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Abstract
The concept of validity is a cornerstone of science. Given this central role, it is somewhat surprising
to find that validity remains a rather obscure concept. Unfortunately, the term is often reduced
to a matter of ground truth data, seemingly because we fail to come to grips with it. In this
paper, instead, we take a purpose-based approach to the validity of spatio-temporal models. We
argue that a model application is valid only if the model delivers an answer to a particular spatio-
temporal question specifying some experiment including spatio-temporal controls and measures. Such
questions constitute the information purposes of models, forming an intermediate layer in a pragmatic
knowledge pyramid with corresponding levels of validity. We introduce a corresponding question-
based grammar that allows us to formally distinguish among contemporary inference, prediction,
retrodiction, projection, and retrojection models. We apply the grammar to corresponding examples
and discuss the possibilities for validating such models as a means to a given end.
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1 Introduction

The concept of validity is a cornerstone of science. Valid methods make science “scientific”,
while invalid methods are bound to deliver falsehoods, i.e., invalid statements. Given this
central role in science, it is somewhat surprising to find that validity remains a rather
obscure concept, and no less so in geographic information science (GIS) and spatio-temporal
modelling. Take e.g. the following definition of a valid test:

A test is valid if it measures what it is supposed to measure (construct validity)

This definition of validity, originally proposed by Messick in the context of educational
performance tests [23, 6], has been adopted in software engineering and statistics to talk
about the validity of experiments [12]. It sounds reasonable at first, yet it leaves us in the
dark about who is supposing what and for what purpose. As long as this is unclear, the
definition seems to have a circular character.
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7:2 What Is a Spatio-Temporal Model Good For?

(a) Accessibility of postcode areas
by ambulances in Rotterdam.
Red: low accessibility. Yellow:
high accessibility.

(b) Workflow for accessibility measured in terms of travel distance
over street network, using closest facility analysis and other ArcGIS
tools.

Figure 1 Example of a GIS analysis, which corresponds to a transformation of maps.

The fact that validation is subject to purpose has repeatedly been stressed by various
authors in ecological modelling since the 70s [33, 3, 47]. Yet it has remained unclear to date
how the practical notion of fitness-for-purpose relates to the theoretical concept of validity.
Some authors specified overarching purposes of models and related types of validity, e.g.,
Caswell [3] states that “both the means and ends of what we call validation” are different
between models aimed at prediction and models aimed at insight (understanding) [3]. Yet,
a given model can be used for various purposes, and so it might be more adequate to say
that studies (model applications) have purposes, while models are rather meant to perform
a study. In any case, we seem to lack a theory that makes this connection between study
purpose and model validity explicit. In data science, this kind of reasoning is often avoided
by making use of what is called “ground truth data” [48]. Yet, this does not solve the issue
either: In practice, ground truth data is often not available, or first needs to be generated by
relying on the know-how of experts [40], leading us back to the very problem that we started
with, namely how they determine validity.

An example may help us illustrate this challenge. How do we know that the map produced
by the GIS workflow in Figure 1 is valid, i.e., measures what it is supposed to measure?
Note that the map resulting from this workflow is useful because it gives a valid answer
to a particular question, namely “What would be the accessibility of postcode areas for
ambulances in Rotterdam when closing the bridge over Haringvliet?”. The answer requires
procedural know-how to generate a workflow as in Fig 1b: generating a network from a
roads data set, then applying the “Closest Facility” method of ArcGIS, e.g., to a layer of
ambulance stations and postcode areas, and then determining catchment area distances for
each postcode area. Yet, reducing validity to exposing our model to the scrutiny of data
does not work in this case. One of the reasons is that the indicated bridge has never been
closed. So validity is dependent on valid inference within a fictive scenario. Furthermore,
the data involved already presupposes, and therefore cannot constitute validity: Using an
incomplete ambulance dataset will result in wrong accessibility assessments.

In this paper, instead, we suggest that the application of a model is valid because it
answers a particular question (specifying its purpose), in a way that successfully substitutes a
particular spatio-temporal experiment. Validating a model for a specific purpose, in a nutshell,
therefore requires knowing what it is good for, i.e., what sort of experimental question it can
answer. Yet, we currently lack any methods for reasoning over such modeling purposes [40] in
the validation procedure. To turn this idea into a methodology, we first introduce a pragmatic
account of information validity based on questions about spatio-temporal experiments. We
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then propose a meta-model for modelling purposes in the form of a question grammar, which
distinguishes different forms of model validity for contemporary, predictive, retrodictive,
projective and retrojective questions. We then show how this meta-model can be used to
validate a range of well-known modelling examples.

2 A Pragmatic Account of Spatio-Temporal Model Validity

To gain a better understanding of the validity of models, it is useful to switch perspectives
on what we regard as knowledge and what we consider to be information and data (see
Figure 2a). Traditionally, knowledge was seen as declarative, i.e., knowledge of facts or
“knowing that something is the case”. Furthermore, in modern data science, knowledge is
considered extricable from data. However a lot of what we know is implicit and thus actually
procedural, i.e., it is hidden in knowing how something can be done. Knowledge in this sense
is a disposition to act, as was suggested by language/speech act philosophers in the early
20th century, e.g., Gilbert Ryle [34]. Pragmatic knowledge models are founded on the idea
that actions and their purposes form the basis of our (trans-subjective) knowledge within a
community of practice [16]. We base our ideas on the more recent pragmatic knowledge model
of Peter Janich [16, 18] (cf. [40]), which serves as a core for the following considerations.

2.1 Pragmatic Knowledge Pyramid
In science and philosophy, knowledge is commonly seen as a collection of true propositions [52].
However, in pragmatics, validity is regarded as a way to establish truth, not the other way
around [15]. So, if validity paves the way towards knowledge, then the question arises
which actions and purposes are constitutive of validity, and how they relate to data and
information [18].

From a pragmatic standpoint (see Figure 2a), symbols are valid data if they are inter-
pretable into some shared action schemas (cf. Sect. 2.3.2), and if they can be read and written
with standard syntax (thus easily shared on a computer) [18]. In this sense (see Figure 2b),
a train departure sign is data because it can be read and written and can be interpreted into
a particular type of event that we can all observe. If symbols are not interpretable (because
we are unsure what symbols mean) or cannot be read (e.g. a departure sign in a foreign
language), they fail to be considered valid on the level of data.

