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AN ASSESSMENT OF TECHNICAL AND PRODUCTION RISKS
OF
CANDIDATE LOW-COST ATTITUDE/HEADING REFERENCE
SYSTEMS (AHRS)

EXECUTIVE SUMMARY

This report provides an assessment of technical and production risks of candidate low-
cost attitude/heading reference systems. Included in this report is a discussion of low-
cost Attitude and Heading Reference Systems (AHRS) under development, the
characteristics of a low-cost AHRS, an analysis of the General Aviation (GA) market for
low-cost AHRS, and an analysis of the risks associated with producing a low-cost AHRS
in the anticipated volumes. This report was developed under NASA contract to aid the
Advanced General Aviation Transport Experiments (AGATE) project management and
participating avionics manufacturers and airframe manufacturers in understanding:

e the status of low-cost AHRS development,
technical and certification issues / risks
the estimated market demand, and,
the production risk to manufacture low-cost AHRS in the volumes anticipated.

This report may also be useful to AGATE project management and member companies
faced with the following decisions:
e possibility of NASA or the AGATE project further funding current NASA-
sponsored low-cost AHRS developments;
e avionics manufacturers’ assessment of market demand and decision to
produce/not produce low-cost;
e low-cost AHRS developers’ decision to start a production line or partner with
a larger avionics manufacturer for production, and,
e airframe manufacturers’ future planning of avionics offerings.

A detailed assessment of two candidate low-cost AHRS' currently being developed under
the NASA SBIR program has shown that while technically feasible, there is some risk
that the low-cost price goals may be difficult to achieve in the near term. This finding
was attributable to the use of low-cost solid-state rate sensors where the challenge is
reducing the noise and drift rates to levels where stable, certifiable performance can be
achieved. Additionally, new and novel proprietary design approaches are utilized in the
designs that increase the certification risk (more engineering hours expended) of gaining
Federal Aviation Administration (FAA) Technical Standard Order (TSO) certification for
a primary use AHRS. Since neither of the two developers have certified products in the
market place, one way to reduce certification risk is for the developers to partner with
larger, more experienced avionics manufacturers. This would provide access to
additional engineering and certification expertise. The developers may still prove
successful on their own, utilizing Designated Engineering Representatives (DERs) to

'D. Yuchnovicz, S. Law, and M. Burgess, Attitude/Heading Reference System (AHRS) Risk Assessment Phase One, Research
Triangle Institute, Hampton, Virginia, December 1997.



provide the additional engineering and certification expertise that may be required to
bring the low-cost AHRS to market.

A market analysis was performed for a low-cost AHRS in the GA market from 2001 to
2020. The following approach was used to develop the market assessment study:

1. A draft version of the AHRS market assessment study was sent to key avionics and
airframe manufacturers for review and comment. They include
¢ Four AGATE member airframe manufacturers
* Two AGATE member avionics manufacturers
¢ One non-AGATE avionics manufacturer.

Each manufacturer has certified products in the GA market.
2. An interview was held with each manufacturer at their plant location to review the

draft study and obtain feedback. In particular, the assumptions shown in Table 1
were reviewed for validity along with the cost model output.

Table 1. Assumptions

Assumption Item Year Value
1. Optimistic number of FD aircraft 2020 20,000
2. Most Likely number of FD aircraft 2020 10,000
3. Pessimistic number of FD aircraft 2020 3,000
5. Price of basic AHRS in the Retrofit Market (Excluding Certification Costs) 2001 $9,000
6. Optimistic Price of AHRS 2020 $3,000
7. Most Likely price of AHRS 2020 $5,000
8. Pessimistic price of AHRS 2020 $7,000
9. Cost of basic AHRS (Retrofit market) certification 2000 $1,000,000
10.  Cost of R&D for basic AHRS (Retrofit market) certification 2000 $1,000,000
13. Cost of FD Aircraft AHRS (Future market)certification 2008 $1,000,000
14.  Cost of R&D for FD Aircraft AHRS (Future market) certification 2008 $500,000
15.  Start of New market Aircraft Production 2001
16.  End of New market Aircraft Production ' 2015
17.  Start of FD Aircraft (Future market) Production 2008




Table 1. Assumptions (Concluded)

Assumption Item Year Value
18.  Number of AHRS manufacturers 2000 4
19.  Percent of Market FD Aircraft (Future market) captures from New market each year 12.5%
20. Variation in the New Aircraft market aircraft production 20%
22. Single Engine Piston fleet attrition until 2007 2.1%
23.  Single Engine Piston fleet attrition after 2007 4.0%

3. An analysis was undertaken of the low-cost AHRS developers’ business plans to
determine production risk.

Two scenarios were analyzed in the assessment of the market for a low-cost AHRS:
e a baseline market consisting of the minimum number of aircraft incorporating
a low-cost AHRS each year required to provide sufficient motivation to
manufacture, and,
e an estimated reasonable profit expectation and return on the required
investment based upon the probable number of aircraft incorporating a low-
cost AHRS over this 20-year period.

The market for a low-cost AHRS depends upon its functionally. Three markets are
anticipated which are defined as the Retrofit Aircraft, New Aircraft and Fully Digital
(FD) Aircraft.

Based somewhat on the two SBIR low-cost AHRS developers’ anticipated initial market
offerings, a basic AHRS version was defined for a Retrofit market as a standalone
(including a small display), secondary source of attitude and magnetic heading
information. The buyers for the basic AHRS are current airplane owners who will
retrofit it into their airplanes. A survey given to single engine airplane owners at the
1998 EAA annual air show in Oshkosh, WI, determined the probability-of-purchase
distribution for the basic AHRS based upon projected price. The results show that 52 %
would pay less than $2000 and 96% would pay less than $5000 for a basic AHRS.
Further, the probability of purchase ranged from = O at a cost of $9.6K, through 0.2% at
$5.7K and breaking the 10% point at $3K. The probability of purchase increases
exponentially with most respondents stating that their probability of purchase would be
high if it cost as much as a hand-held GPS ($500 - $900).

The New Aircraft market consists of airplanes of new composite designs using 1990s
technology including the Cirrus Design SR-20 and the Lancair Colombia 300 with
Toyota and Honda to possibly follow. The New Aircraft AHRS would have
improvements in functionality including certification as a primary source of attitude and
heading and rate outputs to drive electronic displays (not included) and a 3-axis autopilot.
The size of the New Aircraft market segment is expected to grow until the introduction of




a FD Aircraft (defined as having a digital avionics databus to interconnect most if not all
avionics) in 2008 and then slowly decline as the FD Aircraft gain market share.
Production of the New Aircraft is estimated to stop being totally replaced by the Fully
Digital Aircraft in 2015 due to the shift to all-digital avionics.

The FD Aircraft will make up the future market and will incorporate certified new and
innovative cockpit displays that reduce training time and costs and substantially reduce
the operational complexity. The introduction date of 2008 is a conservative estimate that
reflects the combined risks of producing a certified low-cost AHRS capable of driving
low-cost, intuitive primary flight guidance displays under development by the aviation
industry2. The FD Aircraft will revitalize the GA industry through advanced avionics
functionality, of which a low-cost AHRS is a key element. In addition to providing the
usual attitude and heading information, the FD Aircraft AHRS must also provide
position, velocity, rotational rates, and linear accelerations suitable for supporting the
new and intuitive flight displays that will provide inertial flight path guidance, predictive
guidance capabilities, etc.

Historical avionics price data collected from 1970 to 1990° was used to determine an
expected price decay curve for the AHRS from 2001 through 2020. Based upon this
analysis and current market conditions, the initial price of the basic AHRS for the
Retrofit Aircraft market in 2001 is estimated to be $9,000%. This price represents a basic
AHRS system installed in an existing airplane to provide for the display of a secondary
source of attitude and heading. The most likely AHRS price decay curve falls from
$9,000 in 2001 to $5,000° in 2020 while the AHRS was assumed to continue to increase
in functionality, achieving the FD Aircraft AHRS capabilities.

The number of aircraft for which an AHRS is purchased each year in each market was
used to determine the total number of AHRS sold each year. The AHRS numbers for the
Retrofit, New and FD Aircraft markets were determined as follows:

® The number of aircraft for which a basic AHRS is purchased in the GA
Retrofit Aircraft market was determined from the probability of purchase
distribution (determined from the survey) and the number of aircraft in the
Retrofit Aircraft market each year.

e The number of aircraft for which new AHRS is purchased in the New Aircraft
market was estimated by using the probability of purchase distribution from
the Retrofit Aircraft market and the number of New Aircraft produced each
year over the period. Using the probability of purchase distribution from the
Retrofit Aircraft market ensures a conservative estimate that has an empirical
basis.

® The number of FD Aircraft for which an FD Aircraft AHRS is purchased was
estimated to include all those aircraft produced.

? Several AGATE member avionics and airframe manufacturers described in-house advanced flight display development efforts for
GA aircraft that follow the AGATE concepts, all requiring certified AHRS.

> RNAV systems were analyzed due to similar complexity and the span of historical pricing information available.

* Watson Industries anticipates the introduction of a certified AHRS in '99 at $10K while Archangel anticipates introduction of a
certified AHRS in '99 at an undisclosed cost. The capabilities of these early applications is unknown.

* While in general agreement, some manufacturers feel that the price must decay to $3K by 2010.



e The total number of AHRS purchased each year then, is the sum of the
Retrofit, New and FD Aircraft in the market.®

A minimum number of AHRS produced for New and FD Aircraft needed to return a net
profit of 20% over the twenty-year period was determined after estimating’:

e Profit level of 25% without considering R&D and Certification costs
R&D costs for the basic AHRS to be $1,000,000
Certification cost for the basic AHRS to be $1,000,000
R&D costs to increase functionality to FD Aircraft AHRS to be $500,000
Certification cost for the FD Aircraft AHRS to be $1,000,000.

Based upon these assumptions the growth curve for production of the AHRS for New and
FD Aircraft must climb to 3,000 units per year in 2020. Given the current activity to
revitalize the GA industry, the growth in the number of new production aircraft should
easily be achieved. This encouraging result is enhanced by the expectation of the break-
even point at three years® and realization of positive profits through investment in the
production of FD Aircraft AHRS.

The next step in the analysis was to estimate a reasonable profit based upon production
targets set over the period of 2001 to 2020. This in turn yielded a reasonable return
expected from the introduction of a basic AHRS through subsequent improvements to the
FD Aircraft AHRS. Estimating a reasonable growth curve for production of general
aviation aircraft involves uncertainty as does estimating a future price decay curve. A
mathematical model was built to capture this uncertainty and incorporate it into the profit
forecast. The forecasted profit over the 20-year period ranged from 21.54% to 23.06%
with the nominal expected profit to be 22.5%°.

In the last part of this study, production risk was determined by estimating the costs for a
developer to either manufacture their design or for the developer to-partner with an
established avionics manufacturer to produce the design'. Interviews with the leading
GA avionics and airframe manufacturers resulted in the following estimates:
e A start-up avionics company that has not ever manufactured a certified
product could incur costs ranging from $6M to $12M''. This includes cost of
capital equipment, personnel and certification of the production facilities. A
manufacturer currently in the experimental aircraft market would probably
encounter costs at the low end of this range.
e An established avionics company which makes products of similar complexity
and function could start production for an estimated $0.25M to $0.75M."

S The estimates are conservative in that they overlook redundancy requirements, spares requirements, etc.

7 Avionics and airframe manufacturers generally affirmed Profit, R&D costs and Certification costs reflected in this report.

® Break even point is sensitive to the certification costs and the units produced per year.

% An 18% Return on Investment (ROI) is calculated at this profit range.

1% Some avionics manufacturers expressed the opinion that they would prefer to partner early so as to participate in design that would
help ensure certification.

!! Estimates from a large GA avionics manufacturer was $6M - $8M and from a large GA airframe manufacturer was $8M-$12M.

12 Estimate from a large GA avionics manufacturer.



The probability of a TSO-Certified, low-cost AHRS becoming available that is capable
of supporting the New and Future Aircraft markets in the required time frame appears
quite high. This reports concludes that the introductory price of a low-cost AHRS cannot
far exceed $9K to be a viable product in the defined markets, and that the price must
decay to at least the $3-$5K range with an increase in capability by the 2020 time frame.

The projected market for low-cost AHRS is estimated to be sufficient to provide the
incentive for some manufacturers to enter the market and make a profit. For
manufacturers entering the market for the long-term (through 2020), a profit of
approximately 23% is estimated. However, depending upon the manufacturer's
capabilities to produce an AHRS, the profit must be adjusted accordingly. The estimated
profit of 23% is reasonably accurate for an established manufacturer making higher-cost
AHRS and other similar products. The profit would have to be adjusted downward for
other less capable manufacturers contemplating the production of a certified AHRS.

Several low-cost TSO-certified AHRS designs are projected to enter the market within
the year, some supported by the NASA SBIR program, some from academia and others
from industry alone. One of the NASA-sponsored AHRS development efforts appears
poised to enter the production market in TSO-certified form in 1999 (Seagull
Technologies, Inc.). At least two AHRS (Watson Industries AHRS-BA303 and
Archangel AHRS ) from the experimental aircraft market are expected to gain TSO-
certification in 1999, one with a projected single unit price of about $10K. Several
promising designs are also on the horizon which might require venture capital or other
similar funding or partnering with established manufacturers to bring the certified AHRS
to market (Vision Micro Design, Orion Dynamics and Control, and EPSCoR (Kansas
State University)).



1. Introduction

This report provides an assessment of technical and production risks of candidate low-
cost attitude/heading reference systems. Included in this report are a summary of two
low-cost Attitude and Heading Reference Systems (AHRS) under development, an
analysis of the General Aviation (GA) market for low-cost AHRS, and an analysis of the
risks associated with producing a low-cost AHRS in the anticipated volumes. This report
can aid the Advanced General Aviation Transport Experiments (AGATE) Program,
management and participating avionics manufacturers and airframe manufacturers in
understanding:

o the status of low-cost AHRS development,

o the market demand, and, ’

e production risk,
so that informed programmatic and business decisions can be made.

These decisions may include:

e possibility of NASA / AGATE Program further funding of NASA-sponsored
low-cost AHRS developments currently on-going;

e manufacturers’ assessment of market demand and decision to produce/not
produce low-cost AHRS of a certain capability;

e manufacturers’ decision to start a production line for low-cost AHRS or
license the design to a larger manufacturer, and/or

e airframe manufacturers’ future planning of avionics offerings.

1.1 Background

Two major partnerships, the AGATE Program and the General Aviation Propulsion
(GAP) program, were developed by the National Aeronautics and Space Administration
(NASA) to explore and advance the technologies needed for future personal air
transportation systems. Goals of these partnerships include the definition of the operating -
requirements for a personal air transportation system that meets the public’s expectations.

The AGATE Program is a unique government-industry-university partnership developed
by NASA to support revitalization of the U.S. general aviation industry. It was initiated
in 1994 to produce the design guidelines, industry standards and certification methods for
aircraft, flight training systems, and airspace infrastructure for next generation single
pilot, 4-6 place, near all-weather light planes. These advanced aircraft will use advanced
flight guidance displays that allow low-time pilots to fly safely and reduce the training
burden of maintaining instrument currency.

