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Abstract – Mathematical modeling incurs a steep learning curve to many agriculturists partly
because modeling often involves computer programming, a skill many agriculturists lack.
Consequently, many agriculturists struggle to translate their formulated models into a set of
instructions that can be implemented by a computer system. Rather than focusing on the
important—and intended—task of mathematical modeling and simulation, agriculturists instead
become distracted by the intricacies and mechanism of computer programming. Consequently,
the purpose of this paper is to introduce BuildIt, an addin for Microsoft Excel that allows
agriculturists to implement their models in Excel without having in‐depth knowledge on computer
programming. BuildIt is neither a crop model nor a “toolbox” of useful equations. The primary
purpose of BuildIt is to overcome some limitations in Excel by providing a framework in particular
for non‐programmers to build their models, especially those that are large and complex and those
that have iterative calculations. This paper demonstrates the use of BuildIt to build a simple crop
growth model. Essentially, users create formulas to implement the model’s various equations,
and BuildIt will initialise all variables and perform the various calculations iteratively. At the end
of each run, results are outputted as a list in Excel. BuildIt has a list of operations which allows
initialisation of variables, iterative runs, integration of functions, sorting, and execution of user‐
defined macros. Without BuildIt, large model implementation can become a convoluted task.
BuildIt is free and available from the author.
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I.

Introduction

Mathematical modeling often incurs a steep
learning curve to many agriculturists. This is partly
because one of the stages in the modeling process
involves computer programming, a skill many
agriculturists lack. Consequently, many agriculturists
struggle to translate their formulated models into a set
of instructions that can be implemented by a computer
system. For them, computer programming often
degenerates into a tedious and distracting undertaking.
This problem has been recognized even as early as
three decades ago when Hillel (1977) commented that
agriculturists, being novice programmers, are easily
entangled in the complexities of translating their model
into a computer source code. Rather than focusing on
the important—and intended—task of mathematical
modeling and simulation, they instead become
distracted by the intricacies and mechanism of
computer programming.

What is required then is some special software
that allows non‐programmers to build their own
computer models. This will enable non‐programmers,
agriculturists included, to accomplish their modeling
tasks directly and quickly and without the distraction of
having to learn a new computer language (or to master
a new simulation application).
There are generally four categories of software
platforms to aid in model building and simulation. They
are: 1) general purpose computer languages (e.g., C,
C++, FORTRAN, BASIC, Pascal and Java); 2) specialized
simulation applications (e.g., FST, PowerSim, Stella and
ExtendSim); 3) equation solver‐based applications (e.g.,
Maple, Mathematica and Mathlab); and 4)
spreadsheet‐based applications (e.g., Microsoft Excel
and OpenOffice.org Calc)1. Of these four groups of
software platforms, spreadsheet applications require
the least level of proficiency in computer programming.

2

It is no surprise then that spreadsheets have been
advocated by several workers (e.g., Seila, 2005; Brown,
1999; Nardi and Miller, 1990) as a suitable platform,
especially for non‐programmers, to build and simulate
their models. Spreadsheets are immensely popular and
widely used because they are easy to use and versatile.
Additionally, they provide the following features
(adapted from Seila, 2005): 1) a large number of
numerical and non‐numerical functions (i.e., dedicated
formulas) to do mathematical, statistical, database,
date and time, financial, engineering and other types of
calculations; 2) database representations and access; 3)
charting and graphing; 4) display and document
formatting capabilities such as layout, fonts and colors
to improve presentation; and 5) scripting or
programming language such as VBA (Visual Basic for
Applications) in Excel and OOoBasic (OpenOffice.org
Basic) in OpenOffice.org Calc. Spreadsheets were
initially conceived as electronic accounting books for
financial analysis, but today, spreadsheets have
progressed beyond their original intent. They have
become powerful tools to manipulate, analyze and
present data, and to build models for simulating
various phenomena in science and engineering
(Khandan, 2001).

