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ABSTRACT:

Hyperspectral imaging is an established method for material mapping, which has been conventionally applied from airborne and
spaceborne platforms for a range of applications, including mineral and vegetation mapping, change detection and environmental
studies. The main advantage of lightweight hyperspectral imagers lies in the flexibility to deploy them from various platforms
(terrestrial imaging and from unmanned aerial vehicles; UAVs), as well as the high spectral resolution to cover an expanding
wavelength range. In addition, spatial resolution allows object sampling distances from micrometres to tens of centimetres —
complementary to conventional nadir-looking systems. When this new type of imaging device was initially released, few instruments
were available and the applicability and potential of the method was restricted. Today, a wider range of instruments, with a range of
specifications, is available, with significant improvements over the first generation of technology. In this contribution, the state-of-
the-art of hyperspectral imaging will be reviewed from a close range measurement perspective, highlighting how the method
supplements geometric modelling techniques. An overview of the processing workflow, adjusted to the more complex close range
imaging scenario will be given. This includes the integration with 3D laser scanning and photogrammetric models to provide a

geometric framework and real world coordinate system for the hyperspectral imagery.

1. INTRODUCTION

Hyperspectral imaging (HSI) is an established method for
surface material and mineral mapping, which has been applied
for decades form airborne and spaceborne platforms. With the
release of compact hyperspectral image sensors during the last
ten years, HSI has become highly relevant for close range
applications. The fact that HSI can now be applied from
different platforms and in various scanning scenarios and
setups, such as tripod-based (Figure 1, e.g. Kurz et al. 2013), in
laboratory setups (e.g. Zaini et al. 2014), on UAVs (e.g. Zarco-
Tejada et al. 2012) or ultralight aircraft (e.g. Lausch et al.
2012), has resulted in an increase in interest in this method. A
number of new and innovative applications have been
demonstrated indicating the high potential of the methods in
disciplines such as geosciences (e.g. Kurz et al. 2012b, Kurz et
al. 2013, Murphy et al. 2015, Zaini et al. 2014), environmental
applications (e.g. Jay et al. 2016), medical applications (e.g. Lu
and Fei 2014), biosciences (Gowen et al. 2015) and many
others (e.g. Edelman et al. 2012, Liu et al. 2015, Zarco-Tejada
et al. 2012). As an emerging area, with ongoing research into
acquisition best practice, processing and classification
algorithms, the aim of this paper is to assess the state-of-the-art
of HSI in close range applications. The article reviews
undertaken research on this topic including a brief overview of
processing workflows and scanning scenarios, based on existing
studies in the literature. The outcome is a discussion on
advantages and current limitations of the method, as well as
future work required to improve reliability, robustness,
efficiency and practicability of HSI in close range applications.
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2. INSTRUMENTATION AND SCANNING SCENARIOS

Sensor and technology development is rapid, and it is outside
the scope of this paper to comprehensively review the available
instrumentation and sensor specifications. However, current
hardware can be categorised according to basic specifications,
such as spectral range, spectral and spatial resolution and data
acquisition technique, which are often essential for applicability
to specific application domains.

The measured spectral range defines which types of material
can be efficiently analysed, as this depends on where in the
electromagnetic spectrum diagnostic spectral properties occur.
Therefore it is important to choose an appropriate spectral range
according to the application and materials of interest. Early
close range HSI instruments covered mainly the visible (VIS)
and near infra-red (NIR) spectral ranges (e.g. Murphy et al.
2008), current technology has developed to cover the short-
wave infra-red (SWIR; e.g. Kurz et al. 2013, Murphy et al.
2015) and thermal infra-red (TIR; e.g. Schlerf et al. 2012)
ranges. The spectral resolution of these instruments provides
spectral sampling usually between 3-7 nm for the VIS, NIR, and
SWIR spectral ranges, and 0.25-250 cm-1 for the TIR. These
spectral resolutions are high considering that diagnostic
absorption properties are usually wider than 20 nm; thus
spectral resolution is seen as appropriate for detailed analysis of
diagnostic spectral properties.

