 

treated as equivalent. However, after cell-based RES calculation, this assumption lost 

its methodological validity. Cells with the same size and shape were observed to differ 

radically in terms of their capacity to carry housing units. This demonstrates that EA 

production is not merely a geometric problem, but a multi-layered problem in which 

statistical, topological, and algorithmic constraints must be managed simultaneously. 

In this context, the structural effect of 0-RES cells on EA production emerges at three 
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closely related levels. These concern areal expansion without statistical contribution, 

the topological bridge effect within the neighbourhood graph, and the distortion of EA 

geometry together with its operational implications. 

The first of these effects is that 0-RES cells can cause areal expansion during 

EA growth without providing any statistical contribution. Because region-growing 

algorithms must keep EAs spatially contiguous, selecting only cells with RES is often 

not feasible. For this reason, the algorithm may be forced to include 0-RES cells in the 

growth process in order to preserve the spatial integrity of the EA. This leads to an 

expansion of the area covered by an EA while the total RES value remains unchanged. 

As a result, EA growth can become effectively decoupled from quantitative targets 

such as the targeted RES band. While the geometric boundary of the EA expands, its 

statistical content does not change, producing a methodological tension that 

disconnects the area-statistics relationship. This effect is illustrated schematically in 

Figure 3.11. The figure compares two configurations for the same EA: a narrower EA 

boundary that includes only RES>0 cells, and an expanded EA boundary that results 

from adding 0-RES cells. The visualisation clearly demonstrates that the total RES 

value does not change even though the EA area increases, thereby making areal 

expansion without statistical contribution methodologically visible. 

Figure 3.11. 0-RES cells causing areal expansion during EA growth without 

providing any statistical contribution. 

 

Source: Generated by the author. 
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A second effect concerns the role of 0-RES cells in steering neighbourhood-

based growth decisions. Within the cell-to-cell neighbourhood graph, 0-RES cells 

often function as topological bridges between multiple RES-carrying cells. This can 

cause the decision mechanism of the EA growth algorithm to be driven more by 

topological accessibility than by RES density. In other words, the algorithm may 

determine its growth direction not on the basis of the cell that provides the highest 

quantitative contribution, but on the basis of the adjacent cell that is easiest to connect. 

This shifts the growth process away from a quantitative optimisation logic and makes 

it dependent on the structural properties of the neighbourhood graph. This 

methodological issue is illustrated in Figure 3.12 using a schematic neighbourhood 

graph. The figure shows 0-RES cells providing connectivity between two RES>0 cells 

and thereby indirectly determining the direction of EA growth. The growth directions 

indicated by arrows clearly demonstrate that the algorithm prioritises topological 

continuity over quantitative contribution. This visualisation constitutes critical 

methodological evidence that the problem arises not from the data itself, but from the 

topological properties of the fishnet structure. 

Figure 3.12. 0-RES cells acting as bridges in the neighborhood graph and thereby 

indirectly determining the direction of EA growth. 

 

Source: Generated by the author. 

A third effect relates to the direct influence of 0-RES cells on the spatial form 

of EA geometries. In particular, 0-RES cells that concentrate along neighbourhood 

boundaries, around road networks, or in sparsely built-up areas can cause EAs to take 

elongated, narrow, or otherwise irregular shapes. This can result in EAs that have 
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similar RES totals being represented with very different spatial forms. Figure 3.13 

presents two EA examples with the same total RES value. The EA on the left has an 

elongated and narrow geometry due to the influence of 0-RES cells, whereas the EA 

on the right has a more compact spatial structure. Although the two EAs are 

statistically equivalent, they differ substantially in geometric and operational terms. 

This difference matters for field implementation. Elongated and fragmented EA 

geometries can hinder access for enumeration teams, create ambiguity in area 

definitions, and reduce operational efficiency. Therefore, the influence of 0-RES cells 

produces not only methodological consequences, but also practical, implementation-

oriented outcomes. 

Figure 3.13. EAs with the same total RES value producing different spatial 

geometries due to the influence of 0-RES cells. 

 

 

Source: Generated by the author. 

Taken together, these observations show that 0-RES cells should not be treated 

as an error or a data problem, but rather as a natural and unavoidable output of the 

fishnet-based approach. Spatially representing areas without housing is necessary to 

produce EAs that are gap-free and topologically valid. However, if these cells are not 

managed in a way that is consistent with quantitative targets, they can significantly, 

and often unpredictably, distort the behaviour of the growth algorithm. This indicates 
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that the problem stems not primarily from data quality, but from the structural 

properties of the chosen areal representation approach. 

Within the scope of this thesis, different strategies regarding 0-RES cells were 

evaluated. Fully excluding such cells was not considered methodologically appropriate 

because it risks creating gaps and spatial discontinuities along EA boundaries. 

Conversely, including 0-RES cells in EA growth without conditions led to systematic 

deviations of EAs from the targeted housing-unit ranges. This dual outcome clearly 

demonstrates a structural tension between areal representation and statistical balance 

in the fishnet-based approach. As a result, the structural effect of 0-RES cells was 

assessed as one of the key methodological factors explaining why the fishnet approach 

struggles to produce stable and predictable outcomes in EA production. In the next 

subsection (Section 3.4.5), the design of the region-growing algorithm applied over 

fishnet cells, the rules used, and the reasons why this algorithm produced unstable 

results in practice are discussed in detail. 

3.4.5. Fishnet-Based Region Growing Trial and Diagnostic Reporting 

Following the completion of data preparation and pre-processing steps, this 

section describes the fishnet (grid)-based approach implemented in ArcGIS Pro to 

produce Enumeration Areas (EAs). The fishnet approach was initially considered 

methodologically attractive because it provides full spatial coverage within 

neighbourhood boundaries and offers a geometrically regular set of starting units. In 

principle, a regular grid can support repeatable scenario testing by enabling the same 

neighbourhood to be processed multiple times under different parameter settings, such 

as cell size, thereby improving comparability between runs. 

In this workflow, fishnet cells are not treated as EAs by default. Instead, they 

are defined as precursor spatial units that later gain statistical meaning after residential 

unit information is transferred from building-based data. Therefore, the fishnet layer 

is best understood as a controllable spatial frame that supports subsequent aggregation 

and growth operations under quantitative constraints. Within this overall logic, the 

discussion below brings together the main components of the fishnet-based trial in an 

integrated manner: the rationale for adopting a fishnet as an initial spatial frame, the 
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implementation and observed behaviour of the region-growing algorithm, the role of 

seed selection and adjacency construction, the decision rules and residual-cell handling 

procedures, and the reporting protocol used to document and evaluate the resulting 

outputs. The holistic methodological evaluation and the transition to the subsequent 

approach are provided in Section 3.4.6. 

A central stage in the fishnet-based trial is the implementation of a region-

growing algorithm designed to produce contiguous EAs under a target residential 

band, for example a desired interval such as 80–120 residential units. Region growing 

was selected because it can iteratively aggregate neighbouring cells to form contiguous 

zones while tracking a running quantitative sum. In the implemented logic, an EA 

begins from a seed cell and expands by adding neighbouring cells until the cumulative 

RES reaches, or approaches, the target band. At each iteration, the algorithm evaluates 

a candidate set of neighbours based on pre-defined rules, including contiguity, 

adjacency, and optional preferences. In theory, such a process can balance quantitative 

targets and spatial coherence; however, in practice, several interacting factors caused 

the growth behaviour to become unstable across runs. 

Figure 3.14 illustrates the general logic of the fishnet-based region-growing 

workflow used for EA production. 

Figure 3.14. Fishnet-based region growing workflow for EA production.  

 

Source: Generated by the author. 
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The schematic illustrates fishnet cells carrying RES attributes, the selection of 

a seed cell, and iterative neighbour addition until a target RES band is reached while 

maintaining contiguity. A core methodological difficulty is that the growth process is 

highly sensitive to the structure of the adjacency graph and to the distribution of 0-

RES and boundary cells. When 0-RES cells are prevalent, the algorithm can expand 

spatially without improving the RES total, which increases the likelihood of irregular 

geometries and of failing to reach the target band efficiently. 

This behavioural tension is further clarified in Figure 3.15, which contrasts 

quantitative-driven growth with topology-driven growth. 

Figure 3.15. Contrast between quantitative-driven growth and topology-driven 

growth.  

 

Source: Generated by the author. 

The left panel conceptualises a growth path dominated by maximising RES 

contribution, whereas the right panel shows a case in which 0-RES bridge cells steer 

growth through connectivity. As shown in Figure 3.15, the diagram highlights the key 

behavioural tension: even when the algorithm is intended to prioritise quantitative 

contribution, connectivity constraints can force the inclusion of 0-RES cells, which in 

turn may redirect the growth path. This effect is amplified when boundary cells are 
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clipped into small polygons that create narrow corridors or fragmented neighbour 

relations. 

The consequences of this divergence in growth logic are also visible at the level 

of produced EA geometries. Figure 3.16 presents illustrative EA outputs under 

different growth-dominance regimes. 

Figure 3.16. Illustrative EA outputs under different growth dominance regimes. 

 

Source: Generated by the author.  

As illustrated in Figure 3.16, the schematic map comparison shows that EA 

growth can follow different spatial paths under numerical versus topology-driven 

logic, even when the final target RES is similar. Quantitative-driven growth tends to 

produce more compact shapes, while topology-driven growth, often mediated by 0-

RES and boundary cells, can yield elongated and operationally weaker geometries. 

These figures therefore function not merely as visual aids, but as methodological 

evidence of the structural instability encountered in the fishnet-based trial. 

Although the fishnet-based workflow is expressed as iterative growth from a 

seed cell, the observed behaviour is strongly conditioned by how seeds are placed and 

in what order they are initialised. In operational regionalisation, seeding affects the 

growth frontier, exposure to barrier-induced constraints, and the likelihood of 

consuming low-information areas early in the process (Openshaw & Rao, 1995; 
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Duque, Ramos, & Suriñach, 2007). For this reason, seed selection is treated as an 

explicit methodological choice rather than an implementation detail. Seeding is 

applied to the admissible fishnet cells remaining after barrier filtering and any pre-

defined exclusions. To preserve contiguity, seeds are initiated within connected 

components of the allowed-neighbour graph, and growth is not permitted to jump 

between components. 

Within this framework, four pragmatic heuristics are supported. Random 

seeding is applied over admissible cells. High-RES seeding prioritises the highest 

RES_UNITS cells (Assunção, Neves, Câmara, & da Costa Freitas, 2006; Guo, 2008). 

Centrality-based seeding prioritises structurally interior cells in order to support 

compactness. Barrier-distance seeding preferentially initiates near barrier edges so as 

to stress-test the feasibility of compact growth under constrained adjacency. The 

purpose of using multiple seeding heuristics is not to tune outcomes post hoc, but to 

reveal whether the growth and stopping rules are robust to plausible initialisations. 

Centrality-based and barrier-distance strategies in particular approximate two 

operational extremes: interior starts often promote compact zones, whereas barrier-

proximal starts test whether contiguity can be maintained without producing corridor-

like geometries when the frontier is compressed by prohibited links. The compactness 

rationale follows the procedural interpretation of compactness metrics such as the 

Polsby–Popper family (Polsby & Popper, 1991), while acknowledging that 

compactness is not the sole operational criterion for EAs. 

The behaviour of the growth algorithm is also shaped by how neighbourhood 

relationships are defined and operationalised. Neighbour relationships between 

candidate cells are represented through first-order contiguity and are stored explicitly 

as an adjacency graph used in the growth loop. In ArcGIS Pro, the Polygon Neighbors 

tool produces a neighbour table under either strict edge contiguity (rook adjacency) or 

edge-and-vertex contiguity (queen adjacency) (Esri, n.d.). Given the interpretability 

requirements of EA boundaries, strict edge contiguity is adopted as the default, while 

queen adjacency is retained for diagnostics and sensitivity checks. The raw neighbour 

table is transformed into an adjacency list and then into a graph representation, G = 

(V, E), enabling constant-time neighbourhood queries during iterative growth and 
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supporting QA diagnostics such as component size, degree distribution, and bridge-

like links. 

Barrier compliance is enforced before growth by filtering E using the barrier 

layers, including roads, railways, and water bodies, so that prohibited crossings are 

removed from the admissible neighbour set. This design makes barrier compliance a 

hard constraint rather than a soft preference, and aligns the spatial feasibility checks 

with the same adjacency structure used for scoring. Because first-order contiguity 

alone can leave small residual pockets near barriers or administrative boundary cuts, 

secondary graph diagnostics are also computed to support residual handling, for 

example component membership and distance-to-nearest EA measured in graph steps. 

These diagnostics are archived together with parameter settings so that any post-

allocation steps reported in Chapter 4 can be traced to explicit intermediate graph 

states. 

Within the growth loop itself, candidate selection follows a two-stage decision 

structure consisting of admissibility screening followed by scoring and tie-breaking. 

Admissibility is evaluated first in order to exclude candidates that would violate barrier 

constraints, contiguity, or explicitly prohibited links. Only admissible candidates are 

scored, ensuring that optimisation is performed within the feasible set and does not 

rely on ex post repairs to restore feasibility. The primary score operationalises the 

statistical objective by reducing the distance of the EA’s cumulative RES_UNITS to 

the target band, for example 80–120 units. However, the fishnet setting introduces a 

characteristic failure mode. When many 0-RES cells are present, adding a 0-RES cell 

may not change the distance-to-band metric and can therefore appear harmless. If 

added consecutively, these cells can expand the EA footprint without improving 

statistical balance and can propagate the instability mechanism described in Section 

3.4.6. Accordingly, the scoring logic is complemented by explicit exclusion rules and 

secondary penalties that discourage repeated 0-RES additions unless such additions 

are required to preserve contiguity. 

Stopping conditions were initially defined in two ways: growth stops when the 

EA enters the target band, or growth stops when no admissible neighbours remain. In 

practice, these conditions are insufficient on their own, because maintaining contiguity 

can require additional cells after the target is reached, and certain seeds can exhaust 
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their local neighbourhood before reaching the band. The workflow therefore logs the 

reason for termination, distinguishing between band reached and frontier exhausted, 

together with the final distance-to-band and compactness or fragmentation diagnostics. 

This makes it possible to interpret later why a particular EA stopped growing and 

whether the termination was statistically satisfactory or topologically forced. 

Residual cells frequently remain after growth terminates for all seeds. These 

residuals are typically low-RES or 0-RES units located near barriers, boundary cuts, 

or disconnected components. Naïvely assigning residuals to the nearest EA tends to 

deteriorate geometry and can reintroduce instability by forcing narrow corridors or 

detached appendages. Residual handling is therefore treated as a distinct post-

allocation step with its own rules. Residuals are attached only if contiguity and barrier 

compliance are preserved and if the attachment does not trigger extreme geometric 

degradation; otherwise, they are flagged for targeted review in the diagnostic outputs 

reported in Chapter 4. 

The combined influence of these design elements is summarised in Table 3.2, 

which documents the main factors shaping fishnet-based region-growing behaviour. 

Table 3.2. Factors influencing fishnet-based region growing behaviour. 

Factor Definition Effect on the algorithm 

Cell size Scale of starting units 

As cell size decreases, adjacency density increases 

and growth decisions become more complex; 

computational load typically rises. 

Share of 0-

RES cells 

Proportion of cells with 

zero residential units 

Creates area–RES decoupling: the EA can expand 

spatially without increasing RES, reducing 

convergence efficiency and increasing shape 

irregularity risk. 

Boundary 

cells 

Clipped/weak cells along 

the neighbourhood 

boundary 

Distorts growth direction and neighbour availability; 

increases fragmentation and irregular geometries due 

to edge effects. 

Seed cell Initial EA core cell 

Strongly influences the final EA geometry and the 

convergence path; different seeds can lead to 

materially different outputs under the same rules. 
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As summarised in Table 3.2, region-growing behaviour is jointly shaped by 

grid resolution, represented through cell size, the share and spatial configuration of 0-

RES cells, weakened boundary cells produced by clipping, and the choice of the initial 

seed cell. The table is therefore used as a methodological documentation tool rather 

than as a results statement. Its purpose is to make the main sensitivity drivers explicit 

and to explain why repeatability becomes difficult under certain spatial conditions. 

Overall, the region-growing algorithm did not fail because the data were 

incorrect, but because the method design places strong and sometimes competing 

demands on contiguity, scale, boundary handling, and quantitative balancing, 

especially under high 0-RES presence. This observation provides a clear 

methodological explanation for why the fishnet-based approach struggled to produce 

stable EA outputs across repeated runs. 

For this reason, diagnostic reporting becomes an essential part of the fishnet-

based trial rather than a supplementary documentation step. The reporting protocol is 

designed to ensure that every methodological trial can be audited and compared on a 

consistent basis: which parameters were used, what intermediate graph and growth 

states were produced, what statistical and spatial indicators were computed, and how 

outputs were archived for later interpretation. 

First, a neighbourhood-level RES baseline is recorded before EA delineation. 

The baseline is computed as the sum of RES_UNITS across all candidate cells after 

applying the same preprocessing rules used by the growth algorithm, including 

exclusions, masks, and barrier-informed filtering. Recording the baseline provides a 

reference point for evaluating whether any losses or duplications are introduced by the 

workflow and supports comparability across neighbourhood contexts. 

Second, EA-level summary indicators are computed for every delineated unit. 

At minimum, these include total RES_UNITS, number of cells, number of boundary 

segments, and basic compactness proxies based on area and perimeter derived from 

the cell union. Additional indicators can be computed where needed in order to 

compare multiple trials or parameter sets, including within-EA variance, distributional 

summaries of EA size, and counts of out-of-band EAs. The use of comparable 

indicators aligns with established practice in zonal system evaluation and 

regionalisation diagnostics (Openshaw, 1984; Duque, Anselin, & Rey, 2012). 
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Third, spatial diagnostics are generated to support operational review of the 

produced EA geometries. These diagnostics focus on compactness and fragmentation, 

for example the presence of corridors and appendages, adjacency consistency, and the 

identification of residual pockets that remain unassigned after the growth loop 

terminates. Compactness is treated as a practical safeguard because excessive 

perimeter-to-area ratios and corridor structures are closely associated with fieldwork 

inefficiencies and unstable EA boundaries (Polsby & Popper, 1991; Duque, Ramos, & 

Suriñach, 2007). 

Finally, all outputs are archived together with their parameter settings and 

diagnostic summaries, enabling reproducibility and structured comparison across 

trials. This includes saving the final EA polygons, the intermediate growth logs, 

including seed order and termination reasons, and any residual-allocation actions taken 

after the main growth phase. The descriptive and comparative statistics produced under 

this protocol are reported in Chapter 4, Findings, while the present section defines how 

those outputs are generated and recorded. 

3.4.6. Holistic Methodological Evaluation of the Fishnet-Based EA 

Production Workflow 

This section provides an integrated methodological evaluation of the fishnet-

based EA delineation workflow described in Sections 3.4.1–3.4.5. The aim is not to 

assess single examples in isolation, but to explain—at the level of process design—

why the overall workflow struggled to deliver stable, predictable, and reproducible EA 

outputs that simultaneously satisfy quantitative balance (RES targets), geometric 

consistency (compact and coherent boundaries), and operational usability for field 

enumeration. Accordingly, the evaluation highlights that the dominant drivers of 

instability are structural (grid resolution, boundary effects, topology constraints, and 

the behaviour of 0-RES cells) rather than solely data-quality limitations. 

Although the fishnet approach offers clear advantages in terms of full spatial 

coverage and formalised starting conditions, the workflow exhibits an inherent 

instability mechanism driven by the interaction of scale sensitivity, boundary effects, 

and 0-RES cell structure. At the design level, cell size determines the resolution of 
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representation and the complexity of the adjacency graph. At the boundary, clipped 

cells introduce geometrically weak units that frequently carry low or zero RES values. 

After RES transfer, the grid becomes statistically heterogeneous, and the initial 

assumption of equivalent starting units is no longer valid. 

As the region growing algorithm operates on this heterogeneous grid, growth 

decisions become increasingly constrained by topological connectivity rather than by 

quantitative contribution. This shifts the control of EA formation away from the 

intended RES target and toward graph-based accessibility. Consequently, EAs may 

expand substantially in area without proportional RES gains, and shapes can become 

elongated or irregular, undermining field interpretability. 

Figure 3.17. Instability mechanism in fishnet-based EA production. 

 

Source: Generated by the author. 

The diagram summarises the cause–effect chain linking cell size sensitivity, 

boundary clipping, 0-RES prevalence, adjacency-graph dominance, and the resulting 

loss of stability and repeatability in EA outputs. 

Figure 3.17 makes explicit that the core difficulty is structural: the fishnet 

approach simultaneously enforces gapless coverage and contiguity while seeking 

quantitative balance under heterogeneous RES distribution. In this context, 0-RES 
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cells are unavoidable for full representation of non-built space; however, they must be 

governed by additional rules if the method is expected to converge reliably to a 

quantitative target band without compromising geometric quality. 

Therefore, the key methodological takeaway is that the fishnet-based workflow 

is well suited for guaranteeing spatial coverage and enabling controlled scenario 

testing, but it becomes unstable when it is used as the primary mechanism for 

producing quantitatively balanced EAs in heterogeneous urban fabric. This evaluation 

provides the methodological justification for moving toward alternative EA production 

strategies that reduce dependency on grid topology and that align more directly with 

the underlying residential structure (e.g., building-based or hybrid approaches). 

As a transition to the next section, the limitations identified here motivate the 

methodological shift introduced in Section 3.5, where alternative approaches are 

presented to improve quantitative stability, geometric coherence, and operational 

feasibility under the same EA design constraints. 

3.5. Final Building-Based EA Delineation Method 

Sections 3.4.1–3.4.6 documented the ArcGIS Pro prototyping phase, in which 

fishnet discretisation and region growing were used to test the feasibility of automated 

EA production under realistic operational constraints. The principal outcome of that 

phase was not a stable final EA product, but a clarified methodological specification. 

EA generation had to be anchored directly to building-level residential counts, had to 

rely on an explicit barrier-filtered neighbour structure, and had to produce outputs that 

were both operationally interpretable and reproducible. The final delineation method 

developed in response to these findings was subsequently implemented in R, and a 

local Shiny-based interface was developed to support execution, parameter control, 

and output review. Accordingly, the present section defines the methodological 

structure of the final approach, while Section 3.6 presents its implementation in R. 

The decisive methodological change concerns the analytical unit. Instead of 

treating fishnet cells as the starting units of aggregation, the final method treats 

buildings carrying residential workload as the atomic demand units of the system. This 

reduces dependence on arbitrary discretisation, prevents zero-information cells from 
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dominating growth behaviour, and aligns the balancing logic more directly with census 

workload. At the same time, the method preserves the requirement that final outputs 

must constitute gap-free and topologically valid areal partitions within neighbourhood 

boundaries. 

In conceptual terms, the final approach separates two tasks that were partially 

entangled during the ArcGIS trial. The first task is workload-sensitive EA assembly, 

carried out on building-level units under explicit adjacency and barrier rules. The 

second task is areal completion, in which those assignments are converted into full-

coverage EA polygons through residual-area attachment and topology-oriented 

cleanup. This separation improves interpretability, strengthens diagnostics, and allows 

statistical balancing decisions to be evaluated independently from coverage repair 

operations. 

3.5.1. Rationale for the Building-Based Formulation 

The move to a building-based formulation was motivated by both 

methodological and operational considerations. In the fishnet-based trial, the regularity 

of grid cells offered an attractive analytical frame, but the resulting system remained 

highly sensitive to cell size, boundary clipping, and the behaviour of 0-RES cells. By 

contrast, buildings correspond much more closely to the actual spatial distribution of 

census workload. Treating buildings as the atomic demand units therefore improves 

the substantive meaning of the balancing process and makes the resulting EAs easier 

to interpret in relation to field listing and enumeration practice. 

This choice also reflects the conceptual meaning of constraints in EA design. 

Enumeration Areas are not defined by geometry alone, but by workload, accessibility, 

and administrative feasibility. International census practice emphasises approximate 

equality of workload, respect for obvious physical boundaries, and the maintenance of 

clear operational units rather than geometrically regular partitions imposed for their 

own sake (United Nations, 2017; Eurostat, 2017). In the present study, these principles 

are encoded directly in the building-based assembly logic instead of being 

approximated through an antecedent grid. 
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A further advantage of the building-based formulation is that it makes the 

smallest indivisible operational unit explicit. Each building, identified through a 

persistent building identifier, is treated as a non-splittable unit. This avoids the 

artificial division of a single physical structure across multiple EAs, which would 

complicate enumerator assignment, increase the risk of omission or duplication, and 

weaken the intuitive spatial logic of the output. The method therefore accepts that exact 

numerical balance is sometimes impossible and treats such cases as structural 

consequences of real urban form rather than as algorithmic defects. 