A low-cost AHRS is a key element of the advanced aircraft and is required to provide
aircraft state information that is used by the advanced flight guidance displays. While the
concept of an AHRS is not new, an AHRS capable of providing the outputs needed to
support advanced flight displays can cost from tens of thousands of dollars in aircraft
certificated to Federal Aviation Regulation (FAR) Part 25. In addition to the usual
attitude and heading information provided by a basic AHRS, the AHRS required in
AGATE airplanes must provide velocity, rotational rates, and accelerations suitable for



supporting new and intuitive flight displays that will provide inertial flight path guidance,
predictive guidance capabilities, etc. Current costs for AHRS providing these functions
places them out of the price range for the GA market segment under consideration.
Therefore, the introduction of a low-cost AHRS certified for use in aircraft certificated in
accordance with Federal Aviation Regulation (FAR) Part 23 is critical to the AGATE
Program and airframe manufacturers who want to incorporate advanced flight displays at
the earliest opportunity.

1.2 Scope

This report addresses the second phase of a two phase effort. The first phase focused on
the technical evaluation of two candidate low-cost AHRS under development via the
sponsorship of the NASA SBIR program.'® This second phase report:
* briefly summarizes the findings in the phase one report;
® provides an estimate of the market volume for this low-cost AHRS based
upon models for market price and projected aircraft demand, and,
* provides estimate of the production risk that a developer may encounter when
bringing a certified AHRS into production.

2.  Technical Risk Assessment Summary

A detailed technical, schedule and certification risk assessment of two candidate AHRS
was performed in the first phase of this two-phase study. These two on- going AHRS
development programs have received NASA funding and were the subjected of analyses
to determine the risks of bringing a certified product to market. The analysis included:
a) determining the functions and measured / predicted performance anticipated;
b) a Functional Hazards Analysis (FHA) to assess the assurance levels for
hardware and software for the loss of a function or when a function produces
hazardous/misleading data;
c) a Failure Modes and Effects Analysis (FMEA) to determine the consequence
of component failures on the functions provided, and,
d) an assessment of the technical, schedule and certification risks.

The results of the technical analyses are proprietary to the individual companies and are
not described here. Instead, a technical description of similar design concepts and the
problems / risks associated with these designs is provided that will allow the reader to
understand the technical issues without revealing proprietary information.

2.1 AHRS Overview

2.1.1 Technical Summary

An AHRS is a self-contained system that provides an attitude and heading reference for
on-board systems including primary flight displays and autopilots. To be a viable
product for the AGATE aircraft and other airframe manufacturers wishing to incorporate

" D. Yuchnovicz, S. Law, and M. Burgess, Attitude/Heading Reference System (AHRS) Risk Assessment Phase One, Research
Triangle Institute, Hampton, Virginia, December 1997.



advanced flight displays and 3 and 4-axis autopilots, the AHRS should ideally provide
the following features:

e Attitude, component velocities and accelerations

e High relative and absolute accuracies (at least those of a vertical and
directional gyro)
Acceptable real-time response in high-dynamic environments
Unaffected by environment
Integrity monitoring
High reliability
Compatibility with avionics suite requirements
Affordability to the GA market

These characteristics are achievable using “strapdown” inertial measuring devices that
have all solid state circuitry. Instead of measuring the motion of the aircraft around a
gimbaled, spinning mass gyro, the output of solid-state rate sensors (also called rate
gyros) which are affixed to the airframe are integrated to provide an angular
measurement of aircraft motion. Strapdown systems essentially have “mathematical
gimbals” in which the aircraft angular rates are measured and the attitude angles
calculated . The advent of accurate solid-state rate sensors and powerful microprocessors
have made strapdown AHRS possible. Solid state circuitry affords reliability much
greater than spinning mass gyros (on the order of 50,000 hours versus 2,000 hours).

2.1.2 Sources of Error - High Drift Rate Sensors

Most of the design difficulty in the development of a conventional low-cost strapdown
AHRS can be traced to the performance of the low-cost solid-state rate sensors. These
devices are typically mounted along each of the three body axis of the aircraft to provide
angular rate sensing along each axis. The outputs are sensed and integrated over time to
provide the absolute angular position relative to local level. There are several design
issues. First is that of quality versus cost. Low cost solid-state rate sensors exhibit low
accuracy and noisy outputs. These and other factors result in an excessive drift rate or
bias over time, i.e. the rate sensor appears to drift or precess. Absolute pitch and roll
angles become increasingly inaccurate due to the angular rate integrations including the
drift error component. Therefore, minimizing drift or bias is necessary in order to
maintain an absolute measurement of attitude.

Drift rates can be excessive in very low-cost rate gyros, and on the order of 400 degrees
per hour. High precision spinning mass gyros can provide drift rates of less than 0.0001
degrees per hour'®, but are cost prohibitive in all but the most costly aircraft. If a very
low-cost rate gyro is initialized in a level orientation, it's integrated output could appear
to precess at over 6 degrees per minute, causing the attitude indication to be as much as
90 degrees off within 15 minutes. These errors are independent of aircraft motion and
Earth rate. A major challenge then is to reduce the noise and drift while achieving TSO-
required accuracy at affordable cost.

145, Merhav, Aerospace Sensor Systems and Applications, Springer,-Verlag, New York, Inc., 1996, pg. 261



2.1.3 Approaches to Reducing the Error Effects of Drift Rate

Several published approaches are used to reduce drift, including high-cost solid-state
gyros such as ring laser gyros, or to measure attitude directly from the GPS satellite. A
vertical reference mechanism is used to maintain knowledge of local level from which
the aircraft body angles are measured. Several mechanisms for accomplishing this are
well documented in the public domain". The vertical reference is typically the Earth’s
gravity vector. One AHRS for example'®, includes pitch and roll axis pendulums (or
accelerometers) to sense the direction of the gravity vector and accelerations due to
aircraft motion. The attitude and heading derived by integrating output from the solid-
state rate gyros is compared with the two vertical reference pendulums and a triaxial
magnetometer to derive short term absolute errors. These errors are filtered (using a
Kalman filter) over a long time constant and are used to adjust biases in the system so
that the long-term convergence of the system is to the vertical reference (gravity) and the
magnetic heading.

The bias of the vertical reference due to centrifugal force and changes in forward
acceleration must be removed, e.g. during a long turn the vertical roll-axis pendulum
would include a horizontal acceleration component as well as the gravity component,
thus registering a local level close to the current angle of bank. Compensation for the
effect of this centrifugal force (actually the centripetal acceleration) is based on
calculating the horizontal turn rate and multiplying it by the aircraft’s forward velocity to
derive the radial acceleration component. The result is subtracted from the vertical
reference pendulum for the roll axis. The compensation for the aircraft’s forward
acceleration is based on the changes in average forward velocity. The result is subtracted
from the vertical reference pendulum for the pitch axis. Note that in this AHRS and
others, the velocity is typically input to the AHRS from an air data sensor or GPS.

Additionally, short term blanking circuits can be used to switch off the error correction of
the vertical reference during highly dynamic, high-g maneuvers, thus preventing the
vertical reference from accumulating the acceleration bias. Blanking may occur when
pitch or roll angles exceed 45 degrees, or when measured acceleration exceeds some
predetermined g value.

In the complete absence of the vertical reference compensation mechanisms described
above, accurate attitude would be available from the low-cost rate gyros for only about
two minutes before becoming hazardously misleading due an uncorrected drift rate of
about 100 degrees per hour for this AHRS. In normal attitudes, error is corrected with a
15-second time constant. Loss of the velocity input used in error correction of the
vertical pendulum references reduces the absolute accuracy, but converges over time to
the vertical but at a lower accuracy, similar to a common spinning mass vertical gyro.

As mentioned, this AHRS relies on an external velocity input to correct the vertical
reference. Other methods are available including the use of GPS aiding'’ to help

** R P.G Collinson, Introduction to Avionics, Chapman & Hall, London, UK, pgs. 223 - 245

' Watson Industries, Inc. AHRS-BA303. This AHRS was not the subject AHRS analyzed in the Phase I report, but is useful to
illustrate the types of issues that must be dealt with in this report.

'7 8. Merhav, Aerospace Sensor Systems and Applications, Springer,-Verlag, New York, Inc., 1996, pgs 395 - 439
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maintain the vertical reference. Each of these methods presents special certification
challenges in that the system must still provide minimum acceptable performance during
the loss of the external reference, i.e. the vertical reference must be self erecting, i.e. seek
the gravity vector over time if it is to remain the primary source of attitude during the loss
of the external reference. Implementations which rely on GPS or other external systems
must be designed to have either reversionary modes or reliable methods to notify the
pilot/avionics to use a dissimilar source of attitude and heading until GPS is again
available.

Ideally, the AHRS should be able to detect that the output is degrading and notify the
pilot / avionics system. This capability is specified for developers of FAR Part 25 AHRS
where the switch-over to a built-in secondary system within the same AHRS is provided
automatically with pilot notification'®. While a basic AHRS provides attitude and
heading outputs in a digital format, more sophisticated systems can also provide body
angular rates, component velocities, and component acceleration information among
others. A full complement of outputs are available from high-end AHRS". The AHRS
functions thought to satisfy each of these markets were defined for the basic, New and
Fully Digital (FD) Aircraft AHRS respectively and are shown in Table 2.1.3-1. The
anticipated use of each function is also shown.

Table 2.1.3-1. AHRS Functionality for the Retrofit,
New and Future Aircraft Markets

AHRS Function New | FDA
Pitch Angle

Roll Angle

Magnetic Heading

True Heading

Yaw Rate (Instantaneous Rate) (AP)
Roll Rate (Instantaneous Rate) (AP)
Pitch Rate (Instantaneous Rate) (AP)
Velocity North (FPM)

Velocity East (FPM)

Velocity Vertical (FPM)
Acceleration North (P)

Acceleration East (P)

Acceleration Vertical (P)
Acceleration Body Longitude (AT)
Acceleration Body Latitude (AT)
Acceleration Body Normal (AT)

B - basic AHRS Functions for the Retrofit Aircraft market, New — New
Aircraft AHRS for the Anew Aircraft market, FDA — FD Aircraft AHRS for
the FD Aircraft market, AP - Required for Autopilot, AT - Required for Auto
Throttle, FPM - Required for Flight Path Vector, P - Predictive Displays

ERERENE--]

ECRE N E O

R L R L R R A L R e R R N L R L R E R E N E N R E

'8 ARINC 705-5 AHRS, para. 1.2.1 Modes of Vertical Operation
19 ARINC 705-5 AHRS, para. 4.31. Digital Data Outputs
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2.2 Technical Risk Summary

The major technical risks faced by any developer of a solid-state AHRS are as follows:

* Ability to use low-cost angular rate sensors and still meet cost and
performance goals in a FAA TSO-certified design.

® Use of any external sensor input to aid in vertical reference correction and
meet certification standards when external sensor is lost. Requires
reversionary system or self-erecting vertical reference.

* Dependence on any form of GPS sensing for aiding, velocity inputs or other
information and meet TSO performance standards when GPS is lost.

® During development stage, risk that the contemplated use of a promising
angular rate sensor or other technology will not be allowed by the
manufacturer for reasons of perceived liability exposure.
‘Ability to develop software to the assurance levels set in RTCA DO-178B.
Ability of the developer to meet the environmental requirements in applicable
portions of RTCA DO-160C/D per the applicable TSOs required for
certification.

3. AHRS Market Assessment

This section of the report provides an estimate of the market volume for a low-cost
AHRS based upon models for market price and projected aircraft demand. The total
market consists of the following three market segments: Retrofit into existing general
aviation aircraft, installation into New single engine piston (SEP) aircraft, and
incorporation into the future Fully Digital (FD) aircraft. These three market segments are
further defined as follows:*
e Retrofit Aircraft Market - Existing airplanes that could benefit from a
standalone, secondary source of attitude and magnetic heading information.
® New Aircraft Market - Airplanes of new design using 1990s technology.
FD Aircraft Market — Airplanes having a digital avionics data bus to
interconnect most if not all avionics. These airplanes will incorporate novel
" new and innovative cockpit displays that reduce training time and costs and
substantially reduce the operational complexity.

The time frame of this study is from the year 2001 through the year 2020. This window
was chosen to accommodate the estimated time to bring the basic AHRS to market.

The following approach was used to develop the marketing assessment study. The
assumptions made in the market assessment model are presented in Section 3.7.

1. A draft version of the AHRS market assessment study was sent to key avionics and
airframe manufacturers for review and comment. They include
® Four AGATE member airframe manufacturers
¢ Two AGATE member avionics manufacturers
¢ One non-AGATE avionics manufacturer

* Additional information may be found in AHRS Market Description, Configuration and Performance Summary, Research Triangle
Institute, July 22, 1998, Malcolm A. Burgess, Daniel E. Yuchnovicz.
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Each manufacturer has certified products in the GA market.

2. Aninterview was held with each manufacturer at their plant location to review the
draft study and obtain feedback. In particular, the assumptions were reviewed for
validity along with the cost model output.

3. An assessment of the possible production methods was made along with an analysis
of the low-cost developers business plan to determine production risk.

3.1 AHRS for General Aviation Aircraft

The cost of an AHRS for the GA market must be significantly reduced from today’s cost
which begin at approximately $20,000 and can go much higher. Some cost reduction will
be obtained through continued advancement in avionics technology and certification
costs reduced by the AGATE project initiatives, but these alone will not be enough to
meet this goal. Additional cost reductions must be obtained through the economies-of-
scale that can only be achieved by retrofitting a basic AHRS into a portion of the existing
fleet of GA aircraft. The basic AHRS could be useful as a secondary source of attitude
and heading information in any aircraft, especially those used for regular flight*!. But if
economies of scale are possible in the near term, it will be primarily because of AHRS
retrofits in single engine piston (SEP) aircraft. This is dictated by the size of this segment
compared to other segments of the general aviation fleet.

The existing GA fleet consists of approximately 187,000 aircraft®®, with SEP aircraft
comprising 72.2% of this fleet. Piston twins are only 8%, while turboprops and turbojets
together are just 5%. Consequently, an accurate projection of the size of the single-
engine segment of the retrofit market is critical for determining what AHRS production
levels can be achieved. After making this projection, an estimate of the size of the AHRS
retrofit market is determined by using a historical analysis of the acceptance and growth
of RNAZ;/ installations and through the analysis of actual surveys of SEP/GA aircraft
owners”.

3.1.1 Historical Growth

Table 3.1-1 was constructed to determine the maximum rates of annual and sustained
growth in SEP production since 1960. This was done to provide historical support for the
large growth rates necessary to reach 20,000%* FD Adircraft units per year by 2020 with
production starting in 2008. The compound annual growth needed to get from the 905
SEP units actually delivered in 1997 to 20,000 units in 2020 is 14.41%.

2 The consensus of the manufacturers interviewed was that the basic AHRS must be certified as a primary system in order to be
generally accepted by the marketplace.
2 See Appendix A
3 See Appendix B
2% In this analysis, 20,000 aircraft is the optimistic estimate for the number of aircraft produced in 2020.
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Table 3.1-1. Past Deliveries The first column in Table 3.1-1 is the delivery

year followed by the total United States
ANNUAL NEW AIRCRAFT DELIVERIES

YEAR  TOTAL ANNUAL sE annuaL  deliveries in column 2. The deliveries annual
USA GROWTH USA GROWTH  growth percent is in column 3 and column 4

1960 TO:;Q)" (;)E and 5 give similar information for single

1961 engine deliveries.

1962 6,697 5,690

1963 7,569  13.02 6,248 9.81 S -

1964 9336 2335 7718 2353 The historical data indicate that these growth
1965 11852  26.95 9,873  27.92 rates are well within the industry’s

1966 15768  33.04 13,250  34.20 . . .

