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PREFACE

The original version of this paper was written for a Spring 1990 Rand Graduate
School workshop taught by George Donohue and Michael Rich titled “Strategies for the
Management of the Research and Development and Acquisition Process.” The class
examined the technological and institutional issues associated with the development and
production of high-performance weapon systems, and discussed such topics as research and
development investment trends, alternative R&D strategies, differences across nations, and
comparable nonmilitary experience. I am grateful to them for encouraging me to pursue this
research through to its present form.

I would like to thank several colleagues at RAND who read and commented on earlier
versions of the paper. Specifically, I wish to thank Jim Bonomo, Ted Harshberger, and
Myron Hura for the non-trivial amounts of time they spent on a close reading of the paper
when it was in a much rougher form and for their patience in clarifying for me many key
technical, conceptual, and operational issues. Dave Frelinger and Giles Smith substantially
contributed to improving my understanding of the subject, and Adele Palmer offered
numerous helpful comments on the technical analysis in Appendix C. Finally, I would like
to thank my wife, Antonia, whose expert editorial skills and gentle good humor during the
writing of this paper contributed a sense of balance both to the paper, and its author. I alone,
of course, am responsible for any remaining errors of omission or commission, fact or

interpretation.






SUMMARY

This paper examines the Tomahawk cruise missile program to evaluate the truth of the
proposition that successful management of the research, development, and acquisition of a
major weapon system lies in the pursuit of evolutionary--rather than revolutionary--
breakthroughs and incremental--rather than significant--performance improvements over an
existing technology base. The Tomahawk cruise missile is widely considered to be a
“successful” system, in terms of both its operational concept and the management of its
development, production, and acquisition.

The analysis contained in this paper suggests that the managers of the Tomahawk took
an evolutionary approach to its development, thereby contributing to the success of the
program by pursuing a program whose technological risks were manageable and whose
prospects for realizing performance, cost, and schedule goals were realistic. This judgment is
first reached through an examination of the level of technological development of major
subsystems of the Tomahawk, which suggests that the program was able to capitalize on the
availability of subsystems that were, in the main, at an advanced state of development at the
time of the program’s initiation. The judgment is reinforced through an examination of the
program’s record for evidence of technological risk as it would have been expected to
manifest itself programmatically (cost growth, performance shortfalls, or schedule slippages).
Finally, a formal, statistically-based model for assessing the level of technological risk is
developed to assess quantitatively the level of technological risk in the Tomahawk program.
Due to sketchy program data, this quantitative analysis produced indeterminate results,
neither confirming nor refuting the other assessments.
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I. INTRODUCTION

Assessing the risks associated with the development of a sophisticated weapon system
is a daunting task, offering few well-traveled paths. One might begin by examining the
origins of the weapon's requirement, sorting through the circumstances that shaped the
program, and poring over program histories, budget documents, Selected Acqusition Reports
(SARs), and public statements. This can provide the analyst with the anecdotal and empirical
evidence necessary to clothe his or her arguments, but there is still the bewildering sense that
risk is a function of program outcome: "successful" programs either had low risk or managed
the inherent risk well; "unsuccessful" programs embodied higher risk or managed poorly the
risks they faced. Resolving this chicken-or-egg, risk as input/risk as output problem is well
beyond the scope of this paper, but can perhaps be got around by viewing the program from
several complementary perspectives.

The Tomahawk cruise missile program is an interesting case study: a weapon system
that finally validated a concept of operation that had been unsuccessfully pursued for more
than fifty years, it was also a system that threatened to compete for the missions of bomber
and attack aircraft. Recognition of these facts is essential to understanding the high level of
involvement of Department of Defense (DoD) senior executives and members of Congress in
the defininition of the Tomahawk’s mission and basic capabilities, as well as the level of
scrutiny that the Tomahawk has received from these quarters throughout its program history.

In this paper, I will try to examine the inherent technological risks facing the program
managers of the Tomahawk cruise missile from three vantage points: (1) from that of
program management strategies that appeared to play a role in managing (limiting) internal
(technological) and external risks; (2) from that of the Tomahawk’s critical subsystems, each
contributing some level of technologiéal risk; and (3) from the outcomes of these program
management strategies, as measured by such indicators as performance, cost growth, and
schedule. By taking this approach, I hope to sketch a composite image reflecting the "true”
level of technological risk inherent in the Tomahawk program.!

This paper is organized as follows. Section II describes the concept of technological
risk and the companion concept of external risk, and provides an overview of the program

management strategies that were used to manage risks that existed in the Tomahawk

1Because it is the basis for all other derivatives, this paper focuses on the basic Tomahawk flight
vehicle common to all variants. The sophisticated reader might detect a glossing of differences between
variants--this was done to keep the exposition from becoming too ungainly. Further, occasional sketchy
references are made to other systems (e.g., Air-Launched Cruise Missile (ALCM))--these were included only
to provide necessary context.
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program. Section III explicitly examines the technological risks involved in the various
subsystems of the Tomahawk and--implicitly--the choices that the program managers made
in developing the technical building blocks for the Tomahawk. Section IV provides an
overall evaluation of the management of the Tomahawk from the standpoint of performance,
cost growth, and schedule and includes a formal model to estimate the level of technological
advance sought (or technological risk) in the Tomahawk program. Section V provides
summary conclusions on the level of technological risk in Tomahawk. Several appendixes
are also included. Appendix A provides a synopsized history of the cruise missile.

Appendix B describes some of the elements of the Tomahawk’s program of modification and
block upgrade to indicate future directions for the program. Appendix C provides a
quantitative approach to assessing the level of technological risk. Appendix D contains a

glossary of key terms.
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ll. MANAGING RISK

One simplifying assumption of this paper is that there are two sorts of risk that a
program management office attempts to manage. The first sort of risk (external risk) is the
risk arising outside of the program, posed by: (1) actors who control resources or influence
the performance characteristics of the system; (2) externally generated technologies, such as
an advance in a counter-system that invalidates the concept or implementation; and (3)
changing strategic or tactical concepts or requirements, or government policy.2 External risk
is non-technical in nature, and affects the stability of the program’s course, as well as its
outcome. In the case of external risk the program management office’s objective is
essentially the co-optation of those who control key resources, including upper echelons of
the service(s) and department, and members of Congress. This co-optation might manifest
itself a number of ways: that the program is important, that the program is well-managed,
and so on, but it is necessarily the result of the program’s supporters’ activism in status
briefings, PERT charts, and other “management tools.”

The second sort of risk, internal or technological risk, is the risk inherent in building
the system, or perhaps better thought of as the risk of not being able to build the system.3
These risks relate to the possible incidence of unforeseen technical difficulties in the
development of a specific weapon system and are made somewhat more manageable by
building systems that rely upon proven concepts and implementations (full-scale test articles,

production versions, etc.) of technological concepts.* With internal risk, the program

2Edward W. Merrow, Stephen W. Chapel, and Christopher Worthing, A Review of Cost Estimation
in New Technologies: Implications for Energy Process Plants, The RAND Corporation, R-2481-DOE, July
1979, p. 5. An example of an external technology is the improvement of Soviet air defenses that
invalidated the B-70 program. An example of a changing strategic requirement might be the higher
performance levels of ballistic missiles when compared with non-ballistic systems in the 1960s, resulting
in an emphasis on speed of delivery and accuracy beyond that of non-ballistic systems. Finally, an example
of a change in government policy might be the reduction in resources allocated to defense in the wake of
apparent changes in Soviet intentions.

31t is not surprising that there are different sorts of technological risk as well. But two examples
are: (1) the risk of failing to achieve a technical breakthrough required to enable a completely new
capability; and (2) the risk of not being able to bring a technology or material to full rate production.

4The use of this concept is attributed to Merton S. Peck and Frederic M. Scherer, The Weapons
Acquisition Process: An Economic Analysis, Division of Research, Graduate School of Business
Administration, Harvard University, Boston, 1962. Peck and Scherer characterize four development stages:
(I) basic science, (IT) applied research, (IIT) advanced engineering and development, and (IV) product
engineering, where uncertainty (risk in my usage) diminishes at each successive stage. This paradigm is
also similar to one articulated by Myron Hura. He considers high risk technologies to be those in which a
concept has not been implemented in an element or component; moderate risk technologies to be those
where the technology exists, but is in a different application; and low risk technologies to be those where
an analogue exists (i.e., an implementation for the same application), but scaling of the technology might
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manager will attempt to “insure” against the risk by attempting to structure the program to
minimize the number of technological breakthroughs that are required, putting the most
talented technical people to work on the most difficult or critical parts of the project, and
other similar measures. In short, the program manager will take measures that enhance the
probability of completing the system in time, within budget, and engendering the specified
performance characteristics. A brief review of the historical record of major weapon system
programs follows, describing the linkage between external risk and a failure to manage a
program in accordance with these three desiderata.

EXTERNAL RISK AND ITS CONTRIBUTORS

Extemnal risks typically increase when any one of three phenomena occurs: (1)
performance shortfall, where the performance characteristics of the system are discernably
below the specified performance characteristics; (2) cost growth, where the cost of a program
grows to the extent that political actors become concerned that the system cannot be built for
the original costs cited by the program management office (often leading to consideration of
alternative system concepts for accomplishing the mission); and (3) schedule slippage, where
critical milestones slip past their scheduled dates, usually due to unforeseen technical
difficulties. Each of these phenomena can result in concern by decisionmakers controlling
the program’s resources, as well as in closer scrutiny in the form of congressional hearings,
sequestering of funds until critical technological proofs of concept are completed, and other
perceived intrusions into the program manager’s domain.

In a 1979 review of cost estimation for new technologies, the authors concluded that
one-third of cost growth’ and much of the deviation of system performance from original
specifications were in fact due to technical uncertainty, or technological risk. Approximately

one-half of cost growth was blamed on scope changes (changes in program objectives after

be different for the new system. Interview with Myron Hura, June 5, 1990. Finally, Summers developed a
20-point scale for quantifying the level of technological advance sought in a program: The scale for
technological advance was as follows: (2) no new knowledge required (shelf items); (4) contemporary
technology requiring integration; (6) at least one major system element (engine, avionics, etc.) requires
improvement (5-10% performance); (8) several major system elements require improvement and integration;
(10) at least one major system element requires major improvement; (12) several major system elements
require major improvement (10-20%); (14) new technology must be developed to meet system needs; (16)
new technology required, and new design (subsystems) to meet performance specifications, and; (18)
basically new and radically different system design. Robert Summers, Cost Estimates as Predictors of
Actual Weapon Costs: A Study of Major Hardware Articles, The Rand Corporation, RM-3061-PR, April
1962. Scale reported in R.L. Perry, G.K. Smith, A.J. Harman, and S. Henrichsen, System Acquisition
Strategies, The RAND Corporation, R-733-PR/ARPA, June 1971, p. 13.

SMore specifically, downward-biased cost estimates.
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the start of development) and the remainder to cost-estimating inaccuracies.® Longer
programs were seen to have greater cost growth than those with shorter development periods.
Paradoxically, after controlling for the size of the project, shortened development periods
tended to be associated with greater cost growth, supporting the hypothesis that concurrent
development strategies’ tended to cause the cost of a weapon system to be higher than
strategies that used a sequential development approach. The study also suggested that
understatement of cost estimates by contractors had a smaller influence on cost growth than
technological risk. Finally, incentive contracts appeared to have little effect on cost-
estimating bias. It was suggested that the cause of this might lie in the combined effects of
technological and external uncertainties, deliberate understatement of costs by contractors,
and lack of penalties for cost overruns (e.g., a willingness to rewrite contracts).8

To peel away the external risks so that we might observe technological risk more
directly, we must first examine the political environment in which the Tomahawk was
initiated, and the elements of the program strategy that were used to deal with external and
internal (technological) risks. The next section contains a discussion of the political and
institutional forces that shaped the program and is followed by a review of the program
management strategy that was used to address risks in the Tomahawk program.

POLITICAL AND INSTITUTIONAL BACKGROUND
The history of the cruise missile leading up to the Tomahawk was one of technological

failure, invalidation of operational concepts due to competing or counter-systems, and
cancellation due to expense.? By the late 1960s, however, military and service institutional
requirements had converged with political preferences and a sufficiently solid technology
base to enable development of a new generation of cruise missile--the Tomahawk.

The Service and DoD Requirements for the Cruise Missile

The requirement for a cruise missile originated in two services, the Navy and the Air
Force. Briefly, the surface navy!® wanted an over-the-horizon antiship missile of much
longer range than the Harpoon.!! This requirement eventually dovetailed with that of

6R. Perry, G.K. Smith, A.J. Harman, and S. Henrichsen, System Acquisition Strategies, The
RAND Corporation, R-733-PR-ARPA, June 1971, p. 16, cited in Merrow et al., 1979, p. 20.

7Such as that used by the Tomahawk program.

8Merrow et al., 1979, pp. 20-21.

9See Appendix A of this paper, “A History of the Cruise Missile,” for a review of earlier systems.

10Naval Sea Systems Command, or NAVSEA.

11The range of the Harpoon was limited to 50 nautical miles, so as not to threaten the mission of
Navy airmen. The surface navy evidently struck a deal with Admiral Rickover's submariners. Rickover
wanted a new nuclear power plant for his submarines, but needed the support of one of the other branches of
the Navy to validate the requirement. Support from two of the three branches of the Navy were required. A



-6-

Secretary of Defense Laird for a submarine-launched cruise missile (SLCM)12 to provide a
nuclear delivery vehicle that stressed Soviet air defenses while staying within the framework
of the Strategic Arms Limitation Talks (SALT).

A 1970 Center for Naval Analyses (CNA) study suggested the feasibility of an
underwater-launched cruise missile, and the Chief of Naval Operations (CNO) convened a
panel to examine options, eventually resulting in a recommendation for an encapsulated
version of the HARPOON, which might be fired from submarines. In April 1971, the Naval
Air Systems Command also suggested a vertically launched cruise missile, called the ACM
(advanced cruise missile). A 1972 memorandum from the Secretary of Defense to the
Deputy Secretary of Defense for Research and Engineering (DDRE) directed the
development of a strategic cruise missile (SCM) program with fiscal 1972 supplemental
funds. Secretary Laird's request for an additional $1.3 billion for strategic programs--a
hedge against a breakdown of the SALT discussions--dovetailed nicely with the Navy's
arguments that cruise missile technology could serve both conventional and strategic goals;
Laird allocated $20 million to SCM development.!3 In addition to the attraction of cruise
missiles under the new arms control regime (they were not covered under SALT I), Laird
saw in the technology, which he dubbed SLCM, a cost-effective weapon that would prove
resilient against Soviet air defenses.14 The President's FY 1973 budget requested $2 million
for SLCM as a SALT-related adjustment to Strategic Programs.15 In 1972, flight testing
began and a submarine-based variant was added. Pilot production of 150 missiles was
approved in June 1974 and full-scale production was authorized in July 1975.16

“horse trade”--support for Rickover's nuclear plant in return for his support on the Tomahawk--resulted,
offering the prospect of increasing the Navy's power projection capabilities from 12 to 14 carriers to nearly
200 Tomahawk-equipped surface ships.

1251.cM currently is taken to mean the Tomahawk sea-launched cruise missile.

13K enneth P. Werrell, The Evolution of the Cruise Missile, Air University Press, 1985,
p. 152. Only $2 million of the SALT-related adjustment was authorized, however. The HASC
cited similar development programs in the post-war era, all of which had run into problems with
guidance systems. The HASC recommended detailed studies to determine what state-of-the-art
technologies were available to overcome earlier guidance problems. Committee on
Appropriations, United States, Senate, Hearings on Submarine Launched Cruise Missiles
(SLCM), pp. 527-529, 13 September 1972, cited in Charles A. Sorrels, U.S. Cruise Missile
Prograrlni': Development, Deployment and Implications for Arms Control, McGraw-Hill, 1983.

Ibid., p. 153.

15Committee on Armed Services, United States Senate, Hearings on Fiscal Year 1973
Authorization of Research and Development, Addendum No. I, "Amendment Military
Authorization Request Related to Strategic Arms Limitation Agreement,” pp. 4340, 4341, cited in
Sorrels, 1983.

16Werrell, 1985, p. 150.
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The Air Force, by comparison, was after a decoy to reduce the vulnerability of the B-
52 (and, subsequently, the B-1) to improved Soviet air defenses. The Air Force's
requirement for an unarmed decoy (SCUD) tumned into an armed decoy (SCAD) and was
later canceled in favor of the new-generation air-launched cruise missile (ALCM).17 Finally,
when Soviet deployment of intermediate-range nuclear missiles in the late 1970s threatened
to tip the European theater balance, a requirement was levied for a ground-launched variant
of the Tomahawk, the ground-launched cruise missile (GLCM).18

Citing cost savings and other benefits associated with acquisition of common
subsystems and merged testing and evaluation, Deputy Secretary of Defense William P.
Clements, on January 14, 1977, directed the Air Force and the Navy to place their cruise
missile programs (ALCM and GLCM in the case of the Air Force and Tomahawk in the case
of the Navy) under a single Joint Cruise Missiles Project Office (JCMPO). The JCMPO was
directed by a Navy officer, with an Air Force colonel as deputy.!?

The Congress

The Congress saw in the cruise missile a technological opportunity to relieve
increasingly vulnerable--and increasingly expensive--bombers of some of their strategic
delivery duties by adapting the bombers from nuclear bomb- and short-range missile-
carrying systems to standoff systems for firing long-range cruise missiles. Further, with the
sea-launched cruise missile, the Congress perceived an opportunity to enhance significantly,
at relatively low cost, the power projection capabilities of the Navy through the development
of a system that might be launched from submarines and surface warfare forces.
Congressional interest in--and support for--the cruise missile was therefore high at the time of

the Tomahawk’s initiation; for a variety of reasons this interest has remained high.20 As

17The ALCM is not a variant of the Tomahawk. The General Dynamics Tomahawk competed for
the role of ALCM for the Air Force but lost to Boeing. Until that time, however, the Tomahawk program
benefitted greatly from Air Force and congressional interest in a Tomahawk ALCM.

18ALULS. urging, NATO in 1979 decided to deploy GLCMs and Pershing-1Is, to be deployed after
December 1983 if an agreement with the Soviets on INF was not struck by that time. This system was, in
effect, forced on the Air Force, which always viewed Tomahawk as a Navy missile.

195orrels, 1983, p. 7.

20Most recently, Congress has been interested in the operational application of cruise missiles;
members of Congress have been quick to cite the examples of Libya and Lebanon where the cruise missile
could have been used instead of U.S. Navy and Air Force aircraft to attack land targets. Congress has also
noted that the present generation of cruise missiles are very useful for today, but that for many of the
highest priority missions in the 1990s, they are going to be too vulnerable, too short-legged, too
inaccurate, too inflexible in their mission planning, and too few in number to get the job done. For their
part, U.S. Navy officials have said that the lack of integrated operational plans that include cruise missiles
is due to a normal period of adjustment to a new weapon. Congressional interest in the cruise missile and
its integration into operational planning continues to affect the Army and the Air Force as well. Forecast
International, "AGM-109/BGM-109 Tomahawk," World Missile Forecast, May 1989, p. 4.
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beneficial as this interest was to the Tomahawk program, however, it also resulted in a
sustained level of congressional involvement, inquiry, and even intrusion, in the details of
the Tomahawk program. This involvement included reprioritizing the development of
Tomahawk variants, an endless succession of briefings, and routine hearings into fairly
technical matters pertaining to the Tomahawk’s development. In the face of this close
scrutiny, it was incumbent upon the JCMPO to attempt to influence its supporters (and
detractors) through its management strategy. The next section describes in more detail the

JCMPO'’s program management strategy.

