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Figure 1: A typical example of terrain authored by artists for a AAA game: given an input low-resolution model composed by assembling
majors landforms, a high-resolution elevation model augmented with details is generated after computing the slope, sky illumination, acces-
sibility, and drainage, not only to amplify the elevation but also synthesize vegetation occupancy and plausible village settlements.

Abstract

Synthetic landscape generation is an active research area within Computer Graphics. Algorithms for terrain synthesis and
ecosystem simulations often rely on simple descriptors such as slope, light accessibility, and drainage area. Typically, the results
are assessed from a perceptual standpoint, focusing primarily on visual plausibility. Other fields, such as Geomorphology and
Earth Sciences, have already proposed several analytical descriptors to measure various terrain properties. This work aims
to bridge the gap between these disciplines and Computer Graphics. We provide a comprehensive review of commonly used
terrain metrics that may be relevant for landscape synthesis, analysis, or simulations. Additionally, we compare the approaches
used in Computer Graphics to see if these metrics, or similar ones, have already been introduced. Moreover, we report feedback
from a preliminary study conducted with a group of artists to evaluate the potential applications of previously unused metrics.
By implementing all these metrics, we enable performance comparisons. Together with the provided correlation matrix, this
helps identify instances where a simpler and faster metric can serve as a proxy for a more computationally intensive one.
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1. Introduction

Terrain synthesis has been an active area of research in Com-
puter Graphics. Although the first approaches relied on procedu-
rally defined fractal noise functions that resembled peaks and val-
leys [KMN88, MKM89], the emphasis progressively turned to-
wards more authentic modeling either by simulating the underly-
ing geological processes [KMN88, RPP93, NWDO5] or by imitat-
ing or assembling landforms structures from exemplars gathered
from real elevation data [ZSTR07, GDG*17]. A complete descrip-
tion of the vast variety of existing terrain generation methods is
beyond the scope of this paper and a state-of-the-art can be found
in [GGP*19]. Recent results obtained by Computer Graphics re-
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searchers demonstrate that visually appealing, hydrologically co-
herent, and sometimes geomorphologically convincing scenic land-
scapes can be synthesized and authored according to artists’ intent.

Nonetheless, evaluating the output of terrain synthesis methods
remains a challenging problem. Beautiful rendering of landscapes
is sometimes complemented with a perceptual study validating that
a proposed method seems more plausible than previous competi-
tors. Nevertheless, casual observers may not be qualified to evaluate
the overall realism of terrain morphology, and it is a nearly impos-
sible endeavor to obtain a sufficiently large group of geologists or
geomorphologists to get statistically significant results.

The rationale of this work comes from the observation that Com-
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puter Graphics synthesis approaches often rely on relatively simple
metrics, such as gradient, slope, illumination accessibility (see Fig-
ure 1), or recently on drainage area computation algorithms, even
though a variety of metrics exist in geomorphology for analyzing
the characteristics of terrains.

This survey aims to bridge the gap between geomorphology liter-
ature and Computer Graphics by providing a comprehensive review
of commonly used metrics in geological and Earth sciences that
could be useful for terrain analysis and synthesis in CG. Our con-
tributions are as follows: 1) We present a state-of-the-art overview
of metrics used for analyzing terrains in geomorphology, organized
into different categories: fundamental mathematical operators, vis-
ibility, landform analysis, hydrology, orometry, and river/ridge net-
work characterization. 2) For every category, we compare the met-
rics employed in geomorphology with methods used in Computer
Graphics and report artists’ feedback about their potential utility;
3) We provide the reference implementation used to obtain the fig-
ures and timings. Tables 1 and 2 summarize all the metrics along
with their properties and performance, and Figure 52 displays their
correlation matrix. In the conclusion, we analyze and discuss how
some geomorphological metrics could be effectively used in Com-
puter Graphics.

2. Local surface properties

Let us represent a terrain surface 7 as a height field function A(p) :
R? — R for every point p = (x,y) in a spatial domain Q C R>. We
denote the directional derivatives as iy = 0h/dx, hey = 9°h/dxdy,
e = 0%h / 9x2, and so on. The surface area of Q, expressed in m?
or km? depending on the size of the domain, is denoted as Ag,
whereas the area of the surface of the elevated terrain will be de-
noted as A7. We denote max /() = maxpcq(p), and use similar
notations for the minimum. #(Q) denotes the mean value of ele-
vations inside Q, and Ah() = maxh(Q) — mink(Q) the range of
elevation within Q.

Digital Elevation Models (DEM), of-
ten referred to as discrete heightfields or
elevation maps in Computer Graphics,
are the most common representation for
terrains. They consist of a set of altitudes
arranged on a regular 2D grid. A regular
square grid is defined by its rectangular
region Q with n subdivisions. In this rep-
resentation, only the altitudes z;; = (p;;)
are stored at the vertexes of the grid p;;
with the size and resolution of the do-
main Q. The distance between point sam- Q.
ples will be referred to as & > 0. While
the heightfield representation cannot model overhangs, arches or
caves [PGP*19], it is the most widely used nowadays as cartogra-
phy and topography data is provided in the form of DEM.

Figure 2: Window

Throughout this paper, the properties are expressed whenever
possible in a continuous fashion, i.e. we can compute the metric at
any position p € Q and obtain a metric map over the domain Q. In
many cases however, the metrics operate locally over a given neigh-
borhood typically prescribed as a circle of a given radius around the

sample location. Computations are often performed over a discrete
squared moving window Q, of size (2n+ 1) x (2n+ 1) centered at
p (Figure 2). Thus Q represents the classical 3 x 3 window. Here,
we omit Q, dependency from the variable names and function pa-
rameters whenever evident out of clarity.

2.1. Gradient, slope and orientation

The gradient computed from the first order derivatives contains in-
formation about the orientation and steepness of the terrain. The
gradient of a height field at point p indicates the steepest direction

and is defined as:
oh oh
Vl’l = (g, g) = (h)ﬁhy)

It is usually approximated using finite differences.

The norm of the gradient corresponds to the slope of the terrain,
which can also be expressed as an angle [3:

s(p) = ||VA(p)l| = \/ Iz + g

Note that the directional slope, i.e., the slope between two points
p and q is defined as:

B(p) = arctans(p)

[(p) —h(a)|

llp—al|
The average slope at a point slightly differs from the slope s and
is defined as the average of directional slopes in many directions
around p:

5(p,q) =

n

Sp) = Y s(pp+ed)
i=1

d; = (cos2mi/n,sin2mi/n)

In many Computer Graphics applications, we need to compute
the surface normal at p:

__(=Vh1)  (=hg—hy1)
n(P) \/1+(Vh)2 \/1+h%+h§

The terrain aspect (Figure 3) is the direction of steepest slope
opposite to the direction of the gradient. It is often given as the az-
imuth, which in cartography is defined as the clockwise angle with
respect to the North direction. Assuming the y and x axes point

Figure 3: Slope and aspect.
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towards the North and the East respectively, the aspect angle is de-
fined as [GWO00]:
hy T hy
a(p) = T — arct: —= ——— =atan2(hy,h
(p) arcan<hx)+2‘hx| atan2(hy, hy)

Note that y and x axes are swapped with respect to the mathematical
definition of atan2. Since o.(p) exhibits a discontinuity between 0
and 27, some authors [WOB™*07] prefer to use the notions of east-
ness and northness as the two components that define orientation
continuously: sin(c(p)) and cos(c(p)), respectively.

2.2. Laplacian

Second derivatives, or the rate of change of slopes, are widely used
in terrain analysis. The Laplacian is defined as the divergence of
the gradient, or the sum of unmixed second derivatives:

AR =V -Vh = hyx + hyy

The Laplacian Ah(p) measures how much the average of 4 in a
small sphere centered at p deviates from A(p), so it can be inter-
preted as a measure of curvature (see Section 2.3 for a discussion
about curvatures).

K M
> SRS e :
_| | Fractional Laplacian (s=0.5) ‘ N

Figure 4: Laplacian and fractional Laplacian.

Unlike the Laplacian, which is a local operator, the fractional
Laplacian (Figure 4) represents a key example of the broad cate-
gory of non-local operators. It can be interpreted as measuring a
weighted average rate of change of / across all scales, incorporat-
ing contributions from distant points and reflecting long-range de-
pendencies. There are many equivalent definitions of the fractional
Laplacian in R", we refer the reader to [DL22] for a short survey.
Here we use the secondly most used definition in the literature in
the form of a well-defined integral on RR? as follows:

(~A)h(p) = —3C(ns) [ h(p+y) ]iﬁﬁﬂ +hp=y)

Since the function being integrated is symmetric, it is possible
to optimize the computation by evaluating the integral on half of
the domain. Moreover, the normalizing constant C(n,s) may be
omitted, as many applications use normalized fractional Laplacian
maps. Please refer to Appendix A for additional details about C and
the relationship with the usual Laplacian operator.

2.3. Curvatures

The curvature at a point p on a curve corresponds to the inverse
of the radius of the osculating circle, the circle that better approxi-
mates the curve at that point. On a surface, however, the curvature

© 2025 The Author(s).
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Figure 5: Example of curvatures computed on a height field using
fitted interpolating quadrics on Q3.

depends on the direction chosen, since there are infinitely many
curves that pass through a point. Figure 5 illustrates some mea-
sures on a terrain and shows how curvature can be used to identify
ridges and the bottom of some valleys.

S T

— Gradient direction
Figure 6: Illustration of different types of curvatures.

Given a normal cross-section at a point p, the curve defined by
the intersection between the surface and a plane containing p and
n(p), we can measure a normal curvature Kn. The two principal
curvatures correspond to the maximum and minimum values of all
the possible normal curvatures: Kmax and Kpy,. Their product de-
fines the Gaussian curvature:

hchyy — By
(hg+h}+1)2
and their arithmetic mean as the mean curvature:
(143 he — 2heyhchy + (14 B3 ) hyy
2(h3+h3+1)3/2

From these, we can derive the maximal and minimal curvatures:

K%,I—KG Kmax:KM+\/K%4_KG

Shary [Sha95] defined some curvatures that depend on the slope
direction, i.e., that represent features affected by gravitational pro-
cesses (Figure 6). Profile curvature, also called vertical curvature,
is the curvature of the line created by the intersection of a vertical
plane in the slope direction. It measures the rate of change of slope,

KG = Kmax " Kmin =

Ky = (Kmax +Kmin) =

N =

Kmin = Ky —
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i.e., the acceleration and deceleration of flow.

Rach + 2hayhyhy + hyyhi
(h2+13)(h2 + 13 +1)3/2

Kpro = —

Contour curvature, also named plan curvature, measures the cur-
vature of the line created by the intersection of the horizontal plane
and the surface. It provides information about the convergence or
divergence of flow.

hxh? — 2hayhychy + hyyh
(3 + h5)3/2

Keon = —

Tangential curvature, also called horizontal curvature, is a nor-
mal curvature measured from the intersection curve between the
surface and the normal plane containing a direction perpendicular
to the slope aspect. As reported by [GWOO]: it is more appropriate
to studying flow convergence/divergence because it does not take
extremely large values when slope is small.

