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ABSTRACT:

Close range hyperspectral imaging is a developinthodefor the analysis and identification of mategamposition in many
applications, such as in within the earth scientlséng compact imaging devices in the field allavesmr-vertical topography to be
imaged, thus bypassing the key limitations of vigyiangle and resolution that preclude the use rifomie and spaceborne
platforms. Terrestrial laser scanning allows 3D ognaphy to be captured with high precision and iapaesolution. The
combination of 3D geometry from laser scanning, anaderial properties from hyperspectral imagingwi new fusion products to
be created, adding new information for solving agtion problems. This paper highlights the advgesaof terrestrial lidar and
hyperspectral integration, focussing on the qualtaand quantitative aspects, with examples frogealogical field application.
Accurate co-registration of the two data typeseguired. This allows 2D pixels to be linked to B lidar geometry, giving
increased quantitative analysis as classified riadteectors are projected to 3D space for calooitetif areas and examination of
spatial relationships. User interpretation of hgpectral results in a spatially-meaningful mansdacilitated using visual methods
that combine the geometric and mineralogical préglirca 3D environment. Point cloud classificataord the use of photorealistic
modelling enhance qualitative validation and intetation, and allow image registration accuracyoéochecked. A method for
texture mapping of lidar meshes with multiple imageatures, both conventional digital photos and engpectral results, is
described. The integration of terrestrial lasemsgag and hyperspectral imaging is a valuable mednsroviding new analysis
methods, suitable for many applications requiringdd geometric and chemical information.

1. INTRODUCTION

Applications in photogrammetry and remote sensnegoften
enhanced by the use of multiple sensors that peovid
complementary information and therefore improveadpicts
for users. A common example is the combination asief
scanning and photogrammetry, both terrestrial aadala
where the high density and precise geometric data fidar

is given added value using the increased radiomefpiectral
and spatial resolution provided by digital metric semi-
metric imagery (e.g. Axelsson, 1999; Frueh et24105; Fassi
et al., 2011; Guo et al., 2011). Multispectral gpérspectral
sensors have the potential to further complemeserla
scanning topographic data, as an extended parthef t
electromagnetic spectrum is recorded with a greatenber
of spectral bands. Such sensors measure many nbaogs,
allowing near-continuous reflectance curves to ééved per
component image pixel (van der Meer and de Jon@1R0
Such high spectral sampling makes it possible talyan
small variations in material composition, even fa¢ Sub-
pixel range (Keshava and Mustard, 2002). Whilevillee of
combined airborne lidar and hyperspectral datagi@mple

in forestry, is being realised (Koch, 2010), in sdorange
applications the integration is only now emerging @
potential means of linking geometrical and material
properties (Kurz et al., 2008).

" Corresponding author.

541

Compact and portable hyperspectral sensors are now
available, and are applicable to many close range
applications, especially in the earth sciences, revhihe
remote analysis of mineralogical distribution isteof
important. Such sensors have high spectral resoluti
allowing increasingly complex mineral variations tme
detected (Kurz et al., 2012). In addition, the elasnge
instrument position makes it possible to image psteerain
and building facades, without the traditional peshé
associated with airborne and spaceborne imagingrevhe
spatial resolution and a nadir field of view arelgematic.
The integration of hyperspectral imagery with tetrial laser
scanning (TLS) has high potential for assistingligppon
experts with interpretation and validation of clisation
results, owing to the improved spatial componemtvioted

by linking 2D spectral data to 3D lidar geometry.

This paper assesses the benefits of integrating ddt& and
close range hyperspectral imagery, focussing on the
combined products obtainable from these complementa
techniques. A geological application is used tostifate the
proposed data fusion products. The paper is sterttto
give a background to the component techniques &ed t
multi-sensor integration (Section 2), before thetada
collection, processing and registration is descrif@ection
3). Section 4 outlines visual methods for exploritige
combined data, whilst Section 5 covers quantitatiethods
and accuracy assessment.
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2. BACKGROUND

