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ABSTRACT

Three-dimensional (3-D) object surface reconstruction is an important step toward non-destructive measurements of
surface area and volume. Laser triangulation technique has been widely used for obtaining 3-D information. However, the
3-D data obtained from triangulation are not dense enough or usually not complete for surface reconstruction, especially for
objects with irregular shape. As aresult of fitting surfaces with these sparse 3-D data, inaccuracy in measuring the surface
area or calculating the volume of the object isinevitable.

A computer vision technique combining laser triangulation and distance transform has been developed to improve
the measurement accuracy for objects with irregular shape. A 3-D wire-frame moded is generated first with all available 3-D
data. Each pixel within the image boundary is given the distance information using distance transform.  The distance
information of each pixel isthen used as the constraints for surface fitting and interpolation. With this additiona information
from distance transform, more accurate surface approximation can be achieved. The measurement accuracy of this technique
is compared with other interpolation techniques for the volume measurement of oyster mests.

Keywor ds: distance transform, laser triangulation, 3-D wire-frame model, machine vision, surface fitting, surface
interpolation, oyster.
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1. INTRODUCTION

In recent years, machine vision technology has become a very useful method for inspection and measurement in
various industries. The advantages of using machine vision technology are that it is non-destructive, consistent, and can
perform tasks in real-time. In agriculture and food processing, measurement of true 3-D volume is critical for many
commaodities and processes. One example is the volume measurement of oyster meats for grading. Grading is a critica
process. High grading accuracy determines pricing accuracy. Also, multiple human handling of the product in the current
process causes the weight loss and contamination. Human grading of oyster meats is very subjective. A sampling of
commercially hand graded and sorted meats showed that 50% to 80% of the products were out of grade based on calculated
volumes”. The final container of oysters leaving the oyster packing facility is usually defined based on weight per gallon.
Oyster shucking and packing companies usually send out product weighing more than the labeled product weight with
weights in favor of the purchaser’. An automated oyster meat grading system integrated with the shucking and packing
equipment could completely eliminate human handling of oyster meat. The oyster industry would greatly benefit from labor
cost savings and accurate Sze grading and pricing.

Limited research has been done in solving the problem of oyster meat volume measurement. In 1990, the geometric
and physical properties of raw oyster meat were studied to understand the properties that are related most to grading®. The
investigators wanted to determine how measurable geometric and physical properties related to grading so that an automated
measurement system could be developed to grade oyster meat. Weight, volume, projected area, and height were measured.



Statistical correlations between the various properties were found. Weight was found as the best predictor of volume.
However, measuring the weight of each individual piece of product in real-time is not an easy task and it is aimost not
possible for products with deformable shape like oyster meat. Development of an automated system using a camera to
measure the 2-D area was proposed. The system was seen as feasible because the 2-D area is correlated to the product
volume. In 1994, an automated oyster meat grading system was developed®. This oyster meat grading system photographs
the product on a conveyer belt from a camera directly above the product. The computer attempts to binarize the image taken
from the camera so that the pixels of the product are set to 1 and the pixels of the background are set to 0. The 2-D area of
the product measured in pixels was then calculated. The 2-D area measurement of the product was shown to be correlated
with its volume®.

The system presented in this paper takes advantage of improved image digitizing hardware and computer processing
power, and less expensive lasers than was available in the early 90's. The new image digitizing hardware can grab and
process images and transfer the results to computer memory through the PCI bus much faster than was available only a few
years ago. Small inexpensive lasers are now readily available. These improvements have led our ideas in a different
direction than was taken in the early 90's. The objective of this research is to determine the product size with a 3-D optical
volume measurement using multiple laser lines. The significant advantage of this approach is that the product sizeis actually
measured in 3-D ingead of using the estimate from the 2-D image projection. Research work attempting to estimate the
actual volume based on the projected area of the 2-D oyster image has a volume estimation error of + 3.9cm® which is
equivalent to 20% of most product sizes. The objective of this research is to use image processing techniques to develop an
accurate and automated method for measuring product volume.

A high-speed on-line three-dimensional (3-D) volume and surface measurement system has been developed and is
presented in this paper. Unlike systems using two-dimensional (2-D) projection area measured in number of pixels to
estimate the volume and surface area, this system uses triangulation technique to measure the heights of several points on the
product surface. These 3-D measurement points are used, in addition to the 2-D boundary points, to reconstruct a 3-D
surface for calculating volume and surface area.  However, the data points available represent incomplete data for 3-D
surface. Surface interpolation or approximation isinevitable in determining the surface. In this paper, the morphological 2-
D distance transform was used as the constraints for fitting the 3-D surface. This research focused on 3-D measurement of
oyster meat volume to provide an aternative method for grading oyster meat by size. However, with minor adjustments, this
system can also be used for other food processing applicationsthat require sorting or quality grading by size.

