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Abstract 

This paper presents a precis of some commonly used 

methods of range data capture, with examples of 

applications of this data, in particular to the measurement 

of breast volume in lactating women. The issue of 

registration in range data capture is also discussed It is 

intended as a brief introduction to the collection and 

applications of three-dimensional information. 

Keywords: computer vision, image registration, breast 
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Introduction 

The representation of data in terms of three-dimensional 
models, referred to as range data, shape or depth 
information is increasingly popular. These data have 
applications not only in science and medicine but also in 
areas as diverse as commerce, visual art and architecture 
and forensic police work. In this paper I will discuss 
several methods of capturing range data, in particular 
active triangulation methods, and compare their 
capabilities and accuracy. Applications of range data to 
high resolution modelling of art works and to mesh 
generation for fmite element modelling are presented. An 
application of active triangulation to monitoring breast 
volume is also discussed. Registration of data refers to the 
need to match models taken at different times or from 
different viewpoints. Good registration of three
dimensional data is nearly always required when forming a 
complete model of an object from several scans or when 
comparing data taken from essentially the same scene at 
different times. 

Methods 

Survey of Capture Methods 

The methods most commonly used to capture depth 
information and therefore build up three-dimensional 
models of objects or scenes are structured light methods, 
laser or ultrasound time-of-flight methods and surface 
sketching methods. 

Passive and Active Triangulation, and structured light 

Structured light or active triangulation methods are based 
on the method familiar from stereo photography, known as 
passive triangulation or passive stereo. If a scene is 
viewed from different viewpoints, by two (or more) 
cameras, it is possible to calculate the distance from a 
camera to a point on the object if one knows exactly the 

spatial relationship between the two cameras. The process 
of passive triangulation is illustrated in Figure 1 below. 
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B 

Figure !Illustration of passive triangulation 

The process of ordinary, passive, triangulation works as 
follows. If the exact distance B between Cameras I and 2 
is known, then the position of an arbitrary point P = P(X. 
Y, Z) in the scene visible to the two cameras can be 
calculated by measuring the angles between the baseline 
and the rays joining each camera's image plane to the 
point. The distances from each camera to the point are 
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In passive triangulation, it is generally hard to 
unambiguously identify individual points in the scene. 
This is known as the correspondence problem. Use of 
active triangulation can overcome this problem to an 
extent. In active triangulation, one of the cameras of the 
stereo pair is replaced with a projector. The projector 
illuminates the point of interest in the scene with a light 
dot. In this case the one angle is determined by the 
position of the light spot on the point of interest and the 
other by the angle of the beam oflight. If there are many 
points of interest (and typically the system might be used to 
collect range data of whole objects) performing this 
procedure point-by-point would require a very long time. 
The active triangulation scheme used by the SHAPE 
system [I] projects light stripes instead of individual 
points. The positions of multiple points along the stripe 
can be calculated by working out the intersection points of 
the rays joining the point of interest to the camera and the · 
plane equation of the light stripe. The SHAPE system 
projects multiple stripes onto the scene. The 
correspondence problem in this case (i.e. unambiguously 
decidirtg which stripe is which) is solved by projecting the 
light stripes in a coded sequence. The correspondence 
problem is then solved by analysing a collection of images, 
each with the light stripes on or off in a particular pattern. 
Once this problem is solved fmding the positions of points 

Volume 6, No. 1 Australian Journal of Intelligent Information Processing Systems 



along each stripe is a very rapid procedure. In this type of 
approach, the resolution is limited by the number of stripes 
projected. Some systems, like that produced by Cyberware 
[5], use a single laser beam, transformed into a stripe by a 
cylindrical lens, and slowly sweep this over the scene. 
Typical resolutions using this technique can be less than 
0.1 mm at distances of about 1 metre. 

