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ABSTRACT:

The paper presents a new segmentation algorithm, to be applied to terrestrial lasers scans of urban environments. The algorithm
works directly in a range image. This is the fundamental laser scan data structure as a laser recording can be regarded as a 2-
dimensional grid of range measurements. The horizontal and vertical axes of the grid denote the horizontal and vertical angles at
which the scanner emits the laser beam, receives the reflections, and measures the distance (the range) between the instrument and
the reflecting surface at those angles.

The presented algorithm estimates for each measurement (pixel) in the range image three parameters of the 3D plane that contains
the pixel: two angles (horizontal and vertical) and the distance between the plane and the origin. The estimates are based on the scan
angles (the horizontal and vertical angles at which the laser beam was emitted from the scanner) and the image gradients, i.e. the
rate of change in the distance that is observed between adjacent measurements. Since the three estimated parameters characterize a
plane in 3D space, regions of adjacent pixels with similar parameter values are likely to be part of the same plane. Such pixels are
grouped into segments by a region-growing image segmentation step, which takes the three parameters into account simultaneously.

The overall algorithm uses two complementary strategies to deal with the measurement noise affecting the gradients, during the
gradient calculation and the region growing steps respectively.

1. INTRODUCTION phase scanners, and to several kilometres for time-of-flight
scanners, with spatial accuracies in the cm-range (Staiger,
Range image segmentation has a long tradition in the 2007). These changes pose new requirements to
computer vision research community. For example, Hoover segmentation algorithms.
et al. (1996) already set up a framework for experimental
comparison of range image segmentation algorithm results, The common perception of terrestrial laser scanning is that it
flowed up by Xiang et al (2000). At the time, range images results in a 3-dimensional point cloud, i.e. a collection of
were produced by photogrammetric interpretation of stereo (x,,z) coordinates, corresponding to locations in the scene
imagery, by structured light techniques, or by early laser were the laser beam was reflected by a surface. Additionally,
equipment, such as the Perceptron laser ranger. Commonly, most laser scanners record the intensity of the reflected beam
those data were recorded in well-controlled conditions. as it is recorded by the instrument. Some types of laser
Nevertheless, they tended to be noisy and have low point equipment record a colour image of the scene, more or less at
densities. They described relatively simple close-range the same time and from approximately the same position as
scenes, to be used in industrial applications and in robot the laser scan. This image can be used to “colour” the point
vision experiments. cloud, i.e. to assign (R,G,B) values to the (x,y,z) points of the
laser scan. Many authors have reported on point cloud
Recent advancements in terrestrial laser scanning cause a segmentation algorithms, amongst whom Rabbani (2006),
renewed interest in segmentation of range data. Terrestrial who starts off with a Hough transform using (6,¢,0)
laser scanners are being used in a multitude of applications, parameterization (see section 2). He also gives an overview
for example in 3D model reconstruction of complex outdoor of previous methods, stating that these either resample the
scenes in urban environments. Nowadays scanners are able to data in a 2D or 3D grid, or build a topology on the point
record datasets with millions of points, and with recording cloud using triangulation.

speeds of several hundreds of thousands of points per second.
The distance range has been increased to approx. 100 m for
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Figure 1. Upper: range image, lower: intensity image. The data were recorded by a FARO 880 phase scanner. Image size is approx.
8100 x 2200 pixels, covering 360° horizontally and 100° vertically. This corresponds to 1/5" of the scanner’s maximum resolution.

As an alternative to the 3D point-cloud notion, and better in
accordance with scanner operation, a laser recording can be
regarded as a 2-dimensional grid of range measurements. The
horizontal and vertical axes of the grid denote the horizontal
and vertical angles (let these be called « and f respectively)
at which the scanner emits the laser beam, receives the
reflections, and measures the distance (the range) R between
the instrument and the reflecting surface at those angles. The
angles « and f are sampled at regular intervals Ao and Af
(the angular resolutions). Therefore, laser scanning results in
a 2D (often termed “2.5D”) range image R [inig], with
a=i Aaand B=igAp. (Figure 1).

Figure 1 also shows the intensity image, which is recorded
simultaneously with the range image. (The remainder of this
paper only concerns range measurements and does not
consider intensity or (R, G,B)-information.)

