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1. INTRODUCTION

The basic purpose of this experiment is to compute reduced normal
equations from the observational data of the SECOR Equatorial Network
(Fig. 1) obtained from DMA /Topographic Center, D/Geodesy, Geosciences
Div., Washington, D.C. These reduced normal equations are to be combined
with reduced normal equations of other satellite networks of the National
Geodetic Satellite Program to provide station codrdinates from a single
least square adjustment. |

An individual SECOR solution was also obtained and is presented in
this report, using direction.constraints computed from BC-4 optical data
from stations collocated with SECOR stations. Due to the critical configur-
ation present in the range obgervations [Blaha, 1971], weighted height con-
straints were also applied in order to break the near coplanarity of the
observing stations.

Details of the SECOR network, incliuding instrumentation, historical
background, etc., are given in Rutscheid [197]].



Fig. 1 SECOR Equatorial Network.



2, DATA

2.1 Terrestrial Data

Terrestrial data including survey coordinates and mean sea level
heights of stations, instrument type used, etc., aré_ given in Table 2.1-1,
together with a list of geodetic datums involved (T'able 2,1-2).

These survey coordinates-provide the necessary relative positioh clon-
straints between 13 SECOR stations and collocated BC-4 stations and in ad-
dition relative position constraint between two SECOR stations [Mueller,
et al., 1973}). Constraints used in this experiment are given in Tables
2.1-3, 2.1-4 and 2.1-5. Geoidal undulations (Table 2.1-4} were computed
by using formula and constants as given in [Rapp, 1973].

2.2 Batellite Observational Data and s Handling

The magnetic tape containing SECOR data, obtained from the De-
fense Mapping Agency, creaied on the UNIVAC 1108 EXEC 8
System was transiated to a 9-track BCD iape for use on the IBM 360 computer.
For checking purposes, a printout of the ranges with the first and
second differences was obtained. No major blunders (besides some gduplica~
tion of a few observations) were detected. |
Corrections to the ranges were applied according to Figure 2,2-1 and
a new data set was generated for all the simultaneous observations from four
stations. This data in a new format (OSUGOP [Reilly, et al., 1972]) was
transferred to a tape. A summary of these observaiions by guadrangle is

given in Table 2.2-1.
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Tahle 2.1-1
SURVEY INFORMATION OF OBSERVATION STATIONS

1 STATLON I LATUM| SURVEY CoOORDINATE 52 1 ms? [ INSTR. INSTR. ISOURCE}
===~ i 1! -—— f | HE1GHTH |

boNg NAME | CODE | LATITUDE LONGITUDE JELL. HiM) | M) I (M) { TYPE | copzd)
! ! I } : | { . i | i {
| 5001 || HERNDON 1 29 | 38% 59' 330697 2829 40" 180705 | 129.0 | 12T7.80 | 9,39 | _SECO2 t T |
I 8261 [|MOSES LAKE I 29 | 47 11 5.916 240 39 FO.443 | 35B.0 | Ze8.92 | 2,00 | SECPR { 1 |
I 54:0 {LSERD ISLAND I 27 | 28 12 22,081 182 37 49,531 | b0 | .10 | 4,13 | SECOR | z
| 5648 ||FORT STEWART I 29 | 31 55 18.405 278 26 0.260 | 24,0 27.80 | 3.90 | SECOR t T )
| 5712 ||PARAMARIBO [ 41 | S 286 55,817 304 47 44,990 | 12.0 | 21,50 | 4,93 | SECOR f 11
| | { i i i 1 { i 1
] | | | ] I t | 1 I
I 5712 | |TERCEIRA Fox? | 38 45 56.725 332 54 21.054 | 56,0 | S6,00 | 4,25 | SILOR ] 1 1
| 715 | {DAKAR | 50 1 14 44 41,008 342 30 52,935 | 27.0 | 27.30 | 4,42 | SECGR | i1
P 5717 | [FORT LaMY | 1 1 12 T 49,300 15 2 b.148 | 320.0 | 298.50 | 4.82 | SECOR ] 1 |
] 5726 | lADDIS ARABA [ 1 1 B 456 4,479 28 59 49,196 | 1&B1.0 | 1PE9.40 § 4,29 | SECCR f J I |
1 5721 | MASHHAD Fole | 36 14 30.404 5% 27 40,105 | $62.0 | 994.40 | 4,35 ] SECOR | T
[ { | [ 1 | I i { 1
1 i I 1 I | ! i { |
| 5722 | DIEGO GARCIA { 8 | =7 20 57,440 7z 28 31.570 | * I 6,10 | 4,80 | SELCR { 2 |
b ST23 | CHIANG MAI | * | 18 &7 99 00 { * [ 210.80 | I seLeR | 1t
j 5726 | NEOANGA | 286 1} & 55 26.213 122 4 3,558 | 14.0 | 13.30 | 4,83 | SECOR t P
| 57230 | WAXE ISLAND i 49 | 19 17 ?24.100 166 26 61,206 | B.0 | £.10 | £.29 | SECOR ! |
I 5732 | PAGD PAGH { L * = f * | ¥ I * 1 SELCR i H
! | | I | I { ] 1 !
| i i I 1 ; | 1 1 f
| 5733 | GRRISTHMAS JSLAND 1 12 i 2 0 25.622 202 35 z2l.962 ] 4.0 | 350 1 229 1| SECER H i1
{ 5724 1 fWiwya I 29 | 852 42 54.89% 174 7 37.876 | ~T«0 i 39,30 | 1450 | SECOR | J O |
[ 5735 | NAYaL I &1 | -5 54 55.253 324 49 57,6805 | 66.0 | 39,40 ] ¥ }  SzCor { 1 |
| 5736 | ASCENSION ISLAND | S { -7 53 15,220 345 35 232.385 | T4.0 | T4.00 | 4,32 | SECOR } 1 1
[ 5739 | TNERCEIRA [ 17T | 38 45 26.311 332 54 19,6886 S5t.0 ) 56,10 | 4425 | SECOR i 1
i | 1 i j I t i ] i
1 ! ; | 1 i | I i )
[ 57«4 t CliTanta I 16 ] 37 26 40.831 15 2 44,955 | ~fe0 | 11,80 | 4.17 1 SEC2 H 1
| 5907 | WDRTHINGION i ® | * % [ * | * f L b SECOR ! I
| 5911 | 2EXAUDA [ L | ¥ ® I ® { * i * | SECOR I ]
| 5917 | PRNAMA I = | ¥ % 1 * § - ] * i SECCR i §
| 5914 | PUERTD RICD f = | % ® | % | # 1 * I secom i H
i ] { § | J i | 1 i
1 | { I i ] { f | I
| 5515 | allsTIN l % * * | * I * | * { SECOR ! ¥
1 5622 | CYPrUS { L | % * f * ] * { * } SECOR ! [
| 5524 | RETA | * | * * { * I * } * | SECOR I |
| 592% | ROASRTS FIELD 1 L * - * | * [ * i * i SECOR I |
| 592C | SINGAPQRE | * | * * | ¥ 3 ¥ I * ] SECOR i |
I | | | | { I i f b
i ) { [ 1 f I I | }




