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Abstract

Virtual reality applications are becoming increasingly common and more soph-
isticated. However, many virtual environments suffer from a very artificial feel,
mainly due to impoverished descriptions (often based on CAD models) of scenery
and objects. More sophisticated models which have realistic shape and texture
can be obtained by building 3D models directly from range data, and life-like
textures can be mapped on to the surface of the model using colour images of
the object taken at known viewpoints. This dissertation describes work carried
out in improving the performance of a prototype hand-held optical surface scan-
ner. The focus of the report is on noise reduction, principally gaining a deeper
understanding of the sensor’s global position measurement system and the imple-
mentation of a variety of morphological and smoothing operators for the purpose

of improving surface description.
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Chapter 1
Introduction

With current improvements in computer graphics algorithms and hardware, “vir-
tual reality” applications are becoming both more common and more accom-
plished. However, despite advances, environments are typically quite sparse and
represent the real world poorly; the reason for both of these is the cost of con-
structing realistic models of environmental features. Most current techniques use
simple primitives to represent objects, so complex objects must be constructed
from many simple ones; this is time-consuming and of only limited effectiveness.
Even when a model of the geometry of an object has been constructed, there
is still the problem of texture-mapping colours and patterns onto the surface.
Solutions to this shading problem are being pursued by the computer graphics
community (e.g. using fractals and repetitive textures), but at present do not
provide realistic colours and lighting. Another deficiency of current computer
modelling is that all objects look the same — there is no scope for adding every-
day “wear and tear” to modelled features, so environments tend to look too
pristine and clinical.

It is obvious that a system that is simple to use which can produce realistic-
ally shaped, properly shaded objects would be of great use to those working with
virtual reality; a prototype of a system to satisfy these needs had been construc-

ted (see Section 1.1 and Chapter 2), and initial results looked promising. The
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Figure 1.2: System schematic

the user then switches the laser projector off, turns on a local light source and
takes still frames of different views of the object — these stills are used in the
texture mapping phase later. After the user has performed these actions, off-line
processing of the data is performed to reconstruct the object’s surface from the
set of data points collected. The colour frames captured earlier are now pasted on
to the reconstructed surface, and the model is complete. Figure 1.1 outlines the
process. Currently the models are stored in RenderWare format (a commercially
available 3-D graphics library).

A schematic of the system (adapted from [Fisher et al. 96]) is seen in Figure
1.2. The camera image of the stripe on the object’s surface is sent back to the
computer (via decoding and digitisation software) along with the output of the

global position sensor. This global position reading allows the stripe image to be
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The major source of noise at the time of data collection is the Flock of Birds global
position sensor. This is a 6 degree-of-freedom electromagnetic sensor which meas-
ures the position of a remote unit relative to its base unit. There is random noise
on the translational and angular measurements, both of which lead to inaccurate
placement of range images in the 3D frame. Imprecise placement of textures cap-
tured from different positions, resulting in blurring of a texture, overlap of two
separate textures or an untextured gap appearing between two patches of colour,
suggest a systematic error in the sensor readings, although this could be due to
random errors on the position of the small number of colour images typically used
(= 10 images is typical).

[t was decided to perform experiments to study both the translational and
angular measurement performance, and to attempt to correct any systematic

error found (see Chapter 3).

1.2.2 Outlier Removal

In the prototype, there was a problem with outlier data points, i.e. those points
which are far from the rest of the data set, and which, if not removed can lead to
unwanted surface deformations after reconstruction. Currently the majority of
outliers are removed by hand, a tedious and sometimes imprecise process, ripe for
automation. A related problem is that of gaps in the data — noise can not only
result in spuriously placed points, but also in missing out points which should be
in place.

To combat both of these problems, a set of morphological operators were

implemented and investigated (Chapter 4).

1.2.3 Data Smoothing

Currently, the outlier removal is performed (by hand) on the output

r 1 I I 1 IR ) * ~ . 1 1 LI | 1
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Chapter 2

Previous Work

Here, the existing prototype hand-held modeller (the “optical paintbrush”) is
discussed, along with a brief outline of some notable existing 3D data acquisition
systems. A short introduction to laser-stripe ranging (as used in the hand-held)

is provided for the uninitiated.

2.1 3D Range Data Acquisition Systems

To date ranging systems have largely addressed two problems; in robotics to guide
mobile robots through the world or manipulators through the workspace; and in
the use of 3D range images in industry — for inspection, identification or automatic
acquisition of CAD models to replace traditional engineering drawings. More
recently, with increasing interest in virtual reality, systems for building models
of general, free form objects have started to appear. The navigation/guidance
application aims to build coarse models of the world (maps) as opposed to finer
models of individual objects, and will not be covered here.

Two industrial systems that use typical 3D data-collection methods are briefly
described; the 3D workplace sensor developed at INRIA, and the ranger used to
collect data for the Imagine II system from Edinburgh. It should be noted that

only the data acquisition methods are covered here here — as complete vision
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Figure 2.2: Edinburgh sensor hardware (schematic)

along the stripe, using laser-stripe triangulation (see Section 2.2). Laser-stripe
triangulation requires only one camera, but the Edinburgh sensor uses a pair of
cameras (as seen in Figure 2.2) as part of a noise reduction strategy which com-
pares the range image from each camera, removing as noise any points which do
not coincide (within bounds) in both images. The part being inspected is placed
on a conveyor like linear micro-stepper which enables the surface to be captured
one stripe at a time, with known movement between stripes. To capture all as-
pects of an object, it is run through the system several times, posed differently
on each run, and the images of each view are registered using the iterated closest
point technique [Eggert et al. 96]. Again, the physical setup of the system is
highly calibrated, and although data collection is good (low noise, high density
data being acquired rapidly), the need to take multiple views is inconvenient and
time-consuming. It is also worth noting that neither the Edinburgh ranger nor
the INRIA sensor captures colour information, although sensors exist which do.

