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In recent years, the forest products industry has been

forced to cope with a supply of raw material that is
declining in both quality and quantity. In addition, log

prices are escalating rapidly. Because log costs may

represent as much as 90 percent of the overall production

costs of lumber (Williston, 1985), it is crucial that a mill

make every attempt to maximize grade and recovery.

Quality control (QC) is a broad term used loosely to

indicate producing a product to meet the customer's

Specifications. In lumber production, quality control is

heavily influenced by meeting lumber grade requirements

while minimizing fiber use. One component of these grade

requirements is conformance to size standards.

Size control is one of the functions of a mill's QC

department. Size control for lumber manufacturing involves

minimizing the variations in the dimensions of lumber that

are introduced by the sawing process.

An adequate size control program enables a sawmill to

maximize both grade and recovery. Grade may be maximized by

reducing the amount of boards downgraded due to either

excess wane or from planer skip that can result from

excessive sawing variation.
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Minimization of sawing variation can also lead to

maximizing recovery. It should be made clear that the

reduction in target size that can result from minimizing

sawing variation will most often result in a slightly longer

or wider board from any one log rather than obtaining

additional boards (Darwin, 1989). There are however certain

limited log diameter breakpoints at which additional boards

may be obtained due to decreased sawing variation.

What is proposed in this project is an automated system

to collect and analyze board measurement information using

optical scanning techniques. The system is intended to

provide feedback to mill quality control personnel. This

thesis has built upon the image processing and quality

control system developed by Aslam (1990) at the Department

of Forest Products at Oregon State University. The system

is discussed in Aslam's M.S. thesis as well as in the

article by Funck et al. (1992).

The image processing system scans the edges of boards

while still held in cant form after leaving a gang edger.

The system can provide lumber thickness as well as kerf

width data. A size control program is included to analyze

measurement data and provide information regarding sawing

variation.

A far more detailed representation of sawing variation

can be obtained using this system than is possible with

standard size control practices providing measurement

accuracy is sufficient. For instance, at gang edgers

immediate feedback regarding sawing variation for both
boards and kerf is provided. Sawing variation information

is of sufficient detail for diagnosing which machine center,

and more specifically, which pocket of saws is causing

sawing problems.

This thesis continued the previous work by quantifying

measurement accuracy using various hardware and software

configurations, and by developing the software necessary to



analyze and then display the data in the most meaningful

form. Software techniques were created to avoid measurement

errors.

The first step in the project was a pilot study
conducted using several different imaging configurations,

noise filtering techniques, and edge-detection algorithms to

quantify the system's precision in measuring static objects.

The second step was to develop display software to

convey the detailed information this system can provide.

The development of measurement error trapping

mechanisms was the third step. Measurement errors may occur

through incorrectly locating the edges of boards due to the

presence of wane, bark, pitch or bark pockets, or knots.

Measurement errors may also occur when physically blocked

saw kerfs cause a failure to detect a board edge.

Lastly, the system was tested on images representing a

range of measurement difficulty. This test was performed to

determine the measurement accuracy of the system when using

combinations of three different edge-detection algorithms

and three different noise filtering techniques.

This type of automated measurement collection, data

analysis and display system will have a financial benefit to

a mill by enabling the mill to quickly identify and correct

situations leading to sub-optimal lumber or grade recovery.
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PERFORMANCE ANALYSIS OF THE HARDWARE AND SOFTWARE COMPONENTS
OF AN OPTICAL SCANNING SYSTEM FOR MONITORING LUMBER SIZES

INTRODUCTION

The forest products industry is currently being forced

to cope with the decline of its raw material both in

quantity and quality. At the same time, the price for this

raw material is rising rapidly. For a mill to remain

competitive under these circumstances, every effort must be

made to minimize waste in all facets of the production

process.

Raw material flow inside a sawmill begins with primary

log breakdown into slabs, flitches, and cants. The cants

may then be sawn into boards by a machine called a gang

edger. The mill's quality control (QC) department is

responsible for monitoring the quality of the lumber

produced.

Quality control is a very broad term used by most

industries to mean conformance to standards or meeting or

exceeding the customer's expectations. For the lumber

industry, quality control involves maximizing the value of

the raw material or lumber product through all phases of

manufacturing while maintaining or increasing production.

An established set of lumber grade requirements serves as an

indicator of the value of a piece of lumber.

One critical aspect of lumber grade requirements is the

conformance to size standards. Meeting these size standards

requires that a mill establish a target size for the green

lumber in the unplaned or "rough" condition. This target

size is, of course, a function of desired final product

size, but is also a function of planing allowance, projected

shrinkage, lumber oversizing, and sawing variation.
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The last two criteria, oversizing and sawing variation,

are the concern of a size control program in a mill. Brown

(1986) defines lumber size control as a systematic procedure

to identify and locate problems occurring in sawing machine

centers, sawing systems, or setworks systems.

In essence, size control is the process by which the

quality control department of a mill monitors the production

process to determine how much sawing variation is occurring,

as well as where and why the variation is occurring. The

greater the sawing variation, the larger the target size

must be in order to meet the desired final product size.

Larger target sizes require that more wood material be

removed during surface planing.

Oversizing is the material in excess of the minimum

required thickness. It is sometimes used by a mill as a

safety factor to compensate for excessive sawing variation,

shrinkage, or planer errors.

Elimination of oversizing and tightly controlling

sawing variation are two activities that will lead to an

optimized production process. Reduced sawing variation can

lead to a reduction in the target size, thereby increasing

recovery.

Small reductions in sawing variation often enable

target size reductions of only a few thousandths of an inch.

Therefore, it should be made clear that only on occasion

will additional boards be obtained from any one log due to

a reduction in sawing variation. Increased yield is more

likely to be in the form of longer, wider, or higher grade

boards (Darwin, 1989). There are, however, certain limited

diameter breakpoints at which a reduction in sawing

variation may result in an additional board being obtained

from a log. Darwin (1989) relates a reduction in target

size to increasing the diameter of a mill's log resource.



Sawing Factor 0.2 Sawing Factor 0.0

Log Diameter 12 in.
Length 16 ft.
Kerf 0.125 in.

II- additional boards
- longer or wider

boards

Figure 1. Recovery differences based on lumber
oversizing and sawing variation
(Hallock, 1978)

For example, Figure 1 shows recovery differences for a

log sixteen feet long with a twelve inch diameter sawn with

0.125 inches of kerf. All boards without numbers on them

are full length (sixteen feet), whereas shorter boards are

shown with their respective length on them. Sawing factor

is the sum of sawing variation and lumber oversizing. In

this instance, a 0.0 sawing factor (the best theoretically

possible) versus a 0.20 sawing factor resulted in a yield

increase of over 15 percent (Hallock, 1978).

While a 0.0 sawing factor is an unrealistic

expectation, and a 0.20 sawing factor is extreme, this

example merely demonstrates that an increase in recovery

will follow decreased oversizing and sawing variation.

Increases in recovery will result in a financial

benefit to a mill. If a mill was able to reduce its target

3
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size from 1.820 to 1.764 inches and recover all of the

material as lumber, a rough estimate of increased yield

would be:

1.820-1.764 * 100 = 3.17%1.764

(Higgs, 1989)

For an annual lumber production of fifty million board

feet, and for an average sales realization of $300 per

thousand board feet, a 3.17 percent improvement in yield

will lead to an increase in annual revenue of over $475,000
(Higgs, 1989).

For a mill to attain the financial benefits resulting

from a reduction in target size, the mill must establish a

size control program. An adequate size control program at

a mill involves taking frequent, detailed measurements of

the material being produced. The measurements should

provide enough information for the QC personnel to be able

to reliably estimate, for any given machine, the sawing

variation occurring within boards, between boards, within a

pocket of saws (for multiple saw machines), from the leading

end of a board to the trailing end, and from the top edge of

the board to the bottom edge.

Many mills obtain measurement data in a very time
consuming and tedious manner. Boards must be removed from

production and taken to a location suitable for making

multiple measurements with a tape measure, dial calipers or

digital calipers. The feedback of process parameters using

these manual techniques is particularly slow.

Automated measurement systems have been created to

increase the feedback speed and to avoid the time-consuming

efforts associated with manual QC operations. These systems

utilize lasers, mechanical arms, or ultrasonics for
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automated thickness measurements. The techniques used by

these systems require the boards to be singulated. For

example, laser scanners and some mechanical arms obtain

differential thickness via a scanner above and below the

board (Butow, 1993; COE Mfg. Co., 1992; Tinsley, 1984).
The requirement of boards being singulated makes it

difficult to use automated measurement systems for measuring

boards from gang (multiple saw) machines. Boards would have

to be rapidly singulated and positioned for the automated

systems mentioned above to be able to measure thickness.

Monitoring the performance of individual pockets of saws

would require considerable effort. In addition, singulating

boards makes on-line measurement of kerf width impossible.

A lumber measurement system for gang edgers that

enables more rapid feedback than manual measurement methods

and is capable of providing detailed sawing variation

information for individual pockets of saws would be of great

benefit to the forest products industry.

A camera-based system for automated measurements was

developed at Oregon State University's Department of Forest

Products (Aslam, 1990). The system uses an overhead line-

scan video camera to capture the image of a group of boards

while the boards are still held in cant form. Figure 2 is

a diagram of the system as it would be located in a sawmill.

The system can provide both board thickness as well as

kerf width data. Sawing variability can be reported for

within board (or kerf)-within each cant, between board (or

kerf)-within each cant and between board (or kerf)-between

cants (i.e., thickness variability for boards from different

cants sawn by the same set of saws). This system alleviates

the need to remove material from production, and can operate

at current production speeds.

The size control information obtained from such a

system duplicates as well as adds to the information



__,-- -

- -- _ --, '-=-''--i_._.._.

-

Figure 2. Layout of on-line measurement system
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provided by current measurement techniques, with a few

exceptions. The system in its current configuration does

not provide for measurements at both the top and bottom edge

of a board, therefore the system is unable to detect

wedging. The use of an additional camera to capture the

image of the boards from below the conveyor would overcome

this limitation.

The system also does not allow for measurements on the

wide face of a board. One drawback to this limitation is

that offset in double-arbor edgers may not be detected since

this would require measurements near the center of the wide

face of the boards.

Advantages of using optical scanning techniques for

obtaining board measurements include the relative ease in

obtaining multiple measurements per board, thereby enabling

a more accurate representation of sawing variation when

compared to using manual measurement methods. Feedback

speed is increased due to the on-line nature of the system.

The system provides detailed information for diagnosing

general problems for the machine center and even within

individual pockets of saws.

Another advantage of measuring boards with a video

camera while they are held in cant form is the ability to

obtain kerf width information. Kerf width information

allows a mill to verify if the saws are cutting to the

intended kerf created by the saw filers. Kerf width data

also enables a mill to monitor each saw's progress over time

to determine when saws need to be sharpened, repaired or

replaced.

This project quantified the measurement accuracy and

precision of the system using combinations of different

image acquisition methods, electronic noise filtering

techniques and edge-detection algorithms. Software was

created to analyze the size control data and report it in a
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concise and informative format. Error trapping mechanisms

were developed to prevent incorrect thickness measurements

caused by darkly colored objects such as bark or wane being

mis-classified as board edges or from sawlines physically

blocked by sawdust or slivers.



GOALS

This project further developed and tested an automated

measurement collection and data analysis system for boards

produced by a gang edger. The system is intended to
increase the feedback speed of size control information, and

to provide a much more accurate representation of sawing

variability occurring for each saw in a multiple saw
machine. Display software was created to present the

distinctive sawing performance data this system is capable

of providing.

9



OBJECTIVES

There were four primary objectives to be attained by

this project. They were to:

I) quantify the variability in measurements inherent

in the system's hardware and software components.
These components include:

A) Hardware:

oscilloscope (image acquisition)

lighting

B) Software:

1) noise filters

hardware noise filter

digital noise filters and element

sizes

2) edge-detection algorithms

II) quantify the measurement accuracy of the system

for measurements made on:

smooth (planed) cant

rough (unplaned) cant

III) develop mechanisms to trap measurement errors due

to:

reporting of multiple edges within a board

failing to report a board edge

IV) develop the software necessary to display the

unique quality control information the system can

provide:

within saw pocket variability, within a cant

between saw pocket variability, within a cant

within saw pocket variability, between cants

10



LITERATURE REVIEW

Literature related to this subject involves many widely

ranging disciplines. The disciplines include general lumber

manufacturing, the field of quality control for lumber

manufacturing, statistical quality control for industrial

measurements in general, and applications of computer vision

technology and image processing.

LUMBER MANUFACTURING:

A brief discussion of lumber manufacturing will be

given to aid in understanding the discussions on lumber

quality control and to describe where in the production

process the machine vision system described by this thesis

may be used.

The flow of raw material in a sawmill varies according

to the product being produced, the species, size and grade

of logs being processed, the level of technology of the

mill, market conditions (price and demand for specific

products), availability of local markets for by-products,

geographical location, the season, as well as a multitude of

other factors.

For the above reasons, it is difficult to describe the

exact flow of raw material in a sawmill. The typical flow

for a mill producing dimension lumber begins with loading

logs from the log yard onto a long-log deck.

On the long-log deck, logs are bucked into shorter

segments at the discretion of the operator. The choice of

segment length affects the lumber recovery. The operator

needs to have the information available to choose the

optimal length to maximize grade or recovery. For this

11
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reason, some modern mills scan logs to determine their

geometry and then use computers equipped with "look-up

tables" for current market prices to decide the optimum

lengths to buck the logs.

The logs are then debarked before further processing.

Debarking enables operators or scanning equipment to better

determine log grade and geometry and prevents excessive wear

on equipment due to dirt and other trapped debris coming

into contact with saws or chipping knives.

After debarking, the logs are loaded onto the headrig

deck. The headrig is the term for the primary breakdown saw

in the mill. Logs may be scanned again on this deck for

geometry to determine the sawing pattern to optimize

recovery.

Headrig saws are usually single or multiple circular

saws or single or multiple band saws. Most modern mills

prefer the use of band saws due to the thinner kerfs. Kerf

is a term with a dual meaning. Kerf can mean the actual

thickness of the saw teeth themselves, and it can mean the

width of the cut, in other words, the thickness of the

material removed by the saw. For equal depths of cut, a

thinner kerf may be used on a band saw than for a circular

saw, thus providing for a lower volume of wood being
converted to sawdust. A common kerf width for a five foot

bandsaw headrig is 0.125 inches (for log diameters from ten

to twenty inches), whereas a comparable circular saw headrig

would have a kerf of 0.250 inches (Williston, 1988).

At the headrig, slabs (see Figure 3) are removed from

the log in the form of chips, or are removed whole to be

either sawn into boards or chipped. Flitches are removed
next, leaving a center cant.

Secondary breakdown follows the headrig. This may be

accomplished by resaws or edgers.



slab

fli c flitch

cant
Figure 3. Primary log breakdown

Resaws are used to saw flitches and cants into smaller

sizes for further processing. In many mills the resaws are

essentially smaller versions of the headrigs. The main

function of resaws is to prevent production bottlenecks

caused by using the headrig to saw cants into many small
boards.

Edgers, like resaws, saw material coming from the
headrig into smaller pieces. A board edger may be used on

a flitch to remove wane (see Figure 4) or to remove wane and

saw the flitch into several narrower boards. A gang edger

may be used to saw a cant into several thinner boards. The

s ab

13



flitch
wane

cant

Figure 4. Edging operations

system discussed in this thesis is best suited to monitoring

the production of edgers used to saw material into several

smaller pieces because of their high volume throughput.

Edgers used to saw material into several smaller pieces

contain multiple saws and are thus called gang edgers.

Sawing accuracy must be monitored for each set of saws that

produces a board. It is of particular importance to monitor

boards

wane

14
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these gang machines because they are creating the most

sawlines at one location. In other words, if a machine with

just one saw cutting inaccurately can create a lot of waste,

clearly multiple saw machines deserve some attention.

After leaving the edger or resaw, the waste material

may be sent to a chipper and the boards may go to a trimmer.

The trimmer saws the boards to shorter lengths. Very short

segments may need to be removed simply to square-up the

ends, or quite long lengths may need to be removed to

eliminate defects such as splits, wane, or large knots. At

the trimmer, decisions may be made as to the optimum length

a board should be to maximize its grade. These decisions

are based on the grading rules. For example, one particular

grade may only allow a certain number and size of knots per

inch. By trimming the board at the appropriate length, the

trimmer operator may create a board that is shorter but

possibly higher grade and thus possibly higher value.

The next step in the manufacturing process is to grade

and sort the rough green lumber. A brief description of

lumber grading will be given in the section on lumber
quality control. The graded lumber is then sorted by width,

length, species and, of course, grade.

Sorted lumber is then stacked and prepared for either

shipment, planing or drying. Once again, this is mill
dependent. Some mills sell their lumber in the rough green

condition. Other mills plane the green material and then

sell it. Still other mills air or kiln dry the rough green

lumber, plane it, and then sell it.

Throughout the entire process of lumber manufacturing,

and even well before trees are felled, control of the

process and of material quality needs to be taken into
account. Sawmills that intend to remain competitive under

today's increased political, environmental, and financial
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pressures, must establish and support a quality control

program.

LUMBER QUALITY CONTROL:

For a sawmill to be able to sell its product, the

product must meet certain size, appearance, and moisture

content specifications. Most mills employ a staff of

professionally trained and certified lumber graders who

assign a grade to each board based on those criteria.

The grade of a piece of lumber is generally determined

by visual inspection. The grader must take into account a

multitude of rules such as the size and frequency of knots,

percentage of wane, warp, splits or other voids, planer

skip, pitch streak, stain, rot, insect damage, rules

particular to certain species, and size.

