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Abstract
Regular monitoring of dams is fundamental to ensuring their safety, stability, and smooth operation. However, during themeasurement phase, a number of obstacles are encountered that are often difficult to predict at the planning stage of theobservation campaign. In such situations, the surveyor must decide whether to continue all planned observations, which mayinvolve a significant extension of working time. An alternative is to reduce the number of observations deliberately, provided therequired accuracy and reliability of the data are ensured. This paper examines the impact of missing observations on the positionerrors of control network points. Using an angular-linear network as an example, a simulation was carried out by excludingobservation stations selected at random from subsequent adjustments and by checking its effect on the final result.Additionally, the possibility of removing from the adjustment those observations that were considered problematic formeasurement due to various types of obstacles was verified. The results of the conducted studies show that the cautious stationelimination prevents network weakening. The necessary removal of problematic observations can be implemented already at themeasurement stage. These findings highlight the significant trend of decreasing accuracy in determining the positions of networkpoints. After eliminating 15% of the observations, the control network maintained high accuracy, with the resulting RMSEchanging by no more than 10%.
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1 Introduction

1.1 Importance of dammonitoring

Monitoring of dams is crucial to ensuring their safety, stability andsmooth operation (Milanović et al., 2019). As Szostak-Chrzanowskiand Massiéra (2006) point out, monitoring should be an integralpart of the entire dam life cycle. Regular analysis of monitoringdata helps to adapt structures to changing operational and naturalconditions and increases the safety of hydraulic structures.Throughout the world, dam monitoring is recognised as an es-sential part of the safety management of hydro-technical facilities.Organisations of experts such as the International Commission onLarge Dams (ICOLD) and the US Army Corps of Engineers (USACE)emphasise the need for continuous oversight of dams at every stageof their operation – from the construction process through to op-

eration and subsequent upgrades and maintenance. InternationalCommission on Large Dams (ICOLD) recommends implement-ing monitoring systems to detect irregularities early and preventtheir consequences. Dam monitoring components include routinevisual inspections, specialised inspections, parameter and equip-ment monitoring, automation, monitoring system upgrades andmuch more. In line with current regulations (US Army Corps ofEngineers, 2018), the USACE operates a comprehensive risk-baseddam safety programme in accordance with the Federal Guidelinesfor Dam Safety. Its main objective is to ensure that all dams andtheir components are designed, built, operated and maintained assafely as possible, minimising the risk of failure and ensuring theirstability throughout their lifetime.The maintenance of dams is regulated by national legislation,which sets out the rules for their operation, technical inspection andsupervision. These regulations are intended to ensure the safety of
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hydraulic structures (Gruszecka, 2016; Dmitruk, 2022). In Poland,geodetic control and inventory surveys of hydraulic structures arecompulsory under current legislation (Act, 1994, 2017; Regulation,2007). Polish law (Act, 1994) requires regular inspections at leastonce a year to assess the technical condition of a building. In ad-dition, the technical performance and service value of the entirestructure should be assessed at least once every five years.The lack of systematic monitoring of the technical condition ofhydraulic structures can pose several dangers and hazards, rangingfrom damage to the dam itself and economic losses to soil erosionand water pollution, and even threatening the lives of people livingbelow the structure. Failures pose a serious threat to people, infras-tructure and the environment. One of the most drastic examplesof the consequences of inadequate measurement in recent years isthe Oroville Dam disaster in California. The dam was severely dam-aged, prompting the evacuation of more than 180,000 people fromneighbouring valley areas (Hollins et al., 2018). In February 2017,the dam faced a major crisis due to a sharp rise in the reservoir’swater level following heavy rainfall. It turned out that displacementand erosion monitoring were not carried out frequently enough,limiting the ability to respond quickly to changes in dam condition(Bea and Johnson, 2017).In addition to measuring the dam’s displacement, it is importantto monitor its surroundings. Threats to dam stability can come notonly from the structure itself but also from external factors suchas geological conditions, climate, and human activities. The Vajontdam disaster in Italy demonstrates the importance of monitoringthe dam environment. A landslide of rock debris into the reservoircreated a giant wave which overflew the dam, causing massivedamage and the death of many people (Fiedler, 2007).Regular monitoring and data analysis enable hydraulic struc-tures to be adapted to changing operational and natural conditions,improving safety and providing information for theoretical models(Nowak et al., 2022). The information obtained from monitoring isalso used to assess how dams respond to changes in reservoir waterlevels and to seasonal environmental factors such as temperaturefluctuations or other climatic variables (Oro et al., 2016; Tretyakand Palianytsia, 2022).
1.2 Methods for monitoring horizontal displacements

