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CHAPTER 1

INTRODUCTION

NED-2 is a multi-agent, intelligent, goal-driven decision support system for forest ecosystem
management developed by the USDA Forest Service and Institute for Artificial Intelligence
at the University of Georgia. It is a blackboard system, combined with different intelligent
agents [15]. NED-2 is an integrative system that incorporates decision support tools including
commercial software and components developed both by the NED-2 development team and
by third parties within the Forest Service.

Typically, a blackboard system is made of three components, including a set of semi-
autonomous agents which contain software routines that help to solve problems, a blackboard
which contains information that agents need to solve problems, and a control mechanism
which provides the agents access to the blackboard [9].

In NED-2, the blackboard consists of a Microsoft Access database, a set of Prolog clauses,
and a set of Prolog routines [10]. All of the information and data are posted on the blackboard.

Agents in NED-2 contain the knowledge needed to assist decision processes. These agents
do not invoke each other directly; instead, they communicate with each other through the
blackboard [15]. When a task is demanded, it will be posted on the blackboard as a request.
At the same time, information about the system will also exist on the blackboard. All agents
will watch the blackboard continually. When an agent sees a request on the blackboard that
it can fill, the agent will take control of the system and start to implement its function.
During the running of the agent, the information on the blackboard might be changed or
deleted while new information might also be added onto the blackboard. When the agent

is done with its task, the request that triggered it will be erased from the blackboard or



changed depending on whether new tasks are requested. Then all agents will begin another
round of watching for control by checking the information on the blackboard.

By using a blackboard architecture, each agent in NED-2 does not need to worry about
other agents. This makes the agents more independent, and also makes NED-2 more flexible
to integrate function models in the future.

Many models have been integrated into NED-2, including growth and yield models,
wildlife models, and management models for timber, ecology, water and visual quality goals.
Among these, growth and yield models play a central role in the forest management simula-
tion. They can simulate the growing situation of the tree crops as time changes and project
inventory data into the future for multiple treatment plans. With aid of simulation models,
it is possible for NED-2 to evaluate how well different treatment plans will meet management
goals over time.

Naturally, as time changes and the trees grow higher and bigger, the number of the trees
in a stand will go down. This decrease in the number of trees in a stand is also considered in
the simulation model and it can be represented as the mortality rate. However, the death rate
of the trees in nature which is based on the mortality rate is low and the number of trees that
die from natural factors is small. Since the resource for trees in a stand is limited, as time
goes by and trees become higher and bigger, the growth rate will go down dramatically due
to the competition for resources among those trees in the stand. In this situation, a thinning
treatment is usually suggested in forest management to make sure that the remaining trees
in the stand can maintain a high growth rate and grow into the desired timber as soon as
possible.

Prescription models are designed to implement the functions of automatic periodical
thinning based on expert knowledge [14]. They can compute the time when a thinning
treatment should be applied and the volume of this thinning treatment according to the

present situation and the expert knowledge.



In the next chapter, we will summarize the expert knowledge needed for the management
of even-aged stands of red pine and aspen, and uneven-aged stands of loblolly/short-leaf
pine. In Chapter 3, we will describe the NED simulation process. With these two chapters
as background, we will explain in Chapter 4 how we integrated a prescription system into
NED for even-aged stands of red pine and aspen, and in Chapter 5 how we integrated a
prescription system into NED-2 for uneven-aged stands of loblolly/short-leaf pine. Chapter

6 will discuss the current status of these prescriptive systems in the NED development cycle.



CHAPTER 2

MANAGING EVEN-AGED RED PINE, EVEN-AGED ASPEN, AND UNEVEN-AGED

LOBLOLLY/SHORT-LEAF PINE STANDS

2.1 INTRODUCTION

Red pine, aspen and loblolly/short-leaf pine are important forest types in the United States.
A forest stand has various functions in different areas from ecology maintenance to commer-
cial uses, but timber management is still the main concern for many forest managers. All
research in this thesis is based on the implementation prescriptive systems for maximizing
this management goal.

Sivilcultural systems can be divided into two types, for even-aged and uneven-aged stands,
which are based on the age class distribution of the trees in the system. For even-aged stands,
the trees in the stand are about the same age; while the trees in uneven-aged stands vary
significantly in ages. In the following part of this chapter, management for even-aged stands of

red pine and aspen as well as uneven-aged stands of loblolly/short-leaf pine will be discussed.

2.2 MANAGING EVEN-AGED STANDS OF RED PINE AND ASPEN

Red pine is one of the most common species of trees in the Lake States region of the United
States. It is a highly valuable species because of its multiple uses. Up to one million acres
were planted in this species between 1970 and 2000. Another important forest species in
the Lake States region is aspen. It is mostly found in the states of Minnesota, Wisconsin
and Michigan with up to 13 million acres, but one third of the aspen forest grows far below

potential [12].



The management of these two forest types can be implemented by growing in even-aged
or uneven-aged stands, but since red pine and aspen both are shade intolerant and they grow
best in full sunlight, even-aged management can give better results [2]. Therefore, even-aged
management is widely used by forest managers.

In order to form an even-aged stand, all the trees in the forest need to be regenerated at
the same time after a clear-cut. As the trees grow in the stand, periodic thinning of trees will
be recommended to put the growth on the best trees available, remove disease and injured
trees, and increase the yield of timber [2]. The thinning treatment will be triggered when a

certain condition is satisfied.

2.2.1 TIMBER OBJECTIVES AND GOAL DBH

The management objectives considered in this thesis are to improve yields of timber and to
shorten the harvest time. The related regulation methods are based on the timber objective.
Typically, for red pine, seven timber objectives are considered, which include pulpwood,
cabin logs, small poles, piling and large poles, small saw timber, large saw timber, and
multiple products. The timber objective is related to tree diameter at breast height (DBH).
For a specified timber objective, there is a goal DBH value. When the trees in the stand
achieve the goal DBH, they can be harvested for this timber objective. The relations between
each timber objective and the corresponding goal DBH for red pine are given in Table 2.1.
Similarly, the corresponding relations between the four timber objectives and goal DBHs for
aspen are also provided in Table 2.2.

When trees in the stand arrive at the goal DBH, a clear-cut will be triggered, which also
implicate that the management for this generation of trees is over and a new generation of
trees can be initiated in the same stand. Forest managers will decide the species of trees to
be regenerated. Aspen can be naturally regenerated from sprouts. In order to make the stand

a typical even-aged one, we repress the natural regeneration until a clear-cut is activated.



Table 2.1: Timber Objectives and Goal DBH for Red Pine

Timber Objective Goal DBH (Inches)
Pulpwood 10
Small Poles 12
Cabin Logs 15
Piling and Large Poles 15
Small Saw Timber 15
Multiple Products 16
Large Saw Timber 20

Table 2.2: Timber Objectives and Goal DBH for Aspen

Timber Objective | Goal DBH(inches)
Biomass 5
Pulpwood 7
Saw timber 12
Special products 14

After the clear-cut, natural regeneration will be activated, and the number of sprouts for the
new generation depends on the number of the trees that are applied the clear-cut.

Before reaching the goal DBH, trees in the stand need periodic thinning in order to
maintain a high growth rate. The thinning time and thinning volume can be determined by

the values of some measures of the stands.

2.2.2 THINNING FOR RED PINE

For red pine, the periodic thinning method is determined by several measures of the stand,
including basal area (BA), minimum basal area (MIN_BA), maximum basal area (MAX_BA),

and the desired residual basal area (Residual BA). Basal area is a measure of stand density,



defined as the total cross-sectional area of the trees in a stand at breast height, measured
in square feet per acre. It can be calculated by the formula based on the number of trees in

the stand and the DBH of each tree.

DBH,
BA=> m-( o 0.083333)* = ) ~0.005454 - DBH;

Trees in the stand need spaces and resources to grow. If the number of trees is too small,
they will grow rapidly, but the yield of timber will not be satisfactory. Minimum basal area
and maximum basal area are the thresholds of basal area for the trees in the stand to keep a
high growth rate and also make full use of the stand resources. They are determined by trees
per acre (TPA). For a different size class of trees in the stand, the formulas for computing

these measures are also different. Table 2.3 summarizes the information for the computation.

