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Abstract. As a kind of advanced automatic high precision three dimension data acquisition technology, 
three dimensional laser range scanning is used widely in high precision modeling and reconstruction for 
reverse engineering. It is also titled as realistic copy technology because of its well displaying of real object. 
After scanning a complicate real environment in detail with large volume of points, the technology can then 
reconstruct an object with point cloud in computer despite of large-size, complication and irregularity of the 
real landscape. However, the precision of the object modeling may be influenced by the error of the data 
from three dimension range scanner, which will result in the bias of analysis based on such model. So it is 
important to calibrate the instrument based on a better understanding of the error influence. 

As the objective of this paper, some calibrate schemes is designed in order to analyze the error source 
from the laser range scanner. The work principle and operation flow of three dimension laser scanner is 
reviewed firstly in this paper as the basis of further work in this paper. The accuracy of the instrument is 
evaluated with respect to distance measurement, angle measurement, temperature, intensity of echo, time, 
echo mode and so on. During the procedure of experiment, LR1-R from company of 3D LaserMaping is used 
as the three dimension laser range scanner, Kern Mekometer is used as precision electronic apomecometer, 
Kern prism is used as reflecting prism and TCA2003 is used as the total station. 
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1.  Introduction 
1.1. Motivation and Goals 
Three-dimensional laser scanning measurement system, also called 3D laser imaging system, is mainly 
consisted of laser scanner and system software. It aims to construct the three-dimensional model of close 
static objects in an efficiently, easily and accurately manner. So its precision has very important effect on 
three-dimensional model. 

In virtue of the specific characteristics of three-dimensional laser range scanner, this thesis conveys a 
thought that we can complete an overall certain equipment investigation and precision assessment, through 
establishment of partial separate independent error models of various types of error. 

In a series of field calibrations, the long-range laser scanner (LR-1) supplied by 3D Laser Mapping 
(3DLM) is chosen to be tested in a black-box test method, the Kern Mekometer as a high precision EDM and 
total station TCA2003 as another auxiliary equipment. Then we get certain additional parameters (APs), to 
calibrate most systematic error and partial random error in the process of measuring. It is an improvement of 
instrument precision consequently. 

1.2. Background 
For investigation of the measuring instruments, the general idea is expectation of a comprehensive model to 
estimate and remove all types of error, its aims of an integrated comparison to achieve whole optimal result 
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(Derek D.Lichti, 2006).However, in the comprehensive adjustment model, the relevant error affect is almost 
inevitable, only in isolated models, is there greater hope of finding a suitable way to avoid. 

At present, in the ranging test field, “Calibration Regression Comparison” Method (weimin huang, 1993) 
and “All Combination of a Line Made up of Six Sections” Method (junzhi yang, 2004) are still two classical 
approaches. “Calibration Regression Comparison” Method is a solution of constant error and scale error in 
one model simultaneously, which can not eliminate correlation errors. “All Combination of a Line Made up 
of Six Sections”, put forward by H．R．Schwendener in 1971 eliminates the impact of scale error and 
offers an independent solution of the constant error.  

In this thesis, we integrate the above two methods to investigate the instrument LR-1, to acquire a 
higher accuracy error correction. Initially, “All Combination of a Line Made up of Six Sections” is used to 
obtain constant error. Additionally, the constant error correction is put into the “Calibration Regression 
Comparison” model to get the scale error. Therefore, the relevant error affect can be avoided. 

Laser scanner angle measurement has numerous error sources and large difference from traditional 
optical principle. The traditional test methods on angle measurement error will not be suitable for laser 
scanner. These years, the researchers at home and abroad have done a great deal of research and put forward 
different test approaches. The methods can be classified in two types: one is construction of the error model 
based on the analysis of prisms on laser scanner and so on, like constructing a model of translation table 
motion of calibration (Wallace and Gallaher 1998); the other is from the perspective of observation data, sum 
up systematic errors and random errors of the consolidated results through experiments, e.g. calculation the 
vertical and horizontal direction of the angular error by the observation of a number of spherical target points 
placed on stairs (W.Boehler, and Marbs, A. 2003). In this paper, we are attempting establishment of 
triangulation, calculation of the objects X, Y coordinate and the angles between objects.  

