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istributed rendering environments

(DREs) are fairly common in the com-

puter graphics and animation industries. They help cre-
ate large-scale animations ranging from movies like
Shrek to advanced scientific visualizations. Most DREs
are deployed in tightly controlled animation produc-
tion units or national labs where access is limited to a
small group of people. While DREs are well known in
the industry, no implementations are currently avail-
able for general student access. Furthermore, the chal-
lenges of setting up such a system for a large audience
of students at colleges and universities are significant.
Given this scenario, computer graphics students today
have no exposure to real-world problem-solving tech-
niques in rendering and animation

This article outlines the
development of a
distributed rendering
environment at Purdue
University. The design
addresses several
pedagogical paradigms

critical for enhanced positive

development, as that would require
access to an infrastructure that is
absent in academia.

The course assignments given to
students in rendering and anima-
tion programs do not reflect the
actual magnitude and scale at which
commercial and scientific computer
graphics work is undertaken. In-
structors are often limited to the
computational resources available
within the physical confines of the
learning space. In effect, this leads
to the complete dilution of the con-
tent taught within the rendering
and animation curricula. The
students graduating from such pro-

learning outcomes. grams are, therefore, under-
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prepared to deal with the complexities of the work envi-
ronment they enter.

This article outlines the development of a DRE at Pur-
due University. Faculty and students are currently beta
testing the DRE. The project’s goal is to make DREs avail-
able to faculty and students throughout the US at no
cost. The design addresses several pedagogical para-
digms that are critical for enhanced positive learning
outcomes (see the “Background and Rationale” side-
bar). Critical to the development of Purdue’s DRE is the
notion of an enhanced positive user experience. To
address this goal, the project team is focusing on engi-
neering methods for one-touch job deployment; ease of
job status monitoring; anywhere, anytime job submis-
sion; rendering and animation error correction; and
reduced job wait times.

Harvesting spare compute cycles

As rendering algorithms are continuously refined to
maximize accuracy and clarity of animations and scien-
tific visualizations, the computational resources required
to achieve this objective have also increased exponen-
tially. It’s impractical for educational institutions to invest
valuable dollars in infrastructure that can only be used
for rendering. However, most universities support and
maintain large computer laboratories that remain
unused for a small part of each day. Our approach to
designing and deploying DRE:s is based on harvesting
and using processor cycles effectively during the brief
periods when computer labs are closed. Our system splits
one large animation into individual frames and distrib-
utes it to any available computer—we refer to this as a
rendering node. As more computers become available,

0272-1716/05/$20.00 © 2005 IEEE



Background and Rationale

The pedagogical problems with current approaches to
classroom instruction in animation and scientific
visualization are rooted in the logistics associated with
rendering. Rendering has long been an intrinsic part of
traditional computer graphics instruction. However,
students have always relied on single machines to complete
rendering assignments. Rendering jobs on single machines
is extremely slow and time consuming.

For example, let’s examine a simplified scenario where
students are asked to produce a 2-minute animation
project. Total rendering time for this project is

tre = fps X tar X tif

where £ is the total rendering time in seconds, fps is
frames per second, t, is the total length of animation (in
seconds), and &y is the time for rendering one frame (in
seconds).

If we assume that the animation runs at 30 fps and each
frame takes approximately 2 minutes to render, the overall
rendering time is 7,200 minutes or 120 hours. In real-world
scenarios, a single frame could take substantially longer to
render. Extending this example further, a single class of just
20 students attempting to complete a 2-minute animation
assignment would tie up computers in a departmental
laboratory for a total of 2,400 hours.

Because rendering is a processor-intensive operation, the
computer on which the rendering job is running becomes
unavailable for other activities. Interruptions might cause
the student to restart the entire job, resulting in wasted
resources and loss of time. In an educational setting where
multiple courses might require rendering assignments and
the use of computers for formal course lab sessions, the
magnitude of this problem is immediately apparent. The
situation is further complicated by the need for custom
configurations on machines that usually perform rendering.

Due to this heavy dependence on resources completely
local to the student’s work environment and learning space,
current pedagogical practices in the field of animation and
data visualization focus on restricting the scope of rendering
assignments. This has resulted in a situation where
instructors consciously dilute the scope of the problem
assigned within the classroom, thus leading to less than
authentic learning experiences. Also, faculty members
teaching animation have become accustomed to lower

qualities of class projects due to the logistical difficulties
associated with getting the renderings correct.

