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SUMMARY

The computation of composite differential-turn trajectory pairs is studied
for "fast-evader' and "meutral-evader' idealizations intreduced in earlier publica~-
tions., Transversality and generalized corner conditions are examined and the
joining of trajectory segments diseussed. A criterion is given for the sereening
of "tandem-~motion" trajectory segménts., Main focus is upon the eomputation of
barrier surfaces. Fortunately, from a computational viewpoint, the trajectory
pairs defining these surfaces need not be ealeulated completely, the final subare
of multiple-subare pairs rot being required, Some caleulations for pairs of

example aireraft are presented.

The medelling of a turning chase in air combat as a differential game with
energy-modelled vehicles is described in Ref, 1 and the characteristics of families
of solutions are investigated in Ref. 2, The present report, a sequel, deals with
the computational solutions of families, with emphasis upon the determination of
barrier surfaces, those surfaces that separate sucecessful pursuit from successful
evagion, It will he assumed, for brevity, to be read in conjunction with Refs. 1

and 2,



TRANSVERSALITY CONDITIONS: "FAST-EVADER" MODEL

A simplified version of the problem is of interest initially for illustrative
purposes, Thus attention is directed to the *fast-evader"” altitude~dynamics ideali-
zation, in which both pursuer and evader have a free choice of altitude within their
respective bounds and no intervals of "andem motien"”, with the pursuer driving

the evader upward, appear (Ref. 2).

Censideration of a related problem with vehicle models further reduced in
order (Ref. 2) suggests that fast-evader trajectory pairs have the following form.
Tor the aireraft haviag the higher maxirnum sustainable .urn rate as evader, there
is simple pairing of Euler solutions terminating in the "capture set", a subset of
the "{arget set" (both defined in Ref. 1) or on its houndary. If the sustainable-turn-
rate-superior airerafl is pursuer, and if it is inferior to the evader in maximum
instantaneous turir rate, some of the trajectory pairs have two subarcs. The initial
subarc almost altains turn-angle closure with lofi-ceiling-matched energies; the
second comprises a high-turn-rate pair of trajectorics joined to the first at a cor-

ner and terminates in the capture set or on its boundary.

If the eapture set lies entirely above the lofi-ceiling~match curve in energy
space (pursuer specific energy chosen as the ordinate), caplure necessarily takes
place with the loft-ceiling inequality mel with a margin, and both enevgy multiplier
- variables vanish at the final point by transversality. Such a situation arises in the
case just mentioned exhibiting evader superiority in maximuwm instantaneous turn
rate at matched loft-ceilihgs, as in Fig. 7 of Retf. 1, which applies for aiveraft B

pursuing A,

RN,



If the lofi-ceiling—-match curve forms part of the boundary of the capture
set, as in Fig, 6 of Ref. I ( A pursuing B ), the energy mulliplier final valnes
for capture along the loft-ceiling-mateh portion will be related by transversality.
With hL and l-LL the loft-ceilings for evader and pursuer, respectively, the

2
inequaditg?

by -~ h =0 )

and the equation Asy.= 0, together defining capture, may be treated formally by

M
adjoining their left members to the eriterion function, final time tf, to form the
augmented function:
T = + A P . ’ -
P 1:f A_XA }_‘_f4 Ah (hL hL ) (2)
: L 72 1
f f
The usual transversality acalysis leads to
Hf = =] (3)
A = A 4
xe M - @
dhL
. le
N = - by )
Elf hL dEl
dhL .
= A Frmne (6)
', ~ M T | |

Tmposing these conditions al a selected terminal capture point on the loft-ceiling-
mateh curve in enérgy space defines a one-parameter family of trajectory pairs,
i.e,, one of the two parameters AX and A, is defined by (3), while the other

can be regarded as the parameter of the family.
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The limiting trajectory pairs corresponding to near-miss or grazing trajec-
tories are of special interest and correspond to ¥ = 0. Such pairs are not proper

members of the family hut define the barrier surface separaling successful evasion

and successful pursuit. The special values q.t’ the ratio AX/ AhL that wake I
vanish may be determined iteratively. There may be one, two, or more of such
values, or none. Some insighl into this is provided by the relationship heiween
the dual hodograph figures introduced in Ref, 1. Such a figure is drawn for loft~
ceiling~-matched energies using y for the ordinate and (dhL /4E) E for the
absecissa, The number of intersections of the twe hodograph figures in the upper
quadrants equzils the number of vanishings of M. If one figure lies entirely within
the other, there are nene; this means one airveraft is locally superior and that there
are no grazing trajectories through the point, An intersection in the upper guad-
rants implies H =0 by the existence of a common tangent to the figures; a per-
pendicular to this through the origin defines the direction of th-e‘ coyresponding
multiplier veetor, The term "tangent” is employed loosely here to include contact

at a corner of the figure.
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If the pursuer does not have any kind of low-energy superiority, the trajectory
pairs are unbroken (except for what might be called "ordinary" corners, those salis-
fying the Erdmann condition) and can be found by integration of Euler solutions back-
wards in time using final multiplier values determined from egs. (3)~(6); trajectories
terminating at various poinis of the eapture set's boundary eomputed in this way deter-

niine the barrier surface,

‘What might be called generalized corners, i.e., .corners with multiplier jumps,
appear when the pursuer is superior in maximum sustainable turn rate and at the same
time inferior in maximam instantaneous t"ufn rate along the matched—loft-ce-iliﬁg curve
in energy space. When the opposing airceraft have thig relationship, the pursuer, even
having attained near angular closure with sufficient energy, is unable to effect capture
inunediately but enly manages to force the evader into a high-turn-rate maneuver and
to steer the chase teward lower energies where capture may take place. It ¢an be
argued that sustainable-turn=rate-superiority of the pursuer along the matched-loft--
ceiling curve to the lowest energies permitting flight makes closure with matched-loft-
ceiling energy tantamount te subseqguent caplure. Tbhe appearance of at least some such
two-subare trajectories is insured with less overwhelming superiority, i.e., superiority
of pursuer in maximum sustainable turn rate with energies of hoth craft mu‘est.riéf;ed; o
in this case, a segment of the matehed-loft-ceiling curve will be the locus of generalized'
cornér junctions. The upper end of this segment is defined by the llim'rt. of the pursn.tér's |
sustainable-turn-rate superiority. The lower end will be on ox below the 10\&9.1' edge
-ef the band of _pursue_f energies defined by pursuer sustainable turn rate superiority
over the evader's highest sustainable turn rate determined with his energy unres-_trictec".
The arguments needed to establish that closure with matched-loft-ceiling energy along
this seg-rﬁent insures}i.subsequent capture are elementary and. similar to those employed

,:Eor‘f_he sufficient condition of Ref, 1.

 Attention is now directed to the generalized corner junction of extremals appearing

in this ease where the pursuer has superiority at low energy but lacks a margin of maxi-

mum Lﬁsta-nta_.ne_ous turn-rate to turn closure immediately into capture at high e_ne;g'y. ,




Consider a family of Euler solutions through an initial point having Ax>0 and pur-
suer energy high enough that some of the family members intersect Ax=0 above

the lost-ceil ing-match curve. Call T(E1 ,.Ez‘) the time-to-capture measured from
arrival at Ayx=0, and At (not necessarily small) the time elapsed during the

motion along the first subarc. Then an augmented performance index may he set up as

P = '1"(']731,:'152)4-'At+v(T{L2—'ﬁL1)+A)'(Ax (7)

where the superscribed bars denote values at arrival atf the surface Ax=0.

If the incguality

h -h.._ z 0 _ _ o (8)

is met with a margin, then p=0. The equality will obtain in many cases, however,
sinee the pursuer will geneialty tend to sacrifice energy margin for turn-rate in

effecting closure,

A transversality a-nalyéis carried out with the inequalify (8) and Ay= 0

regarded as an intermediate target set leads to the system:

H = -1 )

X = A | B ¢
X X )
dh
_ L L
XE = %g - v d}«jl (11
1 R 1
1
dh
Ap = m&_;f + v amz (12)
2 ¥E, 7



Tor extremal stharcs entering the surface Ay=0 with strict inequality (>) in
(8), =10 andthe conditions (9) -(1.2) determine all of the muitipliers. For v #0,
there is a one-parameier family whose limiting members occur for vy unbounded;
these are not proper members, as H=0. The ratio of rmulfipliers

dhL

- : 71/ dh
"E 1 / AIE = dE 1 Lz {(13)
2 dE 5 :

is well defined in the limit. These multipliers and AX are defined only within
a multiplieative constant for these grazing trajectories. (Note that this corresponds
te the elassical definition of abnormality in variational problems: nonuniqueness of

the nmltipliers.)

- The generalized corner condition of Bernhard (Ref. 3) furnishes a guide to
which components of the multiplier veetor jump and which do not, viz. the jump
is normal to the singular surface. For v =0, thissurface is the portion of the
plane Ay =0 above the matched-lofi-ceiling enrve, and only the muliiplier A\J
jumps. For v #0, itisthe boundary defined by the equality sign in (8), and
and 0T/dE_ from the

_ _ _ 1 2
values (11) and (12); there is no jump in the component of the energy-multiplier

the energy multipliers jump to their values dT/dE
vector along the loft-ceiling-match earve's tangent,

Construeting nongrazing trajectory pairs that have two subarcs and ter-
minate ih capture from the first-order necessury conditions is fairly laborious.
. First, "open-loop™ trajectory pairs connecting the capture set and the inter-

. mediate ta.lget set defined by (8) and AX 6 are obtained. These are the second

- subarcs of composites and their energy multipliers provide the partials T/ oL,

and bT/ DE necded in (11.) and (12). The system (9)——(12) then provides mu’ltl—-
% pher end condmons for backward mterrl ation of Eulex solutmns* which are the '

' appropnately m'ttchcd first subarcs.

9435.
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A stroke of good fortune is that grazing trajectory pairs, of main inte re.sé
because they define the barrier, are relatively easy to calculate. This limiling
case has the first-subave terminal values independent of the second-subare solution;
the partials T/ CI:Jl and d'T/ bEg do not appear in (13), which greatly simplifies
the calcuiation of the barrier surfaces, A similar situation oceurs with the neutral-

evader model, to be taken up next,




"NEUTRAL-EVADER™ MODITL

Adoption of the more vealistic "neutral-evader" model leads to faeilies
of solutions having a more eomplex structure, as discussed in Rell 2. Under
circumstances somewhat similar to those in which two-sunare solutions avise
with the simpler model, solutions having a third, middle, subare of so-called
"tandem motion” appear. ‘Lie tandzm motion may itself be complex, including
the singular arcs discussed in Ref. 2, The discussion of this section will ignore
the possible appearance of singular subares, whose rdle is not fully understood
at present. Tt is worth noting, however, (hat all of the singular subaves [ound
computationally in the exaraples to date have been screvned out by onc test or

another, hence the assumed non-appearance may not be unduly restrictive.

