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1. INTRODUCTION

Relief shading is a cartographic technique used to depict topography by applying a
virtual illumination source to terrain. The resulting distribution of light and shadows
provides a three-dimensional configuration of the terrain’s geomorphological structure
that imitates the natural appearance of landscapes. Unlike contour lines, which provide
accurate terrain elevations, relief shading relies on varying continuous shading tones to
depict the topographic surface form in a more intuitive manner. Contour lines typically
require careful analysis to determine surface form and may prove challenging to
interpret. Quick comprehension of surface topography is an inherent appeal of relief
shading. As a result, relief shading is preferable for users with little or no cartographic
training, limited time to interpret terrain, and for small-scale maps where traditional

contour lines may be indistinguishable or unreadable (Imhof 1982).

Historically, relief shading was produced by manual methods. Contour lines,
geomorphological structure lines, and hydrographic networks served as a framework for
designing shaded relief. A thorough understanding of the landscape was required for
cartographers to translate topography into artistic maps. Cartographers have developed
design principles for manual relief shading that make legible, descriptive, and visually
pleasing relief representations where large landform systems and detailed features of
the terrain are both shown. Important topographic features are emphasized by locally
adjusting the direction of illumination according to a feature’s spatial orientation.
Locally shaded and illuminated slopes help users to better perceive major landforms and

improve the aesthetic quality of the map.

Since the 1960s, relief shading has been derived analytically from computer calculations
based on digital terrain models. However, current analytical relief shading largely

ignores the traditional cartographic techniques developed for manual relief shading.



One of the most distinct differences between manual and analytical relief shading is that
the direction of illumination is generally not adjusted to highlight select terrain features
in analytical shading. In analytical shading, a single direction of illumination often does
not produce shaded relief images that effectively portray terrain in an appealing
manner. Generally, cartographers prefer the legibility and aesthetic quality of well-
executed manual relief shading to analytical relief shading (Jenny 2001). However,
cartographers who seek to adjust the direction of illumination in analytical shading are

required to do a considerable amount of work to produce a desirable result.

Automating the cartographic principles and techniques associated with traditional
manual relief shading, but in a computerized environment is beneficial for several
reasons: (1) shaded relief adhering to manual design principles could be produced more
quickly than current methods allow; (2) more aesthetically pleasing maps could be
produced; (3) terrain could be shown more explicitly, making it easier and faster for the
user to achieve an overall sense of landform structure, but maintain the ability to
discern important small details; and (4) techniques and tools used to improve the
guality of maps could be made available to all mapmakers. This article presents a new
digital method to highlight large landforms, as inspired by manual techniques for relief
representation, in analytical shading using diffusion curves, which were developed in
computer graphics to create images with smooth color gradients. Ridgelines and valley
lines are extracted from a digital terrain model and used in a diffusion curve algorithm
to create a shading image. A graph-based network analysis generalizes the ridgeline
geometry, which, along with the valley line geometry, is used to adjust the direction of
illumination. The diffusion curve shading, when combined with analytical relief shading,

simulates the design characteristics of manual relief shading.



2. LITERATURE REVIEW

Understanding the historic development of manual and analytical relief shading, and the
methods cartographers have developed for quality enhancement, helps modern
cartographers create effective relief shading that adheres to manual shading design
principles. Although various styles of relief shading have been developed, the well-
balanced interplay of artistry and technique of Swiss-style manual relief shading
distinguishes it from other shading techniques. The style of relief depiction developed
by Swiss cartographers is highly acclaimed for its beauty and detail (Tufte 1990, Kennelly
and Stewart 2006) and can be regarded as the foremost exemplary model for relief
representation (Hodgkiss 1981, Knowles and Stowe 1982, Keates 1996, Collier et al.
2003, Jenny et al. 2010). Many cartographers worldwide are familiar with the qualities
of Swiss-style design principles for relief shading and aim to successfully apply these
techniques in their own work. Because the method presented in this article draws
inspiration from Swiss-style manual shading, a historical overview of the design

principles developed for manual shading is necessary.

2.1. Manual Relief Shading

Techniques for producing manual relief shading have been established and refined over
centuries. As early as the sixteenth century, chiaroscuro—the technique involving
arrangement of light and shade in pictorial artwork to achieve a three-dimensional
guality—had been employed in mapmaking (Imhof 1982). In 1799, Johan Georg
Lehmann standardized hachuring, a popular method of depicting relief in the eighteenth
and nineteenth centuries (Imhof 1982, Collier et al. 2003). Hachures are finely drawn
line segments that follow the direction of steepest topographic gradient and vary in
length, thickness, and density according to slope steepness and aspect. Technologies for

printing maps influenced advancements in cartographic relief representation. The



invention of lithography—a technique using stones as printing plates—allowed for
continues tone shadings to be printed, thereby replacing hachuring with shading tones

as a method for relief depiction in the mid-nineteenth century (Ristow 1975).

