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ABSTRACT  4 

The National Geodetic Survey has developed four versions of the online positioning user service 5 

(OPUS) for post-processing dual frequency, static Global Positioning System (GPS) data. Each 6 

version was designed for a different application and outputs coordinates at a mark to varying 7 

accuracy. To compare the accuracy of these four versions, 88 10-h-duration GPS data files 8 

collected on 18 marks in Oregon were processed in OPUS-Projects, producing horizontal 9 

coordinates and ellipsoid heights at these marks with an estimated network accuracy less than 0.5 10 

cm and 1.3 cm at 95% confidence, respectively. Then, these data files were windowed into 11 

sessions ranging from 20 min to 10 h in duration. The windowed files were processed in OPUS-12 

S, OPUS-Net, and OPUS-RS, and the resulting coordinates at each mark were compared with the 13 

coordinates from OPUS-Projects. At a session duration of 2 h, OPUS-RS was found to be more 14 

accurate than both OPUS-S and OPUS-Net. For sessions less than 2 h, OPUS-RS frequently 15 

produced poor solutions with error messages. At a session duration of 4 h, OPUS-S and OPUS-16 

Net produced coordinates with both horizontal and ellipsoid height error less than 3 cm at 95% 17 

confidence. 18 
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 21 

Introduction 22 

In 2001, the National Geodetic Survey (NGS) introduced the Online Positioning User 23 

Service (OPUS) which has become widely popular in the United States for surveying, 24 

engineering, geographic information systems, and mapping (Snay and Soler 2008). Users can 25 

upload a raw static or rapid-static data file from a dual-frequency Global Navigation Satellite 26 

System (GNSS) receiver for an observational session on a mark using a free, online portal, and 27 

OPUS will post-process the data and email back geodetic coordinates for the observed mark 28 

referenced to the United States’ National Spatial Reference System (NSRS).  29 

 Currently, NGS has developed four different versions of OPUS, each with different 30 

capabilities. The recommended version depends on the duration of the GNSS observational 31 

session and the desired accuracy of the GNSS survey. It is worth noting that all of the current 32 

versions of OPUS are only capable of processing observables from the United States’ Global 33 

Positioning System (GPS). Research is underway at NGS to develop new tools for processing 34 

GPS data plus data from other types of GNSS (e.g., Russia’s GLONASS, European Union’s 35 

Galileo, China’s Beidou, etc.). In addition, all current versions of OPUS decimate data files to a 36 

30-sec data logging rate.  37 

For session durations of at least 2 h, NGS recommends the use of OPUS-Static (OPUS-38 

S), which is currently the most popular and oldest version of OPUS. OPUS-S outputs geodetic 39 

coordinates for an observed mark by finding the (unweighted) mean of three separate, fully or 40 

partially fixed, single-baseline solutions computed by double-differenced, carrier-phase 41 
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measurements to the observed mark from three active stations that contribute to the NGS’ 42 

Continuously Operating Reference Stations (CORS) Network and/or the International GNSS 43 

Service (IGS) Network using NGS baseline processing software named PAGES (Soler 2011). 44 

OPUS-S cannot produce reliable coordinates for sessions shorter than 2 h in duration (Soler et al. 45 

2006). Therefore, for a user who desires to observe a mark for only 15 min to 2 h in duration, 46 

NGS recommends OPUS-Rapid Static (OPUS-RS). Using RSGPS baseline processing software 47 

that was developed in collaboration with the Satellite Positioning and Inertial Navigation (SPIN) 48 

group at The Ohio State University, OPUS-RS outputs the geodetic coordinates of the observed 49 

mark by session baseline processing of double-differenced carrier phase measurements to the 50 

observed mark from three to nine CORS and/or IGS stations that must meet stringent geometric 51 

conditions (Schwarz 2008). These geometric conditions are required because RSGPS spatially 52 

interpolates the tropospheric refraction at the observed mark by fitting a plane to a minimum of 53 

three reference stations (Schwarz 2008).  54 

In addition to OPUS-S and OPUS-RS, NGS has more recently developed two other 55 

versions of OPUS for processing GNSS data: OPUS-Net and OPUS-Projects. Both of these 56 

versions have different features and are advantageous for varying surveying and monitoring 57 

projects. OPUS-Net is an internal application developed by NGS for monitoring the position of 58 

the active GNSS stations in its CORS Network. OPUS-Projects is a web-based application 59 

designed for detailed, campaign-style GNSS surveys. OPUS-Projects is considered the most 60 

rigorous and accurate version of OPUS, and it is meant for managing, post-processing, and 61 

adjusting a static GNSS survey campaign involving multiple observations of at least 2 h in 62 

duration on numerous survey marks.  63 
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Since there are currently four versions of OPUS available for use, the objective of this 64 

paper is to first introduce the more-recently developed OPUS-Net and OPUS-Projects. Less 65 

details and background are given on OPUS-S and OPUS-RS, because several recent papers (e.g., 66 

Wang and Soler 2013; Smith et al. 2014; Soler and Wang 2016; Wang et al. 2017; Jamieson and 67 

Gillins 2018) and numerous other articles compiled into a book are available  (i.e., Soler 2011).  68 

The second and main objective is to compare the accuracy of coordinates derived from 69 

processing GNSS survey data in OPUS-S, OPUS-RS, OPUS-Net, and OPUS-Projects. This 70 

comparison aims to improve understanding of the relative capabilities and limitations of each 71 

version of OPUS.  72 

To accomplish the comparison, 88 10-h-duration GNSS data files were collected on 18 73 

passive marks in western Oregon. All of these data files were first post-processed in OPUS-74 

Projects, and the resulting GNSS vectors in the survey network were adjusted by least squares in 75 

the NGS application ADJUST. The resulting adjusted coordinates were then considered the 76 

“true” coordinates for each of the 18 passive marks and were used as a reference for evaluating 77 

the accuracy of the other versions of OPUS. Afterwards, all of the GNSS data files were 78 

windowed into mutually non-overlapping session durations of 20, 40, and 60 min, as well as 2, 3, 79 

5, 7 and 10 h. The 2- to 10-h data files were then submitted to OPUS-S and OPUS-Net, and the 80 

20-min to 2-h data files were submitted to OPUS-RS. The resulting solutions from OPUS-S, 81 

OPUS-Net, and OPUS-RS were then differenced with the adjusted coordinates derived using 82 