Nowadays, research on echo influence of measurement accuracy comes into an important field. In 
general, the shorter distance, the smaller laser footprint, the higher resolution, the stronger echo (liqiong Liao, 
2004). Echo is mainly affected by target reflection and echo modes. Also in Boehler’s article, they created a 
new method to investigate resolution of laser scanner. (W.Boehler, and Marbs, A. 2003). 

In addition, temperature change can induce the ranging deviates. Although relatively small, but it is also 
an important source of the error. W.X. Li also found this phenomenon and recorded it in his article (W X Li, 
1995).  

2.  Preparation of Experiment 
2.1. Description of Instruments 
The 3DLM LR-1 scanner system which needs to investigate, can measure to a maximum range of 2000 m 
with an accuracy of +/- 50 mm in typical conditions. The minimum measurement range can be 10 m. The 
pan and tilt mount (PTM) provides a scanning capability of 360 degrees horizontally and 195 degrees 
vertically. 3DLM claim the angular measurements are accurate to +/-32.4 seconds. Its scanning rate is 
between 1 and 4 points per second (depending on reflectance and range).The beam divergence for the 
instrument is 1.2mrad, which equates to a laser footprint width of 12cm per range of 100m. The system is 
powered by a 12v battery.  

During the investigation, we also use a high precision EDM----the Kern Mekometer, and total-station --
-- Leica TCA2003 as assistants. Kern Mekometer has a specification of 0.2mm +/- 0.2ppm ranging accuracy, 
and Leica claims that angular accuracy of TCA2003 is 0.5″. As the distance accuracy of Kern Mekometer 
and the angular Accuracy of Mekometer far exceed that of the scanner LR-1, we can take their adjusted 
observations as true value.  

2.2. Establishment of Calibration Field 
The calibration field should be established before all the official investigations began. It aimed to find out the 
difference between the experimental data obtained by LR-1 and the approximate true value. In this thesis, we 
established two calibration fields at the beginning. The first one was a baseline made of 7 pillars with 
Schwendener’s method, and all the 21 inter-pillar distances were measured by Kern Mekometer and Kern 
Prism (Figure 1).  

The high precision distances can be acquired by the adjustment of all the Mekometer observations 
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(Table 1). It can be reference standards in the following test experiments. 

Table１ Adjusted Distances Measured with Mekometer(M) 

PILLAR ADJUSTED RESIDUAL(MM) 
A B 380.4698  0.2 
B C 41.7517  0.2 
C D 50.7700  0.2 
D E 53.0914  0.2 
E F 51.4199  0.2 
F G 240.3418  0.2 
INSTRUMENT/REFLECTOR CONSTANT = 0.0 MM +/- 0.1MM  

The second calibration field was a control network of 4 tripod stations. All distances and angles in the 
network were measured using Leica TCA2003 and retro-reflective tape target (Figure 2). The total station 
has a specification of 0.5″ angular accuracy, but the actual angular accuracy was only 7.45″. However as this 
was still far greater than the accuracy of scanner (32.45″), the adjustment of TCA2003 observations were 
believed to be of sufficient accuracy to assess the scanner. 

3. Results & Analysis 
For those general ranging instrument, distance error, angular error, fluctuation of temperature and so on are 
the error sources of them. But for laser range scanner, pulse is another important error sources. Therefore, six 
kinds of experiments were designed for the characteristic of laser range scanner. They were ranging accuracy 
test, angular accuracy test, temperature experiment, echo intensity experiment, echo mode experiment and 
measuring time mode experiment.  

3.1. Ranging Accuracy Test 
The main purpose of ranging accuracy test is making a preliminary assessment of the precision and accuracy 
of the LR-1. According to the Baseline Calibration (Figure 1), the 21 inter-pillar distances were measured by 
3DLM LR-1 again. Two targets were used consisting of a square of retro-reflective tape, measuring 95×
85mm2  and 30×30mm2, located in the middle standard survey plate(Figure 3-b,3-c). Each of the 21 
distances was measured 10 times and the average distance used. The instrument height was recorded as 
0.338m, and the target height recorded as 0.405m. Initially, the big tape target (Figure 3-b) was only used.  

