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Abstract. In the European Commission Framework VI profe&TIMAL steep curved-
segmented rotorcraft IFR approach procedures amg bevestigated in order to increase airport
capacity, improve the efficiency and reduce thesadootprint. The two most striking features
are 1) a final segment, starting at the final apphofix from where the steep descent is started,
which need not be aligned with the landing direttiout rather may have one or more turning
points or curves, and 2) a glideslope angle thelieigrly more than the currently accepted value,
i.e. in the order of 9°-10°. This allows the pragedto be oriented such that the rotary-wing
traffic is kept separate from the fixed-wing IFRffic, and to avoid noise-sensitive areas and
obstacles. To evaluate the flyability, handlingldigs and workload a number of such
segmented (vertically and/or laterally) and curstzbp procedures were evaluated using man-
in-the-loop simulations. The maximum glideslopedstigated was 10°.

Workload tended to be high for especially the cdrpeocedure. The wind turned out to be a
significant factor to be accounted for. Best wayiydhe final approach segment is to fly it at a
constant-speed, dictated by the glideslope angleate of descent limit of 800 fpm.

The results will be used to lay out a so-called (Biameous Non-Interfering (SNI) procedure,
whereby the rotorcraft can fly these approach mtoces that do not interfere with other IFR
traffic at a busy airport.
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NOMENCLATURE

DA/H Decision Altitude/Height

FAS Final Approach Segment

FD Flight Director

FDP Final Deceleration Point

FTP Final Turning Point

GBAS Ground-Based Augmentation System
GPA Glide Path Angle

HPS Helicopter Pilot Station

IAS Initial Approach Segment

IS Intermediate Segment

k Von Karman constant

MCH Modified Cooper-Harper

RFMS Research Flight Management System
RNP Required Navigational Performance
ROD Rate Of Descent [fpm]

RTP RNP Transition Point

SBAS Space-Based Augmentation System
SNI Simultaneous Non-Interfering

Vv ground speed

Vw wind speed

Vi friction velocity

VPA Vertical Path Angle

z height

Z roughness length

1 INTRODUCTION

In the European-funded'@&rame Work OPTIMAL project the goals are to desigw, or

novel optimal procedures that offer better capasi#ifety and environmental impact than the
procedures used up to now. Although much focus iBxed-wing technology, for rotorcraft a
special work package is related to the design tofrcoaft-specific IFR procedures. With their
unique capabilities, compared to fixed-wing, thevragtimal rotorcraft procedures are likely
steeper than conventional ones, and may contamesag or curves to allow more flexibility in
circumnavigating restricted areas, obstacles, dsawéo reduce the noise footprint with the
steep glideslopes.

The procedures themselves are characterized hyréisence of various waypoints defining
segments which have different glideslopes andémks. In some cases the glideslope may be
successively built up from level to a steep anfgtequired. The maximum glideslope angle to
be tested was 10°. A value of 12° has been con&teapl

Basically 3 different types of procedures were aered for evaluation, viz. 1) the class of
straight procedures, with eithersangle-slope or alualslope descending segment, 2) a
(laterally) segmentedinal approach procedure (with a descending tast p fly-by waypoint

on the final segment), and 3tarvedfinal approach procedure (with a descending cofae
prescribed radius on the final segment).

Other issues to be evaluated were the speed cotigepg) the approach (i.e. constant-speed or
decelerating final approach) and the landing crosdwondition (calm or limiting). A short
discussion will be given on the design criteriaolved in designing the procedures tested.
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With each approach procedure 2 missed approachespgr speed concept) were to be carried
out. The purpose is to gather information abouthight loss that occurs when going around
on a steep approach. This parameter is of impagtandetermining the obstacle clearances that
come with these steep procedures. Since the paeesdtinfluence are the glideslope angle
and the speed at the moment of going around threshe parameters that were included in the
experimental design.

2 GUIDANCE CONCEPTS AND DISPLAYS

2.1 General

Besides the procedures there were also aspeciitifign handling qualities and guidance to be
evaluated, varying from manual flight to flight elator-assisted flight, the final approach speed
concept and two ‘vertical guidance concepts’ indbekpit. For guidance the standard ILS-type
of display was to be used, so ILS-deviations (itsfwere displayed to the pilot in the normal
way. In the case of the simulations they were diggdl on the HSI (Horizontal Situation
Indicator), i.e. head-down and below the ADI (Aitie Director Indicator).

These guidance concepts were aimed at assistinglthespecially in manual flight to perform
the vertical and lateral navigational task wittie required performance levels and to improve
situational awareness.

2.2 ILS-squared display concept

For the trials NLR developed the so-called “ILS-@pd” symbology. In Figure 1 this gwdance
concept is shown. With the “ILS-
squared” concept the pilot is given a
“double” set of localizer/lateral and
glideslope/vertical deviations (i.e.
both in track/course and in altitude):
the solid set of symbols present
deviations with respect to thgesent
track/segment of the approach, and
the dotted/dashed lines or symbols are

the deviations with respect to thext Figure 1 ILS-squared symbology

track/segment. It is expected that especially witgmented procedures this type of display will
be beneficial to the situational awareness of tlot. pn the example given the rotorcraft is
almost 1 dot above both the present glideslopeedisas about 1.5 dots above the next
glideslope (or the extension of it). In case thespnt or next
track is a curved segment then a point 10 secamekscbon the
curve is taken as the "next” point. This was dosieeeially in
order to help guide the pilot through the curve.

2.3 Square-roots display symbology

Another (vertical) experimental guidance conceptafioped by
Eurocopter, is the so-called “square-roots” symggl@s
indicated in Figure 2.

It portrays, see the blue symbol in the form ofquare root”
(hence the name square-roots symbology), the edjaititude

Figure 2 Square-roots
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by the horizontal line on the altitude tape, arelrdquired vertical speed to arrive from the
present position to the correct altitude at thet meypoint of the flight path. The combined
symbol is the square-roots symbol. In the examplergthe aircraft is about 90 ft too high, and
the sink rate of 700 fpm should be increased tcentiwan 1500 fpm. When approaching a
waypoint the required vertical speed may becomg sensitive due to the distance to the
waypoint becoming “small”. A minimum distance eqtathe turn anticipation distance was
used in the algorithm to prevent the required vattspeed from becoming too erratic.

3 DISCUSSION OF PROCEDURES

3.1 General

There were a number of types of procedures thatanwtad further probing, these being:

a) The straight procedure, with a single glideslop®°, including a baseline procedure
with a slope of 6°.

b) The straight procedure, but with a dual glidpsloviz. an intermediate segment with a
slope of 3°, and a final segment with a slope®?oA8m was to be able to investigate
whether a single-slope would be a better optiam t dual-slope, since both have their
advantages and disadvantages.

C) A segmented procedure. Although “segmentedsdiest of all to the final approach
segment, also a level turn past a so-called flyvaypoint was included in the
intermediate segment, in order to be able to coentee level fly-by turn against the
descending fly-by turn.

d) A curved procedure. Also here not only the fayproach segment had a (descending)
curve, but there was also a level curve on tternmediate segment, for the same
comparison reasons.

All procedures were set to have a decision altftugight DA/H of 200 ft.

A particular aspect of the rotorcraft procedurthesmuch steeper slope than is normally the
case. In the OPTIMAL project the glideslopes coesd feasible are 10°; a glideslope of 12°
has been contemplated, however, the speed assbwititethe 800 fpm Rate Of Descent
(ROD) limit would be quite low, viz. 37 kt. This waudged to be too low a speed for manually
flying the SAS-equipped rotorcraft used in the dation tests owing to reduced handling
qualities and speed stability.

The baseline procedure is the “standard” againgtiwthe other procedures are to be compared.

Since under visual conditions helicopters “nornfatigerate at about a 6° glideslope the
(straight) baseline procedure was set to havegéidi®slope.

3.2 Procedure design aspects
3.2.1 Straight procedures
The gradient and length of segments were deternbgexbnditions of:

« Max. initial entry speed of 150 kt.
* A deceleration rate of 1.5 kt/s.
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A maximum allowable speed on the initial segmert20 kt, and of 75 kt on the
intermediate segment. The 75 kt is 5 kt more thean€AO “standard”, and was selected
on the basis that then a still faster approach evbalpossible.

A maximum speed on the final segment determinedysbme value, like 70 kt from
ICAOQ, but by a limiting maximum rate of descentuebf 800 fpm. Because of the steep
slopes involved the associated (ground) speed dmublts low as 45 kt.

A visual maneuvering segment length determined tigceleration of 2 kt/s from the speed
at the decision altitude/height (DA/H) to hover elVertical path angle of the visual
maneuvering segment is the same as of the precédal@pproach segment. The ILS
look-alike virtual antenna (“glideslope” and “lozdr”) positions were calculated to be
3600 m past the helispot, with a 2-dots width d&.80m at the “threshold” for the
“localizer”, and a helicopter hovering height of ft@bove the helispot when on the glide
path for the “glideslope” antenna.