"Monitoring of hydrotechnical structures – especially dammingstructures – refers to systematic observations, measurements andstudies of these structures for the assessment of their technicalcondition and safety" (Kledyński, 2011a). The development of con-trol and measurement methods and equipment enables the use ofvarious systems to control dams (Kledyński, 2011b). Chrzanowskiet al. (2011) discuss considerations for selecting dam deformationmonitoring techniques, focusing primarily on reliability and effi-ciency. They point out several technologies and their advantagesand disadvantages.One of the most accurate devices used for monitoring is the pen-dulum. However, according to Barzaghi et al. (2018), this methodcan be used only at predefined points within the dam structure.In addition, the pendulum data are collected inside the dam struc-ture and cannot correctly account for crest displacements. In manypapers, deformations obtained from the pendulum sensor are com-pared with those from other measurement techniques. Barzaghiet al. (2018) compare the results obtained with this method to theGNSS technique, acknowledging that the pendulum is a more ac-curate method for determining dam displacements. Ribeiro et al.(2008) reached the same conclusions.Standard measurement methods include the static methodbased on Global Navigation Satellite Systems (GNSS). It has beenwidely used worldwide for several decades (Ehiorobo and Irughe-Ehigiator, 2011; Taşçi, 2008). It is an effective method for assessingdam deformation and structural integrity, allowing high precision

and automation (Scaioni et al., 2018). Studies have shown that GNSStechniques can achieve millimetre-level accuracy in monitoringdam displacements (Cardoso et al., 2020; Maltese et al., 2021). Inaddition, they do not require visibility between measured points, asthe accuracy of position determination depends on the visibility ofsatellites in the satellite constellation, the reflection of satellite sig-nals, and refraction phenomena in the ionosphere and troposphere(Agapie Mereuta et al., 2022). Maltese et al. (2021) highlighted thecapability for comprehensive monitoring of dam displacementsusing satellite geodetic techniques, including GNSS and PS-InSAR.Another dam monitoring method gaining popularity is terres-trial laser scanning (Alba et al., 2006; Zaczek-Peplinska et al., 2013;Šarkanović Bugarinović et al., 2023). This technology offers ad-vantages such as fast data acquisition, high point density and com-prehensive geometric information (Zaczek-Peplinska et al., 2013).Using terrestrial laser scanning, Negrila and Onose (2013) obtainedaccuracies of a few to a dozen millimetres. More recent methodsalso include Interferometric Synthetic Aperture Radar (InSAR) fromsatellites (Mazzanti et al., 2021) and from the ground (Talich, 2016).InSAR can enhance dam safety by providing high-resolution mea-surements of cyclic settlement (Aswathi et al., 2022). This technol-ogy is characterised by very high temporal and spatial resolution,high accuracy, and a wide field of view (Dwitya et al., 2024; Rebmeis-ter et al., 2025). Talich (2016) reports that some points in the upperparts of the Concrete Hydropower Dam Orlík show movements ofapproximately 0.9 mm.Total station measurement of angular-linear networks is themost standard surveying method and offers the highest absolute ac-curacy. It is used on various sites, including landslides and bridges,but especially on hydraulic structures. Total stations can detectsmall displacements with high accuracy, making them suitable forlandslide monitoring (Amaral et al., 2020) and bridge utility assess-ments (Merkle and Myers, 2004). In addition, Kuras et al. (2018)describe the application of total station geodetic monitoring to ob-serve the displacement of an earth-filled dyke subjected to varyingloads. Furthermore, automated monitoring systems use electronictotal stations to enable continuous, interval-based observations ofhydraulic structures such as dams (Staroverov and Haikin, 2020).
1.3 Optimisation of geodetic observations for the pur-

poses of determining displacements

The typical processing of angular-linear network measurementdata involves using the least-squares method to adjust the networkand assess the measurement accuracy. The standard deviation ofthe position of control points for the typical dam, e.g. the Jamishandam, reported by Farzaneh et al. (2021), did not exceed 1.30 mm.In contrast, Bagherbandi (2016) achieved 0.2 mm and 0.1 mm inthe x and y directions, respectively, when analysing a simulatedgeodetic network located at the Kungsbäck laboratory at the maincampus of the University of Gävle. Such accuracies are achievableunder controlled and stable conditions. We achieved slightly loweraccuracies, because the analysed network was exposed to variableterrain and weather conditions.Data redundancy should be used to achieve better adjustmentresults. Increasing the number of observations benefits the accu-racy and reliability of the network (Prószyński, 2014). However,this is often made difficult by the rising cost of performing thework. In addition, over time, more and more survey points becomeinaccessible due to changing site conditions, such as vegetationovergrowth, the appearance of trees or dense thickets (Salageanet al., 2017). There are cases when observing restrictions duringgeodetic network surveying are unavoidable. Nowak and Odziem-czyk (2018) noted that moderate redundancy was sufficient andselected redundant observations for reduction in a strict manner.They used a covariance matrix for their analyses.Sometimes the weather conditions are unfavourable, limiting
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Figure 1. Location of the water dam in Niedzica (shown in red; CRS: PL-2000, EPSG:2178) (source: www.geoportal.gov.pl)

