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Abstract

With the advent of supercomputers, mathematical modeling has been able to reach far
and wide into many different disciplines. One such discipline is tree patch growth
modeling. Using a supercomputer class system, a Beowulf cluster, we have explored the
use of the 3-dimensional rendering software tool, POV-Ray in connection with the
whole-tree simulation software program, ECOPHY S.
This paper discusses.

the architectural and software features of the UMD Beowulf cluster

the environment configuration of an account on a Beowulf cluster

using the cluster to render images and create animations of ssimulated tree growth

using POV-Ray to create a “virtual light meter” to measure lighting characteristics in

the ECOPHY S model, and thereby correct and validate a submodel of diffuse lighting

within tree canopies.
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1. POV-Ray

The Persistence of Vision Raytracer ('POV-Ray') is afreely downloadable cross-platform
application that implements the raytracing algorithm, which is a technique for simulating
the physical behavior of light utilizing software-based mathematical models. It can be
used to generate photorealistic images that resemble objects in the real world, or to
visualize 'virtual' objects that do not physically exist. It has been used worldwide both by
hobbyists and artists, and by educators and professionals in numerous fields including
biochemistry/protein research, medicine, architecture, engineering/product design, and
mathematical visualization. (POV-Ray 2004)

The process of using POV -Ray to render images begins with a scene description file. The
scene description file contains text that completely describes the scene. Generally, types
of entries in the scene description file come from one of three categories. camera, light
source, or object. The scene description language can aso include variables, functions,
and macros. It provides a plethora of ways to manipulate objects, different types of
cameras (cylindrical, spherical, fish-eye, etc.), and flexible lighting components, to name
afew of itsfeatures.

Once a scene description file is created with a text editor, the POV-Ray executable can
render the image. There are multiple options for rendering the image, including
resolution, size, and image type. Documentation of the POV-Ray scene description

language can be found at http://www.povray.org/documentation/ (Pierson 2001).




2. Beowulf

2.1 About UMD's Beowulf Cluster: bwulf

The Visualization and Digital Imaging Lab at UMD has for use a Beowulf Cluster. In
short, a Beowulf Cluster is a set of off-the-shelf computers networked together with
specific software to achive high performance computing. Specifically, animation
generation provides an ideal opportunity for paralel processing in that individua
animation frames can be rendered as independent, asyncronous tasks. However, even
individual images can be computationally intensive to the point that they can easily
overwhelm a modern single-processor system. Finally, scientific visualization addresses
the analysis of large data sets. In many instances the very creation of the data requires the

application of parallel processing approaches.

2.2.1 History of the Beowulf Cluster

In late 1993 Donald Becker and Thomas Sterling began sketching the outline of a
commodity-based cluster system designed as a cost-effective aternative to large
supercomputers. In early 1994, working at CESDIS under the sponsorship of the ESS
project, the Beowulf Project was started. The initial prototype was a cluster computer
consisting of 16 DX4 processors connected by channel bonded Ethernet. The machine
was an instant success and their idea of providing COTS (Commodity Off The Shelf)
based systems to satisfy specific computational requirements quickly spread through

NASA and into the academic and research communities.



A non-technical measure of success is the observation that researchers within the High
Performance Computer community are now referring to such machines as "Beowulf
Class Cluster Computers.” That is, Beowulf clusters are now recognized as a genre in the
HPC community.

It may well be that this is simply the "right time" in history for the development of
Beowulf class computers. In the last ten years we have experienced a number of events
that have brought together all the pieces for the genesis of the Beowulf project. The
creation of the casual computing market (office automation, home computing, games and
entertainment) now provides system designer with a new type of cost effective
components. The COTS industry now provides fully assembled subsystems
(microprocessors, motherboards, disks and network interface cards). Mass market
competition has driven the prices down and reliability up for these subsystems. The
development of publicly available software, in particular, the Linux operating system, the
GNU compilers and programming tools and the MPI and PV M message passing libraries,
provide hardware independent software. Programs like the HPCC program have
produced many years of experience working with parallel algorithms. That experience
has taught us that obtaining high performance, even from vendor provided paralel
platforms, is hard work and requires researchers to adopt a do-it-yourself attitude. A
second aspect to this history of working with paralel platforms is an increased reliance

on computational science and therefore an increased need for high performance



computing. One could argue that the combination of the these conditions. hardware,
software, experience and expectation, provided the environment that makes the

development of Beowulf clusters seem like anatural evolutionary event. (Merkey)

2.2 bwulf Architecture

2.2.1 Network

This is a picture of how the UMD VDIL cluster is

networked and how it relates to the rest of the internet.

bwuf Although the diagram suggests it, it will be stated

now: the nodes (nodel, node2, etc) are not accessible
noce? | nodes | node3 | nodet

from the "outside world". In other words, in order to

noded  podsS noded node? ]
connect to the nodes, it must be done through the

Illustration 1

master node (bwulf).

