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1. Introduction 
Successful management of the forests as an economic resource starts and ends 
with strategic planning of wood supply.  Manufacturing facilities are often 
(incorrectly) viewed as the economic hub of forest activities, however in terms of 
creating value, they rely heavily on the growing potential of the landbase.  Mills 
convert trees to products, but it is the landbase that creates.  Proper, sustainable 
strategic planning is essential to the economic survival of the mills that service 
the forest resource and sustain the surrounding communities.   
A typical problem in forest management is balancing the intensity of timber 
harvest with objectives that retain intact forest stands.  Harvesting is an important 
source of revenue and employment in many areas of the world (BCMOF 2000), 
and provides a renewable resource for housing, heating, and many consumer 
products.  However, reserved stands also supply many essential resources, such 
as habitat, water quality, recreation, and wilderness (Ribe 1999, Rosenberger 
and Loomis 2001, van Kooten and Bulte 1999).  These two objectives of 
harvesting and reserving stands require different types of planning.  Certainty in 
reserve location increases confidence that reserve objectives will be fulfilled.  
However, harvesting requires flexibility to take advantage of market fluctuations 
and product changes, so there generally is greater economic opportunity when 
harvest locations are not fixed over the long-term. 
The sustainable production of timber and reserve patches involves many 
different scales, encouraging a hierarchical planning approach (Milne 1987, 
Robinson and Ek 2000).  Traditionally, forest managers have used a scaled 
hierarchy of strategic, tactical and operational planning (Gunn and Rai 1987, 
Weintraub and Cholaky 1991, Davis and Martell 1993, Jamnick and Walters 
1993, Holmgren and Thuresson 1997).  However, a number of problems with the 
traditional hierarchy formulation have been caused by interactions between 
planning layers.  For example, strategic plans have been found to overestimate 
the sustainable harvest level or forecast infeasible reserve objectives when 
attempts are made to implement them at the tactical and operational levels (e.g. 
Jamnick and Walters 1993).  Problems with interactions between scales in forest 
issues are common (Franklin 1993, Bunnell and Huggard 1999), and designing a 
hierarchy without conflicts between levels is difficult.   
Public pressure for well-managed forests has forced forest management 
companies to pursue sustainability across economic, ecological, and social 
criteria.  These comprehensive planning requirements require an equally 
comprehensive planning environment. This report outlines a C&I strategic 
modelling framework that incorporates milling and road building costs at an 
exceptional level of detail.  The framework uses a series of pre-processing 
models to define the growth and yield, the stem class projections, and to create 
total chance plans involving harvest units and road locations.  The harvest 
scheduling – simulated annealing model uses profit factors calculated by a mill 
optimization model to project the economic benefits associated with the 
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landbase, in conjunction with other ecological and social indicators such as 
harvest volume sustainability and area of older forest.  The report begins with a 
brief description of the project landbase, followed by descriptions of the 
supporting models.  We then discuss the innovative ways that indicators have 
been incorporated into the harvest scheduling model, and finish with a summary.  

2. Methods 

2.1. Ft. Nelson Landbase 
The landbase used in this study is the Ft. Nelson Timber Supply Area (TSA), in 
northeastern British Columbia, Canada.  The TSA is dominated by boreal 
species:  black spruce, white spruce, and aspen.  The initial GIS map was a 
resultant file containing information on stand age, species, site index, operability 
constraints, riparian management zones, administration boundaries, and 
ecological classifications.  This produced a very large number of tiny polygons:  
over 20% of the polygons were below 0.2 ha.  Nelson and Davis (2003) has 
shown that large numbers of polygons inflate the size of the problem without 
increasing strategic planning accuracy, so we deleted non-forest polygons and 
merged polygons less than one hectare with their largest neighbours to reduce of 
number of polygons while retaining the net operable area. 

