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Abstract

Air Combat Command (ACC) relies on Air Combat Maneuvering Instrumentation
(ACMI) systems for air-to-air combat training and large force employment flight
debrief. Although extremely effective training enhancements, these systems are
enormously expensive and typically require flight over restricted airspace
ranges. These factors have prevented fleetwide implementation of ACMI training
on a daily basis. Basic ACMI systems determine aircraft position and perform-
ance data and transmit the data to ground-based monitoring stations for record-
ing, display, and debrief. Early jet fighter aircraft required special external com-
ponents, or “pods,” to calculate and transmit the data to custom-built
computerized debrief facilities. Modern aircraft do not retain this limitation, and
low-cost personal computers now offer computational and graphics display
capability sufficient for ACMI debrief. Current avionics systems calculate all the
necessary data and report the required parameters on the aircraft avionics sys-
tem bus. Monitoring and recording this onboard data will reduce the require-
ment for special ranges, eliminate pod requirements, and allow debrief and pres-
entation on conventional computer equipment typically available in fighter
squadrons. Internal data also offers avionics parameters that are not available
to pod-based systems. This data represents an enormous untapped resource for
flight debrief. Perhaps the greatest potential contribution offered by internal sys-
tems involves combat mission debrief capability. Because external pods occupy
weapons stations, it is extremely unlikely that crews would ever carry these
components into combat. Internal components are the only alternative that can
provide ACMI features for a combat mission debrief. Additionally, internal com-
ponents preserve the aerodynamic and radar signature characteristics of the air-
craft, a feature essential for stealth aircraft employment.

This new ACMI concept would reduce the requirement for external pods and
other support equipment and provide basic ACMI functionality for every mission
with potentially significant cost savings compared to current and planned pod-
based implementations. The proposed alternative can also serve as an essential
supplement to large force training exercises, as these missions will likely continue
to rely on external pods. This proposal for an internal solution trades the unique
features required in large package exercises for convenience, ease-of-use, and
daily availability of basic ACMI functionality without degrading the value of realis-
tic combat training. Providing basic ACMI functionality on daily missions offers
significant synergies when combined with occasional full-scale exercises.

ACC is currently developing a new ACMI pod and advanced training system.
The system under consideration, known as the Joint Tactical Combat Training
System (JTCTS) combines Global Positioning System technology with ACMI
equipment and provides a wide range of new features. Proposed capabilities
include electronic warfare training, “no drop” munitions delivery training, and
the ability to link simulators and virtual training systems with live-fly missions.
For this application, a pod-based system may be the best solution in the near
term. However, basic ACMI features can be provided for all modern aircraft



using internal components. Developing this capability will allow enhanced train-
ing in any airspace while eliminating the costs (fiscal and performance) of a pod-
based system, while providing valuable experience in designing internal alter-
natives required by future aircraft.

The decision to acquire or lease another pod-based system limits the potential
to investigate the benefits and risks of developing internal capability. Future air-
craft, including the F-22 Stealth fighter and the proposed Joint Strike Fighter
will require internally based systems to maintain stealth characteristics. Failure
to develop alternatives to pod-based systems ahead of time will inevitably
increase the cost and risk of providing ACMI functionality for future aircraft.
This research proposes alternatives that rely on avionics components currently
installed on modern and future aircraft. Integrating the capabilities of existing
hardware can offer insights for the development of a new, full-featured internal
system.

This study presents a summary of the development of the current and pro-
posed family of ACMI systems and the capabilities each system provides. The
Kadena Interim Training System provides a suitable case study to compare
requirements of current ACMI features to the capabilities available using inter-
nal components.

Properly implemented, the proposed alternatives offer the potential to save
millions of dollars in operating costs and allow ACMI training on every mission
independent of ground-based equipment and external stores. Internal compo-
nents can provide cost-effective basic ACMI functionality with the potential to
offer capabilities approaching the next-generation system, as well as providing
new features never before available on pod-based systems. Internal systems can
be installed long before the next-generation system will be operational and will
provide a routine availability that will not be offered by JTCTS. Leveraging the
capability of internal components will further increase combat mission training
effectiveness today, as well as reduce the technical and fiscal risk of developing
future systems.
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Preface

Success in the modern air-to-air combat arena hinges on effective and real-
istic peacetime training. Solving the air-to-air training problem has consumed
enormous amounts of time and money since the development of modern
fighter aircraft. Over the years, flyers have developed numerous methods of
enhancing training sortie effectiveness. In the past 20 years, the most prom-
ising effort involves the ability to accurately recreate mission events in a man-
ner that allows a detailed discussion and evaluation during the postflight
debrief. What initially began as a pilot struggling to physically record essential
information during the flight has developed into a family of sophisticated elec-
tronic systems that transmit and record the data for “big screen” presentation
and review. Initially referred to as Air Combat Maneuvering Instrumentation
(ACMI), this system has proven itself as the “gold standard” of training mission
enhancements. Unfortunately, even the most recent attempts to improve on
the original ACMI concept have retained many of the early system limitations.
The most significant drawback involves reliance on externally mounted pods.
Reliance on external components has relegated ACMI training to occasional
use and prohibits ACMI features on combat mission debriefs. Reversing this
trend will greatly reduce the cost and complexity of ACMI systems, provide
fleetwide routine access, and increase the data available for debrief, as well as
preserve stealth characteristics of future aircraft.

Recent advances in modern aircraft avionics now allow internal components
to perform the functions previously requiring external pods. ACMI missions
require accurate aircraft attitude and position data. Calculating and trans-
mitting this data were the primary functions of the original ACMI pods.
Current and future generations of fighter aircraft include avionics that accu-
rately measure these parameters. Modern aircraft also carry other onboard
systems capable of transmitting the data between participating aircraft.
Special instrumentation packages on developmental test and evaluation air-
craft also perform these functions without requiring external components.
Leveraging these internal components highlights the feasibility of an internal
ACMI data collection and recording system. Personal computers now provide
computational and graphics display capability sufficient for ACMI debrief,
reducing the requirement for custom-built graphics processing and display
hardware. With these facts in mind, it seems only logical to pursue “podless”
alternatives to provide ACMI functionality. This research effort proposes such
alternatives. Continued research and implementation of optimized podless
designs will further improve combat mission training for current and future
aircraft.

The alternatives proposed in this study are not intended to completely
replace existing or planned ACMI systems, or what are now being referred to
as air combat training systems. Modern systems create vastly complex “virtual
combat zones” for high-fidelity, full-scale joint exercises. For these implemen-
tations, a pod-based system offers significant advantages in the near term.



What pod-based systems cannot offer is a fleetwide, continuously available
training enhancement. Internal solutions meet this requirement with only
minor aircraft modifications and for potentially extremely low cost per mission.
The alternatives in this study can bring the renowned benefits of basic ACMI
functionality to every mission.
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Chapter 1

Background

To lead untrained men into battle is to lead them to their death.

—Mao Tse-tung

The nature of peacetime training missions requires accurate and
detailed mission debriefs. During these sessions, the aircrews evaluate
performance, identify mistakes, and reinforce the lessons learned
throughout the flight. Accurately reconstructing the mission events is per-
haps the most challenging aspect of the mission debrief.

Debrief Techniques

Modern fighter aircraft capitalize on maneuverability, and success or
failure in weapons employment hinges on the pilot’s ability to position the
aircraft properly in three dimensions. In order to accurately assess pilot
performance, instructors and flight leaders must be able to display graph-
ically the position and attitude of the aircraft at various points through-
out the mission. To accomplish this task, aircrews have relied on numer-
ous techniques with varying degrees of success.

Manual Methods

Manual methods rely on the aircrews’ ability to recreate the mission
events by sketching snapshots of the aircraft on a suitable display sur-
face, such as a whiteboard. The crew develops these sketches by refer-
encing notes, stick figures, and comments written during the flight. This
technique requires the aircrew to physically record these items, often dur-
ing highly dynamic maneuvers (fig. 1).

To reduce the workload during the flight, many crew members have
developed templates that simplify the recording of standardized parame-
ters such as the event times, headings, and altitudes (fig. 2). These tem-
plates also provide an organized method for recording basic sketches of
maneuvers as they occur. From these templates, the aircrew can repro-
duce the flight events on a whiteboard.

As the event begins, the aircrew enters the appropriate data and begins
to annotate the template. As the maneuver progresses, the aircrew
sketches the flight activity using standardized notation elements. If the
template is used for depicting a turning engagement, each template typi-
cally represents between 90 and 360 degrees of turn depending on the
level of activity within each turn. As the maneuver progresses, the aircrew
uses additional templates as necessary to complete the record of the
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Figure 1. Samples of Hand-Recorded Flight Maneuvers

event. From these sketches, the aircrew will attempt to recreate the
maneuver during the debrief (fig. 3).