2.2.2 Hardware

Each of the nodes have the following hardware characteristics:
Dual Athlon MP 2000+ processors @ 1.67 GHz
1GB PC2100 DDR memory
IBM 80GB EIDE ULTRA ATA 100 3.5LP 8.9M S 7200RPM
Netgear, 1000MBPS FIBER SC GIGABIT ethernet card
64MB SVGA GE-Forcelll, 4x/2x AGP graphics card

The host has the same hardware as the nodes with the exception of different processors



and added media drives, as noted:

Dual Athlon MP 1900+ processor @ 1.6 GHz

DVD ROM drive IDE SONY 16X/40X

Slim line Floppy Drive

2.2.3 Filesystem

The cluster has a network filesystem (NFS) setup for home directories of all the nodes.
Thus the home directories of the nodes (nodel - node8) are the exact same as the home

directory of the host (bwulf).

2.3 bwulf Benchmarks

2.3.1 Network Bandwidth

The following graph depicts the speed of the cluster communication network between the
master and 8 nodes. It graphs for two sets of data, the packing rate and the send/receive
rate. These rates are graphed versus packet size. The program used to obtain these
benchmarks is a PVYM demo program. This program was compiled, linked, and run

locally from my home directory ( ).
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Illustration 2

The above graph shows that the highest bandwidth for packing the messages is between
10,000 and 100,000 bytes. For transmitting the packets, the highest bandwidth is between
100,000 and 1,000,000 bytes. Thus when writing a PVM based program to run on this
Beowulf Cluster, it would probably be best to attempt Master/Node communication with
data packets of 10,000 to 1,000,000 bytes. This corresponds to roughly 125,000 ANS|

floating poing numbers.

2.3.2 Computational Speed

We have run single and parallel processing tests with the use of the POV-Ray image
rendering program. POV-Ray is a public-domain program for rendering highly detailed

graphical images (see Section 1). It isinstaled on bwulf both in single-processor form



( ) and as a parallel application ( ).
The following picture of a chess
board was rendered with POV-Ray
and displays some of the features of
POV Ray, including radiosity,
reflection, focal blur, surface finishes,
shading, and spectral light.

The graph that follows shows the

average times it takes POV-Ray t0 |, qraion 3

render images depending on number of image pixels. The two lines represent the master
processor (red) doing the computation and the full bwulf (green), master plus eight
slaves, doing the computation. For the single computer computation the single computer
(nonparallelized) version of POV-Ray was used to render the shown image. For the
cluster computation the pvm version of POV-Ray (pvmpov) was used to render the same
image. See section 2.4.1 for additional information regarding the parallel implementation

of POV-Ray.
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[llustration 4
We can see that the two lines have roughly constant dope, this means that the pixel

rendering rate is not dependent on the number of pixelsin the image. Rough calculations
show that the single machine computations take about eight or nine times longer than the

clustered machines computations.

2.4 Parallel Processing Software

24.1 PVM

PVM stands for "Paralel Virtual Machine", it is basically a software package that
includes libraries, header files, and executables that allow the use of a heterogeneous
network of computers to act as one large parallel computer (PVM Reference). This is
accomplished by using a"message passing” model to exploit the distributed computing.

2.4.1.1 Configuring PVM




In order to configure PVM for use on the cluster a few environmental variables must be
set. There are two in particular, PYM_ROOT and PYM_ARCH, that need to be set for
PVM programs to be function properly. There are different ways to assign environment
variables. Discussing those in depth is beyond the scope of this document, yet an
explanation will be offered to justify the following, even if the reasons of it are not fully
clear.

The ~/.bash_profile is a config file that is "executed" on logins. We wish to have our
variables configured when we login, so this would be a reasonable place to insert the
corresponding lines. Unfortunately there resides a problem with PVM that prevents us
from completely configuring our variables in ~/.bash_profile. The problem is attributed
to the fact that PVM needs to spawn tasks on other machines (the nodes) and needs the
same environment that resides on the host. PVM uses rsh/ssh with a "dumb" bash
terminal instead of the "normal” login terminal of bash to spawn these tasks. Thus, the
normal process of "executing" ~/.bash_profile is not performed on the nodes when tasks
are spawned. Instead, PVM uses the ~/.bashrc file for configuring variables, and the like.
The ~/.bashrc file is "executed" on interactive non-login shells. And since all of the nodes
will receive their configuration from this file, that is where we will do the configuring for
the host as well.

In order for the ~/.bashrc to be "executed" on login, one must add a few lines to the

~/.bash_profile. Add the following to the ~/.bash_profile file. (If it doesn't exist, then



create it and include the lines.)

Note: the pound sign at the beginning of the line designates the line as a comment. Now

edit the ~/.bashrc file, again creating it if it doesn't exist. Include the following lines.

These files will not be "executed" until next login and thus the variable assignments will
not take effect until the next login. Alternatively, one could source ~/.bash profile to

obtain the same effect as logging out and logging in.

Now echo the variables to make sure they are set.

2.4.1.2 Running PVM Virtual Machine

Before executing the steps to compile and run parallel PYM programs, one should be

sureto start up PVM and configure avirtual machine.