Table 2.1-1 (Cont'd)
SURVEY INFORMATION OF OBSERVATION STATIONS

NATAL

i STATIGN | DATUM] SURVEY COORDINATETSZ § YL I INSTR. | TNSTR. JSDURCE]
1=~ ! 1! - i { HEIGHTS] i i
f xC O} NAME | CenE’ | LATITUDE LONG ITUDE [ELL. H{M) | [§:3] It 1 TYPE { cooedy
i } | l ! ! § I ]

{ 5931 | HONG KONG | = | * x i * ] %* I * 1 SECOR |

| 5932 )} DARWIN | x| * * 1 * { * ] *x | SECOR |

| 5934 | Manus | L * ¥ ] * | %* } * ] SECCR . |

| 5935 | GUAM | x |- * 0 ) * | * | * { SzCor {

i 5937 1 PALAY { x| * % 1 % 1 * { " { SECOR {

l l i | 1 l i t {

] I i ! I { I { }

| 5938 | GUADALCANAL I = | % * ] * { * ! % ! SECOR i

| 5941 [ ®aui - | = | = % | * { * { ¥ I SecoRr 1

| 8003 [ MOSES LAKE i 29 | &7 11 Tel32 240 39 4d.lle | 256,00 | 268.7% ] 1450 | BC-4A | 1
| €0G4& [ SHEMYA | 2¢ | 52 42 54,890 174 7 37.870 | ~5,0 | 36.6N ] 1.50 |} BC-4 { 1
| 60Q7 |} TIRCEIRA | 17 1 38 45 38.725 33z &4 21.084 | 53.0 |} 5..50 | l.49 § 3BL=4 § 1
t ! | § i ] | ! ]

[ i | | I i I i {

i 6008 ) PLRAMARIED [ S | 5 26 535,325 304 471 42,832 |} 8.7 | 18,38 1 1.49 | EC~& f 1
} BO12 | wWaKZ ISLaND I 1 4% | 19 1T 23,227 166 36 39,760 4,0 | 350 | 1506 | BL=4 f 1
} &018 | MASHNAD I 16 [ 26 14 29.527 59 37 42.729 | §59.0 | 991.00 | 1l.5C | BC-4 { 1
| 6016 | CaTaitla i l& [ 37 26 42.628 15 2 47.308 | ~T<0 1 Fu24 | 1.0 | BC-%A } 1
| €042 | ALDIS ABABA | 1 8 46 5.501 38 59 4%9.064 | LBTE.O0 | 18BS.46 | l.52 | BC-& b 1
i 1 i | i 1 f | i

| | i [ ] . | i i | |

] 6047 | ZAXROANGA | 25 | & 55 Z26.132 122 4 4.838 | 9.0 | 9,59 | 1.50 | BL—4 ! 2
] £055 | ASCENSISH ISLAND ! 5 | ~ 7 B3 16.634 365 35 32,784 | 71.C TG.94 | 1.50 | BL-4 ] 1
1 059 | CHRISTMAS ISLAND [ V- 2 0 235,822 202 35 21,962 | 3.0 | Z.75 1 l1.50 | EBL-4A 1 1
| 60863 | DAKAR I S0 ) 14 44 45,228 342 30 55,594 | 2640 | 26430 | 1250 | BC=4A I 1
| &067 | 1 41 ]| =5 55 37,414 324 50 6,200 | 6£.7 | 40,85 | ¥ f BL=%A I 1
| - | } i i ! | I

i [ 1 b { ] | | !

i I | | 1 i | f I

{ ! 1 l I { } 1 [

* Data Not Available
Refer to Table 2,1-~2 _
Geodetic Coordinates of the Instrumental Reference Point (Optical/Electronic Cermter,
etc.) on the Local Geodetic Datum
Mean Sez Level Height of the Instrumental Reference Point
Height of Instrumental Reference Point above Survey Monument
5 Source Code:
1 -- (CSC, 1971)
2 -- (CSC, 1972/73)
Note: Zero in the last digit \may indicate that the digit is unknown.