The standard direction of illumination in relief shading is from the northwest. Northwest
illumination is preferred by most users, who have become accustomed to lighting from
above and to the left, supposedly a consequence of left-to-right writing and drawing
techniques (Imhof 1982). In manual relief shading, illumination is locally altered to make
an effective visual image intuitive for readers (Yoeli 1959, Brassel 1974, Imhof 1982,
Karssen 1982, Jenny 2001, Hurni 2008). Specially trained cartographers carefully analyze
landscapes to determine prominent terrain features to highlight while simultaneously
minimizing the visual impact of uninteresting or excessive detail in the terrain. Swiss
cartographers mastered the ability to create beautifully designed relief maps. Among
the pioneers in Swiss mountain cartography are Rudolf Leuzinger (1826—-1896), who
created the first colored relief maps for the Swiss Alpine Club in 1863 (Jenny and Hurni
2006), Fridolin Becker (1854-1922), and Eduard Imhof (1895-1986). Becker improved
Leuzinger’s method by developing a more natural color depiction (Hurni 2008) and
perfected the simulation of the aerial perspective effect in printed maps by sharpening
contrast in the highest peaks (Jenny and Hurni 2006). Imhof refined and standardized
Becker’s design principles to form the foundation for exquisite map design exemplified

by Imhof and Leuzinger’s 1963 “Graubiinden” map (Figure 1).



Figure 1. Ticino section of "Graubiinden" (Canton of Grisons). By E. Imhof and H.
Leuzinger, 1963 (from shadedreliefarchive.com).

The principles of Swiss-style relief shading for an informative and explicit portrayal of
terrain as described by Imhof (1982) are: (1) local adjustments of the illumination source
to emphasize select topographic features; (2) bright gray tones placed in flat areas to
visually connect adjacent hillslopes; (3) brightness adjustments on illuminated and
shadowed slopes; and (4) inclusion of aerial perspective to distinguish between the

highest mountain peaks and lowlands (Jenny 2001, Hurni 2008).



2.2. Analytical Relief Shading

Analytical relief shading is the computer-based process of deriving a shaded relief from
a digital terrain model. Shaded relief consists of gray values stored in raster images.
Wiechel (1878) proposed a mathematical approach to analytical relief shading based on
Lambert’s law of cosines in the late 1800s, but it was not implemented until the mid-
twentieth century due to insufficient computing facilities. In the 1960s, Yoeli produced
the first analytical relief shading by applying Wiechel’s method (Yoeli 1965, 1966). The
Lambert shading algorithm, the fundamental of most analytically shaded models used in
geographic information systems and computer graphics, determines the gray value for
each pixel by calculating the angle between a virtual illumination and the surface normal

(Yoeli 1965).

While manual relief shading is an arduous, time-intensive task, analytical relief shading
is faster and less expensive to produce than manual relief shading. However, standard
analytical shading does not create an aesthetically pleasing image adhering to principles
developed for manual relief shading. In manual relief shading, the direction of
illumination is generally adjusted locally to the characteristics of certain landforms;
however, in analytical shading, there is a global direction of illumination that is not
typically adjusted (Figure 2). Since Yoeli’s attempt at analytical relief shading, numerous
other methods for analytical shading have been developed to simulate the complex
process of manual shading. Cartographers improve analytical shading by overlaying
several images derived from a digital terrain model to achieve a desirable shaded relief.
Combining multiple illumination directions to simulate the local adjustment of
illumination (Yoeli 1967, Brassel 1974, Mark 1992, Hobbs 1999, Jenny 2001, Kennelly
and Steward 2006, Loisios et al. 2007) (Figure 2) and using curvature to enhance
topographic detail (Kennelly 2008, Leonowicz et al. 2010a and 2010b) are several

techniques cartographers use to imitate manual relief shading. The application of aerial



perspective (Brassel 1974, Jenny 2001), vertical exaggeration (Patterson and Hermann
2004), and terrain generalization to remove unwanted detail and accentuate important
landforms (Weibel 1992, Prechtel 2000, Patterson 2001, Leonowicz et al. 2010a and

2010b) has also been attempted to improve analytical relief shading.

Figure 2. Analytical shading with one direction of illumination (left) and manual shading
with multiple combined illumination directions (right). The manually adjusted
illumination shows landforms more clearly.



