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Abstract

The US Army Test and Evaluation Command (TECOM) has the missions of developmental technical testing and safety certification of all Army materiel.  A test might be a live test of physical hardware in a physical environment or a virtual test of simulated, and/or physical hardware in a simulated environment.  TECOM is leveraging Modeling and Simulation (M&S) to accomplish its missions through the Virtual Proving Ground (VPG) Program. TECOM supplies a customer decision-maker, usually a Program Manager (PM), with data on the cost-effectiveness of new virtual and physical test technologies.  TECOM requires a methodology to capture the cost avoidance of particular virtual tests consistent with current Army cost estimation procedures.  TECOM commissioned independent studies of past test programs to estimate the costs to achieve the same scope of testing, as tested using available virtual test techniques and as using previous, less VPG-intensive test methodologies.  The studies showed that virtual testing provided significant cost benefits to each PM.  Our objective is to examine cost avoidance results from those studies and additional data with a methodology consistent with current Army cost estimation guidance. 

Introduction

Test and Evaluation (T&E) are essential parts of the development and deployment of all Army systems.  “The information generated as a result of T&E influences every action taken during the system acquisition process.” [HQDA, 1997] The Test and Evaluation Command (TECOM), soon to be in the integrated Army Test and Evaluation Command (ATEC), has the roles of developmental testing and safety certification, and advises program managers as part of Integrated Product Teams.

TECOM has a long history of using physical simulation as part of the process to confirm a developmental weapon system’s readiness and technical maturity. Simulation for T&E includes software in the loop (SWIL), hardware in the loop (HWIL), or human-in-the-loop (HITL) simulations as well as computer (synthetic) simulations. T&E use M&S to identify test parameters and drivers for field tests; determine high risk areas; predict test results; assist in the allocation of scarce test resources; and provide entity stimulation in support of interoperability testing.  M&S provide the only route to obtain risk-reducing system-performance data in situations that cannot be tested due to safety, cost, or other constraints. Presently, TECOM is reengineering the Army’s technical test capabilities through its Virtual Proving Ground (VPG) initiative. The VPG consists of a comprehensive and interrelated set of synthetic environments, stimulators, and simulation test procedures operating within a standard architecture framework. Historical data from hardware tests on TECOM ranges and other real-world test sites provide ground truth data that anchor the VPG to reality.

TECOM seeks a sound methodology to provide cost avoidance data for future tests.  TECOM needs the data to ensure that it can recommend the right mix of live testing, which validates the M&S, and use of the VPG or virtual testing, that augments the live testing.  The cost data help TECOM encourage investment in its live and VPG facilities and technologies. These data will be most credible to its customers if developed as applications of Department of the Army (DA) approved methodologies.  TECOM therefore seeks to ensure that its VPG cost estimation methodologies are consistent with DA guidance on the role of T&E in system acquisition [HQDA, 1997], on cost estimation [CEAC, 1997], and on economic analysis [CEAC, 1995].  

TECOM sponsored studies to estimate the cost avoidance to the PMs through virtual testing in three historical programs.  These were the Enhanced Position Location Reporting System (EPLRS) [Brugh, 1997 A], the Automatic Chemical Agent Detector Alarm (ACADA) [Brugh, 1997 B], and the Abrams M1A2 Tank [Brugh, 1996] technical test programs.  The tasks were to estimate the cost and schedule to achieve the same scope of testing, as tested using virtual test techniques as using previous, less VPG-intensive test methodologies.  Another TECOM study estimated cost avoidance at the Simulation/Test Acceptance Facility (STAF) [Johnson, 1996].  It is a goal of this work to examine the current DA guidance on economic analysis and cost estimation methodologies, and to re-examine the methods and assumptions used in those earlier studies.

Cost Estimation General Process

The “Economic Analysis Process” (EA Process) [CEAC, 1995] is an eight step process.  (1) Establish objective.  (2) Formulate assumptions.  (3) Identify constraints.  (4) Identify alternatives.  (5) Estimate costs and benefits for each alternative.  (6) Compare alternatives.  (7) Perform sensitivity analysis, to expose the unknowns that could affect a course of action.  (8) Report results and recommendation.  The Department of the Army Economic Analysis Manual recommends that an EA study plan include the mission, background, purpose, constraints, assumptions, cost element structure, cost and benefit estimating methodology, system description, configuration, schedules, and issues.  The level of EA detail increases with project dollar value or project visibility.  Among the limitations with EA discussed in the manual are that EA cannot be applied with cookbook precision, but must be tailored to fit the problem, and that it is not a substitute for sound judgment, management, or control.   