3.5.2. Inputs, Pre-processing, and Barrier-Constrained Neighbour 

Structure 

The final method uses four core input classes: neighbourhood administrative 

boundaries defining the scope of delineation, building footprints with residential-unit 

attributes, barrier layers representing operational separators such as major roads, 

railways, and waterways, and optional auxiliary layers used for control or 

interpretation. Before delineation begins, all layers are harmonised to a common 

projected CRS and checked for geometry validity and key-attribute completeness. This 

ensures that metric operations, topology checks, and neighbourhood relations remain 

internally consistent throughout the workflow. 

Pre-processing also ensures that the building layer represents physical 

structures rather than arbitrary geometric fragments. Where the same building is 

represented by multiple polygons, attribute-based consolidation is applied so that each 

physical building is carried forward with a single geometry and a single residential-

unit value. Residential and non-residential structures are distinguished at this stage. 

Non-residential buildings are retained geometrically in order to preserve spatial 

continuity, but they contribute zero to the household-equivalent target count. This 

maintains full spatial representation without inflating statistical workload. 

Neighbour relations are then constructed at the building level using contiguity 

and, where necessary, controlled near-touch proximity. These candidate relations are 

filtered through the barrier model so that the final allowed-neighbour graph contains 

only those connections that remain operationally admissible. In this way, barrier 
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compliance is treated as a hard constraint rather than a soft preference. Graph 

diagnostics such as connected components, node degrees, and edge density are used to 

identify over-fragmentation or under-constrained connectivity before aggregation 

begins. 

3.5.3. Rule-Driven EA Assembly, Target Ranges, and Exception Logic 

EA assembly is implemented as deterministic region growing on the barrier-

filtered building graph. Each EA begins from a seed building or seed cluster and 

expands by iteratively attaching admissible neighbouring buildings until the 

cumulative residential-unit total reaches, or approaches, the target band. Candidate 

additions are evaluated hierarchically. Hard constraints—administrative boundary 

adherence, barrier integrity, and contiguity—are enforced before balance objectives 

are optimised. Within the feasible set, candidates are ranked according to their 

contribution to the target range and, secondarily, according to geometric preferences 

that discourage unnecessarily elongated or corridor-like growth. 

The primary workload constraint is the number of residential units (RES), 

which functions as the most direct proxy for enumeration effort. Alternative secondary 

constraints, particularly a broader total-unit variable that included non-residential uses, 

were evaluated but not retained in the final method because they complicated the 

optimisation problem without improving field relevance. Within the final framework, 

a target around 100 household-equivalent units is treated as a planning reference rather 

than as a universal hard quota, and neighbourhood-level target ranges are differentiated 

through the DEGURBA classification. Dense urban, intermediate, and rural contexts 

therefore operate under related but non-identical admissible bands. 

This target structure is deliberately implemented as soft balancing rather than 

strict equality. The empirical structure of the data makes exact compliance neither 

realistic nor desirable in all cases. Buildings are indivisible, barrier-defined 

neighbourhood fragments can be spatially isolated, and compactness cannot always be 

preserved if the algorithm is forced to chase a numerical threshold at any cost. 

Consequently, the method minimises deviation from the target band while accepting 

controlled departures when they arise from higher-priority operational constraints. 
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Two exception mechanisms are particularly important. First, buildings with 

RES_UNITS = 0 are treated as neutral elements: they are not preferred for quantitative 

progress, but they may be used to preserve contiguity or to support complete areal 

coverage. Second, exceptionally large buildings are handled as explicit structural 

cases. When a single building contains a residential-unit count that exceeds the upper 

EA target, it is designated as a standalone EA rather than being forcibly split or 

combined in a way that would violate building integrity. Oversized EAs caused by 

barrier sparsity or locked large buildings are therefore retained and flagged 

transparently, not hidden through forced rebalancing. 

3.5.4. Coverage Completion, Residual Handling, and Topological 

Validation 

After building assignments have been finalised, the method converts these 

assignments into full EA polygons. This stage is kept analytically separate from 

balancing. Buildings are first dissolved by EA identifier to create the primary EA 

geometries, and only then are residual non-building areas inside the neighbourhood 

boundary attached through explicit coverage-completion rules. This sequencing is 

methodologically important because it prevents topological repair operations from 

silently altering the building-based workload logic that governed the primary 

delineation stage. 

Residual areas may arise from barrier segmentation, boundary-adjacent slivers, 

non-residential spaces, or local geometric effects introduced during polygon 

construction. These areas are attached only when contiguity and barrier compliance 

are preserved and when the attachment does not cause disproportionate geometric 

degradation. In this way, the method pursues complete areal coverage while preserving 

the priority structure established during EA assembly. 

The resulting EA polygons are then subjected to topology-oriented validation. 

Checks address invalid geometries, gaps, overlaps, multipart artefacts, isolated 

fragments, and unexplained changes in total RES across stages. Where issues are 

detected, repair operations are applied as deterministic rule-governed interventions 

rather than as manual edits. This preserves reproducibility, makes corrective actions 
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auditable, and ensures that the final EA layer remains interpretable both statistically 

and operationally. 

3.5.5. Documentation Outputs and Pilot-to-Scale Rationale 

To support thesis-level transparency, the final method produces both 

substantive outputs and methodological records. Final EA polygons and their attribute 

tables are complemented by intermediate layers, graph diagnostics, merge records, and 

structured run logs. Together, these outputs make it possible to reconstruct how a given 

delineation was produced, which rules were activated, where exceptions occurred, and 

how parameter settings influenced the result. Figure 3.5.1 and Table 3.3 summarise 

the workflow and its documentation structure in compact form. 

Figure 3.18 Schematic of the building-based, rule-driven EA delineation workflow 

implemented after the fishnet trials. 

 

Source: Generated by the author. 
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Table 3.3. Documentation structure for the building-based workflow (stages, 

decisions, intended effects, risks, and diagnostics) 

Stage Main 

decision / 

parameter 

Brief definition Intended effect Potential 

methodological 

risk 

Logged 

diagnostics 

(examples) 

Input 

assembly 

Input layers 

& IDs 

Collect boundary, 

buildings (RES), 

barriers, optional 

targets; enforce 

unique IDs. 

Ensure consistent 

spatial extent and 

traceable units. 

Mismatched 

CRS/IDs; missing 

fields leading to 

silent drop-outs. 

CRS check; 

feature 

counts; 

missing-field 

report. 

Geometry 

normalisation 

Repair & 

dissolve 

rules 

Repair invalid 

geometries; dissolve 

building fragments by 

building ID. 

Prevent artificial 

fragmentation of 

RES and 

adjacency. 

Over-dissolve 

merges distinct 

buildings; geometry 

repair shifts edges. 

Pre/post 

counts; RES 

totals by 

stage; invalid-

geometry log. 

RES 

definition 

Residential 

vs non-

residential 

Assign RES to 

residential buildings; 

keep non-residential 

as RES=0 while 

retaining geometry. 

Maintain coverage 

while keeping the 

RES signal 

meaningful. 

RES=0 areas 

dominate topology; 

misclassification 

biases RES. 

RES 

summary by 

type; share of 

RES=0 

features. 

Barrier model Barrier 

inclusion 

rules 

Create a barrier mask 

from roads/rail/water; 

define what blocks 

adjacency. 

Reduce unrealistic 

crossings; improve 

operational 

plausibility. 

Over-blocking 

fragments the area; 

under-blocking 

enables crossings. 

Blocked-edge 

counts; 

barrier 

intersections 

reported. 

Neighbour 

candidates 

Adjacency 

definition 

Generate candidate 

neighbours 

(touching/within 

tolerance) for units 

used in growth. 

Build a 

reproducible graph 

for subsequent 

growth. 

Sensitivity to 

tolerance creates 

unstable graphs. 

Degree 

distribution; 

tolerance 

notes. 

Filtered graph Barrier 

filtering 

Remove candidate 

edges that cross a 

barrier; keep only 

allowed connections. 

Align graph 

connectivity with 

operational 

constraints. 

Disconnected 

components lead to 

underfilled EAs. 

Component 

count; 

isolated nodes 

list. 

Seeding Seed 

selection 

strategy 

Select initial cores 

(e.g., high-RES 

nodes, spatial spread, 

deterministic order). 

Stabilise growth 

path and improve 

reproducibility. 

Seed choice drives 

final geometry; may 

introduce bias. 

Seed list; 

random seed 

if applicable. 

Growth rule Target band 

(e.g., 80–

120) 

Iteratively add 

neighbours to reach 

the target RES band 

while maintaining 

contiguity. 

Support workload 

balance and 

comparability. 

Greedy traps; 

instability near 

thresholds. 

Step-wise 

RES trace; 

stop reasons. 
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Table 3.3. Documentation structure for the building-based workflow (stages, 

decisions, intended effects, risks, and diagnostics) (continued) 

Stage Main 

decision / 

parameter 

Brief definition Intended effect Potential 

methodological 

risk 

Logged 

diagnostics 

(examples) 

RES=0 

handling 

Inclusion 

logic 

Allow RES=0 units 

only when required for 

connectivity or 

boundary coverage. 

Avoid area–RES 

decoupling 

while preserving 

continuity. 

Area inflates 

without RES gain; 

‘bridge’ effects steer 

growth. 

RES=0 

additions 

flagged; bridge 

cases counted. 

Underfilled 

reconciliation 

Merge / 

attach rules 

Resolve zones below 

minimum RES by 

merging/attaching to 

the best neighbour 

under rules. 

Avoid many 

small, non-

operational EAs. 

Merges violate 

barriers or 

compactness; 

cascade effects. 

Merge decisions 

logged; 

before/after 

RES. 

Polygonisation 

& gaps 

Coverage 

enforcement 

Convert assignments to 

EA polygons; fill gaps 

within boundary; 

remove overlaps. 

Produce a valid, 

gapless EA layer 

for field use. 

Slivers/disjoints; 

boundary artefacts. 

Gap stats; 

disjoint/overlap 

report. 

Validation & 

export 

QA 

thresholds 

Run topology checks; 

export EA and support 

layers; write 

diagnostics and 

metadata. 

Deliver 

repeatable 

outputs and 

auditability. 

Passing QA but poor 

usability; missing 

metadata. 

QA summary; 

min/mean/max 

RES; export 

manifest. 

Source: Generated by the author. 

The Bağlıca pilot played a critical role in demonstrating how this 

documentation structure supports scaling. The pilot did not function as a one-off 

showcase, but as the stage in which data heterogeneity, barrier-neighbour conflicts, 

large-building exceptions, and topology-driven repair needs became visible in a 

controlled setting. The methodological value of the pilot lies in showing that district-

scale execution does not require identical datasets everywhere, but does require stable 

constraint classes, explicit diagnostics, and a workflow whose decisions remain 

interpretable across neighbourhoods. 

3.6. R Implementation, GUI, and Quality Assurance of the Final Method 

Whereas Section 3.5 defined the final EA method conceptually, this section 

documents how that same method was operationalised in the open-source R 

environment, deployed through a local Shiny interface, and controlled through 
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structured validation and diagnostic logging. The implementation should therefore be 

read as the execution environment of one final method rather than as a separate 

methodological alternative. 

Figure 3.19. QA and diagnostic checkpoints integrated into the EA delineation 

workflow. 

 

Source: Generated by the author. 

3.6.1. Open-Source Implementation Rationale and Software Environment 

R was selected as the primary production environment because it supports 

script-based reproducibility, explicit parameter control, and a mature ecosystem for 

spatial data processing and graph-based operations. Packages aligned with the Simple 

Features standard provide consistent vector geometry handling, while graph libraries 

support deterministic neighbour-based growth and diagnostic analysis. Compared with 

GUI-driven execution chains, this environment makes rule sets, parameter values, and 

intermediate outputs explicit and therefore more suitable for thesis-level auditability 

and future replication. 

Long-term portability was also an important consideration. A scripted 

workflow can be archived together with the thesis artefacts and rerun on different 

machines under the same parameter settings, whereas point-and-click procedures are 

more difficult to reconstruct precisely. For this reason, the R implementation was 

designed not as a visualisation layer, but as the operational core in which delineation, 

logging, and topology-oriented post-processing are executed. 
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3.6.2. Workflow Architecture, Minimal Working Dataset, and Execution 

Logic 

To stabilise execution across neighbourhoods, the implementation uses a 

minimal working dataset that standardises the essential inputs required by the 

delineation routine. Buildings carrying RES attributes provide the demand signal, 

neighbourhood boundaries define the spatial scope, and barrier layers constrain 

candidate adjacency. Optional exclusion or control layers can be added where 

operationally necessary, but the main algorithm is insulated from source-schema 

idiosyncrasies through this minimal and consistent data model. 

The workflow itself is organised as a modular pipeline. Input assembly and 

validation, graph construction, rule-driven EA growth, coverage completion, and 

export are executed as separable stages, each of which produces intermediate artefacts 

that can be checked independently. Deterministic ordering rules are imposed wherever 

candidate sets might otherwise be ambiguous, so that identical inputs and parameters 

yield identical outputs. In addition to the main delineation sequence, a controlled post-

processing stage is invoked when diagnostics reveal contact errors, residual boundary 

slivers, or disjoint assignments that cannot be resolved by parameter tuning alone. 

This architecture also clarifies the relation between method and 

implementation. The conceptual rules defined in Section 3.5 remain unchanged; what 

the R workflow provides is a stable execution framework in which those rules can be 

run repeatedly, logged systematically, and extended to district-scale production 

without dependence on proprietary geoprocessing chains. 

3.6.3. Shiny-Based Operational Deployment and Parameter Structure 

In addition to direct script execution, the final workflow is exposed through a 

local Shiny interface. The interface does not introduce a distinct delineation logic. 

Instead, it collects runtime parameters, builds a run-specific configuration, validates 

critical inputs, and executes the same core R workflow used in batch mode. In this 

sense, the Shiny layer should be interpreted as an operational deployment interface 
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that improves usability, transparency, and controlled experimentation rather than as a 

separate method. 

The interface groups parameters in a way that is methodologically useful. A 

first group contains scenario-defining controls that materially affect delineation 

behaviour, such as threshold bands, split and merge settings, and the activation of 

optional hierarchy-construction modules. A second group contains guardrail controls 

that protect the workflow against specific geometric artefacts, such as boundary-

adjacent slivers, multipolygon formation, or problematic zero-target residuals. This 

distinction is important for interpretation because scenario-defining controls are 

suitable for comparative analysis in the Findings chapter, whereas guardrail options 

mainly improve robustness and revision traceability. 

Because the underlying script remains the same in both GUI-based and script-

only execution, the interface contributes operational convenience without blurring the 

methodological distinction between the final delineation logic and its implementation 

environment. Detailed parameter groups and interface organisation are therefore 

relegated to Appendix A rather than treated as independent conceptual sections in the 

main methodological narrative. 

3.6.4. Validation Framework, Diagnostic Logging, and Controlled Post-

Processing 

Quality assurance is embedded directly into the workflow rather than applied 

only after outputs have been produced. The validation framework is organised around 

three complementary dimensions: attribute integrity, spatial integrity, and operational 

suitability. Attribute integrity concerns the preservation and correct aggregation of 

residential-unit totals across stages. Spatial integrity concerns the production of a gap-

free, non-overlapping, and contiguous areal partition within each neighbourhood 

boundary. Operational suitability concerns whether the resulting EA geometries 

remain interpretable and usable in field conditions, even when they satisfy the first two 

dimensions. 

These dimensions are implemented through repeatable checks at defined 

control points. Total RES is recalculated after major processing stages to detect loss, 
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duplication, or distortions introduced by joins, dissolves, or geometry failures. 

Topology checks verify coverage, overlap, contiguity, and multipart structure. 

Additional geometric warnings identify narrow corridors, slivers, and extreme 

elongation that may not invalidate the output formally but can still indicate weak 

operational quality. Table 3.4 summarises the minimum validation criteria used in this 

thesis. 

Table 3.4. Validation dimensions and minimum acceptance criteria used in this 

thesis 

Stage 
Checkpoint 

objective 
Indicator / metric 

Pass–fail rule 

(example) 
Action if flagged 

Pre-processing 
Input data 

integrity 

Geometry validity; CRS 

match; missing/duplicate 

IDs 

Any invalid geometry or 

CRS mismatch = fail 

Repair geometries; 

reproject; enforce unique 

IDs 

Pre-processing 
RES baseline 

control 

Total RES (global sum) 

recorded 

Baseline must be logged 

before delineation 

Log baseline; stop run if 

baseline missing 

Neighbour 

graph 

Barrier 

compliance 

Count of links crossing 

barriers 

Any barrier-crossing 

adjacency = fail 

Fix barrier layer; re-run 

barrier filtering 

Neighbour 

graph 
Graph sanity 

# connected components; 

degree extremes 

Excess components or 

abnormal degrees = 

warning 

Inspect disconnected 

zones; adjust adjacency 

rules 

Region 

growing 

Quantitative 

stability 

Running RES per EA vs 

target band 

Persistent drift / 

repeated overshoot = 

warning 

Adjust seed rules; merge 

rules; 0-RES handling 

strategy 

Region 

growing 

Contiguity 

enforcement 

Disconnected EA parts 

during growth 

Any non-contiguous EA 

= fail 

Force contiguity 

constraint; rollback step 

Polygonisation Topology quality Gaps/overlaps; slivers 

Any overlap = fail; 

gaps/slivers above 

tolerance = warning 

Gap handling; 

dissolve/clean; reassign 

residuals 

Final QA 
Reconciliation & 

reporting 

Total RES after output; 

min–max–mean; disjoint 

polygons 

Total RES must match 

baseline within 

tolerance; no disjoint 

polygons 

Investigate loss/gain 

sources; fix assignment; 

regenerate outputs 

Source: Generated by the author. 

Diagnostic logging complements these checks by recording the conditions 

under which each run was produced. At minimum, the logs retain the parameter set, 

EA counts, RES distributions, topology flags, and exception events. This makes 

revision traceability possible: when a rule is changed or a guardrail is introduced, its 

effect can be evaluated against concrete and comparable diagnostics. The controlled 
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post-processing routine used for contact errors and residual assignments is integrated 

into this same QA logic. It is not treated as a second delineation method, but as a 

deterministic repair layer invoked only when diagnostics justify it. 

3.6.5. Metropolitan Deployment, Checkpointing, and Computational 

Controls 

The final workflow is designed to operate at metropolitan scale through 

neighbourhood-level isolation, incremental execution, and structured checkpointing. 

Each neighbourhood is processed as an independent unit, and outputs are written to 

disk immediately upon completion. This design reduces redundant computation, limits 

error propagation across administrative boundaries, and allows interrupted runs to 

resume without repeating completed work. It also aligns with the operational logic of 

census geography production, in which neighbourhoods function as administratively 

meaningful containers for EA generation. 

District-scale deployment reuses the preprocessed neighbourhood datasets 

generated in earlier stages, thereby avoiding repeated clipping, validation, and barrier 

preparation for every run. Progress logs record identifiers, runtime, DEGURBA class, 

and status flags, while failed neighbourhoods are isolated and reported without halting 

the full processing chain. This safe-failure discipline preserves the integrity of long-

running executions and makes exceptional cases available for targeted review rather 

than burying them inside a monolithic run. 

At scale, quality control also requires summary classifications. EAs are 

therefore labelled according to their relation to the target band, for example as within-

range, under-sized, over-sized, or single-large-building cases. These labels do not 

function as automatic correction triggers, but as diagnostic summaries that support 

interpretation and prioritised review. From a computational perspective, the method 

prioritises predictability over raw speed. Runtime may remain substantial for dense 

metropolitan datasets, but in the context of census preparation such cost is acceptable 

because the gains in reproducibility, transparency, and reduced manual editing 

outweigh the expense of long but controlled batch execution. 
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3.7. Formal Properties, Methodological Scope, and Limitations of the 

Final Workflow 

This section does not introduce a separate delineation approach. Instead, it 

consolidates the formal properties of the final workflow already established in Sections 

3.5 and 3.6. The aim is to restate the governing principles, clarify the scope within 

which the method should be interpreted, and document the main trade-offs that remain 

even after the transition from the ArcGIS fishnet prototype to the final building-based 

implementation. 

3.7.1. Governing Principles and Priority Structure 

The final workflow is governed by a clear priority structure. First, EAs must 

remain mutually exclusive and spatially contiguous. Second, they must respect 

neighbourhood boundaries and the barrier model used to encode meaningful 

movement constraints. Third, they should approximate the relevant DEGURBA-

specific workload bands as closely as possible. Compactness is treated as a secondary 

preference rather than as a dominant objective; compact shapes are preferred when 

they emerge under the higher-priority constraints, but compactness is never pursued 

by crossing a major barrier, fragmenting a building, or forcing an otherwise incoherent 

merge. 

This priority structure is methodologically important because it makes trade-

offs explicit. The workflow does not pretend that all desirable EA properties can be 

satisfied simultaneously in every urban context. Instead, it defines which rules are non-

negotiable and which objectives may be relaxed when conflicts arise. In this respect, 

the method is better understood as a constrained decision framework than as a single 

mathematical optimisation problem with one globally optimal solution. 
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3.7.2. Target Ranges, DEGURBA Differentiation, and Exceptional Large-

Building Cases 

A central formal property of the method is the differentiation of target size 

ranges according to DEGURBA. This reflects the empirical observation that dense 

urban, intermediate, and rural settlement structures cannot be managed through a 

single uniform workload threshold without creating either overloaded urban EAs or 

excessively large and inefficient rural ones. DEGURBA therefore functions as a 

categorical control variable that translates settlement context into target-setting logic. 

Within this framework, target size is interpreted as an admissible band rather 

than as an exact quota. The method seeks to minimise deviation from that band while 

preserving building integrity and barrier compliance. This is why exceptionally large 

buildings are formalised as explicit structural cases rather than treated as failures. 

When a single building exceeds the normal upper band, it is retained as a standalone 

EA. Likewise, EAs that remain oversized because a barrier configuration prevents any 

operationally reasonable split are kept and flagged transparently. These cases are 

methodologically consistent with the logic of the workflow because they reflect real 

spatial constraints rather than arbitrary exceptions invented after the fact. 

3.7.3. Failure Modes, Trade-offs, and Limits of Greedy Aggregation 

Despite the structured and rule-explicit nature of the final workflow, certain 

failure modes remain inherent to the problem. The most common is the barrier-target 

conflict: in some neighbourhoods, barrier-defined local units or large buildings make 

it impossible to reach the target band without violating a higher-priority rule. Under-

sized EAs can also remain in highly fragmented settings where no admissible merge 

preserves contiguity and barrier integrity. In both cases, the method chooses 

transparent retention and flagging over concealed forced correction. 

A second limitation concerns sensitivity to the specification of barrier classes. 

Including additional minor linear features may over-fragment the graph and inflate the 

number of under-sized EAs, whereas excluding meaningful barriers may create 

geometrically convenient but operationally implausible outputs. Barrier selection is 
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therefore context-sensitive and must be interpreted as a design choice with substantive 

consequences rather than as a neutral preprocessing step. 

A third limitation is tied to the local, greedy character of the aggregation logic. 

The workflow makes deterministic and interpretable local decisions, but it does not 

search for a globally optimal arrangement across the entire neighbourhood. This 

simplicity is deliberate: more aggressive optimisation techniques could in principle 

improve numerical balance in some cases, but would also introduce greater opacity, 

heavier parameter dependence, and higher computational cost. The final method 

therefore accepts that certain extreme cases—such as very large EAs arising in barrier-

poor environments—must be documented as structural limits of the chosen design 

philosophy rather than eliminated at any cost. 

3.7.4. Reproducibility, Scalability, and Transferability 

The final workflow is designed to be reproducible and auditable. Because each 

stage is governed by explicit rules, recorded parameters, and deterministic ordering 

where ambiguity might arise, the same inputs can be rerun under the same conditions 

to produce the same outputs. This is a central requirement in official statistical 

contexts, where methodological transparency is not only a scientific preference but 

also an institutional quality-assurance expectation. 