   

a  3DLM LR-1 b 95×85mm2 Retro-Reflective Tape c 30×30mm2 Retro-Reflective Tape 

Figure 3 Instrument of Ranging Accuracy Test 

 

 

Figure 1 Baseline Calibration Figure 2 Control Network 
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As Figure 4 illustrates it was evident that the main errors were associated with the shorter ranges below 
100m, and that the longer ranges appeared far more accurate. Using only 14 longest inter-pillar ranges, a 
sigma zero value of 0.3 was calculated indicating that over the longer distances the scanner was measuring to 
a precision of +/- 14.8mm+5.9ppm. Then the constant error of -47.8mm was calculated.  
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Analysis of Scale Error in Laser Scanner
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Figure 4 Difference in Mekometer &Scanner Figure 5 Analysis of Scale Error in Laser Scanner 

The distances were compared to the true ones measured with the Mekometer, which allowed for any 
potential scale error to be identified and quantified. From Figure 5 it was apparent that there was a large, 
scale error associated with the scanner distances. To quantify the scale error, a best-fit trend-line was plotted 
through the data. The trend line showed a good fit through the data with a R2 value of 0.825. The coefficient 
of 0.00007 implied a scale error of +70ppm. With the constant and scale corrections applied the distances 
were within +/-50mm of the truth, indicating that with the correction values applied the scanner would work 
to within its specification. 

The large error associated with the short scanner distances, below 100m, were a cause for concern and 
so it was decided to undertake a short, 7 station baseline calibration test using pillars B to F and interspersing 
the pillars with 2 tripod based stations (Figure 6).  

 

Figure 6 Short Baseline Calibration 

The returning pulse, potentially saturating the scanner, may have caused such variation and so to reduce 
the possible effect it was decided that a smaller reflective tape target (30mm×30mm) should be used for the 
short baseline calibration. Using the total station and the smaller reflective tape target, all 21 inter-station 
distances were measured 10 times. The adjusted inter-pillar distances were then used as the truth to assess 
the accuracy of the laser scanner. 

Table2 Adjusted Inter-pillar Distances Measured with Total Station 

PILLAR ADJUSTED INTERPILLAR RESIDUAL(MM) 
B C 41.7517 0.6 
C T1 16.2550 0.5 
T1 D 34.5168 0.5 
D T2 23.1057 0.5 
T2 E 29.9868 0.5 
E F 51.4203 0.6 

INSTRUMENT/REFLECTOR CONSTANT =36.6 MM +/- 0.5MM 
The short baseline calibration was then completed with the laser scanner using the strongest return 

signal. Figure 7 illustrates that for the ranges below 75m the errors associated with the measurements appear 
to be very large and random in their distribution. The corrections applied to the data beyond 75m were within 
+/-50mm.  

Meanwhile, to further investigate for the effect from target’s reflective area, the data between 75m and 
200m were selected to compare. It was apparently that the larger reflective target can induce larger variation 
(Figure 8). 
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Figure 7 Difference in Scanner & Total-Station Figure 8 Comparison of Large & Small Target 

3.2. Angular Accuracy Test 
To assess the accuracy of the horizontal angle measurements of the scanner, the small control network of 4 
tripod stations was used (Figure 2). When the laser scanner finished measuring, inverse solution of 
coordinate was taken to obtain the computed angle values (Table 3).   

Table 3 Inverse Solution of Coordinates 

No. AT FROM TO Computed Angles RMSE(") 
1 1 3 2 37°18'37.40" 22.45 
2 1 4 3 42°20'03.10" 23.27 
3 1 2 4 280°21'19.40" 28.01 
4 2 4 3 52°17'59.60" 22.86 
5 2 3 1 245°26'43.10" 24.60 
6 2 1 4 62°15'17.30" 23.64 
7 3 1 4 48°4'47.30" 25.16 
8 3 4 2 283°45'36.40" 28.74 
9 3 2 1 28°9'36.40" 21.96 

The angle accuracy of the scanner can be concluded from analysis of the scanner angles and the 
approximate true angles (Figure 9). The graph illustrated the computed angles measured with scanner were 
accurate to +/- 120" (0~290°). 