TLS has become an established method for obtaiBiDg
geometry in many applications, such as architectiring,

geology, and the wider earth sciences. In theseiptiises,

the method has become attractive, due to the rdpid
acquisition, the high point precision and the eafaise,
which has resulted in the technique being adopyedomain
experts outside the geomatics field. Because |laseméng is
an active technique, the strength of the returiaseérl pulse,
commonly referred to as intensity or amplituderesorded
(Hofle and Pfeifer, 2007). Intensity gives some dfenfor

object discrimination, as it is based on the ab#mmpand
reflectance properties of the measured materialthat
wavelength of the laser beam used (Bellian et @052
Franceschi et al., 2009; Nield et al., 2011). Hosveas the
laser operates within a very narrow spectral ranegricted
to a single band, often in the near-infrared, theerisity
values may only be practical for differentiating jora
material differences (Kurz et al., 2011).

To obtain a greater spectral resolution, a numbestudies
have used multispectral approaches. Lichti (200&3sified
laser scanned scenes using the true colour (reéngblue:
RGB) channel and single infrared band of the used
instrument. Hemmleb et al. (2006) developed a spatttral
laser scanner, by combining several laser soutcesferent
wavelengths, for studying building damage. Mostergly
close range hyperspectral sensors have been usegpaoate

a wider range of materials, such as spectrally lammiock
types (Kurz et al., 2012).

It is common for digital imagery to be collected
simultaneously with laser scans. A number of imsgnts
integrate a digital camera into the acquisitiorefiie, giving
access to calibrated semi-metric imagery of higéolgion
(e.g. Buckley et al., 2008). Though a point cloudyrba
displayed using the intensity value for colour, thieerently
sparse, or discontinuous, data can make detailed
interpretation difficult. Features may have a mialirace in
3D, but may be obvious in 2D images as colour gesdFor
this reason, photorealistic modelling, combiningface data
and imagery, is a standard approach. Convertindaa point
cloud to a triangular mesh makes the surface reptaton
continuous, and colour information from digital pb® can
be texture mapped to create an integrated prodikdigkim

et al., 1998; Frueh et al., 2005). Such a phot@mtéaimodel
offers value for visualisation, education and qitative
measurement of recorded objects (e.g. Bellian g2@05).

Despite the advantages of combining terrestria¢rieand
image data in photorealistic models, little quantiiie
information is provided on the mineral and chemical
composition of the scanned object. This lack presidhe
motivation for integrating a further data type, sgdorange
hyperspectral imagery, into the modelling workflomith the
associated benefits of an extended spectral ramge a
resolution.

3. DATASET AND PROCESSING WORKFLOW
3.1 Application

Geology is one application field where terrestrlaber
scanning integrated with conventional visible ligtiital
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imaging has become widespread (Bellian et al., 2005;
Buckley et al., 2008; Buckley et al., 2010). Photbsta
models are created of geological outcrops, allowirogh
surface topography and geological features to beied in
detail. Because well-exposed outcrops often comgrigh
and steep cliff sections and quarry faces, nonamint
measurement techniques are essential. While moggcal
study has been possible in the past using limitpdt s
samples, close range hyperspectral imaging offermnwte
and high resolution means of analysing chemicatilligion
over larger areas. Example data from geologicaktropt
studies are used here to illustrate the potengalefits of
combined TLS and hyperspectral scanning.

3.2 Instrumentation and data collection

Data were collected from two sites, the first & clection at
Garley Canyon, Utah, USA, the second a quarry wall a
Pozalagua, Cantabria, Spain (Fig. 1). A Riegl LMS-&@42
terrestrial laser scanner was used to collect pdimids of
the two outcrops, and a calibrated Nikon D200 caméth a
Nikkor 85 mm lens, mounted on top of the scanneyiged
imagery registered in the lidar coordinate syst&averal
scans were collected per outcrop to avoid shadewset by
obstruction from the individual instrument positso¢iwo for
Garley Canyon and seven at Pozalagua). A globabaton
satellite system (GNSS) was used to record thetipnsof
each scan position (Buckley et al., 2010).

Figure 1. Outcrops at Garley Canyon (top) and theaRgua
Quarry (bottom).