OPUS-Projects and ADJUST. 83 

 84 

Background on OPUS-Net 85 
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As a monitoring effort, NGS has used OPUS-Net internally since 2011 for post-86 

processing each daily (24-h-duration) static GNSS data file collected at each active station in its 87 

CORS Network. NGS computes the difference between the resulting daily geodetic coordinates 88 

from OPUS-Net with the “predicted coordinates” of the CORS, in terms of northing, easting, and 89 

up in a local geodetic horizon frame. NGS computes “predicted coordinates” of the CORS at a 90 

given time by starting with its published geodetic coordinates at its referenced epoch (for this 91 

project, in the IGS08 reference system at epoch 2005.0). Then, NGS adds to these published 92 

coordinates the product of the elapsed time since its referenced epoch with its velocity which 93 

was either computed from years of data collected at the CORS or estimated from an NGS tool 94 

named HTDP. NGS archives the daily differences between the coordinates from OPUS-Net with 95 

the predicted coordinates and plots them in short-term time-series plots.  96 

Both OPUS-S and OPUS-Net applications use the NGS baseline processor PAGES 97 

(Schenewerk and Hilla 1999), and both are meant for processing a single static GNSS 98 

observation on an individual mark. In addition, both recommend that the GNSS sessions on the 99 

observed mark are a minimum of 2 h in duration.  However, instead of computing the 100 

unweighted mean of three single-baseline solutions from the observed mark to three CORS or 101 

IGS stations like in OPUS-S, OPUS-Net produces a session baseline processing network solution 102 

from the observed mark to three nearby CORS and the 10 nearest active stations that contribute 103 

to the IGS Network (Weston and Ray 2011). The three nearby CORS are not constrained in the 104 

session solution, and they are only included for modeling tropospheric delay errors. Instead of 105 

constraining the coordinates of the three nearby CORS, the coordinates of the IGS stations are 106 

held fixed, and OPUS-Net then computes the geodetic coordinates of the one observed mark for 107 

the single session (Weston and Ray 2011).  108 
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 109 

Background on OPUS-Projects 110 

Unlike OPUS-S, OPUS-RS, and OPUS-Net, OPUS-Projects is a baseline processing and 111 

network adjustment software meant for managing campaign-style static survey projects 112 

containing many marks observed in multiple GNSS sessions. OPUS-Projects is free, web-based 113 

software that allows users to manage large sets of static GNSS files, perform session baseline 114 

processing of simultaneous occupations on multiple marks, and conduct a least squares network 115 

adjustment of one or more sessions (Armstrong et al. 2015). Similar to OPUS-S and OPUS-Net, 116 

OPUS-Projects uses PAGES as its baseline processor. Users may choose from a list of output 117 

reference frames and associated geoid models, alter tropospheric modeling parameters, and 118 

change elevation mask cutoff angles. During session baseline processing, the user can add data 119 

collected at multiple CORS and IGS stations and can create custom network designs between 120 

these stations and the observed marks. During session baseline processing, different schemes are 121 

available for applying weights to the coordinates of the control.  122 

Sessions in a project can be combined and adjusted within OPUS-Projects using an NGS 123 

application named GPSCOM. This application produces final geodetic coordinates for each 124 

project mark in the network (Weston et al. 2007).  125 

Recently, NGS has added ADJUST to OPUS-Projects as another application for adjusting 126 

session baseline solutions. ADJUST is the official NGS software program for performing least 127 

squares adjustments of GNSS survey networks (Milbert and Kass 1993). For approximately three 128 

decades, NGS has used ADJUST for adjusting and preparing GNSS surveys for publication in 129 

the NGS Integrated Database (NGS IDB) following a process known as “Blue Booking” (NGS 130 

2017b). Thus, including ADJUST within OPUS-Projects provides an efficient method for not 131 
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only processing and adjusting a static GNSS survey campaign, but for also preparing the results 132 

for publication in the NGS IDB. The combination of OPUS-Projects and ADJUST (referred to 133 

hereinafter as “OP+ADJUST”) are becoming popular for processing static GNSS survey 134 

campaigns according to NGS guidelines, such as for establishing geodetic control at airports and 135 

for GNSS height modernization surveys (Kerr 2015; Gillins and Eddy 2017; and Weaver et al. 136 

2018). 137 

 138 

Materials and Methods 139 

Source of Data for Analysis 140 

Raw GNSS data were gathered from a static, campaign-style GNSS survey conducted from 141 

October 7 to November 7, 2014, in the Willamette Valley, Oregon. During the campaign, static 142 

GNSS data were collected on 18 passive marks at sites considered suitable for making satellite 143 

observations.  144 

For each of the 15 sessions of the survey project, five or six Leica Viva GS14 receivers 145 

with integrated antennas were set up to simultaneously observe five to six marks. Each antenna 146 

was placed on a calibrated 2-meter fixed-height tripod that was stabilized with three 14-kg 147 

sandbags. To account for minor errors due to eccentricities in the antenna phase center, the 148 

receiver antennas were always oriented north prior to starting the session. After each setup of the 149 

antenna, the level bubble on each fixed-height tripod was checked by rotating the center pole 180 150 

degrees and verifying the bubble remained in the center of the bulls-eye ring. 151 

 Once each session started, static GNSS data were collected for at least the same 10-h 152 

period of time on all occupied marks. Both GPS and GLONASS observables were collected 153 

(although all versions of OPUS ignore GLONASS) at a 1-sec data logging rate with an elevation 154 
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mask of 10 degrees, stored in Receiver Independent Exchange (RINEX) format, version 2.11. 155 

Mark D728 was observed for only 3 sessions, and the remaining marks were observed for at least 156 

four sessions. Upon completion of the survey schedule, a total of 88 10-h-duration RINEX files 157 

on the 18 passive marks were collected and prepared for evaluation. For additional details on the 158 

2014 survey campaign, see Gillins and Eddy (2015, 2017). 159 

 160 

OP+ADJUST Processing 161 

Figure 1 presents the flowchart for processing all 88 of the 10-h static GNSS data files in OPUS-162 