Trajectories of "tandem-loft" type, calculatad by the procedure and com-
puter program described in Rel, 4, are shown in encrgy space in Fig, 3 lor eir-
crafl B as pursuer and A as evader. There is one trajectory of particular
interest that bifurcates, dividing the family, Those above it generally produce a
loss of pursuer energy and originate at high pursuey cnergics. Those helow the
hifurcating trajectory correspond generally to tucreasing pursuer energy (although
net nmnoténically) , and originate at low pursuer energies. The Lwo branches of
the bifercating trajectory form a separaivix, a boundary outside of which the tandem-~

loft motion does not attain loft-ceiling match.

The family of tandem/}oft trajectories is determined hy numerieal integya-
tion using a computer program such as that described in Ref. 4. As a preliminary,
lofi-ceiling rates at matched-loft-ceiling altitudes may be compared at various
points along the 10ﬁa0ei1ing~matéh curve in encrgy space, as in Fig. 5 ¢l Relf, 2,
This was carried out with the computer prograir of Ref, 5, which also performs

a single step of integration backwards in time using a coarse integration technicue

QRIG]NAB s



(Euler extrapolation) to assist the search for the bifurcating trajectory and the

separafrix.

The region in energy space between the separatrix and the lofi-ceiling-
match curve plays a role in the neutral-evader trajectory family analogous to that
of the loft-ceiling-match curve in that of the simpler fast-evader model, Trajectory
pairs correspoending to purs-uei' closure with insufficient energy undergo transitions
in this region to tandem-loft motion, which may continue until the loft-ceiling-match
curve is veached; then either capture occurs or a transition to 2 high-turn-rate-
open-leon-optimal paly. The grazing trajectories for H =0 join with tandem-loft
arcs oh the separatrix when the hodagfaph figures ai‘é. in the proper relationship,
previously deseribed; however, the scaling factors on the energy—ra-té axes of these
figures are different: they are the magnitudes of the energy mudtipliers., The ratio
of these is of main importance, and, along the separatrix, thig ratio for H=0 is

abtained as

A

E E

2 1

el i (14) .
E, E,

This may be viewed as the determination of the normal o a 'two~dimensi‘onal trajec-

tory from the components of veloeity. The relationship (14) is employéd like (13) in

the determination of multipliers from tréu‘sversalitjr conditions generally similar to
those given for the féshevacl@r model. The computation of barrier candidates comes
down 1o the use of (14) for the energy-multiplier ratio togethier with H=0 solved-

iteratively for the ratio of J\X to one of the energy multipliers.

The segment of the separatrix which is the locus of g‘enerali.zé.d .corn'efs for
barrier trajectory pairs is simply xelated to the cory espondmg segment of the 1o£t—
ceiling-match curve dlSCllSSGd prevxouslv f@r the f.xst evader modol The 1elc11.m=r

property is that tandem-loft trajectory pairs originating on the sepa_ratrix segment

10
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must remain within a region in energy space characterized by the existence of at
least one dual-hodograph~figure intcrseection and redch the matched-loft-ceiling
curve, otherwise a transition to 3-D motion and su.ccéssftﬂ evasion is possible,
The areument is similar to that for the sufficient condition of Ref, 1, In the
exampla of aircraft B éhasing A, the entire separatrix maps into a single point .
on the loft-ceiling-match eurve whieh is within the region of pursuer-superior
sustainable turn rate (shaded in Fig. 3) and hence well within the interseeting-

dual-hodograph region,

Tt appears possible that the locus of generalized corners of barrier traj-ec;-
tories in cnergy space may sometimes be a composite including segments of the
separatrix, the boundary of the intersceting-dual-hodograph region hetween the
separatrix and the lofi-ceiling-maich curve, and the loft~celling~match curve
itsolf, Along the intersecting-dual-hodograph boundary, the mwltiplier ratio

analogous to (13) and (14) may be obtained from the normal to the boundary.

11



THE COMPUTATION OF BARRIER SURFACES

Tamilies of trajectory pairs integraied backwards in timne nuwmerically define
the harrier surfaces. All start at- Ay=0 and at pairs of specific energies along the
types of curves in the energy space previously discussed. Muliiplier values are detey-
mined as discussed in the preceding sections, The present section discusses the pro-
cedure and sequence of caleulations employed with coniputer progfamg sueh as those

of Refs. 4 and 5.

Perform first a comparison of energy rates and sustainable turn rates with
energies matched over the energy range for equal loft-ceilings, -The compatatidn of
the barrier surface for the sustaibable-turn-rate-superior aircraft as evader proceeds
entirely from the boundary of the capture region. If this lies completely above the
loft=ceiling-match curve, the boundary is defined by matching of maximum instan-
~ taneous-turn-~rates; if not, some portion of the loft-ceiling-mateh curve itself may
form a portion of the houndary. The energy multtpher end values are zero for
maxtmum-instantaneous-turn-rate match and given by (13) for loft-ceiling match,
The value of X\ , is found in the latter case from H =0. The program of Ref.‘ 4
does this by a. séan followed by an itefation If two vﬁlueé of A emerge from this’
computation, ene of them may be of interest when the alrcraft pursuer/evader roles

are rev'ersed.

For the sustainable=turn-rate-superior craft as q;‘gueﬁ, _ _segments. _of the
loft-ceiling-match curve, the separatrix, and the sustﬂnable-—tum*rate bod.&i‘dé.ry
may form part of the locus of generalized corners of barner tra Je%tones. , If ther a
is a region of tandcm/loft motion that Jeads to loft;—-cellmﬁ’ match the sopar'ttrlx
should be f.ound then a composite locus of generalized colners for barrmr trajec-
tories by examining the tandem loft tra]ectory f'nmly 1e‘ atwe to ihe sustaumble—«

turn-x ate supermrlty 1egmn of the pursuel




COMPUTATIONAL RESULTS FOR- A VERSUS B

Some results are presented in Figs. 1, 2, and 4 of barvier surfaces for
turning duels hetween aireralt A, a hypothetical Mach 3 design, and aireraft B,

a version of the F-4 used for illustrative comp_utatian_s in Refs, 1 and 2.

Figure 1 applies for A chasing B it is the same for both fast-evader and
neutral-evader m.odelé. The upper boundary of the capture set is the instantancous-
turn-rate-mateh curve, whilc the lower is the loft-ceiling-match carve, Integrations
of trajectory pairs never develop appreciable positive Ay vahies except at high
energies; even ia the region most favorable té A, only small angle differences

can he ¢losed suecesslully.

Figure 2 is for fast-evader modelling, B chasing A. The trajectory pairs
defining the barrier all pass through the lower portion of the lofi~ceiling-match

curve.

Tigure 3 shows the region of tandem motion for B chasing A and the separ-
atrix arising from bifurcdtion of a tandem/loft trajectory that divides the region,
‘All of the tandem trajectories considered are of tandem/loft ty;,'ié, since all ehattering
singular are segmenis .are screened out by m_ilure. fo meet one requirement or another

(Ref. 2). The pursuer-sustainable-turn-rate region is shown shaded,

Tiguve. g sh:o‘.vs:thé bdrrier surface for B ¢hasing A, .néﬁtral—eiradér model
|  ling, The tra]ectm y pairs '1ef1nmo the barner pass through the separatrix, only a

' ""s:nmll uppe1 portlon of the separatrix provmg barren, ~ The dtﬂc.rence between tha
bfu rier rcsults for fmst—evadel .;md ncutlal—-evader modeh is large in this example
and unphee. tha,t the tandr.,mflaft pursmt tacth ig: unportant It should be noted that.

‘this may -be uni_,ypxcal -iaecause of an a,nonmly in the otherw_lse 19‘111_5110 datn for
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aireraft A: G was taken as unity independent of Mach number; this. is an es-
. max I o
pecially optimistic figure supersonically, 'This leads to an energy-rate advantage

for B when hoth eraft fly at ma'tchedz.—lofi‘c—céiling' 'aititi1de,' heneé favors 'the_lgfﬁn.g;.'

tactie for B as pursuer.

c .14



RESULTS FOR B VERSUS_C_WITH PARAMETERIZED THRUST

Shown next are some results for aiveraft B (I‘-fl) against C, a version of the

F-5. Bcan reach qubatftntmlly higher enc,ro ies than c (]1OK vs. 70K); howe V(:.l,

it is inferior to C in hoth maximum sustainuble turn rate and maximum instantaneous
turn rate at matched loft-ceilings. The mismatch in capabilities between B and C
resembles somewhat the mismateh seen in the preceding example between A and B,
but is not as extreme. The trajectory families are simpler in two respeets: the
opportunities for successful tandem-lofﬁng pursuit are negligible (and have been
omitted éiltirely in the computations), and the relationship between maximum instan-
tané"ou-s tarn ra{es is such thﬁt high—-turn-rate spirals to low énergy chur only for |
B chasing C, i.e., C can capture at high energy. Taken together, these charac-
teristics result in simple pairing.of traj.ectoi‘ies in all cases; the_r.e are no multiple-

subarc trajectories in the families.

I‘Lgurc 5 presents barrier- surface resulis for B pursuer and C c\rfu:ler.
Successful pursuit occurs only for C in the low energy range and for B witha -

large '.nitial energy advantage in comhination with zu angular position advantage,
(=4 - )

- Figure 6 é-hb\vs barrier data for ¢ chasing B. G_e_neréll'ly, an energy ad-
vantage is need:ed by C tovcapture B hefore the chase reegches B's high-energy '
haven. Given such an a,dvaritage,' C can close fairly large angular gaps and capture
when fhe initial energiés are' low; however, at high initial en:erg;ies, only modest

closures can he effected even with large energy advantage.