Rach — 2hayhihy + hyyhy
(h} +h}) (W2 +n3 +1)1/2

Ktan = —

There are multiple other curvatures that can be found in the
literature, such as rotor, unsphericity, ring curvature, or hori-
zontal/vertical excess curvature. We refer the reader to [SSMO02,
SEBO03, Flo16] for their definition and formulation, and [SEB03]
for a comparison of interpolation methods used to compute them
from discrete grids.

2.4. Quadric surface fitting

Some techniques to compute deriva-
tives and curvatures involve fitting a

possibly low degree polynomial surface hi M2 hs
near p. Evans [Eva80] proposed a bi- h | hso | h
variate quadratic surface: z = apgx” + 4| p | ¢
agy” + ayxy + ajox +aory + ao YT_h: T hy G o)
1
The parameters can be estimated us- X

ing least squares. For a 3 x 3 neighbour-
hood and square grid distance between

. .. Figure 7: Notations
points d, the exact expression is a func- g

tion of the nine cell values and their spa- for quadric fitting
tial scale (Figure 7).
azo = ((h1 +h3+hg +he+h7+hg) —2(hy + hs +hg))/652

agy = ((h1 +ho +h3 +h7 +hg +hg) —2(hg + hs +h6))/652
ayy = (h3+hy — hy — ho) /48
ayo = (h3+he+hg —hy —hg —h7)/60
a01 (h1+ha+h3 —h7 —hg — hy) /68
= (2(hp + hg + hg + hg) — (h1 + h3 + h7 + ho) + 5hs) /9

One way to vary the spatial scale of the fitted surface is to re-
sample the terrain such that the given 3 x 3 window ; has the
desired scale. Instead, [W0096] proposed a solution that general-
izes to n X n windows and fits a quadric to the original data on a
larger extent (see Appendix B for details).
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2.5. Relief, ruggedness and roughness

The norm of the gradient or slope is not the only metric that is
used to model steepness of a terrain (see section 3.2 in [GWO00]).
A direct metric is the elevation range Ahg inside a square domain
Q,, sometimes referred to as local relief:

Ah = max h(q) — min &
o, (p) max (q) min (q)

We can define the local mean and and the local variance of the
elevation as, respectively:

_ 1
h(p) = Wqénh(‘ﬂ
1 _
o2 (p) = nr1P=1 qezf"zn(h(q) —h(p))®

The commonly used Topographic Position Index (TPI) [WeiO1]
(see Figure 8) is defined as the difference between elevation and the
mean elevation [GWO00]:

1(p) = h(p) — h(p)

Since its range of values depends on the window and the terrain,
sometimes it is normalized using the standard deviation so that
most of its range fits in the [—1, 1] interval:

Radius 6000m

Radius 1500m

Figure 8: TPI computed with 1500 and 6000 m radius.

Riley et al. [RDE99] introduced the Terrain Ruggedness Index
(TRD):

0.5
r(p) = < Y (h(q) —h(p)f)

qeQ,

Although the formula looks very similar to the standard deviation,
the Ruggedness Index uses 4(p) instead of A(p). It is possible to de-
fine this index using absolute values instead of squares [WOB™*07]
over QfF = Q, —

(p) = -

n2

Y, |h(q)—h(p)|

qeQy

Jenness et al. [Jen04] defines rugosity (Figure 9) as the ratio be-
tween the surface area A7 of the terrain in the squared window

© 2025 The Author(s).
Computer Graphics Forum published by Eurographics and John Wiley & Sons Ltd.



0. Argudo, E. Guérin, H. Schott and E. Galin / Terrain descriptors review 50f29

and its projected planar area Ag:

_Ar(p)
Aa(p)

Computing the surface area requires

building the triangle mesh connect-
ing the centers of each cell with its 8
neighbors and then summing the area
of every triangle, whereas the planar
area is directly obtained from the ex-
tent of Q.

p(p)

A‘/\/V
L,

Q

Figure 9: Rugosity.
Lindsay er al. [LNF19] differenti-

ate between the variability in the el-

evations — which they refer to as ruggedness, in a similar sense

as the TRI and local relief metrics described above — and surface

roughness, which measures the complexity of the surface. These

two properties are complementary: we can have a relatively flat but

complex terrain (low ruggedness, high roughness) or the opposite,

a smooth steep slope (high ruggedness, low roughness). Therefore,

they define roughness at p as the dispersion of surface normal di-

rections in the neighborhood ,, and measure it as the spherical

standard deviation:

180 ~ 1

“2Inlnll - —= n- ———— n
o 12 e L

os(p) =

The vector f is the average of the (2n + 1)2 unit normals in Q.
The roughness is equal to O for flat or inclined planes in which
all normals point to the same direction, and increase with surface
texture complexity and normals divergence.

As pointed out in [Smil4, LNF19], the term roughness is often
used as a generic term referring to properties related to local re-
lief or ruggedness, to properties measuring surface complexity, and
even combinations of both factors. Figure 10 illustrates the metrics
described in this section. For a comparison of additional rugged-
ness and roughness metrics, we refer the reader to [WYL18].

4 . 9
= - [~
1 Py L T pd
- " ! = .
S s -
e 3 A
-~
-
& N
~ . - .
Local Variance g - Rugosity w -
. - pronw Y N #
e T ——
-~ s ZS BN %
~ PR Sl e
‘\‘\ I /_}7' - 4 =
2 P - = ¢ A
e~ X 2
_ q‘ - ; .
Surface Roughness ‘ Terrain Ruggedness L -

Figure 10: Different relief descriptors computed on Q.
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2.6. Asymmetry

By combining the aspect with other metrics, asymmetries can be
studied. For example, [PPFB12] use the slope to compute Hillslope
Asymmetry. Given an aspect direction 0, Hillslope Asymmetry is
defined as:

5(p,6)
HA(p) - lOglO (E(p,9+n) )
where 5(p,8) = median(s(q)) for locations q such that |ol(q) — 6| <
0o and d(p,q) < r. The parameter 0 defines the angular spread
around 6 and r the maximum distance or window size around p
(Figure 11). From this definition, it follows that the asymmetry of
other continuous metrics correlated to orientation can be analyzed.

Y
- ~
= = Y S e
AT T ‘ g
I S L r'\ @i :‘«;‘ -
. 5 - o - ey
¥ nd ﬁ&i N '\l\ o
| ' - : 4 o ;’s A
PR TEK . ‘\M i
- B \ % “\ R,
Ma» o y h{ S AN
4 7, =% RS T
North-South East-West

Figure 11: North-South and East-West hillslope asymmetry for r =
Skm, scale goes from positive to negative, white is symmetric.

In other cases, asymmetry has been studied with respect to a
given linear landform feature, such as a river path or a ridge curve,
which requires delineating this features as described in Section 7.1.
An asymmetry index for a given property X can be defined as sug-
gested in [SS20,JRS*22]:

| AL — AR
XL+ AR

where X7 and Xy are the values of the property measured at either
side (left/right) of the feature.

Asymmetry(X)

2.7. Analysis

Simple metrics such as gradient and slope are widely used in Com-
puter Graphics in the context of terrain generation, ecosystem sim-
ulation, virtual city and road network generation.

The slope is at the heart of most erosion techniques such as hy-
draulic and thermal erosion, we refer the reader to the state-of-the-
art review by Galin et al. [GGP*19] for terrain generation tech-
niques. Hydraulic erosion usually refers to a set of erosive pro-
cesses involving the transport and deposition of sediments, whereas
thermal erosion often refers to a group of various erosional pro-
cesses other than hydraulic erosion. Both have been widely used
since the pioneer works [MKMS89, RPP93]. The Stream Power
Equation combines the slope and the drainage area (see Section 5)
to compute the amount of erosion [CBC*16, CCB*18]. The hill-
slope erosion process tends to transport sediments in the direc-
tion of the gradient and can finally be expressed as a diffusion-
like process involving the Laplacian [CEG* 18]. Thermal weather-
ing encompasses different phenomena but can also be described
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as a diffusion process that smoothes landforms, which is often
achieved by introducing a Laplacian-based term in the erosion
equations [CBC™16,SPF*23]. Aeolian erosive processes often rely
on the computation of the wind flow whose direction and veloc-
ity are approximated by procedural rules from the elevation above
the ground and the local slope. This has been used in the con-
text of snow transport modeling [CEG*18] and desert dune sim-
ulation [PPG*20].

The slope is also a natural proxy for approximating the amount
of soil deposited on the underlying terrain bedrock as it has the ad-
vantage of being local and fast to compute. The presence or density
of vegetation can be approximated according to slope since vege-
tation hardly grows on steep slopes. It is thus widely used in pro-
cedural modeling together with altitude ranges in order to populate
terrains with specific species. On the ecosystems simulation side,
abiotic conditions usually encompass simple characteristics of the
terrain such as the altitude or the slope [MHS*19,KGG*20].

Modeling in the domain of the gradient has been successfully
used to build an interactive terrain editor based on a constrained
Poisson reconstruction [GPM*22]. Finally, the slope is also used in
the context of village generation [EBP*12] and particularly road
path computation [GPMGI10], as steep slopes prevent road and
building construction.

Slope, curvature [KS14], Laplacian and particularly fractional
Laplacian [Brol4] have been used in Cartography for effective
relief shading and enhancing topographic details. A complete
overview on cartographic shading techniques is beyond the scope
of this paper; we refer the reader to a recent article [JHS*21] and
to the survey paper [FSH20] for a comparison of shading tech-
niques. In Computer Graphics, exaggerated shading [RBDO06] has
been investigated for a wider range of objects.

Local surface properties such as slope or Laplacian are com-
monly used by artists to guide procedural populating of materials
and vegetation. Their comments in our artist feedback study (see
Section 8) show that curvatures are not yet exploited and could be
used to add high-resolution details onto terrains by providing in-
teresting patterns. Another interesting feedback is the potential us-
age of the fractional Laplacian to a proxy for sediment deposition
maps.

3. Visibility

Visibility is a particularly interesting descriptor in many applica-
tions such as forest management, landscape planning or archaeol-
ogy [L1003] and has been extensively studied in Geographic Infor-
mation Systems (GIS).

3.1. Viewsheds

The viewshed of a point V(p) is defined as the set of points visi-
ble from p. This definition relies on the line-of-sight between two
points: p and q are mutually visible if the segment pq does not have
any intersections.

In the case of terrain analysis, the potential occluder is typically
the terrain surface. The observer p and target q are often points

on the surface of the terrain 7. Some applications may consider a
point above it, e.g., to account for the height of a standing observer
or a watchtower. In this case, visibility may not be reciprocal.

If instead of a single observer we use a set of observer locations
P, we can define the cumulative viewshed [Whe95] of P as the
logical union of individual viewsheds (Figure 12), i.e. the set of
points that are visible from at least one location in P:

V(P)=|J V(p)={qeT|IpeP,.qeV(p)}
peP

The visibility index vigx (p) allows to compare different observer
locations by measuring the area (or locations count) seen from p:

vi(@) = Y, Alq)

q€V(p)

A(q) represents the area of q, or 1 in the case of counting discrete
locations. In certain contexts, the reciprocal definitions of viewshed
and visibility index are applied, where points q indicate the loca-
tions from which p is visible.

