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The Use of a Dynamic Digraph Structure in a Population

Simulation Model for Grain Sorghum
I. INTRODUCTION

Sorghum (often referred to as milo) has, through
successful research efforts, grown to be one of the leading
world crops both in production area and in food value. As
of 1969, sorghum ranked fifth in acreage of crops in the
world, being exceeded only by wheat, rice, corn, and barley.
Ferhaps of greater importance is the fact that it is a major
food crop in the most heavily populated regions of the
world. The three top producers of sorghum in 1970 were the

United States, Mainland China, and India.

Because of its resistance to drought and heat, sorghum
has been a prominent crop in the southern half of the Great
Plains area since the early 19th Century. It was a highly
successful 1livestock food for the early pioneer farmers
especially in the semi-arid regions. Also, doe primarily to
research, sorghum production grew seven-fold between 1940
and 1968 alone, and as a result, it has become an important
cash crop for the American farmer. The development of early
maturing varieties allowed expansion to the higher altitudes
to the west and cooler areas to the north. Shorter
varieties alloved automation of harvesting while development
of insect and disease resistant hybrids have increased per

acre production considerably.
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Kansas ranks second only to Texas in total sorghum
production and has played a key role in the continued
improvement of sorghum. Significant contributions have been
made and are presently being made by the agricultural
experiment stations of Texas and Kansas. One 7such
contribution was the development in 1975 of the first
-computer simulation model for grain sorghum by Drs. G. F,.
Arkin and J. T. Ritchie of the Blacklands Conservation
Research Center, Tenmple, Texas and Dr. R. L. Vanderlip of
the Agronomy Department at Kansas State University <1>.,
Tohis model was developed primarily as a tool for improving

management decisions for increased sorghum crop production.

The Arkin, Ritchie, Vanderlip model was based upon
simulating a single sorghum plant from emergence to maturity
under the weather amd soil conditions given for the sorghum
field under consideration. 1A pet acre production figure was
derived by multiplying the production of the single plant by
the number of sorghum plants per acre. This model, which
will be referred to as the Single Plant Model, was a fairly
sophisticated model with a good degree of accuracy.
However, a detailed study of the Single Plant Model showed a
complete lack of program structuring and internal
documentation. More importantly, the study raised the
guestion as to the accuracy of modeling an entire field
based upon the output of one single plant. For example, in
the original sinulatioﬁ model, no consideration was given to
field variables such as soil variability, seed distribution,

emergence date variance, and plant leaf area and tillering.
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The current project was instigated to design a field
level simulatibn model which: 1) would have a modular
structure, 2) would have sufficient internal documentation,
and 3) would expand the model deveioped-'by Drs. Afkin,
Ritchie, and Vanderlip to - include simulation of the
variability within a field of sorghug. The new simulation
model developed during this project will be referred to as
the Field Level Model. The basis of this model is a data
structure representing a directed graph (digraph). Each
node in the data structure will represent a portion of the
field which has some significant difference from the rest
of the model. The digraph is the result of plotting the
nodes from day to day as they diverge and converge (see
figure 3). For example, if half of the field holds water
very well while the remainder can not, then the model would
be split (the graph will diverge) into two equal pacts (or
nodes) each of which will be simulated based  upom its
separate characteristics. The nodes will also be allowed to
merge (or converge) if the difference between the two parts
is eliminated. If in the above example it rains enough to
allow sufficient water for the entire field then the nodes
would converge. The converging and diverging of nodes will
be based upon internal policies programmed into the model at
a later date. It is the objective of the current project to
develop the data structure and prove that it is applicable

and useful.



ITI. The Single Plant Model

It is difficult to present the workings of the Single Plant
Hodel because of the initial 1lack of modularity and program
structure. To overcome this broblem the model willr be
presented in a more logical format with proper
modularization and program flow. This represents the
state of the model after it was reorganized for use in the

Field Level Model but before any new modules were added.

Figure 1. gives a high 1level diagram for the Single
Plant Model showing the various subroutines in the order
that they are called. Figure 2. shows a hierarchy diagram
of the model before modularization was undertaken. The
main routine initializes the critical variables to zero and
reads the remaining constant variables from cards. These
variables éepresent plant data, soil data, planting data
and location data, all of which remain unchanged throughout
the simulation. Table 1 gives a breakdown of the
information used in each data type.

