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ADVANCED SIMULATION TOOLS TO MODEL AND ANALYZE
OPERATIONAL ENVIRONMENTS

Douglas J. Claffey
Analytical Graphics, Inc., 325 Technology Drive, Malvern, PA 19355

ABSTRACT

Advances in high-level architectures in both hardware and software now allow 3D
software modeling and interactive simulation to be done from the desktop computer. This
paper will address the increasing demand for 3D software modeling and simulation
applications throughout the aerospace industry, what kinds of tools are currently
available, how operational data is being used in real-world applications, and how to
couple real-time data with terrain models and simulation tools to model and analyze
operational environments.

The following specific areas will be addressed:
•     The creation of real-world environments by merging virtual objects and ground data
with interactive simulation and advanced graphics.
•     Recent advances in software modeling and simulation tools, which mirror general
industry trends.
•     The ongoing effort to establish standards for modeling and simulation applications
throughout the aerospace industry.
•     Examples of applications using high-level architecture-enabling technology like the
visual display of detailed terrain data, drag-and-drop imagery, the enhancement of
graphical performance without compromising the quality of rendered data, and expanded
support for raster file format images.

INTRODUCTION

Visualization of space systems is quickly becoming a vital enhancement to a vast array of
engineering analysis tasks. Modeling space systems with commercial off-the-shelf
visualization tools is a practice of educators, engineers, policy makers, military decision-
makers, and even the casual space enthusiast. As the era of big-budget space programs is
coming to a close, many organizations can no longer afford to develop mission-specific
software in-house and are therefore seeking alternatives. With the continued decrease in
the costs of computer hardware to support these missions and the simultaneous increase
in the performance of this hardware, commercial satellite visualization software that can
be used for multiple missions is playing a major cost-reducing role in enabling both



successful and economically feasible space activities. More important than saving money
on a satellite mission, however, is that this visualization software has played an important
role in saving several actual satellites from mission failure. This paper will explain the
transition to and increasing importance of visualization software in the space industry and
offer several examples of how visualization software has saved both money and spacecraft from being
lost.

THE VALUE OF VISUALIZATION

Commercial off-the-shelf (COTS) visualization software that is stable, accurate, and
well-supported is becoming the key to the support of all phases of a satellite’s life – from
pre-launch to ground support for the mission through graveyarding of the satellite. The
transition from the use of expensive, in-house visualization software or extensive data
sets to this COTS visualization software has occurred rapidly over the past decade.

In the last five years, the world of visualization/visual computing has exponentially
progressed along a line from a few people spending large amounts of money for the
technology to a technology now affordable to virtually any aerospace professional,
including engineers, trainers, and educators. During this time, the cost of 3-dimensional
visual computing hardware and software has decreased dramatically as performance has
risen at an even higher rate. Five years ago, the ability to perform 3-D computing
required a $150,000.00 supercomputer, as this hardware was the only type of machine
with the ability to sustain the high demands that visualization places on the hardware. In
each of the past five years the performance of computer hardware has roughly doubled as
prices continue to drop as rapidly. The PC world, for example, has continued to
accelerate. PC performance used to double approximately once a year. Now, the
performance doubles every few months. Today, an aerospace professional can perform
visual computing with an $1800.00 graphics card, providing the performance of the
$150,000.00 supercomputer of five years ago with a significantly-cheaper price tag.

Thus, a change in space-systems analysis has occurred in the space industry within the
last few years. Aerospace professionals have gone from analyzing stacks and stacks of
data printed on reams of paper on their desks to the ability to visualize this data in two
and three dimensions with the click of a button. With this transition came a difficult
problem to overcome for the creators of the visualization software. Many entrenched
engineers dismissed the software as nothing more than large amounts of pretty pictures
with no real data behind it. Hence, studying the stacks of data was still the only way to
truly understand the satellite system. Changing this attitude proved very challenging.

For many engineers, simply using the software opened their eyes to the validity of the
tool as well as the many ways it can augment or enhance analysis or operational and
situational awareness. As a true example, an aerospace engineer worked with satellites in
highly elliptical orbits for over ten years. He clearly knew the shape and orientation of



these orbits as well as the traces of the ground tracks. However, it wasn’t until he used a
visualization software tool to trace the satellite’s path while viewing the orbit path from
the position of the satellite that he truly understood how the rotation of the Earth and the
change in the speed of the satellite at different locations actually create the ground traces.
This aerospace professional understood instantly something he could not visualize in ten
years of analyzing sets of numerical data with the help of this 3-D software.