The Edinburgh and INRIA scanners were made with industrial part recog-
nition/inspection in mind, not virtual reality modelling, where firms involved

are less likely to want to invest in calibrated workspace areas than industrial
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Figure 2.3: Laser plane triangulation

This simply states that the point X; lies on the same ray as C; and P;, at

an unknown distance A (if C; and P; are normalised, otherwise ) is a scale-

factor)from the camera origin. To solve for A, the above expression for X; is ﬂ

substituted in to the plane equation like so:

Aom + \/AHV. - vav.b =d

A range image can be built up once Xj is found (using \):

d-— OTU

ﬁum - Omv.b

Where n, d and C; are known in advance through calibration.

2.3 The Edinburgh Hand-Held Sensor

This description of the hardware and software used in the prototype system |

is lareelv based on [Fisher et nl Al

The anftware comnnnent ran he hroken
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On-line Range Data Acquisition

The sensor uses laser-stripe triangulation as described above with some changes.
In the above description, all the components were fixed in calibrated positions,
whereas the hand held unit is obviously free to move, so although the principle
remains the same some adjustments to the formulae must be made. The Flock of
Birds global position sensor will provide position and orientation of the remote
unit within a one metre radius of its base unit. The remote unit is attached to the
hand-held striper such that there is a fixed transformation between the remote
unit, the camera and the laser plane. Rewriting the striper equations in terms
of co-ordinates relative to the remote unit is trivial once this transformation is
known. The flock of birds sensor now returns the transformation between the
base unit and the remote unit which allows the global position of every range
point to be calculated. At time t, the global position of Zye Of a range point

Tremote Telative to the remote unit is given by
Tglobal = ma X Tremote + \.N._“

Where R; and T; denote the rotation and translation of the remote unit respect-
ively. Each point captured can now be stored in the global co-ordinate frame,
correctly positioned with respect to other collected data.

Two calibration processes (described in Appendix A) are used to calculate
the transformation between the remote unit and the camera/laser plane and the

camera parameters for the triangulation process.

Off-line Pre-Processing

The acquisition stage gives a ‘cloud’ of points which is centred on the surface,
but with many outliers, largely caused by random ‘glitches’ in the global position

reading. A surface fitting algorithm, used to fit a triangulated mesh to the
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required to remove the final outliers.

Off-line Surface Reconstruction

After the pre-processing stage, the resulting data set (a smoothed version of the
original set containing fewer points) is passed to the Hoppe [Hoppe et al. 92,
Hoppe 94] algorithm. This algorithm aims to estimate the underlying surface of
the data set by approximating a signed distance function f(p) to the surface.
If a point p is inside the surface, f(p) is positive; outside the surface f will
be negative, and if p is actually on the surface, then the distance function will
evaluate to zero. This signed distance function is used by a contour-tracing
algorithm which fits a triangulated mesh to the data points approximating the
surface.

It is important to note that f(p) is never explicitly quantified — this method
does not perform a function fit, and this allows free-form surfaces of arbitrary
topology to be recovered. The signed distance function is, instead, approxim-
ated as a distance from a local tangent plane to the point p (Figure 2.4). The
local tangent planes are calculated using principal components analysis (PCA)
to produce the least-squares best-fit plane to the k nearest neighbours of point
X; (Nbhd(x;)), the parameter k being user-defined. Increasing k enlarges the
area over which the normal is calculated, which has the effect of smoothing out
local variations in the normals. This can lead to local noise being smoothed, but
unfortunately it also means sharp changes in surface orientation (i.e. corners)
will be smoothed over too. The local plane centre o; is the mean position of
Nbhd(x;), the local normal n; is the eigenvector corresponding to the smallest
eigenvalue from the PCA.

With the set of local tangent planes calculated, f(p) can now be estimated

for any point p by
f(p) =(p —0:).n
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the value given by f(v) assigned to it. If any edge e connects two vertices with

different signs of f(v), then the surface must intersect that edge. In this way,

a triangular mesh is constructed whose vertices are the positions of intersection

of surface and edge — these positions calculated by (linear) interpolation of the

values of f at the two vertices. The algorithm then ‘marches’ on to triangulate

the next cube on the list.

V6

v7

v2

¥i

A\

Cube with marked vertices

v4

Signs of f(v) () Positive
@ Negative

Triangular Mesh (3 Triangles)

)

Figure 2.5: Mesh triangulation

The marching cubes algorithm produces the initial triangulated mesh which

is then passed, along with the original data points given to the Hoppe algorithm,

to a mesh optimisation stage, which aims to balance accuracy to the data and

conciseness of mesh description. using an enerev minimisation nrocess described
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correspondence in the following way:

For each pixel(i,j)
if (ray through (i,j) intersects with model)
if (model surface normal at point of intersection is
oriented less than 45 degrees from view direction)

give point of intersection RGB colour value of pixel(i,j)
If more than one colour estimate is given for a point, average them.
Blur the colour values with Gaussian mask to reduce noise

Propagate colour values into any uncoloured surface areas.

The pixel-ray correspondence is that used in the range data collection, known
from the camera calibration, and the model surface normals can be found using

the geometry of the model. The size of the colour-mapping cells on the object

surface was 1 mm2.

2.4 Weak Points of the Sensor

There are many improvements which could be made to the system, as mentioned
in Chapter 1, which range from improving real-time display of data as it is collec-
ted to bettering the performance of the texture-mapping. The problem addressed
by this work is that of noise reduction on the geometry of the models, both by
gaining further insight in to the performance of the Flock of Birds sensor and to
implement a more efficient and effective data smoothing algorithm to pre-process

the range data for the Hoppe algorithm.
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sensor only operates within one hemisphere — measurements made outside of this
region will be unreliable). From the received signal, it is possible to calculate the
three-dimensional translation and rotation relative to the base unit to a certain
degree of accuracy within a specified range from the base unit. Table 3.1 shows

certain characteristics of the sensor; for fuller details consult [Asc95].