3.3. Temperature Experiment  
This experiment aimed to assess the effect on the precision of the scanner when the laser heats up. The 
scanner was conducted indoors by recording a series of continuous distance measurements, over a half-hour 
time period, commencing immediately the scanner was powered up. A short distance was chosen (5m) so 
any atmospheric effects would be minimized and the laser footprint would be very small. The aim of 
imposing these restrictions on the test was to restrict the causes of any variation in the distance to the heating 
effect of the laser. The results of the test are displayed in Figure 10 with a 10 point moving trend-line plotted 
through the data. 
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Figure 9 Difference of Angles Figure 10 Variation in Distance as the Scanner Heats up 

The graph illustrates that there is a trend, with the average distance decreasing by approximately over 
the first 15 minutes. Although the distance did decrease (approximately 10mm), the repeatability of the 
instrument remained fairly constant throughout which indicating this is not a major source of error in this 
short range. However, this test was only conducted over a very short range and over longer distances the 
error would probably be more significant.  



 124 

3.4. Echo Intensity Experiment 
To assess the effect that intensity of the return signal (pulse) had, on precision of distance measurements, the 
test were conducted using pillars B and D on baseline, a distance of 92.5m. The short range was chosen to 
minimize the size of the laser footprint. At 92.5m the footprint was 11.1cm in diameter, it was planned that 
all targets were greater than 14.0cm. By using a target larger than the footprint the aim was to prevent 
contamination of the range measurement from any materials in the outer area of the footprint. Intensity of the 
return signal is recorded on a scale of 0~255. 

The scanner was first aligned using the 30mm×30mm retro-reflective tape target, a number of flat 
materials were then taped onto the target, some larger block surfaces were also used, e.g. tarmac block target. 
A list of the materials used together with a summary of the observations can be seen in Table 4. 

The results from this experiment highlighted two issues; the first one is that surfaces and colors 
observed in the visible spectrum (by naked eye) do not respond in the same fashion to infrared light (from 
the laser scanner). The second one is that as the intensity increased the distances measurements decreased, 
close to true distances. Anyway, when measuring to materials with a normal reflectance the strength of the 
return signal does not adversely affect the measured distance. Whether the target flat or blocky, the 
instrument would be capable of measuring to the accuracy of +/-50mm with correct correction. 

3.5. Echo Mode Experiment 
This experiment aimed to assess the impact of using the first echo (TS0), strongest echo (TS1) and last echo 
(TS2) modes, when scanning a target. The trial was completed at the baseline using B-D (92.5m), A survey 
plate target was used with, on one side a 30mm×30mm retro-reflective tape target (intensity of 222), and on 
the other black packing foam(intensity of 121). Three scans of the retro-reflective tape target were completed 
with the scanner on TS0, TS1 and TS2 modes. The survey plate was then rotated through 180° and three 
scans repeated using the black foam target. Both the intensity and range images from each of the 12 scans 
can be found in Figure 12 and Figure 13. 

Table 4 Summarizing the Observations 

Type Material Intensity Distance(m) St.Dev.of dist (m) 
White Paper 156 92.647  0.006  

Black photocopy Paper 123 92.648  0.003  
Large ReflectiveTape  236 92.487  0.006  
30×30 ReflectiveTape  222 92.586  0.007  
Thick rubber square 131 92.629  0.003  

Thin black rubber circle 122 92.642  0.004  
Yellow foam  161 92.667  0.004  

Black painted yellow foam 165 92.654  0.008  
White polystyrene block 174 92.678  0.001  

Plywood  153 92.643 0.001  
Cardboard 150 92.631  0.001  

Coniferous trees 159 92.650  0.006  

Fl
at

  m
at

er
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ls
 

Black foam 121 92.617  0.003  
Tarmac 130 92.665  0.002  

Smooth cement block 138 92.652  0.002  
Concrete with aggregates 133 92.650  0.002  

Course concrete block 137 92.624  0.003  
Dry house brick 138 92.639  0.004  
Wet house brick 142 92.641  0.006  
 Rough Timber 142 92.627  0.004  

Black recycled plastic 139 92.647  0.003  
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ls
 

Sandstone brick 142 92.644  0.002  
Note: Distance corrected for thickness of material 
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TS0 TS1 TS2 TS0 TS1 TS2 

Figure 12 Images of Retro-reflective Tape Figure 13 Images of Black Foam Target 

From the scan image it was apparent that an object within a scan window is detected depends on both its 
reflectivity and on the mode of the scanner. The scan images show that the target image varied in size 
depending on the mode of the scanner, with the first return giving the largest image and the last return the 
smallest image. And the higher reflective surface can result in larger image. 