the number of measurement sites on a given day and requiringan extra 24 hours for measurement. It is advisable to speed upthe measurement as much as possible without sacrificing accuracy.Therefore, in our article, a simulation was carried out to excludeindividual observations or sites from subsequent adjustments andto assess the effect on the final result. The research task is to de-termine the minimum number of observations required to achievethe required measurement accuracy.In addition, unexpected obstructions may arise during the sur-vey, such as overgrown intervisibility lines or trees, parked vehicles,or larger construction equipment. The question then arises: howrelevant are such lines of sight for carrying out the adjustment?Our paper will examine whether the maximum possible numberof observations should be pursued and to what extent inaccessiblepoints are necessary to achieve the required accuracy.

2 Czorsztyn-Niedzica dam

One of the key elements of hydrotechnical infrastructure in Polandis the Czorsztyn-Niedzica dam (Figure 1). The dam, located at173+300 kilometres of the Dunajec River, created Lake Czorsztyn,which has a total capacity of 231.9 million m3 (Dziewański, 1998).There are numerous active landslides around this reservoir.The area to the north of the dam lies on the Carpathian flyschbedrock, which consists mainly of alternating layers of sandstone,shale, and siltstone. The geological formation of the Pieniny RockBelt predominates in the southern and eastern parts. It is charac-terised by a variety of sedimentary rocks, including limestone andmarl (Golonka et al., 2018).The Czorsztyn-Niedzica dam is an example of an earth damsealed with a clay core located in the central part of the body. Themaximum height from the gallery walkway is 56 m, and the struc-ture itself extends 404 m east-west. The crown of the dam measures7 m in width and is entirely open to pedestrians and authorised ve-hicles (company ZEW Niedzica S.A.).

3 Surveying network structure

The need for continuous monitoring of the technical condition ofhydraulic structures involves systematic measurements of horizon-tal and vertical displacements (Novak et al., 2007). The horizontaldisplacement monitoring system includes an angular-linear net-work that covers both the dam site and adjacent areas (Odziemczyk,2014; Scaioni et al., 2018). An important condition for these net-works is the need to maintain intervisibility lines between the sites(Lu et al., 2014).

Figure 2. Measured (green) and unavailable (red) lines-of-sight in theangular-linear network

Measurement points are located on the crest of the dam, onstructural elements of the dam that are accessible for measurementfrom the ground surface and on the banks of the lakes that arein the immediate vicinity of the facility. The network comprises20 points. They have been stabilised using pillars planted eitherbelow ground frost depth or directly in the rock, without a pillar(2 points). All survey poles have been equipped with metal plateswith bushings, fitted for the forced centring of tribrachs, whichhave screws specially adjusted for this purpose ending in sphericalheads (Guler et al., 2006; Ortelecan et al., 2012). Figure 2 shows thedistribution of angular-linear network points, measured lines ofsight (green), and lines of sight lost over the years (red).Despite the meticulously selected locations for the individualpoints in the survey network, not all points meet the aforemen-tioned condition of visibility between each other. This is due to theintensive development of infrastructure around the dam and theongoing expansion of tree cover (including in the National Parkadjacent to the dam). In addition, points 11 and 14 have proven un-suitable for measurement due to their specific locations, difficultaccessibility, and insufficient space around them for measurement.Monitoring of the technical condition of the Niedzica dam and itsadjacent areas is conducted annually. Angular and linear measure-ments are taken to determine the dam’s displacement. For this typeof measurement, a point position error of 1 mm after adjustment isrequired.A robotic total station, the Leica Nova MS50, was used for themeasurements, which are characterized by a standard deviation of
±3cc for angle measurements and ±(1 mm + 1.5 ppm) for distancemeasurements. All observations were performed using prisms;therefore, given the size of the network, the limitation of the dis-tance measurement range to 1000 m did not pose a problem. Auto-matic targeting technology was used to smoothly execute the fiveseries until the standard deviation of the mean direction was lessthan 2cc. Atmospheric parameters were also measured each timeto reduce distance (Zaczek-Peplinska et al., 2018).In the survey execution diagram (Figure 3), points numbered 11and 14 were not used as measurement sites, and all questionable
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Figure 3. Diagram of measured sites divided into northern and southern parts of the network

intervisibility lines from 2022 were not used due to unavailability.The diagram, which dates back a few years, shows how the numberof lines of sight is decreasing (Salagean et al., 2017). The observedlines of sight are shown in Figure 3. A total of 151 directional obser-vations and 81 length observations were measured.

