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Abstract

If man is to provide habitation and learn to live in space, many of the space ground operational functions must be provided in space. This capability is required to avoid the very high cost of overcoming the Earth’s gravity well to provide operation in Earth orbit or beyond Earth orbit. True manned habitation of space must become independent of support from the Earth. This technical paper will provide the definition of the many functions required for man to inhabit space, and these functions will be referred to as ground nodes in space. The paper will define the functional quality X parameters required for the operational space exploration and habitation capability. In addition to these ground functions, the paper will define basic reusable space transportation systems required to operate in space from these ground nodes.
Nomenclature
APU = Auxiliary power unit                                                     LCC = life cycle cost
DDT&E = Design, Development, Testing, and Evaluation     MHD = magnetohydrodynamic                                                                                                  
DoD = Department of Defense                                                 MIL HDBK = Military Handbook  
Etc.  = excreta                                                                           NDE = non-destructive evaluation                                           
EVA = Extra vehicular activity                                                OTV = orbital transfer vehicles                                                                                                                                                                        
GEO = geosynchronous orbit                                                  RTG = Radioactive Thermal Generator  
G&C= guidance and control                                                   SBS = Systems Breakdown Structure
GSE = Ground Support Equipment                                         SPST = Space Propulsion Synergy Team   
i.e. = such as                                                                            TUG = re-usable space based transfer system
ISRU = Insitu resource utilization                                           V = velocity  
IVHM = Integrated Vehicle Health Management                   VS. = verses             
L1 = Lagrangian Point between Earth and Sun                      
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I.  INTRODUCTION
The generic Functional Systems Breakdown Structure (SBS) provides a universal hierarchy of space transportation operational functions which include ground and space operations as well as infrastructure. It provides a structured, indentured breakdown for use in providing guidance to architectural concept design developers and visibility and definition in accounting for all functions; as such (i.e.), a giant check list to be sure that no functions are omitted especially in the early architectural design phases. 

In place of starting with the hardware system/subsystem/component Weight or Work Breakdown Structure (WBS), the Space Propulsion Synergy Team (SPST) proposes using this Functional SBS.

This approach accomplishes several important objectives. It ensures that the operational requirements (both ground and flight) are addressed in the design conceptual process. Hence this approach will provide accountability for the total flight/ground system acquisition and operation and will result in lower manpower (labor) and material cost; therefore, much lower Life Cycle Cost (LCC) with improved safety and dependability.
The Functional SBS furnishes inputs for analysis of any concept and provides a systematic source for determining and documenting the requirements and "Life Cycle Cost" necessary to achieve the Program/Project goals and objectives. When used correctly, the Functional SBS furnishes a framework for defining requirements which will preclude over or under specifying the requirements.

The Functional SBS can also be used to help perform other technical and managerial analysis very useful to understanding the shortfalls and the needed proper investment for technology, personnel, and facilities.

The Space Propulsion Synergy Team has developed the Functional Systems Breakdown Structure for a future Space Exploration and Transportation System. While typical Work Breakdown Structures, as defined in both Department of Defense (DoD) and industry Project Management literature, strive to describe all the elements of a systems, the SPST Functional SBS strives to describe all the things a Space Exploration System or Space Transportation System would have to be capable of doing. By approaching the systems engineering problem from the functional view, instead of the element or hardware view, the SPST has created an exhaustive list of potential functions that the various architecture designers can use to evaluate the completeness of their design concepts

The SPST Functional SBS is not a product oriented tree, but a function oriented tree. From Level 1 to Level 5, the Functional SBS details not products, but operations or activities which should be performed. The SPST Functional SBS precedes the development, or conceptualization of the Space Exploration Architecture, just as the sample WBS templates in the Appendices of Military Handbook (MIL HDBK) 881 precede the system concept exploration phase for a defense material item. In this respect, the functions identified in the Functional SBS must be evaluated by the Space Exploration system engineer and a judgment must be made as to the applicability of the function to the current architecture mission requirements.

This Functional SBS workbook has been developed with tabs established at different levels of the Space Transportation System breakdown structure to allow the ease of use to matrix this SBS with other intended functions being analyzed. The SBS is established at the 3rd, 4th, & 5th composite levels and at the 6th level for the generic flight element. Also the SBS is established with tabs for the "Generic Ground Node" at the 3rd, 4th, & 5th level. This "Generic Ground Node" is intended to represent the Earth, Moon, & Mars surfaces as well as Space Operations Nodes that conduct Ground like functions that might be at Mars Orbit, Moon Orbit, Lagrangian Point between Earth and Sun (L1), Earth Orbit, excreta (etc.).
II.  BACKGROUND
Why use a functional systems breakdown structure? A new Space Exploration and Habitation initiative has difficult goals: affordable & sustainable, with improve safety. Current approach has shortfall assessment visibility: Existing approach to reusable systems not affordable – Systems are not truly reusable and the following are examples.
·   Too many expendable parts

·   Parts replacement too frequent

·   Systems lack integration to achieve minimum total hardware, servicing interfaces and number of fluids 

·   Systems are labor intensive – lack automation 

·   Instrumentation too intrusive – large impact for replacement 

·   Focused only on each flight element without regard to support infrastructure has driven the major cost to be fixed without flight
·   Existing or new approach to expendables systems not affordable

·   Desired flight safety goals not achievable (lack fault tolerance and reliability) without driving up hardware and labor cost

·   Expendable hardware cost alone will not achieve annual cost goal

A. New Approach Required!
·   Need to assure concepts are equally defined/described and complete to allow fair comparison and are responsive to all desired cost goals
·   Need to assure adequate inputs are available and being made in the evaluation and analysis process 

·   Need a Structured Engineering guide that provides the functional definition necessary at all levels to allow integration at all levels arriving at the desired support infrastructure and labor needs that are in keeping with the overall Affordability Goal. 

B. Functional Systems Breakdown Structure can address these needs

What is a Functional Systems Breakdown Structure?

·   A Functional Systems Breakdown Structure is an indentured listing of the system’s functions for an architecture from the very top level down to where the last function identified cannot be further decomposed uniformly.

·   The Functional Systems Breakdown Structure must be carefully divided into modules to allow focus and integration of synergistic functions into a common solution required to achieve the goals.

·   The Functional Systems Breakdown Structure must be complete in defining all aspects of the total system (direct and Indirect). 

C. Focuses on “What’s” NOT “How’s”

Objective:

The product provides a universal hierarchy of space transportation functions. This matrix provides a structured, indentured breakdown of a Generic Space Transportation System's Architectural & Functional Systems for use in providing guidance to architectural concept design developers and for visibility and definition in accounting for the functions identified. 

This Functional SBS provides inputs for analysis of these concepts and provides a source for determining and documenting requirements necessary to achieve full accountability of Top Level Goals.

The Functional SBS provides a framework for defining requirements, to preclude over or under specifying the requirements

Approach:

· Chose a spreadsheet format with a listing of functions indentured against identified levels from the top down to level six where possible and constructed a workbook

· Each tab is dedicated to the element at the lower levels

· Tabs at the high levels are composite of total system



· Starting with the System architecture concept name, the overall system was
divided into three groups:      
· The vehicle element, e.g., booster stage, upper stage, in-space, payload,             
planet lander, planet ascent stage etc

· The vehicle element to element integration interface

· The ground infrastructure support & management (earth, moon or mars) Note: Infrastructure is confined to the transportation support function only

· Listing of levels between the lowest (3rd level) and highest are to allow better visibility at each level 

· The 3rd level Indenture decomposed the element into its major discipline natural functional areas, e.g., Structure, propulsion,      power management, thermal etc. 

