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The VLBI modeling software packages CALC 6.0 (GSFC) and MASTERFIT (JPL)
are compared in some detail. Theoretical model delays are calculated for a set of 120
fictitious observations which involve a variety of sources, baselines, and antennas.
Discrepancies between the total delays given by the two programs are of the order of
2 ¢m (RMS). The modeling of antenna offsets appears to account for approximately
half of this difference. Relativistic bending contributions to the delay differ by 3 c¢m
(RMS), and there appears to be some mutual cancellation of errors involving antenna
offsets, bending, and the effects of the two different Solar System ephemerides employed
by CALC and MASTERFIT. This cancellation has not been completely characterized in

the present study.

I. Introduction

During the past decade, parallel and independent develop-
ment of the VLBI technique for geodesy and astrometry has
taken place on the U.S. East and West coasts. The respective
focal points for software development are the Goddard Space
Flight Center (GSFC) and Jet Propulsion Laboratory (JPL).
The corresponding modeling software packages are known by
the names of CALC (Refs. 1, 2) and MASTERFIT (Ref. 3).
Station location estimates have reached the point of 1-cm
formal errors. In order to gain assurance that there are no sig-
nificant differences between the modeling software at the
centimeter level, we undertook a detailed comparison. Previ-
ous efforts (Ref. 4; M. G. Roth, private communication,
1981) were not comprehensive enough to provide detailed

assessments of model differences at this level. At the time that
this study was initiated (late 1984), there still existed discrep-
ancies as large as 10 cm. Most of these appear to have been
eliminated by the implementation of the Yoder short-period
tidal UT1 corrections and the Shapiro relativistic corrections
in going from version 5.0 to 6.0 of CALC.

The method we employ entails comparison of model
delays yielded by CALC and MASTERFIT. Both are the
versions in use on the GSFC HP 1000 and JPL VAX 11/785
computers in the Spring of 1985, identified as CALC 6.0 and
MFIT.EXE; 333, respectively. The MASTERFIT models, with
minor exceptions, correspond to those described by Fanselow
and Sovers (Ref. 3). A set of 120 fictitious (“benchmark”)
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observations was generated, employing hourly alternating
observations of three sources with five baselines on April 1,
1982.

If care is taken to make the two models identical to the
extent permitted by the existing code, differences of calcu-
lated delays are found to be 9-50 ps (3-15 mm), even for
baselines nearly the length of an Earth diameter. To some
extent, this agreement results from partial cancellation of
larger discrepancies in parts of the models. In particular,
apparent differences as large as 250 ps (8 cm) in the relativ-
istic part of the delay remain unexplained. The comparison
process uncovered one centimeter-level bug in MASTERFIT,
and slight inadequacies of two models in CALC and MASTER-
FIT. The former involved inconsistent coordinate systems used
to estimate the pole tide, while the latter concerned a singu-
larity in the correction of the elevation angle for estimating
the antenna axis offset effect in CALC, and corrections for a
nonspherical Earth in the local to geocentric transformations
of tidal displacements in MASTERFIT.

It is emphasized that the present benchmark study does not
address delay rates, observable partials, or least-squares param-
eter estimation. We hope to compare all of these aspects of the
software in the future. Indirect evidence from a variety of fits
to real data, however, implies that no serious discrepancies
exist. For example, universal time and polar motion values
derived from independent experiments by the two groups
are in good agreement with each other, as well as with the BIH
compilation (Ref. 5); a transcontinental baseline measurement
agrees at the centimeter level (Refs. 6, 7); both groups obtain
a value close to 1.0 for the parametrized post-Newtonian
theory gamma factor (Refs. 8, 7); positions of extragalactic
radio sources derived from independent measurements by
GSFC and JPL agree essentially within formal error esti-
mates (Ref. 9).

Previous attempts at software comparison were not strictly
analogous to the present study. Fliegel (Ref. 4) did an overall
comparison of baseline results for Mobile VLBI experiments,
but did not isolate components of the model. M. G. Roth
(private communication, 1981) did investigate details of the
JPL and GSFC models, but abandoned the comparison at the
nanosecond level because both sets of code were in a state of
flux at the time. In particular, MASTERFIT was being trans-
lated from an IBM to a VAX computer, while simultaneously
incorporating the IAU 1984 resolutions.

II. Benchmark Observations

Three fictitious sources and five idealized stations were
chosen for a set of benchmark observations on five baselines
at hourly intervals over a 24-hour period: 1 April 1984 0 hr to
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23 hr UT. The J2000 source coordinates are given in Table 1.
They were chosen to span a wide range of right ascensions and
declinations. The time of year provides a high probability of
observing sources near the Sun, and thus magnifies discrepan-
cies in gravitational bending models.

