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Abstract: The Geocentric Datum of Australia 2020

(GDA2020) is Australia’s new and much improved na-

tional datum. It is based on a single, nationwide least

squares network adjustment that rigorously propagates

uncertainty. This paper explores three options to include

Network Real-Time Kinematic (NRTK) observations and

their Positional Uncertainty (PU) in the survey control

network of New SouthWales (NSW) via the GDA2020 state

adjustment. In the first option, PU is empirically estimated

based on a dataset of more than 1,500 observations to

obtain values that can be uniformly applied to all NRTK

observations. In the second option, PU is calculated for

each NRTK observation, based on the coordinate quality

indicators provided by the Global Navigation Satellite

System (GNSS) equipment. Both options continue to treat

NRTK observations as point-based position solutions,

resulting in poor correlation with surrounding survey

control marks. The third option overcomes this issue by

utilising the automatically computed GNSS baselines

between NRTK observations and their Virtual Reference

Station (VRS) to create a connected network that can

be adjusted like a static GNSS network. Using a typical

urban NRTK survey in Sydney as an example, it is shown

that this method offers a rigorous computation of PU,

while maintaining the quick and easy nature of NRTK

positioning.

Keywords: Datum modernisation, national datum, net-

work adjustment, network-based positioning, Positional

Uncertainty, Virtual Reference Station

1 Introduction
The Geocentric Datum of Australia 2020 (GDA2020) is Aus-

tralia’s new and much improved national datum, intro-

duced in October 2017 and adopted in New South Wales
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(NSW) on 1 January 2020. This modern datum is de-

fined in the International Terrestrial Reference Frame 2014

(ITRF2014, Altamimi et al. 2016) at epoch 2020.0 andbased

on a single, nationwide least squares network adjustment

that rigorously propagates uncertainty (ICSM 2020a).

Spatial Services, a business unit of the NSW Depart-

ment of Customer Service (DCS), is responsible for the

maintenance and extension of the State’s survey control

network,which comprises 250,000 surveymarks onpublic

record. The backbone of the NSW survey control network

is provided by CORSnet-NSW, Australia’s largest state-

owned and operated Global Navigation Satellite System

(GNSS) Continuously Operating Reference Station (CORS)

network. CORSnet-NSW currently consists of 200 stations,

providing fundamental positioning infrastructure that is

authoritative, accurate, reliable and easy-to-use for a wide

range of applications (e.g. Janssen 2012; Janssen et al.

2016; NSW Spatial Services 2021).

At present, the GDA2020 state adjustment incorpo-

rates approximately 43,300 survey control marks across

NSW, i.e. 17% of the 250,000 marks on public record. Con-

sequently, 83% of the marks have been transformed from

the now superseded GDA94 to GDA2020. Uncertainties of

these transformed GDA2020 coordinates cannot be com-

puted until the underlyingmeasurements are sourced and

readjusted with a well-defined connection to datum in the

GDA2020 state adjustment.

NSW Spatial Services is accelerating the process of

including additional survey marks into the state adjust-

ment in order to improve user access to GDA2020 coor-

dinates and uncertainties (Janssen and McElroy 2020).

Given that Network Real-Time Kinematic (NRTK) observa-

tions are generally treated as point-based position solu-

tions, it is necessary to investigate how to assign realistic

uncertainties that can be incorporated into the GDA2020

state adjustment. When using CORSnet-NSW, single-base

RTK positioning results can be expressed as a baseline to

the CORS used and thus ingested. However, while NRTK

has been shown to provide superior positioning quality

compared to single-base RTK and is therefore preferable

(e.g. Edwards et al. 2010; Wang et al. 2010; Janssen and

Haasdyk 2011), this process is not as straight-forward.
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Positional Uncertainty (PU) is defined as the uncer-

tainty of the horizontal and/or vertical coordinates of a

point, at the 95% confidence level (CL), with respect to the

defined datum (ICSM 2020b). It can be separated into Hor-

izontal PU (HPU) for horizontal position and Vertical PU

(VPU) for ellipsoidal height. HPU is expressed as the ra-

dius of a 95% circle of uncertainty, generally calculated

from the standard error ellipse produced by a least squares

network adjustment. VPU is a linear quantity andobtained

by scaling the standard deviation by 1.96 to convert it

to 95% confidence. A description of the practical imple-

mentation of PU on public record in NSW can be found

in Janssen et al. (2019).