.
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Table 2.1-2

GEODETIC DATUMS

YOF ASTRD 1967 {CAKAR}

CLARKE 1R8O

coct | | DATUM ELLIPSOIE —CRIG;; LATITUCE LCNGITUEEIEE-.
1 | ADINDAN (ETHIGPIA)Y CLARKE 1280 STATIGN 75 ADINDAI¢ 22%1¢' 07110 | 319 29' 217608
5 | ASCENSION IS 1958 INTERMATIONAL  |MEAR OF 3 STATIONS -07 57 245 37
12 | CHRISTMAS IS ASTRO 1967 | INTERNATIONAL |SAT.TRI.STA. 059 RN 02 00 35.91 |202 35 21.82
16 | EURCPEAN INTERNATIONAL  [HELMERT TOWER 52 22 51.45 13 03 58,74
17 | GRACICSA IS {AZORES) INTERNATIONAL  |SW BASE 39 03 564.934 |331 57 36.118
26 | LUZON 1911(PHILIPPINES) CLARKE 1866 EALANCAN I3 33 41.000 {121 52 03.000
27 | MIDWAY ASTRO 1961 INTERNATIONAL  |MIDWAY ASTRQ 1961 28 11 34.50 (182 36 24.28
29 | NORTH AMERICAN 1927 CLARKE 1866 MEATES RANCH 39 13 26.686 1261 27 29.494
41 SJUTH AMERICAN 1969 S.AMERICAN 1569 [CHUA -19 45 41.652 [311 53 55.936
49 NALE 1S ASTRC 1952 INTERNATIONAL  [ASTRO 1952 19 17 19.991 [166 38 46.294
50 YOF ASTRO 1967 14 44 41,62 |342 30 52.98




Table 2.1-3
RELATIVE POSITION CONSTRAINTS

s o i . e S v — o — . ot s e i . g S S Pl T

e S . — —— —— — ——— i M W iy WU o, SO S S —— — T —— i ——

I i RELATIVE COORDINATES {METERS) inIGHT§%
] STATIONS J--—-= - — [=m— e e | i
| i Au | Av I T Aw It 1/0%)]
I } | i {

[ { | | !

5201-6003 | 29.55 | —48.21 -25.52 | 1,00 |
] { | 1 : |

5712-6008 | 48.95 | 45,97 | 137.68 | 1,00 |
] J ) ] i

5713-5739 | 8,05 | 33,26 |} 9.95 | 20,00 |
| | | l i

5713-6007 2.08 | ~-1.05 |} 1.8E 1 1.00 ]
| | | i |

5715-6063 '} 1.05 | -83.72 | ~95,4% | 1.00 |
i | { { {

§720~6042 -1.87 1 -0.26 | 30.16 | 1.00 |
| | | { |

! } } ] }

E726-404T7 | 30,82 | 24.81 | 3,07 | 1.00 1§
| | _ [ : { i

5730-6012 | —4,6%9 | —41.68 | 264656 | 1.00 |
| ] { | ‘ |

S722-4059 | -0.92 | ~0.38 1 0.04 | 1.00 |
| | ! : ! {

5724~6004 | ~1,20 | 0.12 | 1.59 | 1.00 |
| | l | ;

5735-6067 | ~-46,20 | —290.84 | 1257.74 | 1.00 1}
i ! { | |

5736-£055 | 5.82 | =1Z.48 | 42.60 | 1.00 |
| i ] | f

57 44~6016 |} 49,84 ) —4b49 | —42.186 | 1.00 |
} | | | |

{ P | | VI

1

SOURCE: DEFENSE MAPPING AGENCY TOPOGRAPHIC CENTER

1 APPLIED EQUALLY TO ALL THREE RELATIVE COOROINATES IN M2 UNIT



Table 2.1-4
GEQIDAL UNDULATIONS AND HEIGHTS USED IN THE CONSTRAINTS

D T " Yoo Py s e i S g - - - - — - o -

| STATION' | NREF 'l HCONSTR “1 o %
ittt L | ! | “Hconstr |}
| no | NAME . 1 (M It M) oMy
] | ] 1 § |
! 8001 1 HERNDCON I =-36.87 69.67 | 6.0
| 201 | MOSES LAKE | =17.65 | 341.99 | 4.0 |
! 5410 | MIDWAY ISLANDS P~ 4213 | 5.7T2 | 8&.0 |
| s648 | FORT STEWART | =25,07 | =29.10 | 2.5 |
| 5712 | PERAMARIBO ] =28.31 | -40.09 | 4.0 |
! 6713 | TERCEIRA [ 54 .00 | 82.80 | 4.0 |
i 571% | DAKAR : 2T.20 ; 20,91 | 4.0 :
l ! ‘ !
] 5717 | FORT Lamy 1 10.35 | 279.97 |1 &.0 |
| 5720 | ADD1S ARABA } -~ 5,78 ) 1861.35 | 6.0
| 5721 § MASHHAD t -20.6T | 967,23 | 4.0 |
b 5722 § DISGU GARCIA | =73.64 | =719.68 | &.0 |
1 5723 | CHIANGC MAl } ~40,39 | 269,90 | 8.0 |
I 5726 | ZAMBDANGA | 62.16 | 79.76 | 8.0 |
| 5720 | WAKE ISLAND i 13.75 1 ?8.58 | B.O |
| | i | : I |
| 5722 | PAGO PAGD I 27.3% | 35.16 | 6.0 |
I 5733 | CHRISTMAS ISLAND ! 16.07 | 18.52 | 8.0 |.
I 5734 | SHFMYA I 6.22 1 48.36 | 8.0 |
I 5725 | NaTAL I ~12.03 | ~5.55 | 6.0 |
{ 5726 | ASCENSIDN 1SLAND ! 16.26 |} 53.57 | 8.0 |
| 57329 | TERCEIRA i £4.00 | EZ.90 | 4.0 |
} 5744 : CATANIA H 3T.43 1 26,13 | 4.0 1}
{ I [ {
] 5907 | WORTHINGTON i ~28.11 ! 437.93 | 2.5 |
| 5911 | BERMUCA I =43.44 | =~4T7.06 | 8.0 |
I 5912 | PANAMA | 6,16 | =11.73 | 6.0 |
| 5914 | PUERTO RICO | -50.08 | =14.72 | 6.0 |
} 5915 ] AUSTIN fo~26.32 F 16z.18 | 2.5 |
1 5923 | CYPRUS 1 Zhebd 1 1EB.92 1 B.O |}
: 5224 | ROTA f 84,48 | 40.16 | 6.0 1}
i ' { H I |
| 5925 | ROBERTS FIELD | 33,75 | 10.7T7 | 6.0
} 5930 | SINGAPORE ! .28 12.85 | 6.0
| 5931 | HOMG KONG [ 2.32 | 167.12 | 6.0 |
I 5933 | DARWIN | 50,66 | 69.31 | 8.0 |
| 5934 [ #HANUS [ T4.75 | B&.77T 1 8.0 |
| 5935 | GUAM | 48.15 | 92.63 | 8.0 |
{ 5937 | PALAU I 69,93 | 145.94 | 8,0 |
i , - ! I | I
| 5938 } GUADALCANAL i 59,97 | T6.57 1 8.0 |
i 5941 1 MeUl t 2.05 | 34.51 | 8.0 |
| i ! } B R |

