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SUMMARY

This report is an evaluation of the specific agility metrics and tactical agility
metrics as described in Veda Technical Report 33158-94U/P3553-003, “Aircraft Fighter
Agility: Theory, Advanced Metrics, and Simulation." The agility metrics were applied to
six engagements flown between the X-31 and the F/A-18. A comparison was done to
determine if the agility metrics correlated with the results from the engagements flown
(e.g. did the more agile aircraft get the “win”). The results indicate that applying these
agility metrics to correlate with the win or loss of an engagement did not provide
consistent predictions as to which aircraft would score a win. Evaluation of the data from
the engagements indicate that what determined which aircraft achieved the win (by
obtaining a missile kill) was that aircraft which was the first to maneuver into an
offensive position within the weapons firing solution. This was primarily done by
generating the higher acceleration rate (11, ) or the obtaining a higher initial acceleration

(n,) value.
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1.0 INTRODUCTION

This effort is in support of the exploratory block program entitled “Air Vehicle
Technology Block”, Section 4.0: “Dynamics of Flight”, Task Area 4.6: “Flight
Dynamics - Fighter Agility”. This work documents the effort to correlate previously
developed agility metrics with data from tactical engagements between the X-31
experimental aircraft and an F/A-18 fighter/attack aircraft. Also addressed in this report
are observations of trends noted between the different engagements.

1.1 PURPOSE

The purpose of this effort was to evaluate how applicable the agility metrics
proposed in Veda Technical Report “Aircraft Fighter Agility: Theory, Advanced Metrics,
and Simulation” (reference 1) are when applied to the combat scenario. To date much of
the effort to develop agility metrics has been theoretical and applied to a single aircraft
executing a single maneuver. This effort is an attempt to better understand the
applicability of the proposed metrics and potentially identify any limitations of the
proposed metrics.

1.2 BACKGROUND
1.2.1 AGILITY METRICS

The agility metrics proposed in reference 1 are called, Specific and Tactical
Agility. They are a function of the Acceleration Rate Vectors (ARV) components which
are derived from the Frenet’s formulas (reference 2). Frenet’s formulas describe a curve
in space (or for this application the flight path of an aircraft) as a function of curvature (k)
and torsion (1). In order to define curvature and torsion one needs to take the third
derivative with respect to time, hence the development of the ARV components. A more
thorough discussion of Frenet’s Formulas and the ARV components is provided in
Appendix A.

Reference 1 defines the Specific Agility metrics as:

Specific Axial Agility = (), = (s -s31<2)rm (fi/sec?) )
S
Specific Curvature Agility = (&), = (355 ; szfc)m (fi/sec®) @)
S
Specific Torsional Agility = (é’b)rms = (S3KT)T“ (ft/sec3) | 3)
S

m

Specific Total Agility = ( a2 +a2 + a{;) (ft/sec®) %)
S
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where:

rms = the root mean square of each ARV component over the duration of the
selected flight path.

The Tactical Agility Metrics are defined in reference 1 as:

Tactical Axial Agility = A,= nS(@,)___ /At (f’/sec’) 5)
Tactical Curvature Agility = A,= nS(@, ), /At (ft/sec’) (6)
Tactical Torsional Agility = Ay= 1Sy ), /At (fsec’) (7
Tactical Total Agility = Ay = nS(é)rms / At (ft/sec’ (8)
where:

7 = the number of inflection points appearing in the selected flight path segment
and/or +1 for every 180 degree turn in either circular or helical-like segments.

S = the total arc length of the flight path (ft)

At = the duration of the selected flight path (sec)

1.2.2 CLOSE-IN-COMBAT TACTICAL ENGAGEMENTS

For this effort three (3) close-in-combat (CIC) starting conditions for the tactical
engagements were used (reference 3). They are shown in figures 1 through 3. The
defensive (DEF) setup has the X-31 in a defensive position from the F/A-18
approximately 3000 feet apart with both aircraft flying at approximately 325 KCAS.

This was usually achieved by having one aircraft turning so that it can be perpendicular to
the other aircraft at approximately the desired setup speed and distance. The slow speed
line abreast (SSLA) has the two aircraft in a neutral position 1500 feet abreast at 215
KCAS. The third scenario evaluated was the high speed line abreast (HSLA) again the
two aircraft are in a neutral position but at 3000 feet abreast at 325 KCAS.

Data were made available for 18 different CIC engagements (reference 4). From
those engagements two cases with the X-31 and the F/A-18 each scoring a win from each
scenario were evaluated. This was done to try to determine if one aircraft was more agile
than the other for that particular engagement. It was also done to try to determine what, if
any, one thing could predict whether an aircraft would win or lose an engagement.

