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Abstract 

This thesis concerns a mechatronic system, designed and developed for the forest industry, to trace 
logs from forest to sawmill. The research is a key part of a large research project launched by the EU 
in 2006 called the Indisputable Key project. Wood waste during harvesting, transportation and 
refinement is a major concern for the wood industry worldwide. Some raw materials are not suited for 
specific end products, and acknowledging this late in the wood value chain is cost inefficient. 
Pinpointing specific raw material suitable for a particular end product could increase quality, reduce 
waste and environmental impact; to accomplish this, traceability is essential.  

To trace the raw material of a final wood product to its origin, marking and reading of the different 
specimens must occur at each refining stage in the wood value chain. The traceability chain can be 
divided into three main stages: forest to sawmill, inside the sawmill, and from sawmill to second 
manufacturer. The research presented here covers the first part of the wood value chain, namely, forest 
to sawmill.  

In Scandinavian countries, logs are cut to length in the forest using a harvester machine. To trace logs, 
a unique identity code needs to be associated with each log at harvesting time in the forest and 
detected before further processing at the sawmill. Earlier research using RFID transponders as code 
carriers have been functionally verified but too costly. Although the cost of RFID transponders is 
declining, alternative methods are considered a necessity. This constitutes the main driver behind this 
thesis. 

The thesis presents a promising alternative log marking method comprising a harvester saw-integrated 
log code printer and a sawmill code detection system. An identity code in the form of a standard 
matrix code is applied via the harvester saw bar during cutting. A prototype has been designed and 
realized and the results point towards a both time and cost efficient solution. The code detection 
system, to be placed in one or more locations at the sawmill, is based on vision technology and image 
processing to detect the applied log codes. Both log code marking and reading systems communicate 
with an ICT system which maintains the traceability database. A major advantage of the system is that 
both marking and reading is performed without any time-loss and hence do not disturb the high pace 
production flow in todays forestry. Also, the item cost of each code mark is very low, compared to e.g. 
a transponder. The marking technology is patent pending. 

A field test was performed in December 2009 in northern Sweden. A test batch of 320 logs was 
marked and read. Two code structures (i.e., matrix and barcode) were applied, where 210 barcoded 
logs were used to demonstrate log traceability between forest and sawmill. This result indicates that 
this technology has potential. The prototype is not intended for commercial use, but serves merely to 
demonstrate the potential of the method; further research is needed to improve its functionality.   
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1 Introduction 

Sawn timber constitutes a major industrial sector worldwide, a few countries being the major raw 
material suppliers. Sawn timber is separated into two categories, hardwood and softwood: hardwood 
comprises higher-density wood, such as oak and teak, while softwood comprises lower-density wood, 
such as pine and spruce. Figure 1 shows the worldwide production of sawn timber from softwood, 
which is the focus of this thesis. The softwood industry is of great economic importance for the major 
producing countries. Various end products are made from softwood, such as construction material, 
furniture, and paper.  

 
Figure 1.  Amount of softwood produced and exported worldwide in 2005 (source: 

Skogsindustrierna). 

Several hundred years ago, building products from wood raw material involved several manual steps. 
Depending on the application area, a specific raw material was needed to produce a high-quality 
product. For example, building ships involved sending people into the forest to find trees suitable for 
specific pieces of the ship structure. This was time consuming, but gave full control of the process and 
resulted in complete matching between raw material and final product. Full traceability was achieved, 
at least during the production phase. The process was, however, strongly dependent on the experience 
and expertise of those involved.  

With today’s ever increasing production rate, such manually achieved traceability is no longer 
feasible. There are, however, handling differences depending on the kind of raw wood material. 
Hardwood material such as oak and teak is usually of higher value, allowing for more manual 
handling. Softwood material such as pine and spruce is lower in value, so its production needs to be 
more resource efficient to be profitable.  

Refining a log with the appropriate wood properties for a specific end product demands traceability 
[1]. If one could select specific trees, based on their properties, for specific end products, material loss 
could be greatly reduced and the end product quality improved. Another closely connected and 
important factor is the environmental impact of such production.  
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Introducing traceability tools would improve the wood value chain [2], reducing the environmental 
impacts while increasing the financial gain. With reliable traceability data from the wood value chain, 
simulation software [3] can be used to analyze such improvements.  

Implementing traceability in the wood value chain requires that several technologies be combined and 
integrated to function as a system. Marking and/or reading operations need to be implemented at each 
refining stage in the production process, together with an information and communication technology 
(ICT) system that can handle the data in a correct manner.  

This work focuses on the high-volume softwood production common in Scandinavian countries. A 
schematic of such a wood value chain is presented in Figure 2.   

    
Figure 2.  The wood value chain, from the forest to end product (source: Rottne Industries AB, 

Rottne, Sweden).  

The trees are felled in the forest using a harvester machine. In Europe, softwood is usually “cut to 
length” (CTL) when harvested, which means that the trees are felled and then cut into predefined log 
lengths in the forest. An alternative harvesting technique common in North America, for example, is to 
fell and transport the entire tree, minus the limbs, to the sawmill for further processing. In softwood 
harvesting using the CTL technique, which is the focus of this thesis, log length optimization is 
handled by the computer located in the harvester machine in combination with the knowledge and 
experience of the human operator. The optimization is based on parameters such as dimension, length, 
quality and price.  

Different sizes of harvesters are used for different areas and types of harvesting. In thinning, the 
harvester fells certain trees so that others in the specific forest area will grow as well as possible. 
During thinning, the harvester must be able to traverse difficult terrain, passing through confined 
spaces between trees. It is usually the smaller stems that are harvested in thinning, to allow the larger 
ones to grow freely. The harvesters used for thinning are relatively small (Figure 3). The final 
harvesting, called finishing, requires larger harvesters (Figure 3) due to the larger stem sizes handled. 
The terrain traversed will still be difficult, but the working area will be more open. Both thinning and 
final harvesting machines are similar in design but vary in size.  

 
Figure 3.  A Rottne H8 thinning harvester (left) and a Rottne H20 harvester designed for finishing 

(right) (source: Rottne Industries AB, Sweden). 
  

Harvester Forwarder Truck Sawmill End product 
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Modern harvesters are very efficient: a tree can be harvested and cut into several logs in fewer than 30 
seconds. The next step after harvesting is transporting the logs out of the forest. After cutting, the 
harvester operator roughly sorts the logs, such that a forwarder can transport the logs out of the forest 
in separate loads of certain properties. This sorting is often based on the type of tree, its quality, and 
dimensions. Out of the forest at the roadside, the logs are placed in piles according to their properties; 
these roughly sorted logs are then loaded onto trucks to be transported to the appropriate sawmills.  

At the sawmill, the logs are refined, for example, into boards of various dimensions; this is done in 
several steps, such as sawing, sorting, drying, inspection, cutting, sorting and packaging. Finally, the 
sawn product is transported to the appropriate end product manufacturer. 

A softwood-producing sawmill’s profit is strongly related to the price of raw material, and over 60% 
[4] of such a mill’s total operating expense can be directly related to the raw material cost. Refining 
the raw material into boards results in a nearly 50% yield usage. This might seem like poor use of the 
raw material, but some waste is inevitable, mainly due to processing a round cross-section material 
into smaller square and rectangular cross-section pieces (Figure 4). These numbers clearly indicate 
room for improving efficiency in terms of yield usage and cost. A final product, such as boards, is 
higher in value than chopped-up waste material, so a higher yield usage increases sawmill profits.    

 
Figure 4.  Log sawn into boards 

Figure 4 shows the waste volume of a log sawn into boards. The more the log diverges from being a 
perfectly round and straight cylinder, the greater the volume of waste. To calculate the maximum 
usage of a log, sawmills sort logs into bins based on their dimensions as measured using log scanners. 
These measured volumes serve as a basis for payment to the forest owner. The ensuing board 
production is then tuned to the specific sorted log dimensions. Clearly, the measured dimensions must 
be correct to avoid unnecessary waste or rejections. 

Wood properties [5],[6] are difficult to predict because wood is a living material. Material will always 
be lost during refining, the amount of loss being somewhat affected by the matching of the raw 
material (in terms of wood properties) to the specific end product. A small percentage of loss can add 
up to a substantial amount of money. Discovering quality problems late in the wood value chain is 
costly (Figure 5).   

Waste (less value) 

Boards (higher value) 

Log 



 

4 
 

 
Figure 5.  The wood value chain. An item’s value increases during refining. Acknowledging 

quality problems late in the chain is costly.  

A poorer-quality final wood product results in less income for the sawmill. Better knowledge of the 
raw material enables the production to better match raw material to particular end products. The 
drying operation represents a large production cost for board-producing sawmills; unnecessary or 
wrongly performed drying [5],[7] negatively affects both the sawmill and the environment.  

Quality problems are well known and dealt with on a daily basis. To understand the actual cause of 
quality problems, traceability is essential [1]. Tracing is to some extent present in modern sawmills by 
means of pacing systems in which boards and packages are traceable within the sawmill. However, a 
complete tracing system extending from forest to end product does not exist in production. 
Traceability can be achieved both manually and automatically. Tracing an individual board to its 
origin without an automatic system is possible, e.g. for control purposes. Separation based on 
predefined parameters, such as origin, dimensions, or quality, must then be done at each process step. 
As the number of parameters increases, separation becomes increasingly labor intensive and hence 
costly. However, automatic tracing would be possible if codes were applied to each item and readers 
were used at each refining step in the wood value chain.  

The importance of such a traceability system was documented by Uusijärvi [1]. Some reasons for 
introducing a traceability system on the individual-item level are as follows: 

• Increasing yield usage and reducing waste by matching the right raw material to the right end 
product 

 Matching particular trees, in terms of their properties, to specific end products would 
greatly reduce the material loss and improve the end product quality. 

• Improved measurement of harvested volumes 

 Control and comparison between harvester and sawmill volume measurements  

• Reducing environmental impact, transportation distance, and energy consumption  

 By introducing traceability tools in the wood value chain, improvements can be made 
[2], reducing the environmental impact while increasing profitability. With reliable 
traceability data gathered from the wood value chain, simulation software [3] can be 
used to analyze such improvements.  

• Hindering illegal cutting 

 Reducing illegal cutting by introducing company codes on delivered raw material. 
  

Forest/transport Sorting Sawing Board sorting Drying Final sorting End product 
Value 
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• Chain of custody 

 Documentation of the wood value chain, including a guarantee of an item’s identity, 
i.e., what has been harvested, when, where, how, and by whom; usable for certified 
forest materials where origins must be guaranteed. 

• Stock management 

 Optimizing stock management by keeping track of the production process in real time.  

The introduction of traceability would clearly lead to several gains, some of which might be difficult 
to foresee. The individual marking of logs, boards, and packages would enable the industry to trace 
refined wood materials to their origins. To do this successfully, marking must occur and be sustained 
at every stage of wood material refining. No system for doing this is available on the market today. 
Several attempts have been made, according to Uusijärvi [1], to trace parts of the wood value chain 
[8], but only two projects [9],[10] have tried to implement full traceability throughout the wood value 
chain. These two projects yielded promising results but also identified weaknesses that call for further 
research and development.       

To further develop a traceability system for the wood industry, the EU launched the Indisputable Key 
(I-Key) [11] project in 2006, which concluded in 2010. The project involved 29 partners, including 
industry, universities, and research institutes, from five countries. The main objective of the project 
was to “initiate and stimulate an industrial breakthrough in traceability systems for biological raw 
materials, specifically wood, leading to substantial economic and environmental improvements.” That 
is, the project sought to provide an “indisputable key” for problems related to yield usage and 
environmental impacts. The research reported here was carried out as part of the I-Key project. 

Below are the four main objectives of the I-Key project: 

• to improve the competitiveness of sustainable raw materials 

• to improve SME and European competitiveness  

• to make new valuable environmental data available, minimizing waste and energy 

• to enable tracing of raw materials to their origins 

Achieving these objectives for wood raw materials involves high technology in fields such as 
electronics, software, and mechatronics. Tracing a refined wood product to its origin calls for a 
traceability system encompassing the whole wood value chain.   

This wood value chain can be divided into three main stages, namely, forest to sawmill, inside the 
sawmill, and from sawmill to second manufacturer. To achieve traceability, the material items must be 
marked and read at each refining stage; as well, an ICT system must be deployed to handle all the 
traceability and production data. 

This thesis deals with the first stage of this wood value chain: from forest to sawmill. If the harvester 
machine applies a code to the log end when harvesting, the log will be traceable if the code is read at 
the sawmill. Three earlier projects [8],[9],[10] have tested transponders as code carriers for logs. The 
results were promising, but the cost per transponder was too high, application of the transponder to the 
log was difficult, and there were problems related to the fact that the transponder had to be “pulpable, 
i.e., it could not affect the production of paper from the grinded marked wood material. In the I-Key 
project, it was therefore decided that two coding systems should be concurrently developed, one based 
on improved transponder technology and an alternative to be sought and developed in the project.  
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This alternative coding system and the corresponding reading system are the focus of this thesis and 
the main application domain considered is high-volume softwood production as carried out in the 
Scandinavian countries.  

1.1 Wood traceability system 

To create a traceability system encompassing the entire wood value chain, marking and reading needs 
to be performed on logs, boards, and packages at the relevant refining stages and integrated via an ICT 
system that can handle the associated data correctly. All attributes and properties of a specific object 
(e.g., log or board) need to be associated with a code applied to the object. The requirements for the 
log/board and package marking techniques and for the corresponding detection/reading techniques 
will depend greatly on the chosen methodology for achieving full traceability. Reading and marking 
can be performed in various ways depending on the sawmill process layout. For reading and marking 
to operate smoothly, clear specifications are needed and standards must be adhered to. The individual-
associated item data (IAD) [10] must be stored in a database and should be accessible by means of a 
unique key. Applying a globally unique and long-lasting key (code) to each wood item would make it 
traceable, but would require a large code. As this might be difficult to do in some cases, it was decided 
in the I-Key project to employ an architecture [12] using both physical and logical ID codes. The 
physical ID code is marked on each item and must be unique for the lifetime of that item. The physical 
ID code is connected to a logical ID code in the database; this code must be large so it can remain 
unique for a long time (Figure 6).  
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Object Parent Origin IAD 

Logical ID code Physical ID code Logical ID code Physical ID code Logical ID code Physical ID code Properties Value 

1.....1 1   1.....1  Length 4000 

 Diameter 240 

Object Log 

2.....2 11 1.....1  1.....1  Length 4000 

 Height 140 

Width 70 

Object Board 

3.....3 12 1.....1  1.....1  Length 4000 

 Height 140 

Width 70 

Object Board 

4.....4 111 2.....2  1.....1  Length 4000 

 Height 70 

Width 70 

Object Board 

5.....5 112 2.....2  1.....1  Length 4000 

 Height 70 

Width 70 

Object Board 

6.....6 121 3.....3  1.....1  Length 4000 

 Height 70 

Width 70 

Object Board 

7.....7 122 3.....3  1.....1  Length 4000 

 Height 70 

Width 70 

Object Board 

 
Figure 6.  Simplified code architecture using physical and logical ID codes. An item is traceable 

via the logical ID code and parent–child (object) relationship(s).  

The physical ID code can be terminated or reused when the lifetime of the marked item expires, 
whereas the logical ID code, which is of a globally unique identifier (GUID) type, will be valid for a 
long time. A GUID code can hold 2128 bits of binary data, so the possibility of duplication is 
considered small. A logical ID code is created for each physical item and connected to a 
corresponding data item in the database. A parent–child relationship is set up between the logical ID 
codes to maintain traceability through refining stages (Figure 6).  
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Using the logical ID code as a search key for a specific item in the database, the physical item´s origin 
can be traced via one or more parent–child relationships.    

The traceability layout depicted in Figure 7 is based on a typical softwood wood value chain. It is not 
a detailed production flow but an overview of the relevant database interfaces needed to achieve 
traceability. These interfaces would typically be for communication with marking and reading units, 
and for data collection equipment, such as the equipment measuring logs at the sawmill´s log sorting 
station.  

A log is marked with a physical ID code when it is cut in the forest using the harvesting machine (1). 
The physical ID code, combined with IAD from the harvester on parameters such as log diameter, 
length, and harvesting location, are stored as a file in the harvester’s computer according to the current 
StanForD standard [13] (Nordic countries). These data are then continuously (when possible) 
transmitted to the traceability database [12] via GPRS communication via an ICT service provided by 
the Swedish Forestry Data Center (SDC; www.sdc.se). The logs are sorted by the harvester operator 
into piles according to specific qualities; the logs are then collected by a forwarder for further transport 
to piles at the roadside. Trucks load and transport each log pile to the appropriate sawmill.  

When a log passes through the sorting station at the sawmill, it is measured by a scanner (2) and the 
physical ID code marked by the harvester is detected (3). The IAD collected at harvesting time and 
connected to that specific physical ID code is available at the sawmill if it is connected to the ICT 
service provided by the SDC. A logical ID code is generated and stored in the database for that 
specific log (this could also be done in the forest by the harvester). The existing IAD (from harvesting) 
and the scanning information together enable better selection of raw material (i.e., logs) for further 
refining in the sawmill. After the detection and scanning of the log in the sorting station, the physical 
ID code and IAD connected to the log are stored in the database. The log is then stored in the log yard 
until it enters the debarking operation and then the saw intake for refining. Once again, the log’s 
physical ID code will be detected (4) and the log scanned (5) before the log is sawn into boards. The 
scanning operation at this stage is used to facilitate orientation of the log prior to sawing in order to 
optimize yield. At this stage in the process, the lifetime of the log’s physical ID code, marked by the 
harvester, ends. The log’s physical ID code can then be released from the traceability database and 
reused during harvesting. This reuse facilitates smaller code sizes, which could be crucial depending 
on the log marking method used.  

In the sawmill the sawn boards are first marked with a physical ID code after the board inspection (6) 
stage. The task of the board inspection is to examine the board quality. In the system implemented in 
the I-Key project, only the center yield boards are code marked and traced through the production line. 
These boards are higher in value than the side boards, which makes them more profitable to trace; they 
are also thicker, which makes the marking area larger (if the end surface is marked) and hence easier 
to mark. The first reading of the center yield boards (8) occurs at the green sorter (7). The green 
sorting station places the boards in bins in the stacker according to the boards’ dimensions/properties. 
The next process stage is kiln drying, which lasts approximately one week. Code reading (9) could be 
performed at this stage to evaluate the drying properties based on board location in the kiln.  

Later, in the final sorter before the boards are cut to length, the code is read again (10). A final 
physical ID code is then marked after the cutting operation (11) followed by a reading (12) for 
confirmation purposes. Reading will also be done by the end customer (13) to verify that a product of 
the appropriate quality has been received. The database keeps track of each marked item and its IAD 
along the production flow.   
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Figure 7.  Schematic of the relevant interfaces in the wood value chain at a typical sawmill 

production layout (I-Key project). The blue square indicates the log traceability section. 
  

 



 

10 
 

 

1.2 Scope and goal 

The blue rectangle in the top of Figure 7 represents the log traceability section, on which this work 
focuses. As already indicated, achieving log traceability is just one of many sub-tasks in the I-Key 
project. To achieve traceability from the forest to the saw intake, the log must be marked with a code 
that can be detected later. One impetus of the I-Key proposal was a desire to use RFID transponders—
increasingly used for traceability purposes—in marking and detecting logs. One drawback of 
transponders is their cost, as mentioned in the introduction. To trace items of a relatively low value 
(e.g., logs and boards), more cost-effective methods must also be considered. The focus of this thesis 
is thus on a cost-effective log traceability concept. 

The aim of the I-Key project was to develop a traceability system for the wood value chain from a 
global perspective. To accomplish this, each item must be coded at an individual level using a code 
mark distinctive enough to avoid duplication even from a global perspective. Using RFID 
transponders, the standard electronic product code (EPC; www.epcglobalinc.org) can be used, which 
provides a 96-bit code that can represent billions of items. Although two log marking systems need to 
be developed, it seems logical to have both adhere to the same code standard/size. 

The main softwood I-Key demonstration site for the complete traceability chain was at a sawmill 
owned by SETRA (an I-Key partner) and located in Malå, a village in northern Sweden. Harvesters 
owned by Sveaskog, a local forest owner and I-Key partner, normally producing raw material for the 
SETRA sawmill, were used in demonstrating the log marking concepts. To develop a log code 
applicator, a close relationship with a harvester manufacturer was considered necessary. At the start of 
the I-Key project, no harvester manufacturer was yet involved; accordingly, a harvester team operating 
in the demonstration area was contacted. The team was operating a harvester machine manufactured 
by Rottne Industries AB (www.rottne.se). KTH initially contacted Rottne to secure a good working 
relationship with a manufacturer, and Rottne later joined the project. Whatever marking concept was 
developed should be runable on the Rottne machines used by the harvester team initially contacted.  

The detection of the marked logs was to be done at the SETRA sawmill. Traceability was to be 
achieved by marking the logs in the forest and reading the applied codes at the sawmill. The first 
reading point was to be at the log sorting station, where the logs are separated into various sawing 
classes. The detection equipment was to be installed in connection with the sorting station and, when 
in operation, would not interfere with production. Code detection should be possible at normal log 
conveyer speeds and suit the dimension classes produced at the SETRA sawmill.   

The goal was to design and develop a cost-effective log traceability concept within three years, and the 
system was to be implemented and demonstrated in a realistic setting to evaluate its potential. The 
marking and reading time was to be kept to a minimum or preferably zero to reduce production loss. 
This was quite challenging, considering the timeframe, technological challenges, and extreme 
environment in which the equipment had to operate.   
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1.3 State of the art 

Any description of the state of the art regarding the traceability of wood material from forest to 
sawmill will be very limited, since very few attempts have been made to achieve such traceability at 
the individual log level. The only such attempts are two research projects related to traceability in the 
forest industry and several existing patents that are worth mentioning.    

1.3.1 Nordic wood project Spårbarhet (“traceability”) 
This project [9] was launched in 1995 and lasted two years. The project aimed to adapt forest industry 
technology for the quality code marking and reading of individual items and to develop an ICT 
structure to handle traceability from forest to sawmill and within the sawmill. The goal was to advance 
the development of traceability technology in the wood value chain to enable better yield usage in the 
forest and in the sawmill, and to improve the refining process.  

The log traceability concept was based on RFID transponder technology. A transponder was injected 
into the log during harvesting. All log data produced in the forest were linked to the transponder code 
by the harvester computer. The transponder code was read at the sorting station, after which a 
measurement operation occurred. Forest data and new data from the sorting station were combined for 
further traceability functionality. No ICT system was implemented to automatically trace individual 
logs between the forest and the sawmill. Tracing was instead performed manually by saving forest log 
data and codes and later combining them with sawmill-measured data and detected codes. 

A field test of 906 automatically injected transponders was conducted. Technology-related problems 
resulted in only 654 transponders being automatically detected at the sorting station. Moreover, some 
of these detected transponders had no connection to the log data produced by the harvester machine. 
The project concluded that, even though the technology could be improved to increase the detection 
rate, achieving 100 % traceability would be very difficult. Marking time was estimated to cause a 
harvester production time loss of 10 %.    

1.3.2 LINESET   
The LINESET project [10]—Linking Raw Material Characteristics with Industrial Needs for 
Environmentally Sustainable and Efficient Transformation processes—was based on the results of the 
Nordic wood project [9]. LINESET was an EC-financed European project conducted between 2000 
and 2003. The project aimed to “facilitate a secure and automated system for industrial use to enhance 
forest raw material utilization and guarantee its origin.”  

LINESET aimed to resolve some unanswered questions concerning technical improvements and proof 
of usefulness of the results of the Nordic wood project. The IAD concept was introduced. For 
traceability from forest to sawmill, the same log marking concept, the transponder, was used.  