Fisher [Fis92] introduced the concept of fuzzy viewshed to ac-
count for potential uncertainty in /4 that may affect visibility. Unlike
a binary viewshed, where q € V(p) strictly denotes that q is visible
from p, a fuzzy viewshed assigns a value V(p,q) € [0, 1] to indicate
the likelihood of q being seen from p. In [Fis92], this likelihood is
computed as the proportion of binary viewsheds in which q € V(p),
each viewshed generated from a different perturbed terrain surface
T. Viewshed uncertainty can also be applied to the observer, the
targets, or atmospheric conditions, for example.

The complexity of a viewshed is intuitively related to the num-
ber of local maxima in the domain Q. However, as demonstrated
in [AJL*21], merely counting the peaks is not sufficient, as a small
adjustment to the vertical axis followed by a rotation can eliminate
all local maxima while still retaining the overall complexity of the
viewshed, i.e.viewshed complexity is invariant under affine trans-
formations. Thus, the authors define prickliness as the maximum
number of peaks in Q across all possible affine transformations.

Since generating viewshed maps can be computationally de-
manding, advanced algorithms leverage previously computed vis-
ibility data from other locations and utilize spatial coherence
[TCZR15] to speed up the calculations. Instead of measuring the
visible surface, Cervilla et al. [CTV*17] propose an efficient algo-
rithm to compute the volumetric viewshed, i.e., the volume visible
from a location.

Visibility index

Viewshed 155

Figure 12: Visibility index of a terrain and viewshed from a point.

© 2025 The Author(s).
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Figure 13: Zenith and Nadir angles d4(p) and Wq(p) at a given
position p and towards a direction d.
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Figure 14: Positive (left) and negative (right) openness.

3.2. Openness

At a given location, zenith and nadir are defined as the opposite ver-
tical directions that point above and below the terrain respectively
in a gravitational sense: i.e. the nadir is aligned with the gravity vec-
tor. Consequently, zenith and nadir angles can be defined as angles
to these directions.

Yokoyama et al. [YSP02] used these angles to introduce the con-
cept of openness. Given a position p and a horizontal (planar) di-
rection vector d, they define the maximum zenith angle ¢g that a
ray can have such that it is tangent to the terrain surface but does
not intersect it (Figure 13); the nadir angle ygq is defined similarly:

da(p) = g — max {arctan <w) }

va(p) = g +I;;()1){arctan <w> }

Positive openness ®(p) is the mean of zenith angles in all direc-
tions, whereas negative openness ¥(p) is the mean of nadir angles
in all directions (Figure 14). A local implementation limits the ray
distance to a user-prescribed maximum for better performance.

3.3. Accessibility and Sky-view factor

Openness can be interpreted as the simplification of the obscurance
or, inversely, the accessibility: the fraction of a sphere of finite or
infinite radius visible from a given location. Alternatively, the Sky-
view factor [DF90,ZOK11] considers the visible fraction of sky, i.e.
the fraction of unobstructed celestial hemisphere H above a loca-
tion (Figure 15). Note that in inclined planes, where an hemisphere
oriented with the surface normal would be fully visible, part of the
sky is occluded. This definition differs from the typical Ambient
Occlusion in Computer Graphics (see Section 3.5 for a discussion).

© 2025 The Author(s).
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Accessibility Sky view

Figure 15: Comparison between accessibility and sky view.

Figure 16: Accessibility and sky-view factor computed with 2048
sampling rays per location.

It is possible to compute the sky-view factor vy, (p) casting rays
from p towards directions sampled on the sky hemisphere (Fig-
ure 16). Another possibility is integrating the horizon angles around
p- The horizon angle at p in direction d is defined as the maximum
angle toward any other surface in that direction:

¢a(p) = max arctans(p,q)

q=p+td, >0

Then, integrating over planar directions around p [DF90]:

21
vy (p) = i/o [cos[.’)cosz(p—k sinfcos(® —a)
(m/2— @ —sin@cos )| dP

The angles p and o denote the slope and aspect angles at p (see
Section 2.1). A simple approximation consists in assuming that the
terrain is flat around p with slope angle B(p):

sulp) = D)

3.4. Solar irradiance

Surface irradiance can be expressed as [DR95]: E(p) = Es(p) +
E A(p) + E7(p), the sum of the direct sun irradiance Eg, the dif-
fuse sky hemisphere irradiance E 4 and the indirect irradiance from
nearby terrain E7 (see Figure 17). Determining actual irradiance
involves defining physical properties like solar radiance, atmo-
sphere composition and phenomena such as transmission scatter-
ing, which is particularly computationally intensive. An important
part of the computation is related to geometric visibility problems
driven by terrain topography. For an extended presentation, we re-
fer the reader to [BA09].

Under clear sky, direct irradiance Eg is the dominant term. Sun
rays are defined by sun elevation or inclination angle 8 with respect
to horizon, and sun azimuth angle ¢ with respect to North. The
angle between rays with direction (6, ¢) and the oriented plane at p
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Figure 17: Terms for solar radiation.

with slope angle B(p) and aspect a.(p) is:
cosY = cos [} sin® + sin } cosO cos(¢ — o)

Occlusions from nearby relief (shadows) are modeled using the vis-
ibility term (p, ®) € {0, 1}. Putting it all together, the direct irra-
diance term is defined as:

Es(p) o max(0,cosY) - ¢(p)

Diffuse irradiance E 4(p) is caused by atmospheric scattering
of incoming rays. Assuming isotropic sky radiance, the sky-view
factor serves as good estimator for E 4(p) since it computes the
fraction of the hemisphere not occluded by nearby relief:

Epqocvy

However, the sky is generally anisotropic - brighter near the horizon
and the sun - and accurate solutions might require ray casting the
sky hemisphere from p.

Indirect irradiance E is the most computationally demanding
term. Accurate computation involves evaluating the Bidirectional
Reflectance Function of the surface terrain and using Global Illu-
mination algorithms to integrate indirect light reflected from visi-
ble terrain. Its contribution to E is typically negligible, except in
specific cases such as snow-covered terrain. Under the critical but
rarely met assumption of isotropic surrounding relief, the equation
simplifies to:

Er =(Es+Ea) ro-vy
where Es and E 4 are the averaged irradiances over visible terrain,
ro the average terrain reflectivity, and v a terrain-view factor esti-
mated as [DF90]:

1+cosP
VTR o v

Finally, even if solar radiation is assumed to be symmetric
on eastern and western slopes, the latter are typically warmer
due to higher moisture near the ground during morning hours,
which increases latent heat flux on east-facing slopes. The Diur-
nal Anisotropic Heat Index [BA09] approximates this as:

0(p) = cos(Otmax — (p)) - arctan B(p)

Where oimax represents the direction with maximal heat surplus
(e.g., 202.5° for SSW), and a and [ are aspect and slope angles,
respectively (see Figure 18, right). Empirical heat load indices can
also be derived from fitted data; for examples, we refer the reader
to [MKO2].

DAHI | /

Figure 18: Direct irradiance Egs for latitude 45°N averaged over
a year (left), and Diurnal Anisotropic Heat Index (right).

lz)| Irradiance | |

3.5. Analysis

Computing the obscurance [SAG98] has been widely studied in
Computer Graphics for Global Illumination and Ambient Occlu-
sion [Lan02, MFS09]. Visibility, also referred to as accessibility
[Mil94], is frequently used for determining the amount of light ac-
cessing a point and shading. Formally, for a point p with a nor-
mal vector n, Ambient Occlusion is defined as the integral over the
hemisphere H of the visibility function ¢(p, ®) with ¢ = 1 if there
are no occluders between the point p and the environment in direc-
tion ®, and ¢ = 0 otherwise:

apm) =1/ [ o(p.6) (n-0) do

Accelerated techniques for fast global illumination of terrains re-
ceived specific attention in [SNOS].

In Cartography, [FSH20] presents a survey of relief shading tech-
niques relying on local and global illumination models similarly
to Computer Graphics. In particular, clear sky shading [KS14] is
a variation of ambient occlusion shading that was preferred over
other relief shading methods in a recent user study [FSH20].

Exaggerated shading [RBDO06] combined with local light align-
ment [MVNT21] combine local shading models to enhance fea-
tures. Similar approaches exist in cartography: a vast amount of
literature compares different shading strategies. Instead of using
accessibility, they often rely on Laplacian performed at different
scales, and on multiple light sources to locally enhance the shading
parts of the relief aligned with the direction of the light [KPJ*21].

Direct and indirect illumination impact plant development and
are frequently used in ecosystem simulations [CGG™* 17, MHS* 19,
GLCC17]. Accessibility and sky-view are also often used as a proxy
for evaluating indirect illumination without integrating the trajec-
tory of the sun combined with the average cloud cover over a
year [KGG*20]. They are also used for evaluating the influence
of lighting over temperature variations depending on the orienta-
tion to simulate snow melting [CEG*18]. Large-scale terrain snow
cover generation algorithms often proceed by displacing the surface
of the terrain or using a layered data-structure to record the thick-
ness of the snow layer, which is derived from the slope, and using
local accessibility and occlusion characteristics and snow melting
to direct and indirect illumination [PTS99, FB07,RLD15].

Visibility and accessibility is central in analysing and designing
a landscape, especially in the video game industry where the user

© 2025 The Author(s).
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playability is often linked to what they can actually see. Regarding
artist feedback (see Section 8), they mentioned an interesting av-
enue for openness ®(p) to be used as a proxy to snow presence. In
addition, they also have detected a potential of viewsheds V(p) to
delimit regions, to automatically place villages or castles.

4. Landforms

There is no unique definition of a set of basic landform units: they
are usually chosen according to the application and detail analy-
sis. A recent review is provided by Mokarram and Sathyamoor-
thy [MS18]. Landforms are derived from one or several previously
presented metrics using segmentation or threshold values.

4.1. Curvatures-based

One of the most commonly used landforms set relies on peak, pit,
ridge, valley, saddle and plain classes for classifying points p such
that slope is null: s(p) = 0. The classification can be derived from
the relative elevations of a Q; = 3 x 3 neighborhood with respect to
the point [PD75]. Wood [W0096] improved the robustness of this

Tangential curvature Maximum curvature

Convex Straight Concave Convex Straight ~ Concave

Figure 19: Slope units and corresponding landforms.

Profile curvature
Concave Straight Convex

Convex
‘\“'

Straight

Minimum curvature

Concave

Figure 20: Curvature-based landforms from fitted quadrics on Q3.
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classification using curvatures derived from fitted quadrics, larger
Q,, and tolerance thresholds.

Different combinations of curvatures have been widely used
(Figure 20). For example, Dikau et al. [Dik89] used plan and profile
curvatures to obtain a 3 X 3 characterization of slope patterns (Fig-
ure 19). For planar areas, the maximum and minimum curvatures
correspond to the six classes stated above.

A more complete classification of slope patterns (non-special
points) into twelve classes based on the signs of tangential, pro-
file, mean, difference and total Gaussian curvatures is proposed by
Shary et al. [Sha95, SSMO5].

4.2. Based on Topographic Position Index

Weiss [Wei01] proposed a classification of landforms based on the
Topographic Position Index (TPI) at two spatial scales (Figures 21
and 22). To compare the small and large scales, the indices are nor-

Small scale Topographic Position Index

5 L=3 L=7 L=10

T Upland incised drainage Flat ridge tops Mountain tops

E Stream headwaters Mesa tops High narrow ridges

kS

$ L=6

© L=2 Broad open slopes L=9

= Lateral mid slope (s>0) Lateral mid slope

i Incised drainages Drainage divides

4 Valleys in plains L=5 Local ridges in plains

S Broad flat areas

- (s=0)

]

& L=1 L=4 L=8

E V-shaped river valleys U-shaped valleys Local ridge or hilltop
Deep narrow canyons Within broad valleys

Figure 21: Characterization of landforms using TPI at two scales:
the dark lines represent one standard deviation for each scale.