A detailed description of all the generic straigtacedures is given in the experimental design
& test plan document that is proprietary to the QWAL project. Here a sketch of the steep
(i.e. 9°) dual-slope procedure is given, see Figure

< IaF (OF I

IAF
I p decelerate 150-120KT h/ proflle view EAF 2700 2000
plan view S 1000° % 2000 Y 2000°
to 50 KT (constant speed) ~ ' P
orto 75 KT (decelerating approach) — <¢>/

MAPt & -

MAPE FAF DF  IF X

= 2710 — O G — w A DA (200)) |
i~ 11 i 3.1 07 1.9

decelerate from 75 KT to 50 KT

(decelerating appr.) 0 1A 4.2 4.9 6.8

Figure 3 Sketch of dual-slope straight procedure

3.2.2 Segmented procedure

This procedure is characterized by:

Two fly-by waypoints, one on a level (intermediageyment and one on the descending
final segment.

A glideslope of 10°.

The anticipation distance per fly-by waypoint iséd on either the max. airspeed of 120 kt
per (intermediate) segment or on the maximum rateescent of 800 fpm, with the
groundspeed following from the glideslope angletigh the relationship:

V (kt) = 0.00987RROD( fpm)/ tanGPA 1)

where the speéedis the groundspeed in kRODis the Rate Of Descent in fpm, aG®PA
is the Glide Path Angle. For 10° the maximum grapeeéd then becomes 45 k.

A sketch of the generic segmented procedure isgiv&igure 4, including the airspeeds per
segment. In case of (cross)winds the pilot wasnatbto add 5 kt maximum to these values in
order to reduce the crab angle and increase thandrspeed (which otherwise could drop to as
low as 35 kt).
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Figure 4 Sketch of generic segmented procedure

There are quite a number of waypoints. Besidesstamdard” ones like IAF, FAF, etc., there
are so-called RTPs, or RNP Transition Points, whiegeapplicable RNP, to which the “ILS”
sensitivity scaling is linked, changes (linearlggrh one value to another, lower value, see also
§3.3. Maximum gradient of change in RNP is 0.58 pivl NM. The ITP is the Initial Turning
Point, and the FTP is the Final Turning Point. FI¥ is the Final Deceleration Point from
where, in case of a decelerating approach, thdetetien is to start. It is located at a
challenging 500 ft altitude.

3.2.3 Curved procedure

Similar to the segmented procedure, the curvedegiae is characterized by the following:

* Two curves, one on the level, intermediate segnuer®,on the descending final segment.
The radius of the curve is based on a turn ra@ofimes the standard value, i.e. on 1.59s,
and a speed as described by a max. speed of B20tke intermediate segment, and a rate
of descent limiting value of 800 fpm for the findescending segment.

* Aglideslope of 10°.

An example of a steep, curved final approach proets given in Figure 5, where both the
level curve on the intermediate segment and theetheng curve on the final segment are
shown (in the figure ‘RIP’ stands for “Roll-In P¢in‘ROP’ for “Roll-Out Point” and ‘RTP’
stands for “RNP Transition Point”).
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Figure 5 Sketch of steep curved final approach procedure

3.3 Guidance display sensitivity scaling

For guidance information to the pilot the typicaténdard” deviation indications were provided
in the cockpit. This was one of the requirementhefOPTIMAL project in that the guidance
for these new procedures should be as much coovehtas possible. The relevant deviations
are computed by the (Research) Flight ManagemesteByRFMS that was installed in the
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simulator. Deviations in nautical miles are conedrto dots by making use of a varying ILS
display sensitivity scaling, which is related te fRequired Navigational Performance, or RNP.
For the initial approach segment the generallyadlole/required performance is RNP 1.0 NM,
for the intermediate segment it is RNP 0.3-0.5NM #or the final segment it is set equal to the
ILS-equivalent sensitivities. Accurate GNSS guidario give ILS-like performance, is
tentatively delivered by either a Ground-Based Aegtation System, or “GBAS”, or a
Satellite-Based Augmentation System “SBAS”. Thecprures are so-called ‘APV’
procedures, standing for “(precisiohpproachProcedure (with localizer Precision from SBAS
or GBAS) withVertical guidance” (from the FMS). This is the aro procedure category
considered in the OPTIMAL project.

In the procedures the sensitivity scales are lintkettie RNP such that one dot lateral or vertical
deviation equals 1 RNP (laterally or verticallyh€ke values were changed at specific RTP
waypoints, if necessary. The maximum change inigeitigwas such that an equivalent
gradient of change of 0.58 NM in RNP per nauticaértb8% or a “slope” of 30°) was allowed.
This could mean that, when at 1 dot deviation ayidd to correct for it by steering at a 30°
intercept angle, the deviation would still remaiii @ot as long as the transition is in effect.

For the segmented procedure the problem with geilahthis sort is that, by actually cutting

off the “corner” when passing past a fly-by waygarshorter path results than according to the
lengths of the segments. This implies that durrfty-by turn the required rate of descent
should increase to more than estimated from thetaahglideslope of the procedure. In order
to “compensate” for the increase in lateral degiathat must occur during the fly-by, the
sensitivity scaling was temporarily desensitizedrigyeasing the allowable deviation by

0.1 NM, this being the maximum deviation for a @@tk change. For the curved procedure this
problem did not exist.

As an example of how the lateral and vertical scpvas adapted the scaling for the curved
procedure is given below in Figure 6.

el RNP1.0 NM
Vertical
RNP 0.057NM  RNP 0.3 NM U A ——— RNP, 100 ft
RNP 0.029 NM
ILS-LOC 0.85°
PN ~ ZANEE AN AN =~
MAPt ROP2  RIP2  FAFROP1 RIP1 RTP1 IF IAF MAPL ROP2  RIP2 FAFROP1 RIP1  RTP1 IF IAF

Figure 6 Lateral and vertical scaling of ILS deviation (varying with RNP) for the curved procedure

It is assumed that accurate (lateral and vertgatjance signals are available for the entire
final segment. In the simulator this “high accurasignal can always be delivered. However,
the present S(G)BAS equipment under developedtiable to deliver these accurate signals
for other than a straight (final) segment, accaydmthe ILS look-alike concept. So, the reality
implies that for the near-future the vertical guide, and protection of the turn/curves on the
final segment before the last straight part, iete&are of by the FMS, with its inherently less
accurate (vertical guidance) signal than delivdrgethe S(G)BAS. A further development

might be to adapt this S(G)BAS system to deliveuaate signals also for segmented or curved
final segments.
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4 EXPERIMENTAL DESIGN

4.1 Objectives of the tests

The objectives were derived from the research gquestand are among others the following:

* To investigate the flyability of the steep, segneendr curved steep procedures.

» To determine whether it is more advantageous te laadual-slope than a single-slope
straight procedure. In case of a dual-slope theréveo descending segments, the first one
having a small glideslope angle of 3°, while theosel one, starting where the first has
ended, has a much steeper glideslope of 9°. Wgldtral-slope concept the change in
flight path angle is tentatively “broken down” ittwo smaller changes in flight path of 3°
and 6° respectively. This is supposed to be bettarageable by the pilot.

* To determine the handling qualities and workloaele associated with the procedures and
the guidance display concepts.

» To determine whether or not decelerating final apphes are preferable to constant-speed
final approaches.

* To determine the influence of (cross)wind on piigtaspects of the steep procedures.

* Tofind if there is a performance improvement usang or the other vertical guidance
display concept, compared to the standard ILS alyspl

Another objective was to look at the influencetdd tise of a flight director. It was expected
that the novel segmented/curved procedures wougutbe demanding, which could require the
use of a flight director.

4.2 Experimental factors

4.2.1 Speed concept

One of the questions raised was whether or noteleating final approach is feasible. To
answer this question all procedures were flown math a constant-speed final approach and
with a decelerating final approach. In the latesecit was assumed that, for the design of the
procedure, the deceleration would occur at a raiesokt/s.

4.2.2 Flight assistance mode

All procedures were to be flown manually, however,
for the segmented and the curved (generic) proeed
the workload could be so high that a flight directo
might be warranted. Initially, for comparison reaso
also the straight procedures were intended todvenfl
with the flight director; however, the availableg

did not permit this. The flight director was a 3edeD,
giving roll, pitch (green) and collective (white)es. A
“standard” display format for the flight directoaw
used, see Figure 7. In the figure shown the flight
director commands a pitch up, roll right and cdlles
up control input.

Figure 7 Flight director display
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4.2.3 Wind speed

In order to evaluate the “sensitivity” of the prdoees to environmental matters like wind, the
wind speed was an experimental variable. Thereweitlas no wind or there was a 25 kt
crosswind, the wind direction being at 90° (ledtthe very final approach course (i.e.
“crosswind from the left”). The mean wind velocitsas stratiform, i.e. it only varied with
height according to the boundary layer model:

Vi z
VW(Z) :Tln(Zj (2)

Herez is the roughness lengtl4,, is the “friction velocity”, and is the Von Karman

constantk = 0.4. With a tower-reported wind, i.e. measuretilam height above a mown lawn
(then 2=1.0 mm, see Ref.[1]) of 25 kt the friction velgciV,+ can be computed to be

1.0857 kt. This resulted in a wind speed of 36tKQ0OO0 ft altitude, i.e. an increase of 11 kt.
Also the wind direction was set to veer 30° fronni@o 2000 ft in a linear fashion.

