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Research Formulation

Problem Flight safety performance of an aircraft/project in complex (multi-factor)
situations.

‘Knowledge is Power’. Virtualization of future flight operation under

ASOIlrJCt)Ié)Cnh complex conditions through system modeling and simulation. System
PP model is knowledge generator of complex flight situation domains.
Goal Develop and demonstrate a technique for predicting aircraft flight
safety performance in complex situational domains.
Theory advancement. Development of implementation technique.
Tasks Design of flight M&S experiments. Running simulations. Documenting,

processing and analysis of results. Development of recommendations
on technique application in aircraft design and T&E.

Experimental and computational aerodynamics of aircraft, aircraft flight
Methods dynamics, situational control, numeric techniques, simulation
& Tools experiment, art|f_|C|aI Intelligence, graph theory,_tree data structures,
computer graphics, Fortran, VATES (v.7) proprietary software tool, PC
Pentium-IV, MS Windows, MS Office, Pfe and MAGE freeware, etc.

Legend:

Classic techniques = Classic techniques + modern techniques = new analytical potential.

Modern techniques
\
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Micro- and Macro-Structure Of Flight Situation
Model

Micro-structure Macro-structure

Flight situation Situational
scenario tree of flight

Elementary
situation

Event (E; IL, Ey)

@& »n &
. [m B
NG

—_—
Process

Legend: E; - flight event; II; — flight process; C, — fuzzy constraint; O - system reference state; @ - system branching
state (‘bud’); O - system target state (‘leaf’); A - system source state (‘root’); B_, — parent branch; B, — main branch or
‘trunk’ (baseline scenario); B, — nt"-order derivative branch (scenario with n operational factors involved, n=1, 2, ...).

\
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Flight Safety Performance Virtual T&E Cycle

1 Wind tunnel (*) 2 Experimental data 3 Output test 4 Computational aerodynamics
measurement and processing data files (‘6Cs’) (‘virtual wind tunnel’), aircraft
system aerodynamics database formation tools

E test rig | e-?

: = > S

— e m |

Z aircraft

= mode‘l 8 Autonomous situational model of

[

‘operator (pilot, automaton) — aircraft —
operational environment’ system (VATES)
A [ . |

: 5 Aircraft flight model input
Flight Aircraft model
|:> situation B e ‘parametric <:| database (aerodynamics,
scenario dt definition’
|

7 Library of flight situation
scenarios for virtual testing
and evaluation

s thrust, inertias, geometry, etc.)

| 9 Aerodynamicist, G 10 !2;47

6 Flight situation content dynamicist Computer A v -
requirements: AM/FAR/JAR, Yl : * Py
compliance testing methods, or 4 ,/'} \
flight test programs, or Pilot’s 13 £ \“_f"\‘ = /7
Manual, or flight test/ accident ‘Flight L \:;’ <
records e /
| b er _»
15 ‘Portrait’ of aircraft's flight safety } | AR SRR v oo
performance (systematic forecast on the effect 12
of aerodynamics, control and operational } Virtual 14 Fiight model’s output database
conditions upon flight dynamics and safety) | ‘test- (flights’, hypotheses, statistics, etc.)
: ‘ bed, &size [n_columns] [n_rows]
) ) | &name time [\@rOl] [VaJ.TOZ]
11 Operational hypothesis R
for testing (‘what e if ’?’) [ [time] 499.9999 236.1820 3.8520
. . | [time] 499.9782 236.2703 3.8821
% - situational tree genotype | [time] 499.8870 236.3342 3.9107
- o N =
Legend: |:> direction of information flow processing; 1, ..., 15 - flight safety T&E process components; (*) — courtesy of Dr. Nikolai Sohi;

—) - feedback link; A and B — model’s two main input data sets. \>
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Flight Safety Palette. Fuzzy Constraint

——— -

- green (‘norm’), &g i | = Color is, perhaps, most
- yellow (‘attention’), &, natural and most effective

g
]
" B - red (‘danger), & medium for communicating
o
. [

Safety Colors

~
——

‘ , safety-related information
Flight Safety - black (‘catastrophe’), &g to/from a human expert or
Palette - grey/white (‘uncertainty’), &, operator.
A
| Me(@) C: ‘ allowed angle of attack o’
Fuzzy Constraint 1
Example

Legend: c, d— characteristic

points of fuzzy set-constraint C

carrier, us(x) — L.A. Zadeh 0
membership function of fuzzy set.

c=11°

|

red’ ‘black’

‘green’ ‘vellow’

— Operational constraints, especially under complex flight conditions, are not known precisely;
they are inherently ‘fuzzy’. The notion of fuzzy constraint by L.A. Zadeh is employed for
approximate measurement of the current level (i.e. at time instant t) of aircraft flight safety. In
overall, 20 constraints are defined and monitored in this study.

