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A batch air combat simulation environment known as the tactical maneuvering simulator (TMS) is presented.
The TMS serves as a tool for developing and evaluating tactical maneuvering logics. The environment can also
be used to evaluate the tactical implications of perturbations to aircraft performance or supporting systems.
The TMS is capable of simulating air combat between any number of engagement participants, with practical
limits imposed by computer memory and processing power. Aircraft are modeled using equations of motion,
control laws, aerodynamics, and propulsive characteristics equivalent to those used in high-fidelity piloted
simulation. Databases representative of a modern high-performance aircraft with and without thrust-vectoring
capability are included. To simplify the task of developing and implementing maneuvering logics in the TMS,
an outer-loop control system known as the tactical autopilot (TA) is implemented in the aircraft simulation
model. The TA converts guidance commands issued by computerized maneuvering logics in the form of desired
angle of attack and wind axis-bank angle into inputs to the inner-loop control augmentation system of the
aircraft. This article describes the capabilities and operation of the TMS.

Introduction

S new technologies or capabilities are proposed for in-

clusion in high-performance aircraft, it is imperative to
assess the impact, utilization, and costs of these technologies
within the context of air combat tactics and effectiveness. Due
to the highly complex and transient nature of air combat,
simulation is the primary tool for performing this assessment.
Both batch and real-time piloted simulation can contribute to
the assessment. Batch air combat simulations such as the ad-
vanced air-to-air system performance model (AASPEM, Ref.
1) and TAC BRAWLER (Ref. 2) allow the study of aircraft
tactics and performance in a highly controlled and repeatable
environment. Batch air combat simulations consist of two
fundamental elements: 1) computerized maneuvering logics
that generate maneuver decisions, and 2) a simulation envi-
ronment in which maneuvering logics are developed and tested.
These programs can run a large number of engagements with
minimal operator intervention, allowing comprehensive sets
of initial conditions or parametric variations to be rapidly
evaluated. Unfortunately, the minimal operator intervention
inherent in batch operation slows development and validation
of new maneuvering logics, resulting in a relatively inflexible
set of tactics that may not effectively exploit a given situation
or aircraft capability (Ref. 3). In contrast, piloted simulation
provides an environment ideally suited for rapid tactical ex-
perimentation and adaptation. New tactics can be investigated
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by simply instructing pilots to maneuver in the desired man-
ner. Furthermore, the natural interface provided to the pilots
encourages their participation in this development process
and enhances their ability to assess the success of a given
tactic. Unfortunately, due to the variability introduced by
human pilots, the length of time required to perform a sta-
tistically meaningful piloted air combat simulation study, com-
bined with the availability and expense of the necessary fa-
cilities and pilots, makes a comprehensive study extremely
difficult to perform.

Because the strengths and weaknesses of batch and piloted
simulation are complimentary, a synergism exists when the
two approaches are employed in concert. To fully exploit this
synergy, NASA Langley Research Center is developing an
integrated batch and piloted simulation tool known as the
tactical guidance research and evaluation system (TiGRES,
Ref. 3). TiGRES consists of three primary elements: 1) an
advanced, real-time-capable, artificial intelligence-based ma-
neuvering logic,* 2) a multidome, piloted simulation facility
known as the differential maneuvering simulator (DMS, Ref.
5), and 3) a batch simulation environment known as the tac-
tical maneuvering simulator (TMS). The development and
operation of the TMS and its relation to the other elements
of TIGRES are the focuses of this article.