The practice of diluting problems to suit the learning
space runs counter to existing pedagogical paradigms that
call for constructivist approaches to teaching and learning.
Under the constructivist model, learners are encouraged to
apply their knowledge to facilitate deep learning.'
Kauchak and Eggen point out that “learning activities based
on constructivism put learners in the context of what they
already know, and apply their understanding to authentic
situations.”  In the context of learning and teaching
animation and scientific visualization, the emphasis of the
learning process should be on authenticity. Under the
current model, learners do not have an opportunity to
apply their knowledge in authentic, real-world scenarios.
Resnick points out the distinct difference between knowing
a certain concept and a student’s ability to apply this
knowledge.* The necessity for the learning process to
incorporate tenets of the real world has well-established
theoretical foundations.>® The use of authentic learning
contexts and scenarios is not only necessary to cultivate the
learner’s ability to apply the knowledge learned in class to a
variety of contexts,” but also to create cognitive flexibility®
that is critical to real-world problem solving. In the context
of animation and data visualization teaching and learning,
one area where the application of learned knowledge
becomes critical is in error detection.

Several complications can arise when rendering
animations during students’ initial learning stages. It's
difficult to complete a rendering accurately without doing
several tests first. For example, in the movie industry it’s not
unusual to render a frame more than 50 times to get the
desired results.

Shadows, lights, animation, and textures are just a few
elements that could create undesirable results in the
rendering process. For example, shadow errors are difficult
to diagnose before rendering a full animation. A typical
shadow error could be manifested as flickering, where the
shadow associated with an object may have variability from
frame to frame.

When working with lights and shadows, students need to
test render at various stages of the animation. This will help
ensure that all parts of the scene are lit and shaded correctly.
Each time a lighting attribute is changed, a new render must
be done to see the outcome, often resulting in several re-

continued on p. 34

the system creates a farm of rendering nodes called a
render farm. The time to complete an animation is
inversely proportional to the number of render nodes:

fpsxt  xt
tr[:[ P al " rf ]+Et0 (1)

n
T

where n, is the number of render nodes and Ey, is the
extra time in rendering due to overheads.

Equation 1 is only an estimate based on an upper-
bound approximation of the speedup with rendering
time. This value is the theoretical speedup in rendering.

We can determine the observed or actual speedup by
considering Amdhal’s' and Gustafson’s laws.?

In most types of rendering, each frame can be
viewed as completely independent of the other. How-
ever, in some scenarios, where complex dynamics are
computed, one frame might depend on ones previous-
ly rendered. This reduces speedup of the overall render
job. To alleviate this problem, students usually must
“bake” the dynamics component of their jobs prior to
submission for rendering. Baking the dynamics first
creates a key for every frame where the dynamic sim-
ulation is set to active. This removes the need for
dynamic calculations and dependency upon previous
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continued from
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n‘t always done under student workflow

ts do not yet fully understand the process.
rkaround to doing full renders all of the
endering packages can generate a crude

distributed computing paradigms into the classrooms. It is
in this context that DREs, such as the one described in this
article, can have significant impact.

that lets the user quickly see changes made
materials. However, these previews do not
ser see all of the potential problems with the
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1 Theoretical reduction in rendering time due to adding render nodes to a
2-minute animation.

frames. Therefore, when considering multiple frames,
the serial portion of a job is almost negligible. Ren-
dering is not ideally suited for applying Amdhal’s or
Gustafson’s laws, as the number of steps involved in
rendering each frame might significantly differ
depending on parameters such as light, texture
changes, and shadow within a particular frame.
Equation 1 also assumes that all render nodes have
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similar hardware configurations. In actuality, the total

September/October 2005

ly complex projects approaching full-fledged industry
scenarios. Figure 1 presents the theoretical speedup in
a 2-minute animation (at 30 fps and a render time of 2
minutes/frame).

The notion of harvesting compute cycles for scientif-
ic purposes is not new. Several well-publicized projects
like the Search for Extraterrestrial Intelligence at Home
(SETI@Home) have employed this technique success-
fully. However, the process of harvesting compute cycles
for rendering purposes within a university setting poses
aunique set of technical challenges. Some of these chal-
lenges include the need to maintain a considerably large
storage space, setting up a rendering management
process, and a focus on security considerations consis-
tent with all federal data security requirements.
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Implementing the DRE

Purdue’s DRE consists of several hardware and soft-
ware resources all working together in a user-friendly
workflow. Figure 2 presents the overall workflow in the
DRE.

Submission nodes

Enhancing positive user experience is one of the main
objectives of the DRE’s design. From a user’s perspec-
tive, one of the important aspects of the DRE is the easy-
to-use interface for submitting render jobs. Because
many of the render nodes are already in use as machines
ininstructional labs, it makes logical and practical sense
that these machines should also be used as submission
nodes (Step 1 in Figure 2). Because appropriate anima-
tion packages such as Autodesk 3ds max and Alias Maya
are already installed on these machines, submission to
the DRE can be greatly simplified. This is done through
custom menus within the user interface of the front-end
modeler. These menus integrate DRE access directly into
the animation package interface (see Figure 3).