Projects in order to derive highly accurate geodetic coordinates on the 18 passive marks. This 163 

process was discussed in detail in Gillins and Eddy (2017), and it is based primarily on NGS 164 

recommendations in the OPUS-Projects User Manual (Armstrong et al. 2015). First, each 10-h 165 

static data file was uploaded to OPUS-Projects using the NGS online portal for OPUS-S and by 166 

specifying an OPUS-Projects Project Identifier. 167 

Afterwards, 24-h-duration data files collected at seven CORS were added to each of the 168 

15 sessions of the survey project. One major advantage of OPUS-Projects is that the user can 169 

select desired CORS and IGS stations for inclusion in a survey network. Practically any CORS 170 

or IGS station could be added to the project, but several criteria should be considered when 171 

deciding which ones to add to the project. For highest accuracy, data from poorer-quality active 172 

stations should be avoided because they could potentially introduce error in the network. In 173 

addition, active stations should be chosen to meet a recommended geometric design for session 174 

baseline processing in OPUS-Projects. An explanation of why the CORS for this project were 175 

chosen is based on the following recommendations from NGS.  176 
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For each session, Armstrong et al. (2015) recommends developing a hub survey network 177 

design (Figure 2). Per Armstrong et al. (2015), the user should do the following: 178 

• Designate a single station within roughly 100 km of observed passive marks in the 179 

session as the hub. It is best practice to designate a CORS, temporary CORS, or other 180 

type of active station as the hub (so that the hub has a minimum of 24 h of static data for 181 

each session). The user may designate different stations as the session hub when 182 

processing multiple sessions; for such projects, ensure that a baseline observation 183 

connects all hubs in the survey network in every session. 184 

• Add and use data from nearby and distant CORS or IGS stations for every session. Use of 185 

multiple nearby CORS or IGS stations helps reference the network to the geometric 186 

reference frame of the NSRS because such redundancy reduces possible bias that may 187 

occur if only a single CORS was used as control.  In addition, the use of data from at 188 

least one long-distance (i.e., ~300 to 1,000 km) station helps PAGES solve for the wet 189 

component of its tropospheric delay modeling corrections (Ugur et al. 2013). 190 

• Plan to process baselines such that every observed mark in the session is directly 191 

connected to the hub (per Figure 2). Designating an active station as the hub is ideal 192 

because its 24-h-duration data file helps ensure there is sufficient mutual satellite 193 

visibility between the hub and the distant CORS or other active stations for double 194 

differencing. Observations shorter than 24 h in duration are typically adequate for the 195 

shorter (i.e., < 100 km) baselines between the hub and the passive marks observed in the 196 

session. 197 

Given these recommendations, a CORS named CORV roughly near the center (i.e., 198 

within 30 km) of all of the observed passive marks for our project was designated as the hub for 199 
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every session. Data collected at six additional near and distant CORS (FTS5, ORK6, ORS2, 200 

RPT6, PPT6, and P054) were added to each session because each had static data available 201 

(except for an occasional, small data gap) during each of the 15 sessions and had computed 202 

velocities published by NGS.  It is important to note that NGS computes velocities by processing 203 

years of continuous GNSS observations at active stations in the CORS Network.  Some new or 204 

young active stations in the CORS Network do not have computed velocities. In addition, the 205 

coordinates for such CORS without computed velocities also do not have formal uncertainty 206 

estimates, and these stations should therefore be avoided. 207 

In addition to the aforementioned reasons, the daily OPUS-Net solutions differenced with 208 

the predicted coordinates of each CORS, as depicted in short-term time-series plots (e.g., Figure 209 

3), were evaluated for each of the seven CORS and were found to be satisfactory. These short-210 

term time-series plots are computed and made available by NGS (NGS 2017a). Since ultimately 211 

the predicted coordinates of each of the CORS were held as control, CORS with time-series plots 212 

with large systematic daily residuals from their predicted coordinates (i.e., large offsets from 213 

zero in the time-series plot), spikes, gaps, or discontinuities during the time of the survey project 214 

should be avoided. The daily solutions of the selected CORS during the days of the survey 215 

project were consistent with the predicted coordinates of the CORS to ± 1 cm. 216 

Each of the sessions in OPUS-Projects were next processed. During the session baseline 217 

processing, the tropospheric modeling was set to piecewise linear at a sampling interval period 218 

of 7200 sec, which fits line segments of 7200-s duration (approximately a smooth curve) across 219 

the average zenith delay versus time. Only CORV was selected as the hub, and its predicted 220 

coordinates in the IGS08 reference system at the weighted mean epoch of each session were held 221 

as control by selecting normal constraint weights. Normal constraint weights are preferred 222 
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because they allow slight shifts on the same rough order as the typical accuracy of the published 223 

coordinates of the CORS (i.e., ~ 1 cm). The following OPUS-Projects data and solution quality 224 

thresholds were set and satisfied for all of the processed baselines: >80% observables used, 225 

>80% ambiguities fixed, and < 2.5 cm baseline processing root-mean-square error (RMSE). 226 

Satisfied with the results of the session baseline processing, the session solutions were 227 

combined within OPUS-Projects with its network adjustment utility, GPSCOM. Figure 4 shows 228 

screen captures of the survey network displayed in OPUS-Projects. OPUS-Projects output the 229 

multiple, unadjusted GNSS vectors in a file known as a “G-file,” and it output the adjusted 230 

coordinates in another file known as a “B-file.” The G-file and B-file are required inputs for 231 

running NGS software, ADJUST, and their format is described in the NGS Blue Book (NGS 232 

2017b). ADJUST estimates the a-priori geodetic coordinates of the marks in the network using 233 

the B-file; the G-file contains Earth-centered, Earth-fixed components of the GNSS baseline 234 

observations and variance-covariance (v-c) matrices of the session solutions. 235 

OPUS-Projects output the vectors in the G-file in the IGS08 reference system.  The 236 

vector components are also output at the weighted mean epoch for each observational session. 237 

Typically, ADJUST attempts to transform the vector components to the North American Datum 238 

of 1983 (NAD 83). However, the G-file was modified in order to disable this transformation so 239 

as to keep the data in IGS08 at the approximate weighted mean epoch of 2014.8. Then, the B-file 240 

and G-file were inputted in ADJUST, and a minimally constrained least squares adjustment of 241 

the network was performed holding fixed the predicted coordinates of CORV in IGS08(2014.8). 242 