1967 13577 (1390) 11587  (12.55) capabilities. For SEP axrp!anes, the simple
1968 13,698 089 1138 (163  average of growth in positive growth years
1969 12457 (9.06) 10,054 (11.79)  has beena surprising 21.9%. This highlights
1970 7292  (41.46) 5942  (40.90) th rtunisti f the ind o sell
1971 7466 239 6287 5.81 € opportunistic nature of the industry to se
1972 8,774  30.91 7,913  25.86 all it can in good-times.

1973 13646  39.62 10,788  36.33

1974 14,166 381 11,579 7.33 . i '

1975 14,056 0.78) 11,441 (1.19) Naturally, good times like these don't last.
1976 15451 9.2 12785 1175 The maximum number of continuous positive
1977 16,904 9.40 14,054 9.93 .

1978 17,81 537 14,398 2.45 growth years is 4.

1979 17,048  (4.28) 13,286  (7.72)
1980 11,877  (30.33) 8,640  (34.97)
1981 9457  (2038) 6608  (2352) The average .(comp(')unded)' annual growth for
1982 4,266  (54.89) 2,871  (56.55) SEP production during GA's golden years

1983 2691 (3652) 1811 (369) (1971 - 1978) was 11.7%. Variations in
1984 2431  (9.66) 1620  (10.55)

1985 2,029 (16.54) 1,370 (15.43) demand affected these reSUItS, hOWCVCr, and
1986 1495  (26.32) 985 (26100 they should not be interpreted as a maximum

1987 1,085  (27.42) 613 (37.77) . , .
1988 1143 535 628 245 sus.tzppable growth rate for GA’s prgductmn
1989 1,535 3430 1,023  62.90 facilities. Indeed, growth rates as high as
::g? :';;‘1" gg;g ggg ("('2-:3 28.5% were sustained for 3 years from 1964
1992 ,941 (7:84) 552 (2:13) through 1966. This hlgh gI'OWth was

1993 964 2.44 516  (6.52) sustained even though nothing revolutionary,
1994 928  (3.73) 444 (13.95) . . . . .
1995 1077 1606 515 1599 like an aircraft w1th FD Aircraft technologies,
1996 1,130 4.92 530 2.91 was introduced during any of these years.

1997 905 7075

With the introduction of such airplanes,
however; very high, sustained demand is
presumed likely, and the industry’s history shows that it should be able to keep up with
this growth.

TOTAL 269,782 215,094

In addition to growth, it is necessary to select the first year’s unit production for each
New Aircraft and FD Aircraft model. Again, historical production information is used as
a starting point. Table 3.1.1-2 looks into the history of Cessna Aircraft's first year
deliveries for all-new SEP models introduced in the 1950s and 1960s. These years were
chosen because later single-engine model introductions were derivative models (mostly
retractable gear and powerplant variations). A reasonable estimate of the upper bound of
the first year production for each New/FD Aircraft model is the average of the Cessna
data. Production will likely be constrained entirely by production considerations, rather
than demand; so this historical average of the most Cessna could produce, which was
approximately 400 units in the first year, is a credible starting point.
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Table 3.1.1-2. Initial Rates If one estimates, the number of FD Aircraft

manufacturers at four, with at least one of these being

FIRST YEAR PRODUCTION . .. .
FOR ALL-NEW SE MODELS companies formed after 1980, it is possible to meet
(1951 & ON) projected first year production levels. If we assume
that the new company's first year production rate is
YEAR MODEL UNITS only fifty percent of the more experienced
manufacturers, then a reasonable upper bound for the
1953 180 664 total first year's production of FD Aircraft is still
1955 172 173 1,400 units [(400)(3) + (200)*(1)].
1956 182 983
1958 175 702 3.2 Attrition of 1996 Aircraft Fleet Through
1958 150 122 2020
:ggg :(1)2 1;:53 Airplanes have a much longer and more varied life
1963 206 61 than automobiles, with which people have some
1967 177 557 familiarity. The attrition rate for cars is roughly 18%
annually, so that in 10 years, only 13.7% are left on
Average 386 the road.

One approach for estimating airplane
attrition is to take production data over a
period of time and follow it's effect on the
actual active fleet size reported by the
FAA. This is done in Table 3.2-1 for the
period 1962 to 1996%. An adjustment is
made for the fact that some airplanes (about
one-third) are initially sold overseas, but no
adjustment is made for foreign planes
imported to the USA (less than 100 per
year in recent years). In this case, the
attrition numbers account for airplanes that
are wiped out in accidents, airplanes
removed from service (but usually not
junked), and the export of used airplanes.

The airplanes removed from service
amount to a large inventory that comes in
and out of the fleet from year to year.
Consequently, some years show negative
attrition. This large inventory of usable but
inactive airplanes represents a huge inertial
effect in the demand equation that damps
the effects of demand on new airplane sales
and confounds estimates of growth.

Table 3.2-1. Historical Attrition

YEAR| TOTAL |PROJECTED|REGISTERED] SE @ SE
us SE FALEET | SEFLEET | ATTRIT. | ATTRIT.
1960|DELIVERIES  wi attit. 68040 | (UNITS) © (%)
1961 71,010
1962 4552 75,562 73456 2,106 30
1963 4,998 78,454 73626| 4828 66
1964 6,174 79,800 7613 | 3664 50
1965 7938 84,074 81,134 | 2840 39
1966 10812 91,946 88621| 335 41
1967 8,992 97,613 96,471 1,142 1.3
1968 9,061 105,532 103735 | 1,797 19
1969 7933 111,668 108604 | 3064 30
1970 4171 112,775 109492 | 3283 30
1971 4728 114220 109,100 5120 47
1972 6,085 115,185 120364 | (5,179) 47
1973 7,994 128,358 126074 | 2284 1.9
1974 8,105 134,179 131512 2667 21
1975 8,581 140,093 136639 | 3454 26
1976 9,857 146,496 144752 | 1,744 13
1977] 11,046 155,708 148300| 6498 45
1978) 11475 160,775 160,651 124 X
1979 10,177 170,828 168300 2438 15
1980 6,057 174,447 168435 | 6012 36
1981 5022 173457 167898 | 5559 33
1962 2,000 169,988 164,173 | 5815 35
1983| 1,465 165,638 166247 (609) 04
1984 1,308 167,645 171822 (421 -26
1985 112 173054 164,385 | 8,669 50
1966| 694 165,079 171,777 (6,698) 4.1
1987] 365 172,142 171,005 | 1,107 06
1988| 394 171,429 164,760 | 6,669 39
1969 646 165,406 170370 |  (4,964) 30
1990 %5 170,736 165073 | 5862 33
1991 %3 165426 154,102 11,324 69
1992) 37 154,439 143580 | 10,859 70
1993 329 143,909 1306687 | 13222 92
1994| 312 130,999 12332 | 7,667 59
1995| %4 123,696 128804 |  (5,108) 41
1996] 38 129172 135244 | (6,072) 47

2 Sources: (1)GAMA 1997 Statistical Data Book, (2) Reports From GAMA & Worldwide Sales, (3) FAA Data (Blue Printout), (4)

Business Aviation Annual Sales Summaries




These results show an average attrition of 2.1%, with values ranging from 9.2% in 1993
to -4.7% in 1996. Keep in mind, however, that recent FAA data is subject to revisions, so
it is best not to focus on the 1995 or 1996 data or to analyze this recent data too closely.

A piecewise analysis of attrition for each major period of the past several decades gives
the surprising resuit that attrition is low in bad times and high in good times. It was
expected that people would park the old planes in bad times and bring them out in good
times but it appears that they just stop buying new planes in bad times and put the old
ones back into service.

The annual attrition rates in Table 3.2-2 are considered to be appropriate for projections
over the long haul. The most likely attrition rate is simply the historical average attrition
of 2.1%. Note that at this rate the fleet half-life is 33 years, and it reaches 13.7% (the %
of automobiles remaining in 10 years) in 93 years. The 4.0% maximum attrition was
selected to give a fleet half-life of 17 years, or half the half-life for the most likely value;
and this maximum attrition reaches 13.7% fleet size in 49 years. The minimum attrition
rate of 1.8% is based on insurance data for actual permanent removals of popular
airplanes from the fleet due to non-repairable damage.

Table 3.2-2. Attrition Levels Table 3.2-1 indicates that it might
be instructive to break the period
SE Airplane Attrition Rates 1962 -1996 into four intervals:
1962 - 1971, 1972-1979, 1980- .
. 1989, and 1990-1994. Table 3.2-3
Attrition Fle_et Fle'et divides the attrition statistics from
Rate|Half Life] 13.7% Life 1962-1994 into these four
Minimum 1.80% 38 yr 109 yr intervals. Each of the intervals in
Most Likely] 2.10%| 33 yr 93 yr Elf’le 3-2'3f Sho‘:’ha mfk;d q
Maximum 4.00%] 17 yr 49 yr erenve from those betore an

after. However, the chosen
intervals illustrate the earlier
observation that attrition is lower
in bad times and higher in good times.

. ) i Table 3.2-3. Period Attrition
Given the above analysis and as shown in

Figure 3.2-1, it is reasonable to assume that ANNUAL
attrition of the 1996 fleet marches along at

2.1% for the years 1997 - 2007 and then YEARS ATTRITION
increases to 4% as the FD Aircraft are 11962 - 1971 3.51%
introduced and holds this rate through 2020. . o
Under these conditions, the 1997 fleet of 1972 - 1979 - 1 '33[9
133,000 aircraft is reduced through attrition to 1980 - 1989 0.99%
67,000 aircraft in 2020. 1990 - 1994 6.48%
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Figure 3.2-1. Attrition of Fleet

3.3 Determining of Number of New and Fully Digital Aircraft

New GA aircraft production is expected to exceed 2,000 units by the year 2001 and
increase for the next eight years until the anticipated introduction of the FD Aircraft. It
will then lose market share to the FD Aircraft over the next seven years until the FD
Aircraft has fully captured the market. This means the New Aircraft will command the
marketplace until 2008 and then lose increasing share to FD Aircraft until 2015 when

their sales will stop. The FD Aircraft will be then be the sole product segment in
production aircraft through the end of 2020.

The growth curve of the New and FD Aircraft market segments is estimated from

historical production in the 1990s and optimistic targets of 10,000 aircraft in 2013 and
20,000 aircraft in 2020. The data representing the historical points and the target values

are shown in Figure 3.3-1.
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Data Points for NEW/Fully Digital Aircraft
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Figure 3.3-1. Data Used to Estimate New/Fully Digital Aircraft Fleet

About 500 - 600 single-engine units were delivered annually in the years 1990 - 1996.
This rate increased to 939 aircraft in 1997 and is estimated to exceed 1,300 in 1998 with
growth targets estimated for FD Aircraft of 10,000 in 2013 and 20,000 airplanes in 2020.
There are many functions that can be used to estimate production in the intermediate
years, but the one that best illustrates the intuitive growth of new aircraft during this

period is the function:

F(x)=a+bx+cxX’+dx’+ex' +£x° +gxﬁ +hx’ +ix®

where: a= 34576725294 b=-12769220 ¢ =-25505.69
d =9.57534 e = 0.0032292 f =8.20465
g = -8.785608 h =-3.258078 i =-3.25807

This equation has an r* of 0.99986 for a goodness of fit to the existing points and has an
appropriate shape considering the complexities of significantly increasing aircraft
production. The graph of this equation through the data points is given in Figure 3.3-2.
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Projection Curve for NEW/Fully Digital Aircraft
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Figure 3.3-2 Prajection Curve

The curves in Figure 3.3-3 gives a year-by-year estimate of the total number of New and
FD Aircraft produced. In the years, 2008 - 2015, where the New Aircraft production
overlaps the FD Aircraft production, the dotted line curve breaks out the number of New
Aircraft by year. If one assumes that each FD Aircraft will be equipped with an AHRS
but only a portion of the New Aircraft will chose an AHRS, then a reasonable estimate of
the percent share of the market is needed for each type of aircraft. This estimate is made
by assuming linear growth in market share for the FD Aircraft airplanes in each of the
given eight years, resulting in a market share increase of 12.5% per year. Note that this
linear increase is not the same as annual growth rate. Rather, it gives the FD Aircraft

introduction of NEW & Fully Digital Aircraft
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Figure 3.3-3. Introduction of New & Fully Digital Aircraft
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12.5% of the market in 2008, 25% of the market in 2009, etc., until 100% of the market
share is reached in 2015.

Figure 3.3-4 illustrates the effect of these assumptions on the growth of the single engine
piston fleet. It slowly increases to around 170,000 aircraft in 2014 and then sharply
increases to 245,000 units as the FD Aircraft reaches full-scale production in 2020.

Total S/E Piston Fleet

{(Assumed Growth: 20,000 AGATE A/C in 2020}

:aj 200000
é 150000 NE::'::-:RDA
% 700000 ¢ Exi:i:g alz;tooo

50000 A Nk

0 ¥ Y
N A @ S A S > B e A LD .8 S
S HFLFLFFTFLFSL LR B O 008 & 0
by PP PP PP R PR PP S

Year

Figure 3.3-4. Total Fleet Over Time

The yearly growth of each segment of the SEP market determines the growth of the total
market. Likewise, the AHRS share of each segment of the SEP determines the total
AHRS market. The next task is to determine the share of each market segment that will
purchase an AHRS each year.

3.4 AHRS Share of the SEP Market Segment

The FD Aircraft market penetration for AHRS will be 100%, because an AHRS is
necessary to drive equipment that produces the major benefits of the FD Aircraft. The
challenge is to determine the AHRS penetration of the Retrofit Aircraft and New Aircraft
markets, where the AHRS is very useful, but not essential.

3.4.1 The Retrofit Aircraft Market

The retrofit market potential for an AHRS includes all aircraft that were not originally
equipped with a solid state system that yields magnetic heading and attitude of the
aircraft. To be successful in the Retrofit Aircraft market, the AHRS must be upgraded
quickly to a primary source of attitude and heading information from an introduction as a
secondary stand-alone system. Since single engine piston aircraft comprise the majority
of the potential retrofit market, the acceptance of an AHRS by the owners of these

20



aircraft is key to gaining economies-of-scale in its production. Reliably measuring their
degree of acceptance is, therefore, key to success of determining the AHRS share of the
Retrofit market.

3.4.2 The New Aircraft Market

The precursors of the coming development of New Aircraft market aircraft are available
now in the market. This segment of the market will probably embrace the AHRS more
readily than the Retrofit Aircraft. This implies that if the Retrofit measure of acceptance
were applied to the New Aircraft market, then the estimate of New Aircraft AHRS would
be an acceptable, although conservative, number. Thus, the challenge is to determine
AHRS acceptance level in the SEP Retrofit Aircraft market.

3.4.3 Price and Demand Curves for the Refroﬁt Aircraft and New Aircraft
Markets

The level of acceptance of a new product by the marketplace depends upon its basic
affordability as well as the marketplace perception of the value of the new product. The
value of a product to a customer depends upon its perceived functionally verses its cost.

3.4.4 Survey

The perceived functionality of an AHRS versus its price in the SEP retrofit market was
measured by a survey given to selected SEP aircraft owners at the 1998 Experimental
Aircraft Association's annual air show at Oshkosh, Wisconsin. It was given to a random
sample of the aircraft owners who visited the NASA SBIR exhibits building during the
show.

