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Abstract: 8 

Electronic Distance Measurement (EDM) is widely applied to carry out topographic surveys and study landforms, land use, 9 

river geomorphic change detection, construction layout, dynamic bridge deformations, and documenting the culture 10 

heritage. In order to ensure the results of surveying according to the requirements of a particular project, it is important to 11 

know the reliability and accuracy of surveying instruments. The achievable accuracy will depend on the instrument used, 12 

atmospheric conditions in the line of measurement, and the target employed. In this study, an analysis of prism and 13 

reflector-less EDM measurement data based on statistics through a regression approach has been conducted using a Leica 14 

TS16 robotic total station. The experimental investigation considered multiple influencing parameters, including prism type, 15 

target material, target color, incidence angle, and weather conditions. Statistical analysis was performed using mean error, 16 

root mean square error, and regression-based error modeling to examine the relationship between measurement error and 17 

observation distance. The results demonstrate that prism-based measurements provide superior accuracy, exceeding 18 

reflector-less measurements by approximately 21.77%, particularly at longer distances. Circular prisms exhibited the 19 

highest precision, with errors remaining within the millimeter level, while reflector-less measurements showed increased 20 

sensitivity to surface properties, incidence angle, and atmospheric variations. Results from regression analysis indicated that 21 

prism readings showed consistency with the specified accuracy from the manufacturer across the range of interest, while the 22 

reflector-less method displayed increasing discrepancies, especially when atmospheric and geometrical conditions were 23 

poor. 24 

 Keywords: Electronic total station; Leica TS16P1R500; Prism; Reflector-less; Distance measurement accuracy; 25 

Regression analysis, Incidence angle, Atmospheric variations. 26 

 27 
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Introduction:   29 

In recent times, total stations have been highly important instruments in the process of surveying due to their precision, 30 

efficiency, and cost-effectiveness. The total station instrument is extensively employed for surveys involving topographic 31 

and terrain analysis as well as land form and land usage, geomorphological change identification in rivers, streams, beaches 32 

and hill slope mass movements [1]. This instrument can also be used for building layout operations [2] and bridge 33 

deformation monitoring [3] among others. 34 

The total station has proven to be very efficient in data gathering due to its incorporation of the EDM and angle measuring 35 

components. Furthermore, the utilization of the total station has been widely appreciated in the areas of deformation 36 

monitoring, layout and construction, and engineering surveys due to the precision and efficiency associated with data 37 

gathering in these instances. This data collection equipment has been preferred to other data collection instruments since it 38 

offers an effective combination of precision and simplicity, particularly when dealing with precise data collection within 39 

small areas [4]. 40 

The precision of measurements made using a total station depends not only on the instrument itself but also on the existing 41 

environmental conditions along the path of observation, as well as on particular characteristics of the observed object. 42 

Therefore, for a precise measurement to be made, all factors that affect it need to be considered [5].   43 

However, due to the appearance of a new generation of precise measurement instruments – laser trackers – there has been a 44 

reassessment of the place of electronic total stations in surveying. Previously, one of the leading manufacturers of surveying 45 

instruments, Leica [6], produced a special series of metrological total stations for industrial use. The High-precision total 46 

station Leica TDRA6000 capable of measuring distances up to 300 m with an accuracy of 0.5 mm, and at shorter distances 47 

and upon individual calibration of the rangefinder – with an accuracy of 0.2 mm [7], although this series is no longer in 48 

production. At present, the Leica TS60, which has a precision of 0.6 mm on a prism for distance measurement, is considered 49 

a metrological electronic total station (Leica robotic total stations). The electronic total stations that allow for distance 50 

measurements to a prism with an accuracy of 0.4 mm are available in limited quantities. One such total station is a Leica 51 

TM50. Thus, currently, almost all precision linear measurements are performed using laser trackers [8]. 52 

Precision and accuracy of the measurements will be dependent on the accuracy of the surveying method used. In this regard, 53 

two principal measurement approaches are generally adopted in modern surveying practice, namely reflective and non-54 

reflective techniques. 55 

The first method makes use of the reflection technique through the use of prisms. The signal emitted by the measuring 56 

device is reflected by the prism target. Different kinds of prisms can be selected, and selecting the correct prism is essential 57 
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to increase accuracy in the measurements performed. There are regular prisms, 360-degree prisms, which can measure at 58 

any angle without needing repositioning of the instrument, and mini prisms, which are ideal for close-range work. The type 59 

of prism to be used depends on the situation at hand, and using the right one will improve the accuracy of the measurements 60 

made. The relevant aspects include the manufacturing of the prisms (materials, construction, etc.), the orientation of the 61 

prisms relative to the line of sight of the instrument and the employed electronic distance measuring device [9].   62 

The second technique utilizes non-reflective (reflector-less) methods of measurement, whereby the sensor directly measures 63 

the distance between the measuring device and the surface of the object without a prism. The measurement accuracy 64 

depends significantly on the physical characteristics of the target object, such as the surface characteristics, color, size, 65 

reflectance, and angle of incidence of the emitted beam on the surface. Smooth, light-colored surfaces that are perpendicular 66 

to the emitting device tend to produce more accurate results compared to rough, dark, and slanted surfaces [10, 11]. 67 

Nevertheless, the reflector-less method boasts some major advantages over the reflective technique, especially when it is 68 

impractical to position a prism. 69 

The reflector-less total station is used in many fields because of the accuracy and speed of measurement in the automated 70 

measurement process [12]. This measurement method does not use any prism and can just reflect off anything. The most 71 

important feature of the reflector-less total station is that, it allows measuring the inaccessible points. There are several 72 

factors affecting the accuracy of this measurement method, such as the strength of the reflected signal, the intensity of the 73 

returning signal, the distance between the total station and the measured point, the angle of incidence of the reflected signal 74 

and the angle of inclination[13]. 75 

The objective of this study is to assess and analyze the accuracy of distance measurements through the use of RTS16 P1 76 

R500 total station using different measurement methods and environments. In this study, the findings of various prism tests 77 

are presented concentrating on modern prisms including circular prisms (Gph1p High Precision), 360° (Reflector Ads360-78 

