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NEW METHOD FOR SAFETY ASSESSMENT
OF PARALLEL ROUTES

Sui Dong

(College of Civil Aviation,NUAA,29 Yudao Street, Nanjng, 210016, P. R. China)

Abstract: A new safety assessment method for parallel routes is presented. From the aspects of safety guard sys-
tem of air traffic control (ATC) and considering the flight conflict as causing event of air collision accidents, this
paper fosters a four-layer safety guard of controller command, short-term conflict alerts (STCAs), pilot visual
avoidance, and traffic alert collision avoidance system (TCAS). Then, the problem of parallel routes collision risk
is divided into two parts:the calculation of potengial {flight conflict and the analysis of failure probability of the
four-layer safety guard. A calculation model for-controller interference times is induced. By using cognitive relia-
bility and error analysis method(CREAM) ,the calculation problem to failure probability of controller sequencing
flight conflicts is solved and a fault tree model of guard failure of STCA and TCAS is established. Finally, the
Beijing-Shanghai parallel routes are taken as an example to be calculated and the collision risk of the parallel
routes 1s obtained under the condition of radar control. Results show that the parallel routes can satisfy the safety

demands.

Key words: air traffic control; human factors; safety assessment; short-term conflict alerts; traffic alert collision

avoidance system
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3] comprehensively considered the navigation er-

INTRODUCTION

rorsaircraft size and traffic flow amounts, and es-

Parallel routes are one of the most commonly sablichisil & enllision vk madel.

used route structures. By using them, the capaci- This model is successfully used in the separa-

ty of the routes can be effectively broadened. tion safety assessment of North Atlantic parallel

With the development of area navigation (RNAV) routes. Ref. [4] analyzed in detail all the reasons

and the required navigation performance (RNP) . " :
_ which caused lateral navigation error and intro-
technologies, the plan of the routes now is no , _

) . o ) duced weighted analysis method for the lateral
longer strictly constrained by the position of navi- - _ _ _
: ey _ navigation error, thus improving the Reich mod-
gation facilities, thus promoting the use of paral-

lel routes in turn. During the planning of parallel el. Ref. [5] borrowed from the collision absorb-

s § : . ing boundary theory and intro i
routes,one key point is that the airspace planning g y y duced an aircraft

departieat shasld fovns ob the sepmation. I the collision risk calculation model based on Markov

separation is too small, the flight safety would be
undetermined. If the separation is too large, the
resource of airspace would be wasted. The evi-
dence for determining the separation is the safety
of parallel routes. The studies on collision risks

of parallel routes began in the 1960’ s. Refs. [1-

process. Refs. [ 6-7 ] summarized the traditional
analysis model and discussed the key problems fo-
cused on the safety assessment of routes, such as
human factors, alert system and so on. Refs. [8-
9] also studied the effects that the radar precision

error would have the risks of the air collision.
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Ref. [10] presented a method [or the protection
zone. The method considers aircraft turbulence
wake and dynamics characteristics. Based on that
people can establish aircralt protection zone and
determine the minimal safety separation between
aircraft. The researches mentioned above are ei-
ther mainly tuning to the safety assessment in the
circumstance of non-controller interference, or
qualitative researches on the effects of human fac-
tors and the alert system on the safety. There-
fore, there is no mature methodology yet to make
the safety assessment for controller interference.
This paper analyzes in detail the safety protection
system for air traffic control, and modifies the
traditional collision risk model. Combined with
the human reliability analysis technology, such as
cognitive reliability and error analysis method

( CREAM ),

(HCR), this paper introduces a quantitative safe-

and human cognitive reliability

ty assessment methodology for the parallel routes

with controller interference.

1 SAFETY ASSESSMENTS OF
NON-CONTROLLER INTER-
FERECE PARALLEL ROUTES

By analyzing collision risk of non-controller
interference parallel routes, the Reich model is
the most widely used one. The key of the model
is that each aircraft is considered as a rectangle
A..

