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Abstract

Permitting and development in the Canadian Arctic is made more difficult due to the
low availability of quality baseline information. An overland route of approximately
160km is currently being developed for the southern portion of the Tibbitt to Cont-
woyto winter road, which has suffered from early thaws in recent years. Engineering
designs were produced with the assistance of high resolution Lidar data; however,
hard breaklines were required at water’s edge to produce high quality elevation mod-
els. These lake positions were previously unknown with sufficient accuracy.

Multipath scatter of the raw Lidar returns over water prevented easy water bound-
ary extraction from the Lidar data itself. Fortunately, the Lidar data also came with
a series of 453 colour orthophotos. Water in these images were of variable siltiness,
brightness and shallowness. An Earth Resource Mapper (ERMapper) algorithm was
developed to select the water/land interface by choosing thresholds based on three
derived measures, roughly described as Greyness, Blueness, and Smoothness. Ratios
of grayness and blueness helped reveal transitions between water and land. Minimum
smoothness criteria further helped reject strong edge transitions over land. Greyness
was further used to remove surrounding black representing no—data.

Sections of the image sequence were captured as ERMapper mosaic algorithms.
This allowed several images to be sequentially processed as one large virtual image.
The image processing steps could in theory be run on one enormous virtual image
mosaic containing all the individual scenes. It was experimentally found that vector
conversion from ERMapper’s .erv format to shapefiles seemed to be a memory-bound
step, and limited the number of mosaic images in practice to about 20 at one time.
Segmentation was performed on each mosaic section and then converted to vectors.
The image segmentation cleaning was performed in ESRIs Arc/Info environment on
vector polylines converted to coverages. Segment refinement was performed by re-
jecting line segments less than 50m in length, corresponding to erroneously selected
land and rough water areas. The resulting cleaned vectors were then manually re-
assembled to produce lake edges.

The algorithm performed well over a range of water surfaces. Thresholds conser-
vative enough to returned unbroken water edges also falsely selected small terrain
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features, choppy water and seams of adjacent ortho tiles as waters edge. The pre-
cleaning steps made selection of the appropriate segments much easier. Occasion-
ally, segments had to be drawn by hand where silt at water’s edge confounded the
segmentation process. Final elevation models were produced from Lidar with hard
breaklines at the extracted waters edge. These models were successfully employed
for road engineering design and ecosystem and habitat mapping.
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1 Introduction

For nearly thirty years, a joint ven-
ture of diamond mining interests in
the Northwest Territories have main-
tained a winter access road penetrat-
ing far to the north of Yellowknife.
The winter road is about 700km long,
and consists of frozen lake crossings
with connecting overland “portages”
(Fig 1). It’s surface is rebuilt each
new season, and it carries convoys
of slow—moving long—haul trucks for
a few months per year. The short
duration of operation represents
the only economical opportunity for
heavy freight to and from the joint
venture mine sites. Understandably,
the early failure of the southern por-
tion of the winter road in the 2006
season was met with anxiety, and a
sense of urgency. In addition to the
problem of extracting heavy equip-
ment stranded far from civilization
in a peat-swamp environment, there
was the huge extra cost of flying in
needed resources. With the warm-
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Figure 1. Proposed Seasonal Overland
Route and existing winter road

ing trend in arctic climate, the joint
venture looked for alternatives. EBA
was contracted to design an overland
route to replace the bottom, roughly
160km thaw prone portion of the
route.

EBA’s transportation engineers ac-
quired Lidar data over an approxi-
mate 500m swath for 165km of the
proposed route. Point density was
one metre with a 20cm vertical res-
olution. The Engineers wanted to
develop detailed terrain models as
part of the design-build process. In
order for these models to be accu-
rate, however, hard breaklines were



required to delineate water features.
Reference vector data for this area of
the Arctic was too coarse to be use-
able for this purpose. Furthur, Lidar
over water exhibited a lower return
density, but it was clear that multi-
path and delayed reflections resulted
in false “terrain” elevations. Delin-
eation of water from the raw Lidar
was thus untenable. Fortunately, the
Lidar data was bundled with 453 ref-
erence colour orthophotos. Applied
methods to extract the water/land
interface from these orthophotos was
developed to extract the hard break-
lines required.