Unlike existing batch air combat simulation environments
that typically use reduced order dynamic models, aircraft in
the TMS are modeled using equations of motion, control laws,
aerodynamics, and propulsive characteristics identical to those
used in high-fidelity piloted simulation in the DMS. This com-
monality allows maneuvering logics developed in the TMS to
be evaluated, without modification, against human pilots in
the DMS. The ability to test maneuvering logics against hu-
man pilots provides an efficient means of validating the results
of batch simulation analysis. Thus, extensive preliminary in-
vestigations of tactical maneuvering strategies, guidance con-
cepts, or aircraft performance characteristics can be per-
formed quickly and cheaply using the TMS. After the focus
of an investigation matures, a minimum amount of piloted
simulation in the DMS can be used to confirm or refine the
findings of the more comprehensive batch analysis.
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The TMS can be broken into three basic elements. The
first element is the simulation model, used for simulating
individual aircraft. Currently, models representative of a
modern high-performance aircraft with and without thrust-
vectoring capability are available. The second element is the
tactical autopilot (TA). The TA is an autopilot that enables
maneuvering logics to command full-order dynamic aircraft
models in both the TMS and DMS. The TA converts guidance
commands issued in the form of desired angle-of-attack « and
wind-axis bank angle u into inputs to the inner-loop control
augmentation system of the simulated aircraft. The final ele-
ment is the TMS executive program and synchronization sub-
routine. This element provides the capability to simulate many-
vs-many air combats by executing multiple, single-aircraft
simulations in parallel over a network of computer worksta-
tions. This article will describe the three elements of the TMS
and provide a demonstration of the operation of the simu-
lation environment.

Description of the TMS

Aircraft Simulation Model

Individual aircraft are modeled using a modified version of
an existing batch simulation model developed at Langley Re-
search Center. This simulation models an F-18 aircraft with
or without a hypothetical, hardware-based thrust-vectoring
(TV) system developed by the Northrop Corporation. This
TV system uses two vectoring vanes on each engine to provide
thrust-induced pitch and yaw moments. When necessary to
distinguish between the aircraft equipped with the TV system
from the basic aircraft, the basic aircraft will be referred to
as the baseline aircraft, while the aircraft with TV will be
referred to as the TV aircraft. The batch simulation was de-
veloped from the real-time simulation code for the F-18 im-
plemented in the DMS and from documentation obtained
from the McDonnell Aircraft Company (Refs. 6-9). While
an in-depth description of the batch simulation is to be pub-
lished by its authors in a forthcoming NASA report, details
relevant to its use in the TMS are presented here.

The computer code implementing the simulation model is
written in the advanced continuous simulation language (Acsl,
Ref. 10) and Fortran. Acsl is a simulation system consisting
of a special purpose high-level language, a translator, and
various libraries to satisfy the commands available in the lan-
guage. Acsl simulation models are translated into Fortran and
linked with the Acsl libraries. The resulting executable pro-
gram allows interactive user input, and enables the generation
of plots and printed outputs. Acsl allows Fortran subroutines
to be integrated into the simulation model. The simulation
uses Acsl to implement the dynamics of the aircraft and en-
gines. Actuator and sensor models are also implemented in
Acsl. Fortran subroutines are used to calculate aerodynamic
forces and moments and steady-state engine parameters. The
discrete, inner-loop, control augmentation system of the air-
craft is also implemented primarily in Fortran.

The equations of motion used in the simulation model the
flight of a rigid airplane over a flat, nonrotating Earth using
a conventional 6 degree-of-freedom Euler formulation. The
aerodynamic force and moment generated by each surface or
control is calculated from a large wind-tunnel-derived data-
base using table look-ups with linear interpolation. Data is
stored in nondimensional form as functions of the air data
variables, the time rate-of-change of « and angle of sideslip
B, surface deflections, and the body angular rates. Actuators
for all control surfaces except the speed-brake are modeled
with a first-order lag with time constants and rate limiting, as
appropriate. The actuator responsible for moving the speed-
brake is modeled as producing a constant deflection rate of
24 deg/s. Two engines rated at 16,100 Ib of installed static sea
level thrust are included in the simulated aircraft. The engine
model takes input from the throttle and current air data to

compute the force currently being produced by the engines.
The TV system consists of a two vane per engine installation
as shown in Fig. 1. By deflecting the thrust of the two engines
in a symmetric or antisymmetric manner, nearly pure pitching
or yawing moments can be generated in a manner similar to
an aerodynamic V-tail.