Figure 22: Landforms from TPI at scales 300 and 2000m.
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malized to mean 0 and standard deviation 1. Distinction between
flat areas and open slopes (classes 5 and 6 in Figure 21) comes
from a threshold on the local slope s, for example 10 degrees.

4.3. Ridges and valleys

The percentage of values in a neighborhood Q that are lower than
the central point p yields a simple metric that differentiates pits and
valley bottoms with values close to 0 from peaks and ridge tops,
with values close to 1 (Figure 23). This metric was called percentile
by Gallant and Wilson [GWO0O0], although some studies use the term
prominence [L1o01]. To prevent confusion with the prominence of
a mountain peak (see section 6), we adopt the term percentile:

p(p) = {acQ|nr(q) <h(p)}|

{q € Q}|
2 .{i o
n&s’*"i‘“@;‘. B
P S e T ’ 3
. @ / B
L 25 ;
[/
6000 m [,

Figure 23: Percentile metric with medium and large scale radii.

On a larger structural scale, peaks and valleys can be segmented
using the White Top Hat and Black Top Hat transformations as
proposed by Rodriguez ef al. [RMCRDO02]. Given a structuring el-
ement &, erosion © and dilation ¢ morphological operators are de-
fined as:

(hoe)(p)= inf h(ip+q)  (h®e)(p) = sup A(p-+q)
PEQ:

PGQS

Note that in a discrete height field and supporting element €, inf
and sup are the min and max of / in the neighborhood defined by €:
therefore erosion and dilation can be interpreted as a minimum and
maximum filter respectively. Recall that the morphological opening
and closing operators are defined as: O = ((h©¢€) @ ¢) and C* =
((h@€) & ¢€). The White Top Hat W and Black Top Hat B are
defined using a user-defined threshold T (see Figures 24 and 25):

W ={p|h(p)—0°(p) >T}  B°={p|C(p)—h(p)>T}

4.4. Fuzzy and multi-scale classification

The shape and class of a landforms often vary with scale, e.g., a
small depression near the top of a mountain peak could be classi-
fied either as a pit or peak depending on the analysis scale. For this
matter, Fisher and Wood [FW98] proposed using fuzzy member-
ships instead of reporting a single landform category. The classifi-
cation is computed following the work of Wood [Wo0096] at every
scale independently. Then the fuzzy membership to every landform
type is defined as the relative number of times it was classified as
such. This concept was further developed by Fisher ef al. [FWC04]
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Figure 24: White Top Hat and Black Top Hat transformations.

Figure 25: Black Top Hat ridges (red) and valleys (blue) obtained
using 7 and two different thresholds.

by defining the fuzzy membership as a weighted average of the in-
dividual scale memberships with weights that depend on the scale
(although the authors only tried constant weighting). The highest
membership defines the dominant or modal class at a given loca-
tion, and the entropy of the memberships allows for evaluating the
corresponding variability.

Schmidt er al. [SHO4] apply the concept of fuzzy membership
to the curvature thresholds to define the 15 types of form elements
as in Figure 19. Larger-scale context is given via the Black Top
Hat and White Top Hat transformations [RMCRDO02] to classify
land as hill, valley, hillslope, or some intermediate fuzzy value if
both transformations return non-zero values. Finally, a set of rules
combines the landforms with context information to build the final
membership maps for land elements (Figure 26): ridge, shoulder,
backslope, hollow, spur, terrace, footslope, and valley bottom.

Instead of combining multiple scales, [SAOS5] proposed multi-
scale landform signatures by identifying the relevant ranges in a
scaling graph, e.g., the curvature of a fitted polynomial depend-
ing on the scale. Ranges are identified from the breakpoints in the
derivatives of the scaling graph.

4.5. Geomorphons

Introduced by [JS13], Geomorphons are a landform classification
system independent of analysis scale (Figure 28). Instead of com-
paring heights with respect to the central cell to derive different
form patterns, they compare the nadir ygq and zenith ¢gq angles
along the 8 principal directions [YSPO02] (see section 3) to obtain
an 8-valued ternary pattern.

© 2025 The Author(s).
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Figure 26: Landforms following [SHO4].

For a given direction d, the pattern Aq in the direction d is com-
puted according to an elevation parameter T as:

1 ifyg—¢g >T
Ag=40 if|lya—0a| <T
—1 ifyg—0a<—-T

For 8 directions, a total of 3% = 6561 ternary patterns are possible
(see Figure 27). Taking rotations and symmetries into account re-
duces this count to 498, and even down to 10 classes (flat, peak,
ridge, shoulder, hollow, slope, spur, footslope, valley, and pit) by
simply counting the number of 1 and —1 entries in the pattern.
Patterns can be efficiently assigned to these meaningful landforms
using a look-up table.

Figure 27: Example of geomorphon configurations.

The benefit of this method with respect to differential geometry
approaches like [W0096] or [SHO4] is that there is no need to apply
the analysis at multiple scales. While there is a maximum distance
parameter L when computing the zenith and nadir angles, the au-
thors showed results converge to a stable solution with increasing
L whereas increasing window size in the other approaches usually
changes the identified landforms.

In a follow-up work [JNS14], histograms of geomorphon pairs in
neighboring cells were used to define a similarity metric between
two terrains. The authors showed applications of it for landscape
search, i.e.deriving a similarity map between a large terrain and
a query height field, and for segmentation of terrains given a few
reference templates per class.

© 2025 The Author(s).
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Figure 28: Geomorphons computed using maximum distance 1km.

4.6. Analysis

Contrary to local surface properties and visibility, landform anal-
ysis has been seldom utilized in Computer Graphics. One ex-
ception is the use of geomorphons (see Section 4.5) to associate
the perceived realism of terrains to the distribution of landforms
[RKv*22]. In this work, the authors further employ this informa-
tion to enhance the authenticity of synthetic terrains.

Note however that the concept of features and patterns has
been employed extensively in Computer Graphics without explic-
itly correlating to the extraction of landforms using traditional
geomorphological descriptors. Procedural, erosion simulation and
image-based terrain generation models often produce landforms
such as ridges [ZSTRO7] and riverbeds [PDG*19]. The procedu-
ral terrain generation model by Genevaux et al. [GGG*13] re-
lies on the definition of landforms placed and combined in a
constructive tree [GGP*15]. Sparse modeling applied to terrains
[GDGP16, AAC*17] generate complex elevation by combining re-
lief patches stored in atoms and could benefit from a more semantic
representation of the dictionary.

While landforms analysis did not receive much attention in Com-
puter Graphics, it is worth mentioning that the modeling and gener-
ation of specific landforms are common applications. Particularly,
specific techniques were proposed for generating canyons [Md-
CPBS14], table mountains [BAO5], dunes [PPG*20], and water-
falls [EPCV15].

We collected artist feedback regarding a terrain segmentation
based on TPI (Section 4.2). In general, they consider it potentially
useful as a selection tool.

5. Hydrology

Hydrology studies the movement or distribution of water on a ter-
rain, its processes, and the properties of the flow. A fundamental
first step in hydrology analysis is the definition of the flow routing
model that describes how water flows to or from a given position



12 of 29

0. Argudo, E. Guérin, H. Schott and E. Galin / Terrain descriptors review

D8 MFDy =1 MFDy =12 Rho-8 KRA Doo
+4 +6 +8
-2 0 2 1 1
v ’ ) ¥ ] v /\ ’/
¥ / \ /
-8 -6 -4

p (Section 5.1). Hydrology metrics and analysis depend on flow
routing, therefore we first review some commonly used flow mod-
els. Figure 29 illustrates a synthetic comparison of different flow
routing models. Although these apply to regular grid height fields,
their concepts can be adapted to other terrain representations, e.g.,
Triangulated Irregular Networks. We then review depression and
flat area detection algorithms (Section 5.2), hydrological metrics
(Section 5.3 and 5.4) and erosional indices related to drainage basin
dynamics (Section 5.5).

5.1. Flow routing models

The deterministic 8-neighbors model [OM84], or simply D8 model,
considers the eight neighbors in Q; of a cell p and assigns the flow
direction towards the cell with the steepest descent (Figure 30). If
all cells are equal or higher than p, no direction is assigned.

One limitation is the occurrence of artificial parallel straight flow
lines on regular slopes due to the 45° discretization of directions.
The Rho8 model, or stochastic 8-neighbors model [FLI1], chooses
the outflow cell randomly among the set of lower cells with proba-
bilities proportional to the slope.

While Rho8 solves the straightness of DS, it is not free of ob-
jection due to its stochastic nature. The Kinematic Routing Algo-
rithm [Lea92] measures flow from a source as a dimensionless
rolling ball following the steepest direction and does not suffer
from the quantization artefacts of D8. To compute the flow direc-
tion, the elevations at the four corners of a grid cell - averaged from
neighbors - are used to compute the best-fit local plane. The outlet
is defined as the intersection of the flow direction with the edges
of the cell and determines which of the four lower cells the flow
propagates to. The outlet position then becomes the flow origin in
the downstream cell.

Instead of one fitted plane, the Doo model [Tar97] determines
eight slope directions from the triangles between the cell center
and pairs or consecutive neighbors (Figure 29). The flow is then
routed towards the steepest direction, but distributed to cells in the
corresponding triangle by taking into account the angle between
this direction and the cells’ centers.

Figure 30: Single-direction (D8) and multiple direction (MFD)
computation of drainage area A.

Multiple Flow Directions algorithms distribute flow to more than
one neighbor. This strategy, also called divergent flow, was pro-
posed to overcome the artefacts of D8 and notably allow diverging
flow paths. The model proposed by Holmgren et al. [Hol94] dis-
tributes the incoming flow on a cell to all its lower cells £(p) with
proportions f;:

S(pvqi)y

Y s(p.ay)’

JjEL(P)

fi=

s(p,q;) denotes the slope between p and the i-th neighbor q; €
L(p). This model is a generalization of the one previously pro-
posed by [QBCP91], which corresponds to the case of Y= 1 and
suffers from excessive dispersion of the flow. The larger the value
of v, the smaller the dispersion of the flow. When y — oo, the model
converges to D8. Holmgren [Hol94] concludes that setting y € [4, 6]
best approximates real flows, while diminishing the risk of outliers.

5.2. Depressions and flat areas

A depression is an area of the terrain with no outflow: its closed
perimeter is higher than any interior point so the water flow out - if
we ignore possible underground drainage systems. While depres-
sions can result from natural features such as pits, dolines, glacial
lakes, and endorheic basins, most of the time small depressions ap-

© 2025 The Author(s).
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Breaching .

Filling

Figure 31: Depression breaching and depression filling on a noise
turbulence terrain.

pear in Digital Elevation Models due to errors in acquisition or dis-
cretization. The flow algorithms described in Section 5.1 assume
strictly decreasing discharges to generate a continuous flow towards
the borders of the map or the sea. Depressions or flat areas break
this assumption, therefore it is standard to preprocess the height
field to remove such unwanted features either by filling or breach-
ing depressions (Figure 31).