3. METHODS

The method presented in this article simulates traditional Swiss-style design techniques
by combining multiple methods to automate the local adaptation of illumination in

analytical relief shading.

3.1. Overview of Method

A diffusion curve algorithm renders a shaded image defined by a set of terrain skeleton
lines, that is, valley lines and ridgelines. Valley lines are identified in a digital terrain
model using a flow accumulation method. Ridgelines are identified by maximum branch
length. We extend the maximum branch length method to remove irrelevant ridgelines
by tilting the digital terrain model in the primary cardinal and intercardinal directions.
New outputs are computed, aggregated, and filtered. We vectorize the ridgelines and
valley lines and implement a graph analysis to generalize the ridgelines. The direction of
illumination is adjusted based on the spatial orientation of the skeleton lines. We use a
seed fill algorithm to detect and mask flat areas, such as the valley floor, in the terrain.
The diffusion curve shading is combined with the analytical relief shading and valley
floor mask to produce a final relief image. Figure 3 provides a comprehensive overview

of our procedure.
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Figure 3. Processing steps for creating a diffusion curve relief shading image.

The different processes applied in our method are explained in the following sections.
We first introduce diffusion curves (3.2) and then describe the identification of terrain
skeleton lines (3.3) and the terrain tilting procedure for filtering irrelevant ridgelines
(3.4). Next, we discuss vectorizing skeleton lines (3.5), generalizing ridgelines by graph
analysis (3.6), the local adjustment of illumination directions based on skeleton lines
(3.7), and the identification of valley floors (3.8). Section 3.9 describes the combination

of different software and implementation details.

3.2. Diffusion Curves

Diffusion curves, introduced by Orzan et al. (2008), create images with smooth color

gradients. Orzan et al. vectorized edges and their attributes to allow for manipulation of

shape, color, contrast, and blur values. The diffusion curve developed by Orzan et al. is a
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cubic Bézier spline, specified by control points, that divides a two-dimensional space.
Diffusion curves are defined with two parameters, color and blur, which may vary along
the curve. Linear interpolation is used to diffuse colors independently on the left and
right sides of the curve outward to fill the image plane (Figure 4). The blur attribute
controls the smoothness of the transition between the two sides. Rendering an image
with Orzan et al.’s technique involves three steps: (1) computing color source and
gradient fields and rasterizing the continuous curves into a discrete image; (2) solving a
Poisson equation with a GPU implementation; and (3) blurring the color image,
produced by the diffusion process, according to a blur map derived from blur values

stored along each curve.

Figure 4. Diffusion curves. Bézier spline with control points (left); colors applied to either
side of the curve (center); final image rendered by color diffusion (right).

There are several limitations to Orzan et al.’s method. Applying the blur map averages
the colors in the image so that colors along the curve no longer match the color
specified by the user. The algorithm that renders the diffusion curves can create
artifacts such as color bleeding. Jeschke et al. (2009) use a diffusion solver with variable
stencil sizes to address the limitations of with Orzan et al.’s method. The alternative,
faster blur technique Jeschke et al. use enhances the rasterizing process and improves

visual quality.

Improvements continue to be made to the diffusion curve method by extending the
work of Orzan et al. and Jeschke et al. For example, Bezerra et al. (2010) developed

diffusion barrier curves that block unwanted colors from diffusing to the other side of a
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curve, directional diffusion, and gave the user more control over the strength of each
color in the diffusion process. Rendering quality and performance has been improved
(van de Gronde 2010, Boyé et al. 2012). Jeschke et al. (2011) incorporated texture
details and set color constrains to more closely imitate the source image. Finch et al.
(2011) introduced biharmonic diffusion curves, which control the gradient across a
curve. Additional curve types, including compound curves, have also been developed

(Finch et al. 2011).

In our method, the diffusion curves represent ridgelines and valley lines. The colors
applied to the left and right sides of the curves are grayscale values representing the

brightness of the illuminated and shadowed slopes.

3.3. Identifying Terrain Skeleton Lines

The curves for the diffusion curve algorithm are derived from skeleton lines—ridgelines
and valley lines—extracted from a terrain model. Generating the diffusion curves is a
two-step process: (1) identification and (2) extraction of vector lines. The process of
identifying skeleton lines with hydrologic and terrain analysis tools is outlined below.

The process of extracting lines is described in Section 3.5.