However, because all scripts necessary for DRE func-
tionality are located on the central network’s storage
rather than on individual nodes, other machines on
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3 Custom menu within the 3ds max software environment for submitting

jobs to the DRE.

the campus network can also be used as submission
nodes, even if they are not one of the DRE render
nodes. In such cases, tools such as 3ds max and Maya
might not be installed, or may be installed but not have
the custom modifications. This requires some extra
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Table 1. Compo'sition of the DRE rendering nodes.

Hard Disk
Number of CPU CPU RAM Drive Capacity Available
Primary Purpose Nodes Type Speed (MHz) (Mbytes) (Gbytes) (Hours a Day)
DRE dedicated 48 Pentium 3 550 256 9 24
Instructional lab 22 Pentium 4 1,800 512 40 7
Instructional lab 22 Pentium 4 1,800 512 40 7
Instructional lab 22 Pentium 4 3,000 1,000 80 13
Instructional lab 22 Pentium 4 3,000 1,000 80 13
Instructional lab 22 Pentium 4 2,400 1,000 80 7
Instructional lab 15 Pentium 4 1,500 1,000 60 7
Instructional lab 24 Pentium 4 1,700 1,000 40 7
Instructional lab 22 Pentium 4 2,400 1,000 80 13
work on the user’s part, as the files required for theren-  Render nodes
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der job need to be manually transferred to the network
storage reserved for DRE use, and then submission
scripts must be initiated. Currently, job submissions
are accepted only through machines located on the
campus network. However, we have started exploring
allowing select off-campus submissions as our long-
term goal is to provide a rendering resource available
to a greater community.

Job server

We designed the DRE’s implementation to shield
users from the complexity of a distributed computing
environment. To this end, one aspect of the DRE hard-
ware to which users are not exposed to is the job distri-
bution and management mechanism. This is the server
responsible for receiving render job submissions and
managing the distribution of these tasks.

Our server is called Alfred, as it uses Pixar’s Alfred soft-
ware for performing these tasks (see https://
renderman.pixar.com/products/tools/alfred.html).
When the job is submitted, the system immediately trans-
fers all assets needed for completing this job to the cen-
tral storage (Step 2 in Figure 2) and automatically
transmits the job details to the Alfred server (Step 3 in
Figure 2). The Alfred server acts as the resource broker
and farms out the job to available render nodes (Steps
4.1 and 4.2 in Figure 2). Once a rendering job is submit-
ted to the server, the server manages the job complete-
ly. This allows the user to log off the submission machine,
making it available for other users or render jobs.

The server maintains a queue of all jobs submitted,
checks the status of the render nodes to determine
what machines are available, and then distributes
smaller parts of the render jobs to each available ren-
der node. As the nodes complete their render tasks, the
system sends the finished frames to the network stor-
age area, and the server sends additional tasks to the
render nodes as they become available. Some render
jobs might have special requirements such as a pre-
ferred operating system or a minimum RAM require-
ment. The server also monitors these requirements and
ensures that the render tasks are sent to appropriate
render nodes. In some cases the server has to hold the
tasks in a queue until necessary resources become
available.
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Purdue University’s DRE is currently composed of 219
render nodes. Forty-eight of the render nodes are avail-
able throughout the day and are dedicated for render-
ing purposes, while the other nodes are lab machines
available only during certain time slots such as evenings
and weekends. The dedicated render nodes are Pentium
3, 550-MHz machines with 256 Mbytes of RAM. The
other nodes are Pentium 4 class machines located in
labs, in groups of 15 to 24 machines. Table 1 shows the
specifications of all the machines, grouped by location,
along with information about their availability for ren-
dering during weekdays.

Software

The choice of an operating system will often dictate
other software choices. As previously mentioned, most
instructional lab machines are already running a
Microsoft Windows-based OS. However, other machines
such as the DRE distribution server are using a Unix-like
OS. To facilitate secure communication between these
machines, we installed Secure Shell (SSH) software on
the Windows machines. All rendering nodes must have
software rendering tools installed. We currently use
Pixar’s RenderMan software in our setup. These machines
also run an additional service called Alfserver, which pro-
vides Alfred with information such as machine availabil-
ity and receives task requests. Because availability to users
is the highest priority for instructional lab machines,
when a user logs in to a render node, the Alfserver process
stops, preventing the machine from receiving new ren-
der tasks. Any currently running render tasks are also
stopped and restarted when the machine frees up.

On most render nodes, we’ve installed common ani-
mation packages such as Maya and 3ds max, with the
custom DRE modifications mentioned earlier. Howev-
er, some submission nodes might have animation pack-
ages without the custom modifications or even simple
communications packages such as SSH with no anima-
tion packages. This means that machines configured for
avariety of different lab uses can all still be used as sub-
mission nodes for the DRE.