Figures 4 though 9 show the 3-D plots of the 6 engagements investigated in this

study.
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Defensive (DEF)

~g— 3000 ft —

| (914 m) $
A A

325 KCAS X-31
FiA-18 (602 km/h)

Figure 1. Defensive Starting Condition for X-31 Tactical Engagement
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Figure 2. Slow Speed Line-Abreast Starting Condition for X-31 Tactical Engagement
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Figure 3. High Speed Line-Abreast Starting Condition for X-31 Tactical Engagement
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Figure 7. 3-D Plot of Engagement 195HSLA
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2.0 APPROACH

Reference 1 theorizes that the aircraft with the larger value for Specific and
Tactical Agility would be more agile and hence “win” an engagement. The approach
taken in this effort was to apply the Specific and Tactical Agility Metrics to the six (6)
tactical engagements between the X-31 and F/A-18. Given the same initial Tactical
scenario the X-31 and the F-18 each scored a “win” by killing the opposing aircraft with a
missile shot. The resulting values for the agility metrics were then compared with the
engagement outcomes to determine if this premise was valid. In addition to applying the
agility metrics over the whole course of the engagements, the time span was reduced to
the point where the winning aircraft was in position to fire the missile for the kill,
approximately 30 seconds into the engagement.

Although the Tactical Agility Metrics included the m term, much of the data
presented in reference 1 did not include 1 in the presentation of its results. Since one
aircraft was essentially tracking the other aircraft, or they were doing a scissors-like
maneuver with the same number of reversals, the 1 was also not included in this analysis
to maintain consistency in computing the Tactical Agility Metrics.

In addition to evaluating the proposed agility metrics, aircraft performance
parameters such as velocity, n,, 11, , pitch and roll rate were also reviewed to determine if
they could provide additional insight as to which aircraft was more agile.

3.0 RESULTS

The following sections describe the results of applying the agility metrics and
general observations found for the six engagements used in this study. Tabulated data for
the results are presented in Appendix B. Performance plots for the six engagements are
presented in Appendix C. Also recall that, as mentioned in Section 2.0, the 1 term was
not included in the calculation of the Tactical Agility metrics.

3.1 COMPARISON WITH AGILITY METRICS

Figures 10 through 13 show the Specific Agility metrics for the total time frame
of each of the six CIC scenarios. As can be seen in all four figures, having the higher
magnitude for each of the metrics did not necessary guarantee that the more agile aircraft
as defined by these metrics would get the win. In figures 11 through 13 the X-31 did
have the higher values for each of the metrics (Specific Curvature, Specific Torsional and
Specific Total Agility) but only won half of the engagements. In figure 10 the X-31’s
Specific Axial Agility for the SSLA scenario was less than that of the F/A-18’s and won
in one of the SSLA cases. In engagement 197DEF the difference between the X-31 and
the F/A-18 Specific Axial Agility was only 0.004 ft/sec® with the F/A-18 having the
slightly lesser value and still scoring a win.
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Figure 10. Specific Axial Agility Metric - Full Engagement Time
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Figure 11. Specific Curvature Agility Metric - Full Engagement Time
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Figure 12. Specific Tosional Agility Metric - Full Engagement Time
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Figure 13. Specific Total Agility Metric - Full Engagement Time

Figures 14 through 17 show the Tactical Agility metrics for the total time frame
of each of the six CIC engagements. As with the Specific Agility metrics computations,
the results were mixed with half the winning engagements showing higher values for the
Tactical Agility metrics. In only one engagement (197DEF) did the F/A-18 consistently
show higher values for the Tactical Agility metrics. For that same set-up where the X-31
achieved the win (198DEF) the X-31 demonstrated a lower Tactical Agility metric value
than the F/A-18. Although for that engagement (198DEF) the X-31 Specific Agility
metric values were always greater than the F/A-18 values. A possible explanation is that
the Tactical Agility metrics incorporates an average speed term (S/At). When the X-31
takes advantage of its post-stall capabilities, its speed is less than the F/A-18 as shown in
figure 18. Hence the lower value of the Tactical Agility metrics.
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Figure 14. Tactical Axial Agility Metric - Full Engagement Time
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Figure 18. Velocity for Engagement 198DEF