After the constant data has been read, up to one year's
climatic data is read. This data gives the maximum and
minumum temperatures, solar radiation, and rainfall. As
each day's climatic data is read, the day's evaporation is
calculated by the sulkroutine EVAP. This value is subtracted
from the available water content of the so0il by a second
subroutine called SOLWAT. SOLWAT also adds rainfall amounts
to the soil contents when applicable and then calculates the

moisture limiting factor for photosynthesis. Both of these



TABLE

Plant Data
Leaf number -- total number of leaves produced
Leaf area -- maximum area of each individual leaf,

Planting Data
Planting date
Plant population
Row width

Row direction

Climatic Data (daily from planting to maturity)
Maximum temperature, C
Minimum temperature, C
Solar radiation, langleys per day

Rainfall, ca

Location Data
Extractable soil water capacity, cm
Initial extractable soil water content, cm

Latitude

Table 1. Input data required.

cm2
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subroutines will be used again when growth simalation
begins. After 511 the climatic data has -been read, the
emerdgence module (EMRGNC) is called to calculate emergence

date of the single plant based upon mean daily temperature.

Bach sorqghum hybrid has a maximum number of leaves
which will develop and a maximum leaf area for each leaf.
The mnodel 1is heavily based upon the amount of 1light
intercepted by the plant. Therefore, the 1leaf area per
plant must be known. Field and phytotron studies have shown
that the rate leaves appear on grain sorghum 1is directly
related to mean daily temperature. The next step is to call
the lsaf appearance module to calculate the date each leaf

appears (subroutine LEAFAP) based on mean daily temperature.

These first three stages are completed in preparation
for the actual daily growth simulation. A large loop is
established beginning on the date of emergence and ending
either at plant maturity or the last date climatic data was
supplied, whichever comes first. Within this loop there are

seven stages or modules (1).

The first stage calls the module LEAF which calculates
the expansion of each leaf and adds this amount to the area

of that particular 1leaf. This figure will then be used to

(n This loop with some modifications will later be
referred to as the Daily Simulation Control Routine or
DSCR.
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calculate the amount of 1light intercepted by the plant.
Leaf senescence (death due to aging) is accounted for by
subtracting the maximum leaf area of the first leaf from the
total leaf area at the time the twelfth leaf has reached its
maximum area. This process then continues for each
successive leaf which appears after the twelfth leaf. Once
all the leaves have appeared the modeling of senescence
continues by subtracting 0.4 percent of the total leaf area

from the total area each day until maturity.,

In the second and third stages, the EVAP and SOLWAT
routines are called again to give the daily water
evaporation and to update the soil water content,
respectively. During initialization these routines were
called to establish the soil condition for each day under
the assumption that no plant was present. This data is now
used as input on a daily basis and new figures are
calculated based upon the presence of the sorghum plant.
Although this seems to be a fine point on the differences
between the initialization calls to EVAP and SOLWAT and the
simulation calls, it is an important point. This is
especially true for SOLWAT which takes the evaporation
figures from EVAP and separates them into soil evaporation
and plant evaporation both of which are taken from the soil
content figure, The division is important from two
standpoints; first in the initial calls no plant
evaporation occurs, tﬁns affecting the soil content in a
different manner, and secondly in the simulation calls the

moisture limiting factor for photosynthesis which is derived
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in SOLWAT is a major factor on plant growth.

The fourth stage 1is for the simulation umodel to
determine the stage of plant development. There are three
important stages in the development of grain sorghum and the
model must identify the current . stage in order to apply
certain important growth factors. The subroutine STAGE does
this based upon the date that certain leaves reach their
maximum leaf area which is an output from the LEAF routine.
STAGE sets a common variable representing the plants
development stage which is then referenced by the final

three stages.

Stage five of the plant simulation is the most
sophisticated and technically based portion of the model.
In this stage the PHOTO subroutine is called to calculate
the potential photosynthesis of the plant under each day's
conditions. Since 1light interception is the most critical
element in the model, the shading of leaves both from the
plant itself and from neighboring plants becomes a critical
factor. Complicating the problem is the fact that shading
within the plant's canopy is dynamic, that is, it changes
with the sun's altitude and azimuth and with plant's size,
To account for these dynamic interactions the PHOTO routine
applies a mathematical model developed by Arkin and Ritchie
<2> to simulate the light interception in the grain sorghum

plant canopy.