This paper explores three options to include NRTK ob-

servations and their uncertainties in the NSW survey con-

trol network via the GDA2020 state adjustment. In the first

option, the feasibility of empirically estimating the PU of

NRTK observations is investigated, although it is acknowl-

edged that it is ultimately desired to compute uncertain-

ties, rather than estimate them. In the second option, in an

effort to obtain PU values more tailored to each individual

occupation, the reliability of using coordinate quality in-

dicators provided by the GNSS equipment to calculate PU

on an occupation-by-occupation basis is explored. How-

ever, this computation requires input of the PU of the ref-

erence station used, which is generally a Virtual Reference

Station (VRS, Landau et al. 2002) for NRTK with CORSnet-

NSW, with the PU of a VRS not yet suitably quantified.

These two options continue to treat NRTK observa-

tions as point-based position solutions, which results in

a lack of correlation with the surrounding network. The

third option investigated overcomes this issue by utilis-

ing the automatically computed GNSS baselines between

NRTK observations and their VRS to create a connected

network, which can be adjusted like a static GNSS net-

work. It is shown that this offers a rigorous computation of

PU, while maintaining the quick and easy nature of NRTK

positioning.

2 Empirical estimate of NRTK PU
The first option to incorporate NRTK uncertainties into the

GDA2020 state adjustment was to determine an empiri-

cal estimate of PU that can be applied to all NRTK obser-

vations. To this end, a large and robust historical NRTK

dataset collated from several projects conducted by NSW

Spatial Services was examined. Data was collected un-

der a range of observing conditions typically encountered

in surveying practice, with various NRTK cell sizes, dif-

ferent instruments and including centring errors, provid-

ing a suitable indication of real-world NRTK performance.

Best practice guidelines were followed, including mini-

mum observation times of 2 minutes (windowing tech-

nique) and double (or more) occupations at least 30 min-

utes apart (ICSM 2020b; NSW Spatial Services 2019).

The collated datawas preparedbased on the following

criteria to remove largeoutliers in order to obtain a realistic

and representative estimate of NRTK PU in practice:

– Only marks with two or more occupations were used

for comparison.

– Only observations with successful ambiguity resolu-

tion were retained, here defined by a coordinate qual-

ity (CQ) value of below 0.050 m.

– Marks showing a horizontal coordinate difference

larger than 0.060m between two occupations were re-

moved. This value was chosen based on the standard

deviation routinely applied by NSW Spatial Services

for horizontal NRTK uncertainty using CORSnet-NSW

in practice (0.014 m), by rounding up to 0.015 m and

multiplying by 4.

– Marks showing a vertical coordinate difference larger

than 0.120m between two occupations were removed.

This value was chosen based on the standard devi-

ation routinely applied by NSW Spatial Services for

vertical (ellipsoidal height) NRTK uncertainty using

CORSnet-NSW in practice (0.030 m) and multiplying

by 4.

After preparation, the dataset consisted of 1,535 observa-

tions on 756 marks across eastern NSW (Fig. 1). The differ-

ences in horizontal coordinates and ellipsoidal height be-

tween double (or more) occupations on each mark were

determined and analysed. It is recognised that this pro-

vides a measure of NRTK precision (repeatability) rather

than accuracy with respect to datum. However, the Root

Mean Square (RMS), at the 95% confidence level, of these

coordinate differences is similar to a measure of PU and

deemed a suitable approximation for everyday users.