13, Apt3), and mini prism (PE640b 64mm ) in relation to the accuracy of measurements. Another objective of this study is 79 

to analyze the accuracy of reflector-less measurement. Moreover, this study is also concerned with the impact of 80 

atmospheric factors like temperature, pressure and humidity on distance measurements. Four different static trial tests were 81 

conducted. The first test was regarding the effect of different distances on the precision of measurement. The targets were 82 

set within the distances of 12m up to 215m. The second test is about the impact of prism types and prism colors on the 83 

precision of measurement. The third test was on the effect of the angle of incidence and the fourth test was on the effect of 84 

different weather conditions. 85 
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This paper highlights the combination of geometric, environmental, and surface factors in an experimental setup with the 86 

use of Leica TS16P1R500 robotic total station. As opposed to the traditional approach of assessing the accuracy of 87 

measurement, the present study employs regression analysis for determining the correlation between errors of measurement 88 

and the distances observed in both prism and reflector-less modes. It is also concerned with determining the level of 89 

deviation of reflector-less observations from EDM specifications by the manufacturer under poor environmental conditions, 90 

high incidence angle, and varied target characteristics. Furthermore, the study contributes to the characterization of 91 

uncertainty in reflector-less EDM measurements through residual analysis and error modeling. 92 

During the experiments, great care was taken to position the front face of each prism correctly relative to the line of sight of 93 

the total station. Statistical analysis included calculating the average values of the data obtained and their standard 94 

uncertainty, and root mean square error (RMSE) was calculated when a true value for comparison purposes existed. The 95 

existence of a true value for RMSE calculation was ensured through the presence of a precisely calibrated test site whose 96 

coordinates were known. 97 

1. Literature Review 98 

The performance and accuracy of TS measurements have been thoroughly researched in numerous scientific publications, 99 

especially regarding both reflective and non-reflective types of measurements. Previous research works have analyzed 100 

various affecting factors such as instrument parameters, environmental effects, target properties, and geometry of 101 

measurement using of initial models total stations instruments. 102 

Initial research, for instance [14] examined the influence of target colors on the accuracy of readings obtained from different 103 

total stations. It was found out that the use of white target yields readings which are comparable to the manufacturer’s 104 

specifications; this shows the significance of reflectance. On the same note, [15] explored the role played by obstacles 105 

within the line of sight of total stations such as plants and partial prisms. The research revealed that obstacles closer to the 106 

TS significantly influenced its precision than those that are far away. 107 

However, [13] went further by examining the impact of the environmental factors including sunlight and battery size along 108 

with the surface characteristics and inclination angles on total stations and digital levels. The outcomes of their study show 109 

that the accuracy of the measurement depends not only on the environmental factors but also on the operational factors of 110 

the instruments themselves. Another similar study carried out by [16] investigated the accuracy of reflector-less measuring 111 

methods and concluded that they were more prone to mistakes than prism methods. 112 

Further studies focused on the role of target characteristics and measurement geometry. According to [10], research was 113 

carried out to test the effect of the surface material, target size, and the angle of incidence, which showed that target size is 114 
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an important factor when the angle of incidence is within the range of 15°-30°. In addition, [17] explored reflector-less 115 

measurement accuracy, where emphasis was placed on surface material, surface color, and performance of batteries among 116 

other factors. 117 

Furthermore, prism characteristics have been examined as well Specifically, [18] considered the effects of the shape and 118 

direction of prisms on automated total station observations, proving that both of these parameters strongly influence 119 

precision apart from atmospheric disturbances. It should be noted that the use of adequate prism direction and prism itself 120 

are essential for obtaining precise measurements. In addition, [11] considered the influence of beam divergence and angle of 121 

incidence in reflector-less measurements. 122 

Some of the more recent studies include the effects of laser signal and surface contact on the accuracy of measurement. 123 

Specifically, according to the study by [19], tests were performed using a variety of materials and found that dark and dull 124 

surfaces yielded larger errors than bright and reflective surfaces. 125 

In spite of this significant number of scientific studies, some weaknesses can be outlined. First, most prior research 126 

examined various independent parameters that influence the measurement precision without taking into account how they 127 

would interact in an integrated experiment. In addition, many researchers used total stations of earlier models that could not 128 

reflect the performance of contemporary high-precision total stations. Thus, it is necessary to undertake a detailed research 129 

that will examine the performance of Leica TS16P1R500 total station in reflector and reflector-less mode taking into 130 

account the multiple parameters affecting its performance. 131 

A regression analysis method for assessing prism and reflector-less EDM measurements with regard to environmental and 132 

geometric factors was introduced in this research through the use of Leica TS16 robotic total station. This innovative 133 

method is not only based on the descriptive measures of accuracy but rather also considers the correlation between the 134 

experimental results obtained from the measurement process and the model provided by the equipment manufacturer which 135 

consists of constant error + ppm. 136 

2. Test instrumentation: 137 

The instruments and equipment used in the present study have been chosen on the grounds of extensive application in 138 

engineering surveys and their suitability for contemporary requirements of accuracy. The total station along with its 139 

accessories is an indispensable tool for geodesy and falls under internationally recognized standards such as ISO 17123 140 

[20]. This makes it possible to evaluate the accuracy of measurements according to specific methodologies, which makes 141 

their choice justified in terms of assessment of measurement accuracy. 142 

 143 
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2.1. Total Stations: 144 

Total Station is the mixture of ‘Theodolite’ and ‘Electronic Distance Meter’ (EDM) [21]. The ‘Theodolite’ determines the 145 

angle according to the reading on the two circular scales while the ‘EDM’ calculates the distance on the basis of the laser 146 

pulses emitted by the prism or other objects. It is termed as ‘direct reflection’ or ‘reflector-less’ without using the prism. 147 

Prism constant, air temperature and air pressure are some of the factors to be considered while using TS. 148 