Once the virtual machine is started commands can be issued at its prompt. Some of the

commands are as follows.

10



Command |Parameter(s) | Description Example

Add a computer to the virtua
machine.

Delete a computer from the virtual
machine.

Display current configuration for the
virtual machine.

Quit the current PVM console
session, but leave the virtual machine
in memory.

Quit the current PVM console session
and remove the virtua machine from
memory.

Alternatively, one can add all hosts to the virtual machine before the prompt appears.

Thisis done when first starting the virtual machine. Create a file with hosts listed one per

line asfollows. | have named it "hostfile", but any reasonable name will do.

Now one can start the virtual machine and hosts will be automatically added.

This configuration file, as well as the interactive prompt, provide a means for setting the

number of nodes that are in the virtual machine. This can be useful for benchmarking

processing time for applications.

2.4.1.3 Compiling and Running PVM Examples

11



First, one needs to get the source code.

Note: the "-r" in the above command means recursive. This command will create a
directory called "pvm3" in your home directory. Thisis agood step because only root has
write access to , and compiling and linking the examples will require
write permission to create the executables.

This method of copying the source code to our own directory has two advantages. Firgt, if
we were to compile from the shared location ( ), we would need to
create our own makefile. This can be a lot of unnecessary work for those interested in
simply running some PVM examples. The space that the redundant set of source takes up
is minimal when compared to the size of the hard drives that the cluster has. Secondly, if
we wish to modify the source code, then we already have our copy to use.

We observe that the naming of the directory " " may play an important role in

future use of the librariesexamples/etc. So please do not change the name of the

directory.

Now go to the examples directory:

Using an intelligent make script packaged with PVM we can build the examples. The
script is located at /usr/share/pvm3/lib/aimk. The "a" is for "architecture independent”,

and the "mk" is of course for "make'. Make takes targets as parameters along the

12



command line (including this version of make). So to compile and link the examples we

could:

Notice that the "aimk" is fully quantified, the reason being that the location

" is not in the path. That is, the directory is not part of the
environment variable PATH. This is an important concept to be aware of, because our
built executables will be located in a directory that is not in the path. To run those
executables, they will need to be fully quantified as well.

One can also compile individual targets. Such as:

All targets go to , for us that evaluates to

So, let us go to that directory.

Now we can run an example. Notice the dot dash preceding the hello command. This dot

slash fully quantifies the path for that command.

There should be a response from one of the nodes. This verifies that the virtual machine

is configured properly.

24.1 PVMPOV

13



PVMPOV is a patch for POV-Ray which gives it the ability to distribute a rendering
across multiple heterogeneous systems. Using the PVYM code, there is one master and
many dave tasks. The master has the responsibility of dividing the image up into small
blocks, which are assigned to the slaves. When the daves have finished rendering the

blocks, they are sent back to the master, which combines them to form the final image.

2.4.1.1 Configuring PVMPOV

Thefirst thing to do when running the PVM parallel version of POV-Ray isto make sure
that the virtual machine can find the executable ( ) on the remote hosts. This can
be done a number of different ways. One way is to specify the executable path(s) in the
hostfile that was specified on the command line during invocation of the virtual machine.
Thisisthe preferred way of designating the executable paths for the virtual machine.

Thefollowing isamodified version of the hostfile discussed in section 2.4.1.2.

Notice the " " following the machine
name. Thisis an option that specifies directories on that machine that the virtual machine
can find executables to run. The default value for the " " option is

"; s0 in this case, we are smply adding the directory

" to the executable path for al the machines listed.

14



Another method is to put executables in directories that are aready in the path that the

virtual machine knows of. This can be done for executables that already exist by using

symbolic links. Again, the default executable directory that the virtual machine uses on

the remote machines is " ". So for the following

works.

PVMPOV takes the same command line parameters and options as POV-Ray. While
PVMPOV benefits from distributed computing, for some reason its command line
defaults are not quite as "intelligent” as its single computer counterpart. So when in
doubt, be specific with the command line arguments. One such example is the include
directory that is automatically included for , but not for . S0, when running
a render, specify the include library using the '+L' designator. Be sure to have a virtual
machine running before using

| |

Note aso the '+FN' on the command line. This specifies the output format for the image

to be in PNG (pronounced: ping) format, causing to use the file extenson and

properly adjust to use the right file format.

15



3. ECOPHYS

3.1 Overview / Description

ECOPHY S (Rauscher et a. 1990), an ecophysical growth model of juvenile poplar and
aspen clones, simulates whole-tree growth. It operates at the individual leaf scale, on an
hourly timestep. Photosynthate production is determined using hourly light, temperature,
relative humidity, carbon dioxide and ozone inputs. The model also takes into account
leaf shading and leaf age. Root structure is designed using arelaxed fractal agorithm and
genetically determined branching rules. The simulation outputs cumulative whole-tree
photosynthate production, leaf area development, biomass by component, and other
measurable variables (Isebrands et al. 1999)

ECOPHYS is currently implemented in C++ in both the Windows and GNU/Linux
platforms. For the remainder of this paper any reference to ECOPHYS will be

referencing the version compiled and running under GNU/Linux.