A computational stucly of harrier behavior as- B's t}uuqt Ievcl is increased .
was carried out. An important guide to the hehavxor is provided by the susta.mdble— :
turu-rate boundaries in energy space depicted in Figure 7, Conﬁgu,_muon B2 _has 20%

thrust increase over the basie value over the entire Mach number/altitude range,

@RG
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B3 30%, B4 40%. The situation is similar to that of the B/A example as in
Fig. 3, alihough simpler in respect to the absence of tandem/loft motion. As the
thrust is increased from 30% to 40’70 over hasic, B develops an overall .
“superiority in maximum sustainable turn rate, energy choice open, and the barrier
surface for B pursuing C disappeavs, implying eventual caplure in a long-
'du;caii-ou chase irrespective of initial conditions. -Barrier surfaces in Figs. §, 9,
and 10 show the shifts in capture capabil.ity as B's thrust. is inc-re_ased.. The
resulis shown are only rough-a.pprox_imatiuns on account of coarseness of mesh

of the trajectory data.
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RESULTS FORA TRAPEZOIDAL-WING RPV. CONFIGURATION

Some calculations werec caryyvied out {oy the hiph-perlormance RPV configura-
tion of Ref. 6. Maxibmum instantancous turn rate, maximum sustainable turn rate,.
and maximum loft-ceiling rate versus energy are shown for this configuration,
designated D, in Fig. 11, where the corresponding characteristics of aircraft B
are also shown for comparison, The superiority of L} over B is overwhelming;
the sufficient eondition of Ref. 1 is met and eventual caplure in role-determined-

D/B engagements is insured irrespective of initial conditions.

A similar comparison of hodograph data for D and A is shown in Fig, 12.
D is seen to be superior in the doglighting energy range; the superiority wanes
above 100K energy hecause of inlet off-design characteristies., The barrier re-
sults of Fig. 13 show A incapable of caplure except at extremely low evader energy
and then only with tremendous enérgy and angular position advantages. The barricr
surface of Fig. 14 indicates high effectiveness of D pursuing A except at high
energics near A's haven: 'Fragmenta'r  trajectory data in the energy range
60-100K indicate that the poorly-defined havrier surface may actually fold over
into the region helow the loft-ceiling-match curve (marked No Capture) for large
angular separation; there is some difficulty in represeniing the surface graphieally

here, in addiiion to a coarseness-of-mesh problem.
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CONCLUDING REMARKS

A procedure has bheen presented for the caleulation of harrier surfaces for
differential-turning duels and examples given. Three computer progrmﬁs, each
fairly complex, were used and a cortain ‘ambun‘t.of cross.pldttihg of intermediate
data was required in the first compuiational example; however, considerable
streamlining of the programs and computations was earried out in the process of
the subsequent applications and the generation of barrier surface data can be re~

garded as a. practical proposition for engineering applications work.

18
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- ABSTRACT
‘This mannal is a guide for using the Alrcraft Energy-Turn and Tandem
Motlc'm‘progr'arps_,_l digitgl computer programs for ‘Vuse in dl.iferentlal-n}?n com-
" putations, The program Is written in FORTRAN IV for use on a CDC 6600
computer. With slight modification, the program may be run on any digital
computer which will accept FORTRAN IV, ‘ A '
_ | The prggram infmtjs' and outputs are deseribed herein and examples pro-
" - vided. 'ii';'éddi-_i_:lop, the program options are discussed and overall flow charts

are presen_i‘:ed..
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INTRODUCTION

The Aireraft Energy Turn program is an outgrowth of a digital computer
program which was designed to o parameter studies of variable-altitude turns
obtained by numerical integration in reduced-order ("energy') approximation for
supersonic aireraft, includicg the effects of constraints on altitude, dynamie
pressure, Mach number, lift coefficient, and normal load factor. The general
theory of reduced-order approximation for aircraft maneuver eoptimization is
described in Ref, 1. The program described hereln provides for tiie simultaneous
iniegration of two alreraft trujectories, uncoupled except for control of print-out
and run termination. The present user's manua! overlaps that of Ref, 6, which
describes a similar single-aireraft program. It diuscribes, in addition, a re-
lated "Tandem-Motion" computer program. The two programs are used in con-
junction with a third, "Hedograph", computer program, described in Ref, 7, for
differential-turn computations.

The following tables are utilized in the programs: CD vs. Mach, CD 5
. - 0 i,

vs. Mach, rho vs, altitude, EL vs. Mach, speed of sound vs. altitude, Thrust
tables, which are functions of Mach number and altitude, are also used. Internally,
the tables are fit by cubic splines or cubic spline lattices (Ref. 5), with all "mo-
ments" (second derivatives at mesh points) stored in tabular form to be used for
interpolations during trajectory ecalculations, The desirable feature of splining

for the present application is enhanced smoothness (continuity of second derivatives
is maintained), which faclilitates the generation of families of solutions of the state/
Euler differential équations. The speed brake drag coefficient, ’ » I8 introduced
as the product of a factor and the zero-lift drag coefficient, A preprocessor s built
into the programs so that the user may change any of the tables with input. This is
explained in detail in the Input section.



TECHNICAL SUMMARY, ENERGY-TURN PROGRAM

This section summarizes some of the main features of the analytical material
preésented in Ref. 1. The state variables in the basic system of differential equa-

tions are the specific energy, E (-t h+-v2/2g), and heading angle, ¥X. The r'éleé of

‘control varlables are taken on by altitude, h, bank angle, p. , and throttle setting. :

0=7r<1. The Euler system is given by

)'E = bH/bE

X = - ofi/oy

 The Hamiltonian, 7 H .18 gtven by -

The augmented Hamiltonian, #, isdefined:

- where B[ are the inequality constraints:

ORIGINAL PAGE I8
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= h-'hTzo

= q-gp(E-h20
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terrain limit
dynamic pressure limit
Mach number limit

¢, limit

normal load factor limit




Further details concerning the determination of the multipliers Ai and the control

variables are given in Ref, 1.

It is instructive to consider two basic types of maneuver which are limiting
cases. These cases are: (1) symmetric flight, in which the final energy of the air-
craft is to be maximized, and (2) hard turning flight, in which the final heading angle
is fo be maximized regafd_less of energy loss. The Hamiltonian is a weighted sum of
energy and heading rates, namely: le E and hx)z . 'The program finds the altitude,

h, at which the Hamiltonian is a minimum by searching versus h at censtant energy

" level,

The first case, symmetric flight, can be generated by making l negative
(say, -1.0) and Ax zero or small negative. Because xm is generally much
smaller than Emax for a given value of E, lx- ~1.0 is considered a small value,
(Actually the multipliers JLE and JLX need be :gcaled such that H=-1.0, but since
only the ratio affects the computations, this secaling can be postponed.) A typical tra-
jectory might start with a low energy level, say E=5 to 15,000 feet, With such
values, the aireraft executes a generally accelerating, climbing path beginning at
sea level, choosing an altttﬁde for 'ivhich E is maximized, Two typiecal symmetric-
are shown superimpos_ed on the velocit-y-altietude envelmpes correspondmg to constant
values of E. -Censtalit energy lines are also shown in the background as in the pro-
cedures of Refs. 2 and 3. The aireraft climbs along a path of maximum E , “(bﬁ/ bh)E.::O .
There is 2 subsonic¢ and a supersonic branch of the function (dE/ bh)Eéo » which overlap
in the energy range of approximately 32,500'<E<45,000'; i.e., there are two minima.
The branch taken depends upon how the search for minimum of H {s initiated; in other
words, the progi-am dbes not have the capability of locating a global minimum, The
times at which the points along the trajectory are reached, as well as all values of the
variables and airplane parameters, are printed at each time-step by the program. See
the section labelled Output for further details.
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The program does not caleulate the altitude~velocity envelope, energy-rate
and turn-rate peaks; this is available from the companion "hodograph' program of
Ref. 7. Figure 2 presents the peak values of energy rate versus E for the sub-
jeet aireraft and illustrates the subsonic (first) peak and the supersonie (second)

peak, The overlap range is, as noted previously, between E - 32,500 and 45,000,
~ The first trajectory (low_e;t) of ]i‘igixre 1 transferred from the subsonic to the super-
sonic‘braneh of constant energy levelk E 'a 34,000, while the second tra.nsierred at
- E == 45,000, The difference in these cases depended upon how the initial altitude
iterate was introduced into the I-D ‘search; selected by 1TS=0, where hguess is
the minimum of h h , and h , or by ITS-1, where hguess is the value h cal-
culated in the previeus _time ,;nterva_:l. The second trajectory (upper) required a longer
time interval to reae.h' the final ene-fgy state than the first, since the first peak 'wae |
foliowed for too long. Ideaily, the transfer peint would occur at the interse(Etion of

the first and second peak curves, E = 36 000 feet.

The second case of interest is that in whieh maximum turning rate is sought
ifrespeetive of energy rate. In these cases, the Hamiltonian consists of the term |
)Lx % tan i. Trajectories having this character may be generated by taking lx as a
. very large negative number, of the magnitude- Ax- -1x10° where n#8, The Hamil-
~ tonian is minimized when the ratio (tan ,u)/V is a maximum, and this correspands to
_the so-called corner velecity described in Ref. 1, ‘where the load factor as limited by

| CL T is equal to the maximum allowable lead facter of the airframe stmcture. The
max
cerner-velecity locus is not normally generated by the program during a trajectery

caleulation, but an option is available for executmg this calculatien.

Figure 1 shows a "corner-velocity” locus in turning flight in the Mach number-
altitude plane. As shown in the figure, in the region to the left of the corner velocity,
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the maneuvering capability of the airplane is limited by CL » Wwhile to the right,

the structural load factor limits maneuvering. max

The general optimal turning maneuver is intermediate between the symmetric
energy climb case and the "corner-velocity" case; however, there is more complexity
in the general combined turning case than in either of the lHmiting cases. 'i‘hus the
Hamiltonian function may exhibit th-’reé relative minima versus altitude h at constant
energy, and the transition behavior may be quite infricate, Because h, inits ap~
pearance as a control variab‘l'e, is not "the real thing," having arrived by way of an
order-reduction appféitihétion, f;h.eﬂ énalyst uélhg’ :t-h;a computei- program to generate
families of Euler solutions may be interested not only in the global minimum of H(h)
but in the relative minima as well. Trajectories so generated correspond to so-called
"sti-'onrr'* and "ﬁeak“ extrema, respectively, and complicate the survey of families.
Transition between minima should be carefully momtored and controlled by the user

constructing families.