The techniques required for converting 2-D image to 3-D data are introduced in Section 2. Image processing
techniques, calibration, and processing results are also discussed in this section. 3-D model generation, distance transform,
and 3-D surface reconstruction are discussed in Section 3. The results of using this algorithm for volume measurement are
shown in Section 4. The advantages and the comparisons with other surface approximation techniques are discussed in this
section. Finally, the conclusions are drawn in Section 5.

2. 22D IMAGE TO 3-D DATA
2.1 Triangulation

Ingead of using the 2-D area for volume estimation, a more
direct measurement of volume using a camera and a multi-line laser was
developed. Parallel laser lines were projected across the product asit is Camera
laying on aflat surface. The laser was above the product at an angle to Laser Line
the vertical as shown in Figure 1. The camera is mounted vertically
above the product looking down. Without the product, the laser lines

appeared as straight parallel lines on the flat surface of the conveyor belt
as shown in Figure 1.
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Figure 2 (a) shows the effect of a laser projecting on two \/

different size products. one larger and one smaler. The laser light
strikes the larger product at a point higher than the point where the laser
light strikes the smaller one. “H” is the height of the laser contact point
for the large object, and “h” is the height of the laser contact point for
the small object. “0” is the point on the flat surface where the laser light

Figure 1. Multiplelaser



would strike in the absence of the product. From the perspective of the camera, the laser light is displaced a distance “D”
from “0” by the large product. The laser light is displaced a distance “d” from “0” by the small product. The right triangle
formed by sides “H” and “D” is similar to the right triangle formed by sides “h” and “d’. If the height changes, the
displacement must also change by the same factor. As aresult, the height of the product can be measured from the observed
displacement of the laser light.
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Laser Line
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(b)
Figure2. Triangulation and its side view.

Figure 2 (b) shows an object with multiple laser lines projected from an approximately 45 degree angle. The image
was acquired in near-infrared range using an interference filter to filter out the visible light. Asillustrated in Figure 1, three
paradld laser lines were projected on the object and they were not straight lines because of the displacement resulted from
object thickness. It can be observed through the laser line displacement differences that theright half of the object is thicker
than the left half. The displacement is measured as the distance from each point on the curved laser lineto itsreference point
obtained when projected on a flat reference surface.

2.2 Calibration

Figure 3 shows the image of three laser lines projecting from an angle onto a flat surface. Laser lines do not appear
straight because of the geometry distortion on the laser line projector. Figure 3(a) shows the laser line position on the
reference surface (zero height). Figure 3(b) shows the laser lines on the flat surface of a one-inch high block. The
displacement measured in pixels between each corresponding laser line pair is equivalent to one inch. For example, if the
displacement between two |eft laser lines is 50 pixels, then the calibrated displacement pixel/inch ratio is 50 pixels/inch.
With thelaser lines projected on the object, the lines will appear displaced from an observer directly above the object 1ooking
down as shown in Figure 2 (b). This displacement of a laser line is directly proportiona to the height of the object at the
point the laser light strikes the object surface. In other words, the displacement of 25 pixels means the object is one-half inch

(a) (b)
Figure 3. a) Laser lines on the reference surface. b) Laser lines on a one-inch block.
thick if the calibrated displacement pixel/inch ratio is50. During the calibration, the system records the x and y coordinates

of each point on al three laser lines for both the zero height (reference flat surface) and the test height (the top surface of the
oneinch block). The displacement pixel/inch ratio R at the y" row of the image can be expressed as



R(y) = {Z(y) - T(y)}/1.0inch 1=1, 2, and 3 (laser line) Equation (1)

, where Z'(y) and T'(y) are the laser line center for the zero height and test height. Each row has its own displacement
pixel/inch ratio in order to compensate for the geometry distortion caused by the laser line projector. The measurement of
height for each laser line point on the surface can then be calculated as

H'(x, y)= {x- Zy)} / R(y) Equation (2)
, Where x and y are the coordinates of the laser line point on the object surface.
2.3 Image Processing

Figure 2 (b) shows the original image of an oyster with the same background surface asthat in Figure 3. The oyster
appears brighter than the background. A binary image shown in Figure 4 (a) was obtained using a single threshold.
However, the laser lines were preserved because they were also brighter than the background. A filter removing thin objects
was used to remove the thin laser lines. Figure 4 (b) shows the binary image with the laser linesremoved. This binary image
was used to calculate the 2-D area in pixels. The oyster length and width can aso be measured. However, the size of the
binary image depends heavily on the threshold selected and it is very sensitive to the lighting variation. The use of an NIR
camera and an interference filter to block the ambient light significantly improves the consistency of locating the contour
points’. A fast contour trace agorithm was devel oped to extract the x and y coordinates of the object boundary as shown in
Figure 4 (c).

