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Abstract

In a map visual question answering benchmark, each reference answer must match the content shown in its
associated map image. Benchmark constructors obtain such answers by interpreting the map image manually,
which scales poorly to complex maps, or by extracting them from the geospatial source data, which can include
content that the image does not show. We present CartoGraph, a map-production system that generates map
images together with their reference answers. While producing a map, CartoGraph records in a map-content
graph which source features appear in the map image and how they are drawn. CartoGraph renders the map
image from this graph and question-specific queries derive the reference answers from the same graph. Because
the image and the answers share one recorded map content, each answer is restricted to the content its map image
shows and requires no manual interpretation. An initial implementation for the OpenStreetMap Standard Map,
evaluated across 200 map images at zoom levels 16 and 17, demonstrates that the map image and the reference
answers for street-name enumeration and spatial-relation questions can be derived from the same map-content
graph.
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1. Introduction

Benchmarks evaluate systems on a defined test set. The test set in a map visual question answering
(map-VQA) benchmark consists of test items that combine (i) a map image, (ii) a question about the
map image and (iii) a reference answer.

The map image is the visual input to the evaluated system. The map image depicts geographic features
based on their geometries and properties through display elements such as points, lines, symbols and
labels. A map-production system produces the map image by determining which content from the
geospatial source data appears and how it is represented (Figure 1). The number and meaning of the
visible display elements describe the complexity of a map image [1]. The complexity of a map image
can therefore vary along a continuum from low to high.
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Figure 1: A map-production system transforms geospatial source data D into a map image M.

The question about the map image specifies which information the evaluated system must retrieve.
A question may ask for represented features, their properties or spatial relationships between them.
Questions are created manually from the map images or generated from structured data (e.g. templates)
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for the construction of a test set. Regardless of the questions construction method, each question must
refer to information that is available in its associated map image.

The reference answer to the question and the map image defines the expected response. A change to
the question or map image can change the reference answer, even when the geographic area remains
unchanged. Benchmark constructors obtain reference answers by either (i) inspecting the map image
manually or with machine assistance, or (ii) by extracting information from the source data used to
produce the map.

The first strategy [2, 3, 4, 5] restricts the reference answers to the content represented in the map
image, but requires each map image to be inspected manually. Figure 2 illustrates this task for the
question “What are the names of all streets shown on the map?” To construct the reference answer,
a benchmark constructor must identify every visible street label, associate each label with a street
geometry and determine whether clipped or partially visible elements count as shown. Maps can
vary in complexity as shown in Figure 2. Among the three zoom levels, the map image at zoom level
17 represents more visible elements and is therefore more complex than the maps at zoom levels 16
and 15. Greater complexity requires the benchmark constructor to identify more labels and resolve
more boundary cases. The greater complexity limits scalability and increases the risk of omissions and
inconsistent decisions.
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Figure 2: OpenStreetMap (OSM) map extracts around Neutorstrafle in Nuremberg at zoom levels 15, 16 and 17
(from left to right). Changes in zoom level alter the represented content and its degree of map complexity.

The second strategy [6, 7] avoids the manual interpretation and supports programmatic construction,
but assumes that the source data and the map image contain the same content. A map-production
system violates this assumption when it selects, simplifies, aggregates, displaces or omits source data
before visualization in a map image, as shown in Figure 3. The source data may therefore contain
named streets whose labels are not represented in a map image. For instance, given the map images in
Figure 2, a street label shown at zoom level 17 may be absent at zoom level 15 even though both map
images are produced from the same source data. Deriving the reference answer for the map at zoom
level 15 directly from that source data may therefore include a street label that the evaluated system
cannot observe in the map image.
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Figure 3: The map-production process transforms source data D into map content before rendering the map
image M. The map content contains the display elements that retain from the source data.

Neither strategy therefore constructs reference answers that are both scalable and restricted to
the actual map content. From these limitations, we derive three requirements for map-VQA test-set
construction:



+ Scalability: The test set must be constructible for maps with different degrees of map complexity
without manual annotation.