A HySpex SWIR-320m hyperspectral imager (Norsk Etek
Optikk, 2012) was used to image each of the twarops.
The HySpex imager records 240 bands across théwhue
infrared (SWIR) part of the electromagnetic spectruith a
spectral sampling of 5 nm. The spatial dimensionttaf
sensor contains 320 pixels, effectively resulting line
(pushbroom) scanning when used with a rotation estag
Because rotation is required to build up the nunadfémage
columns, the width of an image is variable, detapdiby the
user. This configuration results in panoramic imagi
geometry, where only the across-track image daatan be
represented by central perspective projection (Ladmmet
al., 2006; Schneider and Maas, 2006). Spatial uésol is
low compared with a contemporary digital camera, the
high spectral resolution allows greater differetiia of
mineral content. In this study, multiple images eveollected
for each area, and one representative image westee!for
hyperspectral processing and data fusion for hitdls.s
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To facilitate co-registration of the hyperspecteald lidar
data, a number of retro-reflective targets werecedain
accessible parts of the outcrop. These were reddgéooth
systems, and used later as control points for lsymetral
image registration. Spectral calibration targets rewe
additionally located on the outcrop and imaged gitine
HySpex sensor.

3.3 Processing

For the TLS and hyperspectral fusion products, the
requirements are that the registration of each sdatés
performed in the same coordinate system. Lasersscarst
be registered, to a global or national systemdtuned, and

hyperspectral images must be registered to the dizda.

The laser scans were registered using surface mgteimd
then transformed to global coordinates using theSGN
measurements. The point clouds were merged andeddn
areas of high overlap. A mesh was fit to the ardéa o
geological interest, and finally texture mapping swa
performed to create a photorealistic model of eagttrop
using the conventional digital images. Full deta® in
Buckley et al. (2010).

Previous work (Kurz et al., 2011) has shown that th
geometric model for the HySpex sensor can be repted
by a standard model for linear-array panoramic came
(Schneider and Maas, 2006). Additional parametefsed
in this model account for the horizontal pixel sgefined by
the rotation step, and the non-parallelism of teessr line
and rotation axis. 3D control points were defineihg the
retro-reflective targets in the scan data, as vesl by
manually measuring natural control points to insesa

redundancy and improve the distribution of poimsthe
hyperspectral imagery. Conjugate points were locatetthe
hyperspectral radiance images. Finally, bundle sidjant
was used to obtain the exterior orientation pararsgEOPS)
of each hyperspectral image, along with an estonatf the
camera calibration parameters (Kurz et al., 2011).

Figure 2. Classification of Garley Canyon outcropgf(iti
green: siltstone; yellow: sandstone; orange:
carbonate; dark green: weathering; purple:
gypsum; grey: unclassified; black: masked).
Rectangle shows location of Fig. 4.

The full workflow for hyperspectral processing ieegented
in Kurz et al. (2012) and is only briefly summadskere.
Sensor calibration was used to transfer the rawgéma
measurements to reflectance, and artefacts pertatoi bad
pixels, striping and brightness gradients were rexdaluring
pre-processing. The Maximum Noise Fraction tramsfor
(MNF; Green et al., 1988) was applied to reducegenaoise
and extract the salient spectral features from hiigh
dimensional hyperspectral data cube. Classificatioas
performed based on the mixture-tuned matched ifilger
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(MTMF) approach (Boardman, 1998), using end-members
defined in the outcrop (e.g. Fig. 2).

4. VISUAL DATA FUSION METHODS

Following successful registration, hyperspectrahges and
classification products can be used in a spatiakaningful
manner, both qualitatively and quantitatively. Tlsisction
presents possibilities for visual combination opésspectral
results with TLS data.

During registration, the reflectance images aredufm
measuring control points. However, hyperspectratessing
results in many image products, from multiple MN&nt
combinations to classification output from diffeten
algorithms (Fig. 3). As long as the pixel dimensi@are not
changed from that of the acquired image, the sa@Rscan
be used for any number of processing products.
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Figure 3. Hyperspectral processing results for iomege of
the Pozalagua Quarry. a) radiance image; b) band
ratio image showing limestone (blue) and
dolomite (white); c) MNF image with three bands
shown in false colour; d) MTMF classification of
outcrop materials; e) corresponding lidar
geometry of quarry face. Rectangle shows
location of Fig. 5.

