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Abstract. This paper describes a combination of simulation and knowledge based 
assessment models used in the operational analysis of future space transportation 
systems. The model uses knowledge based logic as estimating relationships 
combined with a process database to estimate the appropriate ground processes, 
their duration, and their variability. The developed process model is used to 
populate a simulation model of the transportation system. Use of the simulation 
model allows the estimation of operational measures of performance such as 
labor, cycle time and flight rate. 

1. Introduction 
Fundamental changes are required in the design of space transportation systems in order to 
achieve leapfrog improvements in cost and reliability. Projects such as Orbital Space Plane 
(2002-2003), the Next Generation Launch Technology program (2003-2004), the Space 
Launch Initiative (2001-2002), assorted X-Vehicle programs (1995-2000) and the Highly 
Reusable Space Transportation Study (HRST, circa 1995-1998) are examples of NASA’s 
efforts into the developments of technologies and approaches that will lead to 
improvements in cost, reliability and safety for space transportation systems [1]. Efforts 
have been directed at the assessment/analysis of technologies and approaches through the 
development of models, particularly knowledge/data models that predict the behavior and 
performance of the future space system encompassing both flight, ground and 
organizational elements [2, 3]. In the past, most of these efforts focused on the assessment 
of manufacturing and development costs, and ignored life cycle cost factors related to 
operations. However, the tide may be turning as awareness has grown that the cost of 
operating current systems, be they reusable or expendable, far exceeds the development and 
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manufacturing costs. The development of models that can assess the ground operations of 
future transportation systems is critically important if the goal of low cost access to space is 
to be achieved.  

The operational assessment of future space transportation systems is knowledge based; 
there are no proven formulas or procedures that will generate an operational ground process 
for a space transportation system. This is so for various reasons including the complexity of 
the systems/technologies and the variety of these technologies, which makes it impossible 
to develop a single method for estimation of operations. The assessment of ground 
operational requirements for new space vehicles is critical as exemplified by the Space 
Shuttle system. During conceptual design it was envisioned that the Shuttle’s maintenance 
and servicing processes were to be simple and able to maintain an expected flight rate of 
ten flights per year per vehicle. It was also envisioned that the maintenance, servicing, 
payload integration and inspection processes would require little infrastructure and time. 
The Space shuttle was supposed to provide significant cost reductions when compared with 
its predecessors systems, but this depended on a dramatic flight rate increase that was never 
achieved [4]. These flight rate and costs goals were never meet due to the complexity and 
immaturity of the flight system, necessitating by relationship complex and extensive ground 
infrastructures to meet the servicing, inspection and checkout requirements of the equally 
complex vehicle design. Therefore, ground operations, measured primarily by variables 
such as vehicle cycle time (time between launches), direct labor hours and support hours, 
maintenance and repair costs, and facilities and infrastructure costs must be estimated, with 
as much accuracy as possible in order to drive and focus the development of vehicle 
systems that can meet the low cost and associated high flight rate objectives.  

This paper describes current work in the development of operational assessment models 
for space transportation systems. The research project described in this paper is a 
continuation of the work in [3]. 

2. Space Transportation Systems 
As described in [3] space transportation systems have similar components to those used by 
civilian or military aviation systems. Both need takeoff and landing facilities, facilities to 
process cargo/passengers, and maintenance facilities, both for minor repairs and for 
overhauls. However, the complexity of space transportation makes for specialized, 
complex, and expensive facilities and support systems. While a variety of aircraft types 
exist, they share many common features including the type of landing and takeoff process 
(horizontal – runway), the types of fuels used, the type of maintenance, and the cargo they 
carry. More importantly, aircraft share a common baseline technology maturity which is 
highly evolved. Even with several decades of space travel, the maturity of the technology 
used is low and by consequence future transportation systems could have dramatically 
different characteristics from those in use today including the Space Shuttle (reusable 
system) and expendables systems such as Arianne, Delta, and Atlas.  

From an operational point of view, there are two major components to a space 
transportation system, the vehicle(s) and the spaceport(s). A plural is used for both 
components as various vehicles could be operated simultaneously in a spaceport and 
multiple spaceports could be used for a vehicle fleet. Defining the requirements of the 
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various vehicles will allow for the definition of the spaceport requirements, thus the vehicle 
definition is the driver of the spaceport definition.  

2.1. Vehicle Definition 
The design of space vehicles is a complex process involving multiple disciplines and 
technologies at a relatively low maturity level. To analyze designs from an operations 
perspective it is necessary to represent a vehicle by those characteristics that have been 
recognized by operations experts as having an effect on the ground processes and that are 
decided at the conceptual and early phases of the detailed level. The effect of this is that 
design decision will be linked to operations early on and that additional decisions related to 
operations must be made earlier than in the past. This is a significant benefit as it forces 
vehicle designers to design not only for development and manufacturing assessment, but 
also for operations assessment. A space vehicle system is inherently a very complex system 
[5], therefore models must be flexible and allow the complexity to be represented and not 
eliminated.  

