HIGH-DEFINITION SURVEYING: 3D LASER SCANNING
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Registration and geo-referencing are critical for successful high-definition surveys.

or structure with a single scan. It’s either
too large to be captured with one scan or
key parts of the site/structure are obscured from the line-of-sight of the scanner’s first set-up. Hence, the scanner or
scan head must be physically moved into
a second location or orientation to capture parts of the site/structure obscured
in the first scan. This process is repeated
until all of the site/structures to be
scanned are captured.
Geo-referencing—the standard process of tying scan data (or any survey
data) to the relevant control/coordinate
systems. Coordinate systems may be
state plane, local area, site-specific,
plant-specific, etc.
On many projects, both registration
and geo-referencing are done, i.e., scans
are tied to each other and the registered
set of scans is tied to control. It’s common, even with relocation of a scanner
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n the February 2005 issue of Professional Surveyor, the article, “Understanding Laser Scanning Terminology,” briefly described the concepts of “registration” and “geo-referencing” as related to high-definition surveys. This article examines these critical
steps in detail, with added focus on recommended practices for increasing the
accuracy of and confidence registration/geo-referencing, while minimizing
field and office labor.

Defining Terms
There is sometimes confusion about
the terms “registration” and “geo-referencing,” so let’s first clarify them:
Registration—the process for merging multiple scans with each other in correct, relative 3D geometry within a single
coordinate system. In commercial practice, it’s rare to sufficiently capture a site
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Planar and spherical targets can be used for accurate registration and geo-referencing.

Professional Surveyor Magazine • July 2005

around a site/structure, to supplement
high-definition survey data with other
measurement tools/methods. For example, utilities not directly visible to the
scanner are commonly surveyed conventionally. These points are later merged with the high-definition survey results to comprise the full survey.

Importance of Registration and
Geo-referencing
Based on my experience in talking
with hundreds of users, if a project in
which scanning was used “goes bad,”
the chances are very high that it was due
to poor execution in registration and/or
geo-referencing. This is also the area for
which expertise in survey practices and
technology is most important.

network well (and the error is not related
to the control network itself ), then this
one bad tie-in has no effect on the other
scans being tied to the network. In this
scheme, there is no need to worry about
overlapping scans or even needing to
have scans that are adjacent to each other (if the project doesn’t require it).
In a sense, this method represents
the most traditional way of registering.
It’s familiar to surveyors and, if executed
properly with the right tools, is sound
methodology. All of the usual survey
guidelines apply to extending control inside or outside the network.
This “populating a survey network”
method is most commonly used for long
straight projects, such as roadways and
railway surveys, but is also often used
for site surveys.

There are two ways to populate a survey network with scans. One involves
using scanners that can be directly georeferenced over points, similar to the
way a total station is used. Referencing
to a known point can be based on plummeting, sighting, or GPS. However, the
ability to locate scanners over known
points is currently very coarse, thus this
methodology is relegated to low accuracy projects, such as profiling mine walls
for blasting.
For high-accuracy scan registration, a
methodology analogous to photogrammetry is used. Known points or “targets”
are placed within the scanner’s field-ofview, just as control points are placed
and surveyed for tying aerial images together. Scan targets are surveyed and
geo-referenced traditionally and also

Registration Methods
Today, various ways are available to
register point clouds to each other. Each
method (that is currently publicly documented) is described below.
“Populating a survey network with
scans”—This registration methodology
is the one most akin to traditional surveying. A control network is established
for the site/structure and then each individual scan is tied to the control network
as an independent task. The scans are
registered “to each other” only in a relative sense, based on how well each scan
is individually tied to the control network.
If one scan is not tied into the control

Scan targets
can be surveyed
to control
monuments.
Image courtesy:
INOVx

scanned at high density. Target center
points are extracted from the high density scans using special software. These
points are then aligned with control coordinates. This methodology is common
for projects involving high-definition
surveying and is the only high-accuracy
method used for “populating a survey
network” with scans.

Three scans registered and geo-referenced using six targets

Direct merging of scans with each
other—This approach involves linking
scans to each other dependently. In this
case, scans must have some overlap.
There are three commonly used methods for directly linking overlapping
scans together:
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Twin-target pole enables easy georeferencing of scans to control.

Targets—special scan targets are
placed within the scanner’s field-of-view.
Each target is scanned at high density.
These scans are then processed with special software to extract their center point
locations (X, Y, Z). Two scans that share

Building corners and edges are features
that can be useful for registration.
Image courtesy: M.J. Engineering and
Land Surveying
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identical sets of targets can be registered
to each other. A network of scans linked
by targets can similarly be registered,
typical for civil projects.
Extracted features—it is not always
practical to place targets (or enough targets) within a scanner’s field-of-view. A
tall building or structure, for example,
may be virtually inaccessible for placing
targets on high points. However, certain
specific features, such as a pointed corner or an edge of steel, may be visible
from multiple scans. Such a corner or
edge can be scanned at high density,
just like a target. Using special software,
corner scan data can be converted into a
model and corner coordinates can be extracted. These corner points or vertices
can be treated just as formal targets are
treated to register adjacent scans to
each other. This method is generally less
accurate than target-based methods,
but suffices for certain projects.
“Cloud-to-cloud” registration—this is
a more recent innovation to high-definition surveying, but it can be very handy
and powerful if used properly. In this
method, neither targets nor special features are processed into modeled vertices. Instead, clouds are aligned to each
other by selecting three or four “common
points” within the overlap area of each
cloud. These common points are selected
to be physically close to representing the
same point within each overlapping scan.