Table 2.3: Values for MIN_BA and MAX_BA in Red Pine

Seedling  Sapling Pole Small Saw Timber Large Saw Timber
Age 03] >8
DBH 02 [0.2] (2.5 (5,9] (9,15] > 15
TPA MIN | 400 400 400  formula(2.1) formula(2.3) formula(2.5)
MAX | 2000 1600 1200  formula(2.2) formula(2.4) formula(2.6)
BA MIN 0 0 0 MIN_TPA*DBH*DBH*0.005454
MAX | 160 160 160 MAX_TPA*DBH*DBH*0.005454
Pole:

MIN_TPA = 43560/((0.866- DBH+3.73+DBH-0.443)-(DBH+3.73+ DBH-0.443)) (2.1)

MAX TPA = 43560/((0.866 - DBH + 1.47 + DBH - 0.053) - (DBH + 1.47+ DBH - 0.053))
(2.2)

Small Saw Timber:

MIN_TPA = 43560/((0.866- D BH+4.184+DBH-0.393)-(DBH+4.18+ DBH-0.393)) (2.3)



MIN_TPA = 43560/((0.866- DBH +2.53 — DBH -0.0543) - (DBH +2.53 — DBH -0.0543))
(2.4)

Large Saw Timber:
MIN_TPA = 43560/((0.866-DBH+4.22+DBH-0.391)-(DBH+4.22+DBH-0.391)) (2.5)

MIN_TPA = 43560/((0.866- DBH +3.117T— DBH-0.0867)-(DBH +3.117— DBH -0.0867))
(2.6)

According to the values of the above several measures of the stand and thinning condi-
tions, we can decide whether a thinning treatment is needed. In order to decide the thinning
volume, residual basal area is used. It will tell how much of the basal area should be left

after the thinning. Table 2.4 shows thinning rules for red pine.

Table 2.4: Thinning Rules for Red Pine

Timber Objective Conditions How to Thin(Residual BA)
Not Large Saw Timber | BA>MIN_BA+MAX_BA | 108 | 1/27BA
rge Saw Timber - - No | 1/2*(MIN_.BA+MAX BA)
_ Yes | 1/2*BA
*
Large Saw Timber BA> 2*MIN_BA No | MIN_BA

2.2.3 THINNING FOR ASPEN

For aspen, several more measures are used to decide thinning treatment, including minimum
bi (MIN_Bi), maximum bi (MAX_Bi), mean July air temperature (Jtemp), and trees per
hectare (Nn). Bi is a parameter dependent on minimum merchantable top diameter [13]. It
is used to compute the variables related to thinning rules. For different timber objectives, the
value settings are also different. Values for MIN_Bi and MAX_Bi with the timber objective
are collected in Table 2.5. Jtemp is set to 17°C. Nn can be computed by using tree DBH of

the stand,

Nn = 4088000 - (1 — 0.702225*%h) . 0.82137%™P . (2.54 - dbh) =657 (2.7)



Table 2.5: Bi Range for Different Timber Objectives in Aspen

Timber Objective 'Range Of. bl.
bi_max | bi_min
Biomass 1.1 0.9
Pulpwood 0.9 0.7
Saw timber 0.8 0.6
Special products | 0.7 0.5

This value needs to be transformed into English units, since we use English units for other
variables, so that, TPA and BA can both be obtained. The relations for these variables are

displayed in Table 2.6.

Table 2.6: Values for MIN_BA and MAX_BA in Aspen

Size Class | Seedling | Sapling | Pole Small Saw Timber | Large Saw Timber

DBH [0,2.0] (2.0,5.0] | (5.0,9.0] | (9.0,15.0] DBH > 15.0

Nn Equation 2.7

MIN_TPA | 0.405 - 147!~ bi-min . Npbi-min

MAX_TPA [ 15000 [ 0.405 - 147! -Pimer . Npbi-maz

MIN_BA MIN_TPA-DBH - DBH -0.5454

MAX BA 100 \ MAX TPA-DBH - DBH -0.5454

In aspen management, there are no specific thinning rules. In order to maintain a high
growth rate, we can treat MAX_BA as the trigger, which means that if BA is greater than
MAX_BA, a thinning treatment will be activated. Correspondingly, the target can be set as
the MIN_BA; that is, when a thinning treatment is triggered, the thinning will be executed
until Residual BA is MIN_BA.

The management rules for even-aged red pine and aspen can be illustrated in Figure 2.1.

Thinning rules vary based on different situations.
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Timber Objective

DBH > GoalDBH ? - ]

Harvest Thinning

y

Figure 2.1: Management Rules for Red Pine and Aspen

2.2.4 MANAGING UNEVEN-AGED STANDS OF LOBLOLLY/SHORT-LEAF PINE

Loblolly /short-leaf pine is an important forest type in the southern part of the United
States. It has commercial value and also plays an important role in maintaining a balanced
ecosystem. For the last half century, the forest industry has paid a great deal of attention
to the even-aged management of loblolly. However, some private owners in the south of the
United States also have a large percentage of the forest lands, which might not be properly
stocked to be managed using the even-aged system. Therefore, in order to provide a periodic
income, an uneven-aged management is needed [16].

There are several different kinds of uneven-aged stand based on the structure of trees’
DBH class distribution. One of these is a balanced uneven-aged trees structure, which has
many small trees, some medium trees, and a few large trees in the stand. It can be seen as a
reverse J-shape, as shown in Figure 2.2. The management for uneven-aged loblolly/short-leaf
pine stands is based on the balanced stand. If a stand is not balanced, it is better to manage
the stand as an even-aged stand.

The management for uneven-aged loblolly /short-leaf pine is aimed at developing a bal-
anced structure of size classes through thinning and then to maintain this structure through

periodic harvesting. Stocking information is used to determine thinning treatments. Stocking
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TREES / ACRE ——>

DBH ——————>»

Figure 2.2: Balanced Uneven-aged Stand

is measured separately for the merchantable and sub-merchantable components [1]. Sub-
merchantable trees are seedlings and saplings with a DBH of less than 5 inches; while mer-
chantable trees are those trees that are bigger than saplings, which means that their DBH
is no less than 5 inches. Using the stand merchantable basal area, we can divide stands into
4 stocking situations - inadequate stocked, under stocked, fully stocked and overstocked -

which can be seen in Table 2.7

Table 2.7: Stocking Information

Stocking Merchantable Basal Area (square feet)
Inadequate (0,5

Under stocked (5,45

Fully stocked (45, 75]

Over stocked > 75

There is no clearcut in uneven-aged stand management. In order to maintain a bal-
anced structure of the stand and obtain a continuous timber outcome, periodic thinning is
scheduled. Growing merchantable basal area (Merch_.BA) between the cutting cycles will
be considered for deciding whether thinning should be adopted for an uneven-aged stand.

An inadequately stocked stand has enough space to grow; so no thinning is needed. For
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other stocking situations, thinning will be activated. Table 2.8 shows rules for thinning in

uneven-aged stand of loblolly /short-leaf pine.

Table 2.8: Thinning Rules for Uneven-aged Loblolly/short-leaf Pine

Stocking

Residual BA

Inadequate

No Thinning

Under stocked

BA —75% - Growth_Merch_BA

Fully stocked

Over stocked

BA — (Merch-BA — 45)




CHAPTER 3

SIMULATING TREATMENT PLANS IN NED-2

NED-2 is a multi-agent, intelligent, goal-driven decision support system for forest ecosystem
management developed by the USDA Forest Service and Institute for Artificial Intelligence
at the University of Georgia. It integrates many different forest management tools and
models including vegetation growth and yield models, wildlife models, management models
for timber, ecology, water and visual quality goals, a GIS reporting tool, and HTML report

generating tools.

3.1 NED-2 PLANNING MODULE

A key feature of NED-2 is that it can simulate the growth of a forest under alternative
sivilcultural treatment plans [11]. In NED-1, the first generation of the NED system, the user
could only work with inventory data. NED-1 did not include any models for growing forests or
for simulating the user’s treatment plans. In NED-2, we have incorporated several variants
of the Forest Vegetation Simulator, a set of models for simulating growth and treatment
plans for forests in different regions of the United States. By simulating different treatment
plans for the same management unit, users can evaluate the different plans and decide which
plan best meets their management goals. In the following chapters, we will explain how
prescriptive systems can develop and run simulations for treatment plans for even-aged red
pine and aspen stands and for uneven-aged loblolly /short-leaf pine stands. But first we need
to understand how a user can develop his own treatment plan and then use FVS to simulate

it.

13



14

The first step in the simulation process for NED-2 is to input inventory data for the
management unit. A management unit can be divided into several stands. Each stand will
represent a part of the management unit that has similar characteristics and that will be
managed together according to a single treatment plan. For each stand, data includes physical
characteristics of the stand and an inventory of trees taken on one or more plots in the stand.
Inventory is the basis for implementing all processes and functions in NED-2. It reflects the
observed situation for each stand in the management unit at a specific point in time. For
our discussion in this chapter, we will use a simple management unit with two stands called
North Stand and South Stand.

