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Summary 

 
This project investigated the possibility of applying stress-wave technology in the 
detection of defects such as checks, decay and moisture content reduction in logs and 
lumber due to the Mountain Pine Beetles (MPB) infestation.  Ultimate goal is to develop 
reliable tools, technology and method for the classification of logs in the woodlands and 
lumber in the sawmilling process. 
 
Fieldwork was done in the woodlands, log yard, sawmill and R&D facilities. The stress-
wave data were collected with two types of equipments: a two-component transmitter/ 
receiver unit and a single component unit. Stress-wave velocity and propagation data 
were correlated to the defects, moisture content and other parameters. Statistical analysis 
of the data was conducted to derive the most reliable stress-wave methodologies for 
applications to log classification in woodlands, log yards and lumber quality in the mills.  
 
Stress-wave velocity and propagation data collected from logs and lumber were 
correlated to the defects, moisture content and other parameters in the material. Based on 
nonlinear regression analysis, total rot area and total check area in logs can be predicted 
from combined input features with r2 of 0.56 and 0.7, respectively.  Predictive 
relationships for lumber recovery value based on stress wave transmission data in logs 
were less favorable as the data for the 2x8 members cannot be back traced to the logs.  
Based on nonlinear regression analysis, lumber value recovery of the 3 and 5 year MPB 
material can be predicted from combined input features with r2 of 0.42 and 0.64, 
respectively.  The results indicate potential for using stress wave technology to detect 
defects in logs and lumber value recovery.  This knowledge will help the forest products 
industry to improve the utilization of MPB wood resource, productivity, cost saving and 
grade recovery of the lumber.  
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Objective 
 
This project investigated the possibility of applying stress-wave technology in the 
detection of defects in logs and lumber such as checks, decay and moisture content 
reduction due to the MPB infestation. The study intends to develop a better understanding 
of stress-wave velocity and propagation in the logs that were infested by MPB and 
dimensional lumber produced from such source. Ultimate goal is to develop reliable 
tools, technology and method for the classification of logs in the woodlands and lumber 
in the sawmilling process. 
 
Background 

Application of acoustic technology for detection of defect in wood products was well 
known. It has been used in the evaluation of adhesives curing and defects in composite 
products such as in finger-jointed lumber, OSB, glulam, and utility poles.  Patton-
Mallory and de Groot (1989) reported that the loss of high-frequency components of the 
waveform, generated by an ultrasonic pulser occurred with increasing decay exposure. 
Frequency spectrums of received waveforms of specimens even exposed to decay fungi 
for 5 days showed significant difference. 

Lemaster, Biernacki and Beall (1994) researched the application of acousto-ultrasonics 
(AU) technique for the detection of biodeterioation in utility poles. They reported that 
AU was sensitive to detecting decay of diameter of 50 mm or greater. Variability of 
signals was significantly influenced by checks and other in homogeneities in the pole. 
Moisture content was listed as one of the factors.  Divos and Sugiyama (1994) reported 
that stress wave techniques could detect the presence and the locations of the defects. 
However, the procedure was highly sensitive to impact energy, impact location, and 
impact direction. The method was unsuitable in sample under one meter in length. 

 
The influence of moisture content of wood materials on the stress wave velocity was 
reported by Wu (1999). The stress wave velocity decreased in general with increases in 
panel moisture content. In a study of drying radiata pine dimension lumber from moisture 
content of 160% to about 10%, Kang and Booker (2002) found that the stress wave 
velocity versus moisture content relationship was curvilinear with an apparent deflection 
point at the fibre saturation point of about 30 to 40% moisture content. Ballarin, Seeling 
and Beall (2002) experimented with Spruce-Pine-Fir (SPF), red wood and Douglas fir 
lumber at moisture content range of 6 to 23% and found that moisture content of wood 
had a significant influence on the average wave velocity in longitudinal transmission. The 
wave velocity decreased with the increase in moisture content. For example at 6% and 
23% moisture contents, the wave velocity of SPF was 5650 m/s and 4850 m/s, 
respectively. 
 
In the report of Canfor-FII project 2004 (Obermajer and Zaturecky,2005) and in addition 
to Canfor in-house research results we are able to examine moisture distributions of MPB 
infested and healthy lodgepole pine trees in radial direction and along tree heights. As 
shown in Figure 1, the radial distribution from cambium zone to the pith of a healthy tree 
showed the average sapwood moisture content of about 130% where the heartwood was 
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averaged about 35%. Once the trees were attacked by beetles, disregarding the stage of 
infestation, the sapwood moisture contents were in the range of 28 to 40%. The moisture 
content of heartwood dropped about 10% from the healthy stage. The drastic change of 
moisture content due to the infestation would be idea for the stress wave application. If a 
tree is sound, the sapwood and heartwood moisture content in log would be different 
greatly and so their stress wave transmittance velocities. However, with infestation by 
MPB the sapwood/heartwood moisture contents were minimized in the logs and it would 
be reflected in stress wave velocity. Interestingly, the 28-40% of the moisture content of 
the infested wood was in the fibre saturation point range of about 30 to 40%. It should 
give a break point of the stress wave velocity.  
 
In fact calculated stress wave velocities from the radiata pine data indicated that from the 
fibre saturation point and up to 160% moisture content, the rate of stress wave traveling 
through the lumber, expressed as meter per second and per 1% moisture content was 
about 4. The rate for the same wood under the fibre saturation point was 20-30. For SPF, 
the rate of velocity per 1% moisture content difference was 40 - 50 under the fibre 
saturation point. Admitting that there will be other factors influencing the stress wave 
velocity, it would be reasonable to accept that within the domain of specific gravity range 
of softwood, the stress wave velocity in lumber of moisture content below the fibre 
saturation point will be 5 to 12 times faster than that for the velocity at higher moisture 
contents. 
 
Therefore stress wave technology would be a good method to differentiate the moisture 
change for the Green, Red and Grey logs.  
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Figure 1, Moisture distribution in radial direction of trees. 

 
The total moisture content of the wood volume along the tree height showed  difference 
in their trends(Figure 2).The Green stage (up to one year of infestation) had higher 
moisture content in the treetop while Red stage (1 to 2 years of infestation) maintained 
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flat moisture level from bottom to the top. The trend for Grey stage (more than 2 years of 
infestation) was opposite to that for the Green stage, being lower in the top. These trends 
again indicate the potential use of stress wave technology in longitudinal transmission 
velocity for classification of different stages of infested logs. 
 

