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Landscape and road layout tracing
1.
One of the key goals of new linear infrastructure planning and design (roads, railways, power lines, pipes and so on) when seeking to
minimize environmental impact is to achieve better layouts that enable
the reduction of ecological fragmentation and visual impacts in the
landscape, among other aspects. Both the transport infrastructures and
the extreme urban pressure are degrading rapidly the landscape diversity (Van Eetvelde and Antrop, 2009). Landscape change essentially
aﬀects the visual aspect of the landscape, and policy makers usually
seek to limit this impact (Gobster et al., 2007).
Landscape has not been a relevant issue in the planning process for new
infrastructure (Antonson, 2009; Arce et al., 2010; Loro et al., 2014). Then,
improved knowledge of these aspects enables planners to locate areas for
new infrastructures so as to cause less impact, reducing earthworks or the
removal of objects with landscaping value, hiding the road from the view of
residents, and preventing eﬀects on wildlife corridors (Español et al., 2008;
Tveit and Ode Sang, 2014). Nevertheless, once the highway layout has been
deﬁned, designers must adapt the infrastructure as the ﬁrst step in integrating it into the landscape (Appleyard et al., 1964; Iuell et al., 2003). In
this phase, the highway must now be seen as a means of contact with the
landscape which can be enhanced by adapting its alignment, proﬁle and
cross sections, and even by creating visual barriers, planting or hydroseeding embankments (Español et al., 2008). While several road tracing
guides have been published to solve this issue (see Table 1), there are few
publications discussing how the recommendation regarding geomorphology, visibility and ecological landscape characteristics can be included
in GIS during the route layout tracing phase (Atkinson et al., 2005; González
et al., 2012; Ortega et al., 2016). One of the major challenges for planners is
the early identiﬁcation of certain landform typologies predominant in undulating valley areas or steep hillsides with changing shapes, which cause
large cuttings and embankments and become a noticeable scar on the
landscape (Español et al., 2008). It is also important to hide the infrastructure from external views and reduce the disturbance of landscapes with
important ecological and visual quality.

Landforms can be deﬁned as discrete morphological features composed by a common morphology of the land surface at a local scale (e.g.
slope gradient, aspect and curvature), but also as a combination of
several landform elements or smaller divisions of the land surface that
have relatively constant morphometric properties at a regional scale
(Pike et al., 2009). According to these authors, the deﬁnition process
involves the following stages: (i) surface sampling (height measurements); (ii) surface generation (land-surface model); (iii) pre-processing
(corrected land-surface model); and (iv) surface analysis.
In the case of surface sampling (i) and the land-surface model (ii),
light detection and ranging (LiDAR) is eﬀective for exploring targets
with a three-dimensional structure due to its ability to acquire vertical
information (Sasaki et al., 2012). The Digital Elevation Model (DEM)
can then be obtained for the bare ground, and the Digital Surface Model
(DSM) for the 3D features plus bare ground. The accuracy of these
models is aligned with the most common scale used for new linear infrastructure planning and design (at least 1:5 K) beyond traditional
thematic land-use maps (Arce et al., 2010; Loro et al., 2014). Various
ﬁltering methods can be applied to classify or separate raw LiDAR data
into ground and non-ground data, although manual supervision is always required to ﬁlter the results, which are highly correlated to each
case study (Liu, 2008).Once the DSM and DEM models are obtained, the
new 3D geometry generated by road design software must be inserted
as part of the pre-processing stage (iii). This allows the inclusion of
standard cross and long proﬁles for roads, which are pre-deﬁned in the
mandatory technical speciﬁcations for the maximum and minimum
length of straight sections or curve radii.
In the case of surface analysis (iv) related to DEM, the object delineation for certain land elements is challenging as it requires a semisupervised classiﬁcation to detect shapes that comply with road-tracing
recommendations in a study area subjected to a speciﬁc road geometry.
This semi-supervised classiﬁcation of landforms requires adjusting a
large number of parameters and thresholds, considering characteristics
of scale (e.g. relative position of a slope) and curvature (convexity and
concavity at diﬀerent planes) in the landscapes. A fuzzy rule set can be

Table 1
Main recommendations on road design and landforms found in the literature (AASHTO, 1991; Español et al., 2008; The Scottish Highways Agency, 1992; Mark and Marek, 2009; Transit
New Zealand, 2006; Valladares et al., 2011).
Criteria

Recommended areas

Areas to avoid

Reduce the road presence in the landscape

Larger areas (plains)
Lowest points on the landscape such as sides of valley bottoms and
upper edge of plains without steep slopes to reduce the impact on
highly productive soils and riparian forest.
Homogeneous middle hillside on both sides without very steep slopes.
Reduced ruggedness.

Tightest areas (narrow valleys)
Elevated sites in the layout in terms of landscape

Achieve lateral compensation in
earthworks
Achieve better adaptation to land surface
in the case of tracing in rugged areas
Reduce visual and acoustic impact
Adapt road embankments and cuttings to
terrain

Curves could be traced in concave/convex areas.
Straight and level road sections may be short and located where the
terrain changes from concave to convex and vice versa.
Open cutting when road layout is near urban areas and there is possible
land compensation along the longitudinal proﬁle.
Design cross-section with no slope over 2H:1 V for cuttings and ﬁll
operations. In ﬁll, 3H:2 V is recommended if possible.