The differences between multiple NRTK occupations

on the same mark in horizontal position and ellipsoidal

height were examined to determine an empirical, real-

world estimate of PU. Histograms of these differences (799

in total) are shown in Fig. 2, while descriptive statistics

(minimum, maximum, mean, median, standard deviation

and RMS) are summarised in Table 1.

It is recognised that the PU values in the GDA2020

state adjustment are not normally distributed, but instead

present as a skewed, right-tailed distribution (Janssen et

al. 2019). For such a skewed distribution, the median pro-

vides a more robust measure of central tendency than the
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Fig. 1. Location of CORSnet-NSW sites and NRTK data collected
across eastern NSW.

Fig. 2. (a) Horizontal coordinate differences and (b) ellipsoidal
height differences between multiple NRTK occupations.

Table 1. Descriptive statistics for 799 horizontal distances and ellip-
soidal height differences between multiple NRTK occupations.

Descriptive Statistic Horiz. (m) Vert. (m)
Minimum 0.000 -0.106
Maximum 0.060 0.108
Mean 0.015 0.001
Median 0.013 0.001

Standard Deviation 0.010 0.030
RMS at 95% CL 0.036 0.059

mean and is less susceptible to outliers. In this paper, both

the mean and median values are shown to illustrate their

agreement and that a normal distribution is suitable for

the analysis presented here.

The horizontal data shows a normal distribution with

a slight positive, right-tailed skew, producing an RMS

value of 0.036 m at the 95% confidence level. Using a nor-

mal approximation, one can estimate that 95% of NRTK

observations have horizontal coordinate differences below

two standard deviations from themean, i.e. below 0.035m

in this case. Given the slight skewness of the distribution,

the 95th percentile was also calculated as a method of ver-

ification, returning 0.034 m and therefore showing good

agreement. The vertical data provides an RMS of 0.059 m

(95% CL). Using a normal approximation, it is estimated

that 95% of ellipsoidal height differences are within 0.061

m, and the 95th percentile (based on absolute height dif-

ferences) returns 0.063 m to support this value.

In order to verify the results of this analysis, findings

were compared to a previous, extensive study quantifying

the performance of NRTK across NSW at various distances

from the surrounding CORS (Janssen and Haasdyk 2011).

The achievable precision was investigated over three con-

secutive days using multiple GNSS receivers at four dif-

ferent locations, while the achievable accuracy was deter-

mined by comparison to the NSW survey control network

in seven test areas exhibiting a range of NRTK scenarios

and cell sizes.

Table 2 summarises the precisions achieved for 2-

minute NRTK solutions over a range of distances from the

surrounding CORS, expressed as RMS and converted to

95% CL to aid comparison. In addition, Janssen and Haas-

dyk (2011) quantified the achievable NRTK accuracy in

GDA94 (based on 1-minute observationwindows) as about

0.040m (or better) in thehorizontal and0.060m in the ver-

tical component, again expressed as RMS at 95% CL, pro-

vided that recommended inter-CORS distances are used.

Considering the densification of CORSnet-NSW since

2011 (Janssen et al. 2016), most of the data in the present

study was collected in smaller NRTK cells, with the largest
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Table 2. Precisions for NRTK solutions (2-minute observation win-
dows) for a range of NRTK cell sizes (Janssen and Haasdyk 2011).

Distance to Nearest CORS (km) 6 15 50
Horizontal RMS at 95% CL (m) 0.012 0.024 0.041
Vertical RMS at 95% CL (m) 0.020 0.037 0.110

distance to the nearest CORS being 37 km. The empiri-

cally estimated values of 0.036m (HPU) and0.059m (VPU)

are therefore deemed comparable to the values stated

in Janssen and Haasdyk (2011). It should be noted that the

previous study was performed under more controlled con-

ditions, so the effects of challenging observing conditions

and centring errors had less impact than on the data pre-

sented here.