« Consistency: The test set construction procedure must apply the same rules across test items
and return the same reference answer for the same map image and question.

« Map-content fidelity: Each test item of the test set must contain a reference answer restricted
to the geographic features, their properties and the spatial relationships represented in its map
image.

All three requirements point to the same missing artifact, the map content. The map content comprises
the display elements that the map-production system retains between the source data and the map
image (Figure 3). Map-production systems determine this content internally but do not expose it. The
first strategy recovers this content from the drawn map image, whereas the second approximates it
through the source data from which it was produced. In a machine-readable and queryable form, the
map content would support programmatic answer derivation while restricting each answer to the
content represented in the map image.

We present CartoGraph, a map-production system that generates a map image together with its
reference answers from the map content. CartoGraph takes geospatial source data together with a
description of which map to produce and how to draw it. It selects and resolves the map-specific
representations of geographic features, records the resulting display elements in a map-content graph
and renders the map from that graph. Question-specific queries derive reference answers from the same
graph. This shared representation makes the answers programmatically reproducible while restricting
them to the content represented in the generated map. We implement the approach for the OSM
Standard Map and demonstrate it with street-name enumeration and spatial-relation questions. The
resulting answers are defined relative to the recorded source data and the description used to produce
the map rather than to geographic reality. We evaluate CartoGraph using 200 map images paired with
their final map-content knowledge graphs. The test set covers the OSM Standard Map at zoom levels
16 and 17. We discuss how shared map-and-answer derivation addresses the three requirements for
benchmark construction and examine its limitations.

We focus in this paper on the construction of reference answers for map images. We do not evaluate
question-generation strategies or the performance of map-VQA systems.

The remainder of this paper is organized as follows. Section 2 reviews existing approaches to map-
VQA benchmark construction. Section 3 models the transformation from geospatial source data to map
content, and Section 4 presents CartoGraph. Section 5 instantiates CartoGraph using the OSM-based
example. Section 6 discusses the benefits and limitations of the approach, and Section 7 concludes the

paper.

2. Related Work

We first introduce relevant map types and dimensions used to compare map-VQA benchmarks. We
then review existing benchmarks and compare them with CartoGraph.

Most of the reviewed benchmarks contain either reference maps or thematic maps [8]. Reference
maps, such as OSM Standard Maps [9], provide location information and represent geographic features
(e.g. roads, buildings, water bodies) accurately and in detail. Thematic maps instead emphasize how a
selected phenomenon, such as population density, is distributed across space, and represent it using
graphical variables such as color or symbol size. Maps that combine both types or fall outside them we
classify as mixed.

We compare map-VQA benchmarks along the following dimensions:

« Map type: Identifies whether a benchmark contains reference maps (Reference), thematic maps
(Thematic) or mixed (Mixed).

« Map complexity: Indicates the range of map complexity, from low to high, that the benchmark’s
map images cover, based on the number and meaning of the visible display elements.



+ Reference-answer source: Identifies whether an answer is derived from the map image (Map
image), the geospatial source data (Source data) or a machine-readable representation of the map
content selected during the map-production process (Map content).

« Reference-answer construction: Indicates whether people author the answers manually
(Manual), people refine machine-generated drafts in a machine-assisted process (Machine-assisted)
or software derives the answers programmatically from encoded data or rules (Programmatic).

Reference or mixed maps appear in MapEval-Visual, MapReader and MapVerse. MapEval-Visual [2]
uses Google Maps map images with a low degree of map complexity and expert-created questions and
answers. MapReader [5] also uses Google Maps map images, while GPT-40 generates an initial set of
questions and answers that two experts subsequently refine. MapVerse [3] uses real-world map images
from diverse sources and creates question-answer pairs manually, which two experts independently
verify.