deﬁned to combine landform parameters at diﬀerent scales to obtain
diﬀerent land elements. This rule must be validated to state what type
of curvature is the best descriptor to identify a particular landform
(Schmidt and Hewitt, 2004).
GIS is also an interesting tool to perform visibility studies from DSM,
showing whether an area can be seen or not by surrounding observers
but also by drivers. Current GIS software packages now allow the calculation of the cumulative viewshed (CV), or the number of times each
location is visible from a set of viewpoints for each pixel (Chamberlain
and Meitner, 2013). As a complement to CV when calculating visual
impacts, these authors suggest the need to include the amount of space
occupied by an area in the landscape within an observer's view, as well
as the relative distance to the observer and angle of vision (e.g. inside
the car in road planning). The main disadvantage of mapping is that it
cannot record people perceptions (psychological component of the
landscape), and currently only partially complies with the concept of
landscape deﬁned in the European Landscape Convention (CE, 2000).
As an alternative approach, some models have been developed to assess
landscape quality based on mapping physical attributes (Dramstad
et al., 2006; Martín et al., 2017; Vizzari, 2011; Wu et al., 2006), which
can be considered suﬃcient for road planning optimization (Loro et al.,
2014).
The main aim in the case of highways is to diminish the impact of
this huge occupation of space and the conspicuous presence of this
anthropic infrastructure on the landscape (Español et al., 2008). The
current trend is to include both ecological (habitat patch structure and
their interconnection by means of wildlife corridors) and visual aspects
when deﬁning landscape quality (internally also related to land forms
and earth works). Both approaches use the same study scale (Russo
et al., 2011) and dependence on landscape structure (Fry et al., 2009;
Gobster et al., 2007; Llausàs and Nogué, 2012). In this sense,
Oberholzer (2005) recommends a set of speciﬁc criteria for preventing
the visual impact of highways: i) the landscape integrity (LI) or compatibility of the project with the qualities of the existing landscape; ii)
the visibility of the project (VP) based on distance from the project to
selected viewpoints or vice versa; iii) the potential visual exposure of
the area (PVE) deﬁned as the geographic area from which the project
will be visible; and iv) the visual absorption capacity (VAC) of the
landscape, deﬁned as the potential of the landscape to conceal the
proposed project based on screening by topography and vegetation.
Once these criteria have been evaluated, the optimum road layout
can be obtained via a least-cost path analysis (LCPA) developed by
Dijkstra (1959) and commonly included in GIS software. This algorithm
is currently widely used in linear infrastructure planning to generate an
accumulative cost surface on which to identify a line or corridor with
similar cost (Atkinson et al., 2005; Bagli et al., 2010; González et al.,
2012).

Heterogeneous (rolling) hillside generating imbalances in
lateral compensation or large slopes (usually easily visible
from the valley)
–

Elevated sites in the layout near the location of urban
areas.
–

In response to the aforementioned concerns about the complexity of
highway layout design under the various constraints, the aim of this
study is to outline a methodology to determine and evaluate the integration of transport infrastructure layouts into the landscape. This
integration is done by considering, using an innovative approach, the
GIS- and LIDAR-based methods in the literature to assess the geomorphology, visibility and ecological characteristics of the landscape.
The structure of the paper is as follows. Section 2 describes the
materials and methods used and it is divided into 4 subsections according to the main steps of the methodology. Results are presented in
Section 3; and ﬁnally Section 4 contains the discussion of the results
and some concluding remarks.

2. Materials and methods
Our approach (Fig. 1) addresses spatial road planning with a focus
on the landscape in four stages. Stage I involved evaluating the landscape intended as the potential site for a new highway. Geomorphological, visual and ecological analyses were carried out after a surface
analysis based on surface-model (DEM and DSM) indicators (e.g.
landscape visual quality, visual exposure and land form classiﬁcation).
These two models and some other 3D objects (buildings, forest canopy
and water surface) were previously produced using LiDAR data ﬁltering
methodologies.
Stage II is focused on the creation of a cost matrix from a combination of criteria on which subsequently to trace the highway layout. A
model was developed in stage III to combine road tracing and GIS
software outputs to create a realistic scenario with the new 3D highway
geometry inserted in the DEM model. Finally, priority areas were located for corrective measures using visual indicators and the DSM
model previously corrected in stage IV. The whole procedure is supported by a set of GIS models in ArcGIS 10.2 Model Builder to automate
the analysis. Each GIS model delivers a speciﬁc product that is of potential use for road planning, as described below.
Our methodology was applied to the planning and design of a new
highway (55 km in length) in a typical Mediterranean mosaic landscape
in central Spain that will connect La Campiña (Guadalajara) and Sierra
Norte (Madrid). The Spanish Highways Authority previously proposed
several connecting corridor layout alternatives (see Fig. 2). The main
challenge for this infrastructure is to comply with the recommendations
of road tracing guides to avoid or reduce impacts on the landscape
while considering the marked ruggedness of the terrain in the study
area and the proximity of scattered populations along the new highway
(potential surrounding observers). Several patches of forest are connected by wildlife corridors (Loro et al., 2015). Potential landscape
impacts are expected from major road cuttings and embankments that
disturb the aesthetic quality and the interception of wildlife corridors.

Fig. 1. Flowchart of the methodological framework including geomorphological, visibility and ecological analysis as well as the combination of constraints and ﬁnal impact evaluation of
one deﬁned highway layout.

Fig. 2. Study area location. The planned infrastructure will link the A-2 and A-1 highways. This new highway mainly crosses an area of heterogeneous land use and a combination of hills
and broad plains. Several wildlife species are present in the study area (large mammals) which may be highly sensitive to the fragmentation of their ecosystems.