Typically, inventory for different stands in the management unit is taken in different
years [8]. In order to simplify the plan simulation process, all plans need to start at the
same year. Therefore, before a treatment plan can be developed, users must pick a baseline
year which is no earlier than the latest inventory year for all stands in the management
unit. In order to generate data for the baseline year, growth of the trees in each stand needs
to be simulated from the inventory year to the baseline year. Figure 3.1 shows the NED-2
user interface with the Develop Baseline function active. Notice that the interface has four
sections: the caption and menu bars at the top plus three panes. The top left pane always
shows a menu of NED-2 functions. We will call this the functions menu. The bottom left
pane displays information and further options for the function chosen in the functions menu.
We will call this the function control pane. The large pane on the right displays information
generated by the function we have chosen and allows us to interact with this information.
We will call this the action pane. In this case, the action pane displays a table showing all
of the stands in the management unit and all years for which data are available up to the
baseline year. When this table is first displayed, only the years for which inventory data has
been collected for one or more stands is displayed. Here inventory for 1999 was entered for
the North Stand and 2001 for the South Stand. By default, the latest year when inventory

is available is highlighted in yellow and this will become the baseline year for any plans the
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user develops. In our example, the user has added the year 2008 to the table making it the
baseline year. By clicking on the Generate Baseline function in the functions menu, the user

can prompt NED-2 to generate simulated date for all cells in the table except gray cells.

File Edit Wiew Toaols Help

DEeE 7
Home g Fick model Add ear Delete tear |
Invventory
F‘I:anning Stands model 1999 | 2001 2003
Select Goals _ || Morth Stand VS ne inventary
Define Treatments 3 ] regen
i Develop Baseline
Generate Baseline
- Develap Treatment Plans South Stand F¥5 ne L7l
. Simulate Treatment Plans E wj regen
Bazeline data has been generated

The bazeline vear will always be the lazt
column in the table,

Treatments can be added to a given
ztand in any year after the inventory and
befare the baseling pear.

Double-click a cel to add a treatment.
The simulation model used for a stand

can be changed by double-clicking the
firzt colurnt.

Delete bazeline |

y

Figure 3.1: Baseline Year Generated for Two Stands with Different Inventory Years

After baseline year generation, users can create simulation plans and add plan years to
them. A plan year is a time for which the growth data for trees will be recorded during
simulation. Normally, plan years will represent growing cycles of a set length such as every
five or ten years. But the user can set up his growing cycles to be different lengths. A desired
treatment will be put into the plan year by the user. Figure 3.2 shows part of the NED-2
window for the Develop Treatment Plans function. Here we see the table for a 30-year plan

for two stands with 10-year growth cycles. The plan starts from the baseline year of 2008 and



16

ends in the final year of 2038. The user builds his treatment plans by double-clicking on a
cell and selecting the treatment he wants to include in his plan from a pop-up dialog. When
he does this, an icon appears in the cell to show the treatment that has been selected. This
plan, contains an icon for the North Stand, in the year of 2028 that stands for a thinning

treatment; while for the South stand, an icon in 2018 stands for a clear cut treatment.

Stands models 2003 | 2018 | 2028 | 2036
Marth Skand FYS ne
Wi regen T T
South Stand F3 ne
W regen
ETTRrTeee

Figure 3.2: Simulate Plan

Based on these settings, a simulation plan can be implemented by running the selected
growth and yield models. In this example, the Northeast variant of FVS has been selected

for both stands.

3.2 NED-2 DATA MODEL

All data entered in NED-2 are kept in a Microsoft Access database. This database is called
the NED-2 working file and contains several tables. In NED-2, a treatment plan is referred
to as a scenario. Information for all plans is stored in the database tables [Scenarios] and
[Scenario_designs] (see Figures 3.3 and Figure 3.4). Plans are identified by their SCENARIO
numbers, which are assigned automatically. One special scenario does not represent a user
plan. Scenario 0, the baseline scenario, represents all of the data for the years prior to and
including the baseline year. In Figure 3.3, we see three scenarios: the baseline scenario and
two treatment plans defined by the user.

For each stand in a plan, simulation sequence is controlled by SEQUENCE numbers,
which are increasing positive integers for each year after the baseline year. For years from

the baseline year backward to the inventory year, SEQUENCE is assigned a decreasing
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SCEMARID | scenario_id | scenario_desc | scenario_date_created
| [+ 0 Baseling Basgeline¥ear=2003; BaselinePraTreatment=FALSE |07 /29,2002
| [+ 1) Grow Only Plan created 07/29/2003 at 12:56:17 07429/2008
|1+ 2| Simulation with Treatments | Plan created 07/29/2003 at 12:56:33 07,/29/2005
» D

Figure 3.3: Scenarios Table

SCENARIO | STAMD | SEC!UENCE| SNAF‘SHOT| scenario_designs_function_id | scenario_designs_treatment_id | scenario_designs_year
|| 0 0 3 0 inventory inventory_entered 1999
| 0 ] 2 B inventory pseudo_plots 1999
| 0 ] -1 8 grow ro 2001
|| 0 1] 1] 9 grow qrow 2008
|| 0 1 2 1 irventory irwventory_entered 2001
|| 0 1 -1 7 inventory pseudo_plots 2001
|| 0 1 0 10 grow grow 2008
| 1 ] 1 14 grow ro 2018
|| 1 1] 2 15/ grow qrow 20238
|| 1 0 3 16| grow orow 2038
|| 1 1 1 1] grow frow 2018
|| 1 1 2 12 grow grow 2028
| 1 1 3 13 grow ro 2038
| 2 ] 1 599 grow ro 2018
|| 2 0 2 -999 grow orow 2028
|| 2 0 3 -999 treatment FWS _ne 2 2028
|| 2 0 4 999 grow grow 2035
| 2 1 1 999 grow grow 2018
| 2 1 2 499 treatment FWS_ne 1 2018
|| 2 1 3 -999 grow qrow 2028
|| 2 1 4 -999 grow orow 2038

4

Figure 3.4: Scenario_designs Table

integer starting from 0. Even if the baseline year is the same as the inventory year for a
stand, there will be two different sequence numbers for the stand. This is because NED-2
does some pre-processing on the plot data for each stand before plans are simulated. The
baseline year is always represented by the sequence number 0.

The snapshot is a key concept in the NED-2 data model. It represents what a stand looks
like at a particular point in time under a given treatment plan [11]. Initially, all snapshots are
set to -999 except those for inventory years which are assigned unique integers. A snapshot

number of -999 in the [Scenario_designs] table indicates that no data has been generated



18

for this stand and plan at this point in time. After simulation, each -999 is replaced by
a unique value by the simulation agent. In any year when treatments are included, two
snapshots will be created for the same year, one representing growth since the last plan year
(the pre-treatment snapshot), and the other representing the stand after the treatment (the
post-treatment snapshot). The snapshot number links together data in different tables in the
NED-2 working file. The data in Figure 3.4 with SCENARIO value 2 reflects information
for the plan in Figure 3.2 before its simulation.

Information about physical stand characteristics is also needed for NED-2. This informa-
tion is kept in the [Stand_header| table. This table includes the stand area, the site index,
and the site species. The site index and site species together provide the growth simulation
model with information about the stand’s productivity. The site index indicates how high a
tree of the site species will grow in 50 years. Some information of the [Stand_header| table

is shown in Figure 3.5.

| STAMND | stand id | stand_area | stand_site_spp | stand_site_index
|+ 0 Maorth Stand 135.600006] QAL 57
|+ 1 South Stand 40.5| QUPR2 G5
» ID | G0

Figure 3.5: Stand_header Table

Detailed information about the trees for each stand in the management unit is stored
in the [Overstory_obs| and [Understory-obs| tables. These data are grouped by snapshot
numbers, which reflect trees’ situation at some particular time under different treatment
plans. Figure 3.6 shows [Overstory_obs| data for the inventory year for our two stands North
Stand and South Stand. Information in this table includes the overstory tree id generated by
the system, species, and dbh, and so on. Table [Understory_obs] contains the same kind of
information for trees that are in the understory. After simulation, results generated for trees
through simulating growth and treatments are written back into these two tables under new

snapshot numbers.
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Figure 3.6: Overstory_obs Table

3.3 FOREST VEGETATION SIMULATOR (FVS)

19

The simulation process in NED-2 is implemented by the growth and yield models. FVS is

one of the simulation models that have been integrated into NED-2. It uses forest inventory

data and simulation models to project the growth of forest stands under different conditions

[15].

FVS was developed by the USDA Forest Service in the 1970s, and since then it has been

used in the U.S. forest management field. FVS is a family of forest growth simulation models,

and has more than 20 variants dealing with forest types in the different regions of the United
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States [15]. Among these FVS variants, 8 of them have now been integrated into NED-2,
including Northeast, Southern, Central States, Lake States, Blue Mountain, East Cascades,
Inland Empire and Pacific Northwest Coast variants.