Cost Analysis General Contents


The DA Cost Analysis Manual states that “Each cost analysis should contain: (1) A clear definition of what is being costed.  (2) The specification of all assumptions, ground rules, and constraints, assumed or imposed, underlying the analysis.  They must each be explained with adequate rationale. (3) An estimate of all expected costs, directly or indirectly associated with the project over its life, including disposal.  The cost estimate must include the identification of all data sources used. (4) Risk and uncertainty analyses identifying any circumstances which could affect a course of action. (5) Key limitations in terms of elements that were excluded.” [CEAC, 1997] 

Cost Analysis Metrics


“A true measurable metric would be any numerical value that enables us to assess how much faster, how much better, and how much cheaper a given acquisition process is or can be fielded.” [Pinker, 1997] Measurable T&E cost metrics, live or VPG, include cost of consumable items, cost of facilities, cost of technology, and test-personnel costs.   Others are schedule with consideration for acquisition phase time, administrative lead-time, and of course test time.  T&E affect program cost through knowledge of performance and the design changes necessary to implement in a system that does not meet requirements.  T&E provide benefits in troubleshooting and data requirements generation.  

These and other metrics may apply to cost savings, cost avoidance and productivity improvements.  Cost savings result in the reduction of cost of approved budget items. A cost avoidance is the result of an action taken in the immediate time frame that will decrease cost in the future.  For example, investment in a test technology that decreases the test cost while increasing risk reduction is a cost avoidance action.  A productivity improvement is a reduction in future personnel time and effort requirements associated with a function or assigned task that has been included in an approved program.  Under normal circumstances, productivity improvements do not represent an opportunity to reduce an approved program, budget or force structure.  Unlike cost avoidance, productivity improvements have no direct impact on future requirements for funding, but enable accomplishment of more work with existing personnel.  Productivity improvements can accrue at any time during the life cycle. 

Cost Estimation Approaches


With a description of the process, contents and metrics for cost estimation, the analyst must select an approach. “The engineering approach, parametric approach, analogy approach, and expert opinion approach are four cost-estimating methods.  The use of a specific approach varies with the reliability and quantity of available data.  Each approach has limitations.  [CEAC, 1997]”


“The engineering (bottom-up) approach is an examination of separate work segments in detail and a synthesis of the many detailed estimates into a total.  With this approach, the analyst divides the system, activity, or item of hardware into its segments and makes an estimate of each segment's costs.  The analyst then combines these estimated costs with estimates of integration costs to arrive at a total cost.  A major limitation of the engineering approach is that it requires the analyst to have an extensive knowledge of the system, activity, or item.  Also, the analyst must know both the development and production processes.  Particularly for new technologies, the detailed knowledge required for a complete engineering analysis is not always available, making this approach the most difficult to apply.” [CEAC, 1997]  For the EPLRS, ACADA, and Abrams M1A2 historical studies, the technologies are known.


“In the parametric approach, the analyst relates cost to some physical attributes or performance characteristics.  An attribute can be weight, horsepower, bore diameter, fuel consumption, etc.  In developing the cost-estimating relationship (CER), data availability limits the application.  Confidence in the results of a parametric estimate depends directly on setting up valid relationships between cost and definable physical attributes or performance characteristics.  When documenting the results of a parametric approach, the analyst must present the statistical characteristics, data sources, and assumptions surrounding its development.” [CEAC, 1997]


 “The analogy approach is a direct comparison with historical data of similar existing systems, activities, or items.  The major limitation of this approach is that it is a judgment process and requires considerable experience.  The analyst must show the validity of the direct comparison.  A variation to this methodology is to adjust the historical data to account for some variation in the proposed system, activity, or item.  It is very important that the analyst document the "adjustment technology" to show the applicability of the methodology.” [CEAC, 1997]


