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ABSTRACT

The simulation and modeling of launch operations is based
on a representation of the organization of the operations
suitable to experiment of the physical, procedural, soft-
ware, hardware and psychological aspects of space flight
operations. The virtual test bed consists of a weather ex-
pert system to advice on the effect of weather to the launch
operations. It also simulates toxic gas dispersion model,
and the risk impact on human health. Since all modeling
and simulation is based on the internet, it could reduce the
cost of operations of launch and range safety by conduct-
ing extensive research before a particular launch. Each
model has an independent decision making module to de-
rive the best decision for launch.

1 INTRODUCTION

As NASA plans to launch humans for Mars Mission with
an advanced Crew Exploration Vehicle based on nuclear
propulsion technology, the launch operations are rapidly
becoming very complex in control and communications.
To overcome this complex launch operations, increasing
number of experts are required for precise launch opera-
tions. The experts in various domains are distributed over
the continental US and it is less likely that everyone can be
present near launch pad or operational centers. Addition-
ally, if multiple NASA centers require the expertise at the
same time, the information may not be available in real-
time to provide the required assistance. Given these facts
it is becoming increasingly important to rely on technology
to provide such expertise.

One feasible solution for providing distributed expert
systems is the World Wide Web (WWW). The WWW
permits the expert’s knowledge to be provided at such dis-
tributed locations. There are many factors that can affect
the decision to use the WWW as a delivery mechanism for
expert knowledge. The crucial factors in implementing at
NASA are security and fast communication within NASA.
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2 EXPERT SYSTEMS

NASA has developed a set of contingency rules for launch
commit criteria. A distributed expert system for launch op-
erations can operate concurrently to derive ultimate
“Go/No-Go” decision within the scenario of a launch or
landing of a space vehicle (Bardina and Thirumalainambi,
2003).

Here, we have implemented three different expert sys-
tems, which derive decisions based on launch contingency
rules, the weather expert system, the toxic-gas exposure
expert systems, and the human-health risk assessment ex-
pert system. A dedicated web server with data management
system and physical models supports each expert system.
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Each expert system consists of an inference engine
based on backward chaining process, knowledge base
based on specific domains (for example, weather, toxic gas
dispersion and human health risk assessment contingency
rules for launch commit criteria) and web based graphical
user interface for user interaction. Each expert system has
specific type of rules which are derived from contingency
rules. The interoperability among expert systems is based
on internet protocol. Although one expert system (origina-
tor) can get the information about capabilities of another
expert system (recipient) through the internet, it is impor-
tant to identify the information available to improve the
decision-making capability of the originator. A method to
find out the difference arising in the context of the corre-
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spondence between inference primitive of an originator
and those of a recipient is presented here as follows:

e Make a set of correspondence in which inference
primitives are the same between an originator and
a recipient.

e By taking a look at the context (pre-inference-
primitive, post-inference primitive, input, output
and reference knowledge) of the inference primi-
tive in the correspondence, the correspondence
value is computed. The more similar the context,
the larger the value.

e The correspondence value is propagated to pre-
and post- inference primitives.

e After completing propagation over all inference
primitives in the correspondence, the difference
arising in the context of the correspondence with
large values can be used as a reply message to
modify the originator's inference engine.

The extreme complexity of the launch and range op-
erations also require cooperation among the multiple advi-
sory expert systems; in this paper, crucial expert systems:
weather expert system, toxic-gas expert system, and hu-
man-health risk assessment expert system) and their inter-
operability are included.

The expert systems are supported by real-time and
model data to make an optimized decision-making. The
uncertainty involved in decision-making process is the re-
flectance of the physical models rather than expert system
by itself. The U.S.A. Air force authority depending on the
criticality and implications of the decision can waive con-
flicting decisions of launch operations. If there is a light-
ning strike before 15 minutes of launch, the launch will be
on hold, until all the clouds and suitable weather permits
the launch. This distributed expert system acts as an advi-
sory system and can be transformed into autonomous deci-
sion support system by implementing suitable intelligent
agents among the distributed expert system.

2.1 Weather Expert System

The Weather expert system (WES) is a crucial system for
launch decision-making (Rajkumar and Bardina 2003).