Some of the important results related to log traceability concern the marking cost estimates. The main 
cost in the IAD system used in the LINESET project was the transponder cost, which was 
approximately EUR 1 per log. The transponder cost would represent 90 % of the cost of the entire 
IAD system, encompassing log marking, reading, board marking, code reading, and ICT system. This 
high cost clearly indicated a need for a more cost-effective log marking method; it was a key reason 
for initiating the I-Key project and for conducting the research reported in this thesis.   
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1.3.3 Patent survey 
The following patents related to log traceability in general were found. More patents related to log 
traceability exist (see section 2.1.4.1), but those discussed below make broader claims and should be 
investigated first.   

1.3.3.1 Patent WO9112711A1  
Claim 1:  “Method for marking logs in mechanical timber harvesting, in which method trees are 

felled, lopped and cut into logs of standard size with a grab harvester or other such 
machine coupled to a skidder, and each log is marked with a certain code, and data on 
the volumes of individual logs are in connection with the handling of the trees 
transmitted to a data collector installed in the skidder, characterized by that each log is 
marked with a code on a worked surface of the wood, such as a serial number or a 
lettering or their combination or some suitable mark, by which the log can be 
afterwards recognized and matched with the corresponding data recorded in the data 
collector.”  

1.3.3.2 Patent EP1024688B1 
Claim 1:  “A method for forest harvesting by means of a harvesting machine comprising a 

vehicle, a harvesting arrangement mounted thereon, a computer arrangement provided 
on the vehicle to register quality and/or size with respect to harvested pieces of timber 
and a marking device arranged on the vehicle to apply a marking on pieces of timber 
obtained from trees, characterized in that the position of the harvesting machine is 
determined by means of at least one positioning determining device arranged on the 
harvesting machine, said position determining device being capable of determining 
the position of the harvester machine by means of external, wirelessly receivable 
signals, in connection with felling a tree and that at least one piece of timber obtained 
from the tree is marked by means of the marking device with this position information 
or a code, by means of which the piece of timber is associatable to position 
information, position information or the code being used for associating with quality 
and/or size data concerning the pieces of timber in question.” 

These two patents are related to the log traceability concept in the I-Key project. However, patent 
EP1024688B1 can be ignored since the code stores information about quality and position. The aim in 
the I-Key project is to trace individual logs by means of marked ID codes connected to the log data 
produced. This is what patent WO9112711A1 addresses, so this patent should be taken into 
consideration should the research reported here result in commercially available products. However, it 
was concluded that neither of these patents should hinder research and development of a new and 
improved log traceability system.   

1.4 Research approach 

Over three years (2006-2009), a log traceability concept involving the use of marking and reading 
equipment was to be designed, developed, implemented, and tested. The following approach was 
initially selected for the project.  

1. Literature search: What work has been done in this field (e.g., papers, theses, operational 
equipment, and patents)? What are the industrial requirements for a log traceability system? 
What is the typical production flow from a standing tree to a sawn board?   

2. Specify main requirements.  
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3. Concept evaluation and selection:  

a. Brainstorming: Set up brainstorming sessions involving people from various technical 
disciplines to broaden the outcome. 

b. Selection of potential concepts: Select the most promising concepts for more detailed 
and systematic analysis. 

c. Preliminary tests: Test and simulate where possible; evaluate in detail the most 
promising concepts based on factors such as technology needed, marking/reading 
time, and manufacturing issues.   

d. Final selection from a few concepts: Select the most promising concept(s) for further 
analysis. 

e. Building simple prototypes: Design prototypes, not overly complex, that can serve as 
the basis for narrowing down the choice to one concept. 

4. Design and develop a single concept. 

5. Laboratory tests: As far as possible, perform laboratory testing at the modular and system 
levels. Field tests will be executed far from the laboratory, which complicates late changes. 

6. Design iterations based on laboratory tests. 

7. Conduct field tests in realistic industrial settings, both at a harvesting site and in the log 
sorting station of a sawmill, more or less during normal production. 

8. Design iterations based on field tests. 

9. Protect developed solution. 
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2 Log marking concepts 

As stated above, this thesis emphasizes traceability in the first part of the wood value chain, namely, 
log traceability. To trace logs globally, from sawmill back to origin in the forest, the log marking code 
must be unique. One way to accomplish this would be to apply the Electronic Product Code (EPC) 
standard [14], which comprises 96-bit information. When selecting a log marking/reading concept, 
several factors must be considered, such as available space on the log, marking time, marking cost, 
and detection aspects. The softwood industry is cost sensitive, which limits the range of usable 
marking concepts. Adhering to EPC standards reduces the choices to RFID transponders and large 
barcodes. Achieving a unique code on each item for several years in the wood products business calls 
for billions of identities. In earlier tests, RFID transponders [9],[10] were used as code carriers for 
logs. The results were promising, but the cost of the transponders is currently too high for this 
industry. Notably, these transponders are subject to severe environmental conditions, must withstand 
automatic application (injection) into the log, and must be readable under specific and severe 
conditions. Even though the cost of transponders is declining, alternative log marking techniques still 
must be considered. Various marking approaches have been presented [15] but no definitive solution 
has been found.  

The main objective of a log traceability system is to trace logs (sawn into boards at the sawmill) to 
their origin in the forest. A typical softwood value chain for logs as processed today is described 
below (I-Key project wood value chain).  

1. Trees are harvested in the forest using a harvester machine. Depending on the tree size, each 
tree can produce one or several logs. IAD for each tree/log is saved in the harvester computer 
[13]. These data are transmitted directly (via GPRS) or daily by memory stick and Internet 
connection to the SDC’s ICT service. Logs are roughly sorted, for example, into pine, spruce, 
and pulpwood, by the harvester for the forwarder. The log should automatically be marked 
when it is cut to length. 

2. The forwarder transports the logs out to the roadside. The logs are placed in piles at the 
roadside for further transport to the sawmill.  

3. At the sawmill, the logs are either immediately measured using a scanner or placed in the log 
yard for later measurement. Properties identified by the scanning operation and the ocular 
judgment of the sorting operator enable finer sorting. This additional IAD is stored in the 
sawmill’s database. Once measured and sorted, the logs are stored in a more organized way in 
the log yard. In conjunction with the first scanning operation at the sawmill, the marked log 
code should be read and decoded for the first time. 

4. The sawing operation is usually adjusted for specific log dimensions for a certain production 
volume. Logs may be stored in the log yard from a few days to several months before being 
sawed. 
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5. Before entering the sawing process, the logs are debarked and measured again by a scanner. 
At the I-Key demonstration site, a two-axis scanning operation together with the log conveyor 
motion creates a 3D log model as a basis for rotating the log before sawing to maximize yield 
usage. The additional IAD is stored in the sawmill’s database. In conjunction with this second 
scanning operation at the sawmill, the marked log code should be read and decoded for the 
second time. 

Some parts of the traceability system are already in place. The IAD exists, but cannot be connected to 
the individual level due to the lack of physical and automatically applicable and detectable code marks 
on the logs. If these can be applied and detected and a connection made between the information 
providers (i.e., forest to sawmill, inside sawmill), log traceability can become a reality.  

2.1 Evaluation of potential marking concepts 

Several important requirements need to be considered when developing a log traceability system, as 
follows:   

• Equipment robustness. The operating environment of a harvester machine is very harsh. 
Temperatures can vary ±40°C depending on the season and location. The massive forces a 
harvester aggregate handles affect all components mounted on it.  

• Ease of operation. A harvester machine is expensive and needs to be in operation as much of 
the time as possible to be cost effective. This requires the use of several operators, resulting in 
non-uniform handling. 

• Service friendliness. Harvesters operate in remote locations, which is inconvenient in the event 
of failure. Equipment breakdowns and malfunctions are usually dealt with by the harvesting 
team.  

• Minimal marking time and cost. The forest industry works on small margins. Every second 
counts during production. Payment is based on produced volume. A harvester can fell a 
medium-sized tree and cut it into 3–4 logs under 30 seconds. 

• Minimal reading cost. The production lines in modern sawmills move rapidly. Production 
stops are costly and should be avoided. Code reading ought to be done at full production speed 
and at low cost. 

• Code durability. The applied code should last the normal lifetime (approximately 1–60 days) 
of a log under various weather conditions.  

With these general requirements as background, several brainstorming sessions were held. The 
marking methods selected for further evaluation represent the results of these brainstorming meetings, 
which included participants from various technical disciplines. It was important to have open minds 
during these sessions, to cover as much ground as possible. A preliminary selection was made before 
further evaluation, based on the requirement that the marking method must be realizable within the I-
Key project timeframe and budget. The various marking methods selected and evaluated are listed and 
briefly described in Table 1.   
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Marking method Description 
Punch - punching creates holes in the log in certain patterns 

- detection using x-rays, ultrasound, camera, etc. 
Mill/drill - similar to punching, but the pattern is created by milling or drilling 

- detection similar to above 
Chain pattern - a pattern is created by the chain on the saw bar that cuts the log; with variable speed, 

different chains, etc.  
- detection using camera 

Laser burn - a laser burns a pattern (e.g., matrix, barcode, or text) on the log-end surface 
- the laser can be integrated into the saw blade, such that it can apply the mark while the 
saw is cutting 
- detection using camera 

Paint/wax - paint or wax is applied to the log-end surface to produce text or code  
- the printer can be integrated into the saw blade and various colors can be used 
- detection using camera 

Frequency reflection 
luminescent nano 
pigments (LNP) 

- an LNP substance is applied, as in the paint method 
- when the LNP substance in the paint is activated by a laser, reflection occurs in certain 
wavelengths 
- detection by camera even under severe conditions 

IRID transponders - like RFID transponders, but use infrared instead of radio frequency communication 
- needs special infrared readers 

Magnetic strip - a magnetic strip (like those on credit cards) is applied to the log 
- magnetic detection 

Annual 
rings/dimension/shape 

- a “fingerprint” approach: the log is identified by its dimensions/shape/annual growth 
rings; in theory, this creates an individual identity, but can be difficult to realize in 
practice 
- detection by x-ray or camera 

Barcode on carrier - a paper/plastic strip with a bar/text/matrix code applied to the log-end surface 
- detection by bar code reader or camera 

Table 1. Descriptions of the various marking methods selected for further evaluation.  

To gain a good comparative overview of the different marking methods, an evaluation matrix was 
used (Table 3). Important factors in evaluating the marking methods are represented by certain criteria 
and associated weights. The criteria must capture all the factors that are important for evaluation and 
comparison of the different marking methods. The 18 selected criteria, listed in Table 2 below, were 
established based on expertise from people from the forest industry and from engineering science. 
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Criteria Description 
Low development cost - the cost of developing the marking module to be ready for implementation on a 

harvester 
Low marking 
equipment cost 

- the cost of installing one marking device on a harvester 
- cost includes all arrangements needed for the equipment to function properly (e.g., 
hydraulic, electric, and mechanical arrangements) 

Low marking cost 
 

- the cost of marking a single log with an identity code, including incidental material 

Short marking time - the estimated extra time needed to mark a log during harvesting 
Safety in marking 
operation 

- the risk that a marking method will cause human/machine damage during marking 

Mean time between 
failures (MTBF) 

- time interval between equipment failures; refers to the marking equipment’s ability to 
operate reliably 

Service friendliness - the equipment should be easy for the operator to service (maintenance of high-
technology equipment often requires qualified service personnel) 

Material impact - the material impact/damage the marking method causes to the log when marking it 
Environmental impact - any harm the marking substance causes to the environment in the forest or later in the 

production chain 
Machine compatibility - the marking equipment’s compatibility with various machines 
Good readability - the ability of the marked code to be detected under various conditions, including 

weather, dirt, snow, and distance 
Short reading time - the estimated time needed to detect the marked code 
Safety of reading 
operation 

- the risk that a marking technique will cause human/machine damage during reading 

Ease of use - the amount of effort the operator must make to use the marking technique 
Readable over time - the code’s readability after a longer period of time (a few months under normal 

weather/storage conditions) 
Low reading 
equipment cost 

- the total installation cost of one reading device, not including data communications and 
the like 

Code range - the maximum code range produced by a marking method 
Low reading cost - the cost of detecting a single code on a log, including cost of software development, 

energy consumption, and detector replacement 

Table 2.  Descriptions of the criteria used in the evaluation matrix.  

To avoid misunderstandings, the evaluation matrix will be described briefly. The criteria are assigned 
individual weights of 1, 3, or 9 depending on their importance, 9 indicating the greatest importance. 
The irregular scaling used to distinguish an extremely important criterion is adopted from Quality 
Function Deployment (QFD) matrices [16]. “Short marking time” is obviously an important criterion, 
and is assigned a weight of 9 in the matrix. The “machine compatibility” criterion is considered less 
important, and is accordingly assigned a weight of only 1. The marking methods are assigned merit 
values of 1, 3, and 5 relative to each criterion, 5 indicating good fulfillment of a particular criterion. 
The merit value of each marking method is then multiplied by the corresponding criterion weight, and 
totaled at the bottom of the matrix. The RFID marking method is used as the reference method, and is 
included in the matrix for easy comparison with alternatives.  
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    Marking methods Value 1-3-5           

Criteria 
Weight,
3-5-9 Punch

Mill/ 
drill 

Chain 
pattern

Laser 
burn 

Paint/
wax 

Frequency 
reflection, 
LNP IRID

Magnetic 
strip 

Annual 
rings/  
dimension
shape 

Bar  
code 
on 
carrier

Reference 
RFID 

Low development cost 3 5 5 1 1 5 5 3 3 1 5 3 
Low marking equipment 
cost 3 5 5 5 1 3 3 3 3 1 3 3 
Low marking cost 9 5 5 5 3 5 3 1 1 5 3 1 
Short marking time 9 3 1 5 5 5 5 1 3 3 3 3 
Safety in marking operation 3 1 1 5 1 3 3 3 3 5 3 3 
Mean time between failures 9 3 3 5 3 1 1 1 1 1 1 1 
Service friendliness 3 5 3 5 3 3 3 3 3 1 3 3 
Material impact 1 3 3 5 3 3 3 3 3 5 3 3 
Environment impact 3 5 5 5 5 3 3 3 3 5 5 3 
Machine compatibility 1 5 5 5 3 3 3 3 3 1 3 3 
Good readability 9 3 3 1 1 3 5 5 5 1 3 5 
Short reading time 9 3 3 1 1 3 5 5 5 5 5 5 
Safety in reading operation 3 5 5 5 5 5 1 5 3 1 5 5 
Ease of use 3 5 5 5 5 3 1 3 3 5 5 3 
Readable over time 3 1 1 1 1 3 3 3 3 1 5 5 
Low reading equipment 
cost 3 1 1 1 1 3 3 1 3 3 5 3 
Code range 3 1 1 1 3 3 3 5 5 1 5 5 
Low reading cost 9 3 3 1 3 3 5 5 5 1 5 5 
Total   290 266 274 228 288 306 264 282 222 318 294 
Rank   3 7 6 9 4 2 8 5 10 1   

Table 3.  Evaluation matrix of methods for marking logs on a harvester. The criteria are assigned weights of 1, 3, and 9 depending on their importance, 9 indicating the 
greatest importance. The marking methods are assigned merit values of 1, 3, and 5 relative to each criterion, 5 indicating good fulfillment of a particular 
criterion. These weights and values are multiplied, and the products are totaled at the bottom of the matrix. The four marking methods receiving the most points 
are further analyzed.  
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2.1.1 Analysis 
The four marking methods that received most points according to the evaluation matrix in Table 3 are 
the following (see Table 4): 

Rank Marking method Points
1 Barcode on carrier 318 
2 Frequency reflection LNP  306 
3 Punch 290 
4 Paint/Wax 288 

Table 4.  Results from the evaluation matrix (Table 3).  

Barcode on carrier 

This well-documented concept is widely used in our everyday lives, as one frequently sees these codes 
on consumer products, food, and packages. These codes can be written on a thin substrate (e.g., paper 
or plastic) placed on the end surfaces of logs; the codes can be read at a distance.  

The method is fairly cheap and the information contained in the code can meet the requirements of 
individual traceability. In the case of logs, the mark is placed on a surface exposed to wear and dirt; 
detection problems related to dirt and snow can be reduced by cleaning the surface before reading. 
Specific techniques involving punching could be used to attach the bar code carrier, so that the carrier 
is punched into the material and better protected. However, developing marking equipment that 
applies the code carrier under actual operating conditions is considered difficult.  

Frequency reflection LNP 

To obtain a reflection from a code mark at a certain frequency, luminescent nano pigments (LNP) are 
applied to the surface. These materials are phosphor-based inorganic ceramic powders with pigment 
sizes of 0.3–100 microns (Techneo GmbH, Gilching, Germany). The powders can be mixed with 
ordinary paint and sprayed onto the surface. These powders consist mainly of rare earth metals doped 
with various elements. Detection is done by activating the pigments with infrared laser, which results 
in shorter-wavelength light reflection [17]. Various wavelengths and colors can be used to facilitate 
detection, even under snowy and dirty conditions [18]. Problems related to substance cost and 
equipment wear must be further investigated. The marks are placed on the log-end surface and are 
exposed to wear and dirt.    

Punch 

This method is widely used, for example, in the automotive and spare parts industries. In a controlled 
environment, punching a code into a component is fast and economical. However, punching holes in 
logs at the harvester head could cause problems, as the punch must be fast and powerful. To detect a 
punched code on wood, the code must be a certain size [15]. One way to increase the detection rate is 
to add paint to the punched holes, but doing so increases the marking complexity. Significant power is 
needed to punch a detectable code into wood. Tests of using this technique for tracing logs in the 
sawmill [18] never investigated the possibility of using the technique on a harvester due to the great 
force needed. The physical size of the code also restricts the number of possible combinations. The 
code is placed on the log-end surface and is exposed to wear and dirt.    

Paint/wax 

This marking method is very similar to the LNP method. The only difference is that LNP particles are 
not used in the paint/wax method; this decreases the detection ability, resulting in a lower ranking 
according to the evaluation matrix. On the other hand, this method lacks the problems related to the 
LNP particles. 
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Selection of methods for further investigation 

Though the barcode on carrier method has many advantages, it was excluded after some analysis. The 
main reason for the exclusion was design complexity: code carriers must be stored, which requires 
maintenance and filling. The marking procedure would probably be time consuming and hence cost 
ineffective. Attention was thus focused on the remaining three methods.   

The two marking concepts considered to have the best potential for success were printed or punched 
codes on the log end surface. Examples of what the marking procedures would look like for the two 
concepts are presented in Figure 8.   

 
 
Figure 8.  Examples of the marking procedures for the punching (left) and printing (right) methods. 

In the printing method, a code is applied to the log end surface during cutting. The punch 
method can use a hammer-like device to punch the code into the log end.  

Harvesters today use a simple pattern of paint marks to distinguish up to four items. Two colors of 
paint are used, indicating that some existing components might be reusable when devising a printing 
solution. A printing solution could also later be combined with LNP techniques if that turns out to 
improve performance. 

The punch method has great potential, according to the evaluation matrix, which justifies further 
investigation. Before further investments were made in the selected methods, a detection test was 
undertaken: this entailed applying a few printed dots and punched holes to a log slice, to permit 
preliminary analysis.  

   
Figure 9.  Digital images of the code samples (left). Punched (middle) and paint dot (right) test 

code images acquired using a monochrome camera with a diffused ring red LED light  

The images in Figure 9 indicate that both marking concepts provide good contrast between the marks 
and the log surface, and hence that machine vision could be used for cost-effective detection purposes. 
We decided to investigate both concepts further.   
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2.1.2 Punch method test  
The force needed to apply a punched code to the log end surface has to be investigated. Another 
important aspect is the marking time, which must be minimized if the method is to be accepted by 
industry. The size of the punch is strongly related to the applied force. Sources dealing with punching 
in wood material and the necessary forces were not found, so we decided to investigate this further 
[19]. In this work, which investigated the force needed to punch a 10*10 data matrix code, various log 
samples were subjected to both quasi-static and dynamic force tests. The quasi-static test investigated 
the difference in needed force related to punch diameter, moisture content, wood type, sap/heartwood, 
presence of knots, and whether the wood was frozen or unfrozen. Examples of the investigation results 
are presented in Figure 10.  

 
Quasi-static test energy [J] Dynamic test energy [J] 

1.25 2.95 

1.01 3.04 

1.15 2.97 

1.17 3.25 

1.47 3.07 

1.57 3.24 

Average: 1.27 Average: 3.09  

Figure 10.   Comparison of the results of six consecutive runs of the quasi-static and dynamic test 
equipment (top). The same 5-mm-diameter punch tool is used, but the pine log samples 
differ in moisture content (99.7% vs. 120%). Comparison of the penetration energy for a 
single punch in the quasi-static and dynamic tests (bottom).  

The results indicate that the energy needed to make an imprint varies—not surprising, since wood is a 
biological material with non-uniform properties. Calculations were made based on these results to 
investigate the energy needed to punch a 10*10 data matrix code into a log end surface. Punches 5 mm 
in diameter and 5 mm deep, as used in the preliminary detection test (Figure 9), indicated good 
readability. The calculated punch energy needed was verified using test equipment in which 10 
punches were dynamically punched into a log sample in less than one second, resulting in 5–6-mm 
penetration for all ten punches. Applying a 10*10 data matrix code in less than one second using a 
punching method is considered feasible from a force and energy point of view.     

Depth [mm] Depth [mm] 
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2.1.3 Printing method test: student project 
A student project was initiated concurrently with the evaluation of the punch method. The student 
project involved eight students in the last year of the Masters-level mechatronics program. A printer 
prototype was designed, developed, and tested [20]. The prototype comprised a main unit and a 
marking unit, as shown in Figure 11, in which the main subcomponents are marked.  

 
Figure 11.  Code printer prototype. The main unit (left) comprises an accumulator (A), pressure 

sensor (B), control box (C), paint pump (D), valve rack (E), and filter (F). The marking 
unit (right) comprises a saw bar equipped with a paint line insert and mounted on a 
custom-made saw bar bracket.     

The main unit was designed to be mounted and protected inside a harvester aggregate. The marking 
unit is a saw bar designed to accommodate a custom-designed paint line insert with 10 lines and 
nozzles. Pressurized paint is supplied from a hydraulically powered pump, via an accumulator to 
maintain steady pressure. Ten plastic paint tubes connect the valve rack (Figure 11) in the main unit to 
the marking unit. The prototype is capable of applying a 10*10 data matrix code (see section 2.2) to a 
log end surface. A simulator was developed to act as the “harvester control system” via controller area 
network (CAN) communication [21]. An item number to be encoded and marked is entered on the 
simulator and transmitted to the control unit. Once received, the item number is encoded and applied 
via the marking unit. Some of the codes applied by the prototype in some very early tests are presented 
in Figure 12.  

  
Figure 12.  Codes applied by the printer prototype: code applied to a pre-cut sample (left) and code 

applied during cutting (right).  
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2.1.4 Final selection of marking method 
Based on the evaluation of the punching and printing methods, both of which have many pros and 
cons, the printing method was finally selected for further development.  

The main reasons for not continuing to develop the punching method are that the method would be 
technically challenging concerning code application, especially for more complex codes, and would 
slow down production. The printing solution inherently permits marking with complex codes and, 
since the printing occurs during log cutting, the time loss is effectively zero. In addition, if proven 
successful, substances (e.g., LNP) that could improve the printing method’s performance could be 
introduced at a later stage.    

2.1.4.1 Conflicts with existing patents 
At this stage of research and early trials, it was relevant to investigate whether there were any patents 
related to the chosen concept. The following four patents are close to the chosen concept (i.e., printing 
during cutting), but with important differences.   

2.1.4.1.1 Patent US5143131A 
This patent applies to specially designed saw bars that allow a code pattern to be applied to the log end 
surface during cutting. Pressurized fluid is supplied to an elongated chamber in the saw bar from a 
pump inside the harvester aggregate. Evenly spaced fluid-emitting holes are drilled from at least one 
side of the saw bar into the chamber (Figure 13). Inside the chamber, a slide bar with a predefined 
drilled pattern controls the fluid flowing out through the emitting holes. The slide bar position is 
controlled by an actuator to facilitate the application of different patterns to the log end surface. A 
microcontroller controls the slide bar actuator and a pattern is created based on data, such as log length 
and diameter, sent from the harvester computer to the microcontroller.     