The total station used in this research was A high-precision Leica TS16P1R500.  The Leica TS16P1R500 total station is a 149 

refurbished, high-precision instrument designed for the demanding needs of land surveying and construction projects. It is 150 

designed to operate under diverse conditions such as rainfall, fog, dust, sunlight, heat mirage, and reflection, guaranteeing 151 

accuracy of operation when deployed in the field. The latest calibration was performed on 7th November 2024, thus keeping 152 

its precision up to date (as seen from Fig. 1). Technical details of the total station are presented in Table 1 [22]. A weather 153 

station SKYMASTER (no. 21244) was used for measurement of temperature, atmospheric pressure, and humidity. 154 

 155 

Fig. 1. A high-precision Leica TS16P1R500 Total Station used in the study 156 

Table 1. Technical specifications of the Leica TS16 P1 R500 Total Station [22]. 157 

Angle measurement accuracy 1 ″ 

Distance measurements range 
Prism 0.9 m – 3500 m 

Non-prism 0.9 m – 500 m 

Distance measurements accuracy 
Prism 1mm + 1.5 ppm 

Non-prism 2 mm + 2 ppm 

Overview camera 

Sensor megapixel CMOS sensor 

Field of view 19.4° 

Frame rate Up to 20 frames per second 

Target aiming range / Target locking 

range 

Circular prism (GPR1, GPH1P) 1,500 m / 1,000 m 

360° prism (GRZ4, GRZ122) 1,000 m / 1,000 m 

Power search range / search time 360° prism (GRZ4, GRZ122) 300 m / typically 5 s 

Processor TI OMAP4430 1GHz Dual-core ARM® Cortex™- A9 MPCore™ 

Environmental specifications 20°C to +50°C, IP55, 95% non-condensing 

Battery Life 8 hours Data Storage 2 GB 

Operating System Windows EC7 Field Software Leica Captivate 

 158 
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2.2. Targets:  159 

For this research three types of Leica prism targets as shown in Figure 2a-2c were used to evaluate the effect of different 160 

types of prism on accuracy of measurements carried out using Leica TS16P1R500 total station in both prismatic and non-161 

prismatic options. While reflector sheet, installed on specially designed base as illustrated in figure 2d, was used for non-162 

prismatic options [6]. The types of prism used are as follows: Gph1p High Precision Circular Prism, manufactured by Leica 163 

Geosystems (Professional Series 5000), PE640b 64mm Mini Prism, 360 Surveying Prism Reflector Ads360-13 Apt3 and 164 

Reflector sheet. 165 

2.3. Special Supporting Base: 166 

The special support base had to be prepared in order to correctly position the targets. In order to prepare a simple design of 167 

the fastening support base, there would be a screw on the rear plane in such a way that would facilitate easy attachment of 168 

the fastening material. The design was of stainless steel and ensured that the inner part of the front plane was always located 169 

at the center of the screw on its lower part. A horizontal circle was added in order to facilitate rotation of the target to the 170 

correct incidence angle of the laser beam on the target surface as shown in Figure 2d. Calibrations of the special base were 171 

done using the reflector sheet. Distance measurements of 10 and 50 meters were taken using the steel tape and total station 172 

with normal prism. The prism was replaced with the special base which had the reflector sheet mounted on it. Distance 173 

measurements were taken again and compared with the previous measurements done using the prism and steel tape and 174 

deviations were noted. The deviation value had to be subtracted from each reading before comparing it with readings of 175 

other prisms. So the specific support base was calibrated and ready for experiments. 176 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Fig. 2. Targets used with total station in the study. (a) Gph1p High Precision Circular Prism, (b) The PE640b 64mm Mini 177 

Prism, (c) The 360 Surveying Prism Reflector Ads360-13, Apt3 and  (d) Reflector sheet. 178 

3. Methodology: 179 

The experimental procedure used is the following: 180 

1) The base line is defined using steel tape, with distinct nails placed along the line on the road in the territory allocated to 181 

the Faculty of Engineering of our University, as illustrated in Figure 3. There is a wall parallel to the determined line, 182 

positioned at an approximate distance of 3 m from it. Calibration of the spatial reference baseline was done with the 183 

assistance of Leica AT 403 laser tracker. However, due to the limitation in the measurement range of the laser tracking 184 

system on the reflector not exceeding 160 meters, measurements were conducted in stages for certain points from A1 to 185 

A10 to keep the error in check. The accuracy of determining the reference lengths was within 0.1 mm. 186 

2) The Leica TS16 P1R500 total station is positioned at first point A1, and then adjustments are made to use the fine 187 

distance mode. 188 

3) The circular prism Gph1p is centered on the next point. After setting the instrument to the prism mode, the distance 189 

between the instrument and the circular prism is measured. 190 

4) The circular prism is removed from the tribrach and the mini prism PE640b 64mm is installed. During these changes the 191 

telescope of the instrument is not moved and after setting the instrument in prism mode, the distance is re-measured and 192 

then the mini prism is removed and 360 ֩ Surveying Prism Reflector Ads360-13 Apt3 installed and distance re-measured. 193 

5) Steps 3 and 4 are repeated for the next  points, i.e. distances 12 m, 25 m, 48 m, 74m, 96 m, 120 m, 145 m, 168 m, 192 m 194 

and 215 m. 195 

6) The 360֩ Surveying Prism is removed from the tribrach and the special base is attached to it. The tribrach is fixed on the 196 

first point A1. Then the reflector-less target is placed on the base and the distance between the total station and the reflector-197 

less sheet is measured when the instrument is set in reflector-less mode. 198 
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7) Steps 6 is repeated for the next  points, i.e. distances 12 m, 25 m, 48 m, 74m, 96 m, 120 m, 145 m, 168 m, 192 m and 215 199 

m. 200 

Prism measurements were taken independently at different time intervals in auto guidance mode, 15 times during the left 201 

turn and 15 times during the right turn, and in reflector-less mode, 30 times during the turn. 202 

