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IZVLECEK

Nacionalni visinski referenéni sistemi temeljijo na
nivelmanskih mrezah, ki so razvrscene v redove glede na
njihovo natanénost. Koncne visine reperjev v visinskih
mrezah obiajno pridobimo s posredno izravnavo meritev
po metodi najmanjsih kvadratov. Pogostokrat se iz
pragmaticnib razlogov zanemari korelacija med opazovanji
in korelacija med visinami danib reperjev. Prav tako se
za visine danib reperjev obicajno predpostavi, da so brez
napak, ceprav imajo v resnici doloceno stopnjo natanénosti.
V &lanku je predstavijena alternativna realizacija visinskega
referencnega sistema HVRS7 1 za Republiko Hrvasko. Obseg
podatkov je omejen na nivelmanske mreze 1. in 2. reda.
Alternativna realizacija je izvedena z drugacnim konceptom
prilagajanja, pri katerem so upostevane korelacije med
opazovanji zaradi wvedbe korelacije visin danib reperjev. Ta
metodologija omogoia tudi prenos natancnosti absolutnih
visin danih reperjev z nivelmanske mrege visjega reda
na natancnost absolutnih visin reperjev nivelmanskib
mrez nigjega reda. Tako se doseze objektivna, logicna in
dejanska porazdelitev nataninosti visin reperjev vadolz
obsega referencnega sistema visin. Rezultati doloéajo, koliko
sprememba koncepta prilagajanja nivelmanske mreze vpliva
na kakovost visinskega referencnega sistema.
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ABSTRACT

National height reference coordinate systems are based
on levelling networks classified into orders, according to
their accuracy. Traditionally, height systems are realized by
applying the parametric adjustment and the least squares
method. Any kind of correlation between the observations as
well as the correlation of fixed heights is often neglected for
pragmatical reasons. Also, given heights are usually assumed
error-free when in reality they possess a certain level of
accuracy. This paper presents an alternative realisation of the
height reference system HVRS7 1 for the Republic of Croatia.
Data scope is limited to the 1* and the 2" order levelling
networks. Alternative realisation is carried out by applying
different adjustment concept where the correlations between
the observations caused by the introduction of correlated
given heights are considered. Also, this methodology enables
the transfer of the accuracy of benchmarks absolute heights
[from the higher-order levelling network to the accuracy of
the benchmarks’ absolute heights of lower-order levelling
networks. Thus, an objective, logical and real distribution
of the benchmarks height accuracy along the scope of the
height reference system is achieved. The results specify to what
extent the change in the concept of the levelling network
adjustment affects the quality of the height reference system.

KEY WORDS

least squares method, parametric adjustment, correlation,
height system, absolute height, height accuracy
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1 INTRODUCTION

The reference frame, i.e., the realisation of the theoretical definition of the reference coordinate system,
implies a firm materialization of geodetic points and the determination of their coordinates in the area
of interest (Drewes, 2009). The quality of the reference frame establishment has a direct impact on the
possibility of studying local and global changes on the Earth’s surface, but it is also the basis for accurate
and reliable geodetic products (Altamimi et al., 2001). Therefore, an objective insight into the level of
quality of the reference frame is crucial. The realisation of the national height reference system is carried
out by adjusting observed height differences in geometric levelling networks in relation to the selected
height datum (Iliffe and Lott, 2008). In general, the primary goal of levelling network adjustment is to
obtain unique values of the benchmarks’ absolute heights and quality indicators of their height position.
To this end, it is possible to apply different mathematical models, methods, and procedures. In other
words, to choose different concepts of computational processing, which consequently give different results.
Despite this, the basic purpose of adjustment, i.e., ensuring consistent and unique results, regardless of
the chosen concept, will be and must always be fulfilled.

Usually, the adjustment is performed using the mathematical model of parametric adjustment and
the least squares method. Thereat, all observations are assumed to be mutually uncorrelated and given
heights error-free. The mentioned mathematical model consists of a functional part that contains a
deterministic component of explicit functional connection between the observations and parameters
of the model as well as a stochastic part defined by the weight matrix of the observations P (Kutterer,
1999; Teunissen, 2006a). The weight of an individual observation is a measure of its relative value in
relation to other observations. It affects the residual values each observation receives within the adjust-
ment (Ghilani and Wolf 2006). The weight matrix of the observations P is theoretically defined by the
reference variance 5. and the variances of individual observations s? combined in the variance matrix
V, (Feil, 1989; Rozi¢ 2007):

s 0 - 0
0 5+ 0

P=sV/!'=s|. 7. . . (1)
0 0 - s

However, the weights of levelling observations can be defined differently. For instance, as reciprocal values
of levelling line lengths or as reciprocal values of the number of levelling stations realised in a levelling

line, in accordance with the laws of random errors propagation during measurement.