Many characteristics of lumber that affect grade are

beyond the control of the mill once the logs have been
purchased. For example, a mill will have a great deal of

difficulty obtaining high-grade lumber from a very small

diameter, heavily limbed, and sweepy log. If the same log

contained splits resulting from poor felling technique, and

contained rot from being left on the forest floor too long,

the mill would be even more challenged to obtain high-grade

boards from the log.

There are many other criteria affecting lumber grade

that are within the mill's control. The amount of planer

skip, drying defects, the amount of wane, damage from

abusive handling, and size are all within the control of the

mill.

It is crucial that a mill produce its lumber as close

as possible to specific size standards. Oversizing lumber
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diminishes a mill's profits by wasting raw material. Mills

are paid for lumber sawn to specific dimensions. Material

sawn to dimensions in excess of the size standards merely

goes to waste. Even if the lumber leaves the mill at the

exact dimensions for the specific size, oversizing may have

occurred at an earlier stage in the production process but

was removed during surface planing. Thus, significant

material is wasted as excessive planer shavings.

Oversizing is sometimes used by mills that are not able

to precisely control their sawing accuracy. These mills use

oversizing as a safety factor to prevent creating undersized

material.

Undersizing and excess variation in thickness within a

board may also be a source of profit loss due to either

grade violations resulting from selling undersized material

or from downgrade due to excessive planer skip.

The planer is adjusted to remove a small amount of

excess material such that the material exiting the planer

has a smooth surface and is of the exact desired width and

thickness. Boards with excessive thickness variation, or

portions of boards that are already below the desired final

width or thickness will be missed or "skipped" by the planer

heads. The board face readily shows where the planer heads

missed contacting the surface and the end result may be a
lower grade board.

Mills must determine the minimum thickness below which

boards will be skipped by the planer heads. This thickness

is generally termed "critical size". Critical size is the

minimum rough green size a piece of lumber must be,

excluding sawing variation, to meet final size requirements.

Critical size is calculated as:



F + PCS - 1 - $SH

(Brown, 1982a)

where: CS = critical size
F = desired finished size
P = planing allowance (both sides)
%SH = estimated amount of shrinkage

The target size, a value of considerable importance in

a mill, is the critical size plus a certain amount of added

thickness. The added thickness is used to compensate for

sawing variability. Ideally, if there were no sawing

variability, the target size would be the same as the
critical size. Since a certain amount of variability is

present in all processes, the target size is calculated as

the critical size plus a constant amount times the sawing

deviation. The "constant amount" is a function of the

percentage of material the mill will allow to contain planer

skip.

To calculate allowable percent skip it must be assumed

that the data is normally distributed. This distribution

will be discussed in the section on statistical quality

control. As an example of how the normal distribution is

used in calculating percent skip, consider a mill that

allows 5 percent skip. It is known from statistical

relationships for the normal distribution that approximately

5 percent of the material will have a thickness that is 1.65

standard deviations less than the mean thickness or thinner.

Given the critical size and an "undersize factor" from

the normal distribution (e.g., 1.65 for 5 percent

undersize), the target size is then back-calculated as the

mean of the distribution. The target size is calculated as:

18
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Target Size = Critical Size + (Z x st) [3]

(Brown, 1982a; Warren, 1973)

where: Z is an undersize factor leading to the desired
percent skip
st = total sawing variation

To summarize, if the mill is able to maintain the

target size as the mean board thickness, and if the sawing

deviation is maintained at the value used in Equation 3

above, then the mill should expect the approximate amount of

undersized, or planer skipped material to be consistent with

the number that led to the Z value.

The actual percentage of undersized or planer skipped

material is often less than the percentage that corresponds

with the chosen Z value. One reason for this discrepancy is

that percent shrinkage is often overestimated. In addition,

the critical size equation considers planing allowance and

within board sawing variation as additive functions, when in

actuality some of the within board sawing variation will be

removed during surface planing (Brown, 1982b). It must also

be kept in mind that the grading rules for some grades allow

for a certain amount of planer skipped material as well as

for 20 percent of the material to be undersized by up to

1/16 or 1/32 inches depending on the grade (WWPA, 1988).

Therefore, in order to maximize grade and recovery, the

actual target size may be determined by evaluating degrade

after processing boards sawn to smaller target sizes than

the value obtained using Equation 3 (Brown, 1982b).

The target size equation clearly shows the importance

of monitoring sawing variability. As st increases, the

target size must also increase.

Figure 5 demonstrates this effect of sawing variability

on target size. The process with lower sawing variability,
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Figure 5. Effect of reduced sawing variability on target
size

apparent as the narrower distribution, is able to saw to a

thinner target size than the process with higher sawing

variability, while allowing for the same percentage of skip.

As was mentioned in the introduction and demonstrated by

Figure 1, a smaller target size can lead to a financial

benefit through improved grade recovery or volume recovery.

Monitoring the sawing processes can ensure that the

mean board thickness is the desired target size and can

reveal when the variability becomes excessive. This type of

monitoring activity is one function of the quality control

department in lumber manufacturing. At each of the

20
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different saws there will be a certain amount of natural,

random variation that is to be expected in any process.

There will also be sawing variation that is caused by

varying feed speed; dull or improperly filed saws; varying

material density (i.e., earlywood-latewood differences,

species differences, knots, bark, etc.); crooked or sweepy

logs; inadequately guided saws; improperly tensioned saws;

logs, cants, or boards inadequately held and/or, fed through

the saws; and saw snake or wobble (Wostenberg, 1982).

The QC department is responsible for monitoring each of

the machine centers to ensure that target sizes, sawing

variation, grade loss and recovery loss are all kept to a

minimum while production is kept at a respective maximum.

The QC engineer or supervisor manually remove boards

from production and take measurements of width and thickness

at multiple locations on the board. It is his or her
responsibility to locate excessive sawing variation, kerf

width, or target size and report it promptly. Feedback of

information must be prompt and accurate such that excessive

raw material is not wasted in the interim between error

detection and problem correction.

It is crucial that the QC engineer be able to trace any

sawing errors back to the machine center of origin. It is

also helpful, if there are multiple saws at the machine

center, to know which pocket of saws is causing the sawing

problems.

Much of the available literature on lumber quality

control describes a need for improvement in the system of

measurement (Williston, 1982, 1988; Brown, 1982a). Mills

that have implemented a size control program utilize either

manual or automated measurement techniques. Data analysis

techniques may also be considered manual or automated.

Manual measurement operations involve removing boards

from production and moving them to a location suited to
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measurement activity. At this location, boards are measured

with a tape measure, dial calipers or digital calipers.

Disadvantages to the off-line or manual measurement

system are obvious. Manual removal of large material may

require two or more people, data feedback even with QC

software can be slow due mostly to the measurement process

itself, and record-keeping becomes tedious. Records must be

made of the time; date; person collecting the data; machine

center the boards came from; the leading and trailing ends

of the board; location of the measurement on the board; the

specific device being used to perform the measurements (to

monitor the individual tape measure, dial calipers or

digital calipers as a possible source of error); and the

individual pocket of saws a board came from (Brown, 1982a;

1986).

Several automated thickness measurement systems have

been developed to overcome the shortcomings of manual

measurement operations. Automated systems utilize lasers,

mechanical arms, cameras, ultrasonics, or combinations of

these methods to determine board thickness.

Figure 6 shows the layout of a laser board measurement

system. It can be seen that this system operates best for

measuring thickness when the boards are laid wide face down

such that the lasers can be placed above and below the

board. The distance x between the two sensors is a

known value, and y and z, the vertical distances between the

laser sensors and the board surface, are calculated by the

system.

The laser gauge determines thickness by triangulation.
The vertical distances y and z are equal to 171[tan(9)] and

z'[tan(8)], respectively. As the figure shows, the

thickness of the board is simply the distance between the

laser boxes (x) minus the sum of y and z.
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Figure 6. Laser triangulation measurement system

Trienco Automation Systems Company manufactures a laser

thickness gauge capable of readings accurate to ±0.005

inches. Trienco's system eliminates measurement errors due

to vibration by taking up to 2,000 measurements per second

(Carlson, 1984).

Saab Systems Inc. (before being purchased by the Coe

Mfg. Co.) supplied a scanning system that utilized up to

eight laser thickness gauges. Thickness was determined

using triangulation techniques as explained previously. The

scanning system provides measurements at the rate of sixty

or seventy boards per minute. In addition, because the
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laser system is designed to function when the boards are

laid wide face down, Saab's system can provide a thickness

measurement every 0.016 inches across the width of a board

at up to eight locations along the length of the board

(Maleta, 1984).

AccuRay Corporation explored pneumatic, proximity,

nucleonic, sonic, optical, laser, and mechanical techniques

for determining lumber thickness. AccuRay found that the

mechanical approach could provide thickness accuracy of

0.010 inches with very good reliability. Variables such as

color, grain density, moisture, smoothness, and any others

that affect reflective characteristics are not a problem for

mechanical sensors whereas they can create problems for

sensors that use optics, such as lasers and cameras.

AccuRay's mechanical thickness sensor uses a nylon arm

attached to an eight thousand counts per revolution digital

shaft position encoder. The sensors are located above and

below the board on either one or two foot centers. Readings

may be taken every 0.125 inches across the width of the

board. Thickness measurement accuracy is 0.010 inches.

The nylon arm has two points which alternately contact

the board as shown in Figure 7. The shorter point measures

leading edge wane and the longer point measures trailing
edge wane. The shaft encoder records the angle of the arm

while the board passes under the arm. The physical location

of the tips, that is, the height of the tips above and below

the reference plane (conveyor surface), are determined by

trigonometry (Tinsley, 1984). This mechanical system

determines thickness using differential techniques similar

to the laser system in Figure 6.

Ultrasonic sensors are another automated method used to

measure board thickness on-line. These sensors use sound

waves to determine lumber thickness. In essence, ultrasonic

sensors operate like sonar in submarines. A sound wave is
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"bounced" off the surface of the board and the length of

time until the wave returns is recorded. This time period

can be related to the distance the sensor is away from the

object of interest (Bertram, 1984).

Softac Inc. manufactures an ultrasonic board thickness

sensor with a reported accuracy of 0.010 inches (Softac,

1993).

Lucidyne Technologies Inc., at the 1992 Forest

Industries Wood Technology Clinic and Show in Portland,

Oregon, reported development of a camera-based system for

measuring board thickness. The system was designed to

measure cants sawn at rotary gang edgers and provide size

control information in the same manner as the system under

discussion by this thesis. At the time this thesis was

written, Lucidyne's system was not yet available to industry

(Lucidyne, 1992).

Oy DeconAb., a Finnish company, manufactures a camera-

based system that operates in the same manner as the system

under discussion by this thesis. Oy Decon Ab.'s system,

"SeeCon DM-1101", uses a line-scan camera to perform fifty

to one hundred measurements per second (which due to lumber

speed equates to a measurement taken every 2.5 to 5 inches

along the length of a board) to an accuracy of 0.1 mm or

approximately 0.004 inches. The system is capable of

measuring up to eight pieces at a time, such as a cant and

sideboards. Measurements outside the tolerance limits are

displayed in red. At the time this thesis was written, none
of these systems were in use in the U.S. (Anon., 1988).

After board measurements have been collected, QC data

analysis is performed. The automated measurement systems

can be coupled to a computer containing QC data analysis

software. For manual measurement methods, some digital

calipers are able to store measurement data and then

download the data to a computer containing QC software. One
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such QC software package is Si-Cam 5.0 (Wray Consulting,

1993). Another lumber QC software program that is widely

used is LSIZE (MicroRidge, 1993).

Si-Cam 5.0 is designed to provide sawing quality

information and other information needed by management.

Board measurement data is obtained through the use of a

hand-held computer connected to digital calipers. These

data are then downloaded to an IBM or compatible PC with Si-

Cam software on it. The system stores, analyzes, and

generates reports regarding board size information.

Also included with Si-Cam version 5.0 is a trouble

shooting module that provides possible machine causes and

solutions to sawing deviations. The trouble-shooting module

also contains an economic analysis module to calculate the

profitability or reduced log volume as a result of reducing

a machine's target size. The economic analysis module is a

worksheet style setting for calculating savings due to

reducing target size and/or kerf.

Si-Cam data analysis gives reports including; within,

between and total board sawing deviation (sw, 513, and st,

respectively), shape analysis (identification of uniform,

tapered, snaked, sniped, flared, and beveled boards), a

graph of size distribution (a plot of the total number of

measurements versus the range of all of the measurements

away from the target size), an average size control chart (a

plot of all of the deviations away from target size by

date), a statistics control chart (a plot of sw, sb, and st

on the same control chart by date), and a range of sizes in

boards graph (a plot of the range around the target size of

measurements for each board).

Si-Cam 5.0 also provides a baseline analysis. This

report is for a large amount of historical data. The report

provides sawing deviations, a summary of the range of
variations, measurement analysis by the location on the
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board, shape analysis, target size projection based on the

percent undersized material for each of the three commonly

used sawing deviations (sw, sb, and se), a summary of the

percentage of measurements that were less than the minimum

acceptable size listed by the location of the measurement on

the board and "how much" (in inches) the measurement was

below minimum acceptable size, a range of sizes in boards

graph, and a size distribution graph.

The LSIZE III lumber QC software package also makes use

of digital calipers for board measurement. LSIZE III
differs from Si-Cam by supplying a hand-held "MicroPak

Module SPC Computer" developed by MicroRidge Systems. This

system has the advantage over Si-Cam 5.0 in that the hand-

held computer contains the size control and data display

software allowing for faster feedback. In addition, the

hand-held computer has the capability to send output
directly to a printer.

The statistics provided by LSIZE III are the average

board size, amount of taper and wedging, within board,

between board and total sawing deviations, percentage of

measurements higher and lower than target size, the smallest

and largest measurement, total and average range, lower

control limit and upper control limit (LCL and UCL,

respectively) for an average size (X) chart, and LCL and UCL

for a measurement range (R) chart.

Printed reports available are: a statistical summary,

the individual measurements, X and R charts, and histograms.

A more comprehensive size control report is available

through downloading the data obtained with the hand-held

computer to a PC with LSIZE (versus LSIZE III, the portable

version) software on it.

The QC systems that utilize automated measurement

technology and QC software appear to be ideal for obtaining

rapid, accurate feedback of process parameters. There are
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some disadvantages, even with these apparently ideal

systems. The disadvantages lie mostly in the production

stage where automated measuring devices are best suited for

use.

Disadvantages to the use of laser triangulation,

mechanical methods and the ultrasonic systems lie in the

fact that the boards must generally be laid wide face down

and kerf can't be measured. These measurement systems are

generally used at the sort and trim stages in mills where

boards are singulated and properly oriented. At this point

in the production process, boards from many different

machine centers are mixed together. It becomes difficult to

trace sawing errors for any individual board back to the

machine center of origin, and very difficult to determine

which pocket of saws in a multiple saw machine center may

have created the sawing errors.

Simmons (1992) states that:

Quality control data does not get into the hands
of the filing room personnel quickly enough. It
is difficult in many mills to get that
information right after the machine saws the
wood. It would be nice to have a practical, on-
line measuring device that would provide
statistics at the outfeed of the machine so
filers can tell which saw is having a problem, or
which part of the cant is mismanufactured.
Measurements often are taken downstream and there
is no way to tell which machine produced the
board.

Extensive redesign of a mill's layout would be

necessary for the mechanical calipers, the laser, or the

ultrasonic sensors to be able to adequately function behind

a gang edger. Boards would have to be rapidly singulated

and properly oriented for these systems to be able to

measure them. This would, without doubt, create a

bottleneck at the edger, particularly for small log mills

with rapid production speeds.
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A system that accurately measures boards and kerf while

they are still held in cant form at the outfeed of a gang

edger would not require redesigning the basic mill layout,

would eliminate the need for tracing boards back to their

machine center of origin, and could easily provide

information regarding the pocket of saws cutting the

individual boards.

It should be mentioned here that technology does exist

for automatically tracing boards back to their machine

center of origin. Most lumber processing machines leave a

distinctive sawtooth pattern on the surface of the boards as

they pass through the machine. Therefore, it is

theoretically possible with successive readings to use

technology such as the laser thickness gauges to determine

the machine center of origin of a specific board (Williston,

1985) . It is not clear if this technology could be used to

trace a board back to a specific pocket of saws from a

multiple saw machine.

The QC data analysis software mentioned previously

provided the relevant statistics to be obtained from a set

of board measurements. Knowing how to calculate these

values can help to reveal what the values represent.

Wostenberg (1982) lists the most important statistics

to be obtained for lumber manufacturing and the mechanical

problems that may be represented by excessive values of

these statistics.

Each important statistic will be presented with its

formula before discussing the type of mechanical problems

that these statistics may represent. Brown (1982a; 1986)

provides a complete discussion of the formulas and their

use.

From a list of board thickness measurements, X (the

average thickness for the board) may be obtained by summing



as:

where: xf = any board thickness measurement
n = the number of measurements on each board

=
The overall average board thickness (X) is calculated

where N = the number of boards measured

The variance (S2) and standard deviation (s) in the

measurements for each board are calculated as:

(x __2%) 2

S2 _ ial I
n-1

s
[7]

The within board standard deviation (sw) is then
calculated as:

ig si2
[8]

[4]

[5]

[6]
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the thickness measurements and dividing this sum by the

number of measurements as shown below.

Between board standard deviation (sb) is then
calculated as:



X
(Ni_Tc 2

)
2=1sb = N-1 nN

2sw [9]

If each cant were considered a sample, then the system

developed in this project would have the added benefit of

providing between board variability in two ways. The

variability in average thickness for all the boards in a

cant would be calculated from each sample, as shown by

Equation 9. This type of variability can be considered

between board-within cant sawing variability.