PROGRAM MANAGEMENT STRATEGY
Five criteria suggested by Lorell?! for the successful development of large-scale
fighter aircraft might be adapted to the management of risk in the Tomahawk program.
These criteria are as follows:
(1) experience of the contractors in missiles and basic technologies;22
(2) austere prototyping of airframe to accommodate learning and modifications;23
(3) incremental improvements in high-risk technology areas;24
(4) clear separation of program phasing (avoidance of concurrency), including
"phased" acquisition and initial low-rate production to reduce the costs and
disruption of changes flowing from operational testing; and
(5) flexible, lean management and R&D teams burdened with minimal government
interference and oversight.25
A brief review of how these criteria apply in the case of Tomahawk might help in

gauging program management strategy.

21Mark A. Lorell, The Use of Prototypes in Selected Foreign Fighter Aircraft Development
Programs: Rafale, EAP, Lavi, and Gripen, The RAND Corporation, R-3687-P&L, September 1989. The
Tomahawk, with airframe, sophisticated guidance and avionics, may be considered to have much in
common with advanced fighter aircraft.

224 factor, the absence of which proved to be important in work on the controlled configuration
vehicle (CCV) in Saab's Grippen and Israel Aircraft Industry, Ltd.'s Lavi fighter development programs.
Lorell, 1989.

23This characteristic was associated with the British Aerospace (BAe) Experimental Aircraft
Program (EAP) and Dassault-Bregue's Rafale A. Lorell, 1989.

24 Also associated with the EAP and Rafale A, incremental development of key technologies began
on early test-beds or prototypes by small design teams that were permitted a great deal of latitude to
experiment and were free of cumbersome government specifications. This approach allowed proof-testing
and refinement of complex technological issues in an informal, lower-risk, lower-cost environment. Lorell,
1989.

25 An argument made by program officials developing the Rafale A and EAP. This is also
reminiscent of the development of the Polaris submarine. Lorell, 1989, p. 43; Harvey M. Sapolsky, The
Polaris System Development: Bureaucratic and Programmatic Success in Government, Harvard University
Press, Cambridge, MA, 1972,
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Experience. General Dynamics and McDonnell Douglas each had a great deal of
experience in missilery and aircraft development; there seems little risk in their employment
as contractors on the Tomahawk.

Prototyping. Austere prototyping did in fact take place early in the project, with early
test articles making use of the Harpoon engine built by Teledyne CAE. The re-use of test
articles in flight tests suggests an innovative austerity measure.26

Incrementalism. The modular nature of the Tomahawk allowed independent testing of
individual components, and the block upgrade approach allowed precisely the sort of
recommended strategy of incremental improvements in high-risk technology areas.

Clear Separation of Program Phasing. In this respect, the Tomahawk is something of
an anomaly--concurrent Development and Operational Testing and Evaluation (D/OT&E)
was used by the JCMPO because of the tight development schedule. Interestingly, program
managers have subsequently identified this concurrency as one of the strengths of the
program. Tomahawk did, however, use phased acquisition and initial low-rate production.

Lean Management, Although it is not quite true that the Tomahawk was characterized
by “flexible, lean management and R&D teams burdened with minimal government
interference and oversight,” there did exist considerable "demand-pull" from the Defense
Department, the Congress, the White House, and elements of the Services.2’

The Tomahawk's program management strategy comprised a number of other
elements, some innovative (the joint Navy-Air Force program, for example), some practical
(design-to-cost), some at least in part the result of political impatience (extensive
concurrency), and some possibly ill-conceived (warranties). Collectively, they sought to
reduce both the risks posed by the complex technological demands of the systems, and those
posed by external actors. These elements are described in the following sections.

26Imerestingly, the JCMPO was aware of the risk that was entailed in concurrency. The
acceleration of the Initial Operating Capability (IOC) for the ALCM-B to June 1980 (18 months sooner
than previously scheduled) essentially forced concurrency on the program--production had to begin in early
1979, after only a few test flights. Admiral Locke attempted to reduce risks associated with the concurrency
by stepping up the schedule of test flights of the ALCM-B to occur in 1978.

2TUnfortunately, data on budgeting for the equivalent of a program element for the years prior to
1977 were unavailable; Conrow, however, showed staff levels had reached 300 by late 1978. E.H. Conrow,
G.K. Smith, and A.A. Barbour, The Joint Cruise Missiles Project: An Acquisition History, The RAND
Corporation, R-3039-JCMPO, August 1982, p. 17. Close congressional scrutiny surrounded the cruise
missile program, an example being the expression of concern by the Senate Armed Services Committee in
1978 over the risk in prioritizing an acceleration of ALCM-B, a system that had neither been fabricated nor
tested and yet involved aerodynamic features--including considerably greater weight--that might make the
test experience with the ALCM-A not completely transferrable to the ALCM-B.
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Design-To-Cost

In past weapon programs, performance objectives often were defined as absolutes,
without constraints, especially that of cost. This approach was replaced by the Navy cruise
missile office and by the JCMPO with one of achieving an acceptable level of performance
within a defined range of cost. Design-to-cost (DTC) was used in the early conceptual and
project development phases of the cruise missile project and was focused on explicit tradeoffs
between performance and cost. The lower limit or threshold established the minimum
acceptable level of performance, and an upper bound or goal defined a desirable
performance level, if it was affordable. Consequently, with DTC, an optimization was
performed between boundaries defined by cost and performance thresholds and goals.28

Based upon this description of DTC, and given the almost mythic status of “gold-
plated” weapon systems in the litany of programmatic sins of interest to the Congress, it
should be clear that DTC, in seeking to minimize cost while preserving performance, was
clearly an effort to manage external risk, by focusing management (and the Tomahawk’s
patrons) on system cost. With this explicit focus on cost, JCMPO managers focused on what
was important to the DoD and the Congress, while their patrons could rest assured that the
managers were concerned about cost.

The DTC starting point on the Tomahawk involved the use of evaluation criteria for
development of the system.2® During full-scale development (FSD), the focus was on a
producible Tomahawk (including the selection of materials), manufacturing processes,
application of MilSpec, electromagnetic pulse shielding, and similar areas. Tradeoffs during
this period included comparisons of a single missile design versus a family of mission- and
launch platform-specific missiles and alternative logistics support concepts.3 General
Dynamics, the prime contractor, developed a plan for its implementation of DTC.31

281n order of importance, performance criteria were range; operability (including compatibility,
reliability, and handling); survivability; Unit Flyaway Cost (UFC); prelaunch shock resistance (for sea-
launched applications); potential for adaptability to air launch from a B-52; design for modification of the
land-attack cruise missile to anti-ship cruise missile (including economic advantage of commonality,
maneuverability, and range); adaptability of land-attack and anti-ship sea-launched cruise missiles to land
launch (GLCM). Specific values of thresholds and goals were quoted for each of these criteria. Conrow et
al., 1982, pp. 50-51.

291bid.

30pbid.

310ther features of the GD/C DTC plan included: use of rigorous and continuing trade study
activity; use of subcontractor DTC plans; definition of LCC contribution; use of step-by-step procedure;
definition of responsibilities and reporting requirements; and use of discrete performance periods for
evaluation purposes. Conrow et al., 1982, p. 51.
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DTC was used in a systematic fashion to provide feedback to decisionmakers and to
enable revision of cost estimates.32 Table 2.1 provides early DTC goals and unit cost
estimates for the Tomahawk. It should be clear from the table that early estimates conformed
well to early DTC goals--precisely the story a program manager would want to tell patrons.

Table 2.1

EARLY TOMAHAWK DTC GOALS AND ESTIMATES
(CONSTANT 1982 $ MILLIONS)

Estimated Assumed
Fiscal Year Unit Cost Production
1974 DTC Goal? 1.160 n.a.
1974 DTC Goal® 0.966 n.a.
1977 DTC Goal® 1.115 n.a.
1977 Estimated 1.087 1200
1980 Estimate® 1.140 1000

NOTE:

n.a. - not available.

a4 "Strategic” SLCM.

b "Tactical” SLCM.

€ Sorrels (p. 7) converts 0.707 $ million (1977 constant
dollars) to $1.03 (1982 constant dollars); value in table was
converted via implicit price deflator for national defense from the
Economic Report of the President, February 1990.

SOURCES:
a,b Figures cited by Navy in early 1974. Senate
Appropriations Committee, FY 1975, Part 3, p. 1009.
€ Senate Armed Services Committee, FY 1978, p. 6409.
Converted from 0.707 $ million (in 1977 dollars) using implicit
price deflator for national defense of 0.634.
d Senate Armed Services Committee, FY 1978, p. 6409. Converted from
0.707 million 1977 dollars using national defense implicit price deflator of 0.634.
€ Senate Appropriations Committee, FY 1981, Part 1, p. 734.
References for all Senate cost and production data cited by Sorrels.

32A 1982 RAND report by Conrow et al. captured this nicely: "The cost of prototype hardware is
estimated from actual experience and comparison with the development plan and through substantiation of
actual expenditures. The similarity of the prototype hardware to production hardware in terms of possible
cost growth is based upon a detailed description of the system, with emphasis on the required changes; the
cost of these changes; and a substantiation of costs. These data are then used in a cost model that predicts
current estimates for production cost, as well as detailed backup for these estimates (experience curves)."
Ibid., p. 53.
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Summarizing briefly, DTC, used in all phases of the Tomahawk’s development:33
¢ established and defined target costs;
e made current costs available to all decisionmakers;
¢ used targets as principal design parameters;
e tracked and fed back updated predicted costs;
¢ used manage-to-cost by setting further year costs; and
¢ used manufacture-to-cost by collecting actual costs and monitoring
trends.

Commonality

Commonality across systems (1) reduced costs (for example, for R&D, production) for
even relatively small lots, and (2) reduced risks associated with upgrades and generation of
new variants (for example, GLCM). The GLCM and SLCM are said to be about 95 percent
common, resulting in significantly reduced costs for testing and development of
variants.34:35 This strength of the Tomahawk program--the commonality of its components
across variants--enabled, for example, the use of components for 67 previously ordered
GLCMs to be assembled as SLCMs after the INF accords ended GLCM production.

Commonality can be seen to have addressed issues both of external risk and those of
technological (internal) risk; it helped in reducing the external risks posed by the Congress
and the DoD by reducing costs and programmatic vulnerability resulting from cost overruns
or growth. It did, however, have the interesting feature of potentially increasing the external
risk due to interservice rivalry; service independence can clearly be seen to have been
compromised by choosing commonality across Navy and Air Force systems.36

Modular Design
The modular design of the missile permitted the use of a parachute Recovery Exercise
Module (REM), which allowed the parachute section to be substituted for the warhead

331bid., pp. 51-53.

34Forecast International, 1989, p. 9. Further, it dramatically reduces the costs associated with
maintaining the capability to restart production of the GLCM. In a 1982 RAND study, components in
common with GLCM were said to include engine, guidance system, and missile radar altimeter (MRA).
Ibid., p. 21.

35R&D costs for GLCM rose dramatically, from an estimate of $168 million in 1979 to $355
million in 1981, to $381 million by 1983. The cost for research and development of the GLCM reportedly
would have been much higher than the $381 million if the GLCM were not a derivative of the Tomahawk
program, and therefore able to capitalize on the $1.43 billion in estimated research and development costs.
In fact, the largest portion of the GLCM's R&D costs were in the area of launcher, command and control,
and other support equipment specific to that variant. Sorrels, 1983, pp. 8, 80, 92.

361 am indebted to Ted Harshberger for this subtle point.
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portion of the missile for flight tests not involving a test of the warhead. Through REM use,
"[rlefurbishment cost of the recovered missiles [was] about ten percent of the cost to
purchase a new development vehicle. Besides this cost savings, the recovered hardware
provide[d] significant post-flight data [and] valid subsystem life expectancy information."37
Like commonality, this can be seen to address both external and internal risks. External risk
was addressed through the aforementioned cost savings attributable to the Tomahawk’s
modular design, and possibly by the perception that modularity is an inherently desirable
quality. Modularity addressed technological risk by enabling re-use of test articles and
providing the option of “swapping in” new components based upon different technologies
when problems were encountered with first-choice components.

Combined Development and Operational Testing

Combined developmental and operational testing and evaluation (D/OT&E) took place
in the SLCM program, which considerably shortened the test cycle, according to an in-depth
review of the SLCM T&E program by the JCMPO and the Commander, Operational Test and
Evaluation Forces.3® The T&E program featured concurrent Tomahawk testing of different
variants from different platforms, greatly reducing the effect on fleet resources, and reducing
both the number of flights and duration of the anti-ship and land-attack submarine (launch)
programs.39 It also provided immediate feedback for adjusting the production schedule.40

Given that concurrency has the undesirable quality of putting the schedule at
increasing risk to technological problems, this feature of the program management strategy
can clearly be seen to be an attempt to address--and a direct concession to--external risk at
the expense of technological risk; concurrency was instituted to meet the scheduling desires
of the Congress and the DoD.

37Hearings on Military Posture and House Resolution 5068, Department of Defense Authorization
for Appropriations for Fiscal Year 1978, Committee on Armed Services, House of Representatives,
Fcbrua?' 22, 1977, p. 1097, cited in Conrow et al., 1982, p. 33.

8This was reportedly the first time it had been used on a major Navy missile project. Conrow et

al., 1982, p. 32. This approach freed up SLCM assets, providing the necessary missiles for conventional
land-attack SLCM development testing without increasing the total number of production prototype
missiles or of SLCM project test flights. It has also been suggested that this concurrency was forced on the
program by accelerations in the schedule. Interview with Myron Hura, June 5, 1990.

39Conrow et al., 1982, p. 32.

401n 1985, for example, production funds for the TLAM-C were held up until the vertical dive
concept had been successfully demonstrated; in November 1984, a TLAM-C demonstrated the terminal dive
maneuver. Reid Goldstein and Anthony Robinson, Missiles, DMS Market Intelligence Reports, Jane's
Information Group, 1989, p. 2.
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Competition

As in the case of many systems, competitive contracts for higher-risk subsystems were
undertaken early in the Tomahawk program. Tomahawk also made use of "Leader/
Follower" dual-source production. Leader/Follower is a design and production competition
where the winner, as Leader, gains the largest share of production, and the loser, as Follower,
is guaranteed remaining production. A technology data package (TDP), providing
information on subsystem characteristics and relevant production techniques, is transferred
from Leader to Follower, so that the Follower might introduce the production techniques
necessary to producing the component.41

In March 1982, after extensive negotiations between the JCMPO, General Dynamics,
and McDonnell Douglas, a decision was made to hold an annual competition between the
two companies beginning in FY 198442 for the next year's output of all variants of
Tomahawk, including guidance and airframe components.#3 Each company was to provide
relevant technology data packages (TDPs) to allow more effective competition. One of the
incentives provided by the government was to guarantee each contractor a minimum (30
percent) of annual production quantities, with the remainder (40 percent) annually
determined through competition.44

The Navy began a "breakback" program, in which government furnished equipment
(GFE) was no longer provided to the prime contractors. The objective was to guarantee
better responsibility for missile reliability and integrity and to reverse a program called

"breakout," a procedure that reduced the procurement costs of complex systems by acquiring

41Conrow et al,, 1982, p. 36. Leader/Follower often encounters problems in transfer of technology
because of proprietary information. For example, for the F107 engine, Leader/Follower technology transfer
between Williams Research Corporation (WRC) and TCAE involved cost growth from $18 million to $36
million (then-year dollars), because of the apparent reluctance of Williams to release the technical data
package in a timely manner. Conrow et al., 1982, p. 38. The guidance package transferred from
McDonnell Douglas to GD became known as the "turtle” because of its closed shell and requirement for a
special tool only MD had to open it; the JCMPO (and GD) reportedly had a difficult time having that
component transferred from MD. Interview with Myron Hura, June 5, 1990.

42The date for overall system competition subsequently slipped to 1985.

43The precedent established at this time has continued into the Advanced Cruise Missile (ACM)
program, in which General Dynamics and second-source McDonnell Douglas are expected to compete for
annual procurements, with full-rate production to begin in Fiscal 1992. The ACM is expected to complete
full-scale development flight testing this summer, following second-source qualification of MD. "Air Force
Displays Advanced Cruise Missile for First Time," Aviation Week and Space Technology, May 14, 1990,
p. 30.

443orrels, 1983, p. 7. There exist some questions about this "incentive," however. Evidently, at
least one of the years in which MD won was considered a "bad year" for executives, in terms of their
bonuses, suggesting a potential "principal-agent” problem. The suggestion has been made that the profits
of the loser might in fact have been more desirable than those of the winner.
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components directly from subcontractors of the prime, rather than supplying it as GFE
through the prime and thereby avoiding overhead costs.#> According to the Navy, the
Tomahawk’s breakback program has worked well and has resolved the problems of late GFE
deliveries and inconsistent quality control.46

The introduction of competition in the Tomahawk program can be viewed as an
attempt to temporize perceived external risks by reducing system costs (and cost growth).
The contribution of competition to lower costs also had an intuitive appeal that resonated
within the policy levels of the DoD and in the Congress.

Reliability Warranties

Reliability warranties were used early in the project as a management procedure to
ensure that the contractors would place system reliability at an appropriate level of
importance during both the development and procurement phases. Design changes, in fact,
resulted under the warranty clauses. As of 1982, it was not possible to identify the extent to
which warranties had contributed to quality improvements that were made, nor to estimate
whether they resulted in more value than their cost of a few million dollars. 4748

Like competition, reliability warranties can be viewed as an attempt to reduce
perceived external risks by holding contractors directly responsible for the quality of their
systems and subsystems; also like competition, warranties had an easily explained, intuitive
appeal.

45Forecast International, 1989, p. 15. Breakback included the 1988 building of the Reference
Measuring Unit Computer (RMUC) and the cruise missile radar altimeter (CMRA) which are being bought
by the primes, not the Navy. In FY89, the breakback will reach the Digital Scene Matching Area
Correlator (DSMAC), the engine and the rocket motor assembly. Forecast Associates, "AGM-109/BGM-
109 Tomahawk," May 1990, p. 19.

46Goldstein and Robinson, 1989, p. 7.

4TConrow et al., 1982, p. 55. This appears to be an epistemological question--if improvements
resulted, they would at least in part be attributed to the warranties, whereas if goals were not achieved, it
would be unclear whether warranties were underpriced or if technical challenges were simply too
overwhelming. Responsibility for warranties are very difficult to adjudicate due to difficulties in isolating
components and identifying the source of quality control problems in a complex, integrated system such as
Tomahawk. Interview with Myron Hura, June 5, 1990.

