JSF:  A DARPA Perspective

Introduction
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The Joint Strike Fighter (JSF) Program is the focal point within the U.S. Department of Defense (DoD) for defining and developing an affordable family of next-generation strike fighter.  Among the services and countries participating are the U.S. Navy, U.S. Air Force U.S. Marine Corps, U.K. Royal Navy, U.K. Royal Air Force, Denmark, the Netherlands, Norway, Canada and Italy, with the [image: image3.wmf]1
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bulk of the input coming from the U.S. and the U.K.  The first Low Rate Initial Production aircraft are scheduled to fly in 2008, with IOC planned for in 2010.  The two competing JSF Concepts can be seen in figure 1.      


The Defense Advanced Research Projects Agency  (DARPA) played a major role in the establishment of the JSF demonstration program and plays an ongoing role in ensuring that leading edge technologies are integrated into the JSF development roadmap.  This paper chronicles DARPA’s involvement in, and contributions to, the JSF program.

Early DARPA Activities
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The Advanced Short Takeoff Vertical Landing (ASTOVL) Program started as a joint research and technology effort in 1983 between the U.S. DoD and the U.K. Ministry of Defense (MoD).  Its aim was to support the eventual development of a supersonic 
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STOVL strike fighter.  Four powered lift concepts were selected for initial study, and preliminary assessments were performed in 1985.  Further studies indicated that none of the original four concepts were completely suitable.  However with the projected thrust available from the F-119 engine then in advanced development, two revised evolutions of these four concepts showed significant promise.  These were the Shaft Driven Lift Fan (SDLF) and the Gas Coupled Lift Fan (GCLF), which can be seen in Figures 2 and 3 respectively.  In 1988, the ASTOVL program came under DARPA control as a result of the Nunn-Quayle Research and Development Initiative to fund cooperative efforts between the U.S. and NATO allies.         
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Memo 05/25-88
25 Feb 1988

MEMORANDUM FOR THE DEPUTY DIRECTOR, SYSTEMS AND TECHNOLOGY ,

DEFENSE ADVANCED RESEARCH PROJECTS AGENCY

Subj: Naval Desired Operating Characteristies for an ASTOVL
Fighter/Attack Aircraft

1. Recently members of your staff briefed VAdm McCarthy, LtGen
Smith, and me concerning your ongoing research regarding
development of an Advanced Short Takeoff, Vertical Landing
(ASTOVL) fighter/attack aircraft. The ASTOVL concepts and
technologies being investigated in the ASTOVL project show great
promise for providing the Naval Services with a follow-on light
attack and fighter/attack aircraft to replace the F/A-18 and Av-
8B when they reach the end of their serviece lives in the 2002-
2010 timeframe.

2. Your briefing requested that the Services deseribe any
requirements we might have for sueh a vehicle to help focus your
technology maturation efforts. To this end LtGen Smith's and my
staff have been working with your engineers and NASA to develop a
desired operating characteristics document. This document is
attached. It is realized that not all of these perceived
requirements are totally compatible (e.g., performance and
signature goals), but we hope that with this early start you and
industry will be able to mature and integrate the technologies
relevant to filling our needs.

Qv'z!m‘l\z'"fz o, A Loz

R. F. Dunn : K. A. Smith

VAdm USN LtGen USMC

Deputy Chief of Deputy Chief of Staff
Naval Operations for Aviation

(Air Warfare)
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When the original agreement between the U.S. and U.K. expired in 1991, the international program officially ended.  However, discussion of a follow-on collaborative technology maturation and demonstration program with the UK continued.  In parallel, the airframe and engine companies continued their design efforts while DARPA and the Navy worked to establish a development program.    These design efforts were focused on a STOVL Strike Fighter, “Desired Operational Capabilities”, document signed by the Department of the Navy in February 1988.  A copy of the cover letter is shown in figure 4.  Initial efforts had been focused on developing a STOVL Strike Fighter for the Marine 

Corps, however a major finding in the study efforts was that by replacing the STOVL propulsive lift apparatus with additional fuel tanking, a highly capable F-16 class Air Force variant could be attained.  This would result in a highly common aircraft and eliminate many of the challenges typically associated with developing a common Navy/Air Force aircraft since the structural requirements of a STOVL aircraft are much more similar to an Air Force aircraft than a Navy catapult/arresting gear aircraft.  Hence a revised DARPA/U.S. Navy ASTOVL Program was formulated in early 1992 with the aim of demonstrating an affordable STOVL strike fighter for the U.S. Marine Corps with a Conventional Takeoff and Landing (CTOL) variant for possible U.S. Air Force service.  With this new emphasis, the program adopted the name Common Affordable Lightweight Fighter (CALF).  A summary of mission goals leading up to establishment of the CALF program is shown in Table 1.    
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DARPA/Navy Common Affordable Lightweight Fighter Program