In summary, this approach utilises historical data to

assess real-world NRTK performance, providing empiri-

cally derived estimates of 0.036 m for HPU and 0.059 m

for VPU. This simplistic method can be easily applied to

all NRTK observations, including historical NRTK data.

However, major limitations are that it provides estimated

(rather than rigorously calculated) uncertainties and con-

tinues to treat NRTK observations as point-based position

solutions, thus exhibiting poor correlation with surround-

ing marks. It is also acknowledged that these values may

not always be realistic, particularly under challenging ob-

serving conditions. Whilst ICSM (2020b) allows authori-

ties to empirically estimate PU, NSW Spatial Services has

adopted amore rigorous approach and only publishes cal-

culated PU values on public record. Hence, this method is

not suitable if this philosophy is to be maintained.

3 Computing PU based on
coordinate quality (CQ) output

The second option to introduce NRTK uncertainties into

the GDA2020 state adjustment attempted to reflect the in-

dividual qualities of each NRTK observation in the com-

putation of PU on an occupation-by-occupation basis,

thereby introducing more rigor into its determination.

Therefore, the feasibility of using coordinate quality (CQ)

indicators provided by the GNSS equipment was explored.

CQ is usually calculated at the rover as the RMS of coordi-

nate errors, generally based on ambiguity-fixed, double-

differenced observations, and indicates how much the

computed position is likely to deviate from the ‘true’ value.

Research has shown that CQ values are prone to be

overly optimistic, especially under difficult observing con-

ditions (e.g. Edwards et al. 2010; Wang et al. 2010; Janssen

and Haasdyk 2011), hence this approach needs to be

treated with caution. The reliability of CQ values was as-

sessed, along with the possibility of quantifying the dis-

parity between quoted CQ values and the actual quality

observed through a scale factor to account for exaggerated

CQ reporting.

The method used to compute PU for NRTK observa-

tions was adapted from the Queensland Government’s

cadastral survey requirements (Queensland Government

2020). Instead of using manufacturer specifications to es-

timate measurement uncertainty, the CQ output was used

(i.e. standard deviation in Easting, Northing and ellip-

soidal height). Findings were compared to the NRTK data

presented in section 2 to determine howwell the computed

values match real-world results.

In the horizontal component, Measurement Uncer-

tainty (MU) is computed by the law of propagation of

errors from the standard deviations in Easting and Nor-

thing, multiplied by a coverage factor of 2.45 (for a 2-

dimensional quantity) to obtain values at the 95% confi-

dence level (ICSM 2020b):

MUhz =
√
σE2 + σN2 * 2.45 (1)

The Survey Uncertainty (SU) of the mean of two observa-

tions A and B on the samemark is given by (n = number of

observations, i.e. in this case n = 2):

SUmean =

√
MUA

2 +MUB
2

n2 (2)

PU is then calculated by considering the rover’s centring

error (Ecent) and the uncertainty of the reference station

(PUref ):

PU =

√
SUmean

2 + Ecent2 + PUref
2 (3)

The reference station is usually a VRS for NRTK observa-

tionswithCORSnet-NSW, and thePUof aVRS is not readily

available, so an estimate is required. PU values for CORS,

typically around 0.010 m, can be used as a guide. In this

case, a VRS is assumed to have a larger PU of 0.020m, and

anominal centring error of 0.004m for the rover is applied.

In the vertical component, MU is calculated using a

coverage factor of 1.96 to convert the standard deviation of

ellipsoidal height as a 1-dimensional quantity to the 95%

confidence level (ICSM 2020b):

MUh = σh * 1.96 (4)

SUmean is then calculated via Eq. (2), and VPU follows us-

ing Eq. (3). In this case, the VRS is assumed to have a VPU

of 0.040 m, and a nominal centring (or instrument height)

error of 0.004 m for the rover is used.
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Applying this procedure and the assumed parameters

to our dataset produced the results illustrated in Fig. 3.