The modeling approach proposed here for operations assessment defines a space vehicle 
system at two structural levels: integrated vehicle and as separate flight elements (FE). Note 
that in the case where there is only one FE, a single stage to orbit approach, the integrated 
vehicle and this single FE are the same in terms of structure and description. The integrated 
vehicle system level takes into account the integration systems and the possible 
relationships between FE independent functional systems. For example in the Space 
Shuttle, the vehicle is made up by three flight elements: the orbiter, the external tank and 
the solid rocked boosters. Each of these three have a defined set of characteristics that are 
“independent”, while there is a set of system characteristics that describe how they interact, 
for example the system the manages/allows fuel and oxidizer from the External Tank to 
flow into the main engines of the Shuttle during ascent. 

 

 
Figure 1. Flight Elements and Constructs. 

The proposed operations assessment model uses a “bottoms up” approach in creating a 
representation of the space vehicle. Therefore the definition of the space vehicle is based 
primarily on its flight elements, which in turn is based on the definition of its functional 
systems called constructs. Figure 1 illustrates this concept. FE1 is described by sixteen FE 
“independent” constructs, and two of those are TPS (thermal protection system) construct, 
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which in turn are defined by the material type, the surface area, the number and dimension 
of interfaces, and several other characteristics. There is a second FE with nine constructs, 
while the integrated vehicle system is described by five constructs. The thermal protection 
systems is a construct familiar to most readers due the 2003 disaster. The TPS is used in the 
outer shell of the Orbiter and there are several types in use, including various types of 
“tiles” and “blankets”. Each of these materials is represented in the vehicle assessment 
model as an option for a thermal protection construct as it has been recognized by 
operations experts that each of these materials has different effects on ground operation’s 
times and cost. Each FE is defined by a set of constructs, and the characterization of these 
depends on the designer selection. The model includes construct types for each major 
functional system (e.g. propulsion, payload, avionics, guidance, life support, ...) as defined 
by NASA and contractor experts as the systems that have major effects in ground 
operations. Each construct type is defined by a set of inputs that describe the system in 
terms of technologies used, size, complexity, maintainability, and reliability. These inputs, 
and the available options of these inputs, are knowledge based. Therefore for multi-point of 
use constructs, users can have a construct of one type with a set of technologies and 
parameters, and a second of the same type with a different set of technologies and 
parameters, each representing different points of use for a major functional system. This 
Lego ® like approach to defining an FE provides designers with significant flexibility.  

2.2. Spaceport Definition 
The spaceport is also defined as a set of major processes, which in turn are divided into 
multiple second level processes. The five major level processes are launch, landing, 
maintenance, terminal (people and payload processes), and integration (see Figure 2). Each 
of these top-level processes are broken down into hundreds of processes based on 
FE/vehicle systems. For example, the maintenance top level process has second level 
processes related to propulsion, thermal protection, avionics, payload preparation, and so 
on. The basis for the spaceport operations model comes from a Shuttle process database, 
thus the model is strongly linked to the Shuttle experience. 

3. Knowledge and Simulation Based Operational Assessment 
The operational assessment follows the process depicted in Figure 2. The first step uses the 
user’s vehicle definition to characterize the FEs and integration constructs while the second 
step translates the design of the space vehicle into the operational requirements of the 
Spaceport by imitating the progression used by experts combined with available operational 
data (the Process Database). The general idea is that based on the design/technology 
specifications, reliability, maintainability, and supportability, “scores” are determined for 
each vehicle system (e.g. main propulsion) and those are used to determine and characterize 
(using knowledge based process/ equations/ rules) the ground system activities (e.g. main 
propulsion inspection and maintenance, facility preparation processes). Designs that are 
simpler, more robust and/or easier to maintain will result in faster operations, or the 
elimination of some of the activities. The figure illustrates the top level process in the 
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spaceport and examples of the second level process definitions, in this figure two activity 
networks for main (ascent) propulsion and in-space propulsion (i.e. Orbital Maneuvering 
System) are presented. The third step is the simulation of vehicle flows on the defined 
spaceport using the process characterizations derived from the vehicle. The simulation is 
also feed from a demand baseline (part of the vehicle design is an expectation of the fleet 
flight rate) and uses a routine that optimizes the number of top level facilities and FE 
required to maintain the desired fleet flight rate. Outputs include the cycle times, time 
characterizations per FE, per system, and many others typical of discrete event simulation 
analysis. 

 

 
Figure 2. Basic steps of the analysis. 

4. Model Implementation and Conclusion 
The described approach has been implemented in software called the Schedule Activity 
Generator / Estimator (SAGE), the input interface illustrated in Figure 3. While the original 
version (1.0) of SAGE had no simulation capability, the current version (2.0) allows single 
vehicle/ single spaceport simulation analysis. The tool is limited to a single vehicle 
definition, but it can export vehicle information to second simulator that analyzes multi-
vehicle flow [3]. SAGE, and the modeling approach used in SAGE is still evolving with the 
goal of providing the best operations assessment/analysis possible for future space 
transportation systems analysts and decision makers. The objective of future work is to 
enhance the ability of the model to imitate expert analysis and estimates in terms of major 
process times plus add characterizations related to the Spaceport’s variable and fixed costs. 
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 Figure 3. SAGE interface. 
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