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Measuring knots and resin pockets in CT-images of Norway spruce 

ABSTRACT 

A nondestructive method of measuring knot parameters has been compared to 
alternative, destructive methods. The method is based on automatic analysis of CT-
images. The image analysis algorithms were adjusted to and evaluated on Norway 
spruce. The possibilities of measuring resin pockets in CT-images have been studied and 
stereological methods have been applied on volume estimation of resin pockets in saw 
logs. 

The study showed that compared to destructive methods, both the accuracy and the 
speed of the CT-method were competitive. Comparisons between real centre boards 
and reconstructions based on knot parameters measured in CT-images and simulated 
sawing showed that the reconstructions compared well to the corresponding real boards 
in terms of position, number, size and type of knots. 

It was shown that resin pockets can be detected and measured in CT-images of 
Norway spruce and that the same function can be used for conversion between CT-
number and density for both green wood and resin. It was also concluded that 
implementation of stereology on wood can be a good tool for quantitative analysis of 
resin pockets. 

Keywords: CT-scanning, image analysis, knots, nondestructive, Norway spruce, resin 
pockets, stereology 
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1. 	INTRODUCTION 

1.1. 	Measuring knot parameters 

For Norway spruce (Picea abies (L.) Karst.), as with most other species, the optimal 
utilisation of a stem is to a great extent determined by the knot structure within the 
stem, Consequently, both foresters and sawmillers are interested in the knot structure of 
trees, in particular the position and number of knots, knot diameter, knot length and 
dead knot border. Unfortunately, these parameters are very difficult to measure and as a 
consequence several different methods have been developed for research purposes. 

Traditional methods are destructive (Koehler 1936, Maguire & Hann 1987,  Liljeblad  
et al. 1988), but today X-ray technique, gamma ray, nuclear magnetic resonance (NMR) 
and ultra sound  (Grundberg  1994) make it possible to make nondestructive 
measurements of the inside of a log. Of these methods the use of X-ray computer 
tomography (CT) has been the most successful. Fig.  lis  an example of a CT-image of a 
green Norway spruce log. Studies on CT-scanning of wood have been described by, for 
instance, Taylor et al (1984) and  Funt  & Bryant (1987). 

Fig. 1. CT-image of a green Norway spruce log. Dark pixels represent low CT-numbers (low 
density) while bright pixels represent high CT-numbers (high density). 

CT-scanning of logs produces a great amount of data from which the essential 
information, e.g. the knot structure, has to be extracted. An effective way to do this is to 
use knot models (Samson 1993,  Grundberg  1994).  Grundberg  has developed image 
analysis algorithms which use knot models to extract the knot structure of CT-scanned 
Scots pine (Pinus sylvestris L.) saw logs automatically. These routines were used when 
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creating the Swedish Stem Bank  (Grönlund  et al. 1995). The Swedish Stem Bank is 
based on 200 CT-scanned Scots pine trees from sample plots all over Sweden. At the 
moment, 200 Norway spruce trees from Sweden, Finland and France are in the process 
of being added to the data base. The very accurately described stems can be used both by 
those researchers who build tree models (Moberg 1996) and by those who develop new 
methods for industrial measurements  (Grundberg  and  Grönlund  1995). 

The many possibilities of using the stem bank for different types of simulations in 
research, development and education make it important to know the accuracy of the 
knot parameters, and consequently there is a need for evaluations of the accuracy and for 
comparisons to the accuracy of alternative, destructive methods. 

Paper I describes such a comparison between CT-measurements and different 
destructive methods. 

Paper II describes the adjustments made in the image analysis algorithms. The original 
algorithms were developed for Scots pine and the adjustments were made in order to 
increase the accuracy of the measured knot parameters when analysing CT-images of 
Norway spruce. 

Paper III is an evaluation of the accuracy of knot parameters when analysing logs that 
were very different from the ones used for calibration of algorithms and models, i.e. the 
accuracy of data in the stem bank. 

1.2. 	Measuring resin pockets 

Resin pockets, common in softwoods, are small lenses of resin oriented along annual 
rings. When using Norway spruce for making joinery products, resin pockets are 
considered a serious defect. It is also difficult to provide precise predictions of the 
occurrence of resin pockets in single pieces of saw logs and sawn timber(Temnerud 
1996). Because of this, sawmillers are interested in finding a nondestructive method of 
detecting resin pockets in saw logs. If CT-scanning can be used for measuring resin 
pockets in logs, the Norway spruce stem bank will be a very interesting resource both 
for the development of new measurement methods and for studies on the occurrence of 
resin pockets. 

Paper IV is a study on the possibilities of measuring resin pockets in CT-images, 
while Paper V is an example of how CT-scanned logs can be used for a study that would 
be almost impossible to perform without nondestructive measurement methods. Paper 
IV and V are the result of a cooperation between Temnerud and  Oja  where Temnerud 
provided experience of stereology and resin pockets while  Oja  provided experience of 
CT-scanning and image analysis. 
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2. OBJECTIVES 

The objectives of Paper I, II and III were to adjust the existing image analysis algorithms 
to Norway spruce and to evaluate the accuracy of the measured knot parameters. 

The objectives of Paper IV and V were to investigate the possibilities of measuring 
resin pockets in CT-images of Norway spruce and to study how stereology can be used 
for quantitative analysis of resin pockets. 

3. DISCUSSION AND CONCLUSIONS 

Paper I makes clear that, compared to destructive methods, the automatic analysis of 
CT-images is a competitive method for the measurement of knot parameters in Norway 
spruce logs (Table 1). Large knots were detected and position and diameter were 
measured with acceptable accuracy. The accuracy of the detection of small knots and the 
measurement of dead knot border and knot length were low and had to be improved. 

CT-method Flitch method Whorl method 

Nondestructive method Yes No No 

Detection of large knots 0 + 0 

Detection of small knots — + — 

Angular orientation + 0 0 

Height position 0 0 0 

Knot diameter 0 — + 

Knot length — — + 

Dead knot border — — + 

Average time per log 
(except reconstruction) 

2.5  h  2  h  4-5  h  

Table 1. A relative comparison between the CT-method and two different 
destructive methods. The comparison is based on the discussion in Paper I. 

High accuracy (+), acceptable (0), low accuracy (—). 

Paper II describes the adjustments that were made in order to improve the accuracy of 
these measurements. Small knots were detected through an analysis of cross sections 
instead of concentric surfaces and new models for height position and dead knot border 
were suggested. It was shown that the accuracy of knot detection and the prediction of 
dead knot border were improved, while the error of measured knot length remained 
relatively large. 
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Paper III shows that the measured knot parameters make it possible to reconstruct logs 
with acceptable accuracy. Approximately 94 % of the knots with a diameter larger than 7 
mm were detected. The diameter of the knots was measured with a mean error of -2 
mm and a standard deviation of 3 mm. The mean error is most probably an effect of 
changes of the threshold levels that were made in order to make the algorithms more 
robust. When simulating sawing in the reconstructed logs, the resulting centre boards 
compared well to the real centre boards in terms of position, number, size and type of 
knots (Fig. 2). The exception is knot type for small knots in large butt logs. The 
evaluation indicated that the real dead knot border is closer to the pith than the predicted 
dead knot border for these logs. It is also possible that the low accuracy when measuring 
knot length would have more influence on the results if the study had been made on side 
boards instead of centre boards. 

Reconstructed board 

Real board 

Fig. 2. Image of a real board compared to a reconstruction based on parameter descriptions of knots 
and log shape and simulated sawing. 

Paper IV shows that the contrast between resin and the surrounding wood, in 
combination with the typical geometrical properties of resin pockets, makes it possible to 
detect and measure resin pockets in CT-images of Norway spruce. One important 
advantage with CT-scanning compared to traditional destructive methods is that the 
result is a 3D description of the resin pocket (Fig. 3). 

4 



Measuring knots and resin pockets in CT-images of Norway spruce 

TLS RLS TS 

Fig. 3. Example of resin pocket in CT-images of a green Norway spruce log. Tangential 
longitudinal (TLS), radial longitudinal (RLS) and transverse (TS) sections. Dark pixels represent 
low CT-numbers (low density), while bright pixels represent he CT-numbers (high density). 

Paper IV also concludes that it should be possible to create algorithms that 
automatically detect large resin pockets in CT-images of Norway spruce. Compared to 
resin pockets in heartwood, resin pockets in green sapwood were more difficult to detect 
due to the high density of the surrounding wood. The study also shows that it is possible 
to use the same function for conversion between CT-number and density for both green 
wood and resin. 

Paper V shows that implementation of stereology on wood can be a useful tool for 
quantitative analysis of resin pockets. Stereology provides theories of geometrical 
probability and statistical sampling that make precise and unbiased measurements 
possible. This means that the methods are a suitable tool for estimation of the volume of 
resin pockets in sawn timber. Paper V is also an example of how a data base of CT-
scanned logs, i.e. the stem bank, can be used. 

4. 	FUTURE WORK 

This thesis describes how the algorithms for analysis of CT-images were adjusted to 
Norway spruce, how the accuracy of the measured knot parameters was evaluated and 
how the occurrence of resin pockets can be measured in CT-images of Norway spruce. 
The next step will be to use the stem bank, which is based on CT-scanned logs, for 
developing industrial methods of measuring inner properties of logs. The main direction 
of the work will be the development of new algorithms for an X-ray Log Scanner  
(Grundberg  &  Grönlund  1995). 
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A Comparison between Three Different Methods of Measuring 
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Sweden 
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Oja,  J.  (Luleå  University of Technology,  Skellefteå  Campus, Division of Wood Technology, 
SKERIA 3, S-931 87  Skellefteå,  Sweden). A comparison between three different methods of 
measuring knot parameters in Picea abies. Received April 9, 1996. Accepted Oct. 8, 1996. 
Scand.  J.  For. Res. 12: 311-315, 1997. 

Both foresters and sawmillers are interested in the knot structure of trees; in particular, 
position and number of knots, knot diameter, knot length and dead knot border. For research 
purposes, it is possible today to carry out non-destructive measurements using computer 
tomography (CT) and image analysis. The aim of this study was to measure knot parameters 
on Norway spruce (Picea abies (L.) Karst.) using a non-destructive method developed for 
Scots pine (Pinus sylvestris L.), and to compare the results of this method with the results of 
two different destructive methods. In order to do this, two Norway spruce stems were scanned 
by CT. Then five logs from one stem were cut into flitches 20 mm thick and the defects on the 
sawn surfaces were scanned manually. The other stem was cut just above every whorl and then 
each knot was split through its centre and the knot parameters were measured manually. The 
study showed that the CT method compares well with the destructive methods. It is a 
reasonably fast, non-destructive method which measures position and diameter of knots and 
detects larger knots with acceptable accuracy. The study also showed that a large number of 
smaller knots were not found by the CT method and that the CT method measured knot 
length and dead knot border with low accuracy. This means that the CT method has to be 
adjusted to Norway spruce in order to improve its ability to measure knot length and dead 
knot border and to detect smaller knots. Key words: image analysis, knots, Picea abies, 
non-destructive, tomography. 

INTRODUCTION  

For Norway spruce (Picea abies (L.) Karst.), as with 
most other species, the optimal utilization of a stem is 
to a great extent determined by the knot structure 
within the stem. Consequently both foresters and 
sawmillers are interested in the knot structure of trees, 
in the particular the position and number of knots, 
knot diameter, knot length and dead knot border. 
Unfortunately these parameters are very difficult to 
measure, and as a consequence many different meth-
ods have been developed. 

Koehler (1936) describes a method suitable for 
research purposes. The stem is cut just above every 
whorl. Each knot is then split up through the centre 
of the knot and the knot parameters can be measured 
manually. Maguire & Hann (1987) describe a similar 
method. A quite different method is described by  
Liljeblad  et al. (1988), who suggest cutting the stems 
into thin cross-sectional slices, and then use a digitiz-
ing table to measure position and shape of the knots. 
Thereafter, the knot structure is reconstructed 
through the use of knot models (cf. Samson 1993) and 
computer algorithms. Other, similar, methods 

CD 1997 Scandinavian University Press ISSN 0282-7581  

have been developed at VTT Building technology/ 
Wood technology, Espoo, Finland. They first cut the 
log into flitches or peel it into veneer. Then they use 
a digitizing table and computer algorithms to recon-
struct the knot structure of the log. All the methods 
mentioned have the disadvantage of being destructive. 