 
Figure 13.  Figures related to patent US5143131A (taken from the patent application): slide bar 

(152, 154), emitting holes (148), and saw bar (128).  

152,154 

148

128 
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2.1.4.1.2 Patent SE469974B 
In this concept, a saw bar is fitted with two or more fluid channels (Figure 14) that provide nozzles 
with fluid to spray onto the log surface during cutting. Each nozzle is individually controlled by a 
valve supplied with pressurized fluid from a container. Several fluid containers holding various fluids 
can be connected to the valves, facilitating the application of various line coding marks on the log end 
surface.   

 
Figure 14.  Figures related to patent SE469974A (taken from the patent application): nozzle (14), 

fluid channel (13), log (4), saw bar (11), valve (16), fluid container (17), and code mark 
(19).  

2.1.4.1.3 Patent EP1252992B1 
This patent is related to the simple application of fluid to the log end surface during cutting. Holes in 
the saw bar (Figure 15) allow pressurized fluid to be sprayed onto the log end surface via the holes. 
No alteration of the “code” is possible.  

 

 
Figure 15.  Figure related to patent EP1252992B1 (figure taken from the patent application).  

2.1.4.1.4 Patent SE9601530L 
In this concept, a code is applied via a marking bar attached to the saw bar (Figure 16) to follow its 
motion during cutting. The marking bar is thinner than the saw bar and, via one or more nozzles, 
applies a line to the log end surface during cutting.   
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Figure 16.  Figure related to patent SE9601530L (taken from the patent application): marking bar 

(41), nozzles (46), log (44), saw bar (3), fluid channels (51), fluid pump (53), and fluid 
container (50).  

Patent SE469974B is closest to the concept described in this thesis. A major difference, however, is 
the complexity of the applied code and its function. With the SE469974B concept, it is impossible to 
open and close the valves with sufficient accuracy to apply complex code structures, such as 2D data 
matrix codes.   

2.2 Log code requirements 

A code structure needs to be designed for the marking concept chosen for further development. Using 
standard code structures is an obvious option that permits the use of commercial detection devices. 
The selected marking concept, as discussed above, is to print a code during the cutting procedure 
performed by the harvester machine. A requirement set by the I-Key project is that logs with diameters 
down to 130 mm should be possible to mark. This establishes a lower limit for the surface area on 
which to apply a unique code that is durable and detectable. For a log code to be globally unique for 
several years, billions of identities [12] are needed. Standard printable codes that can manage large 
identities are text, matrix and barcode [22],[23],[24]. Using characters as a coding basis is problematic 
in terms of both application and detection. Printing complex geometrical shapes such as letters on a 
rough wood surface during the cutting sequence would be extremely difficult. Detecting such codes on 
typical log end surfaces is also considered difficult.  

Standard barcodes comprise several lines and spaces of various thicknesses, as shown in Figure 17.  
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Once the produced boards leave the sawmill, packages of boards can be marked with a unique code, 
such as an EPC, if required.  

Due to restrictions (e.g., available space on the saw bar), detectability, printable log end size, and 
design complexity, 10 nozzles were chosen. This allows the printing of 10*10 code marks based on 
the data matrix code standard, which in this case corresponds to one million identities. Matrix codes 
are widely used on various products and have high redundancy. Log ends can have different colors, 
cracks, knots, dirt, and other irregularities, so code redundancy can be an important feature. The 
matrix code is free of charge and can be applied using round or square dots (Figure 19), and 
commercial detection equipment is available which might be useful.  

 
Figure 19.  A 10*10 2D data matrix code presented in squares and dots.  

As mentioned, the minimum log diameter to be marked was set to 130 mm, as the sawmill intended 
for field tests in the I-Key project does not process boards from logs smaller than that. The intended 
10*10 data matrix code must hence fit on such a log end surface (Figure 20).  

  
Figure 20.  The same data matrix code as in Figure 19 (ID = 123) shown on logs of 400 mm (left) 

and 130 mm (right) diameter. The non-square shape of the code is due to the arc-shaped 
motion of the printing nozzles integrated into the saw bar.  

On larger logs, larger dots with more space between them would facilitate easier reading. This is, 
however, technically difficult to achieve since it requires adjustable dot sizes and adjustable distances 
between dots. Therefore the choice of code and dot size is a trade-off between marking complexity 
and detectability. Given the restricted printable surface area and ease of detection considerations, dots 
of approximately 5 mm in diameter with 7.5 mm separation were selected.   

2.2.1 Matrix code description 
The following description of the data matrix code is largely taken from the ISO/IEC 16022:2006(E) 
standard [22]. There are two types of matrix codes: error correction code (ECC) 200, which uses 
Reed–Solomon error correction, and ECC 000-140, which uses several levels of convolutional error 
correction, i.e., 000, 050, 080, 100, and 140 (ECC 000 uses no error correction). ECC 200 should be 
used (according to the standard) for new applications and ECC 000 - 140 for closed applications in 
which there is full control over the marking and reading processes, probably due to the low or lack of 
error correction. 
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The specifications of these data matrix codes are as follows: 

• Encodable character sets: 

o 0–127 in accordance with the US national version of ISO/IEC 646 

o 128–255 in accordance with ISO 8859-1 (extended ASCII)  

• Representation of data: A dark module is binary 1 and a light module is 0 (can be reversed) 

• Symbol sizes for ECC 200: 10*10 to 144*144 (even values only) 

• Data characters per symbol (for ECC 200, 144*144):  

o Alphanumeric data: up to 2335 characters 

o 8-bit byte data: 1555 characters 

o Numeric data: 3116 digits 

• Error correction: Reed–Solomon error correction 

• Code type: Matrix 

• Orientation independence 

The symbol structure is built up of a data region composed of code words (bytes of data) surrounded 
by a finder pattern (Figure 21). To facilitate detection, the finder pattern should be surrounded by a 
quiet zone border one module wide; in the presence of disturbance features, a quiet zone two or more 
modules wide is recommended.  

 
Figure 21.  (a) A 10*10 data matrix code with (b) the data region outlined in red and its (c) finder 

pattern.  

The finder pattern is one module wide and comprises four sides. The left and lower sides form an L, 
which is represented by solid lines or rows of dots, that determine the physical size, orientation, and 
distortion of the code. The upper and right sides comprise alternate dark and light modules. These 
sides are primarily used to determine cell size, but can also be used to determine physical size and 
distortion. The ECC 200 symbols can be recognized by the light module in the upper right corner.   

2.2.1.1 ECC 200 encoding procedure 
Step 1 

Several encoding schemes can be used for the ECC 200 symbols (Figure 22). The first step is to 
analyze the data to be encoded and use the appropriate data matrix size for the data characters (bytes 
of data). Pad characters (ASCII 129) can be added to fill out the codewords (bytes of encoded data) for 
the chosen matrix size. ASCII encoding is the basic scheme, but other schemes can be used, as 
presented in Figure 22.    

Module 
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Figure 22.  Encoding schemes for ECC 200 (source [22]).  

Step 2 

The next step is to set up the error correction. Several codewords are used for each data matrix size to 
handle the error correction. According to the standard, Reed–Solomon error correction is based on the 
data codewords (if the codewords are below 255 characters) and is placed after them; for example, a 
10*10 symbol consists of three codewords of data storage and five codewords for error correction.  

Step 3 

Place the codewords’ modules in the matrix surrounded by the finder pattern. Placement of the bits in 
all the codewords is done according to the standard for each symbol size (see section 2.2.1.4).   

2.2.1.2 ASCII encoding 
ASCII encoding is the default for the first symbol character for all symbol sizes. If another encoding 
scheme is used, for example, base 256, the first codeword would be a latch codeword, in this case, 231 
(Figure 23).  

 
Figure 23.  ASCII encoding values (source [22]).  
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ASCII data are encoded using codewords 1–128 (ASCII value +1). Digit pairs 00–99 are encoded 
using codewords 130–229 (numerical value +130). If extended ASCII is desired, the upper shift 
codeword (235) must be used combined with ASCII values of 1–128. For example, encoding Å 
(ASCII 197) entails an upper shift (235) followed by 69 (197–128), which is encoded as 70 (ASCII 
value 69+1). If a switch is made to a different encoding scheme, the scheme must in some cases be 
switched back, using a latch codeword, to avoid becoming stuck in that encoding scheme.      

2.2.1.3 Error correction 
The error correction codewords are the remainder after dividing the data codewords by the polynomial 
g(x) used for Reed–Solomon codes. The error correction codewords can correct two types of 
erroneous codewords: erasures (erroneous codewords at known locations) and errors (erroneous 
codewords at unknown locations). For small symbols such as 10*10, erasure correction should not be 
used, according to the standard document. A guide to generating error correction codewords can be 
found in the standard [22].   

2.2.1.4 Symbol character placement 
The data and generated error correction codewords are placed according to a C language program 
supplied by the standard. The symbol character 2 is placed in the upper left corner and the remaining 
placement sequence is as depicted in Figure 24. The 45-degree sequence line starts in bit 1.8 and 
continues through bit 8 in each character. The shape of each character is indicated by the red-outlined 
character in Figure 24. If the shape overlaps the boundary of the square, it continues below or above 
according to the placement sequence.  

 
 
Figure 24.  Symbol character placement sequence. The character shape is outlined in red (source 

[22]).  
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The sequence ends with the last character. For some symbols, a square of four bits will remain in the 
lower right corner, which is filled with black and white modules (BLK and WHT in Figure 24). The 
reason for the specified placement sequence is not documented in the standard. An example of symbol 
character placement for a 10*10 matrix is depicted in Figure 25.  

 
Figure 25.  Character placement for a 10*10 symbol (source [22]). 

2.2.1.5 Decoding procedure 
A decoding algorithm can be found in the standard. However, numerous variants of commercial 
decoding software adhere to the standard and could be used for decoding.  

2.2.1.6 Data storage 
Depending on the encoding scheme, a data matrix code can contain varying numbers of data. A 10*10 
data matrix code using ASCII encoding with ECC200 error correction can store one million identities. 
These identities are encoded as three two-digit data (numerical value 00–99) in three data bytes 
(maximum 99, 99, 99) followed by five bytes for error correction.  

One obvious problem with the selected code is the uniqueness of the marked logs: one million 
identities will not be enough if unique codes are required. However, if ECC 000 is used, the amount of 
storage is increased but without any error correction.   
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3 Applicator design 

The log traceability system comprises an applicator, a reader, and a database structure (Figure 26). 
Modern harvesters are equipped with functions that store data on relevant parameters, such as length 
and diameter, for each log. A standard for such data is present in several Nordic countries and is called 
StanForD [13]. In Sweden, the standardized data are transmitted to a database handled by the SDC 
(www.sdc.se). Forest or sawmill owners can access these data if they subscribe to this ICT service 
provided by the SDC.   

 
 
Figure 26.  Log traceability from forest to sawmill with the aid of log marking, code reading, and 

database communication.  

Log traceability between forest and sawmill can be achieved using the system presented in Figure 26. 
The printed log code is applied by the harvester when cutting a log in the forest. The code and log data 
are stored and transferred from the harvester to the SDC continuously via GPRS communication, or 
daily using memory sticks, and further via Internet. The logs are then transported from the forest to the 
sawmill. At the log sorting station, the log code is read as the log passes by the detection equipment. 
The sawmill computer system retrieves the log data gathered during harvesting via the ICT service 
provided by the SDC. Information such as the scanned log data at the sorting station, harvester log 
data, and detected code are combined. This information is stored and accessible via the sawmill 
computer system.  

Code application 

Code detection 

Database (SDC)
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At the saw intake where the logs are sawn into boards, similar detection equipment reads the log code 
to facilitate further traceability inside the sawmill. After the logs are sawn into boards, the lifetime of 
the log code ends.   

3.1 Applicator overview 

The physical code marking of logs is done by the harvester operating in the forest. The applicator is 
mounted on the harvester aggregate and connected to the harvester control system via a CAN 
communication interface.  

The main physical applicator prototype was mounted on a Rottne H8 (www.rottne.com) harvester and 
demonstrated in field tests as part of the I-Key project. The developed applicator is modular in 
structure to fit different harvester models. The marking equipment applies a code to the log end while 
cutting, as depicted in Figure 27 and Figure 28. Nozzles and paint lines are integrated into the saw 
bar to enable the application of paint dots during the cutting motion.  

 
   
Figure 27.  A saw bar-integrated log code printer. Paint dots are applied to the falling log end during 

the cutting motion.  

As mentioned in section 2.2, we decided to use a 10*10 data matrix code. Applying this code using a 
printer solution and motion in only one degree of freedom calls for 10 nozzles integrated into the saw 
bar. The 10*10 data matrix code sent from the harvester and received by the applicator is recalculated 
to sequentially activate 10 valves—one for each nozzle—located on the saw bar bracket (Figure 27). 
As the saw bar cuts through the log, the saw bar angles are continuously read by the applicator. At a 
specific angle, the first row of the matrix is printed; the remaining rows are then printed consecutively 
at incrementally increasing angles (Figure 28).   

 

Paint valves

Code 

Nozzles in 
the saw bar 

Paint lines



 

 35

 
Figure 28.  The row of 10 nozzles in the saw bar prints each row of the data matrix code based on 

the saw bar angle as the saw bar cuts the log (130-mm-diameter log shown in the figure).    

The application sequence is as follows: 

1. A code number is transmitted via CAN from the harvester’s main computer. 

2. The code is received by the code applicator on the CAN interface. 

3. The paint pressure is controlled with the aid of a pressure sensor and pump (see below). 

4. The saw bar angles are read from the CAN bus at a predefined sampling rate. 

5. During the cutting motion, the valves are activated at a certain angle to let paint flow to 
the nozzles. 

6. Paint dots are applied to the log end surface to create a 2D code.  

As mentioned, modern harvester machines measure and store data on parameters such as log length, 
log diameter, harvester operator, outside temperature, and the location of each log harvested. The 
current applicator design applies the code to the falling log, which has already been measured by the 
harvester. Applying a code to a log that has been measured facilitates assortments by marking logs 
with specific codes based on parameters such as dimensions and quality. This is, however, not the 
main advantage of the developed applicator but an interesting feature.    

The applicator comprises electrical, hydraulic, and paint systems (Figure 29). The main units (1), (2), 
and (4)–(6), are located inside the harvester aggregate for protection. The marking unit, i.e., valve 
assembly (7) and saw bar (8), are located on the outside of the harvester head (Figure 30). The two 
interfaces that need to be adapted to specific harvester models are the data communication and the 
mechanical connection interfaces.   
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Figure 29. Schematic of the system. Actuation and sensor inputs are handled by the microcontroller 

inside the control box. A CAN interface is present in the microcontroller. The lower 
dotted square indicates the marking unit and the middle dotted square the paint pump 
assembly.  

The main components (see Figure 30) of the applicator are: 

1. Control box  Main circuit board with microcontroller, transistors, power, and CAN 

2. Paint pump assembly Droppen (www.bohultmaskin.se), installed on the used Rottne EGS                         
    402 aggregate 

3. Paint tank  2*2.5 liters, installed on the EGS 402 aggregate  

4. Filter   5–20 microns 

5. Pressure sensor  HBM P19RVA2/20B (www.hbm.com) 

6. Accumulator  Diaphragm type, 0.075 liters (www.hydac.se) 

7. Valve assembly  10 Burkert valves, 6144 (www.burkert.com) 

8. Saw bar   Custom made, based on Iggesund (www.iggesundforest.se)   

saw bar for EGS 402  
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Figure 30.  Location of the applicator subcomponents on the harvester aggregate.  

The paint pump is one of two existing hydraulic-powered pumps on the Rottne harvesters used in 
making simple paint marks to distinguish up to four log types. One of the existing paint pumps is 
controlled by the microcontroller in the control box. To maintain a stable paint pressure, an 
accumulator is connected to the pressurized paint fluid. Two existing containers already integrated into 
the harvester head are used as paint tanks. An additional installed filter prevents debris from reaching 
the valves and nozzles. 
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The aim of the developed marking technology is to apply a code mark to the log end surface cheaply 
while incurring no time loss. There are several ways to design a marking unit (i.e., valve assembly and 
saw bar) and, apart from functionality, the most important design considerations are durability, cost, 
and maintainability. We initially decided to reduce the number of components mounted on the outside 
of the aggregate, where they would be more directly exposed to the severe environment in which this 
equipment operates, thereby increasing durability and reducing maintenance costs. 

To facilitate rapid design iterations and prototyping of a competitive marking unit, prototypes were 
designed using CAD as a modeling tool and water jet cutting combined with milling as the 
manufacturing methods. Water jet cutting is fast, which was considered important in the conceptual 
phase. The method has its limitations, due to the constraints of two dimensions, but suited this 
prototyping well.  

The paint is fed to the nozzles through the saw bar. Whatever the design, the presence of the fluid 
channels will weaken the saw bar. The saw bar is the marking unit component that is exposed to the 
most severe stress; it is a component with a limited lifetime even under normal operating conditions. 
Under favorable conditions, a saw bar may last for a month, though it sometimes breaks after the first 
cut. Therefore, the added code marking functionality integrated into the saw bar must be designed for 
cost-effective manufacturing. The marking unit must also be reliable and easily serviced, since 
maintenance and handling are usually performed by the machine operator in the field, sometimes 
under difficult conditions. To minimize the strength reduction, only a small amount of material should 
be removed from the saw bar. The saw bar is exposed to substantial but unpredictable mechanical 
stress in all directions, so any new saw bar design must be thoroughly tested under realistic conditions.   

3.2 Control unit, hardware and software 

The control unit is physically mounted inside the harvester aggregate as depicted in Figure 30 and 
comprises the main circuit board and connectors (Figure 31).  

 
Figure 31.  Control unit with its connectors on the lid of the unit (right) and components located on 

the main circuit board inside the unit (left).    

The electrical connectors on the lid of the control unit are for programming, power, CAN, valve 
signals, and the paint pump/paint pressure sensor, as depicted in the schematic in Figure 29. The 
microcontroller used in the control unit is an ATMEL AT90CAN128 (www.atmel.com); the 
microcontroller controls ten MOSFET transistors (NDS355AN, www.fairchildsemi.com), which drive 
the 10 valves located on the valve bracket. CAN communication is established with the harvester’s 
control system via a physical CAN connector on the main CAN bus (Figure 32), via a CAN 
transceiver chip (MCP 2551, www.microchip.com), to the microcontroller on the main circuit board.  
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Figure 32.  Schematic of the data communication on a Rottne harvester machine. The thick dark line 

represents the existing CAN communication system. 

The microcontroller is prepared for CAN communication [21] and the used data link layer adheres to 
the CAN Standard rev 2.0A/2.0B (ISO 11898). Once the harvester is started, the applicator is initiated 
according to the CAN Open standard [25]. According to this standard, the device must act as a state 
machine. Each connected node has a unique identification number and can change state by means of a 
network management object (NMT) sent by the master (i.e., harvester). 

Once the applicator is initiated (Figure 33), it switches state from preoperational to operational. In 
both the preoperational and operational states, the node sends “heartbeats” every two seconds to verify 
its state. Two types of transmit and receive messages can be used, process data objects (PDO) and 
service data objects (SDO). The standard specifies that each node must have an object dictionary 
containing, for example, configuration data, device type, error register, and device manufacturer name. 
The SDO message is used to access the contents of this object dictionary. To take full advantage of the 
functions provided by CAN Open, both messages should be used. Due to time and resource 
constraints, only PDO messages were implemented; these are sufficient to allow the applicator to 
function, though certain features cannot be used. However, the system is set up to allow easy future 
implementation of the omitted functionality using SDO messages.  

The PDO messages used can carry 8 bytes of data with almost no protocol overhead. The chosen 
matrix code size (see section 2.2) is limited to one million codes/identities, which corresponds to 
approximately 21 bits. This can be handled using PDO messages. Only two PDO messages are 
required for the applicator to function. The log code is transmitted on PDO (1) and the saw bar angle 
on PDO (2). In the operational state, the software is triggered by a transmitted code number (Figure 
33). What code to send and when is controlled by the harvester operator. Either a code range is 
assigned for a specific harvesting area or the code range is downloaded to the harvester via GPRS 
communication using the ICT system supplied by the SDC. To apply a code, a software module needs 
to be added to the harvester control system. This was done in close collaboration with the harvester 
manufacturer (Rottne), since access to their control system is prohibited. 

Three code types (see section 3.6) are implemented in the software, as shown in Figure 33. Code 
number 1 is assigned as a test code with which the operator can visually determine that all the nozzles 
are operational. The remaining code range is divided between a custom-designed bar code (developed 
for back-up purposes) and the standardized 10*10 data matrix code. The valve transistors are activated 
at a predefined angle value during the cutting sequence. When the saw bar has passed a certain 
position, the marking is finished.  
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The program also jumps to “marking finished” if the saw bar stops or travels backward for some 
reason (Figure 33). No further error handling was implemented, since this would entail changing the 
CAN communication protocol on the harvester side, which was prohibited.    

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure 33.  Program flow diagram.  
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3.3 Valve assembly 

The valve assembly was initially placed inside the aggregate for protection; individual paint tubes 
were connected to the saw bar (Figure 34) in two vertical rows of five holes each (Figure 35) and 
individually sealed.  The placement of paint tube fittings was close to the mounting nut of the saw bar 
bracket. A compact pattern configuration is easier to seal and facilitates the compact continuation of 
the paint channels in the saw bar.   

 
Figure 34.  Valve assembly located inside the aggregate beside the control unit. Ten 300-mm-long 

paint tubes connect valves to the saw bar.  

The design presented in Figure 34 was functional, but later laboratory tests (see section 3.5.1) 
indicated problems related to the paint tubes, which resulted in a prolonged active spray time from the 
nozzles (Figure 48). As the openly exposed paint tubes would probably also be difficult to shield from 
physical impact in field operation, a design iteration was required to avoid the long paint tubing. To 
avoid having to redesign the saw bar mounting structure (where the saw motor is attached), it was 
decided to replace the standard saw bar steel bracket plate with a customized valve bracket. The 
amount of space available on the saw bar bracket on the EGS 402 aggregate is depicted in Figure 35.    

 
Figure 35.  Available space (dashed red line to the right) in which to place the valves on the saw bar 

bracket. The original saw bar bracket had already been extended 20 mm to accommodate 
the 10 paint tubes from the valve assembly. The height is limited due to the metal shield 
around the saw bar rotation center.  
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As shown in Figure 35, the amount of space on the saw bar bracket is restricted. As mentioned 
previously, the compact hole pattern has functional advantages. The final selection of valve type was 
based on a previously conducted evaluation [20]. A magnetic valve (type 6104) from Bürkert 
(www.burkert.com) was chosen for its speed and accuracy.  

One problem discovered after the first prototype design was that this valve did not separate the 
controlled medium from the valve core, due to its intended use in pneumatic applications, so a similar 
valve that provided this separation, i.e., the Bürkert 6144 valve, was chosen instead. With the valve 
type and its dimensions already selected, there is a limitation with respect to possible valve group 
configurations. Maintaining the paint hole pattern in the saw bar (Figure 35) while fitting the valves 
on the one-piece bracket would be difficult, as costly milling operations would be required.  

Given that the design should permit easy manufacturing, a laminar approach was adopted in which the 
paint passages were divided into three layers to connect the two different patterns (Figure 36).  

 
Figure 36.  Valves mounted on a laminate-type saw bracket design that facilitates the same saw bar 

hole pattern as in the previous design.     

Using the approach depicted in Figure 36, it was possible to manufacture the entire bracket using 
water jet cutting technology based on CAD models. All the layers were bolted together with a seal 
between each layer. The component was functional but concluded to be overly complex. It was 
therefore decided to abandon the initial paint hole pattern on the saw bar resulting in a less compact 
hole pattern and corresponding paint channel continuation in the saw bar.  