The simulated aircraft depends on full authority control
augmentation system (CAS) to provide desirable flying qual-
ities throughout its flight envelope. This CAS is documented
for the baseline aircraft in detail in Refs. 8 and 9. A simulation
of the “‘auto flap up” mode of the CAS is included in the
simulation model. The CAS used with TV aircraft is a refined
and extended version of the baseline CAS. This work was
performed at Langley through extensive batch and piloted
simulation analysis. The CAS integrates the TV system with
the aerodynamic control surfaces to significantly increase the
maneuvering capabilities of the aircraft at high «. The pitch
and yaw commands from the command paths of the CAS are
divided, as appropriate, between the aerodynamic and TV
controls. The pitch and yaw commands sent to the TV system
are passed through a mixer that resolves the commands into
appropriate vane deflection commands for the TV hardware
of the left and right engines.

The CAS augments the dynamics of the bare airframe to
provide stability and predictable flying qualities that enable
pilots to successfully employ the aircraft in tactical engage-
ments. For use in the TMS, an outer-loop control system is
needed around the basic CAS to perform the task of tracking
trajectories as commanded by the TDG. In a sense, this outer-
loop control system performs the physical functions of the
pilot, transforming the desired tactical plan or strategy into
actual aircraft motions. This outer-loop control system, known
as the TA, is described in the following section.

TA

Most batch air combat simulation environments use sim-
plified aircraft models that only model the steady-state char-
acteristics of an aircraft. Frequently referred to as 5 degree-
of-freedom models, these models are essentially point-mass
representations with limitations on the rate at which the air-
craft lift vector can be changed in magnitude and orientation.
These limitations are selected to reflect the pitch, roll, and
yaw capabilities of the simulated aircraft and usually take the
form of a set of maximum allowable angular rates. The num-
ber of degrees of freedom is 5 rather than 6 because the
aircraft is assumed to be coordinated at all times (defined as
flight with 8 = 0), requiring:

yaw rate = roll rate*tan(«)

Because no differential equations are used to describe the
rotational dynamics of the aircraft, the aircraft orientation
can be commanded directly, making the task of executing
maneuvers specified by a maneuvering logic trivial.
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Fig. 1 TV system.
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Table 1 Time required by TA to perform a captures

Average Minimum
Initial Final Initial Capture time by time by Time by Maximum
Alircraft «, deg a, deg Mach criteria, deg pilot, s pilot, s TA, s overshoot, deg
Baseline 4.4 30.0 0.60 *2 5.12 4.35 1.91 1.9
4.4 40.0 0.60 +2 2.88 2.30 2.28 2.4
23.5 30.0 0.30 +2 4.93 3.78 1.00 1.4
23.5 40.0 0.30 *2 6.56 5.95 1.81 1.6
10.0 0.0 0.40 +2 2.50 1.99 1.34 1.0
20.0 0.0 0.32 +2 5.86 5.25 1.88 2.0
30.0 0.0 0.27 *2 7.06 5.68 2.38 2.0
TV 4.4 30.0 0.60 *2 4.70 3.84 1.09 1.7
4.4 40.0 0.60 +2 4.45 3.46 2.97 2.6
4.4 50.0 0.60 +2 4.76 5.31 2.41 0.2
23.5 30.0 0.30 +2 2.11 1.09 0.81 1.2
23.5 40.0 0.30 +2 2.69 1.41 1.38 1.2
23.5 50.0 0.30 *2 3.39 1.79 1.78 1.6
10.0 0.0 0.40 +2 2.18 2.18 1.12 0.4
20.0 0.0 0.32 +2 2.11 1.66 1.60 0.7
30.0 0.0 0.27 +2 4.60 4.54 1.89 0.6

Note: all runs started at altitude = 25,000 ft. *Capture criteria rclaxed to 2.4 deg.

In contrast, the TMS uses a full 6 degree-of-freedom rep-
resentation of aircraft motion in which both forces and mo-
ments are used in the calculation of translational and rota-
tional accelerations. This approach provides an accurate model
of transient aircraft motions and is necessary to achieve com-
monality with piloted simulation models. The difficulty with
using this higher-fidelity model is that aircraft attitude can no
longer be commanded directly, requiring the addition of an
outer-loop autopilot to execute maneuvers commanded by
the maneuvering logic. Unlike traditional autopilots, this con-
trol system must be able to respond to the large amplitude
commands typical of air combat in minimum or near minimum
time. In the TMS, the TA has been developed to perform
this task.