2.2. The Harvest and Road Scheduler  
The Harvest Scheduling – Simulated Annealing (HS-SA) model is a strategic 
decision support tool used to plan for economic, ecological, and social criteria It 
uses the simulated annealing algorithm to schedule harvests over annual time 
steps for a multiple-rotation planning horizon, simultaneously assessing the 
strategic plan for an unlimited number of indicators. 
A penalty function is used by the HS-SA model to rank unique solutions.  The 
penalty function is created by summing all penalties associated with each 
indicator into a single value (Z-score).  As the name implies, higher penalty 
scores indicate worse solutions.  Penalties are calculated as the difference 
between the indicator target and achieved amounts across all years in the 
planning horizon.  Calculation of penalty weights is a complex and evolving field, 
and discussed in depth below. 

2.3. Criteria and Indicators 
Forest management planning is now dominated by a Criteria and Indicators 
approach, lead by the major performance-based certification schemes as well as 
many region and local planning processes (CSA 2003, SFI 2004, FSC 2004, 
Beese et al. 2001, Canfor 2003).  The standard ecological, economic and social 
criteria classes are used here.  The scenarios in this report are simplified, with 
only one indicator per criteria.  The ecological indicator is the area within old, 
mature and young seral stages.  The seral stages are defined by age limits for 
each tree species, and act as surrogates for many ecological processes and 
habitat types.  The economic indicator is return to log per year.  This is calculated 
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using a forest product value factor associated with the harvest of each forest 
type, less road building and road maintenance costs.  The social indicator is 
sustaining the volume harvested over the long term, ensuring stable employment 
for surrounding communities and reliable stumpage revenue for the provincial 
government (the forest owner).  
Any indicator that uses either volume harvested or area in a measurable forest 
state can be incorporated into the model.  The generic method of creating an 
indicator is as follows: 
  

1. A developmental projection is created that describes the level of the 
indicator through time.  This is required for every stand type that has 
a unique developmental trajectory.  For example, a large snag 
projection would have to be defined for each species group and site 
index, as well as regeneration history and spacing combination. 

2. The area over which the indicator will be measured is defined, and all 
polygons within the area are listed in an area definition file.  The area 
definition also file links each polygon with the appropriate 
developmental projection.   

3. A target level is defined for the indicator across each year in the 
planning horizon.  Targets can be applied for any specified period.   

4. A fuzzy penalty score function is defined.  This converts deviations 
between target and achieved amounts into standardized penalty 
scores.  The penalty scores can be positive (to be avoided) or 
negative (to be encouraged).   

5. The indicator must be listed in the indicator definition file.  This is the 
central location for indicators, linking them to the target definition, 
defining their type (volume or area), and specifying appropriate 
rotation age and adjacency constraints.  

2.4. Simulated Annealing 
The HS-SA model uses the simulated annealing algorithm to minimize the 
penalties associated with each indicator, searching for optimal solutions.  The 
algorithm performs well on harvest scheduling applications (Bettinger et al. 
2002), however other heuristics could easily be used, such as Tabu search 
(Glover 1993) or the Genetic algorithm (Holland 1992).  The algorithm works by 
making a series of small changes to an initial solution, accepting improvements, 
and accepting or rejecting declines based on a random acceptance algorithm 
(Kirkpatrick et al. 1983).  The acceptance probability of worse solutions is initially 
set very high, and gradually declines until only improvements are accepted.  
When no further improvements can be found, the algorithm stops.  By accepting 
changes that make the solution worse, the algorithm avoids being trapped in 
“local optima”, where no small change can improve the solution, but other very 
different solutions occur than are superior (Boyland 2002).  
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2.5. Growth and Yield 
We also classified polygons into stand groups to create dozens of growth and 
yield classifications.  Stands were classified by species, site index, and growth 
and yield categories, with each stand group associated with a unique 
developmental curve.  Merchantable volume over time projections were created 
by Seely (2005) using the Forecast model (Kimmins et al. 1999).  The Forecast 
model is an ecosystem-based simulation model operating at the stand-level.  
Projections were made for each stand group for naturally regenerated stands, as 
well as a duplicate set for managed stand groups.  The Forecast model also 
creates stand distribution projections, listing the number of stems in 10 cm dbh 
classes, their heights and species.  The volume information is used by the HS-
SA model in calculating Annual Allowable Cuts (AAC), and the stem class 
information is passed to a log allocation to manufacturing model to generate 
profit data. 