4 Network adjustment

The process of adjusting the measurement network was carried outin stages. Observational data were divided into two groups: direc-tional and length observations. The two data sets were adjustedin separate adjustment modules to determine the correct standarddeviations of the individual observations. In addition, outlier obser-vations were rejected. The large number of redundant observationsenabled the standard deviations to be determined with high relia-bility (Bergkvist, 2015). The appropriately weighted observationswere then used for the final combined adjustment after combiningthe two data types. The adjustments were performed without de-forming the network, using the minimum number of elements toeliminate the defect (Grafarend and Sansò, 1985).The adjustment process began with angular observations, in-cluding 151 directions. For the calculations, à priori errors of σK =1cc were assumed. A total of 18 outlier observations (12% of all), forwhich the correction exceeded 4cc, were discarded. The averagedirectional correction was 1.7cc. The standard deviation σ0 of theadjusted directions was 2.22cc. This value was taken as the meandirection error for the final adjustment of the directions.This was followed by an adjustment of 81 linear observations. Àpriori errors of σd = 1 mm + 1 ppm were assumed. Subsequent iter-ations resulted in the rejection of a total of five outlier observations(6% of all) for which the correction exceeded 1.2 mm. The averageabsolute value of distance correction was 0.36 mm. The standarddeviation σ0 of the adjusted distances was 0.37. This value wastaken as the mean distance error for the final distance adjustment.The unit error values for direction and distance are the same yearon year, with a tolerance of a few per cent. The aim of perform-ing separate adjustments for directions and distances was to rejectsome outlier observations and estimate the errors of the individualobservations.In total, across all adjustment stages, 28 values were discardedout of 232 observations of directions and distances, representing12% of the total. The standard deviation σ0 of the final adjustment,taking into account directions and lengths, was 0.99, indicatinga correct balance of the angular and linear observations. The largestcorrections were: for direction -5cc and for length, 0.87 mm. In

Table 1. Angular-linear network information andadjustment statistics
Output adjustment

Number of points 21Directions 129Lengths 75Total number of observations 204Redundant observations 147
σ0 0.99RMSE [mm] 0.78
σXY_11 [mm] 1.13
σXY_14 [mm] 1.12

addition, the position errors of the control network points afteradjustment do not exceed 1.20 mm. The points with the most un-favourable geometric positions have the largest position errors, i.e.,11 (σXY = 1.13 mm) and 14 (σXY = 1.12 mm). The position errors ofthe other points do not exceed 0.75 mm. Later in this paper, the po-sition errors of the points from this adjustment will be the startingvalues for further analyses and will be denoted as σXY_init.Table 1 provides basic information about the angular-linear net-work subjected to output adjustment, together with its statistics.Symbols used in the table: σ0 – standard deviation, RMSE – rootmean square error of point position, σXY_i – the situational positionerror of the i-th point. The formulas used to calculate the specifiedparameters are presented below:

σ0 =
√

piv2
i

n – u (1)
where pi – the weight of observation, vi – the residual of observa-tion, n – the number of observations, u – the number of unknowns;

σXY_i = √
σ2

Xi
+ σ2

Yi
(2)

where σXi, σYi – the standard deviation of the X and Y coordinatesof the i-th point;

RMSE =
√√√√ 1

m

m∑
i=1

σ2
XY_i (3)

where m – the number of points.Table 2 lists the number of rejected outlier observations from
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Table 2. Number of rejected outlier observations from individual adjust-ments
Adjustment Rejected outlier

observations

Share of rejected
observations from
a given adjustment

directions 18 directions 12%distances 5 distances 6%
overall 4 directions and 1distance 2%
TOTAL 28 12%

Figure 4. Error ellipses for control network points

each adjustment, and their percentages in relation to all obser-vations used in the calculation module. Figure 4 shows the errorellipses of the control network points.