Thematic maps are the focus of MapQA, MAPWise and MaplIQ. MapQA [7] combines existing and
generated choropleth map images and derives question-answer pairs from their underlying source
data. MAPWise [4] generates choropleth map images from socioeconomic data, after which experts
manually construct question—answer pairs from predefined templates. MaplQ [6] generates choropleth
map images, cartograms and proportional-symbol map images and extracts their reference answers
programmatically from the geospatial source data. A human expert subsequently reviews the completed
question—answer dataset as a quality-control step.

Table 1 summarizes the reviewed benchmarks along the four dimensions.

Table 1

Comparison of map-VQA benchmark construction approaches.
Benchmark Map type Map complexity Reference-answer Reference-answer

source construction

MapEval-Visual [2] Reference  Low Map image Manual
MapReader [5] Reference  Low Map image Machine-assisted
MapVerse [3] Mixed Low to high Map image Manual
MapQA [7] Thematic Low Source data Programmatic
MAPW:ise [4] Thematic Low Map image Manual
MaplQ [6] Thematic Low Source data Programmatic
CartoGraph Reference  Low to high Map content Programmatic

In summary, existing benchmarks use either the map image or the source data as their reference-
answer source. CartoGraph instead uses the map content and is, among the reviewed approaches, the
only one that constructs reference answers programmatically for reference maps. It records this content
in a machine-readable graph that is used both to render the map image and to answer questions. Because
the graph replaces per-image interpretation, CartoGraph supports programmatic reference-answer
construction for reference maps with varying degrees of complexity.

3. Modeling the Map-Production Process

Deriving reference answers from map content requires understanding how geospatial source data is
transformed into a map image. We must therefore identify the stage at which a map-production system
has made content and layout decisions and after which the resulting elements shown in the map image
are still available in a machine-readable form. This section reviews (i) how existing models divide the
map-production process, (i) synthesizes them into a three-stage model that names the information
required in each stage and (iii) shows how the model is realized in an existing rendering stack.
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3.1. Existing Models of the Map-Production Process

Existing models describe map production as a sequence of stages, each with defined inputs and a defined
output. Cuthbert introduced a model for map production with the four stages selection, generation,
rendering and display [10]. The selection stage returns the source data to be displayed, the generation
stage turns this data into display elements, the rendering stage constructs a map image from these
elements, and the display stage makes the map image visible. A display element is a graphical record
produced for a feature, such as the casing of a road or the text of its name. The StyleInfo and DisplayInfo
govern these stages. The Stylelnfo input describes how the source data is represented in the map image,
whereas the DisplayInfo input describes the spatial reference system, the extent and the scale of the
display. Because the two are separate, the same StyleInfo can be used with different DisplayInfo to
display different areas of the same source data. The OGC Web Map Server specification adopts these
four stages and defines the display elements that the generation stage passes to the rendering stage [11].

ISO 19117 divides the same sequence into two stages, performed by a portrayal engine and a rendering
engine [12] (see also Figure 3). The portrayal engine applies portrayal functions, which map source
features of the source data to references of the symbols that should be displayed on the map image. The
rendering engine draws these symbol references into the map image using the corresponding symbol
definitions. The portrayal engine therefore covers the selection and generation stages, and its symbol
references play the role of the display elements above. The rendering engine covers the rendering
stage, whereas the display of the map image lies outside the standard. A portrayal catalogue collects
the portrayal functions and symbols so that they can be used independently of the source data. The
standard also names the decisions that adjust symbols relative to one another portrayal finishing and
excludes their rules, such as generalization, the resolution of overprinting and displacement rules, from
its scope.

The models agree in the sequence of the stages but differ in where they place the decisions that
require more than one display element. ISO 19117 excludes them from its scope as portrayal finishing,
Cuthbert assigns the ordering of styles to the StyleInfo but leaves clipping unassigned [10], and the
Web Map Server specification fixes only the drawing order [11]. Label placement and collision handling
appear in none of the models, although these decisions determine which display elements the map
image finally shows. Consequently, no model exposes a machine-readable artifact that records the map
content after these decisions, which we call the final map content in the following.