Although this technique is by far the most widely used method, it pre-
sents serious limitations. Perhaps the greatest limitation involves the risks
inherent in diverting aircrew attention away from critical tasks while com-
posing the sketches and recording the necessary information. The aircrew
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Figure 2. Sample Debrief Template

must decide when changes in the data
are pertinent, and missing important
events can lead to inaccurate reproduc-
tions during the debrief. Certain aspects
of the flight events—including weapons
employment, airspeed, and maneuver
capability—may include classified infor-
mation, requiring the aircrew to treat the
templates or other notes as classified
material. This requirement increases the
risk of compromising the aircraft per-
formance data in the event the flight
notes are lost or misplaced. These meth-
ods are also subiject to the perceptions of
the person recording the data. Highly
dynamic maneuvers can create false
impressions of attitude and position,
again resulting in inaccurate debrief
reconstructions. These false impressions
are also a result of the three-dimensional
nature of aircraft maneuvers.

Most aircraft maneuvers involve three-dimensional position changes.
When the pilot alters aircraft attitude quickly, the aircrew often misper-
ceives the actual aircraft response. It is also difficult to transcribe these
maneuvers onto a two-dimensional surface. Consequently, the aircrew
must rely on shorthand abbreviations and perceptions of the actual aircraft
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Figure 3. Sample Template with Flight Data

Annotations



performance. These estimates and potential misperceptions compound
the possibilities of misrepresenting the aircraft maneuver during debrief.
Misrepresentations can lead to erroneous conclusions about aircrew per-
formance and maneuver effectiveness.

Audio Recording Systems

In an effort to increase the accuracy of the sketches developed during
the flight, aircrews have used in-flight audio recordings of cockpit and
radio transmissions. These recordings provide a narration that can be
used to highlight or reinforce various aspects of the flight. These record-
ings also provide a history of interflight communications, useful for
assessing aircrew communication procedures. During highly dynamic
maneuvers, the aircrew can talk into the tape instead of attempting to
draw items onto the template. For example, the pilot may state “in a
right-hand turn, descending, passing through 17,000, 5 Gs.” This tech-
nique reduces workload and allows the aircrew to focus more attention
on critical tasks.

Combined with the information annotated on the sketches, the air-
crew can create a more detailed picture of the flight events. However,
this technique also poses several limitations. If the aircrew relied solely
on narrations provided by audiotape, equipment failure would negate
the training value of the mission. The equipment also poses potential
risks in the cockpit. Unless the recorders are built into the aircraft
avionics, the additional cables and hardware could potentially become
dislodged and pose foreign object damage hazards during the flight. The
narrations are also subject to misperceptions similar to those associated
with handwritten notes. If the aircrew wishes to compare the recordings
of several different aircraft, then synchronizing the narrations becomes
a difficult, time-consuming task. The recordings may inadvertently
become classified if the crew accidentally comments on sensitive aspects
of the aircraft or maneuvers.

Aircraft Videotape Recorders

Most modern fighters now include aircraft videotape recorders (AVTR)
that provide permanent recordings of selected aircraft avionics. Initially,
the recordings focused on the aircraft gun sight or Head Up Display (HUD)
and provided a recording of the pilot’'s forward view and associated aircraft
performance parameters. These recordings are extremely useful in recon-
structing the flight events, as the pilot’s forward view offers the most accu-
rate depiction of the aircraft position and movement during maneuvers.
These recordings also allow an assessment of weapons employment if the
target aircraft passes directly in front of the pilot.

More sophisticated AVTR systems time-share, or multiplex the recording
function among several avionics components. These may include radars,
weapons displays, radar warning receivers, or infrared seekers. Combined
with cockpit and radio transmission audio, these sophisticated recordings



provide a highly detailed account of the flight. However, even this technique
poses limitations. Due to the nature of modern avionics, these tapes are
nearly always classified and must be treated as such. Many also require
specialized playback equipment to interpret multiplexed recordings. These
recordings share the synchronization and equipment failure risks of the
earlier audio recording techniques, and reviewing the recordings of each
maneuver becomes very time-consuming during the debrief. These tapes
do not provide a depiction of the aircraft's actual flight path, only a record
of the aircraft attitude. For highly dynamic maneuvers, the aircraft attitude
can be completely independent of the aircraft flight path.

Conducting the Debrief

The primary purpose of the debrief is to recreate important aspects of
the mission as accurately as possible. This procedure allows the aircrew
to identify mistakes and evaluate performance. Typically, the flight lead
or instructor is responsible for conducting the debrief. The aircrew will
collect any available data on the sequence of events and attempt to
recreate the mission by drawing representations of the maneuvers on a
suitable display surface, such as a whiteboard. Colored pens allow the
illustrator to differentiate between flight members and flight paths. In
order to create a three-dimensional depiction on a two-dimensional sur-
face, the aircrew uses special annotations and may switch between top-
and side-view drawings.

The accuracy of these drawings is highly dependent on the data
recorded during the flight and the artistic skill of the crew member con-
structing the illustrations. A combination of written comments, audiotape
and videotape recordings, and a review of other flight members’ data offers
the best opportunity to recreate the mission accurately. However, the
requirement to compile the various sources of data becomes extremely
time-consuming and often causes debriefs to last many times longer than
the actual flight.

Limitations of Manual Methods

Although aircrews have become proficient at manually reconstructing
the mission events, these methods still pose serious limitations. For rela-
tively benign maneuvers, manual methods can provide the data required
to accurately recreate the sequence of events and the relative position of
participating aircraft. As maneuvers become more dynamic, a simple
order of events does not satisfy the requirement to assess aircrew per-
formance. The data requirements expand exponentially as the flight com-
plexity increases, and the number of events rises as well.

The debriefer must judge each maneuver for timeliness, execution, and
tactical appropriateness. Manual methods do not provide sufficient data
for a clear, error-free debrief in complex, highly dynamic air-to-air
engagements. The data required includes aircraft position and performance



information necessary to evaluate aircraft energy, range, aspect angle,
and turn performance. These parameters form the complete picture of the
aircraft and aircrew performance throughout the tactical engagement.
Manual methods also lack the capability to depict aircraft maneuvers ade-
quately. This limitation involves the difficulty in representing three-
dimensional maneuvers on two-dimensional media.

Energy Assessment

Air-to-air combat maneuvering requires the pilot to properly manage
the amount of energy expended during each maneuver. The combination
of potential and kinetic energy allows the pilot to convert energy into
maneuvers. Throughout the maneuver, the pilot must regulate thrust,
altitude, airspeed, attitude, and “G.”* The magnitude and direction of the
aircraft motion forms the aircraft “lift vector.” Controlling this lift vector is
the primary method of changing the aircraft flight path. Every change in
the aircraft flight path forces the pilot to expend a portion of a limited sup-
ply of energy. Some maneuvers require only an exchange between poten-
tial and kinetic energy. For example, the pilot may elect to descend to gain
airspeed, trading potential energy for Kkinetic energy. However, most
maneuvers require the pilot to choose the appropriate time to spend the
right amount of aircraft energy. Most of this energy is consumed by aero-
dynamic drag.

Aerodynamic drag on the aircraft constantly drains the maneuver
energy available to the pilot. Most maneuvers increase drag on the air-
craft; however, some maneuvers actually reduce drag. The skilled pilot
increases or decreases drag at the appropriate times to preserve energy
and maneuver capability. If the pilot expends too much energy during
maneuvers, the aircraft airspeed or altitude will decrease, reducing
maneuver capability. In the extreme case, the pilot could literally fly the
aircraft out of airspeed and altitude and impact the ground. Because
the energy level and consequent maneuver potential of the aircraft is a
combination of several factors, it is essential that the debriefer deter-
mine the relationship between these factors in assessing energy level.
This assessment is a critical component of the debrief. Manual meth-
ods offer a poor technique for assessing energy levels and potential
maneuver capability.

Position Assessment

Determining the position of participating aircraft is another critical
debrief component. The position of opposing aircraft must be determined
in order to assess maneuver effectiveness and weapons employment. Both
the position of the opposing aircraft and the execution of maneuvers
involve three-dimensional problems that must be evaluated. It is also
important to review the formation position of wingmen throughout the
flight. To describe the relationship between the aircraft, aircrews use a
combination of range and angle parameters. The magnitude and direction



of the aircraft velocity forms the aircraft flight path vector, and control of
this vector is the critical task during an engagement. The relationship
between opposing aircraft positions and vectors are described in terms of
range, aspect ratio, angle off, and heading crossing angle. Accurately
determining and reviewing the complex series of position changes
throughout the flight is critical in understanding the effectiveness of the
various maneuvers performed.