4.1 Coloured point clouds and meshes

A simple method of combining hyperspectral resuiith the
lidar geometry is by colouring the point cloud,thre same
way as is often carried out with conventional dibitmages
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in laser scanning software. The colouring is penfed using
the EOPs of the image, the geometric model forsemesor
and the collinearity condition to obtain 2D pixeotdinates
for each 3D lidar point. The 2D position is usedassign
RGB values to the 3D points (Fig 4a). Advantageshef t
method are that a 3D impression of the materiatiigion
can be quickly created, and points not in the ggo#dly
relevant parts of the scene can be rapidly higkdighand
removed. The point cloud can easily be classified a
segmented into the material classes. However, disadges
are that point clouds are discontinuous (as desgrilm
Section 2), and during colouring no account is naker
geometric obstructions in the camera’s field ofwigetween
a given point and the image plane, making incorrect
colouring a possibility when images are not camgiurem a
similar position as the laser scanner. These d&s#dges can
be alleviated using triangle meshes rather thantmbouds —
in that case the surface model is continuous, amdem
occluding geometry can be used to test visibilithew
colouring the mesh vertices (Fig 4b).

Figure 4. Lidar geometry coloured using classifaratimage
in Fig. 2. a) point cloud; b) mesh. Height of area
c.15m.

4.2 Photorealistic modelling with multiple textures

A mesh makes it possible to visualise the colouiddr
geometry in a continuous form, aiding ease of prmation.
However, the quality of the result is a functiontloé number

of vertices and triangles in the mesh, where largmgles
will cause degradation in detail. Texture mappimiptes
image pixels to the mesh geometry, making use efft
image resolution independently of mesh detail. Byri
texture mapping, the vertices of each mesh triaragke
projected into an appropriate image, defining aeaaof
pixels to be used as texture. All defined patchressaved to
one or more texture images and the position of @atth is
stored as a property of the vertices in the origmesh. In
3D viewing software, the mesh and texture images ar
loaded, and the stored texture coordinates defiadinkage
between vertices and image data, allowing on-screen
rendering of the photorealistic model.

Hyperspectral classifications can be textured oa lidar
model; however, the value is limited by the coaesmlution
of the HySpex sensor. Superimposing hyperspectsillis
on an existing photorealistic model (lidar geomaaxtured
with conventional digital images) provides a farrmaseful
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application of texture mapping. This multi-laygupaoach
gives greater context to the thematic maps andlisable for
interpretation and validation.

Software for performing the multi-layer texture rpamm was
implemented, along with 3D viewing software for
interactively manipulating the layer combinatiohgut data
are the mesh model, Nikon imagery, and multiple

hyperspectral images and processing products. ditiawl, a
project file stores EOPs of all images as well aesignated
layer number that each image should be mapped tgpial
layer configuration is for conventional images tonfi the
first layer, and then hyperspectral results, sushMNF
images and MTMF classifications to form subsequegydrs.

Figure 5. Photorealistic model combining converdion
digital imagery and multiple hyperspectral
processing layers. Layer 1 is the Nikon imagery
(0% transparency). Layer 2 is an MNF image
(Fig. 2c), with 50% transparency, 50% horizontal
cutoff and a sharp edge transition. Layer 3 is a
classification (Fig. 2d), with 40% transparency, a
horizontal and vertical cutoff, and a soft edge
transition. Height of model c. 20 m.

The viewing software was written in C++ using the
OpenSceneGraph library for 3D rendering, providanigigh-
level interface to OpenGL. OpenGL supports the obe
multiple texture units, termed multitexturing, defig how
image textures are stored and used in the graystem.
The number of layers is restricted only by the nembf
texture units supported by the graphics card ofctiraputer
viewing the processed model. During rendering, ldner
combination is controlled using OpenGL state propsr
making it possible to set the contribution of esetture unit.
Most modern graphics cards allow the use of prograhie
parts of the graphics pipeline. The OpenGL Shading
Language offers a high amount of flexibility for hiple
textures, as user-defined functions for texture lwioation
can be written and sent to the graphics card agpmieat
shaders. To take advantage of this, each layetdiienally
given a transparency factor (0 to 100%) specifyirggoverall
weighting of the layer. Horizontal and vertical ttas are
also given, to allow side-by-side visualisation rafiltiple
layers. Each parameter is linked to a slide conimothe
graphical user interface, allowing interactive atijnent of
the layer weighting (Fig. 5). The horizontal andtizal edge
transition can be feathered to give hard or sajeed
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5. GEOMETRIC DATA FUSION METHODS
5.1 Classification vectors