The function of the TA is to accept trajectory commands
generated by the TDG and issue commands to the inner-loop
CAS, which cause the aircraft to follow the desired trajectory.
The TDG issues trajectory commands by specifying a desired
a and p combined with a desired throttle and speed-brake
setting. Flight with 8 = 0 is assumed to be desired at all times.
For a given flight condition, these parameters determine the
magnitude and orientation of the net force vector acting on
the aircraft. Since the throttle and speed-brake settings can
be obtained directly, no interface is needed to capture these
commands; the commands are passed directly from the TDG
to the aircraft simulation. The TA thus serves as an all-atti-
tude, outer-loop control system to capture and track o« and
w as commanded by the TDG. A block diagram of the com-
plete TDG-TA-aircraft system is shown in Fig. 2. It should
be recognized that while the TA is described in this article in
the context of the TMS, its use is also required in the DMS.
By incorporating the TA into the piloted simulation model
used in the DMS, the TDG is able to command this simulation
in a manner identical to the batch simulation. The design and
development of the TA is described in detail in Ref. 11 and
will only be briefly described in this article.

The TA is divided into two channels: 1) a longitudinal
command system that uses longitudinal stick inputs to capture
and track commanded « and 2) a lateral command system
that uses lateral stick inputs to capture and track the com-
manded p. A directional controller is not included in the TA
because the inner-loop CAS already attempts to maintain zero
sideslip, unless commanded not to by using rudder pedal in-
puts. Piloted simulations have shown that the wind-axis rolling
performance of the baseline aircraft can be improved slightly
at a greater than 25 deg using rudder pedal inputs.'? This
behavior is not being exploited by the current implementation
of the TA.

* commmand |Maneuvering
Tactical {* pcommmand- Logic .—l

[_ Autopilot
£ Aircraft
——% State —

Control Position
Commands

Simulation Modet

Fig. 2 Block diagram of TDG-TA-aircraft system.

The longitudinal command system uses a proportional-in-
tegral-derivative (PID) structure with « feedback. The lateral
command system uses a proportional-derivative (PD) struc-
ture with u feedback. The values of «, &, w, and p are
assumed to be available without error, thus, no additional
compensation to account for sensor noise or dynamics is in-
cluded in the TA. There is no attempt to model in the TA
the cognitive and neuromuscular delays or limitations that
would be inherent in a human pilot. Thus, as implemented,
the TA represents an idealized controller.

One of the difficulties in developing a system such as the
TA is determining suitable criteria to measure the accepta-
bility of the final design. Traditional performance specifica-
tions such as frequency and damping are not appropriate con-
sidering the large-amplitude, coupled maneuvers performed
by the TA. Criteria that reflect the nonlinearities of the task
must be used to assess the performance of the TA. The intent
of these criteria is to ensure that the TA is able to capture
and track commands from the TDG in a manner that does
not adversely bias the tactical performance of the TDG-TA-
aircraft system. Since this tactical performance is dependent
on the combined interactions of all three elements, it is de-
sirable to characterize the response of the TA-aircraft system
against some functional benchmark. Since the only previous
controllers to demonstrate mastery of the simulated aircraft
in air combat maneuvering are human pilots, the performance
of pilots performing representative maneuvers should provide
a reasonable benchmark for the performance of the TA.