Afterwards, a fully constrained network adjustment was performed by holding the predicted 243 

coordinates of all seven CORS in IGS08(2014.8), and by assigning weights that were inversely 244 

proportional to the square of the published standard deviations for the CORS. 245 
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ADJUST output the most-probable geodetic coordinates and their standard deviations for 246 

each station, as well as horizontal and vertical “network” accuracies at 95% confidence as 247 

defined by federal standards (FGDC 1998) using formal error propagation theory. The horizontal 248 

network accuracies for the 18 marks ranged from 0.4 to 0.5 cm, and the vertical network 249 

accuracies ranged from 1.1 to 1.3 cm (95% confidence). The resulting geodetic coordinates from 250 

the fully constrained least squares adjustment in ADJUST (i.e., “OP+ADJUST solution) were 251 

adopted as the “true” coordinates at each mark and were used as a basis for evaluating the 252 

accuracy of OPUS-S, OPUS-Net, and OPUS-RS. 253 

 It is worth noting that the network adjustments for this study were done outside of OPUS-254 

Projects by loading the B-file and G-file into ADJUST, as described above. However, recent 255 

developments to OPUS-Projects have been completed at the time of this writing which enable 256 

users to run ADJUST within OPUS-Projects. 257 

 258 

OPUS-S Processing 259 

OPUS-S, OPUS-RS, and OPUS-Net have a simple user interface and significantly less 260 

options than OPUS-Projects. After simply uploading a single RINEX file, these three versions of 261 

OPUS post-process the GPS data and will solve for geodetic coordinates in the IGS08 reference 262 

system at the mean epoch of the observation.  Such coordinates from these versions of OPUS 263 

were differenced to find the change in northing, easting, and up (∆n, ∆e, ∆u) in a local geodetic 264 

horizon frame with the coordinates of the mark from the OP+ADJUST solution. These 265 

differences form the basis for the statistics presented throughout the paper. Eckl et al. (2001) 266 

computed similar statistics when evaluating the accuracy of single-baseline GPS solutions post-267 
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processed in PAGES. Soler et al. (2006) used much the same method while evaluating the 268 

accuracy of OPUS-S. 269 

 To evaluate the accuracy of OPUS-S, all 88 of the 10-h GNSS data files collected on the 270 

18 marks in Oregon were windowed into mutually non-overlapping sessions in order to produce 271 

sets of data files with observational durations of 10, 7, 5, 4, 3, and 2 h. (Note they were further 272 

windowed to durations of 60, 40, and 20 min for later submission to OPUS-RS, as discussed 273 

below.)  All windowing of the data files was performed using the time binning options in the 274 

TEQC software toolkit (Estey and Meertens 1999). 275 

All 1,232 of the resulting 2-h to 10-h RINEX data files were submitted to OPUS-S via its 276 

online portal at https://www.ngs.noaa.gov/OPUS/. When submitting the data files to OPUS-S, 277 

the three CORS in Oregon (ORK6, FTS5, and ORS2 in Figure 4) were selected for use as base 278 

stations. In addition to parsing the aforementioned IGS08 geodetic coordinates, other 279 

information was also taken from the OPUS-S solutions, including the peak-to-peak errors (the 280 

difference between the maximum and minimum value of a coordinate) from the three baseline 281 

solutions processed to the three CORS, the RINEX file name, date, start and stop time of the 282 

observation, number of observables used in the solution, percent fixed ambiguities, and the 283 

overall RMSE of the baseline processing.  284 

 285 

OPUS-Net Processing 286 

Similar to the data processing completed with OPUS-S, the identical data files submitted 287 

to OPUS-S were also submitted and post-processed in OPUS-Net via its internal NGS web 288 

portal. OPUS-Net was set to automatically choose its reference stations, which includes the ten 289 

nearest IGS stations (constrained) and three nearby CORS (unconstrained) from the observed 290 

https://www.ngs.noaa.gov/OPUS/
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mark. Again, ∆n, ∆e, and ∆u for each OPUS-Net solution at each mark were computed with 291 

respect to the coordinates of the mark from the OP+ADJUST solution, and other similar data 292 

were parsed from the OPUS-Net solutions as were collected from the OPUS-S solutions.  293 

Figure 5 illustrates an OPUS-Net solution for one of the processed data files collected on 294 

mark BEEF. As shown, baseline observations were processed to BEEF from 3 unconstrained, 295 

nearby CORS and 10 constrained IGS stations. In many cases, such as illustrated in Figure 5, the 296 

IGS stations were up to 4,000 km from the observed mark. As shown, two of the IGS stations 297 

were in Hawaii. The use of such long-distance IGS stations might be due to the fact that there are 298 

a limited number of IGS stations in the continental United States; sometimes, OPUS-Net must 299 

search a great distance to find ten IGS stations with available data. 300 

 301 

OPUS-RS Processing 302 

Similar to the data processing completed for both OPUS-S and OPUS-Net, all 88 of the 303 

10-h GNSS data files were windowed into mutually non-overlapping sessions of 20, 40, 60, and 304 

120 min. Then, the resulting 5,313 RINEX data files were uploaded to the online portal for 305 

OPUS-RS at https://www.ngs.noaa.gov/OPUS/. The default settings were chosen where OPUS-306 

RS was allowed to use any available CORS or IGS station as a base station (i.e., no base stations 307 

were excluded). The results from OPUS-RS were emailed to the submitter, and OPUS-RS used 308 

from five to nine CORS as base stations in each solution. As discussed below, for a percentage 309 

of the data files, OPUS-RS failed to produce a solution and instead emailed an “OPUS-RS is 310 

aborting” message. The number of aborted messages as well as their error messages were 311 

counted and stored. 312 

https://www.ngs.noaa.gov/OPUS/
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 Otherwise, ∆n, ∆e, and ∆u for each OPUS-RS solution at each mark were computed with 313 

respect to the coordinates of the mark from the OP+ADJUST solution in IGS08 at the mean 314 

epoch of the data file. In addition, other statistics were parsed from the OPUS-RS solutions, 315 

including any warning messages from OPUS-RS, the start and stop time of the observation, 316 

estimated standard deviation of the coordinate in each component (north, east, up), number of 317 

observables used in the solution, data quality indicators, and normalized RMSE of the baseline 318 

processing for the overall solution. 319 

 320 

Results and Discussion   321 

OPUS-S Results 322 

Although a total of 1,232 RINEX files were submitted OPUS-S, only 1,149 (93.3%) 323 

solutions were kept for analysis. The reason is that for some of the solutions, OPUS-S did not use 324 

the requested CORS (i.e., ORK6, FTS5, and ORS2) as base stations. This was due to occasional 325 

gaps in the availability of the GPS data collected at these CORS. In addition, for 1% of the 326 

solutions, one or more of the single-baseline solutions generated by OPUS-S for a given data file 327 

did not use the entire duration of the GPS data collected on the observed mark. Again, this might 328 

be due to gaps in data availability at the base station. For example, sometimes a single-baseline 329 

solution from OPUS-S was only based on the first 2.3 h of the 3 h session since the latter 0.7 h of 330 

data were unavailable at a particular base station.  331 

 To eliminate this confusion, only OPUS-S results based on the mean of three single-332 

baseline solutions using the full duration of the uploaded RINEX data file and using only the 333 

three specified CORS (i.e., ORK6, FTS5, and ORS2) as base stations were studied further. Table 334 

