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PURPOSE

This letter report documents a technical evaluation of the enroute
accuracy of the multi-DME position reference subsystem of ATADS.

BACKGROUND

A multiyear contract was awarded by SRDS in October 1978 to Amex Systems,
inc. to develop an airborne data acquisition and position reference system
for evaluation of LORAN-C system performance. The Remote Area Precision
Positioning System (RAPPS) was developed during phase 1 of the contract by
Sierra Nevada Corporation (SNC). The RAPPS 1, delivered to the Technical
Center in August 1979, was evaluated and used for field testing of LORAN-C
in Vermont during the winter of 1979. The ATADS is the second generation
airborne position reference and data collection system developed by SNC

to provide improved accuracy and capability for evaluation of LORAN-C

and other navigation systems.

An effort is presently in progress by DOT and DOD to evaluate existing

and future radionavigation systems to provide inputs to the Federal Radionavigation
Plan (FRP). The FRP will present an integrated policy for Federal, military,

and civil navigation systems through the year 2000 to achieve maximum

operational and technical utility to all users. LORAN-C is being evaluated

by the FAA as a candidate radionavigation system to supplement or replace

present navigation systems.

The evaluation of the ATADS at the Center will proceed with the complete
testing of the system as planned, but an immediate evaluation of the position
reference subsystem in the enroute mode was undertaken to respond to require-
ments for LORAN-C testing.

RELATED DOCUMENTS

1. Project No. 047-310-520 Test and Evaluation of RAPPS, Phase 1. FAA Report
No. NA-80-32-LR, ''Data Reduction and Analysis Techniques used in Determining °
the Accuracy of RAPPS 1'', February 1980. FAA Report No. FAA-CT-80-52,

"Test and Evaluation of RAPPS, Phase 1', March 1981.

2. Project No. 048-312-510. |Investigate LORAN-C in Mountainous Areas. FAA
Report No. FAA-RD-80-28, ''West Coast LORAN-C Flight Test'', March 1980.

FAA Report No. FAA-CT-81-22, '"LORAN-C in Mountainous Areas, Phase 1 - Vermont .
Tests', June 1981, TSC Report No. DOT-TSC-RSPA-80-21, November 1980.

3. Contract No. DOT-FA78WAI-955, ''Develop aircraft positioning and data
collection system'. SNC Final Report, ""Remote Area Precision Positioning
System'', December 1979.

4, Project No. 047-310-200, Report No. DOT/FAA/CT/81/193, ''Test and Evaluation
of the Aircraft Tracking and Data System', Test Plan, March 1982.



DISCUSSION

SYSTEM DESCRIPTION

The ATADS is an airborne data collection package with an integral position
reference capability. The three subsystems that comprise the system are the
multi-DME position reference system, the data collection system, and the data
analysis system. Figure | is a block diagram of the ATADS.

The position reference system provides aircraft position in space by multi-
lateration of range information from DME ground stations. The position

reference system,located on the ATADS airborne rack, consists of a modified
airborne DME interrogator unit and a microprocessor unit. The station channeling,
station acquisition, and range tracking are controlled by the microprocessor.

The normal sequencing rate of this cycler/tracker is ten stations per second.

The DME interrogator was modified to process both the normal (ICAQ) pulse and

fast rise (precision) pulse return. Supplied with the system are portable

DME ground stations specially designed for higher accuracy (precision pulse) for
use in areas without adequate signal coverage and for non-precision approaches.

The ATADS functions in 2 Modes:

1. A preprogrammed mode controlled by a user specified programmable read
only memory (PROM). The PROM allows selection of ten predetermined stations.
The ten stations can be all normal pulse, all precision pulse, or a mix of
both.

2. A free scan mode whereby the stations are selected by signal strength
and scanned sequentially.

The data collection system contains a SESCO 8080 microprocessor as the central
processing unit (CPU) and appropriate interfaces in a ruggedized airborne package.
The system accepts inputs from various data sources which include the system
clock, altimeter, cycler/tracker, LORAN-C, INS, and a keyboard terminal. The

CPU time tags each data source and formats the data for the system digital

tape recorder. Capability is provided to monitor system operation during the
flight by optional printout of selected parameters.

Data reduction and analysis is accomplished by post flight processing the data
on either a ground base minicomputer or a portable microcomputer. A PDP-11
computer at the Center is the processor.for the home facility data analysis and
an HP-85 portable computer is supplied for ''quick look' of the raw flight data.
The software algorithm for the position solution is the same for each computer,
but different languages are used for the programs. The HP-85, although slower
for data processing, provides a capability to produce post flight plots and
statistics in the field to indicate the quality of the data.

FLIGHT TEST DESCRIPTION

The ATADS flight tests reported in this document were conducted as per
Test Plan (item #4 under Related Documents) section 5.2 and 5.2.1 pertaining
to enroute flight testing.

The enroute accuracy of the ATADS position reference system was measured using
the Technical Center Nike instrumentation radar. After a brief period of
laboratory system checkout and operation, the airborne rack was installed in



the CV-580 test bed aircraft, N-49, for a series of local test flights. The

ATADS rack was mounted in the forward section of the aircraft cabin and

connected to the ship's AC and DC power. A DME blade antenna located on the

bottom of the aircraft was used for signal reception. Digital altitude information
from the pilot's encoding altimeter was input to the ATADS rack. A time code
generator provided the external clock input to the system for reference time.
Although ATADS provides the capability to record other navigation systems, i.e.,
INS (LTN-51) and LORAN-C (TDL-424 and TDL-711), these were not included in

this test. The primary objective of this test was to evaluate only the

ATADS position reference system.

The patterns were flown at altitudes between 4500 and 6500 feet MSL. These
altitudes inslred the constant reception of a minimum of 6 DME stations
throughout each flight pattern. The flight patterns are shown superimposed
on a low=altitude air navigation chart in Figure 2. The flight profiles for
these tests included orbits of 10 nm radius centered around the ACY VORTAC
and radial routes between the local VORTAC stations. Table 1 is a list of
the ground facilities utilized for the flight tests.

Four flights as listed below provided over four hours of data:

Flight Date Duration Description

1 1/22/82 1.5 hr. 4500' Altitude Orbit, 4500' Altitude Pattern,
Checkout, No data

2 3/2/82 1.0 hr. 6500!' Altitude Orbit, 6500' Altitude Pattern;
Free Scan

3 3/3/82 1.5 hr. 6500' Altitude Orbit, 6500' Altitude Pattern;
Preselected Scan

4 3/4/82 1.75 hr. 5000' Altitude Orbit, 6500' Altitude Pattern;

Preselected Scan

DATA PROCESSING AND ANALYSIS

Data reduction and analysis wereconducted as per Test Plan (item #4 under
Related Documents) section 6.

The raw flight data recorded at 9600 baud on the system cartridge tape recorder
consisted of date, time, altitude, and range information from the cycler/tracker.
Also recorded on the tape were any comments input from the terminal during the
tests. The information from each individual data source constituted a logical
record with an identifier ASCI1 start character and ASCI| "F'" terminating character.
Physical records were 1024 bytes in length. ASC11 '0" fill characters were
inserted at the end for any unused bytes. The format for the various data
sources are listed in Table 2. Each data source was tagged with time at the
instant received by the data collector. ‘

The ATADS as operated on the local flight tests permitted approximately forty
minutes of data collection per track. Almost two minutes of data were lost during

each track change due to tape rewind.

The flight data was processed by both the portable HP-85 computer and the

PDP-11 minicomputer using the same position solution algorithm. It was necessary
to convert the contractor supplied BASIC software to FORTRAN for operation

on the PDP-11 in order to merge the reference radar data with the ATADS computed



positions. The processing of the raw flight data was identical on both computers
except for 1/0 differences. A Qantex cartridge tape unit was interfaced to the
POP-11 to provide input of the raw flight data. The HP-85 used the airborne
Tandberg cartridge recorder for flight data processing. A description

of the data processing analysis executed on the PDP-11 minicomputer is

detailed in Appendix A. A description of the position determination

sof tware translated for use on the PDP-11 minicomputer is in Appendix B.

The position solution iteration interval which is software selectable,

was updated every five seconds. The validation of the FAA software is pre-
sented in Appendix C. The three BASIC language programs supplied by the contrac-
tor for the HP-85 '"quick look' data processing capability are outlined in
Appendix D. '

Appendixes E and F were furnished by SNC as part of the hardware/sof tware
documentation package required by the ATADS dewelopment contract. These appendixes
describe the algorithms implemented within the ATADS for DME range filtering

and least squares position solution.

RESULTS

Data from the initial test flight of the ATADS on January 22, 1982, revealed
a deficiency in the airborne cycler/tracker. Too many replies (fruit) from
ad jacent channels were processed due to the lack of selectivity of the
modified airborne DME which allowed undesirable replies to contaminate

the position solution. An attempted quick fix by the subcontractor to
improve selectivity resulted in degradation of ranging information.

The hardware problem was not resolved. The contractor improved system
performance by modifying the tracker software and by adding pre and post
filter routines in the position computation. In addition, problems were
experienced while exercising the HP-85 software. Users unfamiliar with

the system were prone to induce nonrecoverable errors. The sof tware

was revised by the contractor for easier operation. These modifications re-
quired one month after which the test flights resumed with flights #2
through #4.

The results of flight #2, operated in the free scanning mode, showed

the the initial range solution deficiencies previously described were
improved., The ATADS mean and one sigma east, north and circular errors

(see Appendix A) are presented in Tables 3, 4 and 5 for test flights two
through four. The circular error distributions (percent of the errors inside of
a circle of specified radius) are presented in Tables 6, 7 and 8 for flights
two through four. The circular error mean and one sigma, circular error
probable (CEP), ATADS design specification and AC 90-45A accuracy requirements
are summarized in Table 9. The CEP is defined as the 50% circular errors.
Flight 4 circular mean error and CEP were approximately half the values

for flights 2 and 3. Further investigation revealed the following infor-
mation (see Figure 9).

