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Abstract. Although several studies perform time series analysis using remote sensing data provided by
Earth observation satellites, few have been explored concerning the reasoning about land use change
using these data. Besides, exists the challenge of make the best use of big Earth observation data sets
to represent change. In this context, this work presents a new formalism - STILF (Spatiotemporal
Interval Logic Formalism), and shows how to use it for reasoning about land use change using big Earth
observation data. Extending the ideas from Allen’s interval temporal logic, we introduce predicates
holds(o,p,t) and occur(o,p,T,) to build a general framework to reason about events. Events can be
defined as complete entities on their respective time intervals and their lifetime is limited while objects
persist in time, with a defined begin and end. Since events are intrinsically related to the objects they
modify, a geospatial event formalism should specify not only what happens, but also which objects
are affected by such changes. The formalism proposed and predicates extended from Allen’s ideas
can model and capture changes using big Earth observation data, and also allows reasoning about land
use trajectories in regional or global areas. Examples for tropical forest area application is presented
to better understand our proposal using STILF. For the future, the proposed formalism will be include
other temporal analysis tools to thinking about events related the land use and cover change.

Keywords: land use and land cover, spatiotemporal representation, Allen’s interval, events, logic
formalis, remote sensing

1. Introduction

One of the recent trends in applications of remote sensing data is the use of big data sets
for obtaining information about land use and land cover. Using long-term time series, scientists
can obtain new information to understand how mankind is using natural resources. Satellite
image time series data provides a new perspective in remote sensing data analysis (CAMARA et
al., 2016a).

An example of big Earth Observation data analysis is the work by Hansen et al. (2013).
Using more than 650,000 LANDSAT images and processing more than 140 billion pixels, the
authors compared data from 2000 to 2010 to produce maps of global forest loss. The results
for 2000 and 2010 were compared to account for forest loss during the 2000-2010 decade. The
method classifies each 2D image one by one.

By contrast, methods such as the time-weighted dynamic time warping (TWDTW) (MAUS
etal., 2016) and TIMESTAT (J6NSSON; EKLUNDH, 2004) work on remote sensing time series to
extract long-term information for each pixel. These algorithms work on individual time series
and combine the results for selected periods to generate classified maps.
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The benefits of remote sensing time series analysis arise when the temporal resolution of the
big data set is able to capture the most important changes. Here, the temporal autocorrelation of
the data can be stronger than the spatial autocorrelation. Given data with adequate repeatability,
a pixel will be more related to its temporal neighbours than to its spatial ones. In this case,
time-first, space-later methods lead to better results than the space-first, time-later approach
(CAMARA et al., 2016a).

Given the possible new results that can be obtained with big remote sensing data, the
scientific challenge is how to best represent and detect change. Issues about representation,
reasoning, modelling of changes have been researched in GIScience (PEUQUET; DUAN, 1995;
GALTON, 2004). In general, these studies show the usefulness of using the concept of “events”
to represent changes in spatiotemporal data. The objective of this paper is to apply the concept
of “events” for representing change in big remote sensing data sets, following the ideas from
Galton (2015). Additionally, we extend the interval temporal logic proposed by Allen (1984)
to build a logic formalism which allows reasoning about events of change in land use and land
cover data. This paper extends and improves on earlier work by our research group (CAMARA
etal., 2016b).

2. A Spatiotemporal Interval Logic Formalism - STILF

To describe land use and land cover changes, we consider an approach based in time
intervals. We extend the interval temporal logic from Allen (1984) to build a logic formalism
for reasoning about events. Allen (1983) defines a set of thirteen relationships between two time
intervals: before, meets, during, starts, finishes, overlap, with inverse relationship, and equal.

To extend the predicates from Allen (1984) to spatiotemporal data, we aggregate the notion
of geo-objects, which are related to space. This way, the formalism is composed for a set
of elements: (1) discrete geo-objects (O = 01,09, ...,0,); (2) properties of geo-objectos
(P = p1,p2,...,pn); and (3) time intervals (1" = ty,1s,...,t,). We also use the predicates:
(1) holds(o,p,t) — bool, which asserts that a properties p from geo-object o holds during
a interval ¢; and (2) occur(o,p,t.) — bool, given a interval T, C T, the properties p from
geo-object o will be true during all sub-interval 7..

The start point of the spatiotemporal interval logic formalism (STILF) is a set of time series
data classified from remote sensing images. This images were previously classified by means
of data mining algorithm, such as TWDTW (MAUS et al., 2016), and stored in a array database.
This is a important stage for the application of the formalism, once allows that Earth observation
data were stored in a database which support a large amount of remote sensing data, and
subsequently, can will be used for different applications. Next, this data set will be processed,
for extraction of the set of elements. Each element is composed of a discrete geo-object, its
properties of geo-object and time intervals for which these properties hold.

The set of elements will be used as input data for our formalism. Combining the
holds(o,p,t) and occur(o, p, t.) predicates with Allen’s relations, we can ask questions about
trajectories of land use and land cover change. The answers will be data sets with the events that
have occurred during the whole interval for which we have data. In the last stage, individual
events will be combined in terms of their characteristics into recurring events or transition
events. Figure 1 shows a overview of our proposed formalism.