For research purposes it is possible to do non-de-
structive measurements inside a log through either 
X-ray techniques, gamma ray, nuclear magnetic reso-
nance (NMR) or ultra-sound  (Grundberg  1994). Of 
these methods, the use of X-ray computer tomogra-
phy (CT) has been the most successful. Studies of CT 
scanning for research purposes have been described 
by, for instance, Taylor et al. (1984),  Funt  & Bryant 
(1987) and  Grundberg  (1994).  Grundberg  (1994) has 
developed image analysis routines that use knot mod-
els to automatically extract the knot parameters from 
CT-scanned logs. For each knot the length and the 
dead knot border are given explicitly, and the position 
and the diameter are given as functions of the radial 
distance to the pith. These routines were developed 
for Scots pine (Pinus sylvestris L.) but should be 
validated on and adjusted to Norway spruce. 
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Fig. I. Schematic description of the flitch method. 

Thus, the aim of this study was to measure knot 
parameters on Norway spruce with a non-destructive 
method developed for Scots pine by  Grundberg  (1994) 
and then make a comparison between the result of this 
method and the results of different destructive meth-
ods. 

MATERIALS AND METHODS 

Two Norway spruce trees were collected from different 
parts of Sweden: stem  P  I from southern Sweden, and 
stem P2 from northern Sweden. After felling and 
cross-cutting, both stems were transported to the 
laboratory and scanned in a medical CT scanner 
(Siemens SOMATOM AR.T). Stem PI was then sent 
to  VIT  in Espoo, Finland and P2 to the Agricultural 
University of Norway, As, Norway. At VTT and the 
Agricultural University of Norway the knot parame-
ters were measured through different destructive meth-
ods. 

All logs were scanned every 10 mm with a 5 mm wide 
X-ray beam. To scan one log takes about 2.5  h.  The 
data from each log were then analysed separately by 
the computer algorithms that are described by  Grund-
berg  (1994). These algorithms produce a parameter file 
where position and diameter of the knots in the log 
analysed are described as functions of the radial 
distance to the pith. Knot length, dead knot border and 
the distance from the pith to the log surface are given 
explicitly. For some knots, the algorithms failed to 
define the dead knot border. These knots were excluded 
when comparing the measured dead knot borders. 

Logs 2 to 6 of stem P1 were cut into flitches 20 mm 
thick (Fig. 1). The knots were then scanned manually 

Fig. 2. Schematic description of the veneer method. 

Fig. 3. Schematic description of the whorl method. 

on the sawn surfaces using a digitizing table. Depend-
ing on the angular orientation, each knot can be found 
in a varying number of sawn surfaces at varying 
distances from the pith. Because the distance from the 
pith to the position where the knot was first detected 
varied, some knots were already dead when first 
detected. These knots were excluded when comparing 
dead knot border. From the resulting data, the logs 
were reconstructed through the use of computer al-
gorithms. Information about the knots was then ex-
tracted from the reconstructed logs. This method is 
referred to as the flitch method. The time for cutting 
and scanning one log was approximately 2 hrs. 

The butt log of stem PI was peeled into veneer and 
the knots were scanned manually on the veneer sur-
faces (Fig. 2). The data were then treated in the same 
way as the data from the logs 2-6. This method is 
referred to as the veneer method. The veneer method 
is extremely time consuming because of the manual 
scanning. It takes about 20  h  to peel and scan one log. 
Because of this only one log was examined using this 
method. This resulted in a small amount of data 

Fig. 4. Definitions of parameters, projection of a knot to a 
cross section. 
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Fig. 5. Definitions of parameters, projection of a knot to a 
radial surface. 

compared with the other methods. Furthermore, the 
knots in the butt log were generally small, with the 
dead knot border close to the pith and, for many 
knots, consequently inside the core. Given these fac-
tors it was not possible to do a relevant comparison 
with the other methods. 

Stem P2 was examined using the method described 
by Koehler (1936). This method is referred to as the 
whorl method. All four logs were cut above every 
whorl. Then every knot was split through its centre 
(Fig. 3). Thereafter the knot parameters were mea-
sured manually. The accuracy in measuring knot 
diameter depends on how near to the centre the knot 
was split. Because of this the measured diameter is 
always equal to or smaller than the real diameter. It 
takes about 4-5 hrs to examine one log by this 
method. 

All knot parameters are defined in Figs. 4, 5. The 
angular orientation at the ends of the knots accord-
ing to the CT method (q5c-r) was compared with the 
angular orientation of the knots according to the 
whorl method (0„,„„„) and the flitch method (0fl„ch ) 
respectively. 

The height position  (lic-r , ha,,ch  and h„50,.1 ) is 
defined as the position at the knot end. 

Knot diameter according to both the CT method 
(Dc-r ) and the flitch method is defined as the diameter 
at 75% of the knot length. The CT method gives the 
diameter in the tangential direction, whereas the flitch 
method gives the diameter in both the vertical 
(Dv-flitch) and the tangential (DT_flitch ) direction. The 
whorl method gives the diameter perpendicular to the  

Table 1. Number of knots found by the different meth-
ods 

The knots detected have been divided into small  (d  < 10 
mm) and large  (d?..  10 mm) knots. "Both" means that 
those knots were found at the same position by both the 
CT method and the destructive method (matched knots). 
Outliers are knots for which the method was not able to 
define the dead knot border 

Number of found knots 

Stem Method  d<  10 mm  d  ,>.10 mm Outliers 

Pi CT 221 199 12 
Flitch 523 219 267 
Both 196 193 

P2 CT 149 235 26 
Whorl 35 217 
Both 31 214 

knot direction (Dwhor,) at the dead knot border or, if 
there is no dead knot border, at the log surface. 

For all three methods the knot length (L) and dead 
knot border (LD) are given as the radial distance 
from the pith. If a knot is sound all the way to the 
log surface, both knot length and dead knot border 
are defined as the radial distance from the pith to the 
log surface. 

RESULTS 

Table 1 shows the number of knots detected in the 
two stems. In stem P1, 742 knots were found using 
the flitch method whereas 420 knots were found using 
the CT method. Three hundred and eighty-nine of the 
knots detected in stem P1 were found at the same 
position using both methods; these knots are referred 
to as matched knots. In stem P2, 252 knots were 
found using the whorl method and 384 knots using 
the CT method. Two hundred and forty-five of the 
knots in stem P2 were found at the same position by 
both methods. For 267 knots in stem P1 the flitch 
method failed to define the dead knot border. The CT 
method failed to define the dead knot border for 12 
knots in P1 and 26 knots in P2. The knots for which 
one of the methods failed to define the dead knot 
border are referred to as outliers. 

The differences between knot parameters measured 
by the CT method and the destructive methods were 
calculated for all matched knots in the two stems. 
Table 2 shows mean values and standard deviations 
(SD) of the differences. Because of systematic differ-
ences in height between different logs and different 
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Table 2. Mean value and standard deviation (SD) of 
the difference between knot parameters measured by 
the CT method and the two destructive methods 

The results are based on knots that were found at the same 
position by both the CT method and the destructive 
method, e.g. matched knots. Tangential (0) and longitudi-
nal  (h)  position were measured at knot end. Knot length 
(L) and dead knot border (LD) were defined as the radial 
distance to the pith. When comparing dead knot border, 
139 of the knots matched in stem PI and 13 of the knots 
matched in P2 were excluded because one of the methods 
had failed to define the dead knot border (outliers in Table 
1) 

Stem Knot parameters 	Mean value SD 

PI 
	

OCT — Offilch (s) 
	 —0.1 
	

6.9 
hcr hfläch (MM) 
	

17 
Dc-T DT-flitch 
	 —2.1 
	

4.7 
Dc-r — Dv-flitch  (rom) 	—2.3 

	
4.8 

Lc .  L51,c5 (MM) 
	—13 
	

34 
LDc-r — Lpflüch  (TIM) 

	
5 
	

35 

P2 	OCT —  whorl (°) 
	

3.9 
	

5.5 
h.  — hwhori  (mm) 
	

15 
Dcr — Ds„50,1 (Min) 
	

2.6 
	

2.2 
— L vori (Min) 
	

6.6 
	

15 
LDcr — LD50A (min) 

	
15 
	

18 

methods, the mean values of the differences in height 
are not given in the table. One hundred and thirty-
nine outliers in stem PI and 13 outliers in stem P2 
were excluded from the comparison of dead knot 
border. 

The resulting differences from stem P1 include the 
total errors of both the CT method and the flitch 
method, whereas the results from stem P2 include the 
total errors of the CT method and the whorl method. 
This makes it possible to compare the accuracy of the 
different methods, provided that the CT measure-
ments have the same accuracy for both stems. 

DISCUSSION 

When evaluating the different methods it is important 
to remember that the material is limited. Even though 
almost 1200 knots were found, only two trees were 
examined. Because of this, there is the possibility that 
systematic differences between the two trees may 
have had an influence on the result. An example of 
such differences were the conditions during the time 
between felling and CT scanning. Owing to the time 
of year and the relatively long transport P1 had 
started to dry at the end surfaces of logs and knots  

Table 3. A relative comparison between the different 
methods 

The comparison is based on the discussion of the results 
shown in Tables 1, 2. High accuracy (+), acceptable (0), 
low accuracy (—) 

CT Flitch Whorl 

Non-destructive method 
	

Yes 	No 	No 
Detection of large knots 
	

0 	+ 	0 
Detection of small knots 	— 	+ 	— 
Angular orientation 	+ 	0 	0 
Height position 
	

0 	0 	0 
Knot diameter 
	

0 	— 	+ 
Knot length 	 — 	— 	+ 
Dead knot border 	— 	— 	+ 
Average time per log 
	

2.5h 	2h 	4-5  h  
(except reconstruction) 

before it was scanned, whereas P2 was absolutely 
green during the scanning. 

From Table 1 it is clear that the ability to detect 
knots, in particular small ones, varies a lot between 
the three methods. The flitch method is by far the 
best method for finding small knots. The large num-
ber of small knots not found by the CT method is 
most probably an effect of the scanning strategy. One 
scan every 10 mm with a  5-mm  wide beam leaves 
every second  5-mm  slice unscanned. It should be 
possible to improve the ability of the CT method to 
detect small knots by increasing the longitudinal reso-
lution. 

The relatively low longitudinal resolution is also 
one of the factors that explains the difference in 
height position and knot length between the CT 
method and the two destructive methods (Table 2). 
Another factor is the model that the CT method uses 
to describe the height position as a function of the 
radial distance to the pith. This model cannot de-
scribe a knot that changes from growing upwards to 
growing downwards. This is not a problem for Scots 
pine, but in Norway spruce such knots are not un-
usual. 

The angular orientation of the knots was given 
with satisfactory accuracy by all three methods 
(Table 2), but only the CT method gives the angular 
orientation as a function of the radial distance to the 
pith. 

The whorl method gives reliable measurements of 
knot diameter, knot length and dead knot border 
(except for the systematic error when measuring the 
diameter) when compared with the CT method 
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(Table 2). Hence, for these three parameters the 
difference between the CT method and the whorl 
method is a good approximation of the errors in the 
CT measurements (when comparing the diameter 
measurements, the systematic error of the whorl 
method must be taken into account). This allows the 
errors in the CT method and the flitch method to be 
compared individually. Such a comparison showed 
that the CT method gave more accurate results than 
the flitch method, even though neither of the two 
methods measured knot length or dead knot border 
with acceptable accuracy. The inaccuracy of the dead 
knot border measured by the CT method is to a great 
extent due to the difference in knot geometry between 
Scots pine and Norway spruce. Unlike tomographic 
images of Scots pine, images of Norway spruce do 
not give a distinct maximum diameter of the knots. 
For Scots pine this position in most cases is defined 
as the dead knot border. Hence the difference in knot 
geometry is one explanation for the low accuracy 
when measuring the dead knot border in Norway 
spruce. It is also possible that the drying of the end 
surfaces of knots in stem PI had an effect on the CT 
measured dead knot border. 

Table 3 shows a summary of the comparison be-
tween the three methods. The relative grading is 
based on the discussion above. The summary makes 
clear that the CT method is a competitive method, 
but it also shows that the accuracy of the detection of 
small knots and of the measuring of dead knot 
border and knot length have to be improved. 
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Validation of Knot Models on Norway Spruce 
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SKERIA  3, S-931 87  Skellefteå,  Sweden 

ABSTRACT 

Existing knot models, originally developed for Scots pine (Pinus sylvestris L.), have been 
validated on and adjusted to Norway spruce (Picea abies (L.) Karst.). The knot models 
were developed for two reasons. First of all, the models make it possible to describe the 
knot structure of a log with a minimum amount of data. The second use of knot models 
is in algorithms for automatic analysis of computer tomography (CT) images of logs. 