Classification algorithms result in the assignmepirels to

different material classes, which are represenye2llbimage
space vectors in remote sensing software. Usinge@ies of
the hyperspectral image, the reverse collinearggdéion

can be used to form rays for each point of a 2B. liis the
image has no depth information, the lidar mesimtsrsected
by the rays to give points in object space, thaadforming
the classification boundaries into 3D polylines amdygons.

This 3D information can be used to extract reallvor

dimensions, allowing investigation of spatial relaships of
material distribution.

5.2 Poaint cloud classification and modelling

The 3D classification boundaries obtained in Seckd can

For pixels with no 3D data, such as those represgsky or
background, a no-data value is assigned. The surfarmal
at the intersection point can be used to calcudlipe and
aspect values for each pixel (e.g. Fig. 7), whiehwseful for
topographic correction and geological analysisadidition,
the range from the camera centre to the intersgugds can
be used for calculating object sample distancengia quick
approximation for material class areas in the rens&nsing
software environment.

Figure 7. Slope-encoded image that can be used as a
processing mask in remote sensing software.
White areas are outside of the 3D model. Garley

be combined with segmented point clouds (Sectid) ta
create triangulated meshes for individual matebaties.

This allows accurate calculation of surface area tfue
bodies, and estimation of volumes where appropréide

exposure is present. The procedure operates omge Si
material class at a time; i.e. a set of lines argbgmented

point cloud representing one class. Each line iegssed in
turn, first checking whether it is the outer bourydaf a

body, or whether it is an inner hole indicativeaotlifferent
material class. All points of the point cloud amejpcted to
image space using the point of view of the captuiimage,
to test whether they are inside the polygon. Paiggeith no
containing points are designated as holes. Stillking in

image space, the points and lines are triangulateidg the
holes as constraints for triangle removal. Findtg internal
vertices of the triangulated body are assigned theginal

3D lidar positions, and the points on the line segts are
projected to 3D as in Section 5.1 (Fig. 6).

Figure 6. 3D material bodies created using triaaiga
points and classification boundaries,
superimposed on textured model
Canyon). Inset shows detail of points and lines.

5.3 Assignment of geometric propertiesto imagery

Using the TLS geometry allows hyperspectral
information to be accessed in 3D in object spadésuRor
remote sensing processing it can be useful to paveixel
geometric information, such as for topographic ection
and spatial analysis of results. For each imagelp&ray is
defined and intersected with the 3D mesh, as ini@eb.1.

and
(Garley

image
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Canyon image used (Fig. 2).
5.4 Accuracy considerations

Multi-sensor fusion products rely on accurate ggigteation
of the component techniques to be used appropriafer
close range hyperspectral data, the image regsiras
critical and should be inspected. Whilst statistaznfidence
is a result of bundle adjustment, it is also imaottto
evaluate the accuracy in an integrated way. Phalistie
models (Section 4.2) textured with conventionaltp@and a
hyperspectral product give a qualitative indicatiai
registration accuracy, as the user can blend betwke
layers to see the proximity of conjugate areas dthldata
types. Projection of the classification vectors3@ allows
their position with respect to the photorealistiodel to be
compared geometrically (Kurz et al., 2011).

6. CONCLUSIONS

This paper has outlined the potential of integrafé& and
close range hyperspectral data for simultaneousfyaing
the geometry and distribution of materials. Exaraftem an
application in geology have been used to illustthie data
fusion products, though the methods have potensal in
many other disciplines. The two data types are lhigh
complementary, and should be used together botmglur
processing and for later analysis. Results are eftaral, and

it may be a challenge to link all information insingle
environment for interpretation. Photorealistic mitidg with
multiple textures allows the hyperspectral restlts be
spatially related to higher resolution conventiopdlotos,
and lidar geometry, in a single interactive viewing
framework. Linking 2D image data to 3D introduces
quantitative means for analysing classificationultss and
allows co-registration accuracy to be inspected hbot
statistically and visually.
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