On the next level, information is based on specific actions related to the ability to inform
somebody [17, 18]. The latter means that propositions formed from symbols in fact answer
some question. Data becomes valid information only in case it answers a question since
only then it is “informative” for somebody, namely useful for the purpose expressed by this
question, based on which further action can be taken. In our example, the train arrival sign is
in fact information, because it answers a question like “When does the next train to Athens
arrive on this platform?”, and this is informative because we can act upon the answer, e.g.,
by arriving at the platform in time.

However, what if the train left earlier and we missed it (Fig. 2b)? To account for such
failures, on the next level, we are concerned with validity of knowledge. Following Janich [15],
a proposition (as an answer to a question) becomes knowledge only in case it is also a valid
claim, which is a claim that can be justified. Justifications can be done in basically two
ways, namely by experiments or by inference from other valid knowledge [16]. The latter is
in line with Botkin, as cited in [33], who sees validation as drawing a valid conclusion from
arguments. For example, in our example, we can find out whether the arrival board shows
the right time by inferring its arrival time from previous locations of the train, or simply by
waiting for the train to arrive (an observation experiment).

COSIT 2024



7:4 What Is a Spatio-Temporal Model Good For?

(a) Pragmatic knowledge pyramid. (b) Example: missing a train in Greece.

Figure 2 In the pragmatic knowledge pyramid, data, information and knowledge are the results
of actions on different levels. Data consists of symbols that can be read, interpreted and written,
information consists of propositions (formed by symbols) that answer a question, and knowledge
consists of claims (made using propositions) which can be justified by experiments or by inference.

Note that the pyramid has gaps towards its basis (Fig. 2a): For one, not all knowledge
consists of information that informs a person asking a question. This gap indicates that
most knowledge is implicit know-how [34], thus even though it is testable and valid, it might
have never been used to answer a question. For example, once the train stops, the location
of the train entrance is something we know intuitively, without using any kind of explicit
information. Likewise, most information that we provide for ourselves is implicit, thus never
turned into any data. For example, most of our conversation on this train is never written
down.

2.2 Validity of Propositions
The important bit to understand is that validity as a general pragmatic concept2 depends on
exactly those action possibilities that define the pyramid. That is, validity can be established
by making sure the action schemas that constitute each level can be reproduced (are trans-
subjective, see [16]) by anyone within a community of researchers: Thus, valid data needs
to be readable, interpretable and writable, and valid information needs to be usable for
answering a question. Valid knowledge needs to be justifiable, i.e., testable in an experiment
or derivable by inference. Furthermore, in case knowledge is explicit by making use of
symbols, lower-level action schemas are always implied by default. In this case, each kind of
validity on some level also presupposes the validity of lower levels. Thus, valid knowledge
also requires valid information, as well as valid data. Furthermore, the way a claim can fail
(how its proposition can become invalid) can be studied exactly by studying the possibilities
for failing actions within this pyramid:
1. A proposition becomes invalid on the data level whenever symbols used to formulate it

are unknown, blurred or un-interpretable.
2. A proposition becomes invalid on the information level in case it does not fit a given

information purpose by answering the corresponding question.
3. A proposition becomes invalid on the knowledge level in case it is not justifiable, which

means either
a. performances of corresponding experiments fail,
b. or inferences (of propositions from other knowledge) fail.

2 Janich uses the term “Geltung”, i.e., validity of claims [16].
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This gives us a way to define validity more generally [15], but always relative to some
information purpose defined in terms of a question. Certain aspects of this concept of validity
are reflected in other work, yet, not in its entirely: Rykiel [33] follows the same distinction
between validation of models at the information and knowledge level, naming the former
validation and the latter hypothesis testing. Aumann [1] also distinguished the mentioned
types of justification on the knowledge level, calling justifications by inference structural
validity, and justifications by experiment replicative validity.

2.3 Knowledge of Spatio-Temporal Experiments
We argued above that validity depends on certain kinds of actions, in particular, the ability
to reason with and to perform experiments according to a purpose. In this section, we outline
a pragmatic notion of experimental knowledge underlying spatio-temporal modeling. We
start by a recap of Janich’s [16] action model (cf. [40]).

2.3.1 Purpose, Success and Failure of Experimental Actions
Let us call an action an event that can be mutually attributed among members of a community
as a person’s responsibility. Thus: slipping and falling are not actions, but using a slide in a
swimming pool is3. Knowledge is grounded in schemas which are capacities to act that are
shared within this community and which can be actualized in actions or artefacts (Fig. 3).
We call the capacity to perform certain kinds of actions an action schema. For example, a
carpenter may share the schema of “making a table”. Action schemas, furthermore, have
purposes and requirements, which are other shared schemas. For example, making a table
requires the schema “wood” and has the schema “table” as a purpose. On the level of
performances, actions can have results and conditions, which are particular artefacts or
actions that may (or may not) actualize these schemas.

Based on this model, we can then define what it means to succeed in a very general sense
(Figure 3): namely to actualize the purpose of some action schema in terms of the result
of performing a corresponding action. Note that actions therefore can fail in various ways
depending on the circumstances. For example, an apprentice carpenter might use the wrong
kind of wood and thus produce a result which is not stable enough to be used as (and thus be
actualized as) a table. Or the apprentice might not even be able to make a table in the first
place, because the required wood is not available4. Note that we can explain failure if we
lack an artefact that actualizes a requirement. More generally, explanation, as suggested by
von Wright, reveals the (causal) conditions of processes or states [52]. To understand [52] an
action, in contrast, means to interpret the purpose of its schema, i.e., to insinuate a motive
for action [16]5. Finally, learning proceeds by changing roles in requesting of and giving
feedback on the success of actions [16].

2.3.2 Experimental Know-How and Core Concepts in GIS
Experiments, in a pragmatic view, are action schemas whose starting conditions are controlled
by actions [52, p. 72], while the result is generated by the uncontrolled course of an
experimental process, whose outcome is measured [16] (Fig. 3). The corresponding notions

3 This distinction is sometimes called intentionality to tell apart spontaneous events from actions.
4 Janich calls the former kind of success “Erfolg”, and the latter one “Gelingen” [16]
5 This fundamental distinction between explanation and understanding was proposed, e.g., by von Wright

in 1971 [52].

COSIT 2024
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Figure 3 Experimental methods can be understood as kinds of action schemas in Janich’s sense [16],
which incorporate purposes and requirements, and thus enable success or failure. Experimental
methods are action schemas whose requirements are control schemas, and whose purposes are
measures of the result of some (uncontrolled) experimental process which is triggered by the
experiment run.

of control and measure, in this experimental sense, have been suggested by Sinton [41] to
lie at the core of geographic information [5, ch. 2]. Experimental methods therefore have
control schemas and measure schemas, which are themselves action schemas. An often cited
example is a tide gauge (Figure 4a; [5, p. 42]) where the mechanical movement of a drum is
used to control time, the location of the gauge controls (and fixes) location, and where the
height of water level is measured by a float.