The most common method in Spanish road construction projects is
to establish diﬀerent levels of hosting capacity for the study area.
Values for territorial variables on thematic maps (physical, environmental, land-use and cultural) are grouped into a composite map considering the most restrictive scenario. Alternative corridor layouts are
then traced and assessed. Landscape is a constraint factor that is rarely
and poorly analyzed using quantitative methods, as opposed to qualitative methodologies based on expert judgment (Arce et al., 2010; Loro
et al., 2014).
2.1. Evaluation of landscape to host a new highway
This evaluation is developed following a number of steps. First, the
LIDAR dataset is processed as the basic data for the next analysis. Then,
a geomorphological, a visual and an ecological landscape GIS-based
analysis are done.
2.1.1. Pre-processing of the Lidar dataset
The LiDAR dataset was converted to multipoint and single point
feature classes of 3D mass points according to the standardized ﬁlter
class code and return values, separating them into unique feature
classes: canopy surface (upper, mid and low canopy), ground, water
surfaces and anthropic constructions. In the case of anthropic constructions, GPS recording time was also included in the multipoint
feature class output to deﬁne diﬀerent building footprints.
DEM and DSM raster grids were generated from multipoint datasets.
Two terrain datasets were processed with the ArcGIS build terrain tool.
A terrain dataset is a multi-resolution, TIN-based surface (triangulated
irregular network) built from measurements stored as features (multipoint, lines and polygons) in a geodatabase (Childs, 2011). The DSM
terrain was updated before and after the design of the new highway in
order to evaluate its visual impact on the landscape (Section 2.1.3).
2.1.2. Geomorphological analysis
The geomorphological analysis was performed separately to calculate landform elements and types in the study area.
2.1.2.1. Landform elements. Landform elements were sorted into 15
classes following Schmidt and Hewitt's (2004) automated classiﬁcation,
which is a combination of 9 classes proposed by Dikau (1989) for
sloping areas and 6 classes proposed by Wood (1996) for ﬂat areas.
These elements must ﬁrst be sorted into sloping and ﬂat elements and
subsequently grouped based on curvatures (convex, concave and
straight) according to signs of tangential and proﬁle curvatures for
sloping areas, and maximum and minimum curvatures for ﬂat areas
(see Table 2). In our study area, we conducted an iteration process to
redeﬁne the threshold values that best ﬁt AASHTO regulations for
geometric highway design.
The basic land-surface parameter – or LSP (slope gradient and
curvatures) – was computed within a 3 × 3 ﬁlter window analysis (see
Table 3). A ﬁlter window analysis examines the relationship between
one pixel (target pixel or central pixel of the core) and its neighbourhood pixel elevation values (Evans, 1979; Olaya, 2009). Statistical LSP
was also calculated using the Vector Ruggedness Measure –VRM–
(Sappington et al., 2007). According to the authors, high values of VRM
indicate that the terrain is rather irregular around the pixel being
analyzed, while low ones denote a smooth terrain.
The form classiﬁcation was deﬁned with fuzzy boundaries according
to a simple linear membership function with two thresholds (slope
gradient and curvature) in a range of 0–1, following the authors' proposed methodology (Burrough, 1989; Schmidt and Hewitt, 2004). In
our case, an iteration process was needed to set the threshold values
that best ﬁt AASHTO regulations (AASHTO, 2004) and the recommendations of road design manuals (see Table 1 and Table 2).
Aerial photos of existing highways and prior identiﬁed landforms (e.g.
road embankments and cuttings whose geometry is deﬁned by road

building regulations) were used to supervise our rules for classifying
terrain entities and deﬁning these thresholds.
Finally, the 15 maps of each fuzzy form element were ranked to obtain
the highest membership function and thereby deﬁne the predominant form
element class for each pixel, as suggested by Schmidt and Hewitt (2004).
Each form element was then assessed by value judgments based on the
recommendations in Table 1. In total, 10 out of 15 categories were found in
our study area (see Fig. 3).
2.1.2.2. Landform types. Landform types were deﬁned by the
morphometric properties of the whole set of pixels. DEM pixels were
classiﬁed according to the Topographic Position Index (TPI) following
Weiss's methodology (Weiss, 2000), which classiﬁes the terrain
according to slope gradient (in degrees) and the TPI index deﬁned by
its traditional TPI or its TPISE standardized elevation formulas:

TPI = Zfocal − Zneighborhood

TPISE =

(1)

Zfocal–Zneighborhood
SDneighborhood

(2)

Where Zfocal is the elevation of the target pixel, Zneighborhood is the average
elevation of all pixels in the neighbourhood, and SDneighborhood is the
neighbourhood Standard Deviation of elevation values. Both indexes
were calculated for DEM with the Land Facet Corridors tool (Jenness
et al., 2011) using a search radius of 30 m and 12 degrees of slope as
threshold values. We chose these values to detect valleys and hills that
were wide and steep enough to satisfy the technical criteria of
minimum highway standard section and proﬁle. In total, six
categories were deﬁned and later assessed by value judgments based
on the recommendations in Table 1. The partial results are shown in
Fig. 4 and Table 3.
2.1.3. Visual landscape analysis
The visual landscape analysis is performed following Oberholzer's
(2005) recommendations and we studied the i) landscape integrity (LI);
ii) the visibility of the project (VP); iii) the potential visual exposure of
the area (PVE); and iv) the visual absorption capacity (VAC) of the
landscape.
We calculated landscape integrity (LI) as the inverse of Landscape Visual
Potential Quality (LQp), in view of the fact that a new highway would have a
higher visual impact on potential observers outside the highway (Stucky
et al., 1998). LQp was calculated by a mapping measurement methodology
based on landscape physical attributes. The physical attributes were described based on the density (but also the variety) of the elements of value
existing within a speciﬁc context, and on the quality level associated with
those elements (see Table 4). The inﬂuence of distance to these objects
(rivers, canopy and single building points) was studied with GIS gridding
techniques such as kernel density estimation (KDE), as proposed by Vizzari
(2011). KDE produces raster surfaces surrounding each point or line according to a quadratic formula, with the highest value at the centre of the
object's position. KDE analysis requires the deﬁnition of the search radius
and the local quantitative value (LQV) of each component with an inﬂuence
on the LQp (see Table 4). The landform diversity (LD) component was directly deﬁned by the VRM index from the DEM raster instead of with KDE
methodology.
In order to combine the selected indexes, all values were previously
standardized to a common range of 0–1 by the interval standardization
method (Malczewski, 1999). A continuous LQp relative to the study area
was calculated as the sum of the relative importance of each naturalistic
and physical landscape component, as follows:

LQp = (W + LD + D × CC − U )

(3)

Where W is the normalized water component weighted by the slope of
the river bed, LD is the normalized landform component calculated by
the VRM index, D is the normalized diversity component weighted by

Table 2
Classiﬁcation of landform elements in the study area. Source: modiﬁed from Schmidt and Hewitt (2004). Reproduced with permission.