These sizes represent the mean length, the width

box, which has the mean sizes of A,, 4,,
and the height of each aircraft group, respective-
ly. The collision risk between two boxes is equal
to the collisien risk between a point and a box
having the sizes of 24,, 24, and 2A. in mathemat-
ics. According to Ref. [11], the lateral collision
risk can be shown as

A,
C =P,(S,)P.(0) =

x

| £,

_ |31, =]
EAR T
E_‘,(opp)[ 24, T on, T J} o

where C 1s the amount of estimated f{atal accidents

A A e e S —

s e ————— T
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of aircraft in each [light hour; S, the longitudinal
separation; S, the lateral separation; P, (S,) the
lateral overlapping probability, 1. e., every two
aircraft are assigned to be correct lateral separa-
tion, actually they do not have the possibility to
be laterally separated. P.(0) is the vertical over-
lapping probability, called the vertical overlap-
ping possibility of two aircraft at the same level.
E, (same)and E,(opp)are the same direction and

opposite direction occupation rates, respectively;

|z,] and |z,| the relative speeds in same longitu-
dinal direction and opposite longitudinal direc-
tion; |v| is the mean relative speed in lateral di-
rection when an aircraft loses its lateral separa-
tion standard; and |z | the mean vertically rela-

tive speed of the aircraft at the same level.

2 SAFETY ASSESSMENTS OF
CONTROLLER INTERFEREN-
CE PARALLEL ROUTES

Under the condition ol radar control, con-
trollers may interfere when an aircraft deviates
{rom the route, so the focus of safety assessment
is the controller error. Besides, multiple guard
mechanism taken by modern air traffic control
(ATC) system can improve the safety level. In
the typical radar control scenario, in order to

the

grouped into four layers, i. e., controller com-

avoid the collision, used methods can be
mand, short-term conflict alerts (STCAs), pilot
visual avoidance, and traffic alert collision avoid-
ance system (TCAS). As shown in Fig. 1, every
layer has its disadvantage. When the disadvan-
tage of each layer happened at the same time, ac-
cidents take place. Thus the potential flight con-
flict is the causal factor of the air collision. No
collision accidents will happen without a potential
conflict. However, the main purpose of the four
layer guard is to prevent as much as possible the
potential flight conflict from becoming an air col-
lision accident. Hence, based on the mechanics of
the safety guard, the problem of aircraft collision
risk can be divided into calculation of potential

f[light conflict and failure probability analysis of
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Controller
command
1 ‘I/ STCA
/(ﬁ Pilot visual
(D avoidance
Failure of /| O <— TCAS
guard =~
b )
\\
K

\Accidem trace

Fig.1 Typical safety guard of ATC system

each layer. Based on logical relationship of safety
layers, the safety assessment of controller inter-
ference parallel routes can be realized after the
human reliability is thoroughly considered.

This paper chooses the working scenario of
ATC in China when constructing the model, and

the typical working scenario is shown in Table 1.

Table 1 Scenario of model construction

Scenario Reason

In the busy airspace, our country
Radar control has basically realized radar con-

trol.

The automatic systems used by
our country control center mainly

) are Eurocat, Raytheon and Aleni-
ATC automatic y

system has the

ability of STCA

a. Eurocat and Raytheon have
STCA function. The control cen-
ter using Alenia system now has
STCA

formed.

function after trans-

The used large and medium air-
craft now in civil aviation In
China are mainly Boeing and Air-
Aircraft equipped bus series, which have advanced

with TCAS airborne  equipments. From
2003, the authority announced by
TCAS was compulsory on air-

craft.

All airspace in China i1s con-

Airerale Biriag us- trolled. Aircraft usually follow

der IFR rules instrument flight rule (1IFR) ex-

cept in the airspace around the
aerodrome.

This paper only considers controller com-
mand. STCA and TCAS. Pilot visual avoidance
can be ignored. because an aircraflt flies en-route
by instrument {light rule (IFR) and is not visual
flight rule(VFR) in most time.

The parameters are delined as [ollows.: Cr is

air collision risk of aircraft; N the potential

flight conflict times; Pyz the failure probability of
controller sequencing flight conflicts; Ps the fail-
ure probability of STCA guard and Pt the failure
probability of TCAS guard.

Assuming that controller command, STCA
and TCAS are not related to each other, only
when these three guards all fail the air collision
will take place. Therefore, it is be shown as

Cr = N¢ X Pyz X Ps X Py (2)

In this model, the calculation of N¢, Pues
Ps, and Pt is difficult and is also the key to de-
cide whether the model is applicable. In the fol-
lowing parts, how to calculate N¢, Pye,» Ps,and

P+ is introduced.