The weather rules characterize certain aspects of the
environment related to the launching or landing site, the
time of the day or night, the pad or runway conditions, the
mission durations, the runway equipment and landing type.
Expert system rules are derived from weather contingency
rules, which were developed over several years by NASA.
Backward chaining, a goal-directed inference method is
adopted, because a particular consequence or goal clause is
evaluated first, and then chained backward through the
rules. Once a rule is satisfied or true, then that particular
rule is fired and the decision is expressed. The expert sys-
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tem is continuously verifying the rules against the past
one-hour weather conditions and the decisions are made.
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Figure 2: WES Graphical User Interface

The normal procedure of operations requires a formal
pre-launch weather briefing held on Launch minus 1 day,
which is a specific weather briefing for all areas of Space
Shuttle launch operations. WES acquires data for continen-
tal US and World weather. It can be applicable to any
launch site in the US by providing the Shuttle launch site
rules. The user can define any number of rules and the ex-
pert system is very flexible and robust.
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Figure 3: Weather Data from Satellites and Radar

2.2 Toxic-Gas Expert System

The burning of rocket engines during the first few seconds
to prior and immediately following vehicle launches results
in the formation of a large cloud of hot, buoyant exhaust
products near the ground level which subsequently rises
and entrains ambient air until the temperature and density
of the cloud reach an approximate equilibrium with ambi-
ent conditions. This cloud is referred to ground-cloud. The
rocket engines also leave an exhaust trial from normal
launches which extend throughout the troposphere and be-
yond. The toxic gas dispersion model calculates peak con-
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centration and deposition (resulting from gravitational and
precipitation scavenging) downwind from normal
launches.

The algorithm models of toxic-gas dispersion are
shown in Figure 4 (Bardina and Thirumalainambi 2004a
and 2004b). The required meteorological inputs for the gas
dispersion model are vertical profiles of wind direction,
wind speed, air temperature, pressure and dew point or
relative humidity between the earth's surface and 3000 m
(Baskett and Pace 1995). This information is obtained dur-
ing launch support activities from Rawinsonde measure-
ments routinely made at scheduled times throughout the
pre-launch countdown and after the launch has occurred
(Boyd 1985, and FAA 1999). The wind system is a series
of 30m towers located throughout launch site to measure
wind direction, wind speed, turbulence and air temperature.
The type of launch vehicle and launch modes (normal, de-
flagration and conflagration) can also be selected via web
interface in Toxic gas dispersion model web server. Once
required inputs for models have been provided, peak cen-
terline concentration (ppm) along the trajectory is com-
puted at 1 km intervals along down range from launch pad.
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Figure 4: Toxic-Gas Dispersion Algorithm Models
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The fuel expenditure rates for normal launches are ob-
tained by averaging the fuel expenditure rates for the en-
gines over the approximate period from lift-off until the
vehicle is about 3000 m above the surface. The effective
fuel heat contents, which are used in calculating buoyant
cloud rise for normal launches and plume rise for launch
failures, include the effects of heat produced by after burn-
ing as well as heat losses due to radiation. The toxic dis-
persion model is based on Gaussian approach which is a
practical diffusion modeling tool. It is mathematically sim-
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ple and flexible. The basic assumption in the model is the
exhaust material is assumed to be uniformly distributed in
the vertical and to have a bi-variate Gaussian distribution
in the plane of the horizon at the point of cloud stabiliza-
tion (Beychok 1995). The dosage and concentration are
written in a rectangular co-ordinate system with the origin
at the launch pad. One axis is directed along the mean wind
direction in a given altitude layer and the other axis is di-
rected crosswind or perpendicular to the mean wind direc-
tion. A backward chaining inference engine is applied for
the expert system and it is presently focusing HCI chemical
alone. The output of the toxic gas dispersion model forms
as an input to the toxic gas expert system. The rules for the
toxic gas expert system (TES) are based on downrange,
peak chemical concentration and type of launch.