1
)

1. From [Rapp, 1973)

2. HCONSTR = MSL+NREF+MN, where AN is a correction term for the dif-
ferences of position and size of the ellipsoids used [Mueller et al., 1973]

3. Used in Computing the Weights of the Height Constraints

8



Table 2.1-5
DIRECTION CONSTRAINTS BETWEEN BC-4 STATIONS

Station-Station o o B8 o

6003~ 6004 | -67°598 | 14 | -47994 | 114
6003 - 6008 | 166.052 | 0.8 | 34.380 | 0.4
6004 - 6047 | -95.629 | 1.1 | 40.651 | 1.1
6007 - 6008 74. 620 1.4 | 47.803 | 1.4
6007 - 6055 |-157.541 | 1.1 | 69.401 | 1,1
6015- 6042 | 168.292 | 1.4 | 49.890 { 1.4
6015— 6047 | -8.781 | 1.2 | 26,323 1.2
6016- 6042 | -90.094 | 1.2 | 47.462 | 1.2

6016 - 6055 | 112.934 | 0.9 | 56.487 | 0.9

For the definition of the angular components & and 8 see section 3.43,

These angles are based on station coordinates computed from the
0OSU WN14 solution [Mueller et al., 1973].
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Raw data
Ionospheric
Correction
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Speney)
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Calibration
Correction
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LG ]
Scale AS = .98 “obs
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Corrected
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Robs = pbserved range measurement

c = pbserved frequency channel

calibration correction (high
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DI-DC = given ionospheric correction for
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LF | 4LF .
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+ AgF + CHF + AS

Fig. 2.2-1 Scheme of SECOR preprocessing procedure at OSU.
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. &
sin a = sing sing + cosé cos{h + 1) cos¢ (See Fig. 2.2-2)

¢, station coordinates
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Z = 1./7000.
a = elevation angle

r = RI - TROPO

Print out

(OSUGDP format

—

S

Fig. 2.2-1 continued
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Satellite QJ (uy, vy, wy)

/

| lw
w
)
T [
WJ"WS
CIO
f
v
Station 1 13 Vyis V¥ : u.’_ui
5
N Vy-Vy ‘
Greenwich / Q \ )
Mean \ -V
Meridian
A
u
Vi-Vy
tan (360° - h%) = -tan b® =
-y
Ve —V3 ) vi
tan h% = tan A = —
Wj "Wi W‘l
sin f = tang =
ey W+ vE

sina = sin f sin@ + cos f cos (h® + A) cos P

Figure 2.2-2
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Table 2,2-1
SUMMARY OF SECOR OBSERVATIONS BY QUADRANGLE

Quad _
Stations Involved

No. of

Observations

"_ Quad
Stations Involved

No. of

Observations

5001-5907-5648-5911
5911-5001-5648-5914
5911-5907-5915-5912
5911-5915-5912-5712
5911-5907-5912-5712
5911-5915-5912-5712
5911-5912-5712-5713
5713-5911-5712-5715
5715-5713 5712-5735
5715-5739-5712-5735

§715-5712-5735-5736
5715-5735-5736-5717
5715-5736-5717-5744
5739-5715-5717-5744
5715-5736-5717-5744
5744-5715-5717-5923
5744-5715-5717-5924
5744-5715-5717-5925
5923-5744-5717-5720
5923-5717-5720-5721

5744-5717-5720-5721
5721-5923-5720-5722
5721-5720-5722-5723
5923-5721-5722-5723
5723-5721-5722-5930
5723-5722-5930-5931
5722-5723-5930-5726
5931-5723-5930-5726
5931-5930-5726-5933
5723-5930-5726-5933

432
168
1008
92
260
228
684
1220
548
238

660
640
28
384
464
868
804
612
1236
772

20
752
296

36
460
588

68
768

1064
652

§726-593n-5933-5934
5726-5933-5934-5935
5931-5726-5934-5235
5935-5726-5934-5730
5935-5726-5934-5937
5730-5935-5934-5938
5730-5935-5938-5732
5730-5938-5732-5733
5730-5732-5733-5411
5730-5733-5411-5410

5730-5733-5411-5734
5734~5410-5411-5201
5734-5730-5411-5201

644
808
1144
2048
1264
2216
1380
756
752
648

508
312
264

13




3. THEORETICAL BACKGROUND

8.1 The Mathematical Model

In the range observations mode each participating station P, at an
event [E,,Q; [ t;] observes the length of the distance (P;Q,) i.e., the topo-
centric range r,, from ground station P, to satellite position QR (See
Fig, 2.2-2).

Let (uy, v,, w;) be the Cartesian coordinates of P, and (u,,v,,w,)
of Q;, with respect to an average terrestrial (tied to the solid earth} co-
ordinate system defined by:

a) w - axis is directed toward the average north terres-
trial pole as defined by the International Polar
Motion Service (IPMS), commonly known as the
Conventional International Origin (CIO).

b) u-w plane parallel to the mean Greenwich astronomic
meridian as defined by the Bureau International de
1'Heure (BIH).