- Using this model, PHOTO estimates the net potential
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photosynthesis in terms of the amount of carbon dioxide
fixed during daylight hours under certain éomnon conditions..
The calculations are made and summed for each hour of the
daylight portion of the day. The result is a daily figure

representing potential photosysthesis.

In stage six the potential photosynthesis is passed to
the RPHOTO routine where a series of efficiency functions
are applied to the data. These functions modify the
potential photosynthesis to reflect a more realistic value
based upon non-optimum temperatures and soil water
conditions. There is an efficiency parameter for each
environmental constraint on the photosynthetic rate.
Examples of these would be night-time respiration loss,
tenperature conditions and soil water conditions. As an
example of their effect, all photosynthesis stops below the
temperature of minus five aegreés C; thus all potential
photosynthesis calculated below that temperature would be
subtracted to give a zero rate for each hour the temperature
vas below minus five degrees C. Similarly, reduction in
photosynthesis due to limiting soil moisture has been shown
to be proportionate to the reduction in plant evaporation
resulting from the limited water availability <7>. fThere is
a threshold of extractable soil moisture below which plant
evaporation is affected. This threshold is dependent upon
the particular soil and enters the model as a single soil
-uater holding capacity variable. The extractable soil water
is determined daily by the model using a modified soil water

balance routine "developed by Ritchie <6>. Once the water
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available has been reduced to 25% of the soil holding

capability an effect upon net photosynthesis is seen.

The seventh and final stage of the Single Plant Model
is the GROW routine. It is within this routine that all dry
matter is partitioned between the various plant parts (root,
leaf,culm, head, and grain). The basis of the distribution
is the stage of development which is an output from the
STAGE routine. The plant's growth 1is broken into three
major phases and each phase gives a different dry matter
distribution. Each part'!s weight is kept on an

acculmulative basis from day to day until maturity.

After the GROW routine has calculated the day's growth
factors and they have been added to the plant's development,
the model loops back to stage one and begins simulating the
next day's growth. . Final maturity is based upon 1.6 times
the number of days to half-bloom (anthesis) which, in turn,

is based upon leaf development.

In summary, the model goes through seven stages each
day with each stage applying critical factors progressively
until the final stage where the day's growth estimates are
partitioned into the various plant parts. The plant's
maturity date is calculated as a fuonction of 1leaf

development. These steps are summarized in Figures 1 and 2.
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III. OBJECTIVES AND APPROACHES

The following are the four main objectives of this

project.

1. To add internal documentation to the main

routines of the Single Plant Model.

2. To modularize the model into logical units in

preparation for later updates and replacements.

3. To develop an acceptable approach to
extending the Single Plant Model to a

field population model.

4. To prove the validity of the approach
by implementing divergence due

to variations in emergence dates.

The first two objectives were to represent only about
five percent of the project effort. The development of the
field ﬁodel was expected to account for approximately 40% of
the project effort, while the remaining 55% was dedicated to
converting the Single Plant Model 4into a field model in

accordance with objective four.

A limited literature search was undertaken to study
some of the more widely used plant simulation models.

Included in the study was a cotton model developed at
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Missippippi State <5>, a vegetative plant growth model <8>,
a sugar beet model <4>, and a distribution model of organism
Development times <3>, Although several of the models
studied presented alternate approaches, the result of the
study was that no new approach would be undertaken and the
project would be oriented toward the Single Plant Model
because of the large amount of local time and effort already
committed to the Single Plant Model and the successes seen

in its development.

Because of the already large size of the program that
simulates the Single Plant Model (86K-bytes), the problem
vas to develop an approach which would not greatly increase

the model's core requirements or run tinme.