Tables 1 and 2 show the minimum and average time re-
quired for a series of experienced pilots to perform large-
amplitude, decoupled & and g captures in the baseline and
TV aircraft, as simulated in the DMS. Also shown in the
tables is the time required by the TA to perform the same
captures. All runs start from 1-g, level flight and end when
the desired a or u is captured within the specified tolerance.
The tables show that for all but two of the tasks, the TA
required less time than the minimum time used by the pilots.
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Table 2 Time required by TA to perform 90-deg pu captures

Initial
a, Initial Final
Aircraft deg w, deg u, deg

Capture

criteria, deg

Minimum
time by Time by
pilot, s TA, s

Average
time by
pilot, s

Maximum
overshoot, deg

Baseline 10.0 0.0 90.0 +5
20.0 0.0 90.0 +8
TV 10.0 0.0 90.0 +5
20.0 0.0 90.0 +5
30.0 0.0 90.0 *5

4.10 3.07 1.43 3.8
8.90 6.70 4.90 6.00
2.15 1.47 1.53 2.8
5.00 4.40 2.22 2.7
5.17 2.75 2.50 3.9

Note: all runs started at altitude = 25,000 ft.

The TA is probably able to consistently perform the desired
maneuvers in less time than the human pilots due to its ability
to respond instantly to the current situation. In the two tasks
in which the TA did not outperform the pilots, the perfor-
mance differences are small.

For the 90-deg roll maneuver at « = 10 deg with the TV
aircraft, the TA takes 0.06 s longer than the minimum piloted
time. This increase is probably tactically insignificant and may
be due to «a variations during the maneuver. Data recorded
during the execution of the maneuver show that the pilot
allowed « to fall to 7.2 deg during the maneuver; the TA
experienced a minimum « of 8.5 deg.

For the 40-deg « capture task at Mach 0.6 with the baseline
aircraft, the TA was unable to prevent the initial overshoot
from exceeding the desired =2.0-deg capture tolerance. This
overshoot increased the capture time of the TA for the orig-
inal capture tolerance beyond the minimum piloted time. The
initial overshoot experienced by the TA was 0.44 deg beyond
the desired capture tolerance. As this overshoot only slightly
exceeds the desired capture tolerance, the tactical perfor-
mance should not be significantly affected. Since attempts to
improve the response at this one condition resulted in an
overall decrease in system performance, the decision was made
to accept nominal response of the system. The time listed in
Table 2 represents the performance of the TA with the capture
criteria relaxed to 2.44 deg.

Also shown in the tables is the maximum peak overshoot
M, for the captures performed by the TA. Burgin (in Ref.
13) recommends that for good tactical performance, M, for
decoupled inputs be limited to 5 deg in pitch and 20 deg in
roll, regardless of the amplitude of the input. For all the
captures, the TA is below these recommended limits.

The capture tasks shown previously measure performance
for single-axis, step-inputs. In air combat, the TA will be
expected to respond to sequences of simultaneous « and u
commands. The response of the TA to a representative com-
mand sequence is shown in Fig. 3 for the TV aircraft. This
command sequence was obtained by discretizing, at 1-s in-
tervals, continuous « and u time histories recorded during a
piloted ACM engagement. This discretization was performed
to obtain command sequences representative of the command
update rate of the TDG. Because the sequence was obtained
from an actual trajectory, it should be reasonably close to the
capabilities of the TA controlled aircraft and representative
of a tactically realistic sequence.

The TA follows the sequence with sufficient accuracy to
effectively implement realistic maneuver sequences. As shown
in Fig. 3, the ability of the TA to capture and maintain « and
w is only slightly reduced by the coupled command sequences.
It should be noted that an absolute, operational assessment
of the effectiveness of the TA cannot be performed until the
system is interfaced with an appropriate TDG and tested against
human pilots in the DMS.

Multiple Aircraft Simulation

In contrast to most batch simulation environments that are
implemented as a single large process, the TMS uses a con-
current implementation structure to provide multiaircraft sim-
ulation. This parallel implementation allows a single copy of
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Fig. 3 Response of TA-controlled aircraft to command sequence.

the simulation program to be run concurrently as needed to
simulate the individual engagement participants. The number
of concurrent copies of the simulation that can be executed
simultaneously is only limited by available computer memory
and the desired execution speed, of course, an appropriate
TDG would be needed to command this number of aircraft.