One obvious method for extracting
wet areas would be to look at near—
infrared sensor returns. The “red
edge” transition between red and
near-infrared regions (cf. Gitelson
& Merzlyak, 1986) provides a good
demarcation between vegetated sur-
faces and open water. Strong absorp-
tion of near—infrared over water leads
to characteristically low (dark) re-
turns in these images. Unfortunately,
the orthophotos available did not
capture into the near—infrared region
of the spectrum. Attempting to cap-
italize on the information available,
a process was followed analogous to
the development of the Tasseled Cap
transform. This transform is best—
known from the Landsat Thematic
Mapper version (Crist & Cicone,
1984); however, the original paper by
Kauth & Thomas (1976), although
difficult to obtain, is a masterpiece.
The requirements of the work pre-
sented here were very applied, but
Kauth and Thomas’ paper suggests
a future framework for making rigor-
ous the methods developed here.

Ultimately, a simple image thresh-
old would be desired which sepa-
rates water from non-water. Gon-
zalez & Woods (1993) discuss the
implications of thresholding exhaus-
tively. Of particular note is their
assertion that multiple thresholds
derived for multi-modal histograms
are less accurate than single thresh-
olds. In the current work, segmenta-
tion based on the visual wavelength
{Red, Green, Blue}triplet could not
be adequately performed with a sim-
ple bimodal threshold separation
value. Water areas in the images ex-
hibit a large range of siltiness. In
many instances, algal mat features
were visible below or on the water
surface, as were underwater rock
shelves. There was also a significant
variability in image brightness, espe-
cially in the northern portion of the
route. Gonzalez & Woods (1993) note
that uneven illumination results in a
broadening of the histogram, making
it less modal and thus less able to
be precisely segmented. Further, wa-
ter’s edge becomes difficult to place
with precision, even for a human op-
erator, due to the prevalence of frost
jack (large chunks of oblong rock
that have split away from bedrock
due to frost expansion) and deadfall.
To meet the engineers’ requirements,
the procedure developed would have
to operate unmodified over a large
range of image characteristics in a
mostly automated manner.



2 Methods

Using the work of Kauth & Thomas
(1976) as inspiration, band combi-
nations of {Red, Green, Blue} were
explored to determine how well they
could extract lake edges. From vi-
sual inspection, it was apparent that
there was an immediate distinction
between blue open water and greyish
silted or algal bloom-laden water.
Another apparent difference between
water and land was the highly frag-
mented texture of the landscape at
20cm resolution. Both sparse tree
and shrub canopy and frost jack
broken rock led to a very different
texture over land than over water
(Figure 2). Three initial measures
were developed to attempt to cap-
ture these distinctions:

min(red, green, blue)

(1)

max(red, green, blue)
min(red, green) /blue (2)

(red + green + blue)/3/255 (3)

where Equation 1 measures “grey-
ness’; Equation 2 measures “blue-
ness’; and Equation 3 measures
“smoothness”. Equations 1 and 2 were
post—smoothed with a 323 median
filter, while equ.3 had a two—pass
3x3 median filter applied. The filter-
ing helped make surrounding values
more similar without obscuring tran-
sitions between regional characteris-
tics. These measures are suggestive
of the properties their names conno-
tate, but were developed in a working
applied environment where expedi-
ency was required, and thus empiri-

Figure 2. Image variability over water
and land (route km 80)

cally rather than theoretically based.
For example, values of Equation 2
actually decrease with increasing
“blueness”. These issues were left to
be cleaned up in a subsequent peer—
review submission, where a more
rigorous theoretical presentation can
be made.

Boundary conditions were empiri-
cally derived from the three measures
above to segment the water/land
interface. Ratios of the derived mea-
sures were also tested for the ability
to create a clean boundary segmen-
tation. An Earth Resource Mapper
(ERMapper) base algorithm was
produced using subsequent images
in the series as data sources. The
base algorithm defined the measures
above. It was found that ERMap-
per’s mosaic function could be used
to first produce a mosaic of several
images in sequence, and the mosaic
could then be used as a data source
to the base algorithm. A segmenta-



tion algorithm was then produced
using the base algorithm as a data
source. This last algorithm applied
thresholds to the derived measures
and ratios of those measures to pro-
duce the final segmentation logic.
ERMapper’s raster to vector pro-
cedure was run, which resulted in
both polyline and polygon segments.
In general, the polyline layers en-
compassed the majority of the wa-
ter/land boundary; unfortunately,
significant portions of the boundary
were occasionally encoded into the
polygon layer as closed regions. This
required treatment of the polygon
layers as well, which contained very
many small polygon features over
land, which needed to be filtered out.
Choosing more aggressive thresh-
old values reduced data volume, but
was unworkable, because significant
lengths of true boundary features
would then also drop out.