For other engineers, however, the transition to the use of this simulation software took
much more convincing. Neither the better performance nor the decreasing cost of
computer hardware could convince many aerospace professionals to seek the analytical
value of visualization software. Slowly, however, the transition continues as visualization
continues to prove itself by saving space programs large amounts of money and time in
all phases of analysis. Three main areas in which visualization tools have been most
effective are in space systems design, simulation, and operation. Within these areas there
have been several instances in which the tools were so effective that even those people
most skeptical and critical of visualization tools have seen the value these tools have to
offer.

This paper will address the three main topics at which Satellite Tool Kit® (STK®) is
aimed to solve complex problems: operation, design, simulation. Each application will be
explained in terms of specific examples in which visualization software was used to solve
complex and sometimes time-critical problems in the space industry.

Effective simulations provide the foundation software tool for modeling a range of space
systems applications such as: satellite astrodynamics, long-term orbit predictions, lifetime
analysis, conjunction analysis, orbit determination, and orbit trajectory design. The suite
of additional functionality allows space systems analysis and visualization to be
performed for all phases of a space mission. Although the software is inherently a space
systems analysis tool, the visualization tools provide a unique and valuable perspective of
understanding complex problems in space systems modeling and simulation. Phases of a
space system cycle that STK tools have been applied include: concept development,
requirements, policy, integration and test, launch, operations, and de-orbit.

OPERATIONS ANALYSES USING SATELLITE TOOL KIT (STK)

The STK Professional (STK/PRO)™ software package provides several analysis tools in
the realm of astrodynamics which were used to solve the following real-world problems.
The following orbital propagators provide general to detailed orbital analysis capabilities:
Two Body, J2, J4, High Precision Orbit Propagator (HPOP™), and Merged Simplified
General Perturbations (MSGP4). The High Precision Orbit Propagator (HPOP), by
Microcosm Inc., is a high-accuracy orbit propagator that uses a set of high-fidelity force
models to generate satellite ephemerides. It uses the JGM2 Geopotential model for Earth



gravity and includes the effects of lunar and solar gravity, atmospheric drag and solar
radiation pressure. Five different atmospheric density models available for drag
modeling, which include: 1976 Standard, Harris-Priester, Jacchia 1971, Jacchia-Roberts
or a user’s own density model by providing a lookup table data file. STK/HPOP uses a
Runge-Kutta-Fehlberg method of order 7-8 to integrate the equations of motion. Each of
these analytical functions employs visualization tools to translate the vast amounts of data
into intuitive 2-D and 3-D simulations. For some missions, satellites have been saved by
these tools. The following examples demonstrate the power of visualization in all facets
of space-systems analysis.

TDRS INERTIAL UPPER STAGE

Analytical Graphics, Inc. (AGI) was contracted by NASA to use STK/VO, the Satellite
Tool Kit Visualization Option, to create a simulation of the Tracking and Data Relay
Satellite (TDRS) inertial upper stage and transfer orbit. AGI received the TDRS position
and attitude data and created the simulation of several spin-up maneuvers and torque
events. After creating the video and sending it to the TDRS engineers, AGI soon received
word that the simulation was incorrect because, during one segment, the spacecraft was
spinning in the wrong direction. AGI checked the simulation and determined that the data
was being visualized properly. The engineers then searched through their extensive data
sets and realized that they had a sign error in their data that had been there for months.
They did not see the error because there was really no way for them to see it within their
many rows of numbers. Using visualization tools enabled them to see the error quickly
and fix it before any major problems arose.

ASIASAT3 / HGS-1 MOON SWINGBY

The Asiasat 3 satellite was launched on December 25, 1997 aboard a Proton rocket from
the Baikonur Cosmodrome in Kazakhstan. The satellite was to provide television and
telephone service to a large portion of Asia. The launch sequence was executing as
planned until the second burn of the fourth stage failed. Designed to last 110 seconds, the
burn cut off prematurely after 1 second. This failure altered the path of the module,
preventing the satellite from attaining geosynchronous orbit. The satellite was deemed a
total loss by its owner, Asia Satellite Telecommunications Company Ltd., which
collected a $200 million insurance payment.

Engineers at Hughes Electronics Corporation, the manufacturer of the satellite, thought
differently. They reasoned that a new trajectory that would take the satellite around the
Moon would change the orbital parameters enough to make the satellite usable again.
Hughes obtained the title to the spacecraft, renamed it HGS-1, and quickly put its
engineers to work.