4.2.4 Weather limits (above or below landing limits)

The “weather” was simulated in the visual scenéhe simulator. This variability was meant
to drive the pilot into making a go-around on saVeccasions. Goal was to determine the
height loss during the go-around under controlieclenstances. Since it was expected that the
greatest height loss would occur with the max. ssisd, go-arounds were “designed” to be
made with this wind, for both constant-speed arakgating final approaches.

4.2.5 Guidance symbology

Because of its interesting aspects a comparistimeaivo vertical guidance display concepts,
discussed in 82, seemed especially interestinth®dual-slope straight procedure, where on
the intermediate, descending segment the differengaidance information could play a role.
For comparison reasons also a “normal ILS” dispyge was used during the trials. The
conditions tested were for a constant-speed appyedtwere the whole speed change from
intermediate to the final approach speed is madhisrnntermediate segment.

4.3 Test matrix

The piloted simulation experiment took place froebfuary to March of 2006. In total 6 pilots
participated in the tests. Their flying experienaeged from 1500 to 7200 flight hours. All
pilots were IFR-rated, 2 were from the Royal Netails Air Force and the others were
civilians.

Putting all variables together and their level afiation has been done in the test matrix, see
Table 1. The scope of the tests amounted to 32ure@asnt runs per pilot, which took an
average of 2 days of testing (including trainingsu
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Table 1 Experimental test matrix

Exp. factor: Zggigttance Speed | Wind g;ijeicrzlt;ile Meas | roqis
Procedure mode concept | speed concept | runs
Baseline (6°) M CS,D | 0,25kt IS 4 (14
Straight (9°)Singleslope M CS,D | 0,25kt IS 4 |14
Straight (3°/9°Pual-slope M Cs,D 0,25kt IS 4 1,34
Straight (3°/9°Dual-slope | M cs 0, 25 k ﬁ)%‘:fre' > |13
Straight (3°/9°Pual-slope M CSs 0,25kt stdILS 2 1,3,
Segmented (10°) M, FD CS,D 0,25kt fLS 8 (124
Curved (10°) M, FD CS,D | 0,25kt IES 8 |1,24

Total: | 32

M = Manual Flight; FD = Flight Director
CS = Constant-speed approach, D = Deceleratingpapp

5 SIMULATOR SET-UP AND MODELS
5.1 Helicopter pilot station

NLR’s Helicopter Pilot Station HPS is a fixed-basmulator, consisting of a digital control
loadings block, upon which is mounted the seatimdy@ckpit panel, made from hardboard.
Only a right-hand seat is available. Three overh@agbctors project a CGIl on 3 white-painted
panels. Overall the visual range offered by thedlitst is 135° horizontal x 33.5° vertical (i.e.
11.5° up, and 22° down).

Sound cues to represent engine sounds are genasagefdinction of engine torque (in this
case) and are fed through audio boxes within tiérabroom.

The rotorcraft flight mechanical
model is driven by the
FLIGHTLAB real-time simulation
tool/model.

An artist impression of the HPS is
given in Figure 8.

Figure 8 Artist impression of the Helicopter Pilot Station
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5.2 Rotorcraft model

The rotorcraft model implemented in FLIGHTLAB wa&arocopter AS365N Dauphin
medium-class helicopter, at 4.3 tons of mass. Thealng data was received from the
University of Liverpool, who obtained the specifiodel data from ONERA, France within the
framework of the OPTIMAL project.

To augment the handling qualities of the bare mbwtehe purpose of the experiment a simple
3-axis SAS was built in, and a ball-centering ydarmnel control law was implemented, which
was de-activated below 25 kt. Originally this sWwiaver speed was set at 40 kt, but this turned
out to interfere with the operations, and was ttoeeclowered to 25 kt.

5.3 Research Flight Management System

A Flight Management System functionality was pr@eddy NLR’s Research Flight
Management System RFMS. It was implemented usiegeh-sensitive panel, mounted on the
pedestal left of the pilot. It mimics a “normal” B The routes to be flown are selectable by
the pilot. The FMS calculates the deviations tleauo from comparing present position against
the flight-planned route or procedure.

5.4 Visual scenery

A visual data base of the Amsterdam Airport, “Stloi) (EHAM) was available and

augmented to better present specific runway de@scial focus with the tests was on the
General Aviation Terminal Area/Ramp, which is lathtait Schiphol-East apron. On runway 22,
with the intersection with a taxiway, lies the Bplit, including marked lighting. Drawback

from visual scenery simulation of lights is thagyHook like colored spots with equal
brightness as the other spots of the same or diffelor.

Only daylight conditions were simulated, but cldabe and/or visibility levels were varied to
set test conditions conducive to go-around or lagsliviz. 250 ft cloud base or less than 200 ft,
and/or visibility of 12000 m or less and/or 8 km.

6 DATA GATHERING & PROCESSING
6.1 Questionnaires

For the purpose of soliciting pilot information se&l questionnaires were designed, viz. an “in-
cockpit” questionnaire, to be filled out after eaah, a debriefing questionnaire per class of
procedure, as well as a final, overall debriefinggtionnaire. The questions asked related to
such matters like handling qualities, workload anacedure-related questions like acceptance
of the procedure or speed concept, preferred catibims of procedure and speed concept, etc.

All questionnaire data were stored into a file thatld be processed by the statistical package
STATISTICA™ (version 7.1), see Ref.[2].
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6.2 Performance data

From the FLIGHTLAB simulation environment variousés of flight data were recorded for
later analysis. Data recorded were the time hissoof flight path deviations (lateral/vertical)
converted into dots, speeds, attitudes, attitutsyaontrol activities, etc., at a sampling rdte o
10 Hz. Also the conditions at the procedure’s wayfsopassage were recorded. Flight path
deviations were post-processed into RMS valuesdch approach segment (i.e. initial,
intermediate and final segment). Other statistimaputed per segment were the minimum,
mean and maximum value of the above parameterselaas the 28 and 7%' percentile
values.

Levels ofdesiredperformance were set at 0.5 dots laterally/vdiyidar the deviations from
the flight path, or 1 dot faadequateperformance. In term of speeds 5 kt deviation ftarget
speed was the desired performance level, and fid #ie adequate performance level.

7 RESULTS OF EXPERIMENTATION

7.1 General

The data obtained in the repeated measures expenmas “grouped” into 4 tests, as follows:

» Test 1 effect of procedure, speed concept, wind infléggnmder conditions of ILS-squared
display and manual flight only.

» Test 2 effect of flight director, wind, speed concept $&gmented and curved procedures
only, under conditions of ILS-squared display only.

» Test 3 effect of guidance display concept, speed conagter conditions of manual
flight, no-wind conditions, and for the straightathslope procedure only.

» Test 4 determination of minimum height loss in the gotard, from missed approaches
made, under conditions of 25 kt crosswind, manligttf and ILS-squared guidance
display only.

The sequence of runs and procedures was randowveedhe pilots in order to alleviate

learning effects as much as possible. Since itava&peated measures experiment the pilot went
through many repeats of cases, with the resultdhatto learning effects the results could be
biased when, for example, the same procedure myalflown first or last. This was
circumvented by suitable randomization of the saeqirg of runs offered to the pilot. Before
starting the “measurement runs” all pilots wenotlgh about half a day of training in order to
become familiar with both the procedures and thruktor environment, including the
rotorcraft’s flight-dynamic behavior.

7.2 Subjective performance
7.2.1 Procedure acceptance ratings
The question of how well the procedures were aeckptas asked per run (in the in-cockpit

guestionnaire) as well as afterwards (debriefingstjonnaire), after all runs per procedure had
been flown.

Paper OA06, European Rotorcraft Forum, Sep.14-Eadticht, The Netherlands

12



Straight procedure’s acceptance
Concerning the single-slope ¢
dual-slope procedure the
pilot's acceptance from the
debriefing questionnaire is
given in Figure 9. All the
straight procedures were
accepted when operating with
the constant-speed concept.
For decelerating approaches
the results were more diffuse:
there was a shift from
“accepted” to “neutral” on
average, and the difference ir
acceptance rating for the - Lo o
decelerating approach cases fullace  neutral  fulrej

Effect of SPEED CONCEPT significant,
Wilcoxon Matched Pairs Test p <.05

1

11%

CONSTANT SPEED APPR.