Elimination of the high bias range error stations ( 0.1 nm)
reduced flight 3 mean circular errors and CEP's, but did not
reduce similar errors for flight 2.

The tracking radar time reference had slewed 30 seconds during
flight 2. The time slew had been compensated for in post flight
processing. Compensating for additional undetected time skews
did not reduce flight 2 errors.

The high range bias errors and the high measured errors for flight
2 are unresolved and remain under investigation.

4



The tracking radar will not be available for enroute navigation system tests
to validate range bias errors. Hence, high range bias error stations may
unintentionally be included in position solutions for enroute navigation
system tests. Position errors including high range bias stations will be
more representative of enroute field test data. The combined 50% circular
errors were 324 feet and 218 feet respectively for stations with and
without high range bias errors ( 0.1 nm) in the position solution. The
200 ft. CEP specification was not met, based on the combined results from
three quite similar flight profiles. However, as shown in Table 9 enroute
system accuracy is more than adequate to allow comparison of navigation
systems against the accuracy requirement of Advisory Circular 90-45A.

The ATADS accuracy was evaluated as delivered by the contractor and no
experimentation was conducted to change software constants to optimize
accuracy performance.

CONCLUSIONS

1. The ATADS system contains a position reference system of sufficient
accuracy to allow measurement of enroute navigation system performance with
respect to AC 90-45A.

2., The ATADS system did not meet the 200 foot CEP error design specification
when data from flights were combined.

3. The airborne DME hardware remains susceptible to undesired replles (fruit)
that degrade the position solution.

L., The HP-85 ''quick-look! software remains awkward to use.

RECOMMENDAT I ONS

1. Follow-on testing should be conducted to allow determination of ATADS
positioning accuracy in the non-precision approach modé using the contractor
supplied portable ground stations designed for high accuracy. Further testing
should also establish the capability of the ATADS as a navigation data
collection system,

2. The airborne DME hardware should be modified to eliminate undesired replies.
3. The HP-85 software should be restructured for improved user operation.

4, An examination of software constants should be conducted to determine if
optimization will improve system performance.

5. An additional flight test should be conducted in the free scan mode
if the position errors observed in flight 2 cannot be resolved.
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TABLE 1 - TACAN STATIONS USED FOR FLIGHT TESTS

CHAN IDENT LAT LON ELEV(ft) LOCAT I ON
1 019X ARD 40.25324  74.90796 310 Yardley, PA
2 023X’ ACY 39.45574  7h.57672 10 Atlantic City, N.J.
3 051X ENO 39.23153  75.51626 10 Kenton, Delaware
4 055X NEL 40.03583  74.35500 100 Lakehurst, N.J.
5 075X 00D 39.63590  75.30338 140 Woodstown, N.J.
6 081X CYN 39.81718  74.43201 210 Coyle, N.J.
7 085X RBV 40.20226  74.49541 250 Robinsville, N.J.
8 087X FYT 39.67266  75.62199 80 Fatima, Delaware
9 095X SIE 39.09538  74.80071 10 Sea Isle, N.J.
10 099X VCN 39.53754  74.96751 120 Cedar Lake, N.J.



TABLE 2 - ATADS CARTRIDGE TAPE FORMAT

TOTAL IDENT. TIME TERM
DATA SOURCE BYTES CHAR TAG DATA CHAR EXAMPLE OF DATA
Date Time 8 ASC117 - b Bytes ASCIIF TYMDHMSF
Altitude ' 14 ASCIIA |2 Bytes R Bytes ASCIIF
Comment 42 ASCIlIC - ,0 Bytes | ASCIIF
INS 8 ASCIIl |2 Bytes |4 Bytes ASCIIF
Range Tracker 20 ASCIIR 2 Bytes {16 Bytes | ASCIIF CCCX-RRR.RRR=TTT
TOL-L424 8 ASCIIL 2 Bytes s Bytes ASCIHIF
TDL-711 163 ASCI117 2 Bytes {157 Bytes| ASCIIF




TABLE 3 FLIGHT 2 ATADS POSITION ERROR SUMMARY (IN FEET)

# Stations in
Solution’

3

9
10
6 or More

Summary

Samples

30
112
121

92

213

356

North Error

Mean

199
185
202

215

208

200

Sigma

86

99

76

62

71

83

10

East Error

Mean Sigma

23

268

283

296

288

276

260

198

119

106

113

lel

Mean

393

37
363

374

368

371

Circular Error

Sigma

, 119

129
93

93

93

108



TABLE 4 FLIGHT 3 ATADS POSITION ERROR SUMMARY (IN FEET)

(3/3/82)
# Statioms in North Error East Error Circular Error
Solution' Samples Mean Sigma Mean Sigma Mean Sigma
3 2 309 .05 -23 38 311 2.8
4 6 288 281 -96 180 396 182
5 20 265 207 -25 266 387 174
6 61 294 116 107 205 369 129
7 114 289 105 236 182 411 117
8 162 268 92 300 145 421 117
9 138 266 85 321 113 431 92
10 41 237 61 309 100 401 66
6 or More 516 273 95 269 165 414 110

Summary 544 273 104 255 180 412 114

i1



TABLE 5 FLIGHT 4 ATADS POSITION ERROR SUMMARY (IN FEET)

Stations in

North Error

East Error

Circular Error

Solution Samples Mean Sigma Mean Sigma Mean Sigma

3 1 X X X X X X

4 1 X X X X X X

5 11 27 114 -71 267 272 97

6 40 -24 136 -23 218 236 101

7 72 -54 96 -41 177 191 92

8 143 -49 72 =95 155 178 94

9 170 -52 69' 197 126 226 107

10 119 -26 57 249 93 257 89

6 or More 544 =44 79 144 167 216 100
Summary 557 =42 80 140 172 217 101



TABLE 6 FLIGHT 2 ATADS CIRCULAR ERROR PROBABILITY DISTRIBUTION - For

Solutions Including 6 or More Stations

(3/2/82)
Circular Error (feet) Points Inside Total Points Percent Total

0 0 213 .0
50 0 213 . 0
100 0 213 . 0
150 50 213 . 0
200 5 213 2.35
250 19 213 8.92
300 4 46 213 45.54
350 97 213 64.32
400 137 213 64.32
450 177 213 83.10
500 193 213 90.61
550 205 213 96.24
600 211 213 99.06
650 212 213 99.53
700 212 213 | 99.53
750 213 213 100.60

13



TABLE 7 FLIGHT 3 ATADS CIRCULAR ERROR PROBABILITY DISTRIBUTIONS - For

Solutions Including 6 or More Stations

Circular Frror (feet) Points Inside Total Points Percent Total

0 0 516 .0

50 0 516 .0
100 | 0 516 .0
150 0 516 .0
200 3 516 .58
250 13 516 2.52
300 63 516 12.21
350 158 516 30.62
400 269 516 52.13
450 341 516 66.09
500 409 516 79.26
550 463 516 89.73
600 492 516 95.32
650 504 ‘ 516 97.67
700 506 516 98.06
750 508 516 98.45
800 511 516 99.03
850 512 516 99.22
900 515 516 99.81
950 516 516 100.00

14



TABLE 8 FLIGHT 4 ATADS CIRCULAR ERROR PROBABILITY DISTRIBUTIONS - For

Solutions Including 6 or More Stations

Circularg?rror (feet) Points Inside Total Points Percent Total
0 0 544 .0
50 13 544 2.39
100 73 544 13.42
150 151 544 27.76
200 252 544 46.32
250 349 544 | 64.15
300 ’ 432 544 79.41
350 483 544 88.79
400 524 544 96.32
450 538 544 98.90
500 543 544 99.82
550 543 544 ©99.82
600 543 544 99.82

650 544 544 100.00

15
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TABLE 9 SUMMARIZED REQUIREMENTS AND RESULTS OF ATADS ENROUTE ACCURACY FLIGHT TEST

Includes High Bias Stations

Flight No. Circular Error
Mean 1 Sigma
Ft. Ft.
2 368 93
3 414 110
4 216 100
Combined
ATADS

Specification

AC 90-45A

CEP

362

395

209

324

200

*5156

High Bias Stations (>0.1NM) deleted

Circular Error

Mean

Ft.

386

242

202

1 Sigma

Ft.

84

99

93

CEP

397

223

194

218

No. of
Stations
in Solution

>6

*Positioning System Accuracy should be an order of magnitude (X10) more accurate
than the specification requirement.



APPENDIX A - DATA PROCESSING AND ANALYSIS

DATA PROCESSING

The airborne data is processed on a PDP 11/34 computer with RAPFIL and RAPPRO
(See Appendix B) to produce a file containing time tagged aircraft position es-
timates. The position estimates are latitude, longitude and altitude and are
spaced 5 seconds apart in time.

Nike Hercules tracking data is processed into latitude, longitude and altitude
on the Honeywell 66/60 computer. The data is time tagged and stored on a mag-
netic tape. The data tape contains tracking position spaced .l seconds apart.
Two radar tracking data tapes (one from each Nike radar) are time merged and
position averaged on a PDP 11/34 to generate a processed tracking tape. Data
for which the difference between the radars positions exceeds 50 feet in either
axis are rejected, to insure against outliers in radar data. The processed
tracking data and the processed airborne data are time merged (skew tolerance
of 10 milliseconds) and stored in merged data files for access by data analysis
programs.

DATA ANALYSIS

The merged data are processed on a PDP 11/3hk computer to compute differences in
latitude and longitude between the ATADS and the NIKE HERCULES. The north and
east errors are computed in feet by the following two flat earth approximations:

North Errori = (LAT - LAT *60 * 6076.115

ATADS NIKE)

East Error = (LONG - LONG *COS(LAT *60 *6076.115

ATADS NIKE)

where all lat/long values are in degrees.