48A review conducted by Rear Admiral Catola identified 39 product assurance problems or concems,
14 of which remained open as of July 1, 1982, Conrow et al., 1982, p. 58. Five DCASPRO Method "C"
corrective action requests were subsequently issued, an unusual event in the aerospace industry. For a major
contractor to receive five, Conrow et al. note, may be unprecedented in recent years. A Method "D"
corrective action request was subsequently authorized against McDonnell Douglas/Convair Division, and
could have resulted in a cessation of hardware deliveries to the government.



- 16 -

Block Modifications

The phased development of the Tomahawk has also included block modifications,
where subsystems of fielded systems are upgraded. These upgrades are done in "blocks" to
help ensure that integration problems have been resolved before the upgrade, and that
disruption of operations is minimized.

Block modifications were essentially aimed at reducing technological (internal) risks
by enabling the “swapping in” of later-generation components that addressed technical
shortcomings of their predecessors. They also, however, addressed perceived external risks
by providing a development path for the Tomahawk, whereby a more austere or less capable
Tomahawk could evolve to include new or more sophisticated capabilities, such as improved
accuracy, greater range through improved engine efficiency, and the like. This approach
thus offered the potential of delaying the obsolescence of the Tomahawk until research and
development on a new generation cruise missile--incorporating major advances in avionics,

aerodynamic design, and other characteristics--could be completed.

PROGRAM MANAGEMENT IN SUMMARY

The program management strategy for the Tomahawk has been shown to have
focused on two types of risk. The first was external and associated with the desire to
preserve funding, political goodwill, and at least some autonomy for the program.4 The
second was internal and related to the ability to actually deliver the technologies engendered
in the Tomahawk’s subsystems. This discussion has now laid the groundwork for a more
detailed study of the technological risks and choices that were made by the JCMPO. Such an
analysis follows in the next section, on technological risks and choices. This is followed, in
Section 1V, by an evaluation of the JCMPO’s management of internal and external risk,
based upon available quantitative and anecdotal evidence.

PAs previously mentioned, the high level of executive-level DoD and congressional involvement
into the program significantly circumscribed the independence of the program. Nevertheless, as was the
case in the Polaris program, program managers naturally desire the independence to make decisions for their
program, and eschew as “micro-management” intrusions on their decisionmaking prerogatives. Thus, just
as PERT served to buffer the Polaris program managers from outside forces, so too did the JCMPO’s
program management strategies. See, especially, Sapolsky, 1972,
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Il. TECHNOLOGICAL RISKS AND CHOICES

The Tomahawk appears to rely on a number of technologies--a guidance system that
includes terrain contour matching (TERCOM ), digitized map databases, and a small,
lightweight air-breathing engine capable of extended, long-range performance--that suggest
a fairly high degree of technological sophistication for the era of the early 1970s. As will be
shown, however, the individual systems actually appeared to be at a fairly advanced stage of
development by the advent of the program, and most of the remaining systems--or at least
initial versions that often more than met initial performance specifications--were operational
fairly early on in the Tomahawk's development. I will now attempt to trace the development
of the technologies that appear to have been critical to the Tomahawk program's success.

TECHNOLOGICAL RISKS IN THE TOMAHAWK PROGRAM

The Tomahawk consists of a number of discrete subsystems, including guidance,
propulsion, and munitions, each of which will be seen to have been at a fairly mature level of
development at the onset of the Tomahawk program. The Tomahawk also has the
characteristic, through its small size and low altititude flight, of reducing its observability to
ground-based radar. Each of these is discussed in turn in the following sections.

Guidance

Problems with inaccurate guidance have historically plagued guided missile
programs.50 The Tomahawk program, however, was the beneficiary of a number of
significant technological breakthroughs that significantly reduced the technological risks
associated with this part of the program. In short, the guidance problem is judged to have
been of low to moderate technological risk.5!

Between 1958 and 1970, guidance systems improved dramatically, lowering drift
(inaccuracy) from .03 degrees to .005 degrees (one-third nautical mile) per hour.52 As early

50See Appendix A, "A History of the Cruise Missile,” for an appreciation of the number of
programs that failed on account of an inability to overcome guidance shortcomings.

511t should be noted that the guidance requirements for conventional variants are far more demanding
than those of nuclear variants because of obvious differences in warhead yield. Incremental improvements
in accuracy were not necessary for the Tomahawk to meet its initial specifications, thus technological risk
was relatively low.

52gize, weight and power requirements also fell as miniaturized electronics were used in these
systems, decreasing the weight of a typical inertial system from nearly 300 pounds in 1960 to 29 pounds a
decade later. The strategic variant of SLCM carries TAINS, which weighs 37kg (81.4 Ib). Werrel, 1985;
Forecast International, 1989, p. 2.
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as the completion of the Tomahawk's validation phase in 1977, guidance system accuracy
was deemed to be about three times better than program goals.53

All strategic (nuclear) versions of the Tomahawk make use of the TAINS (TERCOM
Assisted Inertial Navigation System), which is updated periodically by TERCOM fixes. The
conventional variant of the TLAM is updated by TERCOM and then, because of higher
requirements for accuracy due to its low yield, by digital scene -matching area correlation
(DSMAC) updates. Each technology is discussed in turn.

Terraln Contour Matching (TERCOM)

Work on terrain contour matching was begun in the late 1940s and resulted in a
patented design fully 15 years before the Tomahawk missile was on the drawing board. This
strongly supports the assessment that the technological risk associated with this element of the
guidance system was relatively low.

TERCOM operates by dividing a map into a matrix that contains the average elevation
of each cell.>4 Pattern recognition software matches the altitude of pre-selected waypoints
for the mission with altitudes in the digitized maps and updates the Tomahawk'’s position by
correlating the sequence of altitudes it has measured with the map database: a "voting"
algorithm reduces error by requiring three separate pattern matches to be made; the "winner”
of the vote (the location identified by at least two of the pattern-matching systems) is the
position that is updated on the on-board computer.> Between TERCOM fixes, an inertial
navigation system is used.56 TERCOM cannot work over smooth terrain because it requires
sufficient variation in altitude to identify a distinct altitude profile.57

As early as March 1948, the Goodyear Aircraft Corporation began lab tests on its radar
map-matching system called ATRAN (automatic terrain recognition and navigation). Early
problems with the Matador missile's guidance system sparked the Air Materiel Command
(AMC) to put ATRAN on Matador, and a production contract was signed with Goodyear in
June 1954.58 While not easily jammed, nor range-limited by line-of-sight, Matador's range

33Forecast International, 1989, p. 3.

54with a theoretical accuracy of four-tenths the size of a TERCOM cell, improvements in accuracy
can be %ained by the use of more detailed TERCOM maps for areas closer to the target.

5STERCOM updates are reportedly typically performed about every 150 miles. Aviation Week and

Space Technology, July 27, 1981, p. 17, cited in Sorrels, 1983.

36The MRASM system was scheduled in 1984 to use a ring-laser gyroscope, an approach using
fewer moving parts and costing only a third as much as the inertial guidance system used by Tomahawk.
Sorrels, p. 121.

37Sorrels, 1983, Ch. 1, n. 25.

58Werrell, 1985, p. 110.
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was restricted by the availability of radar maps. Early radar map construction was very
crude, resulting in poor ATRAN performance.59

Incremental improvements in inertial systems, the advent of computer microchips, and
the development of TERCOM resulted in dramatically new capabilities for cruise missiles in
the following decade.®® In 1958, LTV-Electro Systems Company patented the TERCOM
system as a component of the SLAM (supersonic low altitude missile).61 TERCOM tests
began in 1959, using Beech aircraft. It has since been tested on platforms including T-29s,
Pipers, C-141s, A-7s, B-52s, drones, and cruise missiles. By 1982, TERCOM had logged
over 2,300 test hours on a total of 946 test flights, involving over 4,800 fixes, using at least
212 maps in 16 states and two Canadian provinces.52 As of September 1985, a false update
had never resulted from three TERCOM fixes.63

In March 1973, the Navy conducted its first successful tests of the TERCOM
breadboard guidance system installed in a pod mounted under the wing of an A-7 aircraft.
The Navy SLCM program manager at that time claimed that the tests were the continuation
of 10 years of Air Force guidance work. In April 1973, E-Systems' (the TERCOM
contractor) demonstration test of TERCOM was successfully completed.54 In July 1975, E-
Systems and McDonnell Douglas responded to an RFP%5 issued by the Navy in May for
follow-on phases of strategic guidance development, including systems integration stage,
full-scale development, and pilot production, and in October 1975, the Navy selected a
single guidance contractor (McDonnell Douglas) to provide the TERCOM algorithm for both
Tomahawk and ALCM.%6 By 1978, however, some problems still existed with the radar
altimeter subsystem supporting TERCOM, but these were subsequently corrected.67

3Obid., p. 111.

60mbid., p. 135.

61Cancelled in 1959.

62Nevertheless, TERCOM was unsuccessfully integrated into the Hound Dog missile. Werrell,
1985, p. 136.

63Werrell, 1985.

64Aviation Week and Space Technology, "Air Force, Navy to Develop Cruise Missile,” Vol. 99,
No. 8, pp. 24, 20 August 1973, cited in Sorrels, 1983.

65Request For Proposal.

66McDonnell Douglas was selected as the winning contractor over E-Systems for development of
SLCM and ALCM land-attack (strategic) guidance system. On the Tomahawk, McDonnell Douglas was
contracted to provide hardware, software, and systems integration.

67 At a news conference on June 1, 1978, DDRE William J. Perry reported to Congress on the
Tomahawk's progress:

"Generally, the results from the flight tests support past assessments of cruise missile
survivability. The cruise missile is difficult to detect and track, both by radars and infrared
sensors, as well as optical and acoustical means. This is primarily the result of challenging
the capability of defensive systems which were designed to defend against much larger
targets. Flight tests did reveal that one component of the cruise missile, the radar altimeter
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In 1981, the GAO questioned the relevance of TERCOM tests over the southwest
United States for European scenario planning, stating that

"...86 percent of the maps of the relatively smooth European operational area
show terrain roughness of less than 100 feet in height, while only 26 percent of
the maps used in the tests showed such little roughness. Also, whereas only
seven percent of the maps covering the operational area show terrain roughness
of more than 200 feet in height, almost 50 percent of the test maps were in that
category. The testers also noted that the maps used in the tests were produced
from higsh quality source data that might not be available for operational
areas."”

Following an agreement with Canada, ALCM flight testing began in 1983 at a
weapons range in Alberta, where terrain and weather were more similar to major parts of the
Soviet Union than was the Utah test area.%9 In fact, a major undertaking in mission planning
for the Tomahawk is to perform what is called “clobber analysis,” which entails evaluating
and reducing the risk to the Tomahawk of flying into natural and human terrain features
(hills, ridges, bridges, buildings)70 to enable programming sufficiently high altitudes for the
Tomahawk to miss these obstructions. Although an important limitation to the application of
TERCOM, the technology may still be seen not to have posed significant technological risks.

Defense Mapping Agency (DMA) Map Databases

The Defense Mapping Agency is the government agency charged with developing
geographic and cartographic databases for the defense and intelligence communities. The
small size of the agency, resulting in an inability to ramp up map production, made the DMA
a moderate production risk, but still a low technology risk.

The production risk was associated with DMA's difficulty in meeting the demand for
maps. In response to a tasking to produce 4,800 digitized terrain profiles to support mission
planning and operation of the TERCOM guidance system, 24-hour, three-shift schedules

[supporting the TERCOM guidance system] had deficiencies. Corrective measures are under

way to remedy this deficiency.” (Sorrels, 1983).

68General Accounting Office, Most Critical Testing Still Lies Ahead for Missiles in Theater
Nuclear Modernization, United States Government Printing Office, March 1981, p. 15, cited in Sorrells,
1983.

69The New York Times, April 5, 1982, cited in Sorrels, 1983.

70The TERCOM uses average altitude measures for each map cell which are at too gross a level to
account for these sorts of obstructions. As of 1982, a safe terrain following clearance Above Ground Level
(AGL) was determined for each leg of the flight during mission planning by running missile simulations
over digital terrain elevation data (DTED) and vertical obstruction data (VOD) along the route. The
"clearance plane settings” were then entered into the mission computer prior to flight. E.H. Conrow, G. K.
Smith, A.A. Barbour, The Joint Cruise Missiles Project: An Acquisition History--Appendixes, p. 2.
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were established at the Defense Mapping Agency.”! DMA used a two-stage automated
process for constructing TERCOM map files.”2 As of 1989, the Defense Mapping Agency
continued to have trouble keeping up with the ever-increasing demand for maps from the
U.S. military, including requirements originating with TERCOM.”3 DMA's inability to
"ramp up” resulted in the judgment that TERCOM maps were a moderate production risk,
due to the map production bottlenecks. This risk to mission planning later led to an
alternative that would reduce the requirement for TERCOM maps by integrating
Tomahawk’s navigation suite with the Navstar Global Positioning System (GPS).74

Digital Scene Matching Area Correlator (DSMAC) Terminal Homing

The TERCOM system is designed, via a succession of update points passed during the
Tomahawk mission, to correct for gross navigational errors. As the Tomahawk nears its
target, however, more detailed fixes are required than can be provided by crude radar
altitude comparisons of ground altitude with stored map altitude information. The Digital
Scene-Matching Area Correlator (DSMAC) compares successive images of the terminal path
generated by the Tomahawk’s optical sensor with pre-stored images leading to the target site,
thereby providing the targeting accuracy necessary for conventional munitions.”>

Specifically, the DSMAC, produced by McDonnell Douglas and Loral, operates by
correlating a stored grey-scale high-resolution picture image with an image it takes of
waypoints to the target site (and the site itself) to provide terminal guidance to the specified
target. DSMAC has been found to be somewhat sensitive to differences in time of day and

T1Sorrels, 1983, Ch. 2, n. 85. Another source estimated the requirement for 100 million map data
points to be gathered, based upon a requirement for 5,000 five-mile-square maps of 150-by-150 data points;
cost was estimated to be around a billion dollars. John C. Toomay, "Technical Characteristics,” in Richard
K. Betts, (ed.), Cruise Missiles; technology, strategy, politics, Washington, D.C., Brookings Institution,
1981, p. 39.

T2First, an interactive computer program called STAT prepares candidate map files, calculates terrain
roughness statistics, and presents abbreviated AUTOMAD results. STAT assisted in identifying and
evaluating the most likely sites for the desired maps. The AUTOMAD computer program was then used as
the central routine for the map sclection and validation process, and performed all TERCOM correlation
operations done in flight. Initially, there was no true measured altimeter profile available; thus,
AUTOMAD used the reference terrain profile itself, thereby avoiding a more complex and costly Monte
Carlo simulation, and saving time and money. E.H. Conrow, G.K. Smith, A.A. Barbour, The Joint
Cruise Missiles Project: Appendixes, The RAND Corporation, N-1989-JCMPO, August 1982, p. 25.

T3Forecast International, 1989, p. 14.

74Planned integration of the Tomahawk guidance system with the Global Positioning System
(GPS), a satellite system providing detailed positional information, however, dramatically reduces this
reliance on digitized DMA maps, and has thus served to once again reduce technological risk, albeit via a
modification to the original technological suite.

75See Sorrels, p. 9, for a diagram of the TERCOM/DSMAC operational employment concept.
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season, where the lighting and contrast of the stored image and the target site might actually
differ.

As early as May 1978, a test flight involving Tomahawk’s TERCOM/DSMAC
guidance suite enabled the test article to launch submunitions against the target site, and then

overfly the target to simulate post-attack reconnaissance.’® According to Werrell:

The demands of range and accuracy appear to be well in hand. The
technology to get a cruise missile hundreds of miles within hundreds of feet of a
target, with TERCOM, and then within tens of feet of the target, with terminal
guidance (DSMAC or SMAC), is both available and demonstrated.

In 1978, Secretary of Defense Brown stated that he expected guidance technology for
the cruise missile that could produce accuracy "down to several feet."’7 In 1979, flight tests
were performed on Tomahawks using DSMAC, and by the fall of 1980, a production
prototype of DSMAC was successfully demonstrated.”8 In 1981, a SLCM flight test
demonstrated an accuracy of possibly less than 30 feet, using DSMAC.” In the same year,
Admiral Locke reviewed another flight test, stating that "...a cruise missile recently was fired
from a submarine off the Califonia coast and--using a digital scene matching area
correlation (DSMAC) terminal update guidance system--hit within six feet of the center of a
50 by 50 foot target on a Nevada [test] range."80 By 1984, the Air Force was considering an

improved version of the DSMAC for the subsequently cancelled medium-range air-to-

7T6The test involved a Tomahawk launched from Dugway Proving Ground against an airfield 403
miles away. The Tomahawk successfully dropped 11 of its 12 bomblets against the target and then returned
over the target, simulating a post-attack photoreconnaissance run. Werrel, 1985, p. 206. Since 1980,
studies have been performed examining the feasibility of cruise missiles equipped with high-resolution,
laser radar to detect, and perhaps even classify and attack, mobile targets, dispensing anti-armor
submunitions. Aviation Week and Space Technology, December 1, 1980, p. 141, and March 16, 1981, pp.
75-79, cited in Sorrels, 1983. The Tomahawk variant with the BGM-109C Block IIB submunition
dispenser currently uses the DSMAC prior to launching against each of multiple targets, for improved
accurac;/ at each target. Forecast International, 1989, p. 2.

7Secretary of Defense Harold Brown, Press Conference, June 21, 1978, cited in Sorrels, 1983. A
government lab, the Naval Avionics Center (NAC), competed its design for a digital scene-matching area
correlator (DSMAC) against that of McDonnell-Douglas during the development phase, and won. The
government therefore owned the data rights, the design, and the test data for the NAC system, although they
were subsequently transferred to the contractors. Conrow et al., p. 48.

78Toomay, 1981, p. 40.

9Sorrels, 1983, p. 9.

80CIiff Thompson, "Accuracy of Cruise Missile Guidance System Defended,” Ogden Standard
Examiner, September 27, 1981, cited in Sorrels, 1983. These tests should, however, be viewed in the light
that they were highly structured (“canned”) to reduce the criteria for “success.” Accuracies of a few feet,
perhaps four to ten feet, were reported as early as 1976. Clarence A. Robinson, Jr., “Tomahawk Clears
Crucial Test,” Aviation Week and Space Technology, November 22, 1976, cited in Toomay, 1981, p. 39.



-23-

surface missile (MRASM), suggesting that the technology had advanced sufficiently to
enable consideration of a newer generation of DSMAC.8!