Range Determination

The distance, or range between the engaged aircraft is another essen-
tial debrief parameter. The range between two aircraft is a function of hor-
izontal and vertical distance. This distance determines the amount of
“turning room” available to each aircraft. In a three-dimensional perspec-
tive, “slant range” is the true distance between the two aircraft. The hori-
zontal range is often referred to as “ground range,” and the vertical range
is known as the altitude “Delta” (fig. 4).

Although primarily a function of weapons employment, the distance
between the aircraft also determines the appropriateness and timeliness
of maneuvers. Accurately determining the distance between aircraft
allows the debriefer to assess the effectiveness of weapons employment
and the maneuvers executed during the flight.

Successful weapons employment requires the pilot to position the air-
craft and fire the weapon within specified ranges. Most weapons, such as
missiles or bullets, have prescribed minimum and maximum employment
ranges or “envelopes.” Attempting to employ the weapons outside of these
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Figure 4. Depiction of Range Parameters



envelopes greatly reduces weapon effectiveness and probability of kill (PK).
During the debrief, it is essential that the aircrews determine the point at
which weapons were employed and the distance and angles between the
aircraft at the moment of launch.

Using manual methods, the aircrews are severely limited in their ability
to accurately determine the distances between aircraft. The primary
method in modern aircraft requires crews to illuminate the target aircraft
with onboard radar. This device will provide various degrees of accuracy
dependent upon the mode used and the position of the target aircraft.
Currently, radars only provide distance information on aircraft in a rela-
tively small cone in front of the aircraft, with no information on aircraft to
the side or behind. Alternatively, most aircraft are equipped with tactical
area navigation (TACAN) equipment; and when used in the air-to-air
mode, these devices provide continuous displays of the distance between
the aircraft. However, these devices only provide slant-range measure-
ments and do not display the relationship between horizontal, vertical,
and cross-range parameters. TACANSs are also susceptible to interference
from nonparticipating aircraft.

TACANSs determine range with a transponder technique between each
component. For ground navigation, the crew tunes the receiver to the
channel assigned to the desired ground location. The TACAN displays in
the cockpit show the range and bearing to this ground station. TACANs
can also display distance information between aircraft in the air-to-air
mode. In this mode, the crew can designate a flight member (usually the
flight lead) as a surrogate ground station. This aircraft serves as the
“mother ship.” The other flight members can determine the distance to
this aircraft by selecting a TACAN channel number that is 63 units
higher than the channel in the mother ship (if the mother ship is tuned
to channel 3, the “daughter ships” tune to channel 66). Although very
useful, this technique can only provide distance information against a
single mother ship aircraft. No distance information is available between
the “siblings.” If another flight (even a flight up to 50 miles away) inad-
vertently chooses the same channel pair, the readings between the air-
craft will become erratic and unreliable. Barring the availability of these
avionics components, the aircrew can estimate the distance using visual
cues; but this method is only a very rough estimate, often with errors in
thousands of feet.

Beyond weapons employment, the range between aircraft is also a crit-
ical parameter for determining the appropriateness and timeliness of
maneuvers. Executing a maneuver either too close or too far away from
the opponent usually negates the effectiveness of the maneuver, wastes
precious energy, and may even force the aircraft into a seriously danger-
ous position. By determining the distance between aircraft when maneu-
vers are executed, the aircrew can assess the performance of these
maneuvers during the debrief.



Aspect Angle Determination

Aspect angle is another critical parameter that must be determined dur-
ing the debrief. Aspect angle is the primary parameter the pilot must con-
trol for successful weapons employment and is a primary factor in deter-
mining weapons employment envelopes. By definition, aspect angle is a
number of degrees measured from the tail of the target aircraft to the posi-
tion of the maneuvering aircraft (fig. 5). It is important to understand that
aspect angle is independent of maneuvering aircraft heading and only a
function of position, while the target aircraft heading is a critical compo-
nent of aspect angle. The pilot must choose the appropriate maneuvers
that increase, decrease, or maintain aspect angle while fighting for posi-
tion and range. Manual methods provide only limited data to determine
this crucial debrief parameter. If the maneuvering aircraft has the target
aircraft “locked” on the radar, the radar can accurately display the aspect
angle. When the target aircraft is not locked, the pilot must estimate
aspect angle—typically relying on visual cues. Misperceiving the aspect
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angle can result in poor maneuver and weapons employment decisions.
Without radar information, manual methods do not provide sufficient
means of debriefing aspect angle measurements.

Assessment of Turn Performance

Maneuver effectiveness is a function of the aircraft turn performance. If
the pilot elects to attempt a maneuver that is beyond the turn capability
of the aircraft, the maneuver can potentially result in a disadvantageous
tactical position or deplete valuable energy. By combining a perception of
position, range, and aspect angle, the pilot must decide if a particular
maneuver is within the capability of the aircraft and predict the relation-
ship between these variables at the end of the maneuver. The end result
of the maneuver is a function of the aircraft turn rate and turn radius.

Aircraft turn rate is measured in degrees per second and describes how
quickly the aircraft can change direction. The aircraft turn radius is a
measurement of the amount of combined horizontal and vertical distance
the aircraft will cover during the maneuver. In a three-dimensional per-
spective, the turn radius includes horizontal and vertical components. A
purely vertical turn—such as a loop—has no horizontal turn radius but
an entirely vertical turn radius. Both turn rate and turn radius are func-
tions of the aircraft performance capabilities and depend upon airspeed,
the magnitude and direction of the aircraft lift vector, and gravity. The
relationship between rate and radius is complicated by the fact that the
aircraft flight path vector does not necessarily respond directly to aircraft
attitude changes.

Certain maneuvers can generate turn rate without creating a turn
radius; and at the same time, large turn radii do not necessarily corre-
spond to low turn rates. Due to this complex relationship between aircraft
maneuver parameters, the debriefer finds it extremely difficult to describe
accurately the magnitude and relationship of the various turn perform-
ance components. It is nearly impossible for the debriefer to determine
accurately turn rate and turn radius using manual methods. Therefore,
the debriefer must rely on rules of thumb and estimates, seriously degrad-
ing the accuracy of the debrief.

Two-Dimensional Presentation of
Three-Dimensional Maneuvers

Manual methods challenge the debriefer to construct two-dimensional
representations of three-dimensional maneuvers. Even the most highly
skilled artist has difficulty producing drawings that accurately communi-
cate the relative motion of the aircraft in three dimensions on a two-
dimensional surface. This limitation seriously degrades the ability of the
aircrew to perceive exactly how the maneuvers progressed and the relative
effectiveness of each maneuver. In an effort to overcome this limitation,
debriefers have developed special notation and abbreviations combined
with “multiple view” drawings of the maneuvers. These techniques improve
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the hand-drawn representations of the flight and allow the debriefer to
estimate the value of critical position and performance indicators.
Combining the drawings with the appropriate flight data completes the
“picture” of the mission.

Maneuver Translation

In order to create a representation of a dynamic three-dimensional
maneuver on a static, two-dimensional surface, the debriefer must alter-
nate between top, side, and front views. Preparing these views is extremely
time-consuming. The final product is susceptible to misperceptions and
limited by the artistic skills of the debriefer. Oblique maneuvers (maneu-
vers that are a combination of horizontal and vertical maneuvers) are
especially challenging, as the relative positions of the engaged aircraft
change continuously in all three dimensions.

Limitation Summary

The complex and dynamic nature of aircraft maneuvering introduces
serious data collection and presentation difficulties. Aircrews have resorted
to numerous techniques in an effort to reconstruct the mission events dur-
ing the mission debrief more accurately. As aircraft became more maneu-
verable and weapon employment tactics became more sophisticated, the
debrief problems became increasingly difficult. As a result, aviators turned
to technological solutions. Technology offered a way to record, transmit,
and display the aircraft maneuvers automatically. The solutions became
known as Air Combat Maneuvering Instrumentation or ACMI.

Notes

1. Aviators refer to aircraft acceleration in terms relative to the natural force of gravity.
If a maneuver generates a force on the aircraft that is equal to twice the force of gravity,
the force is described as “2 Gs.” In this maneuver, a five-pound object would measure 10
pounds on a conventional scale. As the G force increases, the aircraft turn rate increases
and turn radius decreases. Therefore, G readings provide vital information on aircraft per-
formance.
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Chapter 2

ACMI Concepts, Solutions, and
Requirements and Limitations

In this increasingly competitive, often hostile and rapidly changing world,
Americans seem to have only one real choice. Clearly our national well-being can-
not be based on unlimited raw materials or on unlimited manpower and cheap
labor. Rather it must be based on our ability to multiply and enhance the limited
natural and human resources we do have. Technology thus appears to offer us
our place in the sun—the means to insure our security and economic vitality.