The user may elect a mode of operation that provides the global minimum of
H(h) and hence "strong" e:uztrema.1 This is accomplished by a preliminary sean of
H wvalues at 500 ft é,lt{tude increments over the cotﬁplete altitude range. AWhile it is
computationally expensive, the alternative of controlling transitions off-line is laborious
and slow. | | ' ' R '

Whefe ':'wéak" minima ar-i“e of illllﬁer-lés"t', a measure of control over which mini-

mum of the Hamiltonian the program seleéts is provided the user by two optional input

. choices described in the next section, One of these permits choice of first guess for
the one-dimensional search as éithe;-' the value of h 2 résulting from the previous
1-D search at the preceding integratton step ‘or a value slightly below the minimum

altitude limited by terrain, dynamic pressure, or Mach num'be:r.a A second optien

1 ITS=3

2 1I8=1 g
3 IS=0 po’g‘iﬂ

%



consists of a choice betweer normal search logic described in Ref. 1, on the one hand,
and a logic choosing the minimum altitude whenever the switching function ). >0
(cut throttle) and the slope g—'h- given by Eq. {123) of Ref, 1 is positive, this restrlcted
{and possibly "weak'" minimum) choice reverting to normal logic should either sign
change. “
A mechanized search for the multiplier value -)Lx ylelding a specified energy
" at a fixed final time is a.vaila.ble upon lnput option. The iterative scheme employed
- is minimization of the square of the dlfference in actual and speclfied final energies

'wa one-dlmensicnal search using gelden section a,nd cubxc fit techmques of Ref 4,

_ The program provides for simultaneous integration of energy and heading- -
angle his’tories' of two dircraﬂ: for convenience in differential-turn ccmputations
(Refs. 7 and 8). The computa.txcns are independent; however, the print-out tnterval

.is controlled in part by turn—a.ngle difference and the integratlcn is termlnated on
mul-tlple crite—r-ta which Include violation of presecribed bounds on the specific energ'y' _
of each craft The choice between integrating trajectories for one or two alrcraft |
is controlled by input, as discussed in the next section, as is printwcut in.terval

- ..and run termination, .- - e Gl T sl L

' For the 'dctermtcaticn of }Lx initial values that make the Hamtltonian for T

~the twc-vehicle system va.msh hence result in grazing (barrxer) tra]ectorles, an e

iteration procedure is supplied “This minimizea the square of the Hamlltcnian - H

“via golden-sectlon search

4 INTB =2




INPUT SPECIFICATIONS, ENERGY-TURN PROGRAM

A.

Inputs for Prepro

cesser

NAMELIST/MINP/ATAB, HATB, CDOT, XMOT, CDCLT, XMCLT,
RHT, HRT, TCLH, YMCL, TRXH, XMTRT, HTRT, NMA, NCDO,
NCDCL, NRH, NCB, NXT, NHT, IDEN, EPSCF, EPSGS, LT

IDEN is dimensioned 6 and each slot i§ associated with a table ID. The

B tables are as follows:

HTRT

D  Tsble Dimension
1 ATAB 20
1 HATB 20
2 CDOT 20
2  XMOT 20
8- CDCLT 20
3  XMCLT 20
4  RHT 20
4  HRT 20
5 TCLH” 20
6 TRXH 20,20
-6 XMTRT 20
.6 20

If IDEN(T) =0, the G,

- Number
of Points

NMA

NMA

NCDO

NCDO
NCDCL
NCDCL
NRH
NRH
NCB

.NCB

NXT, NHT
NXT
NHT

program inverts it befoi‘% preprocessing,
If all the tables are to be preprocessed, IDEN() #0, 1=1,86,

Description

a (speed of sound

h (altitude)

MSeh No,

Cp., = /G
Pog CLG_;

Mach no.

rho (density)
h

[

%

_ Mach no,

TR (thrust)
Mach no.
h

Altitudes

" ‘tabl.e is read in directly.

o2

If IDEN(7) #0, the CL table is read into the CDCLT table and the

Mach nos.

cols.
TOWS

If the user expects to use the same table or tables for many runs, he may

want to avoid the preprocessing by reading in IDEN(I) = 2 on the first run.



This will give a printout of the moment table or tables, which may be put
into data blocks in the succeeding runs and then IDEN(I) should be set to 0.

LT =0 Indicates end of run

o LT=1 First aircraft tables are preprocessed E
LT =2 Second afreraft tables are preprocessed

XU LP=3 . Iterate for mintmum H(A ), HI(A )=H_ (A )-H (A )-H*
| (A ) HIA )= By(X ) - Hy(A)
See PROG1L; Summary of Subroutines .
LT=4 Integrate two-airceraft trajectory :

T LTEB - Integrate one-vehicle trajectory only - IR L
EPSCF Epsilon in ONEDIM to measure closeness to origin
; _EPSGS Epsilon for convergence tests in above . ..

B. Main Inputs |
L AlweraftOme T T o
NAMELIST/MINPUT/GO H, 8, W, E, X, XLE XLX, TMAX, DELT EMIN,

EB3, HDLT, EPSGS, EPSCF NEQ, NPRN IND, INTB QBAR, QMAX ICB
) DLLME HSTR NC XBAR, XMBAR XNB CNCLC ITS INCR HT

Netatlon E la.nation _ Units

- | GO | _,Gravitatwnal constant (32. 16) | '-_. A o ‘ft/isegz_
H ... Guess for initial altitude - - _ e _ .
S “ ng planform reference area i : - sq fl:
W Weight of aircraﬂ: - | | Ibs
E " -initial energy . - ... .. U .
X Initlal x angle ' D S rad |
XLE Initial A | | ;‘
XLX Initial lx | | 4 3 o
TMAX Maximum time of flight _ -sec ;

“DELT = Integration interval sec
EMIN Trajectory terminates if E = EMIN - ft
ORIGINAL PAGE IS
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EB3 If E< EB3, bypass pa calculation ft
HDLT Initial altitude step size for the regular ONEDIM routine ft

EPSGS Epsilon for convergence in the golden section of the
‘ ONEDIM routine

EPSCF Epsilon for closeness to eri-gin

NEQ Number of equations to be integrated

NPRN Number of infegratlon steps per printout

IND Print option indicator (to be explained in the Qutput
section) _

INTB 0= last case was préceséed'

1=8, always calculated
2 =B, not calculated when X,>0 and dH/dh >0
QBAR @ boundary for Bz caleulation

QMAX Q boundary for cubic fit in ONEDIM ruutine
K Q> QMAX, use cubic fit
I Q s QMAX, use golden section only

ICB 0 -¢&=1
1 -  =TCLH (Mach)
DLLME  First step in ONEDIM on HI(X )
If initial A =0, program w)éll start with -DLLME and
~_terminate _i’)f( it eannot find 2 minimum
I initial JLX< 0, program will reverse directions If it

cannot find a mimmum '

HSTR = g*

NC  Number of samples allowed in INEDIM on HI(A_)
XMBAR Manh boundary for 33 calculation X
XNB n (maximum structural load factor)

CNCLC Speed brake factor, where CDB; CNCLC =* CD

ITsS First guess for altitude in 1-D search
0 - taken from previous 51’ ‘62’ or 33 solution - 500. ~. 2+E
1 - taken from previous 1-D search

3 ~ scans an altitude ralige for micitmum Hamiltonian

ORIGINAL PAGE IS
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Alreraft Two

INCR Number of steps in sean mode
HT Maximum gltitude allowed ft, _
XBAR - If"-xl‘-'- X, 2 XBAR, trajectory terminates S vad [

NAMELIST/MINP2/H, X, W, E, XLE, XLX, EBS, HDLT, XNB, INTB,
ABAR, QMAX, ICB, XMBAR, CNCLC, ITS, INCR, HT, §, IND, EMIN

See above for explanatmn
'ERROR CODES
Prhitbut - _
Number - Location
40 - Table look-up
1_0'0.’ "7 Scanmode: lower limit exceeds upper llmlt

' 111.}1‘;': o Aircraft 1: h>E
112 . . Alreraft1: cos p*>1

121 0 Aireraft 2: h>E
122 . . _ Aircraft 2: cos u* >1

384 sTnk Subroutlne SPINT: Intemolation for A ,0

192



D, Sample Input

H Two-Vehicle trajectory: Aircraft One F-5
: Aircraft Two F-4

i“uw

FHINP

LT=2,

NMA=2(0 4 )

P A‘aj l 30-!lilUl,10370’13?70,107/0910170910150039“07!965Q1 965.1.408-1,

Yo8419333414903014308019358019952,1995%.29100%4 91558, 43y

HAT3==14EC40495.E 3010 E4'1 SELsZaE5924 b 913-54v$ SEQFQ,Q-Eng.Bthi.&Q,v
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XNB=7.,10821,H=2500009 1753, 14T8=0,HILT =554y .~ o2 .
EB3=1303008. L
XLE=<2,30607750143L47E257335.745 dggsr,uwnx=33.;,;a;f‘ TR
XL LX= .4’6?682016777+E51 H[“-l’ﬁdﬂu., - S S
XLXZ049252262,727 1 KLES=, 8331427, B
IND=1,
SEND
SMINPUT o
EINTB=dy - -7~
SEND- .
SMINP
LT=b4y
: SEND— -
U %aajauruzw
1iTBsL,

UJ
o - 1

x
W
~N

.
[RY)

-
1

$MINPZ oL TEE L T B A S
FTEMD ' _ : : - o o ,f
SMINPUT : - : L TR D
INT3=0, ' ‘ .
sEND Tt R N o T . ' . ’ ST
EMINP. e T A . R ;;,,  R . _,;;‘“
LT-_-U ’ i ' : o : oo
BEND
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OUTPUT, ENERGY-TURN PROGRAM

Time history of a trajectory.

Aircraft One
IND=1  Normal printout at print times, TMAX, and whenever ETA changes.

Time, T, in seconds from To; energy; X angle in radians; )LE,
)xx;‘ altitude ; velocity; Q; Mach No.; tan u; p(density); thrust;
HM (altitude from ONEDIM ; HPRM (Hamiltonian); XDIF (xl_-xz);
E; S{; AE’ _ix; ETA; A; PDV

IND=2  Additional printout for debugging purpeses (see PRINT subroutine)

Airé.raft Two

Same as for Aireraft One but without XDIF.