In order to validate the knot models on Norway spruce, two stems from different parts 
of Sweden were first scanned with a CT-scanner and then studied through different 
destructive methods. 

The results of the destructive methods were compared to the results of the automatic 
analysis of the CT-images. The comparison showed that the existing models for knot 
diameter and tangential direction gave satisfactory accuracy, while the algorithm that 
finds the dead knot border and the model for longitudinal direction of the knot axis 
should be adjusted to Norway spruce. The comparison also made clear that the existing 
algorithms only found about 40 percent of the small knots (knots with a diameter less 
than 10 mm). 

The study resulted in three adjustments to spruce: 

• A new model that describes the slope and height position of a knot 

• A new density based algorithm which predicts the position of the dead knot border 

• A new algorithm that detects and gives a simplified description of small knots 
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INTRODUCTION 

For Norway spruce (Picea abies (L.) Karst.), as with most other species, the optimal 
utilisation of a stem is to a great extent determined by the knot structure within the 
stem. Consequently both foresters and sawmillers are interested in knot structure of trees, 
in particular position and number of knots, knot diameter, knot length and dead knot 
border. Unfortunately, these parameters are very difficult to measure and as a 
consequence several different methods have been developed for research purposes. 

Traditional methods are destructive (Koehler 1936, Maguire & Hann 1987,  Liljeblad  et 
al. 1988) but today it is possible to do non-destructive measurements inside a log 
through either X-ray technique, gamma ray, nuclear magnetic resonance (NMR) or 
ultra sound  (Grundberg  1994). Of these methods the use of X-ray computer tomography 
(CT) has been the most successful. Studies have been described by, for instance, Taylor 
et al (1984),  Funt  & Bryant (1987) and  Grundberg  (1994). 

CT-scanning of logs produces a great amount of data from which the essential 
information, e.g. the knot structure, has to be extracted. An effective way to do this is to 
use knot models (Samson 1993,  Grundberg  1994).  Grundberg  has developed image 
analysis routines which use knot models to extract the knot structure of CT-scanned logs 
automatically. These routines were originally developed for Scots pine (Pinus sylvestris L.) 
and if the routines are going to be used on other species they first have to be validated 
and adjusted. 

Thus, the aim of this study was to measure knot parameters on Norway spruce with the 
non-destructive method developed for Scots pine by  Grundberg  et al. (1995), to 
compare the result of the non-destructive method to the results of two destructive 
methods and finally to adjust the image analysis routines to Norway spruce. 
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THE ORIGINAL KNOT MODELS (DEVELOPED FOR SCOTS PINE) 

The models which  Grundberg  et al. (1995) have developed for Scots pine describe a 
knot with nine parameters (c1-c6, r„ r, r). The symbols are defined in App. 1. The radial 
distance from pith to knot end (re), from pith to dead knot border  (ra)  and from pith to 
log surface (r,) all are given explicitly while the diameter of the knot  (d)  and the 

tangential (0) and longitudinal  (h)  position of the knot axis all are given as functions of 
the radial distance to the pith (r):  

d = r (ci  + c2(r)14)  

(I)  = c3  + c41n(1) 

h = c5  + c6  (OM  

(1)  
(2)  

(3)  

These models make it possible to describe the knot structure of a stem with a minimum 
amount of data and they are also used in the algorithms which detect and measure knots 
in CT-images. 

VALIDATION 

In order to validate the knot models on Norway spruce, two stems (P1 and P2) from 
different parts of Sweden were first scanned with a CT-scanner, one scan every 10 mm. 
Stem P1 was then sent to VTT in Espoo, Finland while P2 was sent to the Agricultural 
University of Norway,  Ås,  Norway. At VTT and the Agricultural University of Norway 
the knot parameters were measured through different destructive methods. Here follows 
a summary of how the comparison was carried out and of the most important results.  
Oja  (1996) gives a detailed description. 

In Finland five logs were cut into 20 mm thick flitches and then the defects were 
manually scanned on the sawn surfaces (App. 2). The data were then analysed 
automatically, the logs were reconstructed and finally the knot parameters were extracted 
from the reconstructed logs. The method is referred to as the flitch method. 

The stem which was sent to Norway was examined with another method, referred to as 
the whorl method. Each log was cut just above every whorl. Then every knot was split 
up through the centre of the knot (App. 2). Thereafter knot position, diameter, length 
and dead knot border were measured manually. 

Finally the results from both the destructive methods were compared to the results of the 
automatic analysis of the CT-images. The comparison made clear that the algorithms for 

3 



Paper II 

analysis of CT-images found larger knots with high accuracy while only about 40 % of 
the knots with a diameter smaller than 10 mm were found (Table 1). 

Table 2 shows the results of the knot parameter measurements. A comparison of the 
results showed that the CT-method measured knot diameter and tangential position of 
the knot axis with satisfactory accuracy while the ability to measure dead knot border, 
knot length and longitudinal position of the knot axis should be improved  (Oja  1996). 

ADJUSTMENTS TO NORWAY SPRUCE 

Detection of small knots 

The difficulty of finding small knots is a result of the low resolution in longitudinal 
direction; one scan every 10 mm with a 5 mm wide beam leaves every second 5 mm 
unscanned. This means that large parts of the smaller knots are located between scans. As 
the original algorithm searches knots in 10 concentric surfaces around the pith  
(Grundberg  et al. 1995), small knots can be difficult to find (App. 3). 

In order to make it possible to find small knots with higher accuracy, a new algorithm 
was developed. This algorithm was supposed to find small knots and to be a complement 
to the existing algorithm. It searches for knots in the cross sections and gives a simplified 
description (position and approximated length) of the knots which have not been 
detected by the original algorithm. Preliminary tests have shown that the new algorithm 
found about 80 % of the small knots. 

Longitudinal position of the knot axis 

The largest errors in longitudinal position and knot length occurs when a knot changes 
direction from upwards to downwards (Fig. 1). These knots cannot be properly 
described by the original model (3). 

In order to improve the ability to describe the longitudinal position of the knot axis, a 
new model was developed. This model describes the angle w (App. 1) between the pith 
and the knot axis as a function of the radial distance to the pith: 

(3.) =  c,  + c61n(r) 	h  = c7  + 	 (4) 
tan(c, + c6In(r)) 

Preliminary tests showed no significant difference in accuracy between (3) and (4). This 
indicates that the measurement errors to a great extent are caused by the relatively low 
resolution in the longitudinal direction. 
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Dead knot border 

The original algorithm uses two different methods of measuring the dead knot border. 
The first step is to make frequency analysis of the density variations and to predict the 
dead knot border r,. Then the position of maximum diameter of the knot (ram,)  is 
defined. The dead knot border is then defined as: 

rdmax if  rdmax < rdens 

ra,n, if rd.„ > rdcm  

For Scots pine approximately 90 % of the dead knot borders are defined by the diameter 
method  (Grundberg  et al. 1995). As CT-images of Norway spruce in most cases do not 
show a distinct maximum of the knot diameter, the dead knot border is defined by 
frequency analysis. Since the comparison showed that this method did not give 
satisfactory accuracy, a new algorithm had to be developed. 

The new algorithm measures the maximum density in cross sections of the knot at 
different distances to the pith (Fig. 2). The density variations were analysed through 
multivariate statistics (Projection to Latent Structures, PLS). The multivariate analysis 
resulted in a model which recognises the typical pattern in the density variations and 
predicts the position of the dead knot border. An analysis of stem P2 showed that, 
compared to the original algorithm, this new algorithm reduced the standard deviation of 

the difference between the CT-method and the whorl method almost by half (a = 10 
mm). 

CONCLUSIONS AND FUTURE WORK 

Existing knot models and algorithms for automatic analysis of CT-images, originally 
developed for Scots pine (Pinus sy/vestris L.), have been validated on Norway spruce 
(Picea abies (L.) Karst.). The study resulted in three adjustments to spruce: 

• A new model that describes the slope and height position of a knot 

• A new density-based algorithm which predicts the position of the dead knot border 

• A new algorithm that detects and gives a simplified description of small knots 

As the new models and algorithms only have been evaluated on two stems, the next step 
is an evaluation on a larger material. 
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Table 1: Number of knots found by the different methods. "Both" means that those 
knots are found by both the CT-method and the destructive method. 

Stem 	Method 	Number of found knots Number of found knots 
cl<10mm 	 cl>10mm 

P1 	CT 
	

221 
	

199 

Flitch 
	

523 
	

219 

Both 
	

196 
	

193 

P2 	CT 	 149 	 235 

Whorl 	 35 	 217 

Both 	 31 	 214 
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Table 2: Differences between knot parameters measured by the CT-method and the 
two destructive methods respectively. Tangential and longitudinal position 
are both measured at the end of the knot. The diameter measurements are 
defined in App. 1. 

Stem P1 
Difference between the CT 

and the flitch method 

Stem P2 
Difference between the CT 

and the whorl method 

Knot parameter Mean value Std dev. Mean value Std dev. 

Tang. position (0) —0.1°  6.9° 3.9° 5.50 

Long. position  (h)  — 17 mm - 15 mrn 

Diameter  (d)  -2.3 mm 4.8 film 2.6 mm 2.2 mm 

Knot length (r,) -13 mm 34 mm 6.6 mm 15 mm 

Dead knot border 

(re) 

5 mm 35 mm 15 mm 18 mm 
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Fig. 1: Example ofknots that changes direction, from upwards to slightly downwards. 



Dead knot border according 
to the original algorithm 

(r = 96 mm) 

Dead knot border according 
to the new algorithm 

(r = 81 mm) 
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Fig. 2: Example of how the maximum density in cross sections of a knot varies with 
the distance to the pith. 
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Fig.  B:  Definitions of parameters, projection of a knot to a radial surface. 
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Appendix 2 

Fig. A: Schematic description of the flitch method. 

o 
.....----......-----...." 

Fig.  B:  Schematic description of the whorl method. 
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Appendix 3 

Cross sections 
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Evaluation of knot parameters measured automatically in CT-
images of Norway spruce (Picea abies (L.) Karst.) 

Johan  Oja, Luleå  University of Technology,  Skellefteå  Campus, Division of Wood 
Technology, SKERIA 3, S-931 87  Skellefteå,  Sweden. JohanOja@tt.luth.se  

SUMMARY 

Knot parameters measured automatically in CT-images of Norway spruce have been 
evaluated on logs from four plots in the Norway spruce stem bank. The evaluation was 
made through comparisons between measurements on real centre boards and 
measurements on reconstructed boards. The reconstructions were based on the 
automatically measured parameter descriptions of knots and log shape and on simulated 
sawing. 

The diameter of knots was measured with a mean error of-2 mm and a standard 
deviation of 3 mm. It was shown that the reconstructed centre boards were well in 
accordance with the real centre boards in terms of position, number, size and type of 
knots. The exception is knot type for small knots in large butt logs. 
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INTRODUCTION 

For Norway spruce (Picea abies (L.) Karst.), as with most other species, the optimal 
utilisation of a stem is to a great extent determined by the knot structure within the 
stem. Consequently, both foresters and sawmillers are interested in the knot structure of 
trees, in particular the position and number of knots, knot diameter, knot length and 
dead knot border. Unfortunately, these parameters are very difficult to measure, and as a 
consequence several different methods have been developed for research purposes. 

Traditional methods are destructive (Koehler 1936, Maguire & Harm 1987,  Liljeblad  
et al. 1988), but today X-ray technique, gamma ray, nuclear magnetic resonance (NMR) 
and ultrasound  (Grundberg  1994) make it possible to make nondestructive measurements 
of the inside of a log. Of these methods, the use of X-ray computer tomography (CT) 
has been the most successful. Studies have been described by, for instance, Taylor et al 
(1984) and  Funt  & Bryant (1987). 