CM'GH”\A
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Partial and Integral Flight Safety Spectra

Monitored variables/constraints

Integral Flight Safety Spectrum (IFSS) —
Calculation Algorithm

(VO(te [t DEEXM)EX (D) e{Ews Ecr Ear Ers B> ---
A (s E6< Ea< Er< Ep))(E() = max &(x, (1)), k=1, ..., p)
= (E()eZ AZ =E(t) || EtH+A) [ E(tA2A) || ... [ E(T))

VUAS e 2 —
VoAs S B
sideslip N - ©
g factor . I b=
cast~ | 3
east e} oF
north | %
park e B e P
park p @
pitch I R Y, T
pitch | %
vert N 0 N =
AcA e ——————— | =2
AoA e =
wheel: NGNS s . g
wheels [ =
elevator I o @
elevator | o
aileron I S

rudder I Y, —
IFSS I N «——

N Y Y O B
0.0 10.0 20.0 30.0 40.0 50.0 60.0 t,C

Flight Safety Palette

[ -green (‘norm’), &g

] -vyellow (‘attention’), &,

I -red (‘danger’), &g

B - black (‘catastrophe’), &g
] - gray/white (‘uncertainty’), &,

Legend: X, — partial safety spectrum for
variable x,, k=1, ..., p; p — total number of
monitored constraints/variables, p=20. £ —
integral safety spectrum; t — flight time; &;—
safety color from safety palette, ie{B
(black), R (red), A (yellow), G (green),...};
< — ‘colder than’ operation for comparing
two safety colors; max — operation of
selecting the ‘hottest’ color at time instant t;
|| - safety colors concatenation operation in
%; [t.; t'] — examined flight time interval; A
— spectrum construction time increment.

= After having measured current safety levels along time axis for all variables x, of the flight
situation under study, a family of partial flight safety spectra X, k=1, ..., p, and an integral flight
safety spectrum X are obtained. Sources of flight situation data are: computer flight simulation,

manned flight simulation, flight testing or flight operation.

© Copyright 2004 lvan BURDUN
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Flight Safety Categories

Flight Safety Category _ o - o
Flight Situation Classification Criterion
Color | Code Name
The system state resides mainly inside the 'green’ zone. As a
I Saf maximum, the system state may stay, for a short time, in close
ate proximity to operational constraints, i.e. inside the ‘amber’ zone, but
must leave it by the end of the flight situation
I Conditionally As a maximum, the system state may stay for a medium time in close
-a Safe - a proximity to operational constraints, i.e. inside the ‘amber’ zone
b Conditionally As a maximum, the system state may stay for a long time in close
i Safe - b proximity to operational constraints, i.e. inside the ‘amber’ zone
Potentiall As a maximum, the system state may violate operational constraints,
11 y I.e. enter the ‘red’ zone, for a short or medijum time, but must leave it
Unsafe by the end of the situation
As a maximum, the system state may stay beyond operational
v Dang-el:ous constraints, i.e. inside the ‘red’ zone, for a long time or till the end of
(Prohibited) the flight situation
v Catastrophic There is at least one (for a short time) occurrence of a ‘black’ violation
(‘Chain Reaction’) | of any operational constraint

= In order to measure safety performance of a flight situation in_overall, a special ‘safety ruler’
consisting of five classification categories I, ..., V is employed. Why five? — because experts
cannot reliably recognize and use more than 5-10 gradations of a complex, difficult-to-formalize
system-level property (e.g.. Cooper-Harper scale). ‘Light green’, RGB (192; 255; 0), and
‘orange’, RGB (255; 192; 0), are interim colors used to denote Categories Il-a and IlI.

—

Cu6HM,
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Flight Safety ‘Topology’

Operational/ design factor d,

3 //—\ 6 » ll-a
L/// 5\> b ll-b
3 3
4
Transitions 6 must be Transitions 3 must be
known and prevented! known and controlled!
3

=1,2,...,6 - main
object types of flight
safety ‘topology’:

Operational/ design factor @,

1 ‘Abyss’ (catastrophe) 4 ‘Valley’ (standard safety, norm)
2 ‘Hill' (danger) 5 ‘Lake’ (maximum safety, optimum)
3 ‘Slope’ (reversible state 6 ‘Precipice’ (abrupt, irreversible
transitions) state transitions,‘chain reaction’) \ﬁ
7

Cu6HH.
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Baseline Flight Scenarios

S, Content description

S Normal takeoff, maintaining commanded flight path and bank angles during
L Jinitial climb

S Normal takeoff under crosswind and given runway’s surface conditions,
2 | maintaining commanded flight path and bank angles during initial climb

S Continued takeoff (left-hand engine out at given Vgg), maintaining commanded
3

flight path and bank angles during initial climb

S Normal takeoff under wind shear conditions, maintaining commanded flight
4 | path and bank angles during initial climb

Continued takeoff (left-hand engine out at given Vgg), under crosswind
S; | conditions, maintaining commanded flight path and bank angles during initial
climb

— Baseline scenario S; is a plan of some ‘central’ (any standard or non-standard) flight situation,
which variations (derivative cases) are virtually tested in autonomous M&S experiments. The
goal is to evaluate effects of selected key operational (and/or design) factors/hypotheses on
flight safety. The sources of data for baseline scenarios are: airworthiness requirements (Arll,
FAR, JAR), flight test data/programs, ACs, Pilot's Manuals, real flight data records, flight
accidents/incidents statistics.

Cub6HHA
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Joint Graph of Baseline Scenarios

W;: crosswind 10
m/s (left-to-right)

F,: left-hand 53

44 44- €NQINe engine failure
out speed -
s Egg: altitude 200 m) 88
6 P, wheels - up 2 7
S1 Eg: altitude 10.7 m

L

c T,: maintain Ts: maintain
commanded bank y; & commanded bank vyg

P,: set engines #1,2 levers 7 P,: flaps - up . 2 sidesli s
to takeoff rating o ~ CE;: altitude 120 m)————> - heading ‘¥s angles P Bsang
T,: maintain path in /

groundroll along runway’s 55 190

. centerline — . —
E,: situation start ,@ T it commanded G Situation end
bank ys and heading 7
3 P,: elevator — W angles / e
_ up for rotation T,: maintain

|

> Pg: maintain given commanded flight
T,: maintain commanded indicator airspeed path angle 6, (2"
. flight path angle @, (initial / phase of climb)
hase of climb
Es: pitch 8° £ ) >(E,,: flaps retracted /

12

Legend: W,: crosswind -10 W,: “strong’

m/s (right-to-left) wind shear

S | S | S3 | Sy | Ss

44 ) — Scenario is depicted as a directed graph. It defines logic and
44- €ngine out speed event ) i ] . ) )

content of a flight situation. It is also clear to the pilot. Scenarios S,,

F,: left-hand engine

filue - PrOCESS ..., Sg are structurally close. They can be easily modified.