The other between board variability available can be

considered between board-between cant variability. This

value is the deviation in average board thickness for all

the boards sawn by the same set of saws and would be

calculated between samples (cants).

Between board-between cant variability is the

difference in average thickness for each board from cant-to-

cant. One example of this kind of variability would be the

difference in average thickness for board one, from one cant

to the next. This sb value is calculated as:

32

E(x, - ,, )2 [10]

N-1

where: i = the boards from a specific saw pocket
N = the number of cants to date

Lastly, total standard deviation (st) in board

thickness measurements is calculated as:

St=%/s[11]
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Equations 4 through 11 have given the formulas for the

important statistics to be derived from each sample. These

statistics are of little practical use without a knowledge

of the types of mechanical problems that cause a specific

statistic to become excessive.

Excessive within board sawing variation is an

indication of edge-to-edge, end-to-end or "snake" problems.

Snake is a term used to indicate the situation where the saw

wobbled or was bent when the material was being fed through

the machine and hence the resultant board is 'S'-shaped.

Wostenberg (1982) listed several mechanical problems as

possible causes for these sawing variability problems.

Some of the causes listed for edge to edge taper are:

dogs not holding securely, debris on block or against knee,

knees out of plumb, and saw line not plumb. Some possible

causes for end to end taper are: overthrow of one or more

of the knees by the setworks, nonlinearity of the setworks,

and improper saw alignment.

Snake can be caused by overfeeding the saw, dull saws,

improper saw strain, improper saw guide pressure, improper

saw fitting, log condition (large knots, pitch, frozen,

etc.), and misaligned saw guides.

Excessive between board-within cant standard deviation

reflects the difference in set thickness for the different

saw pockets in the edger. A trend towards increasing sb
over time indicates that the edger is no longer cutting all

the boards to the same thickness. Control charts for

individual boards would reveal which saw pocket or pockets

were the cause of the problems.

Between board-between cant sawing variability may be

used to determine if there is a trend in the sawing process

occurring due to a difference between cants, e.g. moisture

content, the grade of the log the cant was cut from, frozen

wood, resin content, presence of rot or stain, cant size,
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wood species, wood density, percentage of juvenile wood,

percentage of reaction wood, etc., or a difference between

operators. The individual sb-between cant values may also

be used to detect trends in an individual saw pocket over

time.

Although total sawing variation (st) is the statistic

that is often used for discussing the accuracy of the sawing

processes, it does not have the intuitive meaning that was

discussed for sw and sb. Since st is the square root of the

sum of the within and between board sawing variances, it can

be misleading when used alone to determine the causes of

excessive sawing variation.

For example, two mills may have the same st but can

have quite different sw and sb values. Since excessive sw or

sb values can be representative of very different mechanical

problems, the use of st alone may mislead the technician in

his or her search for specific problems.

One other detail that should be examined by a size

control system, as discussed by Wostenberg, is damage to

boards. This includes puncture, marks and bruises, broken

corners and torn wood fiber. Damage can be caused by dull,

bent and broken saw teeth, puncture of wood by dogs, marks

and bruises by log kickers and turners, or any other damage

due to abusive handling.

After board measurements have been made and data
analysis has been performed, it becomes important to know

how to arrange the data to facilitate detection of problems.

Statistical quality control charts are often used as a
visual tool for examining sample data from repetitive
processes. The theory behind control charts will be
discussed in the section on statistical quality control. A

discussion of control chart use in the forest products

industry will be provided here.
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The construction of a control chart involves taking

measurements from samples of the material of interest and

calculating sample averages and sample variances. Figure 8

shows an example of a standard X control chart for average
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and inner warning limits are drawn in at ±1a. The average

thickness of each subgroup is then plotted in the

appropriate location on the chart as sample data is

obtained.

For data that is normally distributed, approximately

99.74 percent of all observations will occur between the

upper and lower 3a limits. The significance of this value

is that if the true mean of the process (in this case

average board thickness) is equal to the chart's centerline,

and the true standard deviation of the process is the value

that was used to calculate the chart's control limits, then

a point falling outside the limits is an event likely to

occur only [100-99.74] or 0.26 percent of the time.

Given this low probability, it may be assumed that if

the sample averages continue to fall within the limits on

the chart, that the process is "in statistical control".

Under these circumstances there is no reason to assume that

any significant change has occurred within the process.

Should a point fall outside the limits, it signals the QC

engineer that possibly the average thickness or the process

standard deviation has changed. Separate charts for the

average and the standard deviation are used to determine

which of these parameters is the cause of the process
becoming out of control.

The control charts 'R' for range or 's' for standard

deviation are used to track the variability in the process.

The construction of these charts will be discussed in the

section on statistical quality control.

Upon examining a standard control chart such as the one

in Figure 8, a QC technician is able to determine the

average board thickness for each sample and between sample

variability. If the effort is made to separate sample

boards by the machine center that produced them, then a

separate chart could be created for each machine center.
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The QC analyst would be able to determine from examination

of one chart the overall average thickness of sample boards

and the between sample thickness variability for one machine

center.

For gang sawing machines, such as a gang edger,

considerable effort would be required to determine the

sawing variability of individual sets of saws. Sample

boards would have to be taken directly behind the edger, and

the set of saws that produced each board taken would have to

be recorded. To obtain an estimate of between board-within

cant variability, all the boards from a cant would have to

be sampled. To obtain an estimate of between board-between

cant variability for individual pockets of saws, several

boards cut by the same set of saws from different cants

would have to be sampled. Achieving this type of detail in

size control information for gang edgers would obviously

require considerable effort. Measurement of individual kerf

widths would be impossible.

The optical scanning system developed and tested for

this thesis is readily able to provide within board (and

kerf)-within cant variability, between board (and kerf)-

within cant variability, and between board- between cant

variability.

Before constructing X control charts for board

thickness, there is a choice to be made with regards to

calculation of the control limits. There is some

disagreement in the literature as to the best choice of

control limits.

Eagan (1982) makes a recommendation for the use of the

estimated percent skip versus the use of conventional 3a

upper and lower control limits on a control chart to watch

for out of control situations. The critical size may be

used as the lower limit and some other determined value as

the upper control limit. With the critical size as the
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lower limit, the QC engineer knows that material falling

below the lower limit will be undersized and hence will

contain planer skip.

Using the critical size as the lower limit has the

advantage of monitoring the process in a way that may be

more easily interpreted by the non-statistician. The

disadvantage to this method is that it no longer has the

statistical significance attached to the 3a limits. With 3a

limits, the QC engineer knows that points beyond the limits

are statistically rare occurrences, and therefore deserve

attention.
=

On an X chart, the average board thickness (X) may be

used as the center-line and upper and lower limits may be

placed at three standard deviations as previously discussed.

The question arises here as to which standard deviation; sw,

sb, St or some other value, should be used for the
calculation of the 3a limits. There are differing opinions

in the literature regarding the answer to this question.

Whitehead (1978) recommends the use of three control

charts to monitor sawing processes. One chart for average

size (X) and the other two charts for within board sawing

variation and between board sawing variation. Whitehead

recommends the use of Rb (range of between board thickness

measurements- an estimate of ab) for calculating limits on

the X chart. No specific reason was given for the use of lib

versus another estimate of standard deviation in the

article.

Brown (1979) also recommends the use of the same three

control charts to monitor the production process. Brown,

however recommends the use of Ri (range of the average

thickness calculated from each sample- an estimate of ai) to

calculate the upper and lower limits for the X chart.

Brown's method of using follows the procedures

outlined by Duncan (1986), Grant and Leavenworth (1988), and
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Montgomery (1991) in their textbooks on statistical quality

control. Therefore, the procedure followed by this project

will use si (a more accurate estimate of ai than Ri) as a

basis for establishing 3a upper and lower limits for the X

chart.

The advantage of monitoring within and between board

sawing variation with separate control charts, as Whitehead

and Brown suggest, is that a QC technician is given more

information for determining specific mechanical problems

that are causing the excessive sawing variation.

The reason Whitehead, Brown and many others suggest the

use of the range (R) in board measurements rather than the

standard deviation (s) of board measurements is based on

simplifying the calculations. The range is simply the

subtraction of two numbers and hence is far easier to

calculate than is the standard deviation.

Because this project is dealing with an automated

system of collecting and analyzing measurement data, there

is no real need to simplify calculations, particularly since

the standard deviation is a more reliable predictor of

process deviation than is the range (Grant and Leavenworth,

1988). For these reasons, the standard deviation will be

used in this project rather than the range.

Quality control for lumber manufacturing has been
discussed in this section from an application standpoint

more than from the theory behind statistical quality control

(SQC). To fully understand what an SQC program can do for

a mill, and why it works, it is necessary to understand the

theory and methods of SQC.



STATISTICAL QUALITY CONTROL:

Statistical quality control has seen its greatest

developments in the last eighty years, following the

development of an exact theory of sampling. Walter A.

Shewhart of the Bell Telephone Laboratories is the person

first credited with the use of statistical methods for the

purposes of quality control. Shewhart's 1931 text, Economic

Control of Ouality of Manufactured Product, is regarded as

the first textbook discussing the methods of statistical

quality control. Two other men from Bell Labs, H.F. Dodge

and H.G. Romig, were the leaders in developing the

application of statistical theory to sampling inspection
(Duncan, 1986).

Figure 8 in the section on lumber quality control

presented an example of a control chart. Control charts are

powerful tools in the control of processes and quality.

Duncan (1986) defines a control chart as a statistical

device used primarily to study and control repetitive

processes. Control charts are used first, to define the

goal or standard that management is attempting to reach,

second, as an instrument to attain that goal, and, third, as

a means to determine if the goal has been reached. Control

charts therefore are an instrument for specification,

production, and inspection, and when so used, result in

bringing these three phases of industry into unison.

Control charts work on the premise that processes have

an inherent variability. Naturally the goal of most plant

managers is to produce "good" product with zero variability.

For all practical purposes this is an impossibility.

Variation in an industrial process can result from such

assignable causes as differences among machines, workers or

materials, differences in each of these factors over time,

40
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as well as differences in the relationships of these factors

to one another.

Each of the factors mentioned above is within the realm

of control of management to a certain extent. The principle

that statistical quality control bases its theory upon is

chance variation. If chance variations are ordered in time,

they will behave in a random manner (Shewhart, 1931). In

other words, no apparent order such as patterns, cycles or

runs above or below the average will be apparent. In

addition, knowledge of present variation cannot lead to

prediction of future variation, that is observations are

independent of one another.

If variability in the data do not conform to a pattern

that might reasonably be expected when chance causes alone

are at work, then it must be assumed that one or more

assignable causes are at work. In this situation, the

process is termed out of control (Grant and Leavenworth,

1988).

When examining a control chart, the following criteria

are used to indicate that a process may be out of control

(McDowell, 1992):

One or more points outside the 3a limits (or

other UCL and LCL as determined by management) .

Two out of three points above the 2a warning

limits. This suggests that more data be

collected in order to adequately check the

process.

Four out of five points outside the la inner

warning limits.

Seven or eight consecutive points on the same

side of the centerline, i.e. runs above or

below average. Any other cycles or patterns

in the data also deserve closer inspection

of the process.
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It is also important to note that when no points fall

outside the control limits this does not mean that no

assignable causes of variation are present. The only

statement that can be made is that the hypothesis that

chance causes alone are at work is a reasonable hypothesis

and it is likely to be unprofitable to search for any

assignable causes of variability. There are, therefore,

opportunities for making judgment errors in the use of
control charts.

There are two types of errors in the use of control

charts with respect to stating whether a process is in

control or out of control. The first mode of error is

called the type I or a error and arises when a point falls

outside the control limits when the process is in control.

The second form of error is the type II or B error.

This situation is more difficult to detect. Type II errors

arise when a point is within the control limits but the

process is out of control. To quantify type II errors it is

necessary to speculate what the new process value may be.

This will be explained more clearly in the following
paragraphs.

In order to examine these error sources, the operating

characteristic (OC) curve will be defined. The vertical

axis of an OC curve is the probability of accepting a sample

or in other words, not detecting a shift in the process, on

the first sample after the shift occurs. The shift refers

to some aspect of the process, such as a shift of the
processes true mean, range or standard deviation. The

horizontal axis varies with the type of chart (i.e. X, R, s,

etc.). The horizontal axis is the current status of the

process, whether it be the current centering or current

standard deviation.

Figure 9 shows an OC curve for an X chart considering

only positive shifts away from the process average. The x-
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Figure 9. Operating Characteristic curve for X

axis is the current mean value for the process. The plot

shows that there is a probability of 0.9973 of concluding

the process is operating at an average value equal to X,

when it is operating at a process average equal to X.

The interpretation of this result is that if the
process does not shift (ie. remains at then assignable

causes of variability will be sought after, when none are

present, in only 0.27 percent (0.27 percent = Preject = 1Paccept
= 1-0.9973) of the total samples taken. Recall this fact

stands only if the process average does not shift. This

0.27 percent is the type I or a error; the probability of
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concluding the process is out of control when it is in fact

in control and operating at a mean value of X.

The OC curve of Figure 9 also shows that if the process

were to shift to a new process average equal to X plus four

standard deviations, then there is a probability of 0.10 of

accepting the sample, that is, incorrectly concluding that

the process is in control and still operating at an average

value of X. In other terms, the type II or B error of

concluding the process is in control at X when it has in

fact shifted to X + 4a is 0.10.

One other curve that deserves mention here is the

average run length (ARL) curve. This curve shows the

average number of samples that will need to be taken before

a shift to some specified new process average will be

detected. To calculate this value, the probability of a

type II (B) error for the specified shift must first be

determined, and then the ARL is:

ARL = 1

1-13

For the example above, if the process shifts to a new

operating average of X + 4a, this shift will be detected, on

the average, after 1.11 [1/(1-0.10)] samples were taken.

Figure 10 shows the ARL curve that corresponds with the OC

curve of Figure 9.

The number of "false alarms", or the average number of

samples that will be taken before concluding the process is

out of control when no shift has occurred, may also be

determined. For the same example above, 1/(1-0.9973) or

370.37 (on the average) samples will be taken before

concluding that the process is out of control when it is

still in control. Note that this ARL corresponds with

the average number of samples taken before experiencing a

type I error.

[12]
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Figure 10. Average Run Length Curve for Figure 9

The discussion of the theory behind SQC to this point

has been based on an assumption that the data are normally

distributed. It is important to describe this distribution

and to verify the validity of this assumption. The

frequency function that describes the normal distribution

is:
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Where: x = any board measurement value
a = standard deviation of the population of measurements

A = mean of the population of measurements

Equation 13 gives the relative frequency or number of

occurrences of any given thickness value 'x'. Integration

of the above frequency function between plus infinity and

minus infinity results in the cumulative density function.

This cumulative density function equation is:

F(x)

- )2

1 f e 202 cbc

a
[14]

The cumulative density function is the area under the

curve. This area under the curve is used to determine the

probability of observing a measurement that is either above

or below any given 'x' value, or the probability that a

measurement will fall between two given 'x' values.

Tables have been created that give the area under the

normal curve for distributions with mean (A) zero and

standard deviation (a) one. Since these population values

represent only one of the many possible values for A and a,

other distributions must be "standardized" in order to use

the tabular values for a distribution with A equal to zero

and a equal to one. This standardization is accomplished

through the use of the following equation:

z= 25-=-E
a

where: Z = standard normal random variable
A = the mean of the population
a = the standard deviation of the population

[15]

- (x - ) 2

202
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Therefore, given any normally distributed random

variable with mean A and standard deviation a, the

probability (area under the curve) of observing any value

'x' may be found using Equation 15 to calculate 'Z', and

then using the standard normal tables.

For example, if the board thickness distribution is

distributed normally with a mean board thickness equal to

1.563 inches and a standard deviation in board measurements

of 0.020 inches, then the probability of observing a
thickness value below 1.530 inches may be found using the

standard normal tables. The Z value is (1.530 -
1.563)/0.020 or -1.65.

From the tables for the cumulative standard normal

distribution, the probability of observing a point below Z

= -1.65 is 0.0495. In other words, about 5 percent of the

measurements can be expected to be at or below 1.530 inches.

The previous discussion on lumber quality control

discussed that the percent "skip", i.e., the percent of the

material below critical size is found using the normal
distribution. If 5 percent is the allowable amount of skip,

then 1.530 inches would be the critical size when the mean
thickness is 1.563 inches and the standard deviation is
0.020 inches. Recall that the 1.65 value for Z is the same

value used for 5 percent skip in the section on lumber
quality control.

Notice also here that if sawing variation were to
increase from 0.020 inches to 0.040 inches, and if the mean
remains at 1.563 inches and the critical size remains at
1.530 inches, then Z would be -0.825, and the percent

undersized material would increase from 5 percent to over 20

percent! Again, this clearly underscores the importance of

monitoring sawing variation.

It is important to verify that the measurement data is

in fact normally distributed. The central limit theorem
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provides the basis for verifying that board measurement data

are normally distributed. The central limit theorem states

that, regardless of the distribution of the process

(population), averages of samples of size n drawn from the

process will tend to be approximately normally distributed.

The approximation becomes more nearly normal as n increases.

The central limit theorem is directly applicable to

lumber thickness measurements because it is the average

board thickness from a sample of boards that is used in the

construction of control charts, OC curves, etc.. As further

support for the use of the normal distribution, Whitehead

(1978) states that, almost all machine centers in a sawmill

have distributions that are normally shaped.

Once measurement data has been collected, the next step

is to set up the control charts. The sample variance, s2,
is obtained from the sample data. Sample variance is known

to be an unbiased estimator of a2, meaning that the expected

value of the sample variance in the long run is the
population variance. The sample standard deviation, on the

other hand, is not an unbiased estimator of population

standard deviation. In SQC, the value c4 is commonly used

to correct for the bias of s. The formula for c4 is:

r(1-2)

= J

2 2 [ (n-2)/2] !
C4 N n-1 Tit n-1

I
n-1 [(n-3)/2]!