· Each indenture level below the 3rd level was simply decomposing its functions

· The ground infrastructure support & management area was decomposed by its natural ground operations functions

III.  GENERIC ATTRIBUTES (FUNCTIONAL QUALITIES) REQUIRED FOR OPERATIONAL SPACE EXPLORATION TRANSPORTATION SYSTEM:
A. Affordability Of The Space
Recurring Cost:

Provide for Minimum Operations and Support (Labor and Materials)

Provide Low Cost Sensitivity to Flight Growth

Provide for Minimum Vehicle Element Replacement Cost

Provide for Minimum Cost Impact of Payload on Launch System

Non-recurring Cost:


Minimize Any Systems Technology Maturation Cost


Minimize Space Transportation System Design, Development, Testing, and Evaluation (DDT&E) Cost


Minimize Space Transportation System Initial Flight Elements, Ground Support Equipment (GSE) & Facility Acquisition Cost
B. Safety Of Personnel, Hardware, And Environment:

Safety for Crew/Passengers:

            Must Provide Environmental Protection from the Space Elements, e.g., Radiation, Debris, etc.


            Must Provide Fault Tolerant Life Sustaining Environments for Living Species


Provide Dependable Transportation Elements that Assure Safety of Crew/Passenger with Margin



Provide Safe-haven Backup Opportunity for Transportation Elements at all Times, e.g., Columbus's Flotilla (Small Fleet)



Provide System That Requires a Minimum of Active Safing Systems and Functions to Maintain a Safe Vehicle System


Provide Demonstrated Very High Mean Time Between Failure with Adequate Margin for Achievement of Maintainability
Provide Vehicle Elements Systems That Have a Minimum Number of Criticality 1 Failure Modes

System must Accommodate Missions with Minimum of Dynamic Functions Required

Must have the Design Life Well Defined and Understood with Adequate Margin for Achievement of Maintainability Goals/
Provide Element Discipline Integration to Allow Minimum Service Interface/Support Requirements (Min. Systems & Hardware)

Must have Well Defined Margins (Failure Points Demonstrated - Test to Failure)

Must have Well Understood Materials Properties (Limits Demonstrated)

Must have Fault Tolerance without Adding Burden to Maintainability
Safety for Personnel Working with/around System Including the Public:


Minimize the Number of Hazardous Material Used


Avoid the Use of Toxic Fluids and Materials


Provide Controls for Public Access into Danger Zones


Provide Element Discipline Integration to Allow Minimum Service Interface/Support Requirements (Minimum Systems & Hardware)


Provide Vehicle Elements Systems That Have a Minimum Number of Criticality 1 Failure Modes


System must Accommodate Missions with Minimum of Dynamic Functions Required

Provide Safety of Hardware:

Provide Demonstrated Very High Mean Time Between Failure with Adequate Margin for Achievement of Maintainability


Must have Fault Tolerance without Adding Burden to Maintainability


Must have the Design Life Well Defined and Understood with Adequate Margin for Achievement of Maintainability

Provide Safety of Hardware from Natural or Induced Space Environments, e.g., Space Debris or Meteorites


Provide Vehicle Elements Systems That Have a Minimum Number of Criticality 1 Failure Modes


System must Accommodate Missions with Minimum of Dynamic Functions Required


Provide System That Requires a Minimum of Active Safing Systems and Functions to Maintain a Safe Vehicle System
Provide Safety for the Ground/Earth's Atmosphere:


Provide Compliance with Government Requirements


Provide for Safe/Responsible Disposal of Waste


Minimize the Number of Hazardous Material Used


Avoid the Use of Toxic Fluids and Materials


Provide System That Requires a Minimum of Active Safing Systems and Functions to Maintain a Safe Vehicle System

Provide Safety of/from Space Environment:


Provide Safety from Space Debris or Meteorites


Provide Safety from Space Radiation


Provide Space Operations that are Free of Leaving Space Debris


Minimize the Number of Hazardous Material Used


Avoid the Use of Toxic Fluids and Materials


Provide Element Discipline Integration to Allow Minimum Service Interface/Support Requirements (Min. Systems & Hardware)
C. Responsiveness Of The Space Transportation System:
Provide Adequate Capacity to Meet the Demand:


Provide Element Discipline Integration to Allow Minimum Service Interface/Support Requirements


Provide Maximum Commonality of Hardware to Require Minimum Number of Unique Hardware


Provide High Mean Time Between Failure and Long Design Life with Margin for Achievement of Maintainability


Provide Automated Simplistic Process Verification


Provide Integration with the Minimum Number of Attachments and Minimizing Special Tools, Equipment or Access


Provide Element Integration with the Minimum Element to Element Service Functions


Provide for Minimum Operations and Support (Labor and Materials)


Must have the Design Life Well Defined and Understood with Adequate Margin for Achievement of Maintainability


Provide for Minimum Operations and Support Activities (Labor and Materials) to Allow Quick Turnaround of Missions

Provide Flexibility to Meet New Requirements/Demands:


Provide Total Transportation System Margin to Allow Accommodating New Requirements


Provide Payload Capacity Margin to Allow Accommodating New Requirements


Must have the Design Life Well Defined and Understood with Adequate Margin for Achievement of Maintainability 

Provide Element Discipline Integration to Allow Minimum Service Interface/Support Requirements


Provide Propulsion Systems That Accommodate a Large Thrust Control Range


Provide Propulsion Systems That Accommodate a Large Impulse Control Range with Focus on the Minimum Side


Provide for Minimum Operations and Support Activities (Labor and Materials) to Allow Quick Turnaround of Missions


Provide for Ease of Software Functional Changes Needed to accommodate New Requirements with Ease of Verification
D. Operability Of The Space Transportation System:
Provide Ease of Supportability:


Provide Element Discipline Integration to Allow Minimum Service Interface/Support Requirements


Provide Maximum Commonality of Hardware to Require Minimum Number of Unique Hardware

Provide Very High Maintainability (Requires little Maintenance):


Provide Demonstrated Very High Mean Time Between Failure with Adequate Margin for Achievement of Maintainability


Provide Maximum Accessibility for Components Change-out if Required

Provide for Robotic Component Change-out Capability for Flight Elements

Provide Ease of Integration of Functions:


Provide Integration with the Minimum Number of Attachments and Minimizing Special Tools, Equipment or Access


Provide Element Integration with the Minimum Element to Element Service Functions

Provide Ease of Process Verification:


Provide Designs that do not Allow Incorrect Assembly Process


Provide Automated Simplistic Process Verification

Provide Ease of Hardware Functional Verification and Corrective Action:


Provide Automated Simplistic Functional Verification

Provide Automated Corrective Action Capability


Provide the ability to select computer hardware processing sets to provide greater operations flexibility

Provide Ease of Software Functional Verification and Corrective Action:


Provide Automated Functional Verification


Provide Automated Corrective Action Capability


Provide the ability to reset or re-boot software


Provide the ability to replace segments or total software package

Provide Launch on Command or Resiliency of the Space Transportation System:


Provide Demonstrated Very High Mean Time Between Failure with Adequate Margin for Achievement of Maintainability


Provide Element Discipline Integration to Allow Minimum Service Interface/Support Requirements


Provide Element Integration with the Minimum Element to Element Service Functions


Must have the Design Life Well Defined and Understood with Adequate Margin for Achievement of Maintainability Goals/Requirements

E. Dependability Of The Space Transportation System:
Highly Reliable Hardware:


Must have the Design Life Well Defined and Understood with Adequate Margin for Achievement of Maintainability Goals/Requirements


Provide Demonstrated Very High Mean Time Between Failure with Adequate Margin for Achievement of Maintainability Needs