NIKE)

The sums of errors and sums of squares of errors are accumulated and means
and sigma values of the errors are estimated by the following two equations:

MEAN ERROR = & f ERROR,
N i=1 N N 2 - q);
2 a L ‘ Y e
ONE SIGMA ERROR = { (ERROR )~ —( / ERROR: ) |
H (e l i
[ ;;1 N =1 : 5

where N = Number of samples.
The circular error is also computed as:

CIRCULAR ERRORi = [North Error, ) + (East Error, ) J&

MEAN CIRCULAR ERROR = 1 2_ CEi

-
r—

ONE SIGMA CIRCULAR ERROR = ' R ZN ey - = Z CE; Jj
=4 i=4

The cumulative distribution of circular errors in steps of 50 ft. up to 100%
of data inclusion is determined for solutions including 6 or immore stations.



APPENDIX B
ATADS POST FLIGHT POSITION DETERMINATION SOFTWARE

The post flight processing of the ATADS data takes place in two stages. In

the first stage, the data is read from the magnetic tape cartridge via a
Quantex recorder into a PDP 11/34 minicomputer. There the ranges and

altitude and time are processed into floating point and integer representations
in a data file for future use. This program is named RAPFIL.

In the second stage, these data files are processed to determine position

from the multiple range information contained therein. The program which

does this is named RAPPRQ.

The purpose of this appendix is to discuss the position determination sof tware
and the techniques employed therein.

RAPPRO solves for aircraft position by means of an algorithm supplied by the
contractor in the form of a program written in BASIC,

The heart of this algorithm is a range data filtering algorithm (see Appendix E)
and a linear least squares solution algorithm (see Appendix F). The filtering
algorithm fits a straight line to range/time data from the ATADS which occurs

in a contractor specified data window (12 seconds wide) for each station with 2
or more returns in the window. Then the filtering algorithm computes the ranges
at the center of the window. In this way, the range measurements from various
stations, occuring at different times are extrapolated/interpolated to a common
specified time. This is necessary to employ the least squares solution, which
assumes simultaneous measurement data.

The solution algorithm solves a set of simultaneous distance equations at the
center of the data window using the ''filtered' ranges. The solution algorithm
requires a minimum of 3 filtered ranges to compute position in a local East-
North-Up (ENU) coordinate system.

Altitude (Z) is assumed to be the measured barometric altitude corrected for
pressure and for earth curvature., The solution algorithm iterates from an in-
itial guess to a final solution, and stops iterating when the sum of the changes
in Xand Y is less than .@01 nautical miles.

The local ENU coordinates are transformed into latitude, longitude, and altitude
using Clarke's spheroid of 1866.

RAPPRO was developed by translating the program supplied by the contractor from
the BASIC into FORTRAN. Features have been added to RAPPRO which are not

in the original BASIC program. RAPPRO performs all computations in double pre-
cision DEC Fortran. The inputs to RAPPRO are in single precision, but the ac-
curacy of the ATADS is preserved (.001 nautical miles in range and 10 milli-
seconds in time) by RAPFIL, which stores two values for each parameter. Range
is read into RAPPRO as two integer parameters, miles and millimiles; time is read
into RAPPRO as one single precision parameter and one integer parameter, total
seconds and milliseconds. Range and time input parameters are reassembled into
double precision floating point parameters by RAPPRO, thus preserving the pre-
cision of the ATADS.



RAPPRO is initialized by specifying a flight data file which contains the station
identifiers of ground stations to be included in the solution, the latitude,
longitude and altitude of the origin of the local coordinate system which is

an ENU system. The flight data file also contains the barometric altimeter setting
for correcting barometric altitude. RAPPRO then searches a specified station library
file for the identified stations and reads in their latitude, longitude and al-
titude. These coordinates are first converted to Earth Centered Earth Fixed
Coordinates (ECEF) as an intermediate step, and then the ECEF coordinates are con-
verted into local ENU coordinates.

RAPPRO then reads a start time and a stop time (programmer option at run time).

A sync time is read, which synchronizes the RAPPRO processing with the contractor's
processing results for comparison purposes. This was necessary due to the dif-
ferences between time and handling logic in two programs. Next RAPPRO begins to
process the file created by RAPFIL in the following sequence:

Step 1 - A range data record is read from the data file and converted to double
precision.

Step 2 - Time is tested and if not synchronized, RAPPRO, returns to Step 1.
Otherwise RAPPRO tests time to see if stop time limit is exceeded. |If so,
RAPPRO continues at Step 18. |If not, RAPPRO tests time to see if current data
window upper time limit is exceeded. |If so, RAPPRO continues at Step 7; other-
wise, continue at Step 3.

Step 3 - The range measurement is indexed via the station ident code, to
correlate it to the correct storage areas associated with the received station.

Step 4 - Range multipath rejection is accomplished by examining time code

from the cycler tracker and rejecting later range records with current time
codes. The assumption is that the later recorded range is a longer path measure-
ment. This feature is removed from the latest contractor version, but re-

tained in RAPPRO.

Step 5 - A prefilter algorithm checks to see if a return from the received
station occurred within a specified time gap. |If not, a range change rejection
level is modified up from 1.5 to 40 nautical miles. Next the prefilter
algorithm compares the previous filtered range to the current measurement.

If the magnitude difference is greater than the rejection level, RAPPRQ returns
to Step I. Otherwise, RAPPRO tests whether or not sufficient recent updates
have occurred, if not, RAPPRO continues on to Step 6. Otherwise, RAPPRO
compares current measured range with previous measured range. |If the magnitude
difference exceeds .7 nautical miles, RAPPRO rejects the new value and returns
to step 1. Otherwise RAPPRO continues on to Step 6.

Step 6 - RAPPRO updates the current station return counter. RAPPRO stores

the measured range, the time of measurement and time since data window lower

time limit in the appropriate arrays. All are indexed by station ident and the return
counter. RAPPRO returns to Step .
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Step 7 - RAPPRO continues here from Step 2. At this point all range/time data
pairs in the current data window have been indexed and stored.

Step 7A - RAPPRO indexes through the station data base, and tests for those with

at least 2 returns in the current data window. If there are none, RAPPRO continues
at Step 17. For each station with 2 or more returns, RAPPRO continues on to

Step 8.

Step 8 - RAPPROrinitializes summation variables to zero and accumulates sums,
sums of squares and sums of cross products of ranges, and times for the received
station data pairs, and performs least square straight line curve fit to the
data in the window and continues to Step 9.

Step 9 - RAPPRO tests for any range/time data pair which is more than .03 nautical
miles from the current least squares line, and indexes the largest for later
removal. RAPPRO continues to Step 10.

Step 10 - If any range/time data pairs are indexed for removal, RAPPRO revises

the data arrays and continues to Step 7A. Otherwise RAPPRO uses the final straight
line solution to inerpolate and create a range/time data pair for the received
station at the center of the current data window. In this way, RAPPRO syn-
chronizes all received stations measurements to a common time. |If all received
stations have veen synchronized, RAPPRO continues on to Step Il. Otherwise

RAPPRO returns to Step 7A.

Step 11 - If less than 3 stations have been time synchronized, RAPPRO
continues at Step 17.

Step 11A - RAPPRO initializes summation variables continues
on to Step 12.

Step 12 - RAPPRO checks for gross outliers in the current position and if the
situation occurs (1000 nautical mile errors). RAPPRO reinitializes position to
zero and continues on to Step 17. (This outlier feature is not in the contractor's
program.) Otherwise, RAPPRO continues and computes an earth curvature

altitude correction factor from the current position estimate. RAPPRO rejects
flagged (Step 15) stations and tests to see if less than 3 stations remain in

the solution, if so continue to Step 17, otherwise continue to Step 13.

Step 13 - RAPPRO computes factors for the least squares solution. |If division
by zero would occur, RAPPRO reinitializes position to zero, and continues on
to Step 17. Otherwise, RAPPRO computes correction factors for X, Y position
estimates and up dates current position estimates. Continue to Step 14,

Step 14 - RAPPRO tests the iteration count for the convergent least squares
solution, and if iterations exceed specified level (a run time option, this
feature not in contractor's software), current position is initialized to zero
and processing continues at Step 18. Otherwise RAPPRO continues at Step 15.
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Step 15 - RAPPRO tests the sum of magnitudes of the X and Y correction factors. | f
this sum exceeds .001 nautical miles, RAPPRO returns to Step 11A., Otherwise
RAPPRO flags stations for rejection from current solution if current range

bias residuals exceed .04 nautical miles and returns to Step 11. If no more
stations are flagged at this iteration, RAPPRO accumulates bias residuals and
computes new estimates of station range biases. |In the case of flagged stations,
RAPPRO substitutes estimated ranges based on estimated position for inter-

polated (straight line) ranges. RAPPRO does not accumulate computed bias residuals
greater than 1.0 nautical miles. Continue at Step 16.

Step 16 - RAPPRO transforms the estimated local ENU. position coordinates

into ECEF coordinates, and then computes latitude and longitude from the ECEF co-
ordinates. RAPPRO then stores the time (center of data window) latitude and
longitude, and the local coordinates in the output file in double precision
format. Continue to Step 17.

Step 17 - RAPPRO slides the data window forward a specified number of
seconds, removes old data from the new data window and returns to Step 2.

Step 19 - RAPPRO closes all files and halts.
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APPENDIX C - RAPPRO VALIDATION

Prior to computation of position errors, the program RAPPRO was

validated to insure that it processed the ATADS data in the manner
prescribed by the contractor. This was accomplished by comparing printouts
of estimated positions produced on the HP 85 computer with contractor
software to printouts of estimated positions produced on a PDP 11/34
computer with RAPPRO.

RAPPRO was '‘synchronized' to the identical start time and window times
used to process the data with the contractor's program. This insured
identical input data, and .if the outputs matched, the software would be
validated.