CT-scanning of logs produces a great amount of data from which the essential 
information, e.g. the knot structure, has to be extracted. An effective way to do this is to 
use knot models (Samson 1993,  Grundberg  1994).  Grundberg  has developed image 
analysis algorithms which use knot models to extract the knot structure of CT-scanned 
Scots pine (Pinus sylvestris L.) saw logs automatically. These routines were used when 
creating the Swedish Stem Bank  (Grönlund  et al. 1995). The Swedish Stem Bank is 
based on 200 CT-scanned Scots pine trees from sample plots all over Sweden. At the 
moment, 200 Norway spruce trees from Sweden, Finland and France are in the process 
of being added to the data base. The very accurately described stems can be used both by 
those researchers who build tree models (Moberg 1996) and by those who develop new 
methods for industrial measurements  (Grundberg  and  Grönlund  1995). 

The algorithms for analysis of CT-images have been validated on Scots pine  
(Grönlund  1995) and compared to destructive methods  (Oja  1997). The comparison 
between the CT-method and two different destructive methods showed that the CT-
method is competitive. But it also showed that when using the algorithms on Norway 
spruce, the accuracy of the detection of small knots and of the measuring of dead knot 
border and knot length had to be improved.  Oja  (1996) describes changes in the 
algorithms that increase the accuracy of knot detection and of the measurement of dead 
knot border, while the errors in measurement of knot length remained relatively large. 

When using the new algorithms on a larger sample of Norway spruce saw logs, it 
became evident that the measurements of dead knot border had a large systematic error. 
Because of this, a third algorithm based on multivariate calibration (Martens & Naes 
1989) was developed. This algorithm uses measurements of knot diameter, log diameter 
and dead knot border made according to procedures described by both  Grönlund  et al. 
(1995) and  Oja  (1996). The hypothesis was that a model based on these variables would 
predict the dead knot border with acceptable accuracy. This model was calibrated on the 
same material that was used by  Oja  (1996). The relatively small calibration sample makes 
it necessary to evaluate the results on a new and larger sample. It is also important to 
evaluate the accuracy of measurement of knot diameter and the accuracy of knot 
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detection on a larger sample. Finally, the effect of the relatively large errors in 
measurement of knot length has to be studied. 

OBJECTIVE 

The objective of this study was to use logs from the Norway spruce stem bank for an 
evaluation of the accuracy of knot parameters measured automatically in CT-images of 
logs. 

MATERIALS AND METHODS 

Description of the stem bank 

The evaluation was made using material from plot 1-4 in the Norway spruce stem bank. 
These plots are located in the south of Sweden, near  Nyköping.  After felling and 
crosscutting, all stems were transported to the laboratory in  Skellefteå  and scanned in a 
medical CT-scanner (Siemens SOMATOM AR.T). The logs were scanned every 10 

mm with a 5 mm wide X-ray beam. The CT-images (8-bit, 256x256 pixels) were 
analysed automatically. The results from this analysis are descriptions of outer shape, 
heartwood border, location of the pith and a parameter description of the knot structure. 
Outer shape and heartwood border are described by polar coordinates with the pith as 
origin. The outer shape is described by one radius at every degree every 10 mm along 
the log. The heartwood border is described by a mean radius for 12-degree sectors every 
10 mm along the log. The position of the pith in an  x-y  coordinate system is also given 
every 10 min along the log. 

Each knot is described by ten parameters (c1-c7, re, rd,  ri).  The radial distance from pith 
to knot end (r,), from pith to dead knot border (rd) and from pith to log surface (r,) are 

all given explicitly, while the diameter of the knot  (d)  and the tangential (0) and 
longitudinal  (h)  position of the knot axis all are given as functions of the radial distance 
to the pith (r):  

d  =-- r  (c,  + c2(r)") (1)  

f 	c,  +  c,  In(r) (2)  

h (3)  c,  + 
tan(c, +  c,  In(r)) 

These knot parameters make it possible to describe the knot structure of a stem 
accurately and with a minimum amount of data. 

After CT-scanning, the logs were sawn and notes of saw pattern and the position of 
the log during sawing were taken for each log. After sawing and drying, all four sides of 
the centre boards were scanned with a CCD line camera. 
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Reconstructed logs, described by cross sections with heartwood, sapwood, pith and 
dead and green knots (Fig. 1), were created based on the parameter descriptions of the 
logs. Using the simulation software virtual SawMill, the saw pattern was positioned in the 
reconstructed log in the same position as during the real sawing (Fig. 2). Then the 
reconstructed logs were sawn with an image of the reconstructed board as result (Fig. 3). 

Measurements of knot diameter 

The pith side of every right centre board was then checked for knots with a visible dead 
knot border (Fig. 4). For these 27 knots, the diameter was measured at the dead knot 
border. These measurements are in accordance with the measurements described by  Oja  
(1997) and therefore make it possible to compare the results with the earlier study. The 
diameters of the corresponding knots were then measured on the reconstructed boards 
and the results were compared to measurements made on the real centre boards. This 
comparison makes it possible to analyse the accuracy of the diameter measurements. 

Detection of knots 

Among the 24 stems from 4 different plots, 12 logs were chosen for an evaluation of the 
accuracy in detecting knots and measuring knot length and dead knot border. Straight 
logs were preferred because of the errors that will be caused by the differences between 
real and simulated curve sawing. The stacks of original CT-images were inspected 
manually and all knots with a diameter larger than 7 mm were marked. The reason for 
this limit was that smaller knots are not taken into account when sorting in accordance 
with  Nordiskt Trä  (Anon. 1994). The original and reconstructed CT-images were then 
compared, and for every marked knot in an original image, the presence of a 
corresponding knot was checked in the reconstructed image. This comparison gives a 
measure of the accuracy of knot detection. 

Evaluation of measured knot length and dead knot border 

The sapwood side of the right centre board from each log was then inspected manually. 
The number of knots larger than 4 mm (N>4), the number of knots larger than 10 mm  
(N,„)  and the number of green knots larger than 10 mm (1\Ig.„„>10) were counted and 
the fraction of green knots (fg,.„,10) was calculated: 

figeen>10 N
gccn>10 
	

(4) 

The number of knots larger than 4 mm was a measure of the total amount of knots 
on the sapwood side of the board, while the fraction of green knots is a measure of the 
average dead knot border. The reason for calculating f,„ based only on knots larger 
than 10 mm was that the algorithms for prediction of dead knot border were calibrated 
on knots with a diameter larger than 10 mm. 

The measurements made on the real boards were then repeated on the reconstructed 
boards. When inspecting the reconstructed boards, the 4 and 10 mm limits were changed 

4 



Paper III 

to 2 and 8 mm respectively due to the mean error in the diameter measurements. As the 
accuracy of knot detection already was known, a comparison between the measurements 
on real and reconstructed boards makes it possible to analyse the accuracy of 
measurement of dead knot border and knot length. 

RESULTS 

27 knots of the type described in Fig. 4 were found when inspecting the pith side of the 
centre boards. The diameter measured on the reconstructed boards was on average 2 mm 
less than the diameter measured on real boards. The difference between the diameter 
measurements,  i.  e.,  the error, had a standard deviation of 3 mm. 

The evaluation of the knot detection showed that 80-100% of the knots larger than 7 
mm were detected by the image analysis algorithms. The average fraction of detected 
knots in the 12 logs was 94%. The comparison between original and reconstructed CT-
images also showed that there were very few false knots in the reconstructed images,  i.  
e.,  knots that did not exist in the original images. Only 9 false knots were found in the 
12 logs. 

The correlation between  N,.,  measured on real and reconstructed boards was high, 
R2=0.81 (Fig. 5), but the number of knots was underestimated when measured on 
reconstructed boards— the predicted number of knots is approximately 5 knots (20%) 
too low. 

Comparing fgre„,o  measured on real and reconstructed boards gives an idea of the 
accuracy of the dead knot borders in the reconstructed logs. Fig. 6 shows that the 
correlation between measured and predicted values is relatively high (R2=0.72), although 
the fraction of green knots is overestimated for the reconstructed boards. It is also clear 
that the errors are large for the 2 logs with almost no green knots. These 2 logs are butt 
logs with large diameter and small knots with the dead knot border close to the pith. 

DISCUSSION 

The study shows that the image analysis algorithms detect knots with a diameter larger 
than 7 mm with high accuracy, 94% of these knots were detected. This means that most 
knots that affect the quality of the board, according to  Nordiskt Trä  (Anon. 1994), exist in 
the reconstructed logs. 

When studying the sapwood side of both real and reconstructed logs it was found that 
the correlation between the number of knots larger than 4 mm measured on real and 
reconstructed boards was high, R2=0.81 (Fig. 5). This means that when considering the 
position and number of knots, the reconstructed boards are good approximations of the 
real boards (Fig 2). Fig. 5 also shows that the average result of measurements on 
reconstructed boards was approximately 5 knots (20%) less than measurements on real 
boards. Even though the comparison includes smaller knots, i.e., knots that are more 
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difficult to detect and not taken into account when sorting in accordance with  Nordiskt 

Trä  (Anon. 1994), this result indicates that the measured knot length is shorter than the 
true knot length. This compares well with earlier results  (Oja  1997). 

It is also important to remember that the position of the log when simulating the 
sawing differs from the true position and this difference will also cause errors. Finally, it 
is also possible that the relatively large errors in the measurement of knot length would 
have more influence on the results if the study had been made on side boards instead of 
centre boards. 

The diameter measurements showed that the diameters of knots in the reconstructed 
logs were 2 mm smaller then the real knots and that the standard deviation of the 
difference between the diameters measured on real and reconstructed boards was 3 mm. 
A comparison with the results obtained by  Oja  (1997) shows that the standard deviation 
is well in accordance with the earlier study (2.2 mm), but that the mean error was very 
low in the earlier study. The reason for the smaller diameters is that the average density 
threshold level for detecting knots has been increased in order to get more robust 
algorithms. The few false knots are partly a result of this increased threshold level. 

The comparison between the fraction of green knots on reconstructed and on real 
boards respectively showed that when the fraction of green knots is larger than 30%, the 
reconstructed boards are well in accordance with the real boards, even though the 
measurements on reconstructed boards overestimate the fraction of green knots (Fig. 6). 
For the 2 logs with almost no green knots the fraction of green knots is strongly 
overestimated when measured on the reconstructed logs. These 2 logs are butt logs with 
large diameter and small knots. This means that they are CT-scanned with lower 
resolution, and this, in combination with the small knots, results in very low resolution 
compared to the knot size. The fact that the models for prediction of dead knot border 
have not been calibrated on these extreme knots probably makes the low resolution the 
main cause of the large errors. 

The study was made on logs very different from the logs that were used when 
calibrating and validating the algorithms  (Oja  1996). The good results in this evaluation 
are promising, but of course other logs from totally different areas may cause other 
problems. 
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CONCLUSIONS 

The study compares real boards with boards which were reconstructed based on knot 
parameters measured automatically in CT-images of Norway spruce logs. The study 
showed that: 

• knots are detected with high accuracy and the reconstructed boards are well in 
accordance with the real boards in terms of position and number of knots; 

• knot diameter is measured with acceptable standard deviation and with a 
mean error of -2 mm; 

• the average dead knot border in the reconstructed logs, measured as the 
fraction of green knots on the sapwood side of the centre boards, is well in 
accordance with the real dead knot border when the fraction of green 
knots is larger than approximately 30 %; 

• the dead knot borders measured in large butt logs with small knots have 
a relatively large systematic error which causes an overestimation of the 
fraction of green knots on the sapwood side of these centre boards. 
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Fig. 1 Comparison between the original CT-image and a reconstruction of the cross 
section based on the parameter descriptions of log shape and knots. 
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Fig. 2 When simulating the sawing of a reconstructed log, the position of the saw 
pattern in the cross section was the same as during the real sawing. 
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Reconstructed board 

Real board 

Fig. 3 Example of a real board compared to a reconstruction based on simulated sawing 
and parameter descriptions of knots and log shape. 
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Fig. 4 Example of a knot where it is possible to measure the diameter at a well defined 
position, i.e., at the dead knot border. 
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Fig. 5 Measured number of knots larger then 4 mm counted on the sapwood side of 
the real centre boards as a function of predicted number of knots. The predicted number 
of knots is the number of knots larger than 4 mm counted on the sapwood side of the 
reconstructed boards. 
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Fig. 6 Fraction of green knots measured on the sapwood side of the real centre boards 
as a function of predicted fraction of green knots. The predicted fraction of green knots 
is measured on the sapwood side of the reconstructed boards. The result is only valid for 
knots with a maximum diameter larger than 10 mm. 
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The appearance of resin pockets in CT-images of Norway spruce 
(Picea abies (L.) Karst.) 