Following the algorithm of the parametric least squares adjustment, the calculation of adjusted heights
His performed using the least squares solution H (Wolf, 1975):

H = (APA)'APL, @)
where is: A — the design matrix,
P - the weight matrix of the observations,
1 — the vector of reduced observations.
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According to the expression (2), the values of adjusted heights are directly influenced by the shape and
the configuration of the levelling network as well as the parameters of the introduced height datum and
measurement accuracy. The quality assessment of adjusted heights expressed by the criterion of standard
deviation s, is calculated using the diagonal elements of the cofactor matrix of adjusted heights Q,,,
i.e., cofactors of each benchmark height ¢, and the reference standard deviation s, in accordance with
the following expressions:

Q= (APA), 3)

Shi = SoNYGHiti * (4)

Expressions (2), (3) and (4) show that the formulation of the stochastic model in P has a direct influence
on the results of the adjustment. Those are adjusted benchmark heights and their corresponding quality

indicators.

However, the stochastic model, i.e. the weight matrix of the observations, can be structured in a
more complex way than shown in expression (1) if mutual mathematical and/or physical correla-
tion of observations is introduced into the stochastic model. Mathematical correlation occurs when
quantities that are not directly measured, but are rather functions of some other direct observations,
are introduced as observations into the functional model (Klak, 1982). Also, introducing some given
heights of the model into the adjustment, which have been obtained as a result of some previously
performed adjustment, induces their mathematical correlation. This is directly reflected in the structure
of the weight matrix of the observations P. The elements on the main diagonal refer to observation
variances, and elements outside the main diagonal to covariances (Wolf, 1975; Teunissen, 2006b).
Namely, when uncorrelated observations are adjusted, the weight matrix of observations is diagonal
and the covariances are equal to zero. In contrast, if the observations are correlated, the covariances
are different from zero and the weight matrix P is not diagonal anymore. Moreover, if the stochastic
model includes previous adjustments, the diagonal elements do not represent the original weights of
the observations (Feil, 1990). In the context of a hierarchically structured levelling network adjustment,
i.e., according to the orders of accuracy, given heights are often declared not only as uncorrelated, but
also as non-error, although in reality there is a corresponding variance-covariance matrix obtained
as a result of a previous adjustment. To simplify the computational process and in light of engineer-
ing pragmatism, aforementioned algorithm is widely used, and any kind of correlation is frequently
neglected in geodetic practice.

There are other adjustment concepts that in different ways enable incorporation of information from
previous adjustments which have been extensively studied (e.g. Mihailovi¢, 1968; Wolf, 1975; Wolf,
1978; Hopcke, 1980; Mihailovi¢, 1987; Feil, 1990; Miima, 1997; Ogonda, 2001). This paper presents
the analysis of adjustment concept influence on height accuracy distribution using levelling networks

in Croatia as an example.

2 HVRS71
The backbone of the Croatian height reference system - epoch 1971.5 (HVRS71) - is the Second
High Accuracy Levelling Network (IINVT) with benchmarks’ absolute heights determined in the
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system of the normal Earth’s gravity field (normal-orthometric heights) in relation to the height
reference surface which corresponds to the mean sea level determined from continuous tide gauge
measurements over 18.6 years at five locations along the eastern coast of the Adriatic Sea (Rozi¢,
2019). The tide gauges are integrated into the levelling network by the connection to datum bench-
marks, i.e., benchmarks stabilized in the immediate vicinity of the tide gauges. Their absolute heights
determined in relation to the mean sea level have the function of height datum parameters. The
initial establishment of the height reference frame is the result of the IINVT network adjustment.
Generally, in the case of geometric levelling networks as an infrastructure of the national height
reference coordinate system, there are levelling networks of different accuracies classified into or-
ders (Mihailovi¢, 1992). The levelling network IINVT is, in accordance with the « priori criterion
of relative measurement accuracy, qualified as a 1* order network. Adjustment results encompass
benchmarks’ absolute heights as well as the corresponding quality indicators. This data also serves
as support for the connection of all geometric levelling networks of lower orders. Moreover, the
levelling networks of lower orders that are an integral part of the material basis of HVRS71 are the
following: precise levelling (PN) — 2" order, technical levelling of increased accuracy (TNPT) — 3
order and technical levelling (TN) — 4* order.