Parameter Value
Positional Range +1m (any direction)
Angular Range +180° Azimuth & Roll
+90° Elevation
Positional Accuracy 2.5mm RMS
Positional Resolution 0.75mm
Static Angular Accuracy 0.5° RMS
Angular Resolution 0.1°

Table 3.1: Flock of Birds specifications

As mentioned in Chapter 2, the Flock of Birds sensor provides the global posi-
tion information which aligns each stripe in space and allows pasting of the colour
data onto appropriate areas of on object. Initial use of the range-scanner high-
lighted two significant undocumented problems worthy of investigation. Firstly
there is an occasional sensor ‘glitch’ resulting in an inaccurate camera and laser-
plane position being sent to the computer, which leads to a stripe being positioned
incorrectly in space. Incorrectly placed range data will, if not removed, lead to
unwanted protrusions or concavities in the reconstructed surface. The second
effect was noticed in the texture-mapping phase. Separate colour frames which
should contain some overlap were often positioned several millimetres apart —
the consistency of such errors suggested some type of systematic error could be
present in the sensor.

In order to reduce the effects of the random and svstematic errors noted above.
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This experiment is illustrated in Figure 3.2, and involved holding the remote
unit at each of the nine positions shown, z = 10 to z = 90 cm, where z is
measured globally, the global z axis parallel to the Flock of Birds base unit
axis, with global and Flock of Birds base unit origins approximately coincident.
Four hundred samples were taken at each position, and the mean and standard
deviation of the z measurements calculated, which are shown in Table B.1. For
each measurement, global y was Ocmn and global z —2.5¢cm. Standard deviation
versus mean X location is plotted in Figure 3.3. The standard deviation of the
measurements increases with distance from the base unit, but is generally very
low; the worst reading at 90 cm is only just over 0.2mm. The standard deviation
is directly related to the accuracy — if it is assumed that the noise on the data is
Gaussian, over 99% of the measurements will lie within +3 standard deviations
of the mean. In the worst case described above, this will give an accuracy of
within 1.2mm, which is better than the manufacturer’s specification. However,

the dynamic tests described below revealed further noise.

+Y
Base Unit
+N ® - o o [ ] ® [ ] @ [ 2
+X +X
7 Remote Unit
Y
+Y

Both Z axes go into page
Not to scale

* Sample Positions (10cm apart)

Figure 3.2: The static position experiment (schematic, plan view)

For the sambles taken at r = R0rm and oreater ANN camnles were taken and
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Figure 3.4: Reaching a steady state

The raw data gathered from one such test on a plane with z measurement
of —6cm is shown in Figure 3.6. The data along each direction is shown in
Figure 3.7, each graph (a) to (d) plots three curves corresponding to the three
sets of measurements taken in each direction. There are two points to note about
the plot; the first is that although the data was gathered from a plane, there is
obviously an underlying curve — this shows a systematic (as opposed to random)
error in the readings. Secondly, there is a region around the z axis where the
data is very irregular, and certainly cannot be said to lie in (or even near) the
same plane as the rest of the points.

The graphs shown in Figure 3.7 show both the curve and the ‘spike’ noise
in the centre of the field. The curves also show that the field is essentially
symmetrical about the z axis. Performing the tests with the remote unit at

various angles to the plane revealed that the curve of the field is independent of
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Figure 3.6: Raw data output from a plane (z = —6¢m)

carried out above, possibly due to small irregularities in the electromagnetic field.
The magnitude of the noise seen here is more in line with the manufacturer’s
specifications, and the systematic error is also visible.

All the points gathered from a plane were used in a least-squares plane fitting
algorithm ([Faugeras 93], Section 10.7) which gave an equation for each plane in

the form

nx+d=0 (3.1)

where n is the best fit plane normal vector (in each case all but coincident with
the z axis), and d the perpendicular distance from the plane to the origin. The

residual of each data point was then calculated using the formula
T = N.Xdata + d (3.2)

where r is the calculated residual for each data point Xgata. Figure 3.10 (a) plots
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Figure 3.8: New experimental procedure

newly corrected data. The result for each sample set from Figure 3.10 (a) is
shown in Figure 3.11. Figure 3.12 histograms the magnitude of the residual;
(a) showing the corrected data, (b) the uncorrected. The histograms make the
benefits of the correction quite obvious — the range of values taken by the residual
is reduced and the noise now has a Gaussian distribution, centred on zero.

The curve-fitting and correction procedures outlined above were then gener-
alised for planes at different levels. A single correction curve was fitted to the

residuals from all four fitted planes, and is given by
# = 0.0003R? — 0.0079R — 0.2899 (3.4)

To check the effectiveness of the Equation 3.4, it was used to correct the data from
all four test planes and the residuals from the general correction compared to the
residuals from the plane-specific correction formula. The results are summarised
in Table 3.2 which shows the standard deviation of the set of residuals for both
the general and the plane-specific method (i.e. correction formulae of the form of
Equation 3.3 fitted for each of the planes 1,2,3 and 4) for each plane. It can be
seen from the table that the standard deviation resulting from the plane-specific
and general methods is very similar for planes 2,3 and 4 — only for plane 1 is

there a large decline in performance. Although it would be possible to use the
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Figure 3.10: (a) Plane residuals vs radius from z axis, (b) model of residual

3.2.2 Angular Measurements

The tests described here were performed to identify any irregularities in the an-
gular measurements taken by the sensor. Tests were undertaken looking at both

the noise on static measurements and the linearity of the sensor’s measurements.

Static Angular Accuracy

As with the translational tests, the aim of this experiment was to check the
variation in sensor reading whilst the remote unit was held stationary. The ba-
sic procedure was the same as that shown in Figure 3.2, but samples are taken
between z = 15¢m and 2 = 75c¢m, and the quantity measured was not position
but the rotation matrix providing the transformation between base and remote
units. This rotation matrix was then used to rotate a known vector [1 0 0] and

the standard deviation of the angles of this rotated vector with respect to the
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Figure 3.12: Residual histograms (a) corrected data, (b) uncorrected

orientation are used to rotate a known vector, and the angles measured are the
angles between the rotated vector and the unrotated vector. Figure 3.15 shows
the plots of (a) all seven sensor tests and (b) the residual of each measurement
from a line fitted to the test data. It should be noted in (a) that the tests are
not coincident (although the scale of the graph hides this), i.e. they do not all
run from exactly 90 — 180°, and this is due to the tests taking place at slightly
different orientations at each distance. What is obvious from the graphs is that
the readings are fairly linear. The plot of the residual shows that there is little
to indicate a systematic error — the values seem to be quite randomly distributed
around zero. In this case, no systematic correction need be made, but if possible,
the average of several readings should be passed on to the stripe positioning

software, as this will reduce the random effects of the noise.
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Figure 3.14: Angular test procedure

revealing that the correction makes the spread of the data about twice as bad as
without the correction).