2.1 Calculation model of potential flight con-

flict times

Under the condition of the radar control, the
definition of the conflict mode is that on the paral-
lel routes, when two aircraft separation i1s lower
than minimal radar separation, the controller will
interfere. In our country, the regulated minimal
radar separation S,.4. equals to 10 km. The model
of interference times of the controller can be ex-

panded by the Reich model™".

longitudinal separations can be expanded into a

I{f the lateral and

rectangular box with a radar separation value
Sader s then the interference times of the controller
under the radar separation condition can be con-
sidered as the adding number of n collision times
of the same flight level. Using Eq. (1), a new

equation can be deduced as

Sradar

-
_~

Gy :ﬂpy(SJ.)P;(O)

X

E | ¥l | 2|
E
{ 5“"‘*[2Srad" _|_ zsradar —l— 2’1: ]—I_

« el | ¥ | |
bupp[zsmdm + ZSrndar + ZA: ]} (3)

where Gy 1s the interference times of controller.
Actually, most of the potential flight conflicts can
be solved by the controller interference. Hence,
the controller interference times can be considered
to be equal to the potenual flight conflict times,

i- c: » ( )"5' = ‘f\’,(".
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2.2 Failure probability of controller sequencing

flight conflicts

The controller basic obligation is to handle
potential flight conflicts to ensure flight safety.
The wrong command from the controller can di-
rectly lead to the aircraft separation lower than
regulated minimal separation. How to objectively
evaluate controller errors is diffcult in safety as-
sessment. The development of human reliability
analysis offers a new method for evaluating con-
troller errors.

The flowchart of controller sequencing flight
conflicts is shown in Fig. 2. It has the following
characteristics: (1)Sequencing process is dynamic
and the process is continuous and repetitive ac-
cording to the flight dynamics; (2)The process is
greatly affected by the context.

Monitor radar <
screen

Judge potential
conflict

Form sequencing
initiative

/

Issue sequencing
instruction

-

ig. 2 Flow chart of contrcller sequencing flight conflicts

Considering controller working characteris-
tics, the CREAM method can perfectly satisfy the
basic demand of controller reliability analysis.
The evidences are as follows: (1) The CREAM
method is based on a context relied cognitive
model. It emphasizes the important context ef-
fects on human behavior. It summaries environ-
mental factors as common performance condition
(CPC)and gives CPC level effect on human relia-
bilityt*); (2) CREAM method offers a unique
cognitive model and a structure. It has double-di-
rection functions with recursion and forecast.
Thus the quantitative analysis of human errors
can be make; (3) The CREAM method is based
on cognitive psychology; (4) The CREAM
method offers the data of basic cognitive function

failure probability.

2.3 STCA guard failure probability

After the STCA warning, controllers can
solve flight conllict in time according to the flight
performance and air traffic situation. If the con-
flict is not solved in time, TCAS warning or air-
craft collision will happen.

Based on the characteristics of STCA, a
STCA guard fault tree can be established, as
shown in Fig. 3, so that the STCA guard failure
probability can be calculated.

Fig. 3 STCA guard fault tree

In Fig. 3, S is STCA guard failure; B, is the
pilot in not getting the conflict avoidance instruc-
tion; B, is the pilot for executing wrong instruc-
tion; B; is the pilot for misunderstanding instruc-
tion; A, is the controller not responding in time;
A, 1s the communication failure; A; is wrong in-
struction given by controller; A, is the wrong un-
derstanding by pilot;and As; is the controller not
finding the mistake from pilot read back.

The probability of the top event can be
shown as

Ps = P(A, + A, + A; + AA) =
P{Ay + A; + A} + P(AA) —
P(A, + A, + A P(AA) (4)

The probability estimations of basic events
A, A,y Ayy A, and A; consider the event char-
acteristics and select different methods. (1) The
essence of controller not responding in time (A,)
is that the staff does not respond to abnormal sig-
nal in the regulated time. Its probability estima-
tion can be realized through HCR model and its
model parameters can be determined by experi-
ments. (2)The probability of communication fail-

ure(A,) can be received through the reliability da-
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ta estimation of communication system. (3) The
probability of A;, A, and A; can be estimated by
using CREAM method.