Of the 209 surveys completed during the eight days of the show, 196 of them were by
SEP aircraft owners. The subjects involved in the survey were shown a 2 by 3 foot copy
of the chart contained in Appendix A. This chart was discussed with them and they were
explicitly told that they were only getting a secondary source of Pitch, Roll, and Heading.
(No autopilot functions or any other feature.) Moreover they were told that it was a
complete system including display. The AHRS-based attitude display exhibited 50 feet
away by Seagull Technologies, Inc., and the AHRS-based attitude display in the AGATE
1B Beech Bonanza were referenced as representative of the output, with only the three
functions provided. After receiving this briefing about the stand-alone AHRS that gives a
secondary source of heading, attitude, and 180 of the SEP owners said that if one were
available, they would consider buying it for their airplane. They were then asked to name
a price range they would be willing to pay for the described functionally. Ninety-six
percent of the owners thought that a reasonable price for the described AHRS should be
$5,000 or less. The complete price distribution of the owners is given in Figure 3.4.4-1.
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Distribution of Price Response
Question #7 on Oshkosh Survey

Price Categories

MR Response === Cumulative Response

Figure 3.4.4-1. Survey Price Distribution

Once their price was established, the participants were asked to answer the following
question: "If an AHRS were available today at the price you stated and you had that
amount of money to spend, what would be the percent chance that you would buy the
AHRS today?" The participants were given interval choices for their answers so their
uncertainty could be measured. The actual two questions from the survey are given
below.

Less than $2,000
$2,000

$3,000

$4,000

$5,000

$6,000

$7,000

More than $7,000

oDobbooooo

7. What would you expect the described AHRS to cost?

;00 Less than 20%

8. What is the likelihood that you would purchase the .00 20%
described AHRS for the expected cost you gave in O 40%
question 7? 0 60%

0O 80%

.1 More than 80%

Question 7 asks for the customer's perception of cost for an AHRS. Question 8 asks for
the customer's perception of functional utility of an AHRS by asking for the probability
that they would purchase one at its expected price. The analysis of these two questions

though computer modeling results in the construction of a price-demand curve for the
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AHRS in the SEP Retrofit Aircraft market. This curve is also used for measuring
demand in the Retrofit Aircraft market, which keeps the Retrofit estimated conservative.

3.4.5 A Simulation Model of AHRS Price-Demand Relationship

Computer simulation is the discipline of designing a model of an actual or theoretical
physical system, executing the model on a digital computer, and analyzing the execution
output. Simulation replicates the model multiple times and captures the individual results
of each replication. The collective results of the simulation are used to answer a certain
set or class of questions about the physical system being modeled. A model of the SEP
owners response to the survey was built in MicroSoft Excel, then a simulation add-in
package, Crystal Ball, was used to add uncertainty and to replicate the model. Crystal
Ball, like other modeling tools, extends a spreadsheet’s capabilities by including add-in
macros that provide new capabilities for probabilistic distributions of inputs, Monte Carlo
style inputs, analysis tools and other features. Further, the macros allow multiple runs of
a model with probabilistic inputs to collect a meaningfully large data set.

Each SEP owner's AHRS price and probability of purchase was entered in the
spreadsheet. A detailed discussion of the spreadsheet and cost model is given in
Appendix E. This consisted of 196 rows of data where each row corresponded to an
owner's response. For example, if an owner thought the AHRS would cost $3,000 and
would purchase it with a probability of 30%, that row would contain a column entry of
$3,000 and a column entry of .3. Of course, the owner had a range of acceptable costs
and a range of probabilities in mind, but was forced to answer the survey with a discrete
value. That value may be thought of as the most likely value for the answer to the
question. The true uncertainty of the owner's answer is inserted into the model by the use
of an interval estimate. The interval has the owners answer as the most likely value then
estimates a pessimistic and an optimistic value. The three values are then use to form a
triangular probability distribution.

The triangular distribution shows the variability when the minimum, maximum, and most
likely values are known. The parameters for the triangular distribution are Minimum,
Maximum, and Most Likely. There are three conditions underlying triangular
distribution:

1) The minimum number of items is fixed.

2) The maximum number of items is fixed.

3) The most likely number of items falls between the minimum and
maximum values, forming a triangular shaped distribution, which shows
that values near the minimum and maximum are less apt to occur than
those near the most likely value.

If an owner's estimate of the cost of an AHRS was ¢, then the minimum cost was fixed at
¢-$1000 and the maximum cost was fixed at c+$1000. Likewise, given that the most
likely probability, p, of purchase was given by the owner, the minimum value of the
probability was fixed at p-.1 and the maximum value of the probability was fixed at
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p+.1.%° These values were used to define triangular distributions for each owner's

response to the cost and likelihood of purchase questions. Each triangular distribution
was entered into the model by using Crystal Ball.

Considering only the two triangular distributions of the owner's response to survey
questions 7 and 8, one replication of the model will generate a cost between c-1000 and
¢+1000 and a probability of purchase between p-.1 and p+.1. The triangular
distributions, by definition, will be more likely to generate numbers close to ¢ and p
rather than close to the boundary points of the distribution.

Two additional distributions were entered into cells on the owner's row. The first was a
uniform probability distribution with a minimum of 0 and a maximum of 1. In a uniform
distribution, all values between the minimum and maximum are equally likely to occur.
The parameters for the uniform distribution are Minimum and Maximum and there are
three conditions underlying a uniform distribution:

1) The minimum value is fixed.

2) The maximum value is fixed.

3) All values between the minimum and maximum are equally likely to
OCCuUr.

The second is also a uniform distribution, this time with a minimum of 3000 and a
maximum of 9000, is inserted in a cell in the spreadsheet model. This distribution is used
to generate a random price for an AHRS between $3,000 and $9,000 with each
replication of the model.

Given the triangular distribution of the above owner's answers to Questions 7 and 8, the
uniform distribution between 0 and 1 for the owner, and the uniform distribution between
$3,000 and $9,000 for the price, a replication of the model will generate four numbers. It
will generate a price for the AHRS, a price the owner would pay, a probability of
purchase for the owner, and a randomly selected number between 0 and 1 for the owner
(according to the owners uniform distribution.) Suppose the uniformly generated price
for the model is $2,976, the triangular generated price for the owner is $3,334, the
probability of purchase for the owner is .2788, and the uniformly generated number
between O and 1 for the owner is .1569. Then since the owner price is greater than the
model price and the owner probability of purchase is greater than the owner uniformly
generated number between O and 1, the owner in this replication purchased the AHRS.
Results from additional replications of the model are given in Table 3.4.5-1.

% Note that this choice of minimum and maximum value "fills in the gaps" in the response options for Questions 7 and 8 on the
survey.
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Table 3.4.5-1. Examples of Replications

Owner
Owner Owner Uniform Model Result:
Replication Price Probability Probability Price Purchase

2 $4,443 0.3489 0.5234 $3,567 No
3 $6,867 0.2978 0.1157 $7,498 No
4 $3,205 0.3798 0.3325 $3,156 Yes
5 $5,956 0.2256 0.1566 $3,067 Yes

For each replication, or event, a price is established for the AHRS and a determination is
made whether each owner bought the AHRS in that replication. The purchase depends
upon two events. First, the owner price must be greater than the model generated price
and second, the owner uniformly generated probability must be less than the owner
triangular generated probability. The owner uniform probability serves as a coin toss to
determine if the owner indeed purchases the AHRS. For example, if the owner
probability of a purchase is .3, then the owner will purchase the AHRS 30% of the time.
This is inserted in the model by having the owner purchase the AHRS if the uniformly
generated probability is a number less than .3.

Since for a given model generated price, it can be determined if each owner purchased
the AHRS at that price, the probability of an owner purchasing the AHRS for one
replication can be determined by the ratio of those who purchased to 196, the total
number of owners. Since the owners purchase is dependent upon the value of the
uniformly generated probability relative to the triangular probability, the same model
generated price may yield a different number of owners who purchase. However, by
replicating the model many times, the probability function can be determined. This is
similar to trying to determine the probability of one head and two tails (H,T,T) in the toss
of three coins. If we toss the coins five times, we may get the desired outcome only once.
The ratio of favorable outcomes to total outcomes is 1/5, but we know that if we
replicated the coin toss many times the ratio will converge to the true probability of 3/8.

To build a price-demand curve for the AHRS, the interval (89,000, $3,000) is subdivided
into $100 increments and the model is replicated 5,000 times. For each model generated
price, the number of owners who purchased are counted and then added to the number
accumulating for the given $100 price interval; and the total number of owners for that
interval is increased by 196. For example, suppose for a model generated price of
$4,358, and there are 87 owners who purchase at that price. In the price interval of
(54,300, $4,400), 87 is added in the successes cell and 196 is added in the total owners
cell. Now suppose that the next time the model generates a price in this interval, say
$4,396, there are 118 owners who purchase. The number in the successes cell is
increased by 118 and the number in the total cell is increased by 196. As more and more
model-generated prices hit the designated cell, the ratio of the successes to the total

25



converges to the probability of an owner purchase of an AHRS priced between $4,300
and $4,400.

Figure 3.4.5-1 shows the probability generated by the model for each $100 bin in the
price interval from $9,000 to $3,000. The upper bound of $9,000 was chosen for the
price interval because prices greater than $9,000 generate a probability of purchase very
near zero. The probability of an AHRS purchase by a single engine piston aircraft owner
increases as the price of the AHRS fall below $9,000 but a reasonable lower bound of
$3,000 was chosen for the price interval. There are two distinct plateaus in the
probability distribution. The first is from $9,000 to $8,400 where the probability of an
AHRS purchase is extremely low. The second plateau is from $7,400 to $6,000. The
probability of the purchase of an AHRS steadily increases outside of these two plateaus.
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Figure 3.4.5-1. Probability of AHRS Purchase

The demand function, representing the probability of an AHRS purchase for a given
price, is an exponential function that continually increases through the given points.
Figure 3.4.5-2 reveals the function and its fit to the probability data generated by the
model. Note that a price of $9,000 in 2001 will yield about 10 expected sales in the
projected retrofit market. This implies that to tap the SEP retrofit market, the AHRS
price can not exceed $9,000 initially and it must decrease rather sharply over time to gain
market share.
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Probability of AHRS Purchase
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Figure 3.4.5-2. Probability of AHRS Purchase Function

3.4.6 Verifying the Price Decay Curve Over Time for an AHRS

The price of solid state avionics equipment decreases over time due to advances in
manufacturing technology and achieving economies-of-scale as a result of increased
acceptance of the product by the marketplace. After reviewing FAA historical data on
avionics installations, it was found that this is best illustrated by considering the
introduction of RNAV systems.

RNAYV system cost data was reviewed for the years 1970, 1984, and 1990. The data were
normalized to 1998 dollars to compare cost decline across multiple years. The
normalized cost data are given in Table 3.4.6-1.

In the earliest days, NARCO’s RNAYV system prices initially were over $12,000 and then
fell to about $5,000 by 1990. It is difficult to draw detailed trends from the numbers in
Table 3.4.6-1. For example, from 1984 to 1990, the lowest cost units went up from about
$3,000 to $5,000 in constant dollars. Meanwhile, the King KNS 80 went from $9,620 to
$10,296, the King KNS 81 went from $9,738 to $7,893, and the Foster 612 went from
$10,846 to $8,658. Nevertheless, the prices overall are clearly trending downwards.

The King KNS 81 and the Foster 612 decreased in price and, being the same model
number with the same general features, are probably the best examples of common
RNAV system purchases through recent years for single engine airplanes. Their lower
price indicates that their target market was probably general aviation and they were both
introduced later as the RNAYV system technology matured.

Since there are large differences in the features that these units provide (the highest cost
items were sold for airliners and heavy corporate jets), aggregating all of these units
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Table 3.4.6-1. RNAV Price Decline

HISTORICAL ,|$NAV PRICING
_ _YEAR MFR. MODEL: PRICE in
_ 1998%
1970|NARCO |CLC-60 $12,246
1970|BUTLER |VAC $66,628

_._ 1984 |FOSTER 511 $2,986
1984|NARCO | 860  $3,136
1984 ARC RN-478A $5,580

_ 1984 ARC RN-479A $5.659
_.1984 |COLLINS |ANS-351 ._$6,091
1984 |BENDIX |NCP-2040 $7.050
1984 |KING ___|KNS 80 $9.620
1984 [KING KNS 81 $9,738
1984 FOSTER 612, $10.,846
1984/ ARC _ |RN-1079A $10,924
1984 |[KING KNR 665A | $26,957
1984 |COLLINS [ANS-31C $28,435
__1984|COLLINS ANS-31A | $31,382

_ 1984 |COLLINS |NCS-31A | $48,476
Average $14,777

1990 NARCO |NS-801 $5,013

| _1990/FOSTER [612/A _$5,709
1990|NARCO [NS-800 |  $6,452
1990/ KING KNS 81 $7.893
1990|FOSTER 612 $8,658
1990|COLLINS |ANS-351 $9,323
1990 |KING KNS 80 $10,296
1990, FOSTER |601B $11,293

- 1990 |KING KNS 81-30 | $13,069|
Average $8,634

would not represent general aviation
acceptance of RNAYV system, but it would
give a broader base to view the price decay
over time.

Table 3.4.6-2 calculates the decay curve
associated with the Foster 612, the King
KNSB81, as well as the average price for all
RNAYV systems from 1984 to 1990. Note
that Year 1 corresponds to 1984 and,
consequently, Year 6 shows the 1990 values
for each column. The percent of initial cost
remaining in Year 20 is 34%, 70%, and 41%,
respectively.

The initial price of the AHRS in 2000,
excluding certification costs, is estimated to
be $9,000 by comparing the prices of non-
certified, solid state AHRS currently on the
market. Using the three decay curves
represented by each column in Table 3.4.6-2
to estimate the price of an AHRS in 2020,
one gets $3,077, $6,334, and $3,664,
respectively. Assuming that the technology
impact on price continues to strengthen, a
price of $3,000 for an AHRS in 2020 would
not seem unreasonable as an optimistic
value. Again using Table 3.4.5-2 to estimate
an upper bound for an AHRS in 2020,
$7,000 appears to be a reasonable
pessimistic value since it exceeds the largest
price estimate from Table 3.4.6-2. To
complete the triangular distribution of the

AHRS price, the most likely value in 2020 is chosen to be $5,000.

The price decay curves from $9,000 to $3,000, $5,000 and $7,000 in the time frame of
2000 to 2020 is best represented by an exponential decay curves since we know that
technology advances in solid state electronics is exponential. Fitting exponential decay
curves to these values yield the functions given in Figure 3.4.6-1. (The certification cost
required for installation in a non-experimental aircraft is excluded from the determination
of these price curves, and is included later in the analysis.)
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Table 3.4.6-2. Historical Price Decay 3.5 AHRS Sales by Year Simulation

Year FOSTER KING  Average
Model 612 Model KNS 81 The development of an estimate for AHRS
1 10846 9738 14777 gales in the Retrofit, New, and FD Aircraft
2 8462 8978 12003 markets consists of modeling the sales in
3 7318 8561 10629 .
4 6601 8277 o750 cach segment by year. It is assumed that FD
5 6094 8063 9119  Aircraft airplane will incorporate AHRS for
6 5709 7893 ss34 its flight control system. It is further
7 5402 7751 8244  assumed that Retrofit and New Aircraft will
8 5150 7631 7820 adopt the technology in accordance with the
9 4937 7526 7645 hrice-demand curve given in Figure 3.4.5-2.
10 4754 7434 7408
11 4595 7351 7199
12 4454 7277 7014
13 4328 7209 6847
14 4215 7146 6697
15 4112 7089 6560
16 4018 7035 6434
17 3932 6986 6318
18 3852 6939 6210
19 3778 6895 6111
20 3709 6854 6017
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Figure 3.4.6-1. AHRS Price Decay
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3.5.1 Introducing Uncertainty into the Model

The uncertainty in the number of aircraft in the New Aircraft market per year is
optimistically estimated by the top curve in Figure 3.5.1-1 which is the New Aircraft
market portion of the curve displayed in Figure 3.3-2. The Most Likely and Pessimistic
curve are 90% and 80%, respectively, of the Optimistic curve. The curves are then used
to build a triangular distribution for the New Aircraft AHRS sales model for New
Aircraft market. A value from this distribution is chosen for each of these years for each
replication of the sales model and stored in the model's memory. Replicating the sales
model adds the desired uncertainty of the New Aircraft market sales forecast into the
results of the model.