The first serious approach considered was to partition
the sorghum field 3into a variable number of segments, each
of which would represent a specified combination of field
variables. For example, a field consisting of two basic
soil types, 60% of one and 40% of another would be split
into two partitions representing 60% and 40% of the field,
respectively. These partitions would then be
sub-partitioned based wupon a second variable, for example,
there might be three separate emergence dates representing
30% energence on day one, 40X on day two, and 30% on day

three (2). This results in six partitions representirg 18%,

(2) That is 30% of all the plants which will emerge do so
on the same day the first plant emerges while 40% emerge
on the next day and all remaining plants emerge on day
three.
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12%, 2u%, 16%, 18%, and 12% of the field. The process would
continue for each field variable appliciable to the model.
The Single Plant Model would then be called to simulate each
partition and a total field produétion would be estimated by
veighting each partition based upon the percent of the

entire field it represented.

There were several major difficulties with this
approach. The number of simulations, and thus the run time
required, appeared to grow exponentially with the nuaber of
field variables added to the model. Secondly, several of
the crucial field variables do not become critical until
later into the simulation itself. Since these variables
could not be ignored, a modification was considered which
would allow the model to dynamically add additional
partitions during the simulation of any partition. These
partitions would then be added to the list of partitions to
be simulated. Although, the new approach cut down the
initial number of partitions required, it allowed each
partition to create new partitions which in turn could
create still more partitions, etc. The approach was
theorically desirable but since there appeared to be no
limit to the number of partitions which could be created, it

was not considered realistically applicable.

An alternative solution was to apply the same
theoretical approach, but in a more manageable structure.
The idea was to build a dynamic tree structure which would

allow the concurrent simulation of the various partitions on
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a daily basis. The tree would grow dynamically each day
with each leaf (3) representing a field pdrtition. Rhen a
new field wvariable becomes «critical at one of the leaves
then that leaf would diverge into one or more additional

leaves in preparation for the next day's simulation.

At first, a tree search routine was considered for
limiting the number of nodes. With this approach
partitioning or branching would be unlimited. At simulation
time each branch would be searched to see if its simulation
would be critical based upomn policies which would have to be
written into the program. Figure 4. demonstrates how this
approach would have worked. 1In the beginning each branch is
considerad and only those nodes considered critical would be
simulated ( nodes 1,2,4, and 6). On the next day only those
branches apd their potential diverging (sons) branches would
be considered. At day two nodes 1, 2, 7, 8, and 6 are
simulated. This procedure would continue until all paths

reach maturity.

Theoretically this approach also seemed acceptable
because there are several known algorithas for tree
searching and dynamic divergence would be allowed. However,
some major difficulties arose. First allowing the creation
of branches which may never be used increases storage
requirements unnecessarily. Even if such unused branches
were ignored and never stored in memory there would be no

 —————— — i ——————————

(3) The word ‘'leaf' or 'leaves® here represents leaves in
the tree structure not leaves on the Sorghum plant.
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limitations on the number of branch nodes which would have
to be kept. The second major problem was that +tree
searching is a very time consuming process, It was felt
that as much time would be used searching as simulating and
if possible this should be eliminated. Therefo;e a
modification was considered which would 1limit the number of
partitions the tree structure would be allowed to diverge
into by requiring that any new partition represent five
percent or more of the entire field. Once a leaf matured
its daily simulation would be discontinued, but the
remaining leaves would be simulated on a daily basis until

all leaves reached maturity.

This approach seemed to overcome all of the major
objections to the previous alternatives considered. The
maximum number of leaves which would have to be simulated on
any given day would ke twenty (4). This limited run time to
an acceptable level. Secondly, the critical variables would
be able to enter the -system when they became «critical
without requiring any form of catch-up simulation tinme.
Hovever, if a variable which became critical represented
less than 5% of the field, then it would not be considered
crucial to the model as a whole and divergence would not be
allowed. The only remaining concern was the amount of core
that would be required to simultaneously simulate twenty

plants., Since this approach had generated a considerable

———— T ———— A —— -

(4) There are at most twenty nodes representing 5% or more
of a field. However, as will be seen later a twenty-first
node is used for data accumulation after maturity.
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amount of excitement, this concern was ruled secondary to
the potential of the proposed data structure. It was hoped
that the tree structure would lend itself to better memory
management and that the core requirements could be reduced

in the Single Plant Model itself.

