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Top Left 
Top Right 

 
Figure 18 Features round Room 1.06 door. Outside corners of wooden frame. 

 
Room 1.06 Door Wooden Frame Arbitrary Coordinate Frame /mm UWB Coordinate Frame /mm 
Point Name x y z x y z 
Top Left -1054.1 -1689.3 -4317.8 30711.1 9407.9 2048.3 
Top Right -1203.8 17.7 -4314.2 28997.6 9419.0 2048.6 

Table 5 Room 1.06 Door Reference Feature Coordinates. 
 

   Top Left 

  

Top Right 

 
Figure 19 Features on Room 1.07 door. Outside corners of wooden frame. 

 
Room 1.07 Door Arbi trary Coordinate Frame /mm UWB Coordinate Frame /mm 
Point Name x y z x y z 
Top Left 2425.1149 4577.7193 -4306.8065 24745.99 5433.274 2034.301 
Top Right 2275.0801 6282.9488 -4301.7286 23034.21 5444.909 2036.067 

Table 6 Room 1.07 Door Reference Feature Coordinates. 
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Top Left 

  

Top Right 

 
Figure 20 Features on Room 1.11 door. Outside corners of block work. 

 
Room 1.11 Door Block Arbitrary Coordinate Frame /mm UWB Coordinate Frame /mm 
Point Name x y z x y z 
Top Left 8285.4 1345.3 -4246.6 28441.6 -146.6 2083.1 
Top Right 8438.9 -460.1 -4250.3 30253.6 -153.6 2082.9 

Table 7 Room 1.11. Door Reference Feature Coordinates. 
 

   

Bottom Left 

Internal Corner 

External Corner 

Bottom Right 

 
Figure 21 Features round the Red Panel on the lower floor. The bottom corners of the wall and the two 

bottom corners of the red panel. 
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Room 1.06 Door Wooden Frame Arbitrary Coordinate Frame /mm UWB Coordinate Frame /mm 
Point Name x y z x y z 
Top Left -1054.1 -1689.3 -4317.8 30711.1 9407.9 2048.3 
Top Right -1203.8 17.7 -4314.2 28997.6 9419.0 2048.6 

Table 8 Coordinates of Reference Features by Red Panel on lower floor 
 
 

 

Top Left 
Top Right 

Bottom 
Right Bottom Left 

 
Figure 22 Features on the False Window on the lower floor. Corners of the glass pane. 

 
False Window Arbitrary Coordinate Frame /mm UWB Coordinate Frame /mm 
Point Name x y z x y z 
Bottom Left -675.9 -6240.9 -5570.5 35280.9 9403.1 804.5 
Bottom Right -701.3 -5933.9 -5569.4 34972.8 9403.6 805.0 
Top Left -673.9 -6242.9 -4575.1 35281.0 9398.0 1799.9 
Top Right -699.4 -5936.7 -4574.4 34973.8 9398.7 1800.0 

Table 9 Coordinates of reference Features by False Window on Lower Floor. 
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Corner A 

Corner B 

Corner C 

 

Figure 23 Corners by False Window on lower floor. 

 
Corners by False Window Arbitrary Coordinate Frame /mm UWB Coordinate Frame /mm 
Point Name x y z x y z 
Corner A -606.1 -6871.0 -6355.6 35916.0 9387.2 20.5 
Corner B -1541.5 -6950.8 -6368.9 35920.0 10326.0 10.4 
Corner C -1505.2 -7311.4 -6365.3 36282.3 10318.9 14.7 

Table 10 Coordinates of Reference Features by False Window. 
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Corner A 

Corner B 

Corner C 

Corner D 

Corner G 

Corner F 

Corner H 
Corner I 

Corner E 

Top Right Corner of Frame (door open) 

 
Figure 24 Features by lower floor lift. 