—Dr. Malcolm Currie

ACMI provides the data required to overcome the limitations of manual
methods. ACMI accomplishes this task by accurately determining aircraft
attitude, position, velocity, and acceleration. These parameters are the
essential components required to represent the three-dimensional charac-
teristics of aircraft maneuvers. By continuously monitoring and recording
these aircraft performance parameters, ACMI can provide a complete his-
tory of the aircraft trajectory in three dimensions. Manipulating this data
and displaying graphic representations of the acquired parameters pro-
vides the debriefer with a motion picture replay of the flight. These motion
pictures and the ability to rotate the scenes through any number of per-
spectives enables a two-dimensional screen to appear like a three-dimen-
sional projection. These qualities of ACMI essentially solve the debrief
problems and allow a more thorough and accurate debrief in less time.

ACMI Functional Requirements

The primary parameter required for ACMI functionality is aircraft posi-
tion. The vast majority of the additional performance parameters can be
derived from continuous measurements of aircraft position, although many
are also captured as independent measurements. The accuracy of this posi-
tion data and the rate at which it is measured drives the capability of the
ACMI system. By determining the position of each participating aircraft, the
distances, angles, and relationships between the aircraft can be calculated
and displayed. Early ACMI systems relied on radio signals between the air-
craft and ground stations to accurately determine aircraft position.

Time-Space-Position-Information (TSPI) Data

The original, non-GPS-based ACMI systems measured position through
a combination of triangulation and radio-frequency transponder techniques.
By employing multiple receivers on ground-based towers, the system
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measured the arrival angle of the radio-frequency signals with special
azimuth-sensitive antennae. Each receiver provides a single azimuth
“cone” for each aircraft. Because each pod (and hence, each aircraft) uses
a unique signal, the system differentiates between the signals from each
aircraft. Combining the reception angles from numerous receivers refines
the accuracy of the calculated position. This technique, referred to as
Multilateration, or more commonly “Multilat,” became the standard track-
ing scheme for early ACMI applications (fig. 6).

ACMI can also determine aircraft position using transponder techniques
(fig. 7). By sending and receiving radio-frequency signals between the pods
and the ground stations, the system can determine the distance from the
aircraft to each tower. By “time tagging” signals as a series of independent
pulses, the system can measure the time between the transmission of the
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Figure 6. ACMI Position Using Multilateration Techniques
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pulse and the reception of the reply, or alternatively the pod can compare
the pulse transmission and reception times. This time differential, com-
bined with the known rate of transmission (for radio-frequency signals, the
speed of light) determines the distance between the aircraft and tower.
Instead of a series of azimuths, transponder techniques create a series of
range arcs.

Velocity Data

Velocity data is another critical component of ACMI functionality.
Although velocity data can be derived from position data (by calculating
the derivative of position with respect to time), most ACMI systems rely on
equipment similar to conventional aircraft pitot-static components. This
equipment measures the aircraft airspeed by comparing the dynamic
pressure of air entering a small hole in the front of a “pitot tube” with a
separate, static pressure reading. The difference between these two pres-
sures is proportional to the aircraft airspeed.

ACMI systems calculate and transmit velocity data as a function of
true airspeed. Errors and limitations of this type of airspeed measure-
ment that are not dependent on specific aircraft installation criteria are
well understood and easily corrected. Applying the appropriate correc-
tions provides additional performance parameters such as calibrated air-
speed and Mach number.

Essential Aircraft Performance Parameters

ACMI also measures a wide variety of other essential aircraft parame-
ters. These include three-axis accelerations, aircraft heading and altitude,
and three-axis attitude components. These additional data sets complete
the “picture” of the aircraft performance characteristics and allow the sys-
tem to accurately calculate and display the data in combinations that fully
describe the aircraft flight path. Aircraft altitude is measured using
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aneroid equipment similar to that commonly used by aircraft altimeters.
Acceleration and attitude data are also derived using common aircraft
components including gyroscopes and accelerometers. Most ACMI sys-
tems also record radio communications transmissions between partici-
pating aircraft and ground or airborne control facilities.

Weapons Employment Data

More advanced ACMI systems also include the capability to monitor
and display aircraft weapons employment data. These systems monitor
signals carried on the aircraft weapons circuitry and interpret weapon
status, launch, and release signals. By recording the precise time and
position of the participating aircraft at weapons release, the system is
extremely useful in determining the potential success of each weapon.
Automated systems also include the capability to model weapon “fly
out” characteristics and assign PK values against each target. If the
weapon fly-out model determines that a missile would reach the target
with a great enough PK, the system can tag the target as a successful
engagement, or Kill. Combining weapons release times and data with
an accurate depiction of the distance and angles between aircraft
greatly reduces the uncertainty of weapons employment events during
the debrief.

ACMI Data Transmission, Encryption, and Recording

ACMI systems typically transmit the data to a central facility for
decoding, recording, and display. The signal characteristics follow a pre-
scribed data-link protocol that precisely controls the timing and
sequence of the parameters in the data stream. The sensitive nature of
the aircraft performance and weapons employment data requires the
system to prevent unauthorized access to the data-link signals. Most
systems use a standardized encryption technique to scramble the data
and limit the potential for unauthorized access. By recording the data,
the aircrew can replay the mission after landing or at any other time in
the future.

Data Presentation and Display

By displaying the data in real time, the system allows ground observers
to monitor and control the training missions, as well as provide suitable
displays for a wide variety of audiences. These audiences may include
additional aircrew members that can observe the mission and gather “vir-
tual” experience for their own training. Ground observers can also func-
tion as “safety monitors.” If the safety monitor perceives a dangerous sit-
uation developing—for example, an imminent aircraft collision—
communications between the ground station and the participating aircraft
provide a means through which observers can pass instructions for eva-
sive maneuvers. Ground observers can also relay air traffic control
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instructions, home field weather conditions, or any other information
required by the aircrew.

The display system is the heart of the ACMI setup. Most systems use
large, theater-sized projection screens that display the aircraft from a
wide variety of perspectives or “views.” The user can select from top, side,
or an angled “oblique” view at any time. The system also provides virtual
views from inside each aircraft cockpit, including left side, right side,
forward, and rear views. These are particularly useful for evaluating the
mission from each aircrew’s perspective. The system also displays
selected data for each aircraft, as assigned by the user. The user can
choose a standard series of displays or create custom lists including the
parameters required by each situation. This display capability eliminates
the requirement for the aircrew to perceive, manually record, recollect,
and recreate the mission events in the debrief. The accuracy of the air-
craft position and velocity data also eliminates the uncertainty sur-
rounding the performance of specific maneuvers and the resulting air-
craft positions. Combining radio communications with the display
completes the mission picture.

ACMI Limitations

Although extremely useful, ACMI systems do pose drawbacks. These
include cost, complexity, transmission of sensitive classified data, and
most importantly, the requirement for the aircraft to carry externally
mounted pods. Until recently, the ACMI systems also required aircraft
to fly over special ranges equipped with special transceivers mounted
on towers. These characteristics fundamentally prevented fleetwide use
of ACMI and relegated the system to occasional use in special operat-
ing areas.

Pod Requirements

All current US Air Force (USAF) ACMI systems—now referred to as
Air Combat Training Systems (ACTS)—require each aircraft to carry a
special pod. When the first ACMI system was developed in the early
1970s, the available aircraft used only the most rudimentary avionics
equipment; and the data protocols within each aircraft varied widely
between the different manufacturers. Additionally, the data available
on the aircraft was insufficient to meet the needs of an ACMI data col-
lection system. By locating the required equipment in a standardized
pod, the system could serve a wide array of participating aircraft with-
out requiring the user to customize the components for each aircraft
type. By carrying pods, almost any aircraft could participate in the
ACMI mission.

These pods contain all the required measurement, receiving, and
transmission equipment in a single location on the aircraft. By designing
pods to meet mounting requirements similar to those used by air-to-air
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missiles, the pod manufacturers did not have to build custom configu-
rations for each aircraft type. Any aircraft design with standardized
missile mounting locations can carry the ACMI pod. These missile sta-
tions also provided access to the aircraft weapons circuitry, allowing
the pod to monitor and transmit weapons employment data.

Pod Limitations

Although the use of external pods provides a standardized and conven-
ient method for housing and mounting equipment required by ACMI sys-
tems, these pods present significant drawbacks. As external components,
the pods alter both the radar reflectivity and aerodynamic properties of
the aircraft. Loading a single pod on the aircraft also produces aerody-
namic asymmetries, reducing aircraft stability. Pod designers have taken
special care to produce pods that closely emulate the characteristics of
air-to-air missiles, thereby reducing this negative impact. This special
requirement, however, increases the cost of the system and limits the
amount of space available for pod components.