Average (n=10 stems) moisture content of MPB attacked wood along height of tree.
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Figure 2, The moisture distribution along the tree height for mountain pine beetles infested trees. 
 
Another reason for the use of stress wave technology is due to the characteristics of 
checking of the infested logs as shown in Figure 3. This checking will result in 
downgrade of the logs. Figure 4 shows the large internal crack of the log, which could be 
seen only after the log was made into lumber. Stress wave technology should be a good 
tool for the evaluation of the magnitude of internal and external check development. 
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Figure 3, The checks in the external face of log infested by mountain pine beetles. 

 

 
Figure 4, The internal checking of sawn lumber. 
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Researcher in Oregon State University worked on relationship between MOE and stress 
wave in live trees [8]. In this study they used a testing system consisted of two 
accelerometers, two spikes, a hand-held hammer, and a portable scope-meter. Two spikes 
were imbedded in the trunk at 45 degrees angle to the trunk surface. The spikes were 
pounded into the stem about 2.5 [cm], which was deep enough for the tips to penetrate 
the bark and reach the sapwood. The Accelerometers were mounted on the spikes using 
two specially designed clamps. A stress wave was introduced into the tree in the 
longitudinal direction by impacting the lower spike with a hammer. The resulting signals 
were received by start and stop accelerometers and recorded on the scope-meter as 
waveforms. The stress wave time was determined by locating the two leading edges of 
the waveforms on the scope-meter [9]. We do not intend to investigate the relationship 
between MOE and Stress Wave Time. We intend to investigate the relationship between 
log’s defects (mostly cracks) and any form of Stress Wave generated features (time, 
Standard Deviation …). In particular we are interested in MPB infested logs.  
 
Researcher in British Columbia observed defects in dead timber caused by MPB [10]. 
They observed cracks and quantified them in six features: degree of spiral, frequency of 
occurrence within a section of a log, relative geometry of multiple cracks within a log 
cross section, lengths of cracks, depth of cracks, and width of cracks. The study shows 
that cracks followed patterns that can be mathematically described and modeled to a 
certain degree that will enable improved recovery.  
 
 
Method 
 
Canadian Forest Products research team and UBC Wood Science team worked together 
to execute this project. Canadian Forest Products research team prepared and tested MPB 
logs using stress wave method and the UBC-Wood Science team conducted the data 
analysis.  
 
Testing Method  
 
Work was carried out at Canfor’s R&D facility in New Westminster in preparation for 
the Plateau study. Two teams of researchers from Canfor Research & Development 
Group including one post doctoral fellow from UBC’s Faculty of Forestry (Dr. Jennifer 
Braun) were involved in this part of the study.  The first team’s main objective was to 
gather information on the quality of the MPB lodgepole pine stems and bolts.  The 
second team was involved with data collection on the stress-wave times of the logs and 
lumber.   
 
A preliminary testing was carried out first to find the most reliable method to collect data. 
Then woodland study, sample selection, stress-wave time measurement (for both logs and 
lumber) and log reconstruction carried out. In following section they will be explained in 
detail. 
 
 



                                                                                                                                            UBC -004-06   

FII MPB-06-11  Page 8 of 53 

Preliminary Testing 
 
A review of published papers and reports using the principle of stress-wave for defect 
detection in trees and logs was carried out.  Primary testing was done on logs and lumber 
to find the most reliable method of measuring “longitudinal stress-wave times” using 
“Metriguard Model 239A” stress-wave instrument.  To achieve consistent stress-wave 
time readings, a consistent hard swing with the hammer on to the specimen was carried 
out in all tests.  
 
Several pieces of 2”x6”x16’ boards were used to develop the stress wave testing method 
for measuring longitudinal stress wave transit times. The stop accelerometer was held 
firmly on to the receiving end to achieve consistent readings.  With this arrangement, two 
persons are needed to carry out each test. However, a set of experiment performed using 
“belt clip” to see if we can carry out each test with one person.  The “belt clip” was used 
to attach “stop accelerometer” to the end of the specimen.  Unfortunately, the “belt clip” 
did not provide the required force to hold the “stop accelerometer” in the place to achieve 
good readings. Therefore, it was decided two persons carry out the measurement of the 
stress-wave time.     
 
The “Metriguard Model 239A” measuring system consists of a main unit with LCD 
screen and one start accelerometer located inside an impacting device that resembles a 
hammer and a stop accelerometer (Figure 5). BNC cables connect the start accelerometer 
and the stop accelerometer to the main unit.  Stress-waves were generated with the 
hammer by impacting one end of the specimen while the stop accelerometer was firmly 
pressed on to the surface of the receiving end to detect the stress-waves. 
        

 
Figure 5, “Metriguard Model 239A” stress-wave timer & accessories 
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Woodlands, Operation and Sampling  
 
Maps and satellite pictures of the woodlands of Canfor’s Plateau division (Chedakuz and 
Vantyne Regions) from last 5 years were studied to identify locations for collections of 
logs at different stages of MPB attack. A trip to the woodlands of the Plateau division had 
taken place to confirm the validity of locations. 3 year and 5 year stems were collected 
from Chedakuz and Vantyne Regions respectively. 
 
Mountain pine beetle killed logs were selected from four truckloads in the log yard 
(Figure 6). These truckloads came from the woodlands operation of Canfor’s Plateau 
Sawmill Division (Figure 7).. Log loading equipment was used to load the MPB full 
length stems on to logging trucks (Figure 8).  A total of twenty stems were randomly 
selected from a 3 year since tree death and another twenty stems were selected from a 5 
year since tree death.  Out of the twenty stems from each year group, ten stems were 
small diameter (crown diameter <11” ) and the other ten stems were large diameter 
(crown diameter >11” ).  The selected stems were used for both the log quality portion of 
the study as well as for the stress wave study.    
 