The Root Mean Square error was calculated by taking several readings of the distance. The various distances measured from 203 

the instrument to the target include 12, 25, 48, 74, 96, 120, 145, 168, 192 and 215 m. The tests were carried out in day time, 204 

natural light and at the temperature of approximately 32º C. 205 

 206 

Fig. 3.  Study area 207 

4. Results and Discussion: 208 

The differences between the measured distances on the prism (DP) or on the reflector-less target and the reference distances 209 

values (Dr) were calculated using Equation (1):  210 

                                                                𝑉௜ = ௣ܦ  −  ௥                                                                        (1) 211ܦ 

The acceptable value of V is given by the Equation (2) (Khalil, R., 2015) for the desired confidence level (x): 212 

. ݔ −                                                              ௏ߪ  ≤ 𝑉 ≤ . ݔ  ௏                                                               (2) 213ߪ

௏ߪ                                                                = ஽೛−  2ߪ√  ஽ೝ2ߪ                                                                      (3) 214 

where: 215 ߪ஽೛= error of the distance measurement on the prism or reflective sheet according to the manufacturer; 216 ߪ஽ೝ = error of the reference distance measurement. 217 

For each position of marks, the mean square error will be calculated by using formula: 218 
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                                                         ݉ௗ =  √∑ ௏೔2೙೔=1௡−1  =  √∑ 〈஽೛− ஽ೝ〉2೙೔=1 ௡−1                                                  (4) 219 

where, n is the number of measurements. 220 

4.1.  Studying the Effect of Prisms Type: 221 

In order to investigate the influence of prism type on measurement accuracy and precision, several measurements were 222 

conducted during the day using a Leica TS16 P1 R500 Total Station in reflective mode. This has involved the use of three 223 

types of prism such as the high precision circular prism (GPH1P), mini prism (PE640B) and 360-prism (ADS 360-13 224 

APT3). The atmospheric parameters for the Leica TS16 P1 R500 Total Station were input immediately during the 225 

measurement process. Figure 4 and table 2 illustrate the results of a comparison of the lengths measured by the Leica TS16 226 

P1 R500 Total Station in reflective mode with their reference values for each prism. The Root Mean Square Errors of 227 

measured distance using the Leica TS 16 P1 R500 Total Station in reflective mode with all three types of prisms are shown 228 

in the figure 5, while the inclination angle for all three types of prism is equal to zero. 229 

- With the increase of distance between the total station and the target, the error in measured distance also increases. 230 

- The error of measured distance of circular prism were less than 1mm with Root Mean Square error up to 0.2 mm for 231 

distance less than 100 m and no more than 1.5 mm with RMS error 0.0.4 mm for distance arrived to 200m, and differences 232 

of circular prism is smaller than the error of observed distance in other types. 233 

- for 360 ֩ prism it can be seen that, it has the largest difference and a cycle error with about 0.5 – 2.5 mm amplitude with 234 

RMS errors of 0.5 mm. 235 

- At a short distance between total stations and prism, the type of prism used does not have a noticeable effect on the 236 

precision or repeatability of measurements. However, with the increasing the distance, the effect of prism type becomes 237 

observable. It has been confirmed that the Leica TS16P1R500 presented better accuracy at longer distances using a circular 238 

prism than when a mini prism or a 360 prism is used. 239 

- The deviations of the measured values from the reference will not exceed ±∆/2, means that the deviations no more than 240 

0.25 mm when using  Leica TS16 P1 R500 Total Station in prismatic option.   241 

Table 2 Comparison results of measured lengths using different prisms 242 

Distances, m 

Differences from reference values, mm 

Mean, mm 
Min, 

mm 

Max, 

mm 

∆/2, 

mm GPH1P PE640b 
Ads360-13 

 Apt3 

12 0.4 0.45 0.5 0.45 0.4 0.5 0.10 

25 0.5 0.55 0.65 0.57 0.5 0.65 0.08 

48 1.0 0.9 1.1 1.0 0.9 1.1 0.10 

74 0.7 0.8 0.9 0.8 0.7 0.9 0.10 

96 0.7 0.9 0.8 0.8 0.7 0.9 0.10 
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120 1.0 1.1 1.3 1.13 1.0 1.3 0.15 

145 1.4 1.4 1.6 1.47 1.4 1.6 0.10 

168 1.6 1.8 1.7 1.7 1.6 1.8 0.10 

192 1.5 1.6 1.8 1.63 1.5 1.8 0.15 

215 1.6 1.9 2.1 1.87 1.6 2.1 0.25 

 243 

  244 

Fig. 4. Results of comparison of measured lengths by the Leica TS16P1R500 total station in reflective mode with their 245 

reference values 246 
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 247 

Fig. 5. Root Mean Square Error of measured distance in prismatic option with Leica TS16P1R500 TS 248 

4.2.  Studying the Reflector-less Mode:  249 

Reflecting-less measurements have only been incorporated into total stations quite recently. They can enable easy safe and 250 

accurate measurements as long as the correct use of them is known and their drawbacks taken into account. The range of 251 

these measuring instruments has been increasing and currently some of them can reach 1500 meters on white surfaces or 252 

hundreds of meters even on darker surfaces. This should be plenty as it is hard to accurately aim at the measuring object on 253 

the distance of several hundred meters due to the divergence of the beam of light. 254 

The research on reflector-less instruments' accuracy will be divided into several segments: test measurement on different 255 

materials and test measurement on different colors. 256 

4.2.1. The Effect of Material of Reflecting Surface: 257 

The aim of this section is to investigate the effect of different types of surfaces on the distance measurements made with the 258 

help of the reflector-less method. All the tests were conducted outdoors under approximately 34 degrees Celsius at distance 259 

of 12 m as the nearest one and 26 m. The targets were affixed to a special basis intended for the tests at equal distance from 260 

the total station and with the angle between the measuring signal and measuring object as being close to the 261 

perpendicularity. The measurements were made from gypsum boards, wood, plastic, brick, ceramics, concrete, and metals. 262 