As external stores, these pods must be mounted and checked prior to
each flight. This procedure increases aircraft maintenance costs and
manpower requirements. If the aircrew discovers a pod malfunction
after engine start, most systems require an engine shutdown prior to
removal, repair, or replacement of the failed unit. Reaccomplishing
engine start procedures and preflight checklists can delay takeoffs and
cause the crew to miss scheduled training events. Although convenient,
using existing weapons mounting locations produces other negative side
effects. Occupying a scarce weapons station means that ACMI pods will
not be carried into combat. Consequently, aircrews cannot rely on
renowned debrief and analysis capability provided by the ACMI systems.
Mounting these pods on weapon stations also increases the wear on
weapons release and mounting hardware and poses the potential risk of
the pod falling off the aircraft during flight. This potential represents a
significant risk to the aircraft structure, as well as to occupants or
structures in the area where a lost pod would impact the ground.

The pods also represent increased maintenance costs for each mission.
The components housed inside the pod are subjected to the full variety of
accelerations and vibrations common in aviation environments. These
conditions require extremely robust components, increasing the cost and
weight of each component. Additionally, many of the components inside
the pod are similar to those already mounted inside the aircraft, creating
a duplicative cost of procurement and operation. The pods themselves
must be routinely checked for proper operation and repaired if necessary,
further increasing aircraft maintenance and manpower requirements.

Equipment Cost and Complexity

Current ACMI data transmission, processing, and display systems are
extremely complex and expensive. The ACMI signhals are typically transmit-
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ted through special cables or repeated by additional ground stations for pro-
cessing the host station. The host station requires special computer equip-
ment to interpret and calculate the myriad of parameters used for the ACMI
display. The host station must also provide means of recording and storing
the data, most of which is typically treated as classified information. These
combined factors drive the acquisition cost of a typical system into the tens
of millions of dollars.

Ground Station Requirements

Until recently, ACMI systems required ground stations to communicate
with the pods mounted on each aircraft. These ground stations had to be
located on specific points and in specific patterns to optimize the accuracy
and tracking capability over the ACMI coverage area. This requires the
ACMI user to either purchase or lease the real estate required for land-
based systems or—alternatively—build sophisticated floating or anchored
mounting stations for over-water applications. Purchasing, operating, and
maintaining these ground stations represented the greatest single cost
factors for early ACMI systems. These ground stations also represent one
of ACMI's greatest limitations.

Requirements for ground-based towers and relay stations limit the
airspace available for ACMI missions. The aircraft must fly within a lim-
ited distance to ground stations to ensure radio signal reception. The
frequencies available and the limited size and power of the radio trans-
mitters inside the ACMI pods force the users to fly ACMI missions
within relatively small, restricted airspace reservations. These restric-
tions prevent most aircrews from participating in ACMI missions on a
regular basis.

Data Stream Encryption Requirements

The sensitive nature of the data included on the ACMI data stream
requires sophisticated encryption techniques to prevent unauthorized
access. By monitoring and analyzing ACMI mission data, adversaries
could potentially deduce critical aircraft performance characteristics and
weapons employment procedures and tactics. The requirement to scram-
ble the ACMI signal reduces the throughput capacity of the data stream
and increases the cost and complexity of ACMI components. The
encrypted data stream must also be decoded at the receiving end, further
increasing the cost and complexity of the host system. Updating the
encryption codes on the ground stations, pods, and host system further
increases manpower requirements. Although significant, this penalty is a
fundamental requirement of a ground-based ACMI system.

Display System Requirements

To take full advantage of ACMI functionality, most systems use theater-
sized displays and viewing rooms. These theaters also provide operations
and monitoring consoles to operate the ACMI system. Display systems use
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sophisticated projection and other computerized equipment to generate
the complex depictions of the aircraft and associated maneuvers. This
equipment must provide the capability to offer multiple view perspectives,
as well as graphic rotation and multiple levels of zoom. The viewing the-
aters also include multichannel sound systems to broadcast various com-
munications data associated with each flight. If the ACMI signal includes
classified data, the display systems must be housed within special build-
ings or compartments cleared for open discussion and display of classi-
fied material. Each component used must also be cleared for classified
data processing.
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Chapter 3

ACMI System Development and
Kadena Interim Training System

The development of a new weapon is generally hindered by a kind of enthusiasm
that concentrates attention on maximum capabilities in performance. This partic-
ular kind of violation of the law of diminishing returns incurs the penalties [of two]
mistakes—premature use and failure to exploit initial gains.

—J. M. Cameron

ACMI systems development has its roots in the Vietham War era. During
this period, USAF and Navy air combat units experienced a sharp decline
in air-to-air Kill ratios. Consequently, military officials searched for ways to
improve air-to-air performance. Department of Defense (DOD) studies sug-
gested that training effectiveness was to blame.! A Naval Air Systems
Command report, the Air-to-Air Missile System Capabilities Review, known
as the “Frank Alt Report,” highlighted the need for improved training regi-
mens and suggested improved methods for mission debrief.?

Genesis of ACMI Systems

In response to the findings in these studies, the USAF and Navy under-
took programs aimed at improving training effectiveness and combat per-
formance. Both services institutionalized formal combat training schools.
The Navy program, now known as Top Gun, concentrated on close-in
fighter combat training and eventually settled in Miramar, California. The
USAF responded with the Fighter Weapons School founded at Nellis AFB,
Nevada. The USAF also began an intensive training program at Nellis AFB
that was to become Red Flag. These combat training programs required
an improved debrief capability. Under Navy funding, the US Marine Corps
(USMC) developed the first ACMI system to meet this need.

First ACMI Systems

The USMC contracted with Cubic Defense Systems to design and build
the first ACMI system for Marine Corps Air Station, Yuma, Arizona, in
1973. The original system consisted of a series of seven ground-based
tracking towers that communicated with pods carried on participating air-
craft. The system tracked as many as eight aircraft simultaneously and
provided real-time depictions of the aircraft throughout the flight. The
pods carried by the aircraft served two functions—calculate and transmit
aircraft performance data and report aircraft position. These two basic
capabilities remain as the primary functions of pod-based ACMI systems.3
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ACMI Maturation

The success of the initial ACMI systems spawned a series of new training
airspace areas, or “ranges,” designed to maximize utility of the new technol-
ogy. Many of the new ranges capitalized on the benefits of operating over
large bodies of water. The Air Force and Navy sponsored the construction of
several ACMI ranges including locations in the Gulf of Mexico, the North Sea,
the Mediterranean, and the Pacific. These over-water ranges offered the
advantage of reducing the requirement to purchase real estate for the con-
struction of the ground-based tower facilities. The system capabilities also
expanded, eventually tracking more than 100 aircraft as well as monitoring
and displaying weapons events. These new capabilities led ACMI missions to
transition away from routine training and towards large-force exercises. This
shift in focus generated new requirements for future upgrades on the exist-
ing systems. These factors combined to force designers to rely on external
components. Satisfying an ever-increasing list of requirements across a wide
array of aircraft could only be accomplished with external pods.

The ACMI ranges became virtual combat zones, tracking dozens of aircraft
in realistic, high-intensity training exercises. The latest systems include the
capability to monitor and score air-to-air and air-to-ground weapons deliv-
eries as well as include ground-based threat systems and simulators.
Although extremely successful, the systems maintained the requirement to
rely on ground-based tracking towers and externally mounted aircraft pods.
Cost of maintaining the ACMI equipment rose as well. The high cost of ACMI
missions drove the systems towards specialized utilization and away from
routine training. Although fully capable of enhancing even the most basic
training mission, the small number of ranges and high cost of operating and
maintaining the equipment prevented aircrews from using this capability on
a day-to-day basis.

Kadena Interim Training System (KITS)

In 1993 a series of typhoons severely damaged the tracking towers used
by the Kadena ACMI range located off the coast of Okinawa. Faced with tower
repair costs in excess of $200,000 each and an operating budget that had
grown to more than $6 million a year, the Air Force looked for an alternative
to the ground-based ACMI system.* The USAF chose Cubic Defense Systems
to develop a new ACMI technology that would not require the construction of
ground-based towers. The new technology, known as Air Combat Training-
Rangeless (ACT-R), eliminated the requirement for ground-based tracking
towers by combining aircraft data-link and GPS technology.