 
 

 
Figure 6, MPB log selection 
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Figure 7, MPB lodgepole pine forest 

 

 
Figure 8, Log loader 
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Figure 9, Log handling equipment 

 
One person from log yard aided stem selection by using log handling equipments (Figure 
9).  The selected full length tree stems were then bucked (Figure 10) into 16ft length bolts 
plus an additional two cookies (Figure 11), from the butt and crown ends of each bolt.  
These cookies were needed in a parallel study for Near-infrared (NIR) analysis, moisture 
content profile and extractive content analysis. After bucking to length, the bolts were 
scaled by provincial scalers.  Concurrently with the scaling, the bolts were labeled on the 
butt end and crown end with a code to identify the year since tree death, small or large 
diameter, tree stem number, bolt number and the butt or crown end. 
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Figure 10,  Tree stem being bucked to length 
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Figure 11, Cookies cut from ends of bolts 

 
 
Defects Characterization and Measurements 
 
The bucked bolts were then assessed for the following information: length of bolt, 
diameter of butt and crown ends (Figure 12); unstained heartwood diameter for both butt 
and crown ends; amount of bluestain area in the sapwood for both butt and crown ends; 
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area of heart rot and saprot; the length and maximum width of each check on both butt 
and crown ends. 
 
The blue stain area was expressed as a percentage with respect to each face and each 
edge.  In addition, heart stain, decay, and sap rot were expressed as a percentage in terms 
of the total surface area. The length of wane was the summation of all the wane on one of 
the edges. The length of the wane and the length of the piece were both measured with a 
tape measure. Any large warp on each piece was noted.  Table 1 shows a portion of the 
data recording table (Stress Wave Transit Time will be explained in the next section).         
 
Table 1 Sample recording of data 

Location 1 Locations 2 Face 1 Face 2 Edge 1 Edge 2
3L9-1 1 647 1023 701 1033 677 681 13.4 14.5 0 0 0 0
3L17-3 2 849 867 868 704 971 864 10.2 10.7 75 20 65 60
3S5-2 3 335 915 862 907 390 903 11.1 13.2 95 5 95 85
3S12-1 4 506 846 840 733 538 587 15.9 13.1 65 0 40 15
3L9-1 5 765 745 777 704 736 870 8.1 11 100 1 90 95
3L5-2 6 949 957 951 945 964 957 11.6 9.4 95 0 65 85
3L12 7 812 835 905 926 790 904 11.3 10.6 60 5 75 45

3L20-3 8 755 738 740 751 763 716 10.3 10.3 100 5 70 65
3S15-2 9 971 1055 1059 1059 934 1064 10.9 10.7 15 10 45 10
3S73 10 416 584 430 578 550 589 9.5 9.7 95 35 100 70
3S6-1 11 865 840 817 834 860 880 13.4 12.7 25 15 50 80

Stress Wave Transit Time(us)
Moisture Content(%) Blue Stain Area(%)

Piece NumberLog #

 
 
 
Longitudinal straight checks were measured for length as well as check width and 
location of origin.  Spiral checks were measured for the length, maximum width, as well 
as the amount of deviation from the longitudinal axis of the bolt starting from the origin 
of the check to the end of the check.  The majority of the bolts had checks that were 
hidden underneath the bark, so de-barking (Figure 13) with a draw knife by hand was 
done in order to see the full length of the checks (Figure 14).        
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Figure 12, Diameter measurements 
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Figure 13, Removing bark to reveal checks 

 
 



                                                                                                                                            UBC -004-06   

FII MPB-06-11  Page 17 of 53 

 
Figure 14, Straight check 

 
       
Longitudinal Stress Wave Measurements  
 
Two devices were used to measure the stress wave transit time.  The first device was the 
“Metriguard Model 239A” Stress Wave Timer (Figure 15) and the second device was the 
“Fiber-Gen Director HM200” (Figure 16).  Four stress wave transit times were measured 
with the “Metriguard Model 239A” for each full length stem.  Two stress wave times 
were measured with the HM200 and were used for comparison only.  After measuring the 
stress wave time on the stems, the stems were bucked into 16 ft bolts and then the stress 
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wave measurements were repeated.  There were a total of fifty-three bolts from the “3 
year since tree death” group and fifty-five bolts from the “5 year since tree death” group.      
 

 
Figure 15, Longitudinal stress wave measurements on bolt 

 
 

 
Figure 16, Fiber-Gen Director HM200 
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Two tree stems were tested for start and stop positions on the butt and crown end of the 
logs (Figure 17 and Figure 18).  Testing did not show any difference between initiating 
stress wave in the heartwood (butt) and receiving in the heartwood (crown) or sapwood 
(crown).  Testing did not show any difference between initiating stress wave in the 
sapwood (butt) and receiving in the sapwood (crown) or heartwood (crown).  For the 
remainder of the study, the impact and receive points were random.  The same spot was 
hit repeatedly for four sample data points and the stop transducer was held in the same 
spot on the opposite end of the stem.  
 
 

 
Figure 17, Stress wave impact points 
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Figure 18, Stress wave receive points 

 
 
Lumber Tracking and Log Reconstruction 
 
After the stress wave times were measured on the “3 year since tree death” and “5 year 
since tree death” bolts, both the butt end and crown end of each bolt were painted with a 
specific colour as coding label (Figure 19).  Colour code charts were prepared to have a 
record of the paint colour and its corresponding log codes. These coding data are needed 
for the lumber recovery analysis which is a part of this study (Figure 20).  
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Figure 19, Colour coding bolt ends for lumber tracking 

 

 
Figure 20, Colour code charts for lumber tracking 
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Each piece of lumber had a distinct color painted at one end (Figure 21) that represented 
the bolt from which the lumber originated. The painted ends of the lumber were matched 
to the colour code charts, so that the log code and lumber recovery analysis could be 
done. Unfortunately, the painted ends of the 2x8 boards were trimmed off in the saw-
mill, so reconstruction of the 2x8 lumber into the original log form was not possible. 
 
 

 
Figure 21,  Reconstruction of colour coded lumber 
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Saw-Milling  
 
After the initial study on the bolts in the log yard, the material was run through Canfor 
Plateau Division’s A-Line sawmill.  Prior to running the material, the mill was cleaned 
out first.  The “3 year since tree death” bolts were ran first followed by the “5 year since 
tree death” bolts.  Target sizes were 2x4, 2x6 and 2x8.  Target length was 16 ft.  Chips 
were also collected for pulp quality section study.   
 
