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Abstract

During the last few decades, computer based tools have become common in
forest management. However, the majority of the systems are designed to
solve a relatively limited range of problems, and are often incapable of
handling realistically large and complex situations. In this paper, we propose a
flexible application development framework, called EcoFrame. The main
components of EcoFrame are a forest module, a growth simulation module, a
plan module and an optimisation module. Due to well defined interfaces, one
may substitute different versions of each module when composing a specific
application. Further flexibility is obtained by configurability within each
module. The typical main output from an EcoFrame based application is a
treatment schedule prescribing which treatment action to apply to which
treatment unit in which time period in a given planning horizon. The schedule
is optimised according to a set of given criteria and constraints. A pilot
application has been developed within the EcoFrame framework and applied
successfully to two widely different planning problems. Both cases involve a
combination of partially conflicting economical and ecological objectives. Our
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results suggest that the framework enables handling of forest planning
problems that are sufficiently large and complex to be considered realistic.
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Ecoplan, EcoFrame

1. Introduction

Long term forest treatment scheduling problems have received considerable
attention during the last few decades, both from the forestry research society,
software vendors, and the operations research community. Still, in the authors'
opinion, there is a pronounced lack of software available to support such
scheduling problems. Existing systems do not handle sufficiently large
problems, or, they are not capable of handling complex constraints and
criteria.

In order to supply the Norwegian forest associations with IT tools to support
their planning processes, a research and development project was initiated in
1994. Results from earlier feasibility studies have been reported in (Misund et
al. 1996a, 1996b; Adhikary et al. 1997). This paper reports some of the results
from the project, which has been co-ordinated by SINTEF Applied
Mathematics, involving personnel from the forestry sector as well from the
computer science community (SINTEF 1997).

The paper is organised as follows. In section 2 we discuss the underlying forest
model which the EcoFrame framework is based upon. We proceed in section 3
by presenting the framework structure and its main components. A pilot
application, Ecoplan, is described in section 4. We also demonstrate the
configurablity of the framework by tuning Ecoplan to handle two widely
differing cases, one from Norwegian forestry and the other based on
Indonesian conditions. The results from these two cases are discussed in
section 5 and 6. The paper is closed by some final remarks and suggestions for
further work.

2. Forest Management Model

By a Forest Management Model, we refer to the structure of the treatment
schedules and the information and knowledge needed to compose such plans.

The EcoFrame framework is designed upon a compartment based forest
management model. Variants of such models are applied widely in
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Scandinavia, Canada and USA.

The basic assumption is that the forest may be partitioned into a set of
spatially well defined areas, which will be called treatment units (TU). In
addition, we introduce the notion of a region, which is an arbitrary subset of
TUs. Different regions may be disjunct, overlap or contain each other. Each TU
is considered homogeneous with respect to a set of properties, such as average
height, site index and species distribution, which may vary over time or be
time independent. The set of these state variables expresses the condition of
the TU at a given point in time. We assume that the information embedded in
the state vector is sufficient for the planning process. In the Norwegian case
described in Section 5, the TU corresponds to the stand notion (Fig. 2), but in
the Indonesian case (Section 6), we define the TU to be a single tree in the rain
forest (Fig. 10).

The scheduling problem to be solved by a EcoFrame based application is to
assign treatment programmes (TP) for each TU over a given planning horizon
which is divided into a number of planning periods. A treatment programme
has a certain duration (fixed or adjustable), given in a number of planning
periods, and affects the state of a TU. Typically, the TP is defined by a set of
criteria for when the programme is applicable. In addition, the result of the
treatment may also be specified. Both the criteria and the result are specified
in terms of the state variables. A special case of the TP is the "do-nothing" or
"let-grow" programme.

We also assume there exists a growth model enabling forecasting the future
state of the TUs, i.e. to compute new values for the state variables.

In order to produce "good" plans, criteria defining the "goodness" must be
provided, optionally accompanied with a set of constraints. Both criteria and
constraints must be defined in terms of the state variables. We may restrict
criteria and constraints to apply only to a specified region.

3. Framework Structure
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FIGURE 1. The EcoFrame architecture.

The framework is illustrated in Figure 1 . The main components are a forest
module, a growth simulation module, a plan module and an optimisation
module. The interfaces between the modules are well defined, allowing
substitution of different versions of the modules when composing a specific
application. Further flexibility is obtained by configurability within each
module.

Similar modular frameworks exist, e.g. as used in ArcForest (ESRI 1997). That
framework does however not include optimisation.

The forest module is responsible for managing all the data describing the
forest. This includes the division of the time horizon into planning periods, the
number and geometry of treatment units, their topology, i.e. neighbour
relation, regions and initial states. The state vector definition may contain any
number of variables of integer, real or character type. The forest module also
contains the definition of the possible treatment programmes. The simplest
TPs are basic TPs, e.g. "Let Grow" or "Clearcut". These may be sequenced into
aggregated TPs describing common treatment cycles. TPs may contain
conditions on the state for their applicability and have fixed or adjustable
duration.