NEW Aircraft Production Variability

Total
Number
NEW
Aircraft

0 - y r
2001 2002 2003 2004 2005 2006 2007 2008 2008 2010 2011 2012 2013 2014 2015

Year

— Pogsirmistic = = MostLikely == Optimistic

Figure 3.5.1-1. Uncertainty of New Sales

The number of FD Aircraft produced is optimistically estimated by the top curve in
Figure 3.5.1-2, the most likely number of FD Aircraft is estimated by the middle curve
and the pessimistic number of FD Aircraft produced is estimated by the lower curve.
This gives an optimistic value of 20,000, the most likely estimate of 10,000 and the
pessimistic value of 3,000 aircraft in 2020. These values are used in a triangular
distribution for FD Aircraft sales to accommodate the uncertainty of the sales in 2020.
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Variability in Number of Fully Digital Aircraft
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Figure 3.5.1-2. Uncertainty of Fully Digital Aircraft Sales

3.5.2 Completing the AHRS Sales Model

Now that the degree of uncertainty of the estimates has been entered into the AHRS sales
model, the rest of the model can be built. The goal of the model is to estimate an
expected yearly revenue for AHRS manufacturers. The yearly AHRS price and the
AHRS sales volume by year from the base year of 2000 until the year 2020 must be
calculated to determine yearly revenue. Once revenue by year has been determined, the
cumulative AHRS revenue by year may also be calculated.

To calculate the number of AHRS sold in year Y for one replication of the model, a price
for the AHRS in year Y is first determined. The price, P, for year Y is calculated by a
triangular distribution driven by the optimistic, most likely, and pessimistic values shown
in Figure 3.4.6-1. The calculated price, P, then determines via the price -demand curve,
the probability p, of an AHRS purchase at P in the Retrofit Aircraft and New Aircraft
markets. The number of aircraft eligible for basic AHRS in the Retrofit Aircraft market,
R, is calculated by subtracting the Y-1 years of attrition and then the aircraft who
purchased an AHRS in previous years from the estimated size of the 1999 fleet. The
number of New Aircraft, N, in year Y is then calculated by using its respective share of
the market in year Y as illustrated by Figure 3.3-3 and the uncertainty of the New
Aircraft estimates as illustrated in Figure 3.5.1-1. The number of FD Aircraft, A, in year
Y is calculated from the FD Aircraft share of the market in year Y and the uncertainty of
the FD Aircraft estimate in year Y as illustrated by Figure 3.5.1-2. It is assumed that an
AHRS is included in each FD Aircraft. The estimated number of AHRS sold in year Y,
AHRS(Y,P), is calculated as AHRS(Y,P) = p(P)*(R+N) + A. Table 3.5.2. shows the
calculations for the first five years through four replications.

Each replication of the AHRS sales model calculates the AHRS(Y,P) for each of the
years from 2000 through 2020 and the values are stored in results of the model. The
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Table 3.5.2. Calculating Cumulative Sales Volume

Number of
Attrition Totat Number of Retrofit, New Cumulative
Simulated Number of Number of on the Number of New A/C and A/C and Retrofit,
Purchase Probability Retro A/C SE Aircraft  Current AHRS  Number of FOAC FDA/C who New, &
Price of  of Retro who  Left w/o (1996)  Soldto New Aircraft who purchase  Purchase FD A/C
Replication Year AHRS Purchase Purchase AHRS Fleet the Fleet Simulated Each Year who Purchas
2001 9000  0.00009 10 124927 124927 10 800 0 10 10
2002 8197  0.00552 678 123023 123033 688 839 5 683 693
1 2003 6491 0.01579 1903 120505 121183 2591 1118 18 1921 2614
2004 6267 0.01610 1881 116816 119407 4472 1360 22 1903 4517
2005 6416  0.01586 1795 113201 117673 8267 1629 26 1821 6338
2001 8000  0.00008 10 124927 124927 10 806 [} 10 10
2002 B209  0.00534 656 123023 123033 666 943 5 661 671
2 2003 7510 0.01429 1721 120627 121193 2387 1143 16 1737 2408
2004 6230 0.01819 1895 117020 119407 4282 1382 22 1917 4326
2005 6767  0.01579 1790 113391 117673 6072 1662 26 1816 6142
2001 9000  0.00009 10 124927 124927 10 793 0 10 10
2002 7798 0.01135 1396 123023 123033 1406 957 " 1407 1417
3 2003 7447  0.01470 1760 119787 121193 3166 1145 17 1777 3194
2004 5893  0.01710 1987 116241 119407 5153 1381 24 2011 5204
2005 5805 0.01830 2058 112520 117673 7211 1641 30 2088 7292
2001 9000  0.00009 10 124927 124927 10 817 0 10 10
2002 8156  0.00611 752 123023 123033 762 941 8 758 768
4 2003 7448 0.01489 1769 120431 121193 2531 1122 16 1785 2553
2004 6827  0.01581 1847 116876 119407 4378 1346 21 1868 4422
2005 7818 0.01110 1257 113285 117673 5635 1612 18 1275 5696

cumulative AHRS sales for year Y is then calculated by Z(Y) = AHRS(Y,P) + (Y-1).
Table 3.5.2 shows the cumulative AHRS sales total in the last column.

Note that in the data collected in Table 3.5.2 there are no FD Aircraft. This is because
the production of FD Aircraft does not start in the model until 2008. Similar views of the
model data in the years beyond 2007 would show the gradual build-up of FD Aircraft.

Each replication of the AHRS sales model generates a large collection of data that is
stored in the model results. A simulation consists of enough replications of the model to
assure that the sample data are sufficient to yield statistically significant conclusions.
The number of replications used in the AHRS sales model was 5,000. This means that
5,000 values from the price interval for each year were chosen to drive the year-by-year
and cumulative sales results. The 5,000 year-by-year and cumulative sales values
generated were captured by the model and are displayed by means of a trend chart.
Trend charts display the results of the AHRS sales model over time measured in years.
But even more information can be derived from the trend data as described in the next
section.

3.5.3 Displaying the AHRS Sales Model Results

A trend chart is displayed as a series of layered certainty bands, each one representing a
particular certainty level. A 25% certainty band, for instance, means that 25% of the
simulated values for the selected forecasts lie within the band. This otherwise is
equivalent to choosing a 25% certainty level for each forecast, then displaying the
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certainty ranges side-by-side in a connecting ribbon. The minimum and maximum end-
points of the certainty ranges are on the value axis to the left of the chart area.

The certainty bands chosen for the AHRS sales model trend charts are the 10%, 25%, and
50% certainty levels. The trend chart presented in Figure 3.5.3-1 shows AHRS sales by
year. The chart reveals that the sale volume of AHRS remains steady until the
introduction of the FD Aircraft airplane in 2008. It then sharply increases throughout the
remaining time frame.

Simulation of AHRS Sales by Year
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Figure 3.5.3-1. AHRS Sales by Year

The yearly results captured by the model give a clearer view of the sales activity for a
particular year. The forecast statistics for the year 2020 is given in Table 3.5.3-1.

Table 3.5.3-1. AHRS Sales Forecast Statistics for Year: 2020

Forecast: AHRS Sales in 2020
Statistic Value
Trials 5,000
Mean 12447
Median 12196
Standard Deviation 3620
Range Minimum 3832
Range Maximum 22947
Range Width 19115
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Note how the uncertainty in the estimates of the AHRS price and aircraft volume yield
uncertainty in the number of projected AHRS sold. However the uncertainty is
quantified with a minimum value of 3,832 units and a maximum value of 22,9477 units
sold in 2020. The expected number of units sold in 2020 is 12,447,

The AHRS sales model also saves the cumulative sales data by year and presents it in
either a trend chart, Figure 3.5.3-2, or as a table of descriptive statistics, Table 3.5.3-2.

Cumulative AHRS Sales by Year
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Figure 3.5.3-2. AHRS Cumulative

Table 3.5.3-2. Cumulative Sales Statistics for Year 2020

Forecast: Cumulative Sales for 2020
Statistic Value
Trials 5,000
Mean 105802
Median 105851
Range Minimum 80003
Range Maximum 137030
Range Width 57027

Note that the cumulative AHRS sales exceed 80,000 units by the year 2020. The
uncertainty in the initial estimates is again reflected in the uncertainty of the results. Note
that the cumulative sales volume estimate of the AHRS ranges from a low of 80,003 to a
high of 137,030. The expected cumulative number of AHRS sales is 105,802 units.

77 In one iteration of the simulation in the year 2020 there were 22,947 AHRS sold to both the FD Aircraft market and the Retrofit
market. Since no more than 20,000 can be sold in the FD Aircraft market in 2020, the Retrofit market for this one iteration exceeded
2,947.
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3.6 Volume Required For Profitability

To conclude the analysis, an estimate is developed of the minimum market for a low-cost
AHRS required to support sufficient interest in the manufacturing industry to produce
such a product. Two scenarios are developed: 1) a minimum number of aircraft
incorporating a low-cost AHRS each year that will generate a 20% net profit, and 2) an
estimated net profit determined by the price and volume assumptions presented in this

paper.

A baseline minimum number of AHRS produced for New Aircraft and FD Aircraft
markets needed to return a net profit of 20% over the twenty-year period is determined by
estimating®:

Profit level of 25% without considering R&D and Certification costs
R&D costs for the basic AHRS to be $1,000,000

Certification cost for the basic AHRS to be $1,000,000

R&D costs to increase functionality to FD Aircraft AHRS to be $500,000
Certification cost for the FD Aircraft AHRS to be $1,000,000.

Based upon these assumptions the growth curve of New and FD Aircraft must climb to
3,000 units per year in 2020 as illustrated in Figure 3.6-1.

Required Growth of NEW and FD Aircraft

(to achieve 20% Profit)
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Figure 3.6-1. Baseline Growth

Given the current activity to revitalize the general aviation industry, the growth of new
production aircraft as displayed in Figure 3.3-2 should easily be achieved. This
encouraging result is enhanced by a break-even point of three years and a positive profit
through the investment in the FD Aircraft AHRS as shown in Figure 3.6-2.
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Figure 3.6-2. Profit Picture

The next step in the analysis is to estimate a reasonable profit based upon production
targets set over the period of 2001 to 2020. This in turn yields a reasonable return
expected from the introduction of a basic AHRS and its refinements through to the FD
Aircraft AHRS.

Estimating a reasonable growth curve for general aviation production aircraft involves
uncertainty as does estimating a future price decay curve. A mathematical model is built
to capture this uncertainty and incorporate it into the profit forecast.

To capture the uncertainty in the price decay curve, three curves are used to define a
triangular distribution for the price. The triangular distribution is based upon optimistic,
most likely, and pessimistic estimates. All three curves start at $9,000 in 2001, but the
optimistic price decay curve drops to $3,000 in 2020, the most likely price decay curve
drops to $5,000 in 2020, and the pessimistic price decay curve drops to $7,000 in 2020.
Likewise a triangular distribution is established for the production growth curves by
choosing 3,000 units in 2020 as a minimum value, 10,000 units in 2020 as the most likely
value, and 20,000 units in 2020 as an optimistic value.

Five thousand iterations of the mathematical model representing this uncertainty gave the
following results about the net profit:
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> The forecasted profit over the 20-
year period ranged from 21.54% to
23.06%

2> The expected profit was 22.50%

Table 3.6-1 and Figure 3.6-3 below summarize the results of the simulation model
showing the probable profit over the 20-year period.

Table 3.6-1. Forecast Profit over the 20-Year Period

Forecast: Profit

Statistic Value
Trials 5,000
Mean 22.50%
Median 22.50%
Standard Deviation 0.18%
Range Minimum 21.54%
Range Maximum 23.06%

Forecast: Profit

5,000 Trials Reverse Cumulative 38 Outliers
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Figure 3.6-3. Probable Profit over the 20-Year Period

3.7 Assumptions Used In Analysis

A list is provided in Table 3.7-1 below of the assumptions used in this analysis.
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Table 3.7-1. Assumptions

Assumption Item Year Value
1. Optimistic number of FD aircraft 2020 20,000
2. Most Likely number of FD aircraft 2020 10,000
3. Pessimistic number of FD aircraft 2020 3,000
5. Price of basic AHRS in the Retrofit Market (Excluding Certification Costs) 2001 $9,000
6. Optimistic Price of AHRS 2020 $3,000
7. Most Likely price of AHRS 2020 35,000
8.  Pessimistic price of AHRS 2020 $7,000
9, Cost of basic AHRS (Retrofit market) certification 2000 $1,000,000
10.  Cost of R&D for basic AHRS (Retrofit market) certification 2000 $1,000,000
13.  Cost of FD Aircraft AHRS (Future market)certification 2008 $1,000,000
14. Cost of R&D for FD Aircraft AHRS (Future market) certification 2008 $500,000
15.  Start of New market Aircraft Production 2001
16.  End of New market Aircraft Production 2015
17.  Start of FD Aircraft (Future market) Production 2008
18.  Number of AHRS manufacturers 2000 4
19.  Percent of Market FD Aircraft (Future market) captures from New market each year 12.5%
20.  Variation in the New Aircraft market aircraft production 20%
22. Single Engine Piston fleet attrition until 2007 2.1%
23.  Single Engine Piston fleet attrition after 2007 4.0%

4. AHRS Production Assessment

Substantial effort remains after completion of a working prototype before production

units are available for sale in the marketplace. Consequently, much of the risk that
remains in bringing a low-cost AHRS successfully to market involves the risks associated
with production. This assessment of production risk is intended to encompass everything
required for the manufacture, distribution, marketing, and support of the AHRS product.

Table 4-1 summarizes the level of risk associated with the major elements of producing
the solid state AHRS designs. The risk is given for three company categories where:
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1. anew manufacturer is one that does not yet have a production facility for
TSO’d equipment intended for certified aircraft;

2. a small manufacturer produces a moderate amount of TSO’d avionics for light
aircraft; and

3. alarge manufacturer is one that has extensive production facilities for
building a wide range of TSO’d avionics for many types of aircraft.

Table 4-1. AHRS Production Risk

Risk Element New Small Manufacturer Large
Manufacturer Manufacturer

Capital Requirements High Med Low
Production Preparations High High Med
Production Tooling and Setup Med Low Low
Establishing a Quality System High Med Low
Manufacturing Operations High Med Low
Marketing Med Low Low
Product Support High Med Low
Other Functions Low Low Low

Risks are generally much higher for a company that must build its entire AHRS
production capability from the ground up, and generally lower for a company that already
possesses the equipment, processes, and skills to produce the AHRS. Since the risks
associated with creating a production capability can be managed in many ways, two
widely different approaches are reviewed below to indicate the range of considerations
affecting these risks.

The first approach looks at the production start-up tasks facing an AHRS developer that
does not yet have any production capability, while the second approach involves
licensing arrangements with an established avionics manufacturer.