 

 
Figure 22, Log deck 

 
The bolts were loaded onto a log deck (Figure 22) and were transferred to the primary 
breakdown equipment starting with the log scanner and in-feed for the log optimizing and 
log rotation (Figure 23).  After the log rotation, the bolts were chipped into a cant form 
(Figure 24).  The larger cants were then conveyed to the twin band mill where side 
boards were taken off (Figure 25).  The side boards were then sent to an edger to take off 
any excess wane.  The remaining cant was either sent to another bandmill to reduce the 
width or sent to the gang saw directly.  Only 4” and 6” wide cants would go the gang 
saw.  Then the boards were sent to the trim saw and cut to length and then the boards 
would be dropped into a bin sorter for collection (Figure 26). 
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Figure 23, Log infeed 

 
 
 

 
Figure 24, Bolts chipped into cant form 
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Figure 25, Side boards sawn off larger cant through bandmill 
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Figure 26, Rough lumber dropped into bin 

 
 
Longitudinal Stress Wave Measurements of Lumber 
 
For each piece of lumber, the moisture content using a Wagner moisture meter, stress 
wave transit time (Figure 27), blue stain area, length of the wane, length of board, checks, 
warp, heart stain, decay and sap rot were measured and recorded.  
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Using the “Metriguard Model 239A”, a stress wave was initiated on one end with the 
start accelerometer (Figure 28) and measured on the opposite end with the stop 
accelerometer (Figure 29). The propagation time (measured in microseconds) of the 
stress wave was captured by the device and displayed on the screen. Six propagation time 
measurements were collected for each piece.    
 
 
 

 
Figure 27, Longitudinal stress wave measurement 
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Figure 28, Start accelerometer 

 

 
Figure 29, Stop accelerometer 
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Data Analysis Method 
 
The data were collected and stored in a database in electronic format and sent to UBC 
team.  Then the data were analyzed by three methods: regression analysis method, 
principle component method, and nonlinear method. 
 
Regression Analysis Method 
 
Regression analysis is used to model the relationship between a random variable Y called 
response variable (also called output variable or dependent variable) and other random 
variables X1,X2, .., Xn called predictors (also called the input variable, independent 
variable). If there is more than one response variable, we speak of multivariate 
regression. The name dependent variable was given because the response variable 
depends on the predictors, which are then called independent variables. 
 
A regression analysis can have several objectives such as “Prediction of future 
observations”, “Determining how closely the response can be predicted by the predictor 
or/and “Assessing the relationship between the predictors”.  Once we have established 
that a correlation exists between x and y, we would like to find suitable coefficients a and 
b so that we can represent y using a best fit line y=ax+b within the range of the data. The 
method of least squares is a very common technique used for this purpose. The rationale 
used here is as follows. For each pair of observations (xi, yi), we define the “error” ei as:  
 
ei = (a*xi + b) - yi 
 
Now, we find a and b in such a way that the sum of the squared errors over all the 
observations is minimized.  We are not going to explain in detail the mathematics 
involved in calculating a and b. One can refer to the references [11],[12],[13],[14],[15] 
and [16] for more detail information. By doing all the mathematics involved a and b will 
be calculated as follow: 
 
 

a =  
 
 

and 
b=Ym-a*Xm 

 
where, Xm andYm  are average value of n observation of X and Y respectively. By using 
the calculated a (from regression analysis) we can calculate correlation between input X 
and output Y as follow:  
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Correlation(r) can show how strongly pairs of variables X and Y in this case are related. 
The coefficient of determination (correlation square r2) was used to assess the 
effectiveness of the predictors to estimate the different outputs. The definition of the 
coefficient of determination r2 is:       
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where: бxx is the variance of the components of the vector x which contains the 
corresponding feature value (or inputs), бyy is the variance of the components of the 
vector y which contains the corresponding feature value (or predicted output ) of  the logs 
or boards. бxy is the covariance of vectors x and y . 
 
Depending on the nature of the predictors, different regression techniques are developed. 
If the predictors are all quantitative, we use multiple regressions. If the predictors are all 
qualitative, we perform analysis of variance. If some predictors are quantitative and some 
qualitative, we carry out an analysis of covariance. 
 
Principle component method  
 
We narrate the definition of “Principle component method” (PCM) from online source 
[17]: 
 
“A set of variables that define a projection that encapsulates the maximum amount of 
variation in a dataset and is orthogonal (and therefore uncorrelated) to the previous 
principle component of the same dataset.” 
 
Detailed explanation of the “Principle component method” is out of the scope of this 
report. For more information please refer to references [17], [18] and [19].  
 
Nonlinear method 
 
Any method that use non linear model can be consider as nonlinear model. One of these 
models is called Polynomial regression model: 
 
Y = b + a1*X1 + a2*X2 + ... + an*Xn 
 
In this method by treating X1 ,X2 , ... , Xn  as linear variables and using the regression 
method, b, a1 , a2, ... , an can be calculated. What we did in this report is similar to this 
method. The downside of this method is that the number of input features is increased 
which is not desirable. For this reason, we look at the coefficients and find the one that 
has the most significant effect in generating output. If the most significant effect happens 
to be a1*X1 then we will investigate: 
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Y = b + a1*X1 + a2*X1/2 + ... + an*X1/n 
 
If the most significant effect happen again for a1*X1 then the relationship is linear and we 
do not change that specific input feature. We repeat the procedure for the rest of the input 
vectors. There are other nonlinear methods available but is out of the scope of this report 
and we did not use them. 
 
 
Results 
 
The results for logs are summed up in the next three sections and the results for lumber 
follow afterward. 
 
Regression Analysis Method 
 
The data were divided to inputs and outputs. Then the coefficients of correlation (r) and 
determination (r2) of each input feature vector with respect to each output vector is 
calculated. The input features are: 
 
I1= Bolt number  
I2=Stress Wave Velocity 1 (km/s) 
I3=Stress Wave Velocity 2 (km/s) 
I4=Stress Wave Velocity 3 (km/s) 
I5=Stress Wave Velocity 4 (km/s) 
I6=Stress Wave Standard Deviation 
I7=Average Stress Wave Velocity (km/s) 
I8=Stress Wave Velocity COV (%) g/h 
I9=Stress Wave Stem Speed (km/s) 
I10=Bolt Spd Stem Spd 
I11=Scaler Grade 
I12=Face Check Area (cm2) 
 
 
The output features are: 
O1=Heart Rot Area  (cm2) 
O2=Sap Rot Area  (cm2)  
O3=Total Rot Area  (cm2)  
O4=Total Check Area  (cm2)  (LxW) 
O5=Total Deviation Length  (cm) 
 