The scanning scenario and instrument setup is another
important element in close-range HSI, which differs from nadir
imaging, and is flexible and adjustable to application
requirements. The majority of close range hyperspectral imagers
are pushbroom scanners, requiring movement either of the
sensor line or of the object to acquire images. A recent
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innovation, at least for the VNIR spectral range at the present
time, is frame hyperspectral cameras, sometimes also termed as
snapshot hyperspectral camera (e.g. Bareth et al. 2015). Frame
cameras provide a number of key benefits, as they can be used
analogously to conventional digital cameras. Thus imaging
geometry becomes the conventional pinhole model rather than
specialised geometrical models (Kurz et al. 2011), and it is
possible to image moving objects, as an entire image frame is
captured at once. Tripod-based HSI allows imaging of vertical
objects and cliffs (e.g. Kurz et al. 2013, Murphy et al. 2015).
Like conventional digital imaging, hyperspectral imaging relies
on recording reflected light as photons. This can be problematic
for the SWIR range, as it relies on a strong infra-red light
source. In some applications solar illumination is not possible,
due to suboptimal face orientations or enclosed spaces.
Artificial light sources have been successfully applied to scan,
for example, subsurface tunnel faces (Kurz et al. 2012a).
Miniaturisation has allowed increasingly-lightweight sensors to
be produced. Lausch et al. (2012) applied HSI from an
ultralight aircraft for multiscale vegetation studies. Ultralight
hyperspectral sensors open up the possibility for UAV-based
applications (e.g. Zarco-Tejada et al. 2012, Bareth et al. 2015).
However, at the present time, such sensors are restricted to the
VIS and NIR spectral ranges, as for frame hyperspectral
Sensors.

Hyperspectral imaging in laboratory setups extends analytical
spectroscopy methods, which conventionally apply single pixel
spectrometers.  Such imagers allow high resolution
hyperspectral data to be collected even for small specimens or
objects, and at microscopic scales (e.g. Medina, et al. 2011).
The advantage of laboratory setups are the controlled
illumination conditions and relatively low atmospheric effects
compared to other close range HSI scanning setups. Spatial
resolution of millimetre (e.g. Speta et al. 2013, Zaini et al.
2014) to nanometre (e.g. Medina, et al. 2011) scale can be
achieved. Due to the fact that HSI is non-destructive and allows
time-efficient material analysis with high accuracy and
reliability, laboratory HSI is becoming rapidly adapted in a
broad range of applications (e.g. Edelman et al. 2012, Feng, et
al, 2012, Gowen et al 2015, Lausch et al, 2012, Liu et al. 2015,
Lu et al. 2014, Medina et al. 2011, Speta et al. 2013, Zeini et al.
2014).

Hyperspectral imaging technology has seen a large
improvement and maturation over the last decade resulting in
qualitative improved hyperspectral products and various sensor
types and sensor specifications. This allows users to choose
sensors and scanning scenarios appropriate to specific
applications.
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Figure 1. Tripod-based hyperspectral imaging
for geological mapping of vertical cliff faces,
showing HySpex SWIR-320m imager. The
vertical scanning line of the sensor is moved
on a rotation stage for image acquisition.

3. PROCESSING WORKFLOWS

Processing of close range hyperspectral imagery generally
follows similar processing workflow as established for airborne
and spaceborne data (Kurz et al. 2013). The processing
workflow can be divided into three stages:

i) Pre-processing to transfer at-sensor radiance into reflectance,
correct atmospheric effects, compensate for illumination
heterogeneity, and remove geometric and other image artefacts.
ii) Spectral end-member extraction is frequently applied to
retrieve spectrally-pure material spectra to interpret and
understand material abundances in the image. These are used as
reference spectra for subsequent classifications and spectral un-
mixing approaches.

iii) Spectral mapping and classification to create material
distribution maps.