Corresponding descriptive statistics are summarised in Ta-

ble 3.

Fig. 3. Calculated (a) HPU and (b) VPU for NRTK observations based
on CQ output.

Table 3. Descriptive statistics for HPU and VPU, calculated based on
CQ output for 756 marks.

Descriptive Statistic HPU (m) VPU (m)
Minimum 0.021 0.041
Maximum 0.036 0.057
Mean 0.023 0.044
Median 0.023 0.043

Standard Deviation 0.002 0.002
RMS 0.024 0.044

All 756 marks have calculated HPU values within the

empirical estimate of 0.036 m obtained from the same

dataset, with a median HPU of 0.023 m and a 95th per-

centile of 0.027 m. In the vertical, all values are signifi-

cantly less than the estimated VPU of 0.059 m, with a me-

dian of 0.043 m and a 95th percentile of 0.049 m. In other

words, 585marks (i.e. 77%) have a calculatedHPU of 0.024

m or better, while 576 marks (i.e. 76%) have a calculated

VPU of 0.045 m or better. The clearly optimistic nature

of NRTK PU calculated by this method can be attributed

mainly to using unrealistic CQ values. While the need to

estimate the PU of the VRS is also acknowledged as a pos-

sible cause, the estimates chosen are rather conservative

based on NSW Spatial Services’ experience of using NRTK

in practice.

3.1 Scaling CQ values

Several studies (e.g. Edwards et al. 2010; Wang et al. 2010;

Janssen and Haasdyk 2011) have shown CQ values to be

rather unrealistic in practice, being overly optimistic by a

factor of up to 5-7. This is in part due to the CQ calculation

not considering external errors such as multipath or cen-

tring errors. It would be beneficial for the user to have the

option of specifying values for some of these errors in the

GNSS rover software, which could result in more realistic

CQ values.

Using the NRTK data collected, the feasibility of mod-

elling the difference between the quoted CQ value and the

measured precision was examined. This can potentially

provide a scale factor to be applied to the above calcula-

tion, thereby aligning the computed PU with the observed

precision of real-world NRTK observations. In order to as-

sess the reliability of the reported CQ values, the ratio of

the horizontal distance (or the absolute ellipsoidal height

difference) between reoccupations on each mark to the

horizontal (or vertical) CQ output was computed for each

occupation (Fig. 4 and Table 4).

Table 4. Descriptive statistics for measured vs. reported quality
ratios.

Descriptive Statistic Horizontal Vertical
Minimum 0.02 0.01
Maximum 9.32 9.32
Mean 2.38 1.96
Median 2.09 1.55

Standard Deviation 1.49 1.62

As expected, most reported CQ values appear to be

overly optimistic as evident by a coordinate quality ratio

larger than 1. In the horizontal component, 84% of the

1,535 occupations delivered overly optimistic CQ values,

with a median ratio of about 2.1. In the vertical, 65% of CQ

valueswere overly optimistic, with amedian ratio of about

1.6. Themeanvalues are larger than themedian, indicating

that the dataset is affected by several outliers. A substan-

tial number of observations produce CQ values that are op-
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Fig. 4. Ratio of measured coordinate quality to reported CQ output
for the (a) horizontal and (b) vertical components.

timistic bymore thana factor of 4 (andup to a factor of 9) in

both components. This is particularly of concern when at-

tempting to determine a reasonable and reliable scale fac-

tor in order to calculate PU for NRTK observations with a

sufficient level of rigor.

Interestingly, andunexpectedly, the vertical CQ values

appear to be more realistic than the horizontal CQ values

for the data investigated. Being conservative, a scale factor

of 2.1 was applied to both the horizontal and vertical CQ

values in Eq. (1) and Eq. (4), respectively, to obtain more

realistic PU values. This produced the results shown in Fig.

5, with descriptive statistics summarised in Table 5.