For the ease of communication, the numbering is in accordance with the original 
database.  The results are summarized in Table 2. 
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Table 2, coefficients of correlation and determination between different input and output features, 
blue text represents coloration r and red texts represent coefficients of determination r2. Green 
highlight shows the maximum value in each row and yellow highlight shows maximum value in each 
column. A mix of yellow and green highlights shows that this particular value is maximum in the 
corresponding row and column. 
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-0.1961 -0.2292 -0.2369 -0.2807 -0.3173 r 0.3173 I1= Bolt number  
0.0384 0.0525 0.0561 0.0788 0.10070 r2 0.1007 

-0.1110 -0.3061 -0.1674 -0.0112 -0.0576 r 0.3061 I2=Stress Wave 
Velocity 1 (km/s) 0.0123 0.0937 0.0280 0.0001 0.0033 r2 0.0937 

-0.1509 -0.2998 -0.2057 0.0304 -0.0636 r 0.2998 I3=Stress Wave 
Velocity 2 (km/s) 0.0228 0.0899 0.0423 0.0009 0.0040 r2 0.0899 

-0.1478 -0.3035 -0.2034 0.0258 -0.0399 r 0.3035 I4=Stress Wave 
Velocity 3 (km/s) 0.0219 0.0921 0.0414 0.0007 0.0016 r2 0.0921 

-0.1361 -0.3448 -0.1995 0.0372 -0.0471 r 0.3448 I5=Stress Wave 
Velocity 4 (km/s)   0.0185    0.1189   0.0398    0.0014    0.0022 r2 0.1189 

0.1706 -0.1374 0.1425 0.1696 0.1067 r 0.1706 I6=Stress Wave 
Standard Deviation 0.0291    0.0189   0.0203    0.0288    0.0114 r2 0.0291 

-0.1370 -0.3223 -0.1962 0.0195 -0.0530 r 0.3223 I7=Average Stress 
Wave Velocity (km/s) 0.0188    0.1039   0.0385    0.0004    0.0028 r2 0.1039 

0.2112 -0.1356 0.1829 0.1748 0.1274 r 0.2112 I8=Stress Wave 
Velocity COV (%)g/h 0.0446  0.0184  0.0335     0.0306    0.0162 r2 0.0446 

-0.0385 -0.1829 -0.0726 0.2404 0.1117 r 0.2404 I9=Stress Wave Stem 
Speed (km/s)     0.0015  0.0335  0.0053    0.0578     0.0125 r2 0.0578 

-0.1503 -0.2302 -0.1919 -0.2311 -0.1985 r 0.2311 I10=Bolt Spd Stem 
Spd 0.0226 0.0530 0.0368 0.0534 0.0394 r2 0.0534 

0.6258 -0.1206 0.5951 0.0414 0.1480 r 0.6258 I11=Scaler Grade 
0.3916 0.0145 0.3541 0.0017 0.0219 r2 0.3916 
0.0468 -0.0307 0.0404 0.7135 0.0944 r 0.7135 I12=Face Check Area 

(cm2) 0.0022 0.0009 0.0016 0.5091 0.0089 r2 0.5091 
0.6258   0.3448   0.5951    0.7135    0.3173 r Maximum in each 

Column 0.3916    0.1189   0.3541    0.5091    0.1007 r2 
 

 
From the results in Table 2 we may conclude the following: 

1. In general the various relationships are weak. 
2. Face Check Area (input I12) is correlated with the output feature O4 Total Check 

Area with an r2 of 0.51. 
3. Scaler Grade is weakly correlated with output feature O1 (Heart Rot Area) with 

an r2 of 0.39 and output feature O3 (Total Rot Area) with an r2 of 0.35.  
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4. It is also interesting to see that Scaler Grade doesn’t have any significant 
correlation with other output features. 

 
There are 12 input features and 5 output features, resulting in 60 (12*5) correlations. 
Consequently if we want to present them graphically it will take 60 graphs. For briefness, 
we selected one the graphs as an example (Figure 30). 
 
 

 
Figure 30, Face Check Area VS Total Check Area with r=0.7135 

 
 
Principle component method  
 
At first step we defined a combinational feature based on Principle component method, 
named Combinational_Feature_1, as follow:  
 
Combinational_Feature_1=I2*(-8.0843)+I3*(-14.4662)+I4*(-12.6013)+I5*(-11.3037)+ 
I6*(-51.3365)+I7*(47.0696)+I8*(2.7493) +I9*(0.0489) +I10*(-4.2412) +I11*(1.1759) 
 
As it was explained in the previous section, I2, I3, …, and I11 are the input features. The 
corresponding coefficients were calculated using principle component method. The 
calculated correlations are: 
Correlation between Combinational_Feature_1and Heart Rot Area (cm2)=0.6836   
Correlation between Combinational_Feature_1and Sap Rot Area (cm2)= -0.1482    
Correlation between Combinational_Feature_1and Total Rot Area (cm2)= 0.6469   
Correlation between Combinational_Feature_1and Total Check Area (cm2) =0.0638    
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Correlation between Combinational_Feature_1and Total Deviation Length (cm)= 0.1948 
 
Relationship between Combinational_Feature_1 and Output O1-Heart Rot Area (cm2) is 
depicted in Figure 31. 
 

 
Figure 31, Correlation between Combinational_Feature_1 and Output O1-Heart Rot Area (cm2) 

with corresponding coefficient of determination (r2) of  0.47 
 
Relationship between Combinational_Feature_1 and Output O3 Total Rot Area (cm2) is 
depicted in Figure 32. 
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Figure 32, Correlation between Combinational_Feature_1 and Output O3 Total Rot Area (cm2) with 

corresponding coefficient of determination (r2) of 0.42 
 
Because Bolt number (Input I1) represent the distance of the log from the ground when it 
was a part of tree. It plays a role in the moisture content of the log and can have effect on 
formation of cracks. For investigating this theory we defined a new feature based on 
Principle component method containing the tree bolt number as follow: 
 
Combinational_Feature_2 = I1*(-0.4120)+I2*(-7.6195)+I3*(-12.7727)+I4*(-1.1280)+ 
I5*(-10.8194 )+I6*(-18.3573)+I7*(44.3889)+I8*(1.1528)+I9*(-1.0666)+I10*(-9.3836)+ 
I11*(1.1613 ) 
 
