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ABSTRACT

This paper presents the design of a three-dimensional data
acquisition system based on multiple, single-dimensional
optical sensors. The system can operate in any of three
modes:

(1) the tracking of multiple, independent, point light
sources

(2) the automatic digitization of opaque surfaces

(3) the real-time tracking of an unmarked moving object
(e.g., tip of user's hand).

The design offers such advantages as a lensless sensing
system, a minimum reliance on analog measurements. an
ease of upgrading to higher precision measurements, an
ease of portability, an adjustable field of view, and the
ability to operate under normal ambient light conditions. A
network of microprocessors is incorporated to minimize
processing delays and thus increase data acquisition rates,
In its initial application the system will digitize the cranio-
facial surfaces of candidates for reconstructive surgery.

INTRODUCTION*

Recent developments in charged coupled device (CCD)
technology have made generally available a variety of IC
chips which contain a linear array of light-sensitive ele-
ments (Figure 1). Such an array can be treated in the
System as a digital shift register in which successive clock
pulses cause serial output of the entire array of values. (The
sole complication, that the serial output is analog, is easily
overcome with a single analog-to-digital converter.) Each of
the individual values in the array is a function of the
number of photons which have been absorbed by the
associated cell in the array since the previous scanning of
the shift register's contents. If the CCD chip and the
analog-to-digital converter are considered as a single unit,
then a sequence of clock pulses will obtain an array of

_
* Appendix A includes a short discussion of previous digitization devices
and their effect on the design presented in this paper.
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digital values which define, as a function of distance along
the array axis, the amount of light striking the CCD chip.

To build a one-dimensional sensor for 3-D input, we
place in front of the CCD array a knife-edge in a plane
parallel to the CCD array face with the line of the knife
edge boundary perpendicular to the line of array elements
(see Figure 2). If the environment contains a point light
source which is brighter than the ambient light level, then
the knife edge will cause a shadow to be cast somewhere
along the line of light-sensitive elements.

MATHEMATICAL FORMULATIONS

With a number of such detector units placed around the
room, the location of a light source can be determined by
the taking of a single measurement. h;, at each linear
sensor, i, which can *‘see’" the source. Each h; measure-
ment defines a plane in which the light must be located.
When three such planes are defined, each containing the
same light source, the location is uniquely determined
(Figure 3). The use of homogeneous matrices considerably
simplifies the mathematical formulations (c.f. Reference
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Figure 1—CCD linear sensing array chip
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Figure 2—Basic sensor design

11). We show below that these simplifications allow the
problem of computing the coordinates of a point light
source to be stated as the problem of solving a system of
planar equations of the form

a(h)X+b(h)Y +c(h)Z=d(h), (n

where h is the position of the shadow edge (Figure 4). X, Y.
Z are our system coordinates, and the coefficients a,b,c.d
are linear expressions in h.

It is well-known (c.f. Reference 6) that an appropriate
4x4 matrix can be used to transform a 3-D point between 2
coordinate systems. For a single sensor, i, the transforma-
tion from room to sensor coordinates (see Figure 4) can be
expressed by the 4x4 matrix. C'. such that

XY Z DCY=(x" y," z" wy). (2)

Xy i’ z
Where x,= RS [ ,and z;= W are the actual sensor
]

coordinate values. For the ith sensor. hi. r;, and the
coordinate components, x; and y,. of the light source in the
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Figure 4—Sensor/room coordinate relationship

sensor coordinate system are related by the expression.

dhic 3G C,ziX+C22'Y+Caz_'Z+CI,,f
=1 X, C,'X+C,'Y+C,,'Z+C,,!

Simplifying by collecting factors of X, Y, and Z yields

(hC,,'+1,C,. )X+ (h,C,, +1,Cp)Y +(h,Cy,
+ l‘iC321}Z+ h.cﬂ I+ riC42I= 0

One of the transformation matrix elements can be elimi-
nated by dividing through by, say r,C,,'. This yields

(hipl|+p2:i)x+(hip2|+p4i)Y+(hip5i+ka)Z+hip‘.‘i+ 1=0, (3)

Sy op G
where P,,= rCal’ P,= Co’ etc.

Eq. (3) is of the form of eq. (1) and is the equation of a
plane in room coordinates. The light source lies in this
plane. From three or more such planar equations, the
unique location (X,, Y,, Z,) of the light source in room
coordinates can be calculated, either by standard matrix
solution techniques or by least squares methods. If the p,
are known for each sensor i, the h, values measured for
each of three or more sensors will, by eq. (3), uniquely
determine the light source location.

Our sensors can be calibrated quite simply by determin-
ing the p;;. Given the known position of seven light sources
in room coordinates and the h, value generated by each
source at each sensor, we obtain a linear system of seven
equations in the seven unknowns p,;, Pzis - - . , Py, for each
sensor. The seven points should be chosen so as not to give
an ill-conditioned or singular matrix. The probability of
such problems can be reduced by the use of more than
seven calibration points, allowing a least squares solution.

