Introduction
•
•
•

A novel method for life-long, spatio-temporal exploration of
changing environments by mobile robots
Creates environment representations that explicitly model the
mid- to long-term environment dynamics
Allows to determine where and when to perform observations

Topological time-space exploration
•
•

Task: to create a spatio-temporal model of a small apartment, that
would represent occupancy of individual rooms over time
Used a month-long data from a real apartment [2] in a simulation

Motivation
•

•
•
•

Most of the environment models used in the mobile robotics
domain have been tailored to represent large, but static scenes
For efficient spatial exploration of static environments, the robot
needs to decide where to move in order to complete the map
Incorporating dynamics into the environment models improves
their ability to reliably operate for long periods of time [1]
For efficient exploration of dynamic environments, the robot has
to decide when and where to make observations

Frequency Map Enhancement
•
•
•

Allows to introduce representation of dynamics into environment
models that consist of a set of independent binary states
FreMEn represents the probabilities of basic environment states
by the most prominent components of their frequency spectra
Allows to identify reoccurring patterns in long-term observations
and use them to predict the future environment states
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•

The robot used its probabilistic world model (second row) and spatiotemporal entropy estimates (third row) to schedule its observations
(bottom graph) to learn the dynamics (top)
Day 1: unknown model resulted in uniformly-distributed observations
Day 2: static model caused the observations to reflect the occupancy
of the individual rooms (𝐻𝑏𝑒𝑑𝑟𝑜𝑜𝑚 > 𝐻𝑘𝑖𝑡𝑐ℎ𝑒𝑛 > 𝐻𝑠𝑡𝑜𝑟𝑎𝑔𝑒 )
Day 3: the estimated environment dynamics caused the exploration
schedule to reflect the occupancy of the rooms at given times, e.g.
(𝐻𝑏𝑒𝑑𝑟𝑜𝑜𝑚23:00 > 𝐻𝑘𝑖𝑡𝑐ℎ𝑒𝑛23:00 > 𝐻𝑠𝑡𝑜𝑟𝑎𝑔𝑒23:00 )→ visit bedroom
(𝐻𝑘𝑖𝑡𝑐ℎ𝑒𝑛16:00 > 𝐻𝑏𝑒𝑑𝑟𝑜𝑜𝑚16:00 > 𝐻𝑠𝑡𝑜𝑟𝑎𝑔𝑒16:00 ) → visit kitchen

•
•
•
•

Full 4D exploration
•

Example: feature-based maps
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•

Mobile robot operated for 5 days, using a spatio-temporal entropy
grid to decide when and where to capture 3D scans
Created a 3D dynamic occupancy grid of an office environment

X
•
•

Long-term observation of a feature’s visibility (centre) is transferred
to spectral domain (left). The most prominent spectral components
(left) are selected and transferred back to the time domain (center)
This equation represents the probability of the feature’s visibility
over time (centre, right), and can predict its appearance (right)

Spatio-temporal exploration
•
•
•

Exploration of static worlds is a finite task. Exploration of changing
environments is a never-ending data-gathering process
The probabilistic functions of time allow to calculate timedependent entropies of the environment states
This allows to use information-theoretic exploration methods,
which utilize the spatio-temporal entropy to determine the most
informative locations and times
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•

After 36 hours, the dynamic model allowed to determine more
informative locations and times to collect 3D scans
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