The original adjustment of the levelling lines of the IINVT network (Klak et al. 1992) was carried out
by applying the parametric least squares adjustment. The observations were treated as uncorrelated, and
all parameters of the height datum were introduced into the adjustment as error-free. The weights of the
observations were determined as reciprocal values of the levelling line lengths expressed in kilometres.
The adjustment of all lower-order levelling networks was carried out hierarchically and gradually, by
successively relying on the networks of higher orders. This is called the hierarchical principle. At the same
time, benchmarks™ heights of the higher-order network are declared error-free in the adjustment of the
lower-order network, although they possess a certain level of accuracy. The adjustment was performed
between nodal points, meaning that all observed height differences in the line between them were added
together. The consequence is the availability of the absolute height accuracy indicator only for nodal
benchmarks of levelling networks, and not for all benchmarks that define levelling sides. Determination
of adjusted benchmarks’ absolute heights within levelling lines was performed using the mathematical
model of conditional adjustment and the least squares method. This model enables simpler calculation,
but it is not possible to determine the absolute height accuracy of the benchmarks within each levelling

line, using the standard algorithm.

The previously described concept and its effects can be illustrated using the example of the hierarchi-
cal relationship between the IINVT (1% order levelling network) and PN (2" order levelling network)
networks. The measurements of the IINVT network have been carried out in a relatively short period
between 1970 and 1973. In contrast, measurements of the PN network have been executed for almost
two decades, from 1945 to 1968. Fig. 1 shows the configuration scheme of these two levelling networks,
i.e., the state levelling networks of the Republic of Croatia of the 1* and the 2™ order, the layout of the
levelling loops and the location of the tide gauges which were used for height datum determination.
In this figure, the positions of levelling lines of the IINVT network are geographically exact while the

extension of the precision levelling network is only schematic.
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Figure 1: Configuration scheme of the IINVT and PN levelling networks on the Croatian territory

Firstly, in accordance with the adopted datum parameters and levelling survey data as well as the geo-
metric configuration in Fig. 1, following the concept of the original realisation of HVRS71, the original
adjustment of the IINVT levelling network was repeated. In addition to including all nodal benchmarks
as unknown heights encompassed by the original adjustment, one configuration change was introduced.
Specifically, the absolute heights of all benchmarks within the PN levelling lines that are connected to
IINVT levelling lines were introduced as unknowns. In other words, a certain number of original IINVT
levelling lines was structurally divided into several levelling line sections. This enables the determination
of absolute height accuracy indicator for connection benchmarks as well. The mentioned configuration
change does not affect the results of adjusted observations and heights relative to the original adjust-
ment. However, it provides absolute height accuracy data for all connection benchmarks, which was
not obtained in the original adjustment. A total of 126 measured height differences of levelling lines
and sections of IINVT levelling lines were introduced into the adjustment as well as 106 unknown
benchmarks” absolute heights, i.e., original nodal benchmarks of the IINVT network and connection
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benchmarks of the IINVT network for connecting the PN network. Adjustment was carried out by
applying a mathematical model of parametric least squares adjustment, considering the observations as
uncorrelated, height datum parameters as error-free and determining the weights of the observations as

reciprocal values of levelling line lengths.

According to the accuracy indicators regarding the benchmarks’ absolute heights, a distribution model
of the benchmarks’ absolute height accuracy is created (Fig. 2). Accuracy is expressed by the criterion
of standard deviation of the benchmarks” absolute heights. The results are identical to the realisation
contained in Rozi¢ and Razumovi¢, 2014. It should be noted that identical results were also achieved

for all adjusted benchmarks” absolute heights.

s,, [mm]
47° 28
26
ool 24
22
20
45° 18
16
14

44°
12
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6
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13 ° 14 © 15 16 © 17 ° 18 © 19 20° 21°

Figure 2: Height accuracy distribution of the benchmarks within the lINVT levelling network