In FVS, there are two ways to schedule a treatment in a simulation plan. The most
common way, which has already been included in the simulation process in NED-2, is to
assign a specified treatment in a desired year (see the example in Figure 3.2). In this method,
the treatment is deterministic, that is, it only happens in the assigned year with a specified
treatment illustrating the thinning. The F'VS treatment statement using this method for the
plan in Figure 3.2 for the two stands (thinning to residual basal area of 60 for North Stand
in 2028 and a clear-cut for South Stand in 2018) is given below,

North Stand:

thinbba 2028 60.0 1.00 0.0 999.0 0.0 999.0

South Stand:

thindbh 2018 0.0 999.0 1.00 ALL 0.0

The above treatment statement consists of a keyword followed by 7 parameters. There are
several kinds of treatments which describe different thinning methods. In the given example,
thinbba and thindbh are used, which stand for thin from below to basal area target and thin
from a dbh range respectively. The 7 parameters give detail information about thinning set-
tings, including thinning year, thinning trees dbh range, residual basal area and/or thinning
species, and so on [7].

The other way to schedule a treatment in a simulation plan is conditional scheduling,
which can be implemented by the FVS event monitor. It specifies a set of conditions and a
set of treatments. The conditions describe an event. When a certain condition is satisfied,
that is, the event is triggered, a corresponding treatment will be scheduled. Therefore, by
checking conditions, different treatments will be scheduled dynamically.

Specifically, an event starts from the keyword IF, followed by a logical expression which

can be arithmetic operators, logical operators (GT, LT, EQ, AND, OR), and certain vari-

0.0
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ables. The keyword THEN, which follows the logical expression, signals the scheduled activity
when the logical expression is true. And the event ends at keyword ENDIF [6]. Besides these
keywords, another one called COMPUTE will be needed to define a variable which can be
expressed as a function of event monitor variables [5].

A simple example that helps illustrate the FVS event monitor method is: If before-
thinning basal area (BBA) is greater than 120 and cycle year is greater than 2018, then thin
from below to a residual basal area 60. This conditional thinning can be simulated with the

following F'VS statement,

IF

BBA GT 120 AND YEAR GT 2018
THEN

THINBBA 0.0 60
ENDIF

When FVS simulates a plan with the above FVS statement inside, these conditions will be
checked for each cycle year in the plan. If conditions are satisfied for some cycle year, the
described thinning treatment will be scheduled.

Compared with the first method that has been implemented in NED-2, the FVS event
monitor is more complicated in scheduling a treatment. For a simulation plan in NED-2,
treatment is predefined either by the system or by users. When a treatment is selected for a
plan in a certain year, it is specified. Users will have enough information about this treatment,
for example, they will know that the treatment is limited to happen in that specified year,
and when it happens they will also have an idea about the volume of trees that will be cut.
While for the second method by using the FVS event monitor, treatments are scheduled
under conditions and users have no idea about the exact simulation process, for example,
they do not know the exact year that a thinning or harvest treatment happens. Also, more
than one cycle year can be scheduled with the same treatments as long as the conditions for

that year are satisfied.
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For the prescription models we are going to develop, the FVS event monitor is needed

for the implementation of automatically dynamic treatments.

3.4 NED-2 runs FVS

Running FVS needs two files as input, a tree data file (*.fvs) and a keyword file (*.key). These
two files can be produced by predicate mdb2fvs/6 in NED-2. After running, four different
output files will be generated. Among these output files, tree list file (*.trl) contains detailed
trees information and needs to be interpreted and stored back into the NED-2 database.

This can be implemented by predicate fus2mdb/14.

Tree data file

The tree data file (*.fvs) contains information about the trees in the stand for the baseline
year, which includes all tree records from tables [Overstory_obs| and [Understory_obs] in
the baseline year. Based on this, tree growth can be predicted. Specifically, sub-predicate
mdb2fvs_fusFileFormat/4 in mdb2fvs is in charge of writing this file. It will look for informa-
tion including the tree species, dbh, stems per acre and tree alive for each tree in the stand
in the baseline year in the two tables. Figure 3.7 is an example of an fvs file.

COLTMNS
1 2
12345676590123456753201

ooo1001 11.1Co 15.8
aoo100z 2.1C0 26.2
0001003 2.1W 28.1
aooi004 13.1wWk 14.9
aoo1005 7.1530 19.9
aoo1006 5,180 22.3
Qoo1007 S.1Wo 17.8
oooi501  132.1DpW 3.1
ooo01502  119.1AE 4.4
ooo1503  120.1AE 4.6
ooozo01 37.1R0 5.8
oooz002 TolWo 19.9
Oooz003 S.1Wa 21.0
Oo0zZ004 S.1Wa 17.5
aoozZ00s 66.1EM 6.6
aoozo0e S.1wo 21.0
aoozoo7 S.1Wo 17.5
OO0Z005 TolWa 19,9
aoozZo0g Z24.1W0 10.5

Figure 3.7: fvs File
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In the example fvs file in Figure 3.7, each row is a record of an individual tree in table
[Overstory_obs| or [Understory_obs]. Each record consists of plot id (columns 1-4), tree id
(column 5-7), stems per acre (column 8-13), tree history (column 14), the species alpha code
(column 15-17), and the dbh (column 18-21). Trees in [OQverstory-obs] and [Understory-obs]
have almost the same kind of information representation as displayed in the fvs file but tree

id in column 5 is different (0 for overstory trees and 5 for understory).

Keyword file
The key file (*.key) controls the simulation process. It is written in a specific format and can

be produced by the sub-predicate mdb2fvs_keyFileFormat/8 for each stand in the plan.

1 COLTTHIE

2 1 2 3 4 5 3 7 g
& 1234567590123 45675901234567590123456758901234567590123456759012345675901234567590
Y =====================================
5 Comment

& Starting year for siwulation is 2008

7  Ending wyear for simulation is 2038

g2 Min and Max inventory years are 2003 2008

S Common cycle length is 30

i0 End

11 *

1z StdIdent

13 Stand North 3tand at 3Jample Forest

14 *

15  Inv¥ear 2008

16  ModType 1

17 *

15 SZtdInfo 114 304 7 5

19  Design -1.0 1.0 0.1 2

20 SiteCode W 57

z1 *

22 NumCycle 3

23 TimeInt 1 10

24  TimeInt z 10

25 TimeInt 3 i0

zZa %

27 MNoTriple

28 thinbha z015 60.0 1.00 0.0 998.0 0.0 985.0
=9 CutList a 3. 1 a

30  Treelist u] 3. 1 1 u} u] u]
31 *

32 Open 2

33 000010z .fvs

34  Treelata 2 1

35 Closze Z

3s  *

37 EPLabel

38 All, &

39 '3tandsInolefinedGroup

40  Process

41

4z STOP

Figure 3.8: key File
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Typically, a keyword file (Figure 3.8) contains 4 parts, the header (row 5-22), the time
interval (row 23-27), the treatments (row 28) and the body (row 29-42)[8|. For each part,
a corresponding predicate is responsible for locating information in several database tables
as well as writing information into the keyword file. The third part, treatments, is the most
important part in the keyword file. It decides the treatments in the plan and helps to achieve
the desired goals. Two ways of scheduling treatments discussed above are included in this
part. It is produced by the predicate mdb2fvs_writeKeyFile_C/3 with the information given
from table [Scenario_designs].If there is no treatment used in a simulation plan, this part will

be ignored.

Tree list file

Tree list file (*.trl) is the most important output file generated by FVS. It contains detailed
information about all individual trees that are projected at any future time under a given
scenario [8]. An example of a tree list file is given in Figure 3.9.

In the tree list file, each record consists of a header and a body. The header is the first
line of the record starting with -999°. It gives general information about the cycle in the
stand. T'wo kinds of records are contained in the tree list file, a tree list and a cut list. They
can be distinguished by the parameter in column 81 in the header (‘T for the tree list while
‘C’ for the cut list). The body part contains detailed information about each individual tree
in the cycle year (trees started with ‘ES’ stand for new regenerated ones). For each year in
the plan, if there is no treatment, a unique tree list record will be displayed; otherwise, two
records for the same cycle year, respectively representing the tree list before the treatment
and the cut list in the treatment.

The generated data in the tree list file will be stored back into a NED-2 database file.
The information relevant to NED-2 includes the tree number (column 6-8), the species alpha
code (column 15-16), the plot id (column 27-29), stems per acre (column 31-38), and the dbh

(column 49-53) [8]. The predicate fvs2mdb/14 is in charge of writing these data back into
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Figure 3.9: tree list File
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database tables. Because of the new generated data, most of the database tables need to be

inserted with new records. While for table [Scenario_designs] it just needs to be updated,

for scenarios are given before the simulation process.

After the simulation, the “View Stand Snapshots” model in NED-2 can display infor-

mation for the pre-treatment and post-treatment of each year in the plan by consulting the

database. This kind of information is similar to an FVS tree list file but much easier for users

to read.