The reason for the poorer performance is that the model assumes that a
single correction formula will perform well over the whole workspace. The results
given in Table 3.2 mpmmmmamm that this was the case when the remote unit was
not mounted on the striper. Further study of data collected when the remote
was attached showed why the model was unsuitable; Figure 3.18 shows (a) the
correction curve which was fitted to the set of residuals from all of the planes ,
and (b) the curve fitted to the residuals from individual planes, the graphs plainly
showing that the sign of the curvature of the residual changes with z position.

To cater for this change in curvature, the option of adapting the model to
change with z reading was investigated. If the coefficients of the correction poly-
nomial (Equation 3.3) change with z in a way that can be modelled, then it would

be possible to to make a residual model of the following form:
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Figure 3.16: Procedure with hand-held unit

Figure 3.17: (a) Plane without correction (b) with correction

3.4 Conclusions on Correction

Unfortunately, although the problem of correcting the systematic position error
initially looked quite straightforward, with a simple quadratic equation required
to counter the error, the situation is more complex than this. Possibly the only
effective way to address the problem is to sample the entire work space at fine,
regular intervals and construct an interpolation table based on these results. This
is a lengthy task, and sadly there was not enough time to examine it further.
The angular performance of the sensor does not appear to have a systematic

error, but is very noisy. Variations of +1.3° will result in errors of up to +4.5mm
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Figure 3.19: Model coefficient a vs z reading
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Chapter 4

Cleaning the Range Data

The second major front on which noise can be attacked is at the data pre-
processing stage, where the raw range data is ‘cleaned up’ prior to being fed
to Hoppe’s surface reconstruction algorithm. The aims of this cleaning process
are two-fold, to remove outliers from the range data and also to smooth the ran-
dom noise on the surface data. Outlier points (those which lie far from the bulk
of the data) cause unwanted distortions to the surface, whereas the random noise
element can lead to surface smoothness being lost.

The work described here can be separated into two parts; the basic develop-
ment of algorithms in two dimensions with tests performed on simulated data,

and the extension of these algorithms into three dimensions.

4.1 The 2D Case

Before attempting to design algorithms to clean the full set of real 3D range
data, the two dimensional case was studied. There are two reasons for this;
the availability of the MATLAB program provided a ready-made environment
for rapid development and testing of methods, and the two dimensional case
is simpler than 3D for the implementation of algorithms (which could later be
extended to 3D).
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Figure 4.1: The near-regular sample model

4.1.2 Algorithms in 2D

With a sample model completed, some algorithms could be designed to perform
the tasks of outlier removal and noise smoothing with the aim of producing a

smoothed, thin version of the original data with no outliers.

Outlier Removal

To remove stray points distant from the bulk of the data, a morphological thinning
operator was used. The basis of the thinning operator is that a set of features
is extracted from the image, and then this set is removed from the image. Most
commonly, the features extracted are the outsides of thick edges and corners
(hence the ‘thinning’ name), but in this case it is the outlier points which are to
be removed.

The initial feature extraction is performed by the ‘hit-or-miss’ transform. Un-
like most other morphological operators, the hit-or-miss examines both image

foreground and background to study their relationship. A structuring element
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original image, simply performed by taking the difference of the original image
and the set of outliers. The thinning of an image S by a pair B can therefore be
described:

S®B=S—-(S& B)

where S ® B is the set-theoretic difference between S and S @® B. A good
introduction to morphological image processing which covers all major operators
is given by [Dougherty 92].

Results of the process are illustrated in Figure 4.4, where (a) shows the
sampled data (with the outliers circled) and (b) the results of the outlier re-

moval — any point which is alone at the centre of a 5x5 neighbourhood has been

removed.
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Figure 4.4: (a) Sampled data (outliers circled) (b) outliers removed

Smoothing and Thinning

After the outliers have been removed, the next stage is to reduce the noise and thin
the data. The morphological thinning algorithm described above could be used,

but to produce a fullv thinned skeleton from a data set takes several iterations
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direction; it is two dimensional. If the dimensionality of the data surrounding
each image pixel can be quantified and a grey-scale image built of these numbers,
then a Canny-like edge detector can be used to extract strongly one-dimensional
regions and to reject regions which are essentially two-dimensional and therefore
likely to be noise.

Fortunately, the well developed method of principal components analysis
(PCA, explained in [Ross 96]) exists for assessing the intrinsic dimensionality
of data sets. PCA makes use of the NxN covariance matrix (where N is the di-
mension of the space the data occupies) describing the data presented to it. The
eigenvectors of this matrix describe the principal directions of the data, and the
relative sizes of the eigenvalues indicate the dimensionality of the data. In the 2D
case, if one eigenvalue is much greater than the other then the data is strongly
one dimensional; if the two eigenvalues are approximately equal, then the data
is two dimensional. The eigenvector corresponding to the largest eigenvalue give
the dominant direction of the data, the one which corresponds to the smallest
eigenvalue the direction of least data spread, which is in fact the normal to the
least-squares best-fit plane (in N-D space) fitted to the data (see [Faugeras 93],
Section 10.7). This relationship with plane fitting means that whenever a data
set is described by the results of PCA, then the data set has been implicitly

modelled as a plane.