1 summarizes the number of used OPUS-S solutions at each mark. 335 
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Figure 6 depicts values of ∆n, ∆e, and ∆u, for each of the 1,149 OPUS-S solutions 336 

tabulated in Table 1. Overall, the data displays no obvious bias as the residuals in each 337 

component and duration interval are centered about zero. It is clearly seen that the residuals 338 

become closer to zero (i.e., more accurate) as the session duration increases. Keeping session 339 

durations (T) longer than 4 h is advantageous when using OPUS-S. For T ≥ 4 h, none of the 340 

absolute values of ∆n and ∆e are greater than 3 cm, and only 10 (0.9%) of the absolute values of 341 

∆u are greater than 3 cm. At T = 3 h, 1 (0.1%), 3 (0.3%), and 18 (1.6%) of the absolute values of 342 

∆n, ∆e, and ∆u, respectively, are greater than 3 cm. At T = 2 h, 4 (0.3%), 26 (2.3%), and 65 343 

(5.7%) of the absolute values of ∆n, ∆e, and ∆u, respectively, are greater than 3 cm; moreover, 344 

some of the absolute values ∆e and ∆u exceed 10 cm when T is only 2 h. It is interesting that 345 

larger residuals occurred more frequently in easting than in northing, and perhaps this is related 346 

to local obstructions at the mark or due to poor estimation of the phase biases which are more 347 

correlated with the east component (Blewitt 1989). 348 

 349 

OPUS-Net Results 350 

Only a total of 1,010 (82%) of the 1,232 solutions from OPUS-Net were used in the 351 

analysis. Unfortunately, it was discovered that OPUS-Net truncates all data files at midnight 352 

(GPS time). The local time in Oregon was 7 or 8 h earlier than GPS time (ignoring leap sec and 353 

accounting for daylight savings time which began near the end of the survey), and all 88 of the 354 

original 10-h RINEX data files spanned across GPS midnight by approximately 1 h. As a result, 355 

no 10-h-duration solutions were obtained from OPUS-Net; rather, several 9-h-duration solutions 356 

were produced.  357 
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 Table 2 lists the sample size of OPUS-Net solutions used at each mark, subdivided by 358 

duration interval. All solutions that were based on data truncated at GPS midnight were removed 359 

from the analysis unless they were within 6 min of the hour intervals listed in Table 2. 360 

Figure 7 depicts values of ∆n, ∆e, and ∆u, for each of the 1,010 OPUS-Net solutions 361 

tabulated in Table 2. Again, no obvious bias is present in the residuals, and the residuals become 362 

closer to zero (i.e., more accurate) as the session duration increases. The scatter for ∆n and ∆e at 363 

all duration increments, and the scatter for ∆u at T ≥ 4 h in Figure 7 look extremely similar to the 364 

scatter of the residuals found when using OPUS-S (Figure 6). Both applications appear to have 365 

produced similar results, which should not be a surprise because a large portion of the processing 366 

in both applications is identical. 367 

 However, when T = 2 or 3 h, the values of ∆u from OPUS-Net look less accurate than 368 

values of ∆u from OPUS-S. For instance, at T = 3 h, 25 (2.5%) of the absolute values of ∆u from 369 

OPUS-Net exceed 3 cm; whereas 18 (1.6%) of the absolute values of ∆u from OPUS-S exceed 3 370 

cm. At T = 2 h, 86 (8.5%) and 65 (5.7%) of the absolute values of ∆u from OPUS-Net and 371 

OPUS-S, respectively, exceed 3 cm. The range of all values for ∆u at T = 2 h is 30.4 cm and 27.0 372 

cm from OPUS-Net and OPUS-S, respectively. The poorer performance of OPUS-Net at T = 2 or 373 

3 h might be related to its use of very long baselines, like > 2,000 km as illustrated in Figure 5, to 374 

IGS stations. There is reduced mutual satellite visibility at the ends of such long baselines for 375 

post-processing, and, of course, there are fewer satellite observables in general as the session 376 

duration is shortened. The reduction in low elevation observations results in poorer integer fixing 377 

and noisier solutions. Longer-duration observations (i.e., T ≥ 4 h) help overcome this issue, 378 

yielding similar solutions from both OPUS-Net and OPUS-S.  379 

 380 
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OPUS-RS Results 381 

OPUS-RS returned an email for each of the uploaded 5,313 RINEX data files. The 382 

majority of the emails included a solution or set of geodetic coordinates for the observed mark. 383 

Of the OPUS-RS emails, 19.9% included a solution, but the email included at least one type of 384 

“warning” message that indicated that the quality of the solution was weak or poor. 385 

Unfortunately, 6.7% of the emails did not include a solution and instead stated that OPUS-RS 386 

was “aborting.” This percentage (6.7%) is the same as the number of OPUS-S solutions that did 387 

not use the requested CORS or did not use the full data file for one or more of the single-baseline 388 

solutions.  389 

 Table 3 lists the total number of OPUS-RS emails, subdivided by mark and session 390 

duration increment. It also clarifies the number of these emails with “aborting” or “warning” 391 

messages as well the number of emails where the solution was apparently fine because it did not 392 

have a warning message (i.e., solution with “no warning”). No pattern can be found relating the 393 

error and warning messages to factors for a specific mark, as emails with aborting or warning 394 

messages were generated at every mark in the survey. Figure 8 shows the relative frequency of 395 

the emails in these three categories according to observation duration. It is important to note that 396 

as the duration of the session increases, the frequency of solutions with aborting or warning 397 

messages decreases. Thus, increasing the session duration reduced the likelihood for OPUS-RS 398 

to fail or generate a poor solution. However, this finding is unfortunate, as OPUS-RS is meant for 399 

processing short-duration sessions. 400 

Of the total of 358 emails with an aborting message, 93.6% provided error message 401 

number 6034: “The quality of the GPS data from the rover or nearby CORS sites was too noisy 402 

and below minimum standards to attain a meaningful solution.” A small percentage (i.e., 6.4%) 403 
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of the aborting error messages stated that OPUS-RS stopped with an unspecified error in the 404 