I.1. Advantages and Disadvantages of Using
Spreadsheets for Modeling
It is well known that spreadsheets are easy to use,
versatile and powerful, but it is not so much these
characteristics that qualify spreadsheets as a suitable
modeling platform for non‐programmers. The first key
benefit of using spreadsheets in modeling is that they
do not require users to be proficient in computer
programming. This is achieved by the spreadsheet
system providing: 1) automatic control and
maintenance of the program flow; 2) a simple,
straightforward modeling framework; and 3) high‐level
and task‐specific functions (Nardi and Miller, 1990).
A spreadsheet is a group of pages, or worksheets,
where each worksheet is a two‐dimensional table
consisting of rows and columns of cells. Each cell can
contain either a constant or a calculated value, derived
from a function or formula. The open tabular format of
the spreadsheet provides users a simple,
straightforward framework in which to build their
models. As such, spreadsheet users only need to
understand two basic concepts: to treat the cells as
variables and the functions (or formulas) as the
relationship between these variables. Users specify the
way variables depend on each other via formulas or
functions, and the spreadsheet system maintains these
variable dependencies. So if one part of the

spreadsheet changes, it triggers an update to the
whole spreadsheet so that all the dependent variables
are automatically recalculated to reflect their new
values—giving users immediate feedback. The order in
which the variables are calculated is worked out by the
spreadsheet system based on the variable
dependencies. Users cannot contravene this calculation
sequence by giving the spreadsheet system a different
calculation or action sequence to be performed.
Though this might seem restrictive, it is actually this
feature, among others, that makes spreadsheets
appealing to non‐programmers.
Spreadsheets not only relieve users from having to
maintain the program flow themselves, but also from
having to design their own modeling framework. Flow
control and framework design are both difficult
programming concepts for non‐programmers to master
(Nardi and Miller, 1990; Hoc, 1989; Lewis and Olson,
1987; Soloway et al., 1983). Without automatic flow
control, users will have to write their own
programming code to track variable dependencies and
to update all effected variables iteratively when
required. And users need not design their own
modeling framework because the spreadsheet already
provides users with one.
Spreadsheets further cater to non‐programmers
by providing high‐level and task‐specific functions,
meaning that these functions can be used without
users having to understand how they work or to
require computer programming expertise. One
commonly used function in Excel, for example, is the
SUM function that, as its names implies, calculates the
total of a set of given values. Spreadsheet users merely
write the SUM function and specify all the cells that
contain the values to be added. Without such a high‐
level function, users will require to write a loop to
iterate through the elements in an array, summing
each element and accumulating the total. Other
routinely used functions are such as AVERAGE (for
calculating the mean of values), MIN and MAX (for
determining the smallest and largest value,
respectively, from a given set of values), VLOOKUP and
HLOOKUP (for looking up a value from a vertically and
horizontally tabulated data, respectively), IF (for
conditional computations), and trigonometric functions
like SIN and COS. These are
1

FST (Fortran Simulation Translator) is available upon request
from its developers (see van Kraalingen et al., 2003);
Powersim® is a registered trademark of Powersim Software
AS; Stella® is a registered trademark of isee systems;
ExtendSim® is a registered trademark of Imagine That Inc.;
Maple® is a registered trademark of Waterloo Maple Inc.;
Mathematica® is a registered trademark of Wolfram
Research Inc.; Mathlab® is a registered trademark of The
MathWorks Inc.; Microsoft® Excel® are registered
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trademarks of Microsoft Corporation; OpenOffice.org Calc®
is a registered trademark of OpenOffice.org

only a few of the functions listed; hundreds more
functions are available in Excel (as well as in other
spreadsheets) to support users’ requirements.
The second key benefit of using spreadsheets is its
table‐oriented interface. It provides a strong visual
format to manipulate, organize and present data as
well as a problem‐solving tool (Nardi and Miller, 1990).
The spreadsheet’s open tabular format allows direct
access to the variables’ values. This is in contrast to
traditional programming efforts which require some
special and intentionally constructed mechanisms for
the input and output of variables. Brown (1999)
additionally noted that because the values of all
variables are always updated and displayed in the
table, this could help to detect the location of errors
during model construction by the presence of
nonsensical or questionable values.
The spreadsheet’s tabular format additionally
allows users to organize visually their model into
subparts or modules, where each module performs a
specific task to solve an overall, larger problem. This
organization can be done by segmenting the large
model into smaller modules by, for instance, leaving an
empty row between each module or by placing each
module in a separate worksheet. Formatting the
module sections such as by applying different fonts,
shading, style layout or colors further help in code
organization. Consequently, the model’s code is
distributed visually over one or more grids in such a
way that makes the model more comprehensible and
maintainable. Visual code organization is not merely
for aesthetic reasons. The very act of laying out data,
organizing and formatting the code provide an
important visual feedback mechanism that helps to
organize users’ thoughts and shape their problem
solving process (Nardi and Miller, 1990).
Spreadsheets, however, have several important
limitations. Spreadsheet models can be difficult to
understand when studied by others. As mentioned
previously, the modeling framework provided by
spreadsheets is a simple, straightforward structure,
essentially consisting of variables (cells) and their
linkages with each other (formulas). But as models
increase in complexity, these variable linkages can
grow into an intricate network of relationships. Since
the spreadsheet system maintains the program flow
and shields users from viewing this network of
relationships, it can be difficult for other users (even
for the model developers themselves) to grasp the
computations as a whole. This causes difficulty not only