Although this established processing workflow allows results to
be obtained from close range datasets, there is still research to
be conducted to refine and adjust workflows to close range
imaging geometry, the specific sensor types and scanning
scenario. Instead of extracting material information directly
form at-sensor radiance measurements, materials are often
identified by their reflectance spectra which can be related to
material intrinsic properties. To transfer at-sensor radiance
measurements into surface-spectral reflectance, empirical
methods such as Empirical Line Correction (e.g. Smith and
Milton, 1999), which applies calibration panels with known
reflectance, are widely used (e.g. Kurz et al. 2013, Murphy et al.
2015). Close range application allows in most cases easy access
to the object to image, facilitating the logistics of placing
calibration panels into image scenes. This is in contrast to
airborne/spaceborne image acquisition where target placement
must be carefully planned to coincide with flights and/or
overpasses. Whereas empirical methods provide a time efficient
and easy to use calibration method in close range imaging, they
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are also associated with number of shortcomings. It is assumed
that calibration derived from panels is appropriate and
representative for the entire scene. This assumption is not
always true, as effects such as scanning geometry, illumination,
or atmospheric irradiance caused by different scanning ranges
can vary within a single scene. Image acquisition with push
broom techniques can last few seconds to minutes depending on
scanning parameters such as integration time or number of lines
to acquire which also can result in temporary variation within a
scene. Little research has been conducted applying physical
modelling to extract reflectance images in hyperspectral close
range scenes. Jay et al (2016) presents a physical approach to
describe leaf reflectance observations, including the VIS, NIR
and SWIR spectral ranges. To achieve optimal and efficient
calibration and correction results in close range hyperspectral
imaging, more work is required to adapt approaches used
widely in airborne and spaceborne imaging. In addition, such
methods should potentially combine empirical and physical
modelling-based methods.

In close range HSI using pushbroom sensors, a number of
image artefacts such as bad pixels, striping, illumination
inhomogeneity or adjacency effects caused by backscattering of
nearby objects are frequently observed (e.g. Kurz et al. 2013).
To which level such effects require correction depends on the
artefact intensity, later spectral mapping methods and the
specific application. However, since image artefacts and noise
can significantly hamper classification and spectral mapping
results, image correction can be an important and challenging
task. To remove noise and artefacts, methods known from
image processing, such as Fourier filtering for de-striping, can
be applied. Other methods have been developed that consider
the high dimensionality of hyperspectral data. One example, the
Maximum Noise Fraction transformation (MNF; Green et al.
1988), is frequently used to separate random noise in
hyperspectral images, and is based on principal component
analysis adapted to hyperspectral images. Since MNF
transformation results in reduction of the dimensionality of the
hyperspectral dataset, and therefore smaller datasets for efficient
subsequent processing, it has been become an attractive
processing technique in hyperspectral imaging. Several authors
have also demonstrated how geometric data (see section 4) can
be utilised for shadow correction and to compensate for
illumination inconsistency and neighbourhood effects (e.g.
Ramakrishnan at al. 2015) in close range HSI.

Reference spectra, frequently used as so called end-member
spectra for classification input, can be extracted in different
ways. Using statistical methods, such as those described in
Aggarwal and Garg (2015), allow end-members to be extracted
directly from the hyperspectral images. Although these methods
provide spectrally pure end-members, they are often sensitive to
image artefacts and interpretation, and may not be
representative of real end-member material classes. Other
possibilities take into account that areas and objects are often
accessible in close-range applications. Reference areas for end-
member collection can be marked prior to hyperspectral data
collection and located within the hyperspectral imagery during
data processing. Alternatively, geometric data such as
photorealistic lidar/photogrammetric models can be used to
locate reference areas after data fusion with the hyperspectral
imagery (Kurz et al. 2012b, Kurz et al. 2013). In-situ spectral
measurements using high resolution single pixel spectrometers
are another possibility to create a reference spectral library of
the materials of interest (e.g. Denk et al. 2015). While in-situ
measurements provide high resolution and accurate reference

spectra, it needs to be ensured that in-situ and image spectra are
comparable due to data being collected with different
instruments, spectral ranges and potentially under varying
conditions.