In the final design, the valves were slightly relocated so they would not intersect with the original 
chain lubrication holes, chain groove, saw bar mounting slot and manufacturing holes on the saw bar 
(Figure 37). The channel connected to the outlet of each valve was drilled straight through a custom-
made bracket equipped with a paint supply passage to all valves (note that the valve placement is 
identical in Figure 36 and Figure 37).  
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Figure 37.  Placement of the 10 valves on the saw bar bracket. Customized interface to avoid 

interference with the existing chain lubrication holes, chain grove, saw bar mounting 
slot, and manufacturing holes.  

A design like that presented in Figure 37 must be closely connected to the saw bar design. Aligning 
10 holes with diameters of 1.5 mm demands secure fitting, especially in the intended operating 
environment. A steering pin on the saw bar bracket and a hole on the saw bar combined with the 
existing mounting slot provided good alignment. The final manufactured valve bracket is shown in 
Figure 38.    
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Figure 38.  Specially designed valve bracket that replaces the original saw bar bracket. Two rows of 

five valves are mounted on a custom-made steel bracket plate. A cover shields the valves 
and is equipped with valve inspection screws. Two longer custom-made mounting nuts 
replace the original nuts.  

With the valve cover mounted, the valves inside are well protected. An important design issue was the 
placement of the paint feeding tube and the valve signal cable. These are exposed to an extreme 
environment and must be well protected. A metal shield guides the cables from the valve bracket 
through the saw bar mounting slot and away from the chain (Figure 39).  

 
Figure 39.  The valve bracket mounted on the harvester aggregate. The paint feeding tube and valve 

signal cable are well protected. They are placed in a channel (that goes from the back of 
the valve cover and underneath the chain) that protects them from the chain.  

3.4 Saw bar 

The emphasis in designing the saw bar was on achieving a high-quality code mark while keeping the 
manufacturing cost low. The following design constraints are based on input from the forest industry, 
the described valve bracket design, and on the I-Key project requirements:  

• Saw bar made of a single piece of sheet metal  

• Maintaining saw bar dimensions 
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• Marking logs down to 130 mm in diameter 

• Paint hole pattern matching the valve assembly (Figure 37)  

• Same mounting interface as the original saw bar, i.e., a standard saw bar is replaceable with 
the new design 

The interface with the valve bracket was known, but the placement of the nozzles to form a printing 
head still had to be determined. Marking logs down to 130 mm in diameter requires that the code be 
applied as soon as possible after the saw bar has entered the log and a sufficiently wide printing area 
has been reached. The size of the applied code mark is strongly related to what is detectable at full 
production speed under realistic sawmill conditions. Accordingly, dots approximately 5 mm in 
diameter, 7.5 mm apart, were initially chosen (see section 2.2) (Figure 40).  

 
Figure 40.  A 10*10 data matrix code on a log 130 mm in diameter. The dots are approximately 5 

mm in diameter and 7.5 mm apart.  

The placement of the nozzle row is determined by the distance from the rotation center of the saw bar 
to the location of the log in the aggregate (distance x in Figure 40). This varies depending on the 
aggregate, and the design presented here is intended for the aggregate EGS 402 from Rottne.   

There are at least two options when designing a paint marking unit on a saw bar: it can either be 
integrated into the saw bar (model 1) or be a module attached to the saw bar (model 2). Several 
designs were developed in the conceptual phase before settling on those presented here. The following 
two designs were promising enough to pursue further.   

3.4.1 Saw bar model 1  
In this model spaces for paint channels are directly integrated into the saw bar; 10 troughs are cut out 
using the water jet process to allow small copper tubes to be inserted (Figure 41).   

 
Figure 41.  Saw bar model 1: ten troughs, cut using a water jet, with inserted copper tubes. The 

copper tubes are then secured and sealed with epoxy. 
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In this case, the saw bar is 6.35 mm thick and the copper tubes have an outer diameter of 1.5 mm and a 
material thickness of 0.2 mm. The copper tubes are inserted 3.175 mm deep in troughs located in the 
middle of the saw bar; the tube ends are pinched shut for later drilling of paint inlet and nozzle holes. 
The remaining space in the troughs is then filled with epoxy to fix and seal the tubes (Figure 41).  

CAD-designed templates for aligning the inlet paint hole pattern and nozzle holes are placed on the 
saw bar before the drilling operation. The paint lines are then flushed with pressurized air to remove 
dust and fine debris. To ensure a good seal with the valve bracket, O-rings are used and the surface is 
finely ground. Figure 42 shows the final results after these operations.   

 
Figure 42.  Saw bar model 1 with integrated copper tubes, epoxy filling, and drilled paint inlet and 

nozzle holes.  

3.4.2 Saw bar model 2 
This model is based on a paint line module were the paint line design is separated from the saw bar. 
The main advantage of such a design over model 1 is that the saw bar manufacturing is simpler. No 
manual operations are needed, such as water jet cutting, inserting copper tubes, and drilling. Once 
produced, the paint line module is mounted on the saw bar. Another advantage is the visibility of the 
paint inside the paint lines (Figure 43) when transparent polymer material is used. If air or leakage 
occurs, it is easy to detect by means of ocular inspection.   

 
Figure 43.  Saw bar model 2, laboratory setup. The paint line module is mounted on the saw bar and 

further attached to the valve bracket. 

The paint line module is shaped from polymer material in a rapid prototyping printer (it can also be 
manufactured using plastic injection molding). The plastic module with its 10 paint lines, paint inlet 
holes, and nozzles cannot be manufactured in one operation, but must either be separated into two 
halves horizontally or divided vertically (Figure 44) and then glued together. The paint inlet holes are 
made during the rapid prototyping process, while the nozzle holes must be made afterward due to their 
small diameters.   
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Figure 44.  Plastic paint line module (top), showing paint channels (in green), nozzles (bottom left), 

and valve inlet (bottom right).  

The paint line module slides into the saw bar, guided by milled flanges (Figure 45). The back side of 
the paint line module is shielded by a metal plate welded to the saw bar. The paint line module is also 
made slightly shorter than the custom-made slot in the saw bar.   

 

 
Figure 45.  Saw bar with paint line module in place (left). Mounting plate to prevent damage to the 

paint line module and to align the paint holes (right). 
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The slightly shorter paint line module and the milled flanges facilitate movement of the paint line 
module along the saw bar. This prevents damage to the paint line module when the saw bar bends 
during operation or temperature expansion.       

For both saw bar models, the saw bar is mounted in the harvester head using two screws guided by a 
mounting plate (Figure 45) to secure the alignment of the valve inlet holes with the valve bracket. In 
the model 2 case, the mounting plate also prevents damage to the softer plastic material in the paint 
line module when the valve bracket nuts are tightened. The valve bracket mounting nuts are usually 
manually fitted, so the torque can vary.  

3.5 System and component tests 

3.5.1 Spray timing test 
The dynamic influence of the paint fluid in the channels, tubes, and nozzles needs to be investigated to 
determine the valve opening times, tube length influence, nozzle size, and suitable fluid pressure. 
Based on investigations of saw bar cutting speeds [26], saw velocity can reach 0.5 m s–1 for small logs. 
Even when applied at maximum cutting velocity, the dots and/or lines need to be distinct to be 
detectable. This requires good knowledge of valve and nozzle performance. The fluid volume in the 
saw bar channels and tubes (if present) would certainly prolong the spraying sequence.  

One approach to analyzing the influence of channel and fluid dynamics is of course mathematical 
modeling and simulation, such as computational fluid dynamics (CFD). However, the alternative 
approach of prototyping, laboratory testing, and measurement was selected, because it was considered 
more time efficient. 

To evaluate the impact of fluid dynamics, a high-speed camera was used. A test sequence was 
performed using a Photonfocus MV2-D1280-640-CL-8 camera capable of up to 488 frames per 
second (fps) at a resolution of 1280 pixels in height and 1024 pixels in width (1280*1024). The 
camera was placed on a tripod in front of the moving saw bar; a 500W floodlight was placed beside 
the camera, near the object.  
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Figure 46.  Test of a paint spray sequence. High-speed camera setup in front of the nozzles on the 

saw bar. 

In the first set of tests, the valve was located beside the saw bar. A 100-mm-long plastic tube with an 
inner diameter of 2 mm was fitted between the valve and the inlet to the saw bar. A saw bar equivalent 
to model 1 (see section 3.4.1), equipped with an inflexible 200-mm-long fluid channel with an inner 
diameter of 1 mm, was used. 

The sequences shown in Figure 47 were acquired at a frame rate of 975 fps using the equipment 
depicted in Figure 46. The resolution was reduced to 512 pixels in width to double the frame rate with 
the available camera. The field of view (FOV) of the camera setup captures 3–4 activations of a valve 
as the saw bar passes (Figure 46). The marking fluid used was a blue marking paint from the 
manufacturer Oregon; such paint is typically used in simpler log marking applications. For 
manufacturing simplicity, the nozzles were simply drilled holes. The hole diameter affects the amount 
of paint applied to the surface. Four nozzle diameters, i.e., 0.3, 0.4, 0.5, and 0.7 mm, were tested, and 
the 0.5-mm nozzle was found to perform desirably. Two opening times, as defined by the valve 
control signal, and three pressure levels were tested, all of which proved sufficient to apply a dot (see 
Table 5).  
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Test 
sequence 

Valve opening time 
[ms] 

Fluid pressure 
level [bar] 

Active spray 
time [ms] 

Figure 47 
reference 

1  4  4.2  31  (1) 

2  4  3.5  20  (2) 

3  4  2.6  15  (3) 

4  6  3.5  25  (4) 

5  6  2.6  16  (5) 

Table 5.  Tests of active spraying time using two valve opening times at three pressure levels. 

Only one of the ten valves was used during the test sequence. Each sequence was repeated four times 
using the same pressure and valve opening time. The average total active spraying time for each test 
sequence is presented in Table 5. Each test sequence is depicted in three images, running from left to 
right (Figure 47). The left image was acquired when the paint was first evident in an image, and the 
sequence ends with the image that indicates the end of the active spray time. The start and end of the 
spray sequence were determined by ocular inspection, frame by frame. The paint is difficult to see in 
the figures, so it is indicated by lines drawn below the paint spray; the end is indicated by a dotted line.    
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Figure 47.  Test spray sequences (paint indicated by inserted lines below the paint spray to simplify 

understanding of the images) according to Table 5. The sequences start on the left, with 
the first image showing evidence of paint spray; the sequences end with the third image, 
in which the active spray time ends.  

In sequences (1), (2), and (3) in Figure 47, only the supply pressure was altered.  
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This clearly indicates that higher pressure results in a longer active spray time. For pressures above 2.6 
bar, the active spray time exceeds 15 ms. At a cutting speed of 0.5 m s–1 and a matrix code with a dot 
distance of 7.5 mm in the direction of motion, the time interval between valve triggerings is 15 ms. An 
active spray time of over 15 ms would result in a continuous line. To prevent this and to produce 
distinct dots, the active spray time should be substantially below 15 ms.     

According to test sequence 1 (Table 5), at the highest pressure level of 4.2 bars, the active spray time 
(31 ms) is nearly eight times longer than the valve opening time (4 ms). Reducing the pressure from 
4.2 to 2.6 bars (i.e., test sequences 1 and 3 in Table 5) reduces the active spray time by 50%. All 
sequences shown in Figure 47 indicate that fluid and piping dynamics strongly influence the active 
spray time.  

Decreasing the valve opening time from 6 to 4 ms reduces the active spray time by 6–20% 
(comparison between test sequences 2–4 and 3–5 is shown in Table 5). Compared with reducing the 
pressure level, reducing the valve opening time has less impact on the result.  

Since the pressure level significantly affects the spray time, one would expect that reducing the length 
of the plastic tubes or removing them would reduce this impact and improve the results. In a second 
set of tests, the tube length was reduced from 100 to 10 mm. This could not be done using the saw bar 
test setup, so an alternative setup was used (Figure 48). In this setup, the plastic tube length was 
reduced, while the metal pipe length remained the same and the cross-section of the fluid channel in 
the saw bar increased slightly. The same valve opening time (4 ms) and pressure level (3.5 bars) as in 
test sequence 2 (Table 5) were used.  

 
Figure 48.  To investigate the influence of tube length, the plastic tube length is reduced compared 

with that used in test sequence 2 (see Table 5). The presence of the paint spray is 
indicated by a red line below the paint spray.  

In the sequence shown in Figure 48 the active spray time is reduced from 20 to 10 ms. This clearly 
indicates that plastic tubes act as “balloons” and that their use should be avoided. This was the main 
factor forcing the use of a valve assembly location different from that previously discussed (see 
section 3.3); unfortunately, the new location was a less protected one. The results presented in Table 
5, Figure 47, and Figure 48 indicate that, at a pressure below 3 bar and with no tubing between the 
valve and the channels in the saw bar, the active spray time is acceptable (below 10 ms).  

3.5.2 Preliminary system test 
The first printing test was performed using manually controlled test equipment (Figure 49). The saw 
bar and valve bracket were mounted on a rotatable axle to which a rotary sensor was attached. A paint 
pump identical to the one present on the harvester aggregate was installed. The pump was actuated 
using a mobile hydraulic aggregate.  
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A paint container was attached right next to the pump unit. The saw bar angle sensor, pressure sensor, 
valves, and pump activation were all connected to the control unit. To simulate the harvester CAN 
interface, a simulator was designed and integrated with the setup.  

Using the described test equipment, a code could be applied to a log end without the chain running. A 
code was transmitted from the simulator to the control unit. The saw bar was then manually rotated in 
front of a thin log piece. As the rotation angle of the saw bar gradually increased, dots or lines were 
applied to the log piece surface. Hundreds of log samples were marked using this setup to tune 
parameters and iteratively improve software functionality.    

 
Figure 49.  Manually controlled test equipment (left). The saw bar is manually rotated downward, 

applying a code to the log piece held next to the saw bar. A data matrix code applied by 
the manual test equipment is depicted on the right.  

The data matrix code shown in Figure 49 was applied using a valve opening time of 4 ms and a paint 
pressure of 2.5 bar. The two saw bar models described in section 3.4 produced nearly identical results. 
Simulation of the real saw bar velocity was impossible using this setup; and the code was applied in 
approximately 0.5 seconds, which is close to the real speed.   

3.5.3 Laboratory aggregate test 
To reduce the number of problems that might arise in the field, a laboratory test was performed using a 
harvester aggregate supplied by Rottne (www.rottne.se). The aggregate was installed in a laboratory 
test cell (Figure 50).   

Paint container 

Valve bracket 

Log piece 

Paint pump 

Pressure 
sensor

Simulator 

Control 
unit

Saw bar 



 

 54

  
Figure 50.  Harvester aggregate EGS 402 supplied by Rottne.  

The marking equipment was mounted on the aggregate. The simulator from the manual test equipment 
was used to trigger code application, and fresh logs from the forest were inserted and cut. After some 
parameter tuning, results like those presented in Figure 51 were achieved. 

 
Figure 51.  Codes printed by the applicator with the chain running. The code number is 956,000 in 

all three images. Marking on knots (third image from left) represents an obvious 
problem.  

The applicator was now working as intended. Problems due to knots (Figure 51) are unavoidable, 
since knots appear randomly on the log surface. The paint tends to smear on the surface when applied 
to knots, partly because the knot wood fibers run in a more radial direction than do the axial stem 
fibers. Redundancy in the data matrix code can cope to some extent with missed or distorted dots 
during decoding; this matter is further investigated in section 4.8.   

3.5.4 Paint consumption 
During the tests we discovered that the capillary force in the nozzles was insufficient. Depending on 
the time between two consecutive code markings, air bubbles presented problems in some saw bar 
paint lines. To ensure that no air was present when applying the matrix code, a function was 
implemented in which all nozzles were activated for a period of 30 ms (Figure 52).  

 
Figure 52.  A matrix code applied during cutting by the aggregate. The first printed row, on the top 

edge of the log, represents the function that minimizes air in the paint lines.  
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Though this function increased the paint consumption, it proved necessary in order to produce visible 
codes. The amount of paint used in each code is important, since it is directly connected to the cost of 
the marking operation. The paint consumption test was performed under laboratory conditions using 
the test equipment presented in Figure 49. For this test, a custom-made saw bar was manufactured to 
enable a tube attachment to the paint outlet of the saw bar (Figure 53). Brackets for nozzle and valve 
interfaces were manufactured.  

 
Figure 53.  Custom-made saw bar for paint consumption test.  

The custom-made saw bar shown in Figure 53 has an M3 thread at the paint line outlet, which can be 
attached to a tube and facilitates nozzle testing (see section 3.5.1). The custom-made saw bar model 
was used with a nozzle approximately 0.5 mm in diameter. An 80-mm-long plastic tube with an inner 
diameter of 3 mm was attached to nozzle number 1 (Figure 54). The paint was collected in a 50-µL 
graduated glass container.  

 
Figure 54.  Paint consumption test conducted using the manually operated test equipment. A tube is 

attached to nozzle number 1 to guide the paint into a glass container.   

Nozzle number 1 always produces 10 dots in each code (Figure 55).   

 
Figure 55.  Nozzle number 1 was used during the paint consumption test because it is always 

activated 10 times for a standard matrix code. 
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Since the paint consumption is very low, each test run was performed 10 times, yielding 100 dots. 
Three test runs were performed for each tested valve opening time. 

Test conditions: 

Paint pressure: 2.5 bar 

Temperature: 20°C 

Paint:  Black Forest marking paint from Iggesund (www.iggesundforest.se) 

Valve opening 
time 

3,5 [ms] 5 [ms] 8 [ms] 10 [ms] 

Test 1 [µL/per 10 
dots] 

35 60 100 110 

Test 2 [µL/per 10 
dots] 

40 50 95 120 

Test 3 [µL/per 10 
dots]  

40 60 90 120 

Average [µL/per 
10 dots] 

38 57 95 117 

Table 6.  Paint consumption per 10 dots versus valve opening time. The test was conducted with 
the spraying function activated to minimize air in the paint lines. 

 

Valve opening 
time 

3,5 [ms] 5 [ms] 8 [ms] 10 [ms] 

Test 1 [µL/per 10 
dots] 

15 30 70 85 

Test 2 [µL/per10 
dots] 

20 30 70 80 

Test 3 [µL/per10 
dots] 

15 30 70 80 

Average [µL/per 
10 dots] 

17 30 70 82 

Table 7.  Paint consumption per 10 dots versus valve opening time. The test was conducted with 
the spraying function deactivated 

Comparison of the average consumptions presented in Table 6 and Table 7 indicates that the spraying 
function introduced before printing the matrix code consumes approximately 24 µL (21–27 µL) per 
column (i.e., 10 dots) in the matrix code, resulting in extra paint consumption of 24*10 = 240 µL per 
code. For the field tests, a valve opening time of 5 ms proved sufficient to produce a detectable dot. A 
10*10 data matrix code is never covered by 100 dots; an estimate of 70 dots per code results in paint 
consumption of 30/10*70 + 240 = 450 µL per code. Consumption of 0.45 mL per code results in 2222 
codes per liter of paint. With a per-liter paint cost of EUR 5, a single code mark costs EUR 0.0022, 
which is very cheap. 
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3.6 Alternative code types 

In addition to the matrix code two other code types were also implemented, one for inspection 
purposes and another simpler code structure as a backup choice. All three use the 10 nozzles 
integrated into the saw bar.   

3.6.1 Test code 
To evaluate the status of the applicator before use, a test code was implemented. To easily check the 
status of each nozzle, all 10 nozzles can be activated by printing 10 lines in a predefined pattern 
(Figure 56).  

 
Figure 56.  Test code pattern allowing all nozzles to be checked by the harvester operator. 

To execute the test code, a specific code number is assigned to it.     

3.6.2 Custom barcode 
Applying bars instead of dots is less complicated, so we decided to implement a custom-designed 
barcode as a backup code structure in case the matrix code malfunctioned during the preliminary field 
tests. The drawback of a custom-designed barcode is the lack of standard detection algorithms, but this 
was taken into consideration when designing the code. The code should be easy to detect by ocular 
inspection and have a good potential for automatic detection algorithms. The custom barcode was 
designed to use 8 of the 10 nozzles and can support 4095 identities using a binary base (Figure 57).   

1   3  5  7   9 

2   4  6   8  10 

Nozzle no. 

Log Test code 
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Figure 57.  Custom-designed barcode that supports 4095 possible codes using a binary base. Two 

nozzles are used for code orientation and six (divided in two rows) for the code number. 
Two nozzles are left unused to facilitate distinguishing the code from the orientation 
bars.  

An additional ink consumption test was conducted using the custom-designed barcode structure. More 
paint is consumed when printing barcodes, since the valve is open for a longer period.  

This equals approximately 0.61 mL per code, or more than 1640 barcodes for each liter of paint. With 
a per-liter paint cost of EUR 5, a single barcode mark costs EUR 0.0030.  
  

 

 

 

  

Orientation  

Code  
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4 Design of the detection system 

4.1 Basic requirements 

Many of the requirements discussed here are based on the demonstrations performed as part of the I-
Key project. The demonstration conditions will certainly differ in other situations and locations, but 
the basic principles will remain similar. The production layout of the demonstration sawmill is 
illustrated in Figure 58.  

 
Figure 58. Production layout of Malå sawmill. The detection equipment is marked at the log sorting 

station.  

The detection equipment is preferably placed near the operator of the log sorting station; in this way, 
the operator can monitor the equipment. A 3D scanner is located at the entrance to the sorting station 
at the demonstration sawmill. After the log has passed by the 3D scanner, the operator needs a clear 
view of the log to determine its quality. This leaves an area right after the scanner or before the exit 
that is suitable for the detection equipment. As discussed in section 1.1, additional detection 
equipment may be placed just before the saw intake, since the processing order of the logs changes 
due to the log sorting. However, this possibility was not tested or demonstrated due to time and 
resource limitations. 

Loading  

Conveyer Log sorting station 

Log scanner 

Logs  

Sorting bins 

Log yard 

Log yard, sorted 

Saw intake  

Green sorter  

Stacker  Kiln dryer  Final sorter  Customer  

Detection 
equipment 
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The speed of the log conveyer is usually below 3 m s–1 (approximately 2–2.5 m s–1). The code must be 
detected without slowing the process down, which means that for short logs (3–4 m, including the 
distances between them), the code must be detected within two seconds.  

Detecting 2D codes printed on a moving surface is preferably done using a vision system. In the 
developed system, the top end surface of the log is imaged by a camera that produces a digital image 
of the log surface. Figure 59 shows a possible installation of a camera positioned at a log sorting 
station with longitudinal log movement.   

 
Figure 59.  Camera positioned in front of the log. Approximate log conveyer speed, mark size, and 

image size. 

The height at which the camera must be mounted is determined by the requirement that logs up to 700 
mm in diameter (I-Key project) must be able to pass freely.  

The position and angle of the camera also depends on the distance between each log. The field of view 
(FOV) of the camera is set to 500*500 mm.  

The sawmill where the developed system was demonstrated normally refines only logs with top end 
diameters below 400 mm; however, larger logs occasionally appear, and some misalignment of logs 
on the conveyer must be dealt with. 

The camera needs to detect dots approximately 5 mm in diameter at full log conveyer speed, entailing 
a certain camera resolution, i.e., number of pixels. The camera shutter speed needs to be fast enough to 
minimize image distortion at full speed. A short exposure time requires a lot of light, which can be 
supplied using high-power floodlights or controlled LED lighting. A mechanical structure is needed 
for mounting the camera and lighting systems, and it must be sized to accommodate the log sizes in 
question and dimensioned to withstand harsh treatment, such as impact from the parts of branches 
remaining on logs. Moreover, at least in the research demonstration case, the structure must also be 
flexible enough to allow camera and lighting positioning and orientation to be adjusted. 

Image size 
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The detection software must be able to distinguish the surface structure from the applied code. The 
acquired image must typically be processed before trying to detect the code. Commercial software 
packages are available that can read matrix codes, but no specialized commercial software can easily 
do the code separation on rough wood surfaces.  