in understanding the model but also in debugging it
(that is, to locate and correct the errors in the model).
Spreadsheets offer to non‐programmers a
modeling platform that is almost unrestrictive and
freeform and with little validation checks. While this
feature can be convenient for those who wish to
develop their models easily and quickly, it does,
however, make it easy for users to introduce errors
unwittingly into their models. Errors in large
spreadsheet models, in particular, can be difficult to
locate and, at times, be undetected. It is well known in
the business sector that the frequency of errors in their
spreadsheets are alarmingly high. Rajalingham et al.
(2001) reported that as much as 90% of real‐world
spreadsheets contained errors. Furthermore, the
European Spreadsheet Risks Interest Group
(www.eusprig.org) lists nearly a hundred examples of
newsworthy incidences where spreadsheets errors
caused companies either financial losses, incorrect
forecasting, or simply, embarrassment. Although
spreadsheets from the business sector are often cited
as examples of high occurrence of errors, we cannot
disregard the possibility that spreadsheets from other
disciplines (such as agriculture) are too plagued by
errors.
The simple modeling framework provided by the
spreadsheet also makes spreadsheet models difficult to
reuse and extend. Reusability and extendibility are two
software engineering concepts related to ways to
increase the usefulness, applicability and lifespan of
software. A modeling framework that adheres to these
two concepts means that, ideally, the framework is
flexible and adaptable enough for algorithm
modification, substitution and addition. In some ways,
reusability and extendibility are analogous to the “plug‐
and‐play” feature in modern computer systems. For
instance, adding, replacing or removing a computer
peripheral (such as a printer, scanner or mouse) should
be a seamless operation that does not disrupt a
computer system or cause it to malfunction. In a similar
way, a reusable and extendible model means that one
or more parts in the model can be modified easily or
even substituted with other parts from another model.
It also means that additional features or functions can
be added to the model. All these operations can occur
without having to break or redesign the existing
modeling framework.
There are several examples in agriculture of
modeling frameworks developed with concerns of
achieving reusability and extendibility (e.g., Papajorgji
and Pardalos, 2006; Papajorgji et al., 2004; Hillyer et
al., 2003; Caldwell and Fernandez, 1998; Acock and
Reddy, 1997). Nevertheless, until today, none of them
has yet to be adopted widely by agriculturists. One

International Advanced Technology Congress (ATCi),PWTC, Malaysia. November 3-5, 2009

4

could speculate that these framework designs are still
not sufficiently adaptable and flexible enough to cope
with the unpredictable and transient requirements of
agricultural models. Or it may simply be that
agriculturists do not have the interest or time to learn
about reusability and extendibility, both concepts of
software engineering, not agriculture. Consequently,
for many agriculturists, the problem that spreadsheet
models are difficult to reuse and extend may actually
be an unimportant concern in their work.
Spreadsheets have other limitations that are
particularly relevant for models with complex data
structures and algorithms (Seila, 2005). A spreadsheet
is a two‐dimensional table of cells, and while this
format is adequate in most cases, it is a limitation when
more elaborate data structures are required such as
lists and trees. Although spreadsheets can be coerced
to handle such complex data structures, the way they
are achieved in spreadsheets can be inefficient and
convoluted. Complex algorithms can be particularly
difficult to implement in a spreadsheet. Spreadsheets
lack explicit loop and conditional controls commonly
found in general purpose languages. Spreadsheets
actually have a conditional construct IF‐THEN‐ELSE but
its effect is only local to the cell that contains the
construct. The construct cannot be used to change the
values in other cells or to transfer control to another
cell or to another part of the spreadsheet. As stated
earlier, spreadsheets relieve users from having to
maintain the control flow themselves. While this is a
convenient feature for non‐programmers, it becomes a
severe limitation when an algorithm requires users to
specify explicitly the sequence of actions to be
performed. Spreadsheets like Excel and OpenOffice.org
Calc have their own scripting language that can be used
to circumvent this problem, but they require
proficiency in computer programming. But non‐
programmers may find this solution unappealing
because their use of spreadsheets is precisely to avoid
computer programming in the first place.
Lastly, spreadsheet models often run slower than
models developed in other software platforms. This is
partly because models developed in other platforms,
such as in C, C++ or FORTRAN, are compiled
(translated) into fast machine code that is in a format
directly executable by the computer. In contrast, no
such compilation occurs for spreadsheet models. The
formulas in spreadsheets are instead interpreted first
before execution. This slows down program execution.
Dalton (2005) roughly estimated that models written in
Excel could be slower by as much as five to twenty
times than if they were written in C and C++ computer
languages. He further reported that Excel’s text‐
manipulation routines are very much slower than the