Laser or ultrasound time-of-flight ranging and 
interferometry 

Another method of gathering range data is to send a signal 
from a sensor and time how long the signal takes to return 
to the sensor. This is a common method of ranging used 
with acoustic signals (e.g. ultrasound in medicine, as well 
as used by bats and dolphins). The same technique can be 
performed using electromagnetic radiation. Even though 
the flight time, t, of the signal may be very short, the time 
of flight and therefore the distance to the object ( =ct/2, 
where c is the speed of light) may be measured with great 
accuracy. Where time differences are measured directly in 
LIDAR ("radar with light") applications to measuring 
atmospheric properties range data is typically accurate to 
changes of lOs of metres in several kilometres [12]. The 
time of flight may also be estimated indirectly by mixing 
light directly from the source with that reflected from the 
scene. The interference pattern formed enables calculation 
of the phase difference between the transmitted and 
reflected light, which is related to the time of flight by t = 

I T, where I is the phase difference and T is the 
characteristic period of the light used. Because of the 
optical components and the precision of construction 
involved in this technique, systems that use this technique 
are typically expensive but can have very high resolution. 
Commercial systems are available that characteristically 
measure distance with a resolution (depending on source 
wavelength) of changes that can be as small as 2.5 nm over 
centimetre distances [13]. 

Surface Sketching 

Surface sketching techniques involve moving an object 
over the surface of the object of interest. The position of 
points on the object's surface is calculable because the 
object (typically a metal tip) is connected to a fixed base 
via a collection of joints and rigid rods. The position of the 
tip can be calculated from digital information transmitted 
to a computer program about the angle and position of 
each joint. The accuracy possible using this method can be 

as good as p0.025 mm [4]. 

Camera Calibration 

In methods involving triangulation, there must be some 
method of calibrating the two-dimensional imaging 
systems used to collect data. In other words, a 
transformation between the (two-dimensional) imaging 
plane and the points in three-dimensional space must be 
obtained. This is usually done by placing a known object 
in the scene. This object or calibration frame has a number 
of points marked on it at precisely known locations. 
Manual identification of these points enables calculation of 
a calibration matrix that can be used to establish the points 
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in the imaging plane at which any point in the imaging 
system's point of view will appear. The calibration matrix 
is a 4 x 4 matrix such that 
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where u and v are positions on the image plane and X, Y 
and Z are points in the scene. 

Figure 2 shows the calibration frame and the camera and 
projector of an active triangulation system. The calibration 
frame is formed of two orthogonal plates and defines a 
coordinate system. The left-hand plate defines the plane X 
= 0 and the right-hand plate defines the plane Y = 0. The 
twelve points needed to calculate the camera calibration 
matrix are divided equally between the left and right-hand 
planes. Also shown in this figure is the projector 
calibration procedure used in the SHAPE system. For 
triangulation using the stripe patterns, the exact plane 
equation of each stripe formed on objects of interest must 
be known. This is done using the camera calibration 
matrix and information gathered from the projection of 
stripes onto the calibration frame . The procedure is 
described in detail below. 

Figure 2 Illustration of camera calibration procedure for 
an active triangulation system 

Active Triangulation Systems - Projector 
Calibration 

Projector calibration in the SHAPE system, consists of 
calculating the n plane equations that describe the stripes 
that appear on the scene. The 1.t.h plane equation may be 
written 

A1X B1Y C1Z D1 0 

where A,, B,, C, and D, are constants to be determined. In 
the calibration procedure, the planes are projected in a 
coded sequence onto the calibration frame. A photograph 
of each pattern is recorded. There are q distinct patterns, 
where 2q = n. Analysis of the pattern sequence enables 
identification of each stripe's number, and solution of the 
correspondence problem. This is done by comparing the 
digital sequence traced by each plane in the sequence of 
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images (whether it is on or off in each image). This is 
illustrated in Figure 3 below. There are 6 coded 
sequences (there is one extra picture where all stripes are 
on) because there are only 64 stripes in the projector used 
in this example. Information used in the camera 
calibration is used to calculate line equations for each 
stripe appearing on the calibration frame, and thence the 
plane equations projected by the projector. 