“The expert opinion approach uses the subjective judgment of an experienced individual or group.  Whenever expert opinion is used, the documentation should contain the sources of the opinions cited.  Also, the documentation should include a list of the sources' attributes that make them experts.  It is very important to show the credibility of the experts.” [CEAC, 1997]


The benefit estimating process is similar to that for cost estimating.  Data must be collected from appropriate sources and analyzed; relationships among data must be identified.  Inflation and discounting must be applied to annual dollar values via standard methods; the economic life of the alternatives and the fiscal years when benefits accrue must be carefully considered.  Once benefits have been calculated, savings must be separated from cost avoidance and productivity improvements.


“The analyst should always be aware of the four types of cost-estimating errors: double counting, omission of costs, hidden costs, and spillovers.

(1) Double counting occurs when the analyst includes the same element of cost in two portions of the estimate.  Thus, the analyst counts the same element of cost twice.

(2) Omission of costs occurs when the analyst overlooks costs that apply to an estimate.  Omitting costs can seriously distort the analysis.

(3) Hidden costs can occur in many ways.  They can occur from mislabeling cost elements, nondisclosure of certain costs, and improper allocation of overhead.

(4) Spillover costs are secondary effects not directly related to the project/program.  When the analyst does not address these burdens, the decision maker does not know the total impact of the decision.” [CEAC, 1997]

VPG Considerations

In the VPG cost estimating methodology, TECOM wishes to separate operating costs from fixed or investment costs.  The total cost of the current alternative = Fixed Costs( Fa) + Variable Costs (Va).  TECOM wishes to make cost estimates for the PMs.   The fixed cost to the PM may be zero if an acquisition program can use a maintained facility developed by a predecessor program, or new capability is developed by TECOM.  For virtual testing, the fixed cost is usually an investment in the model, simulator or stimulator. The Investment Cost, a nonrecurring cost, includes land, building, machinery and equipment.  Operating Cost, or recurring cost includes personnel, maintenance, and materiel/supplies. Fa includes instrumentation development cost, and facility development cost (materials and labor).  Va includes labor, expendables, and maintenance and test preparation/planning.  


Cost estimates for the VPG are complicated due to the cost estimation of software development. “Because software life cycle costs account for a significant portion of information systems' costs, and are often significant in materiel systems, they must be estimated carefully.  Software cost estimating involves a large degree of professional judgment, from both a project management and cost analysis perspective.” [CEAC, 1997] To the extent that each program requires a degree of VPG ongoing software and technology development, the cost estimating process requires care.  

Analysis of Historical Programs


Where possible, the live test equivalent to a virtual test procedure was chosen or designed to provide the same level of risk reduction (i.e., provide the same information).  We do not assume that “test money is no object.”  Thus, if the live test design produced an unreasonable test cost, a reduced-scope live test was used for comparison, with an attendant increased technical risk.  Labor costs are normalized to the same year, and not broken down by skill levels.  There is a factor for inflation. The cost of facilities may be paid with TECOM institutional funding.

EPLRS Study 


The EPLRS Technical Test III (TT III) was conducted at the US Army Electronic Proving Ground (EPG), Fort Huachuca, AZ.  A series of EPLRS tests (TTI and TT II) were conducted five years prior to TT III, using live testing (i.e., human radio operators/data collectors).  The methodology used was to calculate the additional resources required, for the same number of test days (75) during TT III, using TT II (labor intensive) methods.


The TTI/II test consisted of an average of 160 radio sets (RSs) distributed at various locations in an area of 400 km2 and required over 300 operators/data collectors.  There was limited automated data collection.  Test-scenario-control was by hand-held FM radio, and required extensive logistics support for the operators.  All of the equipment at each site was installed and removed daily for security purposes, which lengthened the test day by about four hours.  Data consolidation, reduction, and analysis normally took about five days.