Johan  Oja, Luleå  University of Technology,  Skellefteå  Campus, Division  of Wood 
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Erik Temnerud, Department of Forest Products, Swedish University of Agricultural 
Sciences, P.O Box 7008 S-750 07 Uppsala, Sweden. 

SUMMARY 

The appearance of resin pockets in CT-images of Norway spruce (Picea abies (L.) Karst.) 
was studied. The study also includes a comparison between measured and calculated 
CT-numbers of Norway spruce resin and wood. It was found that it should be possible 
to create algorithms that automatically detect large resin pockets in CT-images of 
Norway spruce. Compared to resin pockets in heartwood, resin pockets in green 
sapwood are more difficult to detect due to the high density of the surrounding wood. 
The study also showed that the correlation between measured and calculated CT-
numbers was high and that it is possible to use the same function for conversion between 
CT-number and density for both green wood and resin. 
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1. INTRODUCTION 

Resin pockets, common in softwoods, are small lenses of resin oriented along annual 
rings (Fig. 1). The size and shape of resin pockets are usually described by thickness 
(measured in the radial direction), width (measured tangentially) and length. Both length 
and width of a resin pocket are always greater than the thickness. The size of resin 
pockets in Norway spruce (Picea abies (L.) Karst.) varies from minimum length, width, 
and thickness of 3.0, 2.5 and 0.5 mm up to a maximum of 175, 65 and 7 rnm, 
respectively (Temnerud 1997). 

When using Norway spruce for making joinery products, resin pockets are considered 
a serious defect. It is also difficult to provide precise predictions of the occurrence of 
resin pockets in single pieces of saw logs and sawn timber(Temnerud 1996). Because of 
this, sawrnillers are interested in finding a nondestructive method of detecting resin 
pockets in saw logs. 

For research purposes, the use of computer tomography (CT) has been the most 
successful method of nondestructive measurements of inner properties of logs. Studies of 
CT-scanning of wood have been described by, for instance, Taylor et al. (1984) and  
Funt  & Bryant (1987). Lindgren (1991) calculated CT-numbers for wood with different 
amount of cellulose, hemicellulose and  lignin  --using a model described by Tsai and Cho 
(1976)-- and showed that the influence on the mass attenuation coefficient of wood due 
to normal variations in moisture content and chemical composition is limited. Because of 
this, CT-scanning can be used for precise and non-destructive measurements of the 
density of wood.  

Grundberg  (1994) developed image analysis routines that automatically extract knot 
parameters, outer shape and position of the border between heartwood and sapwood 
from images of CT-scanned logs. These routines were used when creating the Swedish 
Stem Bank  (Grönlund  et al. 1995). The Swedish Stem Bank is today based on 200 CT-
scanned Scots pine trees from sample plots all over Sweden. The very accurately 
described sterns can be used both by those researchers who builds tree models (Moberg 
1996) and those who develop new methods for industrial measurements  (Grundberg  and  
Grönlund  1995). 

At the moment, 200 Norway spruce trees are going to be added to the data base. In 
order to make this possible, the original algorithms for automatic analysis of CT-images 
have been validated on and adjusted to Norway spruce  (Oja  1997). Because of the 
interest in information about the occurrence of resin pockets, the possibility of extracting 
such information from the CT-images should be investigated. 

In CT-images, objects are defined by shape and X-ray attenuation (CT-number). As 
resin pockets have a characteristic shape, it will be possible to detect resin pockets if there 
is a significant difference between the CT-number of the resin pocket and the CT-
number of the surrounding wood. A similar problem is detection of  kino  veins in CT-
images of different Eucalyptus species. Svalbe et al. (1995) discuss the appearance of  kino  
veins in CT-images and suggest that their detection require full utilisation of 3D (cf. Fig 
1., R.LS, TLS, TS). 
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Consequently, the first step should be to study the variation in CT-number for 
Norway spruce resin and then to make a comparison between the CT-number of resin 
and the CT-number of the surrounding wood in order to find properties that could be 
used for automatic detection. When analysing CT-images of green logs, the CT-number 
of normal wood differs very much between heartwood and sapwood due to the 
differences in moisture content. This means that it is necessary to study the contrast 
between resin pockets and the surrounding wood in both sapwood and heartwood. 

1.1. The relation between X-ray attenuation coefficients, CT-numbers, density and 
CT-images 

The X-ray attenuation of a material is a function of density, chemical composition and 
photon energy and can be calculated according to Tsai and Cho (1976). If thickness (t) 

and linear attenuation coefficient (µ) of an absorber are known, the number of 
transmitted photons (I) can be calculated in terms of the number within the incident 
beam (4): 

(1) 

The linear attenuation coefficient (µ) varies with density. Therefore, the mass 

attenuation coefficient (gm) is more widely used (Knoll 1989) and is defined as: 

11, 	= — 
	

(2) 
P  

where  p  is the density of the material. 

The mass attenuation coefficient (gm) is constant for a material with a certain chemical 
composition and at a specific photon energy. Hence, for a material with known mass 
attenuation coefficient it is possible to measure the density through measurements of the 
X-ray attenuation. 

When reconstructing a CT-image, the linear attenuation coefficient 11 is normalised 
to the corresponding attenuation coefficient for water according to Eq. (2). 

CT„ = 1000 11, 	w.r 	 (2) 

where CTx  is the CT-number for the tested material and j.tx  and 

are the linear attenuation coefficients for the tested material 
and water respectively, at an average photon energy of 73 keV. 

A CT-image is a grey scale image where each picture element (pixel) represents the 
average CT-number in the corresponding part of the CT-scanned object. Thus, if the 
scanned object consists of a material with constant mass attenuation coefficient, the CT-
image will be a map describing the density variations within a cross section of the object. 
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2. OBJECTIVES 

The objectives of this study were to: 

• calculate X-ray attenuation coefficients and CT-numbers for resin in Norway spruce; 

• compare measured and calculated values of the CT-number of resin in Norway 
spruce; 

• investigate the appearance of resin pockets in CT-images of Norway spruce; 

• discuss properties that are possible to use in algorithms for automatic detection of resin 
pockets in CT-images of Norway spruce. 

3. 	MATERIAL AND METHODS 

3.1. Calculation of X-ray attenuation coefficients and CT-numbers for resin in 

Norway spruce 

The main components (90 %) of resin in Norway spruce are fatty acids, resin acids, 
sterols and triterpene alcohols  (Ekman  1979). Normal proportions are 65 % fatty acids, 
20 % resin acids and 15 % sterols and triterpene alcohols. The fatty acids are mainly 
triacylglycerols (C16-C20). The resin acids are typically levopimaric, palustric, abietic and 

neoabietic acids while the sterols and triterpene alcohols are dominated by ß-sitosterol. 
Calculations of mass attenuation coefficients and CT-numbers for fatty acids, resin 

acids, sterols and triterpene alcohols, Norway spruce resin and green wood were made 
according to Lindgren (1991). 

3.2. Measurements of CT-number of Norway spruce resin and wood 

The validity of the calculations was tested through a comparison between measured and 
calculated CT-numbers for Norway spruce resin and wood. Eight samples of resin (five 
samples of dried resin and three samples of fresh resin) were taken from five different 
Norway spruce trees. All samples were scanned in the CT-scanner with scan settings 110 
kV, 50  mA  and 3 s. The CT-numbers were measured in the CT-images and finally the 
density of each resin sample was measured using a conventional gravimetric method. For 
comparison two samples of wood were CT-scanned at different moisture contents 
(sample 1: oven-dry, 6%, 62% and 156%; sample 2: oven-dry, 6% and 31%). CT-number 
and density were measured for each wood sample and moisture content. 

Based on the density measurements and the calculated mass attenuation coefficients 
(Table 1) theoretical CT-numbers were calculated for each resin sample and for each 
wood sample and moisture content. This made it possible to compare measured and 
calculated CT-numbers for both resin and wood. 
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3.3. CT-images of resin pockets in Norway spruce 

The material was taken from a Norway spruce saw log which was used in an earlier 
study  (Oja  1997). After felling and crosscutting, the log was transported to  Luleå  
University of Technology,  Skellefteå  Campus, where it was scanned in a medical CT-
scanner (Siemens SOMATOM AR.T.). The log was scanned every 10 mm with a 5 mm 
wide X-ray beam (scan settings same as above). The reconstructed images were 12-bit 

images with 512x512 pixels. Each pixel in these images represents the average X-ray 
attenuation coefficient (given as a CT-number) in a volume element with the 

dimensions 0.684x0.684x10 mm. If all CT-images of a log are put together, the 
resulting stack of images describes the density variations of the log in three dimensions. 

After CT-scanning the log was cut into 25 mm thick flitches. The resin pockets were 
detected manually on the sawn surfaces and the position on the sawn surface was 
transformed to the corresponding position in the CT-stack. This made it possible to find 
CT-images of the same resin pockets in green wood. 

One small, one medium and one large resin pocket from heartwood and sapwood 
respectively were then chosen for the study. These six resin pockets were CT-scanned 
again when dry and finally after that they had been cleaned from resin. When scanning 
the dried and cleaned resin pockets, the same scan settings as above were used, except 
that they were scanned every 2 mm with a 2 mm wide X-ray beam. This means that 
each pixel in these images represents the average CT-number in a volume element with 

the dimensions 0.684x0.684x2 mm. The X-ray attenuation profiles (in radial direction) 
were then measured in the CT-images. For each resin pocket the X-ray attenuation 
profile was measured in all three conditions (green wood, dry wood before cleaning 
from resin and dry wood after cleaning from resin). 

The objective of these measurements was to make it possible to see if the areas which 
were defined as resin in green wood would correspond to high-density areas (i.e. resin) 
in CT-images of dry wood and if these areas would correspond to low-density areas (due 
to absence of resin) in the images of the same resin pockets after cleaning from resin. 
Finally, the thickness of each resin pocket was measured manually on the dried and 
cleaned resin pockets. 

For comparison of true and measured X-ray attenuation profiles a phantom 
containing five layers with well defined CT-numbers and thickness was scanned. 

5 



Paper IV 

4. RESULTS 

Table 1 shows calculated mass attenuation coefficients and CT-numbers for fatty acids, 
resin acids, sterols and triterpene alcohols, Norway spruce resin and green wood. The 
difference between calculated mass attenuation coefficients for green wood and resin is 

less than 1 % at  p  = 1000 kg/m2. Hence, the relation between density and CT-number 

is very similar for resin and green wood (Fig. 2). 
The CT-number of the resin samples varied between -42 and 104 while the CT-

number for the wood samples varied between -566 and 1 (Table 2). The correlation 
between measured and calculated CT-numbers is very high (R2=0.997), although a 
systematic deviation of about 49 CT-numbers between measured and calculated values 
exists (Fig. 3). 

Cross sectional CT-images of resin pockets in green wood are shown in Fig. 4. The 
high density of resin gives a contrast between resin pockets and normal heartwood when 
scanning green logs (Fig. 4:2, 4:4 and 4:6). Fig. 5:2, 5:4 and 5:6 show that after cleaning 
from resin the low-density areas (due to absence of resin), indicating the location of resin 
pockets, correspond to the high density areas in images of green and dry wood. The 
image reconstruction algorithms cause a significant difference between true and measured 
X-ray attenuation profile when the attenuation changes stepwise (Fig. 6). The X-ray 
attenuation profiles in Fig. 5:1-6 are because of this smoothed, although the density 
changes are stepwise. 

The high moisture content gives green sapwood high density. Because of this it is not 
possible to find a significant difference in CT-number between resin and green sapwood. 
Still, Fig. 4:1, 4:3 and 4:5 clearly show that resin pockets can also be detected in 
sapwood. The reason is that there is a thin area with low density (wood with lower 
moisture content) surrounding the resin pocket. It is mainly the medium sized resin 
pocket (Fig. 4:3) that have both characteristic shape and contrast in CT-number. Fig. 5:3 
shows that the high-density area surrounded by low density in green sapwood 
corresponds to the low-density area (representing the empty resin pocket) in the dry and 
cleaned wood. Small resin pockets located in sapwood have, due to the smoothed image, 
lower CT-numbers than the surrounding green sapwood (Fig. 4:1). Still, the density 
profiles show that the low-density area in the green sapwood corresponds to resin 
surrounded by low-density (dry) wood (Fig. 5:1). The low-density area surrounding 
large resin pockets located in sapwood can have an irregular shape (Fig. 4:5 and Fig. 
5:5). 
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5. DISCUSSION 

The study showed that the difference between the mass attenuation coefficients for 
Norway spruce wood and resin is less than 1 %. Hence, it is possible to use the same 
function for conversion between CT-number and density for both green wood and resin 
(Fig. 2), Consequently, the CT-images and measurements shown in Fig. 4:1-6 and 5:1-6 
describe the density variations within the scanned wood samples. The study also showed 
that correlation between measured and calculated CT-numbers was high but that a 
systematic difference between measured and calculated values exists. This systematic 
difference demonstrates the importance of individual calibration of medical CT-scanners  
(c£  Levi et al. 1982). 