Upon reviewing the various performance plots generated for the CIC engagements
it was found that in many instances the defensive aircraft had higher turn rates, pitch and
roll rates and generally executed more abrupt maneuvers than the offensive aircraft. It
was thought that this behavior was possibly contributing to the disparity in the agility
metrics. Reviewing the data plots showed that approximately half way through the
engagement the aggressor aircraft generally had the advantage by being within a weapons
firing solution and maintained that advantage throughout the maneuver. The approach
taken was then to reduce the engagement time of interest for the six engagements. For
the HSLA and SSLA scenarios a time frame of 30 seconds was used. The 198DEF total
engagement time was less than 30 seconds so the time frame of interest for that
engagement was reduced to 15 seconds. ‘

Figures 19 through 22 are the resulting Specific Agility metric values for the
partial time frames. The results did not demonstrate an appreciable improvement as
compared with using the full engagement time for computing the Specific Agility
Metrics. In figure 19 an additional X-31 (139SSLA) win was indicated as compared to
the Specific Axial Agility results in figure 10. There was no difference in the results for
Specific Curvature Agility as shown in figure 20. In figures 21 and 22 the predictive
capability of the agility metrics were worse than using the full engagement time.

11
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Figure 19. Specific Axial Agility Metric - Partial Engagement Time
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Figure 20. Specific Curvature Agility Metric - Partial Engagement Time
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Figure 21. Specific Torsional Agility Metric - Partial Engagement Time
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Figure 22. Specific Total Agility Metric - Partial Engagement Time

The Tactical Agility Metrics for the partial engagement times are shown in figures
23 through 26. Only in figure 23 did the Tactical Axial Agility metric show an
improvement in the predictive capability of this metric using the partial engagement time.
In the remaining figures using the reduced time either provided less cases where the
Agility metrics matched or it failed to match those engagements that had the greater value
for the different agility metrics. Therefore, reducing the time segment did not improve
the predictive capabilities of the Specific and Tactical Agility metrics.
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Figure 23. Tactical Axial Agility Metric - Partial Engagement Time
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These preliminary results do not demonstrate correlation for the Agility Metric as
an indicator that the more agile aircraft will get the win. Possible reasons for the mixed
results may be: (1) in order to compute the agility metrics the user needs to compute
acceleration rate, (2) in actual flight test data, values for acceleration may be extremely
noisy, and (3) differentiating with such a noisy input will result in large magnitudes for
acceleration rate which in turn inflates the value for the agility metrics. Also, as was
previously indicated, there is an average speed term incorporated into the Tactical
Agility metrics. Part of the X-31"s “agility” is that it can slow down and use thrust
vectoring to enhance its pointing capability and thus launch the winning missile. This is
in direct contradiction to the supposition in reference 1 that the greater the value for
Tactical Agility, the more agile the aircraft, the greater number of wins. Also because of
the mixed results one cannot say that less is better.

3.2 OBSERVATIONS

The performance plots were reviewed to try to determine if there was some
common denominator that would predict when either aircraft would score the win and if
it was an “agility” parameter. The following performance parameters were plotted for the
6 CIC engagements studied: n,, n,, angle-of-attack, Py, velocity, bank angle, roll rate,
pitch rate, turn rate, off-boresight angle and off-velocity angle. Also considered were
various time segments of each of the engagements. There seemed to be two major trends
that were observed: (1) once the winning aircraft was able to achieve an off-boresight
angle that was within the weapons release angle (approximately halfway through the
engagement), then that aircraft was most likely to score the win, and (2) the aircraft that
achieved and maintained either the higher n, or 11, within the first 5 seconds of the
engagement was then in the better position to achieve the weapons resolution angle to
obtain a win through a missile kill.

Figures 27 through 32 show the off-boresight angle plots for the 6 CIC
engagements studied. It can be seen that in all the engagements except for 197DEF
(figure 32), the winning aircraft was near or very near to achieving a weapons firing
solution half way through the engagement. In engagement 197DEF the F/A-18 had the
advantage early (first 25 seconds) but the X-31 was able to maneuver out of the F-18s
firing solution. But the F/A-18 was able to reaquire the weapon’s firing solution to
obtain the win.
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Figure 29. Off-Boresight Angle Plot of Engagement 180HSLA
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Figure 31. Off-Boresight Angle Plot of Engagement 198DEF
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Figures 33 through 38 are the n, and n, plots for the first 5 seconds of the 6 CIC
engagements studied. It can be seen that for all the engagements the winning aircraft
used n, to gain the position advantage. Also, as can be seen in figures 36 and 37
(engagements 195HSLA and 198DEF), where the n, values achieved by either aircraft
were nearly the same, the aircraft that had the higher n, value when the aircraft began
pulling g’s corresponded to the winning aircraft in the final outcome of the engagement.
This indicates that the higher initial 1, values allowed the winning aircraft to be in a
position to score a missile kill. An additional consideration is whether or not the aircraft
" is able to maintain the higher n, values. In figure 38, engagement 197DEF, the X-31
achieves the higher n, during the first 4 seconds of the engagement, but the F/A-18 was
able to generate a higher n, value by 5 seconds into the engagement and maintain the n,
advantage throughout the remainder of the engagement as is shown in figure 39.
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Figure 33. N, & N, Plot of Engagement 139SSLA
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Figure 34. N, & N, Plot of Engagement 142SSLA
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Figure 37. N; & N, Plot of Engagement 198DEF
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Figure 39. N, Plot of Engagement 197DEF for Full Engagement

