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Autonomous Benthic Monitoring Downunder 

O. Pizarro, S.B. Williams, M. Bryson, A. Friedman  
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Integrated Marine Observing System 
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Sirius AUV  
•  Flexible, mobile, high resolution 

data collection  
•  Sensors include  

•  DVL 
•  Attitude 
•  Pressure depth 
•  fwd obstacle avoidance 
•  GPS (surface) 
•  USBL 
•  Vision (stereo) 
•  Multibeam sonar 
•  Water Column 
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SLAM: Visually Augmented Navigation 
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Underwater  
robot survey  

path 

Accurate loop closures kilometers apart (SLAM) 

3D reconstructions from stereo 
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IMOS benthic monitoring program  
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Australia’s Network of Marine Protected Areas 
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Cyclone Ita path 
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Lizard Island 
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Involute of a circle 
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By Van helsing - Own work, CC BY 2.5, https://
commons.wikimedia.org/w/index.php?
curid=2533730 
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D2 
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Lizard Island post cyclone surveys 
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Path Length, area and spacing design curve 
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‘Reef Records’ 

• High overlap by design 
• Robust to swell and current 
• Easy line handling underwater 
• Monitoring through revisiting sites 
• Visible range, 6m radius 
• ~110m2 area 
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•  APR 2014: 7 days, 23 sites 
•  OCT 2014:  

7 days, 23 sites 
•  APR 2015: 

5 days, 21+ sites 
•  NOV 2015, 21+ sites 
•  Data processed and delivered in field 
•  NOV 2016, 21+ sites 

Lizard Island – post cyclones ITA (and Nathan) 
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Friedman et. al. 2013, Multi-scale measures of rugosity, slope and aspect from benthic stereo 
image reconstructions 

Structural Complexity Measurement: 
Rugosity 
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Structural Complexity Measurement: 
Rugosity 

Friedman et. al. 2013, Multi-scale measures of rugosity, slope and aspect from benthic stereo 
image reconstructions 
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Real Chain to Virtual chain 

IV. VALIDATION

In order to validate the results it is necessary to compare the
virtual measurements obtained from the reconstructed terrain
models to traditional in situ measurement techniques and also
to test out the virtual measures on some real data.

A. Field validation experiment
We carried out an experiment that involved laying down

and measuring a physical chain over a selection of different
transects with varying bottom types. We then surveyed each
transect with the diver propelled stereo imaging platform,
shown in Figure 1. After processing the data and generating
the georeferenced photo-realistic 3D meshes, we were able
to pick out the locations of the start and end points of the
chain for each transect and then calculate the virtual chain-
tape measure explained in Section III-A. Figure 4 shows some
example transects, and Figure 4(c) shows a zoomed in view
of the start and end points of the chain. The location of these
points was determined from the georeferenced photo-realistic
reconstruction, and was used as the start and end points for
draping the virtual chain.

Figure 5 shows the virtual chain rugosity measures vs the
physical chain rugosity measurements for 10 different tran-
sects with varied bottom types. It shows a strong correlation
between the two measurements, with an R-squared value of
0.89. The real chain-tape rugosity values are generally higher,
but this may be attributable to slop in the chain’s links. The
results in Figure 5 prove that it is possible to obtain similar
measurements from the reconstructions to what divers would
do out in the field, but without any chains and tapes. This
method also allows greater flexibility with regards to the size
and positioning of the ‘chain’ and it is possible to acquire
this data using machines without putting humans at risk. In
addition, the reconstructions constitute a permanent visual
record of the surveyed transect.

Next, in an attempt to determine how much the results vary
with minor changes to chain placement, we translated the
virtual chain position by varying the start and end locations of
the virtual chain by a small amount keeping the chain direction
the same. The start and end points of the virtual chains were
placed at translated locations of 5cm, 10cm, 20cm and 40cm,
at 12 angles spanning a full circle with 30� increments. This
results in 48 additional chains per transect, all ‘laid out’ in
the same direction, but with minor translatons in positioning.
Figure 6 shows the mean, minimum and maximum rugosity
values for the 49 virtual chains translated about the same
transect.