An important issue considered in the present research is the flexibility of the software tools in terms of 
adding new major functionality, such as detecting custom-made codes. For the particular I-Key 
demonstration, the detection computer system must be able to receive log data from the forest and 
from the log scanner at the sawmill to achieve traceability.   

4.2 System overview 

The major components of the log code detection equipment are camera, lighting, trigger sensor, power 
supply, computer, software, and mechanical structure (Figure 60). A CAD model of the detection 
equipment was designed in collaboration with the sawmill in Malå, Sweden, as a convenient step in 
the conceptual design phase. Each component was carefully selected based on the requirements.  

 
Figure 60.  Components of the detection equipment (top). CAD model of the log code detection 

equipment installed in a sawmill with a longitudinal conveyer (bottom). 

The overall detection sequence is as follows; an image of the log end surface is acquired as the camera 
and lighting are triggered by a photoelectric sensor activated by the passing log. The images are 
transmitted to the detection computer for software processing. The decoded log image is stored 
together with the log data from the forest and from the measuring scanner.  
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Power supply 
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4.3 Mechanical structure 

Extruded aluminum profiles proved to be convenient for building the structure, partly because many 
standard components are available for attachments and joints. The profiles yield a lightweight yet 
sufficiently rigid mechanical structure, which is easy to mount and therefore easy to alter depending 
on the mounting environment. Two CAD models of the mechanical structure were designed, one for 
the log sorting station and another for the saw intake; the one for the sorting station has been built and 
installed.  

4.4 Camera 

A wide range of cameras meets the requirements stated in section 4.1. Early in the design phase, it is 
difficult to choose the most suitable component for the job. To allow upgrading (or downgrading) of 
the selected camera, it is convenient if it comes from a family of cameras, all of which use the same 
interfaces and are compatible with the same software. Another important factor is of course the price.  

A resolution corresponding to 1 pixel mm–1 on the surface object was initially chosen (Figure 61) and 
1 mm movement during the exposure was initially accepted; this means that at a log conveyer speed of 
3 m s–1, the exposure time has to be below 333 µs.   

 
Figure 61.  Number of pixels covering a 5-mm-diameter marked dot, 5*5 pixels. 

A standard camera sensor resolution of 1024*768 pixels was selected. With 768 pixels distributed 
over a height of 500 mm, 1.5 pixels mm–1 is obtained. This should be sufficient for detecting the code 
even if the log is slightly misaligned on the conveyor. A monochrome camera was considered 
adequate to detect dark paint dots on a log end surface. The camera selected is a Genie M1024 CCD 
camera from Dalsa (www.dalsa.com). This camera meets the requirements and comes from a large 
camera family (Figure 62).   

 
Figure 62.  Genie M1024 CCD camera from Dalsa. 

To select a suitable lens with an appropriate focal length (f), the basic calculations are as follows. The 
parameter inputs for the calculations are based on the installation requirements presented in Figure 59 
and on the sensor size of the camera. 
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Figure 63.  The red line illustrates the light reflected by the object passing through the lens and 

reaching the camera sensor. The focal length can be calculated from the FOV, sensor 
width (Sw), and working distance (WD). 

The thin lens equation [27] is used: 

    ·            (1) 

where f is the focal length and S1 and S2 are the distances between the object and the lens and the 
sensor and the lens, respectively.  

2
·           (2) 

Trigonometry (Figure 63) gives; 

    ·           (3) 
Inserting equation (2) in (3); 
· ·   ·

Sw
        (4) 

Parameters: 

FOV = 500 [mm]    (field of view) 

Sw = 4.8 [mm]     (sensor width) 

WD = 750 750 1060 [mm]  (working distance, see Figure 59 and Figure 63)  

With the stated parameters inserted in equation (3): 

 . ·
.

 10.1 [mm] 
 
Lenses are available in focal lengths of, for example, 6, 8, 12, 16 and 25. Because the required 
working distance was uncertain at the early design stage, a high-quality manual zoom lens, model 
H6Z810, was purchased from Pentax (www.pentax.com). The focal length of this lens is adjustable 
between 8 and 42 mm, which facilitates increasing or decreasing the working distance; the FOV is 
also adjustable, if necessary.     
  

Sensor width (Sw)/2 

FOV/2 

WD(S1) f 

S2 

Focal point 

Lens
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4.5 Lighting 

A short exposure time requires intense lighting. The simplest and most cost-effective lighting source 
would be floodlights. One major drawback of floodlights is controllability, as it is quite complicated to 
make any needed adjustments of the intensity, axis of illumination, and time of use. LED lights offer 
several advantages over floodlights; for example, they are controllable, have long lifetimes, and can 
facilitate various lighting schemes. Aiming a few LED bar lights at certain angles relative to a surface 
can reduce the effect of the surface texture. This is crucial when detecting printed dots on log end 
surfaces. The contrast between the surface and the applied code should be as great as possible to 
achieve good detection. The color of the LED light affects the result, especially if a particular color is 
sought in an image. This is not the case in this application, since the main concern is to enhance the 
code and reduce the influence of the underlying texture in the monochrome image.  

Red LED bar lights were chosen for the present application: they are relatively low cost, as they are 
produced in large volumes, and preliminary tests of them were promising (Figure 9). Using diffused 
light (Figure 64), a high contrast between code and surface is possible.  

 
Figure 64.  Diffused light provided by a ring LED light. 

The lighting configuration depicted in Figure 64 cannot be used on a log conveyer due to mounting 
problems. Nearly the same effect can be achieved by placing LED bar lights in a square configuration 
in front of the object. In such a configuration, the lower LED bar light is very difficult to mount on the 
log conveyer. Due to these restrictions, configurations of three or four light bars were selected for 
further analysis (Figure 65).  
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Figure 65.  Possible lighting configurations used to achieve diffused light on the log surface at the 

sorting station 

In configurations 2 and 3, the lower bar light is removed. In configuration 3, two bar lights are 
mounted at the top, one for illumination of the top part of the log surface and the other for the lower 
part. They are also separated lengthwise to cover a larger area.  

The three configurations shown in Figure 65 were tested using the same input parameters and test 
object. The initial cost of a LED bar light is closely connected to its size. To ensure that the right size 
was selected, a test was first conducted using small LED bar lights, IDBA-C132/15R from IMAQ 
(www.kkimac.jp), on a smaller surface (Figure 66).  

 
Figure 66.  A square version of a diffused lighting setup incorporating four red LED bar lights 

mounted on an adjustable bracket. The angle of each bar light is adjustable. 

The results of testing the three configurations are presented in Figure 67.   
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Figure 67.  Three lighting configurations tested on a log sample to which a matrix code has been 

applied. 

In all configurations, the bar lights were adjusted in terms of position and orientation to optimize 
performance. Testing indicated that configurations 1 and 3 produced similar results, while using 
configuration 2 resulted in a slightly darker image, especially of the lower part of the log surface. 
Since configuration 1 is nearly impossible to use, configuration 3 was selected. To achieve good 
detection, the light intensity must be high enough throughout the image. The code can be anywhere in 
the image, so the contrast between code and surface must be sufficient in all possible code locations. 
The top two LED bar lights used in configuration 3 were therefore angled so that the light can 
illuminate the top and bottom of the log end surface. 

To obtain good contrast, four model IDBA-C300/24RS LED bar lights were purchased from IMAQ 
(www.kkimac.jp), together with two model PP 600 lighting controllers from Gardasoft Vision 
(www.gardasoft.co.uk). With these components, it is possible to control the light and to instantly 
overdrive the supply current to increase the intensity.  
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4.6 Triggering 

As the log moves toward the detection equipment, the camera and lighting are triggered when the log 
is approximately 750 mm in front of the camera. Upon being triggered, the LED bar lights are fired for 
a period of 1 ms. The trigger signal to the camera is delayed several microseconds to establish a good 
light intensity before exposure. Since the shutter speed is 350–500 µs, the lighting period is adequate. 

 
Figure 68.  Model E3NT-L photoelectric sensor from Omron. 

The model E3NT-L photoelectric sensor (Figure 68) was purchased from Omron (www.omron.com) 
to initiate light and camera triggering. This sensor incorporates background suppression making it 
insensitive to color differences. It has a sensor range of up to two meters. It is sealed to IP67, meaning 
that it is water resistant and that the housing is robust. The sensor is activated when an object is placed 
in front of it; the distance from the object is fully adjustable. The sensitivity can be adjusted directly 
on the sensor.  
The sensor signal is read by a microcontroller (see Figure 60) that controls the camera and lighting 
triggering.  

4.7 Detection challenges  

The use of matrix codes to allocate identities to items is becoming increasingly common. However, 
printing such codes on a log end surface for identification purposes has not been tried before. 
Detection of a 2D matrix code in an image can be complex, since an image typically also contains 
useless information (noise) and the code itself can possess various complicating properties (e.g., 
orientation and distortion). The acquired image can contain several forms of noise and detrimental 
properties, making it a complex task to read (decode) a code. Most of these disturbance features 
(Figure 69) are described in the following sections 4.7.1— 4.7.3.  
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Figure 69.  The main disturbance features affecting the detection equipment. 

Both commercial and open-source software solutions are available that can handle a large variety of 
objects marked with matrix codes. The software tool used in this project (see section 4.8) can handle 
complex images of matrix codes, as shown in Figure 70.   

 
Figure 70.  Matrix codes detectable using Sapera Essential™ (courtesy of Sapera). 

4.7.1 Noise elements 
The top end surface of the log is marked (Figure 71). Log end surfaces can be of various surface 
textures, colors, and shapes, and parts of the surface may be covered with mud or snow. The camera 
has a fixed FOV, which is set so that images of logs of the largest specified diameter can be acquired. 
An acquired image can contain unnecessary regions that are more irregular than the area that is code 
marked (especially in the case of smaller logs); for example, if the side of the log, displaying bark, is 
visible, the texture variation will increase. The log end surface occasionally also contains knots and 
wood defects such as cracks.  

Detection challenges 

Noise due to: 
• surface texture 
• knots, cracks 
• colours 
• shapes 
• dirt 
• neighbouring objects 

Orientation/location 
• location of the 

code in the image 
• code orientation 

(rotatable logs) 
• image size 
 

Image/code distortion 
• perspective 

stretching 
• printing 

irregularities 
• light intensity 
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Figure 71.  (a) A log with a darker end surface and more texture; observe that the contrast between 

code and background is low. (b) A log of small diameter and hence large non-uniform 
regions around the log end surface (e.g., side of log, bark, and conveyor walls). (c) A 
very large log. (d) A log with a knot. 

4.7.2 Image and code distortion 
Due to construction constraints, the camera is not aligned with the longitudinal axis of the log but is 
mounted above the log as shown in Figure 59 and Figure 72. As a result, the acquired image contains 
distortion [28],[29] ; for example, a type of perspective error called perspective stretching. Lens 
aberrations will also skew the image. Note that the circular log appears slightly oval in Figure 72. 
Added to the distortion inherent in the printed code, image distortion increases the complexity of the 
detection task.    

 
Figure 72.  Image distortion due to camera position and lens aberration. 

It is impossible to control the “exact” intensity of the lighting source, meaning that, even when 
acquired under static conditions, various images of the same log will differ from each other. 
Surrounding light conditions also affect the images. 

The technique used to print matrix codes on log end surfaces confers some inherent properties on the 
marked codes. The code is applied by a circular motion, so two of the code edges are not straight but 
slightly curved. The distance between the code lines can also vary due to printing inaccuracy.  

Camera position Distorted image Perspective grid Pincushion 
distortion (skewed)
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The printed dot size and shape may also vary due to surface properties during printing (e.g., humidity, 
smoothness, temperature, and whether or not the log is frozen). Simulation software was designed that 
could alter the dot appearance and geometrical shape of the data matrix code (Figure 73) to 
investigate the limits of the decoding algorithms.  

  
Figure 73.  Simulation software that can alter the codes’ geometrical appearance and dot shape.     

It is crucial to ensure that the distortion properties do not excessively influence code detection, since 
they cannot be entirely eliminated. At a certain level of distortion, the code is no longer detectable. 
The simulations were not performed further than to ensure that the applicator design (i.e., placement of 
nozzles) produced codes detectable by commercial decoding algorithms, in this case from Sapera (see 
section 4.8). The influence of print quality was investigated concurrently with that of applicator 
design. Examples of simulated and real printed codes are depicted in Figure 74.    

 

 
Figure 74.  (a) Ideal dot matrix code. (b) Simulated code with inherent distortion. (c) Simulated 

distorted code with variable distance between lines. (d) Code printed by the applicator on 
a log end surface. (e) Simulated code with variable dot sizes. (f) Code printed by the 
applicator on a log end surface with variable dot sizes and smudges. 

e f 
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4.7.3 Code orientation, location and size 
The code can be located at any position in the acquired image and be randomly rotated. The overall 
size of the code (i.e., area occupied in the image) can also vary somewhat, based on the point at which 
the camera is triggered to acquire the image. 

An algorithm that can handle all the aforementioned noise and distortion elements is required, giving a 
certain complexity to the task.      

4.8 Software 

A variety of commercial vision software programs is available. These programs usually comprise 
basic software that can be supplemented with various software tools depending on the application. Our 
investigations indicated that no commercial vision software system was available that could directly 
handle our detection scenario. To have as much development freedom as possible, an open-source 
platform combined with a commercial software tool was initially chosen. Our software design uses 
C++ libraries from Sapera Essential™ version 5.7 (www.dalsa.com) and OpenCV 
(http://opencv.willowgarage.com) as software tools to detect the code. The Sapera software was 
chosen for its compatibility with the selected camera. The Sapera libraries have several functions that 
can be used to process the acquired image from the camera and to read the code. Sapera has a built-in 
library that can be used to decode standard 2D data matrix codes, though it is not sufficient for the 
present case. In the case of non-standard codes, new software algorithms can be added. The 
uniqueness of our detection scenario meant that customized software had to be developed.   

  
Figure 75.  Custom-developed software for detecting printed codes on log end surfaces. 

Software, the user interface of which is depicted in Figure 75, was created to detect 2D codes printed 
on the log end surfaces. The software works in conjunction with the camera and lighting system and is 
triggered by the photoelectric sensor that detects an approaching log. Several software operations are 
performed on the acquired images to detect and decode the marked code. Once initialized, the 
software automatically uses the image acquired by the camera to detect and decode the marked code. 
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The source image and resulting image after preprocessing (as shown in Figure 75) are displayed for 
each log and the decoding results are saved. The software can also be used to test individual images 
for operations that are crucial for improving results. The detection scheme is shown in Figure 76.  

The complete detection sequence is as follows: 

1. The detection computer downloads harvester log data from the harvesting site to facilitate 
the last step of detection, referred to as the parameter scheme.  

2. As the log passes the 3D scanner, log scanner data are transmitted to the detection 
computer. 

3. Synchronization is established between log scanner and camera. 

4. An image of the log end surface is acquired and transmitted to the detection computer. 

5. A vision scheme is executed for the image. After code detection, the code, scanner data, 
and harvester log data are linked and stored. If code detection is problematic, a parameter 
scheme is executed (see section 4.8.6). The result, whether successful or not, is saved. 

 

 
Figure 76.  Detection scheme for printed log codes. First, the vision scheme is executed. If the code 

is undetectable or several readings are possible, a so-called parameter scheme will be 
executed (see section 4.8.6). 

The vision scheme operates in three stages (modules 1–3) as shown in Figure 76. Each new module 
added to the detection algorithm increases the detection rate. Once an image is acquired, module 1 is 
executed. If a code is detected, results are saved and the system waits for another acquired image. In 
the current software, each module is executed only once (no iteration, so Iterate = 0). If no code is 
detected using module 1, module 2 is executed. Similarly, module 3 is executed if no code is detected 
using module 2. If all modules fail to detect the code, it is rendered undetectable in the vision scheme 
and the parameter scheme is executed (see sections 4.8.6 and 5.3.3). The vision scheme information is 
stored and the system waits for the next acquired image. The three modules are explained below.  

Success 

Failure 
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4.8.1 Image specifications 
The image is a monochrome (grayscale) image 1024*768 pixels in size. The image can be expressed 
as a function of the grayscale intensities given by equation (5) [30]. The image has 256 possible 
grayscale intensities (i.e., shades of gray) numerically represented as numbers between 0 and 255. 
 

,

0,0            0,1            0, 1
1,0            1,1            1, 1
                                                          
1,0 1,1 1, 1

      (5) 

 
,  is a 2-D array such that 0 , 255 and ,  are spatial variables representing the pixel 

positions in the image. For the acquired image,    768 and    1024.  

4.8.2 Module 1 
The Sapera processing library provides a “barcode tool” that can be used to decode matrix codes in 
images. This tool can also decode images that contain noise. The barcode tool is a high-level operator 
implemented in the form of a C++ class (CProBarcode Class). This class provides methods for 
applying the tool to the image as well as several configurable parameters that can be used to improve 
the detectabilty of the code in the image. During preliminary testing, it was observed that, if 
configured appropriately, the barcode tool could detect codes directly from some images of the log 
surfaces despite the noise. Module 1 exploits this ability of the barcode tool. The barcode tool 
configuration parameters are presented in detail below.  

4.8.2.1 Matrix parameters 
Matrix parameters such as matrix size, cell size (i.e., size of matrix dots), error correction type, and 
print growth (i.e., minimum, maximum, and nominal symbol size in pixels) can be configured. The 
matrix size is set to “10 × 10” in the algorithm.   

4.8.2.2 Code background 
The code background is set to automatic (light/dark) by default. It is set “dark code on light 
background” in the algorithm.   

4.8.2.3 Effort level 
The effort level of the barcode tool can be set to low, medium, or high, the first taking less time than 
the last at the expense of detection efficiency. This parameter has a major effect on the detection time, 
which can range from a few milliseconds (at low effort level) to a few hundred milliseconds (at high 
effort level) for each execution of the barcode tool. Since the detection is time critical, it is important 
to select a proper effort level; accordingly, the effort level is set to “medium” in the algorithm.  

4.8.2.4 Threshold parameters 
The image is subject to thresholding before the barcode tool tries to find the matrix code. Thresholding 
converts the grayscale image to a binary image [30]. In a grayscale image, a pixel can have any value 
between 0 and 255, whereas in a binary image, the value of a pixel can be either 0 (black) or 255 
(white). The barcode tool provides several methods for thresholding the image, some of which work 
better than others depending on the situation. Properly configuring the threshold parameters increases 
the chances of detection. The barcode tool uses three thresholding methods, as follows: 
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• Fixed thresholding: In this type of thresholding, an image is transformed into a binary image 
based on a fixed value (T) also referred to as global thresholding [30]. All pixels in the image 
are compared with T. If f(x,y) ≤ T, the pixel value is changed to 0. If f(x,y) > T , it is set to 255.       

• Global adaptive thresholding: Global adaptive thresholding (in this bar code tool) uses a single 
threshold value (T) automatically computed based on all pixel values in the image. This 
method is not very efficient in this application because of the background noise and 
computational time constraints.  

• Local adaptive thresholding: This type of thresholding divides the image into a grid; a local 
threshold is calculated based on local statistics for each cell of the grid. The method is also 
referred to as variable thresholding [30]. Local thresholding is more effective if the object 
background has more noise, which it does in our case.  

Figure 77 shows how thresholding can affect the image properties. Local adaptive thresholding with a 
grid size of 8*8 is used by the algorithm. 

  
Figure 77.  (a) Source image. (b) Binary image used by barcode tool after local adaptive 

thresholding with an 8*8 grid; the code could not be detected. (c) Binary image used by 
barcode tool after local adaptive thresholding with a 20*20 grid; the code could be 
detected. (d) Source image in which the system has indicated location and orientation of 
the code. 

4.8.2.5 Region of interest (ROI) 
A region of interest (ROI) can be selected in the image, in which case all operators are applied only to 
the ROI. The position and size of the ROI is critical for detection. An ROI equal to the image size is 
used in the current implementation, though selecting a smaller ROI in a suitable position can 
sometimes improve detection. This situation is depicted in Figure 78.   
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Figure 78.  (a) Image with ROI of width = 1024, height = 768, top-left coordinates (0, 0), and 

bottom-right coordinates (1023, 767). ROI is of image size and fits the entire image; the 
code could not be detected. (b) Image with ROI of width = 300, height = 300, top-left 
coordinates (535, 457), and bottom-right coordinates (835, 757); the code could not be 
detected. (c) Image with ROI of width = 270, height = 270, top-left coordinates (509, 
489), and bottom-right coordinates (779, 759); the code could not be detected. (d) Image 
with ROI of width = 270, height = 270, top-left coordinates (499, 476), and bottom-right 
coordinates (769, 746); the code could be detected (i.e., no. 565656). Note that (c) is the 
same size as (d), but that changing the ROI position makes the code detectable. 

The arbitrary position and orientation of the code in the image makes it impossible to pre-set a specific 
ROI that fits all codes. One solution is to develop a customized algorithm that moves a suitable ROI 
size incrementally over the image horizontally and vertically. All operators could then be executed 
sequentially on each ROI to cover the entire image. As shown in Figure 78 (images c and d), small 
incremental steps are sometimes needed, which would affect the execution time.   

Once the above parameters are configured, the barcode tool is applied to the acquired image using the 
“Execute” method of the Sapera library.  

Module 1 attempts to decode the matrix code in the acquired image using the available barcode tool. 
However, it was observed that the barcode tool provided by Sapera was inadequate for detecting all 
codes; this led to the development of modules 2 and 3.   

4.8.3 Module 2 
As we know, the acquired image contains elements that affect code quality, which depends on some of 
the following factors: 

• Distortion in the overall code, more distortion meaning decreased quality 

• Contrast between the dots and background on the log surface, more contrast meaning 
better quality 

• Distinguishability of individual code dots, i.e., how definite their boundaries are, more 
definite boundaries meaning better quality 
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Higher code quality leads to a higher detection rate. It is possible to manipulate an image to improve 
its quality using software operators.  

When applied to the image, these operators can enhance certain aspects of it (in this case, the matrix 
code). Module 2 aims to improve the quality of the code in the acquired image. The Sapera processing 
library provides several image processing operators that can be used to enhance specific aspects of an 
image (in this case, the code dots). The resulting image, with improved code quality, is then subjected 
to the barcode tool for detection. The layout of module 2 is presented in Figure 79. 

 
Figure 79.  Layout of module 2 

The camera is calibrated (discussed below) at the beginning. The barcode tool is then applied to the 
image. In the case of no detection, enhancement schemes are applied to the calibrated image, and the 
barcode tool is again applied to the enhanced image to detect the code.  

In the case of no detection, this process can be repeated several times using different enhancement 
schemes. In the current algorithm, no iteration is implemented. If a code is detected at any stage in 
module 2, the algorithm ends (indicated as box “B” in Figure 79).  

4.8.3.1 Camera calibration 
As mentioned earlier, the acquired image is distorted, i.e., contains skewing and perspective 
stretching. The process of removing this distortion is called “camera calibration” [28], which was done 
in the present case using the “calibration tool” provided in the Sapera processing library. Calibrating 
the image improves detection. The calibration tool computes a “calibration transform” for a specific 
“pattern image.” The calibration transform is applied to the images of log surfaces to remove the 
distortion. The pattern image contains regular patterns, such as checkerboards, line grids, or dot grids. 
The idea is to acquire a distorted image of the pattern and use it to compute the calibration transform. 
This concept is depicted in Figure 80, in which a checkerboard pattern is shown. Figure 80 also 
shows the image acquired in the laboratory setup and used by the calibration tool; note that this image 
contains distortions.  
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Figure 80.  (a) Camera acquiring image of the checkerboard pattern under real-time conditions. (b) 

Original checkerboard pattern. (c) Checkerboard image acquired by the camera in real-
time (same image as used by the calibration tool). 

The log position in which the image is acquired is fixed relative to the position of the camera. The 
pattern image shown in Figure 80 was also acquired from this position.  