Station cartesian coordinates, antenna types, and axis off-
sets are listed in Table 2. Two of the stations (Haystack and
Sweden) are routinely employed in the IRIS/POLARIS experi-
ments (Ref. 10) while another two (Goldmars and Canberra)
correspond to the approximate positions of the Deep Space
Network American and Australian stations, and the last
station (Pole) is entirely fictitious. The antenna characteristics
were arbitrarily chosen to include a variety of types and large
axis offsets to expose and magnify discrepancies in these
aspects of modeling.

Table 3 shows the five baselines employed for hourly alter-
nating observations of the sources of Table 1. Their lengths
range from 4000 to 12,000 km: the Canberra-Sweden baseline
is nearly equal to an Earth diameter.

Table 4 gives the observing schedule for each of the five
baselines, making a total of 120 benchmark observations. It
should be noted that approximately half of these observations
force one or both stations to observe at negative elevation
angles. Since the tropospheric delay model is turned off in
both programs, and both assume a transparent Earth, this pre-
sents no problem. Magnitudes of the calculated delays range
between 0.6 and 38.8 ms for these 120 observations.

lll. Comparison of Model Delays

We first enumerate the known discrepancies in CALC and
MASTERFIT models, in order to be able to present more
systematic comparisons. These are as follows:

(1) The Solar System ephemerides are different: CALC
uses a version of the MIT PEP ephemeris rotated to
J2000, while MASTERFIT uses the JPL ephemeris
DE 200 (Ref. 11). Major effects of these differences
are expected to be manifested in the solid Earth tide
and gravitational bending contributions to the delay.
Differences in the magnitudes of Earth-Sun vectors are
of the order of 800 m, for example.

(2) The treatment of the general relativistic bending of
the ray path is totally different. In addition, MASTER-
FIT includes the Earth and all planets, while CALC
only takes account of the Sun. The bending effect of
the Earth is as large as 155 ps for the benchmark obser-
vations, while other planets contribute a maximum of
0.3 ps.



(3) CALC corrects the source position employed in model-
ing antenna offset contributions for tropospheric
bending with a simplified (tangent of the elevation
angle) function. This correction uses nominal zenith
troposphere values, and is present even when the
tropospheric delay modeling is turned off. The stan-
dard MASTERFIT model ignores this, since it amounts
to only a few mm at a 6-deg elevation for a 10-m offset.

A. Input Model Parameters

Care was taken to ensure that all parameters entering the
two models were identical. In addition to the source and sta-
tion parameters of Tables 1 and 2, these include the following:

Velocity of light 299792458 m/s

Relativistic gamma factor = 10

Earth equatorial radius = 6378.14 km
Flattening factor = 298.257
Solid Earth tide Love numbers = 0.609,0.0852

0 (all stations)

Il

Zenith tropospheric delay

Both CALC and MASTERFIT obtain pole position and
universal time values for each observation by interpolating
input tables. Since the interpolating functions are different
(cubic and linear, respectively), we made sure that identical
values were obtained by preparing idealized linear input
tables in both cases. Table 5 shows the values of polar motion
and UT1-UTC employed for the benchmark calculations.
Differences in the interpolation algorithms are expected to
contribute no more than a few mm to theoretical delay differ-
ences in unfavorable cases.

For the sake of completeness, Table 6 gives the parameters
(amplitudes and phases) in the 11-component ocean loading
model used in the benchmark calculations. Only the Haystack
and Goldmars stations are assigned ocean loading displace-
ments, and these are solely radial, since CALC 6.0 does not
treat the longitudinal components. The absence of horizontal
ocean loading displacements is expected to contribute only a
few mm to calculated delays.

B. Comparison of Calculated Delays

Details of the observation-by-observation calculated delays
are relegated to the figure in the Appendix. Note that the
delays for one observation (No. 85) differ by approximately
130 ns. This is due to the above mentioned CALC correction
of source position for tropospheric refraction, which is unrea-
sonably large for the North Pole station, whose elevation angle
is -0.012 deg. This observation has been excluded from all
RMS quantities quoted below. We note that the overall dis-
crepancy (excluding negative elevations) is 67 ps (20 mm). The

CALC-MASTERFIT difference does not appear to be corre-
lated with baseline length, with the worst agreement (92 ps =
28 mm RMS) occurring for one of the shortest baselines
(Goldstone to the North Pole).