Slope

Flat form
element

Landform element

Relation between
curvatures (1)(2)

Ease of adapting road design
to landform element (3)

Reasons for value judgment (4)

Plain

S/S

1

No curvature implies any ruggedness.

Ridge or channel

X/S or S/V

2

One curvature implies ruggedness in only one plane direction.

Peak or saddle

X/X or X/V

3

Two curvatures imply ruggedness in two plane directions.

Pit

V/V

4

Two convex curvatures imply ruggedness in two plane directions and
potential high water flow accumulation.

S/S

5

No curvature assures exact transversal compensation of earthworks in
midslope road layouts.

V/S

6

One curvature implies ruggedness in only one plane direction. On the
positive side, concave profile curvature gives more geotechnical slope
stability than straight or convex curvature (the worst case). On the negative
side, there isno exact lateral compensation of earthworks.

S/X or S/V

7

One curvature implies ruggedness in only one plane direction. On the
positive side, there is a better potential lateral compensation of earthworks.
On the negative side, there is no exact lateral compensation of earthworks,
and the road layout must be adapted to tangential curvature by curves,
which might violate road design regulations

V/X or V/V

8

Two curvatures imply ruggedness in two plane directions. On the positive
side, concave profile curvature gives more geotechnical slope stability than
straight or convex curvature (the worst case). On the negative side, there is

Relation between
curvatures (1)(2)

Ease of adapting road design
to landform element (3)

Reasons for value judgment (4)

Planar slope

Foot slope

Sloping
element

Spur

or hollow

Spur foot

Slope

or hollow foot

Landform element

No exact lateral compensation of earthworks and the road layout must be
adapted to tangential curvature by curves, which might violate road design
regulations

X/S

9

One curvature implies ruggedness in only one plane direction, but convex
profile curvature could involve potential problems of geotechnical slope
instability.

X/X or X/V

10

Two curvatures imply ruggedness in two plane directions. In this case,
convex or concave tangential curvatures could involve potential problems
of geotechnical slope instability.

Shoulder slope

Nose

or hollow shoulder

Where:
(1) In slope areas, the relation of values of proﬁle and tangential curvatures (P/T) can be convex (X), straight (S) or concave (V), according to formulas proposed by Shary (1995) for
proﬁle curvature, and by Evans (1979) for tangential curvature. Both curvatures were calculated by model builder scripting and the DEM surface analysis tool (Jenness, 2011).
(2) In ﬂat areas, minimum and maximum curvature values (m/M) can be convex (X), straight (S) or concave (V), according to formulas proposed by Sehary (1995).
(3) Scale from 1 = easiest, to 10 = worst.
(4) More ruggedness implies a greater potential for earthworks and visual impact.

the density of vegetation points (output of the previous LiDAR ﬁltering
process) or biomass value obtained by kernel density operation of canopy multipoint dataset (search radius 5 m) (see Fig. 5), CC is the
normalized canopy cover component weighted by the tree height, and

U is the normalized anthropic component weighted by the building
height and area occupied. Partial and ﬁnal maps are shown in Fig. 6.
For the VP criterion, each pixel in the study area was weighted by its
distance from potential observers (limited to 5 km as a general

Table 3
Landform types based on the Topographic Position Index deﬁned by standardized elevation TPISE.
Landform type

Ease of adapting road design to landform type (1)

Reasons for value judgment (2)

Gentle slopes
Lower slopes
Steep slopes
Upper slopes
Valleys
Ridges

1
2
3
4
5
6

Lowest points on the landscape such as sides of valley bottoms or upper edge of plains
Second lowest points on the landscape.
High potential for unbalanced earthworks and slope stability.
The road has a dominant presence in the landscape.
Avoid valleys as they contain highly productive soils and riparian forest.
Land elements deﬁned by extreme ruggedness and an elevated position in the landscape.

Scale from 1 (the easiest) to 10 (the worst), based on Table 1 showing collected best practices in road layout design.

Fig. 3. Landform elements in our study area according to Schmidt and Hewitt's (2004) semi-supervised classiﬁcation.

Fig. 4. Illustration of 6 landform types computed by Topographic Position Index (TPI) following Weiss's methodology (Weiss, 2000) in our study area. Threshold values were established
within a search radius of 30 m and 12 degrees of slope.

DSM raster generated from LiDAR data,
1:5 K.
Breadth of views
Distance to the objects

Building multipoint dataset ﬁltered from
LiDAR data.
SIOSE, 1:25 K.

Analyzed with the VE criteria.
Kernel density (Spatial Analysis tool), suggested by Vizzari
(2011) and analyzed with VP criteria.

The higher the presence of large anthropic constructions, the
greater the inﬂuence on the aesthetic analysis of landscape. A
simpliﬁcation was carried out in which no anthropic construction
was considered as an element to increase the LQp.
Landscape elements condition the quality of their surroundings, in
accordance with a spatial gradient that is inversely proportional to
the distance from it (Vizzari, 2011).

Nature and croplands with higher density of biomass and canopy
strata have greater scenic value
Higher numbers of ﬂora species carry an associated increase in the
green chromatic band.

Canopy Cover Fraction
(CC)
Diversity (D)
Naturalness
Type
Type
Urban density (U)

Water multipoint dataset ﬁltered from
LiDAR data, 1:5 K.

Type, shores,
movement, quantity
(W)
Landform Type (LT)

DEM raster generated from LiDAR data,
1:5 K
Entire canopy surface multipoint dataset
ﬁltered (code 3, 4 and 5; ﬁrst return)
from LiDAR data, 1:5 K
SIOSE, 1:25 K.

Density of single point cloud (biomass density) weighted by
point z value, see Fig. 5
Richness of ﬂora species and number of canopy strata.
Typology of land use unit.
Typology of land use unit.
KDE density of single point cloud of each individualized
construction by the BDL model where the value ﬁeld is the
building height and footprint area.

