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Collaborative exploration
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Task:

 Efficient coverage with minimal overlap
 Distributed decision making

« Share observed map information

Challenge:
« Bandwidth limitations
* Network dropout

Insight:
« Treat grid maps as discrete sets

« Exploration as (approximate) set
membership query
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Encoding sets with Bloom filters
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Encoding sets with Bloom filters
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Salting: Making Bloom filters unique

* Problem: Hash functions are deterministic

« Solution: Salting
= Add a known random value to input
= Communicate salt value

e Result:

= Decorrelates Bloom filters
= Enables Stacking
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Stacking: Accumulating evidence

0, if query returns negative,

Pabsq

* Problem: Filters have false positives p
1 — (eppr)™®, otherwise,
« Solution: Stacking

= Query across multiple independent
Bloom filters One robot E

= Compute likelihood of true positive

e Result:
= Corroborated observations

= Confidence thresholding P, =1— H (1= Pops,) -
q
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Collaborative exploration with Bloom filters
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Composite Bloon Filter Vieu

FP rate: 0.01
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Bloom Filter Views
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Composite Bloon Filter View Bloom Filter Views

(] fAgent 0
]
-
- Hu
. - . | .
> i X
- mi |
{1 pii] o ll ] I l ll Socay. ¢ icalle
= | [ | figent 1 @
i ll
il g
- - n
]
| —

FP rate: 0.50

Sees: 80 calls
fgent 2

Sees: 126 cells
fgent 3 @

i Egg--- e
mEE



FP rate: 0.90

Bloon Filter Views
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System resilience to dropout

Trade off bandwidth requirements

against exploration speed

Steps at 75% Coverage
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Multi-resolution map representations

Octomap Wavemap

Hornung et al., AuR02013

Reijgwart et al., RSS2023
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avestream progressive level of detall

1. Synthetic map

Width 160 Height 120 Seed 42

Generate Map

i 2. Encode with vxch

Coi\?pression zstd : éncode ]

Haar levels 5 Tile size (cells) 32

3. Send bands over a simulated link

Bandwidth (kbps) 1 Good (250 mbps) Degraded (1 mbps) Denied (1 kbps) Send Next Band Send All Reset Receiver
Sender -- ground truth map Receiver -- reconstruction so far
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Sent 0/120 bands (0 B /4.4 KB of encoded traffic, raw map = 18.8 KB, full vxch stream = 24% of raw)

tile(0,0) detail band 8: 416 B compressed (911 B raw) delivered after 3328 ms @ 1 kbps
tile(0,0) detail band 9: 589 B compressed (3.5 KB raw) delivered after 4712 ms @ 1 kbps
tile(0,0) detail band 10: 753 B compressed (14.4 KB raw) delivered after 6024 ms @ 1 kbps
Generated 160x120 map: 14208 free, 1127 occupied, 3865 unknown cells.

Encoded 20 tiles x 6 bands = 120 band messages queued.

Generated 160x120 map: 13003 free, 1119 occupied, 5078
Encoded 20 tiles x 6 bands = 120 band messages queued.

Full stream = 4.4 KB vs 18.8 KB raw (23%).
unknown cells.
Full stream = 4.4 KB vs 18.8 KB raw (24%).
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Collaborative exploration with \Wavestream

vxch* <@5e6702c8267a> baseline* <@6ddc7ccf2488>
Eile Panels Help Eile Panels Help

&interact Move Camera “Select Focus Camera =Measure ~2D Goal Pose * &interact Move Camera Select Focus Camera =Measure ~2D Goal Pose

Wavestream Baseline

i Spectacle

Spectacle is Recording
To finish the recording, click the pulsing
red System Tray icon or press Meta+R.

. Reset Left-Click: Rotate. Middle-Click: Move X/Y. Right-Click/Mouse Wheel: Zoom. Shift: More options. 31 fps . Reset Left-Click: Rotate. Middle-Click: Move X/Y. Right-Click/Mouse Wheel: Zoom. Shift: More options.
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Collaborative exploration with \Wavestream

vxch* <@52484a062f24> baseline* <@42432ef9d2a1>
Eile Panels Help Eile Panels Help

Sinteract Move Camera -Select +Focus Camera —Measure ~ 2D Goal Pose * “interact Move Camera JSelect Focus Camera =Measure # 2D Goal Pose

Wavestream Baseline

Reset Left-Click: Rotate. Middle-Click: Move X/Y. Right-Click/Mouse Wheel: Zoom. Shift: More options.
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Collaborative exploration with Wavestream
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Communication performance

No sharing — 510.0 m? = 41.8
Unimpaired sharing — 802.0 m? = 72.2

Baseline — 506.5 m? + 69.7
Zstd — 647.5 m? = 36.0
Wavestream (ours) — 827.5 m? £ 74.6
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Map Synchronization
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—— No sharing — 0.0% = 0.0

~—— Unimpaired sharing — 99.5% = 0.5
—— Baseline — 0.1% = 0.1

—— Zstd — 31.6% * 6.6

—— Wavestream (ours) — 97.9% + 1.0

—————— Ideal complete sharing (100%) \—\\

|
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Sent (attempted)
Received from peers

V///' 11.30 + 0.37 MB
Baseline - -

d_V/// 10.58 + 0.13 MB
- 28.00 + 1.48 MB

%
Wavestream // 5.48 + 0.25 MB

ko) . 7.58 + 0.69 MB

‘104 105 108 107
Map and coordination data volume (KB, log scale)

KRB HEW
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