During TT III many time/cost-saving automated tools and methods for control, monitoring, and data collection were used.  Elements contributing to cost avoidance were: less logistics support; number of operators; a test control center (TCC), use of a personal computer (PC) as a test item stimulator (TIS); and security/test sheds with alarms to house the equipment.  The TCC, with automated data collection, reduced analysis time from five days to one.  Each of the average of 120 sheds held a PC/TIS, the EPLRS, a packet radio for communications between the TIS and the TCC, and the alarm.  In effect, the self-contained sheds with the TIS were a "virtual workforce" that replaced the human operators/data collectors.  Shed support consisted of exchanging batteries, turning on/off equipment, TIS data dump, and on-call maintenance. 


The original study [Brugh, 1997 A] assumed that the TCC, sheds, and automated data reduction tools were not available.  Daily setup and tear down increased the workday by two hours and required large trailers for equipment storage.  Support personnel increased by 50% from 69, plus 120 operators. Transport vehicles carried six testers and test equipment.  One instructor was required per group of 16 to provide three days of training to military and civilian operators. The analysis constrained the test cost at $10M maximum, and assumed a civilian/military mix of testers to be 115/40.  Civilian labor was $32/hr and military labor was free to the customer.  The analysis did not consider the test center’s investment in PCs, packet radios, automated data collection software, and the cost of the TCC.


The additional resource cost for 75 test days was $2.2M labor + $0.8M overtime + $0.1M equipment, and fixed costs of  $0.1M training + $30K equipment for a total $3.2M.  Since the TT III cost $6.3M as conducted, the $10M spending limit would be nearly reached ($3.2M + $6.3M) during the 75 test days of labor intensive testing.  Expert opinion was [Brugh, 1997 A] that only one-third to one-half the amount of usable, high-quality data would be acquired during the 75 test days with this method.  Another alternative to the earlier study allows use of the sheds, which would avoid the overtime costs.  This still results in a $2.4M cost avoidance for the VPG stimulator technology. 


In summary, virtual testing during TT III resulted in substantial cost avoidance, $2.4M - $3.2M, and significantly increased quality and quantity of data, vice use of less VPG-intensive technologies.

ACADA Study 


The chemical/biological defense case study was on the ACADA Production Validation Test (PVT) at Dugway Proving Ground, UT.  As might be expected, open air, live field-testing with chemical agents is neither practical nor feasible.  Chemical agent detector testing in the past has essentially always been conducted in environmentally controlled chambers, or using simulants in lieu of live agents (i.e., virtual testing).  Previous testing was conducted in Building 3445 (B3445), the large chamber facility.  While the large chamber can accommodate testing of large vehicles and equipment, testing of small agent detectors required construction of a smaller chamber inside the large facility.  Past testing indicated that an earlier small chamber design could simultaneously test only two detectors of the six for which it was designed.  The number of support personnel for B3445 is fourteen.  For the ACADA PVT, a new stand-alone, HWIL test facility (the Detector Test System, DTS) capable of testing twelve detectors simultaneously, and requiring only five testers, was developed.  The customer contributed to the fixed-cost of construction of the DTS ($82200 of a total cost of $421000). Twelve detectors were tested simultaneously for 39 days in Phase I, eight for 92 days during Phase II.


The study objective [Brugh, 1997 B] was to estimate cost for Phase I Agent Testing and Phase II Agent/Simulant testing during the ACADA PVT, using the DTS and using B3445.  Testing using a corrected six detector chamber design was not considered.  


The study assumptions [Brugh, 1997 B] were as follows.  Each tester costs $355 per ten-hour day. The times required to startup, conduct and shut down a trial are the same in both facilities.  The PM had no fixed facility-usage cost and no cost for construction of a small chamber in B3445.  Test equipment reliabilities are the same in both cases.


The operating cost is the number of people who run the facility times the personnel cost per day, times the number of test days.  For phase I, the cost is $65K.  The corresponding B3445 cost would be greater by factors of 14/5 (personnel) and 12/2 (detectors) to total $1.1M.  For Phase II, the 92-day cost was  $154K.  The corresponding B3445 cost would be greater by factors of 14/5 (personnel) and 8/2 (detectors) or $1.7M.