The workflow is also scalable. Neighbourhood-level isolation, incremental 

output writing, progress logging, and safe-failure handling allow the same method to 

be applied across large metropolitan datasets without requiring uninterrupted city-wide 

execution. This makes the workflow suitable for district-scale and metropolitan-scale 

production, where repeatability and controlled diagnostics matter more than single-run 

elegance. 

Finally, the framework is transferable. Certain operational parameters—

particularly target ranges and barrier classifications—are necessarily context-specific, 

but the overall architecture remains adaptable to other settings. By substituting locally 

appropriate settlement typologies, workload targets, and barrier definitions, the same 

two-stage logic of constraint-aware assembly followed by controlled areal completion 

can be applied beyond Ankara. In this sense, the proposed method should be 
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understood as a generalisable workflow template whose concrete calibration remains 

open to national and institutional adaptation. 

Taken together, Sections 3.5–3.7 establish one final EA delineation workflow 

composed of a building-based methodological core, a reproducible R implementation 

environment, and a clearly stated set of formal properties and limits. This organisation 

resolves the ambiguity between method and implementation that emerged during 

earlier drafting and provides a more coherent basis for the findings presented in the 

following chapter. 
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CHAPTER 4. FINDINGS 

This chapter reports the empirical outputs obtained by applying the proposed 

EA delineation approach under two complementary implementation tracks: (i) ArcGIS 

Pro–based trials using existing zoning tools and grid/Thiessen pre-structures, and (ii) 

an R-based rule-driven pipeline that operationalises barrier-aware adjacency, iterative 

growth, and district-scale batch production. The purpose of the chapter is to present 

the produced EA geometries, diagnostic artefacts, and summary statistics in a coherent 

analytical flow, and to document practical implications observed during the 

applications. 

4.1. Findings of ArcGIS Pro Applications 

This section presents the outputs obtained from the ArcGIS Pro applications 

introduced in the Methodology chapter. All ArcGIS Pro-based trials reported here 

were conducted at the single-neighbourhood scale in Baglica. The findings are 

organised around two main implementation paths: BBZ-based applications and ArcPy-

based applications without BBZ. This structure helps clarify the practical differences 

between the built-in zoning tools of ArcGIS Pro and the custom delineation workflows 

developed during the study. 

4.1.1. Results of BBZ-Based Applications 

The BBZ trials served as an exploratory stage for assessing how alternative 

input geometries affected the form and interpretability of the resulting zones. In 

particular, the applications examined whether fishnet- and Thiessen-based 

representations could yield outputs with a clearer areal character than the original 

point- and building-based inputs. 
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4.1.1.1. Results of BBZ Trials with Original and Fishnet-Based Inputs 

The first BBZ trials were carried out using the original Bağlıca data and its 

fishnet-based representation. Figure 4.1 presents the population-point view of the 

dataset, whereas Figure 4.2 shows the fishnet representation derived from the same 

area. 

Figure 4.1. View of the population points of the Bağlıca dataset 

 

Figure 4.2. Fishnet representation of the Bağlıca dataset 

 

These views are important because the BBZ tool largely preserves the 

geometry of the data supplied to it. When the input is point-based, the balanced outputs 

remain tied to point geometry; when polygon-based inputs are used, the outputs are 

likewise generated in polygon form. This pattern became clearer when the updated 
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Bağlıca data, which include building footprints as polygons, were used in the BBZ 

trial. 

Figure 4.3. Updated Bağlıca dataset used in the BBZ trial 

 

Figure 4.4. BBZ output for the updated Bağlıca dataset 

 

Note: Polygon colours are cartographic-only; they do not encode magnitude, ranking, or category. 

 

Figure 4.3 shows the updated Bağlıca dataset used in the BBZ application, in 

which building footprints were represented as polygons rather than points. When this 

polygon-based input was processed through BBZ, the resulting zones were likewise 

generated in polygon form, as shown in Figure 4.4. This comparison confirms that the 

geometry of the BBZ output is strongly shaped by the geometry of the input layer. 

Although the polygon-based result appears more areal than the point-based 

representation, it still reflects the structure of the source data rather than an 

independently constructed EA surface. 
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The statistical summaries generated after the BBZ procedure were also useful 

for evaluating the composition of the resulting zones. Figure 4.5 presents the sum of 

hh_nufus by zone, whereas Figure 4.6 shows the number of buildings associated with 

each ZONE_ID. These outputs indicate that BBZ can produce balanced summaries in 

a statistical sense; however, they do not by themselves demonstrate that the resulting 

units satisfy the operational requirements of EA delineation. 

Figure 4.5. Sum of hh_nufus by zone for the BBZ trial 

 

Figure 4.6. Building counts by ZONE_ID for the BBZ trial 

 

 

4.1.1.2. Results of BBZ Trials with Thiessen Polygon Inputs 

A separate BBZ trial was conducted using Thiessen polygons in order to obtain 

a more continuous areal representation prior to zoning. Figure 4.7 shows the initial 

Thiessen-polygon representation of the Bağlıca dataset. After preprocessing, the 

Thiessen layer was colourised and clipped to the neighbourhood boundary, as 

illustrated in Figures 4.8 and 4.9. These steps provided a clearer areal representation 
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of the point-based input within the limits of the study area. Figure 4.10 shows the same 

Thiessen surface with the population points overlaid, making it possible to assess the 

spatial correspondence between the derived polygons and the original population-point 

distribution. 

Figure 4.7. Thiessen-polygon representation of the Bağlıca dataset 

 

Figure 4.8. Colourised Thiessen polygons derived from the Bağlıca dataset 

 

Note: Polygon colours are cartographic-only; they do not encode magnitude, ranking, or category. 
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Figure 4.9. Thiessen Polygons Image of Bağlıca data colored and clipped to the 

neighborhood border 

 

Note: Polygon colours are cartographic-only; they do not encode magnitude, ranking, or category. 

Figure 4.10. Thiessen polygons clipped to the neighbourhood boundary with 

population points added 

 

Compared with the original point-based view, the Thiessen approach produced 

a more continuous and visually interpretable surface. However, this remained a 

representational transformation rather than a direct solution to the methodological 

requirements of EA delineation. The trial therefore showed that, although Thiessen 

polygons improved visual continuity, the BBZ output was still fundamentally shaped 

by the geometry of the input data. 
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4.1.2. Results of ArcPy-Based Applications Without BBZ 

In addition to the BBZ trials, several ArcPy-based workflows were tested to 

assess whether EA delineation could be performed more explicitly and under tighter 

procedural control. These applications bypassed the BBZ framework and instead relied 

on custom logic based on building aggregation, distance-based assignment, and grid-

based region growing. 

4.1.2.1. Results of Building-Polygon-Based Delineation 

This trial was carried out directly on building polygons, without using fishnet 

cells, Thiessen polygons, or the FeatureToPolygon tool. Buildings were first dissolved 

by building identifier, residential-unit counts were computed on the resulting 

polygons, and polygon-based adjacency relations were then constructed. Seed EAs 

were assigned to buildings falling within the target residential-unit range, and the 

remaining buildings were grouped through adjacency-based aggregation. 

The resulting outputs indicate that this approach preserved the original building 

geometry but did not produce full spatial coverage. As shown in Figure 4.11, the 

generated EAs remained tied to individual building polygons. This limitation becomes 

more evident in Figure 4.12, where the overview and zoomed view show that gaps 

between buildings were left unfilled. In addition, Figure 4.13 presents an example of 

the attribute structure associated with a building-based EA and demonstrates that the 

output remained building-based rather than forming continuous areal units. 

 



136 

Figure 4.11. Building-based EA polygons 

 

Figure 4.12. Building-based EA polygons: overview and zoomed view, showing 

gaps between buildings 
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Figure 4.13. Example pop-up and attribute information for a building-based EA 

 

The diagnostic summary of the trial is presented in Table 4.1. The results show 

that only two seed EAs could be created initially and that the final output consisted of 

940 EA regions. The residential-unit distribution was also highly unbalanced: only two 

EAs fell within the preferred range of 80-120 residential units, whereas 938 EAs 

remained below this interval. 
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Table 4.1. Diagnostic summary of the building-polygon-based EA trial 

Indicator Value 

Total residential units in dissolved buildings 9,524 

Seed EAs created 2 

Remaining buildings to group 1,129 

Total EA regions created 940 

Minimum EA residential-unit count 0 

Average EA residential-unit count 10.1 

Maximum EA residential-unit count 109 

EAs within target range [80,120] 2 

EAs below 80 938 

EAs above 120 0 

EAs above 180 0 

 

The diagnostic results confirm that the building-polygon-based approach 

produced a highly fragmented EA structure. Although the method did not exceed the 

hard upper thresholds, it failed to generate balanced operational units and was 

therefore not suitable for full-coverage EA delineation in its current form. 

4.1.2.2. Results of Building-Point-Based Delineation with Thiessen 

Polygons 

The second ArcPy trial was based on building points and distance-based 

adjacency, followed by an attempt to convert the resulting point assignments into 

Thiessen polygons. Neighbour relations were established through GenerateNearTable 

using an 80.0 m search radius. Seed EAs were assigned to buildings with residential-

unit counts in the interval [80,120], and the remaining buildings were grouped 

iteratively into EA candidates. This procedure produced 186 EA regions at point level 

before polygon creation. 

Figure 4.14 shows the EA assignments on building points prior to polygon 

generation. Figure 4.15 presents the same output together with the associated attribute 

table, making the point-based grouping structure more explicit. 



139 

Figure 4.14. EA assignment to building points prior to polygon creation 

 

Figure 4.15. EA assignment to building points prior to polygon creation: overview 

and attribute table 

 

The diagnostic summary of the trial is presented in Table 4.2. The results show 

that only two seed EAs could be created initially, while 1,129 buildings remained to 

be grouped. The final point-based output consisted of 186 EA regions before the 

Thiessen-polygon stage. 
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Table 4.2. Diagnostic summary of the building-point-based Thiessen trial 

Indicator Value 

Search radius 80.0 m 

Seed EAs created 2 

Remaining buildings to group 1,129 

Total EA regions created on building points 186 

Polygon generation status Failed at Thiessen stage 

Error type ERROR 000824 

 

Despite the successful point-level assignment, the workflow could not be 

completed at the polygon-conversion stage because the CreateThiessenPolygons 

function was not available under the active ArcGIS Pro licence. As a result, the method 

could be evaluated only up to the point-assignment stage. Nevertheless, the trial 

demonstrated that the grouping logic itself was capable of producing candidate EA 

structures before the areal-conversion step failed. 

4.1.2.3. Results of Grid-Based Region Growing 

A third and more advanced ArcPy application employed a barrier-aware grid 

and region-growing logic. This workflow consisted of four main steps: generation of 

a barrier-aware grid, population-based region growing, contiguous assignment of zero-

population cells, and mild merging of very small EAs into neighbouring units. 

Building adjacency was established through polygon-based neighbour relations, after 

which a greedy region-growing procedure was applied to form candidate EAs without 

using BBZ. 

Figure 4.16 presents the grid generated for the workflow. Figure 4.17 shows 

the output table produced by the Summarize Within operation, while Figure 4.18 

presents the summarised grid results after clipping to barriers. Taken together, these 

intermediate outputs show how the grid was prepared for region growing and how 

residential-unit values were transferred to the grid structure before final EA 

assignment. 
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Figure 4.16. Grid generation for the region-growing workflow 

 

Figure 4.17. Output table from the Summarize Within operation 
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Figure 4.18. Summarize Within result for grids clipped to barriers 

 

The resulting EA delineation is shown in Figures 4.19 and 4.20, while the 

relationship between the generated EAs and the building layer is illustrated in Figure 

4.21. These figures indicate that the workflow was able to produce continuous areal 

outputs and to assign the grid structure to final EA units. 

Figure 4.19. EA delineation using region growing 
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Figure 4.20. EA delineation using region growing in colour-coded form 

 

Note. Polygon colours are cartographic only; they do not encode magnitude, ranking, or category.  

Because the number of EAs exceeded 100, ArcGIS Pro displayed some 

polygons with identical colours; however, these similarly coloured polygons do not 

belong to the same EA. 

Figure 4.21. Display of EAs and buildings 

 

The diagnostic summary of the trial is presented in Table 4.3. The procedure 

initially produced 203 EA regions before zero-population cells were assigned. After 

the contiguous assignment of 1,271 zero-residential-unit cells, the number of EA 
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regions increased to 204. Following the mild merge of very small EAs into 

neighbouring units, the final number of EAs was reduced to 129. 

Table 4.3. Diagnostic summary of the grid-based region-growing trial 

Indicator Value 

EA regions before zero-cell assignment 203 

Zero-residential-unit cells assigned 1,271 

EA regions after zero-cell assignment 204 

Final EA count after small-EA merge 129 

Minimum EA residential-unit count 18 

Average EA residential-unit count 73.8 

Maximum EA residential-unit count 149 

EAs with sum_res < 50 41 

EAs with sum_res < 70 64 

EAs with sum_res > 100 38 

EAs with sum_res > 150 0 

EAs with sum_res > 200 0 

 

Despite improving areal continuity, the region-growing procedure also 

revealed a major limitation. As shown in Figure 4.22, apart from a limited number of 

small areas, most of the remaining neighbourhood was ultimately represented as a 

single dominant zone. This outcome is inconsistent with the intended purpose of EA 

delineation, which requires subdivision into manageable operational units rather than 

retention of one extensive residual area. Figure 4.23 complements this visual result by 

presenting the corresponding EA attribute table, including target-unit counts, shape 

length, and area values. Taken together, these outputs show that the method improved 

spatial continuity but did not yet produce a satisfactory EA structure. 
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Figure 4.22. Single large-area output, showing the dominant EA. 

 

Figure 4.23. EA attribute table including target-unit counts, shape length, and area. 
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4.1.2.4. Results of License Constraints and Failed Functions 

During the thesis period, several scripts that had previously been used to test 

alternative criteria became non-functional because some ArcGIS Pro functions were 

no longer available under the active license level, as discussed in the Methodology 

chapter. These failures affected the feasibility, reproducibility, and comparability of 

the ArcGIS Pro-based workflows. The principal examples were as follows. 

 ea_all_in_one_BBZ_major_rect_v3: ERROR 000357 - End type 

option invalid with a Basic or Standard license. Failed to 

execute (Buffer). 

 ea_building_thiessen_v3: ERROR 000824 - The tool is not 

licensed. Failed to execute (CreateThiessenPolygons). 

 ea_building_fullcover_v1: ERROR 000824 - The tool is not 

licensed. Failed to execute (FeatureToPolygon). 

 SayimAlani_Olustur: ERROR 000824 - The tool is not licensed. 

Failed to execute (PolygonToLine). 

 ea_pipeline_bina_v6n_bbz_compact_v4_attr_fix: ERROR 

000824 - The tool is not licensed. Failed to execute (Erase). 

Taken together, the ArcGIS Pro findings show that, although the software 

environment offered useful exploratory capabilities, both built-in and custom 

workflows encountered substantial limitations in practice. BBZ-based applications 

were strongly shaped by input geometry, whereas ArcPy-based alternatives either 

failed to produce fully satisfactory EA structures or were interrupted by license 

restrictions. These findings help explain the later transition to a more controlled and 

reproducible R-based workflow. 
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4.2. Findings of R Applications 

This section presents the findings obtained from the R-based delineation 

workflow, which constitutes the main production environment of the study. In contrast 

to the ArcGIS Pro trials discussed in the previous section, the R implementation was 

designed to generate final EA outputs in a parameterised, reproducible, and batch-

oriented manner. The findings are presented at two scales. First, a single-

neighbourhood example is used to show the character of the generated outputs and the 

type of local issues that arise during delineation. Second, the workflow is examined at 

district scale through a batch application for all neighbourhoods of Çankaya under a 

reference scenario. Before moving to the scenario comparison, the reference scenario 

is also interpreted through DEGURBA-based neighbourhood illustrations so that the 

local meaning of the output is established more clearly. Finally, the district-wide 

results are compared across alternative scenario settings in order to assess the 

sensitivity of the workflow to key zero-target and split policies and to identify the 

strongest-performing configurations under a target-first interpretation. 

4.2.1. Single-neighbourhood application 

The R workflow generates EAs by combining road- and barrier-aware 

partitioning with building-based target-unit counts, in accordance with the algorithm 

described in the Methodology chapter. Figure 4.24 presents a typical neighbourhood-

level output, whereas Figure 4.25 illustrates a local case in which an EA remained 

above the desired target threshold. These figures are included not only to show the 

cartographic appearance of the output, but also to demonstrate the type of workload 

and geometry information produced by the workflow at neighbourhood level. 
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Figure 4.24. Overview of neighbourhood EAs. 

 

Figure 4.25. Overview of an EA with 403 target units. 

 

In addition to the map output itself, the script produces popup-based attribute 

summaries and tabular output files for each neighbourhood. These include workload 

statistics for the generated EAs and supporting files that can be used for quality control 

and subsequent comparison. The neighbourhood-scale outputs therefore form the most 

detailed inspection level within the workflow, making it possible to evaluate both the 
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local strengths of the delineation and the locations where the target balance could not 

be fully achieved. 

As seen in Figure 4.25, some localised areas could not be subdivided as 

intended under the current barrier and face structure. In such cases, the absence of a 

suitable internal partition, together with the spatial distribution of buildings, prevented 

the generation of additional operationally meaningful EAs. The single-neighbourhood 

example is therefore useful not only as an illustration of successful output production, 

but also as an introduction to the structural limitations that later become visible at 

district scale. 

Table 4.4. R single-neighbourhood Excel output table 1 

Class N 

0 38 

<80 6 

80-120 66 

121-150 12 

151-200 4 

>200 2 

 

Table 4.5. R single-neighbourhood Excel output table 2 

EA_sayisi Min Median Mean Max 

128 0 89.5 74.41 403 

 

4.2.2. District batch application under the reference scenario 

After the neighbourhood-level example, the workflow was further refined and 

then implemented in batch mode across all 124 neighbourhoods of Çankaya to assess 

its operational performance at district scale. The aim at this stage was not only to 

generate a complete district-wide EA layer, but also to evaluate whether the refined 

workflow could produce consistent outputs, summary statistics, and map products in 

a structured and repeatable manner. 
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The reference scenario used in this district batch run retained zero-target 

cleanup, enabled hard split, disabled both soft-split options, and retained low-target 

merging. In the scenario notation used in this chapter, this configuration is denoted as 

S4 and functions as the main production run against which the alternative settings are 

interpreted. S4 is retained as the reference scenario not because it is necessarily the 

strongest-performing configuration under every criterion, but because it provides a 

comparatively transparent baseline before the more aggressive refinement behaviour 

associated with the soft-split scenarios is introduced. 

4.2.2.1. Output structure and file organisation 

The district batch run produced outputs at both neighbourhood and district 

scales. At neighbourhood level, the workflow generated EA layers, optional SA layers 

and SA summary files, neighbourhood-level summary tables, and map products in 

interactive and static formats. At district level, it produced an aggregated EA statistics 

file and district overview maps. The output structure is methodologically important 

because it allows the analyst to move directly from district-scale summaries to the 

corresponding neighbourhood-level files and inspect the local geometry and workload 

distribution of any case that appears problematic. 

The same core workflow could be executed either directly from script or 

through a local Shiny-based graphical user interface developed for parameter 

management and operational convenience. Because the interface does not alter the 

delineation logic itself, its technical details are presented in the appendix rather than 

in the present findings chapter. In the findings chapter, emphasis is placed on the 

output products created by the workflow rather than on the interface used to launch it. 

Table 4.6 summarises the main output products generated by the district batch 

application under the reference scenario. These outputs include both spatial layers and 

supporting summary files, as well as interactive and static map products prepared for 

inspection and reporting.  
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Table 4.6. Main output products of the district batch application under the reference 

scenario 

Spatial level 
Output 

product 
Purpose Example file 

Neighbourhood 

EA 

GeoPackage 

(.gpkg) 

Stores the final 

EA layer; the 

same file can 

also contain the 

SA layer when 

SA 

construction is 

enabled. 

<Neighbourhood>_<ID>_EA_<timestamp>.gpkg 

Neighbourhood 

EA 

summary 

CSV 

Provides 

neighbourhood-

level summary 

statistics for the 

generated EAs. 

<Neighbourhood>_<ID>_EA_<timestamp>_summary.csv 

Neighbourhood 
SA statistics 

CSV 

Provides per-

SA summary 

statistics when 

SA 

construction is 

enabled. 

<Neighbourhood>_<ID>_EA_<timestamp>_SA_STATS.csv 

Neighbourhood 

Leaflet 

HTML / 

PNG / PDF 

Provides 

interactive and 

static map 

products for 

local inspection 

and reporting. 

<Neighbourhood>_<ID>_EA_<timestamp>.html / _EA.png 

/ _EA.pdf 
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Table 4.6. Main output products of the district batch application under the reference 

scenario (continued) 

Spatial 

level 

Output 

product 
Purpose Example file 

Neighbourhood DONE.flag 

Marks 

neighbourhood 

runs that have 

already 

completed 

successfully in 

batch mode. 

DONE.flag 

District 

District EA 

statistics 

CSV 

Combines EA 

records for the 

district and 

supports 

district-level 

summary 

analysis. 

ÇANKAYA_EA_STATS.csv 

District 

District 

overview 

HTML / 

PNG / PDF 

Provides 

district-scale 

map outputs for 

rapid 

inspection and 

reporting. 

ÇANKAYA_EA_OVERVIEW.html / .png / .pdf 

 

 

 

 

 

 

 

 

 

 

 

 



153 

The corresponding file organisation is shown in Figure 4.26, where the district-

level outputs are presented on the left and the neighbourhood-level outputs on the right. 

Figure 4.26. Example file structure of the district batch outputs under the reference 

scenario. 

 

 

4.2.2.2. District overview output, summary tables and basic statistics 

At district level, the workflow produces an overview map that makes it possible 

to inspect coverage, spatial continuity, and the general distribution of the generated 

EAs at a glance. This output is analytically useful because it verifies that the workflow 

has progressed beyond a single-neighbourhood prototype and can operate as a district-

scale production system. It also provides a rapid visual entry point for identifying 

neighbourhoods that may require closer inspection through the corresponding 

summary tables and neighbourhood-level files. 
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Figure 4.27. District-level overview of Çankaya EA outputs under the reference 

scenario (S4) 

 

Here, scenario labels are used only as output identifiers; their detailed definitions and comparative 

interpretation are provided in Section 4.2.3.  

The reference district batch run covers all 124 neighbourhoods of Çankaya. 

Under the DEGURBA classification used in the workflow, 111 neighbourhoods are 

classified as dense urban, 5 as medium-density urban, and 8 as rural. Table 4.7 

summarises this basic composition together with the corresponding EA counts 

produced under the reference scenario. As expected, dense-urban neighbourhoods 

dominate the district both in terms of neighbourhood count and in terms of final EA 

count. 
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Table 4.7. Basic district composition of Çankaya by DEGURBA class and reference-

scenario EA count 

DEGURBA 
Neighbourhood 

count 

EA count 

(S4) 

Neighbourhood 

share (%) 
EA share (%) 

Dense urban 111 2912 89.52 93.51 

Medium-density 

urban 
5 142 4.03 4.56 

Rural 8 60 6.45 1.93 

 

Under the reference scenario, the batch application produced 3114 EAs in total. 

Only 2 zero-target EAs remained district-wide, while 1354 EAs remained above the 

DEGURBA-specific TARGET_MAX thresholds and 870 positive-workload EAs 

remained below the corresponding TARGET_MIN thresholds. The district-wide 

maximum target-unit value remained 9696, which indicates that a small number of 

extreme local cases persisted despite the split and cleanup rules. At the same time, the 

district-wide mean target-unit count was 157.40, and the mean calculated only over 

positive-workload EAs was 157.50. 

Table 4.8 presents the reference-scenario EA output summary by DEGURBA 

class. The table is especially useful because it shows that the district-wide results 

should not be interpreted through a single undifferentiated average. Dense-urban EAs 

dominate the output, medium-density urban EAs remain relatively close to the 

intended workload regime, and rural EAs reflect a much lower workload pattern in 

line with the chosen thresholds. This table therefore functions as a bridge between the 

district-level totals and the later scenario-based comparisons. 

