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Abstract

The current trend in the US market is the simultaneous collection of LIDAR together with high
resolution digital imagery in one flight. The combination of LIDAR and digital imagery results in
more efficient elevation data collection for today’s highly-accurate mapping requirements.

The standard acquisition platform includes a LIDAR sensor and a medium format camera. BSF
Swissphoto and eMap International present an optional approach currently being used by BSF
Swissphoto in Europe for large projects, which utilizes an Optech ALTM 3100 laser scanner and
the Vexcel UltraCam-D (a large format camera) combined on a single platform for simultaneous
data acquisition.

There are challenges in the mission planning, mission execution and post processing that are
unique to simultaneous acquisition. These challenges include bringing together the different char-
acteristics and capabilities of the individual sensors (GPS, IMU, Lidar, camera) to meet the project
requirements as well as achieving optimal system performance. These challenges are typically
offset by the cost savings of a single flight and the homogeneity of the resulting data sets. Benefits
of using a large format camera, as opposed to a medium format camera, include more efficient
post-processing especially for large-size projects and superior image quality.

This paper will discuss the motivation for and the advantages and challenges of “combined sen-
sor” projects based on the various experiences of the authors. Project results will be presented
from a substantial acquisition of the city of Paris, France followed by an outlook of current and
expected sensor technology advances, further increasing the efficiency of this data collection
approach.

1 Introduction

1.1 Market analysis

One market trend that can currently be observed in the geospatial industry is the demand for
“‘complete geospatial packages” including high-resolution terrain/surface models and high-
resolution aerial imagery/orthophotos. National and regional mapping agencies as well as some
large private companies are coordinating programs to survey large areas and require rapid and
economical turn-around for the final product.

At the service provider end, digital aerial imagery and Lidar are currently the technologies of
choice when it comes to delivering quick turn-around, high resolution and high accuracy products
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over large areas. For several reasons, the two technologies are only recently starting to be con-
sidered complementary — rather than competitors — and to be used in close conjunction. While
“traditional”, large photogrammetric companies started using digital cameras in their operations
guite a while ago, the Lidar sector was dominated by many small, highly specialized and innova-
tive companies. Even today, there is only a small number of companies that can offer high-end
services in both fields and even fewer who routinely combine top-of-the-line sensors in a single
flight.

BSF Swissphoto owns and operates both Vexcel digital cameras and Optech ALTM Lidar sensors
and has successfully combined these in several projects to generate homogeneous, high-quality
geodata. This paper presents the advantages and challenges of this approach as compared to
today’s standard scenario of combined Lidar and medium format camera operation.

1.2 Paper outline

First, the following questions are discussed and the motivation for combining a lidar sensor with a
large-format digital camera in a single flight is established:

“Why do we need Lidar and image data?”
“Why (or when) is a single flight better than two separate, dedicated flights?”
“Why (or when) use a large-format camera over a medium-format system?”

We will discuss a commercial project that successfully used the large format sensor fusion ap-
proach. This project took place in Paris, France and was completed by BSF Swissphoto using the
Vexcel UltraCamD and Optech’s ALTM 3100 sensors. We will use this example to help explain the
advantages and disadvantages involved in combining the unique characteristics and capabilities of
the two sensors. Challenges included working with all of the individual components (GPS, IMU,
Lidar, camera) to meet the project requirements and still achieve optimal system performance.

Finally, an outlook on the future development of this type of Sensor Fusion will be provided, focus-
ing on the impact that “next generation” sensors will have on the synergies between Lidar and
digital photogrammetry.

2 Motivation for high-end Sensor Fusion

2.1 “Why do we need Lidar and image data?”

As stated in chapter 1.1, most large-scale mapping programs aim to establish a comprehensive
foundation of geographical data. Today, this definitely includes the third dimension. The most
common products we see in our industry include:

The digital orthophoto: This is an easily-interpreted representation of the earth’s surface
coverage that can be generated in various resolutions. They are generally easier (and
therefore cheaper) to produce than vector maps and can serve as a backdrop to almost
any GIS vector data set.