- Qutput Notation

When IND #1, outputis

“r T = time tn seconds from T,
E = . 'energy o
| x = ¥ in radians

LME = ‘e
LMK = 2
_ X
ALT = altitude
v = vel'ocity
‘ 2
Q = qa (¥pV")
v 'BAGEIN‘B
%‘%?003 9“
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TANU

RHO. . -

TR

S cosu

CDO
CDB

CLB

cocLz

PHRH
PAH
PTH
PTE
EDOT

XDoT

BRSO

3|

Mach number

tangent p

thrust =

ﬁltiitude’fro-m. 1-D ééa;'ch ;
.baugﬁ'lente.d Hamiltoﬁlé.h .
: drag' | “
U

Csthep

cosine p o
zero lift drag coefficient

speed brake drag ceefficient

o . _ oW -
G TG

m

induced drag factor

* augmented Hamiltonian for first guess of 1-D search =

dp/th

‘da/dh

GTR/bh‘_ S o
DTR/OE
E

X

20



XLED
ALXD
ETA
A
PDV

PCDOM

PCDBM

PCDCM

PCLBM
B(1-5)
HH1
HH2
HH3
EXTRA
HMZ
HMQ
PHU
PHH

K

speed of sound
dD/oV

b%%/bm

s} /oM
D, .
b%%%/%mm
bEL /oM
B(1-5)

augmented Hamiltonian from 1-D search

augmented Hamilionian on boundary

Bas

augmented Hamiltonian on f# boundary

1,2,0r3

extra term in AE equation

H on B boundary

1,2,0r3
H on 34’5 boundary
OH/dpu
dH/bh

indicator for boundaries

1= Bl boundary
2 = Bz boundary
3 = 53 boundary
4 = 54’5 boundary
5 = 1-D search

21



SAMPLE JOB SETUP, ENERGY-TURN PROGRAM

Setup for CDC 6600

All control card punches start in Column 1.

1D12345, CM75000, T300, ID No., amount of core to be used,
total running time.

V,RUN(S) o . Set to run.

SET(0) Sets core to 0.
LGO/RFL, LL=777777/. Will allow additional lines of output
: to be printed, over and above normal
job cut-off.
g
8 End of record.
9

A Source Deck
8 End of record,
9 ‘

Data

End of file,

N o

ORIGINAL PAGRE IS
OF POOR QUALITY,
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SUMMARY OF SUBROUTINES, ENERGY-TURN PROGRAM

MANE

PREPR

BLOCK DATA

DBLSPL

DERIV

DERIV2

ERROR

FINDH(H1)

Main Program
Calls PREPR

Reads input.

Preprocesses when necessary.
Calls PROG or PROG1

Calls EXIT

Contains data common to the entire program.

Called by PREPR
Calculates moments to be used in spline fits for thrust and
partials of thrust with respect to altitude and energy.

Called by PROG and RKCAL
Calculates derivatives for equations to he integrated for Aircraft One.

Called by DERIV
Calculates derivatives for equations to be integrated for Aircraft Two,

Called from various parts of program, namely:

FNDIX - ID No. 40
FNDHM - ’ " I
FNALT - " 100
SLF - " 111 or 112
SLTF2 - " 121 or 122
SPINT - " 334
Writes ID No. for error location.
Calls PRINT

Goes to next case.

Called by DERIV

Finds the altitude as a function of )kE , }Lx , E.

23



FINDH2(H2)

FNALT

Called by DERIV2

.. Called by FINDH

" -Used when ITS = 3. .
" . Scans altitude range for minimum Hamiltonian and chooses

FNALT2

proper boundary to follow.

Called by FINDH2

FNDHM(E)

FNDHM2(E2)

FNDIX(IX, N,

INPUT

INPUT2

MATIN(A, N,

Called by FINDH
Finds altitudes which cause 51 s ﬁz s BS , and
and chooses the desired altitiide.

,84,5 to go to zero

Called by FINDH2

X, XTB)

Called by FNDHM and NCALC

Tinds upper index IX for an interval in an N point table XTB
within which X falls.

Called by PREPR
Reads input by means of namelist for Aircraft One.

Called by INPUT
Reads input for Aircraft Two.

B, M, KEY, DETERM)

Called by DBLSPL, SNGSPL, ONED, and ONEDIM
Solves the system Ax =3B,

A isan nxn matrix, B is an n-vector.

Answer X coversup B, and A is altered.

Method used is a double-pivoting Gaussian elimination.
If KEY #N, matrix is singular.

DETERM contains determinant of A.

ORra
WA
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NCALC

NCALC2

Called by SLF

Finds thrust (TR), 0TR/dh, d3TR/DE, A, dA/dh, CDO, dCDO/dl,
CDCL2, dCDCL2/oM, p, dp/dh, CD, »CD/2M, CL, and
dCL/dM hy using cubic splines,

Called by SLF2

ONED(ITT, NTAPE, CAYMIN, EX1, MPTS, 0, CCAY)

ONEDIM(ITT,

PRINT

PRINTZ2

PROG

7T -~ Counter for number of function evaluations
NTAPE - Quiput tape number

CAYMIN -~ Aunswer

EX1 - Tirst guess

MPTS = 4

CCAY - Initial step size {Ax)

Called by PROGI1
Finds x for minimum F, where F = f(x) evaluated by
SLFX(F, EX(1)).
This routine is used to find the AX which will find minimum
2 g, 2
HI( Ax) (Hyf AX) Hl(AX) H) .
NTAPE, CAMIN, EX1, MPTS, 0, CCAY)
Called by FINDH
Same as above, except this subroutine is used to find h for

minimum Hamiltonian where H = i(h).
Calls SLFUN(F, EX(1)) instead of SLFX(F, EX(1)).

Called by PROG and ERROR
Prints out for Aircraft One as explained in the Ouiput section.

Called by PRINT
Prints output for Aircraft Two.

Called hy PREPR

Calculates a trajectory from T =0 o T = TMAX or from
T =TMAX to T =0 depending upon DELT,
DELT >0 forward
DELT <0  backward

25



PROG1

RKCAL({ID)

SLF

SLF2

Called by PREPR
Sets up a table of 9 Ax's, starting with AX =0,
1
Does a scan of HI( AX ); whenever HI( lx ) changes sign,
i i
}LX for HY Ax) = is estimated by linear interpolation and

the estimate is used as a first guess for a ONEDIM search on

(HI( )LX ))2 . The first two crossings are recorded and, for

each solution of )\x obtained, a trajectory is run.

- _Ihputs needed for these iterations that result from computations

in the hodograph program are:

Evader
XLE - PAR-LFT-CEIL
TO ENERGY
E SPECIFIC ENERGY
XLX CORNER MULT
RATIO-EV
Pursuer
XLE - PAR-LF-CE-PUR From Lofi-Ceiling
TO ENERGY Matched Rates Table
E PUR-EN
MATCHED
XLX CORNER MULT
RATIO-PUR

Called by PROG and PREPR
This is a fourth-order Runge-Kutta integrator with a round-off
control.
ID =1 Initializes the routine. Calculates coefficients to the
full capacity of the computer.

ID =2 Normal integration step.

ID = 3 Restart - Q block is zeroed out (round-off control).

Called by SLFUN, FINDH, FNDHM, and FNALT

Called by SLFUN, FINDH2, FNDHM2, and FNALT2
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SLFUN (HH, RR)
Called by ONEDIM
Evaluates HH where HH = [(h + RR * RDL}).
h is in COMMON.
RDL =+1 or -1 and is also in COMMON.
oH/dh and dH/dp are also calculated when RR =0.
As a by-product, we also get TANU, SECU, COSU, SINU,

D, and TR.

SLEFX(T, X)

Called by ONED 9

Evaluates F ={{x) = (H2 - H1 - HYC.

X=2

X

SPINT

Called by PROG

Interpolates for )LX =0.
SPLINE

Called by NCALC

Computes cubic spline fits for various tables.
SPLN

Called by NCALC

Computes cubic spline fits for double table look-ups.
SNGSPL

Called by PREPR
Calculates moments to be used in computing cubic spline fits
later in the program.
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TECHNICAL SUMMARY, TANDEM-MOTION PROGRAM

The "tandem-~motion" program calculates time histories of specific energies
and the corresponding adjoint variables for 2-D motion of two aircraft at a common
altitude which is the "loft-ceiling” (highest altitude for vertical equilibrium in level
flight) of the one identified as the pursuer (Refs. 7,8,9,10). Energy modelling and a
thrust~along-the¥path assumption are employed as in the energy-turu program.

Throttle is full forward (n=1) and wings level (p= 0) for each aircraft.

Subseript 1 denotes evader and 2 pursuer. It should be noted that }LE120
and AEzs 0 for full-throttle flight in the differential-game formulations, i.e., the
signs are normally opposite. This affords unusual opportunity for error in transi-
tion between the two-aircraft energy-turn program and the tandem-motion program,

for in the former the signs of A and AEZ are the same for full throttle, both

E1l
negative, this to permit use of the program for either aircrafi singly in the same

way as in the single-aircraft program (Ref. 6). The following adjoint equations

account for the constraints h1 = ]12 - h2 that specify both altitudes equal to the

L
pursuer's lofi-ceiling.

d
vV, 0T Tlg qlslg 1 cD

. 1 1 ol 3
WD gl s R LA R
E1 El{“& bEl Vlw1 W1 a dMl Vl Dol

4G, %
We Cﬁl Cﬁl
qlslla [“dMl - M ]}

AT

“PIGIHAL PAGE IS
UF PGOR QUALITY
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V bT Tg qqsgg dcD

: 1 02 3
A= {2 S L P ]
EZ M 2 W, ?E, Y, W, W, [a dM,  V, CDO2
C
d o2 D2
_ W2’=‘[ L2 2]}
qzsza sz Mz
d
N dth{_Yg bTZ! gT2 quzV2 (E . da \ CDO
4 4 9
E2 dE, | W, oh, E, v, W, Wa \V, 2dh/ dM
3gq.S SV3
‘g 57272 22 _gl__E)
oS VW, 2W, d
dc:ch
L2 [ 2/ g Af\_f%éa)J, (t2 . 3]
pSV dM, ‘aV, = a d CDth 2/ 1}
2 2 C v,
L 2
2
dh, oV dT, T S, V. d
) | g4 qlll(g,M@> o1
El dE w T A Wa \V| 1dh/ dM
Ey
.3 s, v
. gql 1 "1'1 gp
cD W, 2w dh
dc
i
2% [ 1/ 8 _ié&% (e _£37)
pSV d M, \aV 2 o/t \pan "2/
1 1 C v,
L, 2
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INPUT SPECIFICATIONS, TANDEM-MOTION PROGRAM

The tandem-motion program has basically the same inputs as the two-

vehicle energy-turn program.

A, Inputs for Preprocessor

NAMELIST/MINP/ATAB, HATB, CDOT, XMOT, CDCLT, XMCLT,
RHT, HRT, TCLH, YMCL, TRXH, XMTRT, HTRT, NMA, NCDO,
NCDCL, NRH, NCB, NXT, NHT, IDEN, IDG, LT, NEE, NE1, ETB

Notation Explanation

IDG =~ =1 Generates power ceiling (h) and loft ceiling (b, )
tables versus energy.

=0 Does not generate tables as they are already available.

NEl Number of points to be splined in the power ceiling‘ and
loft-ceiling tables for Aircraft One.

NEE Number of points for Aircraft Two, same tables as above.