Core concepts of spatial information [19, 49], such as objects, fields, events and networks,
as well as their extensive or intensive quantifications in terms of amounts or proportions [46],
can likewise be understood using an experimental framework (Figure 4b). For example, to
assess accessibility, we control for origin objects, and measure travel times, using the concepts
of a spatial network and objects [37]. To measure a field like temperature or height, we need
to control locations and measure a field quality (Figure 4b), and to measure a contour or a
coverage, vice versa, we need to control for field quality ranges, and measure the coverage of
those values in the field (e.g. height contours) [38].

2.4 Validity and Purpose of (Spatio-Temporal) Information Methods

So far, we have only talked about the validity of propositions on the levels of data, information
and knowledge, and we have introduced a pragmatic account of experimental knowledge.
How do information methods fit into this picture? We suggest that methods in information
science, in general, can be considered action schemas whose purposes are questions that
need to be answered by the method (they address the information level of the pyramid)
(Figure 6). This allows us to make the purposes of methods precise: For example, a statistical
chart (Figure 5) like a bar chart answers the question “What is the amount of something
for each category of a nominal variable”?, whereas a pie chart answers the question “What
is the proportion of something for each category of a nominal variable?”. In contrast, a
histogram answers the question “What is the amount of something for each interval defined
on an interval scaled variable?”. The validity of a method, in turn, is then defined simply
in terms of whether it can produce a proposition which is a valid answer to this question.
Based on this, we can learn (cf. [53]) that a pie chart is valid only for extensive measures of
amounts [46], because measures need to sum up to a total, and that a histogram is an invalid
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(a) Geographic information understood as con-
trolling or measuring space or time; example of
a tide gauge, see [5].

(b) Examples of spatio-temporal experiments underly-
ing concepts of geographic information, cf. [44].

Figure 4 Examples of spatio-temporal “Sinton” experiments relevant for GIS, together with
corresponding information concepts.

method for nominally scaled control variables, because it requires at least interval scaled
ones. In general, method applications become unsuccessful in matching their information
purpose (2nd criterion above) in case their data requirements are not satisfied.

Similarly, we can understand the validity of GIS methods (and workflows) in terms of the
questions they answer [39]. Consider our GIS example about assessing the accessibility of
residents for ambulances (Figure 1). First, note that the result of this method is a map that
does not directly satisfy this purpose. Instead, it answers a proxy question, namely what
is the distance to the closest ambulance station? We know this because we use ambulance
stations as objects, and because the method used in the workflow measures the network
distance to the closest object. We thus know the proxy schema is interpretable (1st criterion).
Furthermore, the resulting map should answer the question (2nd criterion), which is only
possible if the purpose schema accessibility of ambulances can be inferred from the proxy
schema represented in this map (3rd criterion). This is the case if shortest distance can play
the role of accessibility, which indeed corresponds to a practice within the community of
geographers [50]. In summary, validating GIS methods for some purpose requires interpreting
maps as answers to geographic questions [39]. Answers result from a procedure (Fig. 6), i.e.,
from an answer generation workflow (cf. [44]). It is for good reasons that such workflows in
GIS are often called “models”. Yet, models of what precisely?

2.5 Spatio-Temporal Models = Models of Spatio-Temporal Experiments

It is rather uncontroversial that a model needs to be a model of something [9]. In structuralist
and realist epistemologies [42, 4], however, it is often claimed that the latter is just “reality”.
In this view, scientific models allegedly light the way to truth by way of their resemblance
with reality. This idea has unfortunately become mainstream in the philosophy of science
and modeling [11], yet it reflects a rather devastating background ideology [18]. When

COSIT 2024
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Figure 5 The validity of statistical charts, as information methods, depends on the kinds of
questions they can answer about an experiment. In this sense, barcharts are invalid when applied to
measures that are not (summable) amounts, histograms are invalid for controls that are not interval
scaled, and pie charts become invalid for measures that are not proportions.

Figure 6 Information methods are action schemas whose purpose is to answer some question.
GIS workflows are an example. Often, methods answer only proxy-questions, thus an inference step
is needed to determine their validity for a given question (see examples in text).

understanding models in terms of similarity with the real world, serious practical concerns
arise [9, 30, 18, 15], in particular when working with simulation models [21]. At the end of
the day, reality is not directly accessible, and therefore does not serve as a ground for tests
or critique [30, 15]. Furthermore, a simulated reality (a scenario) does not yield any data
to test against [21]. Finally, models imply simplification, leaving out aspects that are not
considered relevant for the question to be answered by the model [30]. For these reasons, in
pragmatic philosophy, truth and reality are not taken as primitive notions, but need to be
rooted in validity [15]. And validity, in turn, needs to be rooted in the practice of justifying
our answers to questions, either by experiment or inference (3rd criterion above).

To account for information models from a pragmatic viewpoint, we therefore suggest to
consider them rather as particular kinds of information methods, namely ones which represent
experiments. Experiments are known to be of fundamental importance for the epistemology
of simulation models [8, 13]. Since experiments correspond to action schemas (Sect. 3), they
can also be fictive, in the sense that we can decide to perform or repeat them later. This
explains why models are useful, namely as a substitute for experiments which are difficult
(e.g. too costly or time-consuming) or undesirable (e.g. the consequences are irreversible)
to perform. Models help understand complex systems by playing around with them, which
would be impossible in the actual experiment they represent. For example, we can change a
single driver of the system (control) while holding others constant and measuring the effect
on the system state.
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Controls and measures have a wider importance for all kinds of experiments in science,
and thus also for all models of them. In particular, being able to control actions (both
enacting and suppressing starting conditions of experiments [52, p. 72]) is a fundamental
prerequisite to determine causality [31], and more generally, for all explanations in science 6.
Natural experiments control only for starting conditions of any kind of natural process [7].
In observation and measurement experiments (fundamental for GIS, see [5]), we control for
observation time and either location or content (e.g. by choosing objects), while generating
values with a sensor or device on a shared scale of measurement. For example, the meas-
urement of a geographic phenomenon such as a temperature field or a the accessibility of a
geographic object is originally an outcome of an observation experiment: Of a temperature
sensor experiment in the case of temperature, and of a travel time experiment (measuring
the time it takes the ambulance to reach you) in the case of accessibility (cf. Figure 7).