The 2D Algorithm

The edge detector developed uses both the eigenvalues and eigenvectors produced
when performing PCA on local neighbourhoods in the data. If the local eigensys-
tem has eigenvalues A, A2 (A; > )\;) and corresponding eigenvectors vy, vz, then
the pixel at the centre of each neighbourhood (i.e. the centre of the local eigensys-
tem) is assigned two items of data; w_m.“ which is a measure of the dimensionality
of the neighbourhood, and is treated as the ‘intensity’ value for the detector, and
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convolve PCAImage with 2D Gaussian kermel

// non-maximal suppression on smoothed output
for each pixel (i,j) which is non-zero
if (value (i,j) < value(neighbours in normal directions))

set pixel(i,j) to zero

// morphological closure performed on non-max suppressed

// image

// dilate
for each pixel(i,j) which is non-zero

set to non-zero any of its 8 neighbours currently zero

//erode
for each pixel(i,j) with any of its 8 neighbours zero

set pixel(i,j) to zero

Results on Simulated Data

The diagrams presented here (Figures 4.6 and 4.7) show four major stages of
the algorithm. Figure 4.6 shows the initial outline and sampled version of the
outline; the regular sample points were placed on each pixel, with noise added to
move the sample result to a random, nearby position within the sample bound
shown in Figure 4.1. This noise on the sample output position was normally
distributed with a mean of zero pixels and standard deviation of half a pixel.
Finally, 0.5% ‘salt and pepper’ noise was added to model the completely spurious
outlier points.

In Figure 4.7, the final two steps are shown, in (a) the output of the non-

moavimal crimesnnniae o awd LV Ll SV tilo - a 4 E o ELia o a1



97} aI® YOIYM ‘eJep 9Y3 Ul SHBIIQ MIJ 9I€ 9I9Y} PUR PIAOWISI U] dARY SIBI[INO
o} ‘Iaramoy ‘ury) A[108118d 1ou yroows A[308)iad 198U ST 9FRUIT PIJONIISUOILI
93 1B} SI S}[NSAI BY} JNOQe SPBW 9 P[NOYS Y} UOITRAISSO dAljejienb Y
‘uotssarddns [ewWIIXBW-UOU 3y} SULIND 93PLI 9Y) UT SHBDIQ
0} pes] YOIym poje[no[ed aq 0} SUOIJOAIIP [RUWLIOU snounds 3uisned ‘asiou [ed0]
£q peouenyui-1940 ST WwAYsAsualie oYy yeyy SI SIY} 10§ uosesl ayJ, ‘(6% 2InS1y)
1[NSe1 PIJUSWISRI] 210U B S9SNBD A[9JRUWII[N YOIYM SSIOU [BD0[ 0} AJTAI}ISUIS-IOA0
U® Ul $1{Nsel Iej 00} }1 SULIBMO] PUR ‘[@JI}LID 810Ul ST pooyInoqysau Y0 J oy,
"SI9UI00 813 e sfexid maj e isnl ‘(q) 2%
9INS1,] Ul UMOYS IBYJ PUR SIYI Us8MIS(] 8JUSIIYIP 9[}11[ AI9A SI 3I9Y) ‘019z 07 188
Sem p[OYSaIy} 8y} SIoym dFew] [eUY ® SMOYS g 9INJ1] "UOIIONIISUOIAI Y} 20U
pue Suiloows a8y} PeJRUIWIOP SSN[RA 3SOY} PUR ‘[RUOISUSWIIP 9UO A[[RIISULIIUL Se
BIRD 911 poylssed YD J 8yl 919ym ‘(sesodind uorjejusweiduit 10j (g Jo anfeA ® 0}
105) m jo sorjel Auew AI19A 919m 3197} ‘Aym pamoys paonpoid senjeausSe oY) jo
Apnjs pue ‘30879 9[331[ SBY ORI Y} I0] P[OYSaIy} Y3 SUIFURYD 1eY) Pomoys UOl}
-ejuswitiodxy "TTXTT St PaYR[MO[ed st YD) 9Y3 YIIYM Ul pooyInoqysisu ay3 pue

‘0 Sem suordal (Jg Jo uoryoalar ayy ut pasn orjyel w« 9} 10] P[OYSAIY) 9], '9INSO[D

ordures (q) surpino feuwdu() (®) :9°y aIns1y]

06 08 0L 09 0s oy 0 0z Ot 06 08 0O 09 0§ oy 0g [+14 0l
40t r 104
4102 + 102
410€ + 4ot
4ov L <0¢
108 F 40s
09 409
i 0L 0L
108 + {08
408




Yur aol

sof i SO ST, 8o} i,

70} ] 70l

60} : ot

S0f ¥ 1 501

40t . ] sof

3of i a0

20} —— 20f (P e e

Figure 4.7: (a) After non-maximal suppression (b) after closure

4.2 Into The Third Dimension

4.2.1 Adapting the 2D Methods

The data structure used in the three dimensional implementation is a “Voxmap”,
lLe. a quantised cuberille in 3D space (see Appendix C for details). The edge
length of each cube (or ‘voxel’) is determined on the basis of expected sensor
noise and data density (c.f. Section 2.3.2), and as such was set to be 6mm, this
being c. +3 standard deviations of the sensor noise. Data points from the striper
are placed into the appropriate voxels, and the resulting voxmap treated as a 3D
binary image; the operations described for 3D below were then carried out at the
voxel level, i.e. PCA is performed on the indices of occupied voxels rather than
the data itself. The final algorithm output is the mean value of the data in each
remaining voxel in the thinned image.

The effect of performing the algorithm at the voxel level rather than directly
on the data is to exacerbate the quantisation errors introduced by using a voxmap
in the first place. On the other hand, the use of voxels whose edge length is equal

to the random noise offers a crude smoothing of local noise which may reduce the
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Figure 4.9: Using a 5x5 PCA neighbourhood

Problems with the Algorithm

Although the theory holds well, in practice the use of the eigenvalues to determine
the intrinsic dimensionality of the data was not straightforward, and lead to the
failure of the algorithm. Ideally, all regions of smooth data should be intrinsically
two dimensional, with (A\; & );) > )3; on the test data shown after outlier
removal (in a 3 x 3 x 3 neighbourhood) in Figure 4.10, which is taken from a
horizontal (i.e. z constant) plane, observation of the eigenvalues gave no clear
indication of how the relative sizes of the eigenvalues should be judged in order
to produce the intensity image. Many of the points from the centre of the plane
had Ay > Xy, Ay > )3, suggesting that the data was locally one dimensional. The
eigenvectors, by contrast, were well behaved and those associated with the planar
‘cloud’ largely pointed in (or close to) the (0,0, 1) direction. The nature of the
outliers as seen in Figure 4.10 underlines the importance of the dimensionality
estimator in this algorithm — the small cluster of points above the plane must be
identified as noise, otherwise they will be passed on to the next stage, where they

will cause deformation of the reconstructed surface.