The high density of resin gives a contrast between resin pockets and normal 
heartwood when scanning green logs (Fig. 4:2, 4:4 and 4:6). Consequently a threshold 
algorithm (searching for areas with high density) in combination with an analysis of 
geometrical properties may be a possible method of automatic detection and measuring 
of resin pockets located in heartwood. 

Other high-density objects, within the heartwood, that can be confused with resin 
pockets are knots and reaction wood  (Grundberg  1994). Generally, knots will not be a 
problem as the geometrical shape of knots is totally different from that of resin pockets. 
The exception is small resin pockets located close to a knot. In these cases it will be very 
difficult to tell the difference between irregular grain and resin pockets. In the same way, 
small, local streaks of reaction wood can be confused with small resin pockets. It is also 
possible that resin pockets can be "hidden" in larger volumes of high-density reaction 
wood. 

When defining a density threshold for resin pockets it is important to take the limited 
resolution of a medical CT-scanner into consideration. Lindgren et al. (1992) have 
compared density profiles of annual growth rings measured with a medical CT-scanner 
and a microscanner respectively. The comparison showed that even when the annual 
growth ring width was of the order of 3.5 mm, the CT-scanner did not measure density 
in early wood and late wood regions accurately. Due to the limited resolution, the CT-
image is a smoothed representation of the density variations (Fig. 6). The result is that 
small objects give less contrast than large objects and that the exact position of edges (i.e. 
stepwise changes in density) are difficult to define. 

Although the high density of green sapwood gives resin and green sapwood similar 
CT-numbers, resin pockets in green sapwood can be detected due to a thin area with 
low density surrounding the resin pocket. Medium sized resin pockets (Fig. 4:3) tend to 
have both characteristic shape and contrast in CT-number while the dry area 
surrounding large resin pockets can have an irregular shape (Fig. 4:5) that may cause 
problem for automatic algorithms. Small resin pockets located in sapwood have, due to 
the smoothed image, lower CT-numbers than the surrounding green sapwood and can 
easily be confused with local dry areas (Fig. 4:1). 

One property that can be useful in automatic algorithms for detection of resin pockets 
in both sapwood and heartwood are the small voids that can be found in many resin 
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pockets (Fig. 1 and Fig. 4:1). These low-density objects, surrounded by high-density 
areas, can only be used for detection of resin pockets, and an algorithm based on the 
existence of such voids must be combined with other algorithms that measure the size of 
each detected resin pocket. This can also be a possible method of detecting resin pockets 
that are located close to the transition zone between sapwood and heartwood. Because of 
the difference in CT-number between green sapwood and heartwood, this zone will 
cause problems for automatic algorithms based on the contrast between resin and the 
surrounding wood. 

6. CONCLUSIONS 

The study showed that: 

• it is possible to use the same function for conversion between CT-number and 
density for both Norway spruce resin and green wood; 

• the correlation between measured and calculated CT-numbers was high; 

• the high density of resin gives contrast between green heartwood and resin pockets; 

• resin pockets located in green sapwood can be detected because of a thin area with 
lower density surrounding the resin pocket; 

• using the information about contrast in CT-number combined with the geometrical 
properties of resin pockets, it should possible to create algorithms that automatically 
detect larger resin pockets in CT-images of Norway spruce; 

• small resin pockets in green sapwood can easily be confused with local dry areas while 
small resin pockets in green heartwood can be confused with small streaks of reaction 
wood. 

8 



Paper IV 

7. REFERENCES  

Ekman,  R.  1979: Analysis of the nonvolatile extractives in Norway spruce sapwood 
and heartwood.  Acta  Academia Aboensis,  Ser. B,  Vol 39  nr  4.  
Funt,  B.  V.; Bryant,  E. C.  1987: Detection of internal log defects by automatic 
interpretation of computer images. Forest Prod.  J.  37: 56--62.  
Grundberg,  S. 1994: Scanning for Internal Defects in Logs. Licentiate thesis,  Luleå  
University of Technology 1994:14 L. ISSN 0280-8242.  
Grundberg,  S.;  Grönlund,  A. 1995: The development of a LogScanner for Scots 
pine. Proceedings from the 2nd international seminar/workshop on scanning technology 
and image processing on wood. Ed. Lindgren, 0. Technical report 1995:22 T.  Luleå  
university of technology. pp. 39--50. ISSN 0349-3571.  
Grönlund,  A.;  Björklund,  L.;  Grundberg,  S.;  Berggren,  G.  1995: Manual for 
furustambank.  Luleå  University of Technology.  Teknisk  rapport 1995:19 T. 25 pp. ISSN 
0349-3571. (In Swedish.) 
Knoll, G.F. 1989: Radiation detection and measurement. Second edition. pp. 50--56. 
John Wiley & Sons. New York. ISBN 0-471-81504-7. 
Levi,  C.;  Cray, J.E.; McCullough, E.C.;  Hattery,  R.R. 1982: The unreliability of 
CT-numbers as absolute values. Am.  J. Radiol.  139:443--447. 
Lindgren, L. 0. 1991: Medical CAT-scanning: X-ray absorption coefficients, CT-
numbers and their relation to wood density. Wood Sci. Technol. 25:341--349. 
Lindgren, O.; Davis,  J.;  Wells,  P.;  Shadbolt,  P.  1992: Non-destructive wood 
density distribution measurements using computed tomography. Holz  als Roh-  und  
Werkstoff  50:295--299. 
Moberg, L. 1996:  Kvalitetssamband  -  trädmodeller. Kungl. Skogs- och 
lantbruksakademiens Tidskrift  135(2):11--18. (In Swedish.)  
Oja,  J.  1997: A comparison between three different methods of measuring knot 
parameters in Picea abies (L.) Karst. Scand.  J.  For. Res. 12: 311--315. 
Svalbe, I.;  Som,  S.; Davis,  J.;  Grant,  J.;  Tsui,  K.;  Wells,  P.  1995: Internal 
scanning of logs for grade evaluation and defect location. Proceedings from the 2nd 
international seminar/workshop on scanning technology and image processing on wood. 
Ed. Lindgren, 0. Technical report 1995:22 T.  Luleå  university of technology. pp. 1--8. 
ISSN 0349-3571. 
Taylor, F. W.; Wagner Jr., F.  G.;  McMillin,  C.  W.; Morgan, I. L.; Hopkins, F. 
F. 1984: Locating knots by industrial tomography - A feasibility study. Forest Prod.  J.  
34: 42--46. 
Temnerud,  E.  1996: Resin pockets in Picea abies: variation in amount, number and size 
within trees and within a stand. Scand.  J.  For. Res. 11:164--173. 
Temneru.d,  E.  1997: The occurrence of resin pockets in sawlog populations of Picea 
abies (L.) Karst. from five geographic regions in Sweden. Yet unpublished manuscript. 
Tsai, C.M.; Cho, Z.H. 1976: Physics of contrast mechanism and averaging effect of 
linear attenuation coefficients in computerized transversal axial tomography (CTAT) 
scanner. Phys.  Med. Biol.  21:544--559. 

9 



Paper IV 

Table 1. Calculated mass attenuation coefficients and CT-numbers for fatty acids, resin 
acids, sterols and triterpene alcohols, Norway spruce resin and green wood. 

CT-number 
Typical component 	(cm2/g) (at  p  -- 1000 kg/m3) 

Fatty acids 	 triacylglycerol (C18) 	0.1825 	-17 

Resin acids 	 abietic acid 	0.1796 	-32 

Sterols and triterpene alcohols 	ß-sitosterol 	0.1821 	-19 

Norway spruce resin 

Green wood 

65 % fatty acids 	0.1817 	-21 

20 % resin acids 

15 % sterols 

Normal chemical composition 	0.1828 	-15 
at  p  = 1000 kg/m3  

(Lindgren 1991) 
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Table 2. Density and CT-number distribution for eight samples of Norway spruce 
resin (five samples of dried resin and three samples of fresh resin) from five different trees 
and two samples of wood at varying moisture content (sample 1: oven-dry, 6%, 62% and 
156%; sample 2: oven-dry, 6% and 31%). 

Measured density 
(g/cm3)  

Measured CT-number 

 

min. mean max. min. mean max. 

Resin samples 1,03 1,07 1,18 --42 0 104 

Wood samples 0,506 0,686 1,06 —566 --390 1 
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TLS RLS TS 

Fig. 1 Example of resin pocket in CT-images of a green Norway spruce log. Tangential 
longitudinal (TLS), radial longitudinal (RLS) and transverse (TS) sections. Dark pixels 
represent low CT-numbers (low attenuation, low density) while bright pixels represent 
high CT-numbers. 
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Fig. 2 Calculated values showing the relation between density and CT-number for 
green wood and the main components of Norway spruce resin. 
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Fig. 3 Measured and calculated CT-numbers of eight samples of Norway spruce resin 
and 2 samples of Norway spruce wood at varying moisture content (sample 1: oven-dry, 
6%, 62% and 156%; sample 2: oven-dry, 6% and 31%). 
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Paper 117 

Fig. 4:1-6 CT-images of six different resin pockets (dark pixels represent low CT-
numbers while bright pixels represent high CT-numbers): 
1. Small resin pocket in green sapwood. 
2. Small resin pocket in green heartwood. 
3. Normal resin pocket in green sapwood. 
4. Normal resin pocket in green heartwood. 
5. Large resin pocket in green sapwood. 
6. Large resin pocket in green heartwood. 
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Fig. 5:1-6 X-ray attenuation profiles of the six different resin pockets shown in Fig. 
4:1-6. The profiles are measured in the radial direction and for each resin pocket the X-
ray attenuation profile was measured at three different conditions; green, dry with resin 
and dry after cleaning from resin. The true width is the thickness of the resin pocket 
measured manually on the dried and cleaned resin pockets. 
1. Small resin pocket in sapwood. 
2. Small resin pocket in heartwood. 
3. Normal resin pocket in sapwood. 
4. Normal resin pocket in heart-wood. 
5. Large resin pocket in sapwood. 
6. Large resin pocket in heartwood. 
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Fig. 6 CT-image and X-ray attenuation profile of a phantom containing five layers of 
well defined CT-numbers and thickness. 
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A preliminary study on unbiased volume estimation of resin 
pockets using stereology to interpret CT-scanned irnages from one 
spruce log. 

Erik Temnerud, Department of Forest Products, Swedish University of Agricultural 
Sciences, P.O Box 7008 S-750 07 Uppsala, Sweden. 

Johan  Oja, Luleå  University of Technology,  Skellefteå  Campus, Division  of Wood 
Technology, SKERIA  3, S-931 87  Skellefteå,  Sweden. johan.Oja@ttluth.se. 

SUMMARY 

Stereological methods for the volume estimation of resin pockets in saw logs were 
studied using computed tomography (CT) and image analysis. The Cavalieri theorem 
was applied for transverse sections and the  Pappus  theorem was applied for longitudinal 
radial sections. Stereology applied on wood has to consider both the linear orientation of 
tracheids and rays, and the circular, lamellar oriented structure of annual rings. The 
precision of the estimates is illustrated with varying step length between sections, i.e. 
varying sample size and sampling intensity. 

To estimate the volume of resin pockets in one log with a coefficient of error of less 
than 10% requires a step length of 80 mm between transverse sections or ten radial 

longitudinal sections 18 degrees apart. Here, the resolution of 1.37x1.37x5 mm 
overestimated the true volume of resin pockets. Large resin pockets can be detected, 
whereas detection of small resin pockets, which involved differentiation between resin 
pockets and compression wood, was difficult with the CT-scanner. 