5 Observation reduction procedures and analy-
ses

5.1 Elimination of sites

Due to unfavourable conditions, i.e. difficult field conditions, un-favourable weather, a lack of time to make the necessary numberof observations, specific survey sites may need to be bypassed inorder to speed up the survey as much as possible. Although suchelimination carries some risk of reducing measurement accuracyand/or lowering the network’s reliability, in many situations it isnecessary to maintain surveying continuity.Four simulations are shown below, each involving the exclusionof individual sites from successive stepwise adjustments. Each ofthe four paths involves eliminating three sites and has been pre-pared completely independently of the others. Points to be removedfrom the calculation process were selected at random. This involveddrawing one site for elimination at a time, making an adjustmentwithout observations from that site, then drawing further sites for

Table 3. Eliminated sites from individual simulations
Path 1 Path 2 Path 3 Path 4

Drawing 1 20 21 22 13
Drawing 2 8 3 23 7
Drawing 3 17 15 13 16

Figure 5. Number of remaining and redundant observations from thefour paths of random site elimination

elimination and repeating the calculation process. Finally, a numberof analyses were performed to assess the impact of these operationson the final outcome. For this purpose, the obtained standard de-viations σ0, the RMSE of point position, and the position errorsof points 11 and 14, which have the most unfavourable geometricpositions in the angular-linear network, were collated. The sitesthat were eliminated at random from each pathway are shown inTable 3. In addition, the number of remaining (dashed line) andredundant (solid line) observations across the four paths of randomsite elimination can be seen in the graph (Figure 5).In the first step of the elimination process, site 20 was selectedand removed from the control and measurement network. All an-gular and linear observations associated with this point were dis-carded. The entire angular-linear network was readjusted. Thelargest corrections for angular and linear observations were 5cc and1.13 mm, respectively. A slight increase in the standard deviation
σ0 was observed. The RMSE of point position increased by 0.03 mmrelative to that from the reference adjustment, and the positionerrors of points numbered 11 and 14 increased by 0.01 mm.In the next step, site 8 was selected, and removed from the net-work. The computational process was repeated with fewer redun-dant observations, and several accuracy analyses were performed.The largest corrections for angular and linear observations wereidentified, equal to 5cc and 1.06 mm, respectively. In addition, afurther increase in the standard deviation σ0, accompanied by asimultaneous increase in the RMSE and the position errors of theanalysed points, was observed.The last site selected for elimination was point number 17. Thehorizontal network was readjusted. The largest correction for an-gular observations was 5cc, and for length, -1.11 mm. The standarddeviation increased slightly, while the RMSE and point positionerrors unexpectedly increased by 0.12 mm and an average of 0.23mm, respectively, compared to those from previous calculations.Subsequent computational paths were conducted similarly. Ob-servations from the selected sites were removed; the remainingobservations were adjusted, and the results were collated. The anal-ysed parameters, i.e., standard deviation σ0, RMSE, and positionerrors for points 11 and 14 from all adjustments, are shown in Ta-ble 4. Additionally, the table includes a single network evaluationcriterion; the network’s internal reliability f. The reliability of ageodetic network depends primarily on the number of observations,
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Table 4. Horizontal network adjustment statistics for site elimination
Path 1 Path 2

Number ofeliminated point 20 8 17 21 3 15
f 0.70 0.67 0.63 0.71 0.68 0.67
σ0 0.99 1.00 1.04 1.00 0.99 1.02RMSE [mm] 0.81 0.88 0.99 0.79 0.86 0.99

σXY_11 [mm] 1.14 1.17 1.32 1.14 1.20 1.25
σXY_14 [mm] 1.13 1.15 1.45 1.13 1.42 1.48

Path 3 Path 4

Number ofeliminated point 22 23 13 13 7 16
f 0.71 0.69 0.67 0.70 0.68 0.66
σ0 0.98 0.98 0.99 1.01 1.00 0.96RMSE [mm] 0.78 0.83 0.95 0.90 0.92 0.96

σXY_11 [mm] 1.12 1.17 1.40 1.36 1.35 1.38
σXY_14 [mm] 1.11 1.12 1.15 1.16 1.15 1.21

particularly redundant ones (Prószyński, 2014). This parameterwas computed using the formula:
f = 1 – u

n (4)

5.2 Analysis of the results obtained

Standard deviationσ0In Figure 6 shows that for path 1, the standard deviation increasessuccessively. In contrast, σ0 shows no clear trend across the otherpaths. When outlier observations are removed, the value of σ0 isobviously reduced. However, in the site elimination procedure de-scribed in this paper, points for removal were selected at random. Asa result, the changing value of σ0 will be influenced by the weightsof the observations. This irregular volatility is as expected. To avoidit, each time a site is removed, the adjustment would have to bedone in three stages, i.e. separately for directions and distances – todetermine their respective standard deviations – and then together.However, as all σ0 obtained are within the range calculated for aconfidence level of 1-α = 95%, it is not necessary to count them inthis way. Therefore, there are no grounds to reject the adjustmentresults.The confidence interval for the standard deviation in the generalpopulation (σ) can be calculated by trying to estimate the standarddeviation s. The confidence interval for 1-α = 95% can be calcu-lated from the statistical test (Burdick and A., 1992), defined by theformula: √√√√ (n – 1)s2
χ2
α/2