4.1 Production Start-up by Developer

It is assumed in this analysis that the AHRS developer is primarily an R & D company
with a prototype shop. In this case, a production startup involves acquiring assets and
developing capabilities in five main categories:

capital requirements and acquisition,

production preparations,

manufacturing,

marketing, and

product support.

DR

4.1.1 Capital Requirements and Acquisition

The production facilities and associated land comprise the greatest portion of capital
costs. In addition, the production equipment, tooling, and inventory are considered part
of capital. Capital outlays for land and buildings can often be reduced by obtaining
community involvement in financing. Also, many communities have facilities available
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at attractive rates for companies that will bring in jobs. While many of these areas are
remote and do not have a skilled job pool, there are usually balancing advantages, such as
a good work ethic, low overall costs in the area, and state-funded worker training. By
starting with a set of clearly-defined requirements, a start-up production operation can
properly weigh these alternatives and opportunities in choosing its location.

4.1.2 Production Preparations

After completion of the prototype AHRS, the design must be readied for production.
Considerable engineering effort will be required to adapt the design to production
equipment, available components, and certification standards. Complete engineering
drawings and specifications are needed by Purchasing, Tooling, and Manufacturing to
complete their part of the production preparations.

TSO approval is required for the AHRS. The manufacturer will need a small number of
prototypes that are fully conformed to the production configuration for extensive testing.
Test facilities and equipment will be needed to complete these tests. In many cases, test
costs can be controlled by using contract laboratories to perform the tests that require the
most expensive equipment.

Supplier/vendor arrangements are critical for the success of the AHRS. Depending upon
the design, purchased components could include:

a) Case

b) Mounting Hardware

¢) Power Supply System

d) Battery backup

e) Custom Printed Circuit Boards

f) GPS Receiver Engine

g) GPS Antennas

h) Solid-State Rate Gyros

1) Solid State Accelerometers

J)  CPU and Memory System

k) Video Driver System and LCD Display if developing a stand-alone system

1) Connectors

m) Cabling, internal and external

n) Switches

0) Miscellaneous electronic hardware

p) Vendor GPS and Video Software or Firmware to RTCA DO-178B Standards

q) Other Software to RTCA DO-178B Standards

While not all-inclusive, this list suggests the scope of effort that will be required to

establish formal vendor relationships and prepare contracts and subcontracts to support
production.
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4.1.2.1 Production Tooling and Setup

Manufacturing planning and tool design are carried out in concert with the product
design. Tooling includes any fixtures required for production, special production test
tools, and software for automated production equipment and for generating production
firmware.

Manufacturing set-up involves the physical placement of the production tooling and
equipment, as well as test equipment to be used by Manufacturing and Quality
Assurance.

4.1.2.2 Establishing a Quality System

A quality system must be established to provide verification and documentation of the
TSO status of each production unit. In its simplest form, a quality system provides
stepwise inspections and record-keeping to document that a unit’s configuration meets
the Technical Standard Order. More sophisticated quality systems also include the use of
statistical process controls to reduce the number of post-process inspections that lead to
rejections and costly disposition activities.

4.1.3 Manufacturing Operations

The actual production activity includes direct labor involved in building the AHRS and
the indirect labor that supports those who do the parts fabrication, subassembly, and final
assembly.

A fact of life in modern manufacturing, especially in those companies with complex
products and extensive automation is that indirect effort exceeds direct labor by a factor
of roughly 3 to 4. The following list identifies some of the functions performed by
indirect labor.

Master Scheduling

Manufacturing Information Systems

Manufacturing Planning

Industrial Engineering

Configuration Management

Shipping and Receiving

Material Transportation

Inventory Control (Stockrooms)

Plant and Equipment Maintenance

Shop Supervision

4.1.4 Marketing

Establishing a Product Marketing capability includes the development of a sales
organization, preparation of advertising materials, and attendance at key trade shows.
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4.1.5 Product Support

Product Support is often part of the sales organization because both sales and support
interface with the customers. The support function distributes Service and Parts Manuals,
issues Service Letters, provides Field Representatives, and administers warranty activity.

4.1.6 Other Functions

A number of functions support the overall company effort in diverse ways. Often
categorized as “G&A” (general and administrative), these functions include Personnel,
Training, Payroll, General Accounting, Legal, and Liability.

4.2 Production Start-Up Through Partnering With Or Licensing To An
Established Manufacturer

The cost of creating an AHRS production capability along the lines summarized above is
estimated to be between six and twelve million dollars and involves considerable risk.
Rather than take this approach, the AHRS developers may choose to align themselves
with existing manufacturers who would have start-up cost of between $250K and $750K
dollars. Numerous alternatives exist, ranging from licensing to outright sale of the
design.

It is assumed that a partnering or licensing arrangement would align production risk with
the risk associated with the manufacturer, as shown in Table 4-1. Consequently, in terms
of production risk, having the design built by a large, established manufacturer makes the
production risk very low. Similarly, a licensing or partnering arrangement with a small
avionics manufacturer would involve medium risk. '

5. Conclusions

The probability of a TSO-Certified, low-cost AHRS becoming available that is capable
of supporting the New and Fully Digital Aircraft markets in the required time frame
appears quite high. This reports concludes that the introductory price of a low-cost
AHRS cannot far exceed $9K to be a viable product in the defined markets, and that the
price must decay to at least the $3-$5K range with an increase in capability by the 2020
time frame.

The projected market for low-cost AHRS is estimated to be sufficient to provide the
incentive for some manufacturers to enter the market and make a profit. For
manufacturers entering the market for the long-term (through 2020), a profit of
approximately 23% is estimated. However, depending upon the manufacturer's
capabilities to produce an AHRS, the profit must be adjusted accordingly. The estimated
profit of 23% is reasonably accurate for an established manufacturer making higher-cost
AHRS and other similar products. The profit would have to be adjusted downward for
other less capable manufacturers contemplating the production of a certified AHRS.

Several low-cost TSO-certified AHRS designs are projected to enter the market within

the year, some supported by the NASA SBIR program, some from academia and others
from industry alone. One of the NASA-sponsored AHRS appears poised to enter the
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production market in TSO-certified form in 1999 (Seagull Technologies, Inc.). At least
two AHRS (Watson Industries AHRS-BA303 and Archangel AHRS ) from the kit plane
market will gain TSO-certification in 1999, one with a projected single unit price of
about $10K. Several promising designs are also on the horizon which probably require
venture capital or other similar funding or partnering with an established manufacturer to
bring the certified AHRS to market (Vision Micro Design, Orion Dynamics and Control,
and EPSCoR (Kansas State University)).
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Appendix A - FAA Data Table



FAA Data Table

TABLE 8.1
ACTIVE GENERAL AVIATION AIRCRAFT BY AIRCRAFT TYPE AND PRIMARY USE
1996
Excludes Commuters
{Percent standard error is shown in parenthesis)
Aerial | Aerial
Instruc- | Applica- | Observa-| Extemal| Other | Sight Air Air
Aircraft T' Total Public _{Corporate{ B Personal | tional tion tion Load Work | Secing | Tours Taxi Other
FIXED-WING 160,577 2,827 8,227] 26,963| 93,174| 13248| 4,653 2519 [} 920 408 67 3,184 4372
©.7%) (12.4%) @AI%]  35%) (13%)  (5.7%)| (4% (138%) | @sw)| (iw (85.2%) @) 0%
Piston 150,980 2,285 2549] 26,043| 92,715| 13,149] 4,275| 2481 0 851 408 67) 2057 40M
(©.7%)) ey  grew)| @sw) I%)y  s3%)|  dIm| (3% 1 @2%)| Gl @5.2%)) (117%)] (103%)
One Engine 135,244 1,887 1,174] 20,796 87,4071 12,194 4,135 2,276 0| 848 379 48 462 3,632
(0.7%)) 169%))  ase%)| 4.1%) 13%)|  6.1%)| OI%)] (149%) Jd 0 @%)|  (4.5%) | Gosw (raw)
Two Engine 15,678 397 1,364 5,246 5.295 952 130 204 0 3 28 18 1,585 449
(2.4%) @62%)|  (145%)]  (6.4%) ©2%)  (5.6%)] 37.2%)] 02wm)] 0% . . | azamy|  52%
Other Piston 57 0 10 0 1 2 9 0 0 0 (i} ] 9 12
(48.1%) 0o%)| @7.1%)] (0.0%) (82.1%) loo22%))  ©0%)| (00%)]  00%)] (0.0%) 0o%)| (922%) @LI%)
Turboprop 5,309 451 2,327 708 364, 73 377 38 0 68 0 1] 743 156
2.5%)| (21.4%) T.0%)]  (155%) 23%)]  (s64%)| (64%)| 60®m)| (@omy] s0o%)| o) ol (149%)| (37.7%)
One Engine 682 7 41 106 55 17 293 10 0 9 0 0 93 47
(6.2%)) ol @I%  (259%) @83%)| (999%)  (6.4%) | om) otew) 0.0m) 0.0%)] (393%)] (66.3%)
Two Engine 4,551 443 2,285 602 309 53 11 28, 0 59 0 0 649 108
(2.8%) (21.7%) 70%)|  (18.0%) @a8%)  (4.0%) o asem]  omy| (se0%)|  (0.0%) ©0.0%)|  (16.1%)| @57%)
Other Turboprop KA 0| 0 (1] 0 2 73 0| 0 0 0 0 0 0
(24.1%) (0.0%)) ©00%)  (0.0%) (0.0%) | uze®]  om)]| om)| 0o%)| ©0%) (0.0%) ©0%)| (0.0%)
Turbojet 4,287 a8 3350 211 M 25 0 [ 0 0 393 122
(2.3%) (48.9%) GA%)|  (33.8%) @81%)| (75.8%) 00%)| wo%)| (oow)| (0o%)| (0.0%) ©0.0%)] (178%) (27.0%)
Two Engine 3,971 82 3,098 211 94 25 0 0 0 0| 0 0 393 67
(25%)| (53.0%) G| (33.9%) @s.1%)]  0s8%y  ©o%)] o®)] (©o%m| ©om| (0o%) 0.0%| (78%) (44.6%)
Other Turbojet 315 ? 252 0 Q 0 0| 0 0 0 0 0 o 54
(6.6%) (84.1%) 6.0%) ! ©o%) (0% @om| (oom)| o®) (©o% (0.0%) {0.0%) 0.0%)] (248%)
ROTORCRAFT 6,391 1,324 863 483 482 487 510 633 357, 102 204 54 500 402
(3.4%) a12%)}  (29%)| (33.7%) @1.5%))  (267%)] oow)| @3%)] Goew)| 1% (557 GO1%)]  (302%)
Piston 2415 229 23 172 350 398 312 387] 34 Fa| 124 0 26 285
(6.4%) (30.3%) | @o%) GoS5%)|  252%) (Ga1%)| (e.6%) o (575%)  (108%) (0.0%) o1 6%
Turbine-total 3,976 1.094 845 290 132 89 198 245 323 31 80 54 473 117
(3.8%) (199%)] (@232%)] (479%) 93%)  29%)| sse®)| @wasw)| Gl o (90.0%) (30.8%)|  (44.5%)
One Engine 3,329 994 656 267 124 88 184 239 307 30, 77 54 272 31
(4.2%)) Loy  (293%)]  (SLe%) ©22%)  943%) (593%)| (45.4%)] (30%) ] 933%) (51.8%) -
Multi-engine 646 99 189 23 7 1 14 b 15 0 3 0 200 85
(9.0%), OLe®)|  (199%)| (75.4%) - . . » . . . o) (8s®) (32.6%)
OTHER AIRCRAFT 4,144 24 13 21 3,247 255 0 3 0 79 216 3 0 278
(5.5%) (80.8%) f  (69%) 36%) (257%)]  (0.0%) 1 o) 22%) (@96 | @eiwm)
Gliders 1,882 24 0] 8 1,469, 176 0 0 0 2 33 0 0 167
(4.5%)) (81.0%) (0.0%)) o 52%)| 300%)| (©o%)| ©o% (0.0%) o (714%) 0.0%)] (335%)
Lighter-than-Air 2,261 0 13| 13 1,777] 79 0 3 0 76, 183 3 0 111
(9.4%), (0.0%) | @sam) 0% (@92%)|  (0.0%) q ©om)] 34%)| (325%) | @LI%)
EXPERIMENTAL 16,188 30 11IL 788| 12,715 270, 197 €9 6] 17 €0 0 143 1663
“4.1%) @1.1%)]  03%) (213%) @1%)| (98%)) @218y @aw] s23%) ¢ (98.3%) 0.0%  (324%)] (172%)
Amateur Built 11,231 0 0| 362 9,618 151 0 3 0 0 54 0 0 1,040
(5.6%) (0.0%) 0.0%)]  (40.9%) 3.1%)|  (639%)  (©.0%) " oom)| 0% . {0.0%) ©0%)| (234%)
Exhibition 2,057 0| 0] 84 1437 9 0 0 0 0 4 0 0 521
(8.6%) (0.0%), oo%)] (552%) 6%y (798%) ©o%)]| wo®| ox)| o) . (0.0%) ©0%) (263%)
Other 2,909 30 176 340 1,659 108 197 66 66 17 1 0 143 101
(8.2%) @7.7%)|  @os%)|  (182%) 7.0%)|  @am)|  @2a%)] Esom| (239 . . o%)| (324%) (622%)
ALL AIRCRAFT 187,312 4,206 9,286 n,mi 109.619| 14261] 5361 3,225 24 1,118 889 125] 3838 678
(7.0%)) (10.0%) “am)l (34w 2] 55%))  @am] o20m)] @ssm)] asomy] @awm) (63.9%) 8.2%)]  (2.9%)
* Standard error greater than 100%
NOTE: Columns may not add 1o totals due to ding and proced
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0

ptimal

Solutions

Attitude and Heading Reference System (AHRS) Retrofit Information
EAA - Oshkosh 1998

Definition: Retrofit Aircraft Market - Any existing airplane that could benefit from a standalone,
secondary source of attitude and magnetic heading information

Description of Retrofit AHRS Functions

AHRS Function

Description

Pitch Attitude

Angle of aircraft’s longitudinal axis relative to the earth local level plane located at
the aircraft’s body axis origin. Pitch Attitude information is displayed to the pilot
and may be used by the autopilot and display symbology control laws.

Roll Attitude

Angle of aircraft’s lateral axis relative to the earth local level plane
located at the aircraft’s body axis origin. Roll Attitude information is
displayed to the pilot and may be used by the autopilot and display
symbology control laws.

True Heading

Angle of aircraft’s longitudinal axis projection in the earth local level
plane located at the aircraft’s axis origin, relative to the True North
vector projection into the same earth local level plane. True Heading
is undefined at £90-degree pitch angles. True Heading may be
displayed to the pilot in certain modes and may be used by the
autopilot or flight management system.

Proposed Standards-Based Performance for AHRS Functions in Retrofit Aircraft Market

Function

Performance Requirement

Standard

Attitude (pitch and bank)

Error < 3° after 180° standard rate

turn, Steady State error <1°

8001

TSO-C4c & SAE

Magnetic Heading

12° Magnetic Compensated

8013A

TSO-C6d & SAE

AHRS Retrofit Aircraft Market, Configurations and Performance Summary

Retrofit Market Cockpit AHRS Configuration Performance Regulatory
Configuration Capabilities Considerations
Existing FAR 23 /91 Round dial Self-contained AHRS and e TSOC4c & Secondary system
aircraft that could use a attitude indicator | Display SAE AS 8001 AC 23.1309-1C
secondary, self -vacuum or o  Lowest cost e Refer Above Draft
contained source of electric e  Minimum outputs to Table RTCA DO-170B
attitude and heading Magnetic or display attitude and e Portions of RTCA DO-160C
stabilized heading only (pitch, bank, ARINC 705
compass and true heading)

Requires panel space for
the display, space for the
sensor unit and power.
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Optimal
Solutions

Aircraft Owners
Attitude and Heading Reference System (AHRS) Retrofit Survey
EAA - Oshkosh 1998

_——

Please check your answer to each question in the appropriate box.