The mean rugosity values of the 49 virtual chains translated
about the measured start and end points seem to exhibit an
even stronger correlation with the physical chain measure-
ments, with an R-squared of 0.96 (for the means). However,
there is a large spread between the minimum and maximum
virtual chain-tape rugosity values over each transect. The
virtual chain-tape rugosity index varied as much as 0.28 on
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Fig. 5. Virtual chain rugosity measures vs physical chain rugosity measure-
ments for 10 different transects with varied bottom types. Also shown is the
least-squares linear regression fit, R-squared=0.89
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Fig. 6. Mean, minimum and maximum virtual chain-tape rugosity values
for 49 virtual chains translated by less than 40cm from the measured
location for each of the 10 transects vs the physical, real chain-tape rugosity
measurements. Also shown is the least-squares linear regression fit of the
means, R-squared=0.96
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Fig. 7. Mean, minimum and maximum virtual area based rugosity with 1m⇥
Dchain sized windows centred and oriented over the virtual chains for each of
the 10 transects vs the physical, real chain-tape rugosity measurements. Also
shown is the least-squares linear regression fit of the means, R-squared=0.96

a single transect which equates to a difference of 1.4m in
the straight line measurements, Dchain. This large variation
due to minor changes in chain placement (of less than 40cm),
motivates the need for a more robust, and consistent measure.
The area-based rugosity measurement takes more information
into account and should be a more representative statistic of
the terrain complexity. Figure 7 shows the results of the real
chain-tape rugosity vs virtual area-based rugosity for 1m-wide
windows centred over the 49 virtual chains, with the lengths
and orientations of the windows the same as that of the virtual
chains.

Even though these measurements are quite different, it is
apparent that a strong correlation still exists between the
rugosity values for the area-based measurement and the real
chain-tape measures, with an R-square of 0.96 (for the means).
However, the area based measurement is taking the structural
complexity of a 1m�Dchain window into account, and it is
apparent that it is far more robust with a much lower spread
between the minimum and maximum values resulting from
translating the window over the transect, when compared to
translating the virtual chain.

Figure 8 shows a plot comparing virtual chain rugosity to
virtual area rugosity. It shows a increase in variability with
increasing rugosity.
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Fig. 8. Virtual chain-tape rugosity vs virtual area based rugosity for 49
virtual 1m ⇥ Dchain sized windows oriented and centred about the chains
for each of the 10 transects.

B. Simulated terrain

In order to help provide an intuition for the results, we ran
the area-based calculations on a simulated terrain example.
Figure 9 shows results for a simulated surface. The terrain
model is given by the exponential equation:

D = 3�N � e(�N2�E2) + 5 (10)

where D, N and E are Depth, Northing and Easting in metres.
Figure 9 shows results for rugosity aspect and slope cal-

culated at every vertex in the surface mesh with a window
size of 1 � 1m. The triangle areas aj and normals n̂j are
only calculated once over the entire surface mesh and then
the window is moved across the surface, centring it over
every vertex performing PCA and the necessary calculations
for rugosity, aspect and slope. For comparison, we have also
shown the rugosity projected onto the horizontal North-East
plane in Figure 9(e).

1) The effects of projecting to the plane of best fit: From
Figure 9(d), it is apparent that the slope is the highest at the
point of inflection between the peak and the valley of the
terrain and drops off at the stationary points at the top of
the peak and the bottom of the valley, as one might expect.
Comparison of Figures 9(e) and 9(f) highlights the importance
of projecting the area onto the plane of best fit. It is apparent
that the rugosity projected onto the N-E horizontal plane
is strongly tethered to slope. The point of maximum N-E
rugosity in Figure 9(e) is at the point of maximum slope
in Figure 9(d), compared to Figure 9(f), where it is at the



Geohab201105 ACFR Slide 29 

Slope Aspect Rugosity 

2.
5m

 
5.

5m
 

0.
5m

 

Depth 

Mosaic 
Rugosity XY 



Geohab201105 ACFR Slide 30 30 

Horseshoe 
reefrecord  
Repeated 
OCT 2014 
x4 over one week 
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Horseshoe reefrecord repeats 

31 
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Results: distribution of rugosity 
errors for each specific survey time 

• For both single day 
and multiple day 
surveys, some sites 
exhibited significant 
per-survey biases (up 
to 7.5% of rugosity 
range) 

• Highlights the 
importance in 
changes in survey 
conditions and survey 
trajectory parameters 
having a large 
influence on the 
actual measurements 
being made 
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SC measurement errors vs. mean rugosity 
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SC measurement errors vs. mean rugosity and 
coral morphotype 
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Western Australian 2011 marine heat-wave 
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Western Australian 2011 marine heat-wave 
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Western Australian 2011 marine heat-wave 

April 2010 April 2011 
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Western Australian 2011 marine heat-wave 
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Changes in habitat structural complexity 
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Changes in habitat structural complexity 
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Changes in habitat structural complexity 
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Changes in habitat structural complexity 
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