3.3.1. Valley Line Identification

Valley lines are identified from a terrain model using a flow accumulation method that
calculates the accumulated flow into each downslope cell from a flow pointer grid. The
flow pointer grid, created by a single-flow-direction algorithm, is generated from a
terrain model that has had flat areas and topographic depressions filled. In our method,
we use the deterministic eight-node (D8) algorithm (O’Callaghan and Mark 1984), which

is the primary algorithm used to calculate flow pointer grids due to its simplicity and
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ability to sufficiently delineate catchment boundaries (Wilson and Gallant 2000). The D8
grid indicates primary flow direction by computing flow direction from each cell to a
neighboring cell that has the steepest downward gradient. Flow accumulation, which is
calculated from the D8 grid, can be used to identify a channel by locating areas of

concentrated flow. The output of the flow accumulation method is a grid (Figure 5(a)).

3.3.2. Ridgeline Identification

Ridgelines are identified using maximum branch length, a topographic attribute
conceived by Lindsay and Seibert (2013) to recognize and assess drainage divide
network structures in landscapes dissected by river systems. Maximum branch length
measures the relative size and significance of drainage divides according to the distance
of separation of flow pathways. Lindsay and Seibert define maximum branch length as
the maximum distance traveled along a flow path initiated from a grid cell in the terrain
model to the confluence with a flow path initiated at a neighboring cell. Because
locations along drainage divides are furthest from their downslope confluences,
maximum branch length values assigned at divides are several orders of magnitude
larger than values assigned along hillslopes. The input for the maximum branch length
algorithm is a flow pointer grid generated by running the D8 algorithm on a terrain
model with filled depressions and flat areas. The output from the maximum branch

length algorithm is a grid (Figure 5(b)).
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Figure 5. Identification and extraction of terrain skeleton lines. (a) Flow accumulation
grid identifying valley lines; (b) maximum branch length grid identifying ridgelines; and
(c) vectorized ridgelines (black) and valley lines (gray). All three images are overlaid on
top of a standard analytical relief shading. The flow accumulation and maximum branch
length grids have been given a slight transparency.

3.4. Filtering Ridgelines by Terrain Tilting

A limitation of the maximum branch length algorithm is the identification of irrelevant
ridgelines, especially in relatively flat terrain. For example, large valleys that have
diverging drainage directions prove problematic for creating accurate diffusion curve
shading because they produce hard boundaries with sharp contrast in flat areas or in
terrain characterized by rounded hills. Although the boundaries are correct in a
hydrologic sense, they are unnecessary and result in visually disturbing and confusing
shaded relief when used in the diffusion curve algorithm. We remove unnecessary

ridgelines with a tilting and filtering process that tests ridgeline stability.

A wedge-shaped base with a user-specified artificial elevation grade (y in Figure 6) is
applied to a terrain model eight times to tilt the terrain model in each of the four
cardinal directions—north, south, east, and west—and the four intermediate
directions—northeast, northwest, southeast, and southwest. Eight new terrain models
are produced with (1) north-south, (2) south-north, (3) east-west, (4) west-east, (5)
northwest-southeast, (6) southeast-northwest, (7) southwest-northeast, and (8)

northeast-southwest inclinations. For each tilted terrain model, depressions and flat
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areas are filled and maximum branch length grids are computed. Figure 6 shows an

example of the tilting process for two directions.

Ridgelines are filtered based on their stability throughout the tilting process. Stable
ridgelines, a feature of well-defined ridges, experience minimal shifting when the terrain
model is tilted (Figure 6). Stable ridgelines are a common trait of sharply defined ridges
and are desirable for locally adjusting the illumination direction for diffusion curve
shading. Ridgelines that shift excessively between tiltings are unstable and should be
excluded. These ridgelines, where a large contrast in shadowed and illuminated slopes is
undesirable, are mostly associated with weakly defined ridges, rounded hills, flat areas,

or valleys with multiple drainage directions.

(a)

Figure 6. Tilting process to test ridgeline stability. Point A is the ridge of a rounded hill
and point B is the ridge of a sharply defined mountain peak. (a) The original terrain
model; (b) and (c) are terrain models tilted in opposite directions. In (b) and (c), point A
experiences a larger shift in location than point B when comparing the non-tilted and
tilted terrain models.
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Figure 7. Ridgeline networks derived from tilting a terrain model in the four cardinal
directions (y = 10%). The maximum branch length grids have been combined and
overlaid on top of standard analytical shading. Colors represent the number of overlaps
between the grids: white ridgelines are present in only one grid, indicating they
experience maximum shifting during the tilting process; orange ridgelines are present in
two grids; red ridgelines are present in three grids; and black ridgelines are present in all
four grids, indicating they are the most stable ridgelines.