Provide Element Discipline Integration to Allow Minimum Service Interface/Support Requirements (Min. Systems & Hardware)


Provide Maximum Commonality of Hardware to Require Minimum Number of Unique Hardware


Provide fault tolerance with functionality backup capability

Highly Reliable Software:

Must have the Design Life Well Defined and Understood with Adequate Margin for Achievement of Maintainability Goals/Requirements


Provide Demonstrated Very High Mean Time Between Failure with Adequate Margin for Achievement of Maintainability Needs


Provide Predictable Long Life Verified Maintenance Free Software


Provide Software that is Fault Tolerant and has Built in Corrective Action Capability


Provide Design Software Performance to Insure System Performance is Well Understood and with Margin

Operates on Command:


Must have Fault Tolerance without Adding Burden to Maintainability


Provide Demonstrated Very High Mean Time Between Failure with Adequate Margin for Achievement of Maintainability Needs


Must have the Design Life Well Defined and Understood with Adequate Margin for Achievement of Maintainability Goals/Requirements


Provide Element Discipline Integration to Allow Minimum Service Interface/Support Requirements (Min. Systems & Hardware)

Provide High Design Certainty:



Must have Well Understood Materials Properties (Limits Demonstrated)


Must have Well Defined Margins (Failure Points and Design Life Demonstrated - Test to Failure)


Provide Demonstrated Very High Mean Time Between Failure with Adequate Margin for Achievement of Maintainability Needs


Provide Total Transportation System Margin to Allow Accommodating New Requirements

Provide Robustness:


Must have Hardware that is not Sensitive to Handling Damage (Has Margin)


Must have Fault Tolerance without Adding Burden to Maintainability


Provide Total Transportation System Margin to Allow Accommodating New Requirements


Provide Total Transportation System Performance Margin to Accommodate Robustness  


Provide Payload Capacity Margin to Allow Accommodating New Requirements


Provide Propulsion Systems That Accommodate a Large Thrust Margin


Provide Vehicle Elements Systems That Have a Minimum Number of Criticality 1 Failure Modes


Provide Element Discipline Integration to Allow Minimum Service Interface/Support Requirements (Min. Systems & Hardware)


Provide Demonstrated Very High Mean Time Between Failure with Adequate Margin for Achievement of Maintainability Needs

Very High Mission Success:

Hardware must have Reliability and Fault Tolerance Needed to Provide High Mission Success


Provide Demonstrated Very High Mean Time Between Failure with Adequate Margin for Achievement of Maintainability Needs

Provide Element Discipline Integration to Allow Minimum Service Interface/Support Requirements (Min. Systems & Hardware)


System must Accommodate Missions with Minimum of Dynamic Functions Required


Provide Vehicle Elements Systems That Have a Minimum Number of Criticality 1 Failure Modes


Provide Propulsion Systems with a Thrust Range That Accommodate Multiple Functions with Minimum Systems/Hardware

Provides Intact Vehicle Recovery:


Provide Demonstrated Very High Mean Time Between Failure with Adequate Margin for Achievement of Maintainability Needs


Must have the Design Life Well Defined and Understood with Adequate Margin for Achievement of Maintainability Goals/Requirements


Must have Fault Tolerance without Adding Burden to Maintainability

System must Accommodate Missions with Minimum of Dynamic Functions Required

Provide Vehicle Elements Systems That Have a Minimum Number of Criticality 1 Failure Modes

Provide Safety of Hardware from Natural or Induced Space Environments, e.g., Space Debris or Meteorites

Provide Element Discipline Integration to Allow Minimum Service Interface/Support Requirements (Min. Systems & Hardware)

IV. SPACE TRANSPORTATION SYSTEM GENERAL TECHNICAL REQUIREMENTS – INCLUDING GROUND NODE
The requirements must include the usual system flight performance requirements and the system functional requirements. This approach will accomplish this objective by:

1.     Ensures operational requirements are not only addressed early but used to manage and control the conceptual design phase to accomplishing desired top goals of the system.

2.     Provide accountability for total flight/ground system acquisition and operations


3.     Result in lower manpower and materials costs





4.     Lower Life Cycle Cost (LCC)






5.     Improve safety and dependability

The result of excluding requirements in the early planning and attempting to address them later in the system design has always been significant growth in total life cycle or system acquisition cost, decreases in system performance, increased development schedule, or all three.

A. The Use of the Functional SBS:

This Functional SBS workbook has been developed with tabs established at different levels of the Space Transportation System breakdown structure to allow the ease of use to matrix this SBS with other intended functions being analyzed. The SBS is established at the 3rd, 4th, & 5th composite levels and at the 6th level for the generic flight element. Also the SBS is established with tabs for the "Generic Ground Node" at the 3rd, 4th, & 5th level. This "Generic Ground Node" is intended to represent the Earth, Moon, & Mars surfaces as well as Space Operations Nodes that conduct Ground like functions that might be at Mars Orbit, Moon Orbit, LI, Earth Orbit, etc.

In place of starting with the hardware system/subsystem/component Weight or Work Breakdown Structure (WBS), the SPST proposes using this Functional SBS. This will assure that the early design phase will address all of the functions by using the “giant check list”. The functional SBS allows accommodating many discipline functions into a uniform, comprehensive, and fully integrated solution. This will enable the minimizing of total part count, ground and vehicle interfaces, and make visible the accumulation of operations labor (both direct and the large indirect infrastructure support).

Space operation’s experience show that recurring cost are driven by labor costs. Thus, the SPST Functional Requirements Sub-team has devoted time and energy in leading up to the developing of this Functional SBS during the recent past. Lesson learned: The SPST has shown that labor is the largest part of the LCC for the Space Shuttle Operational Program.

The Functional SBS will provide an excellent guide to determine personnel discipline skills, by NASA center, required to accomplish the new Space initiative DDT&E and Operations.

The Functional SBS will serve as a guide to perform an assessment of existing NASA facilities for use in the DDT&E and for expanding Operations new Space Exploration initiative and determine the surplus or shortfalls to allow determining the investment needed. This is also needed to determine the life cycle cost for NASA.

The Functional SBS will serve to evaluate the planned WBS's being considered to manage the new Space Exploration initiative development and for determining the "Technology shortfalls" in the planning process for the Space Transportation System elements as well as for different scenarios under consideration.

B. Ground (Node) Infrastructure Element(s), e.g., Earth, Moon, and Mars functional requirements:

· Flight Element Preparation or Turnaround for Flight

· Payload Element Preparations or Turnaround for Flight

· Integrate Elements and Payloads for Turnaround for Flight

· Monitor and Manage the Active Flight or Space Activities from any Controlling Ground Node

· Provide Required Servicing Support to Flight Element While at Ground Node

· Land/Recover Flight Elements and Payload at the Ground Node

· Ground Node Traffic Control and Flight Operations Support and Safety Management

· Ground Node Infrastructure Support and Management
If the initial Ground Node isn’t permanently manned during the first phase of development, several of the above functions will not be needed and have been identified by a *. These functions will be performed from the actual Earth Ground Systems.
C. Flight Element Preparation or Turnaround for Flight:

The following flight element functions must be accomplished at this ground node:
 1. Receive and accept the flight elements; this function covers several activities such as: Element receiving and handling; Ground node transfer and storage; Element inspection and acceptance; Receiving inspection discrepancy resolution and repair; Flight element conditioning; and Modification of the flight element upon receiving (deferred manufacturing).
 2. Perform any post flight activities such as safing etc; This function covers several activities such as: Preparing ground node facility and support systems for vehicle element safing for turnaround; Position vehicle element, connect to services, and provide access and protection; Perform vehicle element safing; Remove payload; and perform any routine reusable flight element module/component disassembly for restoration. 
3. Make preparations for the flight element for turnaround or for disposal; This function covers several activities such as: Preparing the ground node facility and support systems for flight vehicle turnaround or disposal: and Positioning the flight vehicle element, connecting to services, and providing access and protection.
4. Perform any flight element assembly that is required; This function covers several activities such as: Transport the flight element and perform handling as required; perform any flight element assembly as needed; Make any subsystem/component installation; Perform any functional verification of the new assembly; and Perform any unplanned troubleshooting and repair as needed. 
5. Verify the functionality and service the flight element; This function covers several activities such as: Perform flight vehicle element functional verification (inspection & checkout); Prepare the flight vehicle element for flight crew ingress; Perform any vehicle element early preflight system servicing; and Perform any flight element closeout (removal of access/umbilicals for closeout. 
6. Restore the flight element to print as required; This function covers several activities such as: Replace expendables & limited life components; Perform any unplanned troubleshooting and repair; and Perform any remanufacturing, assembly verification. 
7. Prepare for the flight element for turnaround or for disposal; This function covers several activities such as: Perform any safing (remove ordnance etc.) or inerting of the flight element; and Perform any flight element post-flight functions in preparation for disposal e.g., and place them in museum or return to manufacturer.
D. Payload Element Preparation or Turnaround for Flight:

The following payload element functions must be accomplished at this ground node: 
1. Receive and accept the payload elements; This function covers several activities such as: Payload receiving and handling; Ground node transfer and storage; Payload element inspection and acceptance; Payload receiving inspection discrepancy resolution and repair; Payload element conditioning; and Modification of the payload element upon receiving (deferred manufacturing). 
2. Perform any post flight activities such as safing etc; This function covers several activities such as: Preparing ground node facility and support systems for payload element safing for turnaround; Position payload element, connect to services, and provide access and protection; Perform payload element safing; Perform any routine reusable payload element module/component disassembly for restoration. 
3. Perform any payload element assembly that is required; This function covers several activities such as: Perform any flight element assembly as needed; Perform payload element packaging/configuring for the flight envelope; Make any subsystem/component installation; Perform any functional verification of the new assembly; and Perform any unplanned troubleshooting and repair as needed. 
4. Restore the payload element to print as required; This function covers several activities such as: Replace expendables & limited life components; Perform any unplanned troubleshooting and repair; and Perform any remanufacturing, assembly verification.
 5. Verify the functionality and service the payload element if required; This function covers several activities such as: Perform payload vehicle element functional verification (inspection & checkout); Perform payload encapsulation; Perform any payload commodity servicing; Provide any unique payload launch support; Prepare payload element for flight crew/passengers for ingress; and Perform any flight crew/passenger departure preparations. 
6. Prepare the payload element for turnaround or for disposal; This function covers several activities such as: Perform any safing (remove ordnance etc.) or inerting of the payload element; and Perform any payload element post-flight functions in preparation for disposal e.g., and place them in museum or return to manufacturer.
E. Integrate Elements and Payloads for Turnaround for Flight:

The following integration functions must be accomplished at this ground node: 
1. Integrate the space vehicle elements as required; This function covers several activities such as: Transport, handle, and mate the space vehicle and payload elements; Perform post-mating functional verification; and Perform any integrated flight system unplanned troubleshooting and repair. 
2. Integrate the space vehicle and the payload; This function covers several activities such as: Transport, handle, and mate the space vehicle and payload elements; Integrate the payload/cargo elements to the space flight vehicle; Perform post-mating functional verification; and Perform any integrated flight system unplanned troubleshooting and repair. 
3. Transfer the integrated flight space vehicle to the launch location; This function covers several activities such as: Configure systems for vehicle transfer to launch location; Position vehicle at launch location; Mate to ground node facility and perform servicing and provide access if needed; and Perform post-mating functional verification of interfaces. 
4. Make any final flight preparations as required including the launch; This function covers several activities such as: Perform functional verification of flight/ground node systems for launch; Perform launch system unplanned troubleshooting and repair; provide late payload stowage and functional verification for flight; Perform vehicle systems servicing at launch point; Perform access/umbilical removal and closeout for flight; Perform remote automated servicing and propellant loading to flight levels; Perform crew or passenger ingress; and Launch the vehicle on mission. 
5. Perform any post flight launch activities at the ground node in space; This function covers several activities such as: Safing the ground node facility and support systems; Securing the ground node facility and support systems; Performing cleanup of the ground node facility and support systems; Servicing the ground node facility and support systems; Removing any waste products and transporting them to disposal; Performing repair/maintenance on the ground node facility and support systems; and Verifying functionality of the ground node facility and support systems for next flight.
F. Monitor and Manage the Active Flight or Space Activities at any Controlling Ground Node

The following monitor and manage functions must be accomplished at this ground node: 
1.Provide outbound/ascent flight safety monitoring and control; This function covers several activities such as: Provide an inclusive flight mission data base to provide historical record and in-family data for real-time analysis; Provide sustaining engineering capability to provide analysis and to propose corrective action for anomalies; Provide exception monitoring visibility of all flight systems’ functions to aid problem resolution/corrective action if required; Provide real time trouble-shooting/analysis and provide corrective action capability when built-in automated integrated vehicle health management (IVHM) does not cover the event or as appropriate; and Provide flight dynamics and orbital mechanics analysis with projected inputs to the crew or flight system to cover off-nominal abort cases. 
2. Provide monitoring and control of in-space flight operations; This function covers several activities such as: Provide inclusive flight mission data base to provide historical record and in-family data for real-time analysis; Provide sustaining engineering capability to provide analysis and to propose corrective action for anomalies; Provide exception monitoring visibility of all flight extra vehicular activities [flight/extra vehicular activities (EVA)] system’ functions to aid in problem resolution/corrective action if required; Provide real time trouble-shooting/analysis and provide corrective action capability when built-in automated IVHM does not cover the event or as appropriate; and Provide flight dynamics and orbital mechanics analysis with projected inputs to crew or flight system to cover off-nominal cases. 
3. Provide monitor and control of in-space flight operations performed at a space based node; This function covers several activities such as: Provide inclusive flight mission data base to provide historical record and in-family data for real-time analysis; Provide sustaining engineering capability to provide analysis and to propose corrective action for anomalies; Provide exception monitoring visibility of all flight extra vehicular activities (flight/EVA) system’ functions to aid in problem resolution/corrective action if required; Provide real time trouble-shooting/analysis and provide corrective action capability when built-in automated IVHM does not cover the event or as appropriate; and Provide flight dynamics and orbital mechanics analysis with projected inputs to crew or flight system to cover off-nominal cases. 
4. Provide monitor and control of moon and mars surface transportation activities; This function covers several activities such as: Provide inclusive flight mission data base to provide historical record and in-family data for real-time analysis; Provide sustaining engineering capability to provide analysis and to propose corrective action for anomalies; Provide exception monitoring visibility of all flight extra vehicular activities (flight/EVA) system’ functions to aid in problem resolution/corrective action if required; Provide real time trouble-shooting/analysis and provide corrective action capability when built-in automated IVHM does not cover the event or as appropriate; and Provide management and operations of sub-orbital flight needs at mars or the moon. 
5. Provide in-bound/entry flight safety monitoring and control; This function covers several activities such as: Provide inclusive flight mission data base to provide historical record and in-family data for real-time analysis; Provide sustaining engineering capability to provide analysis and to propose corrective action for anomalies; Provide exception monitoring visibility of all flight extra vehicular activities (flight/EVA) system’ functions to aid in problem resolution/corrective action if required; Provide real time trouble-shooting/analysis and provide corrective action capability when built-in automated IVHM does not cover the event or as appropriate; and provide flight dynamics and orbital mechanics analysis with projected inputs to crew or flight system to cover off-nominal cases; 
G. Provide Required Servicing Support to Flight Element While at Ground Node. 
The following servicing support functions must be accomplished at this ground node: 
1. Provide electrical service as needed; This function covers an activity such as: Provide common electrical grounding support between element and ground node during extended node stay time. 
2. Provide thermal conditioning service as needed: This function covers several activities such as: Passive process, e.g., insulation, isolation or solar; and Active process, e.g., electrical heaters, forced convection gas conditioning or liquid transfer heat transport process. 
3. Provide energy support service as required; This function covers an activity such as: Provide energy transfer support requirements to element during ground node extended stay. 
4. Provide fluid/gases service as needed; This function covers several activities such as: Provide liquid/gas propellant transfer as required; and Provide liquid/gas transfer for element discipline support requirements during ground node stay, e.g., safety purges, thermal conditioning, etc. 
5. Provide life support service as needed; This function covers several activities such as: Provide human comfort and biological needs; Provide personal logistics support as needed; and Provide human psychological support as needed. 6. Provide communications service as needed; This function covers several activities such as: Provide video and audio support services while element experiences an extended stay time at the ground node; and Provide data transfer support services while element experiences an extended stay time at the ground node. 
7. Provide power support service as needed; This function covers several activities such as: Provide mechanical power as needed; and Provide electrical power as needed.
H. Land/Recover Flight Elements and Payload at the Ground Node