,
√√√√ (n – 1)s2

χ21–α/2

 = (0.89; 1.12) (5)

where: s = 0.99 – standard deviation calculated from the sample,
n = 147 – sample size, χ2

α/2 = 182.459 – point of the same chi-
square distribution with exactly α/2 of the area under the curveto the right of χ2

α/2, χ21–α/2 = 115.326 – point of the chi-square
distribution with n -1 degrees of freedom at which exactly α/2 ofthe area under the curve is to the left of χ21–α/2.
RMSE of point positionIn Figure 7, the RMSE of the point position is shown to changeacross the four paths of elimination of individual sites from theadjustment. In all cases, the aforementioned parameter increaseswith each iteration. Furthermore, it has been observed that for pathnumbers 1, 2, and 3, this process starts with a small jump, followed

Figure 6. Standard deviation σ0 of the four elimination paths of theindividual sites

Figure 7. RMSE of point position from four elimination paths for theindividual sites

by a sharp increase in subsequent iterations. This may indicate thatthe points selected in the second and third draws play a key rolein adjusting the control and measurement network in Niedzica. Incontrast, those from the first elimination are less important in theaforementioned calculation process. In contrast, the situation isradically different for path 4. The analysed parameter remains inan upward trend, but in a different pattern: a sharp spike at thebeginning followed by a slow increase thereafter.When excluding subsequent sites, the key question is whatRMSE error limit the network is expected to meet. Often, it is de-termined by the facility manger’s requirements or by regulations.It is influenced by various factors. Nevertheless, the measurementshould be performed in optimal weather conditions, and the in-tervisibility lines should be cleared. When all of the above is takeninto account, it can be concluded that the direction and length mea-surements should yield the lowest root-mean-square error in pointposition, often within 1-2 mm for typical dams (Farzaneh et al.,2021). In the angular-linear network in question, this error didnot exceed 1 mm, indicating a well-designed network and properpoints distribution.
Maximumpoint position errorσmaxTwo points, numbered 11 (σXY_11 = 1.13 mm) and 14 (σXY_14 = 1.12mm) were analysed, which have the most unfavourable geometricpositions in the angular-linear network. The former is the north-ernmost point of the network, while the latter is the easternmost.Figure 8 shows the position error of the first point. Within
σXY_11, magnitudes of the order of 1.1–1.5 mm appear. For path1, the values slowly increase, with a sharp spike at the end. In con-trast, there is a slight decrease in the position error at point 11 inpath 3, but it then increases further down the path and ends with asimilar spike. The final sharp increases may be due to the elimina-tion of points from the northern part of the grid (numbers 17 and
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Figure 8. Position error of point 11 from the 4 elimination paths of theindividual

Figure 9. Error in the position of point 14 of the four elimination pathsof the individual sites

13), which has weakened the network geometry in that area.The error for path 2 shows a similar trend, steadily increasing.Although the finally removed point 15 is also located in the northernpart of the angular-linear network, no sharp spike was observed atthe end, as with the values from paths 1 and 3. In the case of path 4,there is an abrupt spike at the beginning, followed by a period ofstabilization and even a slight decline, ending with a slight increase.Figure 9 shows the position errors for point 14 along the fourpaths. Despite the two pints analysed being in similar locations, fewparallels were found in the graphs. The main similarity betweenthe graphs for σXY_11 and σXY_14 is the range of values, which is 1.1to 1.5 mm.An apparent similarity was observed for path 1. At the beginning,a slight increase is visible, which turns into a sharp spike in thefinal phase.For path 2, an initial slight increase in σXY_14 is observed, fol-lowed by a sharp increase that is clearly greater than that for σXY_11.Finally, in both cases, the error values continue to increase, but to amuch lesser extent.The position error of point 14 within path 3 does not show a clearupward trend, as it initially decreases and then returns to its initialvalue. Although the upward trend in the further course is similarfor both charts, the spike sizes differ. In the first graph, there is asharp spike at the end, while in the second, it is much smaller.For the last path in question, an increase in σXY_14 is observedat the beginning, which later gives way to a decrease. In the finalphase, however, the values rise again, restoring the original trend.A similar pattern, albeit with a noticeably larger first spike, is alsopresent in the previous graph.In general, there is an intuitive trend of worsening positionerror for points 11 and 14 as the number of observations decreases.However, there are slight deviations from this relationship that arisefrom a coincidence between the covariance matrix of unknownsand σ0.