For spectral mapping and classification, a wide range of
methods and algorithms are available, well known from
airborne/spaceborne HSI. In contrast to conventional RGB
images, hyperspectral data provide a higher spectral dimension
comprising detailed material information for image
classifications. It is outside the scope of this paper to review all
methods available. However, Spectral Angle Mapper (e.g.
Kruse et al. 1993) classification has been become an attractive
method due to the simplicity and low computation costs.
Another important category of spectral mapping methods is
spectral unmixing, which allows sub-pixel abundancies to be
estimated (Keshava and Mustard, 2002). Spectral mapping and
classification of hyperspectral images is an ongoing research
topic to improve robustness and efficiency, and is not restricted
to close range applications (e.g. Miao et al. 2014, Sabale and
Jadhav 2015).

4. INTEGRATION WITH TOPOGRAPHIC DATA

Hyperspectral imagery provides material information but, as
with any digital image, without relating the content to a real
world coordinate system. Linking hyperspectral imagery to a
spatial reference system provides a number of advantages for
pre-processing the hyperspectral data, as well as for analysing
and presenting results (Buckley et al. 2013, Kurz et al. 2013).
To combine material information with spatial geometric
information, such as from terrestrial laser scanning or
photogrammetry, several data integration approaches have been
suggested.

Kurz et al. (2011) integrates hyperspectral imagery with
terrestrial laser scanning models. Many hyperspectral imagers
operate as pushbroom line sensors mounted on a rotation stage.
These cameras have to be modelled as panorama cameras with
cylindrical image geometry for photogrammetric processing
(Schneider and Maas 2006), in contrast to conventional frame
cameras. Hyperspectral imagery is registered to the lidar
coordinate system measuring ground control points within an
image either manually or in an automatic manner (Monteiro et
al. 2013, Sima et al. 2014). Once a hyperspectral image has
been registered, classification maps can be spatially exploited
and spectral information can be visualised in different ways,
such as by colouring point clouds or through multiple layer
texture mapping of 3D meshes (Figure 2, Buckley et al. 2013).

Markelin et al. (2014) demonstrates 3D points cloud extraction
from a UAV based hyperspectral frame camera applying self-
calibrating bundle block adjustment and global image matching
algorithms. A point density corresponding to the pixel size of
the hyperspectral imagery was possible.

Another solution to combine geometry and spectral information
is achieved with innovative sensor technology. Hakala et al.
(2012) demonstrated a full waveform hyperspectral lidar
instrument for terrestrial laser scanning. With this instrument,
spectral backscattering information can be extracted from an
active laser pulse, resulting in topographic and spectral intensity
information from a single measurement pulse. As technology
improves over time this development looks promising and has
the potential to solve illumination problems currently faced by
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passive HSI in close range applications. However at present
time the spectral resolution with 16 spectral channels, 34 nm
spectral sampling intervals and 19 nm FWHM s significantly
lower compared to conventional passive hyperspectral imagers,
and is limited to short distance.

Until now, most work has been focused on georectifying close
range hyperspectral imagery and visualising hyperspectral
products in a 3D real world coordinate framework. Geometric
information can be also utilised for hyperspectral image
correction during pre-processing as demonstrated by
Ramakrishnan at al. (2015), where illumination invariances
were compensated by illumination modelling based on

geometric information retrieved from 3D terrestrial lidar data.
More work is required to apply geometric information for image
correction during pre-processing, with the aim of improving
robustness and reliability of hyperspectral classification and
analysis.

Figure 2. Terrestrial lidar model multi-textured with RGB
photographs and hyperspectral material distribution image.

5. DISCUSSION AND CONCLUSIONS

Close range hyperspectral imaging is a technology-driven field
of research. As noted by Kurz et al. (2011), hyperspectral
technology has significantly improved since the release of the
first compact hyperspectral imagers. Sensor quality, as well as
spatial and spectral resolution, has increased. Most noticeable is
the increasing range of sensors with different properties and
specifications available on the market. This allows imagers to
be chosen and scanning setups to be optimised to ensure high
data quality for specific applications. However, further
development is required before all spectral ranges can be
deployed in different scanner scenarios, such as on UAVS.