The results of a typical sequence of data is shown in Tables C.1 and C.2.
Looking at tables C.1 and C.2, it is easy to see that RAPPRO is a satisfactory
replacement for the contractor's program. The computational differences
amount to a position error of about 6 feet between the two programs, which

is the terminal tolerance specified in the iterative solutions employed in
both programs.



TABLE C.1 - LATITUDE COMPARISON

TIME RAPPRO CONTRACTOR D LAT (feet)
102501 39.717587 39.717596 -3.3
102506 39.720409 39.720421 -4 .4
102511 ' 39.723012 39.723023 -4.0
102516 39.725357 39.725371 -5.1
102521 39.727712 39.727725 -4.7
102526 39.730434 39.730446 ‘ 4.4
102531 39.732978 39.732990 -4, 4
102536 39.735506 39.735517 -4.0
102541 39.738224 . 39.738235 -4.0
102546 39.740670 39.740681 4.0
102551 39.742987 ' 39.742998 -4.0
102556 39.745489 39.745500 -4.,0
102601 39.748767 39.748778 4.0
102651 39.773968 39.773978 -3.6



TIME
102501
102506
102511
102516
102521
102526
102531
102536
102541
102546
102551
102556
102601
102651

TABLE C.2 LONGITUDE COMPARISON

RAPPRO

75.
75.
75.
.083233
75.
75.
75.
75.
75.
75.
75.
75.
75.
74.

75

105094
097977
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038450
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023089
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APPENDIX D
HP 85 HP-85 BASIC SOFTWARE

The software is comprised of three main programs:
1. Data base
2. Data processing
3. Data apalysis
I. Data Base. Two programs
a. ''BEACON'" - Data entry and storage program. It stores ground
station information in a known format that can be accessed by ''THE
SET-UP'" program.
b. '"SET-UP'" - Allows selection of beacons to be used in the local
test area. Computes and stores the user defined local coordinate system
for access by the processing program.

{l. Data Processing. One program. ‘'PROCESS"

a. Computes and stores position as a function of time for the ATADS,
LORAN 711, and LORAN 424,

b. Recovers and formats flight data.

c. Produces printout of intermediate results.

d. Produces CRT plot or hard copy plot of aircraft track.

e. Produces magnetic cassette tape of computed position.
I11,Data Analysis. Six programs.

These six programs access the data stored on the HP-85 cassette tape to produce
various plots on the HP-7225 plotter.

a. YDLTVST" - delta latitude vs time
b. ''DLNVST' - delta longitude vs time
¢. ''NORTH'" - northing error vs time
d. "EAST" - easting error vs time

e. ''RADIAL" - radial error vs time

f. "XYP85' - track‘plots



In a similar way,

(]
[
N

a a+a_ b
21 . 22

Equations (1) and (2) are solved simultaneously,

kT4

‘a = (a,,C1 - a,,C2)/DET

b = (ay,C2 - a,,C1)/DET
Ialz = az1)
where
- 2
DET = a,,8,, = aj,

Computéd (estimated) range for ith point is,

4 Rci

=ati+b

range

data point§

i

desireq position time

(2)

+ time

g

Y £
- 152

.12 sec. window

Figure 1



B. Filtering

In second step, differences between measured (Ry;) and computed (R.;)
ranges are computed. The data point which has the'greatest difference
among the differences greater than 180 feet is found and thrown out. Then,
the best 1ine fit is recalculated. The same procedure is iterated for each
beacon unti] the differences are less than 180 feet.

After fitting the best straight line to the data points left, the range
is computed from it at the desired position time. |

At the next position time (5 seconds later), the window is slid 5 seconds
forward and new data points are put in the window. The same computations are

then made in order to find the best estimated range at the desired position time.

—



Flow Diagram
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APPENDIX F

« LINEAR LEAST SQUARES SOLUTION ALGORITHM

A. Derivation
The criterion for the best estimate of position is to minimize the
the sum of squares of differences between "measured” and the "estimated"

ranges for all stations.

LYY

Ri = measured range from ith station to the aircraft location.

S; = estimated rdnge from ith station to the aircraft location.
~ _ A~ 2 ~ 2 ) 2 N

X = f(-)+ 8

VE(-)re

(-) denotes previous estimation.
where: (2,?,2) is estimated aircraft location.
(Z is known)
(X;,¥5,2;) is ith station location
§,e are increments used to update our esiimates.
Ri-Sj = n is range error to be minimized.

n is a function of € and §

Taylor series expansion of range equation,
_ ~ ~ 2A :
51 = S'l(-) +AS]-(-) +AS.i(-) + ...

After a few manipulations and throwing out terms of order higher

that the first: , .
Si = 54(-) +.PyS + qje
where: Py = [X(-)-%;)/ Si(-)
qj = [Y(-)-Y;1/ Sy(-)

t]



Now we can use the least squares technique.

n(.d,s) =

(N is the number of ground stations;

LI e I
—~
=]

]
w
~

»n

*Minimizing n with respect to § aqd e yields:

, N N L
—_—=2 1 {[Si(-) - Zi] Pi + Pizd + PiqiE} =0 (1)
36 =l | . S

or KY)

-Cl+a :-6+a e=0"
11 12

omn
Similarly setting —— = 0 yields:
' ac
on N ~
de i=1 ’
or

fCZ + ailé + 3226 =0

Equations (1) and (2) are then solved simultaneously for e and §,
2y, = 3,, and | |
8 = (a,,Cl - a ,C2)/DET
€ = (aIICZ - a,,C1)/DET

DET = (a,,a,,) - (a,,)?

The increments § and e are added to §(~)_and ?(-) and unless the in-
crements have converged, the procedure is reiierated.

In the algorithm used for position computation, if the sum of incre-
ments in X and Y axes are.greater than .001 nm. the computation is reiter-
ated.

The following illustrative example explains the least squares tech-
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nique;
For stations A, B.and C the measured and Eomputed ranges and errors

are,

measured range (Ri)

error between measured and
computed range (Ri'si)

“» computed a/c location

E = [(eA)? + (eB)2 + (ec)2] is minimum at the computed a/c location.

X = X(-) + AX
Y = Y(-) + AY
7=12(-) + AZ

where?
AX, AY, AZ are increments
(i, ?, i) is aircraft location

[i(-), ?(-), 2(-)] is previous aircraft location

Iterative Procedure:

o



where:

€,, €,, €, is the sum of the squares of errors.

= a2 2 2
(e;.= ep; + eg; *+ecy)

Location 1:

4

a/c coordinates ———» X,, Y,, Z, (first guess)

|ax,| + |av,| > .001 nm.

Location 2:
a/c coordinates —— X,, Y,, Z, (first position computation)
where: —

Xé = Xl + AXI

Y, =Y, + Y

LI =1+ A1

2 1N

and

|ax,| + |av,| > .001 mm.

-Location 3:
a/c. coordinates ——=> X,;, Y5, Z, (first iteration)
where:
X; = X; + &K,
Y, =Y, +4Y,
N 53
Z, =1, + Az,
and
|ax,| + [aY,| < .001 nm. " (the best estimate of position) -



B. Flow Diagram

Set increments g, -8
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[

Rl
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7
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: DONE
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	PURPOSE 
	enrout~ accuracy of the multi-DME position reference subsystem of ATADS. 
	This letter report documents a technical evaluation of the 

	BACKGROUND 
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	An effort is presently in progress by DOT and DOD to evaluate existing and future radionavigation systems to provide inputs to the Federal Radionavigation Plan (FRP). The FRP will present an integrated policy for Federal, military, and civil navigation systems through the year 2000 to achieve maximum operational and technical utility to all users. LORAN-e is being evaluated by the FAA as a candidate radionavigation system to supplement or replace present navigation systems. 
	The evaluation of the ATADS at the Center will proceed with the complete testing of the system as planned, but an immediate evaluation of the position reference subsystem in the enroute mode was undertaken to respond to require­ments for LORAN-e testing. 
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	DISCUSSION 
	SYSTEM DESCRIPTION 
	The ATADS is an airborne data collection package with an integral position reference capability. The three subsystems that comprise the system are the multi-DME position reference system, the data collection system, and the data analysis system. Figure 1 is a block diagram of the ATADS. 
	The position reference system provides aircraft position in space by multi­lateration of range information from DME ground stations. The position reference system,located on the ATADS airborne rack, consists of a modified airborne DME interrogator unit and a microprocessor unit. The station channeling, station acquisition, and range tracking are controlled by the microprocessor. The normal sequencing rate of this cycler/tracker is ten stations per second. The DME interrogator was modified to process both th
	The ATADS functions in 2 Modes: 
	1. 
	1. 
	1. 
	A preprogrammed mode controlled by a user specified programmable read only memory (PROM). The PROM allows selection of ten predetermined stations. The ten stations can be all normal pulse, all precision pulse, or a mix of both. 

	2. 
	2. 
	A free scan mode whereby the stations are selected by signal strength and scanned sequent i a 11 y. 


