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—— Abstract

Interest in applying Large Language Models (LLMs), which use natural language processing (NLP) to
provide human-like responses to text-based questions, to geospatial tasks has grown rapidly. Research
shows that LLMs can help generate software code and answer some types of geographic questions
to varying degrees even without fine-tuning. However, further research is required to explore the
types of spatial questions they answer correctly, their abilities to apply spatial reasoning, and the
variability between models. In this paper we examine the ability of four LLM models (GPT3.5 and
4, LLAma2.0, Falcon40B) to answer spatial questions that range from basic calculations to more
advanced geographic concepts. The intent of this comparison is twofold. First, we demonstrate
an extensible method for evaluating LLM’s limitations to supporting spatial data science through
correct calculations and code generation. Relatedly, we also consider how these models can aid
geospatial learning by providing text-based explanations of spatial concepts and operations. Our
research shows common strengths in more basic types of questions, and mixed results for questions
relating to more advanced spatial concepts. These results provide insights that may be used to
inform strategies for testing and fine-tuning these models to increase their understanding of key
spatial concepts.
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1 Introduction

In the rapidly advancing field of artificial intelligence (AI), Large Language Models (LLMs)
are making significant progress, with applications extending across various fields. LLMs such
as ChatGPT are forms of generative Al that can create human-like language responses [18].
LLMs are trained on large amounts of text, including books, news articles, and websites.
They have demonstrated a strong understanding of human language, which allows them
to be used for tasks such as reasoning, creative writing, code generation, translation, and
information retrieval. Training LLMs can be multi-staged and engage varying degrees of
human input. Through training, LLMs learn how words are combined in language, and they
use these combinations to complete the language processing tasks. With more substantial
training datasets, LLMs can recognize, interpret, and generate text with minimal or no
specific fine-tuning. However, LLMs are vulnerable to a range of errors, including various
types of factual inconsistency, misrepresentation errors, and geographic biases [16, 23, 6] [21].

Since LLM models contain embedded geographic knowledge and have shown abilities
to apply it to geographic queries and reasoning tasks, interest has grown in using them
for tasks as wide-ranging as interactive answering of geospatial questions, aiding learning
of spatial concepts and software use, and translating natural language to spatial queries
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(e.g., see [14, 13]). All of these use cases rely on LLM models being able to produce correct
answers. Considering the limitations of current LLMs and their rapid evolution, an extensible
framework is required to test different models’ capabilities to answer spatial questions,
perform geographic calculations, and aid users with more complex spatial reasoning problems.
Since many geographic questions are context-dependent and can be answered in several
feasible ways through data transformations [20], ongoing evaluation of this type will be
needed to assess progress and understand evolving LLM geospatial capabilities. The main
goals of this study are as follows:
Introduce a methodology to automate testing of LLMs abilities to apply their geospatial
knowledge to a range of spatial questions and reasoning tasks. A reproducible method
allows us to test and compare various LLMs and different types of the tests over the time.
Compare different LLMs and identify the spatial concepts that they need to be fine-tuned
with.

2 Related research

With the increasing use of LLM models and the potential errors they carry, model evaluation
has gained considerable attention recently (see [7, 24]). For example, Chang and Kidman [4]
review a series of LLM evaluation methods, while [9] outline task-based evaluation for
reasoning, medical usage, ethics, natural and social language fields. From the GIScience
perspective, [25] used natural-language navigation tasks to evaluate LLMs’ abilities to apply
reasoning to spatial structures such as spatial and temporal distances, and shapes. Bhadari
et al., [3] show that LLMs can complete spatial calculations correctly and, with limited
accuracy, can apply common spatial prepositions (e.g., near, far) in queries. Aghzal et.
al., [2] examine LLMs’ spatial reasoning abilities using end-to-end path planning tests in a
grid environment and show that although fine-tuned LLMs can achieve impressive results
in distributed reasoning tasks, they often struggle with long-term temporal reasoning and
generalizing to more complex environments [2]. While Mai et. al. showcase the potential of
LLMs for GeoAl on various spatial semantic tasks [15], Li et al. [11] reported that ChatGPT
had difficulty with questions that required more spatial reasoning abilities than more basic
information retrieval.