In view of the above mentioned known model differences,
we tried to isolate the major factor responsible for the 2-cm
delay discrepancies. Three further comparisons were made, in
which the effects of differences in tidal, relativistic bending,
and antenna offset models were eliminated in turn. For tides,
the MASTERFIT contributions were subtracted from the
MASTERFIT model delays and the CALC contributions
added; for bending, all contributions except that cf the Sun
were subtracted from MASTERFIT; for antenna offsets, the
axis offsets of Table 2 were set to zero in both programs. A
further comparison included all three modifications simultane-
ously. The results are tabulated in Table 7 (“‘all” and “+ only”
indicate all 120 observations, and only those with positive
elevation angles at both stations, respectively). It is clear that
discrepancies in tidal and bending models make little if any
contribution to the raw differences.

The identical treatment of antenna offsets, on the other
hand, is seen to reduce the RMS difference to 40% of its raw
value, and the maximum difference by nearly a factor of 5. It
must be stressed that the benchmark comparison is a stringent
test, involving a majority of observations at elevations and
antenna offsets which would never be encountered in real
data. In view of this, the 26 ps RMS and 50 ps maximum dis-
crepancies (approximately 8 and 15 mm) are gratifyingly small.

Further numerical quantification of CALC-MASTERFIT
differences was performed in three areas: tidal, gravitational
bending, and tropospheric contributions. Table 8 presents a
comparison of delay contributions and station (baseline) dis-
placements due to the various tidal components, for all 120
observations. In contrast to Table 7, which exhibits only the
total model delays, Table 8 is concerned with component parts
of the delays. It is seen that only the solid Earth tide differ-
ences are substantial, while there is nearly perfect agreement
for the K1 correction (Ref. 12), pole tide, and ocean loading.
At present it is not clear whether the solid tide differences are
due to ephemeris differences or to computational algorithms.

For relativistic bending, the understanding and reconcilia-
tion of the two models will require more work than we were
prepared to perform in this study. We attempted, however, to
isolate the components of the delay that depend solely on the
Parametrized Post-Newtonian (PPN) parameter gamma, namely
the relativistic bending. When this is done, comparison shows
that the RMS relativistic delay difference is 92 ps (3 cm),
with a maximum of 254 ps (8 c¢m). Contrast this with the
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corresponding numbers for agreement of total delay: 21 ps
(6 mm) and 49 ps (15 mm).

While tropospheric delay is outside the scope of this com-
parison, and is not included in any of the comparisons dis-
cussed above, we took the opportunity to compare this
aspect of modeling as well. Both CALC and MASTERFIT
were set to employ the model of Chao (Ref. 13), which is
now known to be inadequate for VLBI purposes. The RMS
CALC-MASTERFIT tropospheric delay difference for the
benchmark set was 28 ps, with a maximum of 106 ps (8 and
32 mm, respectively). Only observations at positive eleva-
tion angles were included. These results are surprisingly
large for a formula which is algebraically simple; at present, no
explanation is evident. Naturally a large contribution to the
discrepancy is made by the substantial fraction of benchmark
observations that involve very low elevation angles. We hope
to perform a more thorough comparison of the new Lanyi

(Ref. 14) and CFA (Ref. 15) tropospheric mapping functions
in the near future.

IV. Conclusions

Comparison of GSFC and JPL VLBI software shows
agreement at the 1-2 c¢m level. Included are ail components of
the model in common use at the beginning of 1985, with the
exception of ionospheric and tropospheric delays. Three areas
of remaining discrepancy are the use of different Solar System
ephemerides, different methods of estimating gravitational
bending, and different corrections for tropospheric refraction
in calculating antenna offset effects. Millimeter-size discrepan-
cies could also potentially arise due to the difference in inter-
polating algorithms for UT1 and polar motion a priori values.
It is hoped to reconcile these differences during the coming
year, and to perform similar comparisons of the partial deriva-
tive and parameter estimation sections of the respective codes.
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Table 1. Benchmark source positions

Source RA, hms Dec, dms
T1 0 2 3376405 0 16 42.2454
T2 6 3 1233782 29 59 52.9881
T3 12 2 33,12210 59 43 17.7545

Table 2. Benchmark station coordinates, antenna types and offsets

Station x,km v, km z,km Type Offset, m
HAYSTACK 1492.407 -4457.267 4296.882 EQU 10
GOLDMARS -2353.620 -4641.343 3677.053 X-Y 20
CANBERRA ~-4446.247 2684.627 -3691.949 X~y 40
SWEDEN 3370.968 711.466 5349.664 AZEL 2,15
POLE ~-3796.424 ~-104.306 6360.000 AZEL 50
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Table 3. Benchmark baselines and lengths

Baseline Length, km
HAY-GOL 3900
GOL-CAN 10599
GOL~-SWE 8014
GOL-POL 5465
CAN-SWE 12114