Pulli (1993) already described range image segmentation
with some similarity to the method presented here, working
with normal vectors and 3-feature image segmentation.

2. PLANES IN RANGE IMAGES

()

/

by \

Figure 2. A line in 2D containing point (x,y), and
its normal vertor

We will first establish a relation between the equation of a
plane in 3D Cartesian coordinates, and the representation of
that plane in a range image with 2d spherical image
coordinates. The situation resembles the equation of a line /
in 2D passing through a point (x, y), as it is often used in
Hough transforms:

p=xcos @ +ysin 6, 1)

where @ is the direction of the normal vector of the line and
pis the distance between the line and the origin. With
varying @ (and therefore p) this yields all lines passing
though a given point (x, y) (Figure 2). The point (x,y) may
have been measured by a laser scanner at scanning angle
a and range (distance from the scanner) R.

In analogy, Figure 3 shows that a parametric form of a plane
in 3D, containing a point (x,y,z) is given by
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p=xcosfcosp+ysinfcosp+zsing. 2

We will use this equation to establish the distance p between
a plane and the origin of the Cartesian coordiate syste, after
having estimated the two angles € and ¢, denoting the
orientation of the plane from the range image gradients. This
will be done for every pixel in the range image. The resulting
three “image features” will then be submitted to a three-band
image segmentation algorithm.

3

~p’ =xcos @+ysin @

,é:p’cos ¢+zsin ¢
= x cos fcos ¢+ ysin @cos ¢+ zsin ¢

y

Figure 3. A plane in 3D containing point (x,y,z) and the
normal vector to the plane.

Assuming that a certain pixel belongs to a plane P we want
to compute the orientation angles € and ¢ of the normal
vector of P, 6 being the angle between the x-axis and the
projection of the normal vector in the xy-plane, and ¢ being
the angle between the normal vector and the xy-plane. We
will do this by computing the difference angles A and A¢
between the normal vector and the scan angle, which is given
by the coordinates « and f of the range image. This is

illustrated in Figure 6, which shows the following
relationship between scan angle and normal vector
orientation:

=0 -A0

p=F-Ap. 3

3. RANGE IMAGE GRADIENTS

The computation of the difference angles A@ and A¢g between
the normal vector of a plane and the scan angle is based on
the gradients of the range image. The horizontal gradient is
the change in the image (range) value that is observed when
going one pixel to the right; the vertical gradient is the
observed change when going one pixel up. Since the image
coordinates are related to the scan angles o and g, the
gradients can be considered estimates of the partial
differences of the range with respect to the horizontal and
vertical components of the scan angle, AR/Aa and AR/Ap,
respectively, with Ao and Af denoting the angular resolution
of the scanner in the horizontal and vertical directions.

To obtain the corresponding spatial resolution (the
perpendicular distance between to neighbouring points), the
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angular resolution has to be multiplied by the range R [i,.ig]
itself.  Finally, the arctangents of AR/(RxAa)and
AR/(RxAp) yield the required difference angles. The
procedure is illustrated for the vertical angle ¢ in Figure 4.

A¢ =atan (AR/ 6)

Figure 4. Computing difference angles from
range image gradients

Unfortunately, laser scanner measurements are not entirely
accurate. In a range image R[], both the range
measurement R , as well as the scan angles « and S, contain
noise, which may severely affect the range image gradients
and propagate into the derived estimates of difference angles
and plane orientations.

Gradients are computed using convolution filtering with so-
called gradient kernels. Examples are Sobel filters (Mather
1999). The noise problem is addressed firstly by using larger
filtering kernels, having an smoothing effect, for the gradient
computations. In the current example (see Figure 1) we used
5 x 5 kernels,

-2 0 2 1
2 3 0 3 2
3 4 0 4 3
2 2 0 3 2
-1 -1 0 2 1
and
1 2 3 2 1
2 3 4 3 2
O 0 0 0 o0

2 3 4 3 2
102 3 2 -

for horizontal and vertical gradients respectively.

A second countermeasure against laser measurement noise is
applied during the segmentation step; see Section 4.