Treatment of the extracted vectors
was done in Environmental Systems
Research Institute’s (ESRI) Arc/Info
software. The choice of Arc/Info over
ArcGIS Desktop was necessitated
by the sheer volume of vector data
to be processed. Arc/Info’s cover-
age geospatial data model is very
compact, and the design of the older
Arc/Info system makes few assump-
tions about memory availability. Ar-
c¢GIS Desktop seemed to attempt to
load the entire vector layer into mem-
ory, and would fail for large datasets.
EBA has since upgraded to the 9.2
release of ESRI’s ArcGIS platform.
With the new File Geodatabase, or
ArcSDE relational database system,
the processing done in Arc/Info may
be possible with the desktop soft-

ware.

ERMapper .erv files were exported
to ArcGIS shapefiles from ERMap-
per. These shapefiles were imported
as coverages with double precision
using the Arc/Info shapearc com-
mand. Polygon topology was not
desired, so only the arc (polyline)
portion of the result was used for
polygon source data. Arcs from both
source polygons and polylines were
merged together in batch using the
Arc/Info append command. Line
(arc) topology was created with the
build command. The output features
were edited using the Arc/Edit select
command, to select and delete arcs
with lengths of less than 50m, thus
removing the vast majority of spuri-
ous features from the original poly-
gon data. This preprocessed output
was exported to AutoCAD, where
a technician manually selected and
assembled the relevant pieces.

3 Results

3.1  Segmentation Algorithm QOut-
put

The workflow developed is illustrated
in Figure 3 for the image tile from
kilometre 102 of the route. The base
image (also in Figure 4) is colour
mapped as follows:

{Smoothness, Greyness, Blueness}
=
{Red, Green, Blue}
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Figure 3. Workflow of steps in lake edge
extraction

It is immediately apparent that the
“blueness” measure is inverted, since
land and silt show strong response;
however, it is also clear that water
is very well separated from land by
this measure. In this particular im-
age, water “smoothness” falls in the
very bottom portion of the measure
histogram (not shown). Land has a
strong low value peak, which makes
an effective segmentation threshold
in this image. “Greyness” produces a
less dramatic segmentation. A promi-
nent confounding feature in this im-
age is a prevalent underwater silt bed,
which shows an erosion channel. The
images are from summer, when melt-
water has filled the lake basins. Dur-
ing early spring, features such as the
runoff channel that are underwater in
this image would be exposed. Tran-
sect positions of measure responses
are shown in Figure 4. Profile values
for these transects are shown in Fig-
ure .

Transect #1 follows a path from
clear, open water, through under-
water silt. It crosses the underwater
meltwater channel and terminates
near what appears to be the runoff
channel of a small stream (bottom—
left of image). The “smoothness”
measure shows no interpretable pat-
tern over open water, even given
these underwater features; however
“greyness” and “blueness” respond
significantly to these features. “grey-
ness” and “blueness” are identical
over clear water, but there is a strong
divergence of response over the un-
derwater silt shelf, as shown between
lineslA and 1B on the figure. 1B
is also the position where the tran-
sect crosses the underwater runoff
channel. There is lesser divergence
between the measures through silted
water until 1C', where a small pocket
of clear water exists. “Greyness” and
“blueness” over clear water appear
to be nearly mirror-images. Since
the “blueness” measure is inverted
(described above), it is likely that
these two measures have a strongly
correlated response.

Transect #2 is intended to show the
transition between overland and wa-
ter features. 24 is the position of
the actual shoreline at the time of
photography. There is siltation or a
possible underwater shelf between
2A and 2B. 2A is a strong transition
point in the “smoothness” measure.
Values between 2A and the opposite
shoreline at 2D are much smoother
than over land. The graph illustrates
that the “smoothness” measure is in-
verted, with lower values represent-
ing smoother textures. The picture
of response in the “greyness” and
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Figure 4. Image of derived measures and
transect lines along lake at km 102

“blueness” measures is filled in by
this transect. There is mirroring of
the measures over land before 24,
but this effect increases over the slit
shelf (greater than over land). Over
open water, the measures are iden-
tical, as in Transect #1. The small
separation in measures between 2C'
and 2D appears to be silt along the
far shore, but the reason for the large
diversion after 2D is not clear.