Parallel implementation offers several other key advantages
over conventional methods. Since all aircraft are simulated
by the same program, corrections or updates to this model
need only be performed once, thus easing configuration con-
trol issues. The parallel implementation also allows different
simulation models to be incorporated into the TMS and in-
termixed with the current aircraft simulation model with the
addition of a standard subroutine. Thus, simulations of dif-
ferent aircraft types can easily be added to the TMS, allowing
comparisons of the tactical performance of dissimilar aircraft.
Simulations that may be added to the TMS are not restricted
to aircraft; high-fidelity missile simulations could also be im-
plemented in a similar fashion. Finally, parallel implemen-
tation allows individual simulations to be distributed on mul-
tiple, networked computers, reducing the time required to
simulate a given engagement.

While the concurrent parallel implementation provides the
previously mentioned benefits, it is necessary to provide a
control mechanism to synchronize the independently execut-
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ing simulations. This synchronization is required so that the
simulations remain together on the same time step. Since the
simulations execute as independent processes on a given com-
puter (or set of computers), the order and length of time in
which the computer operates on each process is a function of
other jobs that may be executing on the machine and is es-
sentially indeterminate. Thus, without some control mecha-
nism, the simulations may progress at different rates.

The TMS utilizes a read—write synchronization protocol to
suspend execution of individual processes at a specified point
until all relevant processes have reached this point. The pro-
tocol is used in the TMS to suspend execution of the aircraft
simulations at the end of the current time step or simulation
frame. The simulations are allowed to proceed only after all
the participating simulations have reached the end of the cur-
rent time step and have received updated maneuvering com-
mands from their controlling TDG.

The key elements of the parallel implementation are an
executive program, a communication and synchronization
subroutine called by the aircraft simulation model, and a spe-
cialized message-passing protocol. The executive program serves
as a master process that initializes the individual simulation
models and supervises their operation in a common reference
frame. The executive program also manages communications
with the TDG. Since all communication between a TDG and
its corresponding aircraft must pass through the executive,
the flow of information can be closely monitored and con-
trolled. The communication and synchronization subroutine
is called by the aircraft simulation model at the completion
of each simulation frame. As the simulation interface to the
message-passing protocol, this subroutine allows the executive
program to suspend execution of the simulations, pass current
state information from the simulations to the maneuvering
logics, and return updated maneuver commands to the sim-
ulations at the end of the decision process.

The following section demonstrates the capabilities of the
TMS with a sample engagement.

Demonstration of the Tactical Maneuvering Simulator

This example engagement demonstrates a 1 vs 1 dogfight
between a drone aircraft following a predefined, open-loop
command sequence and an aircraft actively guided by a simple
TDG. The objective of this example is to demonstrate the
operation of the TMS with an active TDG.

The TDG commands « and wu in an effort to cause the flight
path of the guided aircraft to intersect a predicted future
position of the drone aircraft. This predicted future position
is obtained by extrapolating along a second-order curve-fit to
the past three recorded positions of the drone aircraft. The
TDG then determines the maneuver plane and load factor
required to intercept this position given the current state of
the guided aircraft. The maneuver plane is defined as the
plane determined by the current velocity vector and the net
force vector acting on the aircraft. The required maneuver
plane and load factor are converted into a required a and u.
If the required load factor is outside the acrodynamic or struc-
tural capabilities of the aircraft, « corresponding to maximum
available or allowable lift is commanded. In addition, if the
commanded w differs from the current w by more than 45
deg and the commanded « is greater than 15 deg, the & com-
mand is reduced to 15 deg in order to expedite the execution
of the rolling maneuver. This a reduction was heuristically
selected and does not necessarily reflect an optimum maneu-
vering strategy.