Although the foregoing is only anecdotal evidence on DSMAC’s level of
technological development, it seems to lead to the judgement that there was a low to
moderate level of technological risk in developing a DSMAC properly calibrated to perform

its assigned mission, that is, meeting its performance requirements.82

Engine

The Tomahawk's engine is the culmination of a number of revolutionary and
evolutionary developments that occurred well before the beginning of the Tomahawk
program, suggesting that this area of the system was a relatively low technological risk.83

In the postwar years, the Air Force and Navy each had aggressive missile research and
development programs that included work on smaller, lower weight engines. It fell to the
Navy's Gorgon II and IIB projects in 1945 to be the first small cruise missiles powered by
air-breathing jet engines.84 The U.S. Williams Research Company (WRC), founded in 1954,
produced a series of engines that began with the WR-2, a 70-Ib thrust engine used in U.S.
and Canadian target drones, and soon resulted in a small, efficient fanjet.85 In 1964,
Williams proposed a turbofan design that DARPA selected for its "flying belt,” which led, in
1967, to the WR-19, a 12-inch diameter engine weighing 68 pounds, capable of 430 pounds
of thrust at a fuel consumption rate of .7 pounds per pound of thrust. The engine was nearly
one-tenth the size of the next largest engine and had extremely high performance.36
Meanwhile, in 1965, the Navy sponsored studies on cost-effective engines that could provide
greater range and support a larger payload. The research led to the development of an
engine for the HARPOON antiship missile.8? Teledyne CAE (TCAE) competed for and won
the contract to develop the lightweight, low cost, expendable turbojet engine (the J402) for

8150rrels, 1983, p. 121.

82Further, had the DSMAC failed, there were other guidance options that could have provided the
accuracy necessary for strategic targeting (several hundred feet), as well as numerous approaches for
providing the accuracy necessary for conventional targeting (a few tens of feet). Toomay, 1981, p. 36.

ngherc might, however, have been technological risks associated with the integration of the engine
into the Tomahawk's design. These risks are not very easily ganged. Lorell, 1989.

84The Gorgon made use of a nine-inch diameter Westinghouse engine.

85Werrell, 1985, p. 141. By 1960, the French Microturbo series of engine, with 12 1/2-inch
diameter engines and 175 pound thrust, was also commercially available.

86Werrell, 1985, p. 141.

87NAVAIR issued a competitive contract to Teledyne CAE (TCAE) and Garrett Airesearch for
development of a lightweight, low cost, expendable turbojet engine. Teledyne CAE was eventual winner in
the competitive demonstration. Committee on Appropriations, United States Senate, Hearings on
Department of Defense Appropriations for 1973, "Program Accomplishments and Future Programs
(HARPOON)," p. 1437, 3 May 1972, cited in Sorrels, 1983.
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the Harpoon.88 By the close of 1969, Williams had been awarded a contract for component
development of a new, more fuel-efficient version of the WR19 engine and for design,
construction, and testing of the new engines.89 In May 1972, the Air Force awarded both
Teledyne and Williams contracts for engine development for the SCAD (Subsonic Cruise
Ammed Decoy) to support a competitive fly-off.%0

By fiscal 1973, the Air Force was well ahead of the Navy. Boeing (prime contractor
on SCAD) and Williams beat TCAE for development of the SCAD engine, and continued as
contractors on the ALCM after the SCAD's cancellation. By the time SCAD was canceled in
1973, Williams had already completed a demonstration altitude engine test and had built a
mockup of the engine.9!

PMA-263 directed the Air Force to qualify TCAE as a second source for engines to
enable a competitive fly-off of two separate Tomahawk engine designs. The intent was to
minimize risk and ensure the identification of the best engine by the end of the validation
phase.92 Following DoD direction, the Air Force brought the TCAE engine up to a
competitive position with the Williams Research engine.93 By 1977, the turbofan engine was
said to be capable of over 600 pounds of thrust at sea level.?4 In 1982, plans were reported
for the upgrade of the SLCM's turbofan engine, resulting in a 50 percent increase in thrust.9>

In summary, the development of an engine for the Tomahawk, essentially an “off-the-
shelf” solution, was of negligible technological risk.

88Conrow et al., 1982, p. 4.

89Werrell, 1985, p. 141. As late as 1968, Williams Research was skeptical about the feasibility of
a 2,000 nm Mach .85 SCUD (Subsonic Cruise Unarmed Decoy), largely due to fuel efficiency concems.
High-energy fucls, including Shelldyne, appeared to hold the promise of an increase of up to 30 percent in
range, however.

901bid., p. 148.

91Subcommittee of the Committee on Armed Services for R&D, United State Senate, Hearings on
FY 1975 R&D Authorizations, "Air Launched Cruise Missile,” p. 3644, 16 April 1974, cited in Sorrels,
1983.

92Subcommittee of the Committee on Armed Services for R&D, United State Senate, Hearings on
FY 1975 R&D Authorizations, "Strategic Cruise Missile,” p. 3647, 12 April 1974, cited in Sorrels, 1983.

93Subcommittee of the Committee on Armed Services for R&D, United States Senate, Hearings on
FY 1975 R&D Authorizations, "Air Launched Cruise Missile,” p. 3644, 16 April 1974, cited in Sorrels,
1983.

94Senate Armed Services Committee, FY 1977, p. 6146, cited in Sorrels, 1983. The characteristics
of the engine were a length of 30 inches, 12-inch diameter, and weight of only 126 pounds. Evidently,
improvements to range were also sought either by improving fuel efficiency of the turbofan engine or use
of denser fuels. Sorrels, 1983, p. 12.

95Aerospace Daily, July 8, 1982, p. 34, cited in Sorrels, 1983.
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Characteristics Supporting Radar Avoidance

The Tomahawk's ability to stress enemy radar, based largely upon its small size
relative to aircraft, was at a fairly advanced stage as early as 1978; thus, it seems reasonable
to suggest that this area has since involved relatively little technological risk.96

One of the major factors leading to the development of the cruise missile in the 1970s
was the increasing vulnerability of U.S. bombers to improved Soviet air defenses.97
Vulnerability to air defenses is roughly a function of radar cross-section, ability to fly at
extremely low altitudes to take advantage of reduced radar horizon and "terrain masking,"
maneuverability ("dash," rapid changes in flight path, and similar capabilities), and electronic
countermeasures (ECM).98 The cruise missile, offering a much smaller radar cross-section
than the B-52, was viewed as the ideal sort of platform to challenge Soviet air defenses.

Radar cross-section is the apparent size of a target reflected back to a radar, and varies
by frequency of the radar assumed.?® It is the radar cross-section (far more so than speed)
that determines the likelihood of detection; its altitude determines the range at which
detection occurs. The speed (and maneuverability) affect the probability that an air defense
element (e.g., SAM site) can intercept it.100:101 The critical performance characteristics of
the Tomahawk--its small size and thus low radar cross-section, low-altitude flight, and high
subsonic speed--"tend to deny information to an air defense system."102 Radar absorbent
materials, such as those reportedly used on the nose of the Tomahawk, "stealthy” airframe

96News Briefing, Dr. William J. Perry, December 26, 1978, p. 4, cited in Sorrels, 1983.

97As is discussed in Appendix A, this development led to the development of subsonic cruise armed
decoy SCAD.

98Supersonic "dash” capabilities may be useful in avoiding interceptors, but they also penalize
range and increase infrared signature. Sorrels, 1983, p. 12.

9Detection by radar is not bounded solely by radar sensitivity, per se, as state-of-the-art radars are
considered to be extremely sensitive. The issue is more subclutter visibility and multipath sorting
(separating direct from indirect radar returns that reflect off the earth at low grazing angles). Cruise missiles
like the Tomahawk face such limitations in reducing visibility as an engine inlet that may resonate at many
frequencies. For very low RCS, even dents, joints and scams may be critical. There are basically two
approaches to reducing RCS through construction. Toomay, 1981, p. 40-41. The first, incorporated in the
B-2 bomber, favors smooth contours free of features that reflect radar well. The other is the use of angular
edges to diffuse radar at oblique angles, such as is in use on the F-117 fighter.

100Senate Armed Services Committee, FY 1975, p. 785-786, 891; FY 1976, p. 516, cited in
Sorrels, 1983, Ch. 1, n. 27.

101A¢ a news briefing on December 26, 1978, DDRE Perry noted:

"...the size of a bomber to an airborne radar is about 100 meters squared. For a tactical

fighter, the size is about ten meters squared. And for a cruise missile, the size as seen by

radar is less than one-tenth of a meter squared. And therefore, the size of the target which has

to be extracted from this background of ground clutter is quite different. In the case of a

cruise missile it's 1/1000 the size as seen by radar of a bomber. And it's less than 1/100 the

size of a tactical fighter." (p. 4.). Cited by Sorrels, 1983.

1025enate Armed Services Committee, FY 1975, p. 891, cited in Sorrels, 1983.
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designs, and electronic countermeasures can reduce the ability of an air-defense system to
track its target by further reducing the reflection back to the radar.103

An ability to use altitude to reduce over-the-horizon visibility to radar complicates
further the challenge to air defenses. Sorrels (1983) notes that a target flying at 500 feet
might be detected by ground-based radar at 30 miles, whereas an altitude of 50 feet would
reduce this detection range to 10 miles. This requires additional ground-based radars to
avoid gaps in coverage. Airborne radar suffers from an equally vexing problem--that of
"ground clutter"--an inability to discriminate a low-flying cruise missile from background
noise.104 As early as 1978, at a news conference, DDRE William J. Perry provided Congress
with an evaluation of the Tomahawk "survivability test program" and directly addressed the
success of the low cross-section and the terrain-hugging flight profile:

Generally, the results from the flight tests support past assessments of cruise
missile survivability. The cruise missile is difficult to detect and track, both by
radars and infrared sensors, as well as optical and acoustical means. This is
primarily the result of challenging the capability of defensive systems which
were designed to defend against much larger targets.

After the defense operator comes to grips with the radar technology
problems [such as ground clutter], he must then develop a system to effectively
employ it. That is, he must possess the necessary supportive equipment to
contend with thousands of penetrators instead of the current hundreds.103

Dr. Perry summarized the advantages accruing to a cruise missile offense as follows:
"...it's like a four or five to one tradeoff. The offense has a tremendous advantage in this

problem."106 Even were air defense radars to acquire the Tomahawk, the Senate Armed

103Sorrels, 1983, Ch. 1, n. 22. Further, if the cross-section of an aircraft is reduced by a factor of
100, the power required to jam enemy radar may be reduced by the same factor; thus, although the
Tomahawk does not appear to have an ECM suite, a Tomahawk's ECM requirements would in any case be
relatively small and consequently would add little to the size and weight. William J. Perry and Cynthia A.
Roberts, "Winning Through Sophistication: How To Meet The Soviet Military Challenge,” Technology
Review, July 1982, pp. 27-35, cited in Sorrels, 1983, Ch. 1, n. 38.

10450rrels, 1983, p. 10. Further, while most unmanned vehicles, unrestricted by performance
limitations related to human abilities to withstand high G-forces, may use more erratic maneuvers than can
a piloted vehicle, this consideration is more applicable to air-to-air missilery than to the Tomahawk,
because the Tomahawk cannot withstand even the G-forces that pilots can. I am indebted to George
Donohue for this observation.

105House Appropriations Commitiee, FY 1980, Part 3, pp. 564-565, 750-751, cited in Sorrels,
1983. Evidently this led to support for what were thought to be several high-payoff avenues of research for
second-generation Tomahawks, including further reduction in radar cross-section and infrared emission
"signatures,” electronic countermeasures (ECM), and a reactive capability that would enable the missile to
detect and maneuver in response to threatened interception. Sorrels, 1983, p. 12.

106william J. Perry, News Conferences, June 1, 1978, cited in Sorrels, 1983.
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Services Committee noted, "It takes a superb SAM to stop a Tomahawk."107 Based largely
upon its small size and mission profile, the Tomahawk radar avoidance characteristics may be
seen to have been of low technological risk.

Munitions

By the end of the 1960s, the miniaturization of nuclear warheads made feasible the
coupling of this technology with small, high performance engines and more accurate
guidance systems such as those on the Tomahawk. The W-80 nuclear warhead carried by the
Tomahawk SLCM is basically a modification of the selectable-yield MK/B-61 nuclear
warhead in production since January 1967.108 The W-80 entered development engineering
at Los Alamos in June 1976, began production engineering in March 1982, and production
in December 1983, with full-rate production beginning in March 1984.199 Thus, develop-
ment of a nuclear warhead for the Tomahawk is judged to have been of low risk.

The inevitable advances in conventional munitions also provided the Tomahawk
program office with a good deal of choice. Because of the apparent "off-the-shelf” nature of
the standard Bullpup high-explosive conventional munition chosen for the conventional
Tomahawk, the risk associated with them is also considered to be low.110

The Risks of System Integration

A more difficult question than the risks associated with individual subsystems'
technological risks, however, is the technological risk associated with the integration of
subsystems into a weapon as complex as Tomahawk.!11 These risks can include the

development of interfaces between components, problems arising from proprietary

107Senate Armed Services Committee, FY 1978, p. 6429, cited in Sorrels, 1983, Ch. 3, n. 213.
Nevertheless, the Navy ran tests in 1978 with F-14 fighter/interceptors and Phoenix radar and air-to-air
missiles, which resulted in an estimated 85 percent success rate against simulated cruise missiles, and
suggcstino% that survivability may in fact be at risk.

108The MK/B-61 began development engineering in January 1963, and production engineering in
May, 1965. Chuck Hansen, U.S. Nuclear Weapons: The Secret History, Orion Books, New York, 1988,
p. 166. Initial production of the MK/B-61 began in October 1966, with full-rate production beginning in
January 1968. Thomas B. Cochran, William M. Arkin, Robert S. Norris, and Milton M. Hoenig, Nuclear
Weapons Databook, Volume II: U.S. Nuclear Warhead Production, Ballinger Publishing Company,
Cambridge, 1987, p. 11.

109Hansen, 1988, p. 201; Cochran et al., 1987, p. 11.

1107hat is not to say that some problems weren't encountered in integrating specific munitions into
the system. For example, the TLAM-D (Tomahawk Land-Attack Missile-Dispensing) encountered
problems with the inertial guidance system when explosive bolts were set off to release the casing so that
the submunitions might be deployed. One of the approaches taken to the problem was to store the
positional information and temporarily shut down the inertial guidance system until the casing was released.
Interview with Myron Hura, June 5, 1990.

Hlgee, for example, Lorell, 1989, for a discussion of the growing technological risks associated
with the integration of subsystems during development of fighter aircraft.



-28 -

information on components that need to be integrated, operating characteristics of
components that compromise or otherwise affect the operation of other components, the
overall complexity of the integration task, and other, similar issues. These will be explored
in more detail in the next section.

Technological Risks In Full-Scale Production

Although production risk is typically an important consideration for complex systems,
even a fairly simple subsystem may turn out to be difficult to produce. Further, accelerated
development or testing schedules, small production runs, the impatience of political actors
who control funding, and other factors can increase the risks in full-scale production. Risk
increases when the amount of testing time is reduced, concurrent development is pursued,
fewer test articles are funded, or insufficient quantities are produced to have economic
production lines. Thus, in production, risks may exist in a number of areas.

Evidence has been provided suggesting that most of the technologies in the key
systems used in the Tomahawk were at a mature level of development at or shortly after the
initiation of the program. An extensive testing program and limited production runs helped
to "shake out" design and manufacturing flaws.112 Nevertheless, early production work was
done on an item-by-item basis vis-a-vis the production line approach, although some
automated production capabilities were subsequently introduced.!13 The issue of production
risk will be described in more detail in the evaluation in Section IV.

SUMMARY JUDGMENTS ON TECHNOLOGICAL RISK

One way to view the level of risk associated with the Tomahawk’s critical subsystems
is provided in Table 3.1, which identifies the status of each technology at the initiation of the
program. A second approach is provided in Table 3.2, where the level of technological risk
is assessed as the risk of completing its current phase (e.g., advanced engineering) and
completing all remaining phases through production.

1125ome problems, however, such as the bearing package on the Williams F107 engine, which had
a tendency to wear out fairly quickly, causing the engine to seize, proved to be difficult to remedy after
production had begun. Additionally, the 1986 suspension of production by General Dynamics was due
exclusivelgf to quality assurance problems.

13 nterview with Myron Hura, June 5, 1990. Nevertheless, the Boeing ALCM, which used the
same guidance, warhead and engine subsystems, was much more amenable to automated manufacturing and
assembly, and achieved a much better “learning curve” because it didn’t face the submarine-launch
requirement of the Tomahawk. I am grateful to George Donohue for this point of clarification.
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Table 3.1
INITIAL STATUS OF TOMAHAWK SUBSYSTEMS

Basic Applied Advanced Product
Component Science Research _ Engineering  Engineering  Production
Guidance
TERCOM X
DMA Maps X
DSMAC X
Engine X
Radar Avoidance NA
Munitions xa xb

aW-80 nuclear munition
bBullpup conventional munition

Table 3.2
TECHNOLOGICAL RISKS FOR CRITICAL TOMAHAWK SUBSYSTEMS

Basic Applied Advanced Product

Component Science Research  Engineering  Engineering  Production
Guidance - - - - low

TERCOM - - - - low

DMA Maps - - - - moderate?

DSMAC - - moderate? low low
Engine _ _ . _ low
Radar Avoidance - - - - low®
Maunitions - - - - low

- Solid technological base

4 Essentially eliminated with deployment of GPS

b Moderate DSMAC risk apparently being reduced by technological advances in
computational capabilities, pattern recognition, and image analysis.

€ This is technologically low risk. Operationally, however, radar avoidance was
possibly moderate to high risk because of the tension between low altitude and probability
of encountering obstructions (“clobber™).

There are only two elements judged not to have had a solid technological base or to be
of greater than low risk--the Digital Scene Matching Area Correlator (DSMAC) and DMA
map production. The DSMAC, however, appears to have been the only component that
actually required a technological breakthrough to produce the requisite performance
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level.114 Based upon this assessment of the Tomahawk’s subsystems, it appears that the

Tomahawk program was characterized by a low to moderate level of technological risk.
Having detailed the inherent technological risks in the Tomahawk program and some

of the choices made by the program office in meeting those risks, the next section provides

an overall evaluation of the JCMPO’s actual performance in managing risk in the Tomahawk
program.

14interview with Myron Hura, June 5, 1990. This may have been due to the relatively immature
level of pattern recognition technologies, which required the integration of image analysis and high
performance computational capabilities. Nevertheless, the necessary breakthroughs did occur early on.
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IV. EVALUATION

PROGRAM EVALUATION

This section provides an evaluation of the Tomahawk program. It examines
accomplishments from the standpoints of technological risk management, performance, cost
growth, schedule, the effects of dual-source competition, and production.

Tomahawk’'s Test Record

In large and complex systems, risk may be introduced at the time of integration of
component subsystems. Lorell (1989, p. ix) suggests that avionics development and
integration are becoming areas of increasingly high technological complexity, uncertainty,
and risk. He argues that effective development and adequate testing and integration may be
possible only with the help of sophisticated avionics ground labs and with fully missionized
prototypes that are essentially pre-production FSD engineering test articles.

Early, austere pre-FSD prototyping can help to reduce technological uncertainty, and
thus risk, in basic airframe development and system integration. In the case of two successful
recent fighter aircraft development programs, "demonstrators permitted greater latitude to
designers and engineers in experimenting with unfamiliar materials and configurations that
otherwise would not have been possible on FSD engineering prototypes.” (Lorell, 1989, p.
40). When problems arose in the development of these systems, modifications were fairly
easy and inexpensive because no commitment had been made to long-lead production items
or expensive production tooling. (Lorell, 1989, p. 41).