Table 4.8. Reference-scenario EA output summary by DEGURBA class 

DEGURBA EA count 
Zero-target 

EAs 

Min 

tgt_units 

Max 

tgt_units 

Mean 

tgt_units 

Dense urban 2912 2 0 9696 162 

Medium-density urban 142 0 1 1777 115 

Rural 60 0 1 180 24 
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4.2.2.3. DEGURBA-based illustrative cases under the reference scenario 

To make the reference scenario more interpretable before the chapter moves to 

explicit scenario comparison, selected neighbourhood cases were reviewed within 

each DEGURBA class. In this reading, the primary criterion is whether EA workloads 

fall within the DEGURBA-specific target interval. The area threshold is treated as a 

secondary control rather than as the principal success criterion, because the main 

operational aim of the delineation is to achieve a reasonable target-unit balance and 

area is mainly used as an auxiliary rule indicating whether further subdivision may still 

be warranted. 

The purpose of these examples is therefore not to claim that any neighbourhood 

achieves perfect compliance under the reference setting. Rather, the aim is to 

distinguish relatively better cases from clearly problematic ones within each 

DEGURBA class. This provides a clearer bridge between the district-level statistics 

and the later scenario comparison. 

Table 4.9. DEGURBA-based illustrative neighbourhoods selected from the reference 

scenario (S4) under a target-first interpretation 

DEGURBA 

class 

Relatively better 

example 

Clearly problematic 

example 

Why selected 

Dense urban ATA (1520) 
MEBUSEVLERİ 

(1577) 

ATA shows the strongest dense-urban fit to the 

target interval under S4, whereas MEBUSEVLERİ 

provides a clear overloaded counterexample. 

Medium-

density urban 

AHLATLIBEL 

(1619) 

ÜNİVERSİTELER 

(1592) 

AHLATLIBEL is the strongest medium-density 

case under S4, while ÜNİVERSİTELER remains 

clearly problematic because of persistent overload. 

Rural 
ÇAVUŞLU 

(1987) 
YAYLA (1993) 

ÇAVUŞLU is the least problematic rural case in 

target terms, while YAYLA is a clear low-

workload counterexample. 

 

The dense-urban contrast is illustrated first by the relatively better case of ATA 

(1520) in Figure 4.28 and then by the clearly problematic case of MEBUSEVLERİ 

(1577) in Figure 4.29. 
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Figure 4.28. Reference-scenario dense-urban example: ATA as the relatively better 

case. 

 

Figure 4.29. Reference-scenario dense-urban example: MEBUSEVLERİ as the 

clearly problematic case. 
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The medium-density urban contrast is then shown through AHLATLIBEL 

(1619) in Figure 4.30 and ÜNİVERSİTELER (1592) in Figure 4.31. 

Figure 4.30. Reference-scenario medium-density urban example: AHLATLIBEL as 

the relatively better case. 

 

Figure 4.31. Reference-scenario medium-density urban example: 

ÜNİVERSİTELER as the clearly problematic case. 
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Finally, the rural contrast is shown through ÇAVUŞLU (1987) in Figure 4.32 and 

YAYLA (1993) in Figure 4.33. 

Figure 4.32. Reference-scenario rural example: ÇAVUŞLU as the least problematic 

case. 

 

Figure 4.33. Reference-scenario rural example: YAYLA as the clearly problematic 

case. 
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These examples clarify the logic of the reference scenario before the chapter moves to 

explicit scenario comparison. In dense urban and medium-density urban settings, the 

contrast between relatively better and clearly problematic neighbourhoods is already 

visible under S4. In rural settings, by contrast, even the least problematic examples 

remain weak, which suggests that rural difficulty is not simply a scenario issue but 

reflects a broader mismatch between observed workload patterns and the imposed 

design thresholds. 

4.2.2.4. Neighbourhood-level EA, SA output and SA summary table 

After the DEGURBA-based reference-scenario illustrations, it is also useful to 

retain one neighbourhood-level output example to show the structure of the products 

created by the workflow. In this subsection, the neighbourhood figures are used 

primarily to illustrate output format and hierarchical structure rather than to function 

as the main substantive evidence for the evaluation of S4. For that reason, the 

ANITTEPE example is retained here as an output-structure illustration. 

The example in Figure 4.34 presents an illustrative neighbourhood-level EA 

output for ANITTEPE (1514) under Scenario S8. In this case, the workflow produced 

26 EAs in a dense-urban setting. The neighbourhood summary panel indicates a mean 

target load of 103 units, with a minimum of 64 and a maximum of 202. The same panel 

also shows that EA areas remain relatively small, ranging from 0.003 to 0.027 km². 

This output is useful because it allows the analyst to evaluate the final EA fabric as an 

operationally legible local product rather than only as an abstract district-level count. 
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Figure 4.34. Neighbourhood-level EA output and summary panel for ANITTEPE 

under Scenario S8. 

 

In addition to the EA layer, the workflow also produces a neighbourhood-level 

SA view that groups the generated EAs into a higher-level supervisory structure. This 

output is methodologically useful because it demonstrates that the workflow does not 

stop at EA generation but can also support hierarchical aggregation for operational 

supervision and review. The SA map provides a clearer view of how lower-level EAs 

are organised into larger field-management units while preserving neighbourhood-

wide coverage. 
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Figure 4.35 shows the corresponding SA output for ANITTEPE (1514). In this 

example, the 26 EAs are grouped into 8 SAs. Relative to the EA map, the SA view 

simplifies the internal structure and makes the broader supervisory pattern easier to 

inspect. This is especially helpful when evaluating whether EA production also yields 

a usable second-level operational geography rather than only a set of fine-grained 

polygons. 

Figure 4.35. Neighbourhood-level SA output example for ANITTEPE (1514) under 

Scenario S8. 
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To complement the map-based outputs, the workflow generates a 

neighbourhood-level SA summary table. This table is analytically useful because it 

translates the spatial grouping visible on the map into a compact tabular form that can 

be reviewed quickly. In particular, it shows how many EAs were assigned to each SA 

and how the resulting target-unit and building totals are distributed across the 

supervisory structure. 

Table 4.10 presents the SA summary for ANITTEPE (1514) under Scenario 

S8. The table shows that the neighbourhood was partitioned into 8 SAs containing 

between 1 and 7 EAs each. SA target loads range from 76 to 781, while the number of 

buildings ranges from 8 to 89. The largest supervisory workloads are concentrated in 

SA-02 and SA-05, whereas several SAs consist of only a single EA. This kind of table 

is useful because it links the visual SA structure to an explicit operational summary 

and supports rapid identification of supervisory units that may require closer review. 

Table 4.10. Example SA summary table for ANITTEPE under Scenario S8. 

SA_ID SA_LONG_ID Area (km²) Number of EAs Target units Number of buildings 

1 1231-1514-01 0.0083 1 113 10 
2 1231-1514-02 0.0783 7 781 89 

3 1231-1514-03 0.0125 1 107 12 

4 1231-1514-04 0.0140 1 89 11 

5 1231-1514-05 0.0570 7 697 78 

6 1231-1514-06 0.0069 1 76 8 

7 1231-1514-07 0.0478 6 620 53 

8 1231-1514-08 0.0196 2 195 17 

 

Taken together, the neighbourhood-level EA map, SA map, and SA summary 

table show that the workflow produces not only district-scale totals but also locally 

interpretable hierarchical outputs. This is important because it allows evaluation to 

move back and forth between district-wide summaries and neighbourhood-specific 

internal structure. 

4.2.2.5. EA–SA–CA numbering and ordering scheme 

The district batch output does not only generate polygons; it also produces a 

hierarchical identification and ordering structure that supports field use, quality 

control, and traceability between files. Within the workflow, the CA corresponds to 
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the neighbourhood boundary, the SA represents the higher-level grouping of EAs 

within each CA, and the EA is the final operational enumeration unit. This hierarchy 

is reflected in both the attribute structure and the output filenames. 

At neighbourhood level, CA identifiers correspond to the neighbourhood code, 

SA identifiers are assigned within each CA, and EA identifiers are assigned within 

each SA. The long identifier field links these levels explicitly in a district-CA-SA-EA 

format, such as 1231-1513-03-03. This structure makes it possible to move directly 

from a district summary table to a specific neighbourhood folder, and from there to a 

specific CA, SA, or EA record in the output layer. The ordering logic is therefore not 

only cartographic, but also operational and documentary. This numbering and ordering 

logic is illustrated in Figure 4.36. 

Figure 4.36. Example of the EA–SA–CA numbering and ordering scheme under the 

reference scenario. 

 

4.2.2.6. EA output summaries under the reference scenario 

The reference-scenario summaries show that the district batch workflow is 

capable of producing a complete output system rather than a single map. The combined 

use of neighbourhood folders, district-level summaries, and hierarchical identifiers 

allows the analyst to move between overview and detail in a reproducible manner. This 
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is one of the main practical strengths of the R implementation when compared with 

the earlier exploratory GIS trials. 

At the same time, the reference scenario also reveals that a complete output 

system does not automatically imply complete workload resolution. Even under S4, a 

limited number of neighbourhoods remain problematic, especially where the internal 

structure available for splitting is weak or where the building distribution remains 

highly concentrated. These reference-scenario patterns provide the baseline against 

which the alternative scenario runs are interpreted in the next subsection. 

4.2.3. Scenario-based district batch comparison 

Once the district-wide reference run had been established, a scenario-based 

comparison was conducted to evaluate how the workflow responded to alternative 

zero-target and split policies. The purpose of this comparison was not to treat each 

scenario as a different method, but to assess the sensitivity of the same delineation 

workflow under different operational settings. For that reason, the reference scenario 

introduced in the previous subsection serves as the baseline against which the 

remaining configurations are interpreted. 

4.2.3.1. Scenario design and evaluation criteria 

Eight district-wide scenario runs were retained for interpretation. These 

scenarios vary the zero-target policy, the hard-split setting, and the use of target-based 

and area-based soft split. In all of them, low-target merge remained enabled so that the 

comparison could isolate the main effects of the split and zero-target policy settings. 

Table 4.11 summarises the scenario matrix. 

The scenario outputs were evaluated by comparing both district-level totals and 

neighbourhood-level EA summaries. The main indicators used in the comparison were 

total EA count, number of zero-target EAs, number of EAs above TARGET_MAX, 

number of EAs below TARGET_MIN, maximum target-unit value, and mean target-

unit value. Because these indicators operate on different numerical scales, a visual 
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synthesis was also prepared in normalized form so that similarities and contrasts across 

scenarios could be interpreted more directly. 

Table 4.11. Scenario matrix used in the Çankaya comparison 

Scenario 
Zero-target 

policy 

Hard 

split 

Soft 

split 
Short description 

S1 Allow zero-target EAs Off Off 
Allow-zero / soft off / hard split off / low-

target merge on 

S2 Allow zero-target EAs On Off 
Allow-zero / soft off / hard split on / low-

target merge on 

S3 
Merge zero-target EAs 

where possible 
Off Off 

No-zero / soft off / hard split off / low-target 

merge on 

S4 
Merge zero-target 

EAs where possible 
On Off 

No-zero / soft off / hard split on / low-

target merge on (reference) 

S5 
Merge zero-target EAs 

where possible 
Off Target only 

No-zero / soft split by target / hard split off / 

low-target merge on 

S6 
Merge zero-target EAs 

where possible 
Off Area only 

No-zero / soft split by area / hard split off / 

low-target merge on 

S7 
Merge zero-target EAs 

where possible 
Off 

Target + 

area 

No-zero / soft split by target+area / hard split 

off / low-target merge on 

S8 
Merge zero-target EAs 

where possible 
On 

Target + 

area 

No-zero / soft split by target+area / hard split 

on / low-target merge on 

 

At district level, the overall comparison is easier to read visually than through 

raw values alone. Figure 4.37 therefore presents a normalized comparison of the 

district-level summary metrics across S1-S8, while retaining the actual values inside 

the cells for reference. 
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Figure 4.37. Normalized comparison of district-level scenario summary metrics 

across S1-S8. 

 

Figure 4.37 visualises the district-level summary metrics in normalized form 

so that similarities and contrasts can be compared across indicators with different 

scales. The actual metric values are retained inside the cells for reference, while the 

colour intensity shows the relative magnitude of each scenario within a given metric. 

The boxed S4 column marks the reference scenario used in the remainder of the 

comparison. The figure also confirms the district-level contrast numerically. S1 and 

S3 are identical across all reported summary metrics, each producing 3,056 EAs, 2 

zero-target EAs, 1,402 EAs above TMAX, 757 below TMIN, a maximum target load 

of 9,696, and a mean target load of 160.4. By contrast, S2 is clearly the most 

problematic scenario: it produces 6,571 EAs and 3,448 zero-target EAs while leaving 

the district maximum unchanged at 9,696. S4 was therefore retained as the reference 

configuration not because it is uniformly the strongest-performing scenario, but 

because it provides a transparent baseline for neighbourhood-scale interpretation 

before more aggressive refinement is introduced. Among the refinement scenarios, S6 

remains comparatively weak. By comparison, S5 and S7 reduce the district maximum 

to 3,097 and bring the mean target load down to 105.8 and 105.6, respectively, whereas 

S8 yields the lowest number of EAs above TMAX at 1,052 but retains the district 

maximum at 9,696. These contrasts indicate that no single refinement scenario is 

uniformly strongest across all district-level indicators and that the more specific 



168 

differences are better interpreted later through a DEGURBA-wise target-first 

comparison. 

The neighbourhood cases selected for more detailed scenario-focused 

interpretation are listed in Table 4.12. 

Table 4.12. Recommended neighbourhood cases for scenario-focused EA outputs 

Scenario 

family 

Recommended 

neighbourhood 
Why it is useful 

Main message for 

discussion 

Zero-target 

policy under 

hard split on 

ÜNİVERSİTELER 

(1592) 

Most striking medium-density case; 

S2 multiplies EA count and zero-

target EAs while leaving the main 

overload unchanged. 

Allow-zero becomes 

consequential mainly after hard 

split and may inflate the partition 

without solving overload. 

Zero-target 

policy under 

hard split on 

ALACAATLI 

(1899) 

Strong dense-urban companion case; 

S2 nearly doubles the partition and 

produces many zero-target units. 

Allowing zero-target fragments 

may create many weak or empty 

units without resolving the main 

workload peak. 

Hard split 

effect 

KIRKKONAKLAR 

(1568) 

Shows a modest positive effect: 

overloaded EAs decrease slightly, but 

underloaded EAs increase. 

Hard split can improve overload 

only modestly and often through 

a trade-off with smaller units. 

Hard split 

effect 
İLKBAHAR (1598) 

Shows a null effect under the soft-off 

comparison. 

In some neighbourhoods, hard 

split has no effective action, 

likely because no internally valid 

split structure is available. 

Soft split by 

target 

YUKARI DİKMEN 

(1610) 

Most dramatic partial-improvement 

case. 

Target-based soft split is the 

strongest corrective mechanism, 

but it does not fully solve 

structurally difficult overload. 
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Table 4.12. Recommended neighbourhood cases for scenario-focused EA outputs 

(continued) 

Scenario 

family 

Recommended 

neighbourhood 
Why it is useful 

Main message for 

discussion 

Soft split by 

target 
EMEK (1543) 

Balanced trade-off case: overload is 

reduced, but underloaded EAs 

increase. 

Soft target split improves balance 

at the cost of added 

fragmentation. 

Soft split by 

area only 
BEYTEPE (1616) 

Shows that area-only soft split is 

weaker than target-based soft split in a 

high-pressure dense-urban case. 

Area-based soft split alone is 

comparatively weak where 

workload pressure is driven by 

concentrated building stock. 

Target-only 

versus both 

KIRKKONAKLAR 

(1568) 

One of the few neighbourhoods where 

target-only and both are not identical. 

Adding area-based soft split on 

top of target-based split yields 

only marginal extra benefit in 

most cases. 

Interaction 

between hard 

split and 

later 

refinement 

İLKBAHAR (1598) 

Strong interaction case: S7 improves 

the case, whereas S8 partly reverses 

that improvement. 

Hard split should not be narrated 

as universally beneficial; its 

interaction with later refinement 

can be non-monotonic. 

Persistent 

unresolved 

hotspots 

İLKBAHAR (1598) 
Retains a very high maximum target 

load in several scenarios. 

Some overloads are structurally 

persistent and cannot be removed 

by toggling split/merge options 

alone. 

Persistent 

unresolved 

hotspots 

BEYTEPE (1616) 

Changes under many scenarios, but 

never reaches a fully satisfactory 

balance. 

Partial mitigation is not the same 

as resolution; this points to 

structural or data-driven limits. 

Persistent 

unresolved 

hotspots 

ALACAATLI 

(1899) 

Useful both for the zero-target policy 

and for unresolved dense-urban 

overload. 

High-pressure dense urban areas 

remain difficult even under more 

aggressive refinement rules. 
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4.2.3.2. Zero-target policy under hard split on 

The first comparison isolates the effect of zero-target policy while keeping hard 

split active. The comparison between S2 and S4 shows that allowing zero-target EAs 

can increase the number of locally fragmented outputs, whereas merging zero-target 

EAs where possible produces a cleaner operational structure. This contrast is 

illustrated by ÜNİVERSİTELER in Figure 4.38 and ALACAATLI in Figure 4.39. 

Figure 4.38. EA outputs for ÜNİVERSİTELER under Scenarios S2 and S4. 

 

Figure 4.39. EA outputs for ALACAATLI under Scenarios S2 and S4. 

 

Under hard split on, the contrast between the allow-zero and no-zero policies becomes 

sharp and visually meaningful. In ÜNİVERSİTELER (1592), S4 produces 27 EAs, 
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whereas S2 produces 232 EAs, of which 205 are zero-target, while the maximum target 

load remains 1,777 in both cases. In ALACAATLI (1899), S4 produces 156 EAs, 

whereas S2 produces 313 EAs, including 161 zero-target EAs, again without reducing 

the main workload peak, which remains 3,675 in both cases. These cases show that the 

zero-target policy should be discussed together with the split structure that makes such 

fragments visible; allowing zero-target EAs under hard split can substantially inflate 

the final partition without improving the most critical overloads. 

4.2.3.3. Hard split 

The second comparison isolates the effect of hard split by comparing S3 and 

S4. The resulting examples are analytically important because they show that the hard-

split switch does not necessarily produce a visible change in every neighbourhood. In 

some places, the internal geometry and barrier structure simply do not generate a valid 

additional split opportunity, so the outputs remain effectively unchanged even when 

hard split is enabled. This null-effect pattern is illustrated by KIRKKONAKLAR in 

Figure 4.40 and İLKBAHAR in Figure 4.41. 

Figure 4.40. EA outputs for KIRKKONAKLAR under Scenarios S3 and S4, a null-

effect case. 
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Figure 4.41. EA outputs for İLKBAHAR under Scenarios S3 and S4, a null-effect 

case. 

 

The hard-split comparison shows that its effect is uneven and sometimes null. 

In KIRKKONAKLAR (1568), the shift from S3 to S4 increases the EA count from 67 

to 71, reduces the number of EAs above TMAX from 23 to 19, but increases the 

number below TMIN from 20 to 30, while leaving the maximum target load unchanged 

at 813. By contrast, İLKBAHAR (1598) is effectively unchanged under the same 

comparison: both S3 and S4 produce 33 EAs, 1 zero-target EA, 6 EAs above TMAX, 

21 below TMIN, and the same extreme maximum of 9,696. These results show that 

hard split can sometimes produce a modest local improvement, but in other 

neighbourhoods it has no effective action because no internally valid split structure is 

available. 

4.2.3.4. Soft split by target 

The comparison between S3 and S5 isolates the effect of target-based soft 

refinement. In this setting, the workflow attempts additional subdivision specifically 

where workload concentration remains high and where a valid local improvement can 

still be achieved. This makes S5 analytically important because it represents the 

clearest workload-driven refinement logic among the retained scenarios. This 
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refinement effect is illustrated by YUKARI DİKMEN in Figure 4.42 and EMEK in 

Figure 4.43. 

Figure 4.42. EA outputs for YUKARI DİKMEN under Scenarios S3 and S5. 

 

Figure 4.43. EA outputs for EMEK under Scenarios S3 and S5. 
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Target-based soft refinement produces the clearest workload-driven correction, 

but the effect is not uniform across indicators. In YUKARI DİKMEN (1610), the shift 

from S3 to S5 increases the EA count from 24 to 77 and reduces the maximum target 

load very sharply from 5,806 to 839, while also lowering the mean target load from 

466.7 to 145.5. However, the number of EAs above TMAX still rises from 17 to 40 

because the dense-urban target interval remains difficult to satisfy even after the large 

overload is broken down. In EMEK (1543), S5 increases the EA count from 63 to 112, 

reduces the number of EAs above TMAX from 44 to 26, and lowers the mean target 

load from 193.3 to 108.7, but increases the number below TMIN from 8 to 32 while 

leaving the maximum unchanged at 1,128. Taken together, these cases show that 

target-based soft split is a strong corrective mechanism, but that improvement in 

overload is often achieved at the cost of added fragmentation and additional 

underloaded units. 

4.2.3.5. Soft split by area only 

The comparison between S3 and S6 isolates the effect of area-based soft 

refinement. Unlike target-based refinement, area-only soft split is driven by geometric 

size rather than by direct workload concentration. This makes it useful for 

understanding whether some large units should be subdivided even where target 

imbalance alone does not force the split. The effect is illustrated by the BEYTEPE 

example in Figure 4.44. 
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Figure 4.44. EA outputs for BEYTEPE under Scenarios S3 and S6. 

 

The area-only comparison confirms that geometric refinement alone is weaker 

than target-based correction. In BEYTEPE (1616), the shift from S3 to S6 increases 

the EA count from 94 to 108 and reduces the maximum target load from 4,864 to 

1,962, while the mean target load declines from 273.0 to 237.6. At the same time, 

however, the number of EAs above TMAX increases from 33 to 47, and the number 

below TMIN remains essentially unchanged at 32 in both cases. This indicates that 

area-only soft split can alter geometry and reduce the size of the most extreme units, 

but it does not provide the clearest improvement in target balance when workload 

pressure is driven mainly by concentrated building stock. 

4.2.3.6. Target-only versus target+area 

The next comparison evaluates whether adding area to target-based refinement 

materially changes the result. The contrast between S5 and S7 is important because it 

shows whether the area rule provides an additional corrective effect after target-based 

refinement has already been applied. This contrast is illustrated by KIRKKONAKLAR 

in Figure 4.45 and ALACAATLI in Figure 4.46. 
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Figure 4.45. EA outputs for KIRKKONAKLAR under Scenarios S5 and S7. 

 

Figure 4.46. EA outputs for ALACAATLI under Scenarios S5 and S7. 

 

The comparison between S5 and S7 shows that adding area to target-based 

refinement often changes little. In KIRKKONAKLAR (1568), the EA count changes 

only from 78 to 79, the number above TMAX changes from 20 to 21, and the mean 

target load shifts only slightly from 109.1 to 107.7, although the maximum decreases 

from 813 to 660. In ALACAATLI (1899), the difference is even smaller: S5 produces 

232 EAs and S7 produces 234; both have zero zero-target EAs, the maximum remains 
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1,098 in both cases, and the mean changes only from 127.6 to 126.5. These examples 

support the interpretation that target+area should be treated as a refinement family 

rather than as a guaranteed improvement over target-only splitting in every 

neighbourhood. 

4.2.3.7. Interaction between hard split and later refinement 

The comparison between S7 and S8 evaluates the interaction between hard split 

and later soft refinement. This is analytically useful because it shows that early 

structural decisions can condition the form of the subsequent refinement process. Hard 

split may create or remove later opportunities for local adjustment, depending on how 

the geometry is reconfigured. This interaction is illustrated by İLKBAHAR in Figure 

4.47 and YUKARI DİKMEN in Figure 4.48. 

Figure 4.47. EA outputs for İLKBAHAR under Scenarios S7 and S8. 
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Figure 4.48. EA outputs for YUKARI DİKMEN under Scenarios S7 and S8. 

 

The interaction between hard split and later refinement is clearly visible in both 

example neighbourhoods. In İLKBAHAR (1598), S7 produces 96 EAs with no zero-

target EA, a maximum target load of 1,138, and a mean of 139.6, whereas S8 produces 

45 EAs, reintroduces 1 zero-target EA, and raises the maximum back to 9,696 while 

also increasing the mean to 297.8. In YUKARI DİKMEN (1610), S7 produces 77 EAs 

with a maximum of 839 and a mean of 145.5, while S8 reduces the EA count to 45 but 

raises the maximum back to 5,806 and the mean to 248.9. These results show that hard 

split should not be narrated as universally beneficial; its interaction with later 

refinement can be strongly non-monotonic and can partly reverse earlier 

improvements. 