Although the tree structure approach had several
desirable characteristics, one additional modification was
made to take advantage of thé fact that with grain sorghunm,
it is gquite common for a field variable which has beconme
critical and has caused a slow-down in the plant's growth,
to be eliminated befdre it causes too much damage. Imn this
case, the plant could 'catch up' to its normal growth level.
For example, a lack of available soil water in one area of
the field might cause a slow-down in the growth rate in that
partition (simulated by a divergence at that point).
However, if rain comes, the plants in the partition may
speed up growth until they reach the growth level of the
rest of the field. To allow for this possibility the
proposed data structure was modified from a tree structure
with only divergence to a directed graph structure with

divergence and convergence.

Convergence in the model is a unique concept that is
expected to increase the accuracy of the model. Once a node
matures it will be possible to merge the associated data and
to free the node space for other uses. This concept of
convergence add tremendous potential to the model from the

stand point of the Agronomist, and it is perhaps as unique
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as the proposed data structure itself.

The final conclusion was that a graph structure which
allowed dynamic divergence and convergence of nodes would

best serve the objectives of the project.
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IVv. THE PROPOSED DATA STRUCTURE

The core of the Field Level " Model 1is its data
structure. Piqure 3 illustrates the gradual development of
the model's digraph structure. The Source Node represents
the field prior to entering the simulation model, The Sink
Node at the bottom of the graph is a special node, where all
simulation nodes are merged at maturity. It is represented
in the program as the twenty-first element of each of the
dimensioned variables in the NODBLK COMMON block. Node 1
represents the field as initialized from the reading of
global and field variables; that is, one full set of data is
read in and stored in the first of the twenty available
nodes. At this point the weighting factor for the node is
100%. Immediately following the input of both the global
and field data, the emergence routine is called to calculate
the days and percent per day that emergence occurs. The
Emergence Routine in turn calls the CREATE routine for each
additional day emergence occurs. Each call to the CREATE
routine represents a divergence of the node presently being

processed.

Por the example shown in Figure 3, four emergence days
are shown (June 1,3,4, and 5). Therefore, CREATE must bhe
called three times. The weighting factor for each node is
calculated by the Emergence Routine; for our example, 15%,
35%, 35X, and 15% respectively. {(Note that node one simply
has had its emergence date established and its weighting

factor changed.) after the necessary divergence has occurred
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the main routine enters the Daily Simulation Control
Boutine. At this point the -earliest emergence date is
located and the daily simulation begins (in the above

example June 1).

To simulate a node for a particular day, the Single
Plant Model routine (SPMDOL) is called, which in turn
follows the previously described procedure for the Single
Plant Model (see section iI). " Once the simulation is
completed control passes back to the Daily Simulation
Control kRoutine ih the main routine which checks to seerif
that node has reached maturity. If so, a flag is set which
will allow that particular branch +to be bypassed from the
next day on. The control routine then uses the memory
management scheme illustrated in Figure 5 (and described in
the next section) to scan each of the remaining active nodes
to see if its emergence date has been reached. If it has,
then a check is made as to whether or not the node has
already reached maturity. If the emergence date has not
been reached or if maturity has already occurred then the
node is bypassed. Otherwise, the SPMODL is called for each
‘active node. This process continues until all the nodes in
the INUSE list (5) have been tested. At that point tne date
counters are incremented to the next day and the procedure

is repeated.

In the example in Figure 3, the SPMODL routine is

(5) The INUSE list will be covered in the next section.
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called once for June 1 and once for June 2, both to simulate
the 15% of the field represented by node 1. (The yellow
nodes represent those nodes which are simulated each day.)
On June 3 the SPHMODL is called twice:; once for node 1 and
once for node 2. This process continues with each node
entering the system as its emergence date 1is reached until
June 5th where node 1 matures. At this point node 1 is
merged into the Sink Node by the MERGE routine, Node 1's
space 1s released by the FRNODE (free node) routine which is
called by the MERGE routine and the daily simulation
continues with one less node. Finally on June 9th the last
node has reached maturity and is merged into the Sink Node
(6) . The daily simulation control routine senses this
condition and passes control back to the main routine where
the results are printed from the Sink Node. The field
simulation is completed. The wmain routine next tries to
read a new set of global and field data for a totally new
field simulation. If no new data is available the progran

stops.