2 [16]

where: r(1) =j(e-zzl-IdE 1>0,0<x<00
0

and
[1] ! =
2 2

(Duncan, 1986)

[17]
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Statistical theory has shown that in the long run, the

standard deviation of the X values, si, will be a/n/c.

Therefore the larger the subgroup size the smaller the

"spread" of the X values (Grant and Leavenworth, 1988).

The average of the standard deviations i, is obtained

from the sample standard deviations. Therefore the final

estimate of a is i/c4nYi.

To=establish 3a upper and lower control chart limits_
for X, X and i are calculated and then:

UCL = + 3 - + AS
Ce4E

LCL = - 3-="4 = - A3S
cern

%
The factor 3/c4n is designated A3 in the tables found

in SQC texts for various subgroup sizes. This is done to

simplify the calculations of the UCL and LCL.

[18]
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An estimate of population standard deviation using the

sample standard deviation is s/c4. As subgroup sizes get

very large, c4 approaches one. For instance, a subgroup

size of five gives a c4 value of 0.9400, whereas a subgroup

size of one hundred gives a c4 value equal to 0.9975.

In order to determine the upper control limit (UCL) and

the lower control limit (LCL) for an X chart, an estimate of

the standard deviation of the means (ai) must be available.

This estimate is made using si, the standard deviation of

the various X values from the grand average X. From the

discussion of lumber quality control, the formula for ails:



as:

LCL = (1 -
C4

a

3 ) s = B3S

[21]

[26]
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To establish 3a upper and lower control chart limits

for s charts, the standard deviation of the various s values

away from i must be estimated. This standard deviation is

known as as, and is approximately:

a 8 12 (n-1)

(Grant and Leavenworth, 1988)

Modern statistical theory gives the exact value of as

The factors B3 and B4 are tabulated in SQC texts for

various subgroup sizes in order to simplify the calculations

of the control chart limits.

The discussion of SQC to this point has focused mainly

on control chart theory, use, and construction. This

CI = [22]

(American Society for Testing and Materials, 1976)

The value of a in Equation 31 is estimated as i/c4.
Therefore the UCL and LCL for s charts are:

UCL = + 3A- 1-r- -f or [23]
c4

UCL = (1 + 3 = Bari [24]
C4

r--YLCL = - 3 1- c4 or [25]
C4
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material is important in this project for knowledge of how

to create software for analysis of the data and for display

on control charts. Another important aspect of SQC that is

crucial to the objectives of this project involves the

subjects of measurement precision, reproducibility, and

accuracy.

Grant and Leavenworth (1988) state that one measure of

the precision of a measuring device is the standard

deviation of repeated measurements performed with the

device. One method to quantify this value with a machine

vision system would be to acquire multiple images of the

same location on an object, make the appropriate

measurements, and calculate the variability in these

measurements. For a machine vision system, the precision

calculated in this way will reveal the overall stability of

the system.

The reproducibility of a measuring device is the

consistency of the pattern of variation of the device's

measurements. Any statement made about the precision of a

measuring device implies that the measurements are

reproducible.

Lastly, the accuracy of a measuring device is how

closely the measurements made with the device conform to the

"true" quantity being measured. For a machine vision

system, accuracy may be calculated as the difference between

the thickness value reported by the system and the true

value. For the optical scanning system discussed in this

thesis, accuracy was measured as the difference between the

system's reported thickness and the thickness obtained using

digital calipers. The digital calipers provided the best

estimate of true board thickness.

Grant and Leavenworth (1988) state that a practical

difficulty in judging accuracy is that the only way to find

the "true" value is by some other method of measurement. In
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this regard, repeated measurements made with digital

calipers are likely to be variable. For this reason, five

different people measured each board, and the "true"

thickness value was taken as the average of the five
measurements.

The section on image processing will discuss the issues

of accuracy, reproducibility, and precision as they are

affected by the resolution of the imaging system used in

this project.

The preceding discussions on lumber production, lumber

quality control and SQC for the analysis of the collected

data naturally lead to a discussion on how this data will be

collected.

IMAGE PROCESSING:

Image processing techniques were used in this project

to filter noise from the camera signal and to find the board

edges for the purpose of calculating board thickness. The

noise filtering techniques will be addressed first.

The frequency of electronic noise was 1.25 MHz. A

hardware noise filter was used to attenuate video signal

frequencies above 500 KHz, prior to being digitized by an

oscilloscope. The effect on edge-detection of the hardware

noise filter was compared against the effects of two digital

noise filters (filters used on digitized images).

Gonzalez and Woods (1992) discuss the use of lowpass

(smoothing), highpass (sharpening), and bandpass digital

filters. The lowpass filters are intended to attenuate high

frequency occurrences, highpass filters attenuate low

frequency occurrences and bandpass filters attenuate a

specific frequency. Since the noise was high frequency,
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highpass filters for noise removal were not considered.

Nyquist's formula (1928), simply put, states that to be

able to detect a characteristic of a certain known

frequency, the sample rate necessary is at least twice that

known frequency. In order to use a bandpass filter to

remove noise with a frequency of 1.25 MHz, a sample rate of

2.5 MHz, or 6.25 times the sample rate possible with the

hardware used would be needed. For this reason, the

bandpass filter was not used.

Lowpass filters were determined to be well suited to

reducing the electronic noise in the digitized images. Two

examples of lowpass filters are an averaging filter and a

median filter.

An averaging filter reduces high frequency noise by

smoothing, or blurring the image. The more pixels (an
acronym for Ricture elements) involved in the averaging

process, the greater the blurring effect. On the other

hand, to remove noise without blurring, the use of a median

filter is preferred (Gonzalez and Woods, 1992).

Figure ha shows the raw image obtained from the
camera. Figure llb shows the effect of a five element

median filter on the noisy image. The median filter is used

by "filtering" small regions of the image at a time. For a

five element filter, each successive, overlapping set of

five pixels is sorted according to ascending or descending
intensity values. A new image is created by replacing the

central value of the five pixel region with the median value

of the five pixels.

The number of elements used is optional. In general,

using larger numbers of elements results in a higher degree

of smoothing. The effect of this smoothing can be
deterioration of edges, and hence difficulty in correctly
locating the edges. A pilot study was conducted to
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Figure 11. Raw camera image of the plastic cant (a) and
a median filtered image (b).
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Figure 12. Five-element median and average filters for
noise reduction

determine the effects of three, five, and nine element

median and average filters on edge-detection.

Figure 12 helps to illustrate the use of the median and

average filters. The filtered image created using a five-

element median filter is comprised of the median of each

successive, overlapping set of five pixels. The average

filtered image is comprised of the average pixel intensity

from each successive, overlapping set of five pixels.

The blank cells are left on the left end of the image

in Figure 12 because of the "border effect" that exists when

33.2131.61

55

34 35 35 34 30 33 30



56

using a digital filter on an image. The first place a five

element filter may be positioned is at pixel three, and the

last place the filter may be positioned is three pixels

before the last pixel in an image. Therefore, when using a

five element filter, there are two border pixels at each end

of the image. If a three element filter were used there

would be a border of one pixel on either end, and with a

nine element filter there would be four pixels on either

end.

A few options are available for handling these border

pixels. For this project, the border pixel values were

simply copied from the original image. That is to say, the

first set (one, two, or four pixels) and the last set of

pixel intensity values in the filtered image were taken

directly from the original, unfiltered image. It is highly

unlikely that a noise spike contained in the unfiltered

border region will have an adverse effect on edge-detection.

It can be seen from Figure 12 that the median filter

removes isolated noise spikes whereas the use of an average

filter results in more of a smoothing effect on the image by

causing a gradual change in intensity at noise spikes. This

smoothing effect is an important concern particularly for

edge detection. Just as with element size, a noise filter

that, by nature, results in smoothing the image, may make

edge-detection difficult.

Figure 13 demonstrates the effect of one pass of a

median filter, and one pass of an average filter on the raw

(noise corrupted) image. The graph shows a magnified view

of a portion of a board (high intensity) and kerf (lower

intensity). The three images (raw, median filtered, and

average filtered) correspond closely where there is little

change in intensity, such as on the top portion of the

board. However, where there is a large noise spike in the

raw image, the average filter reduces the intensity of the
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Figure 13. Effect of median filter and average filter on
raw image.

spike, but does not remove the spike. This "valley" created

by the average filter might be falsely classified as a board

edge by an edge detection algorithm. The median filter

completely removes the noise spike, thereby providing a

greater likelihood for correctly detecting the board edge.

The circled portion of Figure 13 is the region where

the board edge may be expected to be located. It can be

seen here that the filters result in a slight distortion of

the edge. While it is very difficult to discern the

different images on the graph in Figure 13, the two lines

that closely coincide at the edge are the raw image and the

median filtered image. The average filtered image truncates

57
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the edge somewhat, i.e. provides for a greater degree of

edge smoothing in this instance.

It may appear from this discussion that the median

filter would be a superior choice over the average filter

for noise reduction when followed by edge-detection. There

is a machine vision axiom stating that what the human eye

may perceive to be the best image may not necessarily

coincide with the optimal image for a computer algorithm.

Therefore, the final experiment to determine system accuracy

was conducted using both noise reduction techniques.

After the noise was filtered from the image, the next

step was to extract the board edge information. Three types

of edge detectors were explored in this project. They were:

Lee's sigma algorithm (Lee, 1983), a Sobel algorithm

(Gonzalez and Woods, 1992), and a template matching/

correlation algorithm (Gonzalez and Woods, 1992).
Lee's sigma algorithm (Lee, 1983) was chosen for edge

detection in the previous study by Aslam (1990). Lee

originally designed the sigma algorithm to filter speckle

noise from synthetic aperture radar images. The sigma

algorithm is based on the premise that most image noise has

a Gaussian distribution.

The theory behind the sigma algorithm is that any

intensity values in a region of the image that are not

within some specified standard deviation (sigma) must be

from a statistically different population (e.g., the noise

population versus the image population). Because the
intensity values are from a different population, they are

not considered in the calculations to create the filtered

image. Lee expanded the sigma algorithm concepts for use in

finding the magnitudes of gradients within an image.

Magnitudes are found using the sigma algorithm after

first separating the pixels within successive regions of the

image into three distinct sets. The regions are consecutive



I + /B C

B +
'A
N

where: I, = sum of the pixel intensities in set *
N, = the number of pixels in set *
M = the edge magnitude

Therefore, if there are more pixels in a region with

intensity values greater than the central pixel intensity

value plus A standard deviations (set A), then the magnitude

of the edge at that point is the average intensity of the

other pixels in the region (sets B and C) minus the average

intensity of the pixels in set A. If there are no pixels

above and below the center value plus A (no pixels in sets.

A or C), then A is reduced until there are some pixels in

sets A and C. Pixels are then reassigned to the three sets

so the edge magnitude may be calculated.

Figure 14a shows the median filtered image, and Figure

14b is a plot of the edge magnitudes as calculated using the

[27]
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sets of overlapping pixels, as discussed above in reference

to the noise filters. The three sets of pixels are

comprised of pixels whose intensity values correspond with

the values of the set descriptions:

Set A = pixels with values > xi + Ak
Set B = pixels with values < xi - Ak
Set C = pixels with values xi - Ak

pixels with values 5 xi + Ak

where: xi = central pixel intensity value
Ak = specified sigma

The edge magnitudes are calculated based on which of

these three sets has the highest average intensity value.

For example, if there are more pixels in set A than set C,

then the edge magnitude is:
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sigma algorithm. To determine the exact location of the

board edge, the point where the magnitude crosses the x-axis

(a zero crossing) is used. For example, the first board

edge is between pixels forty-one and forty-two, therefore

the first board edge is at location 41.5.

A, Sobel algorithm was the second technique used to find

board edges. This technique is also known as a derivative

algorithm (Gonzalez and Woods, 1992) because it finds the

first derivative at each location in the image.

The Sobel algorithm used for this project involved nine

elements. Nine elements were chosen after several trials

using smaller and larger numbers of elements. Smaller

elements sizes created a high sensitivity to the minor

differences in intensities between adjacent pixels. This

sensitivity resulted in finding large magnitudes throughout

most of the image, thus making it difficult to distinguish

the true edges from the extraneous edges.

The function of the Sobel algorithm is shown in Figure

15. The "mask" is placed over every pixel in the image with

the exception of the borders. The pixel intensities in the

region covered by the mask are multiplied by the numbers in

the mask. The edge magnitude is then the sum of these
products.

Figure 16a shows the median filtered image and Figure

16b is the plot of the edge magnitudes as found using the

Sobel algorithm. The edge locations are determined by

finding the locations of the peaks in the magnitude plot.

These peaks are the points of highest magnitude, i.e., where

the rate of change of light intensity is the greatest. The

highest rate of change of light intensity corresponds with

the edges of the boards.

The template matching/correlation algorithm was chosen

for edge detection due to the repeating patterns present in

the images (Gonzalez and Woods, 1992). The correlation
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Figure 15. The Sobel filter for calculating edge
magnitudes

algorithm works by correlating the image to a pattern
designated here as a template. The construction of the

template was based upon the user-specified board and kerf

sizes. The template is "moved" over the image and a high

correlation coefficient is found wherever the template most

closely matches the image.

Figure 17 shows the function of the correlation

algorithm as well as the shape of the template used. The

template is a binary structure, that is, comprised of only

ones and zeros. The board portion is all ones and the kerf

portion is all zeros.
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The number of pixels comprising the board portion of

the template is calculated as the board thickness set for

the saws, divided by the spatial resolution. The size of

the kerf portion is determined similarly. For example, if

the user specifies boards to be 1.5 inches and kerf to be

0.20 inches and the spatial resolution is 0.0156

inches/pixel, then the template would be constructed as

1.5/0.0156 or ninety-six pixels set to one followed by

0.20/0.0156 or thirteen pixels set to zero.

A series of trial runs performed using the correlation

revealed that the algorithm would benefit from using a range

in board and kerf thicknesses to construct several

templates. Therefore, three templates were constructed.

The first template was constructed from the user-specified

board and kerf thicknesses as previously discussed. The

other two templates were constructed from the user-specified

board thickness ± five pixels, and kerf thickness ± five

pixels, respectively.

Each of the three templates were correlated to the

image in the same way that the Sobel algorithm was used.

The correlation function is the sum of the products of the

template with the image intensities covered by the template.

Since the template is a binary function, the correlation

function is simply the sum of the pixel intensities covered

by the "board" portion of the template (the products of the

kerf portion are all zero).

A final correlation function was created as the maximum

correlation value at each pixel location from the three

correlation functions. Using the maximum value from each

function caused the final correlation function to be the

points of highest correlation that resulted from the three

different templates. There is a high correlation wherever

the "shape" of the image most closely resembles the shape of

the template, i.e., where there is an edge.
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Figure 17. Median filtered image of the plastic cant (a)
and edge magnitudes from a correlation
algorithm (b). Template shape used for
correlation also shown.
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There are two correlation functions in Figure 17b

because the "left" or positively sloped edges of the boards

are found by passing the template over the image from left

to right, resulting in one correlation function, whereas the

"right" or negatively sloped edges of the boards are found

by passing the template over the images from right to left,

resulting in the other correlation function. Board edges

are found by determining the location of the points of

highest correlation, apparent as the "peaks" of the

correlation functions.

After edge detection, board and kerf thicknesses were

calculated by multiplying the number of pixels representing

the board or kerf by the spatial resolution. For example,

if the first edge of a board was determined to be at pixel

41.5 and the next edge was determined to be at pixel 137,

then there would be 95.5 pixels comprising the board. If

the spatial resolution was 0.0156 inches per pixel, then the

board would be 95.5 pixels * 0.0156 inches/pixel or 1.4820

inches thick.

Successive images acquired of the same location on the

cant resulted in some variability in the thickness

measurements. It is this variability that was referred to

in the first objective of the study; to quantify the
variability in measurements inherent in the system. The

second objective of the study was to quantify the

measurement accuracy of the system when given a range of

conditions.

Quantifying and understanding the causes of variability

in measurements for this system obviously involves the

variables used in the thickness calculations. The two

variables involved in calculating thickness are the number

of pixels in a board, and the spatial resolution. The

number of pixels comprising a board is a function of the
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combined effects of the noise reduction algorithms and the

edge-detection algorithms discussed previously.

The use of the median filter, average filter, and the

hardware filter followed by either Lee's sigma algorithm,

the Sobel algorithm or the template matching/correlation

edge-detection algorithms was designed to determine the

combined effect on measurement precision and accuracy. This

methodology is intended to quantify the software measurement

variability caused by differences in determining the number

of pixels comprising a board.

The other variable in thickness calculations, spatial

resolution, is also directly related to the precision of

measurements. It is important to understand how spatial

resolution is determined and how it may be adjusted to

increase measurement accuracy and precision.

Spatial resolution of the imaging system is calculated

by dividing the field of view of the camera, in real world

dimensions, by the number of pixels representing the image.

The number of pixels representing the image depends on the

sampling rate used when digitizing the image.

To be able to use a computer to process images, the

images must first be digitized both spatially and in

amplitude. The output of the camera is an analog signal (a

continuous function). Digitization is essentially a

sampling of the camera signal. The spatial digitization is

called image sampling and the amplitude (intensity)

digitization is called quantization (Gonzalez and Woods,

1992).

Funck et al. (1989) discuss accuracy, precision,

repeatability and the various types of resolution to be

considered when working with machine vision. Image

resolution, camera resolution, and algorithm resolution may

all be considered when attempting to increase the

measurement accuracy of a machine vision system.



68

One method to increase the measurement accuracy of the

vision system would be to increase the spatial resolution.

This may be accomplished through changing the existing image

acquisition hardware or by physical adjustments of the

existing hardware.