One important aspect and strength of close range HSI is the
capacity to provide multi-scale spatial material information
from nanometres to decimetre resolution, which extends the
spatial resolution conventionally achieved by airborne or
spaceborne data (e.g. Lausch et al 2012). Hyperspectral imaging
in laboratory microscopy setups has been become a routine
method in disciplines such as biology, medicine, food safety or
in geoscience laboratories, largely due to the non-destructive,
non-contact manner and less requirements on sample
preparation compared to alternative analysis methods such as
XRD. Laboratory applications benefits from the controlled
scanning and illumination conditions, which facilitate data
collection, processing and analysis, compared to tripod or
UAV-based imaging. However, more cross-discipline
knowledge transfer between the different application disciplines

is desired to provide solutions for common problems in data
processing, analysis and visualisation.

At the present time, few software packages are available for
hyperspectral image processing. Specific processing tools for
hyperspectral close range imagery considering image geometry
and sensor specifications are not yet implemented into off-the-
shelf software packages. This hampers the uptake of close range
HSI for non-remote sensing experts and working groups with
limited capacity for developing dedicated methods. Further
work is required by the scientific community to extend
appropriate processing tools for close range HSI. Enhanced
processing is required to compensate atmospheric, illumination
and geometric effects based on physical modelling, data fusion
and sophisticated material mapping techniques. Data
processing, visualisation and automation will benefit greatly
from more cross-disciplinary research to integrate aspects and
methods from different field of research, such as remote
sensing, geomatics, computer vision and robotics.

During the last decade the general workflow for data
acquisition, processing and analysis of ground based HSI has
been established. A wide range of novel applications has been
demonstrated and ground based HSI has been proven as a
valuable complementary tool for spatial material mapping. It
can be expected that with further developments, improved
hardware, processing and analysis, ground based HSI will
continue to mature as a valuable material mapping tool in a
multitude of applications.

ACKNOWLEDGEMENTS (OPTIONAL)

The authors thank Norsk Elektro Optikk and Riegl GmbH for
ongoing hardware and software support. Parts of this work were
sponsored by the Research Council of Norway.

REFERENCES

Aggarwal, A., Garg, R.D., 2015. Systematic approach towards
extracting endmember spectra from hyperspectral image using
PPl and SMACC and its evaluation using spectral library.
Applied Geomatics, 7, pp. 37-48.

Bareth, G., Aasen, H., Bendig, J., Gnyp, M.L., Bolten, A., Jung,
A., Michels, R., Soukkaméki, J., 2015. Low-weight and UAV-
based Hyperspectral Full-frame Cameras for Monitoring Crops:
Spectral Comparison  with  Portable  Spectroradiometer
Measurements. PFG  Photogrammetrie, Fernerkundung,
Geoinformation, 2015, 1, pp. 69-79.

Buckley, S.J., Kurz, T.H., Howell, J.A. and Schneider, D.,
2013. Terrestrial lidar and hyperspectral data fusion products
for geological outcrop analysis. Computers & Geosciences, 54:
249-258.

Denk, M., GlaRer, C., Kurz, T.H., Buckley, S.J., and Drissen,
P., 2015. Mapping of iron and steelwork by-products using
close range hyperspectral imaging: A case study in Thuringia,
Germany. European Journal of Remote Sensing, 48: 489-509.

Edelman, G.J., Gaston, E., van Leeuwen, T.G., Gullen, P.J.,
Aalders, M.C.G., 2012. Hyperspectral imaging for non-contact
analysis of forensic traces. Forensic Science International, 223,
pp. 28-39.

This contribution has been peer-reviewed.
doi:10.5194/isprsarchives-XL|-B5-865-2016 868



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLI-B5, 2016
XXIIl' ISPRS Congress, 12—19 July 2016, Prague, Czech Republic

Feng, Y.-Z., Sun, D.-W., 2012. Application of Hyperspectral
Imaging in Food Safety Inspection and Control: A Review.
Critical Reviews in Food Science and Nutrition, 52(11), pp.
1039-1058.