same routines in C and C++ by as much as over 300
times. Slow execution speeds may not be noticeable
for simple spreadsheet models, but for larger, more
complex models (due to their more numerous and
intricate calculations), their execution speeds can be
noticeably sluggish and become a significant constraint.
For non‐programmers, spreadsheets offer an
infrastructure that appeals to them because
spreadsheets allow them to build fully functioning
models quickly and directly, and without the pre‐
requisite knowledge in any advance programming
concepts and techniques. But for those with
programming expertise, the limitations of spreadsheets
can be significant reasons why spreadsheets are not
used as their modeling platform. In some cases,
spreadsheets are merely used as a quick test bed to
test their modeling ideas or to develop model
prototypes. Once these ideas or model prototypes
have been assessed sufficiently, model development
then shifts to other software platforms for completion.

II.

Introducing BuildIt

BuildIt is an Excel addin that works within the
spreadsheet to support model building and simulation
in Excel. It is important to realize that BuildIt is neither
a crop model nor a “toolbox” of useful equations. The
primary purpose of BuildIt is to overcome some
limitations in Excel by providing a framework in
particular for non‐programmers to build their models,
especially those that are large and complex and those
that have iterative calculations.
Crop models, for instance, are often large and
complex because they comprise several interrelated
components such as meteorology, water and energy
balance, and plant photosynthesis and respiration.
Crop models also often involve iterative calculations,
where the same set of calculations are repeated over
and over to simulate the dynamics of plant growth and
its environmental conditions.
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each simulation run. The Option section is optional;
that is, if we do not define the name _option then
BuildIt proceeds into the outer loop.
As indicated by the dashed boxes in Fig. Error!
Reference source not found., there are two loops in
BuildIt’s program flow: the outer and inner loops. The
outer loop controls the scenario runs. Every simulation
run has at least one scenario. As an example, let us
take a trivial equation for a model:

y = mx + c
where m is the slope of the line and c is the intercept
on the y‐axis. We fix c as 0 and m as 1. We wish to
simulate (or calculate, in this case) the values for y for x
= 0, 1, 2, 3, …, 10. This is our only scenario so BuildIt
runs our simple model, calculates and outputs the
results, and simulation ends. The outer loop runs once
since we have only one scenario.
Let us say that we are also interested to determine
how y varies with x with m = 2 and c = 1. This is in
addition to the earlier values of m = 1 and c = 0. We can
of course run the model twice: once for m = 1 and c = 0
and then for m = 2 and c = 1. BuildIt, however, provides
the support where we can run these two scenarios (or
more) in a single simulation run.
Fig. 1: Framework and program flow for BuildIt

Fig. Error! Reference source not found. shows
BuildIt’s framework and program flow in Excel. When
simulation begins, BuildIt checks the Option section. A
section is a range of cells in the spreadsheet
(workbook) that lists one or more operations to be
executed by BuildIt. We create a section by defining a
chosen cell with a specific name, and this cell becomes
the start of that section. The Option section, for
example, is created when we define the name
_option to one of the worksheet cells in our
workbook. At this point, you may wonder what exactly
is an operation and how they are specified for BuildIt.
These will be explained later, but for the moment, just
know that an operation is some specific task to be
performed by BuildIt in our spreadsheet. In a given
section, we list the operations in the order (from top to
bottom) we want them to be executed by BuildIt. So if
we want operation A to be executed before B and C,
we then list operation A, B then C in that order.
So the Option section is one portion in your
worksheet that lists all the operations you want to be
done at the beginning of a simulation run. We see from
Fig. Error! Reference source not found. that the
operations in the Option section are only done once for