2.3 Human Health Risk Assessment Expert System

During a launch of a rocket under prevailing weather con-
ditions, commanders at US Air Force (USAF) station
evaluate the possibility of wind blown toxic emissions
might reach civilian and military personnel near by area
(Rajkumar and Bardina 2004). The Air Force uses a model
called "LATRA" which is based on Monte Carlo simula-
tion with limited amount of data for toxic response func-
tions to humans (Bennett and McDonald 1999, and Hudson
et al. 1999). In our model, we focused mainly HCL, HNO3
and Nitrogen dioxide (NO2), which are non-carcinogenic
chemicals as per United States Environmental Protection
Agency (US EPA) classification. Without specific inci-
dence data (e.g. mortality, acute illness etc) on humans or
animals, it is difficult to endorse a particular exposure re-
sponse model to predict incidences. For the hazard quo-
tient (HQ) model, estimates of number of people at risk
would be based on the number of people with exposure
above a reference exposure level that is unlikely to cause
adverse health effects (Yassi 1998, NASA 1988, and NRC
1998 and 2000). The ratio of exposure concentrations to
reference exposure levels might be useful. The hazard quo-
tient model is simply a comparison of the estimated expo-
sure concentration (EEC) to a NOEL or other reference
toxicity value (RTV). When the ratio of the EEC to the
RTV value is less than 1, effects are considered unlikely.
When the quotient is greater than 1, some effects might oc-
cur in some individuals. Interpretation of the ratio of the
two values depends on the uncertainty associated with
each. As the value of the EEC/RTV increases, both the se-
verity and incidence of effect are likely to increase, but the
ratio is not used to predict incidence or severity. In a risk
assessment, the magnitude of EEC/RTV helps to estimate
the severity of the effects of exposure. An additional ad-
vantage of the hazard quotient model is that it allows esti-
mation of the number of people at risk of additive effects
from simultaneous exposure to two or more substances that
is not possible in a traditional risk assessment model. The
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risk to the exposed population is calculated by multiplying
the individual risk and the number in exposed population
(this should take into consideration age and other suscepti-
bility factors and population activities etc). Based on HQ
model’s threshold, a decision is derived how launch opera-
tions affects nearby residents.

The following Table 1 shows the US Air Force Tier
exposure limits for Rocket emission toxicants.

Table 1. U.S.A. Air Force Tier Exposure Limits.

Chemical Species Tier 1 (outer) PPM
HC1 10, ceiling 2, 1-hr TWA
N,O4 (as NO,) 0.2, 1-hr TWA, 2, ceiling
HNO; 0.3, ceiling 0.025, 1-hr TWA

Chemical Species Tier 2 (middle) PPM

HCI 10, ceiling
N,O4 (as NO,) 2, 1-hr TWA, 4, ceiling
HNO; 2.5, 1-hr TWA, 4, ceiling

Chemical Species Tier 3 (inner) PPM

HCI 50, ceiling
N204 (as NOz) 20, 30-min TWA
HNO; 25,30-min TWA

The US Air Force adopts a three-tiered concept to de-
lineate acceptable exposure concentrations and durations
for the public (tier 1), government and contractor personnel
on the ranges (tier 2), and operational personnel directly
involved with the launch (tier 3). The Air Force defines the
tier 1 exposure limit (the outermost tier) as the airborne
exposure concentration that poses no hazard to the general
population but might affect certain sensitive individuals
(e.g., individuals with asthma or emphysema and people
with certain other lung diseases; US Air Force 1997). If
tier 1 concentrations are exceeded beyond the base, the Air
Force notifies public officials. The Air Force defines the
tier 2 exposure limit (the middle tier) as the airborne expo-
sure concentration that might cause short-term symptoms
that most individuals could endure without experiencing or
developing irreversible or other serious health effects or
symptoms that could impair their ability to take protective
action. For personnel in areas with a tier 2 concentration,
the Air Force recommends seeking shelter and evacuation.
If tier 2 concentrations are predicted to overlay unprotected
population centers on or off-base, the Air Force wing
safety office recommends a launch hold to the wing com-
mander. The Air Force defines the tier 3 exposure limit
(the innermost tier surrounding the launch pad) as an air-
borne exposure concentration that can be immediately
dangerous to life and health (IDLH). Tier 3 exposure con-
centrations are based on the NIOSH IDLH (1994) values.
Areas within tier 3 concentrations warrant immediate isola-
tion and evacuation actions to prevent exposure.
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The centerline peak concentrations of each one of the
chemical species are compared against various US Air
force tier level concentrations and decisions are suggested
based on acceptable exposure concentrations. These deci-
sions are based on threshold values. All decisions are uni-
fied together to derive to a final decision for launch opera-
tions.