4.2.3.8. Persistent unresolved hotspots 

Several neighbourhoods remain problematic across multiple scenarios and 

should therefore be presented as persistent unresolved hotspots rather than as isolated 

failures of a single setting. İLKBAHAR (1598) retains a very high maximum target 

load in several configurations. BEYTEPE (1616) changes under many scenarios, but 

never reaches a fully satisfactory balance. ALACAATLI (1899) combines dense-

urban pressure with limited resolution even under more aggressive refinement. These 

hotspot cases are analytically important because they shift the interpretation away from 
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toggle-level success or failure and toward the structural limits of the current data and 

partition logic. 

Figure 4.49. Maximum EA target load across scenarios for the persistent hotspot 

neighbourhoods: İLKBAHAR, BEYTEPE, and ALACAATLI. 

  

Figure 4.49 shows that the maximum EA target load remains structurally high 

in İLKBAHAR across most scenarios. This pattern is not only a scenario effect, but 

also a data-structure effect: one building carries an exceptionally large target count, 

and the current EA system does not permit subdivision of individual buildings. As a 

result, the maximum value has limited potential to decline even when other partition 

settings are changed. The numerical contrast is also clear. In İLKBAHAR (1598), the 

maximum target load remains 9,696 in S1, S2, S3, S4, S6, and S8, and only falls to 

1,138 under S5 and S7. In BEYTEPE (1616), the maximum remains 4,864 under S1-

S4, falls to 1,962 under S5-S7, and reaches its lowest value of 1,607 under S8. In 

ALACAATLI (1899), the maximum remains 3,675 under S1-S4, falls to 3,013 under 

S6, to 1,098 under S5 and S7, and to 1,023 under S8. These values show that extreme 

overload can be reduced substantially in some hotspot cases, but that the scale of 

improvement varies and is partly constrained by local structure. 
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Figure 4.50. Mean EA target load across scenarios for the persistent hotspot 

neighbourhoods: İLKBAHAR, BEYTEPE, and ALACAATLI. 

 

Figure 4.50 provides a more interpretable comparison of overall workload 

balance by showing the mean EA target load across scenarios for the three persistent 

hotspot neighbourhoods. Unlike the maximum metric, which in some cases is 

dominated by indivisible high-target buildings, the mean values reflect how far 

scenario changes improve the broader internal distribution of workload. In 

İLKBAHAR (1598), the mean remains very high at 406.1 in S1, S3, S4, and S6, falls 

sharply to 139.6 in S5 and S7, and rises again to 297.8 in S8. In BEYTEPE (1616), the 

mean declines from 273.0 in S1 and S3 to 259.2 in S4, then falls further to 142.6 in 

S5, 138.7 in S7, and reaches its lowest value of 121.6 in S8. In ALACAATLI (1899), 

the mean decreases from 193.5 in S1 and S3 to 189.8 in S4, 127.6 in S5, 126.5 in S7, 

and 119.8 in S8. The figure therefore shows that S5, S7, and, in several respects, S8 

produce clearer improvements in average EA balance, even though none of the three 

hotspot neighbourhoods can be regarded as fully resolved across the scenario family. 

Taken together, these results suggest that the district-scale comparison is more 

appropriately interpreted through scenario families than through isolated toggle 

settings. Figures 4.49 and 4.50 likewise show that certain neighbourhoods are better 

understood as persistent unresolved hotspots than as isolated failures of specific 

parameter combinations. The İLKBAHAR case is especially instructive in this respect, 
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as its extreme maximum values appear to be driven partly by atomic building-level 

constraints that cannot be resolved within an EA system that does not subdivide 

individual buildings, whereas the mean values still show that broader workload 

balance can improve under selected refinement settings. The scenario comparison thus 

helps distinguish parameter-sensitive imbalance from structurally persistent workload 

concentration. 

4.2.3.9. DEGURBA-wise target-fit comparison across all scenarios 

The scenario-specific figures above show how individual settings affect 

selected neighbourhoods. To reintroduce the district-wide comparative perspective, all 

eight scenarios were also re-evaluated by DEGURBA class under a target-first 

interpretation. In this synthesis, the principal criterion is the share of EAs falling within 

the DEGURBA-specific target interval, while the area rule is treated as a secondary 

control rather than as the main indicator of success. The resulting class-based 

comparison is presented in Figure 4.51. 

Figure 4.51. Share of EAs falling within the DEGURBA-specific target range across 

scenarios by DEGURBA class. 

 

The heatmap shows that scenario performance differs by DEGURBA class 

when the target interval is treated as the primary evaluation criterion. Dense urban 

areas perform best under S8, medium-density urban areas under S5 and S7, while rural 
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areas remain weak across all settings. This supports retaining S4 as the analytical 

reference scenario while presenting S8 and S5/S7 as the strongest refinement outcomes 

under a target-first interpretation. 

The DEGURBA-wise pattern is also numerically clear. In dense urban areas, 

the share of EAs within the target range is 29.1% in S1 and S3, 28.5% in S4, and rises 

to 47.7% in S5 and S7, reaching its highest value of 48.2% in S8. In medium-density 

urban areas, the corresponding rate is 39.6% in S1 and S3, 35.9% in S4, 42.0% in S6, 

49.4% in S8, and reaches its highest value of 51.9% in both S5 and S7. In rural areas, 

by contrast, the target-fit rate remains weak throughout, varying only between 5.9% in 

S2 and 15.5% in S1, S3, S5, S6, and S7. These values confirm that no single scenario 

is uniformly strongest across all settlement types: S8 performs best in dense urban 

areas, S5 and S7 in medium-density urban areas, and no clearly satisfactory winner 

emerges in rural areas. 

The DEGURBA-wise best-performing scenarios under the target-first 

interpretation are summarised in Table 4.13. 

Table 4.13. Best-performing scenario by DEGURBA class under a target-first 

interpretation 

DEGURBA 

class 

Reference 

scenario (S4) 

target-fit rate 

Best-

performing 

scenario 

Best target-fit 

rate 
Interpretation 

Dense urban 28.5% S8 48.2% 

Hard split combined with target+area 

refinement produces the strongest dense-urban 

improvement. 

Medium-density 

urban 
35.9% S5 / S7 51.9% 

Target-based refinement produces the strongest 

fit; adding area does not materially change the 

result. 

Rural 13.3% 
No clear 

winner 
15.5% 

All scenarios remain weak, indicating a 

structural limitation rather than a scenario-

specific failure. 

 

The target-fit synthesis therefore does not point to a single universally superior 

configuration. Instead, it shows that the stronger-performing settings vary by 

settlement type. Dense urban areas benefit most clearly from S8, medium-density 

urban areas from S5 and S7, and rural areas remain difficult under all tested 

configurations. 
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4.2.3.10. Preferred scenario under a target-first interpretation 

Under a target-first interpretation, the findings do not support replacing the 

current reference scenario with a single new universal reference. S4 remains useful as 

the baseline configuration because it provides a transparent and methodologically 

clean point of comparison before aggressive refinement is introduced. At the same 

time, the comparative results show that refinement scenarios can improve target fit 

more clearly in specific settlement contexts. In dense urban areas, S8 is the strongest-

performing configuration, whereas in medium-density urban areas the strongest results 

are obtained under S5 and S7. Rural areas remain weak under all settings and therefore 

should not be interpreted as evidence for a simple scenario substitution. 

On this basis, the most defensible presentation is to combine district-level 

synthesis with a limited number of neighbourhood cases illustrating zero-target policy, 

hard split, target-based refinement, interaction effects, and persistent unresolved 

hotspots, followed by a DEGURBA-wise target-fit synthesis. The implications of 

these findings are discussed in the following chapter. 
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CHAPTER 5. DISCUSSION AND CONCLUSIONS 

This chapter interprets the findings reported in Chapter 4 in relation to the 

conceptual and operational objectives of the thesis. The purpose is not merely to restate 

the outputs of the ArcGIS Pro and R applications, but to explain what those outputs 

mean for EA delineation under heterogeneous urban conditions, what kinds of 

methodological trade-offs they reveal, and how the developed workflow can be 

evaluated from the perspective of reproducibility, institutional usability, and future 

implementation in Türkiye. 

The discussion is structured to remain closely tied to the empirical evidence. 

The ArcGIS Pro findings reported in Sections 4.1.1 and 4.1.2 are used primarily as a 

diagnostic baseline showing why several existing or intermediate approaches were 

insufficient for full institutional use. The R-based findings reported in Sections 4.2.1, 

4.2.2, and 4.2.3 provide the main basis for evaluating the final workflow, because they 

demonstrate not only neighbourhood-scale feasibility and district-scale production 

under a reference scenario, but also DEGURBA-based illustrative interpretation and a 

target-first synthesis of the scenario comparison. Accordingly, the present chapter 

interprets the thesis contribution not as a single map output, but as a transparent and 

scalable delineation framework whose strengths and limits can be assessed through 

structured diagnostics. 

This interpretive strategy is especially important because the thesis was not 

designed as a purely geometric zoning exercise. Rather, the study addressed EA 

production as a constrained planning problem situated at the intersection of statistical 

balance, spatial continuity, field practicality, and data realism. For that reason, the key 

questions in this chapter concern not only whether EAs were produced, but also under 

what conditions they were produced well, why certain deviations persisted, and which 

governance and data conditions would be required for wider operational use. 

Taken together, the findings show that EA delineation in a large metropolitan 

setting cannot be reduced to a single optimisation problem with a universally valid 

answer. The pilot and district-scale applications demonstrate that the feasibility of an 

EA configuration depends on a combination of local morphology, barrier structure, 
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settlement density, and the granularity of the candidate units used during delineation. 

This conclusion emerges clearly from the contrast between the ArcGIS Pro trials in 

Sections 4.1.1–4.1.2 and the final R-based workflow in Sections 4.2.1–4.2.3. 

The ArcGIS Pro strand was valuable because it clarified which classes of 

solution were not sufficient on their own. The BBZ-based trials reported in Sections 

4.1.1.1 and 4.1.1.2 showed that outputs remained strongly dependent on input 

geometry. Point-based, fishnet-based, and Thiessen-based inputs changed the visual 

and areal character of the output, but did not by themselves solve the substantive 

requirements of EA production. Likewise, the ArcPy-based experiments in Sections 

4.1.2.1–4.1.2.4 showed that building-polygon aggregation, point-based grouping 

followed by Thiessen conversion, and grid-based region growing could each 

illuminate part of the problem, yet each also exposed a different structural weakness. 

In the building-polygon trial, the output remained tied to building footprints and did 

not achieve full areal coverage. In the point-based Thiessen trial, the logic of grouping 

could be observed, but the workflow could not be completed because polygon creation 

was interrupted by licensing constraints. In the region-growing trial, full areal 

coverage was improved, but the resulting structure still risked being dominated by very 

large residual units. 

These early findings matter analytically because they show that the problem is 

not simply one of drawing boundaries around a target number. If the atomic units are 

poorly aligned with building structure, if the barrier network does not provide 

meaningful internal separation, or if the algorithm grows mainly to preserve contiguity 

rather than to control workload, then the resulting geography may become visually 

complete while remaining operationally weak. In this sense, the ArcGIS Pro 

applications functioned as an explicit calibration stage. They demonstrated why the 

final workflow needed to privilege building-based atomic units, barrier-aware 

subdivision, and diagnostic transparency over a purely generic balancing logic. 

The R-based findings provide the complementary evidence required to support 

the central thesis claim. At single-neighbourhood scale, Section 4.2.1 showed that the 

workflow could produce coherent EA outputs while keeping the logic of growth, 

exception handling, and review visible to the analyst. At district scale, Sections 

4.2.2.1–4.2.2.6 showed that the same core logic could be executed as a structured batch 



187 

production system capable of generating neighbourhood-level files, district-level 

statistics, hierarchical EA–SA–CA identifiers, DEGURBA-based reference-scenario 

illustrations, and review-oriented map products. The scenario comparisons in Sections 

4.2.3.1–4.2.3.10 then demonstrated that the remaining deviations were not random. 

Rather, they reflected recurrent and interpretable tensions between target compliance, 

spatial coherence, and the operational meaning of barriers and building integrity, while 

also showing that scenario performance varies by settlement type when interpreted 

under a target-first lens. 

What the findings therefore reveal is not that metropolitan EA delineation can 

be made perfectly uniform, but that it can be automated to a high degree when 

automation is understood as supervised, constrained, and diagnostically explicit. This 

is a different claim from a universal optimisation claim. The final workflow does not 

remove complexity; it organises complexity into auditable outputs. That distinction is 

crucial for institutional adoption, because it means that the value of the workflow lies 

not only in its successful cases, but also in its ability to identify and explain the difficult 

cases in a systematic way. 

5.1. Interpreting deviations and scenario differences as methodological 

trade-offs 

A central result of the study is that deviations from the preferred target band 

are systematic and interpretable rather than arbitrary. This is a methodological 

strength, not a weakness. In institutional practice, the most problematic zoning systems 

are often not those that contain deviations, but those in which deviations cannot be 

explained, traced, or reviewed under explicit rules. The scenario-based district 

comparison reported in Section 4.2.3 shows that different parameter sets do not simply 

generate outputs that can be ranked from best to worst along a single scale. Instead, 

they expose recurring trade-offs between numerical balance, areal integrity, 

continuity, and field plausibility. 

This interpretation is also consistent with the design of the application itself. 

The workflow was deliberately structured so that DEGURBA-specific target ranges 

and area limits could be adjusted, and so that several correction options could be 
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enabled or disabled by the user, including soft split, hard split, zero-target handling, 

and small-EA merging. These options were not included merely as technical 

conveniences. They were included because the study proceeded from the assumption 

that no single static rule-set would remain equally appropriate in all settlement 

contexts. The findings confirm this assumption. 

The scenario differences therefore need to be read as methodological trade-offs 

that help define the operational envelope of the workflow. The most important of these 

trade-offs concern the zero-target policy, hard split, soft split, the interaction between 

split mechanisms and persistent hotspots, and the way these effects change across 

DEGURBA classes when the target interval is treated as the primary evaluation 

criterion. 

One of the clearest results is that the practical meaning of the zero-target policy 

depends strongly on whether hard split is active. As shown in Section 4.2.3.2, the 

allow-zero and no-zero alternatives become nearly indistinguishable in the hard-split-

off comparison, which indicates that allowing zero-target EAs has limited practical 

effect when the workflow is not already generating additional structural fragmentation. 

Once hard split is enabled, however, the difference becomes clearer. In 

neighbourhoods such as ÜNİVERSİTELER (1592) and ALACAATLI (1899), 

allowing zero-target units can increase the number of resulting EAs and generate 

empty or operationally weak fragments without necessarily resolving the main 

overload problem. 

At the same time, the discussion should not be reduced to a simple rule that 

zero-target areas are always undesirable. The earlier development process also showed 

why the option was made user-controllable in the first place. In dispersed or 

morphologically irregular areas, especially where barriers, steep terrain, rail corridors, 

or sparsely settled margins interrupt the built fabric, forcing all zero-target or very low-

target areas to merge can create very large and operationally implausible units. In such 

contexts, a strict no-zero rule may preserve numerical neatness while weakening the 

spatial logic of the resulting geography. The discussion therefore supports the current 

interpretation of the allow-zero option as a diagnostic or conditional instrument rather 

than as the main production default. 
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This is a useful example of why EA delineation should be evaluated through 

both numerical and geographic reasoning. A policy that looks desirable from the 

perspective of workload counts may produce unreasonable territorial outcomes when 

applied without regard to the actual structure of settlement and barriers. The main 

production configuration is therefore better aligned with a no-zero logic, but the 

availability of the alternative remains methodologically justified because it helps 

reveal where the geometry itself resists strict balancing. 

The corrected district-scale implementation confirms that hard split is 

important, but not universally effective. As discussed in Section 4.2.3.3, enabling hard 

split can reduce overload in some neighbourhoods, yet the improvement is often partial 

and may also create additional underloaded units. KIRKKONAKLAR (1568) is an 

instructive example, because overload is alleviated to some degree but not removed 

entirely. By contrast, neighbourhoods such as İLKBAHAR (1598) show that enabling 

hard split does not automatically lead to meaningful change. 

These patterns suggest that the effectiveness of hard split is fundamentally 

conditioned by the internal face structure produced during delineation. The workflow 

can only split a unit when a valid internal partition exists that is compatible with barrier 

logic, contiguity, and building integrity. If the available barrier-derived subdivision 

does not provide an operationally meaningful internal cut, then hard split has little 

space in which to act. In other words, hard split is not a general optimisation switch. It 

is a conditional rule whose effectiveness depends on whether the underlying geometry 

offers an acceptable partition opportunity. 

The discussion also needs to emphasise that the limits of hard split are not 

purely algorithmic. Some EAs remain above the preferred threshold because a single 

building or a compact building cluster already contains a very high residential-unit 

count. Since the workflow was intentionally designed to preserve building integrity, 

these cases cannot be treated as ordinary split failures. In areas dominated by high-rise 

or high-density residential structures, a threshold exceedance may reflect the real 

morphology of the built environment rather than an avoidable delineation error. This 

is one reason why the discussion supports retaining hard split in the workflow while 

interpreting its contribution as selective and context-dependent rather than universal. 
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The scenario comparison further shows that soft split by target and soft split by 

area should not be treated as interchangeable corrective mechanisms. As reported in 

Sections 4.2.3.4–4.2.3.6, target-based soft split is the stronger refinement option in 

cases where overload is driven mainly by concentrated residential-unit density. 

Neighbourhoods such as YUKARI DİKMEN (1610) and EMEK (1543) illustrate that 

target-based refinement can reduce extreme overload more effectively than area-only 

correction. However, this improvement often comes at the price of additional 

fragmentation or a larger number of units falling below the preferred range. The later 

target-first synthesis in Section 4.2.3.9 reinforces this point by showing that the 

strongest-performing refinement settings differ by DEGURBA class rather than 

collapsing into a single universally superior scenario. 

Area-based soft split, by contrast, is more limited when the main pressure is 

created by concentrated building stock rather than by large areal extent. The findings 

show that it may still be useful in specific contexts, particularly where unusually large 

polygons persist despite moderate target values, but it is not an efficient primary 

response to concentrated workload peaks. This is why the combined target+area 

scenarios often behave much more like target-based soft split than like a balanced 

hybrid in which both components contribute equally, and why the dense-urban and 

medium-density results in Section 4.2.3.9 favour different refinement families under a 

target-first reading. 

This interpretation is also consistent with the broader development history of 

the workflow. The interface was designed so that users could enable or disable soft 

split and choose whether refinement should respond to target limits, area limits, or 

both. The discussion confirms that this flexibility is justified, because the relative value 

of these options changes with urban form. Yet the findings also indicate that target-

based soft split deserves the main analytical attention, whereas area-based correction 

is better understood as an auxiliary mechanism whose contribution is situation-specific 

rather than dominant. In this respect, the final results support retaining S4 as a 

transparent analytical baseline while interpreting S5, S7, and S8 as context-dependent 

refinement outcomes rather than as simple replacements for the reference case. 

One of the most important findings of the scenario comparison is that the 

interaction between hard split and later refinement is not monotonic. As shown in 
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Section 4.2.3.7, enabling more corrective options does not automatically yield a better 

result. In some neighbourhoods, a soft-split-only scenario may produce a more 

acceptable workload pattern than a formally more aggressive configuration that also 

includes hard split. The workflow should therefore be understood less as a one-

directional optimisation routine and more as a sequence of interacting guardrails 

whose effects depend on local partition structure, the order of operations, and the 

specific morphology of the neighbourhood. 

The persistent hotspot neighbourhoods identified in Section 4.2.3.8 are 

especially important in this respect. İLKBAHAR (1598), BEYTEPE (1616), and 

ALACAATLI (1899) remain difficult under multiple scenario settings even though the 

exact number of units and the workload distribution vary across runs. These cases are 

analytically valuable because they show where the present workflow reaches its 

boundary conditions. The paired maximum and mean comparisons in Figures 4.49 and 

4.50 are especially instructive here, because they show that some extreme values 

remain structurally persistent even when average workload balance improves under 

selected refinement settings. Not every overload can be eliminated by changing split 

switches or target thresholds alone. 

Several substantive factors appear to contribute to this persistence. First, the 

available barrier network may not provide enough internal structure to support 

meaningful subdivision in very concentrated areas. Second, the use of all residential 

units rather than occupied residential units may intensify local peaks in ways that are 

operationally important. Third, the current face structure may fail to provide a divider 

that satisfies both workload logic and geometric coherence. Finally, some cases are 

driven by single buildings whose internal residential-unit count already exceeds the 

preferred threshold. Persistent hotspots should therefore be interpreted as indicators of 

structural difficulty rather than as simple evidence of algorithmic failure. The later 

DEGURBA-wise target-fit synthesis in Section 4.2.3.9 supports the same conclusion 

from a different angle by showing that no single scenario resolves all settlement types 

equally well. 
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5.2. Reproducibility, transparency, and the role of the implementation 

environment 

The findings emphasise that reproducibility is not only a conceptual principle 

but also a concrete implementation property. One of the practical lessons of the thesis 

is that a delineation framework intended for institutional use must be re-runnable, 

inspectable, and auditable under stable rules. This point became clear during the 

ArcGIS Pro applications, where several otherwise informative workflows were 

interrupted by license-dependent tools such as CreateThiessenPolygons, 

FeatureToPolygon, PolygonToLine, Buffer, or Erase (Section 4.1.2.4). These 

interruptions were not merely technical inconveniences. They represented a direct 

threat to auditability, updateability, and inter-regional replication. 

The R implementation addresses this problem more directly. As shown in 

Sections 4.2.2.1–4.2.2.6, the workflow produces not only spatial outputs but also a 

structured file organisation, neighbourhood-level and district-level summaries, 

hierarchical EA–SA–CA identifiers, DEGURBA-based illustrative cases, and map 

products in both interactive and static formats. This output environment matters 

analytically because it allows the reviewer to move from district-level diagnostics to 

individual neighbourhood files and back again without losing the logic of the 

production process. Quality assessment is therefore not dependent on visual inspection 

alone; it is supported by standardised summaries and diagnostic tables. 

The role of the Shiny-based interface should be interpreted in the same light. 

The interface does not define a separate delineation logic; it provides a local graphical 

front-end for parameter management and operational convenience while calling the 

same core workflow. This means that options such as DEGURBA-based target ranges, 

area limits, hard split, soft split, zero-target handling, and small-EA merge thresholds 

can be managed in a more accessible way without sacrificing script-level 

reproducibility. For the discussion, the important point is not the interface as software 

design in itself, but the fact that the implementation environment supports supervised 

automation: a repeatable baseline geography is produced under explicit rules, and 

expert judgement is reserved for a transparent set of flagged cases. The distinction 
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between a stable baseline scenario and context-dependent refinement scenarios is 

therefore an implementation strength rather than a methodological inconsistency. 

This combination of scriptability, diagnostic visibility, and interface-supported 

parameter control is one of the main reasons the final workflow is institutionally more 

promising than the exploratory ArcGIS Pro strand. In a national statistical context, 

repeatability and traceability are as important as local geometric quality. A system that 

can explain why an EA is difficult, record which option set generated it, and produce 

consistent review outputs is substantially more valuable than a system that offers 

visually plausible units without a clear audit trail. 

5.3. Evaluation of aims and working hypotheses 

The findings support the thesis aims in a qualified but meaningful way. First, 

the study aimed to define operational and statistical criteria for EA design consistent 

with survey and census practice. This objective was met by translating the design 

problem into explicit constraints related to barriers, contiguity, building integrity, 

target ranges, and DEGURBA-sensitive interpretation. The results show that these 

criteria can be implemented computationally and evaluated diagnostically rather than 

left at the level of purely descriptive guidance. 

Second, the study aimed to implement a reproducible GIS-based workflow 

capable of generating contiguous and non-overlapping EAs within administrative 

limits. The evidence in Sections 4.2.1 and 4.2.2 shows that this objective was largely 

achieved. The final workflow can produce neighbourhood-level and district-level 

outputs repeatedly under the same rule-set, while preserving neighbourhood 

boundaries and providing a complete production structure rather than a one-off visual 

output. 

Third, the study aimed to evaluate how barrier combinations and parameter 

settings affect EA geometry and workload balance. This aim was strongly supported 

by the scenario-based findings in Section 4.2.3. The comparison between hard split, 

soft split, allow-zero, and no-zero settings demonstrated that the behaviour of the 

workflow changes in interpretable ways across neighbourhood contexts. Importantly, 

the findings show that trade-offs between spatial coherence and target compliance are 
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not accidental side effects; they are central properties of the delineation problem itself. 