The growth simulation module contains the growth model of the forest. Its
basic functionality is to be able to simulate a stand state over a period in which
a given basic TP is applied. One will typically create different stand simulator
modules which simulate different types of forest and which have different
requirements on variables present in the state definition and on TP types
handled.

The plan module is responsible for managing treatment plans, which consist of
a local plan for each treatment unit. A local plan is a sequence of TPs covering
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the entire time horizon. The module uses the growth simulation module to
calculate the state evolution in a given plan and has functionality for altering a
plan.

The optimisation module may be configured with the criteria to be optimised
and their relative importance. The module then uses the services of the other
modules to search for the best plan according to the criteria definition. After
optimisation, the best plan found is available from the plan module.

These four modules are embedded in the Application Programming Interface
(API), which provides a well-defined set of functions which may be requested
from the modules. The API has a client-server connection to a User Interface to
allow running the system in a distributed environment, and to use different
user interfaces. The API also connects to the sources for the various data that
are required by the system.

For more details on the framework, see (Krogstie 1996; Arthur 1998; Hasle et
al. 1998).

4. Ecoplan

To test the versatility and efficiency of EcoFrame, a pilot application has been
developed within the framework. The application, called Ecoplan, runs on Unix
based workstations, and will be utilised in different planning offices in Norway
(Arthur 1997). Before presenting results from two different cases, we briefly
describe the modules constituting Ecoplan.

The forest module which is implemented offers management of an unlimited
set of treatment units, which may be arranged arbitrarily in any desired
number of regions. The state vector is configured runtime, i.e. the number
and their types (real, integer, character) are decided by the user, who also
may specify legal intervals and/or values for each state variable. The forest
module also manages a range of additional information, such as terrain data
and TU topology.

Two different growth simulation modules are implemented. One is based on
growth tables for the main Norwegian species, while the other one targets
tropical rain forest and is based on the simple assumption that the annual
average diameter increment of any commercial specie is around 1 cm per
year.

The available types of optimisation criteria are:

1. Neighbourhood criterion. Clear-cutting is not allowed if the average
height of any neighbouring TU is below a given threshold value.
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2. Old Forest criterion. At all times, a certain percentage of the TUs,
weighted by area, must have a mean age above a certain value.

3. Harvest Profile criterion. The volume of timber harvested should match a
given profile over given periods as closely as possible.

4. Cluster criterion. Cutting is not allowed if the number of neighbouring
TUs that have been cut within the last few years exceeds a certain
percentage of the TU's total number of neighbours.

5. Economic Profile criterion. The value of the timber harvested should
match a given profile.

There is one general optimisation module which works as follows: An initial
solution is generated by assigning a local plan for each stand, without
regarding the optimisation criteria. We then try to improve on this plan using
a simple iterative improvement technique. At each iteration, an adjustable
duration TP is selected, and a set of new plans with different durations for this
TP are generated. The best of these becomes the new current plan. This
technique produces good plans for widely different problems, but is less
efficient than dedicated algorithms because of its generality. For more
information on iterative improvement techniques, see e.g. (Reeves 1993).

The Ecoplan application is run from a simple graphical user interface, using
the application programming interface provided in the framework. The
database interface is quite simple, using flat ASCII files for importing data and
exporting schedules and related information.

5. Norwegian Case

The first case is from Norwegian forestry. The treatment unit is equivalent to
the stand notion. The state vector is comprised of about 30 state variables
(average age, site index, specie distribution, standing stock volume, average
height etc.). The specific area is composed by 460 stands of commercial value,
covering in total roughly 830 ha.

The treatment programmes are different compositions of basic treatments
such as thinnings and clear-cutting. The planning horizon is fairly long,
consisting of 250 periods, each with one year duration. Since the average
harvesting cycle is around 80 years, this implies multiple rotations planning.

According to the Norwegian criteria of sustainable forest management
(Aanderaa et al. 1996), the case area is classified into three different regions (

Figure 2 ):

1. Landscape (the whole region)
2. Protected (mating area of the endangered specie forest grouse) and
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3. Multiuse (day habitat of the forest grouse).
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FIGURE 2. Treatment units in the Norwegian case.

Real case

First, we wish to create a realistic plan involving economic, sustainability and
wildlife preservation issues. The Protected region is not to be touched, we
therefore lock a no treatment plan for this region. In the Multiuse region,
there should always be 50% of old forest (over 50 years), and stands with low
tree height (less than 2 meters) should be separated. We define a
Neighbourhood criterion and an Old Forest criterion on this region. Finally, we
wish to harvest the forest evenly over time, so we add an even Harvest Profile
criterion on the Landscape region.

70f17
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FIGURE 3. Criteria progress.

The progress of the optimisation is shown in figure 3 . The x-axis shows the
number of iterations. The y-axis shows penalty values for the criteria, zero
meaning that the criterion is fulfilled completely. We see that the values of the
criteria fluctuate a bit, but generally move towards zero. At around 13500
iterations, both the Old Forest and Neighbourhood criteria are fulfilled at the
same time, and generally remain so after. We stop optimising after 19000
iterations.
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FIGURE 4. The Old Forest criterion.
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FIGURE 5. Harvest Profile criterion.