The following servicing support functions must be accomplished at this ground node: 
1. Provide ground node facility and equipment preps for vehicle landing/recovery; This function covers several activities such as: Perform functional verification of servicing equipment; Service ground node recovery systems for arrival; Clear landing area for safe landing; position unique support equipment at the landing site; and Activate ground node landing systems at the landing site. 
2. Provide element landing and recovery; This function covers several activities such as: Receive the flight element; Position unique support equipment at the arriving vehicle; and Provide special servicing of the arriving flight element if required. 
3. Remove time sensitive payload from the arriving flight element; This function covers several activities such as: Remove humans (crew and passengers); and Remove time sensitive cargo. 
4. Post-flight element handling for transport/move; This function covers several activities such as: Deploy any special equipment to the arriving flight element for stabilization; Attach ground node transport equipment to arriving vehicle/element for move; and Perform arriving flight element special servicing required for next transport. 
5. Transport arriving flight element from the remote landing site recovery; This function covers several activities such as: Perform arriving flight element preparations for next transport; Perform transport equipment servicing and ground node facility preparations for transport; Mate arriving flight element to transport equipment/systems and verify ready for transport; Provide transport operations support (weather monitoring, route coordination, etc.); and Perform the transport operation. 
6. Perform any safing functions required of the arriving vehicle or payload; This function covers several activities such as: Provide electrical safing as required; Provide mechanical safing as required; Provide fluid and gases safing as required; and Provide any environmental safing as required.
I. Ground node traffic control and flight operations support and safety management

The following servicing support functions must be accomplished at this ground node: 
1. Insure a clear flight corridor for flight or landing impact areas; This function covers several activities such as: Provide a clear flight corridor for launch/flight including the restricted zones; Provide a clear flight corridor for landing including the restricted zones;Provide a clear launch impact zone at the launch site for the launch event; and Provide a clear launch impact zone at the landing/recovery site for the landing event. 
2. Ground node/flight vehicle intercommunications systems management and control; This function covers several activities such as: Provide ground node to flight communications capability (management and control) for all launch and landing operations; and Provide ground node to flight communications capability (management and control) for flight hardware groundnode movement operations. 
3. Aerospace weather advisory for earth entry/landing and safe ground operations; This function covers several activities such as: Provide weather advisory for the earth landing site to enable safe day to day ground operations; and Provide weather advisory for earth landing site to enable safe landing operations including abort locations.
 4. Payload/flight element ground node movement control and monitoring; This function covers several activities such as: Provide ground node traffic control/safety management for flight elements; and Provide ground node traffic control/safety management for payload elements. 
5. Monitoring/recording of launch, landing and ground node operations; This function covers several activities such as: Provide visual monitoring/recording as required; Provide audio monitoring/recording as required; and Provide data monitoring/recording as required.
J. Ground node infrastructure support and management

The following servicing support functions must be accomplished at this ground node: 
1. Flight element preparation and turnaround support logistics; this function covers several activities such as: perform an analysis of all flight hardware (vehicle & payload) to determine the spares/logistic needs (components and frequency of need; provide flight element hardware acquisition, supply, storage, & distribution management; Provide flight element hardware acquisition, supply, storage, & distribution management; Provide flight element-unique propellants and gases acquisition, supply, and management; Provide flight-element hardware logistical dispatching and staging support; provide flight element/vehicle calibration capability and support; Provide flight element/vehicle limited life hardware acquisition and accountability management; Provide flight element/vehicle quality discipline functions capability (e.g., materials and processes, non-destructive evaluation (NDE), failure analysis); Provide flight hardware fabrication, manufacturing support when needed (cables, tubes, hoses, brackets, etc.); Provide flight systems hardware repair capability support (disassemble, clean, replace soft-goods, reassemble and verify functionally); Provide flight equipment repair accountability management; and Provide flight hardware packaging and shipment to off-site repair depot or manufacturer.
 2. Ground infrastructure support logistics; This function covers several activities such as: Perform an analysis of all facilities and ground hardware to determine the spares/logistic needs (components and frequency of need); Provide ground node element(s) spares acquisition (component and replacement parts level), supply, & management; Provide ground node facilities and Ground support equipment (GSE) propellants, gases, cleaning fluids and the many other fluids  acquisition, supply, and management; Perform ground node infrastructure hardware logistical dispatching and staging support; Provide ground node infrastructure calibration capability and support; Provide ground node infrastructure expendable and limited life hardware acquisition and management; Provide ground infrastructure quality discipline functions capability (e.g., materials and processes, NDE, failure analysis); Provide ground node equipment fabrication, manufacturing when needed (cables, tubes, hoses, brackets, etc.); Provide ground node systems hardware repair capability support (disassemble, clean, replace soft-goods, reassemble and verify functionally); Provide ground node equipment repair accountability management; and Provide Ground node Hardware Packaging and Shipment to Manufacturer for Corrective Action When Required. 
3. Management of flight system operations; This function covers several activities such as: Provide flight system/element sustaining engineering support (both hardware and software); Provide flight system/element business management support (legal, human resources, financial, procurement etc.); Provide flight system/element strategic management (fleet sizing, strategic, and new business planning); Provide flight system/element customer services/relations management; Provide flight system operations safety, health, and mission assurance operational support management; and Provide flight system manifesting and scheduling management. 
4. Management of ground node infrastructure operations; This function covers several activities such as: Provide ground node system/element sustaining engineering support (both hardware and software); Provide ground node system/element business management support (legal, human resources, financial, procurement etc.); Provide ground node system/element strategic management (master, capacity, strategic, and  new business planning); Provide ground node system/element customer services/relations management; Provide ground node system operations safety, health, and mission assurance operational support management; and Provide ground node system manifesting and scheduling support management. 
5. Ground node infrastructure support services; This function covers several activities such as: Training and certification, e.g., employees, flight crews & space operations personnel; Spaceport environmental management (safety - personnel & equipment - monitoring and management); All spaceport and flight systems imagery/graphics service; Flight element monitoring and/or photographic services; Spaceport and flight systems documentation services; Spaceport custodial services; Spaceport and flight systems waste management/disposal services; Information transmission network service (including technology architecture maintenance and upgrade); Provide ground node infrastructure utilities services; Provide consumer technical discipline and heavy equipment shops services; Provide consumer food services; Provide assistance in locating lodging, money exchange, postal service, and entertainment; Provide operations and maintenance of all spaceport facilities; Provide operations and maintenance of all flight systems ground node support equipment; Provide spaceport grounds/infrastructure security service; Provide information security for all while at the spaceport; Provide Personnel access control and accountability of all vehicle and payload work areas; Provide international customs control and processing at the spaceport; Provide fire detection and control services for the entire infrastructure and contents at the spaceport; Provide emergency rescue and medical services on site at the spaceport; Provide hazardous material identification and management services; Provide emergency monitoring, warning and response services (solar flares, meteorites, space debris, etc.); Provide personnel emergency medical services; Provide personnel medical examination to provide ref. data needed for treatment of exposure to hazards, e.g., fluids, materials, & radiation; Provide quarantine service; Provide personnel protective equipment services; Provide incident management services. 
6. Offline maintenance, repair and overhaul (flight hardware depot maintenance); This function covers several activities such as: Perform major scheduled structural inspections of airframe; Perform scheduled downtime for block modifications; Perform scheduled limited design life hardware replacements; Perform scheduled limited design life hardware overhauls; Return hardware to the manufacturer for total rebuild and certification; Perform functional verification of element when replacements, overhauls and inspections are complete; Perform unplanned  maintenance/repairs; Perform upgrade block change to software; Perform functional verification of processes when replacements are complete; Perform hot fire verification of critical hardware functions; Repeat functional verification process to re-verify repair/replacement processes; and Prepare flight hardware for shipping and ship back to its on-line station. 
7. Offline maintenance, repair and overhaul (node facilities and ground support systems depot maintenance); This function covers several activities such as: Establish/Take ground node facility or ground node support equipment out-of-service for depot maintenance; Perform major scheduled structural inspections and refurbishment; Perform scheduled downtime for block modifications; Perform scheduled limited design life hardware replacements; Perform scheduled limited design life hardware overhauls; Return hardware to the manufacturer for total rebuild and certification; Perform upgrade block change to software; Perform functional verification of element when replacements, overhauls and inspections are complete; Perform unplanned maintenance/repairs; Repeat functional verification process to re-verify repair/replacement processes; and Prepare or place the ground node facility or ground node support equipment back online to support its function. 
8. Public and community support services; This function covers several activities such as: Connecting utilities infrastructure, e.g., electrical power, communications, water, sewer, etc.; Transportation infrastructure and support; Educational infrastructure and support; Community police/fire protection services; Consumer industrial and retail support; Community medical infrastructure and support; Community resources infrastructure and services; Severe environmental shelters for community; Financial institutions and support services; Cultural/Fine art and other entertainment community support; and Public broadcasting news, weather, and entertainment support.       