They also show that no single scenario is uniformly strongest across all DEGURBA 

classes, which further supports the thesis emphasis on supervised, context-sensitive 

automation rather than a single universal rule-set. 

Fourth, the study aimed to assess whether the approach could be extended from 

a pilot neighbourhood to district-scale implementation. The district batch application 

under the reference scenario, together with the structured outputs reported in Sections 

4.2.2.1–4.2.2.6, provides strong evidence in favour of this claim. The workflow does 

not merely run once outside the pilot setting; it scales to a production logic in which 

district overviews, DEGURBA-based interpretive cases, local review files, summary 

statistics, and hierarchical coding are generated in a consistent manner. 

The working hypotheses are therefore supported in a qualified form. Barrier-

aware delineation improves operational plausibility because it avoids cross-barrier 

aggregation that would be difficult to implement in the field. Settlement-class 

differentiation is necessary because feasible EA size and workload structure differ 

substantially across DEGURBA contexts. Finally, reproducible automation is feasible 

at scale, but not complete in the sense of eliminating all exceptional cases. The findings 

support a supervised automation model in which explicit rules generate most of the 

geography, while a minority of difficult outputs are handled through review-oriented 

diagnostics and controlled intervention. In this sense, the thesis supports not a single 

universally optimal scenario, but an auditable framework in which a stable baseline 

can be combined with context-sensitive refinement. 

 

5.4. Limitations and boundary conditions for interpretation 

The limitations observed across the pilot and district-scale applications help 

define the conditions under which the methodology can be interpreted and improved. 

Making these limits explicit is important because the thesis does not claim that every 

deviation can be eliminated under the current data environment. Rather, it claims that 

the workflow makes those deviations visible and manageable under transparent rules. 
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A first limitation concerns the target variable itself. The workflow operates on 

residential units rather than occupied residential units because occupied-unit 

information was not available for direct use in the study. From a statistical and 

fieldwork perspective, however, actual workload is more closely related to occupied 

residential units than to total recorded residential-unit stock. This means that some 

overload or underload patterns may reflect the difference between structural housing 

stock and effective field workload. The use of all residential units was a defensible 

practical choice under data constraints, but it is also one of the clearest limits of the 

present implementation. 

A second limitation concerns the quality and continuity of the publicly 

available barrier data, especially the OpenStreetMap-derived road layers used during 

delineation. Because roads function as one of the most important barrier inputs, 

omissions, discontinuities, or locally inconsistent representation can directly affect the 

quality of the resulting atomic units and the ability of the workflow to identify 

meaningful internal splits. When roads are under-mapped, large EAs may remain non-

splittable even though the target count exceeds the preferred range. Conversely, 

fragmented or over-detailed linework may generate excessive subdivision. The 

findings therefore need to be interpreted in light of the barrier data that were actually 

available to the study rather than as if an authoritative transport layer had been used. 

A third limitation concerns the treatment of highly concentrated structures and 

the preservation of building integrity. The workflow deliberately avoids splitting 

buildings, since building-level integrity is important both geometrically and 

operationally. However, this rule means that some EAs remain above the preferred 

threshold simply because a single building, especially a high-rise or very dense 

residential structure, already exceeds the target range. In such cases, the output may 

look suboptimal when judged against the target band alone, even though it is consistent 

with the logic of the built environment and with the methodological decision not to 

divide buildings artificially. 

A fourth limitation concerns the alternative subdivision strategies that were 

explored in order to address such difficult cases. One tested approach involved 

subdividing problematic areas into 25 m² grid cells, matching buildings to those cells, 

and then re-growing units from the grid structure. While this strategy created 
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additional internal partition opportunities, it weakened areal integrity and could 

produce spatially unsatisfactory configurations after re-aggregation. An additional 

attempt using 10 m² cells offered greater granularity, but the computational burden 

became unreasonable relative to the expected gain. Another tested approach relied on 

forced splitting of overloaded areas by dividing them into two or more parts based on 

target or area criteria alone. This approach also proved unsatisfactory, because it could 

generate straight-line divisions that ignored local morphology, passed through 

buildings, or cut across building groups that should have remained together. These 

results are important because they show that not every technically available 

subdivision method is methodologically acceptable for EA production. 

A fifth limitation concerns the absence of parcel data from the delineation 

logic. Parcel boundaries could, in principle, provide a more structured auxiliary layer 

in cases where barrier information alone is insufficient for meaningful subdivision or 

where grid-based re-aggregation weakens areal integrity. However, parcel data were 

not incorporated into the current workflow. The discussion therefore cannot assume 

that all subdivision problems would disappear with parcel-based refinement; it can 

only note that this remains an important avenue for future improvement, subject to 

data quality, completeness, and currency. 

Finally, there are operational boundary conditions that extend beyond 

geometry and data. EA delineation is intended for use within field organisation, 

staffing practice, confidentiality requirements, and repeat-survey continuity. For that 

reason, target thresholds cannot be interpreted as absolute constraints in every local 

context. Institutional use would require governance rules defining when exceptional 

cases are accepted as structurally legitimate, when additional review is necessary, and 

how updates are documented over time. In this sense, a methodological boundary is 

also an organisational boundary: automation can produce a transparent baseline, but 

accountable institutional use still requires explicit review protocols. 
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5.5. Implications for scaling to Ankara and institutional deployment 

The movement from a single-neighbourhood application to district batch 

processing has implications that go beyond the mere increase in geographic coverage. 

The findings show that scaling should be understood as a methodological and 

institutional transition. In this study, the workflow was organised so that it could be 

executed not only for the 124 neighbourhoods of Çankaya, but, if desired, for other 

selected districts, selected neighbourhoods, or, in principle, the whole of Ankara under 

the same production architecture. This scalability matters because it suggests that the 

workflow is not limited to a bespoke pilot exercise; it can function as a modular 

production system. 

At the same time, the district findings make it clear that metropolitan 

deployment cannot rely on a single rigid rule-set. As spatial heterogeneity increases, 

the workflow must rely more on context-sensitive parameterisation and explicit 

exception handling. The district summaries reported in Sections 4.2.2.2–4.2.2.6 and 

the scenario evidence in Sections 4.2.3.2–4.2.3.10 support this conclusion by showing 

that dense urban, medium-density, and more dispersed contexts differ not only in the 

number of resulting EAs, but also in the kinds of deviations that remain acceptable or 

unavoidable. 

This implies that scaling to Ankara should not be interpreted as the uniform 

mechanical repetition of one target band. Rather, it implies a controlled production 

logic in which thresholds remain nationally interpretable but are applied through 

explicit DEGURBA-sensitive reasoning. In dense urban cores, somewhat narrower 

EAs may remain operationally manageable because walking distances are short and 

the built environment is compact. In sparse or peripheral contexts, somewhat larger 

EAs may remain reasonable if the settlement structure and movement costs make strict 

target compliance unrealistic. Such variation does not weaken standardisation; it 

clarifies the circumstances under which standardisation remains meaningful. 

A second implication concerns the handling of exceptional units. Large or 

persistent hotspot EAs should not automatically be treated as erroneous outputs at 

district or metropolitan scale. The findings indicate that some of these units are 
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structurally legitimate under the existing building-integrity and barrier constraints. A 

staged review model is therefore preferable: first, run the barrier-aware framework 

under transparent rules; second, identify and flag exceptional units through 

diagnostics; third, apply targeted review only to the flagged cases, using additional 

evidence or local refinement when operationally justified. 

A third implication concerns the institutional environment in which such 

outputs would be used. The structured outputs reported in Sections 4.2.2.1–4.2.2.6 

already resemble the kind of production and review materials needed for institutional 

deployment: district overviews, neighbourhood files, summary tables, hierarchical 

identifiers, DEGURBA-based interpretive examples, and visual review outputs. These 

products support the idea that EA production should not be treated as an isolated 

mapping task, but as part of a wider workflow linking spatial production, quality 

review, and field planning. 

From the perspective of official statistics, this is especially relevant for the 

Turkish Statistical Institute (TurkStat). The value of the workflow lies not only in the 

creation of polygons, but also in its potential to provide a maintainable and 

operationally meaningful backbone for census operations and sample surveys. Used in 

this way, EAs would not replace administrative coding systems; they would 

complement them by adding a spatially coherent operational layer that can support 

listing, workload planning, supervised field assignment, and the consistent 

organisation of repeated statistical activities. 

5.6. Synthesis, conclusions, and recommendations 

Overall, the findings confirm that an EA framework can be automated to a high 

degree when the delineation process is explicitly constrained by barriers, contiguity, 

building integrity, and neighbourhood-boundary preservation, and when target ranges 

are treated as context-sensitive objectives rather than as rigid requirements. The study 

also shows that the most informative outputs are not only the final polygons 

themselves, but also the diagnostics that reveal where spatial structure, data 

limitations, or operational constraints prevent strict balance. The final target-first 
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synthesis further indicates that stronger-performing settings vary by settlement type 

rather than converging into a single universally preferable scenario. 

The principal contribution of the thesis therefore lies not only in producing a 

set of EA outputs for a pilot area, but in developing and testing a transparent, scalable, 

and diagnostically explicit EA production workflow suitable for pilot implementation 

and institutional adaptation in Türkiye. The workflow is scriptable, reproducible, and 

capable of generating structured district and neighbourhood outputs in a form that 

supports both technical review and operational interpretation. In this respect, the study 

demonstrates that EA delineation in official statistics should not be understood merely 

as a technical GIS exercise. It should be understood as a planning and design 

framework capable of supporting time- and cost-efficient field operations and of 

contributing to more spatially coherent, operationally consistent, and statistically 

representative production. Equally importantly, the study shows that such a framework 

can incorporate both a stable reference configuration and context-dependent 

refinement scenarios without losing transparency or auditability. 

On this basis, the principal recommendation of the thesis is that an EA system 

should be established and gradually integrated into official statistical practice in 

Türkiye. More specifically, the study recommends that such a system should be 

adopted and used by TurkStat in census operations and sample surveys. The findings 

indicate that the use of EAs in these activities would strengthen field organisation, 

improve operational efficiency, and support more time- and cost-effective 

implementation in the field. At the same time, because EAs provide more consistent 

and better-structured operational units, their use would also strengthen 

representativeness and contribute to the production of higher-quality statistics. In this 

sense, EA systems should be regarded as a strategic institutional investment with the 

potential to improve the effectiveness, transparency, and quality of national statistical 

operations. Operationally, this does not imply that a single scenario should be frozen 

as a universal production rule. Rather, it suggests a governance model in which a 

transparent baseline configuration is maintained and context-sensitive refinement is 

applied where diagnostics show that it is justified. 

Beyond this principal recommendation, the thesis also suggests several 

improvements that could increase the quality and operational performance of future 
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implementations. First, where feasible, EA design should rely more directly on 

occupied residential units rather than on all residential units, since actual field 

workload is more closely related to occupied residential units than to total recorded 

residential-unit stock. This is one of the most important practical improvements 

indicated by the study, because it would align balancing logic more closely with field 

reality. 

Second, road data should, where possible, be obtained from service providers 

or other institutional infrastructure holders capable of supplying more complete and 

operationally relevant transport layers than the publicly available data used in the 

present implementation. Stronger road data would improve barrier-sensitive 

delineation, reduce the risk of false continuity, and increase the likelihood of 

identifying meaningful internal subdivisions in difficult neighbourhoods. 

Third, parcel data may be considered as an auxiliary spatial layer in future 

implementations. If parcel data obtained through the General Directorate of Land 

Registry and Cadastre (Tapu ve Kadastro Genel Müdürlüğü, TKGM) are sufficiently 

complete, current, and suitable for this purpose, they may help address cases in which 

barrier information alone is insufficient to subdivide space appropriately, or in which 

grid-based subdivision followed by re-aggregation weakens areal integrity. In such 

cases, parcel boundaries could support cleaner subdivision and more coherent final 

units. 

Fourth, future implementations should include a more explicit analytical 

treatment of single-building exceedance cases. Where a single building already 

exceeds the preferred residential-unit threshold, forced subdivision should not be 

treated as the default response. Such cases should first be identified and reviewed 

separately in order to distinguish genuine structural exceptions from problems arising 

elsewhere in the delineation logic. On that basis, an explicit exception-handling rule 

or review protocol could be developed for high-rise or very dense structures, allowing 

the system to preserve building integrity while still supporting informed operational 

decision-making. 

Finally, the effective and sustainable implementation of EA systems would 

require stronger inter-institutional cooperation. This need applies not only to parcel 

data, but more broadly to all institutions holding relevant administrative records and 
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spatial infrastructure data, including address data, building records, road and barrier 

layers, update procedures, and field implementation rules. Such cooperation is 

necessary not only for successful EA implementation, but also for the broader 

development and advancement of the national statistical system in Türkiye. For this 

reason, institutional coordination should be understood as a core enabling condition 

rather than as a secondary administrative issue. 

Taken together, the discussion supports a staged path forward. The first stage 

should focus on establishing the core EA framework under transparent and 

reproducible rules, including a stable reference configuration that can function as an 

auditable production baseline. The second stage should involve structured review of 

flagged exceptional cases and gradual improvement of the supporting data 

environment, especially with respect to occupied residential units, stronger road layers, 

and, where appropriate, parcel data. The third stage should focus on broader 

institutional integration so that EAs can function not as a one-time pilot product, but 

as a stable and operationally meaningful component of census and sample-survey 

production in Türkiye. Under such a model, the central value of the framework lies not 

in promising a perfectly balanced geography everywhere, but in providing an 

auditable, scalable, and institutionally usable basis for managing spatial statistical 

operations under real-world constraints, while allowing context-sensitive refinement 

where the evidence supports it. 
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APPENDICES 

APPENDIX-A. ALGORITHMIC WORKFLOW OF THE EA DELINEATION 

PROCEDURE 

This appendix presents the operational workflow implemented in the R script 

used for the delineation of Enumeration Areas (EAs). The statement is intentionally 

written as a thesis-style algorithmic description rather than a code listing, so that the 

computational logic can be read independently of the software syntax. 

The neighbourhood is treated as the basic processing unit. Within the 

hierarchical design adopted by the script, the Census Area (CA) is not an optimised 

output but the administratively existing neighbourhood boundary itself. Enumeration 

Areas (EAs) are generated first within this fixed CA. Supervisor Areas (SAs) are then 

constructed by grouping the final EAs inside the same neighbourhood. The target 

number of EAs per SA is determined by the local DEGURBA class, with 4 EAs per 

SA in rural areas, 5 in medium-density urban areas, and 7 in dense urban areas. 

Accordingly, the desired number of SAs is obtained from the total EA count in the 

neighbourhood. In the implemented configuration, SA construction follows an axis-

order grouping procedure: EAs are first separated into barrier-aware connected 

components, then ordered along the principal spatial axis of each component, and 

finally grouped into contiguous SA segments so that spatial coherence is preserved 

and workload remains balanced in terms of target units. The full procedure therefore 

combines polygonization, barrier-aware adjacency, workload-constrained growth, 

controlled split and merge operations, and optional topology correction. 
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Figure A.1. Main Stages of the EA Delineation Procedure. 

Implementation note. In the current script version, the core sequence 

is defined as faces -> barrier-aware adjacency -> grow -> hard split -> 

cleanup. The hard split stage is a conditional core pass controlled by 

HARD_SPLIT_ON. When enabled, it acts on EAs whose workload exceeds 

the DEGURBA-specific TARGET_MAX or whose area exceeds 

AREA_MAX. SA construction is enabled, zero-target and low-target merges 

are enabled, and the final topology-enforcement pass is defined but disabled 

by default. 

 

Table A.1. DEGURBA-Based Operational Thresholds Used by the Script. 

DEGURBA class 
TARGET_

MIN 

TARGET_

MAX 
AREA_MAX (m²) 

Dense urban 80 120 200,000 

Medium-density urban 70 140 350,000 

Rural 50 200 800,000 
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The threshold set above is directly linked to the DEGURBA class assigned to 

the neighbourhood. These values determine the lower and upper workload limits used 

during EA construction and the maximum polygon area tolerated before a split or 

corrective intervention is considered. 

Algorithm A.1. Stepwise Statement of the EA Delineation and SA Construction 

Procedure. 

Step Operation 

1 

Define the processing unit. Select one neighbourhood as the operational unit 

and read the neighbourhood boundary, building layer, road network, 

waterway layer, and railway layer where available. 

2 

Transform and standardize the inputs. Convert spatial layers to a common 

planar coordinate reference system, repair invalid geometries, and recover the 

local DEGURBA class from the building dataset. 

3 

Assign threshold values. Load the DEGURBA-based values of 

TARGET_MIN, TARGET_MAX, and AREA_MAX that will constrain 

workload accumulation and maximum EA size. 

4 

Prepare the barrier system. Separate the transport network into linework 
used for face construction and stricter linework used as hard barriers during 

adjacency and merge decisions; add waterways and railways when available 

and buffer the barrier geometry. 

5 

Construct faces. Polygonize the neighbourhood boundary together with the 

selected line network to create small spatial units called faces, then remove 

invalid or very small polygons and clip the result to the neighbourhood 

boundary. 

6 

Attribute buildings to faces. Convert each building to an interior point, 

assign the point to a face, and compute face-level statistics for target_units 

and n_bldg. 

7 

Build barrier-aware adjacency. Create a face adjacency graph by retaining 

only true shared borders that exceed the minimum border-length criterion and 

rejecting links that cross the buffered barrier system except for explicitly 
allowed boundary cases. 

8 
Initialize EA seeds. Select high-workload faces as initial seeds for EA 

construction and assign temporary EA identifiers. 

9 

Grow candidate EAs. Expand each seed by absorbing adjacent unassigned 

faces until the cumulative workload reaches an acceptable level relative to 
TARGET_MIN, while preserving contiguity and respecting the barrier-aware 

adjacency graph. 

10 

Fill remaining unassigned faces. Assign residual faces, including zero-target 

faces, to neighbouring EAs by using an area-balanced scoring rule that 

penalizes excessive growth beyond TARGET_MAX or AREA_MAX. 
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Step Operation 

11 

Dissolve and hard-split oversized EAs. Dissolve faces by 

EA identifier to form polygons and, when HARD_SPLIT_ON is 

enabled, split any EA whose workload exceeds the DEGURBA-

specific TARGET_MAX or whose area exceeds AREA_MAX; 

if the split yields zero-target fragments, immediately reassign 

them to suitable neighbours. 

12 

Enforce strict contiguity. Identify disconnected components inside each EA 

with respect to the face graph and reassign detached components to the best-

touching neighbouring EA, preferably the one sharing the longest common 

border. 

13 

Apply optional refinement passes. When enabled, perform soft split passes 

for target or area control and execute zero-target or low-target merge modules 

under conservative acceptance conditions. 

14 

Renumber final EAs. Reorder the EA identifiers by a serpentine spatial 

sequence running generally from northwest to southeast, alternating left-to-

right and right-to-left order across rows. 

15 

Construct higher-level hierarchy and outputs. Generate SA membership 

and hierarchical identifiers within the CA, optionally enforce topology and 

single-part geometry, and write the final spatial, tabular, and cartographic 
outputs. 
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Table A.2. Post-processing Modules and Acceptance Conditions. 

Module Trigger Operational rule 

Hard split 

Conditional core pass; 

HARD_SPLIT_ON = 

TRUE and EA 

workload > 

TARGET_MAX or EA 

area > AREA_MAX 

Split the EA geometrically under the 

DEGURBA-specific workload and area limits; 

if the split yields zero-target fragments, 

reassign them before continuing. 

Soft split (target) 

Optional pass; tgt_units 

exceeds 

TARGET_MAX 

Accept the split only if both parts remain 

meaningful, both parts have positive workload, 

and the maximum overload is reduced 

sufficiently. 

Soft split (area) 
Optional pass; area 

exceeds AREA_MAX 

Accept the split only if both parts remain valid 

polygons and satisfy the same minimum-size 

safeguards used in the target pass. 

Zero-target 

merge 

Optional pass; tgt_units 

= 0 

Merge the EA into a barrier-safe neighbour, 

preferably by nearest or best-touching 

assignment; fallback can be disabled. 

Low-target merge 

Optional pass; 0 < 

tgt_units < 
TARGET_MIN x 

threshold fraction 

Merge only when the receiving EA does not 
grow excessively in area and does not exceed 

the allowed post-merge workload fraction. 

Single-part 

enforcement 

Multipart or island-like 

EA geometry 

Keep the largest part in the original EA and 

reassign smaller detached fragments to the best 

neighbouring EA. 

Topology 

enforcement 

Optional final QA 

module 

Clip the final set to the CA, remove overlaps, 

fill gaps, and test the result against a gap and 

overlap tolerance. 

Serpentine 

renumbering 
Final EA stage 

Assign readable EA_ID values by row-wise 

spatial ordering with alternating direction. 

SA construction 
Optional hierarchy 

module 

Group EAs into Supervisor Areas under 

DEGURBA-based target EA counts and 

balancing rules; the uploaded script uses 

AXIS_ORDER as the current SA method. 

 

The script also generates a formal output package for review, quality control, 

and operational use. Because these products show how the delineation is implemented 

at neighbourhood and district scales, they should be mentioned briefly in the appendix 

even if the thesis discusses their analytical use elsewhere. 
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Table A.3. Output Products Generated by the Script at Neighbourhood and District 

Levels. 

Level Main output products Purpose in the workflow 

Neighbourhood 
EA layer; optional SA layer; CA identifier 

fields; local statistics tables; review maps. 

To store the final units, preserve 

identifiers, and support local 

inspection of contiguity, barriers, 

numbering, and workload balance. 

District 

Merged district layers; consolidated 

summary tables; DEGURBA overviews; 

district maps; reporting sheets. 

To support district-wide quality 

control, compare neighbourhood 

outputs, and produce implementation 

and documentation summaries. 

Tabular exports 

CSV and spreadsheet-compatible 

summaries of counts, target-unit totals, area 

measures, and diagnostics. 

To provide an audit trail for threshold 

compliance, workload summaries, 

and links between spatial outputs and 

thesis tables. 

 

Taken together, the procedure is a constrained spatial partitioning algorithm 

that seeks to produce field-usable, barrier-respecting, contiguous, and topologically 

stable EAs. In the corrected script configuration, the hard split stage is both toggle-

controlled and tied to DEGURBA-specific workload ceilings rather than to a single 

global hard threshold. The appendix format used here is intended to support thesis 

readability by translating the operational logic of the script into a formal 

methodological statement. 
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APPENDIX-B. SUPPLEMENTARY NOTE ON SOFTWARE 

IMPLEMENTATION AND THE GRAPHICAL USER INTERFACE 

A local graphical user interface (GUI) was developed in R using the Shiny 

framework to facilitate the operational use of the EA delineation workflow. The 

interface was designed as a front-end layer over the same core delineation script rather 

than as a separate computational method. Accordingly, the algorithmic logic, threshold 

structure, split-merge rules, and output regime remain identical to those of the script-

only execution mode. 

In practical terms, the interface collects the input and output paths, district and 

neighbourhood filters, split and merge options, topology guardrails, and DEGURBA-

specific workload thresholds. These user selections are assembled into a configuration 

object, written into a run-specific script instance by patching the template script, 

subjected to a pre-parse validation step, and then executed in-process. During runtime, 

the application records the generated script path, updates execution status, and streams 

the most recent log lines to the user. 

Because the same script is executed, the GUI produces the same analytical 

outputs as the script-only workflow, including EA layers, optional shapefiles, 

summary tables, and neighbourhood-level or district-level overview products. The 

interface should therefore be interpreted as an operational deployment layer that 

simplifies the use of the method without altering the underlying delineation procedure. 
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Figure B.1. Operational Architecture of the Shiny-based Interface Developed for the EA 

Delineation Workflow. 
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Table B.1. Main GUI Parameter Groups and Their Operational Roles in the Workflow. 

Interface group Operational role Representative controls 

Paths, scope, and 

output location 

Defines the data root, 

processing extent, and 

output folder for a run. 

ROOT_DIR, OUT_ROOT_BASE, 

ILCE_FILTER, MAHALLE_FILTER 

Core toggles 

Switches major 

processing and export 

options on or off. 

FORCE_RERUN, WRITE_SHP, 

SOFT_SPLIT_TARGET_ON, 

SOFT_SPLIT_AREA_ON, HARD_SPLIT_ON 

Workload and 

merge controls 

Sets the workload 

floor and the handling 

of low-target or zero-

target units. 