Among other factors, the quality of an orthophoto depends on the accuracy and resolution
of the surface model being used to rectify the aerial images. While image correlation leads
to acceptable results in easy, open areas, a “better” DSM delivers superior quality in steep
terrain and in urban areas.

Digital Elevation (DEM), Terrain (DTM) and Surface (DSM) models: These models repre-
sent the true earth surface including surface artifacts and features (buildings, vegetation,
towers, etc.). These products are becoming more popular due to their high accuracy and
ease of collection. Feature extraction is becoming increasingly important for: 3D city visu-
alizations, homeland security, telecommunications, and natural hazard protection.
While a hillshaded surface model is fairly self-explanatory, the exact classification of the
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objects represented in it is only made possible when other information — e.g. aerial imagery
or orthophotos — of comparable resolution is available.

As the last two paragraphs show, there is indeed a great synergy between elevation and image
data, each helping the other achieve its full potential. These two datasets combined can satisfy the
needs of a broad spectrum of geospatial data users and allow for use of various applications and
analysis.

While the technology for acquiring digital imagery data is self-evident, more than one way exists
for capturing high-resolution digital elevation data:

Traditional photogrammetric (semi-)automatic correlation between overlapping aerial im-
ages: Delivers a reasonably accurate DSM in open areas with good surface texture. Can
not produce a reliable DEM in forested or otherwise heavily vegetated areas or regions
with little or no surface texture (snow, uniform fields etc.). Needs high overlap in regions
with steep surface features (mountains, high buildings) in order to have stereo view of
every surface point.

Airborne Laserscanning (Lidar): Delivers high-resolution, high-accuracy elevation data with
typical post spacings £ 1m and vertical accuracies < 20 cm. Semi-automatic filtering of the
point cloud leads to good DEM results even under tree cover.

Airborne Interferometric Synthetic Aperture Radar (INSAR, ifSAR): Has established itself as
a valid technology for surveying medium-resolution (5 — 30 m post spacing, 0.5 — 5 m verti-
cal accuracy) surface,and derived terrain, models efficiently for very large areas. This tech-
nology does not penetrate heavily vegetated areas, so location is an important factor.

Thus, for projects that require the highest quality standards, it is our belief that Lidar is currently
the best technology capable of delivering DEM/DSM with the required resolution and accuracy.

2.2 “Why (or when) is a single flight better?”

Generally speaking, without considering any special project restrictions, combining the collection
of imagery and Lidar data offers the following advantages:

Save flight time and associated flight costs, making the derived products cheaper. In the
optimal case, a combined flight can reduce the costs by half for flight operations.

Generate exactly synchronized data, eliminating content differences due to the temporal
changes.

Individual flights also have their advantages such as:

Plan each dedicated flight exactly to the strengths, weaknesses and requirements of the
respective technology, possibly resulting in better individual data sets.

Be more flexible regarding flying conditions. Lidar can be flown when the conditions are not
acceptable for imagery. i.e. sun angle, clouds, hazy conditions, and night acquisition,

When deciding whether or not you want to fly simultaneous lidar and imagery comes down to
whether the advantages outweigh the limitations for a given project. This mainly depends on spe-
cific project restrictions such as:

1. The project specifications
Project size, required image ground sampling distance (GSD), DEM point spacing etc. dic-
tating the optimal flying parameters for each technology.

2. The topography of the project area
Especially in steep, mountainous areas, Lidar flights are often planned and carried out us-
ing “profile” or “contour” flying, trying to maintain a constant flying height above ground and
constant point spacing and swath width. For image acquisition on the other hand, smooth
flight lines on constant altitude are normally desirable.
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In urban areas, a higher image sidelap may be required, possibly making up for smaller Li-
dar sensor field of view.