Table 5. Lines of sight eliminated from individual adjustments
Adjustment Eliminated lines-of-sight Problemwith
number From (to) To (from) the lines-of-sight

1 13 12 bushes, poor visibility13 15

2 1 12 railing1 131 15

3 1 16 lines-of-sight1 17 over water, lateral16 17 refraction phenomenon

4 23 7 crane23 20 trees23 22
5 7 4 crane7 23
6 22 7 forest, clearing

5.3 Elimination of observations

In 1997, when the angular-linear network for monitoring thedisplacement of the Niedzica dam’s grid points was established,changes in the surroundings of the established points and the emer-gence of terrain obstacles were difficult to predict. Growth of scrub,growing trees, and developing infrastructure can hinder accessto specific sites, such as measurement sites, reduce visibility inthe field, slow measurements, and sometimes even make themimpossible. Occasionally, such obstacles are not detected and re-moved before the survey, which means that personnel responsiblefor fieldwork have to extend their working hours. Sometimes, de-spite efforts, some obstacles prove impossible to remove, or thereis not enough time to do so. Examples include situations where itwould be necessary to clear a forest, dismantle temporary build-ings or road barriers. In such cases, the simplest solution is to omitobservations between the sites concerned. In order to avoid thistype of situation and speed up the work, a network analysis canbe carried out in advance to determine whether all lines of sightare necessary for the adjustment and whether some can be omit-ted during the measurement. It is important here not to lose therequired accuracy.Following a detailed field interview, seven trouble spots in theangular-linear network under study were identified. The problemsencountered during the measurement are analysed below. Table 5lists all identified problematic lines of sight. Six groups are distin-guished, comprising 1 to 3 sight lines, with indicated issues betweenpoints.The first distinguished group includes lines of sight with poorvisibility, caused by overgrown thickets along the eastern shore ofLake Czorsztyn, located below the dam. The second cluster includessight lines, for which the barrier in front of pillar 1 is an obstacle,making accurate targeting difficult. The third set has the most linesof sight eliminated. They are arranged along the western shore,which is particularly heavily exposed to sunlight before noon. Waterand terrain heat up at different rates, resulting in lateral refraction.The fourth group is associated with point 23, which is overgrownwith numerous trees. On the eastern shore of the lake is the PieninyNational Park. An additional obstacle is a crane which cannot alwaysbe moved for technical reasons. The problem with the next set isalso a crane. The last group includes observations between points22 and 7. In this case, a forest is the obstacle.Once the problematic connections were identified, adjustmentswere made and removed from the individual calculation processes.Six separate adjustments were made because it was not clear which
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Table 6. Statistics of the individual adjustments after re-moval of observations
Adjustment
number

Point
number

σXY_init
[mm]

σXY
[mm]

1 12 0.74 0.7913 0.61 0.6615 0.60 0.69

2 12 0.74 0.7813 0.61 0.6315 0.60 0.61
3 16 0.38 0.6317 0.44 0.59

4
7 0.39 0.3920 0.33 0.3322 0.43 0.4423 0.42 0.49

5 4 0.23 0.237 0.39 0.4223 0.42 0.44
6 7 0.39 0.4122 0.43 0.46

lines of sight were problematic at any given time or in what config-uration. Table 6 shows the position error values of σXY points fromthe adjustments for which observations from the specific groupswere removed, together with the values from the output adjustment
σXY_init. For the five groups, the differences in the collated errorsare of the order of hundredths of a millimetre. However, slightlylarger differences were noted for group 3, equal to 0.25 mm forpoint 16 and 0.15 mm for point 17. From a practical point of view,the changes observed are insignificant.On the other hand, the number of angular and linear obser-vations remaining after the removal of problematic connections,together with the results obtained and the analyses performed, issummarised in 0. Accordingly, the obtained standard deviation
σ0, the RMSEs of point positions and the position errors of points11 and 14 were collected. At the top of the table are the results ofthe reference adjustment, denoted as 0. In addition, a collectiveadjustment was performed at the very end, taking into account allthe removed sight lines. Point 7 of the table below show the resultsobtained. After discarding the problematic observations, 109 direc-tions and 64 lengths remained, representing 84% and 85% of theobservations from the reference adjustment, respectively.
5.4 Analysis of the results obtained