An example of changing the existing image acquisition

hardware would be to obtain a higher resolution camera.

Cameras are now available that have an array length of ten

thousand pixels versus the array length of 1024 pixels used

in this study. The use of a higher resolution camera would

result in increased measurement accuracy by using a larger

number of pixels to represent the same amount of image

information as a camera with lower resolution.

The second method of achieving higher resolution

involves the same general idea of representing the image

with an increased number of pixels, however the same camera

as used in the original study may be used. The higher

resolution will be obtained by moving the camera closer to

the surface of the boards. The result of this hardware

adjustment is to decrease the field of view while keeping

the image resolution approximately the same, thus increasing

the spatial resolution.

Increasing measurement accuracy through obtaining a

higher resolution camera was prohibitively expensive for

this project. This project used the highest spatial

resolution possible while still allowing for seven boards

1.5 inches thick, with 0.25 inches of kerf between them to

be within the camera's field of view. Obviously, very high

spatial resolution could be attained by placing the camera

so close to the cant that only one board was within the

field of view. This configuration was not used because it

would not allow for a test of the system's ability to

measure multiple boards and kerf.



69

The literature review has provided the details of

lumber manufacturing to describe where this automated lumber

measurement system would be useful in a sawmill. Lumber

quality control was discussed to aid in understanding why

this data acquisition, analysis, and display system would be

beneficial to a sawmill. Statistical quality control was

reviewed to aid in understanding how measurement information

was to be analyzed, displayed, and most importantly, used.

Lastly, image processing techniques were discussed to reveal

how a video camera was used to provide board thickness

information.

The section on image processing was presented last

because it contains information regarding the variables

involved in the tests of the vision system's capabilities

and limitations.



MATERIALS & METHODS

Figure 18 shows the arrangement of the hardware used

for the measurement system. The system hardware includes a

Saab 1024 element, gray-scale, line-scan video camera, a

Tektronix digital oscilloscope, a Krohn-Hite hardware noise

filter, three lights, and a PC equipped with a GPIB card to

interface with the oscilloscope.

The oscilloscope was used for digitization rather than

a PC digitizer board primarily due to the oscilloscope's

availability and cost concerns.

Figure 18 also shows the plastic cant used for

calibration purposes. The cant was composed of seven boards

each 1.5 inches thick with 0.25 inches of kerf between them.

Two wooden cants were also created for the project.

The wooden cants were composed of six 2x4's, eight feet
long. The wooden cants contained boards with wane, knots,

bark pockets, pitch pockets, and splits to be used for

testing the system's ability to handle relatively realistic

measuring situations. One cant was composed of smooth

boards, the other cant contained rough boards.

The measurement precision was determined for one of the

wooden cants in addition to the plastic cant to determine

the difference in system induced measurement variability

between the plastic and a wooden cant.

The line scan rate of the camera was 400 Hz or a period

of 2.5 ms (milliseconds) per image line. The highest

oscilloscope sampling rate that would allow for the entire

field-of-view of the camera to be digitized was 400 KHz. At

this sample rate, the oscilloscope scanned 1024 points

(pixels) in 990.5 As (1 As = lx10-6 seconds). Consequently,

the oscilloscope provided one pixel of information in

approximately 0.97 As (990.5 As/1024 pixels). The camera
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Figure 18. Configuration of system hardware and a sketch
of the plastic cant.

produced a full image in approximately 808.0 As. Therefore,

each digitized image contained approximately 833 pixels

(808.0 As/ 0.970 As per pixel).

The field of view of the camera with a working distance

of 22.25 inches (vertical distance between the camera lens

and the cant surface) was thirteen inches. Therefore, the

spatial resolution was 833 pixels per thirteen inches or

64.07 pixels per inch (ppi) which is equivalent to

approximately 0.0156 inches per pixel.

A software program was written to command the

oscilloscope to digitize the live camera signal and save the

raw (unfiltered) data in a file. Figure ha presented a

plot of the raw camera data.

Once the images were acquired, it was necessary to

filter the electronic noise, locate the board edges, perform

the thickness calculations, calculate the summary statistics
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and then display the control chart data. Software was

written to perform all of these tasks.

Electronic noise was filtered from the images using

three different techniques. The first technique filtered

noise prior to digitization using the hardware filter shown

in Figure 18. As was mentioned in the literature review

section on image processing, the frequency of image noise

was 1.25 MHz. Based on this noise frequency, the hardware

filter was adjusted to gradually attenuate frequencies above

500 KHz.

The other two techniques for noise filtering were

digital, lowpass filters. These filters operated on the

images after digitization, therefore requiring the hardware

filter to be bypassed. One of the filters was a median

filter, the other an average filter. The function of these

filters was discussed in the literature review section on
image processing.

After noise filtering, edge-detection was performed.

This was also done via three different techniques. The

three edge-detection algorithms were Lee's sigma algorithm,

a Sobel algorithm, and a template matching/correlation

algorithm. These algorithms were also discussed in the

literature review section on image processing.

Up to this point, no limits were placed on the location

of edges. That is, the edge-detection algorithms were

written to provide the location of any pixel that appeared

to be a board edge, regardless of whether or not the edge

location coincided with the user-specified board and kerf

thicknesses.

To clarify the above statements, if the user had
specified that the saws were adjusted to cut boards 1.5

inches thick with a kerf of 0.20 inches, then the

approximate location of board edges should agree with the

locations of the saws. If two board edges were found that
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were only 0.5 inches apart, it may be assumed that an edge-

detection error had been made.

One objective of this project was to create techniques

for detecting and eliminating measurement errors.

Measurement errors may be caused by mis-classifying dark

objects such as knots, bark, pitch pockets or voids as board

edges. Errors may also be caused by failure to detect an

edge. This problem may arise when slivers, sawdust, etc.,

block a kerf line. An "edge-clarification" algorithm was

developed to compare the arbitrary edge locations reported

by the edge-detection algorithms to the edge locations that

corresponded with the user-specified board and kerf

thicknesses.

The edge-clarification algorithm returns the edge

locations that most closely agree with the expected edge

locations. Therefore, if a knot, void, or other

characteristic was mis-classified as an edge, the

clarification algorithm would disregard that edge location.

The edge-clarification algorithm is only able to
eliminate errors when more than one edge is found in the

vicinity of the correct edge. In the event that the
incorrect edge is the only edge found, then the edge-

clarification algorithm will report the incorrect edge. The

software that calculates board thickness is then left with

the responsibility of eliminating errors of this kind.

The thickness calculation function reports an error

whenever the board thickness is greater than 1.5 times the

user specified thickness, or less than 0.5 times the user-

specified board thickness. In addition, an error is

reported whenever a kerf measurement is in excess of twice

the user-specified kerf thickness. An edge has to be
grossly in error before it will be detected with these

liberal limits. The limits were created this way due to the

gross variability present in the sample boards. For the
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sample boards, more conservative limits resulted in

excessive reporting of errors.

In the event that edges were completely missed, such as

might occur if sawdust or a sliver blocked the kerf line,

then the board would be reported as approximately twice the

expected thickness. The error trapping technique mentioned

above that reports errors for board measurements in excess

of 1.5 times the expected thickness is expected to eliminate

the error that would result from a blocked kerf line.

After board edges were located, thickness was

calculated for each board within the cant. From a set of

successive images of a cant (a sample), the summary

statistics were then calculated and displayed.

PILOT STUDY:

Ideally, successive images captured of the same

location on a cant would have zero variability in their

measurements. Unfortunately, the effects of digitization,

signal instability and electronic noise contributed to

variability in thickness measurements even when the

measurements were made at the same location on a cant. For

this reason, the first objective for this project was to

quantify the measurement variability inherent in the system.

Preliminary tests revealed a significant amount of

measurement variability caused by variables such as

lighting, amplitude quantization rate of the oscilloscope,

and digital noise filter element size. This variability was

confounded by the variability between successive images

caused by the factors of signal instability, digitization,

and noise mentioned above. The pilot study was conducted to

determine system variability and the system settings
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(lighting, scope, etc.) that would allow for minimal system

induced variability. These optimal system settings were

then to be used in a final test of measurement accuracy for

two wooden cants.

One hundred static images (e.g., "line A" in Figure 18)

were captured of the plastic cant and of a defect-free

location on the wooden cant. Images were captured for all

combinations of two different lighting arrangements and four

different amplitude quantization rates. Noise was filtered

either prior to digitization via the hardware filter, or

after digitization via one of three different sizes of

median filter (three, five, or nine elements), or one of

three different sizes of averaging filter (three, five, or

nine elements).

One lighting arrangement used just the two side lights

shown in Figure 18. The other lighting arrangement used the

center light in addition to the two side lights. The center

light alone produced universally poor results, and therefore

was not considered as a third possible lighting arrangement.

These two lighting arrangements were chosen after several

trials using other possible arrangements.

The amplitude quantization rates used were 1 V, and 500

my vertical seconds per division for the wooden cant.

Quantization rates for the plastic cant were 100 my, 200 my,

and 500 mV vertical seconds per division. The quantization

rate represents the range in intensity, in volts, between

the minimum intensity (dark) regions of an image and the

maximum intensity (bright) regions of an image. Larger

voltages result in lower intensity ranges for the digitized

image. Many other quantization rates were tested, but

failed to provide even mediocre results.

System induced variability, hereafter designated as ss,

was calculated as the average within board thickness

standard deviation (-sw) from the 100 measurements. Under
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normal operating circumstances, when the boards would be

moving under the camera, the sw value would represent the

thickness variability along the length of the boards. For

static objects, the value the system reports as within board

standard deviation actually represents the measurement

variability inherent in the system. The average value,

was used because there is a separate sw value for each board

in the cant. The lowest ss value was recorded for each

noise filter/ edge-detection algorithm combination. The

lighting configuration, quantization rate, and noise filter

element size that led to the lowest ss value were recorded

for use in the final study.

FINAL STUDY:

The final study was performed to quantify the

measurement accuracy of the system when used on a smooth

wooden cant and a rough wooden cant. Accuracy was

determined using combinations of the three noise filtering

techniques with the three edge-detection algorithms. The

ability of the system to measure clear wood, as well as

boards containing wane, knots, bark, bark pockets, pitch

pockets and splits was assessed.

Twenty locations were marked on each of the two cants.

Five people made hand measurements using digital calipers

for each board at each of the twenty locations (six boards

* 20 locations = 120 measurements on each cant for each

person). Caliper precision was reported to be 0.0005

inches. The average thickness from the five hand

measurements for each board at each location was used as the

best estimate of the true board thickness.
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Images were then acquired of the twenty locations along

the length of both cants. The optimal system settings of

lighting, oscilloscope quantization rate and digital noise

filter element size for each combination of noise filter and

edge-detection algorithm determined in the pilot study were

used in the final study. Measurement bias for the system

was then calculated as:

bias = system's reported measurement - average of 5 hand measurements

[28]

The average bias over all 120 measurements for each

cant was not used as the measure of system accuracy because

the author felt that this value gave a misleading

representation of the system's capabilities. For several of

the algorithm combinations, the average bias over all 120

thickness measurements was nearly zero, indicating perfect

accuracy. The author felt that the average of the absolute

values of the biases was a more appropriate measure of

system accuracy.

Overall accuracy for each cant resulting from each of

the nine noise filter/ edge-detection algorithm combinations

was calculated as:

120

lbiasil
accuracy -

120

[29]



RESULTS & DISCUSSION

PILOT STUDY:

Tables 1 and 2 report the optimal filter size,

amplitude quantization rate, lighting arrangement, and the

system induced measurement variability obtained in the pilot

study. In the tables, "size" refers to the number of pixels

in the digital noise filters (median and average).

Amplitude quantization rate is "q.r.", and ss is the system

induced measurement standard deviation.

Table 1. Optimum system settings and precisions resulting
from pilot study for the plastic cant.
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1 Edge-detection algorithm

Noise
Filter

Sobel Template Lee's sigma

median size = 3-element
q.r. = 200 mV vert.

sec/div, 2 side lights
only

ss = 0.009055 in.

size = 3-element
q.r. = 200 mV vert.

sec/div. 2 side lights
only

ss = 0.008676 in.

size = 5- element
q.r. = 500 mV vert.

sec/div, 2 side lights
only

ss = 0.010450 in.

average size = 9-element
q.r. = 200 my vert.

sec/div, 2 side lights
only

ss = 0.010144 in.

size = 9-element
q.r. = 200 mV vert.

sec/div, 2 side lights
only

ss = 0.011702 in.

size = 5-element
q.r. = 500 mV vert.

sec/div, lights-2 side
+ 1 center

ss = 0.011688 in.

hardware q.r.= 100 mV vert.
sec/div, lights-2 side

+ 1 center
ss = 0.005921 in.

q.r. = 100 mV vert.
sec/div. 2 side lights

only
ss = 0.001732 in.

q.r. = 200 mV vert.
sec/div, lights-2 side

+ 1 center
ss = 0.007256 in.



Table 2. Optimum system settings and precisions resulting
from pilot study for the smooth wooden cant

Figure 19 helps to clarify how the values were obtained

in Tables 1 and 2. It shows the range of ss values obtained

in the pilot study using the sigma edge-detection algorithm

on one of the wooden cants. The values for the sigma edge-

detection algorithm in Table 2 were obtained by finding the

lowest measurement deviation values for the three types of

noise filters. As an example, for the three sets of bars

representing the average filters, the best precision was

obtained with a nine-element filter, with 1 V vertical

seconds per division quantization rate, and side lighting

only. Other values for both tables were obtained in a
similar manner.

The results for the pilot study in their entirety are

provided in Tables 4 through 13 in Appendix A. These tables

reveal that several runs for the plastic cant resulted in a

measurement failure. Measurement failure in this sense

indicates that noise filtering and edge-detection
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Edge-detection algorithm

Noise
Filter

Sobel Template Lee's sigma

median size = 3-element
q.r. = 500 mV vert.

sec/div, 2 side lights
only

ss = 0.008984 in.

size = 3-element
q.r. = 500 mV vert.

sec/div, lights-2 side +
1 center

ss = 0.015048 in.

size = 3-element
q.r. = 1 V vert.

sec/div, lights-2 side
+ 1 center

ss = 0.011513 in.

average size = 9-element
q.r. = 500 mV vert.

sec/div, 2 side lights
only

ss = 0.008347 in.

size = 3-element
q.r. = 1 V vert.

sec/div, lights-2 side
+ 1 center

ss = 0.010542 in.

size = 9-element
q.r. = 1 V vert.

sec/div, 2 side lights
only

ss = 0.018818 in.

hardware q.r. = 500 mV vert.
sec/div, 2 side lights

only
ss = 0.006310 in.

q.r. = 500 mV vert.
sec/div. 2 side lights

only

ss = 0.001641 in.

q.r. = 1 V vert.
sec/div, lights-2 side

+ 1 center
ss = 0.010021 in.
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Figure 19. System induced measurement variability using
Lee's sigma algorithm on the smooth wooden cant

performance was so poor that the error trapping software

eliminated all 100 readings from consideration and reported

that no boards had been found.

The pilot study also revealed the problem of not

reporting measurements for all the boards present in the

cant. This situation occurred fairly often with the sigma

algorithm, and occasionally with the template matching

algorithm. This problem was most often the result of

failing to detect the outermost edges on the cant. In some

instances, circumstances were so poor that several edges

were not detected and the system reported measurements for

far fewer boards than were actually present. The error
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trapping software did not detect this sort of error because

in the event that no edges are found within the range of a

specific pocket of saws, it is assumed that no board is

present.

The specific pilot study configurations that led to

failure (errors in all or nearly all of the readings) or

missed board measurements were not used in the final study.

The system configurations that led to the highest and

lowest measurement variabilities were found with the wooden

cant. The hardware noise filter coupled with the template

edge-detection algorithm allowed for a very high measurement

precision of 0.001641 inches. For the same set of 100

images of the wooden cant, the average noise filter coupled

with the sigma edge-detection algorithm provided for an ss

value of 0.018818 inches.

Several things were revealed from the pilot study. The

first is that there is a substantial effect on ss caused by

lighting configuration, amplitude quantization rate, and

digital noise filter element size. Figure 19 demonstrates

this variability.

Secondly, there appears to be substantial variability

in ss values between the nine different noise-filtering/

edge-detection algorithm combinations. In this study, the

hardware noise filter allowed for lower ss values than the

other two noise filters, particularly when used with the

template edge-detection algorithm. No gross differences

were evident due to edge-detection algorithms alone.

Lastly, given that the spatial resolution was

approximately 0.0156 inches per pixel, even the least
precise hardware/software combination resulted in

variability just over 1.2 pixels. Given the ss values

obtained in the pilot study, overall measurement accuracy

for the final study cannot be expected to be better than

approximately 0.010 inches, as this is the average
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variability induced by the system for all noise filtering/

edge-detection algorithm combinations.

DISPLAY SOFTWARE:

One objective of the project was to create display

software capable of presenting the very detailed size

control information the system can provide. Figure 20

presents an example of the display software.

Figure 20 is an on-line X control chart for board

thickness. The target board thickness (centerline)

specified by the user was 1.48 inches. The upper and lower

3a limits were based on a user-specified sample size of six

and a historical standard deviation of 0.030 inches.

While the control chart in Figure 20 may appear
somewhat confusing in black and white, the display software

is written to provide color output, and hence is much less

confusing on a color display. A vertical column of numbers

one through six (a six board cant) is the output of one

sample. The chart in Figure 20 displays the results of

eight samples.

The numbers one through six correspond with the pocket

of saws that created the board. The software was written to

detect the physical location of the cant within the edger.