CHAPTER 4

IMPLEMENTING PRESCRIPTIONS FOR EVEN-AGED RED PINE AND ASPEN

MANAGEMENT

The management of even-aged red pine and even-aged aspen are both based on stand timber
objectives. When a specified timber objective is selected, a corresponding set of prescription
rules will be applied to the trees in the stand. According to these prescription rules, a series
of conditions will be checked. When a condition is satisfied, the corresponding treatment
will be triggered. By executing these prescription treatments, the desired timber objective
can be achieved efficiently. The prescription model that we developed can implement this
management process.

Each even-aged prescription model is a knowledge-base combining prescription rules with
timber objectives. These rules describe a relation between the growing situations of all trees
in the stand and the appropriate number of these trees. Upper and lower bounds for the
number of trees are explicitly stated under different circumstances. When the number of the
trees in the stand stays in this range, these trees can make good use of the site resources
and maintain a high growth rate. Otherwise, when the stand density becomes too high,
corresponding thinning treatments will be provided. With the aid of these rules, the desired
timber objective can be achieved with good yields but in less time.

To get the treatments from the prescription model, plan simulation is also involved in this
process. Similarly to the simulation process we discussed in NED-2 in the previous chapter,
we need to use a growth and yield model to simulate the growth of the stands. Since red pine
and aspen are two kinds of forest types that are widely planted in the Lake States region of

the United States, we are going to use the LS variant of FVS as the growth and yield model.
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Compared to a treatment plan in NED-2, a prescription model has an additional knowledge
base which contains the prescription rules. These rules are the integrated knowledge from
experts’ years of experience and research. Based on these rules, the prescription model can
compute corresponding treatments automatically.

The explicit prescription rules for red pine and aspen are different, but the implementation
processes are similar. Therefore, we will only describe the implementation for even-aged red

pine management in detail.

4.1 FMAS

The Forest Management Advisory System (FMAS) is a decision support system for the
management of even-aged stands of red pine and aspen. It integrates knowledge based sys-
tems for the treatment prescriptions of red pine and aspen with growth and yield simulation
models [17]. The project was supported by the U.S.D.A. Forest Service, designed by Dr.
Donald Nute of the University of Georgia and Dr Michael Rauscher of the Forest Service,
and implemented by graduate students Guojun Zhu and Yousong Chang in 1995 [3]. The
knowledge base used in the system was provided by the research scientists in the U.S.D.A.
Forest Service.

In FMAS, rules for the management of red pine and aspen are written in a format which
can be used by a forward chaining inference engine to compute the missing data. The forward

chaining rules in FMAS are in the following format:

Rule(fc, Environment, Name, Value, (Conditions then Actions), Explanation)

Parameters in this rule format respectively stand for the kind of inference engine used, the
rule set, the rule’s unique name, rule strength, content, and explanation. The prescription
rules for the management of even-aged red pine and aspen stands in NED are extracted from

these FMAS rules. Some examples are given below.
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1. Rules for goal DBH

rule(fc,objective,dbh_goal_2,true,
(
goal (dbh_goal),
product (‘Large sawtimber‘),
then,
thin_ba_x(0.7),
dbh_goal(20),
remove (dbh_goal)
), [‘For Large sawtimber, the thinning basal area multiplier®,
‘is 0.7, dbh_goal is estimated to be 20.°
D.

This rule provides an easily measured harvest standard (goal DBH) for a particular timber
objective. In this example, for large saw timber, the goal DBH value is 20 inches. Similar
rules are also provided for other timber objectives. When the DBH for the stand achieves
its desired timber objective goal DBH, a clear-cut will be activated and the management for

the red pine stand will terminate.

2. Thinning Rules

rule(fc,implement,treat_8,true,

(

goal(‘Thin‘),

product (‘Large sawtimber‘),

min_ba(Minba),

ba(Ba),

test (Minba > Ba/2),
then,

residual_ba(Minba),

remove (‘Thin‘)

),

[‘When treatment is thin, and product is Large sawtimber,if min _ba °,
‘is greater than basal area/2, then, residual_ba estimated to be ¢,
‘as same as min_ba. ‘

DR

Rules in this category contain the detailed thinning treatments under all circumstances. In
this example, for the timber objective of large saw timber, it gives a treatment (thinning trees

until Residual BA is MIN_BA) under a certain circumstance (BA is less than 2*MIN_BA).
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Also, treatments for other circumstances are provided. Based on these rules, treatments can

always be concluded from tree information.

3. Variables Rules

rule(fc,stand_eval,size_4,true,
(
goal(size),
dbh(D), test(D>5.0), test(D=<9.0),
X1 is 43560/ ((0.866*D+1.47+D*0.053)*(D+1.47+D*0.053)),
places(X1,0,MxT),
X2 is 43560/ ((0.866+D+3.73+D*0.443)*(D+3.73+D*0.443)),
places(X2,0,MnT),
X3 is MxT*D*D*0.005454,
places(X3,0,MxB),
X4 is MnT*D*D*0.005454,
places(X4,0,MnB),
then,
max_tpa (MxT),
min_tpa(MnT),
max_ba(MxB),
min_ba(MnB),
size(‘Pole‘),
remove (size)
),
[‘When dbh is between 5.0 and 9.0, max_tpa is estimated to be ¢,
¢~“M43560/ ((0.866*Dbh+1.47+Dbh*0.053) * (Dbh+1.47+Dbh*0.053)), ¢,
‘“Mmintpa is estimated to be ¢,
¢~“M43560/ ((0.866*Dbh+3.73+Dbh*0.443) *(D+3.73+Dbh*0.443)), °,
‘“Mmax_ba is estimated to be ¢,
¢ “MMax_tpa*Dbh*Dbh*0.005454, and min_ba is estimated to be ¢,
¢“MMin_tpa*Dbh*Dbh*0.005454, and size is estimated to be Pole. ¢

DR

These rules determine the values for variables that are involved in the treatments rules. This
example gives the value for MAX_TPA, MIN_TPA, MAX BA and MIN_BA when DBH is in
the range 5.0 to 9.0 inches.

These three examples show the most common forms of the rules used in FMAS. Rather
than return to the original scientific papers from which these rules were derived, we backward-
engineered the rules in FMAS to extract the rules used in NED. All of the NED rules for

red pine are summarized in English in Chapter 2.
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4.2 FVS EVENT MONITOR

The prescription model provides treatments automatically based on the desired timber objec-
tive. The model was implemented by applying the prescription rules obtained from FMAS
to the growth and yield model (FVS).

In FVS, a simple way of scheduling a treatment in a simulation plan is to schedule the
specific treatment in the desired year. In this way, the treatment is observable for users.
In the prescription model, however, treatments are determined by checking different con-
ditions and computing related parameters. In this model, it is impossible to predict the
years when a treatment needs to be executed or the volume to cut. Therefore, the simple
method of scheduling treatments for specific years cannot be used to implement the pre-
scription model. Another way of scheduling a treatment is conditional scheduling, using the
FVS event monitor. We implemented the red pine and aspen prescription models using this
method.

In the area of forest management, a certain number of variables are commonly used in
deciding treatments. In FVS, some of these variables are already pre-defined, for example,
BBA (Before-thinning basal area per acre) and ATPA (After-thinning trees per acre). Users
can use these variables to define conditional treatment plans directly. However, there are
other variables that appear in the red pine and prescription rules but are not defined in
FVS, for example, MIN_BA (minimum basal area) and MIN_TPA (minimum trees per acre).
In order to make sure that the prescription model can schedule treatments exactly based on
the prescription rules, these variables need to be defined in FVS. The keyword COMPUTE is
used to define this kind of variable so that they can be used to define conditional treatments
in the same way as other variables that are predefined in FVS.

The prescription rules we obtained from FMAS can be rewritten in the FVS keyword
format. With the aid of the F'VS event monitor, treatment prescriptions can be implemented

by the simulation when the triggering conditions are satisfied.
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Figure 4.1 shows part of the treatments statements for red pine in the FVS keyword
format for the multiple products timber objective. In rows 1-12, variables following the key-
word COMPUTE are defined, so that, they can be used in the following FVS conditional
treatment definition. Rows 14-36 list several events that trigger thinning treatments. Each
event starts its conditions from the keyword IF, and its consequence of corresponding pre-
scription treatment follows after the keyword THEN. In the consequence part of the event
monitor, only those FVS keywords that include a parameter indicating the cycle year in which

the corresponding treatment is to be performed can be used with conditional functions.