Lorell notes that past RAND research demonstrates that major avionics subsystems
such as radars and mission computers need to begin development considerably earlier than
the airframe/engine combination, and should be cycled through several development
iterations to attain acceptable levels of reliability. (Lorell, 1989, p. 46). In the case of the
Tomahawk, and as was discussed in the previous section on technological risks and choices, a
good number of the subsystems were actually already available, or were close to being so, at
the initiation of the program. Further, an aggressive upgrade program served to provide
generational improvements to various subsystems.

Testing of the Tomahawk began in July 1974 with inert test vehicles in wind tunnel,
underwater launches, and boost to recovery. As of 1975, the Harpoon turbojet engine was
being used in flight testing the tactical version. The first flight was completed successfully in
March 1976, two months ahead of schedule, and the first fully guided flight was three
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months later, four months ahead of schedule.}!> The validation phase included
demonstrations of the system throughout its flight envelope, underwater launch, booster
operation, transition to flight, stabilization and glide, anti-ship search and acquisition, and
attacks of at-sea targets.]16 Eighty-five percent of the vehicles fired during 40 flight tests
between 1976 and 1979 were recovered through an innovative parachute system and then
refurbished. Between 1976 and 1981, fully 81 percent of the Tomahawk launchings were
judged to be at least a partial success.117 Guidance system accuracy was judged at this time
to be about three times better than its performance goals.118

Although failures were inevitable in a program of this complexity, many failures
thought to be due to Tomahawk performance shortfalls were in fact associated with launch
systems and other related equipment, or human error.119 Further, although the precise level
of risk associated with integration of the Tomahawk remains uncertain--and anecdotal
evidencel20 suggests some system-level problems were encountered at the time of
integration--the body of evidence suggests a program that did not depend upon
revolutionary technological breakthroughs to produce test articles, was technologically
evolutionary in its approach, and was characterized by manageable integration problems in

the research, development, and testing phases.

Performance Evaluation
By virtually any performance measure, the Tomahawk must be considered a success.

Figure 4.1 provides relevant data on the Tomahawk’s performance characteristics.

115Forecast Associates, 1989, p. 3.

1161bid. The anti-ship role for the Tomahawk was emphasized during this early phase. The
submarine-launch requirement was particularly severe and resulted in a number of test failures when sea
water introduced into the wiring harness. This requirement made the Tomahawk more expensive to
construct than the ALCM, which didn’t face the same requirement.

117This statistic was computed by dividing the total number of flight tests for which at least some
aspect was a success by the total number of flight tests for which an assessment was available. Werrel,
1985, pp. 265-271.

118Fgrecast Associates, 1989, p. 4.

119p0r example, SLCM problems in late 1983 and 1984 were determined to be errors by the
submarine launch platform's crew and not any shortcoming of the missile system. By 1985, most of the
previous problems with SLCM versions of the Tomahawk had been put right, and full-scale serial
production began in late 1985. Forecast International, 1989, p. 11.

120p0r example, the elaborate wiring and mechanical connection schemes increased the complexity
of integration and caused quality control problems. This led to some Tomahawk failures. Interview with
Myron Hura, June 5, 1990. Some of these problems were probably due to saltwater intrusion. In 1978,
six successive tests by NOSC failed due to the effect of saltwater intrusion on the Tomahawk’s wiring
harness and connectors. George Donohue clarified this point.
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Cruising Altitude: A 1983 study noted tests of Tomahawks at an altitude of 5 to 10 meters over water,
100 feet over smooth ground, and several hundred feet over rough, mountainous
terrain are not unrealistic estimates of operational altitude. A 1989 estimate of
operational altitude was 10 to 250 meters.

Speed: Speed is estimated to be 885 km/h (477.86 knots).

Range: The ranges differ among Tomahawk variants:

TASM (anti-ship version) - 465 km (251.08 nm);

TLAM-N - 2,500 km (1,349 nm); and

TLAM-C - 123 miles (A 1983 study suggests a "range potential" for the TLAM
of 1300 km [800 miles]).

Accuracy: By 1981, the demonstrated accuracy of SLCMs (using DSMAC) was said to be
perhaps less than 30 feet. The accuracy (CEP) of the SLCM is currently estimated to
be 7.62m (25 feet). Incorporation of a carbon dioxide laser-based terminal guidance

upgrade is expected to further reduce CEP.

Sources: Sorrels, 1983, pp. 8-9; Forecast Associates, 1989, p. 2.; Another source estimates speed to
be Mach 0.7 (550 mph). Thomas B. Cochran, William M. Arkin, and Milton M. Hoenig, Nuclear
Weapons Databook, Volume I, U.S. Nuclear Forces and Capabilities, Ballinger Publishing Company,
Cambridge, 1984, p. 185.

Figure 4.1 -- Tomahawk performance characteristics

A 1982 study!2! comparing the performance, schedule, and cost analyses for the
SLCM project Selected Acquisition Reports (SARs) concluded:

In all cases, the aggregate performance measure was better than that
established as a goal in the SARs at the beginning of FSD, and better than the
sample used in a similar study of 11 programs that entered development in the
1970s.122

The Navy has stated that the Tomahawk (BGM-109B) has a success rate exceeding 85
percent.123  The incorporation of certain original Tomahawk or follow-on subsystems
(Williams engine, DSMAC, etc.) into the next generation of cruise missﬂes provides further
evidence of the Tomahawk's performance exceeding initial goals. In summary, there is no

evidence to suggest performance shortfalls; quite to the contrary, the design-to-cost approach

121Conrow et al., 1982, p. 61.

122Edmund Dews, Giles K. Smith, Allen Barbour, Elwyn Harris, Michael Hesse, Acquisition
Policy Effectiveness: Department of Defense Experience in the 1970s, The RAND Corporation, R-2516-
DR&E, October 1979,

123Rorecast International, 1989, p. 2.
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used for the Tomahawk appears not to have compromised on performance in its
consideration of cost as an additional planning parameter.

Cost Analysis

An October 1979 RAND study identified the Tomahawk as "too new in March 1978 to
have yet experienced any cost changes."124.125 At present, however, information on costs
for the Tomahawk is relatively abundant. A factor useful in examining cost growth is unit
cost of a weapon system over time.126 As can be seen from Table 4.1, which provides
preliminary design-to-cost goals and unit costs associated with the Tomahawk for Fiscal
Years 1980-1990, the unit costs have fallen dramatically, although they are, in 1990, a little
over $ 0.5 million higher than the 1974 design-to-cost (DTC) goals.127

A 1982 study comparing the performance, schedule, and cost analyses for the SLCM
project Selected Acquisition Reports (SARs) found that the average annual growth rates in
procurement cost of the TASM and the two TLAM variant missiles were 2.8 percent each,128
The overall project saw an annual cost growth rate of 10.4 percent, of which the program
development phase was 7.5 percent, and that for the overall procurement phase was 12.6
percent. Launch equipment procurement cost experienced an average annual change of 50.2
percent and support equipment 41.7 percent.129 When compared with 20 "mature” weapon
systems (at least three years past the beginning of FSD), the overall SLCM program was
found to be "on the high side." Nevertheless, "...the air vehicle fell below the historical
average of procurement experience, while all other procurement categories exceeded the
historical rate of cost growth."130

124pews et al., 1979, p. 137.

125The same study provides a good overview of the major sources of cost growth: inflation,
changes in quantity, schedule slippage, engineering changes, estimating errors, changes in support area,
inadequate funding levels, unexpected technical difficulties, changed performance, estimation errors, and
unpredictable external shocks. They also note that a substantial part of the cost growth in their sample or
programs was due to circumstances entirely beyond the control of the program managers (such as "political”
interventions), and in some cases beyond even top level acquisition managers in OSD and the Services.

1265 0urces of cost growth in a weapon system include: scope changes, amount of technological
advance sought, and length of the development program. Merrow et al., 1979

127There is substantial anecdotal evidence, however, that the performance improvements that are
engendered in the current Tomahawk--and the multiple versions of the system--were not anticipated in the
original version, and account for these differences. That is, it is a qualitatively different (better) missile.
Interview with Myron Hura, June 5, 1990.

128Conrow et al., 1982, p. 61.

129Conrow et al., 1982, p. 65. The authors suggest a follow-on analysis to measure cost growth
rates of GLCM and SLCM programs when they have reached the DSARC III stage.

130Conrow et al., 1982, p. ix. The authors note that the principal areas of cost growth--the support
category and launch equipment--showed large increases. They also comment that these categories were
"mostly due to the requirements added after the beginning of FSD, and as such were beyond the control of
the JCMPO." Conrow et al., 1982, p. x.
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Table 4.1
TOMAHAWK MISSILE UNIT COSTS

(Constant 1982 $ millions)

Estimated Assumed

Fiscal Year Unit Cost Production
1974 DTC Goal? 1.160 n.a.
1974 DTC GoalP 0.966 na.
1977 DTC Goal® 1.115 na.
1977 Estimated 1.087 1200
1980 Estimate® 1.140 1000

Actual
Unit Costf  Production

1980 4.198 6

1981 3.261 50
1982 3.651 61
1983 4215 51
1984 2.798 124
1985 3.357 180
1986 2.874 249
1987 2.385 324
1988 2.005 475
1989 1.565 510
1990 1.703 400

n.a. - not available.

a "Strategic” SLCM.

b "Tactical” SLCM.

SOURCES:

ab Figures cited by Navy, early 1974. Senate Appropriations Committee,
FY 1975, Part 3, p. 1009, cited by Sorrels, Ch. 5, n. 29.

€ Senate Armed Services Committee, FY 1978, p. 6409. Converted from
0.707 million 1977 dollars using national defense implicit price deflator of 0.634.

d Senate Armed Services Committee, FY 1978, p. 6409. Converted from
0.707 million 1977 dollars using national defense implicit price deflator of 0.634.

€ Senate Appropriations Committee, FY 1981, Part 1, p. 734.

f Ted Nicholas and Rita Rossi, Data Search Associates, U.S. Weapon
Systems Costs, 1990, pp.4-35.

The 1982 study concluded that costs would probably have increased even more
without the use of such cost-containment methods as procurement phase dual-sourcing and a
high degree of subsystem commonality among the variants.13! Similarly, the use of

131The extensive use of subsystem commonality between the cruise missile variants also reduced
the economic barriers to development of other variants, by reducing the costs associated with departures
from existing systems. Conrow et al., 1982, p. 67.
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warranties was expected to yield net cost savings through the lifetime of the deployed cruise
missile.132

A more recent RAND analysis compared the Navy's earlier estimates of $500 million
(FY 1982 dollars) in cost savings resulting from its dual source procurement strategy!33 to a
current estimate of $630 million (FY 1989 dollars), or approximately $529 million (FY
1982) dollars.134 Although the breakeven quantity (at around 1400) was higher than
originally estimated (at 500-600 AURs), the cost saving exceeded original expectations.
Much of the savings, however, were due to sharp cost reductions in recent years.!33

Figure 4.2 provides a simple plot of deflated unit costs (from the preceding table)
against fiscal year, and graphically illustrates how unit costs for the Tomahawk have fallen,
when compared with the Harpoon experience for the years 1980-1990.136 Figure 4.3 allows
a comparison with the production levels of the Tomahawk.137

1321p4. Nevertheless, the analysis of the contributions of warranties remains problemmatic.

13-”Savings were estimated for the airframe alone, and associated with an assumed buy of 4500
missiles. John L. Birkler and Joseph P. Large, Dual Source Procurement in the Tomahawk Program, The
RAND Corporation, R-3867-DR&E, June 1990.

1345avings through 1994. Converted to constant 1982 dollars by dividing the savings in FY 1989
dollars by the fourth quarter 1989 national defense deflator, as follows:

630
1.191

=528.967 Fiscal Year 1982 dollars

135Bjrkler and Large, 1990, p. v.

136This plot does not cover the FSE and FSD unit costs that were experienced in the decade before.
Myron Hura argues that the Tomahawk missile manufactured today is a qualitatively different system, and
therefore costs are not truly comparable. He further argues that the components that accountants have
included in unit cost have changed over time, and that therefore comparisons are difficult to make.
Nevertheless, he confirmed that the direction of the Tomahawk's unit cost was right, but that the magnitude
of the change was deceiving (the slope is probably overstated). Thus, the apparent (paradoxical) crossing of
Tomahawk and Harpoon may not have occurred at all. Ted Nicholas and Rita Rossi, U.S. Weapon Systems
Costs, 1990; Data Search Associates, 1990, pp. 4-35.

137Forecast Associates, 1990, p. 19. Interestingly, in a comparison of average unit flyaway costs
for SLCM and ALCM as a function of the quantity produced, the ALCM’s cost is consistently lower by
approximately $250,000 for all quantities produced. This is not doubt due to the special requirements
arising from SLCM’s underwater launch, requiring a water-tight launch vehicle. John C. Baker, "Program
Costs and Comparisons,” in Richard K. Betts (ed.), Cruise Missiles; technology, strategy, politics,
Washington, D.C., Brookings Institution, 1981, p. 107.
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Figure 4.2 -- Tomahawk and Harpoon unit costs, 1980-90
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Figure 4.3 -- Tomahawk procurement levels, 1980-1990

Development Schedule
In a 1982 study, it was impossible to evaluate schedule slippage in the SLCM program

due to technical reasons (three different missile variants, coupled with two different launch
platform types each, for a total of six different missile/launch platform type combinations),
and due to extensive political interventions by the White House, the Congress, and the NATO

High Level Group.138 If anything, the cancellation of the MRASM and termination of
GLCM production and the introduction of new variants have muddied the water even

138Conrow et al., op. cit., p. 63.
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further. Although no empirically based judgment may be offered, it is worth noting that one
is left with the impression of a program that overcame obstacles in relatively short order by
quickly suspending work in affected areas to focus attention on the problem.

The Contribution of Dual-Source Competition

The Navy claims to have met all three objectives of its aggressive second-sourcing
program for the Tomahawk: expanding the industrial base, raising quality, and reducing
costs. A fourth objective, that of reducing risk, was arguably also met. The results of the
annual production competition are reported in Table 4.2.139

As of 1989, major subcontractors, not just the primes, competed against each other for
annual production contracts, thus assuring an industrial base capable of ramping up to about
150 percent of today's production in a very short time frame. Since the beginning of the
second-sourcing program the Tomahawk's test success rate has gone from S0 percent to over
90 percent. Unit costs, while far more sensitive to production quantities than competition at
this stage, declined from $2.6 million in FY 1982 to a projected $1.6 million in FY 1990.

A "rough-and-ready” regression was estimated to predict the Tomahawk's unit cost
from the square root of the quantity procured for the years 1980-1990.140 The model

explained more than 85 percent of the variance in unit cost. The equation was:
Unit Cost (in $ millions)= 4.6176 - (0.1276)*(Quantity Procured)/2

The beta coefficient of -0.1276 and the constant (4.6176 $ million) were both
significant at the .001 level. From this, the elasticity of cost with respect to quantity was
estimated to be -0.6 for a production quantity of 400 missiles. That is, increasing production
from 400 to 600 missiles (as is expected between 1990 and 1991) results in a drop in unit
cost of approximately 30 percent (0.6 $ million per Tomahawk, from 2.0656 million to
1.446 million constant 1982 dollars). It is interesting that dummy variables for nominal
competition (beginning in 1985) and what is widely considered to have been the beginning
of "effective competition" (1987) turned out not to be statistically significant. Table 4.2
contains data on actual Tomahawk procurement, including the annual production going each
to General Dynamics and McDonnell Douglas.

1391n 1982-1984, McDonnell-Douglas was in the process of establishing itself as a production
facility capable of producing a 70 percent share.

1404 plot of the data displayed a curvilinear form; a number of transformations of quantity procured
were tested, with the best fit provided by the square root of the quantity procured.



-30 -

Table 4.2
RECENT COMPETITION IN TOMAHAWK PROCUREMENT

General Dynamics McDonnell Douglas
Year Quantity $Million Quantity $Millions
1981 57 n.a. 0 n.a.
1982 132 n.a. 10 n.a.
1983 86 n.a. 22 n.a.
19842 208 n.a. 36 n.a.
1985 180 n.a. 120 145.2
1986 206 192b 139 na.
1987 160 n.a. 240 187.9
1988 332 n.a. 143 n.a.
1989 99 200 231 n.a.
1990¢ 280 238.2 120 156.4

NOTES:

L ast year before dual-source competition.

bpresumed to be then-year dollars; all other dollars cited in 1989 $ million. Reid Goldstein and
Anthony Robinson, DMS Market Intelligence Report, SLCM, p. 2, 1989.

CForecast Associates, "AGM-109/BGM-109 TOMAHAWK," May 1990, p. 20.

Sources: Forecast International, World Missile Forecast, "AGM-109/BGM-109 TOMAHAWK,"
p. 17; Birkler and Large, Dual-Source Procurement in the Tomahawk Program, June 1990, p. 9.

As mentioned above, by FY 1994, the Navy estimates cost savings of over $1.2 billion
over single-sourcing of the Tomahawk.141 The success of second sourcing the Tomahawk
has been attributed to four factors: low entry costs (about $50 million or one percent of
projected production cost of 4,000 missiles), a relatively flat (91.6 percent) learning curvel42
for General Dynamics/ Convair Division (the original airframe producer), large annual
production quantities that could absorb costs, and effective management by the CMP in
managing competition.

Production Performance

As has been discussed, low rates of production were used to identify problems in
subsystems. One additional approach to minimizing risk was producing more than one
version of a subsystem, as in the case of the Missile Radar Altimeter, where two different
designs were carried into production. Both designs initially proved difficult to produce, with
early production rates far below expectations. Had the SLCM and GLCM systems been at

141Goldstein and Robinson, 1989, p. 7.
142Conrow et al., 1982.
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rate production in parallel with initial ALCM production, it would have been necessary to
install an older, less suitable radar,143.144

Although there were periods during which Tomahawk production was temporarily
suspended (notably in 1986, due to GD quality problems), or possible design problems arose
with specific components (e.g., the bearing package of the Williams Research Corporation
(WRC) engine, which appeared to reduce the life cycle of the engine),!45 these faults appear
to have been identified and addressed relatively quickly, with "fixes" or improvements
scheduled for modifying already deployed systems.

In summary, although the Tomahawk had periods where quality assurance in the
production techniques was problematic, the problems cannot be considered to have been
common, nor of very long duration.146 Further, the existence of two contractors annually
competing for a portion of production for that year appears to have provided significant
incentives for cost-reducing, efficiency-enhancing measures in production.!4” In sum, and
to reiterate the judgments from earlier sections of this paper, the risk associated with the
Tomahawk is judged to have been low, requiring no breakthroughs in the areas of basic
science, applied research, advanced engineering, production engineering, or production.

ESTIMATING TECHNOLOGICAL RISK: A MORE FORMAL MODEL
A major theme in the literature on the development of advanced weapon systems is to

allow an active research, development, testing, and evaluation (RDT&E) program to bring
technologies to fruition before incorporating them into particular weapon systems.148 There

1431pid., p. 34, n. 20.