The visualization of the benchmarks™ absolute height accuracy in Fig. 2 indicates how the geometric
configuration of the levelling network and fixing of datum parameters affect the distribution of the
benchmarks’ height accuracy along the area covered by HVRS71. Accuracy decreases with distance from
the datum benchmarks stabilized at the tide gauge locations. Accordingly, maximum standard deviation

values are recorded in the northeastern part of the network. This is a consequence of the five-parameter
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datum definition at the locations of the southwestern and southern edge of the IINVT network as well
as of the propagation of levelling measurement errors with distance from the datum benchmarks. Isolines
of the same accuracy show that faster and more dynamic accuracy decrease is present in the immediate
vicinity of datum benchmarks. Moving away from them, the decrease is more moderate, and the trend
is milder. Table 1 presents statistical indicators of calculated standard deviations of adjusted heights in
the IINVT network. The minimum value of the standard deviation of the absolute height determination
is observed for the nodal benchmark MCCC which equals 0.49 mm. This benchmark is located in the
immediate vicinity of the datum benchmark 167 at the tide gauge in Split (Fig. 2). The maximum value of
the standard deviation reaches the value of 17.65 mm, and it is determined for benchmark FR3118, which
is in the northeast of the IINVT levelling network, also outside the borders of the Republic of Croatia.

Table 1:  Statistical indicators of calculated standard deviations of adjusted heights in the INVT network

Standard deviation of the adjusted heights

Minimum 0.49 mm
Maximum 17.65 mm
Mean 10.43 mm
Range 17.15 mm

Secondly, and in accordance with the hierarchical principle, the PN levelling network has been adjusted
also using the mathematical model of parametric least squares adjustment, treating the observations as
uncorrelated. The original adjustment of the PN levelling network was performed individually for each
levelling figure of the IINVT out as a part of the original realisation of the HVRS71. In contrast to that,
this adjustment has been carried out integrally for the whole levelling network. The PN network relies
on the connection benchmarks with previously determined heights in the IINVT network adjustment.
Thereat, 144 levelling lines were included, as well as 72 unknown absolute heights of nodal benchmarks of
the PN network. The weights of observations are also determined as reciprocal values of the levelling line
lengths. In accordance with the original concept of the HVRS71 realisation, all connection benchmarks

are introduced into the adjustment as error-free.

Fig. 3 shows the distribution model of the absolute height accuracy of the realised height reference
system generated based on the adjustment of the hierarchically connected levelling networks of the 1
and the 2" order. This model reflects the adopted concept of computational processing, in which there
is no transfer of the absolute height accuracy of the benchmarks from the higher-order network to the
lower-order network. This is because the connection benchmarks contained in the higher-order network
are fixed and declared as error-free in the adjustment process, although they possess a certain level of
accuracy (as seen in Fig. 2). It is possible to declare these benchmarks as error-free since they belong to
a higher-order network, and it is known that hierarchically superior order network has higher level of

measurement accuracy in relation to the subordinate order network.

In comparison to Fig. 2 where the distribution of the benchmarks’ height accuracy has been generated
only on the basis of the IINVT network adjustment, in Fig. 3 there is a clear and general change in the
benchmarks’ height accuracy distribution. A rather illogical accuracy increase at certain locations within
the area covered by the network is observed. Table 2 presents statistical indicators of calculated standard

deviations of adjusted heights in the PN network obtained from the adjustment using the hierarchical
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Figure 3: Height accuracy distribution of the benchmarks within the IINVT and PN levelling networks obtained from the
adjustment using the hierarchical principle

principle. The benchmark with the smallest value of standard deviation of 0.12 mm is BV10877,
and it is located on the eastern border of the Republic of Croatia, which belongs to the levelling
figure IX. One can clearly notice the illogicality that, based on the comparison between the models
in Fig. 2 and Fig. 3, some benchmarks that belong to the 2 order network achieve a higher level
of height accuracy than the accuracy determined by the adjustment of the 1* order network. For
instance, when adjusting the levelling network IINVT, the minimum value of the absolute height
standard deviation of the benchmark MCCC equals 0.49 mm (Table 1). This is quite logical
because this benchmark is near the dacum benchmark at the tide gauge in Split. Whereas when
adjusting the levelling network PN, the minimum value of the absolute height standard deviation
equals 0.12 mm at benchmark BV10877, which is on the northeastern edge of the height refer-
ence system within the territory of the Republic of Croatia, far away from the tide gauges (Table
2). These results are not consistent with the results obtained in the previous adjustment of the
IINVT network as well as the conclusions that came out from it. Levelling measurement errors
should increase with distance from the datum benchmarks which is not the case here. In addition,
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benchmarks belonging to the 2" order network achieve higher accuracy level than the benchmarks
in the 1* order network. This illogical result is the consequence of the adjustment concept and
method applied. On one hand any kind of correlation between PN and IINVT benchmarks was
neglected. On the other hand, accuracy indicators of benchmark heights in IINVT network were

declared as error-free.