3.2. Three-Stage Model of the Map-Production Process

Based on these models, we divide the map-production process into rule application, display-element
resolution and map-image rendering, as shown in Figure 4.

Three-Stage Model for Map-Production Systems
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Figure 4: General model of a map-production system with two decision stages and a concluding map-image
rendering

Written as a sequence of transformations, the three stages are:

frule SE fresolve N SF frender 42\4—7
O,R L, X X

where D denotes the geospatial source data and M the map image. The stages differ in the scope of the



decisions they make and in the information that governs these decisions. The map configuration (O)
applies to the process as a whole and specifies the map extent, coordinate reference system, output size
and format, and identifies the map product to be produced.

As a running example, consider the road and the label Neutorstrafie in the zoom-level-17 map (M) in
Figure 2 (right), whose configuration (O) specifies the shown extent, coordinate reference system and
output dimensions and format, and selects the OSM Standard Map at zoom level 17. We follow a source
road feature carrying this name in the OSM source data (D) through the three stages to explain how its
geometry and name become visible display elements.

The rule-application stage ( frule) decides for each source feature independently of every other how
that feature would be represented. It applies the portrayal rules (R), which select source features for
the map and derive candidate display elements from them. For each element, the rules specify the
transformed and generalized geometry, the symbolization, the label text and the drawing priority. The
resulting artifact (Sg) collects these display elements and represents the expected map content. Because
the interactions between display elements are not covered at this stage, Sg can only over-approximate
the map content. In the running example, D supplies the road geometry and its name, and R produces
candidate road and label elements in Sg for the map selected by O; the label has not yet been placed.

The display-element resolution stage (fiesolve) resolves the candidate display elements into the
elements the map image shows. Its decisions depend on interactions between display elements. The
stage places labels and symbols, resolves collisions, determines the drawing order and decides how to
treat elements that cross the image boundary. Two further types of information govern these decisions.
The layout policy (L) collects the placement, collision, drawing-order and boundary policies. The
graphical resources (X) are the assets referenced by the portrayal rules, such as fonts, icons, line
patterns and fill patterns. They determine the space each display element occupies and its visual
appearance. The resulting artifact (Sr) records each resolved display element and represents the final
map content. For the Neutorstrafle label, this stage uses the font in X to determine the space occupied
by the label and the policies in L to choose a placement along the road, recording the result in Sr.

The map-image rendering stage ( fiender) draws the resolved display elements into the map image. For
the drawing, it requires the drawable content of the graphical resources X, such as glyph outlines, icon
bitmaps and pattern tiles. No content or layout decision remains at this stage. Because SF is expressed
in the image coordinates established by O, the stage also requires no further map configuration. The
stage must resolve the same X as display-element resolution, because substituting a font between the
stages would invalidate the computed placements and Sr would no longer describe M. Rendering then
draws the road and the placed NeutorstrafSe label from SF into M.

The three stages reorganize the stages of the models from Section 3.1. Rule application combines
selection and generation, whereas display-element resolution and map-image rendering divide rendering,
because the displayed content is fixed before the drawing begins. In ISO 19117 terms, rule application
corresponds to the portrayal engine, whereas display-element resolution and map-image rendering
correspond to the rendering engine. The information governing the stages has counterparts as well.
The map configuration O plays the role of the DisplayInfo of Cuthbert’s model, and the portrayal rules
R play the role of its StyleInfo and of the ISO 19117 portrayal functions. The candidate display elements
in Sg correspond to the display elements and symbol references that the models exchange between
their stages, and the ISO 19117 portrayal catalogue, which collects portrayal functions and symbols,
corresponds to R and X taken together. The existing models cover only parts of the layout policy L
and provide no counterpart for the final map content Sr, as Table 2 shows.

The boundary between the first two stages follows the scope of a decision rather than the type of
the operation. Simplifying the geometry of one feature therefore belongs to rule application, whereas
displacing an element because another element occupies its position belongs to display-element resolu-
tion, although cartographic practice calls both operations generalization. Neither the StyleInfo nor the
ISO 19117 portrayal functions restrict a rule to a single source feature, so the restriction to feature-local
decisions is a commitment of our model rather than one inherited from the existing models.