3. The available sensors and their capabilities
Since digital aerial cameras have been available in the commercial market longer than Li-
dar sensors, the top-end sensors in this sector tend to have better performance character-
istics, meaning they can deliver comparable results while being flown higher and faster.
The three tables in the Appendix show the relevant characteristics of the most common
systems in the market today.

2.3 “Why (or when) use a large-format camera?”

Currently, most Lidar system manufacturers offer the option to supplement their system with a
medium format digital camera. This offers a quick and economical way to capture the surveyed
area. For smaller areas or corridor projects, images from these systems can also be used for
generating orthophotos fairly efficiently without having to use a much more expensive, high-end
system such as a large format or push-broom digital camera.

A few of the disadvantages associated with the medium format solution are:

These systems are not well suited for large area collections. Due to the small size of the
image, when the project area is large more images have to be collected, oriented and mo-
saiked. This increases the image processing time and therefore increases project costs.

Again due to the small image extent there is a higher probability that the images will be
more homogeneous or capture situations of “forest only” where the surface makes it diffi-
cult to measure tie points for aerotriangulation. This only becomes a problem if the required
accuracy is higher than what direct georeferencing of the single images can provide.

Being relatively inexpensive, these systems don't quite achieve the geometric and radio-
metric quality of the large format, more expensive systems.

The main advantage for combining the medium format cameras and Lidar sensors is the similarity
of the flight parameters/ranges in which these cameras reach their optimal performance with those
of typical Lidar missions. By having similar fields of view the flight planning is very straightforward.
The end result is an image extent that fits within or just outside the extents of the Lidar swath.

On the other hand, for large projects and projects with the highest image quality requirements
(small GSD, high accuracy, multi-band collection), these medium-format systems don’t always
offer the ideal solution. In these cases, the use of high-end, large format systems is advantageous
in terms of quality and processing effort. The effort and time involved with aerotriangulation, ortho-
photo generation and mosaiking is significantly less, and much easier with fewer larger images. If
high-accuracy break line capturing (e.g. for DTM generation) is required, large-format images offer
superior geometric accuracy for stereo restitution.

If the collection of large-format imagery can be combined with Lidar collection for DEM/DSM, the
higher sensor cost can be more than compensated by the gain in efficiency.

2.4 Conclusion

The points laid out in this chapter show that under the right circumstances, a combined flight with
a high-end digital image sensor and a Lidar system is the right choice for efficiently and economi-
cally acquiring high-resolution, high-accuracy geographic data.

The next chapter shows how this was successfully carried out in a commercial project by BSF
Swissphoto.
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3 Project Example: Paris Metropolitan Area

3.1 Project outline

In 2005, BSF Swissphoto was commissioned to deliver orthophotos and digital terrain models for
the city of Paris and its surroundings, a total area of 6’873 km? (2'653 sqm). The specifications for
the flight and final products were divided into the downtown and suburban areas:

Downtown Suburban

Area 1'244 km® 5'629 km®
480 sgm 2’173 sgqm

Image GSD 18 cm 18 cm
Image Overlap (along/across) 61% / 70% 60% / 30%
Max. building lean 20% 39%
Horizontal accuracy of orthophoto 4 pixels 4 pixels
Lidar point density 1.2 pts/m2 0.5 pts/m2
Elevation accuracy of Lidar point cloud (1 ) 25cm 25cm
DEM grid spacing 1m 2m

Table 1: Technical specifications of the Paris project
The overlap values were set according to the following criteria:
Limit building lean

Minimize “dead” (“blind”) areas between tall buildings by capturing multiple images of each
point.
The total production time (survey flight, data processing, delivery) was fixed to only eight months
for the entire project.

Due to the fact that the project area included three international airports with heavy traffic, flight
operations were very restricted and flying time had to be minimized. Combined with the large size
of the project, a combined flight with the image and Lidar sensor was the only sensible solution.