144 A5 Admiral Locke explained in testimony before the Congress, "The experience in the past in
sole-source environment is that during the two years that we move toward a procurement decision, the price
of the production tends to creep up when somebody believes he has a monopoly.” House Appropriations
Committee, FY 1979, Part 3, pp. 246-247, cited in Sorrels, 1983.

1451nterview with Myron Hura, June 5, 1990.

146with the exception of the suspension of the GD production line in 1986. In fact, some of these
problems might be explained, as in the case of those in 1981-82, as being due to accelerated schedules.

147Two years after competition began in 1985, McDonnell-Douglas won the 70-percent share of
production, with a unit cost nearly $1 million lower than that two years earlier. As discussed earlier,
however, the near-doubling of the quantity produced from 1985 to 1987 also appeared to play a large role in
temporizing costs. Nevertheless, given the relatively small production lots, two sources may have in fact
been more expensive than one.

148This literature, largely relating to issues of performance, cost growth, and schedule slippage in
major acquisition programs, includes R.L. Perry, D. DiSalvo, G.R. Hall, AJ. Harman, G.S. Levenson,
G.K. Smith and J.P. Stucker, System Acquisition Experience, The RAND Corporation, RM-6072-PR,
November 1969; R. Perry, G.K. Smith, A.J. Harman and S. Henrichsen, System Acquisition Strategies,
The RAND Corporation, R-733-PR/ARPA, June 1971; E. Dews, G.K. Smith, A. Barbour, E. Harris, and
M. Hesse, Acquisition Policy Effectiveness: Department of Defense Experience in the 1970s, The RAND
Corporation, R-2516-DR&E, October 1979; G.K. Smith, A.A. Barbour, T.L. McNaugher, M.D. Rich, and
W.L. Stanley, The Use of Prototypes in Weapon System Development, The RAND Corporation, R-2345-
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is a fairly extensive body of literature bearing on the relationship between the level of
technological advance sought, and cost growth and other similar surrogate measures of
programmatic risk.149 A brief review of the literature follows.

Marshall and Meckling

In 1959, Marshall and Meckling examined the predictability of three key parameters
relating to weapon system programs:150 development and production cost, performance, and
time of availability. For cost, ratios for each weapon system were computed by dividing the
latest available estimate of the cumulative average cost of production to the earliest such
estimate available. These ratios were adjusted to take account of the output level. They
found that the highest cost growth was associated with missiles, whereas the lowest was
associated with cargo and tanker aircraft. They reported:

AF, March 1981, and; M. Rich and E. Dews, Improving the Military Acquisition Process, The RAND
Corporation, R-3373-AF/RC, February 1986. It was also a key point covered in a Spring 1990 RAND
Graduate School (RGS) course, titled “Strategies for the Management of the R&D and Acquisition
Process”, and taught by George Donohue and Michael Rich. Other publications stressing management of
risk include: Hersh, Michael S., Risk Aversion vs. Technology Implementation, Defense Systems
Management College, Study Project Report 77-2, November 1977; U.S. Air Force Academy, Proceedings
of Management of Risk and Uncertainty in the Acquisition of Major Programs, Colorado Springs, February
1981; Defense Systems Management College, Risk Assessment Techniques: A Handbook for Program
Management Personnel, July 1983; Y. Haimes and V. Chankong, Risk Management for Weapon Systems
Acquisition: A Decision Support System, Final Report, Contract No. F33615-84-M-5084, Air Force
Business Research Management Center, February 1985, and R.G. Batson, Program Risk Analysis
Handbook, NASA Technical Memorandum - 100311, August 1987.

149This literature includes A.W. Marshall and W.H. Meckling, Predictability of the Costs, Time,
and Success of Development, The RAND Corporation, P-1821, December 1959; Robert Summers, Cost
Estimates as Predictors of Actual Weapon Costs: A Study of Major Hardware Articles, The RAND
Corporation, RM-3061-PR, April 1962; A.J. Harman, A Methodology for Cost Factor Comparison and
Prediction, The RAND Corporation, RM-6269-ARPA, August 1970; AJ. Alexander and J.R. Nelson,
Measuring Technological Change: Aircraft Turbine Engines, The RAND Corporation, R-1017-ARPA/PR,
May 1972; R. Shishko, Technological Change Through Product Improvement in Aircraft Turbine Engines,
The RAND Corporation, R-1061-PR, May 1973; J.R. Nelson and F.S. Timson, Relating Technology to
Acquisition Costs: Aircraft Turbine Engines, The RAND Corporation, R-1288-PR, March 1974; J.R.
Nelson, PerformancelSchedule/Cost Tradeoffs and Risk Analysis for the Acquisition of Aircraft Turbine
Engines: Applications of R-1288-PR Methodology, The RAND Corporation, R-1781-PR, June 1975;
William L. Stanley and Michael D. Miller, Measuring Technological Change in Jet Fighter Aircraft, The
RAND Corporation, R-2249-AF, September 1979. Literature related to costing production includes Harold
Asher, Cost-Quantity Relationships in the Airframe Industry, The RAND Corporation, R-291, July 1,
1956, and J.W. Noah and R.W. Smith, Cost-Quantity Calculator, The RAND Corporation, RM-2786-PR,
January 1962.

1505 pecifically, fighters, bombers, cargo and tanker aircraft, and missiles were evaluated as separate
families of systems. A.W. Marshall and W.H. Meckling, Predictability of the Costs, Time, and Success of
Development, The RAND Corporation, P-1821, December 1959,
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The explanation for this lies in our second main proposition to the effect
that the size of the error in estimates is a function of the stage of development or
the magnitude of the advance being sought. The performance demanded of
new cargo and tanker aircraft such as range, speed, and even sometimes payload
is usually less than what has already been achieved in other aircraft, particularly
bombers. Moreover, the subsystems that together make up the air vehicle as a
rule are “off-the-shelf” items . . . at the other extreme . . . missile development
encompassed what was in many respects a new and radically different
technology...In other words, the technology and the performance which
characterize the missile programs . . . called not for the kind of modest advances
sought in cargo and tanker programs, but for quite ambitious advances. This
we think is the reason for the much larger bias and the larger variance exhibited
by the missile estimates.

The authors went on to suggest that the next generation of missiles could be expected
to reflect lower cost growth, on the order of that of the fighters and bombers, because that
generation would result from evolutionary improvements over the first generation.13! Using
expert judgments to classify the level (small, medium, large) of technological advance sought
in each of the 22 development programs, the authors found a correlation between the level
of advance sought and the cost growth. For schedule slippage, defined as “the difference
between early estimates of first operational dates, and actual first operational dates,” and
computed as the ratio of actual time taken to get systems into operation to early predictions
of the time it would take to make them operational, the authors found that “...availability
estimates tend to be more accurate the less ambitious the particular project...” Finally,
performance shortfalls were found for most of the 22 systems assessed, but these shortfalls
were found to be small in comparison to cither cost growth or schedule slippage.

Summers

Summers (1962) also examined the accuracy of cost estimates as predictors of actual
program costs, based upon 68 cost estimates of major hardware articles for 22 systems, and
found that the important variables for estimating the actual cost were (1) the time the estimate
is made in relation to the development program; (2) the degree of technological advance
sought, and; (3) the length of the development period.152 A regression equation was
estimated, where the independent variable was the ratio of actual cost to adjusted estimate,
and the dependent variables were: (1) the fraction of the program time that had elapsed at the
time of the cost estimate; (2) the measure of technological advance sought, expressed in
terms of a numerical scale ranging from 5 to 16, based upon expert judgments; (3) the length

of the development program, in months, and; (4) the date (calendar year) of the estimate.

1511pid, p. 15-16.
152gummers, 1962.
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The author determined that programs that sought a large technological advance and
were of long duration were the most problematic in terms of cost estimate accuracy.!53 He
also found that much of the error was attributable to electronic components, because a high
level of technological advance was sought in guidance and control subsystems. Summers
also suggested that configuration changes occur more often in programs seeking large
technological advances, leading to unforeseen consequences in terms of cost, schedule, and
the like.

Harman

In a comparison of weapon systems from the 1960s with the 1950s-era systems that
Summers had used, Harman’s (1970) best-fit regression model predicted the ratio of actual to
predicted cost (the independent variable) from: (1) the number of months between the date
of the estimate on which each cost factor was based and initial operational delivery (I0D);
(2) level of technological advance sought (0-20). Harman found that longer program
lengths was the main feature associated with the cost optimism in the 1950s, whereas
technological difficulty was the major influence on cost factors in the 1960s. For the 1960s
sample, 69 percent of the variance in cost estimates for aircraft and missiles, and 81 percent

of the variance for aircraft alone, was accounted for by his regression model.154

Nelson and Timson

Nelson and Timson (1975) used a “time-of-arrival” (TOA) approach for improving
cost estimates, in which time was more explicitly considered in performance/schedule/cost
tradeoffs during the early planning stage of new turbine engines for an aircraft. They
operationalized risk as “exposure of the . . . program to performance shortfall, schedule
slippage, or cost growth.” A multiple regression analysis was performed, with TOA as the
dependent variable, and thrust, weight, turbine inlet temperature, specific fuel consumption,
and a pressure term to describe the engine’s operating envelope as independent variables.
The model was found to have a high degree of explanatory power (96 percent of the

variance was explained by the equation ), and all of the variables entered into the regression

1531bid, p. 41.

154Harman’s best-fit equation is log F = log a + bM*eA, where F is the ratio of actual to predicted
cost, M is the number of months between the date of the estimate and the IOD, and A was the level of
technological advance sought. All coefficients were highly significant (t-statistics are reported in Appendix
C). Alvin J. Harman, A Methodology for Cost Factor Comparison and Prediction, The RAND
Corporation, RM-6269-ARPA, August 1970, p. 37.
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in an intuitive fashion.!35 The authors then related TOA to development costs, again
estimating a model of high explanatory power (93 percent of the variance was accounted for
by the model).156

Stanley and Miller

Stanley and Miller (1979) also used a TOA approach to estimate parameters describing
the performance consequences of important advances in U.S. and Soviet technology over the
preceding 30 years, including speed, maneuverability, range, and payload performance.
They were able to estimate statistical expressions describing some, but not all, aspects of basic
air vehicle performance. The fighter technology equations were also found to be inadequate
to the task of satisfactorily measuring the level of technology of bombers and attack aircraft,
suggesting an aircraft-specific aspect to estimated relationships.

ESTIMATING THE TOMAHAWK’S LEVEL OF TECHNOLOGICAL ADVANCE

Of the approaches reviewed above, Harman'’s approach--relating (1) the number of
months between a cost estimate and initial operational delivery (I0OD), and (2) the ratio of
actual to estimated costs, to the level of technological advance sought--appears to be the most
relevant to the case of the Tomahawk cruise missile. Harman’s best fitting regression
equation was:

log F =log a + bM*eA

where F is the actual unit cost divided by estimated unit cost, log a is the constant and
b is the slope parameter being estimated, M is the number of months from cost estimate to
initial operaional delivery (IOD), and A is the level, ranging from 0 to 20, of technological
advance sought (i.e., the level of technological risk). Harman’s parameter estimates for the
1960s sample were as follows (t-statistics in parentheses):

log F = (0.179) + (36E-08)M*eA
& ((5.9)) ((6.5))

To apply these estimates to the Tomahawk, we must recognize the potential that the
temporal domain (1960s) differs, if only slightly, from that of the Tomahawk, and that the

155Nelson, J.R., PerformancelSchedule/Cost Tradeoffs and Risk Analysis for the Acquisition of
Aircraft Turbine Engines: Applications of R-1288-PR Methodology, The RAND Corporation, R-1781-PR,
June 1975, p. 4.

156Nelson, J.R., and F.S. Timson, Relating Technology to Acquisition Costs: Aircraft Turbine
Engines, The RAND Corporation, R-1288-PR, March 1974, p. 31.
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sample includes both aircraft and missiles. The first of these considerations should not
introduce too many problems, given the robustness of the equations across decades that
Harman found. Nor should the second consideration pose any methodological or conceptual
problems. The application of these estimates, then, should involve little more than some
algebra to rearrange terms (to solve for A, the level of technological advance sought), and
supplying a cost ratio (F), and a schedule variable (M) from the Tomahawk program.!57
The general form of the equation for computing the level of technological advance is:

A=log (’og (F)b_h;og (a))

Unfortunately, sensitivity analyses of A, found in Appendix C, “Computing
Technological Risk,” are indeterminate; they neither confirm nor refute a low to moderate
level of technological risk. As Appendix C explains in more detail, the value of A may be
somewhere between 10.8 (at least one major system element requires major improvement),
and 18.1 (basically new and radically different design). Nevertheless, the sketchy nature of
the data suggest that even this finding is not highly reliable. It is disappointing that a more
precise value could not be computed.

EXTERNAL RISKS AND TOMAHAWK’S MANAGEMENT

As was discussed earlier, the Tomahawk program received wide support from the
Congress, the DoD and White House, and within the Navy. Nevertheless, this support could
easily have waned had a breakthrough in Soviet air defenses (an "externally generated
technology™) or a superior strategic/technological concept invalidated the system.158 No
evidence, however, was found that the system was invalidated by such a breakthrough.
Quite the contrary, with block upgrades of Tomahawk planned as recently as 1990, the body
of evidence suggests that Tomahawk was a robust system in a changing threat environment.

External risks can take other forms, however, including close scrutiny of or
involvement from senior DoD and congressional officials in programmatic details (so called
“micro-management”), thereby introducing instability into a program’s development .

157These computations, as well as some general discussion of the functional form, is found in
Appendix C, “Computing Technological Risk.”
58Ina way, the genesis of the advanced cruise missile (ACM) program might be thought of as a
"hedge" against just such an eventuality. Within the program, other hedges included building in more
autonomy (an ability to locate and attack targets) and improved performance characteristics (extended range,
more mancuverability, better terrain following, etc.) that temporized the effectiveness of these Soviet
advances.
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Because these sorts of risks are very difficult to evaluate, however, I have chosen as a
surrogate indicator of the level of external risk the stability of funding for the Tomahawk
program. To the extent that funding levels are free from obvious disturbances, and to the
extent that RDT&E expenditures account for a successively smaller portion of overall
expenditures, the external risk may be said to have been manageable. Figure 4.4, on the next
page, portrays Tomahawk funding levels from 1977 to 1990, and seems to suggest that
government funding policy for the Tomahawk was fairly consistent.!3 A slight falloff in
funding took place in 1983, tracking with a slight increase in RDT&E funding, but the
overall pattern is that RDT&E fell over time as the program reached maturity.

If any inconsistencies existed in government policy toward Tomahawk, these would
have to be associated with the specification and introduction of new Tomahawk variants,
which affected the funding, IOCs, testing schedules, and other aspects of existing versions,
and essentially entailed the broadening of the Tomahawk's role. This broadening of roles,
however, cannot really be considered to be a threat to the system. Nevertheless, as was
demonstrated on numerous occasions, the best guarantor of uninterrupted funding and
management freedom appears to have been the steady progress of the program; DoD and
congressional scrutiny was intense and the cost of even short-term failure was high,160,161

SUMMARY EVALUATION

To the extent that internal (technological) and external risks existed, the JCMPO can be
seen to have managed them fairly well. The Tomahawk was, in fact, successfully produced,
exceeding many performance specifications, and without noteworthy cost growth or
schedule slippage attributable to unanticipated or irremediable technological hurdles.
Further, development of Tomahawk not only provided a platform for a series of block
upgrades enabling the selective improvement of capabilities,162 but has also provided
experience essential in identifying typical operating and support (O&S) costs, as well as
explicating detailed mission-planning and other operational problems.

159This is, of course, notwithstanding the negotiated elimination of the GLCM through the INF
accords, and a variety of schedule and other changes that were imposed upon the JCMPO by the DoD and
the Congress. It is also noteworthy that the RDT&E portion of funding peaked in 1978 and has fallen
since, with slight rises in 1982, 1984, 1987, and 1989. This is further evidence that whatever risks existed
early in the system have diminished over the life of the program.

16°Quanerly briefings were given to Navy Secretary Lehman, immediately followed by briefings to
Secretary Weinberger. In both circumstances, new management direction was often given. Briefings were
also regularly given to congressional staffers, and Senators Glenn and Quayle and congressmen.

161 Admiral Walter Locke was reportedly relieved as director of the JCMPO when the JCMPO was
unable to relieve a critical technical problem.

16256 Appendix B, “Tomahawk Modifications,” for more on Tomahawk’s subsequent evolution.
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V. CONCLUSIONS

It might be argued that since the Navy began flying, the requirement has existed for
unmanned aerial vehicles capable of delivering munitions to remote targets; it simply took
half a century to work out the details. The Tomahawk cruise missile program could thus be
seen as the result of both a longstanding “demand pull” from the Navy, and a “technology
push” created by the availability in the late 1960s and early 1970s of critical subsystems.

I have assessed technological risk in the Tomahawk program through examination of
the program management strategy, some of the specific risks associated with key subsystems,
and the outcomes (performance, cost growth, and schedule) of the Tomahawk program.
From each of these vantage points, Tomahawk has met with undeniable success, notably:

e management approaches that appear to have reduced risk;

e contrary to the conventional wisdom, successful application of concurrency in the

face of ever-shortening schedules imposed on the program;

o successful integration of a sophisticated suite of technologies in the face of some

technological risks associated with integration;

e performance characteristics greatly exceeding the original requirements;

® unit costs apparently consistent with the original design-to-cost goals; and

¢ a development schedule that appears to have been relatively free of slippage.

These programmatic successes were all obtained by embracing evolutionary, not
revolutionary, technological goals, and by relying upon subsystems from an extensive base
of proven concepts and successful implementations. Of the technologies surveyed in this
paper, only one (DSMAC) was seen to involve even moderate risk, and none of the critical
subsystems can be considered to be of high technological risk. The incremental and modular
approaches to Tomahawk's technological development further reduced risk by providing a
migration path to higher performance (and/or greater reliability) through block
modifications. Further, the system appears to have provided the technological bridge to the
next generation, whereby elements in the upgraded Tomahawk have provided a firm base of
technology for the advanced cruise missile, now designated the AGM-129.163

163Refinements of the Tomahawk's F107 engine, for example, have produced two variants: F107-
14A and F107-14B, both now designated the F112-WR-100. The F107-14A version, to power the AGM-
129, has a higher by-pass ratio and cooled high pressure turbine blades. Forecast International, "AGM-129
Advanced Cruise Missile,” World Missile Forecast, 1989, p. 2. Other subsystems, including the carbon
dioxide lasers used in the near-zero CEP guidance system, are also scheduled to be integrated into both
Tomahawk and ACM.