Table 2
Coverage of the three-stage-model terms in existing models of the map-production process. A full counterpart
covers the role of the term, a partial counterpart covers isolated aspects, and ‘-~ marks a missing counterpart.

Cuthbert [10]  WMS [11]  1SO 19117 [12]

source data D full full full
map configuration O full full partial
portrayal rules R full full full
layout policy L partial partial -
graphical resources X full full full
expected map content Sg  full full full
final map content Sg - - -

map image M full full full

3.3. The Three-Stage Model in Practice

Together, the portrayal rules (R), the layout policy (L) and the graphical resources (X) form the map-
product specification, which is independent of the map configuration O. The OSM Standard Map [9]
and the OSM Transport Map [13] are examples of map products defined by such specifications. A scale
or zoom level belongs to the map-product specification rather than to the map configuration. The
Digitale Topographische Karte 1:100 000 (DTK100) [14] defines its content for a single scale, whereas
the OSM Standard Map defines its rules per zoom level, so a map configuration selects a zoom level
only by identifying the specification that applies at it.

In practice, a map-product specification is rarely provided as a single artifact. OpenStreetMap
Carto [15] illustrates this distribution for the OSM Standard Map. The import configuration and the
CartoCSS stylesheets provide the portrayal rules R, the tile scheme supplies the map configuration O
for each requested tile, the placement parameters together with Mapnik’s collision handling and the
configured layer order specify the layout policy L, and the fonts, icons and patterns referenced by the
stylesheets provide the graphical resources X. The layout policy is thus only partly declarative, because
its collision-handling part exists only as Mapnik’s behavior. Mapnik then produces the tiles by placing
labels, resolving collisions, clipping elements at tile boundaries and drawing the resolved elements.

The three-stage model identifies S as the point at which all content and layout decisions are made,
but a map-production system does not need to retain Sr. The map image shows the final map content
but retains no machine-readable description of the resolved display elements. Deriving reference
answers from the final map content therefore requires a system that records these elements and the
outcomes of the decisions that produced them.

4. CartoGraph

We introduce in this section CartoGraph, a map-production system that follows the three-stage model
of Section 3. CartoGraph takes geospatial source data (D), a map configuration (O) and a map-product
specification (R, L, X) as input and records the display elements and their resolution outcomes in a
map-content graph. A map-image renderer derives the map image from this graph. Question-specific
graph queries can be applied during test set construction or added later to derive reference answers.
Because each query operates on the map-content graph used to produce the map image, additional
questions can reuse the existing graph and map image while remaining restricted to the final map
content.

CartoGraph realizes the three stages as five operations, which construct the intermediate graphs and
derive the map image and reference answers:

M;
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The five operations define the notation used in the chain:

1. Knowledge-graph construction (D — G): The lifting operation turns the source data D into
its knowledge-graph representation G. It represents source-feature identifiers, types, properties
and geometries without adding map-product-specific information. It encodes each geometry
as a spatial literal so that subsequent operations can evaluate spatial predicates and functions.
Separate source features remain separate graph resources even when they share a property value,
such as a street name, and the resulting graph preserves links to the corresponding source features
inD.

2. Expected map-content construction (G; — G g ;): The rule-application function takes the
map configuration O; of map i and the portrayal-rule representation Rg as additional inputs.
Because O; selects a map extent within D, several maps can be derived from the same source data
and its knowledge-graph representation. R instantiates the portrayal rules R as graph queries
that select the source features from Gy whose types and properties satisfy the rule conditions
within this extent. The link from O; to the map-product specification determines which portrayal
rules apply. For instance, for a product such as the OSM Standard Map, which defines its rules per
zoom level, this link includes the zoom level. The queries materialize the label strings, geometries,
styles and drawing priorities specified by the portrayal rules, while linking each selected element
to its source feature and supporting rule. The resulting graph Gz ; instantiates Sg and remains
an over-approximation because it does not yet record placement, collision or clipping outcomes.

