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Many multi-robot systems require a consistent common map, e.g.
for area coverage or for the surveying task itself. Especially in
absence of WiFi and in case of an autonomously operating
swarm, this becomes a difficult problem. We propose a multi-robot
mapping system for radio frequency modules, by which we
exchange small incremental map updates. This way, the robots
obtain shared knowledge about the commonly processed area in
form of consistent and accurate maps.

II. Experiments
We equipped three of our TurtleBot2 robots with our radio frequency modules and navigated them
manually through our department, while the robots collaboratively mapped their environment.
Afterwards, we evaluated the consistency of the generated maps with the scans of the robots and
investigated the communication throughput. For localization, we used our particle filter localization
framework [2] with a floor plan of the department.
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I. Methodology
For inter-robot communication, we use in-house developed radio
frequency modules operating at 868 MHz. They provide error
detection via CRC-16 and 1-bit error correction via Hamming
codes. The modules transfer up to 56 byte payload per packet at
a theoretical maximum data rate of about 300 kbps and support
real broadcasting.
As map representation, we chose our recently published
implementation of a mixture of Normal Distributions Transforms
(NDT) and occupancy maps, called ONDT [1]. They consist of an
overlapping regular grid structure, where each grid cell contains
occupancy information and a distribution representing the
measurement points falling into this cell.
In 2D, a grid cell update can be represented by the 2D index 𝑰𝑪 of
the cell, the number 𝑭 of free space updates, the number 𝑵 of
occupancy updates and (𝝁, 𝑪) representing the distribution. This
information fits into the 56 byte payload of the RF modules:
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For evaluation, we generated a joint map offline from the recorded laser scans of all
robots, and compared it to the maps generated online on the individual robots from own
and received map updates. To measure the consistency of these four maps with the
scans of the different robots, we used the accuracy measure defined in [1]. Further, we
measured the percentage of lost or corrupted messages between each pair of sending
and receiving robot to evaluate the quality of the communication system.
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In the 3D case, the same information would still fit into the 56 byte
payload, which could be interesting for future work:

Because of the high risk of messages being dropped, only
standalone messages are used, which means that data is not split
into multiple messages, and only the broadcasting function is
used. Before sending, the messages are collected in a priority
queue, where priority ≔ 𝑭 + 𝑵, and updates with the same cell
index 𝑰𝑪 are merged. Updates with highest priority are sent first.
Two updates 𝑈𝐶,1 = [𝐼𝑐 , 𝐹1, 𝑁1, 𝜇1, 𝐶1] and 𝑈𝐶,2 = [𝐼𝑐 , 𝐹2, 𝑁2, 𝜇2, 𝐶2]
can be merged by adding the respective numbers 𝐹𝑖 , 𝑁𝑖 and
merging the distributions (𝜇𝑖 , 𝐶𝑖 ):
𝑈𝑐,1⊕2 = [𝐼𝑐 , 𝐹1 + 𝐹2, 𝑁1 + 𝑁2, 𝜇1⊕2, 𝐶1⊕2]
On each robot, both own and received map updates are inserted
into a map representing the commonly explored environment.
Information regarding the same grid cell is fused as described
above. More information about the maps can be found in [1].

Despite the very high message loss rates of around 70 %, the online generated maps
seem to be mostly complete. The consistency of the different maps with the scans of
both the individual robots and all robots are very similar, which indicates that all maps
contain nearly the same information.
Some parts are missing in the maps because of messages being dropped. Also, some
cells in the upper left part of the map of robot 2 are corrupted because of undetected
transmission errors which led to corrupted messages. Localization problems because of
door sills resulted in two rooms being distorted. Another reason for the mislocalizations
is that the laser scanners were not mounted perfectly and were therefore slightly rotated,
which also explains the overall low consistency values.
However, the limiting factor is the unreliable communication system. The distributed
mapping approach itself turned out to be very robust.
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