The degree of shifting that occurs throughout the tilting process is illustrated for a
sample set of ridgelines in Figure 7. To filter out the problematic ridgelines, the amount
of shifting a ridgeline experiences throughout the tilting process is detected. The
maximum branch length grids are converted to binary grids by thresholding. The eight
binary grids are summed together so that the cells in the combined binary grid have a
value between 0 and 8. A cell with a value of 0 contains no ridgeline in any of the grids,
while a cell value of 8 represents a cell with a ridgeline present in every tilted grid. The
maximum branch length grid of the non-tilted terrain model is masked by the combined

binary: if a cell in the combined grid has a value greater than a specified threshold
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[0...8], minimal shifting has occurred and the cell inherits the value of the corresponding
cell in the maximum branch length grid derived from the non-tilted terrain model. If a
cell has a value less than the threshold, excessive shifting of an unstable ridgeline has
occurred and it is assigned a 0 value. The final grid is a filtered maximum branch length
grid containing only stable ridgelines. The effectiveness of this technique in selecting
prominent ridgelines, particularly in landscapes characterized by relatively flat terrain, is

discussed further in the Evaluation and Results section.

3.5. Extracting Terrain Skeleton Lines

Extracting the ridgelines and valley lines from the maximum branch length and flow
accumulation grids by vectorizing them is the second step for generating the diffusion
curves. The maximum branch length and flow accumulation grids are converted to
binary grids based on a user-defined threshold value. The threshold value is chosen
according to the level of line detail desired by the user. The binary grid replaces pixels
that have values greater than the threshold with a value of 1 (white) and pixels with a

value smaller than the threshold with 0 (black).

Two morphological operations are applied to the binary image. First, an iterative
thinning algorithm skeletonizes the image by reducing lines to minimally connected
strokes, one pixel thick. The second morphological operation, applied to the
skeletonized image, is an algorithm that locates branch points, which identify the
confluences of ridgelines or valley lines. Beginning at the branch points, a tracing

algorithm converts the binary grid lines to vector lines (Figure 5(c)).
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3.6. Generalization of Ridgelines

Applying a graph analysis to a network of ridgelines generalizes line geometry and filters
out short, unimportant ridgelines before the illumination adjustment. A graph is a series
of vertices connected by edges. An undirected graph is constructed from the skeleton
lines: ridgelines and valley lines are edges and vertices are located where lines converge.
Generally, each vertex has degree three, meaning three edges connect to every vertex.
The graph is without loops—no edge connects a vertex to itself—and there are no

duplicate edges.

Short leaf edges—edges that are only connected on one side to the graph—are
removed with a graph analysis algorithm. The result of the algorithm applied on a

schematic ridgeline network is shown in Figure 8.

@) (b) (0) (d)

Figure 8. Graph analysis for ridgeline simplification. Shortest leaf edge is identified (a)
and removed (b). Vertex with degree two is removed (c) and the two remaining edges
are connected to form a new edge that replaces the original two edges (d).

The algorithm is applied iteratively on the graph until there are no edges shorter than a
designated threshold. On each iteration, the algorithm first locates the shortest leaf
edge in the graph (Figure 8(a)) and then removes the edge if it is shorter than a user-
defined threshold (Figure 8(b)). Once the edge is removed, the vertex it was connected
to becomes degree two and is also removed from the graph structure (Figure 8(c)). The

two remaining edges that shared the removed vertex are connected to form one new
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edge, which replaces the two original, separate edges (Figure 8(d)). Connecting and
replacing the two original edges is necessary because the original edges may be shorter
than the threshold and will also be removed, but the new combined edge may be longer
and will remain in the graph structure. The graph analysis serves as a means to adjust

the level of generalization to map scale of the resulting shading image.

Additionally, a line simplification algorithm, such as the Douglas-Peucker simplification
algorithm (Douglas and Peucker 1973), may be applied to the ridgelines and valley lines

to simplify the diffusion curve geometry (Figure 9).

N

Figure 9. Diffusion curve shading without line simplification (left) and with line
simplification (right).

3.7. lllumination Adjustment Based on Skeleton Lines

Local variations in the direction of illumination are determined by the spatial orientation
of a ridge or valley. Similar to the method presented by Brassel (1974), the direction of

illumination is locally adjusted for each skeleton line according to three variables:

(1) Standard direction of illumination, Dg; [0...27]
(2) Maximum deviation of illumination, D, [O...g]

(3) Aspect of a ridgeline or valley line, 5 [0...2m]
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The standard direction of illumination (D) and the maximum deviation of illumination
(Dynax) are specified by the user. D,,,,, is the maximum angle the adjusted illumination

direction is allowed to deviate from the standard illumination.