3. Final map-content construction (Gg; — GF;): The resolution function takes the layout-
policy representation L and the graphical-resource representation X as additional inputs. Lg
encodes the placement, collision, suppression, clipping and drawing-order constraints of the
layout policy L, and X provides the fonts, icons, and patterns of X together with the identifiers
used to reference them from the graph. The resulting graph G'r; instantiates S and records
whether each considered display element was placed, suppressed or clipped. These outcomes
allow a question query to distinguish, for example, a label removed through collision handling
from one that remains partially visible at the map boundary.

4. Map derivation (Gr; — M;): The map-image rendering function consumes the placed display
elements in G r; together with their final geometries, styles, graphical resources and drawing
order. It draws these elements into the map image M; without making further content-selection
or layout decisions.

5. Reference-answer derivation (Gr; — A; ;): The graph query ¢; formalizes question (); and
retrieves the reference answer A; ; from G;. Together, the map image, question and reference
answer form the test item T; ; = (M;, Q;, A; ;). Different questions and their queries can derive
several test items from the same graph and map image.

Continuing the Neutorstraf$e example, G records the source road feature and its name, G ; records its
candidate road and label elements, and G r; records their resolved geometries and placement outcomes.
The renderer draws the placed label from G r;, while a street-name query retrieves NeutorstrafSe from
that same placed label. If resolution instead suppressed the label, its name would contribute neither a
drawn label nor an answer to this query, even though it remains in G7.

5. Case Study

We implement an initial version of CartoGraph for the OSM Standard Map to examine whether it can
derive a map image and reference answers for four question types from a shared map-content graph. It
realizes the map-content graph in RDF and every graph query in SPARQL, using CONSTRUCT queries
for the portrayal rules and SELECT or ASK queries for the questions. We first show for one map product
the configuration through the five operations. Afterwards we present the construction of reference
answers for a test set using map images at zoom levels 16 and 17 and their final map-content graphs.



5.1. Worked example

The selected case uses OpenStreetMap source data for an area in Nuremberg, Germany and a map
configuration that identifies the OSM Standard Map at zoom level 17. We formalize the street-name
enumeration and spatial-relation questions from Section 1 as the question queries ¢; and ¢o. Figure 5
summarizes the five operations, whose intermediate graphs and outputs we report below.
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Figure 5: Implementation of CartoGraph for the OSM Standard Map at zoom level 17.

1. Knowledge-graph construction (D — G7): The input D is source data from OSM for an area
in Nuremberg and contains 2,088 nodes, 179 ways and 29 relations in the source OSM XML file.
A Python script implemented with RDFLib lifts the source features into RDF, preserves their
source-feature identifiers and tags, and encodes the geometries of nodes and ways as GeoSPARQL
WKT literals in OGC CRS84 (WGS 84 longitude-latitude order). The operation produces the
geospatial knowledge graph G; with 57,308 RDF statements and preserves links to the source
features for the subsequent map-production operations.

2. Expected map-content construction (G; — Gg;): This operation takes G together with the
map configuration O; and the portrayal-rule representation R as input. The configuration O;
specifies the map extent in OGC CRS84 from 49.45562800607982° to 49.457413352792216° N
and from 11.07147216796875° to 11.07421875° E, Web Mercator as the map projection and
the output dimensions (256 x 256 pixels), and identifies the OSM Standard Map at zoom level
17 as the map-product specification. The portrayal-rule representation contains 77 SPARQL
CONSTRUCT queries. The operation produces G'g; with 12,136 RDF statements describing 301
candidate display elements. Each candidate display element remains linked to its source feature
and supporting rule. These results show which source features satisfy the portrayal rules, but
they remain an over-approximation because the resolution decisions have not yet been applied.