All of the DRE machines use some custom written
Python scripts for communicating with each other and
transferring required assets such as model files. All of
these scripts required for job control and communica-



tion are located on the network storage so that all
machines can use them without our having to install the
scripts directly on every machine.

Network and storage

Networking is a key component for any distributed
rendering system, as this is the medium through which
rendering tasks and assets are distributed to the render
nodes as well as how completed renders are made avail-
able to the users. The DRE rendering nodes, storage,
job management nodes, and submission nodes are con-
nected through a Gigabit Ethernet pipeline. Also, all
students, staff, and faculty receive a unique username
that they can use for accessing email and network stor-
age, creating a personal homepage, and logging into
public lab machines on the network. This means that
when users submit jobs to the DRE, their username and
password can be authenticated against a centralized
Lightweight Directory Access Protocol database. Any
changes in usernames and passwords in any part of Pur-
due University’s system are immediately propagated to
the DRE system.

Also, completed renders can be placed on network
storage so that the user can easily retrieve them from
any other location on the campus network. We have also
dedicated a portion of the central network storage to the
DRE. In addition to storing completed renders, this area
is also a shared space for storing other information such
as the rendering source files, front-end software exten-
sions, unique plug-ins, and DRE access scripts.

The render nodes read any required assets from the
central storage location as indicated in Steps 5.1 and 5.2
of Figure 2. After the entire rendering job is completed,
the results are delivered as rendered images back to a
folder within the users’ profile located on the central
storage (see Step 6 in Figure 2). On the far right of Fig-
ure 2, we are also building provisions for test jobs. We
incorporated these design variations into the DRE to
permit early error detection and sampling frames in
complicated rendering jobs. Upon completing the ren-
der job, the DRE system automatically sends out an
email to the users indicating that they can download the
rendered frames from the central network storage (see
Step 7 in Figure 2). This marks the completion of the
rendering process and workflow.

Impact and future plans

One of the first major contributions the DRE has pro-
vided is the ability to incorporate significant curricular
and pedagogical innovations in how we teach animation
and data visualization. For example, students can now
practice multipass rendering, something that was not
possible before DRE implementation. Under this
methodology, students can render each scene element
(such as shadows, diffuse color, and specularity) sepa-
rately. This allows them to practice postproduction oper-
ations, where each of these individual characteristics is
run through compositing software into the original
image. If there is an error in one of the characteristics,
the error can be isolated and fixed without affecting
other image parts. These types of alternate rendering
methodologies are prevalent in the industry and students

can now practice this as part of their regular course work.

The DRE has positively affected users’ experiences
with the rendering process. Students no longer have to
shepherd their individual jobs or concern themselves
with the security of their work. The DRE also provides
users with the ability to use one-touch job deployment
for their rendering jobs. Email notifications at various
points in the rendering process keep the users informed
of job progress. Current plans for the DRE also include
the ability to dispatch and track jobs from mobile devices
such as PDAs and cell phones that will completely relieve
users from the need to visit instructional 1abs or be phys-
ically connected to track and submit their jobs.

The impact that the DRE can have on the curriculum
is significant. Previously, it was not uncommon for
instructors to limit their expectations for student work
based on the available computation resources in a lab.
Students typically ran jobs on a single workstation,
which often took days to render for a short animation
scene. This tied up the workstation so others could not
use it during rendering. Instructors were reluctant to
give assignments or would lower their expectations
based on the need to keep resources free in labs. With
the DRE it’s possible to raise expectations of student
work in a class because more computation resources are
available to the student. Students also choose to com-
plete more challenging problems given the resources
available with the DRE.

The next stage of the DRE development effort will link
the system outside the physical boundaries of Purdue’s
campus and forge concrete links into the TeraGrid.” The
National Science Foundation is investing significant
resources into the development of the TeraGrid, which
is a critical part of the national cyberinfrastructure. To
achieve this, the rendering process needs to be imple-
mented through an open source renderer—a process
that adds substantial complexity to the design. As a first
step toward this, we are currently testing the DRE over
a Condor pool, which allows for job check-pointing. So,
if a particular render node encounters critical errors dur-
ing the rendering process, the work performed on that
node is not completely lost. Rather, the render node run-
ning Condor will immediately transmit the render job’s
status to the central server, which will in turn reallocate
the job to continue on a different node, without having
to restart the complete frame.

A new security model that is consistent with the Ter-
aGrid security framework will also need to be imple-
mented. The focus of the DRE design will continue to
emphasize positive user experience while lowering the
threshold of entry for diverse fields ranging from visu-
al and performing arts to nanotechnology. This dual
focus on usability and easy access will eventually make
the DRE available to students and faculty members
nationwide at no cost. |
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