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Estimation of Total Error in Altimetry

INTRODUC TTON

In the field of altimetry, and more generally in the field of air data, it has been customdry to specify
accuracies in the form of tolerances on specific functions. For example, the specification for an altimeter
or air data compuler might say that for a particular test condition, the instruraent would have a tolerance
of £100 ft for scale error, 50 ft for hysteresis, 50 ft for friction, 20 ft for temperature, et¢. Because scale
error is the most dbvious, and usually the largest of the errors, mistaken assumptions|have often been
made that scale efror alone is a sufficient measure of the accuracy)of an instrument, dr even of a whole
system.

Some of those in the field have advocated that tolerances:should be lumped; that is that test procedures
should be devised so that for a particular test point, the.equipment should be tested sp that it would be
exposed to all of the pertinent sources of error, and a@ingle numerical limit be set on the net of all of
them. This concept has been mooted for many years, but has never found full acceptance.

There remains a rleed for some means to kngw'the width of the total band of error or yncertainty so that
it can be stated thpt a particular aircraft will be within so many feet of being at its assigned altitude, and
that there is good |confidence (say, £3a.0r 99.7%) in the statement.

The need for this Information is to/bg able to establish standards of vertical separation between aircraft
and standards of equipment perfermance in order to operate safely with those vertical separation
standards.
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INTRODUCTION (Continued)

In the 1950s and 60s, air carriers flying the North Atlantic were anxious for economic reasons to fly at
1000 ft, rather than 2000 ft separations. Studies were made by the Air Transport Association (ATA), and
four of the resulting reports were eventually used as the bases for SAE documents (References 11, 13,
14, and 15). The International Civil Aviation Organization (ICAQO) has sponsored on-going studies of the
problem by its Panel on Vertical Separation of Aircraft, later renamed Review of the General Concept of
Separation Panel (RGCSP). In 1982, the Federal Aviation Administration (FAA) asked the Radio
Technical Commission for Aeronautics (RTCA) to form a Special Committee (SC-150) to develop a
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REFERENCES:
1.
International
2.
3.

Aviation Organization, Montreal, June 1958.

stimating overall

"Terrain Clearance and the Vertical Separation of Aircraft", Circular 26-AN/23 Second Ed.,

"The Measurement of Pressure Altitude on Aircraft", Gracey, Technical Note 4127, National

"Panel on Vertical Separation of Aircraft - - Second Meeting", DOC 7835-AN/863, International Civil



https://saenorm.com/api/?name=e14508016809fb02cda5f49cdd94c68e

SAE AIR1608 Revision A

2. (Continued):

4.

10.

1.

12.

13.

14.

15.

16.

17.

18.

"Altimetry", Special Committee 70, Paper 215-58/D0-88, Radio Technical Committee for

Aeronautics,

Washington, November 1958. (Reprinted April 1978.)

"Survey of Altitude Measuring Methods for the Vertical Separation of Aircraft", Gracey, Technical
Note D-738, National Aeronautics and Space Administration, Langley Field, March 1961.

"Analysis of the Effect of Altimeter System Accuracy on Collision Probability", Gracey, Technical
Note D-1627, National Aeronautics and Space Adminstration, Langley Station, March 1963.

"Report on 4
Association,

"Survey of th
Standards",
December 1

"Specifying t
Separation §
Royal Aircra

"Performanc
Association

"Design and
Recommena

"Recommen
Recommend

"Flight Test H
Stratton, Aer
July 1971.

"Maintenanc|
Report 975,

ertical Separation Study, NAT Region", DOC GEN/1951, Internation
Montreal, March 1964.

e Errors of Pressure Measuring Instruments in Relation te Air Traffi
Anderson, Technical Report 65262, Royal Aircraft Establishment, Fa
D65. (AD 478915)

he Calibration of Static Pressure Systems for the/ Safe Use of 1000
tandard in North Atlantic Jet Traffic", Reich.and Anderson, Technicd
ft Establishment, Farnborough, May 1966,

e Report on Static Air Source on Air Carrier Turbojet Aircraft", Air Tr
bf America, Washington, October 1966.