A GPS-based position capability replaced the conventional tower-based
tracking techniques, while the data-link signal allows communication
between aircraft—or if desired—between the aircraft and an optional,
mobile ground station. Free from ground-based towers, ACT-R missions
can be flown in any airspace. In 1994 the USAF paid $9.7 million for the
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development and delivery of 24 KITS ACT-R pods and four computerized dis-
play units.® This technology led to a DOD-wide implementation of GPS-based
ACMI systems. By 1999 nearly every ACMI range added GPS capability, free-
ing the aircraft from the requirement to operate only in special airspace
within broadcast range of ground-based towers.® No longer restricted to rare
training opportunities in special airspace, aircrews can now use ACMI equip-
ment to improve routine training. However, the limited availability of pods
and associated processing and display equipment again prevents fleetwide
application.”

The system requirements document mandated autonomous data-link
operation, free from ground-based infrastructure. The document specifies
the capabilities listed in table 1. To meet these requirements, Cubic Defense
Systems designed a new ACMI pod as well as a new display system.

Table 1

KITS System Requirements Summary

General System Specifications
Sub-
Paragraph | Element Requirement Functions
3 Support for the F-15C/D and F-16C/D Provide training for locally based aircraft
30/40/50
Maximum of 24 aircraft Enable full range of missions including large
force exercises
3.a. Time-space-position information (TSPI) Provides necessary aircraft tracking data
3.a. Correlate and process weapons events Real-time kill notification and postflight
weapons employment evaluation
3.a.(1) Meet current weapon interface and Precludes requirement to design and
loading standards implement additional carriage procedures
3.a.(2) Air-to-air data link, 65 nautical mile range, Communications between aircraft and allows
meeting existing frequency management real-time monitoring
procedures
3.a.(3) Weapon simulations Realistic weapons employment training
3.a.(4) -1 Autonomous data recording Provide postflight review capability
3.a.(4) -2 Relative position error less than 25 feet Provide accurate aircraft position data
3.a.(4) 3 Storage for three independent one-hour Allow multiple missions without requiring
missions aircrew action
3.a.(5) Meeting existing electronic security Precludes implementation of additional security
requirements measures
3.a.(5) -1 Recording media easily removed and stored | Precludes implementation of additional security
in existing approved security containers measures
3.a.(5) -2 Unused pods contain no classified data Precludes implementation of additional security
measure
3.a.(5) -3 Separation of RED and BLACK data Prevents transmission of sensitive data
3.a.(5) -4 Restricted data transmission Prevents transmission of specified classified
data (PK, missile launch envelopes, missile
capabilities, and countermeasures)
3.a.6 Transportability on aircraft or in specified Provides deployment capability without
existing containers increasing logistical requirements

Source: System Requirements Document, KITS, Headquarters ACC/DR (USAF), 19 December 1994.
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KITS ACT-R Pods

The KITS pods (fig. 8) represent the latest approach to ACMI functional-
ity. These pods combine data acquisition, recording, and transmission
capabilities in a single flight-certified unit similar in size and weight to pre-
vious ACMI pods. Like previous ACMI applications, the pod connects to the
aircraft power and weapons circuitry through the air-to-air missile station
umbilical. This connection provides weapons status and launch informa-
tion, component power, as well as an audio interface channel. The pod col-
lects aircraft performance data by combining the signals from an inertial
navigation unit (INU), GPS position receiver, and an integrated air data sen-
sor. The KITS pods store the mission data on solid-state, removable car-
tridges known as data transfer modules (DTM). Each DTM can hold up to
three hours of flight data. The pods process the data for transmission across
parallel superhigh frequency and ultrahigh frequency (UHF) data links.8
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Figure 8. KITS ACT-R Pod

The pod also incorporates a special processor designed to calculate mis-
sile fly-out models. This processor meets the requirement for real-time Kill
notification by analyzing the weapons launch parameters and estimating
the missile trajectory according to preprogrammed flight models. If the
processor determines that the solution to missile fly-out routine results in
an acceptable intercept to a participating aircraft, the engaged target is
declared as a “kill.” The aircrew in the target aircraft is alerted to this con-
dition via the data link. The pod in the target aircraft generates an audio
“kill” message to the aircrew headset.

The KITS system can track 24 aircraft simultaneously as well as 48
simultaneous weapon events, including four weapons from a single air-
craft. The tracking and weapon event data is broadcast across an
encrypted, parallel data-link channel received by all participating aircraft.
Each pod records the entire flight data file on the removable DTM, allow-
ing any single DTM to store and transfer all participating aircrafts’ data.

KITS Processing and Display Station

The aircrew can extract the data from the KITS DTM cartridges using a
customized processing and display computer station. This custom-built

24



computer console contains a conventional personal computer (PC) server, a
Silicon Graphics workstation, eight-millimeter videotape player-recorder,
and three display monitors.

KITS Processing and Display Station

By incorporating a computer-controlled videotape recorder, the system
can simultaneously display aircraft HUD, weapon, or gun-sight video
along with ACMI presentations. The user can also record displayed images
on the system videotape recorder. The ACMI presentations include con-
ventional ACMI perspectives with three-dimensional, filled renderings of
aircraft, terrain, and weapons. The system also provides long-term data
storage capability that allows aircrews to review the processed data at a
later time.

The KITS software runs on the Unix operating system installed on a
custom-built Silicon Graphics workstation. The graphics subsystem
allows the user to display any perspective from any aircraft—including
aircraft videotape—on any screen, as well as a combined screen divided
into four separate windows. Aircraft parameters such as airspeed, alti-
tude, and range data are also available in user-defined lists and tables.
The system also incorporates a “what if” scenario function, known as a
“hypothesizer,” that allows the operator to modify recorded weapons
employment parameters to evaluate alternative potential outcomes. This
feature displays what would have happened if the aircrew had launched
weapons at different times during an engagement.®
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Chapter 4

Proposal for Internal Solutions

Know and use all the capabilities in your airplane. If you don’t, sooner or later,
some guy who does use them all will kick your a- -.

—Dave “Preacher” Pace

Within the limited scope of providing basic ACMI functionality on every
aircraft for routine training missions, designers can capitalize on avionics
capability currently installed on modern fighter aircraft. In fact, a rudi-
mentary capability already exists. Many aircraft, including civilian airlin-
ers, use flight data recorders that monitor and record aircraft perform-
ance parameters similar to those used for ACMI. These systems produce
data files that are easily processed and displayed on modest computer
systems. The scenes available are often used to recreate the aircraft flight
profile following mishaps or for accident prevention and investigation.
Expanding this concept can provide basic ACMI functionality. Advanced
ACMI features can be produced with only minor modifications to existing
components.

By increasing the data collection rate to compensate for the dynamic
nature of fighter combat maneuvering, storing the data on removable car-
tridges, and leveraging the display capabilities currently developed for
modern PC-based flight simulation and game software, Air Combat
Command (ACC) can acquire basic ACMI functionality at a fraction of the
cost of current and proposed systems. Although the current avionics
capabilities are not ideal for large force employment exercises, an internal
solution offers significant and desired training benefits across a much
broader spectrum of training missions. Even more importantly, the bene-
fits can be made available for every aircraft on every mission, including
combat missions.

The avionics architecture and bus parameters available on the F-15E
aircraft exemplify the untapped potential currently residing on today’s air-
craft. This example highlights the feasibility of the proposed internal sys-
tem. The following describes the parameters available on the F-15E air-
craft and compares these parameters to those required by ACMI systems.
Similar parameters are available on other modern fighter aircraft.

Previous Attempts at Internal Systems
Early attempts to design and install internal ACMI systems failed.

Although these systems were conceived considering many of the same fac-
tors identified in this research, avionics components and computing
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power limitations prevented adoption of the systems. At the time previous
systems were developed, Global Positioning System (GPS) equipment was
not available. Evaluators determined that inertial navigation system (INS)
components did not provide position data accurate enough for ACMI
applications. Additionally, PCs did not have sufficient processing power or
graphics display capability. The recording media available were not suit-
able for ACMI purposes. These factors have been overcome by recent
advances in avionics and PC technology.

Success Criteria

To determine if the proposed system would warrant a full-scale concept
development, program success criteria were developed. Failing to meet
these criteria would indicate that an internal system would have limited
potential to meet operational requirements and present a favorable alter-
native to the current pod-based systems. Note, these criteria were devel-
oped for comparison of a basic system and do not necessarily reflect the
potential for an internal system to replicate systems used in large force
training exercises or capabilities required by the Joint Tactical Combat
Training System (JTCTS).