The engagement between the two aircraft is shown in Fig.
4 from various perspectives. The engagement starts with both
aircraft trimmed in 1-g level flight at an altitude of 10,000 ft
and Mach = 0.9. The aircraft start from opposite headings
with a 10,000-ft longitudinal separation and a 1000-ft lateral
offset. The drone aircraft is initially commanded to maintain
# = 0 deg and increase « slightly over the trim value. The
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Fig. 4 Example 1 vs 1 engagement.

throttle of the drone aircraft is advanced into the afterburner
region. These commands are maintained during the first 10 s
of the engagement. After the initial merge, the guided aircraft
performs an oblique, pitch-back maneuver to reverse its head-
ing back toward the drone aircraft. Following this initial 10-
s period, the drone is commanded to increase « to 28 deg and
alternate u between *+90 deg, switching every 10 s. The re-
sulting motion is a descending spiral-like trajectory. In re-
sponse to these maneuvers, the guided aircraft reverses its
heading again and effectively tracks the drone down the de-
scending spiral. Time histories comparing commanded « to
actual « and commanded w to actual u for the guided aircraft
are shown in Fig. 5. These time histories demonstrate that
the TA controlled aircraft is able to closely track the guidance
commands generated by the TDG.

Current Research Activities

With the basic development of the environment completed,
the TMS, as part of TIGRES, is being used to investigate and
develop tactics for highly agile aircraft. The tactical capability
of the TV equipped aircraft is to be compared with the base-
line aircraft in 1 vs 1 and 1 vs 2 scenarios. This comparison
requires the development of a TDG capable of maneuvering
the aircraft effectively in these scenarios. A prototype TDG
known as the computerized logic for air warfare simulation
(CLAWS) has been developed for 1 vs 1 air combat using
simplified 5 degree-of-freedom aircraft models.* An extension
of CLAWS, known as Paladin, has been interfaced with the
TMS and is currently being evaluated with the high-fidelity
aircraft models used in the TMS (Ref. 14).

The TA as described in this article only supports guidance
commands in the form of a desired « and . These parameters
are useful for commanding the trajectory of an aircraft during
the gross maneuvering phases of air combat maneuvering.
However, when a target has been acquired, and fine tracking
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Fig. 5 Response of TA-controlled aircraft to commands from TDG.

is required to achieve a weapons solution, having a direct
means of “‘aiming” the aircraft is desirable. To support this
desire, a second mode of operation is being added to the TA.
This mode will allow the TDG to designate a target to the
TA and the TA will then use a conventional feedback control
law to minimize the LOS error to the target.

Concluding Remarks

The development and operation of a batch air combat sim-
ulation environment known as the TMS has been presented.
The TMS serves as a tool for developing and evaluating tac-
tical maneuvering logics. The environment can also be used
to evaluate the tactical implications of perturbations to aircraft
performance and supporting systems.

The TMS was developed using an existing batch simulation
of a modern high-performance aircraft, with and without thrust-
vectoring. This batch simulation uses 6 degree-of-freedom
equations of motion, aerodynamics, propulsive characteris-
tics, and control laws equivalent to those used in high-fidelity
piloted simulation.

An outer-loop control system known as the TA was de-
veloped to allow maneuvering logics to command the 6 de-
gree-of-freedom aircraft model. The TA uses longitudinal and
lateral stick inputs to capture angle-of-attack and wind-axis
bank angle as commanded by the maneuvering logic. The

performance of the TA was demonstrated by comparing the
time required for it to capture decoupled angle-of-attack and
bank-angle commands to the time required by human pilots
for the same commands. The performance of the TA was
equivalent or superior to the pilots for nearly all the com-
mands investigated. The ability of the TA to track realistic
command sequences of angle of attack and bank angle was
demonstrated using sequences generated from piloted air
combat simulations. The TA was shown to effectively track
these representative command sequences.

To provide for the simulation of air combat with multiple
participants, a parallel implementation scheme was developed
using a read—write synchronization protocol. This parallel
implementation allows the TMS to simulate air combat with
any number of engagement participants. The maximum num-
ber of participants is limited only by the available computer
resources. The parallel implementation is also beneficial from
the standpoint of simplifying software maintenance and al-
lowing new simulations to be easily added to the environment.

The capabilities of the TMS were demonstrated with an
example engagement. This engagement demonstrated the ability
of the environment to simulate multiple aircraft and to interact
with an active tactical decision generator. The tactical auto-
pilot was shown to closely follow the maneuver commands
from the tactical decision generator.
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