I1, I2, …, and I11 are the input features. The corresponding coefficients were calculated 
using principle component method. The calculated correlations are: 
Correlation between Combinational_Feature_2 and Heart Rot Area (cm2)= 0.6944   
Correlation between Combinational_Feature_2 and Sap Rot Area (cm2)= -0.0820    
Correlation between Combinational_Feature_2 and Total Rot Area (cm2)= 0.6701   
Correlation between Combinational_Feature_2 and Total Check Area (cm2) = 0.1527    
Correlation between Combinational_Feature_2 and Total Deviation Length (cm)= 0.2773 
 
Relationship between Combinational_Feature_2 and Output O1-Heart Rot Area (cm2) is 
depicted in Figure 33. 
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Figure 33, Correlation between Combinational_Feature_2 and Output O1-Heart Rot Area (cm2) 

with corresponding coefficient of determination (r2) of 0.48 
 
Relationship between Combinational_Feature_2 and Output O3 Total Rot Area (cm2) is 
depicted in Figure 34. 
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Figure 34, Correlation between Combinational_Feature_2 and Output O3 Total Rot Area (cm2) with 

corresponding coefficient of determination (r2) of 0.45 
 
Because it may be possible to measure Face Check Area (input I12) using imaging 
techniques, this feature was added to a Combinational Feature. We named 
Combinational_Feature_PCM_all, containing all input features (based on Principle 
component method) as follow: 
 
Combinational_Feature_PCM_all  = I1*(0.3822)+I2*(-0.1834)+I3*(1.5015)+I4*(0.1326) 
+ I5*(0.5062)+I6*(-33.0973)+I7*(2.0479)+I8*(1.5159)+I9*(-5.6488)+I10*(-15.1703)+ 
I11*(-0.4287)+I12*(-0.2063) 
 
I1, I2, …, and I12 are the input features. The corresponding coefficients were calculated 
using principle component method. The calculated correlations are: 
Correlation between Combinational_Feature_ PCM_all and Heart Rot Area (cm2)=  
-0.2815 
Correlation between Combinational_Feature_ PCM_all and Sap Rot Area (cm2)= 0.0248 
Correlation between Combinational_Feature_ PCM_all and Total Rot Area (cm2)= 
-0.2733 
Correlation between Combinational_Feature_ PCM_all and Total Check Area (cm2) =  
-0.7976 
Correlation between Combinational_Feature_ PCM_all and Total Deviation Length 
(cm)= -0.2538 
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Relationship between Combinational_Feature_ PCM_all and Output O4-Total Check 
Area (cm2) is depicted in Figure 35. 
 

 
Figure 35, Correlation between Combinational_Feature_PCM_all and Output O4-Total Check Area 

(cm2) with corresponding coefficient of determination (r2) of 0.64 
 
 
 
 
Nonlinear method 
 
Via trial and error, if I2, I6 and I8 were changed to I22, I612 and I80.1 as input and repeat 
the same principle component method then a better correlation can be achieved: 
 
Combinational_Feature_3=I1*(0.3265)+I22*(1.7005)+I3*(19.0471)+I4*(11.4487)+ 
I5*(18.3910) +I612*(-1.5674e+012) +I7*(-60.0268)+I8*(2.8790)+I9*(-5.7212)+  
I10*(-9.9701) +I11*(-0.9847) 
 
I1, I2, …, and I11 are the input features. The corresponding coefficients were calculated 
using principle component method. The calculated correlations are: 
Correlation between Combinational_Feature_3 and Heart Rot Area (cm2)= -0.7501    
Correlation between Combinational_Feature_3 and Sap Rot Area (cm2)= 0.0770   
Correlation between Combinational_Feature_3 and Total Rot Area (cm2)= -0.7260    
Correlation between Combinational_Feature_3 and Total Check Area (cm2) = -0.1149    
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Correlation between Combinational_Feature_3 and Total Deviation Length (cm)=-0.2878 
 
Relationship between Combinational_Feature_3 and Output O1-Heart Rot Area (cm2) is 
depicted in Figure 36. 
 

 
Figure 36, Correlation between Combinational_Feature_3 and Output O3 Total Rot Area (cm2) with 

corresponding coefficient of determination (r2) of 0.56 
 
Relationship between Combinational_Feature_3 and Output O3 Total Rot Area (cm2) is 
depicted in Figure 37. 
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Figure 37, Correlation between Combinational_Feature_3 and Output O3 Total Rot Area (cm2) with 

corresponding coefficient of determination (r2) of 0.53 
 
 
For propose of future use (in case of building a real time measuring machine), it will be 
more practical to reduce the input features and consequently input sensors and 
corresponding processing systems and software. We defined Combinational_Feature_4 as 
follows: 
 
Combinational_Feature_4= -0.3758*I1+1.2038e+012*I612+1.0563*I11 
 
I1, I6 and I11 are the input features. The corresponding coefficients were calculated using 
principle component method. The calculated correlations are: 
 
Correlation between Combinational_Feature_4 and Heart Rot Area (cm2)= 0.7251     
Correlation between Combinational_Feature_4 and Sap Rot Area (cm2)= -0.0443   
Correlation between Combinational_Feature_4 and Total Rot Area (cm2)= 0.7075    
Correlation between Combinational_Feature_4 and Total Check Area (cm2) = 0.1458    
Correlation between Combinational_Feature_4 and Total Deviation Length (cm)=-0.2721 
 
Relationship between Combinational_Feature_4 and Output O1-Heart Rot Area (cm2) is 
depicted in Figure 38. 
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Figure 38, Correlation between Combinational_Feature_4 and Output O3 Total Rot Area (cm2) with 

corresponding coefficient of determination (r2) of 0.52 
 
Relationship between Combinational_Feature_4 and Output O3 Total Rot Area (cm2) is 
depicted in Figure 39. 
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Figure 39, Correlation between Combinational_Feature_4 and Output O3 Total Rot Area (cm2) with 

corresponding coefficient of determination (r2) of 0.5 
 
 
For the same reason of reducing the input features, we defined Combinational_Feature_5 
as follows: 
 
Combinational_Feature_5= 5.8565*I10.1 + 3.7308* I62 -0.8413 *I120.5 
 
I1, I6 and I12 are the input features. The corresponding coefficients were calculated using 
principle component method. The calculated correlations are: 
 