Table 2:  Statistical indicators of calculated standard deviations of adjusted heights in the PN network obtained from the
adjustment using the hierarchical principle

Standard deviation of the adjusted heights

Minimum 0.12 mm
Maximum 17.54 mm
Mean 9.62 mm
Range 17.42 mm

3 ALTERNATIVE REALISATION OF THE HVRS71

To overcome the illogicality aforementioned, it is possible to apply different adjustment concepts. A
common least square adjustment of IINVT and PN networks could be the easiest solution. In that case,
special attention must be paid to stochastic model definition. Since these two networks are heterogenous
and belong to different orders of accuracy (Rozi¢, 2019), their weights have to be defined accordingly.
Additional problem is to find the appropriate method to estimate the weight relation between these
observations (Ogonda, 2001). However, the limitations of a common adjustment are the change in
benchmarks’ heights with every single observation added to the network because the whole adjustment
must be repeated (Mihailovi¢, 1987; Ogonda, 2001). The magnitude of value changes in benchmarks’
heights depends on the number of new observations. The result is loss of meaning of national reference
system (Ogonda, 2001). In addition, this is not in accordance with the basic geodetic guiding principle

“from whole to part”.

An alternative method that could be applied is to account for the accuracy indicators of given heights
obtained as a result of previous adjustment (IINVT benchmarks) but without changing their heights.
In this paper, the alternative realisation of the HVRS71 is carried out using the mathematical model
of parametric least squares adjustment of correlated measurements (Hopcke, 1980; Feil, 1990). This
algorithm is almost completely consistent with previously described least square parametric adjustment
that is usually used in geodetic practice. The only and key difference is contained in the stochastic part
of the model and its genesis. We will illustrate this model on 1D example with just one observed height
difference. Parametric equation connecting the observation, and the unknown benchmark height is

equal to the expression:
Ahl +v,= H- H, (5)

where Ah, is the observed height difference, v, is the observation residual (correction to be applied to
observation), His the adjusted benchmark height which is unknown and has to be determined in the
adjustment, and H; is the given benchmark height that is already known and obtained from a previous
adjustment.
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In this case, the parametric equation is already linear so there is no need for linearization using the
Taylor’s series expansion. Considering that adjusted benchmark height H is the sum of approximate
benchmark height H and least squares solution defined in the expression (2), parametric equation can

be rewritten in a following way:
v,=H+ (H, - H, — Ah). (6)

The last part of this equation in the brackets represents the reduced observation — 11. Likewise, parametric
equations and reduced observations can be formulated for all observations included in the adjustment
as it follows:

~l=H, —H, ~Ah, 7)

wherei=1, ..., n (n is the number of observations), j =1, ..., u (u is the number of unknown benchmark
heights that have to be determined in the adjustment) and k=1, ..., r (r is the number of given bench-
mark heights obtained from the previous adjustment). All these reduced observations form a vector of
reduced observations — 1. If we apply the law of cofactor propagation to all reduced observations from
the expression (7) the result is (Feil, 1990):

Q=Q, +Q (8)

Q. is the diagonal cofactor matrix of the observations, calculated as inverse of the weight matrix of the
observations according to the expression (1). In our case, those are the observations of the PN level-
ling network. To calculate the matrix Q it is necessary to formulate the matrix F which represents the
coeflicient matrix containing partial derivatives of the functions of reduced observations with respect
to the variables from the previous adjustment and its dimension is nxr. Here, the partial derivatives are
either 0 or 1. The cofactor matrix of adjusted benchmark heights Q,,, as specified in expression (3),
is known as a result of the previous adjustment and its dimension is rxr. In this example, this is the
cofactor matrix of adjusted benchmark heights within IINVT levelling network. The matrix Q, can be
calculated as it follows:

Q= FQ,,F )

Finally, the weight matrix of correlated observations P, is defined as:

P =Q" (10)