Higher water surfaces with plants on their shores and in movement
proportionally increase scenic beauty.

Density of water points, biomass density and location of
riparian forests.
Slope of river bed conditions its speed.
VRM index (Sappington et al., 2007).

More complex relief increases visual quality.

Description and theoretical foundations
Selected indexes
Map data source
Variables

VA = LQp⋅VP⋅CV m

(4)

Where LQp is the normalized potential landscape quality LQp, VP is the
normalized Visibility of the Project (VP) –where higher values are given
the closer the pixel is to the observer location–, and CV m is the average
value of normalized visual exposure or the cumulative values of views
of CV0 , CV2 and CV4 . Partial and ﬁnal maps of this analysis are shown in
Fig. 8.
2.1.4. Landscape ecology analysis
We used an ecological connectivity map -developed by Loro et al.
(2015)-, where each pixel in the study area is quantiﬁed through the
level of connection provided by the sum of the overlapped wildlife
corridors. These elements are divided into 528 wildlife corridors (or
links) and 33 habitat patches (or nodes) and represent a graph-based
approach to landscape ecological connectivity which can be studied
through the Probability of Connectivity index (PC) described by Saura
and Pascual-Hortal (2007) and its fractions (Saura and Rubio, 2010)
(see Fig. 9).

Views

Anthropic land
uses

Vegetation

Water
Physical
attributes

Landform

Criteria

2.2. Creation of the cost matrix

Components

Table 4
Selected indexes to calculate local quantitative values (LQV) of physical landscape components based on an adaptation of the Cañas et al. (2009) approach.

panoramic view reference value) by the Euclidean distance tool. This
was done to correct the visibility analysis and the eﬀect of the noise of
higher impacts from highway layouts closer to observers.
Potential visual exposure (PVE) and the Visual Absorption Capacity
(VAC) criteria were added; as the DSM includes topography and vegetation (see Section 2.1.1 above) and we assumed that vegetation (trees
and shrubs) were dense enough to be impenetrable by sight. We also
improved the calculation by including the cumulative viewshed (CV)
for each pixel in the study area –the number of times that pixel can be
seen by each observer located in 5-km radius (considered as the value of
the panoramic view by Cañas et al., 2009)–, and deﬁned this criteria as
Visual Exposure (VE). Another improvement was a more precise deﬁnition of observer point locations. Instead of using the coarser delimitation of houses provided by thematic land use maps –SIOSE, with a
scale of 1:25 K (Ministerio de Fomento, 2005)–, we developed a GIS
routine to deﬁne these observation points from the buildings multipoint
previously extracted from the LiDAR dataset, which was deﬁned as the
Buildings Delimitation from LiDAR (BDL) model.
The ﬁrst step of the BDL methodology is to aggregate the anthropic
construction multipoint dataset into diﬀerent subsets according to a
threshold proximate distance between them (in our case 3 m) and GPS
recording time. This process consists of grouping points belonging to
the same building into the same set to obtain a perimeter polygon
(aggregate point tool). Also, real building layouts were corrected by
estimating the minimum bounding geometry deﬁned by the rectangle
of the smallest width enclosing each feature (Fig. 7).
Once the observation points were deﬁned, the Cumulative Viewshed
(CV) was analyzed based on pixels that are most often visible by different potential observers (CV0). Other visual exposure maps (CV2 and
CV4) were calculated, varying the pixel z elevation of the input observation points from 2 (such as car height) to 4 m (truck height).
Finally, Global VA criterion was calculated from the aggregation of
homogenized values to a common scale (0–1) by the interval standardization method:

The cost matrix was developed in three steps. As the selected constraint criteria (geomorphology, visual and ecological) have diﬀerent
scales (discrete and continuous scales), the ﬁrst step was to apply a
fuzzy linear transformation function (ArcGIS 10.2. fuzzy membership
tool) to transform them into a common ratio scale (0–1).
In the second step, a Principal Components Analysis (PCA) was
performed to detect redundancy or collinearity among the criteria
(using the ArcGIS PAC multivariate tool), which showed that the VRA
index was not required to explain the landform constraint criterion due
to the low rate of covariance (coeﬃcient of correlation, r = 0.99) with

Fig. 5. Biomass density raster (left) obtained by kernel density operation of canopy multipoint dataset (search radius 5 m) and the 3D visualization (right).

the rest of the combined criteria.
In the third step, the homogenized criteria were aggregated using a
fuzzy operator OR (maximum value of the rank of values in each pixel
of the study area), giving an overall index of potential carrying capacity
to trace a new highway layout or cost matrix. We chose this fuzzy operator according to Spanish highway planning regulations (Loro et al.,
2014) which suggest setting the most restrictive value found for each
pixel in the study area for each evaluation criterion.
Finally, we performed a GIS accumulative cost distance function between the origin and destination to calculate isocost bands or bands delimited with a similar cost range. These bands were calculated only inside
the predeﬁned highway corridors, thus allowing bottlenecks to be displayed
depending on the selected threshold value. An iterative process was conducted by modifying threshold values, deﬁned by Natural Breaks (Jenks,
1967), until alternatives were found without bottlenecks and with a limited
minimum width of 30 m (the standard size of a regular highway section in
Spain is 20 m) following the methodology proposed by Loro et al. (2015).
2.3. Creation of a realistic scenario
The ﬁnal layout was traced following AASHTO highway design
standards (AASHTO, 2004) with AutoCAD Civil 3D software based on
previously calculated isocost bands as a reference. In this process, the
layout was locally traced outside of these isocost bands in accordance
with geometric highway design standards.
Finally, the DSM terrain calculated in Section 2.1.1 was updated
with the new 3D geometry of the highway, and deﬁned as DSMh. This
process involved converting the 3D lines generated with the CAD
software into a polygon and then using this to erase the multipoint
dataset contained within the polygons. A new terrain was then generated following the process described in Section 2.1.1, in this case including the new 3D highway geometry lines –as “hard replace” break
lines– and adding the DEM multipoint dataset without the erased points
(see Fig. 10-A). Finally, a new DEM raster was extracted from the
modiﬁed terrain which included the new infrastructure (ArcGIS 10.2
terrain to raster tool, window size and ZMIN thinning methodology)
(see Fig. 10).
2.4. Location of priority areas to apply corrective measures
Using the new DSMh as input, two evaluation indexes were deﬁned
to assess the landscape impact in order to propose corrective measures.