This amhionityr Af the intrincie dimancianalittr +act malrac +ha alearithm nran_
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turn are ringed by zeroes. Any set pixel which matches the central pixel or one of
the ‘don’t cares’ will be removed. In 3D, there is a central voxel, 26-surrounded

by ‘don’t cares’ which are enveloped by zeroes.

0j]0(0f0]0 0j010j0]0

0 0 0 0
1 0 0 0 1 0

0 0 0 0

0101000 0(010(0|0
E F B

Figure 4.11: Structuring element pair for outlier removal

The second strategy is to perform multi-scale outlier removal, i.e. putting the
data into a coarse voxmap, removing the outliers and then making the voxmap
finer and repeating. Finally, the operating resolution (here 6mm) is reached
and the rest of the algorithm continues. In theory, outlier removal puts a lower
limit on the size of object that may be scanned in, in that if an object fits fully
inside a voxel, then it will be erased by the outlier filter. In practice the coarsest
voxmap used was one with a voxel side of 20mm, so theoretically no object with
dimensions smaller than this may be scanned in (if such an object lies centred
in a voxel — otherwise quantisation will spread points from the object into two
or more voxels). However, it should be noted that such an object is not floating
in space — the surface that it lies on will also be partially scanned, so the small
object is unlikely to be the only feature in the scene.

Figure 4.12 shows the effects of using the original outlier removal filter with
the ‘cluster’ filter at 3 scales of voxmap (20mm, 10mm, 6mm) on the same data
seen in Figure 4.10. It is easy to see that the second multi-stage filter is more

effective, and to quantify this, the new routine leaves 60 fewer voxels in the
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very low probabilities P(m;|W), then the conclusion drawn would be that the
model W is not very likely to be correct, and if P(m;|W) is quite high, then it
would be said that the model is likely to be right.

Number of Measuremenls

w
Weight of Apple

Figure 4.13: Normally distributed measurements of weight

This intuitive link between the probability of a measurement given a model,
and the model’s correctness, can now be used to estimate the model’s parameters,
hence the name maximum likelihood estimation.

For the set of N measurements m normally distributed about W, the prob-
ability of such a set occurring is the combined probability of each measurement

occurring, i.e.
(m; — W)?

N
P J]sezp |- 52

i=1
The most likely model W will maximise this product, or indeed, the logarithm of
the product:
N AS\S - S\vw
i=1

So, the most likely model can be found by maximising the sum of a set of quad-

s
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to three equivalent 5 x 1 kernels, which can be convolved with the voxmap much
faster than the larger 3D kernel. A quadratic can not be decomposed in such a
way, and would be much slower to use.

After non-maximal suppression. the mean value of the data point from each
remaining occupied voxel is output to file. this file being the set of data points
for entry to the Hoppe surface reconstruction algorithm.

So, the smoothing algorithm simply becomes:

// smooth voxmap
convolve voxmap with 1D Gaussian in z direction
convolve result with 1D Gaussian in y direction

convolve result with 1D Gaussian in x direction
calculate surface gradients (see text below)
do non-maximal suppression

output mean data point from each voxel

Initially the principal components analysis routine was used to calculate the plane
normals along which the suppression was performed. However, there are prob-
lems with this in that it is a slow process, and also very sensitive to noisy dis-
tribution of the data, which results in the mis-alignment of some normals and
therefore erroneous suppression of associated points. A much faster and more
reliable method was to use the intensity (I) gradients of the smoothed image.
The simple kernel used in the implementation (Figure 4.15) calculates the back-
ward difference gradient of the intensity data and was applied in the z,v and

z directions, the resulting gradients along those axes (2, 2L 91) being put into

Bz Mm. oz
a vector (& wlu 911  which is then scaled to unit length to give the local data

normal. This is a standard peak detection method for 2D erev-scale images and



"YONUI Se PauUlY} Usaq J0U SBY B)ep 8y} 8I19ym ‘91§ 21nS1, ul JuaIagip A[y3ys
ST UOIeN}Is JYJ, 'SIOI3no ou Yiim seue(d sy} 3uonpoid ‘[jam 9jmb pewiojiad
sey wyjIod[e a3 ‘gT°F pue LI saindi uf ‘A[aa130adser wogg— = z pue wog|
= fi ‘woQy = T ye seue[d WOI} BYRp MBI MOUS QT'F PUR LI'H'QTH seinSig

eyep pauuly) (q) woQy = = ye sueld © woij vyep mey (e) :9T§ aInsi

‘(g 193dey) Ul USLS) UOIIONIISUOD YSOW [[1J
a3 03 1otxd sadeys xa[durod arow uo ddueuwrrogrdd sy a8pnl 03 JMOIYIP ST 31 g
‘saarnd sdurts pue saue[d — S90BJINS JISLq UO dI9m pawiioliad $1899 9], "IouuRIS

oyy Aq painjdes eyep o3 perjdde wWyILIOS[e 9Y3 JO SI[NSal 9] IR JIY PojuUssel]

WYIIOS[Y 9Y) JO snsoy ¢'F

[euIay Surgenored jualpeid o[duwils oy ], :GT'p 2In81,]

I+ I-

*19)SBJ SowIl) ()9 A[IedU — SPUO0ISS FIP ()

A1uo 007 poylaul qualprild oY) ‘UOIIR[NOfRD [RULIOU 9] wiiojiad 03 SPU0IasS BN H7



PRTIAA

s

..“u..:..:t:.v_\::.