Installation of Pitot-Static Systems for Transport Aircraft", Stratton, A

dation on Design of Pitot-Static Systems for Transport Aircraft", And
ation 34-10-3, Air Transport Association of America, Washington, J

ospace Recommended Practice 921, Society of Automotive Engine

e of Pitot-Static Systems of Transport Aircraft", Anderson, Aerospac
Society of Automotive Engineers, Warrendale, July 1972.

al Air Transport

c Separation
rnborough,

Foot Vertical
| Report 66156,

ansport

\erospace

ed Practice 920, Society of Automotive Engineers, Warrendale, October 1968.

erson,
ine 1970.

Procedures for Static Pressure Systems Installed on Subsonic Transport Aircraft”,

brs, Warrendale,

e Information

([P X - Stio areon aracenacalnfoarmmation-R

"Barometry f

Al Calibhye ' _And A Laf, + ano
T AAUTIcior wdadnvrauutlt , MAANucirovrltd, I‘\UIUOPGUU mrmormrmratiunt I\UPUII.

Automotive Engineers, Warrendale, March 1974.

075, Society of

“Implications of Altimetry System Errors for Collision Avoidance Systems", Mundra, Technical
Report MTR-7232, Mitre Corporation, McLean, May 1977.

"Problems in Worldwide Standardization of the Units of Height Measurement", Gilsinn, Report FAA-
EM-78-2, Federal Aviation Adminstration, Washington, February 1978. (AD A051150)

"SI Units of Measurement in Aviation (Together with Non-Linear Units of Altitude)", Anderson,
Engineering Report F-1856, United Airlines, San Francisco, September 1978. (No text; a collection
of references.)



https://saenorm.com/api/?name=e14508016809fb02cda5f49cdd94c68e

SAE AIR1608 Revision A

2.

3.

3.1

3.2

(Continued):

19. "Estimation of Total Error in Altimetry", Anderson, Engineering Report F-1870, United Airlines, San
Francisco, March 1979. (Draft of Society of Automotive Engineers Aerospace Information Report

1608.)
20.

"Measurement of Aircraft Speed and Altitude", Gracey, Reference Publication 1046, National

Aeronautics and Space Administration, Hampton, May 1980. Also published by John Wiley, New
York, May 1982.

21. "Height Indig

San Francis

22. "A Field Stug

86W231, Mifre Corporation, McLean, March 1987.

23. "Minimum Sy
Committee 1

1988. [More
GROUPING OF

Cursory discuss
aircraft and its e
invalid, neither is
locality, others th
of the aircraft.

Errors Commd

Aircraft below
equally depen
aircraft using i
long or short |3
collision betwd

ation by Pressure Altimeters", Anderson, Engineering Report F-158
co, July 1980.

y of Mode C Altimetry Accuracy in the General Aviation Fleet", Coh

stem Performance Standards for Vertical Separatiofy Above Flight L
50, Radio Technical Commission for Aeronautics,»\Washington, Fifth
drafts expected before publication as an RTCA DO- document

ERRORS:

ons of accuracy of altimetry are usually concerned with the errors p
uipment, or in the case of collision*probability studies, two aircraft.
5 it complete. There are additional sources of error that are common
at are common to a type of-aircraft, and still others related to the ma

n to all Aircraft in asGiven Locality:

18,000 ft and receiving their QNH altimeter setting number from a sir
Hent on the“accuracy of that source. If there are errors in the QNH t1
will be flying too low or too high by the same amount. This may inc
ndings-or of hitting obstructions on the ground, but should not incre
en two aircraft.