Under DARPA management, the joint DARPA/Navy CALF program was a three-phased program culminating in
 a low cost, two-aircraft flight demonstration of a single STOVL concept.  Phase I encompassed all of the previous design study activities, and was denoted Phase I after the fact.  Phase II was a three year Critical Technology Validation Phase to conduct technology maturation and risk reduction activities in preparation for Phase III, Detailed Design, Fabrication and Flight Test.  The original CALF program schedule is shown in Figure 5. [image: image2.png]1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004
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DARPA competitively awarded two contracts in March 1993 to conduct critical technology validation of two CALF concepts.  Lockheed was awarded a $32.9M contract to conduct risk reduction of a shaft driven lift fan and McDonnell Douglas was awarded a $27.7M contract to conduct risk reduction of a gas driven lift fan.   The competition had emphasized the use of new partnering and incentive approaches and both of these contracts included unique features.  The Lockheed contract included an innovative fee structure wherein Lockheed could recoup up to $4M in the event of an underun.  The McDonnell Douglas contract included cost share in which the government would provide $45.6M and McDonnell Douglas would be required to match no more than $13.5M of their own money.  Formal negotiations were still in progress with the UK for an additional $12M contribution to be used to fund options on the Lockheed and McDonnell Douglas contracts.  These options were ultimately exercised in August 1994 upon signature of the CALF Memorandum of Understanding with the UK.


In March 1994, Congress appropriated an additional $6M to fund a direct lift STOVL concept.  Following a procurement competition, Boeing was selected to conduct this effort, offering to cost share an additional $6M to enable a similar level of risk reduction as the Lockheed and McDonnell Douglas and put them in a competitive position to vie for a follow-on demonstration program.  Further provisions included a $10M contribution each from Congress and Boeing for the following year, bringing Boeing’s total contract up to $32M.  


For all three contractors, the Critical Technology Validation Phase included continued design work on both operational and associated low cost demonstrator aircraft, affordability analyses, and small scale and component testing culminating in large scale powered model testing to validate not only propulsion system performance but to ensure no adverse performance effects from operation in ground effect such as stability and control problems, lift losses and hot gas ingestion.  The CALF program employed a unique design approach for the time – rather than defining specific performance requirements for the operational aircraft, the government defined a set of mission goals and asked the contractor to conduct design trade-studies to find the most cost effective solution.  The government imposed only a single requirement – that the aircraft weight empty be less than 24,000 lbs.  This weight target was set for two reasons.  First, this weight was consistent with the thrust available for vertical landing from an F-119 class engine.  Second, since parametric cost estimating relationships show strong correlation with weight, this also ensured that a low cost design would be achieved.  The demonstrator aircraft would be based on this design, employing a common outer moldline, to validate performance predictions and demonstrate manufacturing affordability initiatives.  However signature reduction materials and treatments would be left off the demonstrator to reduce cost.  The demonstrator aircraft would also demonstrate the commonality between the Air Force and Marine Corps variants by using common tooling and producing both configurations.  


In 1994, Northrop Grumman entered into a no cost agreement with DARPA to begin critical technology validation activities.  However, their efforts were merged with those of McDonnell Douglas following the merger with JAST since they were teammates on that program.  
Figures 6-8 show the aircraft configurations developed under the CALF program.  In preparation for Phase III, DARPA applied for and received the X-32 designation for the planned demonstrator aircraft.  

The Joint Advanced Strike Technologies (JAST) Program


In parallel to the DARPA CALF program, the Air Force and the Navy initiated the Joint Advanced Strike Technology (JAST) Program in late 1993 as a result of the DoD’s Bottom Up Review (BUR) of U.S. military forces and modernization plans.  The BUR was formally begun on 23 February 1993 with the purpose of defining a strategy for defense planning in the post-Cold War era.  It addressed issues of force structure, modernization, affordability, and other factors related to the United States’ ability to achieve its military objectives.  The BUR was based on the assumption that the U.S. should maintain the ability to fight and win two near simultaneous Major Regional Conflicts (MRCs).  