>
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Operational Factors Selected for Testing

D, Definition X;
@, | Longitudinal C.G. location Xog
@, | Rotation airspeed Vr
®; | Elevator deflection for rotation Ad.
®, | Wheels — runway surface adhesion factor u
®; | Cross wind velocity Wee
d, | ‘Flaps-up’ start altitude Hyp
@, | Commanded flight path angle during initial phase of climb OG1
®; | Commanded flight path angle during 2" phase of climb Oz
@d, | Intensity of wind shear kw
®,, | Engines power rating at takeoff kp
®,; | Commanded bank angle Y6
®,, | ‘Engine out’ airspeed Ver
®,; | Left-hand engine failure at V¢ Crue

requirements, FMEA, statistics on flight operations, accidents/incidents.

— Operational /design factors are modified or new events and/or processes, which - after
having been added to a baseline scenario - can improve (or worsen) the aircraft safety
performance. There are three groups of operational factors: ‘operator’, ‘aircraft’ and ‘external
environment’. The sources of information on operational factors are national airworthiness

© Copyright 2004 Ivan BURDUN
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Design Field of Operational Hypotheses

Elevator deflection for
rotation

Wheels - runway surface
adhesion factor

Crosswind

Rotation velocity

airspeed

Flaps-up start

altitude
Longitudinal
G Commanded flight path
angle during 2" phase
of climb
Left-hand
engine failure
at Ve Commanded flight path
angle during initial
phase of climb
‘Engine out’

indicator airspeed

Engines power
Legend: rating at takeoff

— Each operational factor alone is
Commanded bank angle iti
@ - operational hypothesis 9 not critically dangerous. Much more

c - onal - tependent - link between Important to learn in advance effects
rosswina - operat|ona — [ndependent - i W . . . .
W, veloaity s dependent  factorsin | Of their combinations on flight safet/y\,%

CHGHIA
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Plan & Statistics of Simulation Experiments

Operational Hypothesis _ _ 3| Si T,

Si I ‘Formula’ N(D) " Moo o AL S hrs
S I X X(VrRTAS) 3 66 101, ..., 166 90 1.65
S I WXL 2 63 201, ..., 263 60 1.05
S I X6 X(0611062)xHrL (X6 = X g ) 4 35 301, ..., 335 90 0.875
S, P X¥ee X(0611H062) X Hrr (X =X o) 4 35 401, ..., 43 90 0.875
S; | Ts Crae X061x062 (Ver=150 xv/1) 3 42 501, ..., 542 90 1.05
S4 s kwx Hrr, 2 78 601, ..., 678 100 2.167
S, | Iy Xoo Xkwx(8611062) (Xo6 = Xogmn) 4 78 701, ..., 778 100 2.167
Sq s kpx0G1x0c 3 126 801, ..., 926 90 3.15
S I VexkpxOG1xY6 4 150 1901, ..., 2050 60 2.5
Ss Mo Craex Verpx Wye 3 104 1001, ..., 1104 120 3.467
S M O61xY6 2 130 2101, ..., 223 60 2.167
S4 M2 kwx061xY6 (kw=1) 3 130 1201, ..., 1330 60 2.167
S4 BE kwx0c1xy6 (kw=1.5) 3 130 3201, ..., 3330 60 2.167

Total virtual flight test experience accumulated in ‘forest’” {S;-Iy, ..., S4-I'13}, hrs: ~24.6

Legend: i — code of baseline scenario S;, i=1, ..., 5; k — code of operational hypothesis I, k=1, ..., 13; N(®) — number of operational

factors in I'; n — size of “flight’ series Q(F), Q(F)={F,, ..., Fj, ..., Fi_}, n=i -i;+1, j — “flight’ code; At — planned duration of ‘flight’ F;,

Fie Q(F); 3|S;T — “virtual flight test experience’ accumulated in tree S;-T,; notation of coordinate axes corresponds to 1SO 1151.

— Composition of baseline scenario S; and operational hypothesis I, results in a family of
derivative (‘neighboring’) situations — a ‘situational tree’ S;-I',. Construction of a ‘forest’ of such
trees - based on FMEA, flight test/operation/ incidents/accidents data - and studying their safety
‘topology’ is the goal of virtual flight T&E.

CuSHMA
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Situational Tree - S,;-I';; Composition Example

Normal Takeoff. e
Variations/ Errors
Of Selection Of

Commanded =
Flight Path And
Bank Angles
During =

Initial Climb

2558
ral

Flight Safety Palette

- green (‘norm’), &g
- yellow (‘attention’), &,
- red (‘danger’), &g

\\\\\\\ 2560

2625 bpiz 12999 42586 24573

- black (‘catastrophe’), &g
- gray/white (‘uncertainty’), &,

CHRLR

87
574
561
2562

Legend: Ti30={Fs01: ---» Fop30} — situational tree, F, — ‘flight’; B, - branch, B=F,, k=2551/2101, ..., 2680/2230, i=1, ..., N(Ty3),
N(T;30,)=130 — number of branches in T,;,; [(®,x®,;;) — operational hypothesis implemented in T35, [(®;x®;)=Q(D,;)xQ(DP,,); P, —
operational factor ‘commanded flight path angle’, ®.=05,, Q(®,)={2°, 4°, ..., 20°}, ®,, — operational factor ‘commanded bank angle’,
D, =y, Q(Dy;)={-45°, -37.5°, ..., +45°}; At(B;) — branch length measured in time units t, (Vi)(i=1, ..., N(T30))(At(B;)=60 s); (north, east,
height) = (N, E, H) — 7,5, diagram axes. \%