The last step in the feature extraction phase is the
determination of the third parameter p, the distance between
the plane containing the pixel at image coordinate [7,.i5] and
the origin, using the plane equation

p=xcosfcosp+ysindcosp+zsing 4)
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This equation contains for each range image pixel the 3D
coordinate (x,y,z) of the point where the laser beam was
reflected. It can be computed from the range image as:

X = Rliqig] cos(i,Acr) cos(igAp)
Y = Rligig sin(i,Aa) cos(izAp)
z =sin(igAp) . &)
It is very important to note that a large plane, such as the
fagade of the building at the left in Figure 1, contains a large
variety in range measurements, as the different colors
indicate. However, after the above-described
transformations, even such large plane should become rather
homogeneous in the plane parameters 6, ¢ and p. This can be
seen in Figure 6, which displays colour coded images of
these three parameters.

Figure 5. Images of plane parameters 6, ¢ and p.

Figure 6. Relationship between scan angle and normal vector orientation

4. IMAGE SEGMENTATION

The purpose of image segmentation is to subdivide an image
into adjacent groups of pixels, called segments, which
(hopefully) coincide with meaningful objects in the scene.
Image segmentation algorithms can be roughly subdivided into
region based methods, where pixels within each segment obey
some homogeneity criterion, and edge based methods, looking
explicitly for boundaries between segments. Within the region
based methods popular approaches are region growing (starting
from seed pixels, pixels are added to regions as long as
homogeneity is sufficiently maintained) and region merging (of
adjacent regions that are similar enough).

The image segmentation algorithm used in this study is a region
merging method (Gorte, 1999). It was designed for multi-
spectral image segmentation, taking three image bands into
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account simultaneously. It is a quadtree-based method that
works bottom-up: merging pixels (quadtree leaves) into
segments, and adjacent segments into larger segments while
maintaining for each segment a mean feature vector, and as
long as two criteria are satisfied:

a) the Euclidian distance between feature vectors of
adjacent segments should not exceed a threshold
b) the elements of the variance-covariance matrix within

a segment after merging should not exceed a

threshold.
It has been previously shown that as the second threshold value
the squared of the first one can be used, so only one value has
to be specified. However, to prevent ‘order dependency’, the
algorithm performs best when applied iteratively with a number
of threshold values in a steadily increasing sequence (each
iteration being recursive as previously stated). Therefore, the
algorithm needs, in addition to the final threshold value, the
number of iterations to be performed (usually 3 or 4).
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Instead of using three bands of a multi-spectral image, we will
now submit the three plane parameters images of Figure 5 to the
segmentation algorithm. It will create segments of adjacent
pixels that have similar values for 8, ¢ and p, and therefore are
likely to belong to the same plane in the scene — the word
‘similar’ indicating that the values may still be contaminated by
noise. The amount of noise expected within a single plane
determines the threshold value.

Figure 7 shows the result of segmentation. Segments are
displayed in arbitrary colours, just to distinguish them from
each other. It should be noted, however, that each segment has
its “mean feature vector”, containing average values for the
plane parameters 6, ¢ and p. Also the size of each segments (the
number of pixels) is known, and the pixels within very small
segments can be considered not part of any plane, and can
easily be removed from the result in a post-processing step, or
assigned to a larger neighbour if required (Figure 8).

5. CONCLUSION AND OUTLOOK

The paper presents a new segmentation algorithm that
subdivides a range image created by terrestrial laser scanning
into segments that correspond to planar surfaces. Because it
works in the 2.5D image domain, rather than in the 3D point
cloud domain, the algorithm is quite straightforward and can be
implement very efficiently in a suitable image processing

environment: it only requires standard processing steps:
convolution, image calculation and multi-spectral
segmentation.

Working in the original range image data, as delivered by the
scanner, the algorithm cannot be applied to point clouds that are
created by co-registering multiple scans. A future research topic
may be, however, the usefulness of the segmentation method
for extracting segments to be used in a feature (or object) based
registration process.
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A major obstacle in any segmentation effort is posed by
measurement noise. It is clear that the effect of noise can be
much better quantified, for example by regarding the
specifications of the manufacturer (distinguishing between
noise in angle and range measurements) and by taking the
dependence of noise on the range into account.
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Figure 8. Segmentation result after post-processing to remove small segments

177




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