Table 4. Benchmark observations

Time Source Time Source

82/4/1 0 T1 82/4/1 12 T1
1 T2 13 T2

2 T3 14 T3

3 T1 15 T1

4 T2 16 T2

5 T3 17 T3

6 T1 18 T1

7 T2 19 T2

8 T3 20 T3

9 T1 21 T1

10 T2 22 T2

11 T3 23 T3

Table 5. Polar motion and UT1 values for benchmark

Polar Motion, mas

Jl‘;lia“ UTL-UTC, msec
ate x ¥

2445054 78.0 436.0 -170.0
2445059 90.0 432.0 -182.5
2445064 102.0 428.0 -195.0
2445069 114.0 424.0 ~207.5

Table 6. Ocean loading mode! for benchmark

Component Station Amplitude, Phase, Station Amplitude, Phase,
cm deg cm deg
M2 HAYST 0.96 183.2 GOLDM 0.23 351.5
S2 0.26 205.2 0.14 250.3
N2 0.21 165.2 0.12 305.7
K2 0.07 1984 0.05 276.9
K1 0.39 354.6 0.99 43.8
01 0.26 355.2 0.62 28.9
P1 0.12 356.8 031 43.1
Q1 0.05 358.3 0.12 20.0
MF 0.04 10.5 0.01 295.6
MM 0.02 §9.2 0.01 104.9
SSA 0.04 264.0 0.06 74.2
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Table 7. Total model delay differences between CALC and MASTERFIT

Type of Comparison RMS, ps Maximum, ps

All + Only All + Only
Raw 73.2 67.4 374.1 237.8
Identical tides, (2) 81.8 64.7 374 4 238.7
Solar bending only, (b) 75.6 67.0 357.8 244 5
Zero antenna offsets, (¢) 21.2 26.4 48.7 48.7
@)+ () +(c) 38.8 25.5 157.0 50.2

Table 8. Tidal delay and displacement differences between CALC and MASTERFIT

RMS difference, ps

Maximum difference, ps

Quandty Delay Displacement Delay Displacement
Local E-Cent.
Solid tides 7.6 6.9 25.2 22.1 17.2
K1 correction 0.12 0.18
Pole tide 0.05 0.05 0.10 0.13 0.10
Ocean loading 0.001 0.001 0.004 0.001 0.001
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Appendix

Figure A-1 is a tabulation of “raw’ model delays calculated with CALC 6.0 and
MFIT.EXE; 333 and their differences. Listed are the observation number, baseline,
source, time (ymdh), CALC and MASTERFIT total delays, and their difference (CALC
minus MASTERFIT). An asterisk (*) following the source name indicates an observation
for which one or both elevation angles are zero or negative. For each baseline, the root
mean square difference between CALC and MASTERFIT is calculated for all observations
as well as for only those at positive elevation angles.
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Fig. A-1. “Raw” maodel delays
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cOL~-P
GOL.-P
GOL.-P
GOL~P
GOL—P

T1
T2
T3
Ti%
T2
T3
Tiw
T2

T3

B2/4/1
8a2s4/1
82/4/1
82/4/1
82s4/1
B2/4s1
82/4/1
8g274/1
82/4/1
az/4/1
82/4/1
82/4/1
8z2/4/1
82/4/1
82/4/1
82/4/1
82/4/1
827471
Bg2s4/1
B2/4/1
82/4/1
g2/4/1
82s4/1
82/s4/1

AN URLLK=O

SOND>URLUMLN~-O

Model delay (psec)’

CALC 6.0 MFIT
16185720822, 098 16185720828.
17993984333, 845 17993984317.
—~&704573201. 099 -6704573227.
~-3122544321, 856 ~3122544319.
18237789299, 639 18237985248.

3065860092, B41 3065860066.
-20602185597. 935 ~206021855%7.
61003468835, 672 46100368799
8191086555, 686 81921084931 5.
~29960643261. 192 259606463247,
-11271861472. 590 -11271861505
56532192083. 324 54653219027,
—16042735574. 646 ~16042735569.
-23642410272. 859 ~23642410314.
-30533464888, 251 ~3053364924.
3311626032, 342 3311626024
-23743982434, 421 23743982452
~-1280194&47736. 361 ~12801%467783.
207099741946, 957 20705974220.
~1149989468461. 5310 ~114998%96828.
-17852311291. 384 -17852311418.
285897978015, 240 25897978051,
9873154425, 261 5873154471,
~19%5230984157. 899 ~15230584183.
RMS (no #; all) 49.