Indeed, there were repeated measurements conducted for different surfaces which resulted in 15 readings taken in total for 263 

each surface to be able to calculate the root mean square errors when utilizing the construct with the total station Leica 264 
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TS16P1R500 and reflector-less capability at a distance of 12 meters. The distance of 26 meters was also utilized in a similar 265 

way. The results of the distance calculations utilizing the total station Leica TS16P1R500 and reflector-less mode at the 266 

distances of 12 and 26 meters are summarized in Table 3. 267 

By analyzing the data obtained in table 3, it is concluded that the material of the surface greatly influences the performance 268 

of the observation process using a reflector-less total station. For instance, metal target material has the least reflection and 269 

the brick and wooden targets have the best reflections with mean errors of 1mm and 1.2mm for 12m and 26m distances 270 

respectively. Root mean square error is reached 0.2 mm for wooden targets. 271 

Table 3 Mean values and root mean square errors for measured distances using different target material with Leica 272 

TS16P1R500 total station in  reflector-less mode in mm 273 

Target 

Distance = 12 m Distance = 26 m 

Min Max Mean 
Root Mean square 

error 
Min Max Mean 

Root Mean square 

error 

Gypsum board -2.1 1.85 1.12 0.214 -2.2 2.1 1.45 0.254 

Wood -2.80 1.80 0.95 0.156 -3.0 2.2 1.12 0.201 

Plastic -1.60 3.80 1.62 0.225 -1.8 2.7 1.85 0.236 

Break -1.65 2.65 1.05 0.157 -2.0 2.55 1.16 0.198 

Ceramics -3.0 2.20 1.20 0.204 -2.8 2.7 1.75 0.225 

Concrete -2.70 2.60 1.35 0.245 -2.5 2.8 2.01 0.267 

Metal -2.20 2.60 2.55 0.356 -2.4 3.1 2.85 0.425 

 274 

4.2.2. The Effect of Different Colors of Reflecting Surface: 275 

The effect of the color of the target that reflects the ray of light will greatly influence the precision of reflector-less total 276 

station measurement. In order to investigate the differences due to colors, the experiments were conducted outdoor on one 277 

of the specific days when the temperature was approximately 34 ֩, on which seven wooden targets with different colors 278 

(white, yellow, red, brown, black, gray and blue) were set at various distances (12 m, and 26 m) from the Leica 279 

TS16P1R500 total station. The inclined angle from the target to measuring signal was nearly perpendicular. With regards to 280 

each color target, 15 measurements of each distance were performed using TS16P1R500 total station in reflector-less mode. 281 

As a result, the Root Mean Square error of each target was determined. The Root Mean Square error for measured distance 282 

by TS16P1R500 total station in reflector- less mode on different colored surfaces (white, yellow, red, brown, black, gray 283 

and blue) were presented in table 4, where the inclined angle from the targets was made to be approximately equal zero. 284 

Table 4 Root mean square error for measured distance using different wooden target colors with Leica TS16P1R500 total 285 

station in reflector-less options 286 

Wooden Target Colors White Yellow Red Brown Black Gray Blue 

Root  Mean Square 

Error (mm) 

12 m 0.156 0.180 0.196 0.201 0.216 0.185 0.281 

26 m 0.201 0.221 0.236 0.282 0.354 0.211 0.326 
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From the above table 4, it could be observed that the accuracy of the white surface is superior to any other while the black 287 

surface has the lowest accuracy among all other color surfaces. This could be explained by the fact that the white surface 288 

has the highest reflectivity compared to all others for the laser beam of the total station without reflector. 289 

4.3. Comparison the Accuracy of Leica TS16P1R500 Total Station Observations with Reflector and Reflector-Less 290 

Modes: 291 

In order to test the accuracy of TS16P1R500 total station for distance measurement with reflector-less ability and with 292 

prismatic option, the baseline was selected between two fixed points whose distance equal to or more than 200 meters. The 293 

total station was fixed on the first station of the baseline A1, and ten marks were positioned at different distances from the 294 

instrument: 12 m, 25 m, 48 m, 74 m, 96 m, 120 m, 145 m, 168 m, 192 m, and 215 m. Then, the distance from the instrument 295 

to each mark was measured 15 times with reflector-less ability by using a white wooden target as the best one according to 296 

sec. 4.2. When completing the process of reflector-less measurements, the software of the instrument was switched to 297 

reflector measurements, and the process of distance measurements was repeated with the same targets, with using a high-298 

precision circular prism Gph1p as the best one according to sec. 4.1. 299 

The results from a comparative study of the measurements recorded through the Leica TS16 P1 R500 total station in both 300 

reflective and non-reflective settings with respect to their references values were outlined in Figure 6. The comparison of 301 

the Root Mean Square error of measured distances using the Leica TS16P1R500 total station in reflective and non-reflective 302 

mode, along with their references values, was presented in Figure 7.  303 
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Fig. 6. Comparison of measured lengths by the Leica TS16P1R500 total station in reflector and non-reflector mode with 305 

their reference values 306 

 307 

Fig. 7. Comparing the accuracy of Leica TS16 P1 R500 total station observations for measuring distance with reflector and 308 

reflector-less mode 309 

The results derived from various graphics in this case demonstrate that, the Root Mean Square error in the distance 310 

determination using prism measurement operation is less than that of the reflector-less operation. This is due to the 311 

difference in the strength of the signals detected with the reflector-less mode and prism measurement mode. Nevertheless, 312 

the deviation in distance values measured in reflector-less operation is greater than in prism mode, albeit it remains random. 313 

It can be concluded from the presented graph that the accuracy of observation obtained using reflector ability is 21.77% 314 

better than that with reflector-less ability. 315 

4.3.1 Statistical Regression Analysis of Distance Measurement Errors: 316 

To investigate the performance of the Leica TS16P1R500 total station and determine whether the experimental results are 317 

consistent with the specifications provided by the manufacturer, a regression analysis was conducted using statistical 318 

methods for both the prism and reflector-less measurements. 319 

Two separate regressions were done on the prism data and on the reflector-less data based on the experimental results 320 

derived from the calibration of the baseline data as in figure 8. The equations for the regressions are presented below: 321 
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Reflector-less Measurements 324 