1 CONPUTE u]

& TrtY¥ear = Z018

3 BA TARG = 1/2*BBL

4

5 MNIN TPAF = 43560/ ((0.566*BEADEH+3.73+BADBH*0.443) * (BADEH+3.73+BADEBH*0. 243) )
& MAX TPAP = 43560/ ((0.566*BADBH+1.47+BADBH*0.053) * (EADEH+1.47+BADBH*0.053))
7 MIN BAF = MIN TPAP*EADEH*BADEH+*0.005454

5 MAY BAP = MY TPAP*BADEH*EADEH*0.005454

S BA TRIGP = MIN BAF + MAX BAF

10  BA TARGF = 1/Z*%BA TRIGF

11 ...,

12 END

13 =

14 IF

15 TEAR GE Trt¥ear AND £

16 BADEH GE 0O AND BADEH LE 2.0 AND &

17 BBL GT 160

18 THEN

19 THINBEA a.o PALRMS (BA_TARG, 1.0, 0.0, 599.0, 0O, 593)
20  ENDIF

21 *

z2z IF

23 YEAR GE TrtYear AND £

Zz4 BADEH GE O AND BADEH LE 2.0 AND &

Z5  EBBA LE 160

Zz6 THEN

27 THINEBA 0.0 PAEM3 (50, 1.0, 0.0, 299.0, 0, 9939)
28 ENDIF

29 *

11

i1 IF

32  YEAR GE TrtYear AND £

33  BADEH GT 16

34  THEN

35 THIMEEBA a.o0 a.o0

36 ENDIF

Figure 4.1: FVS treatment definition in keyword format
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4.3 INTEGRATION

The difference between the prescription model and the already existing treatment plan simu-
lation process in NED-2 is that the prescription model is knowledge based and it also uses a
new way of scheduling the treatment. In order to integrate this new model, NED-2 needs to
be able to deal with the knowledge base as well as the conditional scheduling of treatments.
Two predicates, mdb2fvs and fus2mdb, which are responsible for the communication between

FVS and the NED-2 database, need to be changed for this integration.

4.3.1 MDB2FVS

We have discussed a little about mdb2fvs in the previous chapter. It contains the code to
produce two kinds of FVS input files: a tree data file (*.fvs) and a keyword file (*.key) from
the NED-2 database. The structure of the tree data file for the prescription model is the
same as it is for the standard simulation process in NED-2. Therefore, no changes are needed
for the production process of the data file. However, the simulation processes are different
for the prescription model and the standard NED-2 treatment plan. Since the keyword file
contains the instructions that FVS uses to simulate treatments, changes are needed in the
code that writes this file for simulations where the prescription models will be applied.

In NED-2, information in the keyword file statements for FVS is taken mainly from
the database [Scenario_designs| table. For the prescription model, there is also a similar
relation between the keyword file and this table. Figure 4.3 shows the database table [Sce-
nario_designs] for the prescription plan in Figure 4.2. In the scenario_designs_treatment_id
field in the table, we see the selected timber objective. In fact, we have a separate rule
for each timber objective for red pine, and also for aspen. The user selects the prescriptive
treatment that includes the timber objective he wants to achieve.

A keyword file consists of 4 parts (the header, the time interval, the treatments and the
body), produced by 4 different sub-predicates. The third part (the treatments) controls the

process of treatments execution and is the most important in the keyword file. From our
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Stands models 20038 | 2028 2038 2043 2058
stand 1 Fva s
vl regen

Figure 4.2: Plan with prescription model
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SCENARIO | STAND | SEQUENCE | SNAF‘SHOT| scenario_designs_function_id | scenario_designs_treatment_id | scenario_designs_year
0 inventory inventory_entered 2008

1/ inventary pseudo_plots 2008

-999 grow grovy 2018

-999 prescription Red pine prescription - Small poles 2018

-999 grow growe 2028

-999 grow grow 2035

-999 grow grow 2048

-999 grow grow 2058

[ap I R R o e Rt

Figure 4.3: Table Scenario_designs

previous discussion of mdb2fvs, we know that the difference for each treatment plan comes

from the treatments part in the keyword file. This treatments part is produced by the sub-

predicate mdb2fvs_writeKeyFile_C/3. The auxiliary predicate used to add the conditional

prescription to the keyword file in this process is defined as following,

mdb2fvs_writeKeyFile_C_x([[Prescription,TrtYear,_] |Rest],Variant,TmpTxt,TrtTxt)
prescription_KB(Prescription,KB),
absolute_file_name (kbs(KB) ,Path),

*

ensure_loaded(Path),
prescription(Prescription,ForestType,TrtYear,Txt),

cat ([TmpTxt,Txt] ,NewTmpTxt,_),
mdb2fvs_writeKeyFile_C_x(Rest,Variant,NewTmpTxt,TrtTxt) .

To implement the prescription model, the corresponding prescription rules need to be loaded

and added into the treatments part. The predicate prescription_ KB/2 locates the file that

keeps all of the prescription rules so that the system can load these rules. Specifically, the
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prescription rules are stored in the redpine.kb knowledge base file under the folder KBs.

They are written in the following form:

prescription(Treatment, ’PIRE’ ,TrtYear,Text)

The first parameter is the timber objective written in the form of ‘Red pine prescription
- * (* is the name of the treatment objective:, Small poles, for example), and ‘PIRE’ is
the species code for red pine. The third parameter TrtYear states the beginning year that
the prescription rule starts to apply to the stand. The last parameter is the content of the
prescription rule. This is the exact text of the set of variable definitions and conditional
treatments that will be inserted into the keyword file (see Figure 4.1).

After loading the prescription rules, the set of rules for the selected timber objectives can
be retrieved and written into the treatments part of the keyword file. Whenever the Prolog
agent sees a red pine or aspen prescriptive treatment in the [Scenario_designs| table, it uses
this process to produce the keyword file containing the conditional scheduling treatments to

be interpreted by the FVS event monitor.

4.3.2 FVS2MDB

Similar to mdb2fvs, fus2mdb is also used for communication between the NED-2 database
and FVS. It is responsible for interpreting new data in the tree list file which is generated
by FVS and writing these data back into the NED-2 database.

Since we use the F'VS event monitor for scheduling conditional treatment, the thinning
actions cannot be predicted before the running of the simulation. Treatments produced by
the FVS event monitor are not indicated in the original [Scenario_designs| table as they
would be if the user scheduled a specific treatment in a specific year. In this case, new
snapshots which represent these new treatments need to be created and inserted into the
correct positions within the database table. The order of the snapshots is based on the cycle

years in which the treatments are scheduled to happen. At the same time, those snapshots
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with cycle years after these treatments’ cycle years need to have new SEQUENCE values
calculated for them. Therefore, all snapshots are sorted in the order of their cycle years.

Figure 4.3 shows the [Scenario_designs| table settings before simulation of a prescriptive
treatment for red pine. Since a timber objective (Red pine prescription - Small poles) is
selected in year of 2018, only one new snapshot which is related to this prescription is added
into the snapshots list in the same scenario. After simulation, all treatments that are triggered
by satisfying the required conditions need to be included in the [Scenario_designs| table so
that snapshots representing all of the tree growth and treatments can be updated for the
related database tables.

The process of updating snapshots is implemented by predicate fvs2mdb, specifically,
its auxiliary predicate fus2mdb_updateScenario_designs/6. For the simple case where specific
treatments are scheduled for specific years, this predicate is in charge of creating new snap-
shot records and inserting the corresponding snapshot number into the [Scenario_designs]
table at the point where the treatment appears. For the prescription model, since the treat-
ments are triggered at a year later than the year where the user entered the prescription,
the code also needs to be able to add complete new records to the [Scenario_designs] table
which represent tree treatments generated by the prescription rules.

Part of the code is changed in the predicate fus2mdb_updateScenario_designs/6 in NED-2
to accomplish this. Therefore, new records representing the prescription treatments can be
inserted into the [Scenario_designs| table. Specifically, the predicate checks the FVS output
tree list file. When it comes to a cut list which represents that a prescription treatment is
triggered, it will change the [Scenario_designs] table by inserting a new record which repre-
sents this treatment, and change the SEQUENCE values for the records that are scheduled
to happen after this treatment. In order to distinguish prescription treatments and other
treatments, we also insert the value ‘prescription’ in the scenario_designs_function_id field
in the [Scenario_designs]. This field has the value ‘grow’ or ‘treatment’ for standard, non-

prescriptive NED-2 plans.
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Figure 4.4 shows the updated [Scenario_designs] table before a prescription treatment

is processed. Figure 4.5 shows that a new record related to a prescription treatment which

happened in 2028 has been inserted into the database table. Also, the SEQUENCE values

for the records that are scheduled to happen after the year 2028 are revalued.