Thus the mathematical model can be written as
iy = [(UJ ~u, )* + (vy-vy)? + (Wg‘Wt)z ] 5 3.1-1
or

Fiy = [fuyu)® + (vy-ve)® + (WJ-wi)a]%-r” =90 3.1-2

Thus in order to tie the satellite position points to the system only
three known stations observing simultaneously are necessary and sufficient
although we will not have redundant information. For redundant information
at least four stations observing simultaneously are necessary, provided their
configuration is not a degenerized one [Blaha, 1971a, Tsimis, 1873].

The expression for the linearized mathematical model. as F is known
takesthe form?

AX+ BV+ W= 0

14



where the design matrix B is a negative unit matrix and the design matrix

A is formed by submatrices of the form:

_OFy :
Ay =757 S ay , tAyy
3,95 '

where

oy, = [ ud-uh vi-vi W ot w :l
Ty Ty, Ty

and ri, is computed from 3.1-1 using the initial approximate values for

the station. and satellite coordinates, the latest coordinates resulting from

a preliminary least squares adjustment (for each event j) with the observ-

ing stations held fixed. [Krakiwsky and Pope, 1967].

The unknown vector X is made up of subvectors

XI_A, =
where -

Xy 7| dvs
dw;
and - :J
I-dui
X1 = dVi
dW'i

Lo —

The misclosure vector W is formed by the individual differences
W,, = 1}, (computed) - r,’ (cbserved)
The residual vector V is composed of the individual residuals vy,
(in meters) corresponding to the observed ranges rij’. Giving consideration

to the characteristics of the design matrices, the firal m.atrix equation for
the linearized model can be written as:

AX-V+ W=0

or

15



3.2 The Normal Eguations

The variation function for the range adjustment is gsimilay to the
optical case, namely,
& = V'PV + X'P,X - 2K' (AX - V + W) 3.3-1
where
V is the vector of residuals corresponding to the range observations
X is the vector of corrections to the prelimirary ground and satel-
lite positions™*
P is the weight matrix for the ranges
P, is the weight matrix for the ground and satellite positions
K is the vector of correlates *
The differentiation of equation 3.2-1 for the minimum condition
results in the following expanded form of the normal equations:
-p, 0 Artlx| |o
0 -P -1 Vi+lo| = 0 3.9-9
A -1 0 K w
After the elimination of the correlates and residuals, and the expansion of

the A and P matrices the following expression ‘results:

sz
ZalyPuyeg*Py | A1yPryde Xy Zal;py s Wy,
‘ ¢
——————————————— el B [ B B el B,
o ' Ui
-2 3P13a1} 1?a}p“a”+P;J L X —';Bahp“W“

3.8 Reduced Normal Equations for Range Observations

The general form of the reduced normal equations after the elimina-
tion of X, (corrections to the preliminary coordinates of the satellite position)
can be formulated as :

NX+ U=0

* Satellite positions will be con31dered "muisance" parameters and there-
fore eliminated from the solution.

16



where the 3 x 3 blocks in N are now computed using P,=0 [Mueller, 1968]:

2x3

: ! : -1 1
Nik = D8y Der By - T8 Piei Qg [ZA15P1g8359] " Byes Piey By
‘5 k3

3

] _1
Ny =2 [y Puslys {(T835 Py Rar) aj,pyiay;]

Sx 3

1

and the vector of constant terms having the form:

Uy = ~Lajyy P Viy

where
Vi s
Py
k,1
i
i
=
1
=
3
3.4

residual of any observed range from a particu-
lar station (resulting from a preliminary least
squares adjustment of any simultaneous event
with the stations held fixed).

weight of any observed range ry,

denctes particular ground stations

denotes particular simultaneous event

denotes any ground station participatiné; in ap
event

is the summation over all ground stations in-
volved in event j.

is the summation over all events observed by

ground station k and/or 1.

Constraint's Confributions to the Normal Equations

Two aliernative definitions exist for the term ''constraints''. The ab-

solute constraints represent certain conditions which have tc be fuifilied ex-

actly and with no uncertainties and the relative constraints (or weighted

constraints) which have the same characteristics as the observations,

In general the contribution of the functional constraint equations

G¥ L) = 0

17



to the mormal equations can be found bordering the normal equation matrix

No_y Ci |l Xa U1

+ ‘ =0
C.  -Po||Ke| | Wa
— P . -~ i

-

from where after elimination of K. it is easy to find
Noog + Ch P Cu1 Xy * Uy #Ca P, Wy = 0

[Nz +N§ )X, +Upn + U = 0
_ ' 3.4-1
where N and U] are the coniribitions to the coefficient matrix and constant
vector of the normal equation due to the application of constrainis. The co-
efficient n—1 represenis the normal equations of the previous set (without
constraints).

After the constraints are added the normal equations will take the
usual form: -

N X, +U, =0

and we are in the position to obtain the contribution from a new set of con-
straints. Couostraints can be applied between two stations k and 1 or io a
single station. The contribution of these constraints to the matrix
(3 X 3 blocks) and U (3 x 1 blocks) can be schematically expressed in two
different ways:

a) Contribution to the normals due to the constraint applied to station k

B Cy W
c] {3
Cl Cl I;‘;: N-: - UC
‘ 5 N.= G B G 3.4-2
c‘ J L T ‘
N = cRwe

18



b) Contribution to the normals due to the constraint between stations k and 1
Pe G G W

|

G U Ny =Cp B Gy ,Nﬁméc; P. Cq
: LI 1 N c .: t g
Uict = C:c Pc \rvc; U;J = C;L PC ‘\,VC
;
N N'g, 3.4-3

These blocks obtained as indicated above for the corresponding case

will be the only ones computed and added to the original normal equations.

3.41 Relative Position Constraints

Relative position constraints are used in order to constrain ""double"
stations or closely situated stations of the same net. The expression for
the constraints contribution to the normals can be written as follows:

W+NyxX+U+U" =0
where N and UY, computed from (3.4-2), (3.4-3), are the contribution to
the original normal equations (NX + U = 0).