- 49 -

One aspect that remains a puzzle is the apparent success of concurrency in the
Tomahawk program when most of the literature surveyed has cited concurrency as the
source of a host of problems, including cost growth and schedule slippage. Four hypotheses
come immediately to mind to explain the success of concurrency in development:

(1) the technological risks in Tomahawk were in fact so low that even concurrency

was possible without adverse consequences to the systems development;

(2) the modularity of the system enabled "swapping” out inferior technologies as
superior technologies reached fruition, thus reducing the Tomahawk's reliance
on components that had not yet been developed;

(3) the high priority of the program--and its resulting profile--resulted in
significantly more (and possibly more effective) interventions from senior DoD
officials, in terms of quickly reallocating resources, making programmatic
changes, and so on; or

(4) the Navy simply ran a very tight (well-managed) ship.

This paper has sought to organize relevant data and examine the Tomahawk from the
standpoint of technological risk and its impact on its development; the data on Tomahawk
are sparse in places, and the questions left unanswered are numerous. Nevertheless, it is my
hope that it has filled an existing gap in the literature, lying somewhere between a study of
risk management techniques and a case study of the research, development, and acquisition
of a major weapon system.
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Appendix A
A HISTORY OF THE CRUISE MISSILE164

THE FIRST WORLD WAR AND POST-WAR ERA

The idea of a cruise missile ("flying bomb" or "aerial torpedo™) arose separately in
several countries before World War I, but was first realized in 1915 with a device--
subsequently funded by the U.S. Navy--that made use of a gyroscope built by Elmer Sperry,
installed on both a Curtiss flying boat and a twin-engine aircraft. At the time, the
development was said to be "...likely to revolutionize modern warfare."165 Research and
development efforts by a number of countries followed during and after World War I,
including the British Royal Aircraft Establishment’s 1921 Target aircraft, and a number of
"flying bombs" that were eventually cancelled because of high unit cost and low accuracy.
Of the radio-controlled British Target missiles, however, 420 were converted from the Tiger
Moth trainer built by the Fairley Corporation. The U.S. Army was also involved in
experiments with Sperry, and contracted with the Sperry Gyroscope Company in February
1920 to design and construct four gyro units for installation in E-1 and Messenger aircraft.

Many of the early efforts relied upon radio-controlled "flying bombs." In July 1923,
Billy Mitchell, a keen proponent of the weapon, suggested using "flying bombs" in the
famous battleship bombing tests--Mitchell's suggestion was, however, rejected. Early U.S.
Navy efforts after the war also concentrated on radio-controlled systems, but funding, in
short supply during the 1920s, was eventually cut off by President Franklin D. Roosevelt in
1932. In 1935, a second effort was begun, following a request from the CNO for a high-
speed radio-controlled aircraft for use in anti-aircraft target practice. The CNO, Admiral
William H. Stanley, bypassed the Bureau of Ordnance (which had no interest in the
program), and directed the Bureau of Engineering and the Bureau of Aeronautics to begin
work in May 1936. The success of this program assisted the Navy in uncovering the
generally poor nature of anti-aircraft gunnery.

164This section relies extensively on Werrell, 1985, and Ron Huisken, "The History of the Modern
Cruise Missile Programs,” in Richard K. Beitts, (ed.), Cruise Missiles: technology, strategy, politics,
Washington, D.C., Brookings Institution, 1981, pp. 83-100.

165~ Aerial Torpedo is Guided 100 miles by Gyroscope,” New York Tribune , 21 October 1915, p.
1, cited in Werrell, 1985.
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THE SECOND WORLD WAR

RCA's demonstration of airbomne television in an air reconnaissance project for the
Soviets led to similar work for the Navy on an American drone, and was tested in 1941. A
second technology--that of radar altimetry--provided the second technical breakthrough
required for development of "assault drones” for the Navy. In November 1941, the Chief of
the Bureau of Aeronautics ordered 100 obsolescent torpedo bombers converted into assault
drones and 100 missiles designed especially for the same purpose. With the attack on Pearl
Harbor, however, these aircraft were quickly reclaimed for naval air training. In April 1942,
the Navy tested torpedo-carrying drones that were remotely guided to their test targets from
20 to 30 miles away. By March 1943, the Navy had ordered a total of 2,000 torpedo-
carrying assault drones. By late 1944, the Navy cancelled the drone program due to a lack
of success in the demonstration tests. The Army during World War II also had a series of
programs to develop radio-controlled missiles, but met with little success. The only actual
Army Air Force use of a "flying bomb" during World War II was the project code-named
APHRODITE, which sought to use worn out heavy bombers (such as B-17s) as radio-
controlled missiles. Unfortunately, APHRODITE failed.

By 1943, the Germans had approved production of the V-1s and V-2s. The V-1 was a
small missile that used a pulsejet for propulsion, and a gyro autopilot, powered by
compressed air, to hold a course determined by a magnetic compass and a barometric device
to regulate altitude; these devices sent signals to the craft's rudder and elevators on the tail
surfaces. A small propeller device armed the warhead after the V-1 flew about 38 miles and
then, after a preset number of tums, fired two detonators that locked the elevators and rudder
in the neutral position and deployed hinged spoilers on the tail, presumably over the target.

By June 18, 1944, the Germans had launched their 500th V-1; by June 21, the
1,000th; by the 29th, their 2,000th; and by July 22, their 5,000th. About 20 percent of the
V-1s proved to be defective, exploding on the ramp, crashing shortly after takeoff, or
wandering well off course. Nearly 6,200 Britons died from the V-1 assault. All told, 10,492
V-1s were fired against Britain, and 4,900 against Antwerp (an estimated total of 7,400 to
9,000 against the continent). The Germans are estimated to have built 30,000 V-1s.

In July, 1944, the Army Air Force (AAF) initiated a United States-designed missile
designated the JB-1; in March 1946, this project was also cancelled, considered "overbuilt”
and expensive. The Navy, likewise, had problems with the JB-2, called the "Loon." The
AAF received 2,500 pounds of salvaged V-1 parts on July 12, 1944. Within three weeks of
receiving an order to build thirteen copies, the AAF had completed its first JB-2. The War
Department, noting the inaccuracy of the JB-2, called it a "terror weapon,” but nevertheless
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the AAF ordered 1,000 JB-2s built in July 1944. Before September, the AAF wanted 1,000
per month, with an increase to 5,000 a month by September, and in December studied the
possibility of producing 1,000 a day. AAF airmen supported production of the JB-2 with the
proviso that its production did not come at the expense of bombs, artillery shells, or
personnel. By February 1945, the Air Materiel Command had completed a study that
recommended a production rate of 1,000 per month beginning in November 1945, with a
total production run of 10,000. Because of the JB-2’s average error of over eight miles at a
range of 127 miles, the AAF installed radio-control guidance in the missile, and equipped it
with a radar beacon (which assisted tracking by a ground radar unit up to the radar's
maximum range about 100 miles), and remote control equipment. A set of 14 tests at a
range of 80 miles resulted in an average error of about 6 miles; almost twice that error
resulted for 20 tests at 127 miles. In March, 1950 the Navy terminated the JB-2 Loon

program to make way for the more advanced and promising Regulus.

POSTWAR CRUISE MISSILE DEVELOPMENT

At the conclusion of the Second World War, the U.S. had 19 different guided missile
projects in progress, including powered and unpowered systems.166 By January 1946, the
number was 21 and climbing, and by mid-1946, there were 47 projects under way. With
Fiscal Year 1947’s reduction of the missile budget from $29 million to $13 million in
December 1946, however, AAF programs were scaled back, with only four in existence by
March 1948--the Banshee (a modified B-29 bomber), the Snark, the Navaho, and the
Matador.

Snark

The Snark's greatest challenge was the guidance system that would enable it to attack
targets after a 5,000 mile flight. Northrop, the developer, proposed an inertial navigation
system monitored by stellar navigation, accomplishing its first daylight test in January 1948.
The guidance system weighed almost a ton. To meet requirements for a heavier payload,
"Super Snark" was developed. By May 1955, wind tunnel and flight tests invalidated the
operational concept of terminal dive to the target, because of inadequate elevon control. The
system, in fact, was so prone to failing its flight tests, the waters off Cape Canaveral were
dubbed "Snark-infested waters." A Snark in December 1956 was said to have last been seen
heading off toward the jungles of Brazil; in 1982, a Brazilian farmer found the missile.167

The continuing problem was guidance and reliability. By 1959, tests indicated that the Snark

166werrell, 1985, p. 81.
1671bid., pp. 91-92.
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had only a one-in-three chance of getting off the ground and only one-in-ten chance that the
missile would go the planned distance. The USAF, nevertheless, began incorporating Snark
into its inventory. In March 1960, SAC put its first Snark on alert, but shortly after taking
office in 1961, President John F. Kennedy, in his first budget message to Congress, cancelled
the program, calling it obsolete and of marginal military value relative to ballistic missiles.

Navaho

The Navaho (X-10) flew its first flight in October 1953 and reached a maximum
speed of Mach 2.05 on its 19th test, establishing a speed record for turbojet-powered aircraft.
Continued development problems resulted in slipped schedules, but the USAF nevertheless
gave the program a priority second only to ballistic missile development. Like the Snark,
Navaho earned its share of ridicule, and was occasionally referred to as "Never go, Navaho."
In July 1957 the Air Force cancelled the program. Navaho was, however, the testbed for a
number of material technologies, ramjet, guidance and rocket booster; some of its
components migrated to equally unsuccessful North American programs such as the F-108
and the B-70, but its inertial navigation system and engine were reportedly found to be
suitable in programs as diverse as the Nautilus under-the-pole transit and the Thor and Atlas
rockets.

Matador

The Martin Matador was the result of a 1945 AAF requirement for a 175- to 500-
mile range, 600 mph surface-to-surface missile. Despite a cutback in 1949, the Korcan War
served as the impetus for renewed support of the Matador. The guidance radar's range
proved less than that of the missile, and the line-of-sight communication associated with its
ground-based operator limited the range to approximately 250 miles. Testing of the Matador
between 1957 and 1960 resulted in an estimated 71 percent reliability and 2,700-foot CEP.
Goodyear's ATRAN was later incorporated into a variant called Mace to solve this problem.
Matadors were deployed to Germany in March 1954, and the Mace entered European service
in 1959. Matador was phased out in 1962. Much like the other programs, Matador and
Mace were beset by production, engines, and especially, guidance problems.

Regulus, Rigel, Regulus Il, and Triton

The Navy during this period gained experience with four systems: the Regulus I,
Rigel, Regulus II, and Triton. The Navy's concern about the newly created Air Force's
potential monopoly on guided missiles, and its desire to have a capability to deliver nuclear
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weapons, combined to create initial Navy interest in the program.168 Regulus was very
similar to the Air Force's Matador. In 1955, Chance Vought's Regulus became operational,
with the final versions capable of carrying a 3.8 megaton warhead 575 miles at Mach .87.
Cancelled in 1958, production of Regulus was phased out in January 1959.169

The Rigel, built by Grumman, was to be the second missile (after Regulus) deployed
in a development path leading to the "ultimate cruise missile,” the Triton. Rigel was
cancelled in August 1953, following a series of presumably unsuccessful flight tests. The
Regulus II, also built by Chance Vought, was a supersonic winged missile, capable of
carrying a 2,920-pound warhead 570 nm at Mach 2. A production contract was signed in
January 1958. In November 1958, support from OSD was withdrawn, and in December, the
program was cancelled. The Triton, therefore, never appeared; the comparative cost-
effectiveness of ballistic missiles doomed the program, in spite of its performance
characteristics (12,000 nm range, Mach 3.5, 80,000 foot, radar map-matching, with a 1,500-
pound warhead and 600-yard CEP). Although it entered full-scale development in 1955, it
never made it to the production stage.

Air Force Crossbow, Hound Dog, Buck Duck, and Bull Goose
The Crossbow, developed by Radioplane under contract to the USAF in 1953, was a

missile designed to home in on and destroy enemy ground radar. Cancelled because of
budgetary considerations in June 1957, its greatest success in testing came three weeks later
when it flew through its target's radar antenna.l70

The Hound Dog (AGM-28), an air-to-surface missile for the B-52, was developed by
North American under contract beginning in August 1957 and represented a response to the
perceived vulnerability of manned penetrating bombers to Soviet air defenses. It carried a
four megaton warhead and a one nautical mile CEP. Reliability problems and degraded B-52
flight performance were a problem. There were 54 Hound Dogs in the B-52 fleet in 1960,
230 in 1961, 547 in 1962, and 593 in 1964. Although production ended in March 1963,
there were 308 operational Hound Dogs in service when it was phased out in 1976, and
replaced by the short-range attack missile (SRAM ).171

The Buck Duck was a decoy designed to appear as a SAC bomber on Soviet air
defense radar and was intended to confuse Soviet air defenses and waste Soviet anti-air

resources. The program was cancelled in January 1956, before any powered trials. The Bull

1681bid., p. 114.

169 Aviation Week and Space Technology, "Navy Facing Anti-Ship Missile Challenge," Vol. 96,
No. 8, p. 60, 21 February 1972, cited in Werrell, 1985., p. 116.

170werrell, 1985, p. 121.

1711piq., p. 123.
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Goose was an intercontinental range surface-launched decoy missile, developed under
contract with Fairchild after December 1955. The program was cancelled in December 1958
because of budgetary pressures and its inability to simulate a B-52 on enemy radar.172

The 1960s and the Advent of Ballistic Missiles

During the 1960s, advances in ballistic missile technology, and a constellation of
interests at best ambivalent about cruise missile technologies (especially Air Force and Navy
airmen), restricted the level of research and development on these systems. Nevertheless,
critical technological breakthroughs, such as those in TERCOM and propulsion, directly
benefited future cruise missile development.

Of the decoy missile programs of the 1950s, the McDonnell Quail was considered to
be the most successful. Initiated in April 1955 and first flown in March 1960, it simulated
the B-52 in a number of ways, including radar image, performance characteristics, and its
ability to make course and speed changes after launching. As Soviet air defense capabilities
improved, its ability to fool air defenses diminished, and by 1971, the commander of SAC
described the Quail's contribution to the B-52's vulnerability as slightly better than nothing.

Research by the Institute for Defense Analyses (IDA) and RAND in 1966-67
explored possible successors to the Quail, and put forth two concepts--the more advanced
decoy (SCUD) and an armed version (SCAM). The commander of the Air Force Systems
Command suggested another alternative--putting a warhead and a 20-pound ECM package
on a missile called SCAD, later suggesting two variants, one armed and one unarmed. An
carlier requirement for an unarmed decoy was countermanded by a requirement for an
armed SCAD followed by a second requirement for a pure decoy.

Contractor studies deemed the SCAM feasible without any technological
breakthroughs, and indicated that it could be made compatible with the B-52’s SRAM
launcher. TERCOM inertial navigation was also recommended for the system. The basic
question of whether the system should be armed or not resulted in a conflict between SAC,
which wanted a decoy, and OSD, which saw it as a standoff weapon. In Fiscal Year 1971,
the USAF's request for $30 million to support SCAD was nearly halved to $17.1 million.173

SCAD
In spite of the improvements in Soviet air defenses that had resulted in the
cancellation of the B-70 program earlier in the decade, the USAF was wedded to the concept

1721pid., p. 123-5.
131bid.
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of a manned penetrating bomber with decoys and opposed the implicit threat that standoff
weapons posed to the penetrating bomber mission.174

Although Deputy Secretary for Defense David Packard's approval of the USAF's
unarmed decoy in July 1970, Congress preferred the standoff concept, and began limiting
funding for the unarmed variant. A telling development was the March 1971 hearing at
which Senator MclIntyre suggested the possibility of eliminating the B-1 bomber in favor of a
standoff weapon consisting of an armed SCAD with improved accuracy.l’S The USAF
responded unfavorably to the congressional intrusion, arguing the shortcomings of the cruise
missile (accuracy, warhead constraints and, surprisingly, vulnerability to terminal defenses,
SAMs, or AWACS) outnumbered its benefits. At the same time, SAC argued the merits of a
mixed force of manned bombers and cruise missiles as being more effective than a force
consisting solely of standoff cruise missiles. In response to USAF resistance, and suspicions
that improvements to the guidance system were being delayed by the Air Force to support its
case,176 Congress pared the USAF's fiscal 1972 request for $45 million for SCAD to a mere
$10 million.177 Despite Air Force claims that a single SCAD would be used to aid the B-52
and the B-1, in May 1973 an Air Force General testified to the Senate that they were in fact
incompatible due to differences in the missile carriage subsystems. A 1973 GAO study of
SCAD criticized the program for its schedule slippages, and its likely obsolescence when
finally deployed operationally in two years; an embarassing Air Force study for DDRE at the
same time reached the conclusion that SCAD would contribute to the survivability of the B-
52 in its penetrating mission but would not significantly contribute to the B-1's
survivability.178 The Air Force subsequently refused to comply with April 1973 DSARC
direction to develop both additional justification for an unarmed SCAD, and a plan for
simultaneous IOCs for armed and unarmed variants. Air Force intransigence evidently
resulted in the cancellation of full-scale engineering development for the SCAD in June of

174This is somewhat reminiscent of Carl Builder's discussion of the Air Force tradition, dating back
perhaps to DeSeversky, of an offensive posture which provides legitimization for its raison d’etre--the
strategic bombing mission, and the importance to the Services of preserving their fundamental mission.
Carl H. Builder, The Masks of War, The Johns Hopkins University Press Ltd., London, 1989.

175wWerrell, 1985, p. 146-7.

176pyblic denials of delaying the SCAD by the Air Force, and Senator Proxmire's charges of
footdragging by the Air Force to protect the B-1, contributed to an environment of mistrust. Ibid., p. 148.
Senator Symington complained on September 13, 1973 that development costs had risen to $700 million
and the unit cost had increased to $1 million. U.S. Congress, Senate, p. S-16586, 17 September 1973,
cited in Sorrels, 1983.

17Twerrell, 1985, p. 147.

1781pid., p. 147-149.
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that year. The Air Force's narrow defense of its decoy program essentially resulted in the
demise of the program.179,180

Harpoon

In sharp contrast with the Air Force's experience on SCAD is the Navy's Harpoon
program. The Navy of the 1960s had as little use for an armed cruise missile as the Air
Force, but the surface fleet was very interested in an over-the-horizon (OTH) antiship missile.
Following a contract study by McDonnell Douglas in 1967 on ship- and air-launched anti-
ship missiles, the Navy established the Harpoon program in 1969, and DSARC approved the
development of an air-launched and ship-launched variant in November 1970.181

Admiral Zumwalt has noted the unwritten constraint that the Harpoon was not to
have a range in excess of 50 miles if it was to be acceptable to the Chief of Naval Operations
(CNO). Zumwalt believed this constraint was established so as to limit the competitive threat
to carrier-based aircraft. In his words, "Evidently, the aviators' union was still nervous about
its prerogatives."182

CONCLUSIONS
Earlier cruise missile programs were failures because of cost, reliance on outdated

technologies, and lack of reliability. It was not until the technological breakthroughs of the
1950s and 1960s, largely resulting from research and development on surface-to-surface and
air-to-surface missile systems, that these problems were overcome.183

A wide variety of missions for the SLCM have been articulated since the 1972
definition of the SLCMs initial role as an adjunct to strategic nuclear forces:

e strategic nuclear weapon to complement conventional antiship (FY 1975);

1790ther factors, including an increase in development costs from $285 million to $700 million, an
addition of $604.7 million in procurement costs, late availability, marginal penetration capabilities, and
ineffective ECM, also contributed. Ibid., p. 149.