	The data collection system contains a SESCO 8080 microprocessor as the central processing unit (CPU) and appropriate interfaces in a ruggedized airborne package. The system accepts inputs from various data sources which include the system clock, altimeter, cycler/tracker, LORAN-e, INS, and a keyboard terminal. The CPU time tags each data source and formats the data for the system digital tape recorder. Capability is provided to monitor system operation during the flight by optional printout of selected para
	Data reduction and analysis is accomplished by postflight processing the data on either a ground base minicomputer or a portable microcomputer. A PDP-11 computer at the Center is the procliSiSor.~for the home faci 1ity data analysis and quick lookof the raw flight datp. The software algorithm for the position solution is the same for each computer, but different languages are used for the programs. Jhe HP-85, although slower for data processing, provides a capability to produce postflight plots and statisti
	an HP-85 portable computer is supplied for 
	11
	11 

	FLIGHT TEST DESCRIPTION 
	The ATADS flight tests reported in this document were conducted as per Test Plan (item #4 under Related Documents) section 5.2 and 5.2.1 pertaining to enroute flight testing. 
	The enroute accuracy of the ATADS position reference system was measured using the Technical Center Nike instrumentation radar. After a brief period of laboratory system checkout and operation, the airborne rack was installed in 
	2 
	the CV-580 test bed aircraft, N-49, for a series of local test flights. The ATADS rack was mounted in the forward section of the aircraft cabin and connected to the ship's AC and DC power. A DME blade antenna located on the bottom of the aircraft was used for signal reception. Digital altitude information from the pilot's encoding altirreter was input to the ATADS rack. A tirre code generator provided the external clock input to the system for reference tirre. Although ATADS provides the capability to recor
	INS (LTN-51) and LORAN-C (TDL-424 and TDL-711), these were not included in this test. The primary objective of this test was to evaluate only the ATADS position reference system. 
	The patterns were flown at altitudes between 4500 and 6500 feet MSL. These altitudes insured the constant reception of a minimum of 6 DME stations throughout each flight pattern. The flight patterns are shown superimposed on a low-altitude air navigation chart in Figure 2. The flight profiles for these tests included orbits of 10 nm radius centered around the ACY VORTAC and radial routes between the local VORTAC stations. Table 1 is a list of the ground facilities utilized for the flight tests. 
	Four flights as 1isted below provided over four hours of data: 
	Flight Date Duration Description 
	1/22/82 1.5 hr. 4500' Altitude Orbit, 4500' Altitude Pattern, Checkout; No data 
	2 
	2 
	2 
	3/2/82 
	1.0 hr. 
	6500' 
	Altitude 
	Orbit, 
	6500' 
	A 1 t i tude 
	Pattern; 

	TR
	Free 
	Scan 

	3 
	3 
	3/3/82 
	1.5 hr. 
	6500' 
	Altitude 
	Orbit, 
	6500' 
	A 1 t i tude 
	Pattern; 

	TR
	Pre se leeted 
	Scan 

	4 
	4 
	3/4/82 
	1. 75 
	hr. 
	5000' 
	Altitude 
	Orbit, 
	6500' 
	Altitude 
	Pattern; 

	TR
	Pre se leeted 
	Scan 


	DATA PROCESSING AND ANALYSIS 
	Data reduction and analysiswereconducted as per Test Plan (item #4 under 
	Re 1 a ted Docurre nts) section 6. 
	The raw flight data recorded at 9600 baud on the system cartridge tape recorder consisted of date, time, altitude, and range information from the cycler/tracker. Also recorded on the tape were any comments input from the terminal during the 
	tests. The information from each individual data source constituted a logicaJ 
	1111
	F

	record with an identifier ASC11 start character and ASCll terminating character. 
	1111
	Q

	Physical records were 1024 bytes in length. ASCII fi 11 characters were 
	inserted at the end for any unused bytes. The format for the various data sources are 1isted in Table 2. Each data source was tagged with time at the 
	instant received by the data collector. 
	The ATADS as operated on the local flight tests permitted approximately forty minutes of data collection per track. Almost two minutes of data were lost during each track change due to tape rewind. 
	The flight data was processed by both the portable HP-85 computer and the PDP-11 minicomputer using the same position solution algorithm. It was necessary 
	to convert the contractor supplied BASIC software to FORTRAN for operation on the PDP-11 in order to merge the reference radar data with the ATADS computed 
	3 
	positions. The processing of the raw flight data was identical on both computers except for 1/0 differences. A Qan1tex cartridge tape unit was interfaced to the PDP-11 to provide input of the raw flight data. The HP-85 used the airborne Tandberg cartridge recorder for flight data processing. A description of the data processing analysis executed on the PDP-11 minicomputer is detailed in Appendix A. A description of the position determination software translated for use on the PDP-11 minicomputer is in Appen
	11 
	11 

	Appendixes E and F v.ere furnished by SNC as part of the hardware/software documentation package required by the ATADS development contract. These appendixes describe the algorithms implemented within the ATADS for DME range filtering and least squares position solution. 
	RESULTS 
	Data from the initial test flight of the ATADS on January 22, 1982, revealed a deficiency in the airborne cycler/tracker. Too many replies (fruit) from adjacent channels v.ere processed due to the lack of selectivity of the modified airborne DME which allowed undesirable replies to contaminate the position solution. An attempted quick fix by the subcontractor to improve selectivity resulted in degradation of ranging information. 
	The hardware problem was not resolved. The contractor improved system performance by modifying the tracker software and by adding pre and post filter routines in the position computation. In addition, problems were experienced while exercising the HP-85 software. Users unfamiliar with the system were prone to induce nonrecoverable errors. The software was revised by the contractor for easier operation. These modifications re­quired one month after which the test flights resumed with flights #2 through #4. 
	The results of flight #2, operated in the free scanning mode, showed the the initial range solution deficiencies previously described were improved. The ATADS mean and one sigma east, north and circular errors (see Appendix A) are presented in Tables 3, 4 and 5 for test flights two through four. The circular error distributions (percent of the errors inside of a circle of specified radius) are presented in Tables 6, 7 and 8 for flights two through four. The circular error mean and one sigma, circular error 
	-

	Elimination of the high bias range error stations ( 0.1 nm) reduced flight 3 mean circular errors and CEP's, but did not reduce similar errors for flight 2. 
	The tracking radar time reference had slewed 30 seconds during flight 2. The time slew had been compensated for in post flight processing. Compensating for additional undetected time· skews did not reduce flight 2 errors. 
	The high range bias errors and the high measured errors for flight 2 are unresolved and remain under investigation. 4 
	The tracking radar will not be available for enroute navigation system tests to validate range bias errors. Hence, high range bias error stations may unintentionally be included in position solutions for enroute navigation system tests. Position errors including high range bias stations will be more representative of enroute field test data. The combined 50% circular errors \\ere 324 feet and 218 feet respectively for stations with and without high range bias errors ( 0.1 nm) in the position solution. The 2
	The ATADS accuracy was evaluated as delivered by the contractor and no experimentation was conducted to change software constants to optimize accuracy performance. 
	CONCLUSIONS 
	1. 
	1. 
	1. 
	The ATADS system contains a position reference system of sufficient accuracy to allow measurement of enroute navigation system performance with respect to AC 90-45A. 

	2. 
	2. 
	The ATADS system did not meet the 200 foot CEP error design specification when data from flights \\ere combined. 

	3. 
	3. 
	The airborne DME hardware remains susceptible to undesired replies (fruit) that degrade the position solution. 


	4.• The HP-85 "quick-look" software remains awkward to use. 
	RECOMMENDATIONS 
	1. 
	1. 
	1. 
	Follow-on testing should be conducted to allow determination of ATADS positioning accuracy in the non-precision approach mode using the contractor supplied portable ground stations designed for high accuracy. Further testing should also establish the capability of the ATADS as a navigation data collection system. 

	2. 
	2. 
	The airborne DME hardware should be modified to eliminate undesired replies. 

	3. 
	3. 
	The HP-85 software should be restructured for improved user operation. 

	4. 
	4. 
	An examination of software constants should be conducted to determine if optimization will improve system performance. 

	5. 
	5. 
	An additional flight test should be conducted in the free scan mode if the position errors observed in flight 2 cannot be resolved. 


	5 
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	Table
	TR
	TABLE 
	1 -TACAN 
	STATIONS 

	CHAN 
	CHAN 
	IDENT 
	LAT 

	019X 
	019X 
	ARD 
	40.25324 

	2 
	2 
	023X' 
	ACY 
	39.45574 

	3 
	3 
	051X 
	ENO 
	39.23153 

	4 
	4 
	055X 
	NEL 
	40.03583 

	5 
	5 
	075X 
	OOD 
	39.63590 

	6 
	6 
	081X 
	CYN 
	39.81718 

	7 
	7 
	o85x 
	RBV 
	40.20226 

	8 
	8 
	087X 
	FYT 
	39.67266 

	9 
	9 
	095X 
	SIE 
	39.09538 

	10 
	10 
	099X 
	VCN 
	39.53754 


	USED FOR 
	LON 74.90796 74.57672 75.51626 74.35500 75.30338 74.43201 74.49541 75.62199 74.80071 74.96751 
	FLIGHT TESTS 
	ELEV(ft) 
	310 10 10 100 140 210 250 80 10 120 
	LOCATION Yardley, PA At 1antic City, N.J. Kenton, Delaware Lakehurst, N.J. Woodstown, N.J. Coy 1e, N.J. Rob i n s v i 11 e , N.J. Fatima, Delaware Sea I s 1 e , N • J • Cedar Lake, N.J. 
	LOCATION Yardley, PA At 1antic City, N.J. Kenton, Delaware Lakehurst, N.J. Woodstown, N.J. Coy 1e, N.J. Rob i n s v i 11 e , N.J. Fatima, Delaware Sea I s 1 e , N • J • Cedar Lake, N.J. 
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	DATA SOURCE 
	Date Time A 1 t i tude Comment 
	INS Range Tracker TDL-424 TDL-711 
	INS Range Tracker TDL-424 TDL-711 
	TABLE 2 
	-


	TOTAL BYTES 
	TOTAL BYTES 
	8 
	14 42 
	8 
	20 
	8 
	163 

	ATADS CARTRIDGE TAPE FORMAT 
	IDENT. 
	IDENT. 
	IDENT. 
	TIME 

	CHAR 
	CHAR 
	TAG 

	ASC117 
	ASC117 

	ASCI lA 
	ASCI lA 
	2 
	Bytes 

	ASC IIC 
	ASC IIC 

	ASCII I 
	ASCII I 
	2 
	Bytes 

	ASCIIR 
	ASCIIR 
	2 Bytes 

	ASC 114 
	ASC 114 
	2 Bytes 

	ASC 117 
	ASC 117 
	2 
	Bytes 


	DATA 
	p Bytes 2 Bytes ~0 Bytes ~ Bytes 16 Bytes 4 Bytes 157 Bytes 
	TERM CHAR 
	ASCI IF ASCI IF ASCI IF ASCI IF ASCI IF ASCI IF ASCI IF 
	EXAMPLE OF DATA 
	TYMDHMSF 
	TYMDHMSF 
	CCCX-RRR.RRR-TTT 