Figure 7 From a pragmatic viewpoint, models are methods that substitute particular experiments
which share the same purpose, i.e., they answer the same question. In this way, different kinds of
models (from top to bottom: a statistical model, a simulation model, a network model) can be used
to model the same experiment.

A model of all these experimental methods is just a another method that can be used
to answer the same questions, thus controlling and measuring the same things, but without
running the experimental processes [17]. For example, to save costs, we may run causal models
instead of clinical experiments [22]. Spatio-temporal models are correspondingly defined
as methods that substitute spatio-temporal experiments. This latter category includes, in
Sinton’s sense, all experiments where space and time are among the controlled or measured
variables. A Kriging model of temperature [20] can play the role of a temperature measurement
without running such measurements for all locations in the area of interest (we interpolate a
spatial sample). The accessibility workflow in Fig. 1 is, in the most correct sense of the word,
a model of the travel times by way of measuring distances on a digital network. Alternatively,
we could model this also using a travel time simulation in an agent-based model.

We can differentiate such models according to which kinds of data from experiments are
required to build the model: A supervised statistical model is one where all variables of the
experiment (control and measure) are required in terms of a sample from a measurement
experiment. For example, in the case of spatial interpolation [20], this sample is obtained
from some incomplete measurement of a field over space. A transformation or inference

6 von Wright argued already in 1971 that explanations make use of causality, and that causality can be
found, in pragmatic sense, only based on experimental actions that can be controlled [52], an argument
that has been repeated by modern causal inference theory much later [31].

COSIT 2024
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Figure 8 Simplified grammar for a spatial experiment. Black arrows stand for required grammat-
ical choices to build a sentence that describes the experiment, white arrows for optional ones. The
“outcome of an experiment” is the starting rule of this grammar.

model [44] (e.g. the accessibility workflow), in contrast, requires no sampling of the measure
variables, since those are derived (inferred) from other kinds of measurements. Following the
original ideas of Hartmann [13], a simulation model (e.g. the travel time agent-based model),
instead, is a model of the experimental process itself.

3 A Question Grammar Capturing the Purposes of Spatio-Temporal
Models

In this section, we develop our method: a grammar centered around the notion of a spatio-
temporal experiment, which formalizes the different kinds of purposes of spatio-temporal
models in an information pragmatic sense, in terms of different kinds of questions. The
grammar can be used to parse questions answered by a given model (section 3.1) and to
reason with underlying purposes, which, in turn, points to the possible options for validation
(section 3.2).

3.1 Experimental Syntax

The framework of controls and measures not only defines the experiment or a model run,
it is also reflected in the question that is answered by that experiment or model run (cf.
Fig 7). For example, in the question that corresponds to our running example in Figure 1a,
we can easily recognize controls and measures (cf. [54]) of the underlying spatio-temporal
experiment as follows:

What is the (Measure)[travel time](interval) to the closest (Control)[ambulance
station](object) from each (Control)[building](object) in (SpatialExtent)[Rotterdam](object)?

We suggest a grammar that takes spatio-temporal experiments into focus as illustrated in
Figure 8. Every spatial experiment has some measures, possibly some controls, and some
spatial extent. This is a way to constrain the experiment within geographic space. In our
example, this is given by some spatial object, which is Rotterdam. Furthermore, both the
measures and controls correspond to some concept, including: time, interval, location, region,
object, quality (Sect. 2.3.2). This makes it possible to characterize the kinds of experiments
modeled based on the kinds of questions answered. In this example, we measure travel time
(a time interval) by controlling for origin objects (buildings) within the spatial extent of
Rotterdam (another object). Yet, note that we require a second control for determining “the
closest” ambulance, which needs to be determined relative to each building. How can we
account for this?
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Figure 9 Parse tree of the spatio-temporal experiment denoted by the sentence “quantified
amount of time to ambulance station with minimal quantified amount of time from each building in
‘Rotterdam’”.

A preliminary formal grammar for spatio-temporal experiments in EBNF syntax7, adapted
from the work of [54], is given in the Appendix Figure 16a. In this grammar, we used spatio-
temporal experiments in a recursive way to model arbitrarily complex experimental situations.
In our running example, a recursive nesting of experiments as control allows us to capture
the meaning of the phrase “the closest ambulance station” by reformulating the question in
a more explicit manner, in terms of a nested experiment. “The closest ambulance station”
can then be translated as “the ambulance station with minimal quantified amount of time”.
This is an inner experiment, in which we choose ambulances as measure by controlling the
quantified amount of time to reach them, and the entire experiment is then used as a control
for the outer experiment, which measures this amount of time using buildings as the control.

What is the (Measure)[quantified](extensive) [amount](amount) of [time](interval) to
the (Control)[(Measure)[ambulance station](object)

(Control)with [minimal](optimal)
[quantified](extensive) [amount](amount) of [time](interval)] from each
(Control)[building](object) in
(SpatialExtent)[Rotterdam](object)?

The full parse tree of this sentence is given in Figure 98. Note that the outer spatial experiment
has two nested controls for buildings and their closest ambulances. To simplify the grammar
of questions, we allow for abbreviations of such nested experiments using modifiers in the
following, like “the closest”.

Note that implementing such experiments in terms of measurements, or designing GIS
models for transforming geodata sources in terms of a corresponding workflow, requires further
procedural knowledge. Automating this task has been called indirect/geo-analytical question
answering [39]. It was addressed in recent work by parsing questions and querying over
automatically synthesized GIS workflow models using conceptual transformation graphs [44].
These graphs order the parsed concepts into a tree corresponding to the nesting of experiments,
with the outer measure as root (model output) and preceding controls and measures as
predecessor nodes, with one or more leafs that correspond to input data [54, 44]. In this way,
workflow models for experiments can be automatically constructed for a given question.

7 https://en.wikipedia.org/wiki/Extended_Backus-Naur_form
8 In the following, we will not display any parse trees due to lack of space. However, all quoted questions

are parse-able. The grammar and all parse trees can be found at [36] and https://github.com/
simonscheider/ModelQuestions.

COSIT 2024

https://en.wikipedia.org/wiki/Extended_Backus-Naur_form
https://github.com/simonscheider/ModelQuestions
https://github.com/simonscheider/ModelQuestions


7:12 What Is a Spatio-Temporal Model Good For?