SCENARIO [ STAND [ SEQUENGE | SNAPSHOT [ scenario_designs_function_id |

scenario_designs_treatment_id | scenario_designs_year

|| 0 0 -1 0 inventory inventory_entered 2008
|| 0 0 0 1/ inventary pseudo_plots 2008
L 1 0 1 2 grow grow 2018
|| 1 0 2 -999 prescription Red pine prescription - Small poles 2018
|| 1 0 3 3 grow Qrow 20285
|| 1 0 4 -999 grow growe 2038
|| 1 0 8 -999 grow grovy 2048
|| 1 0 B -999 grow Qrow 2058
»
Figure 4.4: [Scenario_designs| partly updated before a new record is added

SCENARIO | STAND | SEQUENCE | SNAF’SHOT| scenario_designs_function_id | scenario_designs_treatment_id | scenario_designs_year
|| 0 0 -1 0 inventory inventory_entered 2008
|| 0 0 0 1/ inventary pseudo_plots 2008
L | 1 0 1 2 grow grow 2018
|| 1 0 2 -999 prescription Red pine prescription - Small poles 2018
|| 1 0 3 3 grow Qrow 20285
|| 1 0 5 -999 grow growe 2038
L 1 0 5 -999 grow grow 2045
|| 1 0 7 -999 grow grow 2028
|| 1 0 4 4 prescription prescription 20285
»

Figure 4.5: a new snapshot record is added into [Scenario_designs| table

Figure 4.6 shows the [Scenario_designs| table after all prescription treatments have been

added into the table. Even though the prescription starts from 2018, no treatments happened

in this year. Therefore, the snapshots for growing and treatment in this year are the same

and SNAPSHOT wvalue for the prescription snapshot is set to be the same as the growing

snapshot. The prescription starts in 2018, however, the real prescription treatments are

triggered in 2028, 2038 and 2048.

After inserting all of the new records that correspond to the triggered treatments (Figure

4.6) into the [Scenario_designs] table, the NED-2 “View Stand Snapshots” function in the

NED-2 interface can display all snapshots including prescription treatments in the appro-

priate order.



37

SCENARIC [ STAND [ SEQUENCE | SNAPSHOT [ scenario_designs_function_id | scenario_designs_treatment_id [ scenario_designs_year
|| 0 0 -1 0 inventory inventory_entered 2008
|| 0 0 0 1/ inventory pseudo_plats 2008
|| 1 0 1 2 grow Qrow 20185
|| 1 0 2 2 prescription Red pine prescription - Small poles 2018
|| 1 0 3 3 grow grow 2028
|| 1 0 =) 5 grow grow 2038
|| 1 0 7 7 grow grow 2048
|| 1 0 9 9 grow Qrow 2058
|| 1 0 4 4 prescription prescription 2028
|| 1 0 5] B prescription prescription 2038
|| 1 0 8 3 prescription prescription 2045

)

Figure 4.6: [Scenario_designs| table completed with updating records

4.4 ASPEN REGENERATION

Besides the prescription rules, another difference between the prescription models for aspen
and red pine is that for aspen there is a regeneration process. When a harvest or clear-cut
is executed, the management model for a red pine stand terminates; while for an aspen
stand, the site is open and sprouts will come out from the roots of harvested plants. The
prescription rules continue to apply to the newly generated aspen.

FVS has a built-in regeneration model and regeneration occurs throughout the simula-
tion. However, for the prescription model we want to suppress this “establishment” regener-
ation since it interferes with the computation of the variables that trigger treatments. The
commands to do this are included in the text that is written into the keyword file. A new
regeneration process will be triggered when the clear-cut is executed. The number of newly
regenerated aspens is estimated by a linear interpolation of the number of trees that were

clear-cut.



CHAPTER 5

IMPLEMENTING PRESCRIPTIONS FOR UNEVEN-AGED LOBLOLLY/SHORT-LEAF PINE

MANAGEMENT

5.1 INTRODUCTION

Loblolly /short-leaf pine is an important forest type in the Southern United States. It not only
provides commercial value to forest owners, but also plays an important role in maintaining
a balanced ecosystem. For the last half century, the forest industry has paid much atten-
tion to the even-aged management of this forest type. However, many private forest owners
in the Southern United States also have forest lands. Many of these forests are not well
stocked to be managed as even-aged stands. In order to provide these private forest owners
a periodic income, another type of management that aims for uneven-aged stands is needed
[16]. Researchers from the USDA Forest Service have summarized the expert experience and
research on uneven-aged silviculture of loblolly /short-leaf pine stands. These results are a
good guide for the management of uneven-aged loblolly/short-leaf pine [1].

Since expert knowledge is available for the management of uneven-aged loblolly/short-
leaf pine, it is possible to implement a dynamic computer advisory system which can make
full use of this knowledge. In 2000, an expert system for this was developed by Mingguang
Xu. This system realized the function of management for uneven-aged loblolly/short-leaf
pine with the aid of expert knowledge. However, forest owners may need other functions and
a single expert system may not satisfy their needs. NED-2 is a decision support system which
can provide different functions to meet various forest management goals. It is beneficial to
integrate the prescription model for the management of uneven-aged loblolly /short-leaf pine

into NED-2.

38



39

Similar to the prescription models we discussed in the previous chapter, the prescrip-
tion model for the management of uneven-aged loblolly /short-leaf pine also uses the FVS
simulator but with the southern variant. However, there is an important difference between
the even-aged and uneven-aged. For the first two models, all variables that the prescription
rules depend on can be fully computed or expressed in FVS, which makes it possible to
use the conditional scheduling function of the FVS event monitor to implement these two
models. But for the uneven-aged loblolly /short-leaf pine prescription model, one of the most
important variables used in the prescription rules is the difference between the merchantable
basal area for the present year and that of its previous cycle year, and this value cannot be
computed or expressed in FVS.

Because of the difference we discussed above, the prescription model for the management
of uneven-aged loblolly /short-leaf pine needed to be implemented in a different way. We will

discuss the implementation process in the following part of this chapter.

5.2 SIMULATION SCHEMA

Since the prescription model for uneven-aged loblolly /short-leaf pine cannot be implemented
by just using FVS, we will separate the whole process into two sub-processes: condition
checking and simulation. These two sub-processes will be called repeatedly.

Condition checking is an auxiliary process for simulation. Specifically, it provides treat-
ment information by computing the growth value of merchantable basal area and deciding
when and how to thin the trees based on the knowledge base. The simulation process will be
implemented in the FVS simulator, combining corresponding treatment information obtained
from the previous condition checking. For one scenario plan of the prescription model, these
two processes will be executed more than once.

To illustrate the whole process, we make a scenario plan with n cycles of years. Suppose
we select the 1% cycle year to start the prescription model. For the following series of figures

from Figure 5.1 to Figure 5.4, the black line arrow indicates the year when the prescription
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model starts, while the red dotted arrow indicates the year when conditions are satisfied and

the specified treatment is applied.

\ Baseline year \ 1% cycle year \ 2" cycle year \ \ Nt cycle year

Figure 5.1: a scenario plan with prescription model inside

The prescription model will first run the FVS simulator for all cycle years without any
treatments. This process is in fact a pure growth simulation. Using the simulated growth
data for each cycle year, we can compute the change in merchantable basal area for any
cycle year. With this information available, NED-2 can proceed to the conditions checking
sub-process. This sub-process will check the treatment conditions for each cycle year starting
from the one when the prescription model is selected until it finds the first cycle year which
satisfies the condition. Correspondingly, a treatment will be triggered by the condition and
the detailed information for the treatment will be computed based on the knowledge base.
Treatment information will be copied back into FVS and the simulation sub-process will
restart with this obtained treatment included. These two sub-processes will be repeated
until all cycle years have been checked. For each round of the simulation sub-process, all
treatments obtained up to this round will be included in the FVS treatment part.

The process for the scenario plan in the loblolly/short-leaf pine prescription model is

described as below.
1. Use FVS to simulate the entire scenario plan without any treatment inside (Figure 5.1)

2. Condition checking: find the first cycle year when a prescription treatment is triggered

by checking the conditions outside of FVS (In this example, some treatment-triggering

2nd

condition is satisfied in the cycle year)

| Baseline year | 1% cycle year | 2™ cyAcle year | | N cycle year |

Figure 5.2: prescription model: condition checking
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3. Simulation: simulate the entire scenario plan again with the treatment obtained from

step 2 included.

Baseline year 1% cycle year 2" cycle year Nt cycle year
(treatment)

T ¢

Figure 5.3: prescription model: simulation process with a treatment

4. Repeat steps 2-3 until all cycle years have been checked for the prescription rules, and
for each round of running step 3, all the treatments obtained including the former ones

will be kept and executed.

Baseline year | 1% cycle year | 2™ cycle year Nt cycle year
(treatment) (treatment)
'y 7'y

T i ;

Figure 5.4: prescription model

5.3 LOBLOLLY AGENT AND IMPLEMENTATION

In order to implement the previously discussed simulation schema for the prescription model
of loblolly /short-leaf pine, we introduced another agent called loblolly into NED-2. This
agent controls the simulation process by running between the FVS simulator and NED-2
computation.

The running process for the loblolly agent can be summarized in Figure 5.5 (the dotted
square indicates the loblolly agent).