Table 2

Success Criteria

System operates on noninterference basis
—system cannot interfere with the operation of any other installed equipment

Displays accurately reflect aircraft performance
—inaccurate or jumpy animations would not be useful

Software usable on typical squadron PCs
—requirement for special equipment increases cost and complexity

Recorder and monitoring equipment inexpensive and easily installed
—difficult installation or cost prohibitive components reduces acquisition potential

Similar to ACMI but at greatly reduced cost
—system must replicate most ACMI features except high cost

No negative training aircrew workload
—ideally, the system would require no aircrew action for operation

Recording media widely available
—media must be nonproprietary common components

Data requirements allow adequate recording time
—minimum of two hours recording time

System requires minimal user training
—if the system is too difficult to operate, it will not be used

No significant increase in classified material
—squadrons possess only limited storage areas

System design responsive to user input
—software must be tailorable to user needs and requests
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Recent Technology Advances

Current technology offers the potential to overcome the shortfalls iden-
tified in the earlier attempts to install internal ACMI equipment. GPS
equipment is now common. Data-link equipment—commonly referred to
as Fighter Data Link (FDL)—allows aircraft to share valuable information.
PC calculation and graphics display capabilities rival the power of last
year's custom-built graphics workstations. Solid-state recording devices
based on the PC 104 architecture have replaced analog tape equipment.
In fact, these are the same technologies that freed pod-based systems
from relying on ground-based towers. Combining these technologies offers
a potentially viable internal solution.

GPS Equipment

GPS equipment now provides accurate aircraft position data anywhere
on the globe. GPS receivers that are widely available in many aircraft cur-
rently include this equipment. Military aircraft are equipped to receive
and decode the more accurate encrypted signal, providing position data
accurate to 10 meters. Both the F-15 and F-16 aircraft have demonstrated
GPS capability, and it is highly likely that all these aircraft will eventually
be equipped with GPS receivers. This equipment will form the backbone
of an internal ACMI system.

Fighter Data Link

The data-link concept began as the Joint Tactical Information Display
System (JTIDS). The system was installed on a small number of tactical air-
craft, including the F-15. Although the system proved highly effective,
equipment cost prevented fleetwide distribution. USAF planners have sup-
ported the development of a low-cost alternative to the JTIDS system. This
new system, now referred to as FDL, offers the potential to replace the data
transmission equipment currently used in pod-based ACMI systems. In this
way, FDL will enable advanced ACMI features for internal systems.

PC 104 Architecture

The drive to design and manufacture components compatible with lap-
top computers fostered the adoption of a new component protocol known
as PC 104. This specification forms the basis for the development of an
entire family of devices that capitalize on the latest miniaturization tech-
nology. The specifications spawned two significant components—inter-
changeable circuit boards and CompactFlash memory cards. These
devices allowed avionics component manufacturers to design circuit
boards according to a common standard and paved the way for miniature
solid-state recorders and storage devices. These technologies facilitate the
development of standardized 1553 bus interfaces and miniature “PC
Card” storage cartridges. These devices are essential components in current
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pod-based systems and provide a readily available alternative for an inter-
nal system.

Avionics Requirements and ACMI Parameters

Modern avionics components can provide basic ACMI functions. What is
not normally installed involves equipment needed to record and transmit
ACMI data. If the user does not require real-time display of the ACMI signal
and real-time kill notification, transmission equipment is not necessary. For
training missions that do not require these functions, basic ACMI functions
can be performed using onboard avionics with only a minor modification to
install and connect a monitoring and recording device. These devices would
monitor and record data flowing on the aircraft 1553 bus circuits. The 1553
bus is the military standard communications link between avionics compo-
nents. These circuits contain all the internally derived data in a special, effi-
cient format ideal for recording. Sending the data to other aircraft, as
required for mission observation and real-time Kill notification, would
require modification of existing FDL components.

1553 Avionics Data Bus

Modern aircraft avionics components are highly integrated and rely on
high-speed, digital communications. To meet this requirement, engineers
designed a robust intercomponent data path known as a “data bus.” For
military aircraft, these buses conform to the Military Standard (MIL STD)
1553. This standard specifies the characteristics of a two-way signal pro-
tocol that allows avionics components to communicate by sending dis-
crete pieces of data (called parameters) across the bus. Physically, the bus
consists of small diameter triaxial cables between components.?

The data stream consists of digital “words” that contain the numeric val-
ues and “labels” that identify the type and length of each parameter trans-
mitted on the bus. In this fashion, any avionics component connected to the
bus can transmit or receive data as required to carry out necessary calcu-
lations. Designers “package” the parameters on the 1553 bus by specifying
discrete time slots or “cycles” for data transmission. The length of the cycle
determines how often the data can be accessed. The cycle time establishes
the maximum “refresh” rate for data on the bus. Each package contains a
complete set of data.? At the end of each cycle, each component on the bus
can update the parameters to reflect current conditions.

F-15 Avionics Bus Architecture

The F-15 uses MIL STD 1553 avionics buses for data communication
between the avionics components (fig. 9). This bus architecture uses a
combination of 16- and 32-bit “words” to transfer data between the cen-
tral computer and other associated avionics components. The data on the
1553 bus is refreshed every 50 milliseconds, and the parameters are
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shared across five separate buses. Monitoring and recording the signals
on these buses can provide the data necessary for basic ACMI functions.

F-15 Aircraft Performance Parameters

F-15 avionics components calculate the aircraft performance parame-
ters required for ACMI functionality. The accuracy of the data calculated
by onboard avionics is accurate enough for safety of flight and weapons
employment calculations. This level of accuracy is more than sufficient for
ACMI purposes, and in many cases internal aircraft data is much more
accurate than what is currently computed by pod-based systems.

Aircraft Position

Aircraft position is determined by a blended solution of the onboard INS
and GPS avionics. This data is continuously available on the 1553 avion-
ics bus and is refreshed every 50 milliseconds. This refresh rate is nearly
one order of magnitude greater than what is currently used by ACMI sys-
tems, and the blended solution is much more accurate than any single
source. The position is reported in four 32-bit words comprised of time
and X, Y, Z components. On the F-15E, the blended solution heavily
favors the output of the aircraft embedded GPS/INS (EGI) with an accu-
racy less than 10 meters of spherical error using the military encrypted
GPS signal. For periods of extreme maneuvering or when the GPS antenna
is blanked by the aircraft structure, the system automatically filters the
solution and favors the more accurate INS data.

This is a time-proven approach and one that is emulated by pod-based
systems. However, many pod-based systems use only the civil GPS signal,
accurate to 30 meters spherical error. The civil signal is also more prone
to jamming and interference and can generate errors in the 100-meter
range depending on satellite location and atmospheric conditions. In
order to receive the more accurate military signal, these pods would
require installation and programming of the military decoding compo-
nents. Installing and updating this equipment represents another dupli-
cation of avionics already on board the aircraft, as well as increasing
ground maintenance action requirements necessary to program the mili-
tary encryption keys. Alternatively, pod-based systems offer a differential
GPS corrective capability. This method requires a ground unit to transmit
the differential GPS signal, again forcing the pod-based systems to rely on
ground units.

Aircraft Velocity

Aircraft velocity data available on the 1553 bus includes calibrated and
true airspeed measured by the aircraft pitot static system, as well as
ground speed derived from either the EGI or INS system. Aircraft calibrated
and true airspeed measurement accuracy is roughly equivalent to that
measured by ACMI components, although somewhat more accurate due to
the corrections applied to compensate for known airstream disturbances
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caused by aircraft structural components and sensor installation mis-
alignments. These corrections are particularly useful in the transonic
region. Pod-based systems lack these corrections, primarily due to the fact
that a pod can be installed on a number of different aircraft. Any correc-
tion coefficients would have to be developed for multiple platforms on
numerous locations. The ground velocity data is unique and is not calcu-
lated by current ACMI systems. This velocity data may be useful for dis-
play purposes or calculating specific turn radius information.

Aircraft Altitude

Aircraft altitude data is available from three independent sources. This
parameter is measured by the aircraft pitot static system, with an accu-
racy similar to the data measured by ACMI pods, noting the corrections
previously mentioned. Altitude data is also calculated by the EGI and INS.
This parameter is reported as a vertical or “Z-axis” component of the air-
craft position. The absolute value of the INS data is less reliable due to the
inherent inaccuracies of measuring vertical velocity with inertial naviga-
tion components; however, the altitude change rate accuracy exceeds that
of pitot static measurements due to lag times and response delays asso-
ciated with mechanical devices.

Altitude data is also available from the EGI system; and similar to the
INS data, this parameter is reported as a component of aircraft position.
Of the three sources, the GPS parameter is the most accurate, although
the pitot static source is sufficient except during brief periods when the
aircraft operates in the transonic flight regimes. Although the aircraft alti-
tude parameter is roughly comparable to the pod-based value, the inter-
nal data offers a distinct advantage. Aircraft altitude is used by numerous
aircraft avionics for weapons delivery and sensor cueing. Using the
onboard value can aid in assessing weapons delivery and avionics func-
tionality without introducing additional errors from externally derived alti-
tude values.