7. What share of the airplane do you own? S ;8;2 Ehjgé 0%
[ 40% - 60%
0 60% - 80%
[ 80% - 99%
.0 100% - FULL OWNER

0O Turbo jet

8. What type of airplane do you own? 0 Turbo prop
L] Multi-engine piston
.0 Single-engine piston

O M th 20,
9. Approximately how much money do you spend annually o $1§r8002_1§2% 00(())00

on your airplane, including flying, maintenance, storage, 0 $10,000-$15.000
fuel, repairs, insurance, etc.? Oss 600_$10 600

11 T .ass than $5.000
[J Zero

oo
10. How many AHRS do you currently have in your 0 Tilvf)

airplane?

. Yes

11. Does you airplane contain any retrofitted avionics L No

equipment?

O Yes
12. Would you consider retrofitting your current airplaneto [ No

take advantage of a standalone, secondary source of
attitude and magnetic heading information?

=  (Please answer the additional questions on the reverse side) €
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13.

14.

15.

16.

.0 Less than $2,000
What would you expect the described AHRS to cost? 0O $2,000

[ $3,000

0 $4,000

.0J $5,000

.[J $6,000

-0 $7,000

.00 More than $7,000

‘ A O Less than 20%
What is the likelihood that you would purchase the described .0 20%
AHRS for the expected cost you gave in question 7? 0 40%
O 60%
L] 80%
.[] More than 80%

We would like to contact you by e-mail in case we have follow-
up questions. If this is acceptable, then please enter your
e-mail address below. We will not distribute it to anyone

else
email address:

If you would like to receive information about retrofitting
your airplane with a secondary AHRS, please give us your
name, address and phone number. We will send you the
requested information as soon as it becomes available

Name:

Address:

City:

State:

Country:

Zip Code:

Phone Number:
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Appendix D - Forecast Statistics



Forecast Statistics
Following are definitions for the statistics: Trials, Mean, Median, Mode, Standard

Deviation, Variance, Skewness, Kurtosis, Coefficient of Variability, Range, and Mean
Standard Error.

Trials

The trials are the total number of values that have been generated during the
simulation. -

Mean

The mean, or average, of a set of values is found by adding them together and
dividing their sum by the number of values. 5.2 is the mean of 1,3,6,7,and 9.

Median

The median is the middle value in a set of values. 7 is the median of 1,3,7,8, and
9.

Mode

The mode is the value that occurs most frequently in a set of values. The mode
wage, for example, is the one received by the greatest number of workers. If no
value occurs more frequently than others, the mode is undefined and is shown as:

Standard Deviation

The standard deviation is the square root of the variance, useful for describing the
average deviation.

Variance
Variance is a measure of the spread of a set of values around the mean. When

values are close to the mean, the variance is small. When values are widely
scattered about the mean, the variance is large.

Skewness
A distribution is said to be skewed if most of the values occur at one end of the

range or the other. A positive skewness indicates that most of the values are
grouped towards the lower end of the distribution whereas a negative skewness
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indicates that most of the values are grouped towards the higher end. A skewness
of zero means that the distribution is perfectly symmetrical.

Kurtosis

Kurtosis refers to the peakedness of a distribution. For example, a distribution of
values may be perfectly symmetrical but look very peaked or flat. A distribution
that is fairly peaked might have a kurtosis around 4. A distribution that is fairly
flat might have a kurtosis of 2. A normal distribution has a kurtosis of 3.

Coefficient of Variability

This statistic provides an absolute measurement of the variance of a forecast.
Since this statistic is independent of the units of a forecast, you can use it to
compare the variability of two or more forecasts, even when the forecast units are
different.

The Coefficient of Variability typically ranges in value between O to 1. It may
exceed 1 in a small number of cases in which the variance of the forecast is
unusually high.

Range

The range width is the difference between the largest and the smallest numbers in
a set of values. The range minimum is the smallest number in the set and the
range maximum is the largest number in the set.

Mean Standard Error

This statistic lets you estimate the accuracy of your simulation results and
determine how many trials are necessary to ensure an acceptable level of error. It
shows the probability of the true mean deviating from the estimated mean by
more than a specific amount. The probability that the true mean of the model is
within the estimated mean plus or minus the mean standard error is approximately
68%.
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Appendix E - Low-Cost AHRS Cost Model






1eak Aq ‘va4 pue M3N o5y ‘sejes SHHY €10} Y} SI X UWin|o) ‘j1axsew yd4 pue maN ayj o} seak yoea p|os SHHY
JO Jaquinu |ejo} 8y} sjuasaldal pue [ LWN|od SaWl} Y uwnjod pue M uwnjod Buippe AQ pauiulalap S M UWNI0D  "uoNguisip a4 a4yl o} Buiploosoe

-4
lleg feisAun AQ uasoyd anjeA ayl SUIBJUOD A UWINOYD) Y4 Y} JO UONINPOJIUI Yl YIM PajeIoosse suonquisip Jeinbueu; ayl ale 0 g ‘1 ‘'S suwnjo)
"H UWN(OD Ui anjeA Yyeidle
M3IN 2y} sawi} r uwnjod ul uaAb anjea Ayijigeqoid ay) Aq pauiwa)ap st Jeak yoes SHHY Ue aseyaind jey) Yelose AN JO Jequinu 8y uonnguisip
SIYl wouy jeg [BisA1D) AQ uasoyd anjeA ay) Si Y UWNjod pue Yelolie AN 2y} JO UoIaNpoLiUl 8y} Yiim pajeIdosSSe suolinquisip Jeinbuewy ay) juasaidal
B 'd ‘O suwnjon "N g N SUWN|OD Ul SBNjeA MOJ pajeidosse ay} Buuapisuod Jaje pajenojed ale SanjeA  uwnjos)) 1 UWnjod Ul 8nfeA MoOJ Pajeioosse
2y} sawl} [ uwinjod Ul anjeA mos ay) Bupiel Aq punoj SHHY 104181 e aseyaind Jey) yelosie suibua a|buls Jo Jequinu ay) S1 ) UWNI0D °| UWN|OS Ul 2oud
pajeinwis ayj uodn paseq aseyaind jo AJljiqeqoid ayj Jo anjea pajyenajed ay) Si  UwinioD -anjeA Ajo)in 1Sopy oyl 0} asoj Buiag jo Aujqeqoud 1saybiy
Yim sanjea JSOW, PUe JSBaT, ay) uaamiaq aq ||iM | UuWnjo) Ul anjeA yoe3) ‘aaind Aedap-aoud ay) jo uonnquisip Jeinbueu) mol pajeidosse ay)
0} Buipioooe jjeg [ejsAiD AQ U9SOUD e sanfeA | uwnjod ‘000'.L$ 01 SAeoap (,ousiwissed,) 1SOW 8yl pue ‘000°'G$ 01 SAedap Ao 1SO 8Y) ‘000'E$
0} sAeoap anno (onsiwndo,) 1sea aul 1eyl 8loN “seand Aedsap-aoud ay) jo uognguisip Jejnbueu} sy anb H B © ‘4 uwnjo) “saAind Aedap-aoud
ay) jo uonnquisip Jejnbueu; syl woly paulwslap st 9oud e Jeah yora SYHY Uk aseyaind jey; Jeiolie pMA3N PUR 10419y JO Jaquunu sy} a1e|ndjed o]
‘|lopow uoienwis ay) asudwod jey] suolesdl 000'S dUl WOl [opow Josyspesids ay) JO UoneId) auo Si SIU} 1By} 910N JeaA
yoea pjos SHHY [e10] 8y} pulj 0} pappe uay) pue pajewiise aq IsnW SHHY ayl |leisul jey) yQ4d JO Jaquinu ay) pue ‘SHHY aui |[eisul eyl yeidile p3N
JO Jagwinu ay} ‘SHHY 2y} 1oy eyl Yeiole 19a)} Bunsixa jo Jaquinu 8y} ‘SHHY Ue aseyoind jey; Jeak yoea yelalie Jo Jequinu [ejo} ayl 81ejnojes o
‘0202 O} 1002 WoJj sieak ay) Juasaidal $€ - G| WOI) SMOJ 3} 1ey] 810N "SHHY ue aseyaind jey) JeaA yoea Jelolle Jo Jaquinu [e1o} 3y}
JO SleWI}Sa Ue ule|qo 0] Yeldlie Y4 JO J8quunu ay) pue ‘yesdsie pAIN J0 Jaquinu ‘SHHY 8yl Jo aoud ayy ul Ajurepssun ay) sjapow jaayspeaids sy
SIITT 3207 T 0002 00004 000% 3 . 060PE 19209 2UGPE 000§ 000 0202
68514 2300} 29001 RIS B30 L2 S632C  0LOOL  2026% $05'p$ 150 L50% 6i02
511 [£413 itle  Posai €528 P2 , $930f 06621 fe6th 619'p$ s $102
| £0%3 i3I I pLerl Lepe w2 : e , cA00eZ  ChEoaL  bessk Ie'prd pERE Lb02
PP6L $0€9 $0£9 S L PELY 5€02 o N _0PPLZ  eeleL  SBEES 366'p$ 982¢ 9102
L4104 olps oLpsS 2221 [Z4%] s} Q 0 ‘pO8s2 66pP23 2p225 0s1's$ PELE 5b02
2y | g2 seir  kols S5%P 95k b 3PZH Okbb 452p2  1£65% 5519 526'rd L pio2
2zps | ahee kst ot PaLL 921k 2523 2002 28422 Cdises 3pied 20254 £140  fho2
1298 $LgE P62 €94 L32 Sb3 2h0L POL2 52£02 [1.r41) SihaL 0£0'a$ 495 20
[E1X3 (113 32t bOb 5202 09 PPIL BEZE 28481 2EkB 06£08 456'5$ [ 12X (31}
2582 £2p1 [T W (&% 14} s0p 230p $29¢ 2pi9l 0%Liol 19458 160'9% $98¢ aio
9932 286 opg 291 0i3 P2 sitp 683¢ £1E51  Se€50L 9102 525's% Rop 6002
P2 005 PP 24 09¢ 204 2psk LEQP [ X4 48l601  952%6 2pi's$ g6lp %002
212 63 665P 350P KESHE BEPLL élebol 6302 [eloe | 929’58 e0bb i002
0Ll £9 PSoP £09¢ 2hPe 26651 452300 L0} 00 | s25'98 S99p 1002
¥882 P baSE 951E 5E0L EAR TS TV Y 2Pz P00 pip's$ g36P ‘5002
£83} [ . : 6$0¢ spi2 £925 L0P6bL  Ll6StE ££31  Rsioo $£3'9% £ibs b ITH
L261 (43 P2 962 P332 3943 143 £0L12E 1596t 3381 S10°0 650°'L% 113 £002
2951 0g 12£2 252 §422 2202 2pal £E0€2)  £20£21 | 2£s) 2h00 $0L'1$ 0269 - 2002
0} [ | Y £12 221 0L} [} 436P21  L26P2} 01 Jiooo'o 000'¢$ 0006 0006 1002
iropy2e] (gdd peavipuns snAawRdg Loy ERAWIR G paRjnung 2RAwWRdQ K]S ampy Saawere g 304 Pga 19903 SHHY emysing T emring T SUHG Ml Ao amp iy ey
QMBI ||P SWNIIR) APIFHY 4PNy s WOINIY OITHY YRITAHY RIdag adeadany YU STV TLIVEL R YN MINIBNOY Jaedig
, oyn:  omyding g4 wad yeazay  wad ney ney ney nay SYHGIE ausng | yessilyg Oy Eaey. J9; emyaing
ggipur: ayn gQ 4 JoIrquny 40 0qUnY 9d4 JOITQURY 4B IIQWRY JOIIJUWAY JBIIQUNRY B IIQUAY  IAQUNY  Ay3uD 3549 JO42qWBY . KAIIqeql g poIDInNS
DGO pUR DY TN EL b [ jeie) LLITTENT R LL U Y ¢
'ayoayey’  Joaequingy : :
ju’
._QJESZ.

1B9A YOBT PIOS SAUHY JO JaquINN je10) oY) Bunewns3




(ot

'9€ IV 1190 Aq Z€ |V 1180 Buipip Aq palejnojes si pue gg |v (199 ul puno; st Jjoid jeu Jainioeynuew ay |
€ av Buipiap Ag punoy Jainjoejnuew Jad enusaal |10} AU SI OF IV 12D "Wjoud 18U aAneInwno ay) s |
SAIBINWND Y} S HY uwnjo) "In320 Aay) Jeak sy} ul 1S02 UONEOYILBD By} PUR 10D QRY BY) aAID DY pUe 4y SUWN|o) "SieinjoejnuBWw § Jo uoiduinsse

‘POl JBaA-0Z Y} 1910 Jlj0id 8|Geqold, ‘Pajill MeyD 8y} Ul JUSWSSaSSe

19/BW Ul uonnquisip e se pakeldsip pue painides are jspow syl jo SUOHEISY 000'S B4} BuLNp 8¢ |V 1|92 Ul Jeadde ley} siequinu 0QQ'S a8yl ‘jepow

ay} o1 sindui ayy ur Aurepsoun ayy Aq peanpu; ajewnse oid Jau ey Uy Ajurepaoun ay; sainjdes 1B} UOHEINWIS 8y} JO UOREISY BUO S| }aayspeaids siy |

Jaimoejnuew sad Jyoud 110} BY3 SIZE IV 118D ¥ Aq
V UlWnjod pue UoeoILad pue (0'BY Ul JUsW]SaAUl

aul yim ‘Aleanoadsel ‘einjoejnuew Jad jjoud aAgeINWND pue joid 8y} ale 3V B Qv Uwn|o) ‘anudaal ay) Jo 9,52 1e Woid (}soD uoneayiuen
PUB ('8Y INOYIM) Juswiisaul-aid 8y S1 Oy uwnjoD 'Jeak Aq anuaAsl BARBINWND By} SI gy UWN(os - | uwnjoD ul punoj aoud ay) Je pjos SHHY 40
1aquinu 3y} Aq pajesaual enuaAsI 8y} SI Y UWINIOD "PIOS SHHY 4O JOqUINU SARBINWIND By} SI A UWNJOD ‘MY uwnjod ul pakeidsip se siesk ay) Jussaidal
PE - G SMOJ 8l JBU} 810N "X ULINIOD Ul PUNO} 81e YOIUM JO S)NSa) 8u} ‘[opous Jeak AQ pos SHHY JO JaquInu 8y} JO UOIEBNURUOD E S| joayspeaids Sy