Cu6HHA
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Composition S,-I',
Integral Flight Safety rFIight situation code

Spectra (IFSS) # | mp me Vg AG,

] 166 240000 40000 25000 -500

[ 165  2400.00 400.00 24000 -6.00

[ ] 164  2400.00 400.00 23000 -7.00

[] 163 2400.00 400.00 22000 -8.00

[ ] 162 2400.00 400.00 21000 -9.00

[ | 161 2400.00 400.00 200.00 -10.00

[] 160  2400.00 400.00 190.00 -11.00

[ 159 240000 40000 18000 -12.00

[ ]| 158 2400.00 400.00 170.00 -13.00

| 157 240000 40000 16000 -14.00

[] 156 2400.00 400.00 150.00 -15.00

[ | 155 200000 80000 25000 -500

[] 154 2000.00 800.00 24000 -6.00

[ ] 153 200000 80000 23000 -7.00

[ ] 152 2000.00 800.00 22000 -8.00

[ ] 151 200000 800.00 21000 -900

[ ] 150  2000.00 800.00 200.00 -10.00

[ | 149  2000.00 800.00 190.00 -11.00

[ ] 148 2000.00 800.00 180.00 -12.00

| 147 2000.00 800.00 170.00 -13.00

|| 146 200000 80000 16000 -14.00

[ | 145  2000.00 800.00 150.00 -15.00

[ | 144 1600.00 1200.00 25000 -500

H 143 1600.00 1200.00 24000 -6.00

[ ] 142 1600.00 1200.00 23000 -7.00

[ ] 141 1600.00 1200.00 22000 -8.00

| 140 1600.00 1200.00 21000 -9.00

[ ] 139 1600.00 1200.00 200.00 -10.00

| | 138 1600.00 1200.00 190.00 -11.00

| | 137 1600.00 1200.00 180.00 -12.00

[ ] 136 1600.00 1200.00 170.00 -13.00

| | 135 1600.00 1200.00 160.00 -14.00

!N 134 1600.00 1200.00 150.00 -15.00

| | 133 1200.00 1600.00 250.00 -5.00

| | 132 1200.00 1600.00 240.00 -6.00

| 131 1200.00 1600.00 23000 -7.00

| | 130 1200.00 1600.00 220.00 -8.00

| | 129 1200.00 1600.00 21000 -9.00

| ] 128 1200.00 1600.00 200.00 -10.00

[ | 127 1200.00 1600.00 190.00 -11.00

LN | 126 1200.00 1600.00 180.00 -12.00

| 125 1200.00 1600.00 170.00 -13.00

[ ] 124 1200.00 1600.00 160.00 -14.00

- | 123 1200.00 160000 150.00 -15.00

[ | 122 800.00 2000.00 250.00 -5.00

| | 121 800.00 2000.00 240.00 -6.00

| | 120 800.00 2000.00 230.00 -7.00

[ ] 119 800.00 2000.00 220.00 -8.00

| 118 800.00 2000.00 210.00 -9.00

-l | 117 800.00 2000.00 200.00 -10.00

N | 116 800.00 200000 19000 -11.00

- | 115 800.00 2000.00 180.00 -12.00

Il 114 800.00 200000 17000 -13.00

[ | 113 800.00 2000.00 160.00 -14.00

| 112 800.00 2000.00 150.00 -15.00

| | 111 400.00 2400.00 250.00 -5.00

| 110 400.00 2400.00 24000 -6.00

| | 109 40000 240000 23000 -7.00

| 108 400.00 2400.00 22000 -8.00

-l | 107 400.00 240000 21000 -9.00

| 106 400.00 2400.00 200.00 -10.00

| | 105 400.00 240000 190.00 -11.00

N | 104 400.00 2400.00 180.00 -12.00

| | 103 400.00 2400.00 170.00 -13.00

| | 102 400.00 2400.00 160.00 -14.00

| | 101 400.00 2400.00 150.00 -15.00

[TTTTTTTTT I T I T T T T T T T I T T T T I TTITTTI T T T I T TITTIT I T ]

0.0 200 40.0 60.0 80.0 time, s X Esgsz\ﬁuﬁ
- E"77H=120m

time, s

Normal Takeoff. Variations Of C.G.
Location And Vi Speed (With
Correction Of Elevator
Deflection In Rotation)

]

Tested operational

factors

Category El v, %
I 100

ll-a 0

lI-b 0

1 0

v 0

\% 0
‘Flights’ in total - 66 100

Safety Chances
Pie Chart

0, 0%

(" 66, 100% |

= All situations from Composition S,-I'; are therefore
safe, i.e. they belong to Category | cluster. Note how
location of events E; and E, on IFSS is changed due
to situation (operational factors).
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S, Normal Takeoff. Variations Of C.G. Location And Vg
Speed (With Correction Of Elevator Deflection

In Rotation
S;: Normal takeoff, steering commanded flight path and bank angles during )

initial climb

= In FSW below, cell 1 located at ‘column 2 - row 3’
[ = @ x(D,+D3) = X x(Vr+AS) | crossing is a color code of flight safety Category of one
situation from Composition S,-I;. This situation is
obtained by combining values 4 and $ of operational

Flight Safety Window (FSW) factors 6 and 7 in scenario S,;.
e 4

: 6 | ®,: Rotation airspeed, km/h; @s: Elevator deflection for rotation|§e.
Operational |—
factors D, 150 | 160 | 170 | 180 | 190 | 200 | 210 | 220 | 230 | 240 | 250
g .
£
7|6 50
§0
%

= This Flight Safety Window constructed for Composition S,-I'; situations has ‘trivial topology’ —
one continuous green ‘valley’. That is, for given aircraft/project all examined combinations of
longitudinal C.G. location and Vy speed variations are acceptable by flight safety criteria (NB:
provided that all other conditions of scenario S, are fulfilled).