3.2 ECOPHY S Enhancements

3.2.1 Command Line Options

ECOPHYS is a complex simulation of a real-world physical system containing many
plant subsystems. There are a number of parameters that are used by ECOPHY S many
algorithms. Researchers running ECOPHY S simulations need to vary system parameters

without having to edit source files, recompile, and link object files together to produce an

16



executable with a varied parameter. Thus, as part of this project, command line options
were written into the ECOPHY S code base.

Not only do command line options give the researcher the ability to quickly change an
algorithm parameter, they also give the freedom to specify beginning and ending
simulation years, report output directories, whether or not certain reports are generated,
and any other conceivable run-time variation desired. In addition to these benefits,
command line options provide a quick, elegant, platform-independent way for adding
future options. They are also flexible enough to work with shell scripts and provide a
good level of abstraction from a graphical user interface. The following table lists most of

the options for ECOPHY S

17



Description long option form examples required
short option form a gu;nent

display help page no
st smulation start  year yes
(currently not implemented)
set simulation end year yes
set bud break date yes
set bud set date yes
Set senescence date yes
set leaf initialization rate yes
set leaf abscision rate yes
set leaf drop threshold yes
set leaf drop factor yes
instruct ECOPHYS to grow no
roots
instruct ECOPHY S to not grow no
roots
set POV-Ray output interval optional
choices are: none, day, month, year
default: year, when option appears
default: none, when option is
absent
(month currently not implemented)
set POV-Ray output directory yes
(creating it if it does not exidt,
or  overwriting files as
necessary that are within it)
Set report output directory yes
instruct ECOPHY S to use patch no
shading, POV-Ray output only
instruct ECOPHYS not to use no
patch shading, POV-Ray output
only

18



3.2.2 Parameter Persistence

Originaly, ECOPHYS implemented its parameters in two classes caled
CLONE_PARAMETERS and PARAMETERS; the latter being a child class of the
former. Parameters in these classes were hard-coded, and when algorithms needed a
parameter they would instantiate an instance of the class. This provided some
encapsulation of the parameters and some global scope of them as well. However, there
were two major flaws in this method of implementation.

First, whenever a function (or method) needed a parameter value it had to instantiate a
loca CLONE _PARAMETERS or PARAMETERS object. This meant allocating
memory, calling the class constructor, and after the function (or method) used the
parameter, calling the class destructor, and deallocating the memory. Thisis an extremely
large amount of overhead just to reference a parameter. Worst of al, this needs to be
done every time any object needed a parameter. This means each branch, internode, and
leaf had to do this to reference a parameter. This, in fact, had a large impact on
performance.

Second, there was no persistence of data from module to module. As stated earlier, in
order for afunction (or method) to reference a parameter it had to instantiate alocal copy
of a CLONE_PARAMETERS or PARAMETERS object. That meant that any changes
made to a parameter were not made globally. For instance, suppose the “bud break”

parameter changed from day 137 for afirst or second year tree to day 143 for a third year

19



or older tree. Then every module that used the “bud break” parameter would have to
manually keep track of this change, as opposed to having a single place in the code where
the change is made and the modules smply reference the “bud break” parameter.
To correct these shortcomings the following changes were made:
All parameter information is maintained in the Simulation class. This provides an easy
access point to setting parameter values passed in from the command line.
All objects are designed to be able to reference their “owner” object. That is, when an
object is created the creating object will pass a pointer to itself to the object it created.
This provides a call-back structure that objects can use to retrieve needed information.

Thefollowing diagram illustrates this:

Illustration 5

20



4. Application |: Animation

4.1 Motivation

ECOPHYS is capable of generating a large amount of data representing the smulated

tree. For example, typical output statistics include daily measurements of the number of

leaves, height of the tree, diameter of the trunk, total leaf area, leaf dry weight, as well as

many other ssimulated physiological attributes. Often viewing text does not suffice for full

interpretation of the meaning of the data. Visualization of the data plays a key role in

debugging new agorithms and comprehending 3-dimensional data sets. As well as

providing these technical benefits, 3-dimensional visuaization also provides an easier

way to communicate research results to those unfamiliar with the ECOPHY S output data.

One step beyond the visualization of static data sets is the visualization of dynamic data

set, or alternatively called: animation.

4.2 Animation Process

In order to develop a process for making ECOPHY S animations, let us analyze the

reverse process of making general animations. Generaly, al digitia movies

(animations) are sets of still images then encoded, using one of numerous algorithms, to

produce a single animation file. Thus, the “last” piece of the puzzle in creating

animations is the movie encoder.

As stated, the encoder takes as input sets of still images. If we would like an animation of

atree growing from year one to year three, we would need an image of the tree for each

21



hour, or day, or week, or etc, depending on the length of movie we wanted and also the

detail of the growing tree. So, we need to get a picture of the tree for each desired time

interval. To get images of the tree, we use ECOPHY S data to completely describe the tree

architecture in the POV-Ray scene description language and then use POV -Ray to render

the images.