3.2 Questions as Purposes of Spatio-Temporal Models
So far, our grammar only captures the inner specification of an experiment which might occur
in a question. However, the question answered by a spatio-temporal model incorporates
also question words (“What”, “How”, etc.), predicates (“is”/“are”) and prepositions (“if”).
Furthermore, questions about modeled experiments usually are dependent on modeling condi-
tions, which form dependent clauses in the question. To capture grammatical differences in
modeling purposes, we classify the syntax of questions into five principal types: contemporary
inference, prediction, retrodiction, projection and retrojection (Figure 10). Experimental
conditions can be captured in terms of further experiments, whose outcomes are constrained
by some condition, e.g. by a posited or an obtained result. Regardless of whether conditioned
experiments are factual, fictive, or even counter-factual9, they are always causally or quasi-
causally [52] related to the modeled experiments, as reflected in their temporal ordering10.
This order can be used to distinguish modeling purposes in a principal manner (see question
grammar in Appendix Figure 16b). Our classification can be used for validation in two ways:
1. To find the right type of model for a certain question (on the information level); and
2. To get an overview of the available validations for a certain question-model combination

on the knowledge level.
In this paper, we focus on the latter. In the following, we explain the five model purposes
one by one with parsed example questions. In the next section, we apply the grammar to
actually published models and discuss the consequences for validation.

Figure 10 Overview of types of questions considered in this paper. The 4 different planes
distinguish types of conditioned experiments in terms of temporal/causal order and degree of fiction.

3.2.1 Contemporary Inference
The first and most simple kind of modeling question asks for a contemporary inference.
Here, we model a spatio-temporal experiment of the present (“What is/are”), using data of
another spatio-temporal experiment of the same time (“given that”) (Figure 10, Figure 11).

9 The latter being fictive experiments with knowingly untrue outcomes.
10 An experimental cause always needs to precede the outcome of the affected experiment [52].
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The first experiment can be fictive, while the latter experiments need to be performed
to generate measures to feed the model with some conditions. Both experiments have a
contemporary reference to time (e.g. “now”). We can further distinguish contemporary

Figure 11 A contemporary inference model is used to model a spatial experiment based on
performing same (statistical model) or another (transformation model) kind of experiment occurring
at the same time. Syntactically, this is expressed by using the present tense “is/are” in the question.

statistical from transformation models, depending on whether the reference experiment is
of the same kinds (in terms of action schemas) as the modeled one. For example, a spatial
statistical interpolation model of temperature may answer the question:

What is the temperature for each location in Utrecht now, given that the temperature
for each sensor location in Utrecht is such and such now?

Note how similar even in the formulation of this question the two experiments are, the fictive
one and the factual one.

3.2.2 Prediction
A prediction model, in contrast (Figure 10, Figure 12), models a (fictive) spatio-temporal
experiment in the future (“What will be”), given a factual experiment (usually an observation
experiment) at present (see Figure 12). Data from the factual experiment at present is used
in order to model the fictive one in the future. Depending on whether these experiments are

Figure 12 A prediction model is used to model a spatial experiment in the future based on the
same (statistical model) or another (transformation model) kind of experiment occurring at the
present time. Syntactically, this is expressed by using the present tense “will be” in the question.

of different or of the same kind, we can draw further distinctions: in the first case, we speak
of a predictive transformation model. Examples of this can be found in Section 4.2. In the
second case, we are concerned with a predictive statistical model. An example would be a
time series analysis, where we extrapolate a factual time series into the future, as in:

What will be the temperature in Utrecht tomorrow, given that the temperature in
Utrecht is 5◦C today?

3.2.3 Retrodiction
In a retrodictive model (Figure 13), we likewise perform a factual experiment in the present as
a condition for a modelled, fictive experiment. However, in contrast to a prediction ((Figure
10, Figure 13), the fictive experiment does not lie in the future, but in the past (“What could
have been”), thus serving to explain (“given that” or “causing”) the outcome of the factual
experiment performed in the present. For example, we might ask:
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What could have been the event in Utrecht yesterday causing the proportion of water
in soil (SWC) in Utrecht being 0.3 today?

Note how the factual experiment is conditioned by a measurement outcome. Retrodictive
explanations were formally introduced by von Wright [52, ch. II], who also suggested that
such explanations in principle can be done in two different ways, namely based on causal

Figure 13 A retrodiction (= explanation) model models a spatial experiment in the past based
on some factual experiment occurring at the present time. The model of the past serves to explain
the factual, observed experimental outcome of the present. Syntactically, this is expressed by using
the present tense “could have been/given that” in the question.

relations (as above), as well as based on inferring the motives underlying actions (teleological
explanations)11. In general, retrodictive explanations can be found by abductive reasoning,
and answer corresponding why questions [52, p.94]12. A retrodiction is therefore far more
remote from experimental validation than a prediction: If the modeled experiment happens
not to have been performed, it will also never be performed (as this would require time
travel). As a matter of fact, we cannot set up an experiment testing whether a particular
decision would lead to the 2nd world war.

3.2.4 Projection
In a projective (or what-if ) model ((Figure 10, Figure 14), in contrast to all previous types,
we do not perform a factual experiment as an outcome in the present, but rather we put a
condition on a fictive (counter-factual) one. In a projection, this experiment, specified after
the phrase “if”, serves as a fictive condition for modeling another fictive experiment in the
future (specified after “What would be”), whose outcome is the target of the question. The

Figure 14 A projection (= what-if) model is used to model a spatial experiment in the future
based on a model of a counter-factual experiment occurring at the present time. Syntactically, this
is expressed by using the present tense “would be/if” in the question.

outcome of the experiment specified after the if clause has a counter-factual outcome at
present, meaning it is a demonstrably false statement. For example, we might be interested
to ask:

What would be the temperature in Utrecht in 20 years if the amount of CO2 emissions
of the world’s economy were halved today?

11 In particular, von Wright [52, ch.III,IV] introduced quasi-causal explanations, which is a mixture of
causal and teleological explanations relevant in history and the social sciences. The latter serve to
explain events like the 2nd world war by a chain of motives, decisions, and their causal links.

12 We consider a why-question as an alternative formulation of a retrodictive question. Still, we formulate
them in terms of what-questions, because this form is more explicit and versatile [39, 28]. Note that all
question types we introduce here have many alternative formulations.
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The importance of asking such questions has been recognized long time ago in climate
science, where on a regular basis, projections are used in reports on different climate change
scenarios, e.g., as underlying the CMIP6 models of the IPCC [45]. It is no coincidence that
the simulation community happens to be among the first to stress the practical importance
of simulation models for such kinds of questions [51], whereas most (computer) scientists still
stick to a generalized, and thus rather superficial, notion of “prediction” [51]. Simulation
models answering projective questions are also fundamental for all planning sciences [29].