2.6. Road Construction 
Roads are included in the HS-SA model, connecting each harvest unit to a single 
road path leading back to a processing center.  The road network consists of a 
series of road links, with each road link associated with a harvest unit and a back 
link (the previous road link in the direction of the mill).  When a harvest unit (HU) 
is scheduled for harvest, its associated road link is flagged for use in that year, as 
well as each back road link in the network until the mill is reached.  If it is the first 
year the road link is used, a build cost is incurred; if the road has previously been 
built, a maintenance cost is incurred.  Only one build cost can ever be applied, 
and one maintenance cost per year irrespective of the number of harvest units 
simultaneously using the road.  Minor deactivation costs are included in the 
maintenance cost, and no permanent deactivation is used.  Road node points 
(defining the extent of the road) were included at each branch in the road and at 
every one kilometer where no branches exist.  To limit the number of road links 
to a feasible number, multiple harvest units were associated with each link.  
However, this implies that some harvest units join at the beginning of the road 
link, with the back of end of the road link built for no purpose.  To limit this excess 
building, road link lengths were limited to a maximum of one kilometre.  While the 
maximum road-link length was one kilometre, most were much shorter (<300 m). 
Hauling costs are associated with harvest units, not roads. 
A single road network for all scenarios was predefined by Anderson (2005), using 
the Computer Aided Road Projection Program (CARPP) (Anderson and Nelson 
2004).  It projects a complete road network using the shortest path algorithm to 
minimize road building costs associated with terrain (elevation, stream 
crossings), road properties (switchbacks, gradient, sideslope, road length) and 
stand data (builds towards harvestable stands).  Mainlines and secondary roads 
were spatially located to within one kilometer of every harvestable stand in the 
landbase, with operational tertiary road locations and costs associated with the 
harvest units. 
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2.7. Harvest Units 
The HS-SA model is a Unit Restricted Model (Murray 1999) spatial harvest 
scheduler, requiring pre-defined harvest units.  Economically viable harvest units 
were created by aggregating adjacent polygons using the Fuzzy Harvest Unit 
Creation Model (Boyland and Nelson 2005).  The model uses the simulated 
annealing algorithm to minimize deviancies between targets and achieved 
amounts for size, shape, age, and harvest method parameters.  Size targets 
were set to a minimum of 10 ha and a maximum of 500 ha.  Some smaller HU’s 
were unavoidable due to isolated polygons with no combinable neighbours.  The 
largest HU’s recently harvested in the Ft. Nelson TSA were approximately 1000 
ha, so a few larger HU’s created that exceeded the maximum size limits were 
allowed to be used.  The model uses a fuzzy age membership curve, joining 
polygons with wider age differences when stands are old than when stands are 
young.  This helps avoid creating harvest units with stands both above and below 
the minimum rotation age (which would prevent harvest of the entire HU), while 
aggregating polygons of approximately equal age to help the HS-SA model 
maximize each stand’s mean annual increment.  The fuzzy characterization of 
the age parameter produces better designed harvest units that are able to be 
scheduled more efficiently than using straight age or age classes (Boyland and 
Nelson 2005).  

3. Discussion 
The large differences in scale and metrics between indicators make controlling 
the relative importance of these indicators with penalty weights very difficult.  
Conventional penalty weights must simultaneously translate, scale, and balance 
the penalties, obscuring interpretation of its value and making initial values hard 
to choose.   