This study proves that implementation of stereology on wood can be a good tool for 
quantitative analysis of resin pockets, which also means that the methods are suited for 
effective quality control of resin pockets in sawn timber. 
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1. INTRODUCTION 

Resin pockets, common in softwoods, are small lenses of resin lying along the annual 
rings of trees (Fig. 1). The size of resin pockets in Norway spruce varies from a 
minimum length, width, and thickness of 3.0, 2.5, and 0.5 mm to a maximum of 175, 
65, and 7 mm, respectively (Temnerud 1997). Resin pockets are more difficult to 
predict than knots, their occurrence may cause considerable economical losses in later 
stages of the industrial processing where single wood details ready for assembling or 
coating have to be rejected (Temnerud 1996). The prediction of the risk of hitting resin 
pockets with a random saw plane can be improved by precisely estimating the volume of 
resin pockets in a certain batch of sawn timber. However, for the practical usage for 
producers of sawn timber, it is more of interest that the tool or the methods of 
measurements should be convenient and easy to apply. In addition, the methods should 
predict precisely the occurrence of resin pockets in various stands of timber. 

The differences in x-ray attenuation (measured as CT-number) between resin pockets 
and the surrounding wood make it possible to detect them using computed tomography 
(CT) and standard techniques for image analysis (See Fig. 1). Non-destructive scanning 
devices have been developed and used for anatomical studies of the human body, where 
stereological methods are commonly used for quantitative assessment of anatomical 
components in CT-scanned images. The introduction of assumption-free methods in 
stereology, i.e. methods not based on the assumption of particle shape, size, and 
orientation, have improved the efficiency of image analysis and offer a greater precision 
per unit cost (Mayhew & Gundersen 1996). The validity and efficiency of sampling of 
data in images is determined by the design-based sampling used. An efficient design is to 
draw a systematic sample of images, objects, or points for measurements (Gundersen & 
Jensen 1987). A systematic sample in this context always depends on a random start. 

The sawing process excludes repeated sampling of differently sawn timber from one 
saw log. Repeated sampling from the same log described in a stack of CT-scanned 
images therefore makes it possible to evaluate rules relating to grading of saw logs and 
sawn timber. The new technique also enables unbiased estimation of the volume of resin 
pockets in one saw log using common theories in stereology. 

Among the stereological methods already in use, the method introduced by Roberts 
et al. (1993) for unbiased estimation of human body composition by the Cavalieri 
theorem is similar to that where the volume of resin pockets could be estimated using 
stem sections from logs. The method presented by Cruz-Orive & Roberts (1993) for 
unbiased volume estimation of the human bladder with use of coaxial sections is similar 
to the estimation of the volume of resin pockets using the pith fleck side of the centre 
yield (longitudinal sections) from logs. 

The aim of this study was to use basic stereological principles with adequate sampling 
technique for the development of convenient methods for the assessment of resin 
pockets in wood. 
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	)1 

Fig. 1. The resin pockets on the reconstructed radial section from the stack of CT-scanned images 
corresponds well with the resin pockets on the pith fleck side of the unedged board. The systematic 
sampling of radial sections is restricted to a location within a half circle of 180 degrees or the radian 

7r times r, . 
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2. MATERIALS AND METHODS 

The log investigated was the fourth log from the butt (12-16 m up in the tree) in a 
mature Norway spruce tree (Picea abies [L.] Karst.). The green volume of the log was 
0.214 m3  (butt end and top end diameter 28-25 cm, and log length 386 cm). This log 
was chosen because of the evident high frequency of resin pockets. The log was selected 
from a pilot study for the planning of a stem bank of spruce logs from experimental 
forest grounds in Sweden. 

The log was scanned in a medical CT scanner (Siemens SOMATOM AR.T.) at  
Luleå  University of Technology,  Skellefteå  campus. The log was scanned every 10 mm 
along the length of the log with a  5-mm  collimated X-ray beam, which yielded 385 
slices (transverse sections of  5-mm  thickness) leaving  5-mm  gaps between the scans. The 
scan settings were 110 kV, 50  mA,  and 3 s. The reconstructed images were 12-bit images 

with 512x512 pixels. In order to reduce the amount of data handled, these images were 

converted into 8-bit images containing 256x256 pixels. Each pixel represented the 
average x-ray attenuation coefficient in a volume element (voxel) with the dimensions 

1.37x1.37x5 mm. The reconstruction of the CT-images to longitudinal sections involves 
a  5-mm  extrapolation of the density of the originally scanned voxel, since each 

longitudinal voxel has the dimensions of 1.37x1.37x10 mm (Fig. 2, section  B-B).  The x-
ray attenuation coefficient for wood is strongly correlated to wood density (Lindgren 
1991a; Lindgren 1991b), and the lightness of a pixel represents the average density of 
the wood in the corresponding voxel: The lighter the pixel, the higher the density. After 
scanning, the log was through-and-through sawn into 10 boards of  25-mm  thickness 
parallel to the log axis. The unedged boards were manually examined and the occurrence 
of resin pockets recorded. 

All CT-scanned images (transverse sections) were manually inspected and each resin 
pocket was marked. The determination of the boundary of each resin pocket was based 
on experience from earlier manually registered resin pockets. For each marked resin 
pocket, major and minor axes (length and width), and area and distance from pith were 
calculated. The Oxy-centroid of the resin pocket and the length of the major and minor 
axes were calculated as the best fitting ellipse (Anon. 1996). Eight data sets from the stack 
of CT-scanned images were obtained with a successively increasing step length (S = 
number of transverse sections between samples) of 2, 4, 8, 16, 32, 64, 128, and 256 
between transverse sections. For S equal to 2 to 16, all possible starting points were used 
(sections). For S greater or equal to 32, 16 of all the possible starting were points used. S 
= 32 used every second section and started in section no. 2; S = 64 used every fourth 
section and started in section no. 4; S = 128 used every 8 th section and started in 
section no. 8; and S = 256 used every 16th section and started in section 16. Step length 
(S) equal to 2 consisted of two samples with 192 and 193 sections; S=4 consisted of 
three samples with 96 and one with 97 sections; S= 8 consisted of seven samples of 48 
and one with 49 sections; S = 16 consisted of 15 samples with 24 and one with 25 
sections; S = 32 consisted of 16 samples with 12 sections; S = 64 consisted of 16 
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samples with six sections; S=I28 consisted of 16 samples with three sections; and 
S=256 consisted of 8 samples with two and 8 samples with one section. 

The radial sections were all reconstructed after the resin pockets had been marked in 
the stack of CT-scanned images, thereby avoiding differences in judgement between 
transverse and radial sections in marking the contour of the resin pocket. The first radial 
section reconstructed from the stack of CT-scanned images was made to simulate the 
sawn flat side of the unedged board that struck the pith (the pith fleck side). The first 
radial section started at a distance of 9 mm from the pith in the butt end and increased 
five pixels in height towards the top of the log, i.e. slightly curved to be able to follow 
the pith. The positioning of the log in the main headrig saw is dependent on the curve 
of the log and may thus introduce a bias as the radial sections should be positioned at 
random. The first radial section should be positioned at random within a predisposed 
interval, whereas the following radial sections could be systematically positioned with a 
fixed step length apart. Here, the first radial section was positioned to correspond to the 
already sawn pith fleck side of the unedged board. From the first radial section, nine new 

radial sections were sawn clockwise with an 18 degree angle (it / 10) between each radial 
section. Data sets from the radial sections were obtained with a successively increasing 
step length (S) of 1, 2, 3, 4 and 10. All possible combinations of starting sections were 
used. Step length (S) equal to 2 consisted of two samples with five sections; S -= 3 
consisted of three samples with four sections; S = 4 consisted of two samples with three 
sections and two samples with two sections; and S = 10 consisted of ten samples with 
one section. 

Stereology for the volumetry of resin pockets 

The standard procedure to describe fractions of objects in a material, e.g. metallic alloy, is 
to use proportions or ratios V,,, Si,,  Ly,  and  N.  In this case, V stands for the volume 
of the object of interest, the resin pocket, and for the volume of the reference space, 
the volume of wood in a log (S = Surface area, L = Length,  N  = Number of objects). 
The use of ratios or proportions are most effective when the objects of interest are 
distributed at random in a reference space, and resin pockets cannot be considered to be 
located completely at random. The stereology applied on wood has to consider that resin 
pockets are formed along the annual ring of tracheids, which have different geometrical 
probabilities to be sectioned with radial and tangential sections (Weslien 1993). The sum 
of the linear intercept L per log length gives the probability to hit resin pockets with a 
transverse section (Fig. 2). The sum of linear intercept W per length of annual ring gives 
the probability to hit resin pockets with a radial longitudinal section. Whereas, the length 
of the annual ring, the circumference, is dependent on the radius (r1 ) from the pith to 
the resin pocket (Weslien 1993). 

The term model-based stereology means that the distribution could be modelled by a 
realisation of a stationary random set. 

5 



Paper V 

;1:- A 

ES 

Test grid system 

< 0.5 mm 

Transverse section 
	 Radial longitudinal section  

A -A B - B  

Fig. 2. The systematic sample from the stack of CT-scanned images consists of transverse sections 
(A-A) and radial longitudinal section  (B-B).  Above the projection A-A, the distinct contour of the 
resin pocket in a transverse section is shown with a superimposed test grid. The resin pocket, object  
X,  is described in voxel elements and the projection of the resin pocket gives the projected surface 
area of A. Here, the measures maximum length (L) and the maximum width (14') are illustrated 
for the projected area of the resin pocket, which lies in the wooden sheet of one annual ring at the 
distance r,from the pith. 
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Structures in a reference space that are non-random, i.e. organised with a certain 
pattern such as organs in a body, have to use design-based stereology, estimating the 
total measure of the object V cm', San' Lcml  and  N  cm°. Measurements of the total 
volume of the object are not dependent On measurements of the volume of the reference 
space, and changes in the volume of wood due to changes in moisture content will 
therefore not introduce an extra error to the estimates. The description of knots in trees, 
which are always present and organised in a pattern, resembles the common features and 
methodological problems as observed for the description of organs in the human body. 
This makes design-based stereology the reasonable choice. Resin pockets cannot be 
considered similar to an organ that can be found in every tree, because spruce trees 
without resin pockets may exist. The occurrence of resin pockets is more pathological 
and their occurrence may reach epidemic levels in certain trees and stands, e.g. in a 
similar manner as for tumours or birth-marks. As far as we know, resin pockets are 
formed preferably in the upper part of the tree and they increase in number with the 
distance from pith (Weslien 1995; Temnerud 1996 1997). Thus, the stereological 
methods applied for the quantification of resin pockets in wood have to consider both 
the organised pattern of cells within trees, the systematic distribution of resin pockets 
within trees, and the random location of resin pockets in certain annual rings. 

The total volume (V) of resin pockets in the log was first estimated with the Cavalieri 
estimator (Roberts et al. 1993), using data from transverse sections. The Cavalieri 
estimator is the distance (T) between transverse sections in the log times the total 
transected area of resin pockets (4) in the whole log (Eq. 1) (Fig. 2). The Cavalieri 
estimator is unbiased, i.e. its average error is zero, provided that the first section is 
randomly positioned within an interval of length T.  

est,  V  =  T  •  (A,  +  4  + • ••  +43 cm' 	 (1)  

Secondly, the total volume V of resin pockets was estimated with the  Pappus  
estimator (Cruz-Orive & Roberts 1993), using data from radial sections. The resin 
pocket and the log are fixed with respect to an orthogonal reference frame with the axis 
xyz, where  x  and  y  are the radial position in the transverse section (A-A) and z the 
longitudinal position of the section along the log length (Fig. 2).  Origo,  Oxyz, is 
positioned in the lower, left-hand corner of the orthogonal reference frame in the butt 
end side of the log. The log rotates around its central axis, the pith, and the radial section  
(B-B)  is a plane containing the pith (Here, we use radial section for coaxial section). The 

position of the radial section, RS (0), is determined by the angle 0 to the vertical y-axis, 

(0 5_ Ø <it). A set of systematic radial sections of period TC /  N  (namely a constant 

angle TC  N  apart, where  N  is an arbitrary positive integer) is the set 

{RS (0 ,), RS (0 2)„ RS (0  N)}, 	 (2) 

where 

, is chosen uniformly at random in the interval (0, TC /  N),  
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1 = 	1  + (i - 1) • n / N, (i = 1,2, ..., N). 	 (3) 

The  Pappus  estimator of  V is  

est,  V  (4) 

(Cruz-Orive 1987), where, 
4 = the area of the transected resin pocket (object  X)  in a random radial section,  X 

n  RS (01), 

r ,= the distance from pith to the centroid of the resin pocket Oxy,  X n  RS (0 1). If 

RS (0 1) does not hit  X,  then we set A(Ø) and r (Ø )  to zero. 