iress
lieereisds are

data is
generally more d
. e : .
is likely to tell; it is nse. With data like this, the quantisation of
: ’ HuOmm. ion o
likely surface) lies on th ible that the peak of the ridge (repr the voxmap
this will h ary of most voxel most
ave oosvmwwz XES, thus the voxels :
data after non-maxi e number of data points in them, lead each side of
: X1 1 , lea 1 .
data in Figure 4.16( al suppression than in other cases. Th 1 ton thicker
.16(a) is less s S e reason that th
related to th pread than data f €
€ senso . planes could b
Flock of Bi r remained at e
irds z axis th a near consta .
r nt rad
oughout data collection, so the effects of ius from the
q ects of the systemati
atic

w .
b



‘(g 199deyn) ur usas

se) wyiro8e Suryroows [RUL3LIO 8y} Jo Indino ayy saoidwt 0y pasn A3aje1s o)

sem YoIYM ‘1qo3x se yons ureidoid e Juisn ‘puey Aq peAowal 8q Aew SIBI[INQ) G

193dey)) ur usss aq [[m sk ‘swe[qoid wyjiod[e addoy ayj sesned swy} pue ‘40951ad
WIOIJ IB] ST [EAOWIAI IST[INO 9Y3 ‘[[om Jurtuuryy swrojred wytiode ay) ySnoyjry

"WI}1I108]e UOTIOMIISUOIAI

90¥}INS 9Y} JO SH[NSAI JYJ UT SIJLIRIATALI 07 PRI[ [[Im [YOIYM ‘}J9] SISN[D ISI[INO

SWOS [[1IS aIe 21973 Inq ‘A[qeIepISu0d psuuly) SI adeyIns ayJ, ‘(qe[ ayj woy

19)SBQAISEM B) 90RJINS PaAINd ® woll painjdes viep aduelr smoys 61§ aIndr

Suruury) 1eye (q) 90eJINS paAInd wolj eyep mey (e) :61'p 2InSig




Chapter 5

Surface Reconstruction from the

Cleaned Data

In Chapter 4, an algorithm for removing outliers and smoothing the range data
from the hand-held striper was presented. The aim of cleaning the data was to
prepare it for use by the Hoppe algorithm (see Chapter 2 and [Hoppe et al. 92]),
the results of which are presented here. The reconstructed surfaces for the range
data shown in Chapter 4 (Section 4.3) are shown as well as the geometry of a
toy cow, which is used to display the utility of the algorithm and to compare its
results to those from the algorithm described in Chapter 2 (Section 2.3.2).

The results are judged qualitatively — with the aim of constructing realistic
models of objects, the best test is whether the results look ‘good’ rather than

conform to some mathematical metric, even if a suitable metric could be dreamed

up.

5.1 Simple Surfaces

The output of the data cleaning algorithm and the corresponding reconstructed
surface for the planes at z = 40cm, y = 15¢cm and z = —23cm are shown in

Figures 5.1, 5.2 and 5.3 respectively, where the planes are at different angles to
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Figure 5.2: (a) Thinned data from a plane at y = 15¢m (b) reconstructed surface

data scanned from the side of the wastebasket and the surface constructed from
this data. The performance is similar to that described for the flat surfaces above
— the surface is fairly smooth, with a small dent caused by the group of outliers
which can be seen in (a) just below the surface near the vertical axis.

Having demonstrated the suitability of the thinning algorithm for pre-
processing, and the expected results from the Hoppe algorithm on some simple

cases, a more complex example was used.

5.2 Reconstructing a “Real” Object

The real test object in question is a small toy cow, pictured in Figure 5.5. This
toy was one of the test objects in the original system, so comparison can be made
with the results of the previous algorithms.

The raw range data and thinned data are shown in Figure 5.6 (a) and (b)
respectively. The cleaning algorithm has not worked particularly well here —
there are still many outlier points and also some ridges protruding from the main

surface; these are most likely caused by the smoothing of the “intensity” values
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Figure 5.5: Two views of the toy cow

was designed to work on data with only Gaussian distributed noise. However,
the mesh in (b) is on the whole much smoother than that in (a), so that thinning
and limited outlier removal do improve the situation, despite not leading to a
perfect model. The meshes of Figure 5.7 highlight the failings of the algorithm
to remove the outlier points, and the unwanted effects of sometimes linking these
outliers with the surface itself at the morphological closure stage.

To provide a mark of performance, the model resulting from the thinning
algorithm presented in this report is compared with that used previously (Section
2.3.2). In the original system, some hand-editing of the data was performed to
remove outlier points which caused similar reconstructions to those in Figure
5.7 (b). For this reason, the data from the new thinning algorithm was also
hand-edited, the two resulting meshes being shown in Figure 5.8.

The surface produced by the old algorithm (Figure 5.8 (a)) has been clipped,
cutting off the object the toy was standing on during scanning; this has not been
done on the surface from the newer algorithm (Figure 5.8). In both images, the

cow is again facing left. Both surfaces are quite smooth, and both have lost some
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Figure 5.7: (a) The surface from the raw range data (b) surface from the thinned

data

voxmap data structure (Appendix C) providing a suitable flexible framework for

the development of fast algorithms.
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Chapter 6

Conclusions and Further Work

The aim of this project was to improve the performance of a hand-held laser
striper, specifically by addressing the problem of noise reduction both at data
collection time and by pre-processing the range data for the Hoppe surface re-
construction algorithm. Although not entirely successful in these aims, some
results of value have been produced which show a way forward for some problems
and illustrate how certain approaches are not suitable for others. Conclusions are
drawn on the work done and recommendations made for further work regarding
the two areas this dissertation has concentrated on; the Flock of Birds electro-
magnetic position sensor and noise reduction strategies for cleaning the range

data.

6.1 The Flock of Birds Sensor

Chapter 3 details the work carried out on the analysis of the Flock of Birds
electromagnetic position sensor, where much of the noise present in the system
originates; random positional errors (of #6mm) and angular noise (of £1.3°)
cannot be calibrated out, so averaging repeated readings is the only immediately
available way to reduce this. The Flock of Birds base unit can be used to track

several remote units at any one time; an obvious way to combat random errors
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the data and remove remaining clusters of outlier points. However, when put
into practice in three dimensions on real range data, the method proved unre-
liable due to the effects of noise and data density on the eigenvalues of local
neighbourhoods which were used to perform the dimensionality assessment. Due
to this unreliability, the method was rejected. The 3D experiments required the
development of a suitable data structure, a voxmap being chosen, which provides
rapid access to the data and allows local information to be stored in each voxel.