Figure 3 Data capture in breast-volume measurement, 
showing coded stripes. 

Once these plane equations are known, the calibration 
frame is removed and an image sequence from an 
unknown scene or object can be captured. The positions of 
points on objects lying along the stripes may be computed 
by working out the world point corresponding to the 
intersection of the image point and the plane equation of 
the stripe in question. The vertical resolution of the 
acquisition system is determined by the number of stripes 
used by the projectors (providing about 2 mm resolution in 
the vertical direction in a 2 m field of view using 128 stripe 
projectors), with accuracy of the order of2 llill in the same 
field of view along stripes. 

Analysis of Range Data - examples 

Display and storage of Range Data 

A note here about display and storage of Range Data. As 
three-dimensional data representation has become more 
popular and accessible, the more there are tools for dealing 
with it. 

Range data, once captured may be displayed, for which 
there are a number of popular data representation formats 
(such as VRML, 3DS, DXF, Lightwave and Truespace) 
and displayed with the aid of one of a number of libraries 
and development kits in conjunction with various 
languages (for example, Openlnventor or OpenGL). There 
are also many standalone applications and browser plugins 
that enable viewing of 3D data. [ 17) 

Capturing for modelling 

Often, the aim of capturing range data is merely to display 
it, or to record it for posterity. One good example of this 
phenomenon is the Stanford Graphics Laboratory's Digital 
Michelangelo project [3]. The laboratory's staff and 

students travelled to Italy to capture and record (to 
0.25 mm scale) great works of art, principally that of 
Michelangelo. Works scanned and recorded included 
Michelangelo's David and the Forma Urbis Romae, a giant 
stone map of ancient Rome. The systems used to capture 
data were complex, and varied with the size of the work 
scanned. For capturing data from the David, for example, 
the principal tool used was a laser (active triangulation) 
scanner with a sketching arm used for relative positioning. 
Figure 4 shows photographs of the data capture process 
and examples of the meshes eventually formed from these 
data. Figure 4(a) shows data capture in progress. The 
stripe across the statue's nose is the laser beam used in 
triangulation. The gantry contains the laser and video 
cameras used to capture the remainder of the data used in 
ln<~nglliai.JUn and colour information. 

Figure 4 Examples from the Digital Michelangelo project 
(a) shows detail of data collection; (b) photograph ofleft 
eye; (c) mesh at 0.25 mm resolution; (d) detail of model 

showing wireframe. 

Figure 4(b), (c) and (d) compare photographic and model 
data of a detail of the statue's eye. In Figure 4(b) a 
photograph of the David's left eye is shown. This is 
compared with (c) a filled model of the eye at 0.25 mm 
resolution and (d) a wire frame close up of a portion of the 
eye. The complete model of the David contained 
approximately two billion (triangle facet) polygons and 
occupied 32 GB of storage space. 

Capturing for accurate modelling of physical problem 
(Finite element analysis) 

In other cases, the aim of capturing accurate information 
about an object may be to use this information as input to 
some more complicated modelling process. In the case of 
modelling low-frequency electromagnetic fields, the shape 
ofthe field is highly dependent on the shapes it flows 
inside. If you need to model the behaviour inside a general 
object, it is useful to have accurate data about surface 
shapes. This information can be used to make an accurate 
three-dimensional mesh of the object, and can be used to 
solve electromagnetic field problems (for example using 
the finite element method). Figure 5 shows (left) a cut
through example of a solid model of the breast formed by 
analysis of surface data and (right) and example of the 
voltage pattern formed on the surface of the model in 
response to injected currents. This can be used to find the 
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best places to site current injection electrodes in order to 
monitor changes in breast composition. 

Figure 5 Finite element modelling using surface data (a) 
shows a cut-away solid (tetrahedral) model of the breast, 
formed from analysis of surface data (b) shows solution 

resulting from finite element formulation of problem 
describing application of current at two points on the 

surface. 