Special software is then used to align the
entire surfaces of the overlapping scan
clouds to each other. This method is appealing because it reduces the need for
placing targets in the scanner’s field-ofview and scanning/surveying them. In
the right conditions, “cloud-to-cloud”
registration can provide amazingly accurate overall results. Rather than relying
on a dozen or so target-based points for
network adjustment, cloud-to-cloud registration may literally be taking advantage of a best fit based on hundreds of
thousands of points!
Regardless of what method is used to
register multiple clouds to each other, in
many cases the registered clouds still
need to be geo-referenced (i.e., tied to
control). In this case, the network of registered clouds is combined with the control network and the entire set of data is
best fit to the control network.

In Practice
In everyday commercial practice,
users tend to either “populate” a control
network with scans or use a combination of methods for registration and georeferencing. This is an area where experienced service providers often have a
competitive edge because they better
understand what the optimal combination is for minimizing field and office
time while maximizing the quality of and
confidence in final results.

Industrial plants are good candidates for “cloud-to-cloud” registration.

Professional Surveyor Magazine • July 2005

HIGH-DEFINITION SURVEYING: 3D LASER SCANNING

On any given project, it is not uncommon to incorporate surveyed control for
geo-referencing, targets common to multiple scans for direct merging, and then
enhancing the registration with cloud-tocloud or feature-based techniques. Combining scans/surveys of control targets
with cloud-to-cloud registration can not
only reduce the number of targets needed between scans, but overall results can
be even tighter than those based purely
on populating a control network. This
has potentially profound implications for
the survey profession, as it is now possible to make control networks tighter by
adding high-accuracy, high-definition
surveys into the mix.

Recommended Procedures
Each method described above has its
own recommended “best practice.” However, many of these best practices are
similar from one method to another, so
recommended procedures are described
below on this more encompassing basis.
High-accuracy survey of targets—if
scan targets are used on a project and
they are surveyed (not just scanned), as
is the case with many projects, the overall project results will be heavily dependent on the accuracy of the survey of
the targets. So, everything that surveyors employ to ensure accurate results
when using a total station to survey individual scan targets fully applies. For
highly accurate high-definition surveys
of industrial plants, for example, some
use only the most accurate total stations
and won’t densify control beyond secondary points.
Proper targets—vendors of laser
scanners offer specially manufactured
targets, either planar or spherical. Some
creative users find that they can use other objects as targets. I have heard of
bowling balls, PVC pipe, foam balls,
lamp covers, and many other types of
objects being used for targets. Beware,
however, of the results obtained with
make-shift targets. Foam balls, for example, do not have a hard, opaque surface and a scanner will give erroneous
results of the foam ball’s center coordinates. It is best to use targets supplied
by vendors or to adequately test any
other types of targets that you may want
to use before actually using them.
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High-density scans are required for
accurately locating target centers.

High-accuracy scan of targets or other fine features—for best results, either
a planar or spherical target should be
scanned at high density (e.g., 1.5 mm
point-to-point spacing) with an instrument that has high range accuracy, high
vertical angle accuracy, high horizontal
angle accuracy, low range noise, and a
small beam size. Fitting algorithms using special software are applied to bestfit the scan data and extract the target’s
center. Target centers can be derived to
about 2mm accuracy, depending on the
type of scanner and target used. Most
point cloud processing software allows
target centers to be extracted automatically. A similar approach can be applied
to other objects/features, provided that
the point cloud software supports the
modeling of these features to enable extraction of a single, accurate vertex. This
technique of performing high density
scans to extract highly accurate, single
point features is common practice today,
when using a scanner and companion
software that have these capabilities.
Good network geometry—good network geometry is just as critical for projects involving high-definition surveying
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as it is for any surveying that involves
networks. Yet, this is an area where
many newcomers can fail on their first
scanning project. Good network geometry applies to selecting the locations for
placing scan targets and even for selecting what to scan when using “cloud-tocloud” registration. Here are some tips:
Place targets or use common features that are far away from each other
and in all three dimensions (i.e., not all
in a line). Avoid short baselines and, if
possible, use targets/features above the
scanner, below the scanner, in front of
the scanner, and behind the scanner to
constrain all six degrees of freedom.
Place targets far from the scanner.
This is an especially challenging problem for certain scanners that cannot perform high-density, high-accuracy scanning at long range, as such scans are
needed to accurately extract target centers. Phase-based scanners, for example, can only perform sufficiently high
density target scans at a range of around
15 feet or so from the scanner. This constraint presents a challenge for achieving good network geometry. As a consequence, high-definition surveys conducted with phase-based scanners are
usually characterized by many more target placements and very tight requirements on target surveys.