“Blueness” and “greyness” appear
to have strong response over water,
and also to underwater features. A
ratio of these measures was devel-
oped to try to exploit their differing
responses:

min(greyness, blueness)

(4)

max(greyness, blueness)

Output from Equation 4, the “grey /blue

ratio”, is shown in Figure 6. Ouput
saturates over clear water with a
value of 1. For numerator and denom-
inator of Equation 4 to be equal, both
the “greyness” and “blueness” mea-
sures must be equal. This appears to
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Figure 5. Transect plots for lake at
km 102

be the case over clear water, as dis-
cussed for Figure 5. In Transect #1,
we see this response up to 1A, where
the underwater silt shelf occurs (Fig-
ure 7). There is a spike at 1B where
a small patch of clear water shows
through, and again at 1C' where the
underwater runoff channel is crossed.
A final peak value occurs at 1D, at
the location of the supposed creek
outlet. Transect #2 shows that silt at
water’s edge has a characteristically
different response than land in this
ratio, with 2A — 2B and 2C' — 2D
producing much lower values of the
measure than over land or water.

Threshold values were empirically
derived to produce good segmenta-
tion over the entire sequence of im-
ages. The values chosen are shown in
Table 1. The limit on the “greyness”
measure is simply to remove white
null values from consideration. The
imagery was strictly clipped by the



Figure 6. Image of “greyness” and “blue-
ness” {min, maz}ratio measure-lake at
km 102
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Figure 7. “greyness” and “blueness”
{min,mazx} ratio measure-lake at
km 102

Table 1
Thresholds used for water/land inter-
face image segmentation

smoothness < 0.03
grey/blueratio > 0.7
greyness < 0.99

supplier to the limits of the Lidar re-
turns, leaving areas outside the Lidar
extents white.

3.2 Segmentation Performance

An example of machine-derived
and final, human-cleaned vectors
are shown in Figure 8 (the semi-
transparent fill showing the final wa-
ter polygon is turned off in the bot-
tom panel of these figures to allow
the range of water colour to be seen).
This lake, at km 80 of the route,
contained a range of siltation. The
segmentation performed very well
over water. A large majority of extra-
neous arcs over land were removed
automatically by machine thinning.
The final operator—screened output
uses the algorithm defined features;
aside from assembling arcs, no ad-
ditional intervention was required.
Another lake at km 31 (Figure 9)
was an anomaly. Lake water covers
a bog/mud landscape, leading to a
very atypical water colour. The al-
gorithm created two potential lake
edges, bounding a mud shelf that is
in places above water and in oth-
ers submerged. The inland portion
which abuts treed landscape was se-
lected in the final version. Staff who
were onsite confirm that this lake ex-
hibited rapid changes in water level,
and that the shoreline was a viscous
sludge of bog and mud (Figure 10).
Nonetheless, the algorithm’s selec-
tion of a shoreline is plausible. A
final example of a lake at km 117
(Figure 11) shows the impact of sur-
face ripples and reflected cloud. The
edge contrast between these features
and calm, blue water led them to
be delineated as water’s edge. This
lake had a submerged shelf along the
shoreline. Portions of the algorithm
output select the lake—side extent of
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Figure 8. Algorithm and final cleaned
output for lake at km 80
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Figure 9. Algorithm and final cleaned
output for lake at km 31

this shelf, but the shore-side por-
tion is so fragmented that almost the
entire shoreline had to be manually
digitized for this section of the route.

Figure 10. Ground image of lake at
km 31
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Figure 11. Algorithm and final cleaned
output for lake at km 117

4 Discussion and Conclusions

In practical terms, the output from
the algorithm discussed was suc-
cessfully used to assemble complete
lake edge coverage along the entire
proposed overland route. These fi-
nal lake edges were successfully em-
ployed as hard breaklines for surface
modelling. The amount of human—
operator time required to clean and



assemble the output was much less
than would be required to man-
ually digitize the lake boundaries
unassisted. Pre—cleaning of short
segment lengths helped to remove
many extraneous features over land
and water. The algorithm handled
varying degrees of siltation or un-
derwater features such as submerged
bog, rendering plausible lake edges
even under unusual conditions. Re-
flected cloud and surface ripples on
water caused erroneous edge place-
ment, and fragmented the shore-
line so severely as to require entire
sections to be digitized manually.
Fortunately, these image conditions
occurred rarely. The “blueness” and
“smoothness” measures are actually
inverted: larger values representing
less of the property being measured.
The scale of all the measures except
the “grey/blue ratio” are unbounded
on the upper extent, with values of
the “smoothness” measure being ex-
tremely small. Future work would
involve standardizing the direction
and upper bounds of all measures,
so that values increase for increas-
ing presence of the property being
measured, and so that a value of 1
represents total saturation.
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