Precision of the estimates 

The precision was evaluated by calculation of the coefficient of error (CE) from the 
empirical results, where CE is the ratio between the standard error (SE) and the mean 
(CE = SE / Mean). The standard error (SE) is used to avoid confusion with the standard 
deviation of individual observations (SD). This is because we wanted to estimate a 
population mean of a parameter describing the object of interest, e.g. the volume of resin 
pockets in a fixed number of logs from a particular stand, based on a sample of sections. 
The distribution of resin pockets in the log was considered distributed more or less at 
random along the stem axis (Fig. 3, top left). The distribution along the  x-  and y-axis 
(Fig. 3, top right) was considered random along the circumference of the annual ring but 
tending to increase to a maximum in intensity about 60-80 mm away from the pith 
(Temnerud 1996). 

3. RESULTS AND DISCUSSION 

The volume of resin pockets in the log was estimated as 465 cm3, using the Cavalieri 
estimator and data from all 385 transverse sections (Fig. 3, middle left). With the  Pappus  
estimator, the volume of resin pockets was estimated as 482 cm3, using data from all ten 
radial sections. The discrepancy between the Cavalieri and the  Pappus  estimator, 482-
465 cm3, can be explained partly by the fact that the ten radial sections represent a 
smaller portion of wood than the 385 transverse sections, and partly by an introduced 
bias because of the systematic positioning of the first radial section. The ten observations 
from individual radial sections (the filled circles) were well balanced on both sides of the 
estimated volume, which is indicated in the plot with a reference line (Fig. 3, middle 
right). The 16 observations with one or two transverse sections were also well balanced 
on both sides of the estimated volume (Fig. 3, middle left), the mean value of the 16 
observations was 485 cm3  (S.E. = 341). 
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Using the Cavalieri estimator with a step length of 8 cm and repeating the sampling 
eight times gave a CE of 6.9% (Fig. 3, bottom left), and using the  Pappus  estimator with 
a step length of 36 degrees and repeating the sampling five times gave a CE of 9.0 % 
(Fig. 3, bottom right). A large number of sections, 48 transverse- or 5 radial sections, are 
needed from the log to estimate the volume with a CE of less than 10%, unless the 
repetitions are increased considerably. However, with optimised step length and 
repetition of the sampling it is possible to estimate more precisely the volume of resin 
pockets than the precision of the detection. This is because the uncertainty that some 
resin pockets never were recorded or misinterpreted as resin pockets may be as large as 
10 %. In the heartwood and at the sapwood-heartwood interface, it was difficult to judge 
whether there was a single streak of compression wood along an annual ring or a resin 
pocket. The similarities in appearance between compression wood and resin pockets 
made it difficult to distinguish resin pockets around knots. This is because the voxel size 

used (1.37x1.37x5 mm) is much larger than the smallest resin pockets that may have a 
thickness of a few tenths of a millimetre. However, even for large resin pockets, a low 
resolution (i.e., large voxels) will give a rough picture of the shape and size of the resin 
pocket. A medical CT-scanner cannot provide satisfactory measures of density in 
earlywood and latewood in samples with an annual growth ring of less than 3.5 mm 
(Lindgren et al. 1992). We conclude that the true volume of resin pockets in the log 
using all the 385 transverse sections was considerably overestimated in this preliminary 
study. 

Fig. 3. Top, left: All transected areas of the 111 resin pockets, as marked in the 385 CT-scanned 
images, plotted against the distance along the scanning direction from butt to top. Each transverse 
section, CT-scanned image, lies 10 mm apart. Top, right: The distribution of resin pockets along 
the  x-  and y-axis (the annual rings), in which the radial longitudinal sections will cut. Middle, left: 
each dot represents an estimate of the total volume of resin pockets obtained by the Cavalieri formula 
(Eq. 1 ) for a given sample with a given number of systematic sections. All averages lie on a 
common horizontal axis, independent of sample size, which resemble the features of unbiasedness. 
Middle, right: each dot represents an estimate of the total volume of resin pockets obtained by the  
Pappus  estimator (Eq. 4 ) for a given sample with a given number of systematic sections. Bottom, 
left: each filled circle represents the CE(=SE/Mean) of a Cavalieri estimator of the total volume of 
resin pockets. Bottom, right: each filled circle represents the CE(=SE/Mean) of a  Pappus  estimator 
of the total volume of resin pockets. 
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Despite the fact that small resin pockets were missed out and the true volume was 
overestimated, 111 resin pockets were traced within the stack of CT-scanned images. 
The 82 resin pockets recorded on the 10 unedged boards indicate that the major part of 
resin pockets were detected with the CT-scanner. Because detection of small resin 
pockets and differentiation between resin pockets and compression wood was difficult 
with the CT-scanner use of other non-destructive techniques, e.g. magnetic resonance 
imaging (MRI), may be necessary. The reconstruction of a log and the estimate of the 
quantity of resin pockets based on inspections of resin pockets on log ends or 
exhaustively sectioned stem discs is tedious. The CT-scanning technique therefore 
greatly facilitates the exact positioning of the 

majority of the randomly positioned resin pockets in a log. Consequently, a stem bank 
of CT-scanned spruce logs from experimental forest grounds in Sweden can provide a 
good database for simulations of different cutting alternatives in respect of the majority of 
the encountered resin pockets on the face of the sawn timber. 

For proper volume estimates of resin pockets using a CT-scanner with low resolution, 
data have to be calibrated to correct for the overestimation. Whenever the interest is to 
estimate the parameters V cm3  , Scm2  , Lail', and  N  cm°  , it is recommended to use as 
high resolution as possible to improve the detection of resin pockets, compression wood, 
and knots. Sampling fewer sections per log can gain data capacity and time that can be 
used to increase the resolution in CT-scanned images. Further use of stereology in 
combination with image analysis would benefit from implementing the technique of 
point counting on a superimposed test grid (Fig. 2), which is the technique preferred in 
stereology for estimates of volume or boundary length of curvy objects (Roberts et al. 
1993). This is because the decision whether a single point is in or out of the resin 
pocket is easier than deciding the boundary of the whole area segment that the resin 
pocket represents. 

Stereological principles for quantitative characterisation of wood microstructure are 
described and used in identification of tree species and for comparing wood structures  
(Itu  1983). These principles have, however, not taken into consideration the fact that 
wood has a linearly orientated structure. The most efficient way of sectioning oriented 
structures is perpendicular to the orientation of the structure, because the number of 
transections per area unit test plane  (Q  / A) estimates the trace length per unit volume 

= QA) and the trace length per area unit of transverse sections ( L / A) estimates 
the surface area per unit volume (St, '--- LA)  (Fig. 2) (Underwood 1970). A proper 
description of a piece of wood should consider the linearly orientated structure of 
tracheids and rays, and include the characteristics in transverse-, radial-, and tangential 
sections. A problem that arises, especially when estimating the amount of defects in logs 
using common sawn boards is that a sawn face of a board cuts through wood at different 
distances from the pith. The outer boards are tangential sections and the boards hitting of 
the pith are radial sections. The probability that a length section hits a resin pocket is 
linked to the distance from pith to resin pocket (Weslien 1993). Lacking the measure of 
the distance from pith to resin pockets, which is difficult to obtain for outer boards, it is 
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difficult to compare groups of outer boards and boards close to the pith and to draw 
conclusions concerning the frequency of pitch pockets in trees, e.g. from pith to bark 
(Temnerud 1996). This study shows that it is important to know the distance from the 
pith to the annual ring in which the resin pocket is formed, i.e. assessing the 
circumference of the annual ring, for a proper volume estimation of resin pockets from 
radial sections. 

Although, a relatively small volume of the reference space is represented by one radial 
longitudinal section through a log, its information on occurrence of resin pockets is 
valuable because no stem sections (transverse sections) are available after processing in 
sawmills. The pith fleck side of one of the inner centre planks per log is similar to the 
artificial radial section used in this study (Fig. 1). Using this radial section, human or 
machine vision-based recordings of resin pockets and the distance from pith to resin 
pockets could be a convenient method for the assessment of resin pockets in a batch of 
sawn wood. Instead of measuring the area of resin pockets, the length of resin pockets 
could be measured. The length of resin pockets estimates the surface area of resin 
pockets. When analysing the factors related to formation, the surface area may be more 
interesting as a measure, since it estimates the damage to the cell differentiation zone 
where the resin pockets are probably formed. But when the measure is used for ranking 
tree stands in respect of resin pocket incidence, measurements could be restricted to 
measure the distance from pith to resin pocket (resin pocket radius). The sum of radii 
estimates the total width of resin pockets (Fig. 2) (Weslien 1993). 

As shown in Fig. 3, sampling of a relatively small volume of, the log, could be 
balanced by an increase in the intensity of sampling. A population of logs from a logging 
site is usually large, so it is easy to increase the number of logs sampled. The production 
of one conventional load of sawn timber destined for outdoor panelling consumes 75 

logs, which are sawn to 150 boards with the dimensions 47x125 mm. Instead of 
repeating the sampling of one radial section only ten times with a CE of ca. 55 % (Fig. 3, 
bottom right), the repetition could be increased to 75 times or some other higher 
number equal to the quantity of logs in a conventional load of sawn wood. An estimate 
of the population mean based on one radial section in each log of a population of 75 logs 
would lower the coefficient of error, here down to ca. 1-2 % exemplified by using the 
standard deviation from the ten radial sections (263. 14), 

1
1263.142 551 

SE= / =5.51 ;CE— — = 0.012 . 
75 	 465 

The formula above estimates the standard error (S.E.) according to the principles of 
simple random sampling (Scheaffer et al. 1990). The estimated variance in this example 
originates from only one log. Consequently, it does not include the biological variation 
between trees and within trees, which could be considerably large (Temnerud 1996). 
Even if this log contained many resin pockets the maximum number recorded was not 
more than 16 on one flat side of an unedged board. A number that would be within the 
range to justify counting all resin pockets instead of inspecting a smaller area of the flat 
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side. The proposed method gives an unbiased estimate of the population mean, but 
requires that the population of logs is reasonably homogeneous. 

If the average radius to resin pockets is the same for two populations the number of 
transected resin pockets  (Q)  per radial section for a fixed volume of sawn wood will be 
an estimate of the sum of widths of the resin pockets. The other measures, S cm' and V 
cm', could be estimated from a known average of the population. Knowing the mean 
width of resin pockets multiplying it by L gives an estimate of S; knowing the mean 
thickness of resin pocket multiplying it by S gives an estimate of V. The simplification 
depends on the following empirical results and theoretical assumptions that should be 
further investigated (Weslien 1995; Temnerud 1996; Temnerud 1997): The general 
tendency is that the incidence of resin pockets has its maximum at 60-80 mm away from 
the pith. The number of resin pockets is strongly correlated to the increase in surface 
area of resin pockets per volume unit wood. The size in radial direction is small, 0.9-1.3 
mm. All planks in a batch of sawn timber have the same width and the pith fleck side of 
planks will section through the same interval of radii. 

The population of sawn timber analysed could be kept more homogeneous by 
separating the assoitnient of logs by origin of stand and position in the tree, i.e. butt-, 
middle- and top logs. If the population of logs is reasonably homogeneous with the 
same average radius (r,) to the resin pockets, it could be enough to record the number of 
transected resin pockets per radial section. This suggested simplified method is based on a 
quick, manual measure that could make it possible to count resin pockets on radial 
sections in the production line without interruptions in the processing. 
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4. CONCLUSIONS 

This study proves that common theories in stereology can be used for quantitative 
analysis of resin pockets in wood. The stereological methods, essentially the science of 
geometrical probability and statistical sampling theories, provide precise and unbiased 
methods. They therefore provide a good basis for the construction of convenient 
methods for an effective quality control of wood defects, e.g. resin pockets in Norway 
spruce. These methods could be used by producers and consumers of sawn timber for a 
successively improved prediction of the occurrence of resin pockets in a batch of sawn 
timber. This study also illustrates how the stem bank of CT-scanned images of 
populations of saw logs, in spite of limited resolution, can be used to evaluate the 
precision of various rules for grading of saw logs and sawn timber in the estimate of the 
quantity of wood defects. 
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