18°Deputy Secretary Clement subsequently requested the reduction of SCAD funding from $72.2
million to $22 million to support technology demonstrations of critical subsystems including brassboard B-
52 decoy electronics and continued turbofan engine development. Half this amount ($11 million) was
approved in conference committee. U.S. Congress, House, Strategic Cruise Missiles and Decoys, Vol. 17,
p. H-9033, 13 October 1973, and Committee on Appropriations, House Conference Report No. 93-588,
"Strategic Cruise Missiles and Decoys," pp. 32-36, 13 October 1973, cited in Sorrels, 1983.

181werrell, 1985, p. 150.

182E1mo Zumwalt, On Watch, pp. 81-82, cited in Sorrels, 1983.

183While the cruise missile's lineage also includes RPVs (Remotely Piloted Vehicles), including
those used for reconnaissance over China in August 1964, and later over Vietnam, and by the Israclis in the
October War and the 1982 invasion of Lebanon, the significant breakthroughs for cruise missiles do not
appear to have originated in this area.
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¢ nuclear role of "desirable augmentation of capability, a unique potential for
unambiguous, controlled single-weapon response and invulnerable reserve force,"
plus conventional antiship as a "derivative of the strategic version" of the SLCM
(FY 1976);184
¢ "There is no strategic submarine-launched cruise missile planned,” and that the "only
purpose” we have for submarine-launched nuclear missiles is for "theater war. That
is a tactical mission.” (FY 1978);185 and
* After early 1977, a de-emphasis of the land-attack nuclear role and emphasis of
land-attack conventional (and antiship) role, by the Carter Administration. (FY
1982).186
By early 1980, all variants of the SLCM (including nuclear land attack) "in varying
mixes,” were "planned for deployment in nuclear attack submarines and surface ship
combatants (destroyers and cruisers)."187 All of this suggests that the Tomahawk, as a
flexible, relatively inexpensive and reliable system, was able to meet previously unmet
requirements.

1844 ASC Hearings, FY 1976, pp. 5125-5128, cited in Sorrels, 1983.

185House Armed Services Committee, FY 1978, Part 3, p. 1099, cited in Sorrels, 1983.

186Senate Armed Services Committee, FY 1982, pp. 2941-2942, cited in Sorrels, 1983,

187genate Appropriations Committee, FY 1981, Part 1, p. 377; Senate Armed Services
Committee, FY 1983, pp. 1063-1064, cited in Sorrels, 1983.
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Appendix B
TOMAHAWK MODIFICATIONS

Since its initial operating capability (I0C), the Tomahawk has undergone a number of
block modifications designed to remedy problems encountered with earlier variants, improve
performance characteristics, or add new capabilities. This section discusses two major areas
of the Tomahawk--guidance improvements via integration with the Global Positioning
System (GPS), and improvements to the Williams engine--that illustrate the vigorous nature
of the Tomahawk block modification program.

GLOBAL POSITIONING SYSTEM (GPS)

The Global Positioning System (GPS) consists of a ring of stationary satellites that will
provide precise positional information to a variety of platforms (e.g., aircraft and ships),
combat units, and weapon systems, such as the Tomahawk. The Services are installing GPS
receivers on a wide variety of manned and unmanned systems to improve navigation,
guidance and targeting capabilities. The Navy expects to have GPS receivers on more than
90 percent of its aircraft by the end of the decade, according to the director of space
command and control under the Chief of Naval Operations.!38

Use of satellite data from GPS for conventional attacks will significantly reduce the
Tomahawk's reliance on digitized maps for TERCOM by providing accurate position
information up to the attack phase of a flight, then relying on the Digital Scene Matching
Autocorrelator (DSMAC) and terminal homing subsystems. This is particularly valuable
outside Europe where mapping data are often unavailable. By relating the missile's position
and velocity to the known position of its target, the GPS eliminates the need for maps of en
route areas.!89 The addition of the GPS is expected to increase stand-off range by as much
as 20 percent and allow alternative routes to the target, thereby enabling missiles to avoid
engagements against land-based defenses.!90 By diminishing its reliance on maps,
navigation over water will be more accurate, and mission planners will be able to increase the

1884 May 1, 1990, demonstration flight reportedly "came back with zero error when [it] taxied into
the chocks.” He also noted that a multiple-channel GPS receiver in geosynchronous orbit might allow
GPS accuracies to go "from meters down to perhaps inches." Aerospace Daily, Vol. 154, No. 26, May 7,
1990, p. 207.

189This has the added benefit of significantly reducing the DMA's workload to mapping target areas
themselves, to support the TLAM-C/D digital scene matching area correlator (DSMAC) terminal guidance
system.

190The availability of Tacit Rainbow, the high-explosive anti-radiation missile (HARM) further
reduces the Tomahawk's vulnerability to interception and interdiction.



-60 -

range of Tomahawk attacks against small islands.!9! Mission planning will also reportedly
take less time.192 Relying upon GPS for targets in a U.S./NATO conflict with the Soviet
Union could be risky, however, because the Soviets might attack the GPS satellite system.!193

The Senate Armed Services Committee has been pressing for the implementation of
Tomahawk improvements outlined by the Navy in a Long Range Master Plan; through the
Block III Upgrade of the Tomahawk, a GPS navigation capability will be added for increased
flexibility.194:195 Preliminary design contracts for the Tomahawk were let in 1987 or 1988
to provide the missile with a GPS capability and to help the digital scene-matching area
correlator (DSMAC) function with less data. The Naval Air Systems Command awarded
separate contracts to General Dynamics Convair Division and McDonnell Douglas
Astronautics Company in March 1988, apparently for systems engineering and integration of
the GPS with the DSMAC. A winner-take-all competition for the full-scale engineering
development was held in October 1988, and McDonnell Douglas was selected as the winner.
The Navy plans to put the upgrade into production with the FY91 Tomahawk procurement
and will retrofit Navstar GPS receivers onto already ficlded TLAM-C and TLAM-D
missiles.196

In 1988-89, Rockwell was contracted to develop the two-channel Navstar GPS
receiver for the Tomahawk (TLAM-C and TLAM-D), which was to improve missile
targeting and navigation accuracy, as well as reduce mission planning time.1%7 As of May
1989, Rockwell was under contract with the Defense Department to provide over $400
million worth of military GPS user equipment to all three military services.!98 Most recently,

191The requirement for en route island overflights to reduce navigation errors will also be
eliminated.

192Forecast International, 1989, p. 14.

19350rrels, 1983, Ch. 4, n. 88. In fact, it currently appears that GPS is only envisioned for
integration with the conventional Tomahawk variants.

194 orecast International, 1989, p. 13.

195The seventh NAVSTAR/GPS satellite was launched on March 25, 1990, with three more
planned for this year, and leading to a total of 21 by late 1992. "Seventh Navstar Orbited by Delta,”
Aviation Week and Space Technology, April 2, 1990, p. 28. Another element of the Block III upgrade
includes some avionics improvements. The Tomahawk's range was also to be doubled to 1,400 miles.
Goldstein and Robinson, 1989, p. 6.

196The Block III package also includes engine improvements, more flexible terminal guidance, and
time-of-arrival capability. Specifically, this includes DSMAC-IIA terminal guidance, needing less data
processing to create DSMAC scenes and offering greater operational flexibility, and a capability to control
the missile's time of arrival at specified en route points and at targets, thereby improving coordination of
strikes by Tomahawk missiles and carrier-based attack aircraft. Forecast International, 1989, p. 14.

197 At the time, Rockwell stated, "GPS will help upgrade the terminal guidance system by
supplying highly accurate position information to the on-board digital scene-matching area correlator
(DSMAC)."

198Goldstein and Robinson, 1989, p. 5.
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the Navstar GPS cost estimate rose 24.1 percent to $10.14 billion because of inflation and the
addition of six new satellites and new ground stations.199

ENGINE

The Navy's initial intent was to build a short-range version of the Tomahawk SLCM
using a TCAE turbojet,2% but later elected to use the Williams F107-WR-402 in all versions.
Teledyne was selected and qualified as a second source on F107 engines. Competition
between the two companies for engine procurement contracts began in 1989.201 In
November 1988, the Navy carried out the first operational test flight (700 miles) of a new
and more powerful engine at Point Mugu, California. Some analysts expect the new engine
from Williams International to be installed in cruise missiles in 1991 and expect it to provide
more turbofan thrust, be more durable and be easier to maintain.202.203

As part of an effort to better ensure responsibility for quality control, engines have
been contractor-furnished equipment (CFE), but they will once again be competitively
procured and provided by the U.S. Navy to the missile contractors as government fumished
equipment (GFE).2%4 Teledyne CAE remains a qualified second source for the engine, and
competition between TCAE and Williams has begun.205

199"DOD Programs Costs," Aerospace Daily, April 13, 1990, p. 79. $326.1 million current year
dollars were added in the most recent SAR for NAVSTAR GPS, allowing the procurement of the additional
six satellites. The SAR notes a total production of 66 satellites. Aerospace Daily, April 16, 1990, p. 89.

200The J402-CA-400 turbojet, rated at 2.97 kN (660 Ib) static thrust at sea level. Forecast
Associates, op. cit., p. 2.

201The results of this competition are not known. Forecast International, World Missile Forecast,
"AGM-109/BGM-109 TOMAHAWK," May 1989, p. 2.

2025 of late 1988, the propfan engine was left out of the upgrade program for the Tomahawk
Block III. At the time, however, the propfan was considered "almost a sure bet" to equip the Advanced Sea-
Launched Cruise Missile (ASLCM), which is expected to enter service after 2000. More recent reports
suggest that the Block III upgrade includes replacement of the F107-WR-400 with a F107-WR-402.
Goldstein and Robinson, 1989, p. 6; Forecast Associates, 1989, p. 17. The F107-WR-400 and -402
engines use JP-9 fuel. Forecast Associates,, 1989, p. 4.

203The engine is said to provide 19 percent greater thrust and 3 percent better fuel consumption.
Forecast International, 1989, p. 15. Another source estimates a specific fuel consumption (SFC) of about
one pound of fuel per one pound of thrust per hour. Toomay, 1981, p. 40. .

204This is the result of the Tl Wind investigations, which uncovered documents apparently
promising Williams half of all current and future engine contracts.

205Forecast Associates, op. cit., p. 3.
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Appendix C
COMPUTING TECHNOLOGICAL RISK

This appendix provides technical information regarding the computation of
technological risk for the Tomahawk, including a graphical analysis, based upon Harman’s
regression model.206

DERIVATION OF TECHNOLOGICAL RISK
The basic functional form of Harman’s equation is:

log (F) =log (a) +bMe”
Where

F = Actual unit cost divided by estimated unit cost;
M = Number of months from cost estimate to initial operational delivery (IOD),
and;
A is the level of technological advance sought, i.e., “technological risk,”
ranging from 0 to 20.
Rearranging terms to solve for A, the level of technological risk can be seen to be of

T )

The next sections compute values for F (cost ratio) and M (time to IOD) for the
Tomahawk system, so that a value for A (technological advance or risk) might be estimated.

Computation of the Tomahawk’s Cost Ratio, F

For the denominator, estimated cost, 1 used the last of the cost estimates for the
Tomahawk presented in Table 4.1; for an estimated quantity of 1,000 Tomahawks in 1980,
an estimate of $1.14 million per missile was given. For the numerator, actual cost, I used the
“rough and ready” regression equation that was presented earlier to estimate actual unit cost
for a production quantity of 1,000 Tomahawks. The estimated regression equation was as
follows:

206Harman, 1970, p. 37.
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Unit Cost (in $ millions)= 4.6176 - (0.1276)*(Quantity Procured)!/2

For 1,000 missiles, this value is $0.5826 million. Thus, the ratio of the actual cost to
the quantity-adjusted estimate may be computed as follows:

Cost Ratio = 0.5826/1.14 = 0.5110

There are obvious shortcomings in this estimate: (1) the assumed quantity of 1,000
missiles was never produced in a single year and, in fact, was well beyond capacity; (2) the
cost ratio, rather than being greater than unity as expected, is significantly less than unity. I
made several assumptions to generate cost estimates for a production quantity of 400; the
results suggest a cost ratio of about 1.54 for a production level of 400 Tomahawks.207

Computation of the Schedule Parameter, M

An earlier analysis of the Tomahawk program298 found it impossible to compute a
schedule ratio (the number of months actually taken from the beginning of full-scale
development over the number of months originally scheduled in the initial approved
project). The schedule parameter should therefore also be viewed very cautiously.

I have assumed that the 1980 estimate was given in the middle of the year, June 1980,
and have assumed a production level of 400 Tomahawks, as described in the preceding
section. I used January 1982, the midpoint between the beginning of 1981 and the end of
1982, for the IOD for the SLCM.2%9 The number of months between the date of the estimate

2071 calculated an “estimated unit cost learning curve” equation to enable generation of cost
estimates for different production quantities. I used the 1977 and 1980 estimates in Table 4.1 to estimate
the equation, using the same “square root of the quantity” form as was estimated in the “rough-and-ready”
regression model:

Unit Cost Estimate = 1.69 - 0.0.0176*(Quantity Procured)!/2

For a production lot of 400, the “estimated unit cost” was $1.34 million, resulting in a cost ratio of
1.54. As was noted earlier, a cost estimate of $1.14 million was given for a production lot of 1000,
resulting in a cost ratio of 0.51. Admittedly, this is not the most desirable approach to estimating a
learning curve; a regression based upon two points is a pretty thin basis for making inferences.
Nevertheless, the only alternative--assuming the same slope for the “estimated unit cost learning curve” as
the regression equation, and calculating the new constant--appeared to be the greater of two evils.

208Conrow et al., 1982.

2094 range of dates (1981-1982) was provided for the SLCM IOC, which here serves as a surrogate
for IOD. Nevertheless, elsewhere the IOC for TLAM-C is stated to be March 1986, and that for TLAM-N,
June 1984. I have assumed that the difference is that the earlier estimate is for the basic flight vehicle, the
system with which this paper is concerned. Forecast Associates, pp. 1, 21.
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(June 1980) on which the cost factor was based and initial operational delivery for the SLCM
(IOD) (January 1982) is therefore computed to be roughly 18 months.

Returning to the equation, Harman estimated log a to be 0.179 (with a t-statistic of 5.9)
and b to be 0.36E-08 (with a t-statistic of 6.5). Substituting these values, along with the
computed values for M (18) and F (1.54), the Tomahawk’s level of technological risk is
computed to be:

log (154)-0.179

A= =151767
o (0.36 ><10"8) (18)

This level of 15.2 is between 14 (new technology must be developed to meet system
needs) and 16 (new technology required, and new design (subsystems) to meet performance
specifications) on Harman’s scale, and suggests a fairly high level of technological advance
sought. Because of the great uncertainties regarding computation of the cost ratio and actual
schedule, however, this value should be viewed with great trepidation. We can, however,

perform a graphical sensitivity analysis of the function to assess the effect of this uncertainty.

GRAPHICAL SENSITIVITY ANALYSIS

Two graphs were generated to portray A (the level of technological advance sought)
as a function of (1) F, the cost ratio (actual cost divided by estimated cost), and (2) M, the
number of months between the cost estimate and the initial operational delivery (I0D) of the
system. Figure C.1 portrays A (level of technological advance) as a function of F (the cost
ratio), holding M (number of months to I0D) constant at two different levels: 1 month (the
upper curve), and 48 months (the lower curve). For all levels of M, as F falls below
approximately 1.2, the function is undefined--that is, the equation is unable to compute
values. As can be seen, range of undefined values for A is insensitive to the level of M. At a
cost ratio of 1.54, varying M from 1 to 48, the level of technological advance may be seen to
be somewhere between 14.1959 and 18.0671.

Similarly, Figure C.2 graphs A as a function of M (months between the cost estimate
and IOD), holding F constant at two levels: 1.2 (the bottom curve), and 5.0 (the upper
curve). As M approaches 0, A approaches infinity, and again, levels of F below 1.2 are
outside the domain of the function. Holding M constant at 18 months, and varying F from
1.2 to 5.0, A is somewhere between 10.8446 and 16.9099.

CONCLUSIONS
The preceding sensitivity analyses suggest that the Tomahawk’s level of technological

risk is somewhere between 10.8 and 18.1, a range far too wide to make a precise estimate of
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the level of technological advance sought. In short, the technical analysis fails to either
confirm or refute the overall findings of the paper that the level of technological risk was low
to moderate.

Tech. Advance (A)
20T

=

16. 20.
Cost Ratio (F)

12.

Ll O

Figure C.1 -- Level of technological advance as a function of cost ratio
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Figure C.1 -- Level of technological advance as a function of time to IOD
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Appendix D
GLOSSARY

Advanced Cruise Missile

Above Ground Level

Air-Launched Cruise Missile

Advanced Research Projects Agency
Advanced Sea-Launched Cruise Missile
Automatic Terrain Recognition and Navigation
All-Up Round

Circular Error Probable
Contractor-Furnished Equipment
Cruise Missile Advanced Guidance
Cruise Missile Radar Altimeter

Defense Advanced Research Projects Agency
Deputy Secretary of Defense for Development, Research & Engineering
Defense Mapping Agency

Department of Defense

Digital Scene-Matching Area-Correlator
Design-To-Cost

Developmental Testing & Evaluation
Digital Terrain Elevation Data
Electronic Countermeasures

Electronic Support Measure

Full-Scale Development

Full-Scale Engineering Development
Fiscal Year

General Accounting Office

General Dynamics

Government Furnished Equipment
Ground-Launched Cruise Missile
Global Positioning System

House Armmed Services Committee
Initial Operating Capability

Joint Cruise Missile Program Office



MD
MRA
MRASM
NAC
OT&E
NAVSEA
R&D
RDT&E
REM
RMUC
SALT
SAM
SAR
SCAD
SCUD
SASC
SLAM
SLCM
TAINS
TCAE
TDP
TERCOM
T&E
TLAM
TLAM-C
TLAM-D
TLAM-N
UFC
YOD
WRC

- 68 -

McDonnell Douglas

Missile Radar Altimeter

Medium-Range Air-to-Surface Missile

Naval Avionics Center

Operational Testing & Evaluation

Naval Sea Systems Command

Research and Development

Research, Development, Testing & Evaluation
Recovery Exercise Module

Reference Measurement Unit Computer
Strategic Arms Limitation Talks
Surface-to-Air Missile

Selected Acquisition Report

Subsonic Cruise Armed Decoy

Subsonic Cruise Unarmed Decoy

Senate Armed Services Committee
Supersonic Low-Altitude Missile
Sea-Launched Cruise Missile

TERCOM Assisted Inertial Navigation System
Teledyne CAE

Technology Data Package

Terrain Contour Matching

Testing & Evaluation

Tomahawk Land-Attack Missile

Tomahawk Land-Attack Missile-Conventional
Tomahawk Land-Attack Missile-Dispensing
Tomahawk Land-Attack Missile-Nuclear
Unit Flyaway Cost

Vertical Obstruction Data

Williams Research Corporation
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