Table 5. Descriptive statistics for HPU and VPU, calculated based on
CQ output scaled by a factor of 2.1 for 756 marks.

Descriptive Statistic HPU (m) VPU (m)
Minimum 0.022 0.042
Maximum 0.066 0.093
Mean 0.032 0.053
Median 0.030 0.051

Standard Deviation 0.006 0.008
RMS 0.032 0.054

Fig. 5. Calculated (a) HPU and (b) VPU for NRTK observations based
on CQ output scaled by a factor of 2.1.

The median values of 0.030 m (HPU) and 0.051 m

(VPU) are now more closely aligned with the observed

quality computed in section 2, indicating that using scaled

CQ values in the calculation of PU may be a feasible op-

tion for introducing NRTK uncertainties into the GDA2020

state adjustment. However, the scale factor may not be ap-

propriate for all types of GNSS rover equipment due to dif-

ferences in how CQ is calculated by various equipment

manufacturers. Further research would be required in an

attempt to determine appropriate values for different re-

ceiver brands andmodels. Furthermore, thepotential need

to apply separate scale factors for the horizontal and ver-

tical components should be investigated.

In summary, this approach utilises reported CQ val-

ues in the calculation of PU, providing calculated PU val-

ues rather than universal estimates. While a scale factor

can be applied to account for the overly optimistic CQ out-

put in order to obtain more realistic PU values, this does

add statistical guesswork to a process that was intended

to be a more rigorous alternative to the first option consid-

ered. The varying proprietary methods of CQ computation

between makes and models of GNSS receivers add further

complexity to the derivation of a reliable scale factor.

This method also continues to treat NRTK observa-

tions as point-based solutions with uncertainties, thus ex-
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hibiting poor correlation with surrounding marks in the

GDA2020 state adjustment, andhistorical datawouldhave

to be reprocessed. Consequently, it does not provide a sig-

nificant advantage over the use of empirically derived val-

ues, while adding a degree of complexity.

4 Network adjustment using
automatic baselines

NRTK observations are generally treated as point-based

solutions with VRS data being discarded after computa-

tion, which causes issues when attempting to incorporate

NRTK observations and uncertainties into a least squares

network adjustment. Therefore, the third option investi-

gated a network solution using the automatically com-

puted baselines from the VRS to each observed station.

Depending on fieldwork practices, multiple observa-

tions share a common VRS and are therefore linked by

GNSS baselines. A VRS generally remains active until

the GNSS rover is turned off or moves more than 5 km

away (Landau et al. 2002), i.e. a typical NRTK survey usu-

ally exhibits a high degree of connectivity. These connec-

tions potentially allow PU values to be rigorously com-

puted via least squares analysis, facilitating simple inte-

gration of NRTK data into the GDA2020 state adjustment.

While the VRS coordinates are computed from sur-

rounding CORS data (with the CORS forming the backbone

of the datum), it can be argued that the VRS itself is tech-

nically not connected to the datum. However, the VRS can

be treated as a pseudo-datum station, with the connection

to datum completed by deriving a baseline from each VRS

to the nearest (or multiple) CORS. Following the philoso-

phy applied by the Intergovernmental Committee on Sur-

veying and Mapping (ICSM) for including National GNSS

Campaign Archive (NGCA) data into the national GDA2020

adjustment, a connection to the two nearest CORS is used

here. It is important to note that these derived baselines

are not observations, but simply joins used to connect the

VRS (and thus the survey) to the datum and to transfer the

uncertainty of the datum connection through to the survey

network in the adjustment.

As such, this approach employs the automatically

computed GNSS baselines between NRTK observations

and their VRS together with a derived join between each

VRS and the two nearest CORS to create a connected net-

work, which can be adjusted like a traditional, static GNSS

network (Fig. 6).