We define one of the worksheet cells with the
name _scenario to denote the start of the Scenario
section and to instruct BuildIt that there is more than
one scenario in the simulation run. In this example,
BuildIt runs the model for m = 1 and c = 0 first, then for
m = 2 and c = 1, giving two output listings, one for each
scenario. Again, how we specify the instructions for
running two or more scenarios will be discussed later.
Unlike the optional names _option and
_scenario, it is compulsory that we define one of
the worksheet cells with the name _step. This is
because BuildIt always sets the _step variable to 0 in
the beginning of the outer loop (Fig. Error! Reference
source not found.). _step can be regarded like an
iteration counter for the inner loop, but before BuildIt
proceeds into the inner loop, it checks for the Prerun
section. This section is created when we define one of
the worksheet cells with the name _prerun. Though
this section is optional, it usually required to initialize
any model parameters. In other words, one of the uses
of the Prerun section is to instruct BuildIt which are the
model parameters to be initialized and what values to
give them.
The inner loop forms the hub of the calculations.
Together with _step, we must also define the names
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_stepsize
and
_criteria.
The
name
_criteria states the logical condition to which to
end the cyclical calculations in the inner loop. As long
as _criteria is TRUE, the iteration in the inner loop
continues until _criteria becomes FALSE, after
which BuildIt exits into the outer loop.
Two key activities occur in the inner loop. The first
is model output, and the second is the execution of
BuildIt operations listed in the Operation section. This
section is created by defining the name _operation
to one the worksheet cells. Though the Operation
section is optional, this section is often crucial to allow
certain calculations in the model to occur. As indicated
in Fig. Error! Reference source not found., there are
two points for model output: one before the
operations in the Operation section are executed, and
another point after their executions. There are two
points for model output because the values of some
variables will be changed after the operations in the
Operation section. Therefore, their values before and
after these operations will be different.
The output of model simulation results require
that we define the names _read and _write. A cell
defined with the name _read is where we specify
which variables are to be saved in the model output
and whether they should be saved before or after the
operations from the Operation section are executed.
Complementing _read, is _write which specifies the
starting cell where the model output should be stored.
Every iteration cycle in the inner loop ends by
incrementing _step by _stepsize, where
_stepsize is the interval between two iteration
steps. The logical condition of _criteria is checked
to determine if the next iteration cycle should continue
or stop.
When BuildIt exits into the outer loop, all
operations, if any, in the Postrun section (starts with
the cell defined with _postrun) are executed. In
most cases, however, there is seldom a need for the
Postrun section.

Pressing the Escape key or Control‐C keys will abort the
simulation run. At times, these keys have to be pressed
repeatedly because Excel may ignore key presses
during intensive processes or calculations.

Table 1: List of cell names recognized by BuildIt. Mandatory
names are those that must be defined.

Table 1 summarizes the names recognized by
BuildIt and their brief description. All names recognized
by BuildIt start with an underscore.
The following describes BuildIt’s various
operations. They are better understood when we later
see how they can be used in several examples.
Nonetheless, they are listed below in one place as
reference.

ITG operation
ITG
(x,
func,
output,
upper, single_integral)

lower,

Integrates the function func of x over the interval
[lower, upper], and the result of the integration is
to be stored in the output cell. ITG for single
integrations can be represented as:

upper

output =

∫

func( x)dx

lower
BuildIt then checks if there is any more modeling
scenarios. If there is, BuildIt changes some values or
formulas as instructed in the Scenario section (recall
that it is the cell defined with _scenario), _step is
reset to 0 again, and as before, all the model
parameters will be initialized as instructed in the
Prerun section. This whole process, as discussed above,
repeats until all scenarios have been exhausted.

ITG’s last argument, single_integral is
either TRUE for single integrations or FALSE for
multiple integrations (e.g., double or triple
integrations). The argument single_integral can
be omitted and will be assumed TRUE by default.

Because calculations can be lengthy, BuildIt
provides a feature where calculations can be aborted.
International Advanced Technology Congress (ATCi),PWTC, Malaysia. November 3-5, 2009
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3. EnableScreenUpdate
Switches on the automatic screen update
INI operation
INI (destination, source)
Copies the contents from the source cells to the
cells being referred to in the destination cells. This
operation is used primarily for setting initial values to
variables.
REP operation
REP
(destination,
num_of_replacements)

source,

Copies the contents from source cells to the cells
being referred to in the destination cells as many
as num_of_replacements times.
ACC operation
ACC (x, accumulated_x, operator)
Sums or multiplies a series of numbers, depending
on whether operator is either + or * for addition or
multiplication, respectively. If the operator is
addition (+), ACC sums the numbers:

accumulated_x =

∑ xi
i

But if the operator is multiplication (*), ACC
multiplies the numbers:

accumulated_x =

The first macro, ClearOutput, is useful to clear
the previous model output. Model simulations are
often run many times, with each run producing its own
output result. Consequently, in the Output section, you
may have an overlap of the latest and old model
output. This macro is often used in the Option section
so that before a simulation begins, the old output is
cleared entirely. The following is one way to use this
macro:

∏ xi
i

RUN operation
RUN macro_name
Executes the macro macro_name. Macros can be
a simple sequence of recorded key strokes or actions to
be done, or they can be quite sophisticated, requiring
programming proficiency in Visual Basic for
Applications (VBA). Developing macros, however, is
beyond the subject of this book.
BuildIt, however, supplies three utility macros:
1. ClearOutput
Deletes the previous model output
2. DisableScreenUpdate
Switches off the automatic screen update

The Option section begins at cell J2 (defined with
the name _option). Cell J2 specifies to run a macro
whose name is specified in cell K2. Notice that the
macro name is case‐insensitive.
The
other
two
macros,
DisableScreenUpdate
and
EnableScreenUpdate, concern the computer
screen refresh. Turning off the screen update speeds
up the simulation run because Excel will not refresh the
cells values. In other words, the computer screen
appears “frozen”. Though appearing to be stalled, the
simulation is still running and cells are still being
updated but the computer screen does not refresh to
view their new updated values. Turning on the screen
update will then “unfreeze” the screen and all cells that
are visible on the screen will have their correct and
current values. These two macros are useful in
particular for models which have intensive and lengthy
calculations.
DisableScreenUpdate is often used in the
Option section so that the screen update is disabled
before the lengthy calculations begin. Below is one way
it can be specified:

This macro can also be used before a lengthy
operation. The screen update is disabled before a
lengthy operation and re‐enabled after the operation
completes. Consider the following entries in the
Operation section (with cell J2 defined with the name
_operation):
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Consider the following data set:

Cells J3 to M3 specify that the contents in the
range of cells D4 to H4 are to be copied to cells D3 to
H3 as many as 1000 times. This can be a lengthy
operation because each time cells D4:H4 are copied to
cells D3:H3, it triggers an update involving possibly
lengthy and intensive calculations throughout the
spreadsheet. Do this 1000 times and simulation speed
can be very slow. To speed up the simulation run, the
screen update is disabled (cells J2 and K2) before the
REP operation in cells J3 to M3. When the REP
operation completes, the screen update is re‐enabled
in cells J4 and K4.
You do not have to worry about forgetting to re‐
enable the screen update after disabling it because
BuildIt always ensures that the screen update is
enabled before a simulation ends or even when a
simulation run is aborted (such as by pressing the Esc
or Control‐C keys).
Lastly, BuildIt supplies one custom function and it
is for linear interpolation.
Interpolate function
This function is called interpolate and it has the
following specification:
interpolate (array_x, array_y,
find_x)
Based on an array of given (x, y) values, the
interpolate function returns y corresponding to
the given find_x. If no exact match is found, this
function performs a linear interpolation to obtain y. It
is important to remember that array_x must be
sorted ascendingly (from smallest to largest value)
before this function can be used reliably.

Based on the above tabulated data,
interpolate(A2:A10,
B2:B10, 2)

returns 20

interpolate(A2:A10,
B2:B10, 3)

returns 35

interpolate(A2:A10,
B2:B10, 20)

returns #VALUE!

The first case returns the exact y value of 20
because an exact match was found. The second case
fails to find an exact match, so this function linear
interpolates between (2, 20) and (4, 50) to give 35. The
last case returns an error value because find_x lies
beyond the range of array_x.
Let us now consider several examples to better
understand how BuildIt can be used to build models

III.

Example: A simple plant growth model

To illustrate how BuildIt can be used in
mathematical modelling, this paper will implement a
plant growth model adapted from Thornley (1976). Fig.
1 shows that the assimilates produced by
photosynthesis is partitioned to maintenance for the
plant’s continual survival and to growth for the
synthesis of new materials for the plant. The plant
weight consists of two components: the storage weight
and the plant structural weight. The storage weight,
Ws, is supported by the addition of newly produced
substrates via the photosynthesis process. A portion of
International Advanced Technology Congress (ATCi),PWTC, Malaysia. November 3-5, 2009
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the plant’s storage, kgWs, will be utilised for
maintenance and growth, where of this total (kgWs), Yg
of it will be utilised for growth, and the remainder (1 –
Yg) for maintenance. Of the total plant structural
weight, Wg, kd of it will degrade and the substrates
returned to the storage, and ks of it will senesce (i.e.,
loss of materials due to increasing age).