If the relative position (&u, Av, Aw) of two stations is known, along
with the standard deviation of these relative positions, the constraints can
be formed. In this case the functional contraint equations are

w - u, = Au

vk - Vy = Av

Wk —W].:AW

Therefore
R TR
Ck = I 3 Cy = =]
3 %3 3xa axa | 3x3-

19



and

N,(( = I PRI = Pﬂ
axa ax3
N, = I>1 = P
atd ? aia
Nrs:L: Nix = 1P (-) = - Pp
343 33 a%na
where
, "
1 0 O
2
UAu
Pe=| 0 1. 0
U'F'
Jalis
: o
i UAW ]
If
Au
W = | Av
Lowr
and ‘
We =.G'(X",L3)
W o= Wh - W
Therefore
Usn = IR W
axl
R R
UJ, = -1 Pn W
3wl

Thus, the disgenal-elements—ol-Py are added to each element of the diagonal
of the blocks kk and Il of the matrix of ihe original normals N, and sub-

tracted from the diagonal elements of the blocks kl and 1k of N.

20



The constribution to the vector U will be obtained adding U: and subtract-

ing Ui to the corresponding block columns k and 1 of U.

3.42 Height Constraints

If the geodetic (ellipsoidal) height Hy of the station k is to be con-

strained, then

Ny = (Cf)y PuCy
3 X3
where
Ci = [cos¢l cosN, cosed sink , sing]
1 k3
and
p, = L
ofx

Here ¢f and ) are the approximate geodetic coordinates and 05 is the
variance of the height for stationk.

The constant vector Uy can be computed from

W=y pywt

where

wh = H¢ - H , H¢ being the approximate height.

3.43 Directional Constraints
Directional constraints are iﬁtroduced when the orientation of the coordinate
gsystem is not defined through the observations (e.g., in the case of a ranging network).
The directional constraint between two stations k and 1 ‘is accomplished by
applying weights to two angles o and R°, defining the direction between them, and

computed from the approximate (u°, v°, w°) coordinates of the two stations as follows:

o _ tan“l é.VO

o L
L AW

8° = tan™ o



where

‘o a
AW = up - uj

Le IR =] o

o s
Wy — W,

>
=
1]

and
2
R® = (Au"F 4+ AP

The matrix CCof partial derivatives is then formed

- 3d AW AV 2ol 34w
3iu”  ouy AV dvy 3LW®  dwy

38° B3AY® 38 S 28° aaw’
aAu”  ouy AV ovy Ak Wy

where

..9_.‘-"5?_0 = cos?ef tang’ /AW -
dhu

Q
3¢ = -cos?o’/ AU

QL
3050 - A O
AW

3 = A cos® # tan®g° /R°?
dAu” '

a ° = aeo u
——*a fv" , 3L y tanry

ag®
AW

= -cos’f /R’

and clearly C} = -C2,

Then the matrix
Ne = (C,"’)'Pu.cD

is formed where Pp is the weight matrix estimated from the statistics of o and
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£ in the c'ustomary‘Way.
3.44 Inpe_r C‘onst_ré.ints (F"ree Aldj,ustmgnt)

Even though the definition of a ‘coordinate system is arbitrary in the
case of 2 minimum consgtraint adjustment, in the case of ranging, the

selection of the six coordinates to be constrained for this purpose

is very critical, since one set of constraints would give a different solu-
tion than another set. The 'best” solution is arrived at in a coordinate
system definea through the use of a set of constr_-aint equatidns called
"inner" constraints -[Rinner et al., 1967} . In this sense, the "best" solution
would have the smallest covariance matrix for the unknoyvns. Covariance
matrices may be compared by means of their traces,. and the inner con-
straint equations are characterized by the property that the trace of the
covari;méé; matrix ;rbtained .with their ﬁse is a minirﬁum among those ob-
tained by adjusting a given set of observations augmented by a minimal set
of constraint equations. The resulting adjustment is called a "free" one.

The functional inner constraints equations can be written as

clx =0
Where
100100 10 0
ct = 1o 1"0’5’0"-1 05--,';0‘1'.'@
00100 1 00 1
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and C? has as many 3 x 3 unit blocks as unknown points. X is the set of
corrections of the approximate coordinates of the unkmown points.
In the most general application when the "best" origin, orientation

and scale are sought the matrix C' has the form -

[ I : I | ]
3x3 3x3 ‘e
r 1 | mmmmmmEmEeeeee- -f---—--———-—--————-—--:— -----
CIJ. 0 Wy vy 0 W; —V; |
" |
|
i
¢t =|ci]=|-w O u] 1 -wi 0 u2: .
)
| I
0 -] Q
¢l Vw0 e w9
- ] uf vi wi 1 uj v w%: .
1

The symbols (u’, v°, w{) denote the approximate coordinates of the i*" un-

known point where hoth the ground points and the satellite positions are con-

sidered.

If we represent the normal equations with the contribution of all the

constraints (except inner constraints) by
N+N AN +N0]X+0+0 +0 +0° =0 or |
NX+U=0

then the inner adjustment can be obtained by bordering the coefficient matrix

N of the normal equations as

Nl X U
ct o -K, 0
_It can be proved [Blaha, 1 that-

T, = {8+l 1c! «chyy? Cl}‘l {I—rcw rcl{ci}'}'lcl}
Y . v - 1) FoX B3 ! L
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Upon the addition of any kind of constraint to the normal equations, it
becomes necessary to consider also its contribuiion to TV'PV. The degrees
of freedom change as ﬁrell. In order to conipute the proper variance of

unit' weight the latter must be taken into consideration.

25



With the specific constraints mentioned abéve, particular val.‘uesr of
which are given in Section 2.1, SECOR-27 solution was computed using the
general OSUGOP program [Reilly et al., 1972].

The basic information regarding the range adjustment is presented
in Table 4.1.

The coordinates of SECOR-27 solution are shown in Table 4.2 with

their corresponding standard deviations and error ellipsoid parameters.