One of the major issues addressing the BUR was the existence of five tactical aircraft development programs: the F-22, the F/A-18E/F, the A/F-X, ASTOVL and the MRF.  These five programs were too costly to continue on their own, so the BUR studied the needs of U.S. theater air forces in an effort to define an affordable plan to meet those needs.  The most realistic alternative was a Joint Attack Fighter (JAF) presented jointly by the USN and USAF.  The following characteristics were projected to be incorporated into the JAF:  Unit flyaway cost: $40-$45 Million, Range: 500 miles, Take Off Gross Weight (TOGW): 35,000-40,000 lbs, modular design for a multi-role, multi-service capability, and Initial Operational Capability (IOC) in 2009.  


Under the advice of a Defense Science Board Task Force, which stated that the JAF program was not sufficiently defined to allow meaningful analysis, the JAF concentrated its design on the concept of slightly differing airframes with common components.  Under this concept, two different airframes would be considered which would utilize a common engine, common avionics architecture, common weapons, and a manufacturing process to facilitate efficient production and a high degree of cost commonality over the life cycle of the platforms.  These recommendations became, in essence, the foundations of the JAST program.  


In September 1993, the results of the BUR were formally announced.  Among other things, the BUR decided to terminate both A/F-X and MRF programs, proceed with the F/A-18E/F and the F-22 programs, and begin the JAST program.  The BUR stated that JAST would focus on common technologies and components in the areas of avionics, propulsion, ground support, munitions, training and mission planning.  “The JAST program will develop several technology demonstrator aircraft to explore different technologies that could be incorporated into future aircraft.  From these technology demonstrators, prototype aircraft would then be developed to help choose the next-generation replacement for the A-6, F-14, F-16 and F-111 as they reach the end of their service lives.”  The JAST program then initiated conceptual design studies with Boeing, Lockheed, McDonnell Douglas, and Pratt and Whitney.  The objective of these studies was to define a technology maturation program, but was not focused on flight demonstration of a specific aircraft concept.


In October 1994, concerned that the two programs contained significant overlap, the U.S. Congress merged the DARPA/Navy ASTOVL/CALF program into the JAST program with the stipulation that the program maintain a STOVL variant to meet U.S. Marine Corps needs.  Due to the continued interest by the UK MOD, a representative was assigned to the JAST program office and discussions were begun regarding a new MOU governing participation in the JAST program.  Subsequently, leadership from the ASTOVL/CALF and JSF programs worked to integrate their program activities and define a new, three aircraft variant program.  Upon review of the ASTOVL/CALF program activities and demonstration plans, JAST program leadership realized that the focused low cost demonstration phase envisioned by the DARPA program was the best way to mature the technologies required for Engineering and Manufacturing Development (EMD) as well as to build and maintain program advocacy.  Moreover the demonstration program would add focus to the existing JAST technology maturation program and allow improved filtering of the technologies.  Thus a new JAST vision was created for a family of aircraft with three variants:  A Conventional TakeOff and Landing (CTOL) for the U.S. and Royal Air Forces, a Carrier Version (CV) for the U.S. Navy and a STOVL version for the Royal Navy and U.S. Marine Corps.   Over the next year, JSF and CALF program reviews were conducted jointly as a means of merging the activities of both the government and industry teams.  Results from both the ASTOVL/CALF and JAST design trade studies were used as a basis for developing a new 3 variant family of aircraft for each contractor.  Following the completion of the CALF Pase II critical technology validation contracts in spring of 1996, all efforts were consolidated under JSF.  

Subsequent DARPA Contributions


Following the formation of the JSF program as it is known today, DARPA continued to provide significant contributions.  Because of his experience negotiating the ASTOVL/CALF MOU with the UK, Dr. Bill Scheuren (DARPA TTO Program Manager) was assigned as the Director for International Programs.  


During his time in that position, Dr. Scheuren successfully negotiated a new MOU with the UK for the Concept Demonstration Program as well as with Norway, Denmark and the Netherlands.  Due to the growth of the international program as well as the need to continue leveraging new technologies for the program, Dr. Scheuren was reassigned as the director of Joint Advanced Strike Technologies (JAST).  His charter was to identify promising technologies across the services and DARPA that could be integrated into JSF.  The primary focus of these activities was on the supportability for two reasons.  First, supportability was the least mature area of JSF, and second supportability is where the most cost effectiveness could be achieved.  Based on extensive technology savings conducted by the JAST directorate across government and industry research and development activities, a new initiative was created called Prognostics and Health Management (PHM).  