Gowen, AA., Feng, Y., Gaston, E., Valdramidis, V., 2015.
Recent applications of hyperspectral imaging in microbiology.
Talanta, 137, pp. 43-54.

Green, A. A., Berman, M., Switzer, P. and Craig, M. D. 1988.
A Transformation for Ordering Multispectral Data in Terms of
Image Quality with Implications for Noise Removal. IEEE
Transactions on Geoscience and Remote Sensing, 26, pp. 65—
74

Hakala, T., Suomalainen, J., Kaasalainen, S., Chen, Y., 2012.
Full waveform hyperspectral LiDAR for terrestrial laser
scanning. Optics Express, 20(7), pp. 7119-7127.

Jay S., R Bendoula R., Hadoux X., Féret J.-B., Gorretta N.,
2016. A physically-based model for retrieving foliar
biochemistry and leaf orientation using close-range imaging
spectroscopy. Remote Sensing of Environment 177, pp. 220-
236.

Keshava, N., Mustard J. F., 2002. Spectral Unmixing. IEEE
Signal Processing Magazine, 19, pp. 44-57.

Kruse, F. A., Lefkoff, A. B., Boardman, J. B., Heidebrecht, K.
B., Shapiro, A. T., Barloon, P. J., Goetz, A. F. H., 1993. The
Spectral Image Processing System (SIPS) - Interactive
Visualization and Analysis of Imaging spectrometer Data.
Remote Sensing of Environment, 44, pp. 145 - 163.

Kurz, T.H., Buckley, S.J., Howell, J.A. and Schneider, D.,
2011. Integration of panoramic hyperspectral imaging with
terrestrial lidar data. Photogrammetric Record, 26(134), pp.
212-228.

Kurz, T.H., Buckley, S.J., and Howell, J.A., 2012a. Close range
hyperspectral imaging integrated with terrestrial lidar scanning
applied to rock characterisation at centimetre scale.
International Archives of the Photogrammetry, Remote Sensing
and Spatial Information Sciences, 39(B5): 417-422.
doi:10.5194/isprsarchives-XXXIX-B5-417-2012.

Kurz, T.H., Dewit, J., Buckley, S.J., Thurmond, J.B., Hunt,
D.W. and Swennen, R., 2012b. Hyperspectral image analysis of
different carbonate lithologies (limestone, Kkarst and
hydrothermal dolomites): the Pozalagua Quarry case study
(Cantabria, North-west Spain). Sedimentology, 59(2).

Kurz, T.H., Buckley, S.J. and Howell, J.A., 2013. Close-range
hyperspectral imaging for geological field studies: workflow
and methods. International Journal of Remote Sensing, 34(5),
pp. 1798-1822.

Lausch, A., Pause, M., Merbach, I., Gwillym-Margianto, S.,
Schulz, K., Zacharias, S., Seppelt, R., 2012. Scale-specific
Hyperspectral Remote Sensing Approach in Environmental
Research. PFG Photogrammetrie, Fernerkundung,
Geoinformation, Heft 5 (2012), pp. 589-601.

Liu, D., Zeng, X.-A., Sun, D.-W., 2015. Recent Developments
and Applications of Hyperspectral Imaging for Quality

Evaluation of Agricultural Products: A Review. Critical
Reviews in Food Science and Nutrition, 55(12), pp. 1744-1757.

Lu, G,, Fei, B., 2014. Medical hyperspectral imaging: a review.
Journal of Biomedical Optics, 19(1), pp. 010901.

Markelin, L, Honkavaara, E., Nasi, R., Nurminen, K., Hakala,
T., 2014. Geometric processing workflow for vertical and
oblique hyperspectral frame images collected using UAV.
ISPRS Technical Commission Il Symposium, 5-7 September
2014, Zurich, Switzerland, The International Archives of the
Photogrammetry, Remote Sensing and Spatial Information
Sciences, Volume XL-3, pp. 205-210.