Table 4-1
General Information on the SECOR-27 Geometric Adjustment

No. of SECOR siations 37

g of a single range observation (estimated) 3m

Number of Constraints used:

Relative Position Constraints 15
Height Constraints 37
Direction Constraints 10

Inner constraint defines the origin of the
coordinate system

No. of degrees of freedom 7173
ZV'PV : 14183.1

G2 (a posteriori variance of unit weight) 1.88
G of a single range observation (a posteriori) 4.1 m
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Table 4.2

Cartesian and Geodetic Coordinates
(Solution SECOR-27)

Sta, No u 0y v gy W, g,
a, A, r,
ay Ay : ry
a, Ag _ I

u,v,w- Cartesian coordinates in meters {Orientation: u = the Greenwich
meridian as defined by the B,I, H,; v = A = 90° (E); w = Conven-
tional International Origin).

Y Geodetic latitude and longitude in angular units (degrees, minutes
and seconds of arc) computed from the Cartesian coordinates and
referred to a rotational ellipsoid of a = 6378155, 00 m and
b = 6356769, 70m,

H Geodetic (ellipsoidal) height in meters referred to the same
ellipsoid,

0y,0y,0, Standard deviations of the Cartesian cootdinates in meters.

Gps0)  Standard deviations of the geodetic coordinates in seconds of arc,

O Standard deviations of the geodetic height in meters.

8, A, T, Altitude (elevation angle), azimuth and magnitude of the major
seml axis of the error ellipsoid, respectively, Angles in degrees,
magnitude in meters. Altitude is positive above the _horizon.
Azimuth is positive east reckoned from the north

ay, Ay, T, Same a8 above for the mean axis of the error ellipsoid,

i, Ac, ¥o Same as above for the minor axis of the error ellipsoid.
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Table 4-2 continued
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Tahle 4-2 continued
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5. COMPARISON WITH OTHER SOLUTIONS

Transformation parﬁmeters between SECOR-27
and NWL-9D [Anderle, 1973], SAO-IHI [Gaposchkin et al., 1973] and WN-14
solutions[Mueller et al., 1973 ] are included in Tables 5-1, 5-2 and.

5-3 , respectively. The method of computing the parameters is described
in [Kumar, 1972]. In the table the positive angles u; Y, and € are counier-
clockwise rotations about the w, v, and u axes respectively, as viewed from
the end of the positive axis. The scale difference factor is in units of ppM.
Tables 5-1 to 5-3 also contain the variance-covariance matrices,
the correlation coefficients, and the residuals after transformation for the
solutions mentioned above. The unit in the variance-covariance matrix for
the elements corresponding to the rotations in the above tables is radian
squared. The residuals tabulated are those of the Cartesian coordinates

{(u, v, w) in meters.
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Table 5-1"
Transformation NWL-9D - SECOR-27

LWL — 08

oo ik e Ak R A R Rk ke

=
0:.9310401
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U, 1400402 0,2120=-01 ©.335D=07 0.75%40-07 0196007 ~0.2520=0L
0.212D-01 0L.I05D+02 —0.1160~06 ~0.4240=08 =0,1070-06 —0.4120-07
042350-07 ~0.1160~06 0eF47N=13 0.0460=1F =0.1240~15 N.E34F-15
0. 754D~07 —0.424Dw08 0.546D=17 0.5230-13 0.P14D=14 =0, 460015
0.196D=07 ~0.1070=06 =0.1240=15 0,2140~14 0.5310-12 ~0.6700-14
~0.2520-06 =0.4120=07 0.526D=15 -0,4600~15 ~0,5760-14 0,1020-17
COEFFICIENTS OBF CORRELATION
0.106D-02 0.2310-02 —0.149D400 Q.5670~01 0,1360400 —0,1370=01
0o 10OND401  0.1750=-02 0353001 0.68810-01  0.2280-C1 =0,2115400
0,1750-02  0.100D401 =0,)1520400 ~0.571D=02 ~0, 1420400 ~0,29A0=0]

fa LA MY
Ve SO0 W A

0.F810-01
G, 2268001

~Ne 7110+00

- AT
=06 1550400

~0sHTID-02
=0 1430400

=0

2960-01

0.1020-03
=0, 27200=02

C.TLLD~07

37

0.10zD-02

0.100T+01

O.4060LD-01

~0 a6 RD-02

O.4060-01
G.1000+01

~0.G19N=]

=D &LPL0-07
~3e 1001

DA0G00H+073



Table 5~1 continu_e,'d

RESIDUALS V

e e o ot ke

V1 - v2

vzt

V1{ SECOR27)

NWL-9D )

1.9 -G, 2

"8 00

TeT =1.2 B2

700

-
.
L]

7

<

-0.4 -

MO O~ I TOoOamu~o~ru ~9
*« § w & & » 3 & + 4 W & 3 B 2 & 3 7 B
GO ™ s OGO U WL e DN e N D e O
R — ~t [ I AN I B IS R | !
i i B i
Lo LR T ol < S TR = I PRI ERNE o BT T« SN L RS-« SR TA T o
® 3 % ¢+ 4 & v 4 ¢ 4 & 2 = 5 4 3 2 »
e O OMmMNOLMNna N O
00 et (W Qll — Q_I
I i
MM D O NSNS NG C W
® 0 ¢ @ @& B § & & u 4 & 4 B 3 8 G 8
PO COOCOMUBnOND NN O M
Ll I B R T B O T T T S T DS Qv G [
| i |
QUM NONMO O NNEG SO NP-NMM
4 & oD & % & & & § & 4 = * 3 4 ® O 4 =
SR OO RN S AN OC
N ) N ) o — [ I |
i I i !
WO ore o N s SN 0T D) e L e WY e O S
" 8 & 4 % 3 0 & F & 4 4 ®E & w 9 8 9@
MPO O OMO M Ol N el 200
[T I I B I I | Byt ~ | 1 |
i i i
NN QOO TGN DD DN
a b B & & & & ¥ + & N F & & s 8w & & g
NFOCADCONLN O T OL NS -OD
— ot — Ty o — — § ]
[ ot i t 1
CeaMm L OPTO~CRN NN OMNN
O e O O el S S N 0O et O N
e e i Al o el ol N S ol o - WS- VI S
st ITA I T G Ta R TRl <o B sy N e R R R R = I
* B3 4 & 8 B F & & 2 F € B w o w w & a &
TSP C ONOCm~mNG ~O
i I~ } ] _ﬂ. i I
O D 0 N N NN P O DD e
..'l!.l'll..l"l.l..
Lo R gl = 0 TR o B« (N 43 W o V I o VR NG, R T A W o A N R R s 8
o [} I ﬂ ﬂ_