5(. . Lo A -

Figure 1: Paris (France) project perimeter
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3.2 Sensors and Aircraft

BSF Swissphoto deployed two of its high-end sensors on the project: The Vexcel UltraCamp and
the Optech ALTM 3100 laser scanner.

Vexcel UltraCam p

Optech ALTM 3100

Copyright © 2005 Optech Incorporated. All nights reserved

Image format (pan) 11'500 x 7’500 pixel | Flying height 80 — 3'500 m AGL
CCD pixel size 9 mm | Pulse repetition fre- 100 kHz @ < 1.1 km
quency 70kHz @ < 1.7 km
50 kHz @ < 2.5 km
33kHz @ <3.5km
Focal length 101.4 mm | Field of view Max. +/-25 °(total 509
Aperture f1/5.6 | Scan frequency Max. 70 Hz
Field of view 37°/ 55° | Range capture 4 returns (incl. last)
(along/across)

Radiometric resolution

12 — 14 bit (16 bit regis-
tered)

Beam divergence

0.3/0.8 mrad

Table 2. Specifications of the deployed sensors

Both were mounted in the company’s Cessna 404, an aircraft ideally suited for such operations
due to its dual hatches and long flight ranges.

Figure 2: BSF Swissphoto’s Cessna 404

3.3 Flight plan

Figure 3: UltraCam and ALTM inside the C404

When planning the flight parameters, all aspects had to be considered:

Product specifications

Sensor characteristics and limitations

Aircraft performance figures

Economically efficient flight
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The required image GSD of 18 cm limited the flying height for the UltraCam to 2000 m. At this
altitude, the ALTM system can measure at a maximum of 50 kHz. While the camera with its for-
ward motion compensation has almost no restrictions regarding flying speed, achieving the re-
guired laser point spacing limited the speed, thus prolonging the flight compared to a “pure” image
survey.

Under these restrictions, the ALTM can not achieve a point density of 1.2 pts/m? — as required in
the downtown area — in a single pass. A sidelap of 50% was required to fulfill the point density
specifications. Fortunately, this worked well with the 70% sidelap required for the images in the
downtown region in order to minimize building lean — especially across track.

The different fields of view of the two sensors — the UltraCam’s 55° opposed to the ALTM’s 50° -
thus only became an issue in the rural blocks where the image sidelap was set to only 30%. This
resulted in a critical 10% sidelap for the laser strips. The pilot had very little margin of error — both
positionally and angularly — before a data gap would result. This was a calculated risk since possi-
ble small data gaps in the Lidar DEM could be filled by photogrammetric methods. Fortunately, this
was not necessary.

These considerations resulted in the following flight parameters:

Downtown Suburban

Flying height AGL 2'000 m 2'000 m
6'560 ft 6'560 ft

Flying speed 130 kts 130 kts
Image overlap (along/across) 61% / 70% 60% / 30%

Image coverage

6 — 9 images/point

2 — 6 images/point

Number of images 4’500 8’000
Lidar sidelap 50% 10%
Lidar PRF 50 kHz 50 kHz
Lidar scan frequency 20 Hz 21 Hz
Lidar scan angle +/-17° +/- 25°
Lidar point density (1 strip) 0.61 pts/m2 0.4 pts/m2

Table 3: Flight parameters for combined flight Paris

3.4 Survey flight and data processing

3.4.1 Survey flights
Survey flights in the project area were restricted by the following external factors:

Flight control: Due to heavy commercial air traffic in the area, some sectors were only ac-
cessible during short time intervals

Weather: Image collection requires cloudless weather and high sun incidence angle while
Lidar data could be collected under cloud cover or even at night

GPS constellation: Direct georeferencing of the Lidar data requires good satellite availabil-
ity, excluding times of day with bad satellite geometry.

The aircraft with the sensors and the crew were stationed in Paris for 4 weeks between August 8"
and September 4™ 2005. During this time, survey missions were flown on 8 days. All remaining
days were standby days, mainly due to bad weather.