Aircraft Heading

Aircraft heading data is available from three sources on the 1553 bus.
The magnetic heading of the aircraft is measured by standard magnetic
flux valve equipment installed in the tail of the aircraft. Aircraft heading
is also determined by the INS. The system reports the aircraft true head-
ing relative to geographic true north and corrects for magnetic variation
by adding or subtracting the appropriate value listed in a worldwide mag-
netic variation table stored in the central computer. The EGI system also
calculates aircraft heading. The EGI uses true airspeed, ground velocity,
and position data and calculates vector components including ground
track, drift, and heading. Any of these sources are adequate for ACMI
functions. Pod-based systems have no direct heading measurement capa-
bility and must rely on position information derivatives to calculate head-
ing. During periods of extreme maneuvering, aircraft heading can change
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rapidly with only minor changes in position. Lacking a direct heading
measurement causes externally derived heading values to misrepresent
the actual aircraft heading. This error will result in erroneous depictions
of the aircraft heading on ACMI displays. Using internal heading meas-
urements eliminates this error.

Aircraft Attitude and Acceleration

Aircraft attitude and acceleration data is derived by the INS and EGI.
Attitude data is reported as a series of three angles (pitch, roll, and yaw)
representing the aircraft attitude relative to a localized, earth-centered axis
system. These angles are reported as Euler angles on an aircraft-centered
coordinate system referenced to the local horizontal and true north axes of
the aircraft at start-up. The data is calculated by measuring accelerations
and integrating the signal to provide rate data. An additional integration
transforms the rate data into angular position data that represents the dif-
ference between the aircraft attitude and the fixed axis. Rate data is also
calculated by independent pitch, roll, and yaw rate gyros. Linear accelera-
tion data is reported directly from the measured signals along the same
three axes.

Pod-based systems use a similar approach with similar accuracies with
a notable exception. Because the pods are not mounted near the aircraft
center of gravity (COG), the radial acceleration values can be in error as a
function of the distance from the aircraft COG. Additionally, the pods are
typically mounted on the aircraft wings. During extreme maneuvering,
wing flexure and vibration can generate noisy acceleration signals that
must be filtered. Filtering schemes can introduce errors and delayed
responses at a time when accurate representations of the aircraft maneu-
vers are most important.

The internal values are used by the aircraft flight control computers. By
recording the internal values, it is possible to evaluate flight control
responses to pilot input during extreme maneuvering. Understanding and
predicting flight control surface responses can assist in explaining how
and why the aircraft responded to flight control inputs in highly dynamic
situations. Pod-based systems do not provide this capability.

Weapons Data

Weapons engagement envelopes and launch signals are also reported on
the 1553 bus. These parameters include missile minimum and maximum
ranges, estimated times of flight, and conditions at launch. This data is
available for all types of weapons loaded on the aircraft and is instanta-
neously displayed for the weapon selected by the pilot. At launch the tar-
get parameters reported by the radar are also available. These parameters
provide the data necessary to calculate missile engagement and fly-out
models, the key capability desired in advanced ACMI systems. Pod-based
systems do not have access to onboard weapons data and must rely on
independently programmed weapons models.

34



Current ACMI pods require the users to preprogram the processors with
independent fly-out estimates and weapons loads. These independent
algorithms introduce the potential to create mismatches between onboard
calculations and those carried out by the pod computer. Independent
models can calculate different weapons delivery solutions. The target may
appear “in range” to the aircrew using the aircraft internal model, while
the pod-based estimate can show the target as “out of range.” The
acknowledged existence of this error is currently preventing the aircrew
from using the “automated Kkill notification” feature.® Eliminating this
error potential is a key factor favoring internally based systems.

Performance Parameters Summary

The data available from internal sources meets all the requirements for
ACMI functions. In every case the onboard data is at least as accurate as
the externally derived values and in most cases is more accurate. Weapons
data are not available from external sources and must be estimated and
preprogrammed. These factors support the desirability of an internal sys-
tem. Table 3 summarizes the key parameters for ACMI functions.

Table 3

Required Aircraft Performance Parameters Summary
Parameter ACMI Source Internal Source
Position Pod GPS or pod signal Aircraft GPS/INS
True airspeed Pod pitot static system Aircraft pitot static system
Ground speed Pod GPS or INS Aircraft GPS/INS
Altitude Pod GPS or pitot static system Aircraft GPS/INS or pitot static system
Heading Pod GPS or INS Aircraft GPS or magnetic heading
Attitude Pod accelerometers Aircraft GPS/INS
Acceleration Pod accelerometers Aircraft GPS/INS
Weapons data Models and estimates Aircraft weapons bus data

Expanded Features

Internal data also offers the potential to greatly expand ACMI func-
tionality. In addition to the features currently available, internal data
can provide new features such as display of aircraft radar coverage, tar-
geting decisions, jamming effects, and sensor cueing (fig. 10).

Aircraft flight control inputs as well as throttle position could also
be recorded for evaluation. These features would require the system to
monitor and record additional parameters, but this expansion is well
within the capability of the proposed system. Appendix A lists some of
the additional parameters available on the F-15E. Many of these addi-
tional features are not available on current or proposed pod-based
systems.
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Figure 10. Expanded Features Presentation

Data Monitoring and Recording

Collecting the data available on the avionics bus is accomplished through
a procedure known as bus monitoring. Bus monitoring is the process by
which parameters on the bus are identified, intercepted, and stored. This
process is already in use on all commercial passenger aircraft as well as
selected combat and developmental test aircraft. The so-called flight data
recorders, which are so critical in reconstructing aircraft accident events,
are simple bus monitoring and recording devices. Two different bus moni-
toring schemes are available, monitoring all or part of the data.

Programmable and MUXALL Bus Monitors

Programmable bus monitors allow the user to select specific parameters
at specific rates to collect only desired data. This method minimizes stor-
age capacity required for recording and reduces postflight processing
time. This method is slightly more complicated in that the bus monitor
must be programmed to select only the desired parameters. The user
must also determine an appropriate monitoring rate to ensure the data
collected accurately represents the aircraft motion while at the same time
preventing overload of the recording system. Alternatively, a MUXALL
monitor can be used. This device records all parameters on the bus as
they appear in real time. This method offers the advantage of reducing the
potential to overlook critical data; however, this scheme greatly increases
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storage capacity required and forces the crew to “strip off” the required
data postflight. Special postflight processing software can automatically
select and transfer the parameters from the MUXALL data set to a reduced
file customized for a particular mission. If a MUXALL device is desired but
the resulting data rate exceeds storage capacity, a “data pump” scheme
can eliminate extraneous data.*

A data pump is a small software algorithm loaded in the aircraft central
computer program. This algorithm directs the central computer to report,
or “pump,” specific values on a specific bus. By monitoring this bus, only
desired parameters would be recorded. This scheme offers the additional
advantage of reducing the number of buses connected to the bus monitor
and providing data that may not be normally carried on the 1553 bus. By
using a data pump, the bus monitor can be connected to only a single bus
and still collect all the required data. This minimizes the complexity of the
bus routing and connection design while introducing only a minor central
computer programming modification. This technique is already employed
by flight test data recording systems.®

Data Recording

Once the method of bus monitoring is determined and essential param-
eters accessed from the bus, the data must be stored on an appropriate
media for postflight processing and review. Numerous recording methods
are available. Most methods record the data exactly as it appears on the
bus, although some use a data compression scheme to increase storage
time. The recorded data formats include the combination of time param-
eters, 16- and 32-bit words, and other signals that make up the avionics
data stream.

The bus monitor can be paired with either a tape-based or pure digital
recording device. Analog and digital tapes offer the advantage of inexpen-
sive media, common playback and recording equipment, and simple scal-
ability. The tapes are resistant to shock and vibration and offer reliable
long-term storage potential. Pure digital recordings offer the advantage of
reduced media size and resistance to temperature conditions. These solid-
state recording devices are also more reliable with fewer moving parts and
no potential for tape malfunctions. Many are paired with a dedicated
processor that formats the data. This processor can also run independent
software routines useful for an internal ACMI system. In some pod-based
systems, this processor actually calculates the missile fly-out models.

The current trend is a shift away from tape-based recording media—
such as those found on many airline flight data recorders—towards the
more reliable solid-state devices.

Modern fighter aircraft such as the F-15E currently use a number of
solid-state digital recording cartridges for avionics programming and mis-
sion debriefing procedures. For internal ACMI functions, a solid-state
CompactFlash card is the most promising alternative. These devices are
available in a number of different storage capacities and configurations,
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and methods for extracting the data are already established. In fact, the
proposed internal system could use the device currently installed in the
KITS pod.®

Requirements for Advanced Features

Although basic ACMI functions do not require aircraft data transmis-
sions, advanced features such as automated Kkill notification and real-time
monitoring of t