No of obs

DECELERATING APPR.
o B N W A OO N O B N W A~ O O N

3% 3% 3% 3%

ullacc neutral full rej ullacc neutral ullrej

was s|gn|f|cantly (p<005) accept reject accept reject accept reject
. BASELINE (6°) SINGLE-SLOPE (9°) DUAL-SLOPE (3°-9°)
different from the constant- ACCEPTANCE OF PROCEDURE

speed approaches. Because of
the pilot's familiarity with the
baseline procedure this one was accepted as therees

Figure 9 Acceptance of straight procedures

Segmented procedure’s acceptance
The segmented procedure was
much less accepted in general, se
the histogram in Figure 10. There

is a weakly significant (p<0.1) 67%
difference between the constant-
speed and decelerating approache
(Wilcoxon matched pairs test, 8
p=0.075), with the latter concept
being less accepted. Only 17 2 3% =
percent of the constant-speed
approaches wagjected(1 pilot), e 1w -
whereas 17 % of the decelerating '
approaches waacceptedl pilot). = = =

0% 0%
accepted neutral rejected fully rejected

Acceptance of procedure

SEGMENTED PROCEDURE

(&2

Effect of SPEED CONCEPT significant SPEED CONCEPT:
atp=0.074736 (Wilcoxon Matched Pairs test) Constant Speed
E= Decelerating

50%

Noofobs

Figure 10 Acceptance of segmented procedure
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How the speed concept was

accepted is shown in Figure ar SEGMENTED PROCEDURE

11 The COI’]Stant-SDEEd [l CONSTANT SPEED APPF
approach Concept was E—] DECELERATING APPR.
neutrally acceptEd at IeaSt, Effect of SPEED CONTROL significant 50% 50%

[ at p = 0.043115 (Wilcoxon Matched Pairs [TeS0)

whereas for the decelerating
approach concept the best
acceptance rating was
“neutral”. Again here there
was a significant (p<.05)
difference in acceptance of
the speed concept. 1t

§
S

No of obs
N

17% 17%

0% 0% 0% 0%

fully accepted neutral fullyrejected
accepted rejected

SPEED CON CEPT ACC EPTANCE

Figure 11 Acceptance of speed concept with the segmented

procedure
Curved procedure’s acceptance
The pilot’s acceptance
ratings for the curved _ CURVED PROCEDURE
procedures are given in a 61
histogram, shown in Figure SPEED CONTROL CONCEPT:
12. As can be seen overall 5| | constant speed 83%
E= Decelerating

the curved procedure was
marginally accepted in case o

I Effect of SPEED CONTROL significant (p<0.05)
of the ConStant'Speed at p = 0.027709 (Wilcoxon Matched Pairs Test) =
approach, and not accepted
all in case of decelerating
approaches. The difference i
statistically significant, p< ol 33%
0.05 (Wilcoxon matched
pairs test, p=0.0277). From 17% 17%
pilot comments it was |
obvious that the deceleration

50%

No of obs
w

0% 0% 0%

on the final approach 0
segment, after the descendir
curve and starting at about

500 ft (while still in IMC), Figure 12 Acceptance of the curved procedure
was too much to ask,

inducing too high a workload.

accepted neutral rejected fully rejected
ACCEPTANCE OF PROCEDURE
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How the speed concept was CLRVEDPROCEDLRE
accepted for the curved procedure is 4

[ITT] CONSTANT SPEED APPR.

shown in the histogram in Figure (Wikcwon Parea T po 00grr oo o P ® — DECELERATING APPR
13. In this case an even stronger
‘no’ was expressed against the s =

decelerating approach, since all
decelerating approaches were
rejected. It is obvious that a
decelerating approach technique on
a curved procedure here, with the —

No of obs
N

deceleration to be made starting 1 f =
from 500 ft, was not acceptable at
all. Pilots preferred to have a

. . o % | % | % %
situation where all approach scompted i et tdy reected
parameters (e.g. speed and heading SPEED CONCEPT ACCEPTANCE

would be stabilized at 1000 ft, or Figure 13 Acceptance of speed concept for the curved procedure
500 ft at the latest.

7.2.2 Situational awareness

With all the heading and track changes an impodapéect of safe flight is situational
awareness. Situational awareness is near to infg®@$s quantify in measurable terms and can
only be “determined” subjectively using questiomesi

For the segmented and the curved procedure sugbstion was included in the debriefing
guestionnaire.

Segmented procedure
One interesting aspect of 61 -

situational awareness (SA = S:CE)FggyS%N(VT\IrIEoExghgmtccahnetd(p;gi'ross%est)

is whether or not there was I 3 W}URN

a difference in SA betweer DESCENDING TURN
the level and descending
turn. For the segmented ar
procedure the resulting
histogram is shown in
Figure 14. For level turns
the situational awareness
was rated to be at least 2r
weakly significantly better,
p<0.1, than in the 1 17% y
descending turn (Wilcoxon
Matched pairs test, .
p:0068) 0 good fair poor i
Apparently, due to the SITUATIONAL AWARENESS

high workload, the pilot Figure 14 Situational awareness for the segmented procedure during
had less situational level and descendina turns

awareness as he was

making a fly-by turn on the final approach segment.

SEGMENTED PROCEDURE

50%

No of obs

33%
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Curved procedure

With the curved procedure a
similar question about 6
situational awareness was
asked, in that here also both
level and a descending turn
(i.e. curve) were made.

The resulting histogram of
the questionnaire is shown ir
Figure 15. It is obvious that
also here the situational
awareness during the level 2
curve was rated significantly
(p<0.05) better than for the
descending curve (Wilcoxon
matched pairs test,

(3]

No of obs
w

CURVED PROCEDURE

TURN TYPE:
(1) Level turn
== Descending turn

83%

Effect of TURN TYPE significant (p<0.05)
atp =0.027709 (Wilcoxon Matched Pairs Test)

17%

0% 0%

p=0.0278). It is suspected 0
that this is due to the higher
workload during the
descending curve, with the
pilot having less time to scan
around for situational awareness.

7.2.3 Pilot's workload

T T T
excellent good fair poor
SITUATIONAL AWARENESS ALONG PATH

descending curves

Correlation between demand and Modified Cooper-Harer workload scales

An important aspect of flyability of the procedurspilot workload. It was “obtained” from the

pilot's questionnaire, where two
scales had to be filled out, viz. the
McDonnell’s “demand” scale
(Ref.[3]), and the Modified
Cooper-Harper scale (MCH), see
Ref.[4]. Both ratings correlated
reasonably well with one another
see Figure 16. Both a linear fit
and a cubit fit between the data
were determined. The cubic fit in
fact is very close to the linear fit
especially for the “lower end” of

Cubic fi: MCH=-Q3L0.+1 2B%-0186X2+0 0743
linear fit: MCH = -1.0596+0.8869*x

T
verybad

Figure 15 Situational awareness with the curved procedure’s level and

10

8 o

o oop/mﬁd)moo
/

4 o 00 0~ 00 0 o

3 oooWw@omo o

(e]e]

00 0 ©0 m//

O 6 o o o oo
=

the “demand” scale, showing als¢ 2| & waweo o
that at the higher end of the N
3 4 5 6 7 8

demand scale the MCH is more
sensitive to changes in condition
than the demand scale is. It is

Demand on the pilot (McDonnell)

Figure 16 Correlation between demand and MCH

remarked though that the demand
scale is an interval scale whereas the MCH scala rdinal scale. It is emphatically stated
that this MCH scale does not rate handling qualitiet workload only, even though a similar
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choice-box structure in the scale is followed abtéscase with the handling qualities rating
scale from Cooper-Harper.

Effect of procedure, speed concept, winds from Tedt

The effect of procedure, wind speed and speed poifitem Test 1) on pilot workload is
shown in Figure 17, in case
of manual flight. _ Manual flight

. Verticalbars denote +/-standard ermors
As the figure shows the 10 o Uncontrollable
workload for the first three . LEVEL 3
proceduregell more or less |
into the same category,
whereas the workload for
the segmented and curved
procedures was, as a group
significantly (p<0.05)
higher, F(1,2) = 32.02,
p=0.0298. Looking at the
more challenging 2
procedures, the workload of
the curved procedure was
(almost) significantly
(p<0.05) higher than that for

r Completely demanding

 Very demanding

r Demanding

- Mildly demanding

r Largely undemanding

Demand on the pilot

P ROC:
BASELINE
CURVED
CURVED

SPEED CONCEPT:
== CONST. SPD
-~ DECEL. APPR

SINGLE-SLOP E
DUAL-SLOPHE
SEGMENTED

SINGLE-SLOP E
DUAL-SLOPE
SEGMENTED

the Segmented procedure 0 KT CROSSWIND 25 KT CROSSWIND
F(1,2)=12.0, p=0.0741. Figure 17 Workload as function of procedure, speed concept and
Pilots reported that tracking crosswind — manual flight

the lateral path in the curve

was much like continuously intercepting a trackask that required continuous attention. With
the segmented procedure the turns past the flydypuaints were flown in an “open loop”
sense, requiring much less attention, and henseneskload. Overall the workload for the
higher-workload procedures is a solid Level 2, Ioeicg close to “completely demanding”, and
running close to the Level 3 region of the MCH ecdlhis indicates a serious workload issue
that should be addressed. Note: Level 3 impliesditars made are no longer “small and
inconsequential” and where a “system redesigrramgty recommended”. Level 2 workload is
a workload where the “mental workload is high ahdwdd be reduced”. The Level 2 and Level
3 boundaries were drawn using the linear fit dedenfFigure 16.