3.4.2 Raw image processing and Aerotriangulation

The 12’500 resulting raw images were processed to 8 bit RGB and CIR images within 4 weeks of
the flights.
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The aerotriangulation was carried out in large blocks of up to 4’200 images, using DGPS and INS
measurements and only a small number of ground control points. The resulting accuracies as
determined from GCP residuals were 7 cm horizontal and 10 cm vertical.

3.4.3 Lidar data processing

The Lidar data was processed to point cloud format and then automatically filtered into
ground/non-ground and error classes. The classification was checked visually using hillshaded
TINs and raster models and corrections were carried out where necessary. The most common
reasons for manual work were:

dense vegetation (e.g. wheat and corn fields) during the flight period in August
multipath effects on glass fagades resulting in erroneous low points

For a project of this size, a sophisticated project and data management system was indispensable.
In this regard, BSF Swissphoto was able to draw on its extensive experience with large-scale Lidar
projects and refined self-developed software environment.

3.4.4 Orthophoto production

The detailed and already verified Lidar DTM and DSM allowed very quick and effortless ortho-
photo generation. The fact that the data was co-registered guaranteed that the two data sets rep-
resented the same situation.

Mosaiking, especially the seam line generation, needed some manual work in the challenging
downtown area. With the high image overlap in the downtown area, only the most-nadir section of
each image was used, resulting in the required small building leans.

3.5 Results

3.5.1 Digital Orthophotos

8 months after the survey flight, 12.5 cm orthophotos were ready for the entire 6’800 km?. With
their high resolution and radiometric and geometric quality, these images show Paris in an unsur-
passed quality.

Compared to traditional analogue aerial images, the UltraCam shows significantly less radiometric
inhomogeneities. Thanks to the high image overlap and the usage of each image’s central region
only (in the downtown area), the change in viewing angle between the used images is hardly
noticeable; the product comes close to “true ortho” quality without many of the problems associ-
ated with a strict TOP approach.

3.5.2 Digital Terrain and Surface models

From the classified Lidar data, interpolated DEM and DSM grid models were derived and deliv-
ered. The effort required for generating these products in this urban environment was significantly
smaller than with comparable stereo-photogrammetric methods.
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Figure 4: Digital Elevation and Surface model, Digital Orthophoto

3.5.3 Further potential

The image and Lidar data collected during this survey campaign
has the quality and potential to be used in a number of other
applications:

The outer edges of the aerial images contain “quasi-
oblique” image information that is in increasing demand
for 3D city models (fagade texturing).

The digital surface model was a byproduct of the Lidar
surface and has so far not been used in any other applica-
tion. Building volume calculations and evaluations of mo-
bile phone antenna locations are only two examples of
possible uses for this data.

Figure 5: Quasi-oblique image
of the Eiffel Tower

4 Conclusions and Outlook

4.1 Conclusion

Both theoretical considerations as well as the author's commercial project experiences prove the
simultaneous acquisition of Lidar and aerial imagery data to be feasible and in many cases very
beneficial. While medium-format cameras have proven their worth in small projects and especially
corridor mapping, combining a Lidar sensor with a large format aerial camera can lead to superior
results regarding data collection and post processing efficiency as well as image data quality.

While the characteristics of today’s top-of-the-line sensors in both fields (Lidar and large format
cameras) don’t match up as smoothly as with the medium format cameras, data acquisition pa-
rameters can be found to make the simultaneous collection efficient for both sensors. This is espe-
cially true for large project areas in flat terrain, requiring high image sidelap.

4.2 Outlook

The sensor technology of both Lidar sensors and digital aerial cameras is still developing rapidly,
so that further improvements can be expected. For example Optech’s new Gemini sensor already
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has a 10°larger field of view than its predecessor, bringing it closer to that of most large-format
cameras, potentially making combined flights easier. Generally speaking, sensor development in
both fields is moving in the direction “higher, faster, denser” and it is not entirely clear which physi-
cal or technological barriers will eventually stop this and how fast these will be reached.