It is important, at this point, to note that the only
convergence which actually occurs in the model as it is, is
the converging of nodes 1, 2, 3, and 4 into the Sink Node
(node 21). Objective four of this project stipulated that
the emergence date variable would be used to test +the
proposed data structure. This stemmed from the fact that it

is the emergence date variable which actually causes the

(6) Obviously this example is not realistic.
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first change in the various field plants. This change
occurs prior to the wmodel's entrance into the Daily
Simulation Control Routine. The unfortunate aspect of using
the emergence date for a test divergence is that, to date,
no relationship has been developed for determining when
various plants with different emergence dates can be
considered similiar enough in growth to allow the model to
converge., This gquestion is still being researched. As a
result, with the test data used, the only convergence that
occurs is the merging of various nodes into the Sink Node.
Section VII on Proposed Extentions will cover this problenm

in greater detail.
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V. MEMORY MANAGEHMENT SCHEME
The one major drawback to the proposed data structure
was the unknown factor of memory space requirements. This
problem was complicated by the fact that the project was
limited to a FORTRAN implementation ( a stipulation sei by
the Agronomy Department ) which has no instrument for
allowing dynamic allocation and deallocation of nmemory.
Because the Field Model would be creating and freeing nodes
dynamically during the sipulation process, it became
necessary to establish some form of memory management to get
freed nodes recycled back into the system. To accoamplish
this, a simple memory management scheme was established
using an array of twenty pointers (called RDPOOL) and three
special pointers (IAVAIL, IFIRST, and ILAST). The scheme is
based upon two data structures; a queue called INUSE and a

stack called AVAIL.

The INUSE queue 1is a linked list used to store pointers to
the nodes which are presently in use by the model. IFIRST
is a pointer to the node which has beern in the gqueue the
longest (called the bottom of the queue) and ILAST points to
the last node added to the queue (the top of the queue).
When new nodes are used ILAST is set to point to the new
node and the node ILAST originally pointed to is set to
point to the new node. However, contrary to the normal use
of queunes, IFIRST is hot necessarially the next node to be
taken off the queue. However, IFIRST is still of value as

the node at which each new day's simulation begins.
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The second data structure is. the AVAIL stack which is a
linked list of nodes which are not in use and which can be
used by the model at any time. Access to AVAIL is always
through the IAVAIL pointer which always points to the next
available node. Since every node will be in one and only
one of these two structures, one array can be used to store
both structures. NDPOOL serves this function. Figure 5
shows how the INUSE gueue and an AVAIL stack are both stored
in WDPOOL. In PFigure 5, the INUSE gueue consists of nodes
3,5,6, and 9, respectively, and the rest of the nodes are on

the AVAIL stack.

The first call to CREATE is made prior to reading in
the field variables. This sets up the memory management
pointers so that the first node is available for reading
the field variables., At that point IFIRST is set to one
which is the pointer into the INUSE list. NDPOOL (1) is set
to 99 representing the end of the INUSE list (ie. there is
only one node in use). ILAST is also set to one to point to
the last node presently in use. This pointer will be used
to add nev nodes to the INUSE queue. The remaining NDPOOL
elements are initialized to point to the next seguential
element (for example, NDPOOL(4)=5, NDPOOL(5)=6, etc.) and
the last ©NDPOOL element (NDPOOL(20)) is set to 98 to
represent the end of the AVAIL stack. IAVAIL is set to 2
which is the first available node. This linked list is used
as a stack with IAVAIL serving as the pointer for adding to

or taking nodes from the AVAIL stack.
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All other calls to the CREATE routine add an available

node (the node pointed to by IanIL) to the end of the INUSE
queue., TIAVAIL is updated to the next available node. 1In
addition, CREATE copies all node data from the node
presently being processed to the newly created node, making
no modifications to this data. The necessary modifications
such as new weighting factors or emergence dates must be
made by the routine calling CREATE after the new node has

been created.

The CREATE routine does boundary checking to verify
that nodes are available prior to allocating then. This
condition should never occur, since nodes of less than 5%
are not allowed. However, if it does occur CREATE will
print an error message and force an immediate end to the

program.
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VIiI. CONVERSION AND TESTING

Once the design of the Field Model was conmpleted the
conversion of the Single Plant Model to the Field Model was
planned in three phases. The first phase was to modularize
the Single Plant Model making it a Daily Simulation xoutine
(called SPMODL). <This routine is called by a special
section of the main routine which has been referred to as
the Daily Simulation Control ©Ekoutine (see Figure 3). In
addition, a Block Data subroutine was added for 1load time
initialization of most variables and an INITLZ routine was
written to give rum time initialization of the same
variables. The INITLZ routine will be used for multiple

simulation runs.