Using the STK/Navigator module, the engineers calculated the exact positions and
velocities of the satellite and the Moon and determined the precise fuel burns necessary to
increase the apogee of HGS-1 and to allow the satellite to perform a swing-by around the
Moon. Controllers fired the satellite's liquid apogee motor -- several times to raise it out
of its elliptical orbit of 350 kilometers by 36,000 kilometers (217 miles by 22,300 miles).
The final firing, on May 7, 1998, sent it on a 9-day round trip to the Moon. This
maneuver served to flatten the inclination of the satellite’s orbit and place it in a
geosynchronous orbit (fig. 1 and 2). The satellite is now usable for communications
purposes.

This example has shown how COTS products are indispensable to the space industry.
Because of the time-critical nature of the situation, custom-developing a solution was not
an option. Also, the cost of developing code in house to solve the problem would have
been greater than the total cost required to restore the satellite fully to use with COTS
software (which was less than $1 million). In the rescue of HGS-1, the flexibility of the
software was a critical factor, allowing the engineers to use it to solve a completely
unexpected problem in a minimal amount of time, saving millions of dollars in the
process.

Figure 1. Polar View of Moon Swingby Figure 2. Orbit Change Due To Lunar
and Geosynchronous Orbit    Swingby

                             

SOHO RECOVERY

On June 26, 1998, ground controllers lost contact with the SOHO spacecraft during
routine maintenance operations and the satellite went into Emergency Reacquisition
(ESR) mode. The ESR mode is activated when an anomaly occurs and the spacecraft
loses its orientation toward the Sun. When this happens, the spacecraft automatically tries
to point itself toward the Sun again by firing its attitude control thrusters under the
guidance of an onboard Sun sensor.



Based on the last telemetry data received from SOHO, engineers said it appeared most
likely that the spacecraft was slowly spinning in such a way that its solar arrays, which
generate power, either did not face the Sun at all or did not receive adequate sunlight to
generate power. On July 27, ground-based radio telescopes detected SOHO slowly
rotating near its original position in space. On September 16, SOHO obeyed commands
that turned its face toward the Sun (fig. 3).

After NASA re-oriented the spacecraft, an attitude control engineer created an attitude
file for STK/VO to represent the events that took place during the recovery maneuvers.
With the visualization capabilities of the software, NASA and ESA were able to stop the
spacecraft from spinning about the z-axis and re-orient the x-axis such that it was
properly aligned with the Sun vector.

Figure 3. SOHO ESR Mode

SHUTTLE-HUBBLE RENDEZVOUS

For another operational task, engineers at NASA used visualization tools during a shuttle
mission to determine when the shuttle and the Hubble Space Telescope would be aligned
in such a way that shadowing and blockage would be a concern. Two questions needed to
be answered by the simulation.  When will the shuttle shadow the Hubble by being along
the Hubble-Sun line and when, if at all, will the shuttle block the Hubble from viewing its
assigned target? When will the Hubble be between the shuttle and the TDRS, thereby
blocking communications by interfering with the RF between the two spacecraft?
Engineers visualized the scenario by viewing along the Shuttle-TDRS line to determine
communications interference and viewing along the Hubble-Sun and Hubble-target lines
to determine line-of-sight blockages.



LEONIDS RISK MITIGATION

As a result of the very publicized Leonids meteor showers in November, 1998, the space
industry and satellite operators have taken a more focused look at the possibility of
collisions caused by debris, meteors, and other spacecraft. Theories about what should be
done to prevent potential collisions with the Leonids meteors include certain spacecraft
maneuvers to minimize the impact potential. Simulation software allowed spacecraft
owners and operators to determine the best attitude profiles and maneuvers needed to
reduce the risk and severity of a possible impact. Potential solutions that reduced this risk
included: attitude maneuvers to reduce the amount of exposed area including the solar
arrays, orbit maneuver to change the orbit plane, and a spacecraft return to a non-
deployed solar array configuration. Although there were no reported cases of satellite
damage due to the Leonids shower, several spacecraft did perform some action to reduce
the risk and many more studied their options before the event occurred.

The Leonids risk mitigation analysis (fig. 4) shows a view in STK/VO looking along the
vector from the Leonids meteors toward the satellite. This view shows that a large portion
of the solar arrays are exposed to the incoming direction of the meteors. In fig. 5, the
satellite has rolled the solar arrays approximately 30 degrees. This roll minimizes the
exposed area to the incoming Leonids meteor shower. This configuration still provides a
Sun incident angle that could adequately maintain the on-board electrical system during
the height of the storm.