The decision-making process for launch commit crite-
ria can be supported by an intelligent system composed of
autonomous agents based on individual expert systems to
support present and future space missions (Watson 1997,
and Bigus and Bigus 2001).

3 DISTRIBUTED WEB-BASED SYSTEM

The interoperability among expert systems is based on
Internet protocol. Apart from the inference process of ex-
pert systems, data is also shared among the expert systems;
Tomcat web servers distributing the information to the cli-
ents through Internet browsers enable this horizontal co-
operation among expert systems.

3.1 Launch Decision Support System

Before deriving launch decisions, the near real-time
weather data has to be collected near the launch pad and
the planned trajectory of the vehicle, so that weather fore-
casting models can predict weather during the launch win-
dow. The gas dispersion model predicts the toxic gas dis-
persion in the region of interest. Once the prediction
models compute the predicted weather and toxic gas con-
centration, it can be directed to the corresponding expert
system to derive the launch status based on weather, toxic-
gas dispersion and human health risk. Figure 5 shows the
graphical user interface and indicates the inputs that the
user has to provide to compute the mean concentration
over a region of interest. The launch decision support sys-
tem with respect to toxic gas dispersion and human health
risk assessment can be both invoked together as shown in
Figure 5.

Figure 6 shows the rules explaining the reasoning for a
particular decision and the rules satisfied for a specific
condition. The rules are hyperlinked, as it is shown in Fig-
ure 7. This rule has 4 antecedent variables and one conse-
quent variable. Depends on the type of chemical species
and type of launch, there are multiple rules to satisfy the
range conditions.
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Figure 6: Rules for Launch Decision Support System

Rule: Go_ HCL._7000_15000
IF chemical = HCL AND
launchtype = NORMAL AND
concentration < 16 PPM AND

THEN launch = GO

6999 M <range <15001 M THEN

Figure 7: Rule used in the Decision-Making Process
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3.2 Human-Health Risk Assessment Support System

The toxic gas dispersion model computes chemical con-
centration with respect to down range. These results form
as inputs to human health risk assessment models. In the
launch decision support system, the Hazard quotient index
method and the U.S.A. Air Force method are adopted to
derive human health risk assessment. Both methods pro-
duce very conservative estimates of assessing a human
health risk for a specific chemical species.

The human health risk decision is based on U.S.A. Air
force exposure limits, as shown in Figure 8. Java-based
software “openmap” is used to display the human health
risk over geographical information system (GIS). For dis-
playing purposes, the user can set priority of layers.
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Figure 8: Launch Decision based on the U.S.A.
Air Force Exposure Limits

In Figure 9, the left hand side arrows help the user to
arrange different layers. The user can turn on and off the
layer by turning on and off the bulb. The risk contour
based on Hazard Quotient index method for hydrogen
chloride is computed and displayed in Figure 10. If hazard
index value exceeds 1, there is a significant impact on hu-
man health risk. All the models and expert systems are
distributed by web server and can be accessed through
Internet around the world.
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CONCLUSIONS

Dedicated web servers serve the complex launch and range
safety models. Furthermore we are enhancing support for
ground operations by adding dedicated web servers. The
virtual test bed simulation combines physical model and
decision models written in different languages to a unique
virtual test bed to visualize complex operations. Further
research is planned to develop intelligent agents for each
simulation and a decision support system to fully automate
space launch initiatives. Since we use Java, it is compati-
ble with any platform and operating system. Each class
file in Java can be converted to an applet, Servlet, an appli-
cation or a library in jar file. The virtual test bed technol-
ogy enables an entire suite of applications and models for
launch and range safety operations.
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