Depression filling methods raise the elevation of points in the
depression to the elevation of its outlet, i.e., the lowest point
in the depression contour. Variations of the Priority-Flood algo-
rithm [WL06, BLM14,ZSF16] employ a priority queue to process
cells in increasing elevation order, starting from the borders of the
height field. Every time a cell is visited, its unprocessed neighbors
are added to the queue. If their elevation is lower than the eleva-
tion of the current cell, they are raised to match the same height.
To avoid filling depressions with flat areas, a tiny elevation offset €
is added when visiting neighboring depression cells to guarantee a
consistent flow routing towards the outlet.

In contrast, depression breaching methods carve a channel from
the depression cells towards the outlet or the nearest lower cell.
They typically produce smaller changes to the original elevation
map, unless the depression is exceptionally deep. The Priority-
Flood algorithm can also be adapted to breach depressions [SVCO03,
BLM14]. When processing neighbor cells, the backwards direction
is stored so that once a depression is found, a path can be traced
back to an outlet. Then, the elevations of the cells along this path
are lowered to the same elevation as the outlet.

Hybrid approaches combine filling and breaching to minimize
the alterations on the original height field. The algorithm presented
in [Lin16] starts by shallowing single-cell pits, which are likely to
be sampling artifacts and cause deep breach incisions, and sets their
elevation just slightly below their lowest neighbor. Then, they use a
breaching algorithm similar to [SVCO03] contrained by a maximum
carving depth or breaching channel length. The remaining depres-
sions are eventually filled with a slight slope.

It is also possible to solve depression routing without altering the
terrain topography. Cordonnier et al. [CBB19] construct a graph
of the basins, with edges connecting adjacent basins through their
lowest pass. The Minimum Spanning Tree of this planar graph,
which can be computed in linear time, is then used to determine the
flow between basins. Recently, this algorithm has been adapted for
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GPU computation [JKG*24]. This approach, however, only sup-
ports single direction flows.

For the particular case of flat areas with at least one lower out-
let, [GM97] resolve drainage direction by combining two gradients:
one towards lower terrain, and one away from higher terrain. Sim-
ilarly, [SVCO03] use the inverse distance away from higher cells as
a cost weight, and find the minimum cost path from each flat cell
towards an outlet.

5.3. Drainage basin metrics

Once we have a flow direction for any point p, we can derive several
flow metrics that can serve as descriptors or predictors of fluvial and
erosional processes.

The most important concept is

probably the Drainage Basin D(p)
of a location p, defined as the area
of the terrain from where the surface
flow can potentially reach p (Fig-
ure 32). The upslope Drainage Area
A(p), also called Total Catchment
Area or Contributing Area, is defined
as the area of D(p). The drainage
basin and total catchment area can be
computed by tracing the flow from
higher to lower positions following
a given propagation model as de-
scribed in Section 5.1. The choice of
flow model can significantly impact the output of drainage area
computations, and therefore other metrics derived from it.

Figure 32: Drainage
basin and drainage
area.

The Specific Catchment Area Z(p) is defined as the upstream
catchment area per unit length of contour or cell size. Note that
using unit square cells results in A (p) being equal to A(p), but their
units and physical interpretation are different.

Flow propagation algorithms can also be used to accumulate up-
stream metrics in a catchment, for example the sum of upstream el-
evations or slopes. Dividing these accumulated values by the num-
ber of cells yields a basin average, and by further dividing by area
cell, a density.

Given delimited drainage basin D with area A, perimeter P and
elevation range Ah(D) = maxh(D) — minh(D), we can compute
different basin shape and relief descriptors. See, for example, Table
1 in [Son17] for a summary and additional references.

Some descriptors reflect the basin shape: Basin Circularity is the
ratio between the area of the basin, and that of a circle with the
same perimeter:

Cp = 47A/P?,
Basin Compactness is the perimeter to area ratio:
C=P/A,

The Melton Ruggedness Number [Mel65] is a measure of the
relief in a basin, computed as the dimensionless ratio between the
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Figure 33: Basin metrics computed on drainage basins of Strahler
order 4, range of each metric normalized for clarity.

elevation range and the square root of basin area:

Ah(D
MW@zﬂéﬁ

The hypsometric curve can be used to characterize different
drainage basins. This curve measures the relative cumulative area
above a given relative elevation threshold. It is commonly renor-
malized into the [0, 1]> domain. The area below the curve is known
as hypsometric integral, and it measures the relative location of
mean elevation within the basin elevation range. This measure has
been correlated to the erosional maturity of the basin [Str52,BJ21].
A simplified approximate expression for the hypsometric integral
H; of a drainage basin D is:

o h(D) — mink(D)
" (D)

In some cases, basin descriptors also take into account its
streams. For different methods to delineate streams in a basin,
please refer to section 7.1. The Drainage Density is the sum of all
stream lengths divided by the basin area. The Relief Ratio [Sch56]
is defined as the ratio between the basin height range and the length
L of its longest stream Ah(D)/L and has higher values on steeper
streams. The Form factor is defined as:

f(p) =A(p)/L*,

It has lower values for elongated basins. These descriptors corre-
late with different types of tectonic activity in the basin [RM21].
For example, lower basin compactness, circularity and form factor
values indicate higher tectonic activity, similarly to high values of
relief ratio. Figure 33 shows some examples.

5.4. Soil wetness

Soil water properties are important descriptors for ecosystems,
agriculture and soil management.
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The Wetness Index [BK79], also called Topographic Wetness In-
dex or Soil Wetness Index, combines drainage area and local slope:
A
w(p) = A2)
s(p)
in order to quantify potential soil moisture or flow accumulation

due to the topography of the terrain. It reaches higher values when
the upslope drainage area is large and the slope is flat.

In order to avoid the dependency of w to the flow accumu-
lation algorithm, [MOAOQ9] proposed the Depth-to-water index,
which accounts for the distance and accumulated slope towards
a water location (Figure 34). Let p € [0,1] the coefficient of per-
meability of the terrain. Given an initial position p and the path
{P=1q.49;,---,9, =p,, } of least cumulative slope towards a wa-
ter location p,,, the index is defined as:

n

dr(p) = _Zis(qi)llqi —q;1llp(q)
i=
Water features like rivers and lakes are assigned a value of
0, large values correspond to less-saturated, drier soils. Simi-
larly, [NCH" 11] proposed a normalization of the height field as the
elevation offset between each terrain position and its closest water
position p,,. The Height Above Nearest Drainage is defined as:

hr (p) = h(p) — h(p,,)

Positions in drainage are assigned an elevation of 0. This represen-
tation correlates well with different soil environment classes de-
fined from a set of calibrated thresholds.

5.5. Erosional indices

Figure 34: Wetness and depth-to-water indices.

The Stream Power Equation describes in its most general form the
evolution of a landscape height [WT99]:

oh
or
h is the elevation of the river, u the uplift rate, k£ an erodibility co-
efficient, A the drainage area and m,n constants that depend on the
terrain. Assuming flow discharge is proportional to catchment area,

different compound indices can be derived from the previous equa-
tion [MGNP93].

The Stream Power Index (Figure 35) is a relationship that com-
bines drainage area and local slope in a power-law and correlates
with the erosive power of the flow through p:

SP(p) = A(p)" - s(p)"

m n
=u—kA"s
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Figure 35: Stream power indices with different exponents to model
gully formation (left) and sediment transport (right).

The exponents m and n are usually obtained empirically for a
particular basin or erosional effect. For example, m = n = 1 results
in its simplest form with SP(p) = A(p) - s(p) and correlates with
locations where gullies can develop [MGLI91].

Similarly, [MB86] proposes a Sediment Transport Index corre-
lated with soil loss due to overland flow (sheet and rill erosion pro-
cesses, excluding gully erosion):

STI(p) < A(p)** (arctans(p)) '

In soil management and agriculture, the long-term average
erosion rate is predicted using the Universal Soil Loss Equa-
tion [WS78], an empirical model derived from cropland measure-
ments that accounts for rainfall and runoff, soil properties, slope
length and steepness, vegetation cover, crop management and sup-
port practices. Among these factors, the slope length and steep-
ness (LS) is commonly computed analytically from the height field.
Therefore, assuming other conditions are uniform, erosion could be
correlated to this term. A recent review of different formulations of
this term is given in [KKRO20].

5.6. Analysis

In Computer Graphics, fluvial erosion simulations often need to
simulate water flowing on the terrain. Solutions derived from
[MKMS89], which can be implemented efficiently on graphics hard-
ware [MDHO7], approximate the flow routing process by distribut-
ing the flow proportionally to the elevation difference similarly
to [QBCPI1]. In contrast, some recent works on tectonic erosion
simulations [CBC™* 16,CCB* 18] favour the faster D8 model to com-
pute the stream power erosion. A rationale for this is the reduction
of the complexity of the flow routing algorithm to O(n) instead of
O(nlnn) [CBB19]. Finally, [SPF*23] proposed a large-scale ter-
rain generation approach that relies on the multiple flow direction
model described in [Hol94]. Works that specifically address river
trajectories and shapes in Computer Graphics [PDG* 19, PGCG23]
use the drainage area computation, with a threshold, to identify pix-
els that might be part of a river. This is then cleaned and processed
to build a river graph.

Flow regularization processes (depression filling or breaching,
hybrid methods) have only been utilized recently in Computer
Graphics. Most early terrain generation methods, even erosion sim-
ulations, produce many local depressions and flat areas, which pe-
nalizes the overall hydrological consistency. [CBC*16] introduced
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breaching to Computer Graphics to prevent the formation of lakes
in a tectonic erosion method. Scott ef al. [SD21] compared the im-
pact of depression filling and breaching in example-based terrain
synthesis. Moreover, they proposed interleaving depression breach-
ing steps within the generation process to obtain hydrologically
consistent terrains at the price of narrow canyons emergence.

Although the topographic wetness index itself has been seldom
used in Computer Graphics, many ecosystem simulations and pro-
cedural vegetation instantiation methods employ user-defined or
computed soil moisture maps derived from the slope and the dis-
tance to neighbouring rivers [GLCC17,CGG*17,KGG*20].

Artist feedback (see Section 8) informed us that the drainage area
Aisa good representative of the flow map, which is not surpris-
ing. They also showed preference for maps computed using Multi-
ple Flow Direction routing, explaining that D8 looked too straight
and unnatural. They expressed being already familiar with wetness
maps. However, Stream Power and Sediment Transport Index maps
were perceived as a coarser and slope-based version of a flow map.

6. Orometry

Orometry is the field of geomorphology that deals with the mea-
surement of mountains and their properties. While the shape or ex-
tent of a mountain is usually treated as a fuzzy entity [FWCO04],
peaks are perfectly identified as their local maxima.

The most obvious measure for a peak or summit q; is its ele-
vation h(q;), but, on its own, it fails to incorporate any notion of
relative importance: nearby and slightly lower local maxima have
similar elevations, although not considered independent summits.

Some authors have used notions of local relief to identify inde-
pendent peaks. For example, [DWO08] classifies a local maximum q
as a peak candidate if the elevation drop in a square neighborhood
of a certain size is larger than a given threshold: Ah(Q(q)) > T.
However, these definitions suffer from the arbitrariness of the do-
main and threshold choices. Therefore, richer and more informative
metrics have been proposed, as described in [Hel05].