௡−௣ܧ                                             = 0.3313 + ,ܦ 0.0091 ℎ ܴ2ݐ݅ݓ = 0.8922                                      (6) 325 

where: 326 

• E represents the measured distance error (mm),  327 

• D denotes the observation distance (m),  328 

• R2 coefficient of correlations. 329 

This models corresponds to the widely adopted constant-plus-ppm error model used in EDM instrumentation specifications. 330 

 331 

  332 

Fig. 8.  Linear regression analysis of prism and reflector-less measurement errors versus observation distance 333 

The regression models obtained show that the distance-dependent part of reflector-less observations is relatively bigger 334 

compared to the distance-dependent part of prism observations. The result proves that reflector-less observations are highly 335 

susceptible to changes in observation distance and environment conditions. The observations performed using prisms show 336 

high consistency with the accuracy model provided by the manufacturer in Table 1. However, for reflector-less 337 

observations, deviation from the accuracy model of the manufacturer was observed especially at long distances and bad 338 

environmental conditions. 339 

4.3.2. Residual Analysis of EDM Observations 340 

For an evaluation of the sufficiency of the regression models and to study the statistical properties of the EDM 341 

measurements, the residual analysis was done for the readings made with the prism as well as reflector-less methods. The 342 

residuals were determined by subtracting the predicted values from the observed values of errors as in formula: 343 

Residual =Eobserved − Epredicted  344 
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The analysis of residuals in Figure 9 revealed that observations made with the use of prism demonstrate relatively stable 345 

distribution of residuals, which are randomly scattered on either sides of the zero line with residual values varying from 346 

about −0.12 mm to +0.12 mm. Such a distribution of residuals confirms that there is good consistency between the 347 

measured values and regression equation suggested, demonstrating that prism measurements are stable within the selected 348 

distance range. 349 

On the other hand, the distribution of residuals obtained from reflector-less observations shows that residual values vary 350 

from about −0.3 mm to +0.3 mm. In addition, it was also noted that residual values increase progressively for distances 351 

greater than about 100 m, revealing increased uncertainty in reflector-less observations with increasing measurement 352 

distance. This phenomenon occurs due to atmospheric attenuation, beam divergence, and surface reflection phenomena. 353 

Further, through analysis of the residuals, it was clear that prism-based observations maintain their statistical consistency 354 

with the EDM manufacturer’s specification within the considered distance interval while the reflectorless-based 355 

observations show increasing deviations from the model specification amid environmental and geometrical constraints. 356 

 357 

Fig. 9. Residual distribution of prism and reflector-less regression models 358 
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One of the significant tests was the angle of incidence test, which involved the reflector-less measurement of an object from 360 
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of the optical axis measurement signal. Second, the magnitude of the error would be higher with increased distance between 364 

the instrument and the target owing to the size of the measuring signal. 365 

The experiments was conducted within the college compound on the smooth precast white concrete structure. The 366 

equipment was positioned at a distance of only 12 meters from the plane wall, which minimized the divergence errors that 367 

would occur at an increase in distances. The measurements were taken while facing left and facing right, taking the average 368 

in an attempt to identify any difference in results that might have been brought about by the position of the instrument [24]. 369 

Test requires determination of the Root Mean Square error of 15 observations at each angle of incidence in Leica 370 

TS16P1R500 total station by means of its prismatic option and reflector-less option. The observations range varies 371 

depending on the angle, which is 0, 5.47, 9.354, 15.237, 18.256, 25.657, 29.254, 33.568, 36.567, 40.258, 45.625, 52.425, 372 

56.578, and 67.334 degrees. The range provided is sufficient taking into account the results of the experiment. 373 

Difference between distances observed by total station in both cases of measurement (with and without prism) compared to 374 

the reference value depending on inclination angles is shown in figure 10. Figure 11 illustrates the accuracy of prismatic 375 

observation and reflector-less observation at various angles of incidence. 376 

 377 

Fig. 10. The differences for measured distance by Leica TS16P1R500 in different inclined angle 378 
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 379 

Fig. 11. The accuracy of the reflector and non-reflector observations by Leica TS16P1R500 with different angle of 380 

incidence 381 

The outcome of practical study for figures 10 and 11 illustrates that: 382 

- The error in measuring distance increases as the angle of incidence in the target increases, particularly in the absence of a 383 

reflector.  384 

- The distance error at a specific angle of inclination in the case of reflector-less surveying is greater than that of distance 385 

error in the case of prism surveying at the same angle of inclination. 386 

- Once the angle of incidence reaches thirty-five degrees from the normal, any observed data becomes unreliable, and 387 

cannot possibly match the manufacturer's specification in the reflector-less case. 388 

- It is obvious that the error decreases drastically with the angle of incidence approaching zero. In addition, it is advised that 389 

the horizontal angle of incidence should be in the range (-36 to +36) from the square. 390 

 4.4.1. Nonlinear Regression Modeling of Incidence Angle Effects on EDM 391 

The second-order mathematical model was constructed to study the effect of incidence angle on the distance measurement 392 

accuracy when using the Leica TS16P1R500 total station in two modes, namely, with and without prism. The quadratic 393 
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Prism Measurements 396 

௣ܧ                                          = 0.4216 + + ߙ 0.0206 ,2ߙ 0.0005  ℎ ܴ2ݐ݅ݓ = 0.9807                      (7) 397 

Reflector-less Measurements 398 

௡−௣ܧ                                         = 0.7089 − ߙ 0.0051  + ,2ߙ 0.0025 ℎ ܴ2ݐ݅ݓ = 0.974                       (8) 399 

where: 400 

• E represents the measured distance error (mm),  401 

• α denotes the incidence angle (ᵒ),  402 

• R2 coefficient of correlations. 403 

 404 

Fig. 12 Regression analysis of prism and reflector-less measurement errors versus observation angle of incidence 405 