Once the p;; are calculated for each sensor, the location
of an unknown point can be found by solving the linear
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system

a b c¢\/X d,
aj bj Cj (Y = dj (4)
ay bk Ck Z dl(

(where a;=hp,;+p,,, bi=hipy+p,;. etc.) for any three sen-
sors i, j, k which see the light source. If more than three
sensors see the source, error smoothing via a least squares
solution of an overdetermined system is possible. If the
values of a(h,), b(h,), ¢(h,), and d(h;) for each sensor are
stored in advance for each possible h; value (quite feasible,
since h can take on 256 discrete values for our current
sensor), then the coordinates of a point may be calculated
with about 20 or so multiplications and divisions. The exact
number depends upon such factors as the number of
precalculations stored and the number of excess sensor
equations which may be desired for error smoothing. This
processing load is light enough so that the system can
operate at sensor speeds with only a minicomputer serving
as the central host.

With the use of a computer-deflected light beam, only
one sensor needs to detect the light reflected from the
surface being digitized. since the position of the light beam
source in the environment will be previously determined
and its orientation (deflection in two axes) will be under
computer control. The plane and line measurements thus
determine the 3-D location of the point on the target surface
which is illuminated by the narrow beam of light (Figure 5).
This might best be implemented by defining the line of the
light beam in terms of the equation (in the form of eq. (3))
of two planes which intersect along the line. The sensor
measurement thus defines the third necessary plane and the
computational method described above may be used. This
has the advantage of readily allowing a least squares error
smoothing treatment if the use of more than one linear
sensor is desired.

With some sacrifice in speed, it is possible to use the
reflected light beam mode for interactive input applications.
In this case the light beam deflection would be controlled
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Figure 5—Automatic surface digitization mode

by a real-time program which would acquire and track the
object of interest (e.g., the tip of the user’s hand) in a
manner similar to a stage spotlight following a star per-
former.

SYSTEM ARCHITECTU RE

The current system layout has a MIiCroprocessor associ-
ated with each CCD array. The microprocessor is used to
control the integration time of the CCD array (the amount
of time it is allowed to sense), to collect the data from the
array, and to compute the element position value (h;) of the
shadow boundary. Since current CCD arrays suffer from
background noise level variations from cell to cell, individ-
ual cell calibration improves sensor performance. The mij-
croprocessor records these variations during an initial cali-
bration phase and uses them to improve the shadow
boundary determination.

The microprocessors are all connected to a host CPU, a
small minicomputer with a minimal floating point capability
(currently an HP 2100). The host computes the source point
coordinates by solving the system of linear equations (4),

In the single point (or “wand") acquisition mode. the
host stores the computed coordinates and waits for the next
input point. It also carries out various control functions
such as starting and stopping the process, changing the
acquisition rate, etc. With multiple light source input, the
host fires the sources at known times and keeps track of the
association between coordinate computations and the cor-
responding sources. This mode allows tracking of not only
the position, but also the rotational orientation of a moving
object by the tracking of the position of three noncollinear
light sources attached to the object,

In the light beam scanning mode, the host also must
calculate coordinates for the scanning beam and deflect the
beam to the desired orientation. The host polls the sensors,
computes the coordinates of the reflected light spot, de-
flects the beam to the next desired position, then polls the
Sensors again, continuing in this manner until data acquisi-
tion is completed.

SENSITIVITY AND ACCU RACY

Our prototype sensor uses a 256-element Fairchild model
110 CCD array. The measured effective sensitivity of the
array is about 10-% watts/cm?®. This indicates that a uni-
formly radiating point source of .| watt can be sensed up to
about 40 cm. (In practice we have been able to do slightly
better, even without resorting to individual cell calibration.)
We have sensed a 2 watt source at a distance of about 2
meters, in a room which was darkened but with still enough
light for reasonable human vision.

The sensing distance for a projected spot depends both
on the amount of energy projected onto the target surface
and the scattering coefficient of this surface. Preliminary
experiments indicate that the current sensor will enable
digitization of human heads but not automatic scanning of
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entire bodies, without resorting to high-powered light
sources. We expect continual improvement in CCD sensi-
tivity and can use other sensor technologies, such as arrays
of individual photo-transistors or image intensifier devices,
if desired.