Woid Py

sieak-0z 10} SYHY JO 3Jes ay) wou4 Woid 19N ayy Bunewnsy

S190esees ey ndagosduio]
BSFCCLOTIS . R d ey )
0202 519'095'¢2%  00000SE 519'0£0'2£3 gTE'6EP'ES  TIE'LSL'CIS 2c2'62%'2) 53 20266 92211
6102 222'i60'se$ 00000SE L92'165'92% 922'6¥L'¢  coe'gsc'cls 065'09%'25¥4 25642 62211
9102 195'1v2'128 00000SE 95'i ¥2'sed g9v'are’ed  29¢'soc'cis 8l6'v9g'cort  JOFPEre'css [evogl 265i |
L108  960's6e’gls  00000SE 960'569'} 2% 9gd'sid'ed  206'298'01% 0cs'iec'oscd  1e09'isr'ers |isvrd €088
9102  02£'629'SHS  00000SE 02£'641'61% 2os'igr'ed  220'9z6'sd 2ze'e9g'a0ct Jeii'vol'ect Jovess  rvel
slog £98'261°cis 000005 £92'269'91% vsl'iseed  Sl02e0'ss olg'sal'zagd Jogo'svc'act [rolly LGl
#I02  601'926'01% 000005 601'92¢'F I3 9.9'2p6'tS  €0S5'122'28 0si'2ig'oced |rio'ago'i et [igdor 2IE9
<i02  voe'eee'et 000005 rez'eer'cld 9r2'292't$  596'050'2% 9c2'1e2'6613  Jove'coz'eet Joscre 22%s
‘2oz Je¥'ogeds 00000se 28v'022'01% 0L1°292'13  OF¥'890'4% 962'225' 1218 Jeal'sig'ges [vSeee 1295
bloz  22¢'esv'sd 00000sE 22¢£'c86'e8 S02'esT'I Blg'gLo'ss veo'rsZ'crld Jsiz'ici'ozt Jesece Jooce
0102 241's6L'P$ 00000SE 221'569'28 (129'620'1S  pO9'2PC'RS 6s2'zei'czid Jecs'osc'2id Jesest _mmwm
6002 [0S'601'SS 000005 105'609'9% £sv'0668  2ig'196'cs leo'esl'sold jareive'sis figi i 992¢
2002 2¥0'611'Z  00000SE 0000004 2r0'619'st 9c9'2vat prs'02ecd c22'v06'688  |s2i‘zer'ciy Jrcer) [:3 Io]
2002 21+'942'28 0000052 000005 Z19'922'%8 012's924 1¥2'c90'cs 469'Ter'asd  [2a6'cse'cid Jasell  J8iiz
9002 209'010'28 0000002 , 209'0i0'r$ lee'zeds 2eg'ege'zs §€9'691'va  Jezs'sss'l g [eoss 0421
S002  2ge'ee2’i 0000002 2oc'ges'cs ce2'ieed gli'ser'es 201'719'258  |ceg'ore'sis |eces 9552
P00C  820'li¥$ 0000002 280’21 #'24 lse'cogd  sog'sig'cs viv'cio'ect  Joce'eoazid Jescs Jeesl
€002  £€9¢'9ecd- 0000002 2e1'c1a’t 060'seg$  29c'ozr'cs vel'oig'set  Lrriga'cis Jeeve J I
2002  ¢s6'1ve it 0000002 ap0'ess Sec'esdd  e62'600'ct 2rL'0212is  Jeei'aco'zis Jedst 29si
1002 222'¥66't3- 0000002 000000} 000000 222'S$ 2el'sy 62¢'ces vss'ied Iksslied oo Joi
LYY Wold WUIWIZIA| 3505 120 gy “utiy ¢ IBINIRINUEIA JOIg 150aU)-Dig (630 | INUTAIY  SPRIRAL I W aseyaing ien) y3eg
B[ Wy SARLINWNT - UONEIYIIDY) 13d Jyoid 2anepung | 1ad yoiy FANCAWRT . SIES SHHY oYM seyang
WTIM-2g fiq 2eiauag 31¥nY oYM
*nuady g'MaN - JLvOV
1yonvy pue
ITIWNDY - D MM
"Wonry
‘o pquinp




‘wouid Jau aAieNWND [B10] 8yl pue Janjoejnuew Jad 1joid 18U aABINWIND 8y} a1e | g

S SULINIOD PUB UOREDIHUSD pue ('8Y Ul JUBLIISSAUI SARRINWIND BY} SI { UWINIOD " UWINOS Ul N UNjod Buiwwns uay) pue N uwnjod Ul  Aq H uwnjod
Buipinip Aq punoy uoneoyued pue (Q9Y Ul JusW)SaAUl 8i0jeq ainjoejnuew Jad pjoid aAeinwnd pue Jjoid ay} ale O % N SUWNJOD "M UWN|O0O sawl §g°
BuiAldyinw Ag punoj si pue anNusAal [BJo} IO 9, GZ 8q 0} PALUNSSE ‘UOREBIKILSD pue (J'9Y Ul JUBW)SaAUI 810)0q Jy0id 8y} SI I\ UWINOD "8NUSBASI 8AlRjNWIND
Byl S| TUWNOD "7 | ‘Q SUWN|OD Jo wins ay} Aq g uwinjod BuiA|diynw AQ punoj anuaAsJ [BI0} 8U} S1 M UWNjOD "'SHHY Ue Ang 1ey) Y4 40 Jaquinu au}
SI P UWNOD “H uwnjos AQq 9 uwinjod ayy Bulkidninw AQ punoy se SHHY Ue aseyaind Jey) yeldlre MIN 40 J8quinu oyl s | uwnjo) ‘Ajl@Anoadsal yeiole
M3N PUB Y4 JO UoRNQUISIP 8y} 818 H ¥ © SUWN|OD) '3 UWNjOD) Ul SSNJBA a8y} sawi 2| [[90) ul Jusdiad auy) s 4 uwnjo) ‘aaind uoyonposd Ya4/MIN
ansiwndo 8y} S1 3 UWNED 19X eW 1O18Y 8y} O} Sajes SHHY JO Jaquinu ay) s1 g uwnjo) 'g uwnjo) ul aoud aAnoadsal ay) yim pajeroosse aseyoind
10 Aupigeqoud ay) Surejuod o uwno) ‘SHHY 24l 10} Aeoap aoud Ajox) 1SOW ay) SUIRIUOD g UWNo) 0202 O) 002 WO} SIeak ay) SUIRLOD y UWN|0)

€d

'L21 Aq 821 Buipiaip
Aq puNoy} S1 YaIYM 621 |90 Ul punoy anjeA Jjoid 19U ay) Uo 1094 Jejiwis B aARY [Im Jaquinu siy) Buiseasoap 1o Buisealou| "9,G| Se palsi| sl pue g | 1199
Ul puno} st ajgeueA iYL "Jjoid 18U %0g SA31Yde 0} papasu saINd uolonpoid Ya4/MIN dlisiwndo aus jo Jusaied auyj sI [apow siy} Ul 9jqeueA Ajuo sy

"'SHHYV 8y} 40 Jainjoejnuew ay} 0l %02 4O 140.d 19N B PalA 0} Jeah yoea papasu ‘SHHY
ue yum Jeiodie 189)) Bunsixa jo wosay ay) 0} uonippe Ul ‘Yeldle MIN PUB Y4 JO Jaquinu ay) 9Jewiisa o) pasn |apow 8y} Surejuod jesyspealds siy )

#02 AgRagIel
085'99LE 1S Juepiedaysigieny
202'990'69% “uel) 4ed sy fean)
202'990'55% 0S5 99L' I 000005E  0S5'99T'LI$ 22i'lof’ 1 052'222'5% L08'pa2'9L2% 000'51e'028 000f 000 000 00002 p2il s0£0’d 0005 0203
zsP'Les'ebd £92°65P'20E 0000052  £9c'e56'shE 296'962' 1 Lps'iZo'sH Loz'eps'sad es'tii'02d 1212 2 Az $Lh8L 9521 pEZ0D 1505 6102
P03'a0s'FrE LOP'202HIE 000005C  LOP'20L'PIS 99Y'LIZ'HE S39M9RS'PE S1p'4£2'502% $59"958°018 9LP2 L 3P 92 L059F  £2€1  2820°0 POIS  5j02
0P6'296'6E8 SI2'066'68  00000SC  SLL0P'CIE LEPTELLIS 24s'520'pY 09LT16E'G42S LPT'EPLSIE p2T ] 22 b2 PioPL BEEL 6320°0 295 02
$2HL02'acd Z3T6ie'sd 0000081 26 lC'TiE SE'PLH'M Bp'eia'pE L15's01 L6 )s ape'iSi s ad07 o aner a0z 33521 bpPE 2570°0 pz25 907
99'Lgiocd LIp'Peait 0000055 LIF'PEVEEE SP0'200LE 03 1'50b'pY £99'056'601% 61I'2EVLIS Tpsl T 0 0 LTI 61321 2ebl  apZ0'0 0625 slo2
Sap'ezEa2d U235 0000051 ZLL'Z50'00% 31L'P00'E £iP'II0'PE oPE'LIE' IS 168'590"0L8 95PL 5 302 SPL  P99E 0L &g€51 €£20°0 2955 plo?
PIO'C1E'228 pa2'3essS  000005E PS'slo'ed  LpS'02ed 001'239'ch ss0'262'skid esi'szi'pid 9zik sit 2THE 2051 bhoo)L  €i5) 22200 WbS  £h02
525059318 0L'259'pS 0000055 90L'2S5K'sF Pelleps$  9l1'6nc'd 662'225'0418 £00'965'118 Sbs b 205 5b$ 2§EL Ploe G091 o0k200 1255 2102
oPY' 1518 206'208'c% 0000058 ZIEL0f'i¥ Ase'0nl$  Ibe'IIIf asE'aZa'sbld Sa2'AEZIS v 2y 209 s 51z 3608 2E9L  0020°0 25 ez
#0L'L90°21F L26910'cd 000005 126M16™9% 02'pid  asp'Pie'2d 0£8'0.2'P0 1S 6le'les"iid zop £l 039 30p 3301 9520 9591 6310°0 $21S  0l02
$2T000%0%  LOT'CIZT'ZS 000008 lof'sil's 1ST'U0LE £00'23'28 HIe'2LLT68  C10MIETHIS b2 £} 6L £p2 e 1P 8i9L 031070 $P§S 6002
P2Z'p32'9%  950'995'1E 0000052  950'990°s$  PHOE39d  US0'ZL0'28 2es'950'ied 622'226'018 201 £t L5} g0l 593 3315 s0ll L0 §365  #002
4312es' i 2po'ses’id 0000052 ZR0'£s'Pd SIMELAE 19P'269'28 @99'521°048  PRETRIL0ILS CEL L9l o 0LS IRLE a9k00 LIS T
s0L'ece’ad 126'60L 1S 0000002 Aze'eol's$ 1ei'pedd  £20'900'7% 528's5%64  Tes'a0l' M b 9y 9 POSE  PRLE 09100 LY 19002
£66'290'pE  ApLSH0IE 0000002 SPLGHO'EY  RLL'ZLNE 91L'$Z6'7H L6 1ST'ERE Cas'PLL'LIS 6 265 264 A6 WU sSH0%0 £969 5002
DTPLHIE 195'582% 0000002 196'E82'28  ea0'telf  SSE'pal'ed 290'Le5’aEd 12P'L49'244 8 515 , 515 ZEPE  $E8l 85M0°0 1589 pooz
320'0£0'28- 2252054 0000002  ¢lp'26P'I  Zpo'apsd  995'23'cd sp'ele’ct 992'0ss'id L PP pPP 0962 5%l 551070 §62 002
GEY'TIP'SE- BIVESCIE- 0000002  3cE'9p9$ HIZ'IPAE SPEPIS'2E 2ECeP'0MS  2387652'018 v [ 6LE 8352 20£L  30k00 958 Zo02
005'L16'0- 5ic'pee’ts- 000000 529'sé 529's% 005'22%  000'06% 1000'06% [ e 02t s{82 0k £000°0 0006 h00Z

"mca.z NI LIAN CJus Ly _huzvvuﬁcbz Woa 4 ,Q-co.aom .Q"Q?ﬁx hﬂmuvdh h’m WYL Qg Y Y YAS ﬂﬂh\:.qz Osdﬂoh ”ummluuﬁm PITYSInG O 33024 ”._9.0.-.

asdaymig  sanpjrwng Jedaynig SARULIF R FAlBIRURG  o3B) IEULE R © ewn MM BIPIBS  Laiqeqedg

PN Wny SORCINWNRG | FIONY[.FI 4 044 |D30] L L LL | Aoquingyy

, : . : ,
P L ] 92'0 EREIPLEF R LT EL P | %] uIIa4
FLFEETAIY] T ' B

101d 19N %02 2A314dY 01 a4 B MIN JO auljaseq wnuwiuiy ayy Bunewns3




REPORT DOCUMENTATION PAGE Form Approved

OMB No. 0704-0188

Public reporting burden for this collection of inf. ion is esti dto ge 1 hour per response, including the time for reviewing instructions, searching existing data
sources, gathering and maintaining the data needed, and pleting and reviewing the collection of inf fon. Send comments regarding this burden estimate or any other
aspect of this collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Di for Infc ion Operations and

Reports, 1215 Jefferson Davis Highway, Suite 1204, Adington, VA 22202-4302, and 1o the Office of Management and Budget, Paperwork Reduction Project (0704-0188),
Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
February 1999 Contractor Report
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
An Assessment of Technical and Production Risks of Candidate Low-Cost
Attitude/Heading Reference Systems (AHRS) NCA 1-130
6. AUTHOR(S) 538-11-11-01

Daniel Yuchnovicz, Malcolm Burgess, and William Hammers

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Research Triangle Institute REPORT NUMBER
One Enterprise Parkway, Suite 310
Hampton, VA 23666

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

National Aeronautics and Space Administration
Langley Research Center NASA/CR-1999-209096

Hampton, VA 23681-2199

11. SUPPLEMENTARY NOTES
Langley Technical Monitor: Paul W. Krasa
Yuchnovicz and Burgess, Research Triangle Institute, Hampton, VA; Hammers, Optimal Solutions, Wichita, KS
Final Report

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Unclassified-Unlimited
Subject Category 03 Distribution: Nonstandard
Availability: NASA CASI (301) 621-0390

13. ABSTRACT (Maximum 200 words)
This report provides an assessment of technical and production risks of candidate low-cost attitude/heading
reference systems (AHRS) for use in the Advanced General Aviation Transport Experiments (AGATE) air-
planes. A low-cost AHRS is a key component of modem "glass cockpit" flight displays for General Aviation
(GA) aircraft. The technical capabilities of several candidate low-cost AHRS were examined and described
along with the technical issues involved with using all solid-state components for attitude measurement. An
economic model was developed which describes the expected profit, rate of return, and volume requirements for
the manufacture of low-cost AHRS for GA aircraft in the 2000 to 2020 time frame. The model is the result of
interviews with GA airframe manufacturers, avionics manufacturers and historical analysis of avionics of similar
complexity. The model shows that a manufacturer will break even after three years of AHRS production,
realizing an 18 percent rate of return (23 percent profit) on an investiment of $3.5M over the 20 year period.
A start-up producton estimate showed costs of $6-12M for a new company to build and certify an AHRS from
scratch, considered to be a high-risk proposition, versus $0.25-0.75M for an experienced avionics manufacturer
to manufacture a design under license, a low-risk proposition.

14. SUBJECT TERMS 15. NUMBER OF PAGES
Attitude/Heading Reference Systems, General Aviation Aircraft 64
GA Navigation Systems, Electronic Display Systems 16. PRICE CODE
A04
17. SECURITY CLASSIFICATION | 18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION 20. LIMITATION
OF REPORT OF THIS PAGE OF ABSTRACT OF ABSTRACT
Unclassified Unclassified Unclassified UL
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z-39-18
298-102