The speed concepid not have a significant main effect (p>0.1akhtF(1,8)=0.2216, p=0.684,
on the workload. This was a bit surprising, sinckeeeleration to be performed starting at about
500 ft was expected to cost more workload thamfoonstant-speed approach. Apparently the
parameter(s) that “drove” the workload here wasthetspeed control issue (rotorcraft handling
gualities was also one of the contributing factors)

Although the workload increased when there wa®aswing the overall main effect of
crosswind also was not significant (p>0.1), F(148236, p=0.176. For the straight procedures
there was no effect of crosswind on the workloau.the segmented and curved procedure the
crosswind increased the workload almost weaklyiBagmtly (p<0.1), F(1,2) = 7.222, p=0.115.
The obvious reason is of course the track chanigg®segmented or curved procedure, asking
for a continuous adjustment of the pilot to theraiag wind effect while on approach.
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Effect of flight director (Test 2)

Curert dfect: H1, 4178, p=0BD
Taking data from Test 2, a Vertical bars derote +/- standard efrars
comparison of workload ° I

between manual flight and flight Lo |- Compietely demending

director-assisted flight could be 8
LEVEL 2 T
L /% =  Very demanding

made for the segmented and
curved procedures only. Result:
are shown in Figure 18.

The flight director had a weakly
significant (p<0.1) main effect

DEMAND ONTHE PILOT

on pilot workload, F(1,4)=5.169, & ° - | Dermending
p=0.0854. With the FD the
workload was lower than T —

. 5 LEVEL1
without, as expected. | | FLIGHT ASSISTANCE:
For the curved procedure on DT o 50 Dod A, SPDOPT: ot 50 Dol A, T B
average the workload was KT CROSSWIND 25 KT CROSSM 1D
significantly (p<0.05) higher
than for the segmented Figure 18 Effect of flight director & crosswind on workload

procedure, F(1,4)= 11.34,
p=0.0281. Pilots reported also that for the cuextedure the tracking of the curve was a
higher workload task than making the “open-loapths in case of the segmented procedure.

A significant interaction (p<0.05) existed betweka crosswind and the flight assistance mode,
F(1,4)=11.78, p=0.0264 his was because for the zero-wind case the FD laadkfor the

curved procedure was higher than for the segmemtezedure, see remark made earlier and the
left-hand side of Figure 18; however, in case Bb&t crosswind the workload for both
procedures was equal when flying with the flightedior (see right-hand side). Only in case of
manual flight could a small, non-significant dité&ce be observed. The FD demanded still
much attention during the procedure’s curves arsuand apparently with the higher-workload
crosswind condition it didn’t matter whether a dams$-speed or decelerating approach was
flown. It could be hypothesized that the speed ephbas less effect on the pilot’s workload
since the flight director is taking care of it a¥hen following the FD commands the pilot
doesn't really need to know if a deceleration igrtg place or not, other than by setting the
speed bug on the speed scale (this bug was setrbal\command from the pilot by the
experiment leader/co-pilot).

Effect of vertical guidance display (Test 3)

For the case of comparing the effect of the vergo@dance display concepts on pilot
workload, data were taken from Test 3.

The effect of the vertical guidance display andssvand is shown in Figure 19. The type of
display had no significant main effect (p>0.1) diotovorkload, F(1,10) = 2.472, p=0.134,
although it was becoming weakly significant. Loakitioser there was a significant effect
(p<.05) of display type in case of a 25 kt crosslyinhere the square-roots display scored a
lower workload than the other two display typestbegr, F(1,5)= 8.872, p=0.0308. In case of
no wind there was a much more equal workload antioa@ display types. Why the crosswind
made it “easier” for the square-roots display cdadchypothesized to be attributable to the
display of the required vertical speed in the segurapts display concept. In case of the other
displays the required vertical speed to maintagnglide path had to be estimated in case of
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. i Manual flight
Wlnd, whereas with the Vertical bars denote +/- standard errors

square-roots display there is ~ ®°
clear indication, making it -
easier for the pilot to set the
proper vertical speed.
However, inherent in this
type of display, the average
vertical deviation may likely
have a non-zero bias when
following the required
vertical speed indication too
much, and the resulting
vertical deviation RMS, ol
shown later (87.4.4),

CROSSWIND:

confirmed this. ILS-squered Square-roots LS T okt
VERTICAL GUIDANCE DISPLAY E 25KT

- Demanding

55}

50t

DEMAND ON THE PILOT

451

I Mildly demanding

Figure 19 Effect of guidance display on pilot workload — manual flight

7.3 Summary of pilot comments about the procedures

For the baseline procedure the pilots had no @aheents; it could be easily flown, and the
glideslope was not too steep.

The dual-slope procedure was no problem eithes @hal-slope issue could perhaps be
combined with the other segmented or curved praeeduslope of 9° was well acceptable.
The segmented procedure was a handful, and shotileerflown with a decelerating final
segment. Although difficult to fly, it was easierfty than the curved procedure. Curves are a
high workload task. For both these segmented/custeeb procedures the final deceleration at
500 ft is not done. Because of their steeper dlgpesthan of the others, the impact of wind is
greater, and overall the workload is too high, neag a flight director. With the flight director
they can be “easily” flown.

Especially for the segmented and curved procediles almost unanimously found the
approach segment lengths to be on the short $idayaypoints were too close to another.
There was hardly time or occasion to correct fightttechnical errors from the previous
segment, which could lead to an accumulation &fat$fon the final approach segment.

7.4 Objective performance

A definitively more objective assessment of perfance is derived from the “measured” flight
path and associated derived variables. Considénmgertical and lateral maneuvering
involved, important variables to look at are thetical and lateral deviation from the required
approach track. These parameters are assumedda@tmaro-mean value (any non-zero mean
value, or bias, should be corrected for in the gni displays), and then a good indication of
the performance as well as of the variability is BMS value of these deviations. These RMS
values were computed per approach segment, i.aitia approach segment, containing the
70° intercept, thentermediatesegment, containing the level turn/curve for thgnsented or
curved procedures or the initial descending segifieerhe dual-slope procedure, and fimal
approach segment with the steep glideslope. Fdr efihe 4 tests a discussion of the results on
these RMS values is given in the next sections.
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Concerning the design of the procedures a furtiteresting variable to evaluate is the
deceleration rate. For the IFR-part of the proced@dustandard deceleration rate of 1.5 kt/s was
used for the procedure design, but in the execwutidhe speed changes it was found that actual
deceleration rates were less. This sometimes lpdbtdlems in completing the speed changes
by certain waypoints, a possible reason why theaggh segment lengths were found to be too
short in general. Since it is likely that the “diecation rate behavior” is more pilot-dependent
than procedure-dependent, the factor of ‘procechas’been replaced by the factor of ‘pilot’,
and a grouped ANOVA was performed. More detailsgiven in §7.4.6.

7.4.1 Flight path lateral deviations (Test 1)

For comparing the performance among the procedbeeshore important variable to look at is
the lateral RMS of the flight path deviation, bigcathe vertical deviation will be evaluated. In
this section the lateral deviation will be evaluhie the case of manual flight.

Regarding the first test, which, see §4.3, candael io evaluate the difference among
procedures, the speed concept and wind effectpedéted measures) analysis of variance of the
lateral RMS was performed. In order to “remove’lging values the data for the “worst” and
“best” pilot’s overall lateral RMS was disregardeaim the analysis.

The ANOVA showed many variables and mutual intéoastto be significant, in a statistical
sense.

The operationally more interesting aspects to esalare how the lateral performance has been
affected by the speed concepbiistant-speed or decelerating approach) and weaftect of

the crosswindvould be, and also which approach segment isteffemost.

Of course one can go into great depth at analythegarious contributions, but it is perhaps
best summed up in Figure 20, where for calm wiratt(fa)) and 25 kt crosswind (part (b)) the
RMS is shown for the 5 procedures as function eesgjpconcept for the 3 approach segments.

Overall it is clear that the baseline proceduaed the lowest lateral RMS, followed by the other
straight procedures, as well as the segmented guoeeWithout wind the decelerating
approaches seemed to have a slightly better RM8rpsance, although the difference is not
statistically significant (p>0.1), except again tbe curved procedure.

Current effect: F(8, 36)=2.6080, p=.02321

N Ci t effect: F(8, 36)=2.6080, p=.02321
Vertical bars denote +/(-) standard errors urrent effect; F( ) P

Vertical bars denote +/- standard errors

15
CALM WIND 25 KT CROSSWIND %
Significant difference, /
F(1,15) = 6.50, p = 0.0428

|y
o

Significant difference, ]
F(1,15) = 8.659, p = 0.0101

i

%/

—o—

RMS LAT. DEV. [dof]
O,

PROC:
BASELINE
CURVED
PROC:
BASELINE
CURVED
BASELINE
CURVED
PROC:
BASELINE
CURVED

SEGMENT:

SINGLE-SLOPE
DUAL-SLOPE
SEGMENTED

SINGLE-SLOPE
DUAL-SLOPE
SEGMENTED

SINGLE-SLOPE
DUAL-SLOPE
SEGMENTED

SINGLE-SLOPE
DUAL-SLOPE
SEGMENTED

2 IAS 2 1AS
T IS IS
T FAS =7 FAS
CONSTANT SPEED APPR. DECELERATING APPR. CONSTANT SPEED APPR. DECELERATING APPR.
(a) calm wind (b) 25 KT crosswind

Figure 20 Lateral RMS performance (Test 1) in manual flight
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The type of approach segméhne. Initial Approach Segment, IAS, Intermedi&g&gment IS, or
Final Approach Segment FAS) also had a highly §icamt (p<0.01) main effect,
F(2,15)=22.117, p=.00003. It is obvious that tmafiapproach segment had the largest lateral
deviations. Even though lateral maneuvering toalkc@imostly with the segmented and curved
procedure these procedures did not have a latéf& Rrger than the other procedures had in
zero-wind, except in the case of crosswind (this exdenced by the interaction between
procedures and wind speed being highly significk(#,36)=8.0556, p=0.000096). Without the
“disturbing” crosswind it was apparently easietrteck the final approach segment when it
contains a curve than when flying past a fly-by p@wyt, which, by itself, already introduced a
lateral deviation.