Figure 4. Leonids-to-Satellite View – No Risk Mitigation Action



Figure 5. Leonids-to-Satellite View

Figure 6. Sun Vector-to-Satellite View

SOLAR GLINT PROBLEM

A graphical/analytical technique was devised using visualization tools to determine the
cross-sectional area of the solar panels of a satellite that are exposed to the Sun at any
given time or over a given time interval, such as an orbital period. The result of this
exposure modeling can be used to determine varying availability of electrical power for
operations to be performed by the spacecraft and on-board apparatus.

The shape and orientation of solar panels on a satellite vary greatly depending on
spacecraft design and mission constraints. Optimal solar energy collection occurs when
the flat solar panels are perpendicular to the Sun vector from the satellite. At any given



time during an orbital period, however, only a percentage of this optimal exposure is
achieved, based on the incident angle with respect to the Sun and shadowing of the solar
panels from the parent satellite as well as other objects. This information is vital to any
satellite orbiting the Earth or any interplanetary mission, as power requirements must be
met to ensure no delay or shutdown in satellite operations.

Traditionally, calculation of the exposure ratio to optimal exposure is accomplished by
applying inherently-complex mathematical operations to vast amounts of spacecraft and
orbit data. This process does not provide a reliable and intuitive way to analyze the data.
Visualization of this data is imperative during the satellite and orbital design phase of a
mission.

First, a model of the entire satellite, including solar panels, is created within the graphical
tool. The total number of pixels represented by the area of the solar panels at optimal
exposure is then calculated. The desired orbit of the satellite is then created and the
simulation is run, frame-by-frame. At each frame, the total number of pixels representing
the solar panels that are exposed to the Sun are calculated, taking into account blockage
of any of these pixels along their lines-of-sight with the Sun by any parts of the parent
spacecraft or any other objects (figs. 7 and 8). The ratio of the percentages of total pixels
exposed to the number of pixels exposed during optimum is determined for each time
step throughout the time interval. These ratios are then graphed and, combined with
incident angles with respect to the Sun, solar panel specifications, and related power
generation and storage apparatus information, the mission planner can determine which
time intervals are best suited to operations requiring electrical power.

Figure 7.  Solar panel partially- Figure 8.  Actual satellite model
Obscured by antenna Showing panel obscuration

                                    



AIRCRAFT VISUALIZATION

A final example of how visualization software is changing the way space-systems
analysis is done deals with enhancements of simulations done in near-surface space. By
modeling the flight paths of planes in a 3-D environment, flight engineers can more
intuitively understand all aspects of a particular mission.

For example, seeing a flight path of a plane on a 2-D map will show the latitude and
longitude of the flight path over the time interval, but not the altitude. Altitude plays a
vital role in most missions. For example, for a mission in which a plane is to fly through a
radar-protected area, the 2-D map will show when the plane is within the horizontal
limits of the radar zone. A 3-D visualization of the same scenario may also show when
the plane is below the radar detection zone in altitude, thereby avoiding detection over a
given time period.

An additional tool used for visualization is the display of detailed digital terrain elevation
data (DTED) overlaid on the globe. Creating a flight path in which a plane must stay a
certain altitude at all times during a mission underneath a threat dome is much more
easily realized with the use of a simulation tool. For example, the ability to see the flight
path of the plane from the viewer position on or directly behind the plane along the
velocity vector greatly enhances the ability of the flight engineer to plan a flight in which
the chances of detection are minimized. Imagery data can also be added over terrain data
using simple drag-and-drop techniques to further enhance the mission site (fig. 9).
Because of the advancements in hardware over the past decade, any degrading effects on
the quality of the rendered data are practically non-existent.

Figure 9.  Imagery overlaid upon terrain provides a
realistic view of a fighter’s flight path.

                      



CONCLUSION

Advances in high-level architectures in both hardware and software now allow 3-D
software modeling and interactive visualization and simulation to be done by many
aerospace professionals using inexpensive desktop computers. The previously addressed
examples show that visualization is a key enhancement to all aspects of science mission
planning and operations. In many instances, simulations which go beyond the large data
sets allow a more intuitive view of what the data represents, allowing space professionals
an unprecedented modeling environment from which to view their satellite system.