3. Application: Examples of Reasoning About Events from Classified Land Use and Land
Cover Time Series

In this section we show three examples of application using remote sensing data. The
formalism presented was developed in a R programming language and applied on sample
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Figure 1: Spatiotemporal interval logic formalism (STILF) design

regions. The input data is composed for a set of time series classified to the municipality of
Porto dos Gatichos, located in northwest Mato Grosso (MT) state, Brazil. With territorial area
6,862.118 km?, geographical coordinates, latitude 11° 31’ 31" South and longitude 57° 24’ 50"
West and population of 5,400 inhabitant in 2010, according to IBGE statistics (IBGE, 2016).
Porto dos Gatichos is an area into Amazon biome.

Porto dos Gauchos - MT m 3

"
Brazil N _*. G 1 3
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Figure 2: Municipality of Porto dos Gatchos with highlight for three sample regions selected
to application of the formalism.

We extracted information from each sample region to discover what events had happened.
These events allow us to establish the trajectories of land use and land cover. For example, the
results may indicate the increase of deforestation in the municipality after earlier expansion of
areas. We can also detect the conversions from pasture to soybean and from soybean to double
cropping (soybean-corn or soybean-cotton).

After we classify the time series, we apply a post-processing rule to distinguish natural,
intact forests from areas that had been deforested and then were allowed to regrow. This
is required to be able to differentiate primary forest, without degradation, from secondary
vegetation, forest areas that happened after other land use or land cover classes. The new
classes generated after this stage were called “Secondary vegetation”.

In the first sample region, with an area of 50.23 km?, located in Northeast of the
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municipality, we explored the ability of the formalism to detect events composition. Our query
searched for events preceding and following the year of 2008, associated to the “Soybean-
Millet” crop areas Question 1. The result were three graphics with information for analysing
land use trajectories: (1) a custom map that highlights events that show the transition from
“Pasture” to“Soybean-Millet”, Figure 3; (2) a bar graph which counts the total area (km?) for
each event by year; and (3) a graph which represents the temporal sequence of the events for
each pixel in the time. This type of graph show what pasture areas were transformed into crop
areas (Figure 4(b)).

Question 1: Example of application of the spatiotemporal interval logic formalism for mapping
of changes in land use and cover for the first sample region

a) Which “Pasture” areas before 2008 have been turned in
“Soybean-Millet” cropping areas?
Yo € O, occur(o, “Pasture” t1) A occur(o, “Soybean — Millet” , tg) A
occur(o, “Soybean — Millet” , t3) A
preceding(ta, t1) < (metBy(t1,t2) V after(ty, ta))A
next(te, t3) < (meets(t1,t2) V before(t, ta))
where t1 = {2000, ..., 2007}, to = 2008, t5 = {2000, ..., 2015}

. Forest Pasture . Soybean-Fallow Soybean-Sunflower
Legend: . Secondary-vegetation Cotton-Fallow Soybean-Maize .Wetland
. Soybean-Cotton . Soybean-Millet

Low-vegetation

Figure 3: Sample region 1, events highlighted.
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Figure 4: Graphics to analyses of events composition - sample region 1

In the second sample region, located to the south of the municipality and area of 59.568 km?,
we investigated which “Forest” areas that have been turned into “Pasture” or “ Low vegetation
(a second type of pasture)” after 2001. The formal representation of the question is shown
in Question 2. Three output plots were generated with information about events: a map that
highlights events that happened yearly, Figure 5; a bar graph with total area for each event by
year (Figure 6(a)), and a temporal representation for each pixel over time, which shows the
transitions from forest to pasture (Figure 6(b)).

Question 2: Example of application of the STILF for mapping of changes in land use and cover
for the second sample region

b) Which “Forest” areas have been turned into “Pasture” or “Low-vegetation”
after the year of 2001?
Yo € O, occur(o, “Forest” t1)A
(occur(o, “Pasture” , ta)V occur(o, “Low — vegetation”  ta)) A
next(ty, ta) where t; = 2001, t2 = {2002, ...,2015}

In a third sample region, located northwest of Porto dos Gatchos municipality and area of
101.963 km?, we wanted to know which “Forest” areas have not undergone degradation over
years (Question 3) In a similar way to the PRODES system, forest areas that from regrowth
after fire or deforestation are called “Secondary vegetation” by our post-processing rule and are
not computed. Figure 7 shows a map that highlights the events. Figure 8 displays the amount of
forest grouped by year. We can see the expansion of deforestation until 2006, when there was a
significant reduction.

Question 3: Example of application of the STILF for mapping of changes in land use and cover
for the third sample region

c) Which “Forest” areas have not undergone degradation during interval of 15 years?
Yo € O, occur(o, “Forest”, t1) where t; = {2001, ...,2015}
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Figure 5: Sample region 2, events highlighted
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Figure 6: Graphics to analyses of events composition - sample region 2

This spatiotemporal interval logic formalism makes it easy to build questions in a logic
representation in order to reason about changes in land use and land cover. We can show the
trajectories of change in different perspectives. This makes it easier to understand changes in
an environment. The formalism is robust. It allow different logical queries combining Allen’s
relations and also predicates of geo-objects.
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Figure 7: Sample region 3, with events highlighted
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Figure 8: Area in (km?) with “Forest” events which have not undergone degradation during the
period of 15 years.

4. Final Considerations

A spatiotemporal interval logic formalism to reasoning about changes in land use and land
cover was presented in this paper. This formalism is an extension from predicates defined by
Allen (1984). We introduce geo-objects as new elements for analyses involving spatial data. We
show three examples of application where the formalism was implemented in a programming
language, take advantaging of the resources for data visualisation and results.
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