V.  SPACE TRANSPORTATION FLIGHT SYSTEM GENERAL TECHNICAL

FUNCTION REQUIREMENTS THAT WOULD DEPEND ON THE INITIAL

GROUND NODE IN SPACE:
Flight element assembly and integration in space; Fluid servicing or re-servicing of flight elements in space; Flight element parts replacement or repair in space; and space basing of reusable flight elements.

Therefore, the near term flight elements and ground node space infrastructure needs appear to be a re-usable space based transfer system (TUG) that can perform transfer functions in Earth orbit or beyond. This space based system will require the functions of assembly and integration at a ground node in space, fluid transfer servicing, parts replacement, replacement parts manufacturing and launch/recovery of this space transfer system. These requirements will place a requirement on Earth delivery of fluids and the logistics of replacement parts or material to build parts in space.

The functional requirements for this space transfer system are a group of eight major disciplines and are defined as follows:

· Airframe Structure & Mechanisms (For vehicle element interfacing functions, see next group of functions)

· Propulsion

· Power Management

· Thermal Energy Management

· Guidance, Navigation and Control

· Communications, Vehicle Systems Control and Health Management

· Life Support

*      Environmental and Safety Management

The above functions are supported with the vehicle elements integration/separation functions as defined as follow:

· Element to element structural attachment

· Element to element communication and data transfer

· Provide integrated vehicle control function

· Provide electrical power transfer

· Provide monitoring & control of safe environment between elements

· Element to Element Separation

· Element to element servicing in Space

· Provide transfer of payload capability
Definition of eight major discipline functional requirements are:
A. Airframe Structure & Mechanisms
Provide structural capability for transferring payload or personnel from earth orbit to

Provide structural capability for transferring payload or personnel from earth orbit

to another earth orbit, another planet's or lunar orbit and provide for the following functions:

Provide pressure vessel accommodations for the crew or personnel; payload structural/mechanical accommodations for space transportation function; load carrying capability for transferring propulsive forces to achieve a delta velocity and position into space; spatial structural accommodations for all hardware required to support the space transportation function; physical environmental control structurally for all phases of space transportation functions; aerodynamic structural dynamic stability and control of space transportation system; through structural access as needed  to perform transportation systems operation's functions; appropriate structural attachment capability to accommodate hardware and hardware replacement when needed; structurally for accommodating configuration changes to focus on the primary flight function; structurally for both static and dynamic loads; and for structural capability to accommodate thermal change variations.

Provide structural capability from another planet's or lunar orbit to earth orbit and provide for the following functions: pressure vessel accommodations for the crew or personnel; payload structural/mechanical accommodations for space transportation function; load carrying capability for transferring propulsive forces to achieve a delta velocity and position into space; spatial structural accommodations for all hardware required to support the space transportation function; physical environmental control structurally for all phases of space transportation functions; aerodynamic structural dynamic stability and control of space transportation system; through structural access as needed to perform transportation systems operation's functions; appropriate structural attachment capability to accommodate hardware and hardware replacement when needed; structurally for accommodating configuration changes to focus on the primary flight function; structurally for both static and dynamic loads; and for structural capability to accommodate thermal change variations.
B. Propulsion
Provide Orbital Maneuvering Propulsion (insertion/circularization, de-orbit & Trans-lunar/mars injection) and provide for the following functions: fill & drain; on-board propellant storage; cryogenic on-board propellant and hardware conditioning for engine start; storable propellant conditioning for engine start; on-board purge; pressurization; tank feed; fluid pump/pressure transfer; combustion; propellant inlet/intake management; nozzle exhaust gas management; propellant management (residuals, fuel bias, margins); engine start; engine shutdown; propellant flow and thrust interaction control (pogo suppression); anti-geysering control; propellant acquisition/settling; propellant/hardware thermal management; engine control & health management; propulsion power generation; and hardware contamination/flush for start/restart.

Provide Reaction Control Propulsion and provide for the following functions: fill & drain; on-board propellant storage; cryogenic on-board propellant and hardware conditioning for engine start; storable propellant conditioning for engine start; on-board purge; pressurization; tank feed; fluid pump/pressure transfer; combustion; propellant inlet/intake management; nozzle exhaust gas management; propellant management (residuals, fuel bias, margins); nozzle exhaust gas management; propellant management (residuals, fuel bias, margins); engine start; engine shutdown; propellant flow and thrust interaction control (pogo suppression); anti-geysering control; propellant acquisition/settling; propellant/hardware thermal management; engine control & health management; propulsion power generation; and hardware contamination/flush for start/restart.