MIN_TGT_UNITS_EPS, 

MERGE_LOW_TARGET_ON, 

LOW_TGT_MIN_FRAC, 

LOW_TGT_DST_MAX_TGT_FRAC, 

MERGE_ZERO_TARGET_ON 

Boundary and 

topology guardrails 

Controls boundary-

adjacency tolerance 

and topology-safe 

merge restrictions. 

IGNORE_MH_BOUNDARY_ADJ_ON, 

MH_BOUNDARY_ADJ_TOL, 

MH_BOUNDARY_ADJ_MAX_FRAC, 

DISALLOW_MULTIPOLYGON_MERGE, 

NEAR_TOUCH_TOL 

DEGURBA 

thresholds 

Defines class-specific 

workload and area 

limits used by the core 

algorithm. 

TMIN_DENSE/TMAX_DENSE/AMAX_DENSE; 

TMIN_MED/TMAX_MED/AMAX_MED; 

TMIN_RUR/TMAX_RUR/AMAX_RUR 

Run monitoring 

outputs 

Displays execution 

state and recent run 

information to the 

operator. 

Status, patched script path, log tail 

 

In thesis presentation, the architecture figure is best placed in the methodology 

chapter under a subsection such as "Software Implementation and User Interface", 

whereas the parameter table may be retained in the appendix as implementation 

documentation. 
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APPENDIX-C. SCREENSHOTS OF THE SHINY-BASED INTERFACE 

DEVELOPED FOR THE EA DELINEATION WORKFLOW 
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1. Introduction 

An enumeration area (EA) is a small, clearly bounded geographic unit used as the basic building 

block for censuses and household surveys. It is designed so that one enumerator (or a small team) can 

cover all dwellings within its boundary during a defined fieldwork period. EAs are typically constructed 

to ensure complete coverage without overlap or gaps, to contain a manageable and broadly similar 

workload (often defined by a target number of households or dwellings), and to follow recognizable 

features such as roads, rivers, or administrative boundaries so that they can be located and worked on 

consistently in the field.  

Census geography refers to the standardized set of geographic units and their hierarchical 

relationships that a national statistical office uses to plan field operations and to produce, tabulate, and 

disseminate census and survey statistics. It provides a consistent geographic framework by organizing 

space into nested units, enabling data to be aggregated and compared across places and over time. A 

well-defined census geography supports full territorial coverage, improves operational planning, and 

strengthens the comparability of published statistics. Within this framework, EAs function as the core 

operational building blocks: they translate the census geography structure into actionable field units for 

workload allocation and coverage control, while also providing small-area units that can be aggregated 

into higher-level reporting geographies(United Nations, 21009; United Nations, 2021). 

Accurate and efficient data collection is the cornerstone of modern national statistical systems. 

In both censuses and sample surveys, EAs serve as the smallest operational units, providing the basic 

spatial framework for organizing fieldwork and ensuring systematic coverage of the target population. 

A well-designed EA system contributes to complete population coverage, reduces data collection costs, 

and improves the overall quality, comparability, and consistency of statistical outputs. As the United 

Nations Statistics Division (United Nations, 2009) emphasizes, EA delineation should be guided by 

principles such as spatial compactness, manageable workload for enumerators, and alignment with 

administrative or natural boundaries. These principles are essential for ensuring that enumeration can 

be performed efficiently and that data collection activities remain standardized across diverse regions. 

Beyond the technical dimension of delineation, the importance of EAs lies in their connection 

to the broader logic of sample surveys. In modern statistics, surveys are indispensable for generating 

timely, detailed, and representative information about populations (Groves et al., 2009). Full population 

enumeration, while theoretically desirable, is often infeasible due to the immense financial and logistical 

resources required. As a result, statistical offices rely on sample surveys, which collect data from a 

carefully selected subset of the population and generalize the findings to the entire population with 

measurable accuracy (Kish, 1965; Lohr, 2010). For this reason, the design of EAs directly affects the 

ability to construct reliable sampling frames—comprehensive lists or databases that serve as the basis 

for drawing representative samples. 

The rationale for conducting surveys, particularly sample-based surveys, extends beyond 

resource efficiency. They allow statistical agencies to generate continuous and specialized insights into 

economic, demographic, and social processes without waiting for the decennial census cycle. For 

example, household budget surveys, labor force surveys, and health surveys rely on accurate EA 
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delineation to ensure representative sampling at national and subnational levels (Dillman, Smyth, & 

Christian, 2014). In this sense, EAs serve as the operational link between the statistical concepts of 

representativeness and the practical execution of fieldwork. 

A critical methodological element of surveys is the sampling frame. The sampling frame is the 

operational listing of all units in the population from which the sample is drawn, and its quality directly 

determines the representativeness of survey results (Bethlehem, Cobben, & Schouten, 2011). A good 

sampling frame must be complete, accurate, current, and free of duplication. When frames are 

incomplete or outdated, coverage errors arise—leading to the systematic exclusion of certain population 

groups and thereby biasing estimates. In the context of Türkiye, the Spatial Address Registration 

System(SARS)provides a promising foundation for building modern sampling frames, as it combines 

geographic precision with administrative reliability. By shifting from traditional, text-based 

enumeration lists to spatially defined digital frameworks, SARS has the potential to reduce coverage 

errors and enhance operational efficiency. 

Türkiye, like many other countries transitioning to register-based statistical systems, faces the 

challenge of modernizing its EA methodology in line with changing settlement patterns, rapid 

urbanization, infrastructure development, and increasing availability of digital geospatial data. 

Traditional EA systems, based on paper maps and descriptive boundary definitions, often fail to capture 

the complexity of urban sprawl or the fluidity of administrative boundaries. The introduction of spatially 

defined EAs using Geographic Information Systems(GIS) addresses this limitation by allowing 

automated delineation, dynamic updating, and integration of multiple data sources. International 

experience demonstrate that GIS-based EA systems not only improve efficiency but also support 

innovations in data collection, such as handheld devices, GPS-based field monitoring, and real-time 

quality assurance mechanisms (Kalton, 2020). 

The role of EAs becomes even more significant when viewed from the perspective of data 

quality dimensions. According to Groves et al. (2009), survey quality depends on minimizing total 

survey error, which includes coverage error, sampling error, nonresponse error, and measurement error. 

The design and maintenance of EAs directly affect the first two components: coverage and sampling. 

Spatially consistent and up-to-date EAs ensure that every household has a known and nonzero 

probability of selection, thereby enhancing the representativeness and accuracy of survey results. At the 

same time, compact and manageable EAs reduce the workload for enumerators, lowering the risk of 

data collection errors. 

The aim of this study is to propose a GIS-based approach for delineating Enumeration Areas 

(EAs) for Türkiye through a trial implementation. Selected case applications from the United States 

illustrate how properties of input variables, dataset scale, and spatial contiguity constraints influence 

automated zone creation. The Türkiye application illustrates how the workflow can be configured to 

produce EAs that are geographically coherent, operationally workable, and statistically balanced, and it 

has potential relevance for future census and household survey operations in Türkiye. In addition, the 

analysis considers institutional prerequisites for sustainable implementation, including data governance 

and interagency coordination, and reviews international practices to contextualize Türkiye’s position 



GIS-Based Enumeration Area Delineation: A Trial for Türkiye with Selected Examples from the United States 

 

 

and derive practical lessons for adoption. In this context, strengthening EA systems is regarded as an 

area for operational and governance-oriented improvement of national statistical systems.  

2. Literature Review 

The global literature demonstrates a significant evolution in the methods used for delineating 

Enumeration Areas(EAs) moving from traditional manual cartography to advanced, GIS-supported, and 

even automated processes. EAs are no longer viewed only as operational units for census fieldwork but 

as fundamental components of national statistical systems that interact with geospatial infrastructures, 

administrative registers, and digital technologies. This transformation reflects the growing demand for 

high-quality, timely, and spatially precise data for evidence-based policymaking, economic planning, 

and social research (United Nations, 2009; Esri, 2020). 

In the early stages of census-taking, EAs were defined primarily by hand-drawn boundaries on 

paper maps, often following visible physical landmarks or administrative units. While functional, these 

approaches were highly dependent on local knowledge and difficult to replicate consistently. Errors 

were frequent, especially in rural or remote areas, where natural boundaries were vague and settlement 

patterns were scattered. By the mid-20th century, national statistical offices(NSOs)increasingly realized 

the need for more standardized methods, particularly as censuses grew in scope and complexity. The 

growing demand for household and labor force surveys further highlighted the importance of precise 

EA delineation, as survey quality is directly linked to the accuracy of the underlying sampling frame 

(Groves et al., 2009; Kish, 1965). 

In developed countries, the transition from manual to digital approaches was accelerated by the 

availability of robust administrative registers and technological infrastructure. The United States, for 

instance, institutionalized the use of Census Blocks and Census Tracts through the TIGER/Line system, 

which, since the 1980s, has enabled detailed mapping, consistent boundary updates, and the integration 

of statistical data with digital geographies (U.S. Census Bureau, 2021). Canada’s Dissemination Areas 

(DAs), established in 2001, provide standardized units for detailed socio-economic analysis across 

provinces and territories, facilitating cross-regional comparisons and supporting federal funding 

allocations (Statistics Canada, 2022). 

The United Kingdom introduced Output Areas (OAs) in 2001, which have since become the 

backbone of small-area statistics, supporting not only census dissemination but also a wide variety of 

social and economic indicators (ONS, 2021). France’s IRIS units, developed in 1999, similarly illustrate 

how statistical geography can be adapted to urban planning and sub-municipal policymaking (INSEE, 

2021). Germany’s Erhebungsbezirke, established in 1987, show how alignment with administrative and 

infrastructural realities supports high-quality labor force and household surveys. 

Australia offers another important example with its Statistical Area Level 1 (SA1) units, 

designed to provide consistent small-area data for policy planning across a vast and diverse territory. 

These units are particularly effective in supporting local planning because they can be aggregated into 

larger statistical areas, ensuring flexibility in both design and application. Estonia, meanwhile, 

represents a pioneering case of digital innovation, in which EAs are dynamically generated through the 
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integration of population registers and GIS. This adaptive approach allows for continuous updating and 

significantly reduces coverage error (Statistics Estonia, 2021). 

In contrast, developing countries have faced greater challenges due to weaker administrative 

infrastructures, limited technical capacity, and financial constraints. Somalia’s pilot use of high-

resolution satellite imagery to delineate EAs (Qader et al., 2019) demonstrates how geospatial 

innovation can partially compensate for institutional fragility. Botswana (Statistics Botswana, 2016) has 

also used geospatial solutions to update enumeration boundaries, underscoring the potential of digital 

tools in resource-limited environments. 

Kenya’s 2019 census illustrates how GPS-supported enumeration geography can strengthen 

coverage control in rapidly changing urban environments. In the Kenyan case, georeferenced EA maps 

were loaded onto tablets, and household location data (GPS coordinates) were used to support quality 

checks and completeness verification during field operations (Wanyoike, 2022). India, a country with a 

population exceeding one billion, relies on Enumeration Blocks (typically designed to cover 120–150 

households) and has increasingly integrated GIS-based databases into its census mapping and fieldwork 

organization (Chakravorty, 2007). Indonesia is not a “billion-plus” country; yet it similarly 

institutionalizes GIS-enabled small-area operational units through Wilayah Kerja Statistik (Wilkerstat), 

supported by satellite imagery, GPS devices, and GIS for census and survey mapping activities (BPS-

Statistics Indonesia, 2018; Worldometer, 2025). In South Africa, Small Area Layers (SALs) were 

developed by aggregating small enumeration areas to meet confidentiality and usability thresholds for 

dissemination, demonstrating how GIS-enabled statistical geographies can extend beyond enumeration 

to support broader small-area statistical products (Mokhele, Mutanga, & Ahmed, 2016; Statistics South 

Africa, n.d.).  

Brazil faces a distinct set of challenges because rapid urban growth and the dynamism of 

informal settlements can outpace intercensal boundary maintenance, creating divergences between 

census basemaps and municipal settlement maps. For example, evidence from São Paulo shows that 

differences in identification and delimitation of favelas between federal census and municipal basemaps 

can be substantial, which may contribute to underestimation and difficulties in maintaining stable small-

area boundaries over time (Pedro & Queiroz, 2019). In response to these territorial dynamics, Brazil’s 

national statistical office (IBGE) reports a major expansion and a decentralised update of its census 

cartography (Territorial Base) for the 2022 Census, supported by high-resolution imagery and locally 

sourced operational information, which are intended to reduce the risk that newly occupied areas are 

missed (IBGE, 2022). Nevertheless, the official post-enumeration coverage analysis for the 2022 Census 

documents material coverage gaps and explicitly identifies difficulty in covering large urban centres — 

including “slums and urban communities” — as one of the operational challenges associated with higher 

error rates (IBGE, 2023). Collectively, these observations underscore a broader point: the sustainability 

of EA systems depends not only on GIS technology but also on stable institutional arrangements that 

ensure continuous maintenance, adequate funding, and coordinated statistical–geospatial integration 

across agencies. Without these, GIS tools alone cannot guarantee data quality (United Nations, 2008; 

PARIS21 & Statistics Sweden, 2021). 
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A common thread in the literature is that EAs are not only essential for census-taking but also 

central to sample surveys, household surveys, and labor force studies. They ensure that representative 

samples can be drawn with known selection probabilities, thereby minimizing bias and improving the 

reliability of estimates (Lohr, 2010). Moreover, EAs facilitate spatial analysis by linking demographic 

and geographic information, which has become increasingly important in fields such as health, 

education, environmental monitoring, and infrastructure planning (United Nations, 2009; Esri, 2020). 

Advantages of well-designed EAs include enhanced operational efficiency, reduced fieldwork 

costs, minimized risks of double-counting or omission, and improved integration of demographic and 

geospatial data (UNECE, 2014). By providing standardized geographic units, EAs allow policymakers 

to compare conditions across regions, identify vulnerable populations, and allocate resources more 

effectively. The visualization capabilities enabled by GIS further expand the utility of EAs by supporting 

decision-making through maps and spatial analytics. 

Nevertheless, significant limitations and challenges remain. One persistent difficulty is the 

resource-intensive nature of maintaining EA boundaries. Updating requires not only technical expertise 

but also coordination among government agencies, local authorities, and field staff. In rapidly urbanizing 

countries, informal settlements and migration flows often outpace official boundary revisions, 

generating coverage errors. Privacy and confidentiality concerns also intensify as geospatial precision 

increases. Balancing the demand for small-area statistics with the need to protect individual anonymity 

remains a key methodological and ethical challenge (UNECE, 2015). 

Emerging trends suggest several promising directions. First, adaptive and dynamic EA systems 

are gaining attention. Estonia exemplifies how continuous integration of administrative registers and 

GIS technologies can create real-time updating processes, reducing coverage errors and improving 

efficiency (Statistics Estonia, 2021). Second, the increasing role of artificial intelligence and remote 

sensing in automated EA delineation offers opportunities for timelier updates, particularly in countries 

with limited staff capacity. Third, interoperability between statistical and geospatial systems is 

becoming a priority, as it allows data from multiple sectors to be linked and analyzed at the EA level.  

In Türkiye, there are currently no officially defined enumeration areas. Instead, in sample 

surveys—particularly household-based ones—artificial clusters are created within the same settlement 

unit (quarter or village) when household addresses are grouped by the Turkish Statistical Institute 

(TurkStat). These clusters serve as the primary sampling units. During the clustering process, the 

occupied addresses within each settlement are sorted by their address components (such as street or 

avenue name, building number, and apartment number) and then divided into clusters designed to 

contain approximately equal numbers of units (~100 households each). The sampling frame is updated 

and clusters are reconstructed twice a year. Since this process is not based on geographic coordinates, 

the clusters and the number of units they contain are not fixed and may vary over time.  

The output of the current blocking procedure, which does not account for spatial characteristics, 

is illustrated in Figure 1. The author prepared the figure to align with the method’s output.  
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Figure 5. Schematic illustration of the existing non-spatial blocking method 

An early academic effort discussed the feasibility of designing a dedicated census geography 

for Türkiye using GIS-based delineation principles. In this study, a candidate small-area hierarchy was 

explored through a case study in Çankaya(Ankara),with the aim of producing standardised statistical 

units for census dissemination and for small-area statistics beyond the constraints of existing 

administrative boundaries (Kırlangıçoğlu, 2005). Importantly, this design was proposed as a 

methodological alternative but was not adopted as an official operational system in Türkiye’s routine 

official statistical production. Nevertheless, it remains a useful reference point because it frames EA-

like units as the backbone of national statistical geography and, by contrast, clarifies the institutional 

trade-off observed in practice. While boundary-independent statistical areas can be analytically 

attractive, official statistics and policy reporting often benefit from EA designs that can be consistently 

related to administrative hierarchies (e.g., through nesting or robust correspondence tables) and can also 

satisfy operational constraints such as workload balancing. 

In conclusion, the literature clearly demonstrates that EA systems are evolving from static, 

manually defined units into dynamic, geospatially integrated infrastructures that underpin modern 

statistical systems. Developed countries leverage robust registers and advanced GIS tools to maintain 

up-to-date, highly detailed EAs, while developing countries employ innovative, resource-constrained 

approaches, such as satellite imagery or grid-based models (Table 1). Across contexts, the fundamental 

role of EAs in ensuring representativeness, accuracy, and efficiency remains constant, even as the 

methods and technologies evolve. Their continued development will be critical for the future of 

evidence-based policymaking, social research, and national statistical capacities worldwide.  
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Table 1. Comparative overview of EA systems 

Country EA Unit Type Data 

Source/Frame 

Technology 

Used 

Update 

Frequency 

Advantages Challenges 

United States Census 
Blocks/Tracts 

TIGER/Line 
database 

GIS, digital 
mapping 

Every 10 
years (census) 

Detailed 
small-area 

statistics, 
integration 

with mapping 

Costly 
updates, 

confidentiality 
issues 

United 
Kingdom 

Output Areas 
(OAs) 

National 
census 

registers 

GIS-enabled, 
statistical 
registers 

Every 10 
years 

Supports 
local policy 

and 
deprivation 

indices 

Static 
boundaries, 

slow updates 

Canada Dissemination 
Areas (DAs) 

Household and 
address 

registers 

GIS, 
geocoding 

Every 5 years 
(census) 

Granular 
socio-

economic 
analysis 

Coverage 
issues in 

remote areas 

France IRIS Units Census and 
administrative 

registers 

GIS-based 
statistical 

system 

Every census 
and major 

update 

Sub-
municipal 

level analysis 

for urban 
planning 

Resource-
intensive 

maintenance 

Germany Erhebungsbezirke Administrative 
boundaries 

GIS, 
integrated 
mapping 

Before major 
surveys 

Efficient for 
labor force 

surveys 

Dependent on 
local admin 
data quality 

Kenya Enumeration 
Areas 

Census lists GPS-enabled, 
GIS-based 

2019 census High 
geospatial 

accuracy 

Sustainability 
of GPS 

systems 

Somalia Grid-based EAs Satellite-
derived maps 

High-
resolution 

imagery 

Pilot since 
2014 

Innovation 
under 

constraints 

Fragile 
institutions, 

limited 
coverage 

Brazil Custom EAs Field-based 

mapping 

Mixed 

GIS/manual 

Irregular 

updates 

Flexibility in 

diverse 
contexts 

Urban sprawl, 

informal 
settlements 

Estonia Adaptive EAs Population 
registers 

Dynamic GIS 
integration 

Continuously 
updated 

Real-time 
adaptation, 

low coverage 
error 

Requires 
strong digital 
infrastructure 

South Africa Small Area 

Layers 

Census and 

admin data 

GIS-based, 

digital 
mapping 

Every census Supports 

census and 
ongoing 
surveys 

High resource 

needs for 
updates 

India Enumeration 
Blocks 

Census 
operations 

Manual + 
GIS 
integration 

Every 10 
years 

Covers large 
rural 
population 

Challenging 
in remote 
areas 

Australia Statistical Area 

Level 1 (SA1) 

National 

address file 

GIS, ABS 

systems 

Regular 

census cycles 

Policy-

relevant 
small-area 
data 

Requires large 

administrative 
effort 

Source: Compiled from national statistical office reports and international guidelines. 

3. Methodology 

The ArcGIS Build Balanced Zones (BBZ) tool was used to delineate enumeration areas (EAs) 

in four case-study applications—Richmond County, Seattle, Story County, and Ankara—to examine 

how properties of input variables, dataset scale, and spatial contiguity constraints affect automated 

zoning performance. To assess the tool’s operational behavior and its sensitivity to extreme or atypical 
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conditions, the methodology first applies controlled trials to international open datasets with stable 

schemas and well-documented attributes. These preliminary experiments are used to validate the core 

workflow, identify common failure modes, and clarify how boundary definitions, barrier configurations, 

and settlement patterns shape the resulting zones. Building on these insights, we then apply the same 

workflow to the Ankara case study, which is based on a single quarter. 

In many countries, GIS platforms—and frequently ArcGIS—have become core components of 

the production and maintenance of census geography. The U.S. Census Bureau, for example, integrates 

GIS workflows with the TIGER/Line database to support nationwide geographic consistency for census 

tracts and blocks (U.S. Census Bureau, 2019). In Canada, ArcGIS Pro is used in the management of 

Dissemination Areas, which provide a standardized framework for small-area census dissemination and 

socio-economic analysis (Statistics Canada, 2022). Similar applications are reported in Kenya, where 

the 2019 census employed GPS-enabled field mapping to digitize and verify enumeration areas, aiming 

to improve coverage control and reduce operational errors (Kenya National Bureau of Statistics, 2020). 

In India, census geography and mapping activities have also been supported through GIS-based 

approaches, including the development and operational use of census geographic databases for 

enumeration planning and field implementation (Chakravorty, 2007). In Australia, the Australian 

Bureau of Statistics maintains Statistical Area Level 1 (SA1) units as the smallest geographic units for 

many demographic and socio-economic outputs, which are supported by ArcGIS Pro-based spatial 

management workflows (ABS, 2021). In France, IRIS units represent sub-municipal geographic 

divisions that support detailed census dissemination and urban analysis (INSEE, 2021). Taken together, 

these cases indicate that ArcGIS Pro is often used not only for cartographic production, but also as part 

of the operational infrastructure that supports the design, maintenance, and use of statistical geographies. 

Within ArcGIS Pro, one of the most relevant tools for EA delineation is the Build Balanced 

Zones(BBZ)function. BBZ automates the creation of compact and balanced spatial units by optimizing 

user-defined variables. The tool aggregates small base units, such as census blocks or polygons, into 

larger meaningful zones. Unlike traditional manual delineation, which is time-consuming and prone to 

inconsistencies, BBZ relies on optimization algorithms that minimize shape irregularities while ensuring 

that each unit adheres to the balancing criteria. Users can define population thresholds, numbers of 

households, or land area as balancing variables, and specify a target value for each EA. For instance, 

zones can be designed to contain roughly equal resident populations while maintaining contiguity and 

compactness. BBZ also allows the integration of multiple balancing variables simultaneously, making 

it possible to create zones that consider not only the population but also the number of households, 

housing units, or service facilities.In the Build Balanced Zones (BBZ) method, “spatial constraints” 

define how neighboring features are identified and merged as zones expand (Esri, 2023). Zones are 

allowed to grow only into features adjacent to at least one feature already included in the same zone, 

ensuring geographical contiguity and consistency. When the input features are polygons, the default 

constraint is Contiguity Edges Corners, while for point-based inputs, the default is Trimmed Delaunay 

Triangulation. The BBZ tool offers several spatial-constraint options, including Contiguity Edges Only, 

Contiguity Edges Corners, Trimmed Delaunay Triangulation, and Get Spatial Weights from File. By 

defining these spatial relationships, the BBZ algorithm ensures that zones grow logically and maintain 

contiguity according to the selected constraint type. 
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The BBZ tool also provides a set of “Zone Characteristics Criteria” that shape the internal 

properties of the resulting zones. The main parameters are Equal Area, Compactness, and Equal Number 

of Features, which respectively aim to balance surface area, geometric regularity, and the number of 

input features. Adjusting these criteria allows users to fine-tune the trade-offs between spatial 

compactness, uniformity, and statistical balance (Esri, 2023). 