Cu6HHA
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SZ-I'2 Normal Takeoff. Variations Of Crosswind Velocity And
‘Wheels - Runway Surface’ Adhesion Factor

SS #on kW,
— 263 080 200
T 262 080 150 ;
- 2, 98 1% : Safety Ch Pie Chart
= 260 080 050 k=101 ale y ances e al
— 559 080 000
— 258 080  -050
— 257 080  -100
o 2% 0% oo 29: 350
x -2 - 0, .
= = 254 070  2.00 21; 33% ' 0
mr n 253 070 150
- 252 070  1.00
251 070 050
550 070 000
249 070  -050
] 248 070 100
247 070 150
- 246 070 200
= 245 060 200
s 544 060 150
- 243 060 100
242 060 050
241 060 000
240 060 050
. 239 060  -100
[ 538 060  -150
| 237 060  -2.00
536 050 200
T 235 050 150
|| 234 0.50 1.00
233 050 050 - 5 10%
232 050 000 . .
237 050  -050 12; 19% . , 0
230 050  -100 .
229 050 150 2; 3%
228 050 200
297 040 200
226 040 150
225 040 100
224 040 050

23 040 o | = Variants with strong crosswind of |15]...|20] m/s

222 0.40 -0.50
221 0.40 -1.00

220 oa a0 | eXhibit danger during groundroll up to event E; (V)

219 0.40 -2.00

o7 0% 1% | - ref. next slide for FSW. These variants constitute
215 0.30 0.50

52 o0 oo | 45% of all tested flight situations from composition

213 0.30 -0.50
212 0.30 -1.00

2n o 1m0 | S,-[,. Remaining situations (55%) are safe - they

210 0.30 -2.00

56 o2 12 | belong to Categories | and Il. Note how the location

207 0.20 1.00

%5 0% ow | Of events E; and E- in IFSS is changed due to the

204 0.20 -0.50 . .
2% 5% 1w | effect of (u, W,,) combinations.
Y9
201 0.20 -2.00
Frr1r 1717117 17 17T 17T T T T T1TTT T T T T TTTTTTTTTI . E 2 VR
0.0 10.0 20.0 30.0 40.0 50.0 60.0 time, s T E ? H=120m
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Sz‘rz Normal Takeoff. Variations Of Crosswind Velocity And
‘Wheels — Runway Surface’ Adhesion Factor
S,: Normal takeoff under cross-wind and specified conditions of runway surface, steering
commanded flight path and bank angles during initial climb
= DsxDy= W xp
FSW

Operational ®s: Cross-wind velocity, m/s
factors 10

0.8

factor, -

@4 “Wheels-runway
surface’ adhesion

= Shown above is Flight Safety Window constructed for situational tree S,-I',. It contains one
central green ‘valley’, two side red ‘hills’ and two connecting ‘slopes’: (1) a steep ‘slope’ — for dry
and semi-wet runway, and (2) not steep ‘slope’ - for wet and water-covered runway. As the
absolute value of cross-wind velocity increases, transitions from safe to dangerous states occur
(1) sharply and (2) gradually, respectively. The shape and position of ‘crosswind velocity —
adhesion factor’ constraints can be seen as well.

Cu6HHMA
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Sl-r3 Normal Takeoff. Forward C.G. Location. Variations/
Errors Of Selection Of Commanded Flight Path Angles
(Initial And 2"d Phases Of Climb) And Flaps-up Start Altitude

IFSS # Ba Oc Hr Safety Chances Pie Chart

335 14.00 1200 120.00
334 14.00 12.00 100.00 0, 0%
333 14.00 12.00 80.00
332 14.00 12.00 60.00
331 14.00 12.00 40.00
330 12.00 1000 120.00
329 12.00 1000 100.00 2\ 0, 0%
328 12.00 10.00 80.00 4

327 12.00 10.00 60.00
326 12.00 10.00 40.00
325 10.00 800 120.00
324 10.00 800 100.00
323 10.00 800  80.00
322 10.00 800 60.00
321 10.00 8.00 40.00
320 6.00 6.00 120.00
319 6.00 600 10000
318 600 600 80.00

5, 14%

317 800 600 6000

S

314 600 400 10000 25, 712%

313 600 400 8000

312 600 400 6000

b SR o

309 490 200 10000 = 14% of variants from situational tree

06 400 200 4000 S,-F5;, which have commanded flight path

305 200 000 12000 c o _ong .