Aspect (f3) is calculated from the orientation of each line segment. The difference (k)

between the standard direction of illumination and aspect is computed: k = Dy — . If

k<0 k=k+mFork< g, the deviation of the illumination direction (D) from the

standard direction of illumination for a ridge or valley is D = %}”2‘“‘ X k.Fork > g,
D = %’/"2‘“‘ X k + 2D, 4, The adjusted illumination direction for a ridge or valley is

equal to Dg; + D.

Figure 10, a graphical representation of the illumination adjustment method, illustrates
how the illumination direction is adjusted for sample ridgelines trending in (a)
northeast, (b) northwest, and (c) north-south directions. For a northeast-trending ridge,
k = 0 and there is no adjustment of the illumination (Figure 10(a)). In this case, the

standard direction of illumination is already striking the ridgeline in an optimal position.
For a ridge or valley that is parallel to the standard direction of illumination, k = gand
the deviation (D) equals the maximum deviation (+D,,,,,) (Figure 10(b)). For a north-
south-trending ridge, k = % and there is a moderate adjustment to the illumination

direction (Figure 10(c)).



20

D"lﬂx D’"ﬂx \ DW{IX
D 0 k D OT | v k D -‘V \ &

max max max

4 i ‘ A';f;' &y
(@) (b) (©
Figure 10. Illumination adjustment method. (a) Northeast-trending ridge receives no
adjustment; (b) northwest-trending ridge receives maximum adjustment; (c) north-
south-trending ridge receives moderate adjustment. The vertical axis represents the

deviation (D) of the illumination direction from the standard direction of illumination
(Dg¢)- The horizontal axis is the difference (k) between Dy, and the aspect (f3).

Aspect and the adjusted illumination directions calculated from non-simplified ridgeline
and valley line segments are highly variable (Figure 11(a)). To reduce the variability of
adjusted illumination directions, a line simplification algorithm, such as the Douglas-
Peucker simplification algorithm (Douglas and Peucker 1973), can be applied to the
vectorized ridgelines and valley lines (Figure 11(b) and (c)). Simplifying the line geometry
for computing the adjusted illumination results in more regular gray values along ridges

and valleys.
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Figure 11. Douglas-Peucker line simplification for reducing the variability of adjusted
illumination directions. (a) Aspect calculated from original line geometry; (b) aspect
calculated from line geometry simplified with low tolerance; and (c) aspect calculated
from line geometry simplified with higher tolerance.

Gray values assigned to the left and right sides of the diffusion curves are calculated

using the adjusted illumination directions and simplified line geometry. Gray values are

cos(a)+1

computed using aspect-based shading (Moellering and Kimerling 1990): g4, = 5

where g4sp,[0 ... 1] is the gray value derived from the aspect and « is the angle between
the aspect and azimuth of the adjusted illumination source. Multiplying g,s, by 255
determines the gray value assigned to the diffusion curve. Jeschke et al.’s diffusion

curve algorithm creates a shaded image from the gray values and diffusion curves.

The adjusted illumination method presented is based on Brassel’s (1974) method.
However, Brassel manually digitized the ridgelines and valley lines, whereas we have
automated the digitizing process. In Brassel’s method, the illumination directions, not
the brightness values, are diffused across a geographic space. The light direction is

adjusted by applying a different model than Brassel used.
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3.8. Valley Floor Identification

One of the primary design principles of Swiss-style relief shading is the placement of a
bright gray tone in flat areas, such as valley floors, to visually connect adjacent mountain
slopes (Imhof 1982). Valley floors, defined as relatively broad, flat regions within a
valley, are detected using a seed fill algorithm based on the work of Straumann and
Purves (2008). Our seed fill algorithm requires two inputs: (1) a terrain model, and (2) a

stream network.

A flow accumulation grid is calculated from a terrain model as described in Section
3.3.1. Imposing a channel initiation threshold value on the flow accumulation grid
produces a stream network raster. Stream cells are used as seed points for the seed fill
algorithm. Beginning at the seed points, the algorithm tests whether the vertical
difference between a seed cell and a neighboring non-seed cell is less than a specified
gradient threshold. If the condition is met, the non-seed cell belongs to the valley floor
and is filled. Cells neighboring filled cells are queried and filled in the same manner. Cells
that have not been identified as valley floor cells, but are neighbored by at least four
filled cells are filled to reduce patchiness. The seed fill algorithm is run iteratively until
no new valley floor cells are detected. The result of the seed fill algorithm is an image
that is overlaid on top of the diffusion curve shading and analytical relief shading as a

mask for the valley floors.