The improvement for the Old Forest and Harvest Profile criteria are visualised
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in Figures 4 and 5 respectively. For Old Forest, the x-axis is time, and the
y-axis represents the area covered by old forest. We see that in the initial plan,
there is too little old forest between periods 20 and 70. In the final plan, the
fraction of old forest is above the required 50% at all times. For Harvest
Profile, the vertical bars measure the volume of timber harvested in each
10-year period. Here we see that the final solution is a much better
approximation of the desired profile than the initial solution. All in all, the
plan fulfills the specified criteria very well.

Problem Size Experiments

We next run two series of optimisations to see how the optimisation performs
with different problem sizes. We run first on regions ranging in size from 10
to 3000, from the same area as in the above case. This time, all three criteria
above are applied to each entire region, and no regions are locked. The final
value of each criterion in each run are shown in Figure 6 . We see that both
the Old Forest and Harvest Profile criteria reach fairly stable values for 100
stands and above, but are significantly less fulfilled for below 100 stands. We
take this to signify that for more than 100 stands, a more or less optimal plan
for the criteria on this forest model is found, but using less than 100 stands
gives too little room for optimisation. The X-meter criterion becomes more
difficult to fulfill as size increases, and is not fulfilled for more than 500
stands. Figure 7 shows how many iterations were required per stand for each
criterion to attain the final value. The curves have a very reasonable increase
with problem size.
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In the second series, we keep the region size constant to 200, but vary the
length of the time horizon between 10 and 1000 years. Figure 8 shows the
final criteria values. The X-meter criterion is fulfilled for all horizons. The two
other criteria get worse with longer horizons, but their values divided by the
horizon length are fairly constant, meaning that so are the average deviation
from the desired volume profile and desired old forest percentage. Figure 9
shows the number of iterations required to reach these values. These curves
show a roughly linear dependency on the number of time periods.
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FIGURE 9. Number of iterations for different horizon lengths.

6. Indonesian Case

The Indonesian case is based on operational 1 year planning in tropical rain
forest (Ministry 1997). The treatment unit corresponds to a single tree, and
the most basic state variable is the tree diameter. In addition, we have
included variables such as age, volume and price. We thus get a different state
vector definition from the Norwegian case, and change the simulation module
to use the rain forest simulator, which works with this definition.

In our case example, we deviate from the one year scope of the operational
plans, and stretch the horizon to 35 periods of one year each. For obvious
reasons, this model restricts the planning to handle only single rotation
scheduling. Hence, the only allowable plan is composed of the basic
treatments "Let Grow" and "Cut".
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The data in this case is generated randomly. The area contains 560 trees in
four regions as shown in Figure 10 . In the River Zone, the trees may not be
touched at all, so this region is locked. In the Protected region, trees should be
cut spatially evenly, and there should always be a certain number of old trees
producing seeds. For this, we use an Old Forest criterion, and a Cluster
criterion. For this case, neighbours are defined as the trees within a certain
radius. There is a Cluster criterion on the Multiuse region also. For the entire
area, we define an Value Profile (based on the price and volume information in
the state vector), which should be equal in each two-year period.

Optimising this case, we reach a stable solution in around 5000 iterations. The
Cluster criterion for the Multiuse region is slightly unfulfilled, the harvested
value profile is as shown in Figure 11 , and the other criteria are fulfilled.

14 0f17
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FIGURE 10. Indonesian tree map.
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7. Final Remarks and Further Work

In this paper, we have proposed a general and flexible framework for
developing applications within the forest treatment scheduling field. We have
demonstrated the flexibility by applying an EcoFrame based application,
Ecoplan, on two widely different cases, one based on Scandinavian forestry
practice, and the other from Indonesian tropical rain forest management. The
flexibility is achieved in two ways, by interchangeability of modules, and by
configurability of the individual modules.

In addition, we have conducted a set of performance investigations which
indicate that the Ecoplan application is capable of handling large problems
within reasonable time limits, regarding both the number of treatment units
involved, and the size of the planning horizon.

The SINTEF Ecoplan Project is still in progress, and in the following we outline
some of the scheduled work focusing on improvements and enhancements of
EcoFrame.

e A realistic case study of the Indonesian problem is under design. This
includes a stepwise hierarchical planning process, which starts with a
large region, estimates key parameters as inputs to the next level, and
ends up with detailed weekly working plans based on a single tree model.
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e A scripting language for runtime definition and configuration of criteria
and constraints is under design.

e Work is in progress on strategies for handling very large problems,
including hierarchical approaches and segmentation strategies in both
the spatial and the temporal domain.

e As a more long term goal, work has started on handling problems which
are not based on a distinct treatment unit tessellation. As a first step, we
will investigate how to handle merging and splitting of treatment units
during the planning period. Secondly, we will make an attempt to solve
planning problems where the state variables are varying continuously
both over time and space.
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