	TABLE 3 FLIGHT 2 ATADS POSITION ERROR SUMMARY (IN FEET) 
	fi 
	fi 
	fi 
	Stations 
	in 
	North Error 
	East Error 
	Circular Error 

	,Solution 
	,Solution 
	Samples 
	Mean 
	Sigma 
	Mean Sigma 
	Mean 
	Sigma 

	3 
	3 
	1 

	4 
	4 
	30 
	199 
	86 
	23 
	260 
	393 
	119 

	5 
	5 
	112 
	185 
	99 
	268 
	198 
	371 
	129 

	6 
	6 
	121 
	202 
	76 
	283 
	119 
	363 
	93 

	7 
	7 
	92 
	215 
	62 
	296 
	106 
	374 
	93 

	8 
	8 
	0 
	* 
	* 
	* 
	* 
	* 
	* 

	9 
	9 
	0 
	* 
	* 
	* 
	* 
	* 
	* 

	10 
	10 
	0 
	* 
	* 
	* 
	* 
	* 
	* 

	6 or More 
	6 or More 
	213 
	208 
	71 
	288 
	113 
	368 
	93 

	Summary 
	Summary 
	356 
	200 
	83 
	276 
	161 
	371 
	108 
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	TABLE 4 FLIGHT 3 ATADS POSITION ERROR SUMMARY (IN FEET) 
	(3/3/82) 
	1F Stations in North Error East Error Circular Error Solution Samples Mean Sigma Mean Sigma Mean Sigma 
	3 
	3 
	3 
	2 
	309 
	.05 
	-23 
	38 
	311 
	2.8 

	4 
	4 
	6 
	288 
	. 281 
	-96 
	180 
	396 
	182 

	5 
	5 
	20 
	265 
	207 
	-25 
	266 
	387 
	174 


	6 61 294 116 107 205 369 129 7 114 289 lOS 236 182 411 117 8 162 268 92 300 145 421 117 9 138 266 85 321 113 431 92 10 41 237 61 309 100 401 66 6 or More 516 273 95 269 165 414 110 Summary 544 273 104 255 180 412 114 
	11 
	TABLE 5 FLIGHT 4 ATADS POSITION ERROR SUMMARY (IN FEET) 
	Stations 
	Stations 
	Stations 
	1n 
	North Error 
	East Error 
	Circular Error 

	Solution 
	Solution 
	Samples 
	Mean Sigma 
	Mean 
	Sigma 
	Mean 
	Sigma 

	3 
	3 
	1 
	X 
	X 
	X 
	X 
	X 
	X 

	4 
	4 
	1 
	X 
	X 
	X 
	X 
	X 
	X 

	5 
	5 
	11 
	27 
	114 
	-71 
	267 
	272 
	97 

	6 
	6 
	40 
	-24 
	136 
	-23 
	218 
	236 
	101 

	7 
	7 
	72 
	-54 
	96 
	-41 
	177 
	191 
	92 

	8 
	8 
	143 
	-49 
	72 
	-95 
	155 
	178 
	94 

	9 
	9 
	170 
	-52 
	69 
	197 
	126 
	226 
	107 

	10 
	10 
	119 
	-26 
	57 
	249 
	93 
	257 
	89 

	6 or More 
	6 or More 
	544 
	-44 
	79 
	144 
	167 
	216 
	100 

	Summary 
	Summary 
	557 
	-42 
	80 
	140 
	172 
	217 
	101 
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	TABLE 6 FLIGHT 2 ATADS CIRCULAR ERROR PROBABILITY DISTRIBUTION -For 
	Solutions Including 6 or More Stations 
	Circular Error (feet) 0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 
	Points Inside 0 0 0 
	50 
	5 19 46 97 137 177 193 205 211 212 212 213 
	Total Points 
	213 
	213 
	213 
	213 
	213 
	213 
	213 
	213 
	213 
	213 
	213 
	213 
	213 
	213 
	213 
	213 
	(3/2/82) 
	Percent Total . 0 . 0 . 0 
	Percent Total . 0 . 0 . 0 
	0 2.35 8.92 45.54 64.32 64.32 83.10 90.61 96.24 99.06 99.53 99.53 100.00 

	TABLE 7 FLIGHT 3 ATADS CIRCULAR ERROR PROBABILITY DISTRIBUTIONS -For 
	Solutions Including 6 or More Stations 
	Circular Error (feet) 0 
	so 
	so 
	100 
	150 
	200 
	250 
	300 
	350 
	400 
	450 
	500 
	550 
	600 
	650 
	700 
	750 
	800 
	850 
	900 
	950 

	Points Inside 0 0 0 0 3 13 
	63 158 269 341 
	409 463 492 504 506 508 511 512 515 516 
	Total Points Percent Total 
	516 .0 
	516 .0 
	516 .0 
	516 .0 
	516 .58 
	516 2.52 
	516 12.21 
	516 30.62 
	516 52.13 
	516 66.09 
	516 79.26 
	516 89.73 
	516 95.32 
	516 97.67 
	516 98.06 
	516 98.45 
	516 99.03 
	516 99.22 
	516 99.81 
	516 100.00 
	14 
	TABLE 8 FLIGHT 4 ATADS CIRCULAR ERROR PROBABILITY DISTRIBUTIONS -For 
	Solutions Including 6 or More Stations 
	Circular Error (feet) 0 50 100 150 200 250 300 350 400 450 500 550 600 650 
	Points Inside 
	0 13 73 151 252 349 432 483 524 538 543 543 543 544 
	Total Points Percent Total 
	544 .0 
	544 2.39 
	544 13.42 
	544 27.76 
	544 46.32 
	544 64.15 
	544 79.41 
	544 88.79 
	544 96.32 
	544 98.90 
	544 99.82 
	544 99.82 
	544 99.82 
	544 100.00 
	15 
	TABLE 9 SUMMARIZED REQUIREMENTS AND RESULTS OF ATADS ENROUTE ACCURACY FLIGHT TEST 
	Includes High Bias Stations High Bias Stations (>O.lNM) deleted Flight No. Circular Error CEP Circular Error CEP No. of Mean 1 Sigma Mean 1 Sigma Stations 
	Ft. Ft. Ft. Ft. in Solution 2 368 93 362 386 84 397 >6 3 414 110 395 242 99 223 >6
	-
	-

	4 216 100 209 202 93 194 >6
	-Combined 324 218 >6 ATADS Specification 200 AC 90-45A *5156 
	O'o 

	*Positioning System Accuracy should be an order of magnitude (XlO) more accurate than the specification requirement. 
	APPENDIX A -DATA PROCESSING AND ANALYSIS 
	DATA PROCESSING 
	The airborne data is processed on a PDP 11/34 computer with RAPFIL and RAPPRO 
	(See Appendix B) to produce a file containing time tagged aircraft position es­
	timates. The position estimates are latitude, longitude and altitude and are 
	spaced 5 seconds apart in time. 
	Nike Hercules tracking data is processed into latitude, longitude and altitude 
	on the Honeywell 66/60 computer. The data is time tagged and stored on a mag­
	netic tape. ~he data tape contains tracking position spaced . 1 seconds apart. 
	Two radar tracking data tapes (one from each Nike radar) are time merged and 
	position averaged on a PDP 11/34 to generate a processed tracking tape. Data for which the difference between the radars positions exceeds 50 feet in either 
	axis are rejected, to insure against outliers in radar data. The processed 
	tracking data and the processed airborne data are time merged (skew tolerance of 10 milliseconds) and stored in merged data files for access by data analysis 
	programs. 
	DATA ANALYSIS 
	The merged data are processed on a PDP 1·1134 computer to compute differences in latitude and longitude between the ATADS and the NIKE HERCULES. The north and east errors are computed in feet by the following two flat earth approximations: 
	North Errori = (LATATADS-LATNIKE) *60 * 6076.115 
	East Errori = (LONGATADS-LONGNIKE) *COS(LATNIKE) *60 *6076. 115 
	where all lat/long values are in degrees. 
	The sums of errors and sums of squares of errors are accumulated and means and sigma values of the errors are estimated by the following two equations: 
	MEAN ERROR = k ERROR. L 
	I N r.. 
	N ,2. • 7 \2.-"'Z..
	ONE SIGMA ERROR = 

	r ( 
	r ( 
	f 
	f 

	N-i [ E.RROR. r)-r::r r(_ERROR i J .s 
	1 

	1':1 I ::.1
	where N = Number of samples. 
	The circular error is also computed as: 
	2]!
	2]!