3.6. Measuring Time Modes Experiment 
The 3DLM LR-1 scanner has 5 measuring time modes (T0~T4). When set to mode T4 the scanner will 
average the distances measured over a 1 second time period. Mode T0 is an adaptive mode whereby the 
scanner will measure the distance foe between 0.1 and 1.0 seconds until the standard deviation of the 
measurements falls below a predetermined value. The aim of the experiment was to ascertain if using the 
shorter measuring times had any detrimental effect on the measured distances. 

A series of distance measurements were recorded between pillars B-D, B-F and B-G, measuring to a 
retro-reflective tape target. Each distance was recorded 10 times for each of the 5 scanner modes and the 
standard deviation foe each set of 10 readings calculated and the results compared (Table 5). 

Table 5 Summarizing the Results of Using Different Measuring Time Modes 

Scanner Mode T0 T1 T2 T3 T4 
Measuring Time (sec) 0.10 to 1.00 0.25 0.5 0.75 1 

st.dev. over 92m 0.0049 0.0043 0.0057 0.0047 0.0039 
st.dev. over 197m 0.0064 0.0045 0.0057 0.004 0.0028 
st.dev. over 437m 0.009 0.0084 0.0069 0.0069 0.0057 

Average st.dev.(m) 0.0068 0.0058 0.0061 0.0052 0.0041 
The results illustrate that for a highly reflective target using the scanner set to its faster measuring times 

does not adversely affect the precision of the instrument. Further testing would be of value to establish if 
these results would be repeated using a target with a low reflectivity. 

4. Summarizing of Difference from Specification  
According to the tests and experiments above, we can get the difference from specification integrally. Firstly, 
in the ranging area, the long range laser scanner LR-1 works well within its specification(+/-50.0mm+20ppm) 
with correct correction (-47.8mm-70.0ppm), in the scope of more than 75 m, but the precision is very poor 
within 75m(only +/-300mm). 

Secondly, in the angular area, the instrument can obtain the angles by inverse calculation of coordinate. 
The computed angles error was random distributed, and can’t be calibrated by traditional face-left and face-
right method. The computed scanner angles are accurate to +/-120″ (in 0~290°) in the test, poorer than 
specification (+/-32.4″).  

Thirdly, in the certain environment, temperature, echo intensity, echo mode and measuring time mode 
all have ruleless indistinctive influence on the measurements. The claimed accuracy can be guaranteed.  

Overall, except that angles accuracy is beyond the specification to some extent, the ranging accuracy is 
basically well within its specification with each measuring mode.  

5. Conclusions 
Through a series of tests on the precision and accuracy of the instrument and numbers of experiments on 
factors that may affect the accuracy were carried out, not only accuracy of the instrument is evaluated, but 
also some very practical useful experience can be concluded. Therefore, later measurement engineers can 
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choose a suitable instrument for the correct operation based on the experience and the needs of project. 
For instance, firstly, making sure that the area of reflective tape is a little larger than the footprint can 

bring higher precision. Secondly, the measurements had better be recorded till 15 minutes after instrument 
powering up. Thirdly, when the measured distance is a long range, taking the TS0（first return）mode and 
target of retro-reflective tape are in favor of the accuracy.  

In this thesis, all the designs of the experiments were in accordance with the thought of independent 
analysis on the various types of errors, all the distance adjustment and angles solution were calculated by a 
program in Matlab and all the corrected data were processed by Excel (chart tool, linear trend-line tool and 
moving average trend-line tool). 

In practical, the atmospheric effect is another important factor, but not referred in this thesis, due to the 
suitable facilities were available by that time. In another aspect, if the data can be process in more 
professional statistic software, e.g. SPSS, the conclusions may be of more depth. 
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