3. Final map-content construction (Gg; — Gr;): This operation takes G ; together with
the layout-policy representation Lg and graphical-resource representation X as input. The
operation produces G r; and records the resolution outcomes. The graph contains 249 display
elements retained for rendering. We group these elements by the geometry to which they are
anchored, including labels anchored to curves, surfaces or points. The groups contain 110, 97
and 42 elements, respectively, of which 52, 39 and 5 are clipped at the image boundary. The
graph separately records placement outcomes for 110 labels. Of these, 17 have at least one
placed instance, 90 are suppressed and three have no valid placement candidates. The placed
label instances are already included in the 249 display elements and are not counted again. The
map-content graph therefore distinguishes placed, suppressed and clipped elements and provides
the machine-readable record of the final map content.



4. Map derivation (Gr; — M;): The map-image rendering operation takes the map-content graph
GF; together with the external font and icon files whose paths and hashes are recorded in the
graph. A Python script retrieves the placed display elements with their resolved geometries,
label text, styles, graphical-resource references and drawing order from the graph, verifies and
loads the referenced assets, and draws these elements without making further content-selection
or layout decisions. The operation produces a 256 x 256 pixel map image M; containing the
visible street names Albrecht-Diirer-Strafle, Irrerstrafle, Lammsgasse, Neutorgraben, Neutormauer,
Neutorstrafle and Radbrunnengasse. The label for Albrecht-Diirer-Straf3e is clipped at the image
boundary but remains accepted because approximately 92.8% of the area of its bounding rectangle
lies inside the image, exceeding the layout policy’s 90% threshold. The image demonstrates that
the map can be drawn directly from the same graph used to derive the reference answers.

5. Reference-answer derivation (Gr; — A; ;): This operation takes G r; and the two question-
specific SPARQL SELECT queries ¢; and g2 as input. Both queries filter for elements recorded
as visible in the map-content graph. The query ¢q; retrieves the visible street names, while g
retrieves the street names whose road display elements, with their geometries clipped to the map
extent, intersect the road display elements of Neutorstrafle. These element geometries derive from
the source roads and are associated with street labels that have placed instances recorded in G ;.
Consequently, g5 evaluates neither unmodified source geometries nor the bounding rectangles of
label characters. The first query produces A; 1, which contains {Albrecht-Diirer-StrafSe, Irrerstrafe,
Lammsgasse, Neutorgraben, Neutormauer, Neutorstrafle, Radbrunnengasse}. The second query
produces A; o, which contains {Irrerstrafle, Lammsgasse, Neutormauer, Radbrunnengasse}. Because
both answers are derived from G, they remain restricted to the content recorded for the
generated map.

5.2. Test set and query setup

The test set extends the worked example to 200 map images of the Nuremberg area, Germany, using the
OSM Standard Map at zoom levels 16 and 17. Each test item combines a map image, a question about
the map image and a reference answer. Each map image is paired with its final map-content graph G r;,
which records the resolved map content used to render the map image and derive reference answers. A
map image can occur in multiple test items with different questions, so the number of map images does
not determine the number of test items. The map images, map-content graphs and question-specific
SPARQL queries, and reference answers are available via GitHub'.

The test set covers four question types: (i) street-name enumeration, (ii) street intersection, (iii) label
position within the map and (iv) relative direction between labels. The worked example illustrates the
first two question types. For each map-content graph, we query relevant display elements to instantiate
the question-specific queries and derive reference answers from the same graph. Reusing these queries
applies the same answer criteria across map images.

All query executions across the 200 map-content graphs completed without errors or per-map manual
intervention after the portrayal rules and queries had been configured.

6. Discussion

This section discusses how CartoGraph addresses the three requirements, presents two properties that
the case study makes explicit and examines the limitations of representing automated and semi-manual
map-production systems.

CartoGraph addresses scalability, map-content fidelity and consistency through the reusable map-
product specification and the shared map-content graph. CartoGraph supports benchmark-construction
scalability because portrayal-rule queries can be reused across map images of the same map product,
and question-specific queries derive reference answers without per-map manual annotation. It also

'See https://github.com/wintechis/CartoGraph
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supports map-content fidelity, because the derived reference answers remain restricted to the final map
content recorded in G'r; rather than on all source features (G7). Reusing question-specific queries
across applicable map-content graphs applies explicit answer criteria consistently across test items. The
evaluation covers 200 map images at zoom levels 16 and 17, but remains limited to the implemented
OSM Standard Map rules.