But at the same time, project requirements (e.g. Lidar point density, orthophoto GSD) are increas-
ing as well, making older sensors obsolete quickly and forcing the sensor operators to keep their
fleet current. Whether or not a certain sensor combination is favorable for a specific project will
always have to be decided on a case-by-case basis.

But the trend to sensor fusion is clearly there — and it goes beyond “simple” Lidar - imagery combi-
nation. Multi-camera systems and sensors operating in different spectral bands (e.g. thermal IR) or
on completely different principles (e.g. gas detectors) are used in niches today but may well be-
come part of the mainstream geospatial industry.

Mirroring the fusion trends in the hardware department, software solutions that can incorporate
data from different sources and bring the synergies to their full potential are becoming more nu-
merous. Today, “sensor fusion” is often a matter of operating sensors in parallel, processing the
resulting data independently and then maybe merging the products. Approaches like “Lidargram-
metry”, where Lidar data is viewed and edited in stereo or data analysis methods from terrestrial
survey methods and mobile mapping applications — where sensor fusion is often not optional but
absolutely central — will continue to evolve and offer new possibilities.
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Appendix

Field of Focal CCD Required Flying Required Flying
View across | Length pixel Height for achieving Height for achieving
track ® size (Ps) | 10cm GSD 20 cm GSD

Vexcel UCy 55° 100 mm 7.2 M 1400 m 2800 m

(frame)

Vexcel UCp 55° 100 mm 9.0 mm 1100 m 2200 m

(frame)

Leica ADS40 2™ | 64° 63 mm 6.5 mMm 1000 m 2000 m

Generation

(push-broom)

Z/| DMC (frame) | 74° 120 mm 12.0mm | 1000 m 2000 m

Table 4: Overview

of today’s most popular high-end digital image sensors

Field of Focal CCD Required Flying Required Flying
View across | Length pixel size | Height for achiev- Height for achieving
track ) (Ps) ing 10 cm GSD 20 cm GSD

Applanix DSS 36° 55 mm 9.0 m 610 m 1220 m

301

Applanix DSS 44° 60 mm 6.8 Mm 880 m 1760 m

439

Rollei AIC 39 52° 50 mm 6.8 mm 735 m 1470 m

MPixel

Table 5: Overview of today’s most popular medium-format digital image sensors

Max. Max. Max Pulse Typical spot Max Pulse Typical spot
Field of Operat- Repetition spacing @ 1000 | Repetition spacing @
View ing Rate (PRF) | m AGL, 130 kts Rate (PRF) | 2000 m AGL,
(FoV) Altitude @ 1000 m and max. @ 2000 m 130 kts and
across (AGL) AGL FoV/PRF* AGL max. FoV/PRF
track
Optech ALTM | 60° 4000 m 143 kHz 0.73 m (= 1.83 | 100 kHz 1.24 m (= 0.65
Gemini points/m?) points/m2)
Optech ALTM | 50° 3500 m 100 kHz 08 m (= 1.6 | 50 kHz 16 m (= 04
3100 points/m?) points/m2)
Leica ALS50- | 75° 6000 m ca.115kHz (094 m (= 112 |ca.45kHz | 214 m (= 0.22
Il points/mz) points/m2)
TopoSys 28° 2500 m ? ? 50 kHz 1.15 m (= 0.75
Falcon IlI points/m2)
TopoSys 60° 1660 m 50 kHz 124 m (= 0.65 | - -
Harrier 56 points/m?)
with RIEGL
LMS-Q560

Table 6: Overview of today’'s most popular Lidar sensors for surveying large-area projects. Note
that due to the different FoVs, the swath widths — and therefore flying times — of the stated 1000m
and 2000m scenarios are very different.

“ Note that all portrayed systems’ scan patterns result in inhomogenious point spacing toward the edge of the scan
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