The main effect of crosswinoh the lateral RMS was highly significant (p<0.@bd quite
strong, F(1,9)=10.642, p=.00980, especially fordbgmented and curved procedures. For the
crosswind case there is especially for the curvedquure a significant (p<0.05) increase in
lateral RMS, from about 0.3 dots to about 0.6 dotsiverage. With the fairly low airspeeds in
the order of 45 -50 kt (because of the rate of eetsiimit) the crosswind of 25-30 kt required
wind correction angles that were in the order of38xdegrees.

The time to be aligned with the final approach seuvas much shorter than with the straight
procedures, giving the pilot less time to be siadiil and estimate the crosswind effect. One of
the other contributing factors was the shear irctiogswind. The wind boundary layer model in
fact contains a built-in windshear effect, whichsvedso observed to cause more lateral
deviations and also increase the workload. Espgdraim about 500 ft and lower the shear
became more evident. One can derive from Eq.(2)thieawindshear, or gradient in windspeed
with heightzis:

dV,, V. /k

dz 2
This equation shows that the windshear increasesisely proportionally to the height above
ground.

0z>0 3)

The speed concepid not affect the lateral RMS so much exceptliercurved procedure,
where without wind the decelerating approach had RMS than the constant-speed approach,
but this reversed completely with crosswind, whedecelerating approach had a
significantly larger lateral RMS than with the ctarg-speed approach. This is also evidenced
by the interaction between speed concept and choddweing significant (p<0.05),
F(1,15)=4.864, p=0.0434. This means that the ni#écteof, say, speed concept, is modified by
the wind effect for this procedure. Why this hapmrs at the moment uncertain.

Notice also that the mean lateral RMS for the cdmecedure with crosswind was 1.3 dots,
which puts it outside of the adequate performaimid. In operational practice a go-around
would have had to be made most of the time. Ire#periment, however, pilots were urged to
continue the approach but to make mental noteeo§ittuation and report it in the questionnaire.
This performance, with crosswind, is one of thesoes why a flight director is needed for
assistance to improve performance. The FD resudtsideed show a significant improvement,
see §7.4.3.
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7.4.2 Flight path vertical deviations (Test 1)

Besides lateral performance there is also theoaierformance to contend with. It is known
that for the dual-slope procedure, for example vigntical deviation on the intermediate
segment may be affected by the vertical guidansglaly, and this will be evaluated in 87.4.4.
For this evaluation data was

Current effect: F(2, 15)=10.670, p=.00131

taken from Test 1, i.e. data Vertical bars dendte +/- starderd errars
flown with only one 09
guidance display type, viz. 08 ‘Effect of SPEED CONCEPT: ‘

F(1,15) = 6.672368, p = 0.020786

the ILS-squared.

The effect of the speed
concepts to increase the
RMS on that segment where
the speed changes are made,
i.e. either the intermediate or
the final segment. This can
be seen in Figure 21, where

07

0.6

05

04

03

VERTICAL DEVIATION RMS [dot]

Effect of SPEED CONCEPT:

02 F(1,15) = 15.13709, p = 0.001449

the interaction between 01
approach segment and speed SPEED CONGEPT:
concept is significant e N i = Rt

(p<0.05), i.e. for both the
intermediate and the final
approach segment there is
an effect, but not for the initial segment. In caéa decelerating approach (dashed red line) the
vertical RMS of the initial and intermediate segmseare the same, and all the variation occurs
on the final segment. The average effect of a éeahg approach compared to a constant-
speed approach is to increase the vertical dewi&MS by about 0.05 dots.

So, if one wants an accurate vertical performamcthe final segment it is better not to
decelerate on the final segment. Mean verticalat®ns (RMS) were in the order of 0.3 — 0.5
dots, which is within the desired performance level

Figure 21 Vertical RMS as function of segment and speed
concept

The main effect of crosswind not significant; however, since it interactshwihe speed

concept & procedures it does have Curent effec: F(4, 6030128, pr. 00482
an effect, especially for the Vertical bars denote +/- standerd ertors
segmented and curved procedures o Manual figh

see Figure 22.
In case of constant-speed
approaches (blue solid line) under
no-wind there is no difference in
vertical deviation RMS among the
procedures; however, in case of a
25 kt crosswind it is especially the
segmented and the curved
procedures where the vertical RMS
increases: the lowest RMS (0.25
dots) for the baseline, average
(0.35 dots) for the straight single ol SPEED CONCEPT:
5~ Constant Spd.
dual-slope procedures, and largest T CROSSWIND =+ Deod. Ap.
(0.45 dots) for the segmented and

05

0.4

03

0.2

VERTICAL DEVIATION RMS [ dot]

PROC:
BASELINE
SINGLE-S LOPH
DUAL-SLOPH
SEGMENTED
CURVED
PROC:
BASELINE
SINGLE-S LOPH
DUAL-SLOPH
SEGMENTED
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Figure 22 Vertical deviation RMS as function of crosswind per
speed concept per procedure in manual flight
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curved procedures. The crosswind, in combinatidh tie changes in (final) approach track,
either through a fly-by turn or a curve, made itomiarder for the pilot to maintain the vertical
path.

The reduction in vertical deviation RMS for the &lase procedure when having a crosswind,
compared to no-wind, is not statistically signifitgp>0.1), F(1,15)=1.5999, p=0.225.
However, the fact that the vertical deviation RMSase of 25 kt crosswind for the baseline
procedure is lower for a decelerating approach thaa constant-speed approach (see right-
hand side of Figure 22), F(1,15)=5.653, p=0.0348, loe explained by the increased airspeed
(5 kt added) and the hardly reduced groundspeeheofinal segment, making precision flying
a little easier with this type of helicopter and@sated stabilization equipment (a simple 3-axis
SAS).

One could perhaps in general state: the steepaptm®ach angle (from 6° to 9° to 10°) the
larger the RMS in vertical deviation that occurs.

Current effect: F(8, 60)=3.4654, p=.00240

There is a significant (p<0.05) Vertcalbars cencte /- standerd errrs
difference between the vertical et
RMS of the Segmented and Difference between [segmented+curved]

0.8 and other procedures:
F(1,15) = 24.06582, p= 0.00019

: -1

0.5

curved proceduresnd that of the
other procedures for the final
approach segment,
F(1,15)=24.066, p=0.0019, with
the former group having a larger
RMS, although the difference is
small, operationally speaking.
Results are shown in Figure 23.
The “average” vertical RMS for
the segmented procedure and

0.4

VERTICAL DEVIATION RMS [dot]

curved procedures on the FAS is %9 e SNOESOPE  scovenren ] S%G?ﬁ@““
0.67 dots and 0.64 dots R =8

. . PROCEDURE
respectively, while for the

baseline procedure it is 0.44 dots,
0.47 dots for the straight single-
slope procedure, and 0.44 dots for the dual-slopegglure. So these differences are very small
indeed. For the straight procedures these valllesithin desired performance (0.5 dots),

while for the segmented and curved proceduresftibyithin adequate performance (1.0 dot).

Figure 23 Distribution of vertical dev. RMS over approach
segment and procedures — manual flight

7.4.3 Flight Director performance (Test 2)

One way to reduce pilot workload and/or to imprtive performance is to provide the pilot
with a flight director. For this purpose a FD fram existing rotorcraft was used, but the
vertical control laws had to be adjusted in ordesichieve satisfactory performance in
intercepting the much steeper glideslopes thafrihead originally been designed for (3°). The
flight director is a 3-cue FD, providing roll, pit@nd collective cues in the sense of the
“follow-me”. This was contrary to the specificatittmat came with the FD, or the specs for
another FD in the S-76 for example. Especiallydbiective cue was “reversed” in sensing, in
that e.g. a collectivepp command is displayed by the small cueing bar ngpum see also

Figure 7.

Only the segmented and curved procedures were) f@sm with the flight director.
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The two flight performance variables to evaluatetfe effect of the flight director are the
lateral and vertical deviations (RMS), discusseth&next sections.

7.4.3.1 Effect of flight assist mode on lateral performance

Current effect H212)=0.8503, p=002%
Vertical bais denote +/-standard errors

From the ANOVA from Test 2

it turned out that many factors

and interactions between factors _ '°
were significant. The segmented
procedure, for example, had
smaller RMS deviations than
the curved procedure did,
although the difference was on
average 0.05 dots.