The key of HCR model is that the relation-
ship between human cognitive behaviors (regula-
tion, technique, and knowledge) failure probabil-
ity P (¢) and time ¢ falls in the three-parameter
Weibull distribution™). Therefore, the non-re-
sponding probability P(z) in the regulated time ¢
can use this distribution, and the equation is

shown as

== B
P =om |- 1523
P@)=1.0,t <7 (5)

where 7 is the initial position of distribution

curve, called the position parameter (at minimal
response ); 7 the coordination scale, called the
scale parameter (at particular response);and f
the distribution curve shape, called the shape pa-
rameter. When responding time equals to middle
time value(T,,,), P(t)=0.5. Then

Ty = 7 4+ 5ln2y* (6)
T, is standardized, then

/Ty, — C\*
G,

i) = 1.0 #ln L, (7)
Cy = y/Tl/Z ,C,, == 77/T1/2

P(t) = exp — B T ypy = Cs

where Cy,C,, 8 are three standardized parameters
of the Weibull distribution.

In the actual work, the frequency of STCA
warning is rather low. It is impossible to collect
real data. However, one of the prominent advan-
tages of HCR model 1s that it can collect related

data by the simulator.
2.4 TCAS guard failure probability

Based on the working characteristics of
TCAS, this paper constructs a TCAS guard fault
Lree.

In Fig. 4,7 1s TCAS guard failure;C, the pi-
lot not responding in time;C, the wrong opera-
tion of the pilot; D, the pilot A not responding in
time; ), the pilot B not responding in time; D,
the wrong operation of Pilot A; D, the wrong op-
eration of Pilot Bsand D. the TCAS system fail-

ure.

o d

Fig.4 TCAS guard fault tree

The probability of top event can be calculated
as
Pr=P(D,D, + D,D, + D,) =
P(D;) + P(D,D, + D;D,) —
P{DHIP(D,D, 4+ DD (8)
Basic event probability estimating is as fol-
lows: (1)Pilot A is not responding in time (D))
and Pilot B is not responding in time (D,). Their
probabilities can be estimated by HCR model; (2)
Pilot A wrong operation(D;) probability and Pilot
B wrong operation (D,) probability can be esti-
mated by CREAM method; (3) TCAS system
failure probability(D;) can be estimated by TCAS

system reliability data.

3 CASE STUDY

The following safety assessment is based on
Beijing-Shanghai parallel routes. The settled con-
ditions are as follows: 100% RNP4 aircraft;
185 km parallel routes; 6 flight levels; aircraft fly
in the same direction at the same flight level;

30 aircraft/h in one direction of parallel routes.
3.1 Interference times

Using Eq. (3),when the route separation is
30 km, Nc=Gy=9.0X107%/h.

3.2 Failure probability of sequencing flight con-
flict

CREAM method is used to identify the cog
nitive activities needed in each step and determine
the cognitive functions of each cognitive activity

in cach step. see Table 2.
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Table 2 Cognitive function and activity controller needed in sequencing

No. Subtask Cognitive activity Observation Interpretation  Planning Execution
1 Monitor radar screen Monitor 4 ¢
2 Judge conflict Evaluate & ¢
3 Form sequencing initiative Plan L 2
4 [ssue sequencing instruction Communicate L 4

As cognitive activity may be related to a
number of function failures, work must be in
ATC situation, so as to identify the most likely
function failure and make each cognitive activity
correspond to the most likely function failure.
The most probable cognitive function failure

mode can be determined, as shown in Table 3.

Table 3 Function failure in process of controller sequenc-

ing flight conflict

Serial Cognitive Failure
o Subtask g' )
No. activity mode
Monit d
I onitor radar o o,
screen
2 Judge conflict Evaluate P,
Form sequencin
3 5 .q . e Plan P,
mitiative
Issue sequencin )
4 - 4 & Communicate E,

instruction

By the field study, controller interviews and
questionnaire investigation, CPCs can be assessed
and the value of CPCs can be determined, as

shown in Table 4.

Table 4 CPC Level and weighing factors

CPC name Level 02 Pz E3

Adequacy of

N Efficient -0 1.0 1.0
organization

Working conditions Compatible 1.0 1.0 1.0
Adequacy of MMI and
operational support

Availability of

Tolerable 1.0 2.0 1.0

Appropriate 0.8 0.5 0.8

procedures/plans
Numb f Matchi t
‘ umber o ing curren 5 Lo 1.8
simultaneous goals capacity
: T il
Available time 'emporan i 1.0 1.0 1.0
inadequate
Time of day Day-time
. ) ; 0 1.6 1.8
(circadian rhythm) (adjusted)
Adequacy of training Adequate, limited g Lo Lo
and experience experience '
C llaborati 35
i . efficient 1.0 1.0 1.0
quality
Overall effects of CPC 0.8 0.5 0.8

Basic CFP can be consulted from Ref. [12].
According to CPCs, The revised CFP is deter-

mined,as shown in Table 5.