MWL S M~ O0 @ On NG
"B‘a'..l.ﬂ...l'...
LA N O AR OO MO M0 0

ﬁ_ - | 1 Q- - | i
Lot I B SRR Ta T ot B ol o5 JEK. T Wy BE i ol T RN TA R R T
OO MNeENNN OSSO e -
3 ol ndl Sl Al + S ¢ T+ e N (N e B r B Y o I w O e
W BN D WD WIS W D D D D8 D D D

-1-3

38



Table 5-2

Transformation SAQ-III - SECGR-27

SECOR?7 ~TO~ SA&G-111
Sk R R 8 R e ok ORIk N X oK
pu DV DW NELTA OMEG A PSI EPSILOY
METERS METERS METERS (X1.D+6} SECONDS  SECONDS  SECIMDS
17.26  14.44 ~13,93  -1,31 0.22 0.58 C.lf
VARTANCE - COVARIANCE MATRIX
o= 1.09
o.177n+oé 0. 1640400 ~0.1200+00 —0.,3100-06 0.985D=07 ~0.222D-046 —~0.367D-07
0.164D+00 0,227D4+02 o.vzﬁn-oi 0.52i9-07-‘0.3140-05 0.4530407 ~0.2%60-06
-0.1260+00 _0,7250-01 lo.177n+09 ~:41720~06 =0.119D0~07 -0.361D-06 ~0.1060-06
-0.310D-06 0.527D-07 -0,1720=06 ©.976D0~13 0.3150~15 0.275D-15 ©.3670~15
0.989D~07 0.214D=-06 —0,119D-07 0.315D~15 0.109D=12 0.701D~14 =0.136D-12
0.2220-06 0.4530~07 =0.3510-06 0.2750-15 0,7010-14 0.1260-1?.-d.1420~13
—0,24T0-07 —0,2960-06 =0.106D-06 0.367D~15 ~0.126D=13 ~0,142D~13 0,1930~12
COEFFICIENTS 0F CORRELATION
0.100D+01 0.E170-02 —0,6BID=02 =0.226D40C0 0.71Z0=01 0.149D400 =0.15CP=01
0,8170~02 0.100D+401 0.362D=02 0.354D=01 0.200D400 0.2680-01 =0.1E4D+00
~0,6810-02 0.2630=07 0.1000+01 =0.1310400 —0,A57D~02 —0,2560400 ~0,5710~01
—0.2360400 0.3540-01 =0.131D400  0.1000401 0.305D=02 0.248D-C2 0Q.26T0-02
0.7120=01 0, 7000400 ~0.RETG-02  0.3050-02 0.100D+01  0,59%D0-01 —0.9370~01
0.149D400 0.2680~G1 —0.256D+00 (.2480=07 0.5690~01 0,100D401 <0.2320--0)
—5,168D=01 ~0,1590400 =0.5710=01 C.,26T0U=02 =0,937YD=01 ~0.9130-01  0.100040 ]
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Tabile 5-3

Transformation WN14 - SECOR-27

- e
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Dy by DwW
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Table 5-3 continued

RESIDUALS ¥

e P S e e e g

CVI( secoR2Ty vzi  WN14 ) V1 = vz
6003 =34.5 15,0 =~8.5 60032 l.4 =0.7 Gab =35.9 15.7
6004 ~11.8 1.1 =14,5 &EODG £33 =041 4o 14,2 1.2
00T 12,2 6.1 ~7.2 U077 -2.0 -0.4 23 14.1 fuh
&008 &7 T.0 10.3 (008 ~0.4 -0.7 ~1.h T.0 17
6012 =~6.5 3G =b4 €It W 2.0 —0.2 1.4 -8.4 4.1
6015 ~3.6 =160 =2.4 L01R c.2 2a6 O.% =538 —13.6
6016 5.6 =106 ~3.8 6016 ~1.1 G.6 0.8 6.7 —11.32
6042 ”7-5 _704 12.5 ﬂ042 0.5 0.5 _201 =G.0 —719
6047 4.1 =2.1 0.8 &047 -0.2 0.2 =0.2 Ge4 —2.3
6055 =6,3 Beb - 5T &ne s 1.8 -0.3 -l.4 ~-T.B He®
6059 =9,7 22.3 ) 6059 Ie6 =1.2 ~1l.32 =11.3 23.5
6063 5-5 4.5 _2.0 6063 o —D.? 0.5 6.7 4.7

Py "'0-‘!‘ ~1l.32 "2-1 Tal

6067 ~2.0 6.7 Ta2 6067 G
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6. CONCLUSIONS

The average standard deviations of the coordinates and the heights

for SECOR-27 solution (excluding stations 5648 and 5914) are:

If

=7.5m

+3.4m

o s s
Pogition

UHeight

I

The above values when compared with the corresponding values of
WNI14 solution [(Table 5.3-2) Mueller et al., 1973] show that a further signi-
ficant improvement in the SECOR network determination is possible, if it

is done as part of the world net.

The standard deviations of .staticms 5648 and 5914 (Table 4.2) indi-
cate that these two stations are poorly determined compared to the other
stations in the network -- é pattern which is also present in the WN14
solution [(Tahle 5.2-2) Mueller et al., 1873].

The semi-diameter of the level ellipsoid best fitting the geoid (dé-
fined through the SECOR 27 undulations) is 6378140.4x7.7 m (1/f = 298.2495).
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