The index for estimating the visual impact on the landscape (IA) for
each one-kilometer highway section was calculated following the
equation:

IAkm =

∑ (HEC⋅VAh⋅100)km

(5)

Where HEC is the normalized (0–1) maximum height in each embankment or cutting, and VAh is the VA calculated for the DSMh excluding the closest landscape elements corresponding to road elements
(see Section 2.1.3 and Fig. 10).
The index for estimating the impact on the landscape ecology
component (LAEkm) for each one-kilometer highway section was calculated following the equation:

LAEkm =

∑ ( Ck⋅lk,km)km

(6)

Where Ck is the connectivity value provided by link k (as a percentage)
for the overall connectivity provided by all the links in the study area
(regardless of whether they are aﬀected by the highway), which was
23.48%; lk,km is the length of the segment of link k intersected by the
highway in the one-kilometer section. Only complete intersected links
for each highway were taken into account to calculate the index.
The study area around the highway was also characterized in terms
of its visibility by users and the scenic quality of its landscape background. The index of the scenic potential of highway sections (SHS) was
calculated following the equation:

SHS = LQpb⋅CVh,100

(7)

Where LQpb is the normalized LQp of landscape units located in the
scenic background (Fig. 11-C), excluding nearby highway components
(cuttings and embankments or road carriageway), and CVh,100 is the
normalized cumulative viewshed (CV) or frequency of views by the
planned highway users every 100 m (Fig. 11-D).
This calculation was made by deﬁning observation points every 100 m
in each lane direction (right and left lane) of the highway based on angle
changes in the layout with the azimuth (see Fig. 11-A). Following the recommendations of previous studies (Glaría and Ceñal, 1993; Ministerio de
Fomento - Esteyco, 1999), the assessment parameters were deﬁned to simulate the actual position of the potential observers inside a car: 1.1 m for
the driver's eye height above the road surface, 2 m for the driver's distance
from the highway centerline, 180 horizontal degrees (which includes driver
and passengers) and 45 and - 15 vertical degrees for the trajectory of potential visibility from the car front window for 100 km/h speed, and two

Fig. 6. Normalized partial maps to calculate Landscape Visual Potential Quality (LQp) in the study area. (A) Anthropic component weighted by building height and area occupied. (B)
Landform component calculated by the VRM index. (C) Diversity component weighted by density of vegetation points or biomass value. (D) Canopy cover component weighted by tree
height. (E) Water component weighted by slope of river bed. (f) Potential visual landscape quality map (LQp) generated with Eq. 3.

search radius of potential visibility (600 m for clear vision and 1500 m for
long vision). The azimuth angle of each highway stretch was previously
calculated to deﬁne the start and end angles of the horizontal scan range for
each lane direction in the visibility analysis.
3. Results
The lowest cost values of isocost bands were obtained in the centre
of the study area (section XVI, up to 29% less cost than nearby sections), and on the western edge (section II, up to 31% less accumulative
cost) (see Fig. 12). On the eastern edge, section XIX also had low cost
values due to low values of LAE, VA and LAU (less than 0.5%).

In contrast, sections XI–XII and XV have a higher rate of impact on
wildlife corridors (up to 9%). Other sections such as X and XIV have a
combination with a loss eﬀect for all the variables. Higher VA values are
concentrated in sections V, VI and XVIII (Fig. 8-D), but their relative
importance to other variables is fairly small (2–4% of relative cost
value). LAE values are also signiﬁcant in all sections with a relative cost
value of 70–90%, especially in sections IX and X.
The inclusion of a minimum isocost bandwidth shows that the least
cost path is discarded in section XX (Fig. 12-A), while in other sections
the least cost path is in the centre of one of the branches of the isocost
band (Fig. 12-B). It should be noted that these isocost bands are intended as a guide only for the ﬁnal highway layout tracing phase with

Fig. 7. Example of the delimitation of diﬀerent building edges through a multipoint polygon aggregation and a subsequent reshaping of the rectangle by area. Observation points were
located inside the delimited buildings for the visibility analysis.

AutoCAD Civil 3D. As can be seen in Fig. 12-B, in section XVI we were
unable to trace a layout within the isocost band due to limitations in the
geometric design of the curve radius and length of straight highway
stretches.
Impact indicators such as higher IAkm values are concentrated in
sections 42 and 43 due to high density of potential observers (CV index)
near the new highway (VP index). These observers can also see

embankments with an average height of 10–15 m (HEC index) with
attractive landscape as background scenery (LQp index) (see Fig. 14). It
should be noted that these highway sections are located in an area
where isocost bands present a high rate of bottlenecks and where there
is no corridor alternative (Fig. 13, section VI).
Although section 33 and 39 show high rates for most of the indexes,
this is due to the fact that they are inﬂexion points for the CV and IAkm

Fig. 8. Normalized partial maps to calculate the visual analysis (VA) in the study area. (A) Potential landscape quality map. (B) Visibility of the project (VP) map by surrounding potential
observers. (C) Average value of visual exposure or cumulative view map (ground level, 2 and 4 m above ground). (D) Visual analysis map.