All acquired images have similar distortion, so only one calibration transform is required for all 
images. The calibration tool is implemented as a C++ class (CProCalib Control) that provides several 
methods for performing a calibration. A “calibration object” contains all needed calibration 
parameters, including the calibration transform.  

4.8.3.2 Calibration object 
The camera calibration is created in the manner shown in Figure 81. The pattern image shown before 
is set as the pattern image for the calibration tool. The pattern type is set to checkerboard. The 
calibration method is set to perspective. The calibration tool provides an “ApplyCalibration” method 
that is then used to compute all the parameters of the calibration object. This is done only once at the 
beginning of software execution.   
  

  
Figure 81.  Camera calibration 

4.8.3.3 Applying calibration and barcode tool 
Once the calibration object has been computed, it can be applied to the acquired images to remove the 
distortions. This is done by applying the “Restore” method (for the calibration object) to the acquired 
image, resulting in an undistorted “calibration image” as shown in Figure 82. Note how the code 
quality has improved in the image, becoming more regular. The calibration image is stored for later 
use. The barcode tool is then applied to the calibrated image. Figure 82 shows the image of a log code 
that could not be detected using module 1; however, after calibrating and applying the barcode tool, 
the code on the log surface could be detected.   
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Figure 82.  (a) Source image with distortion (undetected by module 1). (b) Calibrated image; note 

that the log end surface shape in the image is changed. (c) Calibrated image with 
detected code (i.e., no. 565656). 

4.8.3.4 Applying enhancement operators and barcode tool 
If the code in the calibrated image still cannot be detected, it is subject to a series of further 
enhancement operators to improve the code quality in the image. These operators are applied to every 
pixel of the image. The operators evaluated are described below. 

• Smoothing: Sometimes the image must be blurred to remove noise, in a process called image 
smoothing. One image smoothing method is Gaussian smoothing [30]. The results of other 
image processing operators can be improved by image smoothing. 

• Erosion: Some code dots are smudged together and do not have definite boundaries. Erosion is 
an image processing operator that can be used to erode the code dot boundaries so that they 
are less smudged [30]. 

• Edge detection: The compass operator is used for edge detection [30]. It can be applied to 
enhance dot edges, which can be useful in locating code dots.  

• Frequency filtering: Certain image attributes can be enhanced by processing the image in the 
frequency domain [30]. The code dots are relatively low in frequency compared with the noise 
in the image, so applying a high-frequency filter can enhance the code dots. 

• Translation: Translation is used to move the entire image in the required direction so it is 
properly situated in the FOV [30]. If the code is at the bottom of the acquired image, the code 
could move out of the FOV after calibration.  

All the above operators are implemented in the Sapera processing library. Figure 83 shows the results 
of applying these operators to an image.   
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Figure 83.  (a) Acquired image. (b) Image after Gaussian smoothing. (c) Image after erosion. (d) 

Image after edge detection (compass operator). (e) Image after applying the high-pass 
filter. (f) Image after translation (scrolling). 

All image-enhancement operators illustrated in Figure 83 were tested and evaluated. The applicator 
was not functional at this time, so the test was performed on manually applied codes. Some previously 
undetected codes became detectable after applying one or more of these operators, but some dots in 
previously detectable codes became lost, rendering the codes undetectable. The results were 
inconsistent, meaning that the settings needed to be adjusted for individual images. Further evaluation 
of this on manually applied codes (dots) was considered unnecessary. The appearance of the code dots 
applied by the applicator will differ from log to log, so new settings would be needed for each image. 
In the implemented detection algorithm, only translation is used for image enhancement. Translation is 
implemented in the Sapera processing library using the “Scroll” method in the CProBasic class. The 
image is translated along the negative y-axis for a fixed number of pixel steps ( ). The barcode 
tool is then applied to the resulting image to detect the code (Figure 84).  

 
Figure 84.  (a) Acquired image. (b) Calibration image; note that some code dots are no longer in the 

frame. (c) Image after translation; the code is now detected (i.e., no. 565656). 

4.8.4 Module 3 
If modules 1 and 2 are unable to detect the code, module 3 is executed. Module 3 aims to create a new 
image that contains only the matrix code. This new image is subjected to the barcode tool to detect the 
code. Module 3 provides novel methods for detecting matrix codes on log surfaces. The layout of 
module 3 is presented in Figure 85.  
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Figure 85.  Layout of Module 3 

The marked code consists of dots. As mentioned earlier, many noise elements are associated with 
these dots, which in certain cases makes the overall code undetectable by modules 1 and 2. Module 3 
applies several additional image improvement schemes to create a superior code image, with less 
noise, that is easily detectable. The idea is to formulate a grid for the code and, by analyzing the image 
at the grid cell locations, construct an improved code image. Module 3 is discussed in detail below.  

4.8.4.1 Dot search 
The first step in module 3 is to find as many code dots in the image as possible. This is done by 
constructing models (patterns) of dots and searching (matching) them over the entire image [30]. A 
prominent way of pattern matching is the normalized correlation method [30]. The Sapera processing 
library provides a “search tool” that can be used to search for code dots in the image. The search tool 
also employs the normalized correlation method for pattern matching. The search tool is implemented 
as a C++ class (CProSearch).  

4.8.4.2 Creating search object 
A “search object” contains all search parameters, such as the effort level and ROI of a search, 
including search models (i.e., pattern models). First, an image is created (see a. in Figure 86) 
containing individual code dots with various attributes (e.g., size and shape) copied from acquired 
images of log end surfaces with applied codes. Sapera provides a graphical interface that can be used 
to construct search models (i.e., pattern models) from this image (Figure 86). Once all the search 
models have been created, the search models and all search parameters of the search object are saved 
in a file (*.csa). When executing the dot search scheme software (Figure 85), the search object is 
executed to search for dots in the acquired image.  
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Figure 86.  (a) Image with code dots. (b) Interface to create search models. (c) A search model 

showing a single dot selected from the image. 

4.8.4.2.1 Applying the search object 
It must be noted that the search object is applied to the calibrated image by using the “Execute” 
method (for search object) on the calibrated image. As a result, dots are detected in the image, as 
shown in Figure 87. Interestingly, some dots that are not part of the code are also detected; in 
addition, some code dots are not detected at all. The search provides positions of detected dots that can 
be represented as a set of points , , , , … , ,  where  is the number of dots 
detected. 

 
Figure 87.  Result of dot search operation, also showing undetected code dots and outliers (note: 

automatically generated text blurs the image). 

4.8.4.3 Rectangle fitting 
To reconstruct the code from the acquired image, certain geometric properties (i.e., location, 
orientation, and size) of the code are required. These properties are computed by manipulating the set 
of detected dots. Since all logs trigger the camera at approximately the same position, the log images 
are acquired from approximately the same distance. Each code has the same boundary (finder pattern), 
so fitting a polygon (in this case, a rectangle) to the finder pattern allows the geometric properties of 
the code to be computed. A minimum area rectangle technique is used for fitting.  
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This technique computes a rectangle of the minimum area (referred to as a “minimum area rectangle”) 
necessary to encompass a given set of points using rotating calipers [31],[32]. In the case of the code 
dots, this technique will compute a rectangle that fits the boundaries of the code. It was previously 
observed that some dots are falsely detected; such dots are not part of the code and are called 
“outliers.”   

4.8.4.3.1 Minimum area rectangle (MAR) 
OpenCV provides a function (i.e., MinAreaRect2) for computing the MAR from a given set of points 
based on the rotating caliper technique. The technique was first used to find the diameter of a convex 
polygon. The technique has proved to be useful in several applications, for example, in determining 
the orientation, location, and size of objects in digital images. In this application, the detected 
boundary dots of the code can be seen as a convex polygon represented by n vertices (Figure 88). The 
maximum value (dmax) is calculated by comparing the measured distances (da) between opposite 
vertices (Figure 88 (a)) using two parallel lines (antipodal pairs). The antipodal pair is rotated around 
the polygon to measure all inter-distances between vertices; this is akin to manually using a sliding 
caliper and rotating it around a polygon, hence the name “rotating caliper.” The minimum distance 
(dmin) is calculated by comparing the measured distances (di), which is the perpendicular distance 
between the antipodal pair. A single measurement of the distance (di) is depicted in Figure 88 (b) were 
(di) is illustrated by a dashed line. For each measurement between vertices the antipodal pairs are 
rotated around the vertex until it coincides with a nearby vertex to obtain the minimum distance (di). 
The distances are measured around the polygon and compared to determine the minimum distance 
(dmin). The angle (Ө) of the line is calculated based on the image coordinate system.   
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Figure 88. Calculating a MAR width, height, and angle using the rotating caliper technique on a 

convex polygon. (a) Measurement of the maximum distance between vertices. (b) A 
single measurement to determine the minimum distance between two vertices. 

The rotating caliper technique facilitates calculation of the minimum area rectangle that fits the code, 
with coordinates and angle relative to the image coordinate system. The OpenCV function 
(MinAreaRect2) returns a structure (CvBox2D) that contains information about the center coordinates, 
width, height, and angle of the rectangle (Figure 89).   

 
Figure 89.  Geometric properties of a MAR. 
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Boundary values 
It is necessary to have boundary values for the code size. This was done by manually clicking on the 
image to select boundary points and then computing the MAR (Figure 90). This could be done 
automatically using a custom-made algorithm, but with a pre-set code size (as in our case), it needs to 
be done only once.  

 
Figure 90.  (a) Software tool for computing MAR manually. (b) Computed MAR. In the top-left 

corner the values of the MAR are displayed, i.e., center, width, height, and angle. 

Several calibrated images were used for manually computing MARs. The widths and heights of these 
MARs are used to compute the boundary values for the code size using equations (6) and (7).  

 2          (6) 

 2          (7) 

where, 

= standard code width 

 = standard code height 

 = mean of widths of manual MARs 

 = mean of heights of manual MARs 

 = standard deviation of widths of manual MARs, and 

 = standard deviation of heights of manual MARs 

Since the code is not perfectly rectangular, the MAR is not perfectly fitted. However, the degree of 
fitting achieved is acceptable, so nonrectangular shapes were not investigated further. Further 
investigation and development might have improved the results, but were considered too time 
consuming.  

Computing the MAR for a set of points 
A MAR (from a set of detected points) is computed. The width and height of this MAR (  and 

) should follow the conditions given by equation (8) and (9).  

       (8) 

        (9) 

where  and   are tolerances. If the above conditions are met, this means that the MAR “fits” the 
code boundaries and is referred to as .  
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In this case, the MAR width represents the code width ( ), the MAR height represents the code 
height ( ), the MAR center represents the code center ( , ), the MAR angle represents the 
code angle ( ) and we can say that the code has been ‘found’ in the image. Figure 91 depicts this 
scenario. Failing to meet the conditions established in equations (8) and (9) means that the MAR is not 
fitted to the code boundaries and that the code is not found. This can happen due to outliers. In such a 
case, the outliers are removed (see section 4.8.4.4) and the MAR is recomputed. This can be repeated 
twice in the detection algorithm (see Figure 85). If still a MAR cannot fit the code boundaries, module 
3 ends the execution.  

 
Figure 91.  (a) Detected code dots with all outliers removed. (b) A MAR fitted to the code 

boundaries.    

4.8.4.4 Outlier removal 
Outliers may have to be removed in order to fit the MAR to the code boundaries. We can say 
  , where  is the set of ‘active’ dots (i.e. of the matrix code) and  is the set of ‘inactive’ dots 
(i.e. outliers). Only  is used to compute the MAR described above. All dots are active after the dot 
search so the two methods described below have been developed to remove outliers. 

4.8.4.4.1 Nearest neighbour method (NNM) 
Any dot in the code will have a neighboring dot at the maximum distance given by equation (10). 

/2         (10) 

However, it has been observed that the maximum distance from a neighbouring dot is generally 
substantially less than  and therefore 3⁄  has been used instead. 

A detected dot ,  for which no other dot ,  fulfils the condition given in equation 
(11) is an outlier, i.e. ( , ). 

 where       (11) 

This is the condition used in the NNM, Figure 92 shows examples of the results of this method. 



 

 86

 
Figure 92.  (a) Sixty-one matches after dot search; outliers are circled. (b) Fifty-four active dots after 

outlier removal using NNM. Note that some outliers (circled) are still present. 

4.8.4.4.2 Statistical method (SM) 
This method uses the mean coordinates of P to remove outliers. It is assumed that most dots detected 
are from the code, so the mean coordinate is assumed to lie within the code. The mean ( ) of  values 
of P and the mean (µy) of  values of P are calculated. If a detected dot ,  P does not fulfil the 
criteria given in equation (12) it is an outlier. 

·  where      (12) 

 is given by equation (10).  is a dividing factor. In the current algorithm 1, but its value can 
be decreased recursively. SM can generally remove all outliers, but it is useful to use NNM first to 
improve the calculated means. Figure 93 shows the results of applying SM; all dots outside the circle 
at the center, , , and diameter, , are removed. 

 
Figure 93.  (a) Fifty-four active dots after applying NNM. (b) Fifty-two active dots after applying 

SM. 

4.8.4.5 Code reorientation 
The code can have any orientation in the image (i.e., 0° 360°). To facilitate computation 
of the code grid, an orthogonal (0°, 90°, 180° or 270°) orientation is preferred. This is achieved by 
rotating the image and detected dots ( ) around the  center ( , ), based on the angle, , 
to the nearest orthogonal orientation. A point, , , in the image can be rotated to a new position 
( , ) using the equations (13) and (14). 

cos ·  sin ·     (13) 

sin ·  cos ·     (14) 
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Equations (13) and (14) are applied to the calibration image and  to obtain a ‘re-oriented image’ and 
reoriented code dots ( ). A new MAR for  is also computed and is referred to as . Figure 94 
shows these results. 

 
Figure 94.  (a) Source image with random code orientation. (b) Reoriented image. (c) Reoriented 

code dots with reoriented MAR. 

4.8.4.6 Code grid computation 
The matrix code is of the size 10 10. The code therefore consists of 100 elements, each of which 
can be either a “dot” or a “blank” space. A grid consisting of 100 elements is computed in which each 
grid point represents the position of a code element. Since the code does not have a symmetrical shape 
and not all code dots are detected, additional processing is required to compute the grid. Figure 95 
shows the steps involved in computing the code grid.  

 
Figure 95.  Grid computation steps. 

It should be noted that reoriented codes are used for grid computation. Using width and height of the 
 (equal to  and ), 10 regions are created as depicted in Figure 96. The average dot 

size (diameter ) is also calculated. The detected dots ( ) are categorized into rows based on 
these regions. The minimum distance between two consecutive dots in each row is computed. This 
distance is used as the horizontal distance between grid points. The corner dot, if any, in each row is 
then identified and used as a starting point for the grid in each row. If no corner dots are detected in a 
given row, the grid points are evenly distributed.  

 
 
Figure 96.  Identifying rows for , calculating minimum distances and identifying corner elements. 

The numbers represents the detected dots. 

Based on the above computations, a grid is created for each row of the code. The total code grid is a 
set of 100 points according to the matrix in equation (15). Figure 97 shows the computed grid.  

Distance/2 = Min. distance 
Corner dots 

Min. distance 
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x , y x , y

x , y x , y
        (15) 

 

 
Figure 97.  Computed grid. Note that the grid is not evenly distributed but rather fits the code dots. 

4.8.4.7 Code reconstruction and applying the barcode tool 
The code can be expressed by the 10 10 matrix ( ) given by equation (16). Each element of this 
matrix corresponds to a grid point (c ,   x , y , c ,   x , y ) and can only have binary 
values (0 or 1), where 0 represents a space and 1 represents a dot. 

 
c , c ,

c , c ,

        (16) 

 is computed by analyzing the area at each grid point to determine whether it is a dot or a space. This 
is done by creating small rectangular regions (Region of interest, ROIs) based on the dot size ( ) 
at each grid point (Figure 98). The ROI has a certain number of pixels ( ). Also based on 

, the number of pixels in a dot ( ) is calculated. A code dot is essentially dark, so its 
pixel intensities are generally below a certain threshold ( ). For each ROI, the number of 
pixels having intensities less than  are counted ( ). If 

· , the ROI is considered to contain a dot and the corresponding value in  is set to 
1. If · , the ROI is considered to contain a space and the 
corresponding value in  is set to 0. Once  is fully computed, it is used to construct a binary image of 
the code referred to as the ‘reconstructed code image’ as shown in Figure 98. The reconstructed code 
image contains white code dots on a black background. Each dot in this image corresponds to an 
element in . Finally, the barcode tool is used on the reconstructed code image. The results are also 
shown in Figure 98.  
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Figure 98.  (a) Regions of interest at grid points. (b) Reconstructed code image showing detected 

code, i.e., no. 565656, after applying the barcode tool. 

In the event of failed detection, several images can be acquired, one after another, to enhance 
detection. This can be done using manipulated camera- and lighting-triggering signals (Figure 99) 
controlled by the designated microcontroller (Figure 60).   

 
Figure 99.  Example of a camera-triggering signal; three images in succession each acquired using a 

different camera exposure time. 

It would be useful to trigger several images in succession, each with a different setup, but this could 
lead to problems with the selected camera. At a conveyer speed of 2 m s–1, the images in the sequence 
need to be acquired at a fast shutter speed to ensure sharpness. The current setup uses an exposure 
time of 0.333 ms with a lighting time of 1 ms. The lighting time can be extended to 2 ms to allow three 
consecutive images with an exposure time of approximately 0.3–0.6 ms each. The problem is that the 
selected camera cannot transmit that amount of data in under 2 ms. During detection tests, the 
conveyer speed was slowed down to manage this. If such a feature is required in the future, a different 
camera can be purchased or alternative solutions can be considered.   

4.8.5 Data synchronization  
To establish traceability from forest to sawmill, the log data measured at the sawmill must be 
synchronized with the detected log identities. At the I-Key demonstration site, the best way to 
accomplish this was to acquire the image of the log end surface immediately before or after the log 
scanner. The measured log data can then be connected to the acquired image in a controlled manner. 

Low 

High 
t1 t2 t3 

t1 = Triggering/exposure time for image nr 1 
t2 = Triggering/exposure time for image nr 2 
t3 = Triggering/exposure time for image nr 3 
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Depending on the layout of the sawmill production line, feasible locations of the detection equipment 
can vary.  

If the detection equipment needs to be installed farther away from the scanner, synchronization can be 
achieved by adding log position sensors. The microcontroller that manages the camera and lighting 
triggering has an extra sensor input prepared for this purpose. Log data from the forest must be 
downloaded prior to code detection to facilitate the parameter scheme, which is further discussed 
below.    

4.8.6 Parameter scheme 
In the event of duplicate codes or uncertainty as to code identity, a parameter scheme can be executed. 
For this purpose the physical properties of a log are of interest. Log parameters (i.e., length, top 
diameter, and bottom diameter) measured at both the harvester and the scanner are compared.  

For comparison of log parameters, threshold values are needed. The harvester and scanner 
measurement procedures differ in accuracy from each other and must be evaluated to set threshold 
values. Evaluation can be conducted when real data (log parameters measured at both locations) are 
available from the field tests (see section 5). Once these threshold values are set, a simple comparison 
scheme can be developed to be used in the detection scheme. Such a scheme can be used both to 
confirm detected codes and to distinguish individual codes if there is uncertainty among two or more 
codes in the vision scheme.     

4.8.7 Software for bar code detection 
As mentioned in section 3.6.2 a bar code was defined as a back-up alternative, including the 
corresponding printing algorithm. The bar code detection is based on the scheme developed for the 
matrix codes and uses the same software tools. The main aim for its development was to make sure 
that the full traceability chain could be demonstrated even with malfunctioning of the more complex 
matrix code. The basic layout of the detection scheme (Figure 100) is similar to that of the matrix 
code, though the implementation has been modified.  

  
Figure 100.  Detection scheme for barcode marked logs. 

The Sapera built-in library that was used as a basis for decoding the dot matrix codes can clearly not 
be used for the customized barcodes. Therefore, a new vision scheme has been designed to detect 
these codes and is described below.    
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4.8.7.1 Customized Barcode Module (CBM1)  
The “Customized Barcode module 1” in the vision scheme is applied to the acquired image to detect 
the barcode. The marked code consists of printed paint bars. These bars are categorized as “Large 
Orientation Bar” (LOB), “Small Orientation Bars” (SOBs) and “Code Bars” (CBs) as shown in Figure 
101. The LOBs and SOBs are intended for detection of the position and orientation of the code 
whereas the CBs constitute the actual value of the code and are used to compute it. Since SOBs and 
CBs have similar size and shapes they are collectively referred to as small bars (SBs).      

 
Figure 101.  Bar types. 

Since the customized barcode is located anywhere in the calibrated image it is important to find the 
position and orientation of the code before decoding. The design of the customized bar code (see 
section 3.6.2) was primarily made for ocular detection but also for easy orientation and localization in 
the case of automatic detection. The LOB together with the SOBs were planned to serve as indicators 
of code orientation and location. With the chosen software it proved difficult to use this approach. It 
was decided to use only the LOB as a basis for orientation and location of the code.  

The detection algorithm hereby referred to as “Customized Barcode module 1” (CBM1) comprises of 
detecting the position and orientation of LOBs and SBs and using this information to compute the 
code. The idea is to formulate a grid for the code and then by analyzing the image at the grid locations, 
compute the code. The layout of the CBM1 is presented in Figure 102. Elements of CBM1 are 
discussed in detail below.   

 
Figure 102.  Layout of detection algorithm 
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4.8.7.1.1 Image specifications 
The acquired image is a monochrome (grayscale) image 1024*768 pixels in size. The image has same 
specifications and can be expressed in the same form as that presented in section 4.8.1.   

4.8.7.1.2 Camera calibration 
Camera calibration is performed for the acquired image to compensate for skewness and perspective 
stretching. The calibrated image is used as a source for further analysis. The process of camera 
calibration is the same as one developed for dot matrix codes and is discussed in detail in section 
4.8.3.1. The results of camera calibration are depicted in Figure 103.  

 
Figure 103.  (a) Image acquired from the camera. (b) Image after camera calibration. Note that the log 

is more circular and the code is less skewed in this image compared with the acquired 
image. 

4.8.7.1.3 Code measurements 
The size of the code (width and height) is required to set boundary values in the algorithm and is 
computed from a set of calibrated images using the same method as employed to compute boundary 
values of the data matrix code in section 4.8.4.3. A rectangle is fitted around the code as shown in 
Figure 104 by manually selecting points in the set of images.  

The width and height of the fitted rectangle represents the width and height of the code. These 
measurements are used to set the boundary values for code size given by equations (17), (18), (19), 
and (20).  

 2           (17) 

 2           (18) 

· 0.1          (19) 

· 0.4          (20) 

where, 

= standard code width (a boundary value) 

 = standard code height (a boundary value) 

= standard width of a bar (a boundary value) 

= standard height of a bar (a boundary value) 

 = mean of widths of codes 

 = mean of heights of codes 

 = standard deviation of widths of codes 
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 = standard deviation of heights of codes 

 

 
Figure 104.  (a) Software tool used to fit a rectangle around the code. (b) Image with a code with 

fitted rectangle around it. Top-left corner in the image shows the measurements of the 
rectangle (though not readable here). 

Application problems (see section 5.3.1) resulted in distorted and longer LOBs and SBs. It proved 
difficult to use the code height value stated in equation (18) for these distorted codes. The rectangle 
depicted in Figure 104 is not fitted correctly on distorted codes. Therefore, we decided to fit the 
rectangle around the code based on the detected LOB length to avoid false computation of code 
location. For these distorted codes (longer LOBs) the rectangle is moved upwards (see Figure 105).   

 
Figure 105.  Code location based on standard code height (left) and based on LOB length (right) for a 

distorted code (longer LOB). 