Accurate registration requires placing
targets to ensure good network geometry.

Redundancy—this is critical when
using scan targets. Although mathematically only three targets are required,
four should be the practical minimum
and many users require five or even
more. Just as with any network, the more
redundancy the better, in case one or
more points are bad.
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Six scans merged
using cloud-tocloud registration
and no targets.
Image courtesy: EDG
Consulting Engineers

Good 3D-geometry—this is critical
when taking advantage of “cloud-tocloud” registration. Industrial plants often have excellent 3D geometry, meaning that they have plenty of structures
that are oriented along each axis—X, Y,
and Z. A zig-zag piping run may have
geometry that comes toward the scanner, that goes side-to-side across the
scanner’s field-of-view, and that runs
vertically, up and down. In fact, industrial facilities often have many elements
with good 3D geometry. In contrast, a
relatively flat roadway has relatively
poor vertical geometry. In cases where a
roadway may have good vertical geometry, for example a light pole, the pole
may not be present in overlapping
scans, so it can’t be used for cloud-tocloud registration. Buildings are also often good candidates for cloud-to-cloud
registration methods because they usually contain good 3D geometry.
Scan overlap—this is required for
cloud-to-cloud registration and is often
very helpful when using targets for registration. In practice, you should have at
least a 15% overlap between adjacent
scans. Some recommend more, e.g.,
30%. Another key: the overlap needs to
be in areas with good 3D geometry. The
best scenario is where you can overlap
many scans on the same area from very
different perspectives. For example
when using a high-accuracy, long range
scanner on offshore oil platforms, it’s
possible to have as many as five or more
scans that capture parts of the same elements from different scanner locations.
A recent conference presentation by
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EDG Consulting, Louisiana, described an
offshore platform on which EDG had
used 23 scans to cover the whole platform. No targets were used at all; the entire registration was done with “cloud-tocloud” methodology—with outstanding
results. EDG was able to take advantage
of significant overlap and their scanner
could accurately capture (~1/4") geometry far from its set-up point (~165') as
well as close to its set-up.
In-field Quality Assurance (QA)
checks—many organizations conduct
registration on site, especially if the
site’s far from the office. Performing
registration checks on site using point
cloud processing software’s registration functionality is a good way to catch
potential errors. These QA checks are
both mathematical (i.e., residual error
values can be calculated and checked)

and visual. With dense scan data, it is
often easy to visually observe when
things don’t align properly. For example, registered scans of pipes are easy
to check with an orthogonal view, as
two separate scans of the same pipe
should align perfectly.
Another valuable in-field QA check is
to use independent means to measure
the same points or distances that have
been scanned. For example, scan several targets that are far from each other (in
three dimensions) and then survey them
with a total station and compare the
slope distance results. This QA check is
very common practice. Some scan measurements can also be quickly checked
with a tape.

Key Aspects
As noted above, when a project involving scanning goes bad, the most

Cloud-to-cloud registration requires
overlapping scans. Image courtesy: INOVx

common culprit is registration/geo-referencing. Within this task, the most
common errors are inadequate in-field
QA, poor network geometry, insufficient
redundancy, and/or poorly executing
scans and surveys of targets (either the
scanner wasn’t up to the task or field/office procedures were inadequate). However, when high-definition surveys are
executed properly with the right tools,
many find their results to be even more
accurate than conventional surveys of
the same site.

Summary
Taking thin slices of registered scans can
provide a good quality assurance check.
Image courtesy: EDG Consulting
Engineers

Professional Surveyor Magazine • July 2005

In summary, registration and geo-referencing is a critical aspect of successful
projects involving high-definition surveying. Today, many methods and tools

are available. The use of sound survey
and engineering fundamentals is important for getting this part of the project
right. To achieve the lowest field and office labor costs and highest accuracy for
registration and geo-referencing, users
need to understand the tools and methods that are most applicable for each
project’s specific logistics.

Checking slope distances between targets with a total station and a scanner is a common
QA method.
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•Poles .... US$ 81.00
15 ft screw clamp prism pole,
dual graded (metric and imperial)

•Tripods......... US$ 59.00
Heavy-duty quick-release aluminum tripod

•Bipods... US$ 101.00
All Aluminum quick-release bipod
(practical and durable)

•Backsight

set-up

High precision backsight set up,
includes prism, prism holder, target,
tribrach adaptor with optical
plummet, 3 jaw tribrach, and foamed
hard plastic case for transport.

US$ 298.00

•Prism
Prism, prism holder, target
and transporting bag

US$ 122.00

•Tribrachs... US$ 135.00
3-jaws tribrach
with optical plummet
.
(fits all) (yellow , gray , green)

• Autolevels... US$ 200.00
High precision 32x Auto Level 1.5mm/km

FREE FREIGHT
for 48 Land States

•UPS Ground is
included at any
order for all 48
land states
•6 months full
warranty
•If you don't like the
item you can return
it, you will receive
full refund minus
the shipping costs.

Buy on-line
and save!
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