Finaly, the “first” piece of the puzzle is to create the POV-Ray scene description files at

the desired time interval within ECOPHYS. This is achieved using a command line

option to turn “on” (see section 3.2.1) the generation of the scene description files. Also,

there is an option to specify the output interval of the file generation (by day, year, etc.)

The scene description file is generated by making recursive calls to the tree data

structures and writing physical position information about the leaves and branches to the

file.

Once the POV-Ray scene files are created, we can use POV-Ray to render the images.

Since there are typically 156 days in a simulation year, the total number of frames that

need to be rendered can grow quite quickly. Thus the rendering of animation frames is

best done on the VDIL's Beowulf cluster (see section 2).

After the tree images are rendered, the encoding process can begin, and for this purpose

Berkeley's MPEG encoder (http://bmrc.berkeley.edu/frame/research/mpeg/) was installed

on the cluster. This MPEG encoder has the capabilities to encode in parallel, making it an

ideal choice for the Beowulf cluster.

22
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Thefollowing isatypica image created for an ECOPHY S animation.

Illustration 6
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5. Application I1: Diffuse Light M easur ements

5.1 Motivation

The ECOPHY S model and POV-Ray have interesting and collaborative uses. Specificly,
one of the modules in ECOPHYS is the lighting component, which models direct
sunlight, diffuse (ambient) light from the sky, and diffuse light reflected from the ground.
POV-Ray is designed to produce photo-redlisitic pictures using a powerful set of lighting
and shadow agorithms. We demonstrate in this section that POV-Ray can be used as a
“virtual light meter” for measuring diffuse lighting in ECOPHY S-generated tree
canopies. This is an important step in the validation of diffuse lighting algorithms. It
provides a novel alternative to attempting to collect field measurements of diffuse

lighting at the leaf level.

5.1.1 Original DiffuseLight M od€l

5.1.1.1 Computing Diffuse Light at the Tree Level

As afirst step in discussing the use of POV-Ray asa*virtual light meter”, we first review

the original diffuse lighting algorithm used in ECOPHY S, and whereits origins lay.

The following formula can be used to compute sky diffuse radiation (Campbell et d.
s, 031 " S,,c0s

1998) (5.1)

The various parametersin (5.1) are defined as follows.

24



S sky diffuse radiation on clear days

atmospheric transmittance

solar zenith angle (the angle measured from the vertical)

S, extraterrestrial flux density

m optical air mass number

Atmospheric transmittance, t, varies depending on the cloud cover of the sky, but ranges
from about 0.6 to 0.7 on days with no clouds to values less than 0.4 on overcast days. The
extraterrestrial flux density, S,, iS measured above the atmosphere, and the solar zenith
angle, y, can be computed from well-known astronomica equations (Campbell et al.
1998).

The optical air mass can be computed using the following formula:

_A
8200

e (5.2
CcoS

m

The parametersin (5.2) are given as

m optical air mass number

A altitude above sea level

solar zenith angle (the angle measured from the vertical)

Again, the solar zenith angle is computable from well-known equations and of course
atitudes are generaly known for everywhere on Earth.
ECOPHY Suses avariation on (5.1) for computed sky diffuse radiation. Namely:

S, 051 08" S,cos (5.3)

where t is now assigned the value 0.8, the scaling factor from (5.1) has been changed

25



from 0.3 to 0.5, the flux density is measured immediately above the canopy (S, is

replaced by S)), and mis calculated as follows:

cos 2 .0025 cos

m
.00125 (54)

Here, b isthe solar atitude angle (the angle measured from the horizontal). Hence, b and

y arerelated by the equation: —

We observe that the magjor adjustment in the formula for diffuse lighting equations (5.1)
and (5.3) comes from the alternative equations (5.2) and (5.4) for the parameter m. No
longer is m dependent on altitude above sea level (A); it is dependent only on sun
orientation. This is consistent with our model, as ECOPHYS  simulates the growth of
aspen trees in one selected geographic location. It is beyond the scope of this

investigation to examine the relative merits of models (5.1) and (5.3).

5.1.1.2 Beer'sLaw and Diffuse Light at the L eaf L evel

Now that we have the diffuse light intensity calculated for the tree, we seek to calculate it
at each leaf surface. For this task, we will make use of Beer's law. Beer's law states that
parallel monochromatic radiation propogating through a homogeneous medium that
attenuates the beam will show an exponential decrease in flux density, proportional to the
distance traveled through the medium. (Campbell et al. 1998)

e

This s described by the formula: o€ (5.5)

where:
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attenuated flux density

unattenuated flux density

k extinction coefficient

z distance the beam travels in the medium

For our purposes, we will need to make the following assumptions about the structure of
the tree:

Diffuse light coming from the sky is far enough away that the radiation can be

considered paralldl.