3.1. Translation  
Indicators used in this work cover a wide range of values that are measured in an 
equally wide array of metrics: profit ($), sustainable volume (m3/year), 
employment (# of jobs), or old growth (area).  Converting these numbers to a 
common scale is difficult.  As well, the indicators are often not applied across the 
same landscape extent, creating different absolute amounts even if all the 
indicators were converted to the same scale.  For example, profits are generally 
calculated for an entire timber supply area; however, old growth may have many 
smaller landscape units (e.g. watersheds) with targets applying to each unit 
individually. 

3.2. Scaling   
There are two functions of scaling:  shifting the average penalty values to a 
common number, and fixing the range of possible scores to equal values.  
Creating a common average penalty weight is relatively easy, involving a simple 
scaling factor.  However, some indicators use metrics with wider ranges of 
possible scores than others.  The total penalty score can become dominated by 
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these extreme values, with small changes in relative indicator level translating 
into large changes in penalty score.  This biases the algorithm towards solutions 
that better satisfy the targets of indicators with wide ranges in achievable score 
amounts.  The possible range of scores is often unknown, and is a much more 
difficult scaling problem than matching averages. 

3.3. Balancing 
While all indicators have targets, some targets are much more important to meet 
than others.  This relative importance is managed by increasing the penalty 
weight, which subsequently increases an indicator’s contribution to the total 
penalty score.  Using a single value penalty weight implies a linear relationship 
between importance and target deviancies.  Some models have used a 
deviancies squared method to push all achieved amounts towards the target, 
avoiding the situation where some years have very good achieved values and 
some very poor.  However, most indicators have much more complex 
requirements, involving thresholds or indifference plateaus that conventional 
penalty weights cannot readily incorporate. 
The use of fuzzy penalty functions achieves the scaling and translation 
components of penalty weights, while a single value penalty weight adds relative 
importance function.  By providing a direct target deviance to penalty score 
function, the fuzzy penalty functions make explicit all the scaling and translation 
components of the score.  Thresholds and plateaus are easily captured within the 
penalty function.  An additional penalty weight value is added to describe the 
relative importance of each objective.   

4. Conclusions 
The Harvest Scheduling Simulate Annealing (HS-SA) model is a spatial decision 
support tool for strategic harvest and road schedule planning of forested lands.  It 
uses the Criteria and Indicators approach to plan for multiple objectives 
simultaneously.  The simulated annealing algorithm compares a vast number of 
possible combined harvest and road schedules, searching for the one that best 
balances the indicator targets. 
Three criteria were included in the scenarios:  Economics, Ecological, and Social.  
The economic criterion was measured using a profit indicator, calculated as the 
profit associated by harvesting less all harvesting, transportation, and road 
building costs.  The ecological criterion used three seral stage indicators:  Old, 
Mature and Young.  The area in these age classes served as a surrogate for a 
wide range of habitat and ecological process objectives.  The social criterion was 
addressed using a sustainable harvested volume indicator.  Maintaining a 
constant volume over the long-term ensures stable employment, community 
stability, and a constant stream of government revenues from stumpage fees. 
 
Three innovative areas of strategic planning were included in the model.  Road 
building and maintenance costs were directly incorporated into the profit 
calculations.  All road locations were spatially located by the CARPP model, with 
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the HS-SA model building and maintaining a road network as required by the 
harvest schedule.  The model also included harvest profits at a greater level of 
detail than previously seen in the strategic planning literature.  The HS-SA model 
created a harvest schedule and passed the logs to a mill optimization model, 
which processed the logs into end products.  The mill model passes profit factors 
associated with each stem type back to the HS-SA model, which then uses these 
updated prices to recreate the harvest schedule.  The two models cycle until a 
stable pricing is achieved.  The third innovative area is in the fuzzy penalty 
weighting system.  Heuristic models have previously been very difficult to control 
because of the need to specify a penalty weight for each indicator.  This single 
penalty weight acts as a scaling, translation, and relative importance factor.  
Consequently, finding an appropriate value is difficult, and they are opaque to 
interpretation.  The fuzzy penalty weighting system used here allows for more 
transparent interpretation and better control over the indicator achieved amounts. 
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