Prognostics and Health Management (PHM)


Prognostics and Health Management evolved from a vision of advanced diagnostics that purported to use advanced sensors to monitor and manage aircraft health.  Preliminary diagnostic technology maturation efforts were aimed at engine technology, but were very narrow in focus and baselined to legacy aircraft.  In 1997, at a JSF Systems Engineering Offsite, former JSF Program Director Admiral Steidle challenged Dr. Scheuren, Director of JAST, to develop/transition and mature leading edge technologies to monitor, predict, and manage engine and aircraft health.  


Initial efforts were aimed at developing sensors to monitor compressor blades to predict blade crack and blade growth.  The sensor matured for this purpose was a General Dynamics Eddy Current Sensor.  The Program Office contracted with the primary and alternate engine companies (Pratt & Whitney and General Electric) to conduct force fault experiments wherein problems like compressor blade cracks and actual blade failures were introduced to check the accuracy of PHM hardware.  It was clear that the scope and capabilities of the PHM system should be expanded to include a greater predictive capability to determine entire aircraft health, not just engine health.  The JSF PHM system was further developed to include an aircraft PHM architecture enabled by model-based reasoning.  Both weapon systems contractors, Lockheed and Boeing, developed systems that utilized the concept of area reasoners for managing PHM components and information across the aircraft.  


The PHM system was rapidly expanding and was ultimately aimed at enabling the JSF to meet JIRD-drive goals of reduced maintenance manpower by 40%, increased combat sortie generation rates by 25%, and reduced logistics footprints by 50%, all at a cheaper life cycle cost as compared with legacy aircraft.  Historically, a major emphasis of military aircraft maintenance has been to schedule events on a periodic basis, where maintainers examine the aircraft without knowledge of existing faults.  It was soon clear that, with a robust PHM system, the logistics and support concept for the weapon system could be revolutionized.  Autonomic Logistics was then conceived out of the realization that a comprehensive prognostics and health management development plan would address the preeminent issues of operational readiness, flight safety and tactical aircraft life cycle costs.  


The concept of Autonomic Logistics quickly took root in the JSF Program Office and soon was known to everyone.  Autonomic Logistics would be quipped as “the support concept for the 21st century”, so much so that the supportability directorate of the program office officially changed its title to the Autonomic Logistics Directorate in October, 1999.  The revolutionary concept was that all of the common logistics and maintenance actions for the aircraft would become automated, thus eliminating manpower and human error.  Aircraft flight data would be automatically downloaded into a data warehouse that would in turn mine the data for anomalies in an effort to detect existing or impending faults.  Additionally, the majority of mission and flight critical faults would be detected and isolated real-time on-board the aircraft to enhance mission reliability and safety.  Ordering and tracking of spares parts would also be handled automatically.  Ideally, a part failing on-board an aircraft during a mission would be isolated, reported to the ground maintenance system, have a spare lined up and have alerted all maintenance personnel as to the maintenance action before the aircraft’s return from the mission, all without human intervention.  Autonomic Logistics will also be responsible for mission planning, route planning, pilot selection, aircraft selection based upon flight worthiness for the particular mission.  All of these are capable of being overridden by a person with the proper credentials should they not be an optimal solution for the mission.  

Conclusion


In November 2001, the concept development phase officially ended, thus ending DARPA’s direct involvement with the JSF.  After 17 years, the Joint Strike Fighter Program had evolved from a MOU between the U.S. and the U.K. for a STOVL fighter aircraft to a radical new concept of a tri-variant aircraft set to serve the needs of no less than 4 different international services.  Additionally, this new concept has an entirely new support concept that is leading the charge for change in the next millennium.  Not only are these aircraft going to be supported in such a way as to increase sortie generation rate, enhance mission reliability and pilot safety, minimize down time for repairs, minimize time needed to order spares, and keep track of all parts across all tail numbers, but it is going to do it all with reduced manpower and at a cheaper cost than has been done in the past.  In this way, DARPA has paved the way for the acquisition process into the next millennium.  
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Figure 3.  Single Fan GCLF





Figure 2.  Shaft Driven Lift Fan

















Fig. 1.  JSF  Concepts








Table 1.  CALF Program Goals





Figure 4.  Copy of ASTOVL “Desired Operational Capabilities” Cover Letter





Figure 2.  Shaft Driven Lift Fan





Figure 3.  Gas Coupled Lift Fan





Figure 5.  Initial CALF Program Schedule
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