The approach segment of course
also had a significant effect;
most of the changes in the
lateral deviation RMS occurred

1.0

0.5

RMS LATERATAL DEVIATION [dot]

on the final approach segment, FLIGHT ASSIST
while between the initial and SEMs % ms M s P
intermediate segments there SEGMENTED PROC. CURVED PROC. o
were no significant differences. Figure 24 Lateral RMS as function of flight assist mode for the
Adding crosswind increased the segmented and curved procedures

lateral deviation RMS on
average also by 0.05 dots. A perhaps best ovemvighe effects is given in Figure 24.

The flight director can be seen to reduce thed@®MS from more than 1 dot on the FAS in
case of manual flight to about 0.1 dots with thghfl director, quite a reduction in deviation for
the curved procedure. When compared to the effabiedlight director on workload, see
Figure 18, one may argue that the major contriloutibthe FD thus was in improving the
lateral performance, although also the workloadiced from ‘very demanding’ to above
‘demanding’.

7.4.3.2 Effect of flight assist mode on vertical performane

Similar to the previous section, here a similadeation is made of the vertical performance. It
was already observed that the vertical performatenged within the adequate performance
range in case of manual flight. Interesting vaesalb evaluate are the speed concept and the
wind, if applicable. It turned out that neither pedure, nor the wind nor the flight assist mode
had any main effect (p>0.1) on the vertical desrafiRMS. Only the speed concédyatd a
significant (p<0.05) main effect on the vertical BMF(1,12)=4.4051, p=.05767.

To sum up best perhaps the various effects, tleetsfbf flight assist mode and speed concept
are shown in Figure 25. Only for the constant-spggatoach did the flight assist mode have a
significant (p<0.05) effect on the vertical RMS1HA2) = 8.384, p=0.01344. With the flight
director the vertical deviation RMS reduced on agerfrom 0.35 to 0.25 dots. For the
decelerating approaches there was no improvemethiebffight director. Again one may notice
an increase in vertical deviation RMS when flyindezelerating approach instead of a
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constant-speed approach, the Curret effect: F(1, 1=, 30118, p= 5021
increase in RMS being about 0. Vertial b dervte i standerd erers
dots on average (from 0.3 dots effect of FL MODE:

F(1,12) = 8.384, p=0.01344
for a constant-speed approach 1

05 T T
0.4 dots for a decelerating /{

approach).
0.3

VERTICAL DEVIATION RMS [dot]

g =
R l

FLIGHT ASSIST
KT CROSSWIND: 25 KT MODE:

OKT <= Manual
== FD

CROSSWIND
Constant Spd. Appr. Decel. Appr.

Figure 25 Effect of flight assist mode and speed concept on
vertical deviation RMS

7.4.4 Guidance display concept effects on vertical deviains (Test 3)

The effect of the vertical guidance

display concept on pilot workload Itemedite segrert oy
has already been discussed in Vertical bars dencte +/- standard errors

§7.2.3. Because of the function of 10
the information displayed, the mos!
interesting variable that will be
affected primarily by this display
concept is the vertical deviation
RMS on the intermediate segment.
The data for the ANOVA was
selected from Test 4 data. Only rur
with the constant-speed approache
were taken, as in this case the spe
reduction is to be made on the
intermediate segment. 02 LS Sqeved SqureRots s

Main results for the intermediate £ 06 Effect of _algmmggmlmeuspw ical dev. RMS o th
Segment Only are ShOWﬂ in Figure igure €Cl OT gulaance display on vertical aev. on the

26 intermediate segment, in manual flight

The guidance display type had a highly signifiq@rt0.01) main effect, F(2,10)=16.287,
p=.00071. The ILS-squared display had on averagéothest vertical RMS (0.38 dots), the
square-roots display was a very good second (@#,cand the ILS (conventional) display had
the worst vertical RMS (0.79 dots).

The main effect was significant because it wadltBedisplay that had a vertical deviation
RMS that was worse than the other two guidancdalidypes together. It was obvious that the
ILS had to be the worst, as in this case the oniglance the pilot had on the intermediate
segment was a non-precision-like set-up, havingseothe DME distance to the FAF waypoint
to check altitude against tabulated values (in liaete was no guidance at all). The difference
in vertical deviation RMS between the ILS-squared the square-roots display was non-
significant (p>0.1) for the intermediate segmei(t,$)=0.801, p=0.412.

VERTICAL DEVIATION RMS [dot]
o
o
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7.4.5 Height loss in the missed approach (Test 4)

Statistics ,
Constnat-Speed appr.: Height = 26*10*normal(x, 169.882, 14.8116)
Decelrating Appr.: Height = 29*10*normal(x, 162.397, 22.9254)
A histogram of the distribution Manual Fli ght
of the minimum height in the 9
go-around, for the two classes . 159%
of constant-speed and
decelerating approaches, is !
shown in Figur@7. The data 6 pric (RN
was gathered from missed 5 9 9%

approaches, flown only with a
25 kt crosswind. The fitted

normal distributions are also 8
shown. The minimum height 2| %
(5™ percentile) overall was
145.6 ft for constant-speed

No of obs

\
\
59

0

\ SPEED CONCEPT:

0%%-~ [HcConst. Spd. Appr.

HH\HHHHHHHHHHHHHHHHHHMHHHH\? N

approaches, and 124.7 ft for %00 110 120 130 140 150 160 170 180 190 200 210 =Decel. Appr.
decelerating approaches. The MIN. HEIGHT IN GO-AROUND [FT]
corresponding 1dvalues Figure 27 Min. height distribution per speed concept — manual flight

(1-tailed) were computed to be

99.6 ft and 53.4 ft respectively.

The two distributions, however, are (just) notistatally different from one another, p>0.1
(F(1,45)=2.395, p=.1287), although nearly weakgjngicantly so. Notice that in the
decelerating approach class there were 2 casesdbatred at the very low end of the scale.

The minimum height in the go- Mercal fight
around, or the height loss (= Vertical bars dencte &/ Stancrd erfors
200 ft — minimum height), was
overall independent of the 20
procedure flown, F(4,45)=
1.0449, p=.39478, although,
looking in detail, the minimum
height achieved with the dual-
slope procedure was (almost)
significantly less (about 25 ft)
than that achieved with the

~<— DA/H 0

g

8

170

160

8
HEIGHT LOSS [FT]

MIN. HEIG HT IN GO-AROUND [FT]

other procedures, especially for £ ** S 50

- ~— Effect of SPEED CONCEPT is
decelerating approaches 10 almostsignficant pe 0,05

. 45) = 3,846, p=0.

(p<0.05), see Figure 28. Why
this is so is not (yet) 0 BASELNE _  pDVASSLOPE _ CURVED = SPEED. oog%gpgm
understood, but likely it has to O o T Oaam
dO_With th_e mU.Ch lower FAF Figure 28 Minimum height in the go-around as function
altitude with this procedure of procedure & speed concept — manual flight

(2000 ft) than with the other

procedures (2000 ft). It was verified that neittier sink rate at the moment of go-around (i.e. at
DA/H) nor the ground speed was the cause, so uarlylit must have been the piloting control
during the go-around maneuver itself.
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7.4.6 Deceleration rate on the approach

As mentioned in §87.4 the deceleration rate is agufare design parameter, which will be
compared against actual deceleration rates encegnte

For the first two pilots the approach entry airspemas 150 kt, which had to be reduced to 120
kt on the initial segment. On the intermediate sexgnthis speed had to be reduced further to
the final approach speed or to 75 kt, depending tpe speed concept. Because of the first
three pilots complaining about the aggressive le¥eleceleration required to meet the target
speeds before the next waypoint, it was decideld g 3d pilot onwards to reduce the entry
speed to 120 kt instead, and to also reduce thenmetiate approach speed to 100 kt instead.
Final approach speed remained as was put in thpltes but with an additive of 5 kt in case of
(cross)wind. The fact that pilots complained alibet“high” speed and the “shortness” of the
approach segments was already indicative of theeagiyeness in deceleration subjectively
experienced. They apparently decelerated at gmateh) lower than the 1.5 kt/s the procedure
had been designed with. The analysis in this seetit corroborate this.

The “flight” data has been organized such thatgpecedure segment the mean, minimum
value, maximum value, standard deviatior” 26d 98' percentiles, etc., were obtained of all
the parameters registered. As for the deceleréttisrmeans, since the deceleration did not
occur exactly during one particular approach segntkeat the mean value per segment will be
less than the actual mean because of the shomaiaiuof the acceleration than obtained from
the approach segment length.
The following 3 measures were taken as an estifoatbe “true” mean deceleration value, viz:
» the minimum value. This is the peak negative deatten on the segment, and is worse
than the actual mean value;
« the 29" percentile value. This is the “lower” boundarys{@-sigma) value of a non-zero
mean normally distributed variable;
» the mean value per segment. It is known that thige/will underestimate the actual
mean deceleration.
The “true” mean deceleration on the segment liesesehere between these measures, but is
expected to be closest to thé"Z&rcentile value.
Wilks lambda=.82196, F(6, 572)=9.8190, p=.00000
A grouped ANOVA was
performed with ‘pilot’, 00
‘approach segment (i.e. IAS,
IAS, etc.) and ‘speed concept’ )/Z /
as factors. The wind speed o o
was hypothesized not to have
an effect on how the pilot
performs a deceleration; this
also turned out to be the case.
Also the flight director is a /
factor, in that the FD has a 15 procedtre design value
deceleration “program” of 1.5 W
kt/s built in. Therefore the
data set was split up in those 20
cases flown without a flight DECEL:
director and those cases with FMs T s M B s e
a flight director (i.e. only the Constart-speee] Age. Decel Acp. U7 MIN (Peky

S
3
o

-10

DECELERATION [kt/s]

Figure 29 Estimate of deceleration on the approach — manual flight
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segmented and curved procedure).