6.1. Prominence

It is widely used in mountaineer-

ing circles for compiling summit min (r//) ?;

lists and distinguishing between ma- ® \ / \
jor and minor peaks [Fry87]. Promi- AR ]
nence 7t(q;) is defined as the short- ( a /

est vertical distance that must be de- —
scended from a peak q; before being
able to reascend towards any other
higher peak q;. Let I';; denote a path
between peaks g; and q;, and Ffj be
any one of the paths that maximize
the minimum elevation along its course (Figure 36), the promi-
nence 7t(q;) of a peak q; is then defined as (see Figure 37):

n(q;) = h(q;) —max (min (h(I7;))) vq;, h(q;) > h(q;)

An equivalent definition of prominence is the difference in eleva-
tion between the peak q; and the lowest possible contour encircling

Figure 36: Saddle

paths.
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Figure 37: Notations for prominence and isolation.

Figure 38: Identified peaks and key saddles with two prominence
thresholds. Orange: peaks, green: saddles. Black edges represent
the connectivity of the Divide tree (Section 7.3).

q; but no other higher peak. It follows that there must always ex-
ist a saddle S somewhere on the contour, which is identified as the
key-saddle of the peak q; and denoted as K;. The prominence is
then defined as n(q;) = h(q;) — A(KC;). By definition, the sea level
is used as key saddle for island and continental high points.

Note that by inverting the sign of the height field the same algo-
rithm used to compute prominence can output the anti-prominence,
which measures how deep a depression/hole is. In this case, the
key-saddle is the outlet or outflow point of the hole.

Given two peaks of equivalent prominence, the one with a higher
prominence to elevation ratio is perceptually more significant. This
ratio is called dominance:

d(q;) = n(q;)/h(q;)

Jurgalski [Jur16] employs this metric to distinguish between peaks,
sub-peaks, mountain high points, and massif high points. Figure 38
illustrates the identification of peak and saddles using different
prominence thresholds.

6.2. Isolation

The isolation of a peak (Figure 37) is the minimum Euclidean dis-
tance from q; to any higher point on the terrain:

i(q;) = min P—q;

(@)= o Maa) Ip=a]
From a viewing perspective, the summits of isolated mountains of-
fer the best vantage points since no other peaks occlude the vista.
Only the highest point of a given domain has undefined isolation,
e.g. Mount Everest on Earth.

While isolation is given on a per-peak basis, a related met-
ric is the Nearest Neighbor Index of a domain Q of planar area
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Agq [CE54]. Consider the set of n peaks in Q, let d(q;) denote the
distance between q; and the nearest peak:

d(q;) = r}l;?d(qi,qj)

The Nearest Neighbor Index is defined as the ratio between the
mean distance to nearest neighbor and the expected mean distance
in a random distribution of locations:

NNI(Q) = <}11 Y d(‘li)) / (%m)

qiEQ

Values are close to O for clustered distributions, to 1 for randomly
distributed peaks, and to 2.15 for a regular distribution forming an
equilateral triangle tiling.

6.3. Impressiveness

None of the metrics defined so far account for the shape of the
mountains. Climbers often prefer impressive peaks, and while this
is a highly subjective matter, some efforts have been made at
proposing descriptors correlated with this perception.

Omni-directional Relief and Steepness [EM15] accounts for both
elevation and steepness of a mountain (Figure 39). When compar-
ing two peaks of similar altitude, the steepest one has a larger value;
in the case of two peaks with similar steepness, the highest one has
a larger value. Mathematically, it is the weighted average of direc-
tional slopes close to a root mean square:

ORS(p) = [ /. f<s<p7q>>2dq} v

The function f is chosen to be a monotonically increasing function
that ensures integral convergence. The authors suggest using:

1/2
flu)= {% (2uarctanu — In(u? + 1) — arctan’ u)]

Inspired by ORS, the Jut metric (Figure 40) proposed by [Xu22]
defines the impressiveness of a feature as the maximum angle-
reduced height of p with respect to any other point q:

Jj(p) = maxZpea- sinBp—q

where zp«q is the height of p € RR* above the horizontal plane
(perpendicular to gravity) at point q € R3, and Op«q is the angle
of elevation of p with respect to q. Jut reaches larger values - more
impressiveness - when the terrain rises abruptly in a small area,
such as in the vicinity of cliffs.

Apart from jut, Xu’s work also proposes several metrics related
to impressiveness that he calls dominance (the maximum height of
p above the horizontal plane of any other point q), submission (the
maximum height from p of any other point q), rut (the maximum
angle-reduced height from p to any other point q), and other com-
posite measures between them. Moreover, their formulation takes
into account planetary curvature, so Zp<q can be negative if p lies
below the horizon plane of q. Please refer to [Xu22] for more defi-
nitions and details.

© 2025 The Author(s).
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Figure 39: Omni-directional relief and steepness computed at 1 km
cut-off highlights local sharp features, whereas the same metric at
10km cut-off favors the highest landforms.

Figure 40: Jut highlights steep and high features in a landscape,
whereas Rut identifies the locations from where such features might
appear impressive.

6.4. Peakedness

It is also possible to question whether all local maxima (summits)
are to be considered peaks. While the mountaineering community
has settled for topographic prominence as an inclusion criterion -
for example, 30m are required in the list of 4,000m peaks of the
Alps, and 300feet in the fourteeners of the United States - the high-
est point of a large plateau with almost negligible slope could qual-
ify as a peak according to an appropriate prominence threshold.

A o)
Peak prototypicality

Figure 41: Peakedness metric (right) computed as weighted dis-
tance to the top 20% peak prototypes in terms of prototypicality
measure (left).

Deng [DWOS] proposes a fuzzy peakedness metric to grade
summits resemblance to prototypical shapes of peaks (Figure 41).
It involves the computation of four metrics in the neighbourhood
of every summit: elevation range, mean slope, relative elevation of
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the summit in a three times larger neighbourhood, and the num-
ber of other peaks in this neighbourhood. The peak prototypicality
measure, a weighted combination of those metrics results, is used
to locate the top-scoring summits and average their scores into a
peak prototype descriptor. The fuzzy peakedness of a summit is
then given by weighting its metric distances to those of the peak
prototypes using various neighbourhood sizes.

6.5. Analysis

Orometry, particularly prominence and isolation, was successfully
introduced in Computer Graphics for analyzing and generating ter-
rains in [AGP*19]. By constructing a sparse metric computed from
the peaks and saddles, it is possible to robustly distinguishing be-
tween different types of mountain ranges. The synthesis algorithm
builds a graph of peaks and saddles respecting a given orometric
distribution and incrementally derives a consistent river network as
a dual graph before shaping the valley.

The village generation algorithm described in [EBP*12] some-
how used metrics that resemble prominence to identify locations
with favorable conditions to determine where new villages could
develop. The proposed algorithm combines slope s(p), accessibil-
ity o(p), distance to water bodies and other factors, particularly the
so-called geographical domination defined as:

_ L [ hp)=ha)
S= 35 fo T+ o=

Geographical domination for a given point p is negative if its eleva-
tion is below the average elevation of the considered region Q, and
is the higher as its elevation is greater than the surroundings. Note
that Viewsheds (Section 3.1) could be employed and combined with
other metrics to identify regions of particular importance for village
defense.

7. Surface networks

From a geomorphological perspective, a terrain is characterized by
two interlocking networks with a dendritic tree structure: the chan-
nel network, which represents streams and rivers, and the ridge net-
work, which connects peaks and delineates watersheds [Wer88].

The 19th century works by Cayley [Cay59] and
Maxwell [Max70] were the first to describe a terrain surface
in terms of peaks, pits, saddles, ridge lines and course lines. In
particular, Maxwell detailed a procedure similar to the watershed
transform for identifying these features. Starting at the elevation
level of the lowest pit, this level value is progressively raised
resulting in different contour curve sets. Initially, a closed curve
appears around the pit, bounding the depression around it. More
pits and their depressions successively appear as the level is raised.
When two contours corresponding to two distinct depressions
merge into a point, this location is called a bar and the merging de-
pressions are labeled as one (Figure 42 left). In contrast, when two
points on the same depression contour merge, two distinct regions
of higher elevation than the level set become disconnected, each
with its respective local maximum (peak): this point corresponds
to a pass (Figure 42 right). There are p — 1 passes for p peaks and
q — 1 bars for ¢ pits. Note that both bars and passes correspond to
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Figure 42: Maxwell’s procedure to locate bars and passes.

saddle points, i.e. non-extrema critical points. The steepest ascent
lines from a saddle to neighboring peaks delineate the ridge lines,
and the steepest descent lines the course lines. Moreover, Maxwell
defined hills and dales as, respectively, the area around a peak
encircled by course lines, and the area around a pit enclosed by
ridge lines.

Pfaltz [Pfa76] was the first to formally define a surface network
and its topological abstraction as a graph. He extended Morse the-
ory by incorporating Maxwell’s ideas in order to build the connec-
tivity between the surface’s critical points through the ridge and
course lines. Thus, a surface network can be seen as a simplified
and discrete representation of the topology of a Morse-Smale com-
plex. We refer the reader to [CR16] for a review of surface network
algorithms and their applications, and to Chapter 2 in [RMO02] for a
discussion on their evolution and alternative graph representations.

7.1. Channel networks

The channel network — also called river network, stream network or
drainage network — is a graph formed by the set of river edges and
their joint nodes (Figure 43). Formerly defined manually, it is com-
mon nowadays to extract it automatically from the terrain height
field [Lin06] by computing the drainage area (see Section 5.1) and
selecting cells above a threshold value [OM84]: R = {p; | A > C}.

This approach produces unrealistic drainage networks with
uniform density. The Channel Initiation Threshold introduced
in [MFG93] addresses this limitation by accounting for the lo-
cal slope such that the drainage area needed to form a channel is
smaller in steeper areas:

R={p;|A-s">C}
The threshold C depends on the surface properties and the climate.

For a given basin, the river network takes the form of a binary
tree: in nature, it is exceptional to find confluences of more than two
rivers [Shr66]. The root is the outlet or river mouth, the lowest point
downstream, and the leaves correspond to the sources, the furthest
points upstream. Connections or graph edges are channel sections
between a source or a river fork and the next fork downstream. Each
node contains two tributary links and one downstream link. Lakes
and dams are often ignored and simplified to links.

The classical work by Horton [Hor45] proposed an ordering
scheme for channel networks. Strahler [Str57] later simplified it
to the following topological rules: 1) all source streams have order
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Figure 43: Channel network computed from D8 stream area com-
putation. River width is drawn proportionally to drainage area.

1; 2) when two streams of the same order ® join, the downstream
is assigned order ® + 1; 3) when two streams of different order
join, the highest order is propagated downstream (Figure 44). Let
®, denote the order of the downstream link and {®, } the orders of
incoming upstream links respectively, Strahler’s ordering writes as:

®y = max(min{®, } + 1, max{w,})

Horton’s ordering included an ad-
ditional geometric rule to propa- 1
gate the orders upstream, follow- 20 1 "
ing the tributary more parallel to the 202
merged stream, or the longest one 3
in case of similar angles. By defini- 3 o— 3 /
tion, the order of a basin is the high- ij 1
est order of its streams.

Figure 44:  Horton-
Strahler ordering.