The canopy structure of the tree is homogeneous with respect to the diffuse light.
Given these assumptions, we use a formula similar to equation (5.5) for the diffuse light

seen by anindividual leaf (Balasubramaniam 2000).

K Aabove
A

Leaf S, S,e " (56)

Leaf S diffuse light seen by individual |eaf

S, diffuse light computed for top of tree (not obscured by |eaves)
k extinction coefficient

Ae total area of leaves above this | eaf

A crown area of tree

crown

We can see that the ratio of Aaove 10 Axown 1N €quation (5.6) is analogous to z in equation

(5.5). That is, the further you travel into the canopy (from above) the greater Agpoe Will

be. Ason IS @ podsitive constant for the tree. This is essentialy the same (under our

assumptions) as light from above traveling through a homogeneous medium a certain
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distance z.

However, this is where there was an apparent error in the previous algorithm used to
determine Agoe (Pierson 2001). In determining Aapoe for each leaf, al of the leaves were
inserted into an array with their order based upon their position in a recursively defined
linked list. While such an approach is justifiable for first-year (single shoot) trees, for
more mature trees a leaf may be located earlier in the data structure yet be above other
leaves in the canopy. This is because within the recursive ordering algorithm once a
branch with leaves is encountered, al of its leaves are inserted into an ordered array
starting with the leaf closest to the base of the branch continuing to the branch tip. The
following picture demonstrates this. Leaf 686 has a height of 75 cm and leaf 690 has a
height of 60 cm in the tree. Auoe fOr leaf 686 includes leaf 690 even though leaf 690 is

lower in the canopy.
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Illustration 7

The following graph illustrates the incorrectness of the original diffuse lighting algorithm
in ECOPHYS. It shows the diffuse light intensity (computed using the recursive

algorithm to determine leaf ordering in the canopy) versus leaf height, z.
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Frame 00s | 41 Aug 2004 |

Both of these leaves are at the
same height in the canopy, vet
their computed diffuse light
are vastly different.

]
o
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Illustration 8

The units of light intensity used here and in subsequent illustrationsis in mmol m?s*. We
see “banding” in the above graph (Illustration 8) due to the recursive ordering of the
leaves. Thus each “band” in the above graph represents a branch in the tree.

A third graph, lllustration 9, also demonstrates the incorrectness of the original agorithm

used to compute the diffuse light intensity at the leaf level.
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[lustration 9

In Ilustration 9, branch number refers to order of the branch in the recursive linked list
structure, the leader shoot of the tree has the highest branch number. Leaf number refers
to the ordering of the leaves on the branch. The closer to the tip of the branch, the larger
the leaf number. The graph shows that the computed diffuse intensity is monotonically
increasing from the smallest branch number and smallest leaf number to the largest
branch number and largest leaf number. (Left to right, bottom to top.) Thus, the origina
algorithm for computing diffuse light intensity is dependent only on the structure of the

tree established in the software implementation, not on the physical geometry and
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orientation of thetree.

5.1.1.3 Beer'sL aw and Diffuse Light from the Ground

As commented in section (5.1), ECOPHY 'S also models diffuse light coming from the

ground, aso known as soil reflectance. For all purposes this light can be treated

analogously to diffuse light coming from the sky. We therefore can apply the same

formulas and algorithms derived earlier (sections 5.1.1.1 and 5.1.1.2). The only change

will be that the distance the light travels through the medium will no longer be from the

top down, but rather, from the bottom up (according to Beer's law). However, the origind

algorithrm ECOPHYS used for computing the diffuse light intensity due to soil

reflectance used the same ratio of Aasoe / Asonn &S the distance the light travels in the

medium (2).

The following graph (Illustration 10) displays this counterintuitive (and incorrect)

submodel. Since the origina soil reflectance function used essentially the same algorithm

for estimating diffuse light intensity as the algorithm used to estimate diffuse light

intensity from the sky Illustration 9 and Illustration 10 are almost identical. Illustration

10 suggests that the leaves at the very top of the tree (the leader shoot) have the highest

amount of diffuse light seen from the ground. This is of course incorrect; leaves that are

closest to the ground should have the highest amount of diffuse light attributed to soil

reflectance.
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Illustration 10

5.2 Proposed Corrections

For the diffuse light algorithm, our proposed solution is to order the leaves by their
ascending height in the canopy and from that new ordering compute Aspoe. This IS most
easly justified for modeling a uniform patch of trees, as is the goa of the ECOPHY S
modeling project. In addition to the algorithm change, a more mechanical change is aso

being made regarding the data structures used to store the ordered leaves. The original
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ECOPHY S implementation uses static C arrays, and their memory must be allocated and

deallocated each day. We instead replaced the arrays with C++ STL (Standard Template

Library) vectors. Vectors provide dynamic memory allocation that will allow them to

grow more easily with the changing number of leaves. STL also provides very efficient

sorting algorithms, which will come in handy with the sorting that must be done for the

leaves.

For the soil reflection algorithm we used Auow / Aconn @S the distance the diffuse light

travels into the canopy from the soil, where Awow IS the total area of al leaves that are

lower (in height) within the canopy. In addition to this, we used the proper ordering of

the leaves to compute Apgon , as discussed above.