4.8.7.1.4 Image enhancement 
The objective of image enhancement is to improve the quality of code in the image. This can be done 
by increasing the contrast between the code bars and the background, and also by sharpening the edges 
of each bar. A combination of image processing operators discussed in section 4.8.3.4 can be used to 
achieve this task but is left for future development. For the bar code detection, thresholding and 
erosion are used. 

4.8.7.1.5 LOB search 
The software used provides three different modes to locate objects in an image, area based search, 
blob search and edge based search. These three search options have been evaluated for the LOB search 
scheme of bar code module 1 (see Figure 102). 
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Blob search 
The blob (binary large objects) search tool is used to locate and classify geometric objects in an image. 
It is a powerful tool to enable selections of geometric shapes in an image based on criterions such as 
area, width and height. A detected object is represented with center of mass, area and orientation. A 
test of the blob tool is depicted in Figure 106. 

 
Figure 106.  Applied blob tool on a thresholded image with a customized bar code. The width of the 

object is constrained to fit the LOB size.  

The search for a specific geometric object using the blob tool is effective if the object orientation is 
known. However, an arbitrary orientation and location of the object (our case) in the image 
complicates the task. Constraints are needed for parameters such as area, width and height. These 
parameters are difficult to set due to the varying LOB size (printing problem as discussed previously) 
and unknown orientation. An example of an area constrained blob search is depicted in Figure 107, 
were SBs and other objects in the images are falsely detected as LOBs. 

  
Figure 107.  Detected LOBs (purple rectangle) with the blob tool, based on constrained blob area. The 

LOBs in image 1 and 2 are correct whereas images 3 and 4 contain falsely detected 
LOBs.  
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The code can have any orientation in the image (0° 360°). However, an orthogonal (0° or 
180°) orientation is preferred, which facilitates computation of a code grid. Orthogonal orientation is 
achieved by rotating the image around the center of the LOB ( , ) based on the angle of code 
( ) to the nearest orthogonal orientation (0° or 180°). The reoriented image can either be upside-
up or upside-down (two possible orthogonal orientations) (Figure 110). 

 
Figure 110. (a) Calibrated image before reorientation. (b) Image after rotation around LOB center 

( , ) based on angle (upside-up). (c) Another calibrated image before 
reorientation. (d) Image after reorientation (upside-down). 

Limitations in LOB area search 
Due to the printing problem that appeared during the field test (see section 5.3.1), it turned out that 
several objects similar to the LOB are present in the acquired image and may lead to false detection of 
the LOB. To cope with this ten new LOB models were created with different lengths and geometry, 
see Figure 111. The length of the LOB models are based on a statistical analysis of a test batch from 
the field test. A required match rate of 70% was selected which resulted in some codes misaligned and 
hence not detectable, see Figure 112.  

 
Figure 111.  Used LOB models in the search object. Length in pixels. 
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The grid computation (discussed in section 4.8.7.1.9) depicted in Figure 112 is based on detected 
LOB center coordinates and its angle. This is directly related to the search model (see Figure 111) 
created in the search object.  

 
Figure 112.  (a) Correct placement of the grid and detected code. (b) Short LOB model resulting in a 

low grid placement but the code still detected. (c) Short and misaligned LOB model 
resulting in a low and tilted grid, code not detected.     

Figure 112 illustrates the impact of using area based LOB code orientation and location. Sometimes 
small differences in grid placement render the code undetected. The difference in LOB length can to 
some extent be handled by search models of different lengths, but adding models extends the 
computation time. 

Edge based search 
The area based search proved insufficient for many of the codes. The crucial part of the detection 
scheme is the location and orientation of the LOB. Once found, the code is usually detected correctly. 
The edge based search (also known as “geometric” or “feature – based” search) algorithm searches for 
strong edge matches between a created edge model and the edges in the target image. The edge model 
(see Figure 113) is created in a similar manner as the area based search model. As before, the models 
are created from images other than the ones used for testing detection performance.  

 

 

(a) Code = 84 (b) Code = 83 (c) Code = 146 

Not detected Detected Detected 
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Figure 113.  Edge based model creation using the Sapera software. Models are created to cover 

different LOB sizes and shapes. 

The model and search resolution is set to “coarse” since LOBs have substantially varying geometric 
properties. Since the intention with the edge based search is to obtain an accurate center position and 
orientation, the creation of LOB models are of importance. The match correlation between model and 
target in the image was set to 50% since high geometric correlation is not feasible.  

The edge based search object was tested on 9 images and compared to the previously performed area 
based search (see Figure 114). The images were thresholded (see section 4.8.2.4) followed by an 
“erosion” enhancement operator (see section 4.8.3.4). The “erosion” operator was included to 
smoothen the edges of the LOB before applying the edge search tool.  
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Figure 114.  Comparison between edge and area based LOB search. The rectangle represents the size 

and angle of the LOB whereas the center of mass is indicated by a red marker. 

The result depicted in Figure 114 indicates that the edge based tool improves the location of LOB 
center coordinates (red marker) and the LOB orientation and size (rectangle in Figure 114). Since 
LOB location and orientation is crucial for the detection algorithm to succeed, the edge based LOB 
search is a promising candidate.  
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4.8.7.1.6 SB search 
Search for SBs is performed in the next stage of the algorithm and uses the area based search mode. It 
was observed during preliminary testing that in some cases a part of a LOB is falsely detected as an 
SB. False detection of SBs can be avoided by making the LOB disappear from the image. This is 
achieved using a very simple technique. We know that the LOB is a dark (black) entity on a lighter 
(white) background. Therefore, by drawing a white rectangle with width equal to standard bar width 
( ) and height equal to image height (768 pixels) at the LOB center ,  in the reoriented 
image it is possible to hide the LOB and prevent false detections. The resulting image is referred to as 
the ‘LOB-less image’. This process is illustrated in Figure 115. 

 
Figure 115.  (a) A reoriented image. (b)  The same image but LOB-less. 

The code in the image after reorientation can be either upside-up or upside-down. To find a definite 
orientation, search for small bars is performed in the LOB-less image. Once information about the SBs 
is acquired the image can be processed to find the orientation of the code. The process of SB search is 
very similar to LOB search except that instead of creating one search object three search objects are 
created. Each search object contains a set of models of small bars and each object has a certain 
parameter setting. 

The search objects are then applied one by one on the LOB-less image (three times so iterate = 3 in 
Figure 102). If successful, the search provides the positions and orientations of detected small bars, 
which can be represented as a set , , , , , , … , , , , 
where ,  gives the center and   gives the orientation of a detected small bar; n is the 
number of detected SBs. Since the center of LOB ( , ) is known a ROI for the SB search can 
be defined. The ROI is based on code width (  ) and detected LOB height. The code can be on 
either side of the LOB which is covered by the ROI (see Figure 116).  
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Figure 116. Region of interest (ROI) for the SB search 

Figure 117 shows the results of SB search in an LOB-less image. It must be observed that not all SBs 
detected are actual SBs (there are false detections) and also some SBs are not detected at all. The 
falsely detected small bars are referred to as “outliers.”  

 
Figure 117.  Results of SB search in a LOB-less image. The regions where SBs are detected are 

marked with purple rectangles. Note that there is a false detection of a small bar which is 
referred to as an outlier. 

Limitations in SB area search 
Depending on the amount of SBs correctly and falsely found on either side of the LOB, the code 
maybe falsely rotated. This proved to be the case for several of the images in the test batch (see Figure 
118). 

 
Figure 118.  False codes due to detected SBs on the “wrong” side of the LOB. 
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This problem is hard for the search algorithm to cope with. The bar code SBs in Figure 118 have no 
well-defined edges and do not correlate with any of the SB search models. There is only one distinct 
SB on the “right” side of the LOB, so black areas on the trunk of the log and part of the LOB that is 
not hidden are rendered as SBs and the code is turned upside-down after outlier removal.  

4.8.7.1.7 Outlier removal 
The SB search may result in outliers (falsely detected SBs) which need to be identified and excluded. 
This process is referred to as ‘outlier removal’. Inactive bars are not used in the orientation detection 
stage (next stage) of the algorithm (Figure 102). A method described below has been developed to 
remove outliers. 

SB’s are searched in the LOB-less image. The LOB-less image is created from a reoriented image. 
This image has the code in orthogonal orientation (0° or 180°). Therefore, the detected SBs should 
also have an approximately orthogonal orientation. If the orientation of the small bar ( ) is not 
within a certain range (  0°   or  180°   where  is a tolerance) of orthogonal 
orientation it is rendered as not being an SB. This method applied on the image depicted in Figure 117 
removes the stated outlier. 

Limitations of outlier removal 
The method developed for outlier removal is quite crude. In some cases this results in all outliers not 
being removed. Similar to the data matrix code scheme, more complete methods can be developed for 
outlier removal but were not considered for the bar code since it is a back-up solution only. 

4.8.7.1.8 Absolute code orientation 
As discussed earlier, the code maybe upside-down in the reoriented image and hence a simple criteria 
is used to detect this. If the number of detected SBs to the right of the LOB is greater than the number 
of detected SBs to the left of the LOB the code is upside-up, else upside-down.  This is done by 
comparing  with . This criterion assumes that outlier removal has been reasonably effective.  

If the code is upside-down the LOB-less image is rotated 180° around the center of LOB ( , ). 
Reorientation is done to simplify the process of grid and code computation (discussed later).  

4.8.7.1.9 Computing the code  
According to the code marking scheme used by the customized barcode the actual code may contain 
12 small bars. A grid is therefore computed to mark the position of each bar. This grid is defined by 12 
points that can be represented by the matrix given by equation (21) 

,     , ,
, , ,        (21) 

 
and a corresponding grid element size. 
Note that the numbering is done from right to left to match the binary number of the customized 
barcode . Each point in the grid represents the possible center of a small bar in the code. The grid 
points are computed using equations (22), (23), (24), and (25). The origin of the image coordinate 
system is in the top left corner with the y – axis pointing down. Figure 119 shows the computed grid 
points.  

7 · /9    where 0, 1, 2, … , 5     (22) 

13 · /9    where 6, 7, 8, … , 11     (23) 

  2 /4⁄    where 0, 1, 2, … , 5     (24) 

  2 3/4 ·⁄   where 6, 7, 8, … , 11     (25) 
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Figure 119.  (a) Computed grid points represented by red dots in the LOB-less image. (b) Code grid 

according to equation 22-25. 

The code can be expressed as a 2 6 matrix ( ) (similar to  in equation (21)) and is given by 
equation (26). Each element of this matrix corresponds to a grid point 
(c   x , y , c   x , y , etc.) and can only have binary values (0 or 1) where 0 represents a 
space and 1 represents a bar. 

 
           (26) 

 is derived by analyzing an area around each grid point to check if it is a bar or a space. This is done 
by creating small rectangular regions (Region of interest or ROI) based on bar size (  and ) at 
each grid point (Figure 120). The ROI has a certain number of pixels ( ) calculated from ROI 
width and height. A code bar is essentially dark so its pixel intensities are generally below a certain 
threshold ( ). For each ROI, the number of pixels ( ) having intensities less than 

 are counted. If  the ROI contains a bar and the 
corresponding value in  is set to 1, else it is set to 0. Once  is fully derived it can be used to compute 
the value of the code using equation (27). The results are shown in Figure 120. 

∑ 2            (27) 

 
Figure 120.  Image with region of interest at each grid point. Each ROI is analyzed to compute . The 

code on this log is 507. 
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4.9 Laboratory test 

Before the field test of the detection concept, it was thoroughly tested in the laboratory. A laboratory 
design of the code applicator was operational before the detection equipment was ready, so nearly 
authentic code samples could be tested. 

A log end motion setup was implemented in the laboratory (Figure 121). The laboratory setup used 
the same camera, lighting, and triggering components as in the final implementation at the sawmill.  

 
Figure 121.  Detection equipment in a laboratory environment 

The main components of the laboratory detection equipment are as follows: 

1. Mechanical structure Aluminium profiles and brackets from Alucon (www.alucon.se) 

2. Camera   Genie M1024 from Dalsa (www.dalsa.com) 

3. Lens   H6Z810 from Pentax (www.pentax.com)     

4. Computer  Desktop PC from Dell  

5. Lighting  Four IDBA-C300/24RS LED bar lights from IMAQ Co Ltd 

(www.kkimac.jp) 

6. Lighting control  Two PP 600 from Gardasoft vision (www.gardasoft.co.uk). 

7. Trigger sensor  One E3NT-L from Omron (www.omron.com) 

8. Power supplies  One DRAN 120-12 and four DRA 240-24 from Chinfa electronics 

(www.chinfa.com)  
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The main difference between the sawmill and laboratory setups, apart from the mechanical structure, 
is the log movement. This is simulated by a linear motor in the laboratory setup. The motor can handle 
speeds up to 4 m s–1, which is faster than the conveyer speed in the sawmill. The log end piece (Figure 
121) is moved toward the triggering sensor by the linear motor.  

Parameters with a major impact on the image quality are the camera shutter speed and the power and 
angle of the four bar lights. To operate the linear motor, software was developed using Dspace 
(www.fengco.se), which is a real-time control prototyping tool using the Matlab/Simulink 
environment (www.mathworks.com).  

The software interface (Figure 122) facilitates full control over the acceleration, velocity, and position 
of the log piece mounted on the linear motor.  

 
Figure 122.   Software interface controlling the motion of the linear motor.  

The velocity profile was designed to obtain a constant velocity when passing the triggering sensor; this 
facilitates simulation of the log conveyer motion at the sawmill.  

The images acquired under laboratory conditions were evaluated. Some codes were detectable directly 
from the source image (Figure 123), while others needed more software processing. The code shown 
in Figure 123 was applied to pre-cut wood by the applicator and could be directly decoded. The chain 
was not running when the code was applied.   

 
Figure 123.  Detecting a code applied by the applicator under laboratory conditions. 

The camera exposure time was 350 µs and the supply current to the four bar lights was overdriven at 
eight times the rated power. The bar lights were attached to the aluminum profiles according to Figure 
124. The aluminum profiles form a 750*750 mm square around the log. The vision equipment setup is 
depicted in Figure 124.  

Directly detectable from the 
source image (module 1) using 
Sapera library. Code 000123 

Source image 
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Figure 124.  Bar light, camera, and triggering setup for the laboratory test   

Small differences determine whether or not the image needs more software processing. Figure 125 
presents a source image requiring further software processing for detection. The processing sequence 
is as indicated in Figure 125.  

 

 

 

 

CAD model Front view 

Side view Top view 
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1. Source image  2. Image transformation  3. Orientation and outlier removal 

        
4. Code boundaries  5. Grid points   6. Reconstructed code  

Figure 125.  Detection sequence for a code not immediately detectable using the data matrix software 
Sapera; detectable after running vision scheme module 3. 

If the code’s appearance is good enough in the source image, the built-in data matrix decoder in the 
Sapera software can detect the code directly. This is not usually the case, however, so image 
processing is generally needed. Step 2 in Figure 125 is performed in module 2 (see section 4.8.3) of 
the vision scheme. If the code remains undetected, module 3 is executed (steps 3–6 in Figure 125), in 
which the code is recreated from the information in the image. This recreation is performed in several 
steps (see section 4.8.4) and, if successful, creates a noise-free code used for decoding.  
Each code was detected manually during the laboratory test, meaning that software parameters were 
adjusted specifically for each image.  
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5 Field tests 

The field testing was performed at the main softwood I-Key demonstration site for the complete 
traceability chain, namely, the village of Malå in northern Sweden. The harvester and harvesting area 
were supplied by Sveaskog (an I-Key partner and forest owner), normally at this site producing raw 
material for a sawmill in Malå owned by SETRA (an I-Key partner). The marking and reading 
equipment was installed on the harvester machine and at the sawmill, respectively.  

Both kinds of equipment, for marking and reading, were separately tested before the final field test. It 
was clearly of economic importance that the equipment was functional during testing, since it is costly 
to arrange such field tests.        

5.1 Preliminary test and demonstration of the applicator 

5.1.1 Test at the manufacturer 
The applicator was tested at the harvester manufacturer Rottne in the summer of 2009 on a H8 
harvester; saw bar model 2 (see section 3.4.2) was used. The harvester software was updated to 
communicate with the marking equipment. The software update was supplied by Dasa (www.dasa.se), 
which is a Rottne subcontractor and the supplier of the harvester control system. The purpose of the 
test was to ensure that communication between the software modules developed by Rottne, Dasa, and 
KTH worked properly. This ensured that the marking device software, as verified on the laboratory 
aggregate (see section 3.5.3), would function properly even when integrated into the complete 
machine control system. This was deemed crucial, since the timeframe for field testing was very 
restricted and the field tests were to be performed in a remote forest location (and, as it turned out, 
under harsh winter conditions).  

The equipment was mounted on the harvester head in approximately one hour, demonstrating the 
modularity of the system and its ease of installation. Two laptops were connected to the harvester, one 
to program/reprogram the marking equipment and the other to listen to the CAN bus. When the 
equipment was working as intended, real marking tests were conducted according to a test sequence 
resembling the operation during the final field tests.  

The testing revealed a program error related to the data communication between the applicator and the 
harvester control system. Due to the program error, the applicator was not initiated via the CAN 
communication interface as intended.  

Some minor printing errors were also discovered. For some codes, dots/lines were omitted at the 
beginning of the code application. To prevent this from happening (mainly due to air in the paint 
lines), all valves should be activated to clear air from the lines before code printing. It was also 
discovered that it was useful to have a test feature to determine the nozzle status; which was later 
solved by implementing a test code function in the applicator software.    
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5.1.2 Demonstration in the I-key project 
I-Key arranged a demonstration of the applicator in the autumn of 2009 in Malå using the harvester 
intended for the field test. The problems discovered during the test at the manufacturer were 
eliminated prior to the demonstration. The demonstration was performed using saw bar model 2 (see 
section 3.4.2).  

During a preliminary test before the demonstration, it was discovered that saw bar model 2 did not last 
very long (approximately two hours). The plastic module in the saw bar was exposed to surface 
damage and was redesigned.  An improved version with a metal shield covering the plastic module 
was developed for the demonstration. The applicator performed as intended on the demonstration day. 
The applied log codes (10*10 data matrix codes) were distinct and visible to the naked eye.  

Two sample images of codes applied during the demonstration together with a laboratory applied and 
detected code are shown in Figure 126.  

 
Figure 126.  Images of matrix codes applied by the applicator during the demonstration in Malå in 

2009 (top). Image of a matrix code (i.e., no. 000123) applied by the laboratory test 
equipment on a pre-cut wood sample and detected by the laboratory detection equipment 
(bottom).    

Most of the codes were applied to log slices during the demonstration; log slices are convenient for 
demonstration purposes but impossible to place on the conveyer at the log sorting station for detection. 
Therefore, the applicator was left running on the harvester after the demonstration to provide marked 
logs (not log slices) for transportation to the sawmill for detection. Unfortunately, it was soon 
discovered that even the improved version of saw bar model 2 could not perform in the long run, so 
detection could not be tested at this stage. Performance declined due to the soft plastic paint line 
module (see section 3.4.2) inside the saw bar which led to a final redesign of saw bar towards model 1 
to be used in the field test. However, considering the quality of the codes applied during the 
demonstration compared to successfully detected laboratory codes (Figure 126), the approaching field 
test seemed likely to be successful.  
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Codes applied by the 
harvester 

Laboratory code 
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5.2 Preliminary test of the detection equipment 

The detection equipment was mounted at the log sorting station at the SETRA sawmill in Malå by the 
end of April 2009. An extra shield was manufactured to protect the equipment from misaligned logs 
and branches (Figure 127). The equipment was mounted near the exit of the log sorting station due to 
conflict with the other log marking method tested in the I-Key project and to prevent the equipment 
from disturbing the operator’s ocular inspection. Unfortunately, this affected synchronization with the 
log scanner situated near the entrance to the log sorting station (see section 5.3.2).   

  
Figure 127.  Detection equipment installed at the log sorting station in Malå, Sweden. 

The log code applicator was not in operation prior to the first field test of the detection equipment. 
Test batches of logs manually code marked using a code template (Figure 128) were run through the 
log sorting station to tune the equipment. Knowing the placement of the nozzles on the saw bar, saw 
bar dimensions, and the inter-row distance in the code, a template resembling the actual code applied 
by the marking equipment was designed.   

  
Figure 128.  Template of a 10*10 data matrix code. Code geometry is based on CAD models of the 

saw bar designed for the harvester aggregate. Code number of the template is 000123. 

Codes were applied to log pieces by spray painting through the code template to facilitate tuning of the 
detection hardware and software (Figure 129).  
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Figure 129.  Manually marked log codes similar in appearance to the codes to be applied by the 

applicator mounted on the harvester machine. 

 

A total of 216 logs were marked with blue paint to evaluate the detection performance; black paint 
would probably have produced better contrast in the monochrome image, but was not available for the 
test. The placement of the bar lights was adjusted (see Figure 124) to produce a high-quality image. 
The camera exposure time was set to 350 µs and the bar lights were overdriven eight times the stated 
current. Some samples of images of codes applied with blue paint are shown in Figure 130.  

 
Figure 130.  Acquired source images displaying codes detected at different stages (modules) of the 

vision scheme (code nos.: middle, 000123; left and right, 565656). 

The detection rate achieved with the test batch was nearly 72 % using modules 1–3 of the vision 
scheme. The field of view (FOV) was set to 500*500 mm2 during the test. The results indicated that a 
higher resolution would increase the detection rate further. Another identified potential improvement 
was to change the color of the paint to enhance image contrast. We decided to use black paint and that 
the FOV should be reduced to 400*400 mm2 for the final field test. The FOV reduction was not a 
problem for the sawmill used for the project demonstrations, as it does not process logs larger than 400 
mm in diameter. Some misaligned logs might be difficult to capture, but this was considered a minor 
problem with respect to proof of concept.  
  

Vision module 1 Vision module 2 Vision module 3 
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5.3 Final field test   

5.3.1 Code application 
The field test of the applicator took place on 10 December 2009 several kilometers outside Malå, at a 
final cutting site. Such tests are costly, so to maximize the outcome, it was closely supervised. All 
marked logs were to be handled separately to ensure that the entire batch would reach the sawmill. The 
intention was to mount the applicator and mark as many data matrix codes as possible in one day. A 
harvester can produce over 1000 logs per day, so with operational equipment working under normal 
conditions, the number of logs would be sufficient for proof of concept. In view of several preliminary 
field tests and a successful I-Key demonstration at the beginning of October, all conducted in the same 
forest area, the prerequisites were good. Saw bar model 1 (see section 3.4.1) was used during the test, 
since model 2 (see section 3.4.2) proved too weak in the preliminary test. The black paint used as the 
marking substance was specifically developed for the purpose and was purchased from Iggesund 
(www.iggesundforest.se). Using black instead of blue or red paint increases the contrast between the 
code and the log end surface, improving detection. Major differences in test conditions between the 
preliminary tests and the demonstration (apart from the paint) were season, temperature, and tree size. 
Due to the cold weather, the sapwood was partly frozen, which altered the appearance of the applied 
code (Figure 131). Unfortunately the condition with frozen sapwood had not been anticipated prior to 
field testing.  

 
Figure 131.  Data matrix code applied to a log with partly frozen sapwood. Dots on the sapwood 

smear more than those in the center of the log.   

The smallest diameter of a log that the applicator should be able to mark is 130 mm, according to I-
Key project specification. To accomplish this, the code needs to be applied in the center of the 
smallest log to be detectable. The rows of dots in the data matrix code are applied based on saw bar 
angles, which are read from the CAN bus during the cutting at a sample time of 5 ms. The 
manufacturer of the harvester employed here uses proprietary protocols, and, as described earlier (see 
section 3.2), uses and supports the CAN Open protocol for communication with the machine control 
system. Altering the machine’s internal CAN communication, however, is prohibited by the 
manufacturer, a fact which proved to affect the field test.  

The code shown in Figure 131 has been correctly applied. It is positioned near the edge of the log end 
and would fit smaller logs, as discussed above. Code placement on two logs of different sizes is shown 
in Figure 132. 