ETB Twenty point table of energies to be used when generating
above tables.

All other terms are explained in the two-aircraft energy-turn section,

B. Main Inputs

1. Aircraft.One — Bvader

NAMELIST/MINPUT/GO, S, W, E, X, TMAX, DELT, NEQ, NPRN,
ITB, INTB, CNCLC, XNB, ICB, XLE
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Notation Explanation

ITB =1 Uses XLE input as initial AE for integration.

2. Alrcrafi Two — Pursuer

NAMELIST/MINP2/S, W, E, CNCLC, XNB, ICB, XLE, EDOT

All other terms are explained in the two-vehicle energy-turn section.

Main inputs $MINPUT and $MINP2 must be read in at least twice for
the first tfrajectory. The first time is needed for the preprocessing of the h 6

and h7 tables.
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C. Sample Input, Tandem-Motion Program

sMIP

LT1=2,

ETB=0.,5000,,10300.,15330.,202004,2500%.,30000.4,385000.,4%000808.,5%507%,,
HG0000.45%03,460000.,733030..83703085. 190;UU-,10“0JJ.filﬂﬂﬁﬂ.,120000.1130391-3
MHA=20, -
ATAR= 14960111150 zlﬂg?ns10??A119‘??-,1U07¢11015-5'3{:“‘ 74968, l 919 1.358.1, - =
963, 1,958.14968.1, abu.;1938 1.968,1,985,2,1004.,1050.43, -
HATA==1.E5,:5,45,. E-; abbh 1,58 Be2asCha2eD24, 3%, E4y 3., "')L:iFLl-ng- tf-!-,{i-o‘;::iiqS-Eti-,

D4 a0.EL, 7. EQ 8 E4y6.203u414 Ea,l Eﬁ,?._E, : : :
WRH=20, - - : ‘ T
PHT 895?:5"3 3?? E bq&ﬂ%%-“—Drl?}Jlt“jS gDoE“ﬁ?ldOOtE“O,ldﬁi,E—q, A .
4893 .E-7 4 70u--t“f BHS51,E=7 44601 .E~7+30L8.5~7,28u5,E-7 4 2238-:“?1 T
1384 . E~7 28550 ,6~847764,E~3,515L E~8,3131.E~8,34,.-8,

: H"“T'—"l ‘EB Blﬁ /.LS 1 Eh 1-"”'1'}1‘) t+32I'3! 473 Eé}ygy JGq l"’L t.l'f"r"'r!"'grh*}g“! Li-f*‘—‘—'—~‘ -
5.’55455.5&;?.5**;-8.E£} .2025049 B0, 1;5‘.512-:5, s
NEB=14,

YMCOL= 01111!-31'91a71-)1lnL11¢ F391l.%41.741, F4241l 320312 5 U.,Uv-}gvgunyﬂogﬂo,
TPLH—.SD:.dUg.SS,cﬁi,-i3,;9314383.7),.54,.h51. Hg.3514331.3,
. U-gﬁ»snaj‘}o70:,ﬂ‘-1.
ERNE 1003 15 8, - R
Cb3T—.dZD§,«ﬂ205:.U£Uq,.G’ﬂv;.ﬂ’ﬂ“,.621ﬂ,.07la,.dﬁ#?,o83241.0399,-337h,.ﬁo&4,
|L35/1.J33’)3.ﬂ ?100\39?301483110"'}"351-0{3'3? 001
tfnlgi—gvvnz‘,1033"3?5-7-#&‘.:1%331~’9'Ta‘gﬂvloun . I U)yi 1‘3 1 23-1—1 1—!-0,1::)871 85 ?;9
24:..12 Ll' 2 b‘la-"“' . . - - .
NCWPL 19,
G T—.lqa7.1981-1341-2]17-2051.2113-?13,.278,.’591.2§2,a2551.297,.Sbﬂs-4533
a)"i'l'('136-}g;? L},-f’-i—‘-?,-?"-“-f H I

XmCLT= ﬂ-s;27-351.7)7-8u1039,.iu,.):,i 0,1.8541., L0, 1!&“11 40,1, 5011 80, 2.,
2e232aliy Py Dy e o - s - :
NXT=14sNHT=10,. . . . - : '
XMTRT=04%49+2:.% 7161:8 1:7}. 2 1ab,y is 5 1 8,._.-12 21_;"-!-32 616:7991L;19v1ﬂ;13:1 R
HTQT—-I.GUUU-.,0.,10003.,2”000.-,“501:]{!-1—&00)0--:':s..uBG.-;BUGDG.y?GDDB-T o - -

200004 9040y 300 40s 9009002000 esTaslnsy ) .
TRXH(Ly1)=120200.,120200.51370600.,E08800.,119202,,L.02000.+33000.,2200. 5504 ,4
--5;39;;5603.35005.,3660.15308.1d;gu.gu.,'}.gﬁ.,u.,

TRXH{1,2)=32200.,32 uu-:3:433q1Jhﬁ33.1332J0-,+a]DL.,%1+UU-,+G°Uﬁ-y59603»1
) Joﬂﬂ-qo’:bfju.,396l—]0.139‘333., :J&UJ.,B.{I;,G.,O., »-13-1 o
TREH{LS 3)—75wb3-g?3480.37q5301,a?bﬂﬁaq3*2h0‘73n380.1#?2001144093-,430&3-gw
Bel00s 242000242000, 4820002442003 2000003003043 %0304,
TJXH(1=+)-16hBU.715#GG.y17“DO.113)00.,232UJ.737"30.q32500.733DUB.,QZQUB.,
LL3dl-443000..,4308 Ja343030 ey 3l idaelaslarlagbBaydaaley
TRXA{L45)=11060:5 L1000, y11800.,13200+,180504 5135 84.124083.,?Scﬁﬂ-q33280.,
3(2.]'.}.135'20f*33?8 D.,30‘36_.1333!].,..ﬂ:,ﬂ.,u,qﬂ.-,l.qﬂ.-; .
TRXH({Ll.2)= 6‘01.76500-172ﬂ3118’00-710003.11?605.713qﬂu.1194001,?3001.,
EBLGUU;:ZBEGU}-yZRE)GGs’E 16".,h1€;053.1ﬂ.,3.,,.,0.1=£.,3.,
TRXH (L 71=0000,,4200 ¢ 948030557004 +98004,75004,9%00,,11600.,18300.,515200.,
17600-1178‘};3-11{)'&80.11:’_"303‘78410.1001'&010.18-1
TAXH(1,38)=22000.52500.,230%,.33700.+360824200,,5500,.,7000..85004,;9300.,
ii]E)'dU.,lGBU‘J.,1'&2'{]0.,?(y(}[}.,rj.,ﬁ.,aj.”].,[].,ﬂ.,
19)(]“(11‘:]]:25]0:_1012003012303112930-92““8.3250'\]-r_)'lUG-}II'-GOCO?L!-i?)ﬂU-,3535-1
6325-16'[}':]&-16000-’1&000013019.16-1‘:5-10-']0-1
TAXH{1L,18)=220%0. 4
TOEN=1314+1:151,51,08,

CBEND - ORIGINAL PAGE IS
OF POOR QUALITY)
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v

IHMINP
LT=1,
A= 20 s NRH=21D,
ATA3=14'-)E>.,1116.,13‘%7.,iﬁ??.,lﬁ‘.ﬁf.,l’]é?.,1{]16.1‘}’3’-.7,'35'3.1,'363.1,_!’)8.1,
968.419368.1+963.1+968.12999. 190321 95%80.2,20006,,1556.43,
HJ’\I’:’r:—l.EEqQ‘.,‘S.Ef,i.Eh,l;‘iE@,&- L‘,._t-:_.hythlf 3.5 3 '-!--;-!-."L}-:-i-. J‘l{,.J-‘_L}-,
Du5Eh.6.54L,7.54, BnL%,S 2U2EL e bl 1aEG,2.15,
BRHT=89067 ,E~ £ +0377- an.’]-l--S-E"'" L/75%,E- Ogli}gﬁnE‘“:ie 208 4E-9491dR%5 -5,
HAd3.F-7,7051.2- ?,Jj LaF=fy 480 a-7,36018.8-7:2345,2-7,2233.E-7,
1335 .58-7,8530.E-8,7/0L.2=-1451%1 oC=8,5531.0-3,:34.5-4,
HET= =1 025 30a 9003y Lol Lomrh s 2aEh 2,000,300 yF.00 3T 0ot 4.5F08,35, 8,
Da Sty B Ty 7 ety 88U 48,2077 8,0 Fha1.a2322025,
HEB=16,
YHOL=0s 209 abaaPeelynBaedeeITs a5l 1Pyl sl ensled 3, s¥%0.,
TCL“*=:%'_)1--3-’:‘-;-3’3,.?3,.751»?‘53 -8;%1}.-E£iyi.21ls2?,1.-.. + 1. lu,.8w1.oa,.3,.7,
%, 4
NC0U=1%,
x0T = 0-5--1-’-99-51-7,;81:('3,.95 1¢3i.b?a1 1 i. 251 Gyledsledas 3 1"% a--;
CUJT--‘J-q-QLq-dlg ,uUlJ )-jid‘,51-b1521o"]2.33113?71-_J"‘,-Ui]henﬂ%.’]u}q]#g}q
MBI 0, o dLt 3, 000813, ,061354%0.,
NCOOL=13,
KMULT BasaZyedynbDyal gy,
oCLT= Dofg)o’i"Unthc"ﬁ'?Joh 7.
P}T 13,8HT =9,
X472 7T= 3-,-2,-4,-6:-511¢71¢21}.-1+31-‘531.811’)&15}-)
RTRT==15703.50.5 1300045250004, 3A0532,30000.345070,,50000.,175000.,218%1,,
TRrXA(132)=2310059100.9 3308544070045 11503,,12100 2282000, 25800.4,51547%,,
16500, 09%0, 4
TRXH (1232850509000 0,4972000 7300487030423 304540300,4511130.,11900.,
1270C 4, L3% 5, ,
TEXA (] ,3)—'~~10J.,‘+100.1+JU“1 138-15990-,b’~?0f3.,Fi»l‘.-f.q't’gUG-,»‘3‘-&3"5.,";3{]%.‘
189% ., .
TRXA(L 2915250054525 0 0933004539002 s0100, 33000055 10,490300.,7300,,8731,,
1(]""3-,
TRAALL,33=2000,2 0000053 0U0a2220049260064 93300, 34100038400 42540542530%4,
11]"'.'511
TREAACL 981 =7U0.,70043 02004517004 32300 44280043407, 2%0004+42004,528)4411%0,,
TRXA(147)1=300.+9004910070,.51803, 417334521 006+92703¢+3200u337004542004913%14,
T*f’("‘(l 'i)—?FE-g")UJ-,?”G-,!DDU.)1-3iﬂ-shﬁlul_’n12{]]Jb1£-ﬂ]ﬂ-121-jﬂt107p0”1u ao’
THAH(L,3)=20% .,
IDE“:111,11L1111,11
ETND