The sensor’s resolution is of course limited by the
number of cells in the CCD array. Thus, the 256-element
sensors yield a resolution of about .6 cm in a | cubic meter Figure 8—Reconstructed surface from laser scan
working volume. The smaller the working volume, the
better the absolute resolution limit. The resolution depends '
upon the number of CCD elements and the relative dis- The data for Figure 8 was acquired by Fuchs.? by

tances of the CCD array, knife edge and source (see Figure scanning a human model with a laser beam. The original
6). The absolute resolution in room coordinates is related to Twinkle Box system detected the individual reflected spots
CCD element width. Ah, by the relation AH= % Ah. of lights and calculated their three-dimensional positions.

Accuracy increases can be realized by using sensors with
more elements (sensors with over 1000 elements are cur-
rently available) or using more sensors to segment a desired .
working volume into several contiguous, smaller volumes. We have presented a system which allows the use of very

simple linear sensors to obtain 3-D information. These
sensors involve no optical lensing systems or mechanical

CONCLUSION

CURRENT STATE OF IMPLEMENTATION movement, and their use in the system leads to simple.
tractable mathematical calculations. Although our current

A prototype sensor system has recently been completed system was inspired by and uses linear CCD arrays, any
and interfaced to an HP 2100 computer. Figure 7 illus- sensor system capable of reporting values of a shadow edge
trates the output from the linear sensor array. A sharper position along one dimension can be used, with little or no
distinction between the outputs of the shadowed and non- changes in the total system. More expensive sensors may
shadowed elements can be achieved by substituting a be used to increase sensitivity and/or resolution as needed.
smaller light source. It is hoped that this new system will make acquisition of

3-D information significantly faster, easier and less costly,
thereby encouraging an expansion of 3-D man/machine
interaction.
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APPENDIX A—BACK GROUND

The widespread interest in acquiring 3-D information has
stimulated the development of a variety of methods and
systems. These systems can be loosely categorized into two
general classes:

I. those systems which digitize the location of a special
position-indicating device (**wand""), which is moved
manually to specific points of interest, and

IL. those systems which digitize (manually or automati-
cally) an entire surface of interest.

Examples of type I systems include the early Lincoln
Wand of Larry Roberts’ and the current commercial prod-
uct. the Graf-Pen.® Both systems digitize the position of a
small ultra-sonic transmitter located at the tip of the wand,
More recently, the Twinkle Box of Burton and Sutherland?
and the Swedish commercial product, Selspot,® are both
able to digitize a multiple number of points of light concur-
rently, using time-division multiplexing.

Type 11 systems, being usually more complex than type I,
tend to be laboratory developments oriented toward a
specific application: the digitization of automobile bodies
using holographic techniques,* the measurement of the
surfaces of animal carcasses by interference methods, the
scanning of small object clusters for automatic scene analy-
sis using optical triangulations,! and the digitization of
human body contours by classic stereometric procedures.®

This last application—the digitization of human body
form—seems to be of greatest current interest. In this area,

3-D surface digitization has been used for such diverse
studies as anthropomorphic dummy evaluation, spinal de-
formation Mmeasurements, and tumor detection and tumor
growth monitoring. However, the presently implemented
and proposed digitization methods are incompletely auto-
mated, and tend to be cumbersome and expensive, thus
requiring much human intervention and effort. Additional
processing steps, such as the transfer of images to photo-
graphic materials, often cause additional delays and ex-
pense,

Wand-like devices are also inconvenient for surface digi-
tization in that the wands have to be moved by the user to

consuming task, sometimes made impossible if the surface
to be digitized moves too rapidly. However, wand-like
devices are particularly useful when real time tracking of
only a few points is needed. For example, in limb mobility
measurements, ‘‘wand tips’’ (small light sources) placed on
a subject’s leg allow leg movement to be tracked in real
time,

The most direct predecessor- of our system is the afore-
mentioned Twinkle Box. We have attempted to retain most
of its capabilities as well as overcome its major flaws, We
consider the major assets of the Twinkle Box to be

(1) the digitization of multiple points,

(2) the use of arbitrarily positioned single-dimensional
sensors instead of two-dimensional devices. such as
TV cameras,

(3) a simple, unified approach to the problem of convert-
ing raw sensor measurements into a 3-D position in
Cartesian coordinates,

The Twinkle Box’s limitations, as reported by Burton
and Sutherland, can be primarily attributed to the basic
electro-mechanical sensor design. The sensors consist of

‘photomultiplier tube. The system’s four sensor units, each
with a 22-inch diameter disc spinning at 3500 rpm, create a
VETY noisy working environment. and the 2 h.p. motors
needed to spin these discs severely overheat the sensors
after about 30 minutes of operation. The disc fluctuations
and non-synchronous rotations cause additional difficulties.

Our system eliminates the mechanical and optical prob-
lems by using an entirely new sensor design. The system

and the tracking of unmarked objects; and (2) a network of
microprocessors for signal pre-processing and other paralle]
computations. These features allow our system to be used
both in the *‘wand” tracking mode of type I systems and
also the automatic-surface-digitization mode of type II
systems.