Fig. 9. Quantitative value of existing habitat patches (or nodes) and wildlife corridors (or links) as connectivity providers in wildlife dispersal movements. Connectivity has been
measured with the possibility of connectivity index (PC) developed by Saura and Pascual-Hortal (2007). Source: developed by Loro et al. (2015).

index values, which start to decline in these sections, as the road lies in
a depression and is hidden from potential observers located in the
surroundings. In contrast, CV index values are high in section 17 because the road is easy to see by observers; however all the other partial
indexes decrease, and the global index IAkm thus also decreases. LAEkm
index showed that 6 of the 33 wildlife corridors were completely intersected by the new infrastructure (sections 21, 23, 30 and 32) but
only one had certain importance for the landscape ecological connectivity (6% of Ck ). In parallel with the road's impact on wildlife
corridors, four wildlife forest patch habitats suﬀered a direct reduction
in connectivity due to loss of area caused by the new highway (with
maximum values of 12.55%).
Corrective measures such as designing wildlife passages, planting
shrubs and hydro-seeding were also prioritized at a local scale (see
Fig. 10-B,C and D). 96% of the pixels in the cuttings and embankments
evaluated (13,465 ha) obtained a very low priority, and only 3%
(417 ha) obtained a low priority for the application of corrective
measures. In contrast, 1% of highway slope pixels obtained priority
values of over 50%. Although this percentage is small, it represents a
surface area of 55 ha to be planted.
Important diﬀerences were found in the landscape views observed
by potential highway users travelling through this infrastructure or SHS
(see Section 2.1.3), depending on the lane direction (left or right,) and
search radius deﬁned in the visibility analysis (Fig. 14 and Fig. 15).
Thus LQp values observed by users follow similar trends for right and
left lanes for a 600 m search radius, although diﬀerences were found for
a 1500 m search radius for each one-kilometer section, for example in
the 42–45 km range (see Fig. 11-B). The combination of the results for
600 and 1500 m for both directions produces kilometer sections with
higher values in the 23–28 range and the 39–51 range (Fig. 15).

4. Discussion and conclusions
The results of this research conﬁrm the reliability of our GIS
methodology for preventing visual impacts for potential observers in
the surroundings or on a new highway, and ecological impacts.
The use of isocost bands of less cumulative impact –as an alternative
to LCPA– oﬀers more realistic corridors for road planners as it considers
several branches of similar cost and takes account of infrastructure
width, which may help avoid bottlenecks. Previously, the Principal
Components Analysis (PCA) was helpful for removing selected factors
with redundant information (or potential collinearity) before combining them to build the cost matrix.
Although isocost bands were useful for locating the optimal layout
in most of the study area, AASHTO geometric design limitations –curve
radius, length of straight road stretches and proﬁle slope– traced with
AutoCAD Civil 3D prevented some sections from following these isocost
bands. LCPA and related algorithms –such as the algorithm applied to
calculate isocost bands– produced solutions that are only minor perturbations of the optimal path. However although they may serve to
trace the ﬁnal route layout, they cannot be used in the public participation process in the Environmental Impact Assessment, where a wide
variety of spatial conﬁgurations must be considered in the analysis of
alternatives (Scaparra et al., 2014).The use of LiDAR introduces a signiﬁcant novelty for preventing landscape impacts: the detailed recording of physical and ecological aspects for the creation of high-resolution thematic map sources. Beyond the traditional contour maps
used in baseline analyses in environmental impact studies, LiDAR
technology provides elevation data with a high density and accuracy
required by contemporary geomorphometric analysis. This allows
landscape parameters such as shape and diversity of terrain curvature
to be calculated in small pixels for large-area inventories (Gessler et al.,
2009), leading to an earlier identiﬁcation of the optimal landforms for

Fig. 10. (A) Terrain dataset obtained after updating the DEM raster with the new 3D highway geometry. (B) Potential wildlife corridor aﬀected by the highway in km section 31. (C)
Example of km section 42 and the local priority for the restoration of each road slope in the area according to the relative value of the IA index (D) Realistic views of planned wildlife
passages in section 31. (E) Realistic view of embankments in section 42.

hosting the highway. The visual impact on the landscape can thus be
actively reduced in the design phase, and can serve to prevent impacts.
Although LiDAR is a powerful information source, in addition to extracting thematic information by ﬁltering based on standardized class
code and return values, other post-processing was necessary. In this
sense, proposed BDL model was useful and it is easily replicable by GIS
users to reduce the complexity of the entire multipoint cloud by extracting meaningful subsets or a set of feature points.
Likewise, more complex models for generating DSMs can be found
in the literature to extract object-based classiﬁcation from LiDAR pulse
return and remote sensing data such as tree species (Sasaki et al., 2012),
roof details of buildings (Demir and Baltsavias, 2012) and geomorphology (Pfeifer et al., 2014). The LiDAR dataset had greater detail
(0.15 m pixel size) in these studies than in our source (0.25 m), and
ﬁeld surveys were done due to the smaller study areas. In parallel,
multivariate remote sensing techniques such as maximum likelihood
supervised classiﬁcation were applied by collecting sampling points
containing objects detected in orthophotos as inputs to help in deﬁning
building footprints.
In the case of geomorphological analysis, existing geomorphological
classiﬁcations of DEM can be adapted to the recommendations in the
tracing guidelines. We extracted 10 landform elements out of 15 in the
Schmidt and Hewitt (2004) classiﬁcation (see Fig. 4). The reduction in
the number of elements probably occurred due to our modiﬁcation of
the original threshold values in order to adjust to highway design
standards and tracing recommendations. Others landform element
classiﬁcations could be applied (e.g. MacMillan et al., 2000, 2004;
MacMillan and Shary, 2009) as well as the selection of geometrical LSP
(curvatures) using a diﬀerent combination of the local polynomial
calculated following Evans (1979). However we were unable to use the
VRM index to locate appropriate landforms to host the highway due to