€ (b) (0
Figure 4. Binary image and the object

Once the object contour is defined and image noise and laser lines outside the contour are removed, a vertical edge
detector was used to detect the laser lines. Thisis done by using a 5x1 kernel described as[1, 1, O, -1, -1]. Thelocations of
the three laser lines shown in Figure 5 (a) are derived from Equation 3 as follows:

L(x, y) = 255 if  1(x-2, y)+1(x-1, y)- I(x+1, y)-1(x+2, y) > laser threshold
L(x, y)=0 otherwise Equation (3)

.wherel(X, y) isthe input image with laser lines removed as shown in Figure 4(c) and L(X, y) isthe output laser lineimage.

Depending on the laser threshold chosen and the object surface conditions, laser lines may be discontinued. Linear
interpolation was used to link the ‘broken” laser lines together. Complete traces of the laser lines were obtained. The
boundary points and three continuous laser line traces are shown in Figure 5 (b) and they are expressed as 2-D points with x
and y coordinates. Equation (2) can then be used to convert the 2-D pointsinto 3-D data which can be expressed as (X, Y, 2)

=(x,y, H'(x y)).



€ (b)
Figure 5. Laser linesand 3-D data.

3. SURFACE APPROXIMATION
3.13-D Model

The x, y, and z coordinates of the boundary
points were used as the base of the 3-D wire frame
model of the object as shown in Figure 6. It was
assumed that the height for al the boundary points
was zero (z = 0). Thethreelaser lines projected on the
object surface provided three wires that are on the
actua 3-D surface where the laser lines strike. 3-D
measurement (X, Y, z) of these sparse data points was
caculated using Equation 2. A 3-D modd was
constructed based on these 3-D data.  The 3-D wire-
frame model, although an incomplete 3-D surface, was
used to calculate the volume accurately with surface
interpolation or surface approximation techniques. A
fast and accurate surface approximation technique
using distance transform was developed. The details
of this technique are described in the following two
sections.

Fiaure 6. 3-D wire frame modd!.

3.2 Distance Transform

A distance transform assigns to each feature pixel of a binary image avalue equal to its distance to the nearest non-
feature pixels®™. There are several different types of distance transform, depending on how the distance is measured. The
distance between pixel's can be measured as Euclidean distance, city block, or chess block. The distance metrics used are™:

1) Euclidean distance

Del(i, 1), (KT =4/ - ) +(j - K,

2) City block distance
D[, )).(hk)] =[i- h{+]]- k], and

3) Chess block distance
Dg[(i, ), (h,K)] = max{[i- h[,| j- k[}

Depending on the application requirements, any of these distance metrics can be used for measuring the distance. Once the
distance metric is chosen, there are also different agorithms computing the distance transform of a binary image. One



simple but extremely inefficient method of computing the distance transform is to perform recursive morphological erosions
until al feature pixels of the binary image have been eroded. This method works like removing the most outer boundary, one
layer at a time, and each feature pixel is labeled with the number of layers that had to be removed before the feature pixel
itself isremoved. A more efficient algorithm can cal culate the distance transform in only two passes” ™.

Figure 7 (a) illustrates the distance transform output of a simple binary image.  All the non-feature pixels are set to
0. The outer boundary points are assigned a value 1 because they are all one pixel away from non-feature pixels. For the
pixelsthat are farther away from the binary image edge, the values get higher. The value of each pixel represents the closest
distance from that pixe to the edge of the binary image. Figure 7 (b) shows the distance transform of the binary image
shown in Figure 4 (b) using the city block distance. The distance transform is similar to a contour map. The pixels on the
same contour line have the same shortest distance to the non-feature pixels. The center area is brighter than the boundary
because the distance islarger for the center area.

3.3 Surface Reconstruction
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Figure 7. Distance transform and its outpui.

After the 3-D wire-frame was built, the complete surface mode was generated for volume and surface area
measurements. However, the 3-D data on the wire-frame model is incomplete for calculaing the volume or surface area.
Surface interpolation techniques must be applied to reconstruct the 3-D surface before the volume or surface area can be
caculated. Thisisacomputation intensive process. A fast surface approximation method that uses the 3-D wire-frame and
the output from a morphological distance transform has been devel oped in thisresearch. The distance transform was used as
the congtraints for 3-D surface reconstruction. This method is very efficient and the result is more accurate than other
approximation techniques using surface interpol ation.