Model delay (psec)
CaLt 6.0 MFIT
5340718523, 284 5340718285
10213082801, 243 10213082739.
-~&011503170. 623 ~6011503231.
=76633536%6. 411 ~-7643753892.
522352926, 247 &£522352851.
-521502606. 599 -3915%024666
—-14171214562. 317 ~1417121464%
-3643744283. 646 -3643744350.
621339818, 869 621339750.
-131731463478. 887 ~-15173163572.
-14299105699. 40% —14299105764.
-3087131113. 445 -3087131192.
~HR2BLT797234. 645 -5R256887060.
~19146F5227462. D62 —-19169522843.
-2533257528. 390 -2533257592.
7738596413, 005 7738596312
-15387123092. 829 ~15387123162.
~-14921370829. 279 -14921370612.
16161150425, 774 16161150583
~3179119029. Q39 -5179119053.
-16078778204. 258 16078778349
15051330442, 276 15051330421,
54434695609, 533 5443695604,
-12323948800. 114 -12323948858.
RMES (no #; all) 2.

309
336
812
701
arzi
389
&95
121
249
461
598
937
644
b2b
789
795
398
033
002
546
687
194
08
491

1460

470
583
4895
1925
542
&3
323
026
440
408
133
&89
10
099
090
038
407
200
619
ag2
709
854
304
500

159

D

D

100.

IF.

.21t
. 509
. 714
. 955
. 368
. 476
. 240
. 551
. 436
. 731
. 008
. 38é
. 003
. 767
. 538
. 387
. 977
. 672
. 045
. 964
. 303
. 956
. 647
. 992

. 601

IF.

. 814
. 660
. 8é&2
. 784
. 7295
. 032
. 006
. 380
. 430
.ol
.7a8
. 244
. 244
. 937
. 700
. 968
. 8579
. 921
. 159
. 343
791
. 119
. 229
. 3B&

909

Fig. A-1 (contd)
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112

7

98

99
100
101
102
103
104
109
106
107
108
109
110
111
112
113
114
115
114
117
118
119

120

OOOoOOO0O0O00NGOo0Oa0NOaG0000O00c000n

Observation

~BWE
~SWE
~-SWE
~SWE
~SWE
~-SWE
~GWE
~SWE
~GWE
~BWE
~SWE
~BWE
~-SWE
~SWE
~SWE
~5WE
-SWE
~SWE
~SWE
~SWE
~BWE
~SWE
~BWE
~GBWE

Tie
TR#®
T3%
Ti
T24%
T3+
T1

T2

T3%
Tiw
T2

T3+
T1l4
Ta
T3%
Tix
T2#%
T3%
Ti%
T2%
T3%
Ti%
T2%
T3

az2/4/1
B2/4/1
82/74/1
82/4/1
g82/4/1
82/4/1
82/4/1
82/74/1
az2/4/1
azr/4/1
82s4/1
g2/4/1
82s4/1
B82/4/1
82/4/1
a82/4/1
82/4/1
B2rs4/1
82/4/1
82/4/1
82/4/1
82/4/1
82/4/1
82s4/1

QONDPUOPLWU O

Model delay (psec)
CALC 6.0 MFIT

26673008002, 348

206354644839, 992 20635444835
3884792300, 511 3884792282
-30773722146. 810 ~-30773722145.
2391089752, 881 2391089756.
7882414423, 181 7882414331.

~20407683883. 853 -20407683926.
—-1731575%1717. 739 ~17315751726
~16403511042.
-13374952774, 638 ~1337464952892.
~26880902248. 027 ~248B80702277.
~19076620858. 110 ~190746620880.
~13821429930. 56% ~-13821430304
~20472065362. 657 ~20472065378.
~341590285%32. 921 ~341592028532.
—-21479338156. 173 -21479338248.
~2345183549
~38006730272. 234 ~38006730263.
-31841527901. 186 31841527941,
1730826%315.
-28354044637%9. 223 ~-28354046370.

-1640510985. 784

~-2345183551. 590

173082649312, 116

~38806415917. 829 —-388064159356.
RMS (no #*; all) 62,
RMST (no #; all? &7
MaX (no #;, all) 237.

26675007993.
=-112795143105. 827 ~11279514311.
~-38371202775. 955 38371202784,

396
219
194
129
956
147
314
183
ase
858
366
106
886
923
&24
2
285
132
819
484
220
262
044
253

389

410

814

DIF.

73.

a74.

. 792
. 208
. 641
. Bé64
. 956
. 337
. 435
. 998
. 734
119
. 9ea
. 468
. 8959
413
374,
. 263
. 636
. 999
. 771
. 731
. 03%
. 144
. 180
. 424

054

. 760

194

034

Fig. A-1 (contd)