Such accurate surface models may be of use in formulating 
better reconstruction algorithms from electrical 
measurements of the body [14]. 

Capturing for (non-invasive) quantification 

There can be immense benefit in analysis of shape data of 
the human body to calculate anthropometric data. One 
field that has benefited greatly from the availability of 
shape-measuring systems has been the study of human 
lactation. Until recently, very little was known about the 
dynamic behaviour of the lactation system in response to 
changes in the infant's feeding patterns. Studying changes 
in breast volume alone (rather than just measuring the 
amount of milk taken at a feed) provides information about 
the lactating breast no other system can. Results from this 
system (the Computerised Breast Measurement System) 
will be discussed later. Another field that might profit 
from the addition of an extra dimension is the analysis of 
forensic data. Most forensic data analyses are based, if on 
a vision system at all, on photographic (2D) data. If three
dimensional data, such as dental or footprint data are 
collected, it is usually done by producing plaster moulds of 
the scene artefacts. This is destructive of the evidence and 
the moulds collected might not be a good representation of 
the original artefact. 

Registration 

The term 'registration' refers to the technique of matching 
one or more sets of data with each other. Good registration 
may be required if there is a need to [7] 
• superposition of images from different modalities, e.g. 

MRl and CT for use in computer aided surgery. 
• track a part of the scene that is changing (comparing 

images taken at different times) 
• account for change of the view plane (translation, 

rotation) 
The need to register data applies just as much to three
dimensional models as to two dimensional images, and is 
particularly relevant when trying to piece together partial 
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models of an object taken from different views. Strategies 
for dealing with these sorts of problems most commonly 
use feature matching techniques to piece surfaces together 
[8, 6]. 
In medical applications, it is common need to register 
images taken at different times in order to monitor 
progress of treatment or physical function. If good 
comparisons are to be made it is necessary to register the 
images or models precisely. Registration may be 
performed by analysis after measurement is made or may 
be performed dynamically by the operator or the subject. 
A common method of registration involves the placement 
of marker points, or fiducials on or in the subject. These 
markers are designed to form a rigid set of reference 
points. Reference to a stored image of a previous 
orientation, perhaps overlaid with live images, can be used 
to reposition the fiducials and therefore the subject in the 
correct way. Fiducials can be implantable and may be 
positioned at anatomical landmarks of the brain or chest 
[9]. 

Results 

Figure 6Schematic of view positions used in 
Computerised Breast Measurement 

Breast Volume Measurement by range data 
analysis 

The aim in of the Computerised Breast Measurement 
system is to determine rates of milk synthesis. In other 
words, the aim is to measure volume changes of the breast. 
This naturally requires a high level of accuracy in collected 
model data. In addition, the process of collecting data 
from a living, breathing human subject, and from this area 
of the body requires special provisions to be made. The 
development of a method for measuring breast 
measurement is described in detail elsewhere [10], the 
essential details are discussed below. 
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Figure 7 Example of positions of meshes from different 
views before merging 

The breast is elastic, and highly convex. In addition, as 
well as the data itself having to be accurate, the subject 
must be able to reposition herself exactly for measurement 
many times, so that the models are registered as closely as 
possible. The process used to gather data in the CBM 
system has been modified accordingly. Because the object 
of interest is highly convex and no view (camera/projector 
pair) can see the entire object simultaneously, data must be 
captured from different positions. Because the subject 
cannot stay still for the long time that it would require to 
wait for a single camera/projector pair to scan the scene, 
the data is captured instead, nearly simultaneously, from 
three views. A schematic of the view positions used to 
capture from the breast is shown in Figure 6. Thus, there 
are three data sets collected that somehow be must 
combined before a volume can be estimated. Combining 
these data sets, in this system, consists of reparameterising 
(in other words transforming all the captured points to a 
single, anatomically relevant, coordinate system - in this 
case a spherical one) and resampling (sorting data by their 
values in the spherical coordinate system and averaging 
values that overlap). Before this procedure can be started 
data from each view must be clipped so that only data that 
lies on the breast or the area designated as being included 
in the breast tissue are present. This clipping boundary or 
reference curve is intially painted on by hand, then 
projected onto the subject for subsequent repositioning and 
data-capture sessions. Figure 7 shows how data from 
different views are merged. Data coming from different 
views may not be regularly spaced or oriented in the same 
way. Reparameterization defines a new grid spacing and 
the spherical coordinates chosen in this case ensure that 
resulting resampled data will be fairly evenly spaced on the 
breast's surface. Resampling consists of placing point 
positions from each of the views used into the new mesh, 
averaging if there are multiple points at a particular grid 
reference. 