3 Methodology

At a high level, our methodology consisted of two main stages: a) preparing questions as
methodological (“how-to”) and as spatial SQL problems, and b) evaluating the models’
responses for both types of problems (see Figure 1). To recognize some of the range of LLM
capabilities and the requirements to use their APIs, we compared two open source LLMs
(Falcon-40B [19], Llama-2-7B [22]) and two of OpenATI’s enterprise level models (ChatGPT
3.5 and 4). A set of 96 questions spanning a range of spatial concepts and operations were
developed (Table 1). See the question list and model answers at:
https://docs.google.com/spreadsheets/d/1hnRcIFB7-p6ebnE_ou_evxEC14S1DrsxjEF
0qcCFIWI/edit?usp=sharing.

The following criteria were used to develop questions that: 1) targeted fundamental
GIS concepts, 2) can be answered with SQL queries and not require complex modeling or
coding, 3) have a quantitative answer that allows objective and automated or semi-automated
evaluation. Questions were developed in part by drawing from the UCGIA’s GIS&T Book
of Knowledge ! including sections such as “foundational concepts” (e.g., shape, direction,

! https://gistbok.ucgis.org/knowledge-area/foundational-concepts
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distance), “data management” (e.g., coordinate systems), and analytics and modeling (e.g.,
buffers, spatial queries). While these sections do not encompass the breadth of the GIS&T
BoK or GIScience more generally, they do span from the fundamentals of GIS through to
some more advanced spatial concepts and operations. Finally, we endeavoured to include
both “how to” questions that a non-expert may pose while learning GIS and “SQL” questions
that users may deploy in an automated script that uses prompt engineering to perform tasks.
To do this, each question was rephrased in two formats. First, to evaluate models’ abilities
to aid geospatial learning, each question was formatted as a methodological or “how to”
question to probe the models’ capacity to explain how a geographic calculation or problem
could be addressed (see leftmost blue box in Figure 1 above). As noted by [4, 17, 14], LLMs
are susceptible to producing overly generic or at times incorrect output. Second, to examine
models’ potential to aid analytical tasks, each question was reformatted slightly to ask the
LLMs to write an SQL query that would solve a problem (see leftmost green box in Figure 1).
To simplify testing of the generated queries, we specifically asked for queries to be written
for the PostGIS extension to PostgreSQL.

The Langchain Python framework was used to automate the process of LLM evaluation.
Functions were created that drew “how to” and SQL questions from csv files, supplied these
questions as prompts to the models’ APIs, and output their answers to another set of csv
files. Since LLMs are evolving rapidly and replicability is important: 1) the entire pipeline is
automated and can run multiple times, 2) the question set can be changed or improved over
time, and 3) the SQL variants of the questions allow unambiguous response evaluations that
minimize human biases.

Specific prompts were used to require models to evaluate each question independently
and to differentiate between question types. To preclude models from drawing upon a history
of preceding questions, each call to an LLM was a “cold start” [8, 17]. This was done
for methodology questions by prefacing each question with the following prompt: Without
including any of the previous conversations, provide a methodology to answer the following
question:

For the SQL questions, the prompt was modified to focus specifically on PostGIS functions
that align with the environment we used for output evaluation: Without including any of the
previous conversations, write a SQL query to answer the following question. Make sure to
only use available SQL functions and PostGIS spatial functions:

Finally, if a question included a specific data model or any assumption we used the
following prompt: Without including any of the previous conversations, write a SQL query to
answer the following question. Make sure to only use available SQL functions and PostGIS
spatial functions. Assume that our database includes the following tables:

Table name: resorts, Columns: id: main identifier column, name: name of the ski resort
column, geom: geometry column, point geometry, with CRS 4326

A few sample questions are shown below.

Direction: Assume that the following coordinates are longitude and latitude, is the point(-
150,30) located north of the point(-130,25)%

Area: What is area of this shape: polyline[[-150,580],[-155,85],[-155,25]]¢? Assume that the
coordinates are longitude and latitude

Projection: Convert these coordinates point([-71,41]) to web mercator projection. Assume
that the coordinates are longitude and latitude

Geohash: Calculate bounding box of the following geohash 9qqjTnmancgyy4d0dbrqz0
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Figure 1 The overall workflow of the study.

Table 1 The spatial concepts included in the question set.