the tracing recommendations contained in the guidelines. Although the
ruggedness index VRM was a good descriptor of LQp (see Fig. 6-B), other
indexes such as curvature and slope identiﬁed landform elements more
eﬀectively. Apart from slope (local scale parameter) and elevation
contours as constraining criteria in road planning, we found that semisupervised models for landform elements (local scale) and types (regional scale) can be ﬁtted to tracing recommendations. The output
raster format also allowed us to use MCE and accumulative cost functions to optimize the layout (see Fig. 12).
Jessel (2006) deﬁnes several challenges when studying the physical
elements of landscape, such as: (c1) the availability of data from landuse mapping on perception-forming items such as small structures and
general spatial structures; (c2) the relation between individual types of
utilization and structural elements; and (c3) the general spatial perceptional references in transitional zones where the boundaries are
unclear. In our approach, the analysis of the physical landscape aspects
revealed that individual landscape components were profusely described according to design shapes and proportions (c1) thanks to the
detailed database of landscape attributes produced from LiDAR. This
allowed us to develop a more complex LQp model than Vizzari's (2011),
but maintaining the use of KDE density as a tool to assess the overall
perception of areas with a similar appearance (c2 and c3). Thus individual landscape components were assessed according to their local
quantitative values (LQV), including degree of movement of river
water, ruggedness of landforms, vegetation canopy cover fraction (CC)
and tree height (Fig. 5), building height (highest present in the scene)
and footprint (Fig. 7), among others (Table 4). Our study included an
important simpliﬁcation in which no anthropic constructions were
considered as elements that could increase the LQp; this was due to the
availability of non-cartographic data with enough detailed information
on the study area. The literature contains some good examples of

Fig. 11. Scenic potential of highway sections (SHS) in the study area. (A) Example of viewshed calculation from two observation points in lanes in opposite directions of the highway. (B)
Zoom to section 42 of the SHS map. (C) Potential landscape quality of the scenic background, excluding nearby highway components (cuttings and embankments or carriageway). (D)
Cumulative viewshed (CV) map or frequency of views by users every 100 m.

increases or decreases in the LQp when detailed physical attributes of
construction such as textures, colour or forms are available or obtained
from ﬁeld studies (Cano et al., 2013, Cañas et al., 2009). Also, visual
analysis performed after the inclusion of the new highway geometry in
the DSM improved the realism in the calculation of the cumulative
views parameter due to the eﬀects of local screening elements such as
trees or buildings, or highway sections in depressions, where it was
completely hidden from observers sited in the surroundings (Fig. 11-A)
and in the highway surroundings (Fig. 11-D). Also, diﬀerent heights
(CV0, CV2 and CV4) and road layout orientation were corrected based
on the variation of horizontal (car trajectory and its azimuth) and
vertical angles. The inﬂuence of distance from surrounding potential
observers was included through the project visibility (VP) index.
The inclusion of the new highway 3D geometry in the DSM also allowed us to compute visual impact indicators IAkm, LAEkm and SHS and
quantify the overall impacts of highway sections at a global scale, as well
as locating detailed areas of embankments to be restored or where
wildlife passages could be built. The SHS index identiﬁed which zones of
cuttings and embankments should be planted and hydro-seeded due to
high rates of CV and LQp (see Fig. 10). On the basis of DSMh (Fig. 11 and
Fig. 12), screening plantation areas can also be planned in a realistic way
according to the visual intrusion of the new project in the surroundings
and by improving road lane legibility and avoiding glare for drivers (see
Chalkias et al., 2013). Herb species can be selected for hydro-seeding
based on the microconditions of each embankment using slope or wet
ground indexes to estimate soil moisture or potential erosion (Jelaska,
2009). Besides the LAEkm index clearly highlights two areas (Sections 22
and 33) where a wildlife passage should be built to maintain fauna dispersal movements (Fig. 11).

Within the framework of landscape analysis and environmental
impact assessment, the proposed methodology could eﬀectively support
self-producing thematic maps from LiDAR data. This enhances the
analysis of landscape in a detailed scale planning (1:5 K), improves the
location of highway sections with the lowest rates of cumulative views
for observers outside the infrastructure, and allows the identiﬁcation of
the optimal landforms for hosting the highway with the minimum visual impact on the landscape. Visual and ecological impacts were located, thus enabling their restoration. The inclusion of 3D geometry
allowed the creation of 3D scenes which are in great demand by stakeholders in environmental impact assessment processes and at the
public participation stage (Paar, 2006). The combined used of LiDAR
and geomorphology can help decision-makers assess which road layouts
produce higher impacts, provide insights into value judgments, and
deﬁne which corrective landscaping measures should be applied, and
where. Following this research line, focus groups made up of residents
and occasional visitors could be asked to measure their perception of
the landscape before and after the inclusion of the new highway in the
scene using photorealistic rendering methods as propose Ghadirian and
Bishop (2008).
Our research focuses on the GIS components of the GIS-MCA
methods, especially the development of geographical data models and
the spatial dimension of the evaluation criteria reviewed by Malczewski
(2006). Other MCA method approaches may complement the proposed
methodology, including those based on the nature of the evaluation
criteria, the number of individuals involved in the decision-making
process and the nature of uncertainties, in order to improve the spatial
deﬁnition of decision alternatives for new routes. This study of landscape can help fulﬁlling the requirements of European Landscape

Fig. 12. Isocost map, delimited by predeﬁned highway corridor alternatives and the required 30 m minimum bandwidth size. (A) Least-cost path is discarded in section XX due to
bottlenecks. (B) Corridor section where layout was outside the isocost band due to limitations design.

Fig. 13. Balance of quantiﬁed landscape impacts from the new highway for each one-kilometer section of highway. Ecological impacts and visual impacts (deﬁned by height of road
slopes, cumulative views from observers located in the new highway surroundings and landscape scenic quality) are shown, along with the combination of both.

Fig. 14. SHS index calculated for each lane direction (right and left) and search radius in the analysis (600 and 1500 m).

Fig. 15. SHS index calculated for each section for a diﬀerent search radius in the analysis (600 and 1500 m), aggregating the analysis of both lanes.

Convention (CE, 2000) and be a useful tool for civil engineers to improve the integration of new highways into the landscape.
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