Table 5 Revised CFP

Serial isitiialk Faillure Basic  Weighing Revised
No. Hotes mode CFP factor CFP
Monitor
1 radar O, 7. 0E—2 0.8 5. 6E—32
screen
d
2 Judge P, 1.0E—2 0.5 5.0E—3
conflict
Form
3 sequencing I’ 1. Ok —2 0.5 5. 0E—3
initiative
Issue
4  sequencing E; 5. 0E—4 0.8 1.0 E—4

instruction

Based on controller sequencing flight conflict
event serial, Prp, the failure probability of finish-
ing single sequencing flow can be calculated,
Prp=6.9X107%

By investigation, it can be found that when
potential conflict appears in the time segment of
STCA warning, it can support the controller to
finish 2—3 sequencing flows. The relationship a-
mong these sequencing flows is parallel connec-
tion. For conservative consideration, only two se-
quencing flows are adopted, then Pug = 4.76 X
1077,

3.3 STCA guard failure probability
When HCR model is used to calculate the

probability of controller in not responding in time
(A,), Weibull distribution parameters can be de-
termined by the experiment. The experiment can
be conducted on the radar simulator and 50
groups of data are collected. By using nonlinear
regression fitting module of SPSS, the data can

be processed and analyzed under Weilbull distri-
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bution fitting"*', and the data result is as fol-
lows: Y=1. 048, p=0. 545, f=1. 048.

According to Eq. (6), T/z00mnal can be calcu-
lated s T3 /z00minat = 1- 5 s. Eq. (7) is standard,Cy=
0. 69, C,=0.36, B=1. 885.

As the actual working environment is differ-
ent with that of the simulator experiment, the re-
sult is revised by operator experience (K,), psy-
chology pressure (K,) and human-machine inter-
face (K;). Based on working experience and the
data from nuclear industry, K,=0, K, = 0. 44,
K;=0.44. Then T,;=T1/3.n0minat X (1+K;) X (1+
K,) X (1+K;)=3.11 s. According to working ex-
perience, the time ¢z is 5s, P(£)=3X107%,i.e.,
P (A,) =3 X 107 Controller wrong instruction
(A;), pilot misunderstanding instruction (A,)and
controller not finding mistake from the read back
(A;) can also use CREAM method to estimate the
probability, then P(A;) =4X107*,P(A,)=4X
107*, P(As)=2X10"".

Communication failure (A,) probability can
be estimated through communication system relia-
bility data. Substituting P (A,) =1 X 1077 into
Eq. (4),then Ps=3.48X107".

3.4 Estimating TCAS guard failure probability

The pilot not responding to time probability
(D, ,D;)can be estimated through HCR model and
HCR model parameter can be determined through
experiment on simple flight simulator. Cy, C,, 8
are equal to 0.71, 0. 39 and 1. 28.

Considering operator experience (K;), psy-
chology pressure (K,) and human-machine inter-
face (K;), then T',,,=2.43 s, P(D,)=P(D,)=
7.5X10 °. By using CREAM method, the proba-
bility of D, and D, can be achieved, P (D;) =
P(D,)=4.1X107% TCAS system failure proba-
bility (D;) can be estimated through TCAS sys-
tem reliability data, P(D;)=1X10"". Substitut-
ing it into Eq. (8), Pr=1.7X10""°.

3.5 Collision risk of Beijing-Shanghai parallel
routes on radar control

Substituting N¢, Pugs Ps

Eq. (3),Cr=2. 46 ~

and Pt into
10 . On the radar control,

the lateral coliision risk is lower than 5. 0107,

which is the safety standard. Therefore, the

routes can satis{y the safety requirement.

4 CONCLUSION

This paper studies the safety problem of par-
allel routes and introduces a new safety assess-
ment method. The collision risk problem of paral-
lel routes is divided into potential flight conflict
calculation and failure probability analysis of each
guard layer. Based on all these, it deduces the
calculation model of interference times of the con-
troller, and uses CREAM method to solve the
problem of calculating the failure probability of
controller sequencing flight conflict, and estab-
lishes a fault tree model of STCA and TCAS
guard failure. Finally, Beijing-Shanghai parallel
routes are used as an example and the collision
risk of the routes under radar control is calculat-
ed. The result shows that the routes can satisfy
the safety requirement and offer a good guidance
and a reference for the airspace management de-

partment to reasonably plan parallel routes.
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