Figure 8 Reference curves used to delineate breast tissue 
and used in registration. 

Figure 8 shows a closed curve drawn about the breast to 
delineate breast (i.e. milk producing) tissue. Data 
occurring outside this line are removed before merging is 
commenced. 
Finally, the volume inside the breast is calculated by 
adding volumes of elements defined by surface data points. 

Figure 9 Merged views of a breast. 

In Figure 9 the result of merging these three models is 
shown. The model is nearly complete, except for some 
points that have been missed on the right-hand side. 

Registration and error in the Computerised Breast 
Measurement System 

Measurements of breast volume, and particularly 
comparison of multiple measurements ofbreast volume 
require that the subject be well repositioned each time a 
measurement is made. On an elastic, highly convex 
surface such as the breast repositioning can be difficult. In 
order to facilitate good repositioning, the subject must 
stand in a frame that constrains the position of her shins, 
hips, shoulder, ribs and arm. In addition, once positioned 
in the frame the subject is shown a video image of her 
current position mixed with a stored, reference image. The 
subject then adjusts her position until landmarks such as 
the reference circle and freckles on her skin are overlaid. 
Even with self-registration there will still be some variation 
in positioning, and I 0 models are captured to determine 
each breast volume. In experienced subjects, the 
coefficient of variation in these data sets was of the order 
of I%. The need to repaint the reference curve can also 
introduce errors in estimated volumes, but the use of an 
auxilliary projector to overlay the reference curve and 
landmarks can greatly reduce this problem [15]. 

The results produced by the system on a population of 
subjects showed good correlation between amounts of milk 
taken (measured by weight) and changes Breast volume 
was calculated for lactating mothers, with data taken before 
and after a feed. The mother was also weighed before and 
after each breast feed, in order to obtain an independent 
measure of milk exchange between the mother and the 
infant [ 16] Thirty experiments were performed. Using 
these data, the intraexperiment coefficient of variation was 
found to average 1.16\%. Breast volume measurements for 
the lactating women ranged from approximately 550ml to 
IIOOml. 
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We compared the change in breast volume before and after 
a breastfeed y as measured by the two-view system to the 
amount of milk removed by the infant at the breast feed x 
as measured by test weighing. The linear regression 
y = 0.98x- 4.01 (r = 0.97, n = 14) described the 
relationship between the two methods of determining milk 
exchange. 

Outcomes of CBM (some) 

There have been many useful things found using the CBM. 
Studies of a group of women from pre-conception to 
weaning [ 11] found that there was 
~ an average of200 ml growth in breast tissue during 

pregnancy 
~ no relationship between growth of breast during 

pregnancy and milk output at 1 mo. after birth 
~ a high rate of milk synthesis when the breast was 

empty, a low rate when breast was full 

Conclusions 

Many applications for range data capture exist, and capture 
of such data is becoming readily accessible. Range data 
collection has applications in many medical fields, and is 
useful by virtue of its non-invasive nature and potential 
accuracy. Shape information can provide information that 
is not otherwise easily available, such as breast volume 
changes, and therefore rates of milk synthesis in lactating 
mothers. Registration is a problem that must be solved 
when comparing images collected using different 
modalities, from different viewpoints and at different 
times. 
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