When a loblolly prescription is posted in a certain cycle year within a scenario plan
(Figure 5.6 Scenario_designs table), as the simulation starts, a request for loblolly prescrip-
tion will be inserted into the blackboard requests list ahead of all others. This is done by the
predicate mdb2fvs, specifically, by the sub-predicate mdb2fvs_writeKeyFile_C' (Figure 5.7).
When a loblolly prescription is found in the treatment list, it will first be removed from the

treatment list. A new request for loblolly prescription will be inserted into the beginning of
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request(loblolly prescription(Stand,Scenario,year))

Find the 1% snapshot that

satisfies the prescrintion rule
y

treatment

this snapshot is the

last one in the list

Erase this request

v

request(loblolly prescription
(Stand, Scenario, year2))

FVS

y

Erase this request

Figure 5.5: Loblolly agent

the request list on the blackboard. This new request contains detailed information about the
prescription, including scenario_plan_id and stand_id as well as the starting time when this
prescription applies.

Since no thinning treatment is left in the treatment list, this round of simulation will
continue without treatment by the FVS simulator.

After the first round of growth simulation, the simulation agent will release control of

the NED process. Now, all agents will start a new round of control watching by checking
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SCENARIO | STAND | SEQUENCE | SNAF‘SHOT| scenatio_designs_function_id | scenario_designs_treatment_id | scenario_designs_year
|| 0 0 -1 0/ inventory inventary_entered 2008
|| 0 0 0 1 inventory pseudo_plots 2008
|| 1 0 1 5999 grow grove 2013
|| 1 0 2 999 treatment Loblolly Prescription 2013
|| 1 0 3 5999 grow grove 2018
|| 1 0 4 999 grow grow 2023
|| 1 0 5 5999 grow grove 2028

4

Figure 5.6: Table Scenario_designs before prescription model runs

mdb2fvs_writeKeyFile_C(Scenario,Stand,Treatments,Variant,TrtTxt) :-
remove([’Loblolly Prescription’,StartYear,_],Treatments,NewTreatments),
retract (request ([fvs_plan|Rest])),
assert(request([fvs_plan,loblolly_prescription(Scenario,Stand,StartYear) |Rest])),
mdb2fvs_writeKeyFile_C_x(NewTreatments,Variant, ¢ ¢,TrtTxt)

’

mdb2fvs_writeKeyFile_C_x(Treatments,Variant, ¢ ¢,TrtTxt).

Figure 5.7: mdb2fvs_writeKeyFile_C

request information on the blackboard. Since the first item in the requests to do list is the
request for loblolly prescription, that is, loblolly_prescription(Scenario,Stand,StartYear), the
loblolly agent will take control.

First, the loblolly agent will find all snapshots (starting from the cycle year that the
prescription model applies to the end of the scenario plan) that need to be checked by the
prescription rules. Among all of these snapshots, it will look for the first one that satis-
fies treatment conditions in the knowledge base and find the corresponding treatment. The
treatment conditions use the change in merchantable basal area in one cycle year. Triggered
treatment will be written into the blackboard as a fact for the future use in the following

form,

fact(treatment ([snapshot = current],Treatment(Residual_BA)), _, _, _ ).



44

The treatment is in the form of a structure with the F'VS keyword thinaba and a parameter
for this keyword representing the desired residual basal area. This information decides the
thinning treatment and can be used in the next round of the FVS simulation subprocess.
The new treatment will be rewritten into the database table Scenario_designs (Figure 5.8)

by loblolly agent.

SCENARIO | STAND | SEQUENCE | SNAF‘SHOT| scenatio_designs_function_id | scenatio_designs_treatment_id | scenario_designs_year
|| 0 0 -1 0/ imventary inventory_entered 2008
|| 0 0 0 1 inventory pseudo_plots 2008
|| 1 0 1 2| grove grow 2013
|| 1 0 2 2 prescription Loblolly Prescription: thinaba'101.51 2013
|| 1 0 3 3| growe grow 2018
|| 1 0 4 4 grow grow 2023
|| 1 0 5 5| grove grow 2028

4

Figure 5.8: Prescription treatment information in Scenario_designs table

If the cycle year for the obtained treatment is the same as the year when the pre-
scription model starts, the record with “Loblolly Prescription” filled in the field of sce-
nario_designs_treatment_id will be replaced by the new treatment; otherwise, a new record
will be inserted into this table as a treatment snapshot. When a new record is inserted, the
SEQUENCE values for records whose scenario_designs_year are after the year of this new
record need to be recalculated so that simulation will happen in the right order. The treat-
ment prescription in the scenario_designs_treatment_id column is in the form of “Loblolly

okl (¥ represents the value of the residual basal area as shown in

Prescription:thinaba
Figure 5.8).

With the treatment prescription indicated in the Scenario_designs table, FVS can be
called by the loblolly agent to resimulate the plan. In this process, two files must be created
as input for FVS running. Similar to the previous prescription model, no change is needed
for the tree list file; while for the key file, some work needs to be done to translate the
prescription treatment in the Scenario_designs table into the format that FVS can read.

This is implemented inside of the predicate mdb2fvs_writeKeyFile_C_z, which is in charge of

the treatment keyword part. Two clauses,
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cat(TreatmentList,TreatmentParts, [22,1,7,1]),

TreatmentList = [’Loblolly Prescription:’,_,Treatment,_,BA]
make sure that we can get treatment information from the form ‘Loblolly Prescrip-
tion:thinaba*** ’ which exists in the database. With this information extracted from the
database, the keyword file entry can be created for the corresponding prescriptive treatment.
In order to maintain the structure of the uneven-aged loblolly stand and get a sustainable
periodic income, some amount of loblolly pines planting can be prescribed after this thinning

treatment. An example of a prescriptive treatment in the keyword file is displayed in Figure

5.9.

NoTriple

thinaba 2013 101.51 1.00 0.0 999.0 0.0 999.0
ESTAB 2013

PLANT 2013 LP 50

END

CutList 0 3. 1 0

TreelList 0 3. 1 1 0 0 0

Figure 5.9: Treatment part in the keyword file

In the simulation sub-process, predicate mdb2fvs will also check whether there are some
cycle years left after the last prescription treatment year; if there are, the old loblolly pre-
scription request will be replaced by a new one in the beginning of the request list on the
blackboard. The starting year for this new loblolly prescription request will be the first year
after the previously generated prescription treatment. After FVS simulation, the loblolly
agent will finish its task and release control of the NED process. If the first request in the
request list on the blackboard is still a request for loblolly prescription, the loblolly agent
will be activated again and the two sub-processes will be repeated again. When the loblolly
agent cannot find a snapshot that satisfies the prescription rules, it will release control of
processing.

For each round that the loblolly agent runs, it always looks forward for new snapshots

that have not been assigned any treatments. If a treatment is triggered, it will be added
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into the Scenario_designs table with a specific snapshot. All previous generated treatments
will still be kept in the table. In the last round of simulation, this table (Figure 5.10) will
contain all prescription treatments that are prescribed to trees in the stand based on the

prescription rules.

SCENARID | STAND | SEQUENCE | SNAPSHOT| scenario_designs_function_id | scenario_designs_treatment_id | scenario_designs_year
L | 0 0 -1 0l inventory inventory_entered 2008
|| 0 0 0 1 inventory pseudo_plots 2008
L | 1 0 1 2 grow oo 2013
|| 1 0 2 3 prescription Laoblolly Prescription: thinaba101.51 2013
L | 1 0 3 4 grow oo 2018
|| 1 0 4 5 prescription Loblolly Prescription: thinaba'83.01 2018
L | 1 0 5 B grow oo 2023
L | 1 0 g 7 prescription Loblolly Prescription: thinaba76.56 2023
|| 1 0 7 8 grow grove 2028
L | 1 0 g 9 prescription Loblolly Prescription: thinaba’s?.25 2028
4

Figure 5.10: Table scenario_designs in the final round

With all prescription treatments available, the final round of FVS simulation will get

results for this complete set of prescriptive treatments.



CHAPTER 6

CONCLUSIONS

This thesis discusses the implementation process for integrating prescription models of even-
aged red pine and aspen stands, and uneven-aged loblolly /short-leaf pine stands, into NED-
2. These prescription models can plan automatic periodical thinning treatments based on
related expert knowledge.

In NED-2, FVS was used to simulate a predefined treatment on a specific year which
cannot be changed during the simulation process in a scenario plan. For the prescription
models, a conditional treatment function is also integrated into NED-2, which makes it
possible to do the dynamic treatment prescription based on the prescription rules.

However, these prescription models will actually not be turned on until NED-3. The
reason for this is that the NED user interface has to be modified to delete all the post-
prescriptive-treatment snapshots from the working file if the user’s plan is changed in any
way. Those changes to the NED user interface are not included in NED-2 and will not be
implemented until the next version of NED. However, this did not interfere with the testing
program for the prescription models. We were able to test all three prescription models in
a modified version of NED-2. This allowed us to insure that the models actually worked
as intended. The only function that was missing was the ability for the user to “undo” a
simulation based on one of the prescription models if he changed a treatment plan for a

stand.
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