304 200 000 10000 angle (during initial phase of climb) more

02200 000 6000 than 12°, exhibit danger. Note also how, for
[TTTTTTTTTITIT T T I I I T T I I T I T I T T I T I T I I I T I T T Il I . " ‘ I 2
) e o o iy imes EVE example,. event 57. altitude 120 m

L oL, changes its location in IFSS due to 0;.
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Sl-l'3 Normal Takeoff. Forward C.G. Location. Variations/
Errors Of Selection of Commanded Flight Path Angles
(Initial And 2"d Phases Of Climb) And Flaps-up Start Altitude

S;: Normal takeoff, steering commanded flight path and bank angles during initial climb
F3= (I)1><((I)7‘|‘(I)3)X(I)6 EfCG X(6G1+6G2)XHFL (fCG = fCGmin )

FSW
®=r =7 _ . ®@;: ‘Flaps-up’ start altitude, m
1 cG CGmin @7/(1)8 40 60 R0 100 120
14/12
®; and Dg: 12/10

Commanded flight 10/8
path angles during 8/6
initial and 2™ phases 6/4
of climb, deg. 4/2

2/0

= For composition S,-I';, sharp transitions (1) from safe situations to unsafe ones are observed
at commanded flight path angles 045,/65,>12/10° for all values of H; . Owing to high thrust-to-
weight ratio, errors in selection of flaps-up start altitude do not worsen the aircraft’'s flight safety
performance, provided (NB) that other conditions of scenario S, are preserved.

Cn6HHA
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SB‘I-S

Continued Takeoff. Left-hand Engine Out At V=150
km/h. Variations/ Errors of Selection of Commanded
Flight Path Angles During Initial And 2" Phases

IFSS

0.0

20.0

40.0

60.0

80.0

542
541
540
539
538
537
536
535
534
533
532
531
530
529
528
527
526
525
524
523
522
521
520
519
518
517
516
515
514
513
512
51
510
509
508
07
506
505
504
503
502
501

eGl

7.00
7.00
7.00
7.00
7.00
7.00
6.00
6.00
6.00
6.00
6.00
6.00
5.00
5.00
5.00
5.00
5.00
5.00
4.00
4.00
4.00
4.00
4.00
4.00
3.00
3.00
3.00
3.00
3.00
3.00
2.00
2.00
2.00
2.00
2.00
2.00
1.00
1.00
1.00
1.00
1.00
1.00

E3y of safe situations is 36%.

Oc2 Safety Chances Pie Chart

3.00
2.00 7,11% 18, 43%

1.00 8, 19%

2.00 0, 0%

8, 19%

700 = If left-hand engine fails during ground-roll (at
200 V=150 km/h) takeoff safety cannot be
200 secured at commanded flight path angle
300 05,25° (during initial phase of climb). For
1.00 examined domain of operational factors, share

CWE>MA
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S;:-[c  Continued Takeoff. Left-hand Engine Out At V=150
km/h. Variations/ Errors of Selection of Commanded
Flight Path Angles During Initial And 2"d Phases

S,: Continued takeoff (left-hand engine out at given V), steering commanded flight path

and bank angles during initial climb
F5 = (I)13><(I)7><(I)8 = C.bLHE X6G1X6G2 (VEF:15O KM/II)

FSW

D3=C
VEPZI 50 km/h

®;: Commanded flight path angle during 24 phase of climb, deg.

of climb, deg.

®-: Commanded
flight path angle
during initial phase

= Left-hand engine failure during ground-roll decreases the limit of flight path angle admissible
in initial climb to 2°...4° compared to 65,=10° ...12° in composition S;-I;. ‘Precipice’ type
transitions (1) are observed at 65,=0°. ‘Abyss’ type states are likely to occur at flight path angles
05,>4° (initial climb) for any 64, (2" phase of climb).

© Copyright 2004 Ivan BURDUN
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SYR I Normal Takeoff. Variations Of Windshear Intensity
And Errors of Selection of Flaps-up Start Altitude

S,: Normal takeoff under windshear conditions, steering commanded flight path and bank angles
during initial climb

r6 — (I)QX(I)6 = kWXHFL

FSW
Operational @;: ‘Flaps-up’ start altitude, m
factors 20 | 30 | 40 | 50 | 60 | 70 | 80 | 90 | 100 | 110 | 120 | 130 | 140
o 2 I
2 g 1.8 A
35 1.6 1
s 2 1.4
W 1.2
S 1

= In scenario S, we have 65,/05,=8°8°. If ‘strong’ or worse windshear is expected (k,>1)
takeoff is prohibited. In order to evaluate possibility of safe outcomes at k<1 it is expedient to
expand Flight Safety Window downward. If windshear intensity increases from ‘very strong’
(ky>1.4) to ‘hurricane’ (k,,=2), ‘precipice’ type transitions (1) are most likely to occur at flaps-up
start altitude Hg, €[60; 70] m. If aircraft unintentionally enters a zone of ‘very strong’ windshear
(ky=1.2 ...1.6) flaps must be retracted as late as possible to stay within ‘orange’ zone (2).

CMEHMA
© Copyright 2004 lvan BURDUN /




S, Normal Takeoff. Forward C.G. Location. Variations
Of Windshear Intensity And Commanded Flight Path
Angles (During Initial And 2" Phases)

S,: Normal takeoff under windshear conditions, steering commanded flight path and bank
angles during initial climb

7= @ xDox(P7+D3) = X xkwx(0611062) (X6 = Xegmin )

FSW
H=5 -7 ®; and ®g: Commanded flight path angles (during initial and
17 e T cGmin 21d phases of climb, deg.
dg| O 1 2 3 1 5 6 7 8 9 10 11 12
D, | 2 3 4 5 6 7 8 9 10 11 12 13 14
2 D
®.: 1.8 e .
Windchear L I I I A
. . 1.4
e -
1 I A