The Horton-Strahler ordering
has been used in hydrology to
derive properties about channel
networks. For example, Horton’s
law of stream numbers states that
the number Ny of streams of order ® in a network follows an
inverse geometric progression with constant bifurcation ratio Rp,
Horton’s law of stream lengths states that average stream length Lg
increases geometrically with length ratio Ry, Hack’s law [Hac57]
relates to a power law the main stream length and the drainage
basin area, and Tokunaga [Tok66] counted the number Ty, of
side tributaries of order m into a stream of order n > m to derive
additional topological properties. Abrahams [Abr84] provides a
review of stochastic channel network models and derived laws.

The Sinuosity of a river is

commonly defined as the ratio of
its length divided by the linear
distance between its end points.
Mueller [Mue68] proposed two
indices to differentiate between

sinuosity caused by the adjustment
to terrain topography and sinuosity
caused by hydraulic effects, such
as meandering. Let L; denote the
stream curve length, L, the length
of a curve placed midway between

Figure 45: Sinusoity
and channel metrics.
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Figure 46: Rosgen classification of rivers.

valley walls (or the average between the curve lengths of the left
and right valley sides, see Figure 45), and d the distance between
the source and mouth of the stream, [Mue68] defines the Channel
Index (cr) and Valley Index (v) as:
Ly Ly
CR = d VI= d
The Hydraulic Sinuosity Index (h ) and Topographic Sinuosity In-
dex (tr) are derived as:
CR —VR vRr—1
CR — 1 CR — 1

hr = =1—hp

Note that those indexes are complementary. In young streams con-
fined by valley walls, topographic sinuosity dominates, whereas, in
mature floodplains, hydraulic effects replace those of topography
due to lateral migrations and meandering.

7.2. River classifications

Stream order can be used as a systematic categorization of the
streams in a channel network. Strahler number correlates with mag-
nitudes like stream length or drainage area. However, depending
on how the channel network is defined, the number of streams, and
thus, the ordering, may vary. Moreover, the Strahler number does
not provide information about the geological processes that shaped
the rivers, and streams of the same order in different basins can be
radically different.

There exist many river classification schemes based on other
criteria, qualitative or quantitative, such as the sediment transport
type, the geometric pattern of the channel, the river bed material,
or the different geomorphic units that can be found in the channel.
For a recent review, we refer the reader to [BM22]. One of the most
used classifications in land management and stream restoration is
Rosgen’s classification of natural rivers [Ros94]. He proposed eight
major stream types based on the number of channels (multiple or
single), the entrenchment ratio (width of the flood-prone area to the
river bank width), the channel width-to-depth ratio, and its sinuos-
ity (see Figure 46). These classes are further refined into a total of
94 subclasses depending on slope and bedrock type.

Montgomery and Buffington [MB97] distinguish three kinds of
valley substrates: bedrock, colluvial and alluvial. The latter is fur-
ther subdivided into different morphologies: cascade, step-pool,
plane-bed, pool-riffie, and dune-ripple. Although the identification
is visual, each class correlates with physical parameters like slope,
drainage area, sediment grain size, and channel transport capacity.
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Sediment transport shapes the morphology of the river.
Schumm [Sch85] classifies alluvial channels into five broad pat-
terns and explains their morphology and characteristics in sed-
iment type, width-to-depth ratio, channel gradient, and stability.
Church [Chu06] builds on that classification relating these prop-
erties to Shields number, a dimensionless metric of the river shear
stress that quantifies its ability to displace sediments of a given size.

7.3. Ridge networks

Ridge networks, sometimes called divide networks, act as division
lines between drainage basins. Like river networks, they also ex-
hibit a dendritic tree-like structure. Cycles may exist under the pres-
ence of endorheic basins, i.e. enclosed depressions that do not flow
to a sea or terrain boundary, but are usually removed using a fill-
ing/breaching process for hydrological analysis. Contrary to rivers,
which are monotonically descending in elevation, such lines have
jagged profiles that go up and down with intermediate peaks. More-
over, although confluences of three or more rivers at one location
are infrequent, it is typical that several ridge lines converge to one
peak. Figure 47 compares several segmentation strategies.

In a similar spirit as done with river networks, it is possible to
extract ridge networks by thresholding or applying morphological
operations on some attributes such as the Laplacian or curvatures.
A low Drainage Area might also be used as an indicator of ridges
when computed using a converging algorithm like D8. However,
these approaches usually lead to unconnected results and require
tuning thresholds or some merging procedure if a continuous net-
work is desired.

The Profile recognition and Polygon-breaking Algorithm
(PPA) [CSH98], designed for height fields, often yields better re-
sults and proceeds as follows. First, each cell is marked as a ridge
candidate if lower neighbors within a distance » can be found on
both sides of an axis (most often the cardinal directions £x, £y).
Then, neighboring candidate points are connected to form a graph
with edges weighted by the average elevation of the two endpoints.
The original algorithm then visits all segments in increasing ele-
vation and removes them if they belong to a cycle. This computa-
tionally demanding approach was improved by using a Minimum-
Spanning Tree algorithm instead in [BABG10]. Eventually, small
spurious terminal branches are pruned if their length is smaller than
a threshold, typically half the profile length.

Following the ideas on surface network construction [Max70],
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Earl [Ear16] developed an exact, deterministic, and parameter-free
algorithm to detect the ridge network. A modified implementa-
tion [KdF17] was employed to compute the prominence of the
mountains on Earth from a global Digital Elevation Model. First,
the algorithm labels all peaks and saddles. A peak is a cell or con-
tinuous flat region whose boundary cells have a lower elevation. A
saddle is a cell or a region whose boundary cells contain at least
two disjoint higher sections. If a saddle boundary contains N > 2
higher sections, it is logically considered as N — 1 saddles with ex-
actly N = 2. The steepest ascent lines are followed from the two
higher regions of each saddle until a peak is reached. Computing
the prominence of the peaks requires the computation of the key
saddles only and yields the Divide Tree Tp, which is a subset of
the ridge network (see Figure 38 for examples). This representa-
tion removes the lowest saddle of each closed loop and its cor-
responding two ridges. Such saddles represent the outflow points
of closed basins and were consequently named Basin Saddles, or
bars [Max70]. Pits or depressions are rare in the case of terrains
shaped by fluvial erosion. One notable limitation of the Divide Tree
is that it does not contain decreasing lines from a peak that do not
end in saddles. Moreover, it binds the peaks into a single connected
graph: the Divide Tree always connects two peaks following the
least descent path even if no geomorphological ridge exists between
them (e.g., groups of volcanoes or dunes).

7.4. Ridge hierarchies

One significant difference between channel and ridge networks
arises when assigning a hierarchy or order to ridges. While straight-
forward for channel networks because streams form directed de-
scending paths towards a downstream junction or outlet, no direc-
tionality or monotonicity exists for ridge lines. Moreover, nodes in
ridge networks (peaks) can have a valence larger than two: several
ridges can meet at the same point.

Rack et al. [RKO*19] define the main ridge as the longest path
or network diameter (Figure 48). Then, the longest unvisited path
starting at each bifurcating node is a second-level ridge, and so
on recursively. This approach generates a hierarchy based on path
length, which allows for studying the different properties of the net-
work structure of mountain ranges. From a geomorphological per-
spective however, the longest path might not coincide with the main
drainage divide (MDD). For instance, Jancewicz et al. [JRS*22]
manually delineate the MDD from the computed borders of all
the drainage basin boundaries and study several metrics along this
MDD, asymmetries between metrics of surface and basins on oppo-

Figure 48: Ridge levels on a DEM of the Central Pyrenees based
on the longest ridge criterion by [RKO*19] and the topological
ordering scheme by [SS20].

Figure 49: Maximum Branch Length [LS13] can be used to mea-
sure the importance of different drainage divides.

site sides, and surface descriptors in a narrow band close to MDD.
We refer to Table 4 in their paper for a summary of metrics and
motivation for their use.

Scherler and Schwanghart [SS20] proposed a topographic order-
ing of ridge trees similar to rivers (Figure 48). Given an acyclic
tree-like divide network, the algorithm starts at the endpoint nodes,
those with only one incident ridge. These ridges are assigned or-
der 1 and are removed from the divide network. Neighboring nodes
that had two incident ridges become endpoints with only one re-
maining ridge, which will be assigned order 2 and will be removed.
This procedure iterates until all ridges have been ordered. Network
directionality can also be obtained by considering the last remain-
ing ridge as the outgoing direction from the node, and all the others
as incoming ones. The obtained ordering follows a topographical
scheme: the degree , of the outgoing ridge is one unit higher than
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Figure 50: Examples of terrains covered with rocks, snow and vegetation; vegetation density is computed from abiotic parameters such as
slope, direct and indirect lighting, whereas snow and rocks are distributed according to slope and flow maps.

the largest degree of incoming ridges ®, = max({®;})+ 1. Finally,
note that order is assigned to segments, whereas [RKO* 19] labeled
entire ridge paths.

Lindsay and Seibert [LS13] proposed a metric based on the con-
vergence path length between flows at opposite sides of the moun-
tain ridges to characterize the importance of different divide ridges.
The method relies on the observation that flow paths starting at op-
posite sides of the divide probably converge after a small distance
for small or secondary ridges. In contrast, the flow paths extend
over large distances or may not converge for the main divides. The
Branch length B(p,q) between two positions p and q is the dis-
tance along the flow path (using the D8 model) initiated at p until
reaching the confluence with the flow path initiated at q. It is not
symmetric: B(p,q) = 0 if p is downstream of q. The Maximum
Branch Length Bg (p) computes the longest branch length between
p and its neighbors q € Q. It can be interpreted as the complement
of the contributing area in the same way that the divide network is
the complement to the channel network (Figure 49).

7.5. Analysis

Given their close relationship with shape analysis and geometry
processing, it is not surprising to find methods in the Computer
Graphics literature addressing the computation of surface networks
(see [TIS*95] for an early example) and, more generally, Morse-
Smale complexes (see [DFFIM15] for a review). These approaches
have, in turn, contributed to advances in geomorphology and GIS.

Classifications are often successfully used in Computer Graph-
ics as they define a limited set of archetypes, patterns or config-
urations that lend themselves for procedural generation. A typi-
cal example is the Rosgen classification (see Section 7.2) that was
first employed as a proxy for defining the geometry of river chan-
nels according to their classification based on slope and drainage
[GGG*13]. By combining power laws correlating the flow, hence
the width and depth of the river to the drainage area A, the authors
propose a procedural approach for generating the profile of the
riverbed. Peytavie et al. [PDG*19] introduce a similar algorithm to
animate the surface of the water. The Horton Strahler numbering
(see Section 7.2) is also used for classifying rivers into different cat-
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egories. Paris et al. [PGCG23] modeled the evolution of meander-
ing rivers, using sinuosity and upstream curvature to compute the
migration rate along the channel. For an overview of the different
methods available to model rivers, see the work of Brown [BP19].

Ridge networks and divide trees (Section 7.3) were employed
for landscape classification and synthesis in [AGP*19]. A notable
result is the ability to generate a vast variety of terrains conforming
to the identified ridge and divide tree patterns. Some image-based
generation algorithms such as [ZSTRO7] rely on the Profile recog-
nition and Polygon-breaking Algorithm to extract ridge networks.