Complementing these criteria, the BBZ tool includes “Advanced Parameters” that control the 

optimization process. The most influential parameters are Population Size, Number of Generations, and 

Mutation Factor, which define the scope of iterations, search diversity, and variability in achieving 

balanced zones. Together, these parameters enable users to balance computational efficiency with 

spatial and statistical precision. 

This tool has found applications across a wide range of sectors. In the United States, education 

authorities have used BBZ to delineate school districts that maintain equitable student populations. In 

Europe, statistical offices have integrated BBZ into automated EA creation, particularly in densely 

populated urban areas where demographic variations are pronounced. The healthcare sector has also 

adopted the tool to delineate hospital service zones in ways that balance population coverage with 

geographic accessibility. Transportation planners use BBZ to define traffic analysis zones that support 

the equitable modeling of road usage and infrastructure demands (Goodchild & Li, 2021). These cross-

sectoral applications underscore the flexibility of BBZ and its potential to ensure fairness, efficiency, 

and reproducibility in zone design. 

The advantages of BBZ are particularly evident in large-scale statistical operations such as 

censuses. By creating compact and balanced zones, the tool ensures a more equitable workload 

distribution among field staff, reduces the risk of omission or duplication in data collection, and 

guarantees that the delineation process remains transparent and replicable. This is especially critical for 

developing countries, where limited resources make efficient EA design a priority. Automating zone 

creation using BBZ reduces the human and financial costs associated with traditional manual methods 

while enhancing data quality. Furthermore, the capability to incorporate spatial and demographic 

variables simultaneously ensures that the resulting EAs are not only statistically sound but also 

geographically meaningful. 

This study applies the BBZ methodology to the Turkish context. Türkiye is modernizing its 

statistical infrastructure and has already established key register-based components through the Spatial 

Address Registration System (SARS). In recent years, SARS has been routinely used by municipalities 

in official administrative processes and by TurkStat in statistical production, indicating a level of 

operational maturity rather than an early-stage transition. The availability of SARS therefore provides a 

practical foundation for moving from traditional text-based enumeration frameworks toward spatially 

defined and more systematically managed EAs. In this study, SARS is used as a primary administrative 

source to support EA delineation. However, to fully capitalize on this opportunity, Türkiye must adopt 

methodological tools that ensure efficiency, accuracy, and scalability. The integration of ArcGIS Pro 

and the BBZ function directly addresses this need by allowing for automated delineation of compact 

and balanced EAs that align with demographic realities. 
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In practice, the methodology involves integrating demographic data, administrative boundaries, 

and other relevant spatial datasets within the ArcGIS environment. Base units, such as address points or 

census blocks, are aggregated into larger enumeration areas using BBZ. Criteria such as population size, 

area thresholds, and spatial contiguity are applied to ensure that the resulting units are both operationally 

feasible and analytically meaningful. For example, a target of 2,500 residents per EA might be 

established, with adjustments made to accommodate urban density patterns or rural sparsity. In addition, 

by setting parameters for compactness and contiguity, the tool avoids irregular or fragmented zones that 

could complicate field operations. 

International best practices further illustrate the potential of this approach for Türkiye. In 

Estonia, adaptive EAs have been developed by integrating national registers with GIS, allowing real-

time updates that reflect demographic changes (Statistics Estonia, 2021). In Somalia, high-resolution 

satellite imagery has been combined with automated delineation techniques to create grid-based EAs 

under severe resource constraints (Qader et al., 2019). These cases demonstrate that GIS-enabled 

automation is not only a luxury of developed countries but also an achievable innovation in developing 

and transitioning economies. By adopting BBZ within ArcGIS Pro, Türkiye positions itself alongside 

countries that are leveraging advanced spatial methodologies for statistical modernization. 

The benefits of this methodological approach extend beyond census operations. Spatially 

balanced and well-defined EAs provide a foundation for representative household surveys, socio-

economic studies, and administrative monitoring. They also facilitate integration with broader policy 

areas such as healthcare, education, infrastructure planning, and disaster risk management. In Türkiye, 

where rapid urbanization and demographic shifts create ongoing challenges for statistical agencies, an 

adaptive and GIS-based EA system ensures that statistical operations remain both reliable and relevant. 

In conclusion, this methodology builds upon global experience with ArcGIS Pro and the BBZ 

function to address the challenges of EA delineation in Türkiye. By automating the creation of compact, 

contiguous, and demographically balanced zones, the approach enhances efficiency, reduces costs, and 

improves the accuracy of statistical outputs. Furthermore, it aligns Türkiye’s statistical practices with 

international standards, ensuring interoperability with global data systems. Through the integration of 

demographic data, administrative registers, and spatial analysis tools, this study demonstrates how GIS 

technologies can serve as a catalyst for the modernization of national statistical infrastructures.  

4. Application and Findings 

This section presents the empirical applications of the proposed workflow and summarizes the 

outputs obtained across the case datasets. It first reports results from datasets from the United States, 

which illustrate how BBZ behaves across different input-variable distributions, dataset sizes, and levels 

of spatial contiguity. It then presents the main application conducted in a single quarter of 

Ankara(Türkiye),where multiple parameter configurations were tested using integrated administrative 

and spatial layers. The section documents the implemented thresholds, contiguity rules, and advanced 

parameter settings and reports the resulting EA configurations in terms of geographic coherence and 

statistical balance. Figures and maps are used throughout to demonstrate the input layers, intermediate 

outputs, and final zones produced in each case. 
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4.1. Application on the United States Datasets 

4.1.1. Richmond County Data 

The first dataset used for testing was obtained from the North Carolina Integrated Cadastral 

Data Exchange project. It includes parcel boundaries together with attributes such as ownership, parcel 

size, and assessed land value. Figure 2 illustrates the parcel–point structure. 

. 

 

Figure 6. View of the parcel and point data of the Richmond County 

For this application, the variable 'Land Value' was selected as the balancing criterion using the 

BBZ tool. In this step, the tool was used to aggregate parcels into zones based on the distribution of land 

values. Table 2 presents the descriptive statistics of this variable.  

Table 2. Summary statistics of the Land Value variable in the Richmond County data 

Fieldname Count Min Max Mean Median Mode Outliers Iqr Q1 Q3 

LANDVAL 32518 0 30718148 33871 12800 15000 3353 19855 6037 25893 

This dataset was primarily used to practice using the BBZ tool and to evaluate its performance 

on parcel-level cadastral data. 

4.1.2. City of Seattle Data 

The second dataset was obtained from the City of Seattle open data portal. It contains parcel 

boundaries with attributes including address, land use, and the number of housing units per parcel. 

Figure 3 illustrates the parcels and their housing unit data. 
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Figure 7. View of the parcel data of Seattle 

In this application, the variable Number of Housing Units in the parcel (Exist_Unit) was used 

as the balancing criterion in the BBZ tool. The tool was applied to group parcels into zones so that each 

zone would have a comparable number of housing units. Table 3 provides descriptive statistics for the 

variable. 

Table 3. Summary statistics of the Exist_Unit variable in the Seattle data 

Fieldname Count Min Max Mean Median Outliers Sum Range Iqr Q1 Q3 

EXIST_UNIT 178.897 0 707 1.8 1 35.485 330.527 707 0 1 1 

This dataset was used to evaluate how the BBZ tool performs when applied to housing-related 

parcel attributes. 

4.1.3. Story County, Iowa Data 

The third dataset was obtained from publicly available cadastral records for Story County, Iowa. 

It comprises more than 43,000 parcels with attributes such as ownership, parcel identification numbers, 

assessed values, and land-use types. The spatial structure of the dataset is shown in Figures 4 and 5. 
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Figure 8. View-1 from Story County parcel data 

 

 

Figure 9. View-2 from Story County parcel data 

For the application, the BBZ tool was run using parcel-level attributes as balancing 

variables. The “Homestead” and “FullDwelli” variables were used separately as target 

variables when creating enumeration areas from Iowa data. Thresholds were set for grouping 
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parcels into zones, and different parameters were tested to observe how the tool handles a 

dataset of this size. Table 4 summarizes the descriptive statistics of the selected variables 

Table 4. Summary statistics of the Homestead and FullDwelli variables in the Story County data 

Fieldname Count Min Max Mean Median Outliers Sum Iqr Q1 Q3 

FullDwelli 43.112 0 10.132.400 87.469 72.100 1.077 3.770.962.644 124.925 0 124.925 

Homestead 43.112 0 366.686 1.824 0 42 78.644.608 4850 0 4.850 

This dataset was primarily used to explore the use of BBZ with large-scale parcel data 

comprising many individual records. 

4.2. Application on a Dataset from a Single Quarter in Ankara 

The final dataset used in this study comes from Ankara (Türkiye). After sufficient experience 

had been gained from the United States cases, the analysis focused on the Ankara dataset as the primary 

application for Türkiye. The case study was conducted in a single quarter, consistent with TurkStat’s 

practice of applying the blocking procedure within quarter and village boundaries. The selected quarter 

is a rapidly developing urban area that has expanded in recent years and is expected to continue to 

change in the near future. The name of the quarter is not disclosed due to confidentiality considerations, 

given the relatively small size of the study area. 

Several spatial datasets were used in this application, including quarter boundaries, road 

centerlines, numbering data linking parcels to structures, building data containing information on 

structures and independent sections, and parcel boundaries. Figure 6 illustrates the study area and the 

integrated representation of these datasets. Because the datasets were obtained from different sources, 

minor boundary inconsistencies were observed. 

 

Figure 10. Spatial view of the quarter dataset 

For the Ankara application, parcels were grouped into enumeration areas(EAs)using the ArcGIS 

Pro Build Balanced Zones(BBZ)tool. The primary balancing criterion was the Number of Independent 

Sections per parcel (total_bb), where independent sections consist of residential units(households), 

commercial units(workplaces),and public buildings. The total count (total_bb) was used as the main 
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target variable, while the counts of residential, commercial, and public units were also available at parcel 

level as separate attributes. To support replication and clarify the trial structure, the BBZ configurations 

tested in this study are summarized as follows. The baseline specification used total_bb as the target 

variable with a threshold of 120 units per zone. This threshold was informed by TurkStat's household 

survey practice, in which clusters are typically formed within quarter boundaries, with approximately 

100 occupied household addresses and roughly equal cluster sizes. In addition to the baseline, an 

alternative specification was tested by including household counts as a target variable with a threshold 

of 100 per zone. Across trials, multiple combinations of thresholds, spatial contiguity settings, zone-

shape preferences, and advanced optimization parameters were explored, together with optional 

distance-based constraints derived from quarter borders and the road network. 

Tested BBZ parameter set:  

(1) Input features: parcel polygons.  

(2) Primary balancing variable (target attribute): total_bb (Number of Independent Sections 

per parcel).  

(3) Target threshold(s): total_bb = 120 (baseline); household count = 100 when used as a 

secondary target.  

(4) Spatial contiguity constraints (adjacency definition): Contiguity (Edges Only); 

Contiguity (Edges and Corners); and proximity-based adjacency where applicable (e.g., 

triangulation-based option), with additional constraints implemented using quarter 

borders and road network layers.  

(5) Zone Characteristics (shape/structure preferences): Compactness; Equal Area; Equal 

Number of Features (tested as alternative settings).  

(6) Advanced Parameters (optimization controls): Population Size, Number of Generations, 

and Mutation Factor (tested under multiple combinations to assess sensitivity and 

improve convergence).  

(7) Distance option (when activated): Distance to Consider, using quarter borders and road 

centerlines as reference layers. 

When enabled, the Distance to Consider option accounts for proximity to selected reference 

features. For each input parcel, it calculates the distance to the nearest feature in the specified reference 

layer and uses this distance as an additional constraint when selecting the final zone configuration. In 

this application, quarter boundaries and road centerlines served as reference layers for the distance 

parameter.  

5. Results and Discussion  

The results obtained from both the United States datasets and the Ankara application provide 

meaningful insights into BBZ's performance and the prospects for geospatial zoning within Türkiye’s 

statistical system. Each dataset highlighted unique aspects of the methodology, offering lessons on 

variable suitability, dataset size, parameter sensitivity, and operational feasibility. 
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The Richmond County dataset included parcel boundaries and land value attributes. Applying 

the BBZ tool to this dataset revealed the disruptive effects of extreme variable distributions (Figure 7). 

Some parcels had exceptionally high land values while others had almost none, preventing the algorithm 

from generating statistically and geographically balanced zones(Figure 8).This outcome highlighted the 

methodological challenge posed by highly skewed variables and emphasized the importance of selecting 

indicators that are both representative and statistically stable. In practice, census planners are advised to 

use variables that directly and consistently reflect population or household characteristics rather than 

those influenced by irregular market dynamics (Flowerdew & Feng, 2005). 

 

Figure 11. Sum of Land Value by Zone 

 

Figure 12. The result of the BBZ for Richmond County data 

The second dataset, from Seattle, used the number of housing units per parcel as the balancing 

variable. Since most parcels contained only one housing unit, variation was extremely low, limiting the 

BBZ tool’s ability to redistribute features and achieve balance. The Seattle dataset revealed limitations 

caused by insufficient variability, resulting in zones of limited operational and analytical significance 

(Figure 10). Various alternatives were tested, but no meaningful results were obtained, as the values 

were clustered around 1. This finding underscored the importance of selecting input variables that 
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provide sufficient diversity for the algorithm to function effectively (Flowerdew & Feng, 2005). The 

issue is particularly relevant for Türkiye, where certain quarters may exhibit highly uniform housing 

patterns. Such conditions necessitate careful preprocessing or the use of alternative variables to ensure 

meaningful and interpretable outputs (United States Census Bureau, 2020). 

The Story County case highlighted how dataset size affects the stability of algorithmic zoning. 

With over 43,000 parcels, the tool created thousands of fragmented and impractical zones (Figures 9 

and 10). The operation of the BBZ tool was time-consuming and produced inconsistent results. 

Adjusting thresholds did not fully resolve the instability, reinforcing the idea that zoning algorithms 

require tailored parameterization for large-scale applications.  

Figure 13. View-1 from BBZ result of Homestead variable 
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Figure 14. View-2 from BBZ result of Homestead 

The influence of threshold selection was also evident in this case. When the threshold for 

FullDwelli was set to 100.000, approximately 20.000 zones were generated for 43.000 parcels, 

corresponding to nearly half of the total dataset. Increasing the threshold to 1,000,000 reduced the 

number of zones to about 3,000, which still represented a relatively high proportion (Figure 11).  

 

Figure 15. BBZ Result for FullDwelli when threshold is 1 million 

These findings demonstrate that the configuration of threshold values critically affects 

computational performance and spatial aggregation, particularly when working with extensive parcel 

datasets. This observation aligns with broader international discussions on the Modifiable Areal Unit 

Problem (Openshaw, 1984). 

The Quarter dataset was used to evaluate the applicability of the Build Balanced Zones tool in 

Türkiye’s spatial and statistical context. During data preparation, minor inconsistencies were detected 

between different boundary and parcel layers, which created small alignment mismatches. These 

technical discrepancies highlighted common challenges in spatial data management and emphasized the 

importance of thorough data cleaning and integration before applying automated zoning tools. 
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Several spatial constraint configurations were tested to determine their influence on the zoning 

process. Using only contiguity edges produced compact, geometrically regular zones but offered limited 

stability in statistical balance. Incorporating both edges and corners increased connectivity between 

parcels, although this occasionally led to irregular shapes. The Trimmed Delaunay Triangulation option 

produced proximity-based zones, yet these were not always consistent with defined statistical targets. 

The analysis of Zone Characteristics Criteria revealed the trade-offs between geometric fairness 

and statistical adequacy. The Compactness criterion generated visually regular, contiguous zones, but 

made balancing the independent sections more difficult. The Equal Area and Equal Number of Features 

settings provided slight improvements, but did not fully eliminate imbalances, reinforcing the need to 

balance simultaneously in EA design (Esri, 2023). 

Among the Advanced Parameters, increasing the Mutation Factor resulted in the most visible 

improvements, producing outcomes closer to the desired threshold. Introducing household counts as a 

secondary balancing variable, with a threshold of 100, enhanced demographic alignment. Incorporating 

distance constraints based on quarter borders and road networks further improved spatial coherence, 

producing zones that corresponded more closely to recognizable urban features. This configuration 

improved the operational feasibility of EAs, enabling field staff to more easily identify and navigate 

them during data collection. 

Overall, the Quarter case demonstrated that the BBZ tool can be effectively adapted to Turkish 

datasets, given adequate data quality and parameter optimization. The tool produced zones that were 

both geographically coherent and statistically balanced, confirming its potential for census and survey 

applications (Figure 12). However, even small inconsistencies in boundaries and spatial layers 

significantly affected outputs, emphasizing the necessity of standardized data preparation and 

harmonized spatial frameworks for national-scale implementation.  

 

Figure 16. The final BBZ Result for Ankara data 

The discussion of zone characteristics also confirmed the multi-objective nature of EA 

delineation. Compactness enhances geometric regularity but often conflicts with demographic balance, 
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whereas equal-area options ensure visual fairness but lack statistical adequacy. These findings highlight 

that EA delineation cannot rely on a single optimization criterion but must balance geography, 

demography, and operational manageability (Esri, 2023; United Nations, 2017). 

From a methodological perspective, the Ankara study demonstrated that BBZ is a flexible and 

scalable tool for EA generation but remains sensitive to parameter settings such as Mutation Factor and 

Number of Generations. Hybrid approaches that combine BBZ with manual verification or 

supplementary geospatial tools could offer the most practical balance between automation and expert 

control. 

From a policy standpoint, adopting geospatial methods could strengthen Türkiye’s statistical 

infrastructure by enabling standardized, reproducible, and auditable delineation of primary sampling 

units and by reducing reliance on ad hoc manual boundary production. Automated delineation, as shown 

in the Ankara case, offers reproducibility, transparency, and scalability—qualities that align with 

modernization goals set by the United Nations Statistics Division (United Nations, 2017). Nevertheless, 

automated tools should complement, not replace, local expertise, as contextual knowledge remains 

essential for designing meaningful and functional enumeration areas. 

In summary, the results highlight both the opportunities and the limitations of using geospatial 

methods for EA delineation. The United States datasets illustrated methodological risks linked to poor 

variable selection or dataset imbalance, while the Ankara application demonstrated that, with proper 

data and parameterization, the method can yield zones that are both statistically meaningful and 

operationally feasible. For Türkiye, the main challenges lie in harmonizing spatial datasets across 

institutions and establishing clear guidelines for parameter optimization. With these measures in place, 

geospatial zoning can significantly enhance the efficiency and quality of survey and census operations. 

6. Conclusions  

This study proposed a GIS-based approach for delineating Enumeration Areas (EAs) for 

statistical field operations in Türkiye through a trial implementation designed to test its feasibility under 

different data conditions. The empirical structure combined three case applications from the United 

States with one main application, conducted in a single quarter of Ankara (Türkiye). Rather than 

claiming nationwide applicability, the Ankara-quarter application demonstrated the workflow in a 

realistic local setting, while the United States cases illustrated how automated zone creation behaves 

under contrasting input-variable distributions and dataset scales. Taken together, the cases clarify the 

conditions under which GIS-based delineation can support geographically coherent and operationally 

workable zones, and they identify limitations that must be addressed before wider institutional 

implementation. 

The case applications in Richmond County, Seattle, and Story County provided a diagnostic 

foundation for understanding methodological strengths and weaknesses. Across these cases, three 

practical “screening conditions” emerged that should be checked before applying automated delineation 

in routine production. First, extreme variation and skewness in balancing variables can dominate the 

optimization problem and contribute to fragmented or unstable outputs, indicating that selected variables 

should be both representative and distributionally stable for EA purposes. Second, insufficient 

variability can mechanically constrain the balancing process because the workflow has limited degrees 
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of freedom to redistribute features, thereby reducing the likelihood of operationally meaningful outputs. 

Third, very large datasets introduce computational and stability challenges: threshold choices can yield 

either an excessive number of zones or overly coarse aggregation, and long run times and fragmentation 

become more likely. These findings reinforce the importance of selecting suitable balancing variables, 

assessing distributional properties in advance, and ensuring that the intended scale of delineation 

matches the structure of the input data. They also are consistent with the Modifiable Areal Unit Problem, 

which emphasizes that scale choices and distributional properties can lead to substantially different 

spatial outputs (Openshaw, 1984; Flowerdew & Feng, 2005). 

Building on these lessons, the Ankara quarter application illustrated how a GIS-based 

delineation workflow can be configured to reflect field-operational realities. By using independent 

sections per parcel and household counts as balancing variables and incorporating road networks and 

quarter borders as spatial constraints, the workflow supported the production of zones that were closer 

to intended workload targets and easier for field operations to interpret than zones produced by ad hoc 

manual delineation. This application, therefore, serves as an applied demonstration of how a Türkiye-

relevant EA workflow can be parameterized around workload-oriented targets and recognizable 

geographic features. 

At the same time, the Ankara application highlighted a set of critical contradictions that must 

be discussed with respect to both methodology and application. Inconsistencies between the Spatial 

Address Registration System and the General Directorate of Land Registry and Cadastre —particularly 

mismatches in quarter boundaries and parcel alignments—directly affected zone membership and 

adjacency. Methodologically, these cross-source inconsistencies challenge core assumptions of 

automated delineation, because the workflow depends on a coherent spatial topology in which parcels, 

boundaries, and barriers define stable neighbor relations and a consistent spatial support for the 

balancing variables. When boundary lines do not align across sources or when parcel or building 

geometries are shifted, the induced contiguity relationships may change, and the same parameter settings 

can yield different configurations depending on which layer is treated as authoritative. In practical terms, 

boundary mismatches can reassign parcels at the margins and alter zone totals, while parcel–building 

misalignment can weaken attribute linkage and introduce local distortions in balancing variables. 

Accordingly, evaluation in the Turkish context requires reporting not only zoning parameters but also 

the pre-delineation harmonization decisions and spatial validation steps that define the effective 

analytical support for the workflow. 

The study further confirms that EA delineation is inherently multi-objective. Geometric 

preferences such as compactness or equal area can improve certain shape properties, but they must be 

balanced against demographic relevance and operational constraints. More workable configurations 

were obtained when demographic criteria were combined with geographic and field-operational 

constraints, consistent with international guidance emphasizing multi-criteria design for census 

geography(United Nations, 2017).In addition, the findings suggest that reproducibility and transparency 

are achievable only when workflows are standardized and data integration is treated as a prerequisite 

rather than a post-processing step(Cockings & Martin, 2005; United States Census Bureau, 2020).For 

this reason, a core practical output of the study is not only the zoning results identification of the need 
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for clear parameter reporting—at minimum, target variables, threshold values, contiguity rules, optional 

constraints, and optimization settings—to support replication and diagnosis across quarters and update 

cycles. 

From a policy and implementation perspective, the results indicate that the potential benefits of 

GIS-based EA delineation—standardization, reproducibility, and operational manageability—depend 

on institutional coordination and data governance. Establishing shared standards for dataset integration, 

implementing routine cross-agency validation procedures, and formalizing cooperation mechanisms are 

central prerequisites for sustained adoption. Such steps are consistent with broader census modernization 

recommendations that emphasize integrated geospatial infrastructure and documented procedures for 

boundary management and fieldwork geographies (United Nations Statistics Division, 2017). 

The main limitation of this study is its scope. The application in Ankara was conducted over a 

single quarter, and the United States cases were chosen to illustrate contrasting data patterns rather than 

to provide national benchmarks. Future work should, therefore, extend the workflow to multiple quarters 

with different urban forms, test stability under data updates, and evaluate scalability using larger official 

datasets. A hybrid production model—automated delineation followed by structured expert review—

also appears essential for balancing efficiency with operational realism. Additional research may explore 

dynamic updating mechanisms and complementary data sources to improve adaptability in rapidly 

changing urban settings (Krebs & MacQueen, 2016). 

Overall, the study supports the conclusion that GIS-based EA delineation is a feasible 

methodological direction for Türkiye when (i) balancing variables have sufficient variability and 

distributional stability, (ii) contiguity and constraint rules reflect field-operational requirements, and (iii) 

input layers are harmonized with adequate geometric consistency. Under these conditions, the approach 

offers a practical foundation for enhancing the production of clearly bounded, operationally workable 

small-area units for future census and household survey operations, explicitly acknowledging that 

methodological rigor and data governance are inseparable components of reliable automated 

delineation. 

Note: This article is derived from the PhD thesis prepared by Cansu ÖZTÜRK at Hacettepe University 

Institute of Population Studies, Department of Social Research Methodology 
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