3.9. Software Used

Our method combines multiple methods, processes, and software that operate
successively on a digital terrain model. The maximum branch length algorithm is
implemented in Whitebox Geospatial Analysis Tools (GAT) (Lindsay 2009), an extensible

open-source GIS and remote sensing software package developed at the University of
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Guelph Centre for Hydrogeomatics. Using Python programming language, we wrote
scripts for Whitebox GAT that applies the tilting method to a terrain model. Flow
accumulation and stream network grids are calculated using the Flow Accumulation and
Raster Calculator tools in Esri’s ArcGIS software. Ridgelines and valley lines are
skeletonized and branch points are located with MATLAB’s bwmorph function. We trace
skeleton lines with a custom algorithm in MATLAB. The graph-based network analysis,
local adjustment of illumination, and simplification of ridgeline and valley line geometry
are executed with a custom Java application. We use the open-source JGraphT Java
library for the graph analysis and manipulation (Naveh 2011). Open-source diffusion
curve software developed by Jeschke et al. (2009) renders the final shaded image. We
wrote the seed fill algorithm for detecting valley floors in MATLAB. Adobe Photoshop
CS6 is used to overlay the diffusion curve shading on top of the analytical relief shading

and mask the valley floors with the output from the seed fill algorithm.
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4. EVALUATION AND RESULTS

Three study sites with different terrain characteristics were chosen to assess the
feasibility and effectiveness of our method: (1) alpine terrain in southern Switzerland
with an altitude difference greater than 3,000 meters; (2) pre-alpine terrain with hilly
topography in Switzerland; and (3) a section of the Central Coast Range, Oregon, USA
with a dense and complex drainage pattern. For the two test sites in Switzerland, we
used the DHM25 terrain model from the Federal Office of Topography swisstopo with
25-meter resolution. For the Oregon study site, we used 10-meter resolution National
Elevation Data provided by the U.S. Geological Survey. For all three sites, the relief
shading generated with diffusion curve shading and locally adjusted illumination
directions better highlights major landforms while still showing smaller details in each of
the three sites (Figures 12 to 14). Important mountain ridges are emphasized with
increased contrast between bright, illuminated slopes and dark, shadowed slopes.
Locally shaded and illuminated slopes provide better structure to the terrain, thereby
improving the aesthetic quality and helping users distinguish large features. Based on
the three study sites, we determined the optimal standard direction of illumination (Ds;)
to be from the west-northwest at 160° with a preferred maximum deviation angle

(D) OF 30°.

4.1. Alpine Terrain

Ticino, the southernmost canton of Switzerland, is located in the central Alps. The high,
sharply defined peaks and deep valleys dominating the steep mountainous landscape
make Ticino an ideal study site for demonstrating effective relief shading. Pizzo Erra
(Figure 2), the highest point in the mountain ridge located north and slightly west of
center in Figures 1 and 12, is a particularly interesting feature for evaluating relief

shading methods because it is oriented parallel to the standard direction of illumination.
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Since Pizzo Erra is illuminated from a direction parallel to its ridge in standard analytical
relief shading, the peak appears flatter than its actual appearance in the natural
landscape. Ticino was also chosen because a manual relief shading reference image,
drawn by Imhof and Leuzinger in 1963 (Figure 1), can be used for comparison. Figure 12
shows (a) the analytical relief shading, (b) the diffusion curve shading generated with
our method, and (c) the final relief shading produced by overlaying the diffusion curve
shading on top of the analytical relief shading. In the final relief shading, Pizzo Erra is
locally illuminated from a more westerly direction, which accentuates the ridge and
makes it appear more realistic. When comparing Figures 1 and 12, it is evident that the
combination of standard shading and diffusion shading closely matches the visual
quality of manual relief shading. Large landforms are more clearly visible because
mountain ridges are structured in distinct shaded and illuminated sides, and small

details of the standard shading are still visible in the combined shading.
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Figure 12. Alpine terrain results. (a) Standard analytical relief shading; (b) diffusion
shading; (c) combination of analytical shading and diffusion shading (scale
approximately 1:500,000).
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4.2. Pre-alpine Terrain