An eight inch wide cant fed through the far left side of the

edger, for example, may only use saws one, two, three and

four to create three boards. If the same cant had been fed

through the edger in some other location, different saws

would be used to create the boards. It is important that

the control chart reflect which set of saws created the

boards being measured.
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Figure 20. On-line X control chart for board thickness

A considerable amount of information can be obtained

from the chart in Figure 20. The spread of one vertical

column of numbers is the between board- within cant

thickness variability. This variability is shown on the top

of the chart as Sb-wc

There is a separate within board variability for each

board in the cant. The average within board thickness

variability within each cant is shown on the top of the
chart as iwc.

The thickness variability for a pocket of saws from one

cant to the next is evidenced as the vertical difference

between two identical numbers, from one column to the next.

For example the vertical difference between successive

number 3's is the between cant thickness variability created

by saw pocket 3. Again, there is a separate value for each

saw pocket, thus the value reported is an average value for
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all saw pockets. This value is shown on the top of the

chart as -Sb-bc

A chart with the same type of detailed information is

available for kerf width, between board standard deviation,

and within board standard deviation.

The charts described above are "live" charts, that is,

the charts continually update as measurements are taken.

The centerline and control limits for the live charts are

based upon the user-specified parameters of target board and

kerf thicknesses and either known or desired process
standard deviations. The centerline and control limits are

designated this way so that the operator could readily

determine if the process was performing as desired.

Control charts could also be viewed for historical

data. The limits on the historical data charts are based

upon the actual mean value of the process and the actual

standard deviation during the time period the samples were

being collected, rather than known or desired values.

FINAL STUDY:

System measurement accuracy was calculated as the

difference between board thickness reported by the system

and the true board thickness. Equation 29 presented the

formula used to calculate accuracy. True board thickness

was calculated as the average of hand measurements made by

five different people. Because each person made only one

measurement at each location, it is not possible to

calculate measurement variability on an individual basis.

Brown (1982a) estimates the measurement standard deviation

for an individual making repeated measurements to be

approximately 0.005 inches. The overall measurement
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standard deviation between the five people was approximately

0.011 inches. This variability was very close to the

average system induced standard deviation determined in the

pilot study as approximately 0.010 inches.

In order to assess the accuracy for measuring clear

wood as well as for measuring boards containing defects, the

characteristics of each board at each measurement location

were recorded. Table 14 in Appendix A presents a

description of the characteristics of the smooth cant.

Table 15 in Appendix A provides a similar description of the

rough cant.

Table 3 provides a summary of the results of the final

study excluding the boards that contained wane. The reason

for excluding these boards will be discussed later.

Accuracy reported in the table is the overall accuracy (for

all boards and all measurement locations) in inches. The

"Error at location" column reports the individual locations

(1-20) along the length of the cant where the error trapping

software reported an error and therefore did not report a

measurement. It is important to note here that the error

trapping software reports errors for locations and not for

individual boards, and therefore an error is reported for

all the boards at that particular location.

The number of errors reported by the system for each of

the algorithm combinations is important when considering

measurement accuracy. Algorithm combinations that provide

for moderate accuracy, but are not robust to errors are of

little value. The template/ correlation algorithm when used

with any of the noise filtering techniques appears to fit
this description. The template algorithm provided for the

lowest overall accuracy and the greatest number of errors.

The Sobel edge-detection algorithm, when used with a 9-

element average filter, provided for the highest overall

accuracy and the fewest measurement errors. This was the



Table 3. Measurement accuracy for noise filter/ edge-
detection algorithm combination and location of
measurement errors.

case for measurements made on both the smooth and the rough

cant. Average overall accuracy for the Sobel edge-

detection/ average noise filter combination on the smooth

cant was 0.041387 inches, or approximately 2.65 pixels.

Average overall accuracy for the Sobel edge-detection/

average noise filter combination on the rough cant was

0.047580 inches, or approximately 3.05 pixels.
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Edge-
detection
and Noise
Filter

Smooth Cant Rough cant

Accuracy
(in.)

Error at
location:

Accuracy
(in.)

Error at
location:

Sobel-
Median

0.05047 10, 18 0.062415 6, 12, 13, 14,
15, 18

Sobel- 0.041387 10 0.047580 13
Average

Sobel-
Hardware

0.049459 10, 11 0.051319 6, 11, 12, 13,
14, 18

Template-
Median

0.065794 10, 19 0.065551 6, 8, 13, 14,
16, 17, 18, 19

Template-
Average

0.075925 4, 6, 9, 10,
11, 14, 20

0.069378 3, 6, 9, 10,
11, 12, 13, 14,
16, 17, 18, 19

Template-
Hardware

0.074769 2, 4, 8, 9,
10, 12, 13,
14, 17, 18,
19, 20

0.067439 5, 6, 7, 12,
13, 14, 16, 17,
18, 19

Sigma- 0.051352 2, 10 0.061740 17
Median

Sigma- 0.052047 10 0.055281 2, 6
Average

Sigma- 0.073605 1, 2, 10 0.053936 17
Hardware
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All of the edge-detection/ noise filtering combinations

reported an error at location ten on the smooth cant. In

all cases, the pitch pocket on board two (see Table 14,

Appendix A) was the cause of this error. The error-trapping

software was able to detect a measurement error and
disregard the measurements made at this location. This

particular pitch pocket was the only defect that caused the

system to report an error for all combinations of edge-

detection and noise filtering algorithms. The other errors

listed in Table 3 were particular to individual edge-

detection/ noise filtering combinations. For example, the

sigma edge-detection/ hardware noise filter algorithm

combination reported an error due to the small knot at

location one on the smooth cant, whereas none of the other

combinations experienced any difficulty with this particular

defect.

The measurement errors reported for the rough cant did

not follow a pattern that can lead to broad generalizations

for performance of the algorithm combinations. For

instance, the sigma edge-detection algorithm experienced no

difficulty with location thirteen whereas the other two
edge-detection algorithms reported an error at this
location. Furthermore, the causes of the error are
different for the Sobel algorithm than for the template
algorithm.

For the Sobel algorithm, the small split on board one

was mis-classified as a board edge and the error resulted

from board one being reported as excessively thin. This

incorrect edge should have been eliminated by the edge-

clarification algorithm. For the template algorithm, the

error was due to kerf one being reported as excessively
wide. Again, the edge-clarification algorithm failed to

disregard the incorrect edge. More specifically, for both

the Sobel and the template edge-detection algorithms, the
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edge-clarification algorithm eliminated the correct edge,

and reported the incorrect edge. The sigma algorithm did

not experience an error at this location because the only

edge located was the correct edge. The sigma algorithm's

threshold eliminated the incorrect edges that caused the

errors for the other two edge-detection algorithms. For the

Sobel and the template algorithms, the edge-clarification

algorithm succeeded in causing errors rather than

eliminating them.

The edge-clarification algorithm relies heavily on

uniformity in the images with respect to board and kerf

thicknesses as well as cant position. The edge-

clarification algorithm creates a "map" of board edges

depending on the user-specified board and kerf thicknesses.

If the boards and kerfs do not conform reasonably well to

the user-specified parameters then the algorithm will fail.

The "simulated" cants created for this project were intended

to be as uniform as possible. The presence of crook, twist,

and other drying defects in some of the boards made it

nearly impossible to construct cants with uniform kerf width

along their entire length. The resulting non-uniformity

made it very difficult for the edge-clarification algorithm

to create an accurate map of expected board edge locations.

Therefore, the situation sometimes arose where an

unexpectedly wide or narrow kerf allowed for a bogus edge to

be located more closely to the "expected" edge location than

the true edge. Given this situation, the edge-clarification

algorithm reported the location for the incorrect edge and

eliminated the correct edge.

Many of the errors listed in Table 3 were due to the

edge-clarification algorithm eliminating the correct edge in

favor of an incorrect edge. The edge-magnitude threshold

used in the sigma algorithm succeeded in eliminating many of

the incorrect edges before the edge-clarification stage of
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the program. The thresholds used in the other two edge-

detection algorithms were apparently too liberal to

eliminate the reporting of false edges. This problem

suggests that it may be best to determine the threshold

values based on the characteristics of each image

individually rather than to use the same threshold for every

image.

Other errors listed for the rough cant were specific to

individual edge-detection/ noise filtering combinations.

For instance, the sigma edge-detection/ average noise filter

algorithm combination was the only combination that

experienced difficulty in measuring the knot onboard one at

location two.

Wane caused measurement difficulties for all edge-

detection/ noise filtering combinations. As was mentioned

previously, accuracy values for boards containing wane were

not included in the calculations for Table 3. The overall

accuracy values reported in Table 3 would be grossly
underestimated had the waney boards been included. The

Sobel and sigma edge-detection algorithms when used with all

three noise filters and the template algorithm when used

with the median noise filter all underestimated board

thickness for waney boards by an average of approximately

0.25 inches. The template algorithm when used with the

average or the hardware noise filters failed to detect edges

for waney boards.

The error trapping software did not prevent the very

thin measurements for the waney boards from being reported.

The Materials and Methods section discussed the techniques

used for detecting and eliminating errors. The excessive

bias present for the waney boards would have been detected

and eliminated had the error trapping limits been more

conservative. The current limits reported errors for

measurements that are either 1.5 times greater than the
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Figure 21. Field-of-view effect on measuring waned boards

user-specified thickness, or thinner than 0.5 times the

user-specified thickness. Therefore, for boards sawn to 1.5

inches, the system would report an error for measurements

0.75 inches or less, or 2.25 inches or more.

The measurement bias for the waney boards was the

result of the true board edge being occluded by the waned

edge. In essence, the system cannot measure what the camera

cannot "see". Figure 21 helps explain these statements.

The cant nearly fills the camera's field-of-view. This

causes the true edge for waney boards located on the

extremes of the field-of-view to be invisible to the camera.

Several preliminary measurement trials were performed

with the camera positioned further away from the cant's
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surface. In the preliminary trials, waney boards were able

to be measured because they were not on the extremes of the

field-of-view. The lower spatial resolution that

accompanied the arrangement used in the preliminary trials

was not desirable for the project. Therefore, the camera

was positioned closer to the cant's surface to allow for the

highest possible spatial resolution. The ability to
properly measure waney boards was compromised for higher

spatial resolution. It is apparent that a balance must be

reached between high spatial resolution and the ability to

measure waney boards.

Where the Sobel and the sigma edge-detection algorithms

reported waney boards as being much thinner than the true

dimension, the template/correlation edge-detection algorithm

resulted in a failure to detect an edge on waney boards.

This situation arose because of the way the template
algorithm functions. Heavily waned boards appear much

thinner than the user-specified board thickness. The

template constructed from the user-specified board thickness

does not correlate well with heavily waned boards. For this

reason there is no peak in the correlation function for

edges of heavily waned boards, and hence no edge is found.

Figure 22 shows the image of a cant with one heavily waned

board and the resultant correlation function. Board six was

not detected because no edge was found.

Figures 23 and 24 present a broader summary of results

for the final study for the smooth cant and the rough cant,

respectively. The two figures display the overall accuracy

(over the twenty measurement locations) for individual

boards based on each noise-filtering/ edge-detection

algorithm combination.

The failure reported in Figure 23 for board six for the

template edge-detection algorithm used with the average and

the hardware noise filters is due to the failure to detect
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Figure 22. Edge-detection failure of template algorithm
for waney boards

a board edge. The reason for this failure was discussed

previously and was shown in Figure 22.

A significant amount of the total measurement bias for

the smooth cant is accounted for by board six. This board

contained heavy wane at all but two of the twenty

measurement locations. All of the noise filtering and edge-

detection algorithm combinations experienced difficulty with

this board. This again, is strong evidence that the system

in its current configuration is unable to measure heavily

waned boards.

There were some definite trends by the algorithm

combinations to either overestimate or underestimate the
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true thickness measurements. The template algorithm

underestimated the true value in 97 to 99 percent of the

total measurements made. For the Sobel and the sigma edge-

detection algorithms, there seemed to be a relationship

between noise filter and amount of overestimation. When a

median noise filter was used, the Sobel and the sigma

algorithms overestimated the true thickness value in 81 and

74 percent of the measurements, respectively. When the

average or hardware noise filters were used, the Sobel and

the sigma algorithms overestimated the true thickness value

in from 61 to 67 percent of the measurements. The Sobel
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Board 5

edge-detection algorithm when used with the average noise

filter gave the best results. This algorithm combination

resulted in approximately 60 percent of the measurements

overestimating the true value, and approximately 40 percent

of the measurements underestimating the true value.

Figure 25 is intended to demonstrate the general

differences in edge-detection for the three edge-detection

algorithms. The figure shows a portion of an image and the

different locations reported as the edge by the three edge-

detection algorithms. It is evident that the sigma

algorithm and the template algorithm detect edges quite

differently. This figure may help to explain why the

Anx

med avg hw med avg hw med avg hw

Sohpl Template Sigma

Figure 24. Measurement accuracy by board and algorithm
combination for the rough cant
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Figure 25. Locations of edges for a portion of an image
using the three edge-detection algorithms

template algorithm consistently underestimated board

thickness whereas the sigma algorithm overestimated board

thickness 70 to 80 percent of the time. Varying the

threshold on edge magnitude used in the sigma algorithm did

not appear to affect edge-detection. Figure 25 shows the

location of the edge when a threshold of five was used. The

edge location was exactly the same when thresholds of three,

seven, ten, fifteen, and twenty were used. A threshold of

thirty resulted in a failure to detect the edge.

Differences in accuracy between the smooth and the

rough cant were specific to each edge-detection algorithm.

0
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25- Sobel
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The Sobel edge-detection algorithm allowed for bias from

0.002 to 0.012 inches higher on the rough cant than on the

smooth cant. The template algorithm allowed for bias from

0.0002 to 0.007 inches lower on the rough cant than the

smooth cant. Lee's sigma algorithm allowed for bias from

0.003 to 0.010 inches higher for the rough cant than the

smooth cant when used with the average and the median noise

filters, respectively. The accuracy for the rough cant was

0.020 inches lower than the smooth cant when the sigma

algorithm was used with the hardware noise filter.



CONCLUSIONS

The primary objectives for this project were to

determine the measurement precision and the measurement

accuracy of an optical scanning system designed to provide

board thickness data. Measurement precision was tested for

several combinations of hardware adjustments and software

algorithms. Measurement accuracy was tested for several

combinations of software algorithms.

The objective involving development of error-trapping

techniques was a necessity for measuring wood cants

containing natural characteristics such as knots, pitch

pockets, etc.. Display software was developed to provide a

concise report of the system's detailed size control

information.

The effect on measurement precision of several hardware

and software combinations was tested in a pilot study.

Hardware variables included lighting and oscilloscope

quantization rate. Software variables included noise

filter, noise filter element size, and edge-detection

algorithm.

There was a substantial effect on measurement precision

due to lighting, oscilloscope quantization rate and noise

filter element size. Results of the pilot study were also

used to select system settings to be used in the test of

measurement accuracy. The lighting configuration, digital

noise filter element size and oscilloscope quantization rate

that allowed for the lowest measurement variability in the

pilot study were used in the test of measurement accuracy.

The pilot study also revealed the effect of the noise

filter/ edge-detection algorithm combinations on measurement

precision. The hardware noise filter provided for the

highest measurement precision when used with any of the
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three edge-detection algorithms. The effect of edge-

detection algorithm alone on measurement precision did not

appear to be substantial. The template edge-detection

algorithm when used with the hardware noise filter allowed

for a very high measurement precision of approximately 0.002

inches. The range in measurement precision for the nine

edge-detection/noise filter algorithm combinations was from

approximately 0.002 inches to 0.019 inches.

What is not apparent from the test of measurement

precision is how closely the system's reported thickness

values conform to the true thickness values. Where

measurement precision addresses the expected variability

from repeated measurements, it is also critical to know how

accurate the measurements are. This project addressed the

issue of accuracy by quantifying the absolute value of the

bias of the system's measurements away from the true

thickness value.

The results of the measurement accuracy study revealed

that algorithm combinations providing for high precision do

not necessarily provide for high accuracy. Figure 26

presents a complete summary of the results of this project.

Accuracy for both the smooth and the rough cants is

presented along with the ss value obtained for each edge-

detection/ noise filtering algorithm combination. The

template edge-detection algorithm when used with the

hardware noise filter allowed for very high measurement

precision. Unfortunately, this same algorithm combination

allowed for the greatest number of measurement errors, and

ranked eighth (of nine) for measurement accuracy.

The algorithm combination that provided for the

greatest accuracy and the fewest measurement errors was the

Sobel edge-detection algorithm when used with a nine-element

averaging noise filter. This algorithm combination ranked

third (of nine) for measurement precision. The Sobel



Figure 26. Summary of project results by algorithm
combination

algorithm when used with the hardware noise filter allowed

for slightly higher measurement precision and ranked second

for measurement accuracy.

None of the algorithm combinations were able to measure

boards containing wane. Thickness for waney boards was

underestimated by an average of 0.25 inches for the Sobel

and sigma algorithms when used with any of the three noise

filters, and the template algorithm when used with the

median noise filter. The template algorithm, when used with

either the average or the hardware noise filters, failed to

detect an edge for waney boards. The inability to measure

waney boards was caused by the true board edge being
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occluded by the waned edge. This occlusion was the result

of placing the camera so close to the cant's surface that

the waned edges were on the extremes of the camera's field-

of-view. Figure 21 in the previous section demonstrated

this phenomenon.

The only other defect type that caused consistent

measurement errors was a pitch pocket on one of the boards

in the smooth cant. In all cases, the error trapping

software eliminated the measurement error caused by the

pitch pocket. Other errors caused by wood defect were

particular to specific algorithm combinations.

In summary, of the algorithm combinations used in this

project, a nine-element average noise filter used with a

Sobel edge-detection algorithm gave the best overall

results. The hardware noise filter when used with the Sobel

edge-detection algorithm also performed very well by

allowing for slightly higher precision but also slightly

lower accuracy.