5.3 Validate New Output

After making changes to the original algorithmsin ECOPHY S described in section (5.2),

we now review the same plots in

[llustrations 8, 9, & 10 using our new

algorithms for diffuse light estimated

from the sky and from the ground. First,

let us evaluate a plot of the diffuse light

intensity, (computed with the new

algorithm), from the sky versus leaf

height (z) as seen in Illustration 11. lustration 11




Notice how the estimated diffuse light is now monotonically increasing with respect to
the leaf height in the canopy. This is exactly as one would expect, the further into the
canopy, the lower the diffuse light intensity.

Again, let us compare the graph in lllustration 9, (branch number vs. leaf number colored
by diffuse light intensity computed using a recursive ordering of leaves), versus an
equivalent graph using our new algorithm used to calculate the diffuse light intensity,

[llustration 12.
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[llustration 12
We can see diagonal bands of roughly equivalent calculated diffuse light intensity, the

bands are most evident in the upper half of the branches. The diffuse light intensity
increasing as the bands push up and to the right. Thus, in the new algorithm, diffuse light
is dependent on the relative height of the branch that the leaf is on, and the position of the

leaf to the other leaves on the branch.
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Similarly, we plot the branch number vs. leaf number and color the points by their
computed diffuse light from the ground below, using the new agorithm for soil

reflectance.

Illustration 13

Again, we see the bands in the plot (the same as Illustration 12). This time the diffuse
light intensity increases as we move down and to the left. Thus, leaves that are closer to
the base of the branch and are on branches lower in the canopy will have a higher diffuse
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light intensity due to soil reflection, as one would expect.

5.4 POV-Ray Validation

As a further (independent) test of the new light algorithm, we proceed to develop the

notion of a “virtual light meter” to measure the diffuse light that each leaf receives. In

order to construct a “virtua light meter”, we observe certain properties of the tools we

will use to construct the meter. Specifically,

in POV-Ray the brightness of an object is based on the amount of light gathered.

(http://povray.orag/documentati on/view/3.6.1/270/)

in the HSL (Hue, Saturation, Luminosity) color model, the Luminosity measures the

brightness of the color.

The first bullet can be verified empirically by the following simple experiment: Take an

object, (a sphere in our case), use alow level of light in the scene and render it. Thisis

referred to as Illustration 14, below. Now, take the same scene and make the light

brighter,

Illustration 14 Illustration 15

this (in effect) creates more light in the scene, and thus there is more light for the object

38



to receive. In the scene shown in Illustration 15 the light illuminating the objects is six

times as bright as thelight in lllustration 14.

5.4.1 Color Models

In order to proceed, we need a way to measure the amount of light that objects in POV-
Ray receive. For thiswe will use two tools: ppmhist, and the HSL color model.

POV-Ray can output rendered images in a variety of formats. One such format is called
Portable Pix-Map, or ppm. The ppm image format stores complete (lossess) image
information in either smple text or uncompressed binary data. The data that is stored is a

RGB triplet for each pixel in theimage.

5.4.1.1 TheRGB Color Modd

The RGB color model stores the relative percentage that the primary colors red, green,
and blue contribute to any given color. In theory, each element of an RGB triplet can
range from zero to one, [0,1], taking on any real number in that interval. In practice, the
ppm image format stores each element of the RGB triplet as eight bits (one byte).
For instance, here are some RGB colors as seen by the ppm image format:

red = (255, 0, 0)

green = (0, 255, 0)

blue = (0, O, 255)

white = (255, 255, 255)

black = (0, 0, 0)
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cyan = (0, 255, 255)

yellow = (255, 255, 0)

magenta = (255, 0, 255)

orange = (255, 127, 0)
Given that there is a discrete number ((2°)° = 16,777,216) of colors in the ppm image
format, we can plot a histogram of colors appearing in our image. There is a tool for
UNIX operating systems called “ppmhist” that will provide this functionality for us.
Given a ppm file, it outputs: each color appearing in the image (an RGB triplet) and the

number of pixelsthat are of that color.

5.4.1.2 TheHSL Color Modd

With a means of “dissecting” our image into color parts, we now turn our attention to
measuring brightness of colors. There are two main color models that measure brightness
in color: the Hue, Saturation, Luminosity (HSL) and the Hue, Saturation, Vaue (HSV)
color models. Let us now give some definitions of terms:
Hue: The hue of a color identifies what is commonly called “color”. For example, all
reds have a similar hue value whether they are light, dark, intense, or pastel. (Sachs
1999)
Saturation: The saturation of a color identifies how pure or intense the color is. A fully
saturated color is deep and brilliant — as the saturation decreases, the color gets paler

and more washed out until it eventually fades to neutral. (Sachs 1999)



Luminance: The luminance of a color is a measure of its perceived brightness. (Sachs
1999)
Both HSL and HSV can fully represent any color that RGB can. The following

illustrations shows green hue for both the HSV and HSL model.