Correlation between Combinational_Feature_5 and Heart Rot Area (cm2)= -0.1119  
Correlation between Combinational_Feature_5 and Sap Rot Area (cm2)=- -0.0611  
Correlation between Combinational_Feature_5 and Total Rot Area (cm2)= -0.1221    
Correlation between Combinational_Feature_5 and Total Check Area (cm2) =-0.8141 
Correlation between Combinational_Feature_5 and Total Deviation Length (cm)=-0.3174 
 
Relationship between Combinational_Feature_5 and Output O4 Total Check Area (cm2) 
is depicted in Figure 40. 
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Figure 40, Correlation between Combinational_Feature_5 and Output O4 Total Check Area (cm2) 

with corresponding coefficient of determination (r2) of 0.64 
 
We defined a new feature based on Non linear and Principle component method 
containing all input features as follow: 
 
Combinational_Feature_NL_all = I10.1*(6.3969)+I2*(2.3371)+I3*(4.4208)+I4*(3.3888)+ 
I5*(2.2080)+I6*(-23.2925)+I7*(-5.0933)+I8*(1.1524)+I9*(-8.6463)+I10*(-33.2117)+ 
I11*(-0.4287)+I120.6*(-0.6400) 
 
I1, I2, …, and I12 are the input features. The corresponding coefficients were calculated 
using principle component method and non-linear method (for I1 and I12). The 
calculated correlations are: 
 
Correlation between Combinational_Feature_ NL_all and Heart Rot Area (cm2)= -0.2836 
Correlation between Combinational_Feature_ NL_all and Sap Rot Area (cm2)=0.0262 
Correlation between Combinational_Feature_ NL_all and Total Rot Area (cm2)=-0.2750 
Correlation between Combinational_Feature_ NL_all and Total Check Area (cm2) = 
-0.8404 
Correlation between Combinational_Feature_ NL_all and Total Deviation Length (cm)= 
-0.3331 
 
The relationship between Combinational_Feature_ NL_all and Output O4-Total Check 
Area (cm2) is illustrated in Figure 41. 
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Figure 41, Correlation between Combinational_Feature _NL_All and Output O4 Total Check Area 

(cm2) with corresponding coefficient of determination (r2) of 0.71 
 
 
Lumber Analysis 
 
The logs were cut to nominal 2X4, 2X6 and 2X8 sizes. The information for 2X8 boards 
was lost at the saw mill. Therefore we cannot expect high correlation from the analysis 
because the 2x8 board represented a large proportion of the material. 
 
The lumber analyses consider the following input features: 
 
I1= Bolt number  
I2=Stress Wave Velocity 1 (km/s) 
I3=Stress Wave Velocity 2 (km/s) 
I4=Stress Wave Velocity 3 (km/s) 
I5=Stress Wave Velocity 4 (km/s) 
I6=Stress Wave Standard Deviation 
I7=Average Stress Wave Velocity (km/s) 
I8=Stress Wave Velocity COV (%) g/h 
I9=Stress Wave Stem Speed (km/s) 
I10=Bolt Spd Stem Spd 
I11=Scaler Grade 
I12=Face Check Area (cm2) 
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I13=Heart Rot Area  (cm2) 
I14=Sap Rot Area  (cm2)  
I15=Total Rot Area  (cm2)  
I16=Total Check Area  (cm2)  (LxW) 
I17=Total Deviation Length  (cm) 
 
An output feature to measure the amount of recovery for each log is defined as follow: 
 
Value_Recovery_Feature = 
(0.487*J_grade+0.453*S.E._Grade+0.408*#2_Grade+0.345*#3_Grade+0.21*Economy_
Grade) 
 
The coefficients in this equation were derived from the price of different grades of 2X4 
lumber. However this feature doesn’t exactly represent the price. 
 
Using regression method the coefficients of correlation (r) and determination (r2) of each 
input feature vector respect to the output vector (Value_Recovery_Feature) was 
calculated. The results are shown in Table 3: 
 
    

Table 3, coefficients of correlation (r) and determination (r2) of each input feature vector respect to 
the output vector (Value_Recovery_Feature). 

   r  r2  
I1= Bolt number    -0.1767  0.0312  
I2=Stress Wave Velocity 1 (km/s)   -0.0704  0.0050  
I3=Stress Wave Velocity 2 (km/s)   -0.0721  0.0052  
I4=Stress Wave Velocity 3 (km/s)   -0.0944  0.0089  
I5=Stress Wave Velocity 4 (km/s)   -0.1443  0.0208  
I6=Stress Wave Standard Deviation   -0.0189  0.0004  
I7=Average Stress Wave Velocity (km/s)   -0.0992  0.0098  
I8=Stress Wave Velocity COV (%) g/h   -0.0171  0.0003  
I9=Stress Wave Stem Speed (km/s)   0.0036  0.0000  
I10=Bolt Spd Stem Spd   -0.1382  0.0191  
I11=Scaler Grade   -0.2220  0.0493  
I12=Face Check Area (cm2)   0.1585  0.0251  
I13=Heart Rot Area  (cm2)   -0.0929  0.0086  
I14=Sap Rot Area  (cm2)    0.3312  0.1097  
I15=Total Rot Area  (cm2)    -0.0291  0.0008  
I16=Total Check Area  (cm2)  (LxW)   0.2226  0.0496  
I17=Total Deviation Length  (cm)   0.0887  0.0079  

 
In general very weak relationships were found.  Relationship between Sap Rot Area and 
Value_Recovery_Feature is illustrated in Figure 42. 
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Figure 42, Relationship between Sap Rot Area and Value_Recovery_Feature 

 
A new input feature based on Principle component method containing all input features is 
defined as follows: 
 
Combined linear PCM feature  =  I1*(0.2072)+I2*(-7.2278)+I3*(-7.3176)+I4*(-3.3009)+ 
I5*(3.3483)+I6*(-27.0863)+I7*(9.7679)+I8*(1.0610)+I9*(4.5479)+ I10*(22.7007)+ 
I11*(0.4788)+I12*(-0.0240)+I13*(-0.0333)+I14*( 0.000)+ I15*(0.0326)+I16*(-0.0018)+ 
I17*(-0.0026 ) 
    
I1, I2, …, and I17 are the input features. The corresponding coefficients were calculated 
using principle component method. The calculated correlation is r=-0.4812. The result is 
depicted in Figure 43. 
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Figure 43, Correlation between Value Recovery   VS Combined linear PCM feature with 

corresponding coefficient of determination (r2) of 0.2315 
 
 
Another input feature based on Principle component method and nonlinear elements 
containing all input features is defined as follows: 
 