FUTURE RESEARCH

The automated size control information system studied

in this project has great potential as a tool to aid in

optimizing the production processes of a sawmill. The

results of this project and the limitations of the hardware

and software studied lead to suggestions for future

research.

The use of a digital oscilloscope eliminated the

ability to test the effect of motion and vibration on

measurement precision and accuracy. Production speeds in

sawmills are often in excess of two hundred feet per minute.

The ability of the system to provide accurate and precise

measurements under these conditions must be assessed before

the system is used in a mill.

The use of a 1024 element video camera combined with

the desire to measure multiple boards and kerf limited the

spatial resolution to a maximum of 0.0156 inches per pixel.

If the precision and accuracy results of this project are

considered in terms of pixels rather than inches, it is

clear that a higher resolution camera may lead to improved

performance.

Possibly the most severe limitation discovered in this

project was the system's inability to measure boards with

waned edges. A higher resolution camera may also help to

alleviate this problem. The waned edges of boards were

outside the narrow field-of-view of the camera, and

therefore the edge-detection algorithms were unable to

locate the correct edge. A higher resolution camera could

be positioned to provide a wider field-of-view while still

allowing for the same or possibly higher spatial resolution.

The template edge-detection algorithm performed very

well in the precision study, but performed very poorly in
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the accuracy study. A closer inspection of this algorithm

may lead to solving its accuracy limitations and high

sensitivity to measurement errors.

A good deal of preliminary effort was focused on
choosing the optimal settings for the multitude of variables

involved in this project. Some of the hardware variables

involved the choice of oscilloscope settings, lighting

configurations, and hardware noise filter settings.

Software variables first involved the choice of the noise

filtering and edge-detection algorithms. Within each

software algorithm was then another multitude of variables.

For example, Lee's sigma edge-detection algorithm required

choosing the number of elements in the filter, a value for

sigma, a threshold and a sigma reduction factor.

It is hoped that the results of this study can be used

to provide information regarding the precisions and

accuracies capabilities of the system described by this

thesis. It is realized, however, that the results of this

study are limited by the specific variable settings chosen

for this project.

The forest products industry of the future will be

forced to use lower qualities and quantities of raw material

than they have been accustomed to using in recent years.

The automated size control information system described in

this thesis is one way for tomorrow's sawmills to ensure

they are operating as efficiently as possible.
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Table 4. Precisions for Plastic Cant using 2 lights and
100 mV sec./div.

Where: (b) = between board standard deviation

(w) = within board standard deviation

* indicates the filter size/lighting/Vertical
sec/div set-up that allowed for minimal errors

A number in parentheses indicates the number of
boards found if less than 7

Med. 3 (b) 0.019023 0.034139 0.332136 (5)
(w) 0.008973 0.009309 0.298602

Med. 5 (b) 0.018917 0.034103 0.049419 (6)
(w) 0.009378 0.010250 0.167575

Med. 9 (b) 0.018214 0.033888 0.514590 (6
(w) 0.010864 0.011510 0.096791

Avg. 3 (b) failed 0.031034 0.684608 (2)
(w) failed 0.017784 0.051327

Avg. 5 (b) failed 0.031059 0.480419 (2)
(w) failed 0.016649 0.386381

Avg. 9 (b) failed 0.020535 failed

(w) failed 0.016072 failed

Hardware (b) 0.016872 0.035338* 0.028720
(w) 0.006208 0.001732 0.007681
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Table 5. Precisions for Plastic Cant using 3 lights and
100 mV sec./div.

Where: (b) = between board standard deviation

(w) = within board standard deviation

* indicates the filter size/lighting/Vertical
sec/div set-up that allowed for minimal errors

A number in parentheses indicates the number of
boards found if less than 7

Med. 3 (b) 0.014481 failed 0.527029 (6)
(w) 0.008251 failed 0.087938

Med. 5 (b) 0.015102 failed 0.070443
(w) 0.008604 failed 0.152503

Med. 9 (b) 0.015331 failed 0.036547
(w) 0.009799 failed 0.078729

Avg. 3 (b) failed 0.029246 (6) 0.695459 (2)
(w) failed 0.012839 0.007512

Avg. 5 (b) failed 0.033268 (6) failed

(w) failed 0.011076 failed

Avg. 9 (b) failed 0.032187 (6) failed

(w) failed 0.014262 failed

Hardware (b) 0.015347* 0.035303 0.667578 (3)
(w) 0.005921 0.002279 0.258189
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Table 6. Precisions for Plastic Cant using 2 lights and
200 mV sec./div.

Where: (b) = between board standard deviation

(w) = within board standard deviation

* indicates the filter size/lighting/Vertical
sec/div set-up that allowed for minimal errors

A number in parentheses indicates the number of
boards found if less than 7

* *
_

Med. 3 (b) 0.007343 0.034505 0.003160

(w) 0.009055 0.008676 0.016719

Med. 5 (b) 0.006994 0.034254 0.002861

(w) 0.009236 0.009524 0.016818

Med. 9 (b) 0.006742 0.033768 0.002676

(w) 0.009903 0.010953 0.017539

Avg. 3 (b) failed 0.032719 failed (4)

(w) failed 0.013522 failed

Avg. 5 (b) failed 0.032530 failed (5)

(w) failed 0.013195 failed

Avg. 9 (b) 0.015868* 0.022121* 0.015778

(w) 0.010144 0.011702 0.012954

Hardware (b) 0.016463 0.034396 0.017202

(w) 0.006734 0.006442 0.006392
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Table 7. Precisions for Plastic Cant using 3 lights and
200 mV sec./div.

Where: (b) = between board standard deviation

(w) = within board standard deviation

* indicates the filter size/lighting/Vertical
sec/div set-up that allowed for minimal errors

A number in parentheses indicates the number of
boards found if less than 7

-

Med. 3 (b) 0.015090 failed 0.013601
(w) 0.008519 failed 0.016099

Med. 5 (b) 0.015258 failed 0.013218
(w) 0.009026 failed 0.016181

Med. 9 (b) 0.015027 failed 0.012959
(w) 0.009963 failed 0.016206

Avg. 3 (b) failed failed 0.123899 (4)
(w) failed failed 0.263341

Avg. 5 (b) failed failed 0.709034 (4
(w) failed failed 0.089672

Avg. 9 (b) 0.015088 failed 0.015629
(w) 0.010889 failed 0.014161

Hardware (b) 0.014976 0.034213 0.014597*
(w) 0.006145 0.002079 0.007256
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Table 8. Precisions for Plastic Cant using 2 lights and
500 my sec./div.

Where: (b) = between board standard deviation

(w) = within board standard deviation

* indicates the filter size/lighting/Vertical
sec/div set-up that allowed for minimal errors

A number in parentheses indicates the number of
boards found if less than 7

_

Med. 3 (b) 0.017376 failed 0.017392
(w) 0.010805 failed 0.014499

Med. 5 (b) 0.025885 failed 0.025889*
(w) 0.010496 failed 0.010450

Med. 9 (b) 0.025895 failed 0.025895
(w) 0.010846 failed 0.010796

Avg. 3 (b) 0.017118 failed 0.016561
(w) 0.010810 failed 0.015983

Avg. 5 (b) 0.017283 failed 0.016553
(w) 0.009773 failed 0.011430

Avg. 9 (b) 0.017376 failed 0.017392
(w) 0.010805 failed 0.014499

Hardware (b) 0.016765 0.716812 (2) 0.024474
(w) 0.007446 0.000980 0.008488
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Table 9. Precisions for Plastic Cant using 3 lights and
500 my sec./div.

Where: (b) = between board standard deviation

(w) = within board standard deviation

* indicates the filter size/lighting/Vertical
sec/div set-up that allowed for minimal errors

A number in parentheses indicates the number of
boards found if less than 7

Med. 3 (b) 0.055547 failed 0.021204

(w) 0.031125 failed 0.020983

Med. 5 (b) 0.049648 failed 0.021718

(w) 0.032533 failed 0.019122

Med. 9 (b) 0.036295 failed 0.020226

(w) 0.030402 failed 0.019484

Avg. 3 (b) 0.015257 0.004993 (4) 0.014488

(w) 0.014058 0.016598 0.016638

Avg. 5 (b) 0.015779 failed 0.015614*

(w) 0.010248 failed 0.011688

Avg. 9 (b) 0.015197 failed 0.016157

(w) 0.011085 failed 0.014624

Hardware (b) 0.014627 0.451450 (5) 0.015738

(w) 0.006990 0.221777 0.008455
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Table 10. Precisions for Wooden Cant using 2 lights and
500 mV sec./div.

Where: (b) = between board standard deviation

(w) = within board standard deviation

* indicates the filter size/lighting/Vertical
sec/div set-up that allowed for minimal errors

A number in parentheses indicates the number of
boards found if less than 6

Med. 3 (b) 0.052283* 0.030933 0.501103 (5)

(w) 0.008984 0.020480 0.199032

Med. 5 (b) 0.053412 0.031428 0.494945 (5)

(w) 0.008991 0.016903 0.204605

Med. 9 (b) 0.053567 0.038945 0.089371

(w) 0.009955 0.080531 0.056991

Avg. 3 (b) failed 0.035892 0.582396 (3)

(w) failed 0.015376 0.319263

Avg. 5 (b) 0.048257 0.034975 0.530661 (5)

(w) 0.009057 0.014927 0.181007

Avg. 9 (b) 0.049480* 0.352399 (5) 0.041308

(w) 0.008347 0.264824 0.042312

Hardware (b) 0.046801* 0.036878 0.123829

(w) 0.006310 0.001641 0.029864
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Table 11. Precisions for Wooden Cant using 3 lights and
500 my sec./div.

Where: (b) = between board standard deviation

(w) = within board standard deviation

* indicates the filter size/lighting/Vertical
sec/div set-up that allowed for minimal errors

A number in parentheses indicates the number of
boards found if less than 6

Med. 3 (b) 0.047167 0.033206* 0.112177
(w) 0.009875 0.015048 0.058969

Med. 5 (b) 0.049669 0.034818 0.116927
(w) 0.012416 0.019969 0.126641

Med. 9 (b) 0.051415 0.042526 0.055026
(w) 0.013246 0.083054 0.055549

Avg. S (b) 0.046237 0.035421 0.596265 (4)
(w) 0.020728 0.014875 0.292696

Avg. 5 (b) 0.045578 0.036188 0.127295 (5)
(w) 0.011126 0.017041 0.192380

Avg. 9 (b) 0.046945 0.042403 0.043491
(w) 0.009684 0.050389 0.034995

Hardware (b) 0.046530 0.036878 0.140845
(w) 0.006477 0.001641 0.079324
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Table 12. Precisions for Wooden Cant using 2 lights and 1V
sec./div.

Where: (b) = between board standard deviation

(w) = within board standard deviation

* indicates the filter size/lighting/Vertical
sec/div set-up that allowed for minimal errors

A number in parentheses indicates the number of
boards found if less than 6

_

Med. 3 (b) 0.060395 0.024642 (5) 0.061596

(w) 0.012044 0.022233 0.021129

Med. 5 (b) 0.060458 0.022027 (5) 0.060935

(w) 0.012246 0.023094 0.016680

Med. 9 (b) 0.060563 0.020112 (5) 0.060512

(w) 0.012659 0.023410 0.013041

Avg. 3 (b) 0.046572 0.035431 0.052714

(w) 0.010346 0.015454 0.046832

Avg. 5 (b) 0.470688 0.034956 0.046778

(w) 0.009713 0.015742 0.022160

Avg. 9 (b) 0.048647 0.488165 (5) 0.050995*

(w) 0.010228 0.143408 0.018818

Hardware (b) 0.045509 0.036878 0.042347

(w) 0.007616 0.001641 0.011807
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Table 13. Precisions for Wooden Cant using 3 lights and 1V
sec./div.

Where: (b) = between board standard deviation

(w) = within board standard deviation

* indicates the filter size/lighting/Vertical
sec/div set-up that allowed for minimal errors

A number in parentheses indicates the number of
boards found if less than 6.

*
Med. 3 (b) 0.056878 0.233474 (5) 0.056672

(w) 0.009710 0.278717 0.011513
Med. 5 (b) 0.056951 0.247927 (5) 0.057074

(w) 0.010024 0.280509 0.015413
Med. 9 (b) 0.057069 0.476223 (5) 0.056823

(w) 0.010043 0.168476 0.011871
Avg. 3 (b) 0.044689 0.036204* 0.045126

(w) 0.011121 0.010542 0.042151
Avg. 5 (b) 0.044264 0.036063 0.045024

(w) 0.011073 0.013029 0.031662
Avg. 9 (b) 0.045711 0.126360 (5) 0.049273

(w) 0.010805 0.214051 0.029237
Hardware (b) 0.046072 0.036878 0.041258*

(w) 0.007081 0.001641 0.010021
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Table 14. Characteristics of smooth cant by board and
location
*Blank cells indicate clear wood
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Board Number

Location 1 2 3 4 5 6

1 small knot wane

2 heart/sap II

3 II H

4 II large
chipped
spike knot

5 N wane

6 wane N split
spike knot

"

7 wane 11 spike knot
w/ torn
grain

11

8 mold &
wane

II loose knot U

9 light wane heart/sap
& knot

11

10 heart/sap
& pitch
pocket

11

11 mold &
wane

heart/sap II

12 wane 11 spike knot debarker
damage&
split

13 wane 11
split
spike knot

wane

14 wane II
debarker
damage

15 wane It small

Loose knot
mold wane

16 wane II II large knot

17 wane &
Large

split

" II wane

18 wane II pitch

pocket

11 II

19 wane 11 II wane

20 wane II loose

spike knot

II debarker
damage



Table 15. Characteristics of rough cant by board and
location
*Blank cells indicate clear wood
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Board Number

Location 1 2 3 4 5 6

1 chip-out

2 knot

3

4

5 split knot

6

7

8 stain stain

9 knot

10 heart/sap
& knot

11 heart/sap

12 loose knot

13 Small
split

heart/sap

14 knot 11

15 11

16 knot u

17 11

18 II

19 11

20 heart/sap 11



APPENDIX B

HAND MEASUREMENTS
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SMOOTH CANT
Board Number 1
Person Number
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Average = 0.006523

Location 1 2 3 4 5 average std. dev.
1 1.4915 1.501 1.5 1.495 1.4915 1.4958 0.004536
2 1.501 1.4825 1.49 1.484 1.4825 1.488 0.007898
3 1.4905 1.4695 1.4915 1.485 1.4855 1.4844 0.00882
4 1.495 1.491 1.521 1.494 1.498 1.4998 0.012112
5 1.499 1.498 1.5045 1.5085 1.5045 1.5029 0.00435
6 1.484 1.4865 1.4875 1.48 1.484 1.4844 0.002903
7 1.499 1.487 1.5 1.511 1.4905 1.4975 0.009354
8 1.5285 1.507 1.5335 1.5075 1.5085 1.517 0.012913
9 1.491 1.475 1.475 1.4795 1.484 1.4809 0.006768

10 1.498 1.464 1.4745 1.4785 1.4825 1.4795 0.012425
11 1.533 1.47 1.5135 1.5285 1.532 1.5154 0.02656
12 1.4335 1.414 1.509 1.576 1.4025 1.467 0.073717
13 1.522 1.4615 1.56 1.5395 1.4915 1.5149 0.039015
14 1.525 1.4325 1.523 1.522 1.497 1.4999 0.03938
15 1.538 1.4545 1.4985 1.542 1.4955 1.5057
16 1.4575 1.407 1.483 1.5235 1.5215 1.4785 0.048599
17 1.488 1.4475 1.457 1.517 1.463 1.4745 0.028089
18 1.5345 1.481 1.5315 1.5475 1.4935 1.5176 0.028693
19 1.5265 1.51 1.5005 1.513 1.489 1.5078 0.014038
20 1.515 1.4895 1.498 1.5085 1.492 1.5006 0.010882

Average = 0.021345

Board Number 2
Person Number

Location 1 2 3 4 5 average std. dev.
1.4945 1.4935 1.494 1.497 1.4954 0.001981
1.5015 1.499 1.493 1.495 1.4994 0.006077
1.496 1.493 1.492 1.49 1.4948 0.00507
1.492 1.505 1.4945 1.5055 1.501 0.00722
1.504 1.4925 1.497 1.4985 1.4984 0.004204
1.4955 1.4945 1.493 1.516 1.506 0.016856
1.5075 1.5115 1.503 1.5175 1.5128 0.008438
1.5195 1.501 1.506 1.4925 1.5069 0.010905
1.5 1.505 1.503 1.4985 1.5014 0.002584
1.501 1.4945 1.486 1.4985 1.497 0.007237
1.5055 1.493 1.5015 1.4935 1.4997 0.006089
1.5 1.4985 1.517 1.494 1.5023 0.008729
1.496 1.4935 1.496 1.502 1.4987 0.005143
1.49 1.4935 1.504 1.49 1.4958 0.006563
1.485 1.491 1.5025 1.4895 1.4923 0.006487
1.4865 1.4915 1.5 1.49 1.4925 0.005087
1.493 1.496 1.4995 1.4935 1.4959 0.002725
1.489 1.489 1.504 1.493 1.4963 0.008379
1.4895 1.4945 1.499 1.492 1.4958 0.005773
1.488 1.492 1.501 1.4945 1.4945 0.004924

1 1.498
2 1.5085
3 1.503
4 1.508
5 1.5
6 1.531
7 1.5245
8 1.5155
9 1.5005

10 1.505
11 1.505
12 1.502
13 1.506
14 1.5015
15 1.4935
16 1.4945
17 1.4975
18 1.5065
19 1.504
20 1.497



Board Number 3
Person Number
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Average = 0.007583