	CIRCULAR ERROR.= CE. =r(North Error.) + (East Error.)
	2 

	I I L' I I 
	t.l 
	t.l 

	~ 
	MEAN CIRCULAR ERROR = 

	11 
	11 
	2.
	-


	1:::1 ONE SIGMA CIRCULAR ERROR = 
	The cumulative distribution of circular errors in steps of 50 ft. up to 100% of data inclusion is determined for solutions including 6 or ~nore stations. 
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	APPENDIX B ATADS POST FLIGHT POSITION DETERMINATION SOFTWARE 
	The post flight processing of the ATADS data takes place in two stages. In 
	the first stage, the data is read from the magnetic tape cartridge via a 
	Quantex recorder into a PDP 11/34 minicomputer. There the ranges and 
	altitude and time are processed into floating point and integer representations 
	in a data file for future use. This program is named RAPFIL. 
	In the second stage, these data files are processed to determine position 
	from the multiple range information contained therein. The program which 
	does this is named RAPPRO. 
	The purpose of this appendix is to discuss the position determination software 
	and the techniques employed therein. 
	RAPPRO solves for aircraft position by means of an algorithm supplied by the 
	contractor in the form of a program written in BASIC, 
	The heart of this algorithm is a range data filtering algorithm (see Appendix E) 
	and a linear least squares solution algorithm (see Appendix F). The filtering 
	algorithm fits a straight line to range/time data from the ATADS which occurs 
	in a contractor specified data window (12 seconds wide) for each station with 2 
	or more returns in the window. Then the filtering algorithm computes the ranges 
	at the center of the window. In this way, the range measurements from various 
	stations, occur i ng at different times are extrapolated/interpolated to a common 
	specified time. This is necessary to employ the least squares solution, which 
	assumes simultaneous measurement data. 
	The solution algorithm solves a set of simultaneous distance equations at the ranges. The solution algorithm 
	center of the data window using the ''filtered
	11 

	requires a minimum of 3 filtered ranges to compute position in a local East­
	North-Up (ENU) coordinate system. 
	Altitude (Z) is assumed to be the measured barometric altitude corrected for pressure and for earth curvature. The solution algorithm iterates from an in­
	itial guess to a final solution, and stops iterating when the sum of the cha-nges 
	in X andY is less than A01 nautical miles. 
	The local ENU coor.dinates are transformed into latitude, longitude, and altitude s spheroid of 1866. 
	using Clarke 
	1 

	RAPPRO was developed by translating the program supplied by the contractor from 
	the BASIC into FORTRAN. Features have been added to RAPPRO which are not 
	in the original BASIC program. RAPPRO performs all computations in double pre­cision DEC Fortran. The inputs to RAPPRO are in single precision, but the ac­curacy of the ATADS is preserved (.001 nautical miles in range and 10 milli­seconds in time) by RAPFIL, which stores two values for each parameter. Range 
	is read into RAPPRO as two integer parameters, miles and millimiles; time is read 
	into RAPPRO as one single precision parameter and one integer parameter, total seconds and milliseconds. Range and time input parameters are reassembled into double precision floating point parameters by RAPPRO, thus preserving the pre­cision of the ATADS. 
	RAPPRO is initialized by specifying a flight data file which contains the station 
	identifiers of ground stations to be included in the solution, the latitude, 
	longitude and altitude of the origin of the local coordinate system which is an ENU system. The flight data file also contains the barometric altimeter setting for correcting barometric altitude. RAPPRO then searches a specified station 1ibrary file for the identified stations and reads in their latitude, longitude and al­
	titude. These coordinates are first converted to Earth Centered Earth Fixed Coordinates (ECEF) as an intermediate step, and then the ECEF coordinates are con­verted into locql ENU coordinates. 
	RAPPRO then reads a start time and a stop time (programmer option at run time). A sync time is read, which synchronizes the RAPPRO processing with the contractor's processing results for comparison purposes. This was necessary due to the dif­ferences between time and handling logic in two programs. Next RAPPRO begins to process the file created by RAPFIL in the following sequence: 
	Step 1 -A range data record is read from the data file and converted to double precision. 
	Step 2 -Time is tested and if not synchronized, RAPPRO, returns to Step 1. Otherwise RAPPRO tests time to see if stop time 1imit is exceeded. If so, RAPPRO continues at Step 18. If not, RAPPRO tests time to see if current data window upper time 1imit is exceeded. If so, RAPPRO continues at Step 7; other­wise, continue at Step 3. 
	Step 3 -The range measurement is indexed via the station ident code, to correlate it to the correct storage areas associated with the received station. 
	Step 4 -Range multipath rejection is accomplished by examining time code from the cycler tracker and rejecting later range records with current time codes. The assumption is that the later recorded range is a longer path measure­ment. This feature is removed from the latest contractor version, but re
	-

	tained in RAPPRO. 
	Step 5-A prefilter algorithm checks to see if a return from the received station occurred within a specified time gap. If not, a range change rejection 
	level is modified up from 1.5 to 40 nautical miles. Next the prefilter algorithm compares the previous filtered range to the current measurement. 
	If the magnitude difference is greater than the rejection level, RAPPRO returns to Step 1. Otherwise, RAPPRO tests whether or not sufficient recent updates have occurred, if not, RAPPRO continues on to Step 6. Otherwise, RAPPRO compares current measured range with previous measured range. If the magnitude difference exceeds .7 nautical miles, RAPPRO rejects the new value and returns to step 1. Otherwise RAPPRO continues on to Step 6. 
	Step 6 -RAPPRO updates the current station return counter. RAPPRO stores the measured range, the time of measurement and time since data window lower time 1imit in the appropriate arrays. All are indexed by station ident and the return counter. RAPPRO returns to Step 1. 
	B-2 
	Step 7-RAPPRO continues here from Step 2. At this point all range/time data 
	pairs in the current data window have been indexed and stored. 
	Step 7A -RAPPRO indexes through the station data base, and tests for those with at least 2 returns in the current data window. If there are none, RAPPRO continues at Step 17. For each station with 2 or more returns, RAPPRO continues on to Step 8. 
	Step 8 -RAP PRO, in it i a 1 i zes summat i10n var i ab 1 es to zero and accumu 1 ates sums, 
	sums of squares and sums of cross products of ranges, and times for the received 
	station data pairs, and performs least square straight line curve fit to the 
	data in the window and continues to Step 9. 
	Step 9 -RAPPRO tests for any range/time data pair which is more than .03 nautical miles from the current least squares 1ine, and indexes the largest for later 
	removal. RAPPRO continues to Step 10. 
	Step 10 -If any range/time data pairs are indexed for removal, RAPPRO revises the data arrays and continues to Step 7A. Otherwise RAPPRO uses the final straight 1ine solution to inerpolate and create a range/time data pair for the received station at the center of the current data window. In this way, RAPPRO syn­chronizes all received stations measurements to a common time. If all received stations have veen synchronized, RAPPRO continues on to Step 11. Otherwise RAPPRO returns to Step 7A. 
	Step 11 -If less than 3 stations have been time synchronized, RAPPRO continues at Step 17. 
	Step llA-RAPPRO initializessummation variables,continues on to Step 12. 
	Step 12 -RAPPRO checks for gross outliers in the current position and if the situation occurs (1000 nautical mile errors). RAPPRO reinitial izes position to zero and continues on to Step 17. (This outlier feature is not in the contracto~•s program.) Otherwise, RAPPRO continues and computes an earth curvature altitude correction factor from the current position estimate. RAPPRO rejects flagged (Step 15) stations and tests to see if less than 3 stations remain in the solution, if so continue to Step 17, other
	Step 13 -RAPPRO computes factors for the least squares solution. If division by zero would occur, RAPPRO reinitial izes position to zero, and continues on to Step 17. Otherwise, RAPPRO computes correction factors for X, Y position estimates and up dates current position estimates. Continue to Step 14. 
	Step 14 -RAPPRO tests the iteration count for the convergent least squares solution, and if iterations exceed specified level (a run time option, this feature not in contractor's software), current position is initialized to zero and processing continues at Step 18. Otherwise RAPPRO continues at Step 15. 
	Step 15 -RAPPRO tests the sum of magnitudes of the X and Y correction factors. If this sum exceeds .001 nautical miles, RAPPRO returns to Step llA. Otherwise RAPPRO flags stations for rejection from current solution if current range bias residuals exceed .04 nautical miles and returns to Step 11. If no more stations are flagged at this iteration, RAPPRO accumulates bias residuals and computes new estimates of station range biases. In the case of flagged stations, RAPPRO substitutes estimated ranges baseq on
	-

	Step 16 -RAPPRO transforms the estimated local ENU. position coordinates into ECEF coordinates, and then computes latitude and longitude from the ECEF co­ordinates. RAPPRO then stores the time (center of data window) latitude and longitude, and the local coordinates in the output file in double precision format. Continue to Step 17. 
	Step 17 -RAPPRO slides the data window forward a specified number of seconds, removes old data from the new data window and returns to Step 2. 
	Step 19-RAPPRO closes all files and halts. 
	B-4 
	APPENDIX C -RAPPRO VALIDATION 
	Prior to computation of position errors, the program RAPPRO was validated to insure that it processed the ATADS data in the manner prescribed by the contractor. This was accomplished by comparing printouts of estimated positions produced on the HP 85 computer with contractor software to printouts of estimated positions produced on a PDP 11/34 computer with' RAPPRO. 
	to the identical start time and window times used to process the data with the contractor's program. This insured 
	RAPPRO was ''synchronized
	11 

	identical input data, and .if the outputs matched, the software would be validated. 
	The results of a typical sequence of data is shown in Tables C.1 and C.2. Looking at tables C.1 and C.2, it is easy to see that RAPPRO is a satisfactory replacement for the contractor's program. The computational differences amount to a position error of about 6 feet between the two programs, which 
	is the terminal tolerance specified in the iterative solutions employed in both programs. 
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	TABLE C.1 -LATITUDE COMPARISON 
	TABLE C.1 -LATITUDE COMPARISON 
	TABLE C.1 -LATITUDE COMPARISON 

	TIME 
	TIME 
	RAP PRO 
	CONTRACTOR 
	D LAT 
	(feet) 

	102501 
	102501 
	39-717587 
	39-717596 
	-3.3 

	102506 
	102506 
	39.720409 
	39.720421 
	-4.4 

	10 2511 
	10 2511 
	39.723012 
	39.723023 
	-4.0 

	102516 
	102516 
	39.725357 
	39.725371 
	-5. 1 

	102521 
	102521 
	39.727712 
	39.727725 
	-4.7 

	102526 
	102526 
	39.730434 
	39.730446 
	-4.4 

	102531 
	102531 
	39.732978 
	39.732990 
	-4.4 

	102536 
	102536 
	39-735506 
	39-735517 
	-4.0 

	102541 
	102541 
	39.738224 
	39.738235 
	-4.0 

	102546 
	102546 
	39.740670 
	39.740681 
	-4.0 

	102551 
	102551 
	39.74i987 
	39.742998 
	-4.0 

	102556 
	102556 
	39.745489 
	39.745500 
	-4.0 

	102601 
	102601 
	39.748767 
	39.748778 
	-4.0 

	102651 
	102651 
	39.773968 
	39.773978 
	-3.6 
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	TABLE C.2 LONGITUDE COMPARISON 
	TIME RAP PRO
	-
	-