Note that the solar irradiance, I0, is not a constant
but varies sinusoidally with time t according to

I0 ( t) =

⎡π ( t −tsr ) ⎤
sin2 ⎢
⎥
1800( tss −tsr )
⎢⎣( tss −tsr ) ⎥⎦
It,d

tsr ≤t ≤tss (4)

where It,d is the daily total solar irradiance (J m‐2
ground area day‐1); and tsr and tss are the times of
sunrise and sunset, respectively (hours) (France and
Thornley, 1984).
Eq. Error! Reference source not found. determines
the leaf photosynthetic rate, but to determine the
photosynthetic rate of the whole canopy, we need to
integrate Eq. Error! Reference source not found. over
the whole canopy; that is
LAI

Fig. 1. A simple plant growth model (adapted from Thornley,
1976)

AT =

∫
0

LAI

AL dL =

∫
0

Amε kI0 exp ( −kL)

Am + ε kI0 exp ( −kL)

dL

(5)

‐2

The rates of change in the dry weights for storage
and structure components at time t (in unit hours) are
thus

dWs
12
= kdWg − kgWs +
⋅ 3600⋅ LAI ⋅ AT
44⋅1000000
dt
dWg
dt

= k gWsYg − kdWg − ksWg

(1)

(2)

As given by Goudriaan and van Laar (1994), leaf
photosynthesis can be described by the following
equation:

AL =

Amε kI 0 exp ( − kL )
Am + ε kI 0 exp ( − kL )

(3)

where AL is the leaf photosynthesis (that is, the
‐2
assimilation rate of CO2 by single leaves; µg CO2 m
‐1
leaf area s ); Am is the maximum leaf photosynthesis
rate (µg CO2 m‐2 leaf area s‐1); ε is the solar radiation
conversion factor (µg CO2 J‐1); k is the canopy
extinction coefficient for solar radiation (unitless); I0 is
the solar irradiance above canopy (W m‐2 ground area
or J m‐2 ground area s‐1); and L is the cumulative leaf
area index from the canopy top to the canopy depth
being considered (m2 leaf area m‐2 ground area).

where AT is the canopy photosynthesis (µg CO2 m
‐1
leaf area s ); and LAI is the total leaf area index of the
whole canopy (m2 leaf area m‐2 ground area). BuildIt
solves integration numerically using the 5‐point
Gaussian integration method.
Eq. Error! Reference source not found. gives the
‐2
canopy photosynthesis, AT, in units of µg CO2 m leaf
‐1
‐2
area s which we will convert to units g C m leaf area
s‐1 by:

AT (µg CO2 m-2 s-1) = AT ×

12
(g Cm-2 s-1)
44⋅1000000

Every 44 g of CO2 has 12 g of C since the atomic
weight of carbon and molecular weight of carbon
dioxide are 12 and 44 g, respectively. Therefore, AT µg
CO2 will have (12/44)⋅AT µg of C. We divide AT by
1000000 to convert the unit µg C to g C. Since time t is
in unit hour, we need to multiply AT by 3600 (i.e., 60 s ×
60 mins), and further multiplication by LAI is to convert
AT into units g C m‐2 ground area hour‐1; hence, the
converted AT is now compatible with the dry weight
units (which are expressed as g C per unit ground area)
The cumulative increase in the dry weights for
storage and structure from time t1 to t2 are obtained by
integrating their rates of change function over the
period [t1, t2]:
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t2

12
⎧
⎫
∆Ws = ∫ ⎨kdWg −kgWs +
⋅ 3600⋅ LAI ⋅ AT ⎬dt
44⋅1000000
⎩
⎭
t1

where subscripts t and t+1 denote the dry weight
at time t and the subsequent time t+1, respectively.
(6)

t2

Thornley’s simple plant growth model will now be
implemented in Excel. Create a workbook and name it
as Ex5. Rename one of the worksheets as CropGrowth,
where in this worksheet, enter the following for the
Control section:

12⋅ 3600⋅ LAI
ATdt
= kdWg −kgWs ∆t +
44⋅1000000 ∫

(

)

t1

∆Wg =

t2

∫ {k gWsYg − kd Wg − ksWg } dt

t1

(

(7)

)

= k g Ws Yg − kd Wg − ksW ∆t
where ∆t is the time interval (t2 ‐ t1), and kg ks and
Yg are taken as constants. Calculations are
straightforward with the exception of the integration
of the canopy photosynthesis AT.
In this example, we will determine the daily
increment in the total dry weights of Ws and Wg, with
t1 = 0 and t2 = 24. The values for the rest of the
parameters are as listed in Table 2. Since there is no
photosynthesis for periods before sunrise and after
sunset, integration of canopy photosynthesis over the
whole day is equivalent to its integration over the
period between sunrise and sunset so Eq.
Error! Reference source not found. becomes