Terrain authoring tools based on sketches typically rely on
the user partly delineating rivers and ridges [GMS09, HGA* 10,
GPM*22]. Learning-based sketching techniques like [GDG*17,
LGP*23] can benefit from robust algorithms and metrics for de-
tecting and filtering these networks.

Network representations have also been used in other procedu-
ral modeling works apart from terrains. For instance, AlHalawani
et al. [AYWM14] extracted topological and geometrical properties
of street layouts to predict their city or region, and then proposed a
simulated annealing optimization to modify an initial random lay-
out into a desired city style. Polasek er al. [PHBv21] also analyze
the branching structure of trees to learn a realism metric of tree
models.

Artist feedback on the maximum branch length Bg tells us it has
a potential to detecting mountain ridges. Detecting such features
is important to place materials such as rocks and in the same time
avoid populating with vegetation that is not supposed to grow in
these areas.

8. Discussion

Here we conclude this work by providing Computer Graphics
artists feedback on the different previously described metrics, we
compare their computation cost and correlations, and propose fu-
ture research directions.

Artists feedback To assemble a preliminary and qualitative study
of the impact the different metrics could have on production
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Section | Notation Description Type | Domain/Feature Cost factor CG usage
Vh(p) Gradient [
s(p) Slope o

2.1 s(p,q), 5(p) Directional and average slope P Q 1 o)
n(p) Normal ®
o(p) Terrain aspect ¢}

29 Ah(p) Laplacian P Q 1 o
(—=A)*h(p) Fractional Laplacian P Q, 3 52 480 830 0

23 Kmin> Kmax, K | Min, max, and Gaussian curvatures P QporQ, 4 23 175 1800
Kpro, Kcon, Ktan Profile, contour, and tangential curv. P Qpor Q,

2.4 z(x,y) Fitted quadric surface P QorQ, 3 21 175 1800
Ahg, (p) Local relief 1 5 50 530 o
h(p), o%(p) Local mean and variance 1 5 30 340 o}

2.5 t(p) and 7(p) Topographic Position Index (TPI) P Qn 1 4 27 300 ¢}
r(p) and 7(p) Terrain Ruggedness Index (TRI) 1 4 34 400 o}
p(p) Rugosity 3 9 65 710 o
os(p) Roughness 6 12 78 960 ¢}

26 HA(p) Hillslope asymmetry P Q, 12 18 120 950 o)
Asymmetry(X) | Asymmetry index F Line, Curve - ¢}
V(p) Viewshed F Point 2-10° o

3.1 V(P) Cumulative viewshed F Points |P|-10° o)
viax (P) Visibility index P Qo 10!

30 0a(p), Wa(p) Zenith and Nadir angle p Ou 3 5 16 ¢}
D(p), ¥(p) Positive and negative openness 8 20 48 130 ¢}
oa(p) Horizon angle 180 ¢}

33 a(p,n) Accessibility P Qoo 150 - nirays °
v (P) Sky view factor 120 - nrays o
3 (p) Sky view factor approximation 2 )
E(p) Surface irradiance P Qoo 2800 [

34 0(p) Diurnal Anisotropic Heat Index P Q4 5 o)

43 p(p) Percentile P Qn 1 4 37 360 ¢}
WE, B¢ White and Black Top Hat P Q, 6 30 170 1850 o)

4.5 Aq Geomorphon pattern P Qy 6 15 41 130

Table 1: Comparison table, part 1. P means pointwise, F featurewise, O means not used, ® intensively used and

is intermediate. Cost

factor relative to average slope time computation (18 ms), metrics defined on Qy or having cut-off distance computed for n =1,5,16,53.

pipelines, we worked in coordination with professional artists in
the entertainment industry with extensive experience on landscape
modeling (see Figures 50 and 51). They provided us with synthetic
terrain maps and we computed the set of terrain metrics. We se-
lected those metrics which result in maps over Q - the majority of
them -, in order to provide the artists with grayscale images repre-
senting each one on a normalized range. For metrics that depend on
parameters, we generated several maps with two or three values of
each parameter, providing more variety.

The artists carefully analyzed the different maps, and presented
us with comments on each metric. They were able to load them,
display them on top of the terrain, and even use them in their con-

tent synthesis pipelines. Particularly, they rated the potential of
every unexplored metric compared to commonly used ones (such
as slope, Laplacian, or accessibility) concerning an original use
in a creative landscape generation application. We reported their
detailed feedback in the corresponding Analysis subsections, and
summarize their main comments below.

Preliminary results demonstrate that some metrics unknown in
their existing production pipeline were potentially extremely use-
ful. Artists identified the maximum branch length B, as interest-
ing to obtain mountain ridges, and some curvature variants K as
good tools to synthesize high-resolution details on bare bedrock
elevation maps. They mentioned that openness ®(p) could have

© 2025 The Author(s).
Computer Graphics Forum published by Eurographics and John Wiley & Sons Ltd.
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Section | Notation Description Type | Domain/Feature Cost factor CG usage

A(p) Drainage area P Qoo 7 (DY) 13 (MFD) )
Z(p) Specific Catchment Area P Qoo 7 (DY) 13 (MFD) o)

>3 | p Drainage basins P Qoo 7(D8)+5 o
Cp,C, f Basin circularity, compactness, form factor F Basin - )
MRN(D) Melton Ruggedness Number F Basin - O
Ah(D)/L Relief ratio F Basin - O
H; Hypsometric Integral F Basin - o)
w(p) Wetness index 9 o}
SP(p) Stream Power Index 9(m=n=1) 12

>4 STI(p) Sediment Transport Index P Qoo 11 O
dr(p) Depth-to-water Index 20 0
hr(p) Height Above Nearest Drainage 15 0
n(q;) Prominence F Peak 9
d(q;) Dominance F Peak 9

6 i(q;) Isolation F Peak 10

NNI(Q) Nearest Neighbor Index F Qoo 130 o
ORS(p) Omni-directional relief and steepness (ORS) P Qy 3 50 400 3800 o
Jj(p) Jut P Qn 2 22 200 2100 @)
[OF} Strahler number
hr,tr Hydraulic and Topographic Sinuosity Index

7.1 Rp, Rr, R4 | Bifurcation, length and drainage ratio F River 90 o
Tk Tributaries number )

73 PPA PPA ridges p Qn 72 150 315 790
o Divide Tree Qo 9

74 B(p,q) Branch Length p 0u - ¢}
Bo(p) Branch Length max 75 o

Table 2: Comparison table, part 2. P means pointwise, F featurewise, O means not used, ® intensively used and

is intermediate. Cost

factor relative to average slope time computation (18 ms), metrics defined on €, computed for n = 1,5,16,53. Prominence, dominance and
isolation cost factors include computation of the Divide Tree. River metrics report the cost of computing the river network tree, as metric

computations on it are negligible.

a promising potential to determine snow patterns. They also re-
ported that the drainage area A would be a good flow representa-
tive, whereas the fractional Laplacian could be used as a proxy for
sediment deposition maps. Eventually, viewsheds V(p) were rated
as interesting for delimiting regions, as omnidirectional visibility
for placing villages or castles. In contrast, some of the proposed
metrics lack the precision to be used in an artistic pipeline: this was
the case for hillslope asymmetry HA(p), river distance A (p), or
roughness o;(p). A complete evaluation of those metrics was be-
yond the scope of this paper, and remains an interesting venue of
future work.

Performance comparison Tables 1 and 2 summarize the rela-
tive computational costs of the metrics presented in this paper.
Our implementation is accessible at the following link: https:
//github.com/oargudo/terrain-descriptors.

Execution times were measured using a 10242 heightfield cover-

© 2025 The Author(s).
Computer Graphics Forum published by Eurographics and John Wiley & Sons Ltd.

ing an area of 95%km? in the Alps, with timings averaged over five
executions. We report a cost factor as the execution time relative to
that of computing the slope (18 ms in our machine), as it is the sim-
plest and most commonly used metric in Computer Graphics. Note
that this normalization also, in many cases, factors out the influence
of terrain grid dimensions; however, global metrics such as visibil-
ity or drainage/ridge networks may still depend on terrain size. For
metrics computed on a subdomain Q,, we tested values of n corre-
sponding to radii of 100, 500, 1500 and 5000m. As expected, costs
exhibit quadratic growth with respect to n.

It is important to note that all metrics were implemented in C++
and run in a single CPU thread, to provide a fairer comparison be-
tween those that can easily be parallelized and those that cannot.
Our implementations prioritized simplicity and clarity, following
the metric definitions closely, since our goal was to provide an in-
sight into their baseline complexity prior to algorithmic optimiza-
tions. Since many metrics are computed independently at every po-
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Figure 51: Different environments of virtual world: vegetation density is computed from abiotic parameters such as slope, direct and indirect
lighting, rocks and snow distributed according to slope and flow maps, road networks generated to conform to slope and curvature.

sition p, a simple parallel dispatch can significantly speed up com-
putation time. In other cases, specific algorithmic developments on
a given metric may exist to improve performance. For example,
Summed Area Tables instead of a loop can avoid the quadratic cost
on n whenever metrics require a sum of values over Q,. We tested
this approach on the Topographic Position Index and achieved a
constant relative cost of 8, thus making it more efficient for n > 10.

Finally, Figure 52 shows the correlations between different met-
rics. In Computer Graphics, especially in procedural modeling and
texturing, it is not always necessary to use exact physical quantities.
Metric maps are often normalized and rescaled before application.
Consequently, it can be interesting to replace a computationally ex-
pensive metric with simpler correlated indices. For example, Frac-
tional Laplacian, TPI, or impressiveness metrics like ORS and Jut
could serve as proxies for a Visibility Index, at computational costs
that are several orders of magnitude smaller.

9. Conclusion

In this paper, we tried to provide a comprehensive review of some
of the commonly used metrics in geological and Earth sciences to
terrain analysis and synthesis in Computer Graphics. Terrain syn-
thesis has been an active area of research for decades, and recent
work demonstrate the beneficial impact of research in geomorphol-
ogy to propose better algorithms.

A research direction worth investigating would consist in antic-
ipating which algorithms in Computer Graphics could be benefi-
cial to geomorphology. Shape analysis, visibility, lighting, render-
ing and also exaggerated shading represent a huge part of Computer
Graphics techniques that would probably help not only in Cartog-
raphy but also representing terrains.
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Appendix A: Fractional Laplacian
Let s € [0, 1], then Vu € S(R"):

(—A)*u(x) = C(n,s) lim u(x) —u(y)

d
es0- Jrr_Bxe) [x—y "2

The normalizing constant C(n,s) is chosen so that different defini-
tions are equivalent. Let I the Gamma function defined on R™:

+o00 1
I'(z) :/ e dr
0

We have:
s4° T(s+n/2)
C = —_
(n9) = a7 T =)

Moreover, C(n,s) = s(1 —s) as s — 0" and s — 17, and the fol-
lowing identities hold:

lim (—A)u=u lim (—A)’u=—Au
s—0F s—1-
Appendix B: Quadric fitting

For a symmetric n X n window, the coefficients are the solution to
the following linear system:
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where x;,y; are the local coordinates in the window and z; = h(p +
(xi,yi)). Note that M, only depends on the window offsets, so it
can be precomputed for each desired window size n. Moreover, we
can force the fitted quadric to interpolate at 4(p) by setting agg = 0
and expressing all heights relative to (p). We refer the reader to
chapter 4.4 in [W0096] for more details and derivations.