Residual analysis showed that the prism observations have very low and consistent residuals. The residual values varied 406 

from -0.4 to +0.2 millimeters with the average value being 0.005 millimeters. These results indicate high correlation 407 

between the observed and estimated values and suggest the consistency of prism observations irrespective of the changes in 408 

the incidence angle. Low residual values suggest that prism observations are not greatly influenced by the angular effects 409 

since the laser reflection is consistently geometric and coherent. 410 

On the other hand, reflector-less measurements showed significantly higher residual variations between −1.50 mm and +2.0 411 

mm with an average residual value of −0.5 mm. This high level of residual variation implies that reflector-less 412 

measurements are much more susceptible to incidence angle variations especially when observing incidences at angular 413 

positions far away from normal incidence. This is due to scattering effects, divergence of light beams, and weakening of 414 

reflected signals observed by the measurement device. 415 
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4.5.  Studying the Effect of Weather Conditions: 418 

The previous static experiments were conducted in sunny weather. In order to test the influence of weather change on 419 

measurement accuracy, an experiment on a rainy day was performed. The distances re-measured using  the Leica TS16 P1 420 

R500 total station for two series of measurements in reflective mode with a s circular prism as target and in non-reflective 421 

modes using a white wooden target in a rainy day time in January at 7 degree of temperature. The mean differences values 422 

of distances, which measured using Leica TS16 P1 R500 Total Station in two cases of prism and non-prism with different 423 

weather conditions were presented in table 5 and their Root Mean square errors in figure 13. 424 

Table 5 Differences for measured distance in different weather conditions in prismatic and non-prismatic options using 425 

Leica TS16 P1 R500 total station 426 

Distance 
Reflector ability Reflector-less ability 

Sunny Rainy Sunny Rainy 

12 0.4 0.5 0.5 0.5 

25 0.5 0.4 0.6 0.8 

48 1.0 0.9 0.9 1.1 

74 0.7 0.8 0.8 0.9 

96 0.7 0.8 0.9 1.1 

120 1.0 1.2 1.2 1.6 

145 1.4 1.5 1.8 1.9 

168 1.6 1.5 2.1 2.4 

192 1.5 1.6 2.0 2.3 

215 1.6 1.7 2.4 2.8 

 427 

Fig. 13. The Root Mean Square Error of the reflector and non-reflector observations with different weather conditions using 428 

Leica TS16 P1 R500 total station 429 
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     Results of table and figure indicated that: 430 

- The effects of atmosphere on the distance calculation using prisms are relatively small and negligible, since the signal 431 

reflects from a reliable prism and atmospheric corrections are easily obtained; the error of such measurements will be on the 432 

millimeter order of magnitude. Nevertheless, in reflector-less surveys, the signal is subjected not only to atmospheric 433 

influences but also to its reflecting properties depending on the surface characteristics. Changes in temperature, humidity, 434 

and air turbulences can drastically decrease the accuracy of measurements up to half centimeter level. 435 

- For long ranges exceeding 100 m, the effects of atmosphere on the reflector-less survey results become much stronger 436 

in comparison with those for prism-based distance calculation. This happens because of the influence of atmospheric 437 

refraction and dependence of signal reflection on surface characteristics. 438 

In contrast to earlier research, which focused on individual parameters in isolation, the current study takes an integrative 439 

perspective by analyzing several parameters at once. This helps in generating a realistic scenario, wherein the effects of 440 

various parameters work together to affect the outcome. Thus, this study offers an enhanced insight into total station 441 

behavior. 442 

4.5.1.  Atmospheric Refraction and Beam Propagation Effects: 443 

Measurements of distance made electronically by means of total stations influenced by atmospheric propagation effects 444 

because the emitted laser beam travels through a nonhomogeneous medium before returning to the instrument receiver. 445 

changes in temperature, humidity, pressure, and air turbulence in the atmosphere could affect the refractive index of air. 446 

Regarding prism-based measurements, the received light signal is reflected from an optical prism, which ensures the 447 

reflected signal to be highly accurate and coherent. Hence, the impact of atmospheric interference on the received light 448 

signal becomes insignificant, especially at shorter observation ranges. It is because of this phenomenon that the low RMSE 449 

value and uniform residual distribution are observed in the case of prism-based measurements. On the other hand, the 450 

accuracy of measurements without a reflector appeared much higher sensitivity to atmospheric variations. This can be 451 

explained by the fact that, the received signal is determined by diffuse reflection from the surface of the object, thus making 452 

it susceptible to changes caused by atmosphere. In wet conditions, the laser beam becomes unstable and partially loses 453 

energy. 454 

From the experimental results presented in this investigation indicated that the role of atmospheric interference becomes 455 

increasingly important for reflector-less measurement over distances greater than 100 m. This trend is consistent with the 456 

outcomes of regression analysis, which showed increasing distance-related errors in the reflector-less configuration relative 457 
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to those from prisms. In addition, it should be noted that atmospheric interference can lead to changes in the refractive 458 

indices of air within the light beam path, resulting in slight deviations of its direction and stability of movement. 459 

4.6. Limitations and Future Research 460 

Some limitations have to be kept in the mind when interpreting the results of the current research. The present study has 461 

some limitations that should be considered when interpreting the results. The experiments were conducted using a single 462 

Leica TS16P1R500 total station, selected prism and target types, and observation distances ranging from 12 to 215 m. 463 

Therefore, the obtained error characteristics and regression relationships should primarily be considered within the 464 

investigated instrument, target characteristics, environmental conditions, and distance range. 465 

Future research should extend the experimental investigation to other total station models and manufacturers, longer 466 

observation distances, and a wider range of surface materials, colors, textures, and reflectance properties. In addition, 467 

systematic measurements under different atmospheric conditions, including temperature, humidity, pressure, wind, and 468 

precipitation, would provide a more comprehensive assessment of EDM performance. 469 

Further studies could also develop multivariable regression or machine-learning models that simultaneously consider 470 

observation distance, incidence angle, target characteristics, and atmospheric parameters. Such models could support the 471 

prediction of EDM measurement errors and improve the reliability of reflector-less measurements in engineering surveying 472 

and deformation-monitoring applications. 473 

Conclusions: 474 

This study provides a thorough analysis of the accuracy of measuring distances in the use of the Leica TS16 P1 R500 total 475 

station both in prism and non-prism conditions. The results show that the accuracy of measurement depends on the 476 

combined effects of geometry, environment, and surface parameters, and not necessarily the instrument parameters alone. 477 