Combined non linear PCM feature  = I1*(-0.1797)+I2*(4.7239)+I3*(3.4181)+I4*(0.6172)+ 
I5*(-3.8131)+I6*(21.9215)+I7*(-3.5044)+I8*(-0.9427)+I9*(-0.5968)+I10*(-3.9530)+ 
I11*(-0.3714) +I12*(0.0426)+I130.2*(-0.5469)+I145*(1.2119e-009)+I150.1*(0.9034)+ 
I16*(0.0008)+I17*(0.0056) 
 
I1, I2, …, and I17 are the input features. The corresponding coefficients were calculated 
using principle component method. The calculated correlation is r=  0.5613. The result is 
depicted in Figure 44. 
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Figure 44,   Correlation between Value Recovery   VS Combined non linear PCM feature with 

corresponding coefficient of determination (r2) of  0.3151 
 
 
The data from 3 years since tree death logs contain 10% of 2X8 boards by volume and 
the 5 years since tree death logs contain 30% 2X8 boards by volume. The data were 
divided into 3 years and 5 years old logs for further analysis.  The same techniques as 
described in previous sections were used and coefficients of correlation and 
determination were calculated for different input features with the results summarized in 
Table 4. 
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Table 4, coefficients of correlation (r) and determination (r2) of each input feature vector respect to 

the output vector (Value_Recovery_Feature) for 3 years and 5 years old logs separately. 
 

  5 years old logs 3 years old logs 
 r r2 r r2 
I1= Bolt number  -0.2092 0.0438 -0.2044 0.0418 
I2=Stress Wave Velocity 1 (km/s) -0.1222 0.0149 -0.0825 0.0068 
I3=Stress Wave Velocity 2 (km/s) -0.1040 0.0108 -0.1217 0.0148 
I4=Stress Wave Velocity 3 (km/s) -0.1040 0.0108 -0.1702 0.0290 
I5=Stress Wave Velocity 4 (km/s) -0.1749 0.0306 -0.1685 0.0284 
I6=Stress Wave Standard Deviation -0.0096 0.0001 -0.0038 0.0000 
I7=Average Stress Wave Velocity -0.1297 0.0168 -0.1433 0.0205 
I8=Stress Wave Velocity COV (%) 0.0044 0.0000 -0.0142 0.0002 
I9=Stress Wave Stem Speed (km/s) -0.0456 0.0021 0.0520 0.0027 
I10=Bolt Spd Stem Spd -0.1480 0.0219 -0.2454 0.0602 
I11=Scaler Grade -0.2348 0.0551 -0.1859 0.0346 
I12=Face Check Area (cm2) 0.2131 0.0454 0.0405 0.0016 
I13=Heart Rot Area  (cm2) -0.1727 0.0298 0.0418 0.0018 
I14=Sap Rot Area  (cm2)  0.5409 0.2925 0.1410 0.0199 
I15=Total Rot Area  (cm2)  -0.0847 0.0072 0.0713 0.0051 
I16=Total Check Area  (cm2)   0.2644 0.0699 0.2720 0.0740 
I17=Total Deviation Length  (cm) 0.0860 0.0074 0.2064 0.0426 

 
 
Another input feature based on Principle component method and nonlinear elements 
containing all input features for only 3 years old logs is defined as follows: 
 
Combined non linear PCM feature  = I119*(-1.0655e-009)+I2*(52.4785)+I3*(49.8489)+ 
I4*(40.2814)+I5*(40.0907)+I6*(155.8890)+I7*(-150.7674)+I8*(-6.9664)+I9*(-0.0145)+ 
I10*(-155.7597)+I11*(-0.1866)+I1216*(-1.1453e-011)+ I130.05*(1.2550)+ 
I140.05*(0.9438)+I150.5*(-0.1466)+I160.05*(-.5813)+I17*(0.0787)  
 
I1, I2, …, and I17 are the input features. The corresponding coefficients were calculated 
using principle component method. The calculated correlation is r= 0.6459. The result for 
the nonlinear analysis is depicted in Figure 45.  
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Figure 45, Correlation between Value Recovery VS Combined non linear PCM feature for only 3 

years old logs with corresponding coefficient of determination (r2) of 0.4171 
  
In the same way another feature was defined for 5 years old logs as follow: 
 
Combined non linear PCM feature  = I110*(1.0666e-005)+I2* (13.8727)+I3*(6.1784)+ 
I4*(2.4063)+I5*(14.4198)+I6*(-7.5765)+I7*(-35.8023 )+I8*(0.5557)+ I95*(-0.0013)+ 
I10*(-14.8210)+I11*(0.3909)+I12*(-0.0208)+I130.1*(4.7316)+ I145*(3.2930e-010)+ 
I150.1*(-4.4985)+I16*(-0.0003)+I17*(-0.0070)  
  
I1, I2, …, and I17 are the input features. The corresponding coefficients were calculated 
using principle component method. The calculated correlation is r= -0.8. The result for 
the nonlinear analysis is depicted in Figure 46. 
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Figure 46, Correlation between Value Recovery VS Combined non linear PCM feature for only 5 

years old logs with corresponding coefficient of determination (r2) of 0.64 
 

 
Discussion and Conclusion 
 
This project investigated the possibility of applying stress-wave technology in the 
detection of defects such as checks, decay and moisture content reduction in logs and 
lumber due to the Mountain Pine Beetles (MPB) infestation.  Stress- wave velocity and 
propagation data collected from logs and lumber were correlated to the defects, moisture 
content and other parameters in the material. Based on nonlinear regression analysis, total 
rot area and total check area in logs can be predicted from combined input features with 
r2 of 0.56 and 0.7, respectively.  Predictive relationships for lumber recovery value based 
on stress wave transmission data in logs were less favorable as the data for the 2x8 
members cannot be back traced to the logs.  Based on nonlinear regression analysis, 
lumber value recovery of the 3 and 5 year MPB material can be predicted from combined 
input features with r2 of 0.42 and 0.64, respectively.  The results indicate potential for 
using stress wave technology to detect defects in logs and lumber value recovery.  This 
knowledge will help the forest products industry to improve the utilization of MPB wood 
resource, productivity, cost saving and grade recovery of the lumber.  
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