The Glrbe Valley, and the surrounding Prealps region, in Switzerland were chosen as a
study site due to its hilly relief with flat areas. Flat relief poses a significant challenge to
creating effective, descriptive shading because transitions between illuminated and
shaded slopes are smooth. Due to the flatter terrain, mountain passes, and rounded
hills in the Gurbe Valley, the maximum branch length algorithm initially identified
ridgelines that resulted in visually disturbing, unnatural interruptions in the diffusion
curve rendering. The tilting and filtering process, explained in Section 3.4, was applied to
the region, which retained significant ridgelines and successfully removed problematic
ridgelines. A 10 percent elevation grade for y produced optimal results for this study
site (see Figure 7). The result of the diffusion shading is shown in Figure 13. The
diffusion shading better highlights select terrain structures and creates a more
descriptive and attractive image. However, the diffusion shading effect is not as strong

as in the alpine example (Figure 12).
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Figure 13. Pre-alpine terrain results. (a) Standard analytical relief shading; (b) diffusion
shading; (c) combination of analytical shading and diffusion shading (scale
approximately 1:350,000).

4.3. Terrain with Complex Drainage Network

The third study site is a section of the Central Coast Range in northwest Oregon. The
terrain is steep with defined ridges, but has generally low relief. There are fewer

prominent peaks than in the Swiss Alps and the dense drainage network makes it
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difficult to define large terrain features. Ridges and valleys are difficult to identify. The
standard analytical shading portrays the dense and intricate drainage patterns poorly.
Results of the diffusion shading, shown in Figure 14, show improvement in terrain
structure visualization. Discrete landforms are emphasized while smaller topographic
details, although still present, are more subdued. llluminated and shaded slopes make it

easier to distinguish the various hydrographic flow patterns in the complex terrain.
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Figure 14. Results for terrain with complex drainage network. (a) Standard analytical
relief shading; (b) diffusion shading; (c) combination of analytical shading and diffusion
shading (scale approximately 1:450,000).
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5. CONCLUSION

The presented automated digital method for creating relief shading simulates the
cartographic design techniques and principles associated with Swiss-style manual relief
shading. Our method is a combination of multiple methods that automate the local

adaptation of illumination in relief shading using a diffusion curve rendering algorithm.

The diffusion shading best highlights major landforms in terrain characterized by sharp,
clearly defined ridges and valleys, as can be seen in Figures 12 and 14. The benefits of
the diffusion shading are less pronounced in flatter topography and regions with
rounded hills (Figure 13). For this type of terrain, however, the tilting method effectively
removes irrelevant or visually disturbing ridgelines that do not fit the natural
characteristics of the landscape. For each study site chosen to test the feasibility of our
method, the diffusion shading enhanced the analytical shading to produce relief shading

that depicts major landforms more clearly and is more aesthetically pleasing.

Our method presents an alternative to other filter-based generalization approaches,
which typically smooth ridges (Guilbert et al. 2014). However, sharp terrain structures
need to be retained to illustrate the characteristic shapes and structure of mountainous
terrain. With our method, the user can adjust the level of detail in the shaded relief by
choosing parameters for line geometry simplification and graph-based simplification.
These approaches retain the sharp features of mountainous areas that are often

eliminated or smoothed with other generalization techniques.

There are some limitations to our method. The spatial extent of the terrain model can
impact the result of the maximum branch length algorithm. If the confluence of flow
paths is located beyond the extent of the terrain model, the maximum branch length

value may be underestimated. Runtime for the various processes is also influenced by
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the extent of the terrain and the topography of a selected site. The vectorization, graph
analysis, illumination adjustment, and diffusion curve algorithms all have fast
completion rates ranging from a fraction of a second to a few seconds. However, the
time to run the maximum branch length algorithm is highly variable, taking anywhere
between several minutes—for a small terrain extent with a simple ridge network—to
several hours for a larger extent. The tilting process for relatively flat terrain requires
the maximum branch length algorithm to be run up to eight times, one for each cardinal
and intercardinal direction, and is often a time-consuming task requiring multiple hours
for computation. We believe the maximum branch length algorithm computation could
be accelerated, but to do so requires further research. Although the seed fill algorithm is
able to identify the majority of the valley floor, results for all three sites contained
unwanted artifacts, such as patches, which required correcting with image editing

software to make a suitable mask for the final shaded relief image.

Future developments could be made to incorporate hypsometric tinting or colors that
are modulated by elevation and exposure to illumination (Jenny and Hurni 2006). A
possible extension to our method could be integrating the numerous software
applications we used into a user-friendly interface, which could make our method more
accessible to a larger audience. It would be interesting to explore whether highlighting
major landforms with locally adapted illumination directions impacts the relief inversion
effect (Bernabé Poveda and Coltekin 2014). It is our hope that the results presented in
this article inspire cartographers to continue improving the quality of analytical relief

shading.
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