Ilustration 17 Illustration 16

We can see that as V changes changes from O to 1, it is dependent on the value of S
whether the color is white or pure green, or somewhere in between. In comparison, for
the HSL model, when L changes from O to 1, intensity always changes from pure black to
pure white. HSV represents saturation much better than brightness, while HSL represents
brightness much better than saturation (Koren). With that in mind, we choose to use the
HSL color model, specificaly the L component, to represent the brightness of colors in

our ECOPHY S image renders.

5.4.2 Game Plan

Recalling that our desireisto develop a*“virtual light meter”, we now sketch an outline of

that process:
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From within ECOPHY S a POV -Ray scene description file will be generated based on
the physical (architectural) information about the tree, including leaf size, orientation,
and position, aswell as branch size, orientation, and position.

Leaves will be colored green in this POV-Ray file, RGB (0, 255, 0); branches, the
ground and other objects in the scene are not colored green.

Once the scene is rendered, ppmhist will be called on the image file and the histogram
output will be saved.

All the RGB colors in the histogram are then to be converted to HSL colors. We can
discard all the colors that do not have a hue of green. From the remaining pixels we
can compute a weighted average of their luminosity, and thus, we will have a weighted

average measure of brightness for all leaves within our virtual environment.

In summary: We are trying to create a “virtual light meter” for diffuse light intensity that

works at the leaf level. Towards that end, after generating a scene description file in

ECOPHY S we make a separate scene description file for each leaf that appears in our

larger file. Using all of the same leaf and branch objects (for casting shadows), we

carefully position the camera directly above the leaf that we wish to measure the diffuse

light of. Next, we substitute ambient sky light for direct sun light. We then render that

image, produce a histogram of its colors, convert the colors to HSL, and compute a

weighted average for the luminosity of the leaf. This process must be repeated for each

leaf in the canopy.
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Let us now discuss the ambient sky light for our experiment. Within POV-Ray light
originates from asingle point. Thisisfine for alight model of the sun, but we are seeking
to model ambient light from the sky. By using a 2-dimensional array of point lights we
can approximate the light emitted by the sky above the tree. The array of lightsisan 8 km
by 8 km square centered above the tree a an altitude of 1 km above ground level. The
array has 100 point lights equally spaced throughout the square.

Now that we have an introduction into what the process is to implement and use the
“virtual light meter”, we look now at the closer details of the algorithm for generating

leaf-specific diffuse light intensity output.






5.4.3 Results

After all the processing that is done to produce our light readings in the ECOPHY S tree
canopy, we can now examine the results for correctness, as well as apply the results as a
control for the new diffuse light algorithm discussed in section 5.2. Let us begin with a 3-
dimensional visualization of the tree and the average luminosity of each leaf. The scatter
plot represents the leaf center points for the canopy of a 3-year old tree on Julian day 233.

There are atotal of 2032 |eaves.

Illustration 18

Here, the “warmer” the color, the higher the average luminosity is for the leaf and the
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“cooler” the color, the lower the average luminosity is. This illustration gives good
gualitative feedback regarding the accuracy of our virtual light meter. That is, leaves that
are closer to the tip of the tree or are on the tops of branches in the upper part of the
canopy, intuitively, will receive more diffuse light. Conversely, leaves that are buried
deep in the canopy will (intuitively) receive less diffuse light from the sky.

The following plot shows the relationship between the computed diffuse light intesity in
ECOPHY S and the measured diffuse light using our light meter. The data is based on the
same 3-year old tree used above. Data points are color-coded according to their position
on their respective branches. It also suggests that the leaf number (relative position of a
leaf on a branch) has significant impact on the diffuse light received. We see that a
majority of the leaves receiving a lower amount of diffuse light are located near the base
of the branch they are attached to. The important piece of information to take from this
graph is the fact that there is an unmistakable correlation between the computed diffuse

light intensity for each leaf and the amount of diffuse light measured for each leaf.
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[llustration 19

Given the observed relationship between the ECOPHY S-computed and POV-Ray-
measured diffuse light intensities, we now seek to answer questions regarding the
accuracy of the diffuse light algorithm. For that, the following graph shows a linear
regresson between the computed and measured diffuse light. The regresson was
performed using the Tecplot software. The R? value for the regression is 0.724883, which

(considering the applicable noise and asymmetrical nature of the tree) is reasonably good.
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Illustration 20

In summary, we have shown that the PVM software on the Beowulf cluster provides an
efficient means of generating visualizations (images and animations) useful to debugging
and interpreting the output of the ECOPHY S tree growth smulation code. Moreover, the
POV -Ray imaging software can be used to measure the light characteristics of the virtual
trees generated by ECOPHY' S, and thereby provide a useful validation tool in assessing

the accuracy of the ECOPHY S diffuse lighting sub-model.
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7. Appendices

7.1 RGB to HSL Converter source code







7.2 Make L eaf POV-Ray Files source code
















7.3 Compute Average Luminosity source code




7.4 \Nrapper Script