Spatial concept # | Spatial concept # | Spatial concept #
Area 7 | Proximity 2 | Distance 9
Angle 5 | Projection 2 | Geometry/Format 8
Boundary Box 2 | Graph/Network 3 | Center 6
Matrix Translation 3 | Error/Accuracy 9 | Geometry Validation 3
Interpolation, Variogram 2 | 3d Coordinates 5 | Geohash 2
Direction 7 | Spatial topologies 13 | Midpoint, Dimension 3

The responses provided by the LLMs were evaluated through a series of six types of
tests. This approach was developed following initial pilot-testing where model responses
included providing no answer, partial answers, as well as complete answers that may be
correct or incorrect. Test-1 focuses on if a model provided a final answer. Test-2 determined
if a model’s response was correct by comparing it to the value returned when the authors
ran the generated query. For Test-3, answers to the ‘How to’ methodological questions were
evaluated manually by the first author. Test-4 assesses if a model can generate useful SQL
queries. For this test, a small script that used common markdown code separators was run
to parse SQL statements from the larger text responses they were embedded within (see
Figure 2 below). Since the questions to evaluate the spatial functions were mainly developed
to be commutable via SQL queries, Test-5 entailed executing the SQL query extracted in
Test 4 in a PostGIS-enabled database. Test-6 evaluated the level of the edits that a SQL
query needed to be able to return the correct answer. For example, a generated SQL query
that included a misspelled function or a missing brackets in the SQL would not pass this test.

Since all of the questions are designed to return a numeric answer, the evaluation and
scoring of answers was straightforward. To validate the final answers, the authors determined
the correct answers from the relevant SQL queries and compared them with the model
responses. If the parsing script mentioned above for Test-4 was not able to extract the SQL
query from a model’s output, the test was marked as failed and the authors extracted the
SQL text manually before executing the query in Test-5. Each test was assigned a maximum
score of one, with values of .5 awarded where the answer was almost, but not completely,
correct. In future studies with more specific testing needs, it may be appropriate to apply
different weights to each test.

4 Results

Figure 3 shows the overall performance of each model through a calculated average score
model for: a) SQL query questions, and b) ‘How to’ methodology questions. GPT-4 performed
better than the other three models for both question types with GPT-3.5 having the next
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To check whether two polylines are equal in PostGIS, you can use the ST_Equals function, which
returns true if the given geometries represent the same geometry structure. Assuming that the
polylines are represented as LINESTRING geometries, here’s an example of a SQL query that checks

for equality:

SELECT ST_Equals(
ST_GeomFromText ('LINESTRING(-150 36, -155 35, -155 25)'),
ST_GeomFromText('LINESTRING(-150 3@, -155 35, -155 25)')

) AS are_polylines_equal;

This query will return a single row with a boolean value: true if the two polylines are equal, or
false if they are not. Since the coordinates of the two polylines you provided are identical, the result
of this query should be true .

Figure 2 An Example of GPT-3 answer to a question which specifically asked for a sql query.

SQL Query Score How To Method Score

Llama-2-7B: 1.44
Llama-2-7B: 1.35

GPT-4-1106-preview: 3.83
GPT-4-1106-preview: 2.34

(a) Sql Query score. (b) How to methodological score.

Figure 3 The overall performance of the LLM models for both SQL and methodological questions.

best scores. Interestingly, GPT-3 displayed the greatest difference between the two main

question types and was very close to GPT-4’s performance in answering spatial SQL questions.

Both Falcon-40B and Llama-2-7B had lower levels of performance, with Llama having the
lowest scores for both question types. Overall, all four models performed substantially better
(46% in aggregate) at generating valid spatial SQL code than when given less well-defined
methodological tasks.

Figure 4 shows disaggregated views of model performance for each test. In Figure 4a),
each row reports the scores a model achieved across Tests 1 to 6 as described in the preceding
section. On average, all the models provide an answer for 90% or more of the questions
(column 1). However, more separation is apparent when examining if the provided answers

are correct. GPT-4 answered 75% of the questions correctly, followed by GPT-3.5 at 61%.