= For composition S,-I'; main objects of safety ‘topology’ are: small green ‘valley’ (at left lower
corner), orange ‘slope’, extensive red ‘hill’ adjacent to black ‘abyss’ (at right upper corner). At
takeoff under ‘strong’ and ‘very strong’ windshear conditions (1<k<1.6): maximum safety is
achieved at 05,/65,=5°/3°; it is prohibited to climb at 65,/65,>7°/5°; irreversible transitions are

' 0
likely at 65,>12°.
© Copyright 2004 lvan BURDUN 0"6;‘%




Sel g Continued Takeoff. Left-hand Engine Out At V.
Variations Of Left-hand Engine Out Speed And

Crosswind Velocity

S¢: Continued takeoff (left-hand engine out at V), under cross-wind conditions, steering
commanded flight path and bank angles during initial climb

0= @yax P x @y = Gy ppxVepx Wy,
FSW

®@;: Cross-wind velocity, m/s

20

-6 -3 0 3 6 9 12

speed, km/h

®d,,: Left-hand engine out

= This Flight Safety Window has central green ‘valley’ and two side red ‘hills’. Adjacent to left
‘hill” is a potentially catastrophic ‘abyss’ located at lower left corner. It is created at small and

medium values of V- and is linked to ‘valley’ by ‘precipice’ type transitions. Small ‘abyss’ is also
revealed at crosswind velocity of ~18 m/s and Vg-€[175; 190] km/h.

CuSHMA
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Graphic Implementation Options Of Flight
Safety Window (Sq-I';, Example)

= Option 1 adequately maps complex
safety ‘topology’. It is quite sufficient for
manual/ automatic decision making in flight
for flight safety protection.

— Option 2 does not meet ergonomic
criteria for optimal pilot-vehicle interface.

= Option 3 would be close to an ideal
onboard solution. However, it can only be
used if sufficient computer resources are
available.

Legend:

1 VATES v.7 output (six-color Safety Palette)
2 Mosaic (four-color) Safety Palette
3 Option 1 after special filtering

CME>MA
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Sl-l'll Normal Takeoff. Variations/ Errors In Selection Of
Commanded Flight Path And Bank Angles
(During Initial Phase Of Climb)

S,: Normal takeoff, steering commanded flight path and bank angles during initial climb
[ = D x®yy =0, ¥y

Operational ®,,: Commanded bank angle (during climb), deg.
factors 45 | -375 | -30 | -225 | -15 | -75 0 7.5 15 | 225 | 30 | 375 | 45

20

@d-,: Commanded flight path angle
(during initial phase of climb), deg.
=

= This Flight Safety Window has a potentially dangerous ‘corner’ corresponding to (054, vg) =
(12°...14°, -30°...-37.5°). Sharp transition (1) of states from safe (‘green’) to dangerous (‘red’)
zone is possible (Cat. 1-1V), bypassing interim zones (Cat. Il, Ill). Flight at such ‘corners’
requires enhanced attention and accurate piloting from pilot.

\
Cn6HHA
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S, ;3 Normal Takeoff. ‘Very’ Strong Windshear. Variations
[Errors Of Selection Of Commanded Flight Path
And Bank Angles in Climb

Oc1 Yo %1 Yo Safety Chances
10.00  45.00 2000 4500
10.00 37.50 1 2000 3750 .
10.00 30.00 I N 20.00 30.00 |e art
10.00 2250 u 20,00 2250
1000 1500 u 20,00 15.00
1000 7.50 B 2000 7.50 .
10,00 0.00 ] 2000 0.00 7, 5%
1998 s = 5000 4500
1900 3389 o 20,00 2250 26, 20%
10.00 -30.00 1N 20.00 -30.00
10,00 -37.50 1 20.00 -37.50
Wy 4200 H 1800 4500
A 1 1800 2750  20,15%
800 3000 HE 18.00 3000
800 2250 | 16.00 2250
800 1500 B N 1600 1500
800 750 ] 1600 750
800 000 ] 18.00 0.00
800 50 ] = 1500 4250
800 -1500 00 -15
800 -2250 B N 16.00 -22:50
800 -3000 T 16.00 -30.00
800 -37.50 | 16.00 -37.50
800 -4500 ] 16.00 -45.00
600 4500 i 16.00 4500
600 3750 I 16.00 3750
600 3000 | 16.00 30.00 10. 8%
6.00 2250 ] 1600 2250 ;
600 1500 ] 1600 1500
600 7.50 ] 16.00 7.50
600 000 u 1600 000
- 600 -7.50 = 1800 -r.50
6.00 -1500 00 -15 0
| 6.00 -2250 ] 16.00 -22.50 57, 44%
| 600 -30.00 ] 16.00 -30.00
T ] 6.00 -37.50 16.00 -37.50
il 600 -4500 16.00 -45.00
o 400 4500 14.00 4500
= i o ‘ -
] 400 2250 1400 2250 j— -
| 400 1500 14.00 15.00 Very Strong Wlnd
= 18 g e 0% | sh I
= 1% 9% 0 °w | shear may worsen flight
= 10 By 828 | oty toboloay’  of
| 400 -30.00 1400 -30.00 sale opolIo
= 1% L8 / e
—] 200 4500 12.00 4500 i
. 200 4500 zo0 200 | takeoff catastrophically
- T Be Lk
— 500 1500 1500 7500 at small values of
= T e
| 200 -7.50 12.00 -7.50 m
] 200 -1500 12.00 -15.00 com anded ﬂlght path
= 2% 2 i le 0., <49
| 200 -3750 1200 3750 ang e 961—4 .
200 -4500 12.00 -45.00
FTT T 1T 1T T TTTTTTTTTTTTTTTTTTTTTT . FT1rrT1r 11T 1T TTTTTTTTTTTTTTTTTTTTTT
. . E VR . . E~VR
0.0 200 400 600 time s ‘E1%B;H:4OO,O.O 200 400 600 time,s ‘5138 H=400m
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S4-r13 Normal Takeoff. ‘Very’ Strong Windshear. Variations
IErrors Of Selection Of Commanded Flight Path
And Bank Angles in Climb