A typical urban NRTK survey incorporating 126 obser-

vations on 62 marks in Sydney, conducted by NSW Spa-

Fig. 6. NRTK automatic baseline network being connected to datum
via a join between each VRS and the two nearest CORS.

tial Services over 9 days in 2018, was investigated to il-

lustrate this approach. Best practice guidelines were fol-

lowed, with each mark occupied at least twice, at least

30 minutes apart, and for a minimum of 2 minutes (ICSM

2020b; NSW Spatial Services 2019). The use of multiple

occupations on each mark adds redundancy, strengthens

network geometry and helps minimise outliers. The re-

sulting network exhibited a high degree of connectivity

through the baselines automatically generated between

VRSandobservedmark.While the user has limited control

over thenetwork geometry created in thisway, thenetwork

can be processed akin to a static GNSS survey.

In order to perform a least squares adjustment and

allow this survey to influence and be influenced by the

datum, it must be connected to it. In this case, six con-

trol marks that are part of the GDA2020 state adjustment

were observed to provide this datum connection, leaving

56 marks to be adjusted. However, considering that a new

VRS is generated when the instrument is turned off or

movedmore than5km from its originalVRS location, some

marks can potentially become isolated (or disconnected)

from the network and datum. In order to ensure connec-

tion of all marks to the network, the VRS were treated as

pseudo-datum stations joined to the nearest two CORSnet-

NSW sites, whichwere then also constrained in the adjust-

ment (Fig. 7).

In order to analyse the statistical results produced by

this approach, and to obtain preliminary values of PU, this

survey network was adjusted separately to the GDA2020

state adjustment. These PU values will be updated when

this network is incorporated into theGDA2020 state adjust-

ment.

The determination of NRTK uncertainty based on

modelling the contributing errors is an ongoing area of

research (e.g. Baybura et al. 2019; Ouassou and Jensen

2019; Jongrujinan and Satirapod 2020). In this case, base-

line weightings were chosen to mimic the standard de-

viation values (1σ) routinely used by NSW Spatial Ser-
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Fig. 7. NRTK baseline network including the joins from each VRS to
the two nearest CORS.

vices for NRTK uncertainty in practice: 0.014 m (horizon-

tal) and0.030m (vertical). These values include allowance

for to/from centring errors and have proven realistic in

most practical observing conditions using CORSnet-NSW.

While it is known that NRTK observations exhibit a small

degree of distance dependency, recent studies have found

no significant differences in NRTK solutions with baseline

lengths of up to 40-50 km to the nearest CORS (Gökdas and

Özlüdemir 2020). Consequently, residual NRTK distance

dependency can be ignored in this case.

Since each observation is connected to the datum by

twobaselines (i.e. CORS toVRS andVRS to occupiedmark)

and to avoid inflation of the uncertainties through this join

in the adjustment, these initial values were divided by
√
2

according to the law of propagation of errors. This resulted

in final weightings of 0.010 m (horizontal) and 0.021 m

(vertical) for each baseline, with no distance dependency

applied.

As previouslymentioned, the two CORS served as con-

straints in the fully constrained adjustment, along with

the six GDA2020 control marks that braced the network.

The median HPU of these eight constraints was 0.018

m, and the median VPU was 0.026 m. The adjustment

achieved a variance factor of 0.9, which is expected for a

network of this nature. In this case, as a business rule,

NSW Spatial Services does not tighten the input stan-

dard deviations to achieve a variance factor of unity. His-

tograms of the resulting PU values are shown in Fig. 8,

while corresponding descriptive statistics are summarised

in Table 6.

Fig. 8. Calculated (a) HPU and (b) VPU for NRTK observations based
on the NRTK baseline network.

Table 6. Descriptive statistics for HPU and VPU, calculated based on
the NRTK baseline network for 56 adjusted marks.

Descriptive Statistic HPU (m) VPU (m)
Minimum 0.025 0.039
Maximum 0.028 0.047
Mean 0.026 0.043
Median 0.026 0.043

Standard Deviation 0.001 0.002

The adjustment provided individual uncertainties for

each NRTK observation, with median values of 0.026 m

(HPU) and 0.043 m (VPU), i.e. about 0.010 m and 0.015 m

better than the empirical estimates obtained in section 2.