3.2.5 Retrojection
Finally, we suggest retrojective models that answer questions about a projection backwards in
time: the phrase “What should (have) be(en)” specifies a fictive experiment in the present (or
past) which is (in contrast to a projection) the target of the modeling (Figure 10, Figure 15).
We ask about its outcome under the conditions of a specified outcome of another fictive

Figure 15 A retrojection (optimization) model is used to model a counter-factual spatial experiment
in the present based on conditioning (e.g. constraining, maximizing or minimizing) on the outcome of
a model of a fictive experiment in the future. Syntactically, this is expressed by using the expression
“should be/so that” in the question.

experiment in the future (phrase “so that”). Thus, retrojective models answer the question
how the present needs to be modified in order to reach a certain goal in the future. An
example would be:

What should be the amount of green space in Utrecht today so that the maximum
temperature in Utrecht will be below 30◦C this summer?

The relevance of retrojective questions asking for optimal conditions (in our example above,
“so that the maximum temperature ... will be minimal”) is apparent in applications of spatial
optimization models in planning [29]. However, the more general retrojective question type
is also inherent in major recent research paradigms of planning framed under the notion of
backcasting [32], as discussed, e.g., in the context of transformative governance [14, ch.9].

3.3 Evaluation of Grammar
To test our method, in the following, we parse two questions for each modelling purpose: one
relatively simple question about the accessibility of ambulances in Rotterdam (cf. Sect. 1)
taken from the case study by Geertman et al. [10], and one more complex question derived
from a published paper about some model with the corresponding purpose. The first
illustrates how a slight change in formulation shifts the purpose and the corresponding
options for model validation, whereas the second demonstrates the usefulness of our method
to capture the purposes of recently published scientific spatio-temporal models.

4 Illustrations of Modeling Purposes and Assessments of Validity

In this section, we show the results of the evaluation outlined above and discuss the parsed
concepts in the tree, as well as what the parsed relation of the pair of involved experiments (cf.
Sect. 3.2) tells us about how the given model could be validated with respect to the question.
Full parse trees are available at [36], in the order of the question occurring in this paper.
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4.1 Contemporary Inference

To illustrate contemporary inference models, we focus on our running example again about
the accessibility of ambulances. In the study of Geertman et al. [10], the authors used network
analysis modeling techniques to answer questions about how to improve the localization of
ambulances in Rotterdam. The first goal in this paper targets assessing the current state of
locations of ambulance stations and how it affects the catchment areas (market areas) for
each ambulance station. In our grammar, the underlying purpose, and thus the underlying
question, can be formulated as follows:

What is the closest ambulance station for each building in “Rotterdam” at present
given that the location of each ambulance station is such and such now?

According to the question grammar (Figure 11; Appendix Fig. 16b), the question asks about
an experiment performed at present that is dependent on the outcome of another experiment
performed at present. The grammar (see parse tree) recognized automatically that this first
experiment measures a closest ambulance station object controlling for each building object
in Rotterdam, given that there is a different kind of experiment determining the locations
of the current ambulance station objects. This latter experiment, as a matter of fact, was
not modeled, but was obtained by an observation experiment [10], while the first one is the
outcome of a spatial network model that took the outcome of the latter experiment as input.
This shows that for contemporary inference, only the first experiment is really modeled.

This has important implications for validation, which directly follow from the discussion
in Sect. 2.2: On the level of data (1) we could test the trans-subjectivity of concepts used in
the tree. For example, we could check whether our data model is based on the definition of
the Regional Ambulance Services (RAVs) in the Netherlands 13. On the level of questions (2),
we could check whether the parse trees of questions that our model has been used for in
the past match the parse tree of this question in terms of a minimal similarity. On the
level of knowledge (3), we can either (3.1) do an experimental validation of the modeled
experiment, or (3.2) of the conditioned experiment, or (3.3) we could check the validity of our
inference method. The first would require measuring the actual distance from each building
to each ambulance station. The second would require repeating measurements of the actual
ambulance locations. According to the third option, we would need to test whether shortest
paths in our network actually inform us about travel times, which is only an approximation
involving assumptions about human travel behavior.

4.2 Prediction

Our standard case published in [10] contains a simple example of a predictive transformation
model. The authors used spatial network analysis (catchment area) models to predict the
expected travel times of ambulances to each building from any existing ambulance station
using an up-to-date street network. The corresponding predictive question would be:

What will be the travel time from the closest ambulance station to each building in
“Rotterdam” from now on given that the location of each ambulance station is such
and such now?

13 https://www.ambulancezorg.nl/en/themes/ambulance-care-in-the-netherlands/
regional-ambulance-service/regional-ambulance-service

https://www.ambulancezorg.nl/en/themes/ambulance-care-in-the-netherlands/regional-ambulance-service/regional-ambulance-service
https://www.ambulancezorg.nl/en/themes/ambulance-care-in-the-netherlands/regional-ambulance-service/regional-ambulance-service
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, where the term “such and such” refers to the current configuration of ambulance stations
as observed now, which corresponds to the outcome of a factual observation experiment
different from the one that is modeled.

Predictions using more sophisticated statistical models can e.g. be found in the common
scenario of numerical weather forecast models [2, 26]:

What will be the sum of the amount of rain for each location in “Dortmund” tomorrow
given that the air pressure and temperature for each location in “Germany” is such
and such now?

In this example, the factual contemporary experiment corresponds to air pressure and
temperature field measurements over a wider spatial scope, based on which numerical models
can predict precipitation amounts over a spatial field [2]. In the parse tree of this question, the
spatio-temporal experiments consist in both cases of measures of amounts of stuff controlled
by locations, corresponding to the core concept “field”. The model is in fact statistical,
because it is trained on similar kinds of measurements involving rain gauges. Regarding
validation possibilities, options (1) and (2) are as above14. Regarding the knowledge level (3),
at prediction time, the fictive experiment that is modeled in the future cannot be performed,
yet (3.1) predictions can always be checked for correctness later by performing posterior
experiments of the corresponding kind. We can likewise perform repeats of the factual
conditioned experiments at present (3.2) and check our inference procedure by testing the
underlying transformation or statistical/numerical model separately (3.3).