These results are in agreement with reference 5 which tried to determine agility
metrics for air combat effectiveness. In reference 5, n, and n, were cited as one of the top
factors that determined tactical advantage when position was used to gain the tactical
advantage, as was indicated in the results for the engagements evaluated in this study. Of
course other factors contribute toward obtaining a position tactical advantage such as:

Gmax> Pmaxs Imas Ps oy /i » 1OSE 1at€pay, torsion ratep Nz o s andn, . . Forother

engagements the above cited terms may be more critical in determining the outcome of an

engagement.
Reference 6 used a similar approach to defining agility and it was found in

references 7 and 8 that 11, can be used to define the curvature component of agility, fi,
can be used to describe the axial component of agility and either iy or pgy can be used

to describe the torsional component of agility. This indicates that highly “agile” aircraft
have the ability to effect high pitch rates, large roll accelerations and fast engine response

transients.
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4.0 CONCLUSIONS

For the six CIC engagements investigated in this study the agility metrics
presented in reference 1 were not able to consistently predict which aircraft would score a
win. A review of the performance plots showed that the aircraft that had either the higher
initial n,, or higher n, within the first 5 seconds of the engagement was most likely to
score a win. This is in agreement with other studies which have tried to quantify agility
win combat effectiveness. Reference 1 attempted to expand on the acceleration rate
vectors by defining the Tactical and Specific Agility metrics in terms of acceleration rate
components (&p p 1) inflection points (), distance traveled (8), and time of engagement

(At). However, results of this analysis indicate that by just evaluating the axial, torsional
and curvature components of the acceleration rate vector (as was done in references 6, 7,
and 8) these “agility” terms may be more useful in defining agility’s role in combat
effectiveness.

5.0 RECOMMENDATIONS

This study only looked at a small sample of the flights between the X-31 and the
F/A-18. It would be interesting to review additional engagements to see if the
acceleration rate vector components as presented in either references 7 or 8, would
provide additional insight to agility and its application to combat effectiveness. In
addition to the X-31 and F/A-18 engagements, results from other engagements between
different aircraft such as those in references 5 or 9 would be beneficial in determining the
effect of variation of aircraft design on agility and its application to combat effectiveness.
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The acceleration rate vector is developed from the following set of equations for
Frenet's formulas. Vectors are denoted by bold letters.

R =Flight Path = R(s) (1)
R = Velocity = st = Uip + Vjp + Wkp 2
R = Acceleration = st + s2xn = axip +ayjp + azkp (3)

R = Accel. Rate =( s - §3K2) t+ (35; + 52‘&)“ +s’kth

=a,ipta,jpta,kp 4)

where:

s = first derivative of the flight path wrt time

= magnitude of velocity (ft/sec)
s = second derivative of the flight path wrt time (ft/sec2)
s = third derivative of the flight path wrt time (ft/sec3)
K = curvature = 1/turn radius (1/1t)
K = curvature rate = 1/turn radius rate (1/ft*sec)
T =torsion (1/f1)

t = tangential unit vector
n = normal unit vector
b = binormal unit vector

U = x-component of body axis velocity (ft/sec)
V =y-component of body axis velocity (ft/sec)
W = z-component of body axis velocity (ft/sec)
ay = x-component of body axis acceleration (ft/sec?)
ay = y-component of body axis acceleration (ft/secz)
a, = z-component of body axis acceleration (ft/secz)
: = x-component of body axis acceleration rate (ft/sec3)
éy = y-component of body axis acceleration rate (ft/sec3)
:;12 = z-component of body axis acceleration rate (ft/sec3)

il, = body axis unit vector in x direction (+ forward)
jb = body axis unit vector in y direction (+ right wing)
kp, = body axis unit vector in z direction (+ down)
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The components of the acceleration rate vector can then be broken down into the
following components:

éa= axial component =( s - sk ? ) (5)
a .= curvature component = (3ss + s 2 ) (6)
ét= torsional component = s 3kt ™)
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APPENDIX B