1 +

» ’1&':.11 qgu-f'i' jn
edateba3at,3.,2.5,2

tJ’j‘ls‘i-.. 1 3
6 ? 1.',-.‘ -

5a3¢3-1

ORIGINAL PAGE IS
OF POOR QUALITY]

33



ENiNP o -
IDG=L  MEESL2,LTS3, M 1502,y v & - oo e

NEE=18,NE1=185. ol ez emesis

SEND | - ' L
SMINPUT e e e {
S=500, s H=36100., INT3=1,CHILE=1 .5, ANE=0.7 531,
H=95450, s XNB=7,.33,I08=1,5=1704s - P
. g‘q‘_f §2* j'_'O, ’ ‘“.7.“ .:'.72‘.’_:" A.‘.’ P el e e s B -7 "

' THAX=H0T. 4 MPRN =17, 0ELT==3,,4EQ=2,
TMAX =905 ., :
THAX=30., -

FEND

SMINP2 , : , S

i e IOB R, 8553042 H=I75823 0 XHB2T 44 ol lE
CHOLC=1. '
SEND

L OBMINPUT . e -

E=45030., : :

FEND

SMINP2

£=45980.35,

LMD

IMINPUT

INTO=0, : c CoL L

FEND = e o T s

gMIMP - T . 4 - S

LT=8,

[T —————— e - it
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OUTPUT, TANDEM-MOTION PROGRAM

T E

Q@ MACH

D L
CLH CL

A BETY

PHE1 ALT VEL
MU RHO ™R
CDO CDB CLB
CDCL2 EDOT HDIF
OME u7 H6

If NEQ =4, the following is printed.

LMEL LME2

Pursuer
T E
Q MACH
D L
CLH CL
A BETT7

CAPLH LMELD LME2D
PHEZ ALT VEL
PHEE RHO TR

CDO CDB CLB

CDCL2 EDOT

OoMP HY H6

PHEE is analytical (closed-form) ( bh,_{,/ DEZ) printed as a check.
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ABSTRACT

This manual is 2 guide to the use of the AIRCRAFT ENERGY-TURN HODO-
GRAPH PROGRAM which produces an extended energy-maneuverability description
of the capabilities of an aircraft whose characteristics have been input. The
various quantities computed are those needed in the energy-turn and differential-
tur~ analyses of the references. The program is in FORTRAN IV for use on a
.CDI.'i 6600 computer but with minor modifications can be run on any compuier ac—

cer . ng FORTRAN IV.
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INTRODUCTION

The AIRCRAFT ENERGY~TURN HODOGRAPH PROGRAM is a computer
program for calculation of aireraft maneuvering performance in terms of the
following quantities as functions of specific energy level: maximum energy rate,
maximum instantaneous turn rate, maximum sustainable turn rate, power-ceiling,
loft-ceiling, energy rate at loft-ceiling, and loft~ceiling rate at lofi-ceiling. A
choice of approximations for treatment of vertical thrust component is available

on input option.

The program is related to the SUPERSONIC AIRCRAFT ENERGY-TURN
COMPUTER PROGRAM of Refs, 1 and 2 and requires the same aircraft tabular
data represented via cubic-spline lattices (Ref. 3). The coding takes advantage
of the NAMELIST feature of FORTRAN IV, which permits 'stacking’ of succes-
sive cases to be compuied with minimal input. The program may be used in

_conjuncfion with the two programs of Ref, 7, as described in Ref. 8, to generate

families of differential-turn trajectories and their barrier surfaces.



ANALYTICAL DESCRIPTION

Turning duels between two dissimilar aircraft are studied in Refs, 4, 5,
and 6 with the use of energy modelling approximation and a differential game for-
mulation, Computation of various energy-rate and turn-rate quantities are needed
for comparisons which represent steps in the numerical solution of the differential-
turning game, and which are in themselves of more than qualitative interest for

comparison of configurations.

Power-Ceiling at a specified energy level is defined as the highest altitude permitiing

horizontal-force equilibrium in level flight, Designated hﬁ , it is determined im-~

plicitly by
az
T(1 - 'z")‘D =0 (12)
with o from
qSCLor+Ta= W (22)
o4

' 21
The computation is performed with Specific Energy, E =h +V"/2g held constant,

An alternate thrust-along-the-path option is available with use of

T-D = 0 , (1b)

qs g = W (2b)
CLoa

Either eq. (1a) or {1b) is solved computationally by Newton-Raphson iteration be-

ginning with a first guess determined by a rough scan over the altitude range. A

quadratic C

CL.,

p versus CL model is employed, with no upper bound imposed upon



Loft-Ceiling, h,? , is defined as the highest altitude permitting vertical equilibrium,

Tt is determined as the root of
q8 éL(M) +Tsing® = W (3)

where EIL(M) is CL , a function of Mach number, Stall angle-of-attack, o¥,
max
may he input as zero for thrust-along-the-path modelling; this choice also triggers

the use of (1a) and (2a) in preference to (Lb) and (2b).

Sustainable Turn Rate is computed in small- ¢ approximation as

g sin y
= e ar— +
wp S (L +Ta) (4a)
A candidate ¢« is computed from the horizontal-force-equilibrium eq. (1b); it is

employed if the corresponding lift coefficient CL= CL o s EIL; otherwise éL
o

and corresponding & are used in (4a), Computations are performed at fixed E
and h. The maximum sustainable furn rate for each E is picked out by a scan
over the altitude range bounded below by terrain limit, h

limit, h

17 dynamic pressure
9° g and bounded ahove by h6 . The altitude

bounds 112 and h3 are determined by iterative solution of the defining equations

or Mach number limit, h

32= ¢ and 63= 0 as in Refs. 1 and 2; in fact, the coding employed is identical.
The approximation to the maximum sustainable turn rate found by the scan over a
coarse mesh is further refined by the use of golden-seciion one-dimensional search

starting at the altitude mesh-point chosen by the scan.

An altcrrative estimate of sustainable turn rate employing a thrust-along-
the-path model is triggered by input of a®=0. (The estimate of the preceding
paragraph is automatic for ™ # 0, as is the pover-ceiling estimate of egs. (1a)
and {2a).) It is important to input =0 when compatibility with the program of
Refs. 1 and 2 is needed. The thrust-along-the-path model uses cos =1,

sin ¢ =0, obtains a CL candidate as



%=/c—“(a;'%oj (5)

and employs it if <C , otherwise 6L in

gsinpqSéL

W = o (4b)

Maximum Instantaneous Turn Rate is computed as that for CL = CL at the corner-

velocity alfitude, h 45 if h 45 = 0 for the chosen energy level, otherwise at

h=0. The corner-velocity altitude is determined by iterrtionon £ e 0 and

35 = (CL limit and normal-icad-factor limit) just as in the program of Refs. 1

and 2.
Sa +Tsincz*2
N A ) o1 ©)
L v W /

Energy Rate is computed in small- o approximation as

B v[r(1-£)-p] )

with ¢ determined from eq. (2b) at each specified energy-altitude point, This

approximation is used when a*# 0 is input whereas, for "= 0, a thrust-

along-~the-path model is used for which the corresponding equations are

E = vIT-D] (Th)

and o determined by

q8 G a =W (2c)
CLO!



Standard print-out for both options consists of the maximum energy-rate value at each
specific energy level, determined by a scan plus search between bounds identieal to that

for maximum sustainable turn rate, and the energy rate at h the loft-ceiling. Also

7 H]
printed is time rate of change of loft-ceiling altitude.

TURN RATE COMPARISONS

When the characterisiics of two aircrait are input, computational comparison of
sustainable turn-rates is carried out. One such computation determines the curve in
energy space separating regions of sustainable-turn-rate superiority of each eraft over
the other; the other compares sustainable turn rates at matched loft-ceilings (Refs. 4
and 53), Prior to these computations, cubic spline fits are made of maximum sustainable
turn rate versus specific energy and loft-ceiling versus specific energy for both aircraft.
The computations then proceed iteratively for several input values of sustainable turn
rate, yielding as many as four pairs of energies for each. Ii should be noted that the
equal-sustainable-turn-rate curves in energy space enter the determination of the number

and sequence of subarcs of trajectories and affect the barrier surface structure.

A similar computation of pairs of energies for equal instantaneous turn rates is

available on option.

TANDEM/LOFT MOTION APPROXIMATION

A rough estimate of the tandem/loft motion starting at the matched-loft-ceiling
curve and proceedmg for a single step backwards in time is provided by Euler extrapo-

lation, If (h )2 0 at 1oft-ce111nd match, tandem/loft motion is a candidate option

L2
for the pursuer and, accordmgly, the computation is periormed; otharwise it is by-passed.

If the second derivative of the rate difference (ﬁ

At = - fyg hL1 @

(hLZ ELQ

12" hLl) is positive, the time step



is calculated and employed so long as it does not exceed in magnitude an input value

At<0 , chosen as perhaps -20 sec. or -30 sec. If the second derivative is not positive
or if At given by (8) exceeds At in magnliude, At is used., The pair of extrapolated
energies and the At used are calculated and printed for various initial points along the

matched-loft-ceiling curve,

CHATTERING SINGULAR ARC

The locus of a singular solution in energy space (Ref. 6) is determined upon
input option by iteration on A=0, A being a determinant having pursuer and

evader energies as arguments.

of of¥ df
A=(f f)(f“‘ A2L e L g 191‘)
oL T 2 N\l O, 2L BB, 2 OE
df of ™

# EY 2L _ 2 ) -
- (flzL— £ )(fz oE, sz o, 0

where
- 7 -
iF = Fy_l(Tl Dl)] £* = ["2(’1‘2 DZ)]
1 L7 Tw w7 2 W %
1 b 2 B,
T,- D,
R T e
21, b * 12L
oL 2L
5 %
v, [1(1*1]3] [1’1‘ D)] dhl
bEl b}: i - bh W, ¥ dE;
1 1
o5 - D dn”
2 [ZT Dz):l .2 [Vz(Tz“ z)] '3
[ *
OF, dE, W, L ohy W, L * dE,
2 9
oL o1, _ I: V(T - D1)]
OE, - o, W, N
21,
o o1, _® Vl(Tl"Dl):l B,
dE.  ©oh W dE
2 1 1 by 2
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df V,(T, - D,) V,(T,~ D,) oh

R TIRE
OE OE W, dh W, o}
2 2 2 th 2 2 h2L 2

In these expressions, hi is the altitude for maximum energy rate 'fi , and h2L

is the pursuer's loft-ceiling altitude.