S,: Normal takeoff under windshear conditions, steering commanded flight path and bank angles
during initial climb
[')3= @ox @ x®y; = k<O xyg (ky=1.5)

FSW

Do=lw=1.5 ®,,: Commanded bank angle in climb, deg.

strong’) -45 -37.5 -30 -22.5 -15 -71.5 0 7.5 15 225 30 37.5 45
20
18
16
14
12

@, Commanded flight path angle
(during initial phase of climb), deg.
=

[~ | 0

1 L
\/

= Flight safety ‘topology’ obtained for ‘very strong’ windshear conditions at small 65, and any yq
contains a stable catastrophic ‘abyss’ (black strip in the bottom) and “precipice’ type transitions
(1). That is, an attempt of initial climb at small values of commanded flight path angle (2°...4°)
inevitably leads the vehicle to a fatal outcome.

Cn6HHA
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Principles of Real-Time Application — 1

Bi=ig=0 ®@1;: Commanded bank angle {during climb), deg,

(‘benign’)

Optimal modes 5 -

S

maximum safety — ref. Slide #8)

@;: Commanded flight path angle
(during initial phase of climb), deg.

windshear)

Normal Takeoff.
Variations of Wind-
shear Intensity, Errors/
Variations Of Selection
Of Commanded Flight
Path And Bank Angles
In Initial Climb

@7: Commanded flight path angle
(during initial phase of climb), deg.

t=t,
(‘'very strong’
windshear)

Safety Chances Pie Chart and FSW Snapshot Sequence

@7: Commanded flight path angle
(during initial phase of climb), deg.

© Copyright 2004 lvan BURDUN

— The developed safety
‘topology’ maps, including Flight
Safety Window, Safety Chances
Pie Chart and other formats, can
be used in flight operations. The
goal is to monitor complex
operational  constraints and
dynamically adapt piloting tactics
under multi-factor conditions in
real time, provided that there
exist onboard technical means to
measure operational factors in

real time.



Principles of Real-Time Application — 2

NASA ‘Performance Window’ Concept [>

Extreme Flight Conditions At or
Beyond Normal Flight Envelope

o>

Harsh Stuck -
Electromagnetic Aileron |
Environment V |

Performance Windows
Within Normal Flight
Envelope

f———

|
\
\
\
\
\
\

CWEAN
FailedTEngne \‘
Conditions / Cruise Flight
Descent / //f
S

Landing E
4

| —

Legend: flight path types: optimal (1), safe/
recovery (2), dangerous (3), catastrophic (4); t
— relative time of forecast, te[t,; t+A] (t=0 —
current flight time); A - depth of forecast; FSD
— Flight Situation Display [8]; STN - situational
tree-network; examples of situational tree’s
branches: ‘stuck aileron’ (B,); ‘critical engine
failed’ (B,); ‘adverse weather conditions’:
‘windshear’ (Bj3), ‘heavy rain’ (B,); (*) -
conceptual layout.

Flight Safety
Window

Implementation Techniques

N

FSD (*)

[ (l-a|ll-b| 1l | IV |V

= The developed safety ‘topology’ maps (FSW, FSD) are feasible and
affordable implementation techniques of NASA Performance Window conce
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Conclusion -1

1. A new methodology for testing and evaluation of an aircraft’s flight safety performance
under complex conditions has been developed, based on design and flight simulation
data.

2. A set of two-, three-, and four-factor takeoff situation scenarios that incorporate pilot’s
errors, onboard systems failures and adverse weather conditions has been examined. A
family of flight safety ‘topology’ maps has been constructed and analyzed for a number
of takeoff operational hypotheses. Several characteristic topological objects that can
either accelerate or slow down the development of safe or catastrophic outcomes of
flight situations under complex conditions have been identified.

3. A technique for the derivation and mapping of aircraft piloting recommendations and
operational constraints in multi-factor situations is demonstrated. New principles of pilot
training, based on the formation of system-level model-based knowledge of safety
‘topology’ of a complex flight situation domain, are formulated. Recommendations on
aircraft piloting and operational complexity limits at takeoff are proposed. Principles of
onboard application of the developed approach for flight safety enhancement/ protection
INn emergencies are demonstrated.

\
Cn6HHA
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Conclusion - 2

4. The developed methodology is sensitive to variations of main operational and
design factors. Flight Safety Window and other knowledge maps facilitate automated,
a ‘bird’'s eye’s view’ type analysis of an aircraft's safety performance for a broad
domain of complex (multi-factor) flight situations.

5. The VATES tool is an efficient and affordable source of predictive information on an
aircraft's safety performance under complex operational conditions beginning from
early design phases. It takes into account both physics and logics of a given flight
situation scenario and its probable/ possible variations (‘what-if neighborhood’).

6. The developed methodology is expedient to apply for studying the following

problem classes:

= advanced assessment of combined effects of aerodynamics, control and operational
factors on aircraft dynamics and safety performance in design

» knowledge-centered training of line pilots, test pilots and pilot instructors

= development of terrorist-/ fool-proof ‘built-in-safety’ systems

= research into Al based recovery flight control in emergencies (LOC, CFIT, etc.).

\
Cn6HHA
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