TABULATED DATA
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Table B-1 Specific Agility Values for F_ul-l'Engagement Time

Engagement kill/lose Axial Curvature Torsional Total
139SSL - X-31 kill 12.6212 25.15639 33.5291 43.7747
139SSL - F/A18 lose 16.9989 16.4008 26.6745 36.6298
142SSL- X-31 lose 14.338 34.8445 42,7273 56.9678
1428SL - F/A-18 kill 16.7067 16.9398 14.7801 28.0092
180HSL - X-31 kill 21.6562 43.7965 46.4148 67.3906
180HSL - F/A-18 lose 18.6156 32.0741 36.0953 51.7512
195HSL - X-31 lose 20.7942 42 6706 86.9417 99.0558
195HSL - F/A-18 kill 15.3819 25.5897 19.9248 35.8945
197DEF - X-31 lose 22.4288 45.1244 61.7866 79.7299
197DEF - F/A-18 kill 224252 28.5023 23.9737 43.4742
198DEF - X-31 kill 17.0145 34.0004 33.1866 50.4665
198DEF - F/A-18 lose 15.5067 20.6383 22.8318 34.4625

[Table B2 Tactical Agility Values for Full Engagement Time

Engagement kill/lose Axial/1000 Curvature/1000 | Torsional/1000 | _ Total/1000
139SSL - X-31 kill 5.6941 11.3484 15.1269 19.7493
139SSL - F/A18 lose 8.4131 8.1171 13.2018 17.634
1428SL- X-31 lose 6.5958 16.0293 19.6556 26.2066
1428SL - F/IA-18 kill 7.0377 7.1359 6.2261 11.7989
180HSL -X-31 kill 13.205 26.7052 28.3017 41.0919
180HSL - F/A-18 lose 13.25642 22.8365 25.6996 36.8465
195HSL - X-31 lose 11.3829 23.3583 47.5926 54.224
195HSL - F/A-18 kill 7.9326 13.1969 10.2754 18.5112
197DEF - X-31 lose 8.5297 17.1609 23.4976 30.3215
197DEF - F/IA-18 kill 12.1833 15.4849 13.0246 23.6189
198DEF - X-31 kil 7.2807 14.5491 14.2009 21.5951
198DEF - F/A-18 lose 8.3726 11.1434 12.3278 18.6076

B-2
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Table B-3 Specific Agility Values for PartialELngagemerﬁne

Engagement kill/lose Axial Curvature Torsional Total
139SSL - X-31 kill 10.4852 21.8325 24,1862 34.2284
139SSL - F/A18 lose 9.0815 16.581 31.8895 37.0721
1428SL- X-31 lose 9.8055 22.0747 22.5954 33.0754
1428SL - F/A-18 kill 13.0611 15.7564 16.4534 26.2597
180HSL - X-31 kil 21.6562 43.7965 46.4148 67.3906
180HSL - F/A-18 lose 18.6156 32.0741 36.0953 51.7512
195HSL - X-31 lose 20.9523 42.7662 87.3774 99.5126
195HSL - F/A-18 kil 15.6001 25.8945 20.146 36.3282
197DEF - X-31 lose 26.9091 53.4365 79.3158 99.3507
197DEF - F/IA-18 kill 24.4394 31.938 25.8468 47.8055
198DEF - X-31 kill 17.0145 34.0004 33.1866 50.4665
198DEF - F/A-18 lose 15.5067 20.6383 22.8318 34.4625
Table B-4 Tactical Agility Values for Partial Engagement?rime

Engagement kill/lose Axial/1000 Curvature/1000 | Torsional/1000 Total/1000
139SSL - X-31 kill 46577 9.6983 10.7439 15.2048
139SSL - F/A18 lose 4.7622 8.6948 16.7223 19.44
1428SL- X-31 lose 4.4373 9.9896 10.2252 14.9678
142S8SL - F/IA-18 kill 5.4409 6.5637 6.854 10.9391
180HSL -X-31 kill 13.205 26.7052 28.3017 41.0919
180HSL - F/A-18 lose 13.2542 22.8365 25.6996 36.8465
195HSL - X-31 jose 11.5387 23.552 48.1199 54.803
195HSL - F/A-18 kill 8.0807 13.4131 10.4354 18.8176
197DEF - X-31 lose 11.9149 23.6607 35.1196 43.9907
197DEF - F/A-18 kil 15.5389 20.3067 16.4338 30.3955
198DEF - X-31 kill 7.2807 14.5491 14.2009 21.5951
198DEF - F/A-18 lose 15.5389 20.3067 16.4338 30.3955
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