RSGPS network solution or OPUS-RS failed to converge after 5 iterations. Of these 358 emails, 405 

253 occurred (70.7%) when T = 20 min. 406 

 A total of 1,056 emails included at least one warning error message; some contained two 407 

or three warning error messages. Of the total number of warning error messages, 56% were error 408 

message number 6030: “one or both of the standard deviations associated with the horizontal 409 

coordinates is greater than 5 cm, and/or the standard deviation associated with the vertical 410 

coordinate is greater than 10 cm. That means the vectors used to determine your position did not 411 

agree as well as expected.” Twenty-three percent were error message number 6023: “The Quality 412 

Indicator for the network solution is less than 3.0. This is often a warning sign that the network 413 

solution was weak and tropospheric and ionospheric refraction in the project area were not 414 

strongly determined.” Finally, 22% were error message number 6024: “The Network Quality 415 

Indicator for the rover solution is less than 1.0. This is often a warning sign that one or more of 416 

the baselines involving your station were weakly determined.” 417 

 It is possible that the frequent aborting and warning messages from OPUS-RS is specific 418 

to the local survey project, and OPUS-RS may perform better in other locations. In Oregon, there 419 

are a sparse and limited number of available CORS as compared to some other locations in the 420 

US, and the base stations must meet stringent geometric conditions to satisfy OPUS-RS 421 

processing requirements, unlike OPUS-S (Schwarz 2008). As an example, NGS does not 422 

recommend the use of OPUS-RS near the coast due to the impracticability of installing base 423 

stations in the ocean.  However, note that the passive marks tested in this study were more than 424 

50 km from the coast, and Schwarz et al. (2009) stated that in the first 6 months of 2007 when 425 

OPUS-RS was released for operational use, approximately 15% of the 400,000 files submitted 426 
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resulted in OPUS-RS aborting. In addition, roughly 5 of every 65 solutions generated in OPUS-427 

RS included a warning message (Schwarz et al. 2009). Nevertheless, in 2007, there were roughly 428 

only half as many CORS as in 2014; the fewer CORS would have adversely affected OPUS-RS 429 

and may have been the reason for many of the aborting and warning messages. 430 

From the online portal for OPUS-RS, NGS provides a map for viewing the estimated 431 

accuracy and availability of OPUS-RS in the conterminous US and Alaska. In 2014, this “OPUS-432 

RS map” showed that OPUS-RS was available throughout the survey project, and it estimated 433 

that for a 1-h GPS data file collected in Corvallis, Oregon, the accuracy in northing/easting and 434 

ellipsoid height would equal approximately 0.7 cm and 2.4 cm, respectively. Note that it is best 435 

practice to view this online map at or near the time of the GPS survey, as NGS updates it when 436 

CORS are installed or decommissioned. 437 

 Figure 9 shows values of ∆n, ∆e, and ∆u for all OPUS-RS solutions, including solutions 438 

with warnings. For T ≤ 60 min, a number of the absolute values of the residuals exceed 10 cm. 439 

These large residuals are generally associated with solutions from OPUS-RS with warning 440 

messages. It is clear that users should be cautious when OPUS-RS sends a solution with a 441 

warning message. 442 

 To illustrate this point, Figure 10 shows values of ∆n, ∆e, and ∆u, for only those OPUS-443 

RS solutions without warning messages. The scatter for the residuals improves significantly as 444 

compared with Figure 9. (Note that the scale of the y-axis in Figure 9 differs greatly from the 445 

scale of the y-axis in Figure 10.) Again, no obvious bias is present in the residuals, and the 446 

residuals become closer to zero as the session duration increases.   447 

 The residuals in both Figures 9 and 10 at T = 120 min (2 h) look smaller or more accurate 448 

from OPUS-RS than from OPUS-S (Figure 6) and OPUS-Net (Figure 7), especially in the 449 
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horizontal components. At this duration in Figure 10, none of the absolute values of ∆n and ∆e 450 

exceed 3 cm, and 36 (8.7%) of the absolute values of ∆u exceed 3 cm. 451 

All but five of the solutions from OPUS-RS without warnings had absolute values of ∆n 452 

and ∆e less than 5 cm. The majority, or 95%, were less than 2 cm. Although OPUS-RS was 453 

highly accurate horizontally, several OPUS-RS solutions without warnings still had absolute 454 

values of ∆u greater than 11 cm when T ≤ 60 min. 455 

 456 

Comparison of Results for OPUS-S, OPUS-Net, and OPUS-RS 457 

The RMSE in northing, easting, and up components were computed from the values of 458 

∆n, ∆e, and ∆u from the solutions from OPUS-S, OPUS-Net, and OPUS-RS. Figure 11 presents 459 

these RMSE values as a function of session duration. Two sets of curves are presented for 460 

OPUS-RS in Figure 11: (1) using all solutions, and (2) after filtering out those solutions from 461 

OPUS-RS with warning messages.  462 

 As shown in Figure 11, values of RMSE improve from each version of OPUS as the 463 

duration of the session increases. Interestingly, at T = 2 h, the RMSE in easting of all solutions 464 

from OPUS-RS are 60% and 65% smaller than the RMSE in easting values from OPUS-S and 465 

OPUS-Net, respectively.  The RMSE in up values for all OPUS-RS solutions at T = 2 h are 8% 466 

and 32% smaller than the up RMSE values from OPUS-S and OPUS-Net, respectively.  467 

 The RMSE curves for OPUS-S and OPUS-Net are generally similar; however, when T ≤ 468 

3 h, the up RMSE values are smaller for OPUS-S than for OPUS-Net.  469 

 Figure 11 gives an opportunity to decide which version of OPUS is most optimal for 470 

achieving a certain level of accuracy. For example, suppose it is desired to measure the 471 

coordinates of a mark to a horizontal error less than 3 cm, 95% of the time. Assuming systematic 472 
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error or bias was removed (which in this case is a safe assumption as noted earlier), then the 473 