	102501 75. 105094 102506 75.097977 10 25 11 75.090639 102516 75.083233 102521 75.075680 102526 75.068337 102531 75.060395 102536 75.052980 102541 75.045963 102546 75.038450 102551 75.030724 102556 75.023089 102601 75.016515 10 2651 74.942821 
	CONTRACTOR (feet) 75. 105097 -.8 75.097974 .8 75.090638 . 3 75.083236 -. 8 75.075682 -. 6 75.068338 -. 3 75.060396 -. 3 75.052981 -. 3 75.045964 -. 3 75.038451 -. 3 75.030726 -.6 75.023091 -• 6 75.016515 0.0 74.942821 0.0 
	CONTRACTOR (feet) 75. 105097 -.8 75.097974 .8 75.090638 . 3 75.083236 -. 8 75.075682 -. 6 75.068338 -. 3 75.060396 -. 3 75.052981 -. 3 75.045964 -. 3 75.038451 -. 3 75.030726 -.6 75.023091 -• 6 75.016515 0.0 74.942821 0.0 
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	APPENDIX D HP 85 HP-85 BASIC SOFTWARE 
	The software is comprised of three main programs: 
	1. 
	1. 
	1. 
	1. 
	Data base 


	2. 
	2. 
	Data processing 

	3. 
	3. 
	Data analysis


	, 
	, 

	I. Data Base. Two programs 
	a. 
	a. 
	a. 
	BEACON-Data entry and storage program. It stores ground station information in a known format that can be accessed by THE SET-UPprogram. 
	11 
	11 
	11 
	11 


	b. 
	b. 
	SET-UP-Allows selection of beacons to be used in the local test area. Computes and stores the user defined local coordinate system for access by the processing program. 
	11 
	11 



	II. 
	II. 
	II. 
	II. 
	Data Processing. One program. PROCESS
	11 
	11 


	a. 
	a. 
	a. 
	Computes and stores position as a function of time for the ATADS, LORAN 711, and LORAN 424. 

	b. 
	b. 
	Recovers and formats flight data. 

	c. 
	c. 
	Produces printout of intermediate results. 

	d. 
	d. 
	Produces CRT plot or hard copy plot of aircraft track. 



	e. 
	e. 
	Produces magnetic cassette tape of computed position. I I I.Data Analysis. Six programs. These six programs access the data stored on the HP-85 cassette tape to produce 


	various plots on the HP-7225 plotter. 
	a. 
	a. 
	a. 
	DLTVST-delta latitude vs time 
	11 
	11 


	b. 
	b. 
	DLNVST-de 1 ta 1 ong i tude vs time 
	11 
	11 


	c. 
	c. 
	NORTH-northing error vs time 
	11 
	11 


	d. 
	d. 
	EAST-easting error vs time 
	11 
	11 


	e. 
	e. 
	RADIAL-radial error vs time 
	11 
	11 



	f. XYP85-track p 1 ots 
	11 
	11 

	In a similar way, 
	()E N N 0 -+ a 1: ti + bN = ()b i=l i =1 
	E Rmi 

	or 
	or 

	a a + a b = C2 (2)
	21 22 
	Equations (1) and (2) are solved simultaneously, ., 
	a = (aCl C2}/DET
	22 

	12 
	a

	b ~ (ai C2 aCl)/DET 
	1
	12

	where 
	where 

	DET =alla22 -ai2 Computed (estimated) range for ith point is, 
	4 
	4 
	4 
	R .Cl 
	= at.1 
	+ b 

	i 
	i 

	range 
	range 
	/data points 

	TR
	• 
	& 


	the b.est 1ine fit 
	the b.est 1ine fit 

	.. 
	desire-' position time 
	--+--------+----__..:;____---+-----------c> t i 1ne 
	12 sec. window --:1 
	r 

	Figure 1 
	.· 
	.· 

	B. Filtering 
	In second step, differences between measured {Rm;) and computed (Rci) comput~d. The data point which has the greatest difference among the differences greater than 180 feet is found and thrown out. Then, the best line fit is recalculated. The. same procedure is iterated for each beacon unti J ~he differences are 1ess than 180 -feet. 
	ranges are 

	After fitting the best straight line to the data points left, the range is computed from it at the desired position time. 
	At the next position tirre (S seconds later), the. window is slid 5 seconds forward and new data points are put in the window. The same computations are then made in Oi'der to find the best estimated range at the desired position time . 
	' 
	' 
	.


	.. 
	.. 

	·. . 
	C. Flow Diagram 
	12 
	12 
	12 
	Put Data Points in a Sec. window for each beacon 
	!.. 

	TR
	Compute the Best Straight Line Fit 
	· 

	TR
	Compute Differences Between Measured and Computed Ranges 

	TR
	No 
	Removes Data 
	Erroneous Point 

	TR
	Compute the Range• At Desired Pos i t ion T i 
	,, •• 


	: 
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	APPENDIX F 
	• LINEAR LEAST SQUARES SOLUTION ALGORITHM 
	A. Derivation 
	The criterion for the best estimate of position is to minimize the measured and the "estimatedranges for all stations. 
	the sum of !;quares of differences between 
	11 
	11 
	11 

	tl 
	tl 

	Ri =measured range from ith station to the aircraft location. S; =estimated rgnge from ith station to the aircraft location. 
	'r-----------------------
	'r-----------------------
	-

	" ./" 2 ,.. 2 2
	Si = y(X-X;) + (Y-Y;) + (Z-.~i)_ ,.. " 
	X=X(-)+o " ,..
	X=X(-)+o " ,..

	i: Y(-)+ E (-) denotes previous estimation. 
	Y 

	..
	..
	..
	I 

	,.. "' 

	where: {X,Y,Z) is estimated aircraft location. ( Z is known) ~x. ,v.,z.) is ;th station location
	1 1 1 
	1 1 1 

	o,E are increments used to update our estimates. ,.. Ri-Si = n is range error to be minimized. 
	n is a function of E and o 
	Taylor series expansion of range equation, 
	,.. "' 2"'
	S; = S;(-) + 6Si(-) + 6 S;(-) + ... ma~ipulations and throwing out terms of order higher that the first: 
	After a few 

	"' "' 
	Si = Si(-) +.P;o + q;c 
	,.,
	"' 
	"' 

	where: pi = [X(-)-XiJ/ S;(-) ,., ,., q; = [Y(-)-Y;)/ S;(-) 
	Now we can use the least squares technique. 
	N ,... n(o,e:) = E (R. 5.)2 (N is the number of ground statio~s;
	•1 I 
	I
	=
	I 

	~ t1inimizing n with respect too and e: yie_lds: 
	, an N ,... 2 >:: {[S. (-) z.] p. + P-o + p.q.e:} = o ( 1) 
	2

	I I I I I 
	. 1 

	ao 1= 
	I 

	~ 
	or 

	-C1 +a ·o +a e: = o 
	11 12 
	an 
	an 

	Similarly setting -----= 0 yields: ae: 
	an N ,... --= 2 E {[S · {-)
	I
	• 1 

	ae: 1= 
	or 
	or 

	-C2 + a·o = 0 
	21 
	+ a22e: 

	Equations (1) and {2) are then solved simultaneously for e: and o, 
	o = {a Cl a C2 )/DET
	22 

	12 
	e: = {a C2 a Cl)/DET
	11 

	12 
	,.. ,... The increments o and e: are added to X{-)_ and Y(-) and unless the increments have converged, the procedure is reiterated. In the algorithm used for position computation, if the sum of increments in X and Y axes are greater than .001 nm. the computation is reiterated. The following illustrative example explains the least squares tech
	-
	-
	-
	-

	nique; For stations A, B.and C the measured and computed ranges and errcir·s 
	are, 
	. 
	. 

	measured range (R.)
	I 
	I 

	error between measured and computed range (R.-s.)
	I I 
	I I 

	" computed a/c location 
	0 c A• 
	B 
	• 
	E = [(eA}~ + (eB) 2 + (ec F] is minimum at the computed a/c location. 
	,.. X = X(-) + D.X .... y = Y(-) + b.Y .... 
	z = Z{-) + D.Z 
	where': 
	where': 

	D.X, D.Y, D.Z are increments 
	A A A 
	(X, Y, Z) is aircraft location 
	A. A. A 
	[X(-}, Y(-), Z(-)] is previous aircraft location 
	• Iterative Procedure: 
	" 

	\'/here: e, e, eis the sum of the squares of errors. <ei· = eAi + e81 + ec;' 
	1 
	2 
	3 

	Location 1: 
	Location 1: 

	---~ (first guess) 
	a/c coordinates 

	Location 2: 
	Location 2: 

	a/c coordinates (first position computation) where: X-= X+ b.X 
	1 
	1

	2 y2 = y1 + b.Yl = z + b.Z
	z2 
	z2 
	1 1 
	and 
	Location 3: 

	a/c. coordinates (first iteration) 
	where: x3 =. x2 + b.X2 y3 =yl + b.Y2 
	+ b.Z
	+ b.Z

	z3 = z2 and (the best estimate of position) · 
	. 2 

	F-4 
	f ~ ... 
	. 

	B. Flow Diagram 
	l, 
	Set increments c, ·o to cp 
	Make the Initial Guess of ale location 
	Compute the Ranges From Estimated a/c Location To the Beacons 
	Minimize Errors Between Computed and Measured Ranges. Update the Position Estimate. 
	No 
	No 

	DONE (The Best Estimated a/c Position) 
	: 
	: 
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