Provide element separation propulsion and provide for the following functions: fill & drain; on-board propellant storage; cryogenic on-board propellant and hardware conditioning for engine start; storable propellant conditioning for engine start; on-board purge; pressurization; tank feed; fluid pump/pressure transfer; combustion; propellant inlet/intake management; nozzle exhaust gas management; propellant management (residuals, fuel bias, margins); nozzle exhaust gas management; propellant management (residuals, fuel bias, margins); engine start; engine shutdown; propellant flow and thrust interaction control (pogo suppression); anti-geysering control; propellant acquisition/settling; propellant/hardware thermal management; engine control & health management; propulsion power generation; and hardware contamination/flush for start/restart.
C. Power Management
Provide energy/power supply and provide for the following functions: electrical charging/supply; liquid or reactant transfer (fill & drain, etc); gas transfer (fill & drain, etc.); and energy/power from heat recovery. 

Provide energy/power storage and provide for the following functions: electro-chemical storage/power source (e.g., batteries); mechanical energy storage (e.g., momentum flywheels); fluid/liquid storage (separate, dedicated tanks/reservoirs); gas power storage (separate, dedicated tanks, bottles, accumulators); heat storage (e.g., heat sink/exchanger, Radioactive Thermal Generator (RTG)s, etc.); and other.

Provide feed to conversion/power generation devices and provide for the following functions: fluid feed & regulation; thermal energy transfer/feed; and other.

Provide energy conversion and provide for the following functions: electrochemical conversion-to-electrical power (fuel cell, etc.); mechanical conversion-to-electrical power (flywheel generator/alternator); electrical-to-mechanical power [(e.g., electric auxiliary power unit (APU)]; gas generator/turbine-to-mechanical power  (e.g., shuttle's APU); generator-to-electrical power (turbo-generator/alternator); propulsion direct shaft power-to-electrical power (turbo-generator/alternator); propulsion direct shaft power-to-mechanical power (fluid pumps/compressors, e.g. hydraulics); solar to electrical conversion (passive); solar to electrical conversion (dynamic) e.g., rankine, brayton, sterling, etc; thermal to electrical conversion (passive); thermal to electrical conversion (dynamic) e.g., rankine, brayton, sterling, etc; magnetohydrodynamic (MHD) process; and other conversion cycles.

Provide output power distribution, conditioning, control for other discipline functions (within element) and provide for the following functions: power distribution, conditioning and control for airframe mechanical systems; power distribution, conditioning and control for propulsion systems; power distribution, conditioning and control for thermal management systems; power distribution, conditioning and control for environmental & safety management systems; power distribution, conditioning and control for guidance, navigation & flight control systems; power distribution, conditioning and control for communications, command & control, and health management systems; and other.

Provide output power distribution, conditioning, and control to other vehicle/ground element and provide for the following functions: power distribution, conditioning and control for airframe mechanical systems; power distribution, conditioning and control for propulsion systems; power distribution, conditioning and control for thermal management systems; power distribution, conditioning and control for environmental & safety management systems; power distribution, conditioning and control for guidance, navigation & flight control systems; power distribution, conditioning and control for communications, command & control, and health management systems; and other.
D. Thermal Energy Management
Provide perform thermal management (heating & cooling) from earth orbit to lunar/mars orbit or during return and provide for the following functions: thermal energy supply (source); thermal energy transport/management within the element; thermal energy storage/accumulation to capture peak loads; thermal energy transport/distribution to user/disposition functions; and thermal energy use or dissipation.
E. Guidance, Navigation and Control
Provide state determination (position, attitude, air data, etc., on-board/off-board) and provide for the following functions: vehicle preplanned automated and scheduled commanded navigation actions for total flight sequence; vehicle external ref. information input for all phases of flight from launch through landing or from element mission start to finish; vehicle external environmentally induced flight vehicle directional change inputs to flight vehicle guidance and control (G&C) decision making system; and vehicle internal environmental induced flight vehicle directional change inputs to flight vehicle G&C decision making system.

Provide guidance (auto, manual crew, ground remote) and provide for the following functions: receives information from the on-board state determination system and provides output for control functions; and receives information from the crew or the ground node and provides output for control functions.

Provide attitude control/flight control actuation/stabilization and provide for the following functions: receives information from the guidance system and provides commands to all control devices; receives information from the ground node or crew and provides commands to all control devices; and receives information from the control devices and feeds back to guidance to provide stabilized vehicle flight.

Provide to receive and provide commands for element separation and propulsion system management assistance (propellant settling, etc) g & delta velocity (V) functions and provide for the following functions: transfers or sends commands for element separation (determines and executes commands from delta V requirements); and sends commands for propulsion system management assistance (propellant settling, etc) g & delta V functions.

Provide to configure the vehicle element for space flight and provide needed functions during flight and provide for the following functions: extend navigational aids as needed; provide vehicle configuration for space flight (thermal control, radiation control, etc.); provide element to element re-configuration as needed for space flight; and determine and provide any needed mid-course changes during space flight.

Provide de-orbit from Lunar, or Mars orbits and provide for the following functions: verify/position the vehicle element for de-orbit; configure the vehicle element for landing at destination; execute the de-orbit command; and verify receipt of de-orbit command/function was executed.

Provide commands required for the required mechanical functions desired, e.g., deploy landing gear, etc for all phases of the planned flight; and provide commands required for the required propulsion function desired for all phases of the planned flight.

Provide artificial gravity provisioning and control and provide for the following functions: determine element real-time gravity loading verses (vs.) requirement; and provide commands required to provide the required gravity loading and provide a dynamically stable system.
F. Communications, Vehicle Systems Control and Health Management
Provide communications data, voice, video networking and provide for the following functions: capability to communicate with external safety control functions; capability to communicate by voice with ground, other space vehicle elements and solar system base locations; capability to communicate by video with ground, other space vehicle elements and solar system base locations; capability to comm. vehicle system data with ground, other space vehicle elements and solar system base locations; functional commanding vehicle systems from ground, crew, programmed, or automated responsive actions; and capability to comm. environmental data with ground, other space vehicle elements and solar system base locations.

Provide systems command and control and provide for the following functions: vehicle preplanned automated and scheduled commanded actions including IVHM output; vehicle systems with external commanded actions; vehicle systems with IVHM commanded actions; vehicle systems with crew commanded actions; and establish time reference and perform timing control/management.

Provide systems health management and provide for the following functions: vehicle preplanned automated evaluation/diagnostic process with commanded corrective actions; monitor vehicle systems for exceptions for automated corrective response; and generate a data family of operating characteristics by system for nominal performance reference.
G. Life Support
Provide waste management and provide for the following functions: solids; liquids; and trash management.

Provide environmental conditioning and provide for the following functions: temperature control; humidity control; air quality control (gas content & particulates); and artificial gravity provisioning and control.

Provide to support consumables supply and management and provide for the following functions: solids; liquids; gases; and materials with limited functional life (absorbers etc).

Provide human physical maintenance support and management and provide for the following functions: needed human physical maintenance needs and flight use requirements; unique physical partial gravity accommodations needed; unique housekeeping capability to meet the human needs; and human hygiene needs.

Provide human psychology maintenance support and management needs and provide for the following functions: rest and relaxation; entertainment needs; and secure personal communication with ground nodes.

Provide human/robot EVA support needs and provide for the following functions: self-contained atmospheric environment (pressure and breathing air quality); communications to other flight elements and to ground; body waste management capability; data assistance capability; repair tools capability; exploration tools capability; life support consumables capability; and device for maneuverability and control.

Provide human stowage capability for cameras etc. and provide for the following functions: unique personal effects stowage; and community personal effects stowage, e.g., cameras, tools, test equipment, etc.

Provide for human food and laundry support needs and provide for the following functions: food storage capability; cooking capability; and clothing laundry capability.

Provide for simple maintenance of space transportation systems and equipment and provide for the following functions: spare parts for crew related equipment; and spare components for transportation system.