The distance transform output combined with a 3-D wire-frame model isshown in Figure 8 (8). Thethree dark solid
lines represent the three laser lines whose 3-D measurements have been calculated using the triangulation method as
described above. The three laser lines divide the distance transform into four regions as shown in Figure 8 (a). The dark
outside boundary serves as the base. A 3-D plot of this arrangement is shown in Figure 8 (b). Surface reconstruction was
done based on the contour lines and the 3-D information from the three laser lines.  All the boundary points on the outer
most contour line have the height zero. The height for each pixe in the image was determined as follows:

Contour line intersects with
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laser line —
intersects with (?//()
\
i NS
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the contour Iine
— \
Region2 Region 3

Figure 8. Digtance transform output combined with the 3-D wire-frame modd.



1. For pixelsin Regions 1 and 2, heights are determined by the height of the point (already calculated) on the laser
line that intersects the contour line. In most of the cases in these two regions, the laser line intersects with each
contour line at two locations as shown in Figure 8. In this case, the height of the intersection point that is closer to
that pixel will be used.

2. In Regions 3 and 4, either one contour line intersecting with two lasers or one contour line intersecting with one
laser line at two locations, the heights are determined by the weighted sum of the two heights on the intersection
points. The weight is determined by the distance between that pixel and the intersection points. The height of the
closer intersection point will be weighted more than that of the farther intersection point.

3. For pixels on the contour lines that have no intersections with any laser line, the next lower contour line will be
used.

A complete 3-D surface reconstruction for each pixel in the feature (binary) areausing these rulesis shown in Figure
9 (a). Figure 9 (b) shows the surface reconstruction result using linear interpolation with only the 3-D wire-frame model.
The accuracy comparison of the newly devel oped method with the surface interpolation method will be discussed in Section
4. Figure 10 (a) and (b) show the 3-D plots of the 3-D surface using these two methods.

@) (b)

Figure 9. 3-D surface reconstruction using (a) distance transform and (b) linear interpolation.

@ (b)
Figure 10. 3-D plot of the reconstructed 3-D surface: (a) distance transform and (b) linear interpolation.

4. RESULTS

The goal of the experiment was to approximate the volume of an oyster with the laser enhanced 3-D machine vision
system. Object volume can be measured or estimated using 1) a 2-D area projection, 2) linear surface interpolation of a 3-D
wire-frame model, and 3) distance transform and a 3-D wire-frame model. Thirty oysters were collected and their volumes
were measured by each of these three techniques. Additionally, the volumes were measured by a water displacement method.



A comparison of the approximated volume with the known measured volume of the oyster determined the accuracy of each
measurement system.

4.1 Data Collection

Thirty oysters of various sizes (5 — 18g), were selected for evaluating the performance of the 3-D volume
measurement system using distance transform and comparison with the results from 2-D area projection and linear surface
interpolation. Oysters were placed in random orientations on the platform of the imaging system to obtain volume
information (in number of pixels) calculated by the computer vison volume measurement system utilizing al three
techniques. Thelighting, camera lensfilters, and the calibration were al carefully adjusted and tested. The volume of each
oyster was then carefully measured using the displacement of water from a sandard 25 ml Hubbard pycnometer.

Each oyster was placed on the illuminated glass surface of the machine vision equipment. The measured surface
area was based on the amount of light blocked by the oyster. Laser beams, focused across the oyster® top surface, bent at
specific anglesto the original laser beam direction. The machine vision equipment recorded and measured these angles. An
approximated volume for the oyster was calculated using both linear surface interpolation and distance transform techniques
and was recorded with the C++ software program (3" Dimension) developed. The oyster was then removed from the glass
and weighed to the nearest 0.1g. The oyster was then placed in atared, dry 25 ml Hubbard pycnometer. A pycnometer is a
sealable lidded glass container designed so no air remains trapped in the top when filled with liquids. The pycnometer was
filled with ditilled water and weighed. The volume of the oyster was equal to the volume of water displaced by the oyster in
the pycnometer. A comparison of the final volumetric measurements made with the laser enhanced 3-D machine vision
system and the pycnometer was made to determine accuracy.