The ANOVA table for the no-FD cases showed manghese factors and interactions between
factors to be statistically significant.

The “best overall” important result is shown in trig 29, where the deceleration is shown as
function of speed concept and approach segmentdawal flight. There was a highly
significant (p<0.01) interaction, F(6,572)=9.8196,00000 between the approach segment and
the speed concept, as expected, since the speeeptam fact determines on which segments
decelerations take place.

The peak (i.e. minimum) deceleration per segmeahtritieed meet or exceed the procedure
design limit, but this peak value is actually fasnethan the “average” mean value; that would
be closer to the J5percentile. The Z5percentile data here indicate that the average
deceleration used by the pilots was much less (g8)than the value of 1.5. kt/s used in the
design of the procedures. Pilots also commentdditieelerating at 1.5 kt/s was almost like
“going into autorotation”, indicating that this dderation rate can be considered as too
aggressive. The pilots’ using a lower deceleratéia also explains why they felt in general that
the approach segments were too short, since thebg harder time meeting the speed
constraints set for the individual segments.

For flights with the FD the mean Wilks lamda= 53055, 6, L16)-7.2084, p=.00000
values were very similar, see
Figure 30. The FD had a highly ™| Q// [

significant (p<0.01) effect of o] —
increasing the deceleration, I -7 ||

F(3,118)= 29.438, p=.00000,
especially the minimum
deceleration. It showed values
less than or about equal to the
procedure design value, more
negative than in case of manual ~ *°] 11

flight, while the 28' percentile

values were closer to -1 kt/s, so 2] 1 0

in the end the decelerations witt
the FD were made a little 30 s scom - DECEL:
FAS |

10f &

-1.5 procedure design value

DECELERATION [k t/s]

-O- MEAN
“quicker” than in case of manual IS hs RS
flight, but still at average rates 0 KT CROSSWIND 25 KT CROSSWIND

below the procedure’s design  Figure 30 Estimate of deceleration on the approach— FD flight
value.

7.4.7 Vertical deviation RMS as function of glideslope

One of the other interesting trends to determinghisther or not the vertical deviation RMS on
the final segment is a function of the glideslopgla, windspeed and/or speed concept. There
were 3 glideslope angles involved, viz. 6° for baeseline procedure, 9° for the straight single-
slope and dual-slope procedures, and 10° for th@erted and curved procedures.

By re-ordering the data a grouped ANOVA was perfdmwith GPA (Glide Path Angle),
windspeed and speed concept as factors. Only méiglelcases were considered (with the FD
only the 10° GPA was tested) and only data foffitred approach segment was evaluated.
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The resulting ANOVA table showed the GPA to haveghly significant main effect on the
vertical deviation RMS, F(2,108)=6.6586, p=.0018Be values are given in Figure 31,
together with a linear extrapolation of the restriben 10° up to 12° GPA.

When using the normal

distribution for the zero-mean Qurrert efiect F(2,108)=6.6586, p=.00188

vertical deviation, then when Manual flight

the vertical flight path L2
deviation should stay within 11
£1 dot for 95 percent of the
time (the 95 percentile
2-tailed distribution) the
corresponding RMS can be
computed to be 0.51 dots, se:
the line in the figure. This
would mean that the 10°
glideslope is already too stee|
to be acceptable for manual 17 L
flight, and only the aid of a 04 %

flight director will make this
requirement feasible. It shoul ' 6 o 100 120

be borne in mind though that GLIDE PATH ANGLE (GPA) [deg]

the 10° glideslope was also Figure 31 Vertical RMS as function of GPA — manual flight
accompanied by a segmented

or curved final approach segment, rather thanaégstr segment, which may have deteriorated
the performance.

1.0 Linear extrapolation

0.9

-
.
\ ,
.
-
’

0.8

0.7

0.6
95th percentile < +1 dot

VERTICAL DEIATION RM S [dot]

For the data obtained the RMS values were withenatthequate performance level, however, the
10° value exceeds it and extrapolation to 12%e\lito exceed that even further. This indicates
a potential flight path accuracy problem when periag manually flown steep approaches

with glideslopes of 10°-12° or more.

The speed concept turned out to have a weaklyfgignt (p<0.1) main effect on the vertical
deviation RMS, F(1,108)=2.918, p=.09047. Overadl viertical deviation RMS increased from
0.46 dots average for the constant-speed approaeiRes7 dots for decelerating final
approaches, an increase of 0.11 dots. Crosswinddadynificant influence at all.

The use of the flight director, which had a sigrafit effect, was to reduce the vertical deviation
RMS for GPA = 10° by 0.18 dots, i.e. it reduced trlue from 0.66 dots to 0.48 dots. No trend
can be drawn since no GPAs other than 10° werdviedan the tests with the flight director.

8 CONCLUDING REMARKS AND OUTLOOK

A piloted simulation trial on a fixed-base simulab@as been carried out at NLR to evaluate a
number of novel, steep straight, segmented or dumrcraft IFR procedures. The procedures
were laid out for the Schiphol airport. Parameievestigated were among others the speed
concept to fly the procedures with, the winds, alst a few vertical guidance displays.

The conclusions are predicated on the limitatioh®rient in the experiment, i.e. in particular a
helicopter model featuring only a rather simplex&&AS, a fixed-base simulator and
limitations in terms of displays (e.g. absence@#er/torque indications).

In summary the following concluding remarks couédrbade:
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» Curved or segmented procedures are feasible tcalde.m

» A vertical path angle (VPA) of 9° is feasible foanual flight, 10° or more is feasible only
with a flight director, depending upon accuracyuiegments. The maximum VPA limit in
fact is determined by the ROD limit of 800 fpm, pted to the “minimum IFR speed”. With
the present SAS modeled with the AS365N Dauphinmrtimemum IFR speed is about 40-45
kt (this would limit the VPA to a maximum of 11.48elow this speed the control of speed
became quite difficult (due to the rotorcraft beoperated in the so-called “second regime”,
or “backside of the power curve”, a region wherevporequired decreases with increasing
speed), aggravated by deteriorating handling desliheading changes oversensitive to
small bank angles) and the need for a headingflealdire in the control system instead of a
ball-centering” mechanism.

» The deceleration rate of 1.5 kt/s for the IFR segimvas too high a value to use in
designing the segment lengths of a procedure, \flbem under manual control. A value of
1.0 kt/s is recommended. For the visual segmeatwe\wof 1.5 kt/s is recommended (instead
of 2 kt/s).

» The generic curved and segmented procedures ardifierent class than the other, straight
procedures in terms of workload and performanceaBse of more than one turn/curve
involved they were more complex than an ultimatidgigned applicable curved or
segmented procedure might be.

» Crosswind had a greater impact in terms of worklaad performance, and especially on
descent rate, on the segmented and/or curved preeethan on the straight procedures due
to the fact that the final approach course wangér constant but varying. This increased
sensitivity needs to be taken into account whergdexy such procedures, e.g. for an SNI
application.

» For the more complex segmented and curved proceduitaght director is required to
reduce the workload to tolerable levels and/ontmease performance to adequate levels,
certainly in case of (cross)winds.

* The best preferred speed concept is the consteetisgpproach, regardless of the procedure.
» There was no clear best vertical guidance displaystandard ILS display scored the worst
vertical performance on the intermediate segmehilevithe ILS-squared and the square-
roots displays scored similarly good results. Ttfe-$quared display also gave additional
lateral guidance cues, which was not the casetivtlsquare-roots display. Pilots expressed

their desire to have both displays available.

* The minimum height loss in the go-around was indepat of the type of procedure, and
tended to depend on the speed concept: deceleegiprgaches with a low FAF tend to
induce a greater height loss. The minimum heightp@rcentile value) was in the order of
145.5 ft for constant-speed approaches, and 12#bv decelerating approaches.

The results of this simulation exercise will bedige refine the design parameters and
determine the limits for the application of a SMbgedure at a busy international airport, where
these procedures will be embedded within the AT@renment. As a typical airport in case to
check out the theoretical feasibility of these paares, for the OPTIMAL project Schiphol
airport has been selected, also because for realdimulations a suitable ATC/TWR and

visual scenery data base is available. Likely tieeglope angle may be reduced from 10° (to
about 8°) to make the procedure less sensitivarging wind directions when a curve is
involved. This SNI procedure will be used in furtbests scheduled for early 2007, where also
ATC and control tower issues will be integratedhia tests to evaluate ATC-related
interference issues.
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