An alternative approach, approximating a maximum likelihood estimator was
then implemented which used the number of range points in each voxel to rep-
resent the likelihood of that voxel lying on the scanned object’s surface. A multi-
scale approach to outlier removal was also adopted, which proved more effective
than single resolution thinning.

Results of using the maximum likelihood thinning algorithm showed little
improvement on the clustering algorithm used in the original prototype system
in terms of the quality of appearance of the final surface model, although there
were vast speed increases (approximately 60-fold) using the new method. The
problem of effective automatic outlier removal remains to be solved, and if the
voxmap data structure (one of the reasons for the speed increase) is to be used,
methods which go to the ‘sub-voxel’ level are going to be needed. In the PCA
based algorithm, the local eigensystems were calculated in terms of the centres of
occupied voxels - on reflection this quantisation will lead to inaccuracies in the
directions of the eigenvectors and sizes of the eigenvalues, and could have been
the cause of the algorithm’s failure; calculating the eigensystems on the basis of
points inside each voxel may prove more reliable, although this has its problems.
Strictly speaking, the eigenvalues give the relative sizes of the spread of the data
in each of the eigenvector directions; only if the data is isotropically sampled, i.e.
there is a uniform sample density in every direction, will the relative sizes of the
eigenvalues give a true reflection of the dimensionality of the data.

There is one potentiallv valnable sonurce of information which has vet to be
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6.3.2 Recommendations for Further Work

Systematic global position errors: The performance of the Flock of Birds
sensor is now better understood, and there are two possible paths to follow;
either building a look-up table to finely calibrate the workspace and correct
the systematic errors, or to investigate the physics of the sensor further to

build a more complex model.

Random global position errors: The averaging of several consecutive sensor
readings could be made to reduce the effects of random sensor errors. A
second remote unit could be added to the hand-held striper to provide two

measurements instantaneously and thus lower the position uncertainty.

Outlier removal: This can be achieved by reducing the noise on the initial data
measurements from the Flock of Birds sensor or by further data processing.
The use of PCA could again be investigated, but on a sub-voxel level rather
than at the coarser resolution used in Chapter 4. The stripe-connectivity
could be used to counter some of the problems of estimating the intrinsic

dimensionality of anisotropically sampled data.

Data Thinning: The current algorithm works well without the presence of
outliers, but if an outlier removal algorithm also constructs a surface, then

such an algorithm would be preferable.

Real-time display of data: A problem not addressed in this dissertation is
that of improving the real-time display of the system as data is collected
from a surface. Having used the system, it is difficult to judge whether
enough data has been gathered from an object — the use of simple tech-
niques such as ‘z-buffering’ the display would be useful, and some real-time

indication of local data density even more so.
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Appendix A

Calibration Procedures

There are two calibration procedures; the camera calibration which provides the
world ray to image pixel correspondence and the hand-held unit geometry calib-
ration which fixes the transformation between the Flock of Birds sensor remote
unit and the camera/laser plane orientations, as well as aligning the base unit
reference frame with the global co-ordinate system. The procedures described

below were not developed by the author.

A.1 Camera Calibration

The basis of this procedure [Gionis 96] is to capture two images which contain
reference points at known global co-ordinates. For each image, a correspondence
is found between the image and world co-ordinates, in the form of a set of vectors
[i j =y 2], where [¢ 5] is the image point and [z y 2] the world point, i.e. a position
along the ray passing through pixel [i j]. With a second set of correspondences,
a second point on the ray through each [¢ j] can be found, and therefore the ray
itself.

The correspondences will only be known for a few of the pixels in the image,
and the newstripe program reads in the [i j = y 2] vectors and fits a 4% order

interpolation function to them, so the whole image plane is now calibrated. This
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Figure A.1: The camera calibration pattern

The next stage involves entering the [z z] co-ordinates of the first labelled
point (in the vertical case [z y]), and then clicking the left mouse button on each
disc in that column; again to finish a column, make the last click with the middle
button. Figure A.4 illustrates this process halfway through the first column. The
script takes the position of the mouse (marked by a o) and finds the nearest
pixel to this in the list of centres (marked by a *) and assigns this centre [i j]
pairing the [z z] co-ordinate (again, [z y] vertically) it has calculated from the
initial position of that column and the 2c¢m increment between disc centres. This
process is repeated for each column. When this phase is complete, the [i j z 2]
matrix has a column of constant [y] added equal to the y value of the horizontal
plane ([z] added to [z j y 2] in the vertical case).

The resulting matrix is then saved in ASCII format as hor.a (or vert.a) and a
copy 1s placed in the calib/ directory of the directory from where the newstripe

program is run, so that it may locate the files and fit the interpolation function.
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Figure A.3: Labelling the image

and following the on-screen instructions. To fit the transformations, the program
% newstripe -cf

is run, and this will take several minutes to complete. After this process, enough
information will be known to accurately compute the global position Zyera of

any range point in the camera frame, Z.omerq, by using the formula
Zworld = ‘.N.wnmm X M.._m_cm X M;ﬂln X Tcamera

where Tr,p is the transformation between world co-ordinates and the Flock of

Birds base frame.
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Appendix B

Experimental Results

X Position (cm) | Standard Deviation (mm)
10 0.043
20 0.044
30 0.024
40 0.058
50 0.054
60 0.085
70 0.076
80 0.146
90 0.213

Table B.1: Flock of Birds static position accuracy
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Appendix C

The VoxMap Data Structure

The VoxMap structure (illustrated in Figure C.1) offers a speedy way to reference
the 3D data points collected by the striper, and was inspired by structures from
[Wyvill et al. 86]. Its basis is a three dimensional array of pointers, which either
point to NULL if a voxel is empty, or to a Voxel data structure if there is some
data in the voxel. The Voxel structure contains three integers; intensity, used
to hold the number of elements in the voxel, temp which is used as a temporary
variable in the smoothing convolution and smoothed which is used to store the
result of the smoothing. The Voxel also holds a pointer to a doubly linked list
data_points which holds the 3D co-ordinate of each point within the voxel, and

a pointer to normal, a 3D vector to hold the local plane normal.
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