Standard deviationσ0Table 7 includes the values of σ0 obtained from the adjustments forindividual groups (1-6), from the reference (0) and collective (7)adjustment. Removing a small number of observations during theelimination process had no significant effect on the obtained valuesof σ0, as evidenced by the absence of meaningful changes in thesevalues in cases 1–6 relative to adjustment no. 0. In the collectiveadjustment (7), after eliminating all problematic observations fromthe dataset, the resulting standard deviation was 0.91.In addition, all standard deviations obtained were within therange calculated for a confidence level of 1-α = 95%, providing nogrounds for rejection of the adjustment results. The confidenceinterval for 1-α = 95% was calculated using formula (5), and thevalues obtained were (0.89; 1.12).

Table 7. Statistics of individual adjustments after removal of observa-tions

Adjustment
number

Number of
observations
after removal: σ0

RMSE
[mm]

σXY_11
[mm]

σXY_14
[mm]

directions
lengths

0 129 0.99 0.78 1.13 1.1275
1 126 1.00 0.80 1.16 1.1373
2 126 0.98 0.79 1.16 1.1174
3 123 0.94 0.80 1.20 1.1172

4 124 0.98 0.77 1.12 1.1172
5 126 0.98 0.77 1.12 1.1173
6 128 0.99 0.78 1.13 1.1274
7 109 0.91 0.86 1.35 1.1164

Figure 10. RMSE of point position from adjustments of observationswithout elimination relative to RMSE from the reference andcollective adjustments

RMSE of point positionFigure 10 shows how RMSE changes for each group relative to thevalue of this error determined for the reference (0.78 mm) and col-lective adjustment (0.86 mm). The RMSE values for adjustments0–6, listed in Table 7, do not differ significantly from one another.This is due to the small changes in the number of observations re-moved in the individual adjustments. For the collective adjustment,after removing a total of 31 observations, the parameter increasedby 0.08 mm relative to adjustment no. 0 (approx. 10%).
Maximumpoint position errorσmaxAs with the analysis of site elimination results, two points, 11 and14, which have the most unfavourable geometric positions in thenetwork, were analysed.Figure 11 and Table 7 show the σXY_11 values obtained from theadjustments of the six groups, as well as the reference and collectiveadjustments. Most of the adjustments yielded larger σXY_11valuesthan those of the reference adjustment. The highest value of σXY_11from the adjustments 1–6, equal to 1.20 mm, was found for adjust-ment 3. After performing the collective adjustment and eliminatingall problematic connections, σXY_11 was found to equal 1.35 mm.
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Figure 11. Position error of point 11 from adjustments of observationswithout problematic ones relative to σXY_11 from the referenceand collective adjustments

Figure 12. Position error of point 14 from the adjustments of non-problematic observations relative to σXY_14 from the referenceand collective adjustments

The increment between the collective adjustment value and thereference is 0.22 mm (approx. 19%).Figure 12 and Table 7 show the position error of the second pointin question. Although both the analysed point and most of the re-moved observations are located in the northern part of the network,the variation in σXY_14 values is insignificant.The effect was expected, and the aim was to see how the errorwould increase observations were eliminated.

6 Conclusions

The main objective of this paper was to determine whether it isnecessary to obtain as many observations as possible during field-work and whether measurements from hard-to-reach points arenecessary to achieve the required accuracy.When removing outlier observations, the value of σ0 is obvi-ously diminished. However, the site-elimination procedure de-scribed in this paper selected the points to be removed at random.As a result, the changing value of σ0 will be influenced by the re-maining observations’ weights in the adjustment and by the factualerrors of the observation values.In all situations, the root-mean-square error of point positionincreased with each iteration of input data elimination. However,this error did not exceed the 1 mm limit in any of the paths. Thisindicates an excellent network design. The largest RMSE value was0.99 mm, and the largest σXY_11 and σXY_14values were 1.40 mmand 1.48 mm.The research indicates that careful analysis of point eliminationallows a better assessment of the impact of missing data on theadjustment process. Thoughtful site selection prevents networkweakening and preserves access to displacement and deformationinformation in the study area.Another objective of this study was to verify whether it is pos-sible to remove problematic individual observations from the ad-

justment. Elimination of all observations considered to be outliersresulted in the lowest standard deviation of all analysed variants inthe collective adjustment, at 0.91.To summarise, the elimination of problematic observations canbe effectively carried out already at the measurement stage. Evenafter removing the 31 observations (15% of all) classified as outliers,the control network maintained high accuracy, with the resultingRMSE increasing by only 0.08 mm relative to the reference adjust-ment.
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