Implementing the daily simulation model involved a
re-arrangement of +the initial Single Plant Model which
already had a daily simulation procedure imbedded within it.
The procedure had to be extracted and made into a separate
subroutine which would be called once for each node to be
simnulated for each day. The idea was to test the new
structure with the same set of data as the original Single
Flant Model., However, the debugging processes turned up
several inherent program bugs which existed in the original
Single Plant Model. Once these problems vere corrected the
two models corresponded and phase one was considered

accomplished.

The second phase was to completely reorganize and
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restructure the model's data structure. The Single Plant
Model used six COMMON blocks, primariiy for parameter
passage. Since only parts of any particular block were used
by each subroutine and since each subroutine had at least
two or three COMMON blocks, this structure was overly
complex. Its initial value in straightforward parameter
passage had long since been lost in the numerious revisions
and updates. As a result, phase two established two COMMON
blocks. One block , NODBLK, is for the data relative to
each node or leaf (field data) and the second bleck, COMBLK,
is for the various other types of global data. NODBLK
includes such items as emergence date, weighting percent,
leaf area and leaf appearance dates. COMBLEK has various
independent variables such as those wused in the memory
management scheme, plus climatic data and daily 1light
interception figqures. Ipn addition to using the two COMMON
blocks, normal parameter passing via call statements were
established. Again the procedure was to get the model to
the point that it would correctly simulate one plant (node).
Once the results matched those of the original Single Plant
Model phase three, the hardest and most time consuming

phase, was initiated.

The third and £final phase of conversion involved
modifying the new model to take advantage of the proposed
digraph structure. %The memory management scheme had to be
implemented to create and free nodes and to keep track of
all nodes in use and available. Divergence due to various

emergence dates were forced at several locations within the
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main routine in an effort to test the model's operation and
to assure that all variables had been properly placed with
respect to the new COMMON blocks. As set out 1in the
objectives, the Emergence Data Routine was used as a policy
for several divergences wherein several emergence dates and
maturity dates could be used to test the model's accuracy

and sensitivity.

Table 2 shows a summary of a test which forced three
emergence divergences. Node 1 represented the test used on
the Single Plant Model while node 2 had a forced divergence
of two days prior to node 1 and node 3 was givern an
emergence date three days after node 1. The dates are given
in Table 2 as Julian days from Jannary 1. The second entry
gives the anthesis or half-bloom point. As is seen in the
table all three nodes are converging toward each other.
Node 2 is only one day behind node 1 and node 3 is now only
twvo days ahead of node 1 by half bloom. By maturity node 2
vas still one day behind while node 1 had caught node 3 with
both maturing on Julian day 211. of course, the
particulars of weather was a factor in the test. However,
the results were reviewed and found to be in agreement with

expected real plant respomnses.



TABLE

Node 1 Node 2 Node 3

Emergence Date 0 +3 -2
Half Bloom 210 211 - 208
Maturity - 242 2u2 240

Table 2. Summary of Field Model test results.

33
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VII. PROPOSED EXTENSIONS

As pointed out in the objectives, 95% of the project
was to be oriented toward developing an approach for
expanding the Single Plant Model to a field population rodel
and then proving the approach is applicable by expanding the
Single Plant Model to include the emergence date field
variable. Obviously the emergence date field variable is
only one of a number of potential field variables. The
consequence of this 1is that the Field Level Model
implemanted by the project represents a very limited and
narrow application of the proposed approach. This section
will discuss how the implemented Field Level Model can be

expanded to reach its full potential.

Among those variables which presently are being
considered for the Field Level Model are tillering,
available soil water, soil type, available nitrogen, hail
damage, and seed distribution. It will not take many of
these additional £field variables to make the digraph
structure very dynamic. Figure 6 exemplifies this fact by
showing only two additional field variables; water
availability and hail damage. It is easy to see the dynamic
effects only three field variables could have on the
digraph structure. The present Field Level HNodel was
designed to allow easy inclusion of new field variatles.
There are, however, two new control modules which would
have to be added. A Convergence Policy Control Routine

(CPCR) and a Divergence Policy Control Routine (DPCR) would
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have to be included to control the various sets of
convergence and divergence policies., PFigure 7 shows the
proposed extended model's hierarch diagranm. The red
routines are the proposed extension routines. This proposed
extension includes extracting the Daily Simulation Control
Routine (DSCR), adding the Convergence Policy Control
Routine, the Divergence Policy Control Routine, and the

various Convergence and Divergence routines.