The variable cost totals are (Cost Phase I + Cost Phase II), $219K for the DTS and $2.8M for B3445.  The total cost to the PM, fixed plus variable, was $302K for the DTS.  The test schedule would increase from 131 days for the DTS to, in B3445, 602.  For this study, we add an alternative scenario that assumes correction of the earlier design to allow simultaneous measurement of six detectors in B3445.  This results in  $364K variable Phase I costs and $575K in Phase II, or $939K total cost.  Schedule would be 201 test days.  Investment in the DTS resulted in substantial cost avoidance to the customer even for this technically unsubstantiated scenario.  


The results were substantial cost avoidance, $2.6M, and schedule avoidance, 471 test days, from investment in the newer simulation technology vice usage the existing old technology.  

Abrams M1A2 Tank Study 


This study [Brugh, 1996] identified use of virtual testing during the Production Qualification Test (PQT) program and during the live fire testing at Aberdeen Test Center (ATC).  Seven PQT tests at ATC and two at the White Sands Missile Range (WSMR) used virtual testing that resulted in cost avoidance.  The WSMR Electromagnetic Environmental Effects test and Nuclear Effects test had no feasible live test alternative and therefore did not involve cost avoidance, but did result in risk reduction.  For this work, we examine only the accuracy PQT.  


In this accuracy test description, the first letter indicates tank motion and the second indicates target motion to be stationary (S) or moving (M).  S/M, M/M, and M/S at Aberdeen Test Center’s Trench Warfare I (TW I), with targets simulated by laser, each costs 15 testers @ $400/tester/day (10 hr) for 22 days, or $132K.  Non-Firing Tracking M/M (NFT M/M) costs 10 testers @ $400/tester/day for 8 days or $32K.  The total labor cost on TW I is $428K.  Expert opinion indicates that physical target simulators require at least twice as many days to collect the required data and two additional testers.  A daily target cost of $500/target/day would accrue for the S/M, M/M, M/M NFT scenarios.  For the S/M and M/M tests, the cost would be $321K.  The M/S cost is the same ($132000).  The M/M NFT cost would be  $85K.  The total cost, labor and targets of the physical simulation tests are $859K.  The difference (S/M, M/M, M/S and M/M NFT) of labor and targets is $431K.


For S/S at Trench Warfare II, there was a requirement for measuring accuracy at four distances.  Prior to TWII construction, firing projectiles at each of the required distances met the requirement.  At TWII, virtual video “scoring” at the four distances, for a projectile fired at the longest distance, reduced by 75% the number of projectiles and the test time.  This avoided almost $3M in the cost of ammunition alone, with added labor reduction of nearly $1M.  The total cost avoidance by using virtual testing during the accuracy testing was $4.4M.  


Other virtual fire control tests brought the total cost avoidance to $4.8M, a schedule reduction of 258 days, and 2580 projectiles not fired.

Simulation/Test Acceptance Facility (STAF)


The STAF is a HWIL facility at the Redstone Technical Test Center in Huntsville, AL that greatly reduces the number of destructive live flights of missiles in production flight-testing and in stockpile testing.  Completed missiles containing tactical seekers, guidance electronics, inertial navigation systems, warheads, squibs, motor, and control actuators are tested in a remotely controlled bunker.  With the motor and warhead circuits disconnected, the missile flight dynamics are simulated using a six degree of freedom digital model of the missile’s airframe running in real time.  The facility can modulate radio frequency (RF) signals to present realistic in-band representations of complex targets to the millimeter wave (MMW) seeker or realistic infrared (IR) signals to an IR seeker.  A real-time data collection system records data from simulated launch to simulated target impact.  Missiles are consumed only to test motors and warheads, and as model validation.  Rounds tested in the facility can be returned to the inventory.  Separate cost estimates [Johnson, 1996], not repeated for this work, indicate that the STAF with RF representation cost $6M.  Typical live firing lot acceptance testing costs customers approximately $9.5M/year.  The same testing conducted in the STAF costs approximately $1.5M/year for cost savings of $8M/year.

Conclusions


A cost estimation methodology which implements DA guidance can be used to demonstrate test program cost avoidance through Virtual Proving Ground virtual testing.  Examples of cost-avoidance using VPG HWIL simulation were given for three historical programs and one facility.  The process clarified the cost avoidance contributions of the simulation vice the technology in several alternative test scenarios.  The chart shown below summarizes the cost avoidance to the customer through use of M&S.
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