4.2 Data and Accuracy Analysis

The volume estimation models were built by using the linear regression mode with the measured volume in cm? of
the oyster as the response variable and the number of pixels obtained from the machine vision system as the predictor
variable. A dtrong linear relation between the actual volume and the number of pixels obtained from the volume
measurement system was observed for all three methods. However, detail statistics anaysis shows significant differences
among the three methods implemented. The R-squared value (squared correlation coefficient) between the real volume (RV)
using water displacement and the volume measurements (VM) was calculated for each method. The R-squared value can be
interpreted as the proportion of the variance in y (the VM in number of pixels) attributable to the variance in x (the RV in
cm®). The higher the R-square value, the closer the VM are to the RV. The result shows that the distance transform surface
approximation technique has the highest R-squared value of 0.987.

The second comparison was done using the standard error of the VM in number of pixels for each RV in cm?® in the
regression from. The standard error is a measure of the amount of error in the prediction of volume measurement for areal
volume. The technique using distance transform has the lowest standard error. Both of the statistics indicate that the two 3-
D approaches, linear surface interpolation and distance transform, provide a better estimation than the 2-D projection method.
Accuracy was also compared by using the average percentage error from measuring al 30 oysters. This was done by first
calculating the slope (m) and intercept (c) of the linear regression equation for each method. The VM in number of pixels
were then converted to the estimated volume (EV) in cm?® using the equation EV = mxVM-+c for all three techniques. The
percentage error between EV and RV for each oyster was calculated as:

EV - RV|

Percentage error =

| RV
The average of the percentage error for all 30 samples was then calculated and shown in Table 1. Distance transform
technique has the lowest average percentage error of 2.9% which shows a 68% improvement over the 2-D area projection
method (8.4%). This shows that the 3-D approach reduces the measurement error by 55% and 68% comparing with the 2-D
area projection method for linear interpolation and distance transform, respectively.

Also, at 95% confidence level, the 2-D approach yielded an average margin of error +2.55 cm® and the linear
interpolation yielded an average margin of error of +1.4 cm® whereas the distance transform technique yielded the lowest
margin of error (+1.16 cm®). A reduction of 55% in margin of error over the 2-D area projection method was observed if



estimating the oyster volume with the linear model using data from distance transform technique developed in this research
work. Table 1 summarizes the comparisons described above and it clearly shows that the distance transform technique
outperforms the other two. Figure 11 shows the measurement data of all three techniques verse the real volume obtained
using water displacement method.

2-D Projection Area | Linear Surface Interpolation Distance Transform
Squared Correation Coefficient 0.85 0.967 0.987
Standard Error (cm”) 1.21 0.565 0.46
Average % Error 8.4% 3.6% 2.9%
% of Improvement over 2-D -- 55% 68%
Average Margin of Error (cm®) +2.55 +1.40 +1.16
% of Improvement over 2-D -- 45% 55%

3D-Volume Measurement (Linear Interpolation)

Table 1. Accuracy comparisons.
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5. CONCLUSIONS

A fast, non-destructive volume measurement technique has been developed for measuring object volume using
incomplete 3-D data. A laser projector was used to project multiple laser lines on the object surface. Triangulation technique
was used to obtain 3-D measurements on the object surface where the laser lines strike. Single threshold was used to binarize
the image and trace the boundary points. A 3-D wire-frame mode based on the boundary points and the 3-D information
from the laser lines was then crested for surface reconstruction. Distance transform was used to achieve faster processing
and better accuracy. Linear surface interpolation was also implemented and compared with the new technique.

An advantage of this 3-D volume measurement is the simplified lighting and camera adjustments for taking images
of the objects. With the 2-D area projection measurement, the lighting adjustments and camera calibration needed to be
precise for arange of gray levelsin the object. Inevitably, parts of some objects are going to be outside of the detectable gray
scale. With the 3-D volume measurement, the camera needs only to detect the color of the laser light. Filters can be placed
on the camera lens to filter out ambient light so that the laser light appears clear in the cameraimage. Another advantage of
the new approach presented in this paper is direct measurement of volume. With the standard 2-D projection method, the
area of the object is measured and the weight is taken. The volume calculation equation is then modeled by using a two-
parameter linear model relating the measured area to the measured volume. With the 3-D volume measurement, the heights
of each point on the object surface where the laser lines strike are measured. These continuous line height measurements
give a more accurate volume estimation model for estimating the volume than the model built from just using the 2-D area
information.

Dataanaysis has clearly shown that the new technique presented in this paper outperformsthe linear surface
interpolation and the simple 2-D projection techniques. This new technique has great potentialsin commercial applications
for measuring object volume at high speed. Future work includes investigating the optimal number of laser lines for better
accuracy and other surface approximation techniques for comparisons.
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