RMSE curves presented in Figure 11 are nearly equivalent to uncertainties at 68% confidence. 474 

Using a bivariate distribution for horizontal error, 3 cm at 95% confidence should be divided by 475 

2.45 to equal 1.2 cm at 68% confidence. Entering Figure 11, the RMSE in both northing and 476 

easting is less than 1.2 cm at T = 0.33 h (20 min) for OPUS-RS (assuming the solution will not 477 

contain a warning message).  However, out of concern that a warning or aborting message is 478 

likely at T = 20 min, it may be more prudent to plan a longer session and avoid the cost of having 479 

to return to the field and re-observe the mark should OPUS-RS fail or produce a weak solution. 480 

At T = 2 h, the RMSE in both northing and easting of all solutions from OPUS-RS are less than 481 

1.2 cm. 482 

 Extending this simple example further, at T = 2 h, the up RMSE for all solutions from 483 

OPUS-RS is equal to 2.4 cm. Suppose a user desires to measure the coordinates of a mark such 484 

that the error in both the horizontal and up (i.e., ellipsoid height) components are less than 3 cm, 485 

95% of the time. This cannot be accomplished at T = 2 h in OPUS-RS. Using a univariate 486 

distribution for error in ellipsoid height, 3 cm at 95% confidence should be divided by 1.96 to 487 

equal 1.5 cm at 68% confidence. From Figure 11, the RMSE in both northing and easting is less 488 

than 1.2 cm and the up RMSE is less than 1.5 cm at T = 4 h using either OPUS-Net or OPUS-S. 489 

Based on the curves derived from this case study, T = 4 h is the minimum allowable duration for 490 

measuring the coordinates of a mark such that its error horizontally as well as its error in 491 

ellipsoid height are less than 3 cm at 95% confidence. For sessions longer than roughly 4 or 5 h, 492 

the values of RMSE decrease by only 1 or 2 mm and the RMSE curves appear to become 493 

asymptotic. Thus, sessions of 4 or 5 h appear to be most optimal for minimizing error both 494 

horizontally and vertically. 495 
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 496 

Conclusions 497 

NGS has developed four different versions of OPUS for processing GPS data and referencing 498 

resulting coordinates to the NSRS. In this study, 88 static GPS data files that were 10 h in 499 

duration collected on 18 passive marks in western Oregon were post-processed in OPUS-500 

Projects, OPUS-S, OPUS-Net, and OPUS-RS. All of the data were first processed in OPUS-501 

Projects along with data from seven CORS. The resulting campaign-style survey network was 502 

adjusted by least squares in NGS software, ADJUST. The coordinates on the 18 passive marks 503 

from this adjustment we held as “true” coordinates for evaluating the accuracy of the other 504 

versions of OPUS as a function of session duration. 505 

 The GPS data files were windowed into session durations of T = 10, 7, 5, 4, 3, 2, and 1 h 506 

as well as 40 and 20 min. Afterwards, the thousands of data files that were at least 2 h in duration 507 

were submitted to OPUS-S and OPUS-Net for post-processing. In addition, the data files less 508 

than or equal to 2 h in duration were submitted to OPUS-RS. A number of findings were made in 509 

this case study: 510 

(1) It appears that OPUS-S was generally as accurate as OPUS-Net, and it was more accurate 511 

than OPUS-Net at T ≤ 3 h. The poorer performance of OPUS-Net for short sessions may 512 

be due to lack of mutual satellite visibility when processing long baselines to the sparse 513 

number of IGS stations which are held as base stations in the application. Of course, 514 

OPUS-Net was designed to process much longer sessions (i.e., T = 24 h) for monitoring 515 

the data collected at CORS while holding only IGS stations as control; interestingly, for 516 

sessions longer than 4 h, it produces both horizontal coordinates and ellipsoid heights 517 

with accuracies similar to OPUS-S. 518 
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(2) OPUS-RS failed to produce a solution (i.e., aborted) for 6.7% of the 5,313 uploaded GPS 519 

data files. It also produced a solution with a warning error message (i.e., a weak solution) 520 

for 19.9% of the uploaded files. Most ( > 66%) of these aborting and warning messages 521 

were when T = 20 min. Such frequent failures could prove costly to users who would 522 

have to return to the field and collect new data. The frequency of the aborting and 523 

warning messages decreased as the session duration increased; thus, conducting longer 524 

sessions will mitigate the risk of needing to return to the field to re-observe marks when 525 

OPUS-RS fails. However, it is desirable to use OPUS-RS for processing short-duration 526 

sessions; thus, more work remains improving its reliability for processing short sessions. 527 

Only 6.5% of the uploaded GPS data files for T = 2 h resulted in an OPUS-RS aborting or 528 

warning message.  529 

(3) Solutions from OPUS-RS with a warning message should be checked and used 530 

cautiously. These warning messages should not be ignored, as coordinates from these 531 

solutions were frequently in error more than 5 cm horizontally and 10 cm in ellipsoid 532 

height.  533 

(4) At T = 2 h, all OPUS-RS solutions provided coordinates with a horizontal RMSE that was 534 

61% smaller and an up RMSE that was 8% smaller than the horizontal and up RMSE of 535 

the coordinates generated from OPUS-S. At T = 2 h, OPUS-S more frequently output 536 

ellipsoid heights in error by more than 10 cm. 537 

(5) A session of T = 4 to 5 h seems optimal for minimizing both horizontal and ellipsoid 538 

height errors. Both OPUS-S and OPUS-Net produced coordinates in error less than 3 cm 539 

both horizontally and in ellipsoid height at 95% confidence when T ≥ 4 h. From T = 5 to 540 

10 h, the RMSE of the solutions only improved by 1 or 2 mm. 541 



25 
 

(6) It is clear that increasing the observational session will improve the accuracy of the 542 

solution from OPUS-RS, OPUS-S, and OPUS-Net. Longer sessions also reduce the 543 

likelihood of a failure or weak solution. For high-accuracy projects, it is recommended to 544 

conduct longer-duration sessions as well as to conduct multiple repeat sessions per mark 545 

at different times of the day in order to check the repeatability of the results and detect 546 

possible outliers. 547 

(7) This study was limited to GPS data collected on 18 bench marks in western Oregon. 548 