8, United Airlines,

en, Report MTR-

pvel 290", Special
Draft, January

]

eculiar to one
While this is not
to all aircraft in a
nner of operation

gle source are all
ansmitted, all
rease the risk of
ase the risk of

Errors Pertaini

ng to Aircraft of a Type:

One of the steps on certification of an aircraft type is flight calibration of the static system of one or
more of the first few aircraft. It has been recommended that at least three aircraft be calibrated
(Reference 12). It is usual that the flight test results are a series of data points with some scatter, and
that a fair curve, or family of fair curves is drawn through the scatter field. The fair curve then is
published in the government-approved Flight Manual as applicable to all aircraft of that type.
Subsequent aircraft of the type will thus be subject to whatever errors or uncertainties there were in
the original calibration.
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3.2

3.3

3.4

3.5

(Continued):

Where the airframe builder has not been able to find a static source of negligible error, he should
provide the aircraft with an automatic correction system, such as might be included in a central air
data computer. There are no rules defining how large an error is negligible. One airframe builder
might consider up to 75 ft of altitude error negligible, while another might choose to neglect 200 ft.

Until automatic altitude reporting for traffic control became a requirement, it was feasible to post near
the altimeter a correction card. Altitude reporting regulations, however, require that the altitude
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Flight Technical Error:

Errors of pilot interpretation of vertical guidance instrumentation, pilot operation of aircraft vertical
controls and deviations caused by aircraft response characteristics are often lumped together as
flight technical error. For the purposes of this report, reading error and altitude hold error are

considered separately.
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3.5.1

The least increment of most altimeter readouts is 20 ft. In level flight, reading errors should not

exceed this. (Some altimeter displays are said to be susceptible to misreading by 1000 or
10,000 ft, but that problem is considered to be outside the scope of this report.) In ascent and
descent the errors are likely to be larger than 20 ft, and lagging. Thus, reading errors would be
treated as rectangularly distributed in level flight, but as plus offset in descent.

The plus offset could be aggravated in the situation where approach and landing are done on a
QNH basis. Here the pilot must repeatedly read the altitude above sealevel and mentally subtract

from it the fig

lags of the s
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) from the airport can be converted to QFE by the pilot.

ions of altitude hold performance, whether of the pilot or autopilot, ¢
5. In turbulence, altitude hold errors could be up to, say, four times |4
ES:

ble of operation in a large variety of combinations of speeds and alt
e purposes of this report, four typical situations are considered.

anding:

say 8000 ft, and landing is a critical situation for altimetry because {
ctions to be cleared. Where no glideslope, radar altimeter, or other r.
, altimetry may determine when the pilot begins flareout.
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The errors and
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4.3 Cruise or Hold

ing:

h nominal 1000 ft

The range of altitudes from say, 19,000 to 30,000 ft are typical cruise altitudes for pressurized
propeller aircraft and occasionally jet aircraft. Rarely, holding patterns extend up into this range.

4.4 Cruise:

Altitudes 31,000 and above are typical for long-range cruise of jet aircraft.
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45 Climbout:

The climbout after takeout is not considered in this report because clearance from the ground and its
obstructions is increasing, and aircraft are diverging horizontally.

5. TYPICAL ERRORS:

Table 1 lists errors which might be typical for five groups of errors and in four flight regimes. They are
assumptions, arld the basis for most of the assumptions are stated.

CAUTION: The numerical values used only illustrate a proposed method of estimating total error of
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TABLE 1 - Typical Errors

Flight Regime

SL - 9000 - 19,000 — 30,000 -
Error 8000 18,000 30,000 40,000
Group Error e mmmmem mmmmem mmmeem
Descent & Descent & Cruise or Cruise
Landing Holding Holding
Common to
locality GNH +25 $25 0 (ay) 0 (a)
Common to
Aircraft Static
Type Catibration (b +45 (b) +50 +50 +50
Deviation
Individual from Static
Airframe Calibration 0 (2 +20 +30 +50
Barometry (d) +5 +10 +20 +30
Scale (@) +42 +70 +120 +150
Temperature (f) +B +14 +24 +30
Static Correction 0 +30 (g,i? +30 (g,i) +30 (g,i}
Individual
Set of Dynamic
Aircraft Friction (3} +25 +25 +25 +50
Equipment
Static Frigtion () +25 +25 +36 +50
Drift 0 ¢h} o (W +40 +40
Hysteresis or
APter Effect +30 +48 0 Ch) 0 (hy
Baro +30 (K) ¥2o (17} 0 m; 0 {(m>
Balance +20 (K} +27 (1) 0 {(m} 0 (m
Altitude Hold 0 (2 0 (0 +50 <o) +75 {02
Flight
Technical
Reading (p} +40 {p) +40 (p) +20 {(q) +20 {q»
Totals +295 +409 +445 +575
(Worst Casel -175 =27 -405 -535
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NOTE:

TABLE 1 (Continued)

The assumptions and some comments upon them follow. Some values are interpolated.

a.

Not applicable.

(29.92 in

Hg).

o ¥ W - W e o, Vo W PO

Residual erro
Timited by+e

Deviation
at low spd

Errors of
Greatest ¢
Instrumen
If the ai
small to ¢
treated a

Negliigibl

Error of
of 200.

Non-servo
counter—d
maximum a

Baro mech

Baro corr

f1

W

r of typ
P e | B LIy PO o PP | Fay s 3
VO T oy P L T T\C\JUIGJ-I ULV L W N N R WL R SN W

of static port surface conditicons from standard has\lejq
ped

absolute pressure standard used to calibratecadrcraft
error in altitude range.

F 20 °C above calibrating temperature.

rframe builder andfor the operatorCoonsider a known errg
require automatic correction, it*should nevertheless be

L an offset error.

e in this range.

bd type instrument with other than counter-pointer or

rum-pointer display. Dynamic and static friction camno
I the same time; only the greater of the two 15 include
inism rotated to 846.2 mb (24.99 in Hg) for QFE Tanding

ot ien mechanism between 954.9 and 1049.1 mb (2B8.20 and

b

At and above 18,000 £+ tho haro mechanicm io g+ 107132 mb (30 02

primary caiibra%ing position.

Not applicable.

Autopilot

altitude-hold engaged; calm air.

would increase error.

At and above 18,000 ft altimeters are set to 1013.2 mb

calibration. For the approach and landing condition,
s

s influence

nstrument.

r to be too
entered and

cubsystem applying correction for 200 ft static pressurg error; 15%

be at
],
at 4900 ft.
30.98 in Hg).

in Kg), the

Manual control or turbulent air

Reading error in descent is likely to be of pius sign and of greater

magnitude

than in level flight.

Least increment of altitude dial.
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6.1.2 (Continued):

In the present examples most of the errors are considered to have normal (Gaussian) distribution
and are divided by three. The exceptions are:

The distribution of scale errors of unservoed pressure altimeters should be taken as rectangular,
rather than normal.

Reading error in level flight is taken as having rectangular distribution, and the magnitude of 20 ft is
assumed befause that is the least increment of most altimeter readouts. Rectangularly distributed
errors are diyided by /3.

In cruise drift is only in the plus direction. In the descent situation, friction and hysteresis errors are
only in the plus direction, and reading errors are likely to be on the high side. Then friction,
hysteresis apd reading errors are considered as offset errors. The 'sum of the means of these
errors (or half of one error if only one is applicable) is added tethe 3 o value of the distributed
errors.

Where the egtimate is based mostly or entirely on tolerances rather than known errors, it would be
better to refgr to the result as an uncertainty rather than an error.

6.2 Known Errors:

6.2.1 Where the magnitude and sign of each contributing error is known, the total errof is simply the net
or algebraic sum of the contributing ertors.

6.3 Worksheets:

6.3.1 Figure 1 is a|blank worksheét for estimating total error. One sheet is needed for gach flight regime.
It will be note¢d that theretisispace for some of the same component errors in more than one
location. Forlexample;-a.friction error not known but estimated from tolerances would be shown
among the normally-distributed errors for the level flight condition, or as a plus offset error for the
descent conditionJf the actual value were known, it would instead be shown among the known
errors. In any €ase, and one type of error is shown in only one place.