The FPield Level Model is prepared for these extensions.
The Divergence Policy Control Routine should be called
prior to beginning a new day's simulation, and the
Convergence Policy Control Routine should be called at the
end of each day's simulation. Comment cards have been
placed in the proper place in the program to indicate where
these calls should occur, The objective in this calling
arrangement 1is to allow the Divergence Policy Control
Routine to scan the active field partitions (nodes) checking
the condition of each node with the various divergence
schemes available to it. If a candidate for divergence is
found then the routine calls the proper divergence routine
which does a detailed analysis of the field partition and,
if necessary, calls CREATE to force a divergence. The
control then passes back to the Divergence Policy Control
Routine where statistical data is saved for later displaying
and the rest of the nodes are scanned in the same manner.
After all nodes have been scanned by the DPCR, the Daily
Simulation Control BRoutine would be called to bagin the

simulation process for that day. After all active nodes
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have been simulated control would pass to the Convergence
Folicy Control Routine which would scan the INUSE list for
any conditions which might warrent convergence. The BERGE

routine would be called when necessary.

Convergence is allowed only with respect to an eariier
devergence. This is to say that two'field partitions can
not merge simply because they look similar to the moael. A
convergence occurs, as explain earlier, vhen a critical
field variable which caused a divergence earlier has been
sufficiently effected to allow the plant to overcome its
growth loss. At this point, and only at this point will

convergence be allowed,

In order to facilate this restriction a shared data
base will be required between the DPCR and CPCR routines,
The DPCR will add new data to the shared data base while the
CPCR will access the data base to find candidates for
convergence. After merging nodes, the CPCR will be allowed

to update the shared data base.

Since the type and form of the information stored in
the shared data tase 1is totally dependent upon the
convergence policies implemented, it was not a concern of
this project to design the format of the shared data base,
Again it should be pointed out that this particular
structure was not regﬁired in the project model because no

convergence policies , per se, were required.
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VIII. RESULTS AND CONCLUSIONS

The one major concern of the project was memory
requirements. Efforts to reduce the memory requirements of
the Single Plant Model were successfull in reducing
execution requirements from 86K-bytes to S5U4K-bytes; a 37.2%
reduction, The extension of the model raised the
. requirements to 76K-bytes. This resulted in a net

improvement of 11.7% which is much better than was expected.

The field model was not expected to improve rumn time.
In fact, initial estimates were that run time for the field
model would increase directly with the number of nodes which
had to be simulated. To test ﬁhe model the Single Plant
Model was run for one plant and using the same data, a field
model was run forcing three divergences at the beginning.
The anticipated run time was expected to be three times
longer for the field model. The actual results were 2.7
times longer or slightly better than expected. This does,
however, represent a serious consideration which must be
taken into account when adding diverging policies; that is,
that each daily simulation will take the same relative CPU
time and too many diverging nodes can gquickly cause drastic

increases in run time.

Even under this constraint the proposed model structure
offers a new and wunique approach to crop population
simulation. The feasibility of extending the model to a

large number of field variables has been shown. Plans are
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now being made and funding sought to expand the Field Level
Model into four areas: hail damage, a better emergence

model, nutrient effects, and tillering.

The conclusion drawn is that the proposed digraph
structure is a good and viable approach to extending the

Single Plant Model.
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ABSTRACT

This paﬁer describes a model for simulating the growth of a
field of grain sorghum, The model consists of a digraph structure,
each node representing a logical partition of the field based on
variables such as available water, emergence dates, or soil types.
The structure is dynamic in that each node can diverge if conditioms
in different parts of the field become different. Equally important,
nodes can converge if conditions change again in such a way that
1) the plants in several different partitions reach the same stage
of development and 2) these partitions currently have the same
conditions. The model may be applied to any crop simulation system
where discrete simulation techniques are used to simulate a single

"average" plant.