Results from regression analysis indicated that prism readings showed consistency with the specified accuracy from the 478 

manufacturer across the range of interest, while the reflector-less method displayed increasing discrepancies, especially 479 

when atmospheric and geometrical conditions were poor, and incidence angles were more than 30° and ranges greater than 480 

100 m. 481 

On the basis of the results of the research carried out, the authors have found that: 482 

-  For surveys requiring high accuracy, it is essential to utilize circular prisms rather than mini prism or 360 ֩ prisms. The 483 

error associated with the position of the 360 ֩ prism can reach several millimeters, as shown by various experiments 484 

conducted during this study 485 
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- The standard deviation of the readings of the Leica TS16 P1 R500 total station at a distance of up to 200 m using high 486 

precision GPH1P  circular prism does not exceed 0.3 mm, corrections for the measured length are consistent and can 487 

be taken into account during individual calibration; 488 

- The standard deviation of measured distances for the range finders TS16 P1 R500 total station in reflector-less mode is 489 

no more than 0.5mm and the deviations between measured values and their referenced can reach 2.5 mm. 490 

- The accuracy of distance measurement using the reflector-less total station option and the prismatic option converges at 491 

short distances (up to 100 m); beyond that distance, the accuracy of the prismatic option is better than the reflective-492 

less option. 493 

 - As the incline angle of the reflecting surface increases, the error in distance measurement using the reflector-less total 494 

station increases as well, getting the highest measurement accuracy achieved only when the target has an incline angle 495 

equal to 0 496 

- Out of all the surface targets used in the reflector-less total station, the best performing target was the brick and wood 497 

target and the least effective was the metal target. 498 

- The accuracy achieved with a white target is greater than of any other colored surface, whereas the results obtained 499 

from a black target show the least amount of accuracy. 500 

- There is not a significant effect of weather on the precision of surveying with a total station using prisms because the 501 

prism is stable and has met standards for applying atmospheric correction. 502 

- In case of reflector-less measurements, the impact of atmospheric conditions on the quality of measurements is 503 

substantial. It is explained by the fact that the reflected signal travels through the atmosphere and reflects from the 504 

surface of the target object. 505 
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Figure Legends: 577 

Figure 1. Leica TS16P1R500 high-precision total station used for the experimental EDM measurements. 578 

Figure 2. Target types used with the Leica TS16P1R500 total station: (a) Gph1p high-precision circular prism, (b) PE640b 579 

64 mm mini prism, (c) Ads360-13 Apt3 360° surveying prism, and (d) reflector sheet mounted on the specially designed 580 

supporting base. 581 

Figure 3. Study area and calibrated baseline used for the experimental distance measurements. 582 

Figure 4. Comparison of measured distances and reference distances for the Gph1p, PE640b, and Ads360-13 Apt3 prisms 583 

using the Leica TS16P1R500 in reflective mode. 584 

Figure 5. Mean square errors of distance measurements obtained with the Gph1p, PE640b, and Ads360-13 Apt3 prisms at 585 

different observation distances. 586 

Figure 6. Comparison of distance measurement errors obtained using reflector and reflector-less modes relative to the 587 

reference distances. 588 

Figure 7. Comparison of mean square errors of Leica TS16P1R500 distance measurements obtained in reflector and 589 

reflector-less modes. 590 

Figure 8. Linear regression models describing the relationship between EDM measurement error and observation distance 591 

for prism and reflector-less measurements. 592 

Figure 9. Residual distributions of the prism and reflector-less regression models as a function of observation distance. 593 

Figure 10. Distance measurement errors obtained with prism and reflector-less modes at different angles of incidence. 594 

Figure 11. Mean square errors of prism and reflector-less distance measurements for different angles of incidence. 595 

Figure 12. Quadratic regression models describing the relationship between EDM measurement error and incidence angle 596 

for prism and reflector-less observations. 597 

Figure 13. Mean square errors of reflector and reflector-less observations under sunny and rainy weather conditions at 598 

different observation distances. 599 

Table Legends: 600 
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Table 1. Technical specifications of the Leica TS16P1R500 total station, including angle measurement accuracy, prism and 601 

non-prism distance ranges and accuracies, target acquisition characteristics, environmental specifications, battery life, data 602 

storage, and field software. 603 

Table 2. Comparison of measured distances using the Gph1p high-precision circular prism, PE640b 64 mm mini prism, and 604 

Ads360-13 Apt3 360° surveying prism at observation distances from 12 to 215 m. Differences from the calibrated reference 605 

values are presented together with their mean, minimum, maximum, and corresponding Δ/2 values. 606 

Table 3. Mean values and mean square errors of reflector-less distance measurements obtained from different target surface 607 

materials, including gypsum board, wood, plastic, brick, ceramic, concrete, and metal, at observation distances of 12 and 26 608 

m. 609 

Table 4. Mean square errors of reflector-less distance measurements obtained from wooden targets with different surface 610 

colors at observation distances of 12 and 26 m. 611 

Table 5. Differences between measured and reference distances under sunny and rainy weather conditions using prism and 612 

reflector-less measurement modes at observation distances from 12 to 215 m. 613 
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    V  i =     D  p −     D  r


    E  n − p = 0 . 7089 −   0 . 0051   𝛼 + 0 . 0025     𝛼 2 ,     w i t h   R 2 = 0 . 974
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    m  d =        ∑  i = 1  n    V  i 2  n − 1   =        ∑  i = 1  n     〈   D  p −     D  r 〉 2  n − 1


    E  p = 0 . 3294 + 0 . 0064   D ,   w i t h     R 2 = 0 . 9344


    E  n − p = 0 . 3313 + 0 . 0091   D ,     w i t h   R 2 = 0 . 8922  


    E  p = 0 . 4216 + 0 . 0206   𝛼   +   0 . 0005     𝛼 2 ,   w i t h     R 2 = 0 . 9807