The case study surfaces two properties of reference answers derived from map content.

First, a formal query is more precise than the natural-language question it answers. The question ();
specifies what to retrieve, whereas the query ¢; defines the elements, geometries and relations that
constitute the answer. In the spatial-relation question, reading intersects as GeoSPARQL sfIntersects
returns the four streets in A; 2, whereas reading it as sfCrosses” returns none of them, because the
four streets meet NeutorstrafSe at a shared endpoint. We therefore publish ¢; with each test item, which
makes the selected interpretation explicit in a way that an annotator’s judgment is not.

Second, the display elements of a map image are not necessarily connected to the geographic features
they represent. The portrayal rules transform individual source features into display elements, but OSM
splits a way whenever a tag changes and a name labels a way rather than a street, so G, contains
no resource for an individual street. Questions about rendered content, such as the two case-study
questions, remain unaffected, whereas questions about geographic features require a grouping of the
rendered segments. For the question How many streets are shown on the map?, counting one street per
name gives 11 streets, whereas counting connected pieces that share a name gives 19, because the map
boundary cuts streets that continue outside it. No single grouping removes this dependence, because
map rendering and geographic-feature identification serve different tasks.

CartoGraph reproduces an intended map product only to the extent that its production decisions
can be represented in Rg, Lg and X¢. Two properties of existing map-production systems limit this
representation.

First, an automated system such as OSM Carto [15] distributes its portrayal rules, layout policy and
graphical resources across stylesheets, configuration files, assets and renderer behavior. Translating
these components into CartoGraph’s representations can omit or alter a production decision.

Second, semi-manual map-production systems may include map-specific decisions that are not
expressed as reusable rules. For example, the German surveying authority (ADV) produce the Digital
Topographic Maps (DTK) through a semi-automated process. For the DTK100 map product, the
production system first generates a map image, after which cartographers manually reposition display
elements to improve readability. Within the three-stage model, these adjustments belong to display-
element resolution and their outcomes must be recorded in G r; before the final map image and reference
answers are derived. Recording the adjustments in G r; preserves the shared derivation of the map
image and reference answers, but the individual changes to the map images limits fully programmatic
test-set construction.

An incomplete translation or an omitted manual adjustment can produce a map image and reference
answers that remain internally consistent but do not faithfully reproduce the intended map product. The
links from candidate display elements to their supporting portrayal rules help trace errors in Rg, but
they cannot recover decisions that were never encoded. Future work should quantify deviations from the
intended map product by comparing CartoGraph’s outputs with those of the reference implementation
across map configurations and specifications and should examine how manual adjustments can be
captured as provenance-bearing updates to Gr;.

7. Conclusion

Manually constructing reference answers for complex maps requires substantial effort and may introduce
annotation errors. To support this task, we defined a graph-based model of the map-production process
that creates a shared machine-readable representation for the reference answer and the map image. A
map-image renderer derives the map image from this representation, while question-specific graph

®See https://docs.ogc.org/is/22-047r1/22-047r1.html
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queries can subsequently derive one or more reference answers from the same resolved content. We
instantiated this model in CartoGraph and evaluated it in a case study with the OSM Standard Map.
The case study demonstrated shared map-and-answer derivation and automated reference-answer
construction for a test set covering 200 map images at zoom levels 16 and 17.

These results support automated reference-answer construction within the tested configurations,
but remain limited to the implemented OSM Standard Map rules and evaluated question types. Future
work should examine additional map products and question types, compare the required effort with
manual annotation and validate the final map content against established map-production systems. A
further direction is to generate questions from the map-content graph so that map images, questions
and reference answers can be constructed through one programmatic pipeline.
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