Location 1 2 3 4 5 average std. dev.
1 1.49 1.485 1.4885 1.4915 1.4975 1.4905 0.004596
2 1.489 1.483 1.4855 1.4915 1.508 1.4914 0.009832
3 1.4905 1.489 1.4885 1.492 1.5065 1.4933 0.007505
4 1.4975 1.482 1.485 1.485 1.499 1.4897 0.007918
5 1.488 1.4825 1.4865 1.4875 1.5095 1.4908 0.010675
6 1.487 1.485 1.4865 1.488 1.488 1.4869 0.001245
7 1.4925 1.4905 1.4915 1.4945 1.491 1.492 0.001581
8 1.487 1.488 1.4885 1.49 1.489 1.4885 0.001118
9 1.4825 1.481 1.482 1.483 1.482 1.4821 0.000742
10 1.4825 1.476 1.4855 1.48 1.482 1.4812 0.003511
11 1.491 1.49 1.488 1.4925 1.492 1.4907 0.001789
12 1.51 1.496 1.494 1.512 1.494 1.5012 0.009011
13 1.5135 1.5175 1.507 1.5055 1.508 1.5103 0.005032
14 1.5045 1.4805 1.4915 1.5015 1.494 1.4944 0.00941
15 1.5015 1.5035 1.4865 1.5085 1.4895 1.4979 0.00945
16 1.499 1.517 1.4955 1.5005 1.495 1.5014 0.009024
17 1.5205 1.5035 1.4955 1.5115 1.496 1.5054 0.010668
18 1.529 1.491 1.492 1.538 1.5035 1.5107 0.021621
19 1.515 1.4885 1.5125 1.5255 1.4955 1.5074 0.015085
20 1.5085 1.5215 1.5125 1.528 1.505 1.5151 0.009483

Average = 0.007465

Board Number 4
Person Number

Location 1 2 3 4 5 average std. dev.
1 1.5375 1.5325 1.545 1.532 1.548 1.539 0.007254
2 1.5375 1.5275 1.526 1.5285 1.541 1.5321 0.006703
3 1.544 1.532 1.5335 1.536 1.5565 1.5404 0.010121
4 1.529 1.523 1.518 1.514 1.5565 1.5281 0.016839
5 1.52 1.512 1.5165 1.513 1.55 1.5223 0.015802
6 1.551 1.543 1.5435 1.541 1.5455 1.5448 0.003818
7 1.5315 1.507 1.5115 1.5115 1.5365 1.5196 0.01339
8 1.53 1.529 1.5275 1.525 1.5405 1.5304 0.005952
9 1.5175 1.505 1.5145 1.518 1.5185 1.5147 0.005641
10 1.5165 1.5085 1.5165 1.516 1.5155 1.5146 0.003435
11 1.527 1.5255 1.5245 1.5255 1.533 1.5271 0.003417
12 1.5245 1.5115 1.519 1.517 1.5245 1.5193 0.005484
13 1.5435 1.5165 1.5135 1.5195 1.524 1.5234 0.011887
14 1.53 1.515 1.5205 1.52 1.5265 1.5224 0.005889
15 1.518 1.5005 1.5055 1.504 1.5035 1.5063 0.006788
16 1.5245 1.514 1.513 1.513 1.52 1.5169 0.005153
17 1.503 1.4955 1.5035 1.5015 1.5035 1.5014 0.003399
18 1.507 1.4985 1.498 1.5005 1.516 1.504 0.007608
19 1.508 1.5045 1.4985 1.5005 1.5135 1.505 0.006
20 1.503 1.488 1.4965 1.497 1.5065 1.4982 0.007076



Board Number 5
Person Number
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Average = 0.019907

Location 1 2 3 4 5 average std. dev.
1 1.4955 1.491 1.5045 1.5075 1.512 1.5021 0.008656
2 1.546 1.5355 1.544 1.54 1.543 1.5417 0.004087
3 1.5355 1.535 1.528 1.526 1.535 1.5319 0.004533
4 1.507 1.4945 1.5225 1.553 1.5345 1.5223 0.022904
5 1.517 1.516 1.5195 1.518 1.52 1.5181 0.001673
6 1.5085 1.4935 1.506 1.5275 1.5135 1.5098 0.012337
7 1.522 1.5125 1.515 1.548 1.525 1.5245 0.01408
8 1.5205 1.5075 1.5135 1.5455 1.534 1.5242 0.015466
9 1.5105 1.499 1.5075 1.5185 1.524 1.5119 0.009717
10 1.5175 1.5015 1.5065 1.517 1.5255 1.5136 0.009555
11 1.522 1.516 1.518 1.5575 1.532 1.5291 0.017031
12 1.5195 1.521 1.5255 1.5385 1.5295 1.5268 0.007629
13 1.5795 1.585 1.58 1.5945 1.5755 1.5829 0.007309
14 1.527 1.516 1.517 1.5465 1.5305 1.5274 0.012376
15 1.522 1.5135 1.5175 1.533 1.5295 1.5231 0.008119
16 1.5135 1.5125 1.5135 1.5425 1.522 1.5208 0.012726
17 1.508 1.506 1.5095 1.5345 1.51 1.5136 0.011787
18 1.504 1.519 1.5035 1.504 1.5085 1.5078 0.006582
19 1.5055 1.5075 1.5135 1.5245 1.508 1.5118 0.007694
20 1.52 1.533 1.5215 1.532 1.535 1.5283 0.006996

Average = 0.010063

Board Number 6
Person Number

Location 1 2 3 4 5 average std. dev.
1 1.425 1.4235 1.3785 1.44 1.3875 1.4109 0.026466
2 1.4305 1.346 1.3355 1.3845 1.3255 1.3644 0.043186
3 1.4015 1.485 1.405 1.479 1.4475 1.4436 0.039512
4 1.5665 1.5515 1.554 1.56 1.5545 1.5573 0.006006
5 1.5335 1.508 1.5395 1.5375 1.527 1.5291 0.012725
6 1.523 1.5145 1.5395 1.5205 1.509 1.5213 0.011536
7 1.5225 1.509 1.5105 1.5 1.5055 1.5095 0.008314
8 1.5365 1.53 1.546 1.5345 1.5205 1.5335 0.009321
9 1.532 1.5125 1.534 1.522 1.52 1.5241 0.008891
10 1.5625 1.566 1.559 1.557 1.566 1.5621 0.004068
11 1.4995 1.476 1.479 1.4845 1.4815 1.4841 0.009161
12 1.5265 1.5075 1.509 1.51 1.509 1.5124 0.007933
13 1.547 1.5085 1.5285 1.52 1.517 1.5242 0.014614
14 1.539 1.5115 1.5475 1.508 1.508 1.5228 0.018962
15 1.543 1.52 1.5145 1.5235 1.523 1.5248 0.010785
16 1.5835 1.572 1.5765 1.583 1.578 1.5786 0.004788
17 1.532 1.5135 1.5425 1.516 1.5155 1.5239 0.012774
18 1.5385 1.5175 1.53 1.509 1.5225 1.5235 0.011341
19 1.5215 1.5025 1.52 1.5085 1.5065 1.5118 0.008468
20 1.5485 1.525 1.528 1.4575 1.236 1.459 0.129285



ROUGH CANT
Board Number 1
Person Number
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Location 1 2 3 4 5 average std. dev.
1 1.5865 1.5605 1.5545 1.569 1.5795 1.57 0.013172
2 1.612 1.5755 1.591 1.5845 1.6135 1.5953 0.016862
3 1.565 1.552 1.556 1.562 1.561 1.5592 0.005167
4 1.5875 1.5535 1.5605 1.555 1.5545 1.5622 0.014403
5 1.5785 1.5545 1.558 1.563 1.556 1.562 0.009766
6 1.5595 1.552 1.5595 1.563 1.5585 1.5585 0.004016
7 1.5825 1.5765 1.5605 1.57 1.5665 1.5712 0.00857
8 1.579 1.5655 1.565 1.5765 1.574 1.572 0.006413
9 1.555 1.553 1.5575 1.55 1.564 1.5559 0.005296

10 1.5655 1.5885 1.566 1.5725 1.6035 1.5792 0.016461
11 1.564 1.5625 1.5765 1.585 1.572 1.572 0.009267
12 1.5645 1.55 1.563 1.564 1.5655 1.5614 0.006436
13 1.568 1.5545 1.558 1.56 1.562 1.5605 0.005025
14 1.5825 1.558 1.555 1.5565 1.556 1.5616 0.011733
15 1.572 1.5595 1.5585 1.5595 1.565 1.5629 0.005694
16 1.5735 1.567 1.5955 1.594 1.585 1.583 0.012525
17 1.6115 1.5675 1.5685 1.5675 1.5655 1.5761 0.019819
18 1.6045 1.525 1.542 1.549 1.5395 1.552 0.030621
19 1.623 1.556 1.558 1.564 1.5595 1.5721 0.028606
20 1.6185 1.558 1.573 1.5645 1.5675 1.5763 0.024204

Average = 0.012703

Board Number 2
Person Number

Location 1 2 3 4 5 average std. dev.
1 1.59 1.5745 1.537 1.5285 1.5895 1.5639 0.029265
2 1.547 1.538 1.5445 1.5405 1.5775 1.5495 0.016035
3 1.557 1.541 1.545 1.546 1.5775 1.5533 0.014772
4 1.568 1.5275 1.5445 1.546 1.5675 1.5507 0.017178
5 1.5645 1.527 1.535 1.5345 1.566 1.5454 0.018403
6 1.5485 1.544 1.527 1.554 1.55755 1.54621 0.011921
7 1.547 1.5245 1.534 1.5485 1.575 1.5458 0.019068
8 1.555 1.5385 1.535 1.5525 1.565 1.5492 0.012352
9 1.56 1.557 1.5405 1.5445 1.5605 1.5525 0.009334
10 1.5495 1.5665 1.543 1.539 1.5605 1.5517 0.011601
11 1.5395 1.546 1.5385 1.5435 1.5565 1.5448 0.007208
12 1.5345 1.547 1.5355 1.5345 1.561 1.5425 0.011614
13 1.5515 1.5385 1.5365 1.5485 1.5585 1.5467 0.009176
14 1.543 1.5225 1.525 1.5225 1.547 1.532 0.011995
15 1.5685 1.531 1.5455 1.544 1.5635 1.5505 0.015334
16 1.545 1.5275 1.5415 1.543 1.55 1.5414 0.008407
17 1.574 1.5355 1.5395 1.548 1.545 1.5484 0.015105
18 1.605 1.5285 1.5325 1.5425 1.5515 1.552 0.030952
19 1.571 1.54 1.5475 1.5435 1.5555 1.5515 0.012334
20 1.567 1.537 1.5425 1.546 1.561 1.5507 0.012736

Average = 0.014739



Board Number 3
Person Number

125

Average = 0.01038

Location 1 2 3 4 5 average std. dev.
1 1.559 1.557 1.558 1.5635 1.581 1.5637 0.009985
2 1.549 1.5645 1.559 1.561 1.567 1.5601 0.006932
3 1.5495 1.556 1.5495 1.5475 1.574 1.5553 0.010935
4 1.5385 1.546 1.557 1.5455 1.545 1.5464 0.006665
5 1.55 1.546 1.554 1.556 1.554 1.552 0.004
6 1.552 1.55 1.5535 1.5575 1.553 1.5532 0.002752
7 1.546 1.539 1.5455 1.544 1.5495 1.5448 0.003818
8 1.5425 1.5475 1.545 1.553 1.555 1.5486 0.005284
9 1.5555 1.5525 1.5575 1.552 1.5595 1.5554 0.003209

10 1.5435 1.539 1.5445 1.5445 1.5495 1.5442 0.003735
11 1.554 1.5595 1.561 1.5585 1.5695 1.5605 0.005668
12 1.554 1.5455 1.562 1.5555 1.562 1.5558 0.006825
13 1.558 1.5605 1.5685 1.561 1.5635 1.5623 0.003978
14 1.5735 1.581 1.572 1.5735 1.575 1.575 0.003518
15 1.556 1.5635 1.5665 1.5635 1.5615 1.5622 0.003899
16 1.562 1.5605 1.5625 1.564 1.5645 1.5627 0.001605
17 1.565 1.5735 1.567 1.567 1.567 1.5679 0.003248
18 1.5615 1.5615 1.5575 1.56 1.5675 1.5616 0.003681
19 1.556 1.5495 1.5605 1.5565 1.5535 1.5552 0.004056
20 1.5665 1.554 1.56 1.5605 1.58 1.5642 0.009878

Average = 0.005184

Board Number 4
Person Number

Location 1 2 3 4 5 average std. dev.
1 1.591 1.5625 1.565 1.5635 1.5705 1.5705 0.011869
2 1.5645 1.5615 1.561 1.552 1.5595 1.5597 0.004672
3 1.556 1.5525 1.557 1.5555 1.552 1.5546 0.002219
4 1.597 1.5525 1.549 1.546 1.5595 1.5608 0.020852
5 1.621 1.579 1.5785 1.5835 1.5805 1.5885 0.018272
6 1.574 1.549 1.5515 1.5525 1.551 1.5556 0.010365
7 1.5835 1.542 1.55 1.551 1.5525 1.5558 0.01601
8 1.5925 1.5445 1.5475 1.55 1.5565 1.5582 0.019677
9 1.5645 1.541 1.5445 1.5405 1.551 1.5483 0.009979

10 1.566 1.547 1.555 1.5455 1.5525 1.5532 0.008144
11 1.5715 1.5475 1.563 1.551 1.552 1.557 0.009969
12 1.5705 1.5475 1.55 1.5515 1.5525 1.5544 0.009195
13 1.561 1.572 1.5525 1.551 1.5455 1.5564 0.01034
14 1.5665 1.576 1.55 1.544 1.5705 1.5614 0.013736
15 1.5825 1.5825 1.5595 1.5565 1.575 1.5712 0.012478
16 1.5795 1.568 1.568 1.569 1.5605 1.569 0.006792
17 1.5515 1.551 1.5525 1.551 1.5465 1.5505 0.002318
18 1.546 1.5495 1.563 1.546 1.554 1.5517 0.00712
19 1.5655 1.5745 1.5625 1.5495 1.5495 1.5603 0.010803
20 1.549 1.5475 1.5545 1.55 1.5525 1.5507 0.002797



Board Number 5
Person Number

126

Location 1 2 3 4 5 average std. dev.
1 1.588 1.5755 1.5715 1.561 1.6315 1.5855 0.02747
2 1.5915 1.555 1.5615 1.5695 1.625 1.5805 0.028432
3 1.606 1.547 1.554 1.553 1.6015 1.5723 0.028878
4 1.5675 1.5285 1.538 1.5435 1.591 1.5537 0.025334
5 1.579 1.5495 1.5385 1.544 1.59 1.5602 0.022854
6 1.5545 1.5465 1.5435 1.5475 1.609 1.5602 0.027576
7 1.5855 1.5475 1.546 1.5595 1.6075 1.5692 0.026626
8 1.5835 1.5695 1.544 1.544 1.6195 1.5721 0.031475
9 1.5605 1.5475 1.5365 1.5505 1.5875 1.5565 0.019326

10 1.577 1.559 1.554 1.565 1.605 1.572 0.020347
11 1.547 1.542 1.542 1.5455 1.598 1.5549 0.024193
12 1.546 1.526 1.5365 1.536 1.5825 1.5454 0.021913
13 1.557 1.549 1.5495 1.56' 1.5565 1.5544 0.004891
14 1.565 1.55 1.5455 1.559 1.5955 1.563 0.019695
15 1.5715 1.564 1.5575 1.5665 1.5975 1.5714 0.015437
16 1.571 1.561 1.5555 1.5585 1.5835 1.5659 0.011431
17 1.5605 1.5375 1.537 1.561 1.5765 1.5545 0.017011
18 1.547 1.53 1.5295 1.5385 1.5585 1.5407 0.012261
19 1.5345 1.533 1.533 1.527 1.537 1.5329 0.003681
20 1.54 1.5295 1.532 1.529 1.556 1.5373 0.011345

Average = 0.020009

Board Number 6
Person Number

Location 1 2 3 4 5 average std. dev.
1 1.56 1.5605 1.5485 1.5615 1.59 1.5641 0.015417
2 1.575 1.5635 1.574 1.568 1.5825 1.5726 0.007241
3 1.566 1.5625 1.57 1.564 1.5645 1.5654 0.002859
4 1.5755 1.57 1.5675 1.57 1.5625 1.5691 0.004709
5 1.527 1.5305 1.546 1.537 1.5375 1.5356 0.007309
6 1.54 1.529 1.5385 1.5355 1.532 1.535 0.004541
7 1.5355 1.5205 1.544 1.5495 1.535 1.5369 0.010997
8 1.524 1.527 1.5375 1.533 1.526 1.5295 0.00559
9 1.533 1.534 1.5365 1.5315 1.532 1.5334 0.001981

10 1.532 1.533 1.5395 1.5395 1.5285 1.5345 0.004861
11 1.5345 1.53 1.5405 1.5375 1.5375 1.536 0.003969
12 1.579 1.5895 1.587 1.5835 1.5655 1.5809 0.00947
13 1.552 1.5515 1.565 1.5485 1.5485 1.5531 0.00685
14 1.5525 1.557 1.5545 1.549 1.555 1.5536 0.003029
15 1.5645 1.561 1.569 1.

16 1.5605 1.5595 1.568 1.5675 1.565 1.5641 0.003927
17 1.569 1.571 1.567 1.566 1.5735 1.5693 0.003033
18 1.5655 1.5615 1.571 1.57 1.5695 1.5675 0.003953
19 1.556 1.5475 1.553 1.5655 1.559 1.5562 0.006714
20 1.5785 1.5425 1.567 1.5555 1.5525 1.5592 0.013882

Average = 0.006208