Provide human health care capability and provide for the following functions:  medical/surgical/dental facility and equipment; needed medical/dental/surgical supplies stowage capability; and re-habilitation outfitting capability.
H. Environmental and Safety Management
Provide environmental and safety requirements development and provide for the following functions; material flammability and impact sensitivity avoidances; and Governmental requirements and regulations compliances.

Determine and develop the natural environments requirements development and provide for the following functions; provide radiation protection; micrometeorite protection; and lightening protection.

Determine and develop the induced environments requirements and provide for the following functions; trade information establishing operating limits vs. design to conditions for all on-board induced disciplines (vibration, loads, temp. etc); and trade information establishing operating limits vs. design to conditions for all externally induced disciplines.

Provide environmental and safety impact assessment and provide for the following functions; over-riding regulations review and analysis for acceptance as compliance to the safety discipline; and over-riding regulations review and analysis for acceptance as compliance to the environmental discipline.

Provide environmental & safety monitoring and provide for the following functions; hazardous gas buildup of combustibles; foreign debris warning capability (micrometeorites etc); and warning capability of all functionally critical related failure modes that require corrective action preparation.

Provide environmental & safety control and provide for the following functions; foreign debris avoidance capability (micrometeorites etc); and corrective action for all safety and functionally critical related failure modes.

Provide environmental protection and control for EVA and provide for the following functions; micrometeorite protection and must maintain functionality in exposed environments; and radiation protection.
Definition of vehicle elements integration/separation discipline functional requirements are:
A.  Element to element structural attachment

Provide structural load transfer capability from element to element and provide for the following functions; structural load transfer capability for natural environment loads from element to element; and structural load transfer capability for induced loads from element to element.

Provide structural attachment that allows assembly for flight and separation in flight when desired and provide for the following functions; element structural attachment capability during operation when desired (Space docking or ground assembly); and element structural attachment release capability during operation when desired.

Provide element to element Space Docking capability (rendezvous & docking) and provide for the following functions; element mechanical alignment capability; element to element distance relationship ranging; element to element closure rate; and propulsive device induced environmental interference.
B. Element to element communication and data transfer
Provide command and control communications between elements and provide for the following functions; communications pass through to adjacent element; and communication from adjacent element when required.

Provide data transfer from element to element through the element and provide for the following functions; functional status of element to element functions where required; critical functional operating parameters of element to element functions where required; and data transfer pass-through capability.

Provide data transfer from the element interface functions to control element and the monitoring station and provide for the following functions; functional status of interface functions to the control element and the monitoring station; and critical interface functional operating parameters to the control element and the monitoring station.
C. Integrated vehicle control function
Provide decision making control logic to the intended control elements and provide for the following functions; integrated elements functional control sequencing to intended control elements; and integrated elements control algorithm and separation algorithm to the intended control elements.

Provide integrated vehicle configuration real-time status to the controlling elements and provide for the following functions; real time data of integrated configuration and separation events to intended control elements; and real time data of natural and induced environmental parameters to intended control elements.
D. Electrical power transfer
Provide electrical power transfer from element to element when required and provide for the following functions; electrical power pass through to adjacent element; and electrical power from adjacent element when required.

Provide electrical power to interface functions that require power and provide for the following functions; electrical power to interface command function components where required; and electrical power to interface functional components monitoring devices where required.
E. Monitoring & control of safe environment between elements
Provide structural stability of interfacing structure (Delta pressure) and provide for the following function; pressure monitoring capability.

Provide hazardous gas detection and control and provide for the following functions; hazardous gas detection; gas dilution below the hazardous level; and hazardous gas isolation from the source.

Provide thermal control if required by exposed systems and provide for the following functions; environmental heating if required; moisture control to eliminate condensation if required; environmental cooling if required; and thermal and moisture control monitoring.

Provide electrical properties control across the interface from element to element and provide for the following functions; capability to remove or verify power off at interface before mate of de-mate during docking operation; and capability to control or safe any electrical static charge potential difference between elements.

Provide radiation monitoring and control and provide for the following functions; capability to measure the radiation levels; and control and maintain a radiation safe environment.
F. Element to Element Separation
Provide mechanical release or disconnect capability and provide for the following function; mechanical release capability required for predictable and repeatable safe separation.

Provide mechanical separation system command, monitoring, and control capability and provide for the following functions; element separation command when and only when desired; and element separation command verification feedback.

Provide separation capability for safe, predictable and repeatable separation and provide for the following functions; element separation impulse required for predictable and repeatable safe separation; and element separation directional force desired for predictable and repeatable safe separation.
G. Element to element servicing in Space
Provide fluids transfer replenishment (liquids & gases) and provide for the following functions; liquid and gas system interface attachment and verify functionality; and fluid transfer to desired quantities while providing receipt and capture of waste fluids.

Provide electrical servicing if required and provide for the following functions; electrical service to In-space element while performing maintenance on element if needed; and In-space element electrical energy system servicing if required.

Provide parts replacement as required  (robotic or human) and provide for the following functions; release attachments of target component along with disconnecting any cabling; remove target component; replace with replacement unit and secure; and Re-attach any cabling.

Provide functional verification of serviced element before un-docking element and provide for the following functions; functional verification of any replaced components; perform functional verification of repaired element; and perform functional verification of element to verify ready to un-dock.

Provide modular construction or replacement and provide for the following functions; capability to install modules into In-space elements where required; capability to build In-space elements where required; and capability to replace modules from In-space elements where required.

Provide human consumable & waste transfer and provide for the following functions; human waste removal/transfer from element to element; and human consumable food supplies from element to element.

Provide element repair and provide for the following functions; electrical repairs; structural repairs; and mechanical connection repairs, e.g., fluid type.
H. Transfer of payload capability
Provide transfer of cargo capability and provide for the following functions; capability to transfer a module from element to element; and capability to transfer collectable cargo from element to element through airlock function.

Provide transfer of personnel capability and provide for the following functions; airlock capability between the elements; and transfer of personnel from element to element.

VI.  Flight Systems Concepts
Now that we have defined the requirements for the ground node in space and the requirements for a reusable space based transportation system, we can suggest a few notional concepts that might satisfy the requirements and the attributes of these systems.
A conceptual ground node or a part of the ground node in space:
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Figure 1.Space Geosynchronous Orbit (GEO) Habitat
A conceptual propellant servicing capability that may be a separate entity or a part of the ground node. Here it is shown as a separate entity.


[image: image2] Figure 2.Propellant Depot
The following are couple of notional concepts of the reusable spaced based transportation systems:


[image: image3]
Figure 3.HYBRID Orbital Transfer Vehicle (OTV)
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Figure 4.Alternate Orbital Transfer Vehicle (OTV)
VII. Useful Applications in Space
Some possible applications in space that could allow the commercial investor to close the business case could be: satellite servicing (fluids, electrical, or parts replacement), capture an asteroid for minerals recovery, perform assembly in space (solar power station), manufacturing of parts in space that could be performed in a space lab part of the ground node, install and operate a space motel for tourist, and perform nuclear propulsion development and testing to allow shorter trip times to the planets. 
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Figure 5.Commercial Space Infrastructure Development
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Figure 6 Commercial Space Applications Development Opportunities
VIII.  SUMMARY/ CONCLUSIONS
The ground node and the spaced based reusable flight elements requirements have been identified and it seems logical that this effort would be the next near term tasks for developing the human habitation of space to allow the affordable exploration of space. The first phase of designing and deploying the flight element may not include the capability for human’s permanent stay in space and therefore will not require the life support functions. This capability will provide the infrastructure necessary for the commercial expansion of many space activities that will close the business case. Suggestions for commercial business cases have been provided to promote interest in investments.
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