4.3 Retrodiction
Our standard case of ambulance accessibility contains also an example of a retrodictive
model [10]. We may e.g. ask about the reason for the fact that a particular accident in
Rotterdam today was in fact, as measured by tracking data, not reached by an ambulance in
14 minutes time, which is the maximal time prescribed by law [10]. We may expect such
reasons to lie in the state of the road network at the time, which may have been blocked by
the closure of a bridge (an event). Note that in such an explanation, we need to reconstruct
possible fictive causes that could have led to the outcome, without necessarily being able to
observe them. Yet we might know that the fictive observation experiment of such an event in
the past needs to be controlled by a (blocked) pair of road intersections in the street network:

What could have been the event for each road intersection pair in “Rotterdam”
last week causing the travel time of this ambulance station to this road accident in
“Rotterdam” to be 30 minutes now?

A more sophisticated model of historical explanation [52, ch.], explaining the current
spatial distribution of linguistic groups in the Amazon, is given by the following example of
historical linguistics [27]:

What could have been the route for each language group in “the Amazon” starting
15.000 years ago causing the location of language groups to be such and such at
present?

A possible model that answers this question uses simulated random walks over a phylogenetic
tree, making use of Bayesian inference and MCMC sampling to fit the model to observations
and to assign a probability to possible evolutionary routes [27]. How could such a model be

14 Likwise in all succeeding cases.
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validated? On the knowledge level (3) the parse tree of this question tells us that there is
one factual condition of the present (3.2), which can be tested by repeating the underlying
experiment to see whether results are confirmed. In our example, we could e.g. draw
new observations about the current locations of language groups. Note, however, how the
modeled fictive experiment (3.1) about language origins, since it lies in the past, can never
be experimentally validated. Thus the only remaining possibility is to validate our inference
methods (3.3) which are used to derive the outcomes of the modeled experiment. In this
case, we could e.g. still test whether the underlying simulation rules correspond with what is
known about language group behaviors observed in current experiments, see [43].

4.4 Projection
In our standard scenario of ambulance accessibility, we may be interested to know what
happens if the road over the Haringsvliet bridge near Rotterdam is closed (compare Sect. 1).
As a matter of fact, this bridge is not closed, thus a counterfactual experiment can be
conditioned by fixing the impedance value of the corresponding pair of road intersections to
an arbitrary high value:

What would be the travel time from the closest ambulance station to each building in
“Rotterdam” in the future if the travel time between this intersection pair was infinite
minutes from now on?

A more sophisticated example model of a projection was used in [24], where an agent-
based model was employed to assess the effects of different policy scenarios for bio-ethanol
production (generated from sugar cane) in Brazil. For example, in one such scenario, the
authors investigated what effect a consumer tax of 1.23 Real per liter would have on the
amount of production of ethanol in the country:

What would be the sum of the production of ethanol for each producer in “Brazil” in
2030 if the proportional amount of tax for ethanol for each consumer in “Brazil” was
equal to 1.23 R/l from now on?

Regarding validation on the knowledge level (3), projections are even more remote from
experimental validation. Both experiments, the conditioned as well as the modeled one, are
fictive, and the first one is even counter-factual. Performing the modeled experiment in
the future is never possible (3.1) if the conditioned experiment has never been realized, yet
counter-factuals may never become real, e.g., in a natural experiment (3.2). Thus the only
general way to validate the experiments is to simulate them under realistic conditions. This
makes the inference procedure, i.e., in our case the simulation rules (3.3), the only general
option for validating a projection. The latter can either be done by calibrating rules in
similar experiments [47], or by justifying them based on prior (behavioral) knowledge [1, 43].

4.5 Retrojection
Given that we know, based on prediction or contemporary inference, that Rotterdam’s
ambulance locations are not sufficient for guaranteeing the 14 minutes threshold, we might
be interested in finding out how those locations should be redistributed to achieve this
accessibility goal, as expressed by the following parse-able question:

What should be the location of ambulance stations in “Rotterdam” now such that
the travel time to each building from the closest ambulance station will be less than
14 minutes in the future?
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Note how in this case, a condition of 14 minutes is placed on a fictive travel time experiment
in the future, while the model instead answers a question about some fictive experiment,
namely a spatial allocation experiment of ambulance stations in the present. Since this
question describes a constraint satisfaction problem (= a retrojective question where the
condition is a boolean constraint), modeling may consist of a spatial network (catchment
area) measure [37] for a limited, manually selected amount of ambulance configurations in
GIS, until a satisfactory solution is found.

However, many retrojections require optimality conditions, and, thus, optimization al-
gorithms to systematically search over the space of possibilities. For example, in [25], the
authors presented an optimization model for wind turbine locations (i.e. location allocation)
of a wind farm considering the wake effect. The optimization model is based on a genetic
algorithm, which searches through possible spatial configurations to answer the following
question:

What should be the location for each windmill of this windfarm now so that the sum
of the amount of energy for each windmill of this windfarm will be maximal in the
future?

In this study, the authors showed how optimal allocations of turbines can almost double the
cost efficiency of energy production of a given windfarm.

Regarding validation of a retrojection, the parse tree tells us that there is a fictive
conditioned future experiment (3.2), which could be tested later by performing this experiment.
For example, we might check whether the windfarm in the future will actually be able to
produce the optimal amount of energy. Yet, this will be a validation of the optimization
model only in case we are also able to realize the modeled experiment (3.1) (the turbine
allocations) at present, to test if it actually leads to optimal outcomes. Thus, experimental
validation of this model is, as in the case of a projection, not generally possible. This also
leaves us with the validation of the inference procedure (3.3) as the only general option. The
latter can be done by justifying both the search algorithm (soundness and completeness), as
well as the objective function by inference from further knowledge sources.

5 Conclusion

In this article, we addressed the problem of how to account for the scientific validity of
spatio-temporal models more comprehensively, doing justice to the widespread insight that
validity considerations should be rooted in the purpose of a model. In the past, it seems that
a structuralist background philosophy has upheld progress in these matters, one that has
become ubiquitous in modern-day data-driven research [40], and which reduces validations
to an exercise in ground truth data comparisons. To overcome this idea, we adopted an
approach to validity rooted in pragmatics, and we suggested a corresponding meta-model
based on the generalized notion of validity in the pragmatic theory of Janich [16].