Sapwood 
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Figure 132. The same data matrix code (000123) and code size on a 400 mm (left) and on a 130 mm 

(right) diameter log 

For marking correctly on small logs the saw bar angle has to be transmitted during the entire cutting 
sequence. This was discovered not to be the case during the field test. The angle transmission from the 
proprietary machine control system was stopped before the cutting sequence was completed. At 
approximately 70-80 % of the full cutting sequence, this transmission stopped. This means that smaller 
logs are not possible to mark correctly since the applicator control is based on these saw bar angles 
(Figure 133). This was not discovered in either laboratory or initial tests at the manufacturer. In the 
laboratory setup the angle transmission was done from a simulator as mentioned in section 3.5.2. 
During the test at the manufacturer only larger logs were coded, hence this effect could not be 
discovered. This was unfortunate since the harvesting area for the field test had a large proportion of 
logs smaller than 150-160 mm in diameter. Unfortunately this meant that only a minority of the logs 
from the site could be marked.  

 
Figure 133.  An unfinished code on a 150-160 mm log. Only 9 of 10 rows are printed. 

To obtain a reasonable number of marked logs for field testing of the detection equipment, the backup 
bar code solution described in section 3.6.2 was used. The functionality to switch to marking with the 
custom-designed barcode had already been implemented in the existing software. The bar code 
software is automatically triggered when using the code range reserved for bar codes (Figure 33). This 
clearly reduces the number of possible log identities but was considered to have only a minor effect on 
the intended proof of concept. 

Since the barcode printing is also based on saw bar angle readings, some minor software changes were 
made to cope with the partly missing angle readings. When angle readings are missing, paint control is 
instead based on time (Figure 134). 

Angle transmission stops 
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Figure 134.  A bar code applied to a small log. The lower part of the paint lines are controlled by time 

instead of angle, which results in longer lines (left). A correctly applied code on a 
slightly larger log (right). 

According to the production files (pri-files, StanForD standard [13]) from the harvester in total 317 
logs were marked during the test, 80 were data matrix codes and the remainder bar codes.    

5.3.2 Code detection 
All the marked logs from the felling site were separated by the harvester and forwarder in the forest to 
facilitate transporting in one batch to the sawmill for detection. As mentioned previously, 
synchronization between measured data from the 3D scanner and the acquired image is crucial for 
traceability purposes. Measured log data from the scanner are accessible after the log has passed 
entirely through the scanner. Unfortunately, the scanner is mounted at the entrance to the log sorting 
station (at the field test sawmill) and the detection equipment is mounted near the exit (see section 
5.2). With a distance of 6.8 meters between the scanner and the detection equipment, it is possible for 
two logs shorter than 3.2 meters to be mixed up (Figure 135).  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 135.  Equipment placement at the log sorting station at the sawmill in Malå, Sweden. Position 

of longer (top) and shorter (bottom) logs on the conveyer between the scanner and 
detection equipment. With a distance of 6.8 meters between the scanner and the detection 
equipment, synchronization could fail for shorter logs. 
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During the field test, the log data and acquired images were synchronized manually by controlling the 
conveyer speed and incrementally storing data and images simultaneously. In real production, the 
synchronization would easily be achieved at full speed by having an extra sensor detect log presence 
on the conveyor belt.  

As discussed in section 4.8, the detection scheme comprises two parts, the vision scheme and the 
parameter scheme. If an applied code is high in quality, it will likely be detected using only the vision 
scheme. If an applied code is lower in quality and uncertainty still exists, the parameter scheme should 
be executed. The parameter scheme is based on comparing the length and the top and bottom 
diameters of the log obtained from the harvester measurements and scanner data. Correlation between 
these log measurements can vary depending on the equipment used in the sawmill and on the 
harvester. The field test performed will give an indication of the usage of a parameter scheme (see 
section 4.8.6).             

5.3.3 Results 
As discussed, the unforeseen technical limitation of the machine control system (limited range of 
available saw bar angle sensor readings) and the partly frozen sapwood caused by the winter 
conditions resulted in matrix codes that would have produced too low detection rate. This meant that 
the number of detectable logs marked with matrix codes was too low to meet the requirements for 
proof of the traceability concept as set within the I-Key project. Hence, only the logs marked with 
barcodes were further processed and evaluated. All the codes were automatically applied by the 
harvester under normal harvesting conditions and stored in the pri-files. Since the field test initially 
aimed to apply data matrix codes, the applicator nozzles and valve opening times were tuned for the 
application of dots (see section 3.5.1) and not lines. Some adjustments could be made during the test, 
but more laboratory tuning would be needed to be able to apply optimal bar codes.   

Of the 317 marked logs from the forest, 33 were missing due to logistical problems either in the forest 
or at the sawmill. Under snowy conditions, it is difficult to keep a particular batch separated 
throughout the chain from harvesting to log sorting. The remaining 284 logs consisted of 210 
barcoded, 71 matrix coded, and 3 unmarked logs. At the log sorting station, the forest log data 
generated by the harvester were downloaded to the detection computer before running the logs through 
the sorter.  

The batch of marked logs was run through the sorting station while capturing, synchronizing, and 
storing data from the 3D scanner and images from the detection equipment. Each log end surface was 
captured in five consecutive images acquired using different camera exposure times to potentially 
increase the detection rate (Figure 136).   

  
Figure 136.  Five consecutive images of a log end surface acquired using various camera exposure 

times, i.e., 650, 500, 350, 250, and 150 µs. The same light intensity was used when 
acquiring all images. The coded number is 545.  

5.3.3.1 Automatic detection 
Applying the vision scheme described in section 4.8.7 to the batch of logs marked with the customized 
barcode resulted in a detection rate of nearly 40 %. Source images with 150 µs exposure time were 
used (see Figure 136). Threshold and erosion operators were used on the source images.  
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The edge based search mode (see section 4.8.7.1.5) appeared to be the most efficient way to locate the 
code in the images. To decide if the decoding was performed correctly it was compared with manual 
readings. It was observed that close to 50 % of the codes were severely distorted in some way and a 
large part of these impossible to decode automatically. A possible detection rate automatically is more 
likely around 60 % for the test batch. Examples of codes from the test batch are depicted in Figure 
137.  

 
Figure 137. Examples of codes with good, acceptable and poor quality.  

Poor quality: 
Detected code 
no. 112 but should be 113 
due to saw chain damaged 
code bar (1). 

Poor quality: 
Detected code 
no. 28 but should be 61 due 
to smudged code bars. 

Poor quality: 
Detected code (upside-down) 
no. 908 but should be 513 due 
to smudged code bars. 

Damage 

Good quality: 
Detected code 
no. 177 

Acceptable quality: 
Detected code 
no. 557 
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The detection problem is mainly related to: 

• Quality of the applied code 

• Limitation in the search approach 

Qualities of the applied codes were at the stage of field test not possible to alter. The reasons for the 
code appearance have been discussed (see section 5.3.1) and focus is on what can be achieved with the 
present data. One of the main factors that influence the detection is the orientation and location of the 
code. As discussed in section 4.8.7.1 the intended orientation approach using the large and small 
orientation bars (LOB and SOBs) could not be used. Using only the LOB for code orientation and 
location proved difficult.  

As depicted in Figure 137, orientation and location is sometimes correct but the quality of the code 
bars is poor and the code number is wrongly computed. Code damage due to the printing procedure or 
log handling cannot be entirely removed. However, this appeared to be a relatively small problem 
compared to the impact of the printing quality.  

5.3.3.2 Manual detection 
The detection rate achieved automatically was considered too low to demonstrate the potential benefits 
of the traceability concept and to evaluate the parameter scheme (see section 4.8.6). The bar codes 
marked on the logs were therefore also manually detected. As mentioned, 210 logs marked with 
barcodes were available for manual detection. Images of each log (examples shown in Figure 136) 
indicated that the image acquired using the shortest exposure time also suited the ocular detection best. 
Images and tables of harvester and scanner log data served as input data for the manual detection. The 
detection sequence was executed as follows: 

1.  The image was inspected and one or several possible codes were distinguished. 

2.  Directly detectable codes were verified by parameter comparison between scanner and 
harvester log data. 

3.  In the case of uncertainty, distinction was made, again by parameter comparison. 

4.  Successfully detected codes and related data were saved together. 

5.  Still undetectable codes and data were saved separately. 

Step 3 of the above sequence was performed as follows. The scanner log data and image number from 
the sorting station test were numbered 1–281. All images were inspected, and those depicting data 
matrix codes were removed. The scanner data for the remaining logs were separated and compiled in a 
table. The scanner data contain many parameters that are useless for comparison with the harvester 
data; only the image number (1–281), length, and average minimum and maximum diameters were 
selected for further use. The same selection was made for the harvester data, i.e., ID code number (2–
559), length, and top and butt diameters. Threshold values for the three parameters, i.e., length, top 
diameter, and bottom diameter was set according to limits set by the SDC (more described in section 
5.3.3.3).  

Ocular inspection of the images resulted in 156 (74 %) detected codes, which were further verified by 
means of parameter comparison. The remaining logs were either undetectable or presented 
uncertainty. Thoroughly comparing the parameters for the logs for which uncertainty remained 
increased the detection rate to 87 % (i.e., 183 logs). This clearly indicates the need for a parameter 
scheme.  However, the manually achieved detection rate is unapproachable with an automatic scheme. 
A large number of these codes are manually detected based on knowledge such as not used code 
numbers and known printing errors.  
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5.3.3.3 Traceability for measurement quality considerations  
The forest industry has problems keeping track of harvested and delivered volumes, for example, for 
correctly pricing deliveries to sawmills. It would therefore be useful to monitor the quality of log 
measurements made by the harvester. The following demonstrates how this can be achieved, in this 
case, using the collected data for the 210 detected logs. 

The measurement technologies used in the harvester and the scanner differ from each other [33], and 
this certainly affects the parameter scheme development (see section 4.8.6).  

Obtaining a representative measurement of the log diameter is difficult, since the log shape varies in 
both the longitudinal and transverse directions. The harvester measurements can also vary depending 
on the manufacturer. The measurement methods used by the harvester and scanner (i.e., REMA 3D 
scanner and Rottne EGS405 harvester aggregate) used in the field test are presented in Figure 138. 
The illustration is based on discussions with the manufacturers and does not reflect the exact designs 
of the measurement systems.  

 

 

 

 

 

 

 

 

 
Figure 138.  Measurements made by the 3D log scanner from REMA and the harvester aggregate 

from Rottne. The diameter measurements are made using different methods.     

The 3D scanner uses laser sensing for diameter measurement. The length measurement is based on 
measured log conveyer speed combined with laser sensing and has an accuracy of approximately 1 
cm. The diameter value, however, is closely related to the measurement procedure. The 36 diameter 
measurements made by the 3D scanner (Figure 138) mean that a good average of the log diameter can 
be calculated. The diameter measurements have an accuracy of approximately ±2 mm. Diameter 
values are measured at a sample time of 2 ms along the log as the log passes the scanner. The top 
diameter represents an average value at 10 cm from the top end surface, based on measurements made 
at 5 cm before to 5 cm after that distance. Where the maximum diameter is measured is uncertain; the 
maximum diameter likely occurs near the log end, but according to the scanner manufacturer, the 
maximum diameter measurement gives the maximum diameter wherever it appears along the stem.   

The description of the measurement procedure used in the Rottne H8 harvester is achieved from the 
manufacturer. The Rottne H8 harvester uses a triangular measurement of the log diameter – a concept 
common on many harvester aggregates. A rotary sensor on the lower knives that hold the log inside 
the harvester aggregate produces a triangular measurement (Figure 138). An approximated diameter 
value is calculated based on the rotary sensor value. The top diameter is measured 10 cm from the top 
end of the log, according to measuring standard [34]. The maximum diameter value, which probably 
would be close to the butt end of the log, is not clearly defined for the butt log because this part of the 
log does not pass the lower holding knives prior to cutting.  
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The recommended standard [34] states that the butt diameter at a root cut should be measured as close 
as possible to the butt end surface, but not farther away than 1.5 meter. The position of the diameter 
measuring device on the harvester aggregate varies depending on the manufacturer.  

The first cut will always be made a certain distance from the measuring device, so the standard allows 
for approximation. The length is measured using a rotary sensor inside a sprocket that pushes against 
the log surface as it is fed through the aggregate. Both measuring procedures are somewhat inaccurate, 
giving rise to uncertainty, especially concerning the maximum diameter values. The following 
comparisons, based on manual detection, exemplify one use of traceability data, in this case, for 
analyzing the quality of harvester head measurements. The data from the scanner and harvester were 
compared and the results are presented in Figure 139, Figure 140 and Figure 141. 

 
Figure 139.  Log length difference between harvester and scanner. Dashed lines represent length 

distribution ±2 cm. 

Recommendations for the accuracy of measurements made by harvester aggregates in Sweden [34] 
state that 60 % of the harvester length measurements (Figure 139) should be within 2 cm of the 3D 
scanner measurements made by SDC-certified personnel; the standard deviation should be below 3 
cm. Fifty percent of the harvester diameter measurements (Figure 140, Figure 141) should be within 
4 mm of the 3D scanner measurements made by SDC-certified personnel; the standard deviation 
should be below 6 mm.     

0

10

20

30

40

50

‐10 ‐5 0 5 10

N
um

be
r o

f l
og
s

Distribution [cm]

Log length distribution
Harvester minus 3D scanner measurement

Standard deviation: 
2,5 cm
77 % within +/‐ 2 cm
Sample mean: 0,7 cm



 

 121

 
Figure 140. Top diameter difference between harvester and scanner. Dashed lines represent diameter 

distribution ±4 mm. 

 
Figure 141.  Butt diameter difference between harvester and scanner. Dashed lines represent diameter 

distribution ±4 mm. 

The correlation for length and top diameter measurements is good, though the butt diameter and 
maximum diameter measurements display a larger systematic error. Table 8 relates the test results to 
the limits set by the SDC.  
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Variable SDC limits, 
length 

Test result, 
length 

SDC limits, 
diameter 

Test result,  
top diameter 

Test result,  
butt diameter 

Percentage within  
4mm for diameter and 
within 2 cm for length 

> 60 % 77 % >50 % 65 % 18 % 

Standard deviation < 3.0 cm 2.5 cm < 6.0 mm 5.0 mm 15.4 mm 

Table 8.  Comparison of test results and SDC limits. 

The data presented in Table 8 indicate that the length and top diameter measurements are within the 
specified limits. These two parameters have a fairly low standard deviation and should be suitable for 
use in a parameter scheme distinguishing between codes for which uncertainty still remains after 
applying the vision scheme (see section 4.8). The butt diameter measurements are more problematic. 
The factors that negatively influence the accuracy of the butt diameter measurements are as follows: 

1. The harvester machine used in this study is designed for thinning. Large trees can be too 
heavy for the holding knives of this aggregate, so the measured diameter will exceed the 
actual value (Figure 142). 

 
Figure 142.  Comparison of harvester and scanner measurements of butt diameter. The harvester 

diameter values tend to be greater than the scanner values as the diameter increases. 

2. The first butt diameter value is an approximation due to the root cut issue, as mentioned 
earlier. Even though the Rottne EGS 405 aggregate measures the diameter on the lower 
knives, this is still at a certain distance from the butt end surface. According to the 
manufacturer, a constant is added to this diameter value to compensate for this distance. 
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3. The harvesting site mainly included smaller trees, resulting in 1-3 logs per stem. In the field 
test only 10 trees produced three logs each, and only one produced four logs. So factors 1 and 
2 had a very large impact on the butt diameter measurements in this test, due to the large 
number of butt logs.    

The above indicates that the butt diameter is not well suited for use in the parameter scheme. 
However, the length and top diameter measurement differences were within specified limits, and were 
hence used in the manually performed parameter scheme. 
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6 Discussion 

6.1 Overall achievement 

Equipment for tracing logs from forest to sawmill has been designed, developed and field tested. A 
printed 2D code is applied to the log end surface during harvesting in the forest. The code applicator is 
fully integrated into the harvester aggregate and the printing head is integrated into the saw bar to 
eliminate harvesting process time loss. The black paint code is read at the sawmill by acquiring a 
digital image of the log end surface as the log passes the detection equipment. The image is processed 
by the developed software scheme to find the code and detect log identity. Marking and detection 
systems communicate (via harvester and sawmill computer systems) with the SDC data base system to 
establish the traceability chain. Full traceability from forest to sawmill has been achieved for some 200 
logs such that one example of a sought-after functionality, namely comparison of log measurements 
between harvester and sawmill sensor systems, could be demonstrated. 

Two important aspects of log marking stressed by the industry are the cost per marked item and the 
time needed to apply the mark. The forest industry produces high volumes of items with a fairly low 
item value, at least under Swedish conditions. A tree can be processed into four or five logs in less 
than 30 seconds. Even taking an additional second to apply each mark would add up to a substantial 
time loss. This is one major advantage of the designed applicator: no time loss. The method is also 
cost effective in terms of marking cost compared with transponders, which was the other alternative 
considered in the I-Key project. A 5-meter-long pine log with a diameter of 200 mm has an 
approximate value of EUR 8 (Sweden) to the forest owner if the log is suited for boards. If 
transponders costing an estimated EUR 0.2 (high volume) per mark are used, the marking cost would 
correspond to 2.5% of the total log value. The printer presented here has a 100-times-lower marking 
cost, meaning cost could be a determining factor favoring its use. In addition to this, applying a 
transponder with zero time loss has turned out to be very difficult. 

Seen in retrospect the importance of field testing was not given appropriate attention. Considering the 
extreme environment for which the developed equipment is intended, several field tests should have 
been performed much earlier in the project. The environmental and loading conditions of the marking 
equipment turned out to be very difficult to anticipate prior to actually testing prototypes under 
realistic conditions in the field. Time and money expenditures could have been reduced if components 
had been tested in the field before the final and complete system tests. To cite just one example, the 
designed and constructed saw bars should have been tested for durability early on as a separate 
component. Despite the encountered problems the overall achievement of the design, development and 
implementation of the log traceability system was very positive.        
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6.2 Technical problems, obstacles and challenges 

The main field test performed was affected by certain technical problems and limitations mainly 
related to proprietary systems (harvester aggregate control) in combination with process conditions not 
anticipated (frozen sapwood). This forced the use of the back-up coding scheme for which less effort 
had been put on both printing quality and detection robustness. Still, traceability could be 
demonstrated at an automatic detection rate around 40%. This actually points towards high probability 
that the designed marking and reading system will function robustly after some further refinement. 

The code applicator has proven to produce high-quality printed codes given that the printing on 
sapwood is avoided. In the current design the codes were applied too close to the edge of the log in 
order to handle small logs. With better access to the aggregate control system (angle sensor and log 
diameter readings) and potentially reducing the code size or increasing the minimum log diameter, 
would facilitate code marks in the center of the log end surface. This would increase the code 
appearance quality and substantially increase detection rate.  

A major challenge of the applicator design, apart from achieving high quality code printing, is 
mechanical robustness to withstand the severe loading and environmental conditions. The prototype 
used during the field test proved to work satisfactory during the time limited testing period but needs 
more testing before valid conclusions can be drawn regarding its mechanical design. 

The developed detection equipment has performed as intended under normal operating conditions at 
the Malå sawmill but complete field-testing on forest marked matrix codes was never performed due 
to the discussed marking problems. The achieved detection rate from the field test on the custom-
designed barcodes must be considered good taking into account the poor quality of the code marks. 

An obvious problem with printed codes on log end surfaces is rough surface structure and surface 
contamination by dirt and/or snow (Figure 143).   

 
Figure 143.  Problems with printed codes on log end surfaces: smeared dots due to knots (1), snow 

problems (2 and 3), and mud covering the log end (4). 

These are effects that are present and warrant further attention. Knots can appear randomly on the log 
end surface. With complicated and large code structures, knot-related problems are difficult to avoid 
but if the code used, such as the data matrix type, has some redundancy, it should to some extent be 
able to handle knots.  

In the winter, there will always be a certain number of logs that are partially covered with snow or ice. 
If the snow layer is thin, the code can still be detectable with regular paint used as the marking 
substance; if the snow layer is thicker, this will be impossible. One alternative is to add fluorescent 
substances to the paint to enable it to fluoresce when activated. This has been investigated [1],[18] in 
recent studies that demonstrate that, up to a certain thickness of ice or snow, the code will still be 
visible. In the spring when the ground is wet, mud-related problems may appear, image number 4 in 
Figure 143 is an extreme illustration of this effect. Under such conditions, the code is impossible to 
detect.   

1 2 3 4 
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The only solution would be to clean the log end prior to detection or accept that the code is 
undetectable. Discussions with sawmill personnel indicate that while mud-covered log end surfaces 
are encountered, they do not constitute a large-scale problem. Mud-related problems are also 
undesirable as they increase the wear of cutting equipment and therefore are avoided where possible.  
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7 Future work 

Discussions with industry partners concerning the developed log traceability system indicate a clear 
interest in the concept. The fact that the concept is cost effective is considered a major advantage 
compared to other solutions. An effort has been made to continue the research and take the first steps 
towards commercialization. Hence, a patent application was filed in October 2010 (Sweden no. 
1051098-0) for the developed marking equipment and its functions. This future work section targets 
the main issues of continued R&D considered necessary for the next generation prototype system 
which would have clear potential for commercialization. Although the developed methods for marking 
and detection have proved to be promising there are important aspects meriting further evaluation, the 
most prioritized of those are as follows: 

• Marking unit 

The mechanical design of the marking unit, in particular the saw bar with its integrated 
printing head, mounting bracket, valve package, cabling and tubing will be subject to 
refinements. Critical design requirements are robustness to extreme mechanical loads, 
manufacturability, ease of installation and maintenance (on different harvester aggregates). 

Although good printing quality has been demonstrated further investigations of the nozzle 
shape and tubing design are likely to result in more precise control of paint dot size and shape. 
This may also involve investigating different inter-dot distances. Analysis of the printing 
process fluid dynamics may prove important for enhancing the printing quality. The effect of 
longer paint lines due to a potential move of the valve assembly from the saw bar mounting 
bracket to inside the aggregate for reasons of mechanical protection must be evaluated.  For 
the case of additional substances added to the marking fluid, such as UV and IR pigments, 
there is a need to investigate the effects these particles may have on valve functionality, paint 
lines, nozzles and print quality. 

The marking unit must be compatible with the different major harvester aggregates used. The 
mechanical, electrical and logical interfacing needs further attention. In particular the 
availability of the required sensor signals required for accurate marking must be guaranteed 
(saw bar angle and log diameter). 

• Detection system 

There will always be room for measures to increase detection rate. Without considering the 
code mark itself and the used detection algorithm, key aspects of the detection system are 
camera properties, lighting conditions, triggering mechanisms and exposure times. With the 
developed system it is concluded that the quality of the acquired images demonstrates that 
theses aspects have been sufficiently considered and tuned. However, further work on 
improving the quality of the code marks will require retuning of the system. 
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To increase detection rate (given that the marking unit performs well) the main improvements 
are likely to be found in the code type, the paint with additives and of course the image 
enhancement procedures and detection algorithms. A natural first step would be to investigate 
how UV and IR pigments may impact on code contrast and detection rate. Related to this, it is 
also of interest to evaluate the actual lifetime of an applied code with a specific fluid 
composition and under various weather conditions. 

Evaluation of other vision software is also a natural step in future work. The used software 
performed well with the hardware, but limited in performance. There are other software which 
have greater development potentials (more operators and advanced functions) and more suited 
for continued R&D.      

Based on discussions with industrial partners it is clear that depending on the purpose of 
implementing traceability, the required code size may differ. In case a lower number of 
identities are required, codes easier to detect may be designed. The standard matrix code was 
selected due to the fact that it is a standard, and that it has inherent redundancy (to handle 
partly damaged and/or distorted codes). However, there is a trade-off between the code size 
(number of identities) and redundancy. It would be interesting to investigate similar coding 
schema with the aim to optimize this trade-off for the given marking/reading context and 
considering a particular code size requirement.  
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