Residual errors of static pressure correction estimated from tolerances would be shown as
normally distributed, plus and minus. Known static pressure errors left uncorrected would be of one
sign only.

6.3.2 Figure 2 is a worksheet filled in with values from the second column of Table 1. The resulting error/
uncertainty is an estimate from tolerances.

6.4 If the calculation is carried out for each of the four flight regimes, a table of error limits can be
prepared which is not of worst-case totals, but of limits of probable error to a 3 g confidence level.
Table 2 shows the results for the four flight regimes using the assumptions of Figure 1.

Note that these numbers are illustrative only, and do not apply to any specific aircraft or equipment.

-10 -
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7.

TABLE 2 - Limits of Probable Error Estimated from Tolerances

Flight Regime

INCIDENT INVH

In the course of

up or fly down si
indicated altitud¢
and/or air data @

shop, actual rea

Such an investig

values for some

(airframe static
this case the prd

report, could be

Figure 3 is an ey
temperature, frig

comparison wit

SL - 2000 - 19,000 - 31,000 —
8000 18,000 30,000 40,000
Descent & Descent & Cruise or Cruise
Landing Holding Holding
Limtts of +122 +161 +177 +218
Probabie
Error -28 ~49 -137 Li¥8
Width of
Probabie 150 210 314 396
Errer Band
STIGATION:

components of overall altimetry error, such as deviation from static
ressure correction) and flight technical error are not likely to be rea

used in conjuction with the net measured error to arrive at a probab

ample of a worksheet for an incident in which the airplane equipme

a-primary standard and airplane static calibration error was known

bable error limits of unmeasured error components, as estimated in

tion;and drift errors were measured, calibrating barometer error was

nvestigating a near-miss of collision between aircraft, or an apparently erroneous fly
gnal from a TCAS, it may become.important to know the actual altitiide as well as the
b and that being transponded by the Mode C reporting system. Where the altimeters

omputers can be removed from-the aircraft in operable condition for
dings can be obtained. Likewise actual errors of shop standards, etq

calibration in the
. can be obtained.

ation would consist largely of adding and subtracting measured errgrs. Numerical

calibration

Jily available. In
Section 6 of this
e altitude.

nt scale,
found by

from the Flight

Manual but not corrected by the equipment. The other errors were estimated from tolerances.

For investigation of incidents at high speeds and altitudes, the somewhat more comprehensive
procedures of "Estimation of Altimetry System Error" should be referred to. It is an Appendix of
"Minimum System Performance Standards for Vertical Separation Above Flight Level 290"

(Reference 23)

-11 -
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NORM DIST ERROR TOL

Feet + 3

sguare

QNH

Afrcraft

Static Calib

Dev Static Calib

Flight Regime

Barometry

Scalexr

Air Data Comp

Temperature

Static Corr

Altimeter

Dyn Friction

Stat Friction

Estimator

Baro {oord

Balange

Date

Altitide Hold

Subtotal, Norm Dist

RECT DIST ERROR TOL

Feet

Reading

Scalefp»

Subtotal Rect

Subtofal Norm & Rect

i o

30, Nprm & Rect

1ot 0

QFFSET ERROR TOL

Fest Mean

Dyn Friction

Stat Fraction

Drift

Hyst/pft EFF

Readipg

L Subtopal, Offset

Subtotal, Est from Tol

KNOWH| ERROR

Fast

QNH

Statif Calib

Jev Skatic Lalib

Baromptry

Scale

Temperature

Statif Core

Dyn Friction

Stat Friction

Baro Coord

Balance

Altitude Hold

Drift

Hyst/&ft Eff

Readinag

Subtotal, Known

TOTAL, LIMITS

TOTAL, BAND

*ADC or servoed altimeter.
**Unservoed altimeter.

FIGURE 1 - Blank Worksheet

-12 -
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