In our approach, spatio-temporal experiments consisting of control and measure actions
(as introduced in previous work) form the central building blocks of a validity theory.
In this theory, validity works on three intertwined levels constituted by corresponding
actions: the level of data, constituted of shared interpretations of symbols, the level of
information, constituted of question-answering exploiting symbols, and the level of knowledge,
constituted of justifications by experiment or inference of concepts occurring in the answers.
Correspondingly, questions become the purposes of information models, and spatio-temporal
models become models of spatio-temporal experiments that can be validated on each of these
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levels. Based on this idea, we proposed a question grammar for spatio-temporal models that
distinguishes five different modelling purposes in terms of the types of questions they can
answer: contemporary inference, prediction, retrodiction, projection and retrojection.

Using the roles of spatio-temporal experiments in the parse trees of concrete question
examples corresponding to these types, we demonstrated that our meta-model can be used
to explore the possibilities for validating a spatio-temporal model when applied to a specific
purpose. While a given model can serve many different purposes, not all models are fit for
the same purpose, and thus can be validated in the same way. This explains why certain
modelling communities (like complexity science) have tried to come up with alternative
notions of validity that better fit their purpose. However, so far, these endeavours have not
led to a useful general concept of validity that subsumes these different purposes, nor to a
corresponding theory of validation.

We believe that our meta-model is a start for developing such a theory, having the
potential to make the various spatio-temporal modelling purposes explicit. To reach this goal,
we plan to further develop and test the grammar, in particular, by combining it with language
models to scale it up over multifarious modelling resources. This has numerous potential
applications. Questions can e.g. be used to synthesize workflows (and thus to automate
geographic analysis) for question-answering [54, 38, 44], to support reproducibility [40], as
well as to reason over the possibilities for validation. For the latter goal, we would need to
link model applications to underlying questions in an extended literature study, which would
inform us about the choice of model algorithms for a given question. Specifying experiments
in terms of question parse trees then would allow for the assessment of validation possibilities,
and for performing validations. For this purpose, our theory needs to be related to data
quality and errors models. Given our findings that validation of the inference procedure is
the only option for many models, developing specific inference procedures could make explicit
the argumentative premise such a model is supposed to support (cf. [47]).
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A Appendix

⟨spexperiment⟩ |= ⟨measure⟩(⟨control⟩)* (in ⟨spatialextent⟩)? (1)
⟨measure⟩ |= ⟨quantity⟩ | ⟨amount⟩ | ⟨concept⟩ (2)

⟨control⟩ |= ((for | from | to | of) (each)? ⟨spexperiment⟩) | ⟨condcontrol⟩ (3)
⟨condcontrol⟩ |= ⟨spr⟩⟨onec⟩ | ⟨compr⟩⟨value⟩ | with ⟨optimal⟩⟨quantified⟩⟨samount⟩ (4)

⟨amount⟩ |= ⟨samount⟩ | ⟨relamount⟩ (5)
⟨samount⟩ |= amount of ⟨concept⟩ (6)

⟨relamount⟩ |= amount of ⟨spexperiment⟩ (7)
⟨concept⟩ |= ⟨onec⟩ | ⟨twoc⟩ (8)

⟨onec⟩ |= ⟨object⟩ | ⟨event⟩ | ⟨stuff⟩ | ⟨space⟩ | ⟨time⟩ (9)
⟨twoc⟩ |= ⟨onec⟩ pair (10)
⟨time⟩ |= time (11)

⟨space⟩ |= space | location | height | distance | ... (12)
⟨spr⟩ |= within | touching | away from | west of | ... (13)

⟨compr⟩ |= larger than | less than | equal to | ... (14)
⟨quantity⟩ |= ⟨quantified⟩⟨samount⟩ | ⟨aggregated⟩⟨relamount⟩ (15)

⟨quantified⟩ |= ⟨intensive⟩ | ⟨extensive⟩ (16)
⟨intensive⟩ |= proportional | density of | normalized (17)

⟨optimal⟩ |= maximal | minimal (18)
⟨aggregated⟩ |= averaged | ⟨optimal⟩ (19)

⟨extensive⟩ |= quantified (20)
⟨object⟩ |= place | building | city | neighborhood | ambulance station | ... (21)

⟨stuff⟩ |= noise | temperature | green | landcover | health | ... (22)
⟨event⟩ |= trip | period | earthquake | ... (23)

⟨spatialextent⟩ |= Rotterdam | ... (24)
⟨value⟩ |= NUMBER UNIT (25)

(a) Grammar of spatio-temporal experiments. To simplify the grammar, we left away determiners.

⟨question⟩ |= (⟨contemprq⟩|⟨prediction⟩|⟨retrodiction⟩|⟨projection⟩|⟨retrojection⟩)(“?”)? (26)
⟨condition⟩ |= (such and such|⟨optimal⟩|⟨compr⟩⟨value⟩|...) (27)

⟨factual⟩ |= ⟨spexperiment⟩(is|are|was|were)⟨condition⟩⟨contemprref⟩ (28)
⟨counterfactual⟩ |= ⟨spexperiment⟩(was|were)⟨condition⟩⟨contemprref⟩ (29)

⟨projected⟩ |= ⟨spexperiment⟩(will be)⟨condition⟩⟨futureref⟩ (30)
⟨statistical⟩ |= ⟨spexperiment⟩⟨contemprref⟩ (31)

⟨transformation⟩ |= ⟨spexperiment⟩⟨contemprref⟩ given that (the)?⟨factual⟩ (32)
⟨contemprq⟩ |= What (is|are) (the)?(⟨statistical⟩|⟨transformation⟩) (33)
⟨prediction⟩ |= What will be (the)?⟨spexperiment⟩⟨futureref⟩given that (the)?⟨factual⟩ (34)

⟨retrodiction⟩ |= What could have been (the)?⟨spexperiment⟩⟨pastref⟩given that(the)?⟨factual⟩ (35)
⟨projection⟩ |= What would be (the)?⟨spexperiment⟩⟨futureref⟩(if|when)(the)?⟨counterfactual⟩ (36)

⟨retrojection⟩ |= What should be (the)?⟨spexperiment⟩⟨contemprref⟩(so|such) that (the)?⟨projected⟩(37)
⟨contemprref⟩ |= now|currently|at present|from now on|at the end of the African humid period|... (38)

⟨pastref⟩ |= earlier|in the past|10.000 years ago|... (39)
⟨futureref⟩ |= in the future|later|in 2030|tomorrow|... (40)

(b) Question grammar capturing the different purposes of spatio-temporal models.

Figure 16 The grammatical model used in this paper in EBNF syntax (excerpt). The complete
grammar and all parse trees available at [36] https://github.com/simonscheider/ModelQuestions.
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