Future work should involve analysis of data from other geographies, climates, and 549 

elevations in order to expand the testing of the OPUS suite and evaluate the effects of 550 

varying tropospheric conditions. Additional tests could also be completed on how the 551 

design and interstation distance of the reference stations affects results. 552 

(8) Comparisons were only presented between the different versions of OPUS in this paper. 553 

See Jamieson and Gillins (2018) for comparisons of the accuracy of OPUS-S with other 554 

online services, including the Canadian Spatial Reference System PPP (CSRS-PPP) 555 

service and the Geoscience Australia Online GPS Processing Service (AUSPOS). 556 

Jamieson and Gillins (2018) also investigated the effects of including GLONASS 557 

observables and data collected at faster logging rates. 558 
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Table 1. Sample size of OPUS-S solutions involving the same three CORS as base stations for 649 

analysis, subdivided by mark and session duration 650 

Mark Session Duration (h) 
Name 10 7 5 4 3 2 
B726 3 3 7 7 10 17 
BEEF 4 4 8 8 12 20 
BICK 10 10 19 19 29 47 
CRVA 6 6 12 12 18 30 
D728 3 3 6 6 9 15 
E141 4 4 7 7 11 17 
G287 4 4 8 8 12 20 
GLAS 4 4 7 7 11 17 
LANG 3 3 6 6 9 14 
LBCC 6 6 13 13 19 32 
OXOO 3 3 6 6 9 14 
PT35 4 4 8 8 12 20 
S714 3 3 7 7 10 17 
T714 5 5 12 11 17 29 
U727 4 4 8 8 12 20 

WASH 6 6 12 12 18 30 
Y683 6 6 11 12 18 29 
Z714 4 4 8 8 12 19 
Total 82 82 165 165 248 407 

 651 

  652 
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Table 2. Sample size of OPUS-Net solutions for analysis, subdivided by mark and session 653 

duration 654 

Mark Session Duration (h) 
Name 9 7 5 4 3 2 
B726 3 4 4 8 11 17 
BEEF 3 4 4 8 11 17 
BICK 7 10 10 20 27 40 
CRVA 3 6 6 12 16 24 
D728 2 3 3 6 8 12 
E141 3 4 4 8 10 17 
G287 2 4 4 8 11 16 
GLAS 3 4 4 8 10 16 
LANG 4 4 4 8 11 16 
LBCC 5 7 7 14 19 28 
OXOO 4 4 4 8 11 16 
PT35 3 4 4 8 11 16 
S714 3 4 4 8 11 17 
T714 5 6 6 12 18 25 
U727 1 4 4 8 10 17 

WASH 2 6 6 12 15 24 
Y683 5 6 6 13 17 27 
Z714 1 4 4 8 10 16 
Total 59 88 88 177 237 361 

 655 

  656 
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Table 3. Sample size of OPUS-RS results, subdivided by mark, session duration, and if OPUS-657 

RS aborted, provided a solution with a warning message, or provided a solution without any error 658 

or warning messages. 659 

  Session Duration, T = 20 min T = 40 min T = 60 min T = 120 min 

Mark ID aborted warning no warning aborted warning no warning aborted warning no warning aborted warning no warning 

B726 12 46 60 4 16 39 3 4 33 0 1 19 

BEEF 9 26 84 2 8 50 2 0 38 0 0 20 

BICK 25 77 198 9 19 120 5 7 87 1 2 47 

CRVA 6 34 139 1 12 77 1 2 57 0 2 28 

D728 12 37 41 3 15 27 3 3 24 1 1 13 

E141 5 33 82 1 10 49 0 5 35 0 0 20 

G287 3 16 100 1 6 53 1 1 38 0 1 19 

GLAS 13 35 72 4 8 48 1 7 32 1 1 18 

LANG 20 40 60 6 17 37 1 9 30 1 1 18 

LBCC 33 63 111 6 31 68 1 8 61 0 4 31 

OXOO 17 39 64 7 14 39 3 7 29 1 1 18 

PT35 11 26 83 2 14 44 2 1 37 0 0 20 

S714 14 26 80 5 11 44 0 3 37 0 1 19 

T714 28 54 112 5 23 69 4 12 48 0 3 29 

U727 13 31 76 3 15 42 1 6 33 0 1 19 

WASH 15 42 123 3 9 77 2 3 55 0 2 28 

Y683 9 49 133 1 13 82 1 8 55 1 0 31 

Z714 8 22 88 2 7 50 2 4 34 1 1 18 

Total 253 696 1706 65 248 1015 33 90 763 7 22 415 
Grand 
Total 2655 1328 886 444 

 660 



Figure Captions 1 

 2 

Fig. 1. Flowchart used for developing, processing, and adjusting a survey network using OPUS-3 

Projects and ADJUST; adapted from Gillins and Eddy (2016) 4 

Fig. 2. Hub network design recommended for session baseline processing in OPUS-Projects 5 

Fig. 3. An example NGS short-term time-series plot of a CORS named RPT6, Mar. 3, 2016. The 6 

top of the plot provides the mean and standard deviation (in parenthesis) of the depicted daily 7 

residual differences in northing (N), easting (E), and up (U). 8 

Fig. 4. Screen shots of the GNSS survey network in OPUS-Projects with (A) baselines from the 9 

hub to both near and distant CORS; (B) baselines from the hub to the observed marks 10 

Fig. 5. Illustration of an OPUS-Net solution for a static GNSS observation on a passive mark 11 

Fig. 6. Distribution of residual differences between OPUS-S solutions and OP+ADJUST 12 

coordinates 13 

Fig. 7. Distribution of residual differences between OPUS-Net solutions and OP+ADJUST 14 

coordinates 15 

Fig. 8. Frequency of OPUS-RS aborted solutions, solutions with warnings, and solutions without 16 

warnings by observation duration. 17 

Fig. 9. Distribution of residual differences between all OPUS-RS solutions (including solutions 18 

with warning messages) and OP+ADJUST coordinates 19 

Fig. 10. Distribution of residual differences between only those OPUS-RS solutions without 20 

warning messages and OP+ADJUST coordinates 21 

Fig. 11. Comparison of RMSE of solutions from OPUS-RS, OPUS-S, and OPUS-Net 22 

 23 
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