This can be explained by improved geometry and redun-

dancy due to the network adjustment. These preliminary

results demonstrate the appropriateness of the observa-
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tional weighting strategy used and that this method can

provide reliable results.

Of the three options explored to incorporate NRTK ob-

servations and uncertainties into the GDA2020 state ad-

justment, this provides not only themost rigorous method

of computing PU, but the baseline data format also al-

lows easy integration into the least squares network ad-

justment. Furthermore, these benefits come at no expense

to fieldwork time or complexity, and the processing load

is only marginally increased compared to the traditional

NRTK processing methodology followed at NSW Spatial

Services, once CORS-to-VRS baseline derivation is auto-

mated. NRTK was intended to be a rapid and precise form

of positioning, and this method manages to maintain this

spirit whilst providing more in-depth statistical analy-

sis and quality reporting. However, one weakness of this

method is the difficulty of applying it to historical data,

with each NRTK survey needing to be adjusted individu-

ally.

5 Concluding remarks
Australia’s new national datum, GDA2020, is based on a

single, nationwide least squares network adjustment that

rigorously propagates uncertainty. This paper has inves-

tigated three options to include NRTK observations and

their Positional Uncertainty in theNSWsurvey control net-

work via the GDA2020 state adjustment.

In the first option, the PU of NRTK observations was

empirically estimated to be 0.036 m (HPU) and 0.059 m

(VPU), based on a robust historical NRTK dataset of 1,535

observations on 756 marks collected under typical condi-

tions encountered in surveying practice. While this sim-

plistic method can be uniformly applied to future and his-

torical NRTK data, it only provides estimated (rather than

rigorously calculated) uncertainties, which may not be re-

alistic under more challenging conditions.

In the second option, the PU was calculated individu-

ally for each NRTK observation, based on the coordinate

quality indicators provided by the GNSS rover, resulting

in overly optimistic values of about 0.023 m (HPU) and

0.043 m (VPU). This was mainly attributed to the overly

optimistic reporting of CQ values by the GNSS equipment,

while also acknowledging the difficulty to reliably esti-

mate thePUof theVRSused.Whilst a scale factor of 2.1was

applied to obtain more realistic CQ values, delivering val-

ues of 0.030 m (HPU) and 0.051 m (VPU), this added com-

plexity and statistical guesswork to a process that was in-

tended to bemore rigorous than the empirically derivedPU

estimate. Furthermore, any historical data requires repro-

cessing. Both of these options continue to treat NRTK ob-

servations as point-based position solutions, resulting in

poor correlation with surrounding survey control marks.

The third option overcomes this issue by handling

NRTK data in an entirely different manner. It employs the

automatically computed GNSS baselines between NRTK

observations and their VRS and derives a join between

each VRS and the two nearest CORS to create a connected

network, which can be adjusted like a static GNSS net-

work. Using a typical urban NRTK survey incorporating

126 observations on 62 marks in Sydney as an example,

PU was calculated to be about 0.026 m (HPU) and 0.043 m

(VPU), comparing reasonably well to empirical position-

ing quality and user experience.

This method offers a rigorous computation of PU,

while maintaining the quick and easy nature of NRTK po-

sitioning. Furthermore, these benefits come at no expense

to fieldwork time or complexity, requiring only a slightly

more involved processing strategy (network adjustment

rather than site transformation) and a tool to generate the

derived baselines between CORS and VRS necessary for

the join. The need for each historical NRTK survey to be ad-

justed separately is a reasonable price to pay for this rigor-

ous and comprehensive solution.Adoptionof thismethod-

ology will allow NRTK data to be rigorously included in

the GDA2020 state adjustment, thus enabling NSWSpatial

Services to further maintain and extend the NSW survey

control network.
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