The locus of points for which A vanishes subject to the evader's loft-
ceiling exceeding the pursuer's is of interest. To determine this approximately,
a scan is carried out of A versus evader energy at fixed pursuer energy, using
the loft-ceiling match energy previously determined as a lower bound. A more
precise determination is then performed by minimization of /_'\.2 via golden-section

search, This is done for several input values of pursuer energy.

Since the computer program employs cubic-spline fits of h*(E) and first
derivatives of these spline representations, care must be taken when h*(E) for
either or both aircraft exhibits a jump discontinuity to carry oit the chattering
arc computations sectionally, i.e., not requiring the spline to approximate the

discontinuous function, so as to avoid undue numeriecal error.



INPUT SPECIFICATIONS

A Input Tables

NAMELIST/MINP/ATAB, HATB, CDOT, XMOT, CDCLT, XMCLT, RHT,
HRT, TCLH, YMCL, TRXH, XMTRT, HTRT, NMA, NCDO,
NCDCIL, NRH, NCB, NXT, NHT, IDEN, LT, EMIN, EMID,
EMAX, DEMID, DEMAX, ETA, IDGO, IDGL, IDG2, IDSUS,
EVL, ISEP, DLTI, IMXI

IDEN is dimensioned 6 and each slot is associated with a table TP, The

tables are as follows:

NUMBER
ID TABLE DIMENSION OF POINTS DESCRIPTION

1 ATAB 20 NMA a (speed of sound)
1 HATB 20 NMA h (altitude)
2 CboT 20 NCDO CD
2 XMOT 20 NCDO Mac.)ch Number
3 CDCLT 20 NCDCL CD

¢
3 XMCLT 20 NCBCL Mach Number
4 RHUT 20 NRH p (density)
4 HRT 20 NRH h (altitude}
5 TCLH 20 NCB C.
5 YMCL 20 NCB Mach Number
6 TRXH 20,20 NXT,NHT TR (thrust)
6 XMTRT 20 NXT Mach Number
6 HTRT 20 NHT h (altitude)

EVL 100 Energy to be processed



Ot her notation explanation:

LT

EMIN

EMID

EMAX

DEMID

DEMAX

ETA

IDGO

DGl

IDG2

IDSUS

ISEP

DLTI

IMXI

=0 indicates end of run (termination trigger)
=1 indicates evader processed

= 2 indicates pursuer processed

minimum E

internal cutoff E

maximum &

AE from EMIN to EMID; if DEMID = 0, program expects EVL table
AE from EMID to EMAX

constant multiplier of thrust tables

=1 processes evader when two-aircraft study is desired
= 2 pursuer processed
=3 one aircraft study to be followed by study of another aircraft

=4 one aircraft study to be followed with another study using the
same aireraft

=1 normal print

= 2 skips table prints other than matchings

=1 no chattering

= 2 includes chattering
number of points in grid of matching maximum sustainable turn rates

= 0 no approximate tandem loft motion

# 0 calculates and prints approximate tandem-loft motion
limit on A in tandem-loft motion; must be positive

number of points in grid of maximum instantaneous matchings



B Other Input

NAMELIST/MINPUT/GO, S, W, CNCLC, XNB, QBAR, XMBAR, ER2,
HT, ICB, ALPN, ALPD

Notation Explanation

GO gravitational constant (32, 16)
S wing planform reference area
W weight of aircraft
CNCLC speed brake factor, where C}DB = CNCLC * GD
XNB N (maximum structural load factor) °
QBAR Q boundary for B g calculation
XMBAR Mach boundary for ‘83 calculation
EB3 If E < EB3, by-pass 33 calculation
HT maximum altitude allowed
ICB =0, G =1
=1, CL= TCLH (MACH)
ALPN numerator for o
ALPD denominator for o
OUTPUT

Sample output follows,
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ACUNGRAY IATE YATA

BRAICRAMMT ] 'y ANALYTISAL 4 C4aAtT33 ASSOCTATES IKC.

ALPHA®= 0.6 PYRIIYTR= T

2OHEI PINEL=TEILIMG LEFT PA-LFT-CUTIL AL TIT4AE LOWEFP 3HD »AX SUSTHALE MNAX SUSTNBLE SPEGIFIC

GETLIN. TUIN 24T SEILING T £NEPhRY LORSR 30UND TUIN RATE TURN RAYF AT TURN RATE ENTREY

4, TL12533F 2] . 1.731:57% 213 9. 5377 2 7-11 O, 2.418365E-011 0, ZaW143R5c-01 S5.002050¢F+33
9. 5605434F+03 12, ALEsI700E« 1S 92564517 =11 Q. 2.95442BE-01 1, 2, 559428E~-01 1.0000007+¢0%
1.6654T0E 400 0, 1431 1%1E-T8  9.6AK2797T-01 Q. 2.43%790E-11 A, Zeu3W790E-N1  1.506000E4+0%
1.92 3883E+#0% . 173723184094 3, 371%58-91 (. 1,531275E-08 L.Lh2I59FE40T 2.172533E-01 2.00.900&8+0%
2332980604 3. 2574230+ Th 9. 244 IWTE-AL U, 5.993627E-02  S.HO04LI68E+03 (. I08726E-01 2Z2.500000F+04
Z.D4861AF40W 8. 2 7260132430 F37ITSE-01 0 S.O080T7SAE]2 -L1,C000000E433 - fLLASKOCE#OR  1.5451%20-01 1. EQ0Q0bany
3.28682hF #3041, 317920 AHT+04 B FG™14FeN)l J.523930F413 -1,000000E33 ~.0228G1E¢00 $.3A5943E-01 35000074106
3.697353F ¢4 J. Je2lb 2675404 B.545815%~-01 6.0300236+03 ~1,0B0C00E*33 2.564243E+0% L1.137135F-01 4.3000007+0%
GeBTLTHIC 40N O, 4, 820595 +04 B8.126%DUT-01  AL432145E403 ~L1 . 0GO0COE3T 1.7S51015€¢0% 3JF.ASHM45E-02 4.500000E+0%
hoebl 7703E+#04 3. G 427331F 80k T 734I277-01 1 072034E04 <1 .000080E433 2.026393E¢0% 8.7539M5-02 S.3001000F+0%
o7 2S5FLE«DN 3. Go /52625400 B.TARI1ILI-01 1.290397F ¢4 -1,.00000NE¢33 2,.203783E4+06 7.4 37828=-02 5.5000007+0%

G 990535410 +006 %, G167 3TEC0E  5,312121E-01 1. 49%5GE+7% -1 . 000000E+33 25727761406 7.2210046-07 6.0000007+06
Eulb JHT73ES04 D, 5.7535265+04 T.7E2103 =011 L.83T13%CE+04 1, 2eTHWSIICEC0H G, 432279E-02 7.0040007+¢06
54090706406 1227 4TSE =05 B 486TI2E+04  B.25M881E-01 2,230UT2F+04 -1,000000€E433 3.20668AE+04 &, 7W8956E-02 B8.0800005+0%
S«55FL7?2F N4 Q. LALLIRE~DTY  7.129955E400  Le525563F~01 2.55242TE+0Y =1.000000E¢33 I.772443E¢+0% 3,582927E~-02 Q.0039045+84
551 I580F+04 . T.27950AC+0%  1.665622854+00 2.B41490E+34 =1,.000C00E#33 &.152250E+8% 2.39759%E~-02 1.000000-+05
5«328993E+¢0% Q. Te25210925 0% =1 346 T02E+01  3.112839F+0% -1.000000E+¢33 &.574382E¢04 3.481281FE-03 1.103000F4+%5
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el

AL T «F P ~4¢
HET=Tn=2T

il

14437610703
H.075832F¢03
B.1h252uFe0 1
1.0379120¢ 01
1.515647F ¢+l
1.91 81 308 « 0%
2.3235315404
ZeTllalisf 08
0517087400
3.25203LF 24
3.22804 77 o0y
3.197072¢ e
3. TRPQT7 e 04
3.550724F ¢t
3666854 +N4
J.T04134F 05

AK=T 15T,
TyPY =247

Pl RS -pt’
$. 012383 - 31
2. 7TARIINC ]t
PaBR1 335 -0
7 3305%F1C 11
220 2TAC -0
7. 2713 1e =31
2. 1457375 -1
2,074 b2L -1}
1.9903735 -~}
{RI?»S7TOC-91
1. 8671E-01
1o 5245 30F =11
1. 29353%3F =01
1.17%1223<-01
1+ 10336 1LE «0¢
1. 078338 ~01

YRS PP 1Y

Y e T
. it ]

.61 453IMe03
GeddaihrE+D 3
1.8 108 o0
b LA I o 3 K
Lot 3L 95
1.722 ' 3nEe9%
Z.UL Ve DL
Z. ?3 z 1.531"_"‘]!}
2 U MARLF <04
e NB 1 LRSI N4
3. 330 %49 ¢
3.%05u0 I ¢ 04
.36 44TF 400

‘He6104FRE+AG

~PAT L .

RIAS R N
F Y =RATE

Ge241u>2741012
B.NIT53%7#02
T«2GE%%56,2802
fis SR7THLF 02
DL 231200612
SeLIT457-#22
LeHILILTIT+N2
o 3UL144F &2
by 1260 ¢ 02
]. g7iaLas +‘ez
I 3L 00
40127 E %02
3‘0 8'9’4'4 ‘.’-." ﬂ?
3.5755 W+ 02
o34 INHEFE02
18149537 «02
I.9RISEIF#0L

“AY=L IFT

CELL~2ATE
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He 4IH2TEEEA2
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e 145TSIT#I2
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2.703293E+02
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3.021-395E+72
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1. 328997F «02
3.031922E 002
whe 32553HE¢02

NI PIGY=UATE

AT~LOFT-CETIL

1.651851E+02
1.45¥541E 82
1.25036E+02
L. 0SS TGTE+D2
8.,6131120E+21
5.861823E+01
S5.072263E+01
$.163225E+01
1.36%969E+01
=-2.64981LJE+DO
~$1.657I594E+01
=2.3030LCE+DL
~5+436337€401
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~2+.31585&E 402
-2.772366E+02
=2. 9041 34E+02

LOFT=CEIL-T

AT=-LOFT-CETL

1.553970£+02
1.364058E+02
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