12 ⋅ 3600 ⋅ LAI
∆Ws = kdWg − kgWs ∆t +
44 ⋅1000000

(

)

Cell B3 indicates that the time interval is 1 day, and
cells B2 and B5 indicate that we will run the simulation
for 10 days.
The next is to enter the model parameters (listed
in Table 2) as follows:

tss

∫ AT dt

(8)

tsr

Table 2: Parameter values for the simple plant growth model

Consequently, the dry weights for storage and
structure can be determined by:

Ws, t +1 = Ws, t + ∆Ws
Wg , t +1 = Wg , t + ∆Wg

(9)

(10)
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The implementation of the calculations for solar
irradiance and daily canopy photosynthesis are as
follows:

Cell R1 is defined with the name _operation to
indicate the start of the Operation section. In this
section, there are three operations: two ITG and one
REP. Cells Q1 to Q3 are merely labels to describe their
respective operations. The first two ITG operations
are to determine the daily canopy photosynthesis
which involves double integration of the function AL or
Eq. Error! Reference source not found.: first over the
whole canopy (cells R1 to X1), then over the day from
sunrise to sunset (cells R2 to W2). The result, the daily
canopy photosynthesis, is stored in cell E12, after
which the dry weights of storage (cell G20) and
structure (cell G21) components can be determined for
the next time step, t+1. Their values are then copied to
cells E20 and E21, respectively (using the REP operation
in cells R3 to T3), and the whole cycle repeats.
Note that in the Operation section, the REP is
entered as follows:

The single REP operation above is not equivalent
to having two separate REP operations: one for
copying cell G20 to E20, and another for G21 to E21;
that is,

Cells E1 to G21 contain the various calculations for
determining the solar irradiance and daily canopy
photosynthesis. Cell E6, for example, contains the solar
irradiance for the hour as calculated by Eq.
Error! Reference source not found..
BuildIt’s operation, ITG, is used to integrate Eq.
Error! Reference source not found. over the whole
canopy and whole day to determine the daily canopy
photosynthesis. Once that is determined, the weight
gain by the plant’s storage and structure components
are determined using BuildIt’s REP operation. Both
ITG and REP operations are entered in the Operations
section as follows:

These two cases are not the same because the dry
weight Ws,t+1 (cell G20) depends on Wg,t (cell E21), and
Wg,t+1 (cell G21) on Ws,t (cell E20). Therefore, their
copy operations must occur at the same time because
their values depend on each other.
Separate copy operations cause premature
calculations which give wrong values which will then be
copied to other locations, proliferating the error.
A Prerun section is required to initialize the dry
weights (cells E20 and E21). So enter the following:
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Ensure that cell R8 is defined with the name
_prerun so that BuildIt will examine cells R8 to T9 to
initialise the storage dry weight (cell E20) with cell B21
and structure dry weight (cell E21) with cell B22. For
model output, we will choose to output the day, daily
canopy photosynthesis, dry weight gains in storage and
structure, individual dry weight for storage and
structure, and their total dry weight (Fig. 2). The entries
are as follows:

Cell I3 and I7 are defined with the names _read
and _write, respectively. Note that cells K4 to O4 are
FALSE to indicate that their cell contents in the
corresponding row above should be saved before the
ITG and REP operations are executed. Also note that
cell O3 sums Ws and Wg, giving their total weight which
will be saved in every iteration cycle.

Fig. 2. Model output listing for the simple plant growth model

Finally BuildIt can also be used to draw a diagram to
depict the cell relationships (cell precedents and
dependents) for a visual map of the mathematical
model (Fig. Error! Reference source not found.).

Fig. 2 shows the model output results. It shows a
linear‐like increase in the total plant dry weight and the
structure dry weight (Wg). The dry weight for storage
remained nearly constant. For simplicity, the daily solar
irradiance and the times for sunrise and sunset were
fixed at constant values. Hence, the daily canopy
photosynthesis (ATd) is always the same throughout the
simulation period.

Fig. 3. Visual map of the simple plant growth model as generated by BuildIt
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IV.

Conclusion

BuildIt provides a platform for which we can build
mathematical models related to agriculture. It is
designed for non‐programmers. More detailed
information on how BuildIt can be further used and
more examples are provided in BuildIt’s documentation
and can be obtained from the author.
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