This concept allows taking into account the calculated height accuracy indicators of 1% order benchmarks
and transfer them to the 2™ order benchmarks. At the same time, heights of the IINVT connection
benchmarks are fixed and do not change. Previously presented methodology was used for stochastic
model definition and the least square adjustment was performed. A total of 144 measured height dif-
ferences of the PN levelling lines with known levelling line lengths and 72 unknown absolute heights
of nodal benchmarks of the PN network were introduced into the adjustment. In addition to that, 64
connection benchmarks of the levelling network IINVT on which PN observations rely as well as their
cofactor matrix (QHH) were also included into the adjustment. Based on the performed adjustment, a

distribution model of the benchmarks’ absolute height accuracy is presented in Fig. 4.
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Figure 4: Heightaccuracy distribution of the benchmarks of the IINVT and PN levelling networks obtained from the parametric
least squares adjustment of correlated measurements
Comparing the Fig. 3 and Fig. 4, it is quite clear that in both cases, i.c., in both applied concepts of network
adjustment, a significantly different level and distribution of the benchmarks’ absolute height accuracy along
the scope of the height reference system is achieved. Two interesting and, at the same time, completely logi-
cal phenomena can be noted. First, standard deviations of PN benchmarks’ absolute heights obtained from
the parametric least squares adjustment of correlated measurements (Fig. 4) logically and consistently for
all benchmarks take on higher values compared to the results from the adjustment where the correlation
was neglected and the transfer of accuracy not present (see Fig. 3). Second, there is a noticeable and logical
occurrence of a decrease in the benchmarks height accuracy from the edges to the centres of individual level-
ling figures of the IINVT network, which is a consequence of the increase in levelling measurement errors.
Table 3 presents statistical indicators of calculated standard deviations of adjusted heights in the PN network
obtained from the parametric least squares adjustment of correlated measurements. On one hand, the mini-
mum value of standard deviation of 11.29 mm refers to the PN benchmark 2797 in the immediate vicinity
of the datum benchmark BV connected to the tide gauge in Bakar. On the other hand, the maximum value
of standard deviation of 27.47 mm is observed by the benchmark MCCXI in the extreme northeast of the

height reference system. This result is in accordance with the expected propagation of levelling measurement
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errors with distance from the datum benchmarks. Also, in this case benchmarks that belong to the 1* order
network achieve higher level of accuracy than the 2" order benchmarks. Extreme values of height standard
deviation in these two adjustment concepts differ from each other by approximately 1 cm (Table 2, Table 3).

Table 3:  Statistical indicators of calculated standard deviations of adjusted heights in the PN network obtained from the
parametric least squares adjustment of correlated measurements

Standard deviation of the adjusted heights

Minimum 11.29 mm
Maximum 27.47 mm
Mean 20.08 mm
Range 16.19 mm

In view of the above, it is undoubted that both mathematical models of adjustment that were applied,
each lead to unambiguous and consistent values of the benchmarks” absolute heights and their accuracy.
However, considering the genesis of the stochastic model, it is also undoubted that different concepts
of computational processing of observations unambiguously affect the amounts and distribution of the
benchmarks’ height accuracy. This is a consequence of introducing or not introducing the correlation
of observations and especially transferring the height accuracy from the benchmarks of the higher-order

levelling network to the benchmarks of the lower-order networks.

4 CONCLUSION

In case of computational processing of hierarchically structured levelling networks, it is possible to apply
different concepts and procedures for the realization of height reference system. All variants have in com-
mon that each carries out the purpose of adjustment, i.c., unambiguous values of the absolute heights
of benchmarks and their accuracy. Although the results between individual variants are clearly different.
Parametric least squares adjustment is traditionally used in the realisation of height reference systems
based on hierarchically structured levelling networks. The disadvantage of this traditional approach is the
nullification of the connection benchmarks’ accuracy for connecting lower-order networks and neglecting
the mathematical correlation between the absolute heights of connection benchmarks. The consequence
is the impossibility of a logical and objective transfer of height accuracy from the benchmarks of the
higher-order levelling network to the benchmarks of the lower-order networks.

In this paper, an alternative realisation of the HVRS71 is carried out by applying the parametric least squares
adjustment of correlated measurements. This method accounts for the correlation between measurements
and allows the transfer of height accuracy but keeping the heights of higher-order network benchmarks
unchanged. Comparison of results obtained from the original and alternative realisation indicates signifi-
cant differences in terms of value and trend of the distribution of the benchmarks’ height accuracy. At
the same time, the appearance of a decrease in the benchmarks’ height accuracy within individual figures
of the 1" order network with distance from the edges of the figures towards their centre, is quite evident.

The application of the alternative concept of the HVRS71 realisation proves to be more objective, realistic,
and logical compared to the original realisation. In the specific case, and according to the available data,
only the 1* and the 2™ order levelling networks are included in the adjustment, because even without the

consistent inclusion of the 3" and 4™ order networks, the essence of the obtained results has been pointed out.
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