Medina, J.M., Nascimento, S.M.C., Vukusic, P., 2011.
Hyperspectral optical imaging of two different species of
lepidoptera. Nanoscale Research Letters, 6(369).

Miao Li, M., Zang, S., Zhang, B., Li, S.,, Wu, C.,, 2014. A
Review of Remote Sensing Image Classification Techniques:
the Role of Spatio-contextual Information. European Journal of
Remote Sensing, 47, pp. 389-411.

Monteiro, S.T, Nieto, J.I., Murphy, R., Ramakrishnan, R.
Taylor, Z., 2013. Combining strong features for registration of
hyperspectral and lidar data from field-based platforms. 2013
IEEE International Geoscience & Remote Sensing Symposium -
Symposium Proceedings, pp. 1210-1213.

Murphy, R.J., Taylor, Z., Schneider, S., Nieto, J. 2015.
Mapping clay minerals in an open-pit mine using hyperspectral
and LiDAR data. European Journal of Remote Sensing,48, pp.
511-526.

Murphy, R.J., Underwood, A.J., Tolhurst, M.G., Chapman,
M.G. 2008. Field-based remote-sensing for experimental
intertidal ecology: Case studies using hyperspatial and
hyperspectral data for New South Wales (Australia). Remote
Sensing of Environment, 112, pp. 3353-3365.

Ramakrishnan, R., Nieto, J., Scheding, S., 2015. Shadow
compensation for outdoor perception. 2015 IEEE International
Conference on Robotics and Automation (ICRA), Seattle,
Washington, May 26-30, 2015, pp. 4835-4842.

Sabale, P., Jadhav, C.R., 2015. Hyperspectral Image
Classification Methods in Remote Sensing - A Review.
International Conference on Computing Communication
Control and Automation (ICCUBEA), 2015. pp. 679-683.

Schlerf M., Rock, G., Lagueux, P., Ronellenfitsch, F., Gerhards,
M., Hoffmann, L., Udelhoven, T., 2012. A Hyperspectral
Thermal Infrared Imaging Instrument for Natural Resources
Applications. Remote Sensing, 4, pp. 3995-4009.

Schneider, D., Maas, H.-G., 2006. A geometric model for
linear-array-based terrestrial panoramic cameras.
Photogrammetric Record, 21 (115), pp. 198-210.

Sima, A.A., Buckley, S.J., Kurz, T.H. and Schneider, D., 2014.
Semi-automated registration of close range hyperspectral scans
using oriented digital camera imagery and a 3D model.
Photogrammetric Record, 29(145): 10-29.

Smith G.M., Milton E.J., 1999. The use of the empirical line
method to calibrate remotely sensed data to reflectance.

This contribution has been peer-reviewed.
doi:10.5194/isprsarchives-XL|-B5-865-2016 869



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLI-B5, 2016

XXIIl' ISPRS Congress, 12—19 July 2016, Prague, Czech Republic

International Journal of Remote Sensing, 20 (13), pp. 2653-
2662.

Speta, M., Rivard,B. , Feng, J., Lipsett, M., Gingras, M., 2013,
Hyperspectral imaging for the characterization of a Athabasca
oil sands drill core. Geoscience and Remote Sensing Symposium
(IGARSS), 2013 IEEE International, pp. 2184-2187.

Zarco-Tejada P.J., Gonzalez-Dugo, V., Berni, J.AJ., 2012,
Fluorescence, temperature and narrow-band indices acquired
from a UAV platform for water stress detection using a micro-
hyperspectral imager and a thermal camera. Remote Sensing of
Environment, 117, pp. 322-337.

Zaini, N., van der Meer, F., van der Werff, H., 2014.
Determination of Carbonate Rock Chemistry Using Laboratory-
Based Hyperspectral Imagery. Remote Sensing, 6, pp. 4149-
4172.

This contribution has been peer-reviewed.
doi:10.5194/isprsarchives-XLI-B5-865-2016

870