Falcon and Llama had far fewer correct answers at 18% and 3% respectively. Similarly in the
third test which checks if the provided methodology is correct, GPT-4 (89%) and GPT-3.5
(74%) performed best, with Falcon (41%) and Llama (20%) demonstrating somewhat better
capabilities to return a valid methodology even if they were less able to produce a correct
answer. With respect to generating PostGIS SQL code that ran without edits (column 4),
GPT-4 (95%) and GPT-3.5 (89%) were considerably better than the other two models at
24% (Falcon) and 6% (Llama). As one indicator of the ease of porting model outputs to
automated processes, the query separator test showed that only Falcon had lagging scores
with just 55% of the responses having a proper separator.
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Falcon-40B Falcon-40B 0.78 0.27 0.45
~-0.8
0.7
GPT-3.5-turbo-16k 0.96
0.6 0.6

0.4 GPT-4-1106-preview 0.87

GPT-3.5-turbo-16k

Model
Model

GPT-4-1106-preview

0.3
0.2

Test-1 Test-2 Test-3 Test-4 Test-5 Test-6 Test-1 Test-2 Test-3
Criteria Criteria

(a) Sql Query score per test. (b) How to methodological score per test.

Figure 4 The breakdown of the LLM models per each test case. a) Breakdown for the SQL query
questions and b) the breakdown for the methodological query questions.

Falcon-408
© DUENEDNDTOEOg oo o wmasuois (4] 5 [ 5 14
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Uoma-278 E

(a) How to methodological score per geospatial
concept. (b) Sql Query score per geospatial concept.

Figure 5 The average score of each model per each spatial concept. a) Methodology based
questions and b) SQL based questions.

In Panel 4b) of Figure 4, scores for the three methodology questions are reported. Scores
for the first methodology criterion, namely does the model return an answer, were relatively
close with GPT-3.5 being the most eager to provide an answer (96%), with the other models
providing roughly similar counts (78%-87%). In terms of correct answers, Llama (13%) and
Falcon (27%) trailed both OpenAI models by a considerable margin. Both Llama and Falcon
models provide a better (close to 45%) performance in explaining the correct methodology
compared to calculating the correct answer.

Next, we looked into each model’s performance relative to each spatial concept in the
question set (Figure 5). Overall, the models performed similarly across most of the concepts
with a better score in the SQL type of questions than the methodological questions. Perhaps
understandably, the models tended to fare more poorly when tasked with explaining how to
use spatial relationships in general. However, they were more successful at operationalizing
spatial concepts through spatial SQL queries they generated to answer questions.

5 Discussion

As was mentioned before, LLMs are prone to errors including hallucinations (e.g., see [10]).
In this experiment, all models suffered from hallucination errors. This was especially evident
in the queries Falcon and Llama generated as they suggested using non-existent PostGIS
functions (e.g., PostGIS_ Distance, thumb_ line_ distance). Both GPT models suffered less
with only about 1% of such errors in contrast to Falcon (13%) . In some cases, Falcon had
difficulties distinguishing the question from the real-world issue when it was asked specifically
for a SQL query. For example, Falcon tried to find the name of the places in the center of a
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town instead of calculating its coordinates as requested via the PostGIS ST__Centroid function.

LLM models are prone to provide more accurate and measurable responses for structured
language tasks [26] which is evident in the models’s better performance in generating SQL
queries. This provides an advantage for automating certain types of tasks as demonstrated
by [12].

Overall, all of the models were able to use basic geospatial concepts including ability to
distinguish different shapes, direction, angle and topological relations. All of the models are
able to distinguish between latitude and longitude space and understand multiple geometry
formats such as WKT or Geojson formats. However, they were less able to calculate the
expected final correct value. Some of the models, such as GPT-4, were able to construct
example datasets to support their own SQL answers or suggest specific data structures for
certain tables to be able to answer the questions.

6 Conclusion

This study aimed to measure the accuracy of LLM models in responding to the geospatial
concepts. Around 100 spatial problems were used to evaluate GPT-3, GPT-4, Llama 2 and
Falcon answers by providing a methodology and a SQL query answer. Our results showed
that in general GPT-3 and GPT-4 had overall scores that were above the average. In contrast,
the open source models failed to provide a considerable number of correct answers. All of
the models have better results in writing SQL queries as an structured language.

Finally, as Mooney et al.[17] and Chang and Kidman [4] note, LLM models can play
important roles in geospatial training and education too. The evaluation of LLM models
and their understanding of geographic concepts allows us to use them for educational
purposes such as teaching spatial databases, geographic concern (e.g., see [1, 5]). To date, it
appears that considerable care is required for LLM use in these contexts as this study and
others highlight the potential for these models to be prone to errors and having incomplete
understandings of spatial concepts and tasks at, or above, an intermediate level. Their
ability to provide answers to more structured problems, such as writing code, or providing
explanatory guidance does appear more promising though.
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