 
Corners by Lower Floor Lift Arbitrary Coordinate Frame /mm UWB Coordinate Frame /mm 
Point Name x y z x y z 
Corner A -2124.9 -9932.1 -6363.8 38844.4 11148.6 24.0 
Corner B -4620.4 -10313.9 -6361.1 39023.1 13666.8 35.5 
Corner C -4720.7 -10322.5 -6360.7 39023.5 13767.4 36.2 
Corner D -4742.8 -10159.7 -6364.9 38859.5 13776.3 31.7 
Corner E -8430.2 -10474.7 -6361.9 38875.3 17477.0 47.2 
Corner F -4745.5 -10160.7 -4239.4 38856.1 13771.9 2157.3 
Corner G -3737.8 -10072.8 -4233.0 38849.9 12760.4 2160.3 
Corner H -4723.4 -10324.9 -4240.2 39021.6 13763.2 2156.7 
Corner I -4623.2 -10315.9 -4360.7 39020.9 13663.0 2035.8 

Table 11 Coordinates of Reference Features by Lower Floor Lift. 
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Top Right 

Bottom Right 

 
Figure 25 Room 1.15 Window. Corners of glass pane. 

 
Room 1.15 Window Glass/Frame Arbitrary Coordinate Frame /mm UWB Coordinate Frame /mm 
Point Name x y z x y z 
Bottom Right 7819.7 6936.6 -5077.2 22832.7 -131.8 1241.5 
Top Right 7820.4 6935.0 -4093.7 22832.3 -135.7 2225.1 

Table 12 Coordinates of Reference Features on Room 1.15 Window. 
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Top Left Top Right 

 
Figure 26 Feature on Room 2.11 Door/Window surround. 

 
Room 2.11 Door/Window Border Arbitrary Coordinate Frame /mm UWB Coordinate Frame /mm 
Point Name x y z x y z 
Top Left -2380.8 14413.6 515.1 14544.3 9412.0 6849.6 
Top Right -2701.1 17964.2 529.5 10979.4 9444.1 6857.1 

Table 13 Coordinates of Reference Features on Room 2.11 Door/Window Frame. 
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Top Left (block work) Top Right (block work) 

Top Left (frame) Top Right (frame) 

 
Figure 27 Feature on Room 2.16 door. 

 
Room 2.16 Door Block Arbitrary Coordinate Frame /mm UWB Coordinate Frame /mm 
Point Name x y z x y z 
Top Left -1103.9 29133.5 548.3 -24.2 6948.8 6846.0 
Top Right 701.4 29279.9 547.3 -24.2 5137.6 6839.0 

Table 14 Coordinates of Reference Features on Room 2.16 Door frame. 
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Bottom Left 

Bottom Right 

 
Figure 28 Features on Red Panel on upper floor by Room 2.16 door.  

The two bottom corners (not visible in the picture). 
 
 
Red Panel by Room 2.16 Door Arbitrary Coordinate Frame /mm UWB Coordinate Frame /mm 
Point Name x y z x y z 
Bottom Left 2252.1 29395.7 -1268.9 -10.6 3588.7 5017.6 
Bottom Right 4957.4 29614.6 -1259.4 -10.0 874.5 5018.0 

Table 15 Coordinates of Reference Features on Red Panel on Upper Floor. 
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Top Left 

Top Right 

 
Figure 29 Features on the 'Set Squared' Door. The top outer corners of the frame. 

 
 
Set Squared Door Arbitrary Coordinate Frame /mm UWB Coordinate Frame /mm 
Point Name x y z x y z 
Top Left 6106.8 27549.8 513.6 2137.5 -110.1 6792.0 
Top Right 5954.3 29259.0 515.8 421.6 -96.3 6790.8 

Table 16 Coordinates of Reference Featured on Door to Set Squared Area. 

 
 
 
NPL Report ENG 22



 

 33    

 

Top Left 

Top Right 

Top Left 

Top Right 

 
Figure 30 Feature round the Main entrance doors. The top corners of the left and right doorframes. 

 

 
Main Entrance Door Left Wooden Frame Arbitrary Coordinate Frame /mm UWB Coordinate Frame /mm 
Point Name x y z x y z 
Top Left -14929.8 13.1 456.3 27882.9 23084.5 6862.7 
Top Right -14762.5 -1789.8 447.6 29693.4 23063.5 6857.4 
Main Entrance Door Right Wooden Frame Arbitrary Coordinate Frame /mm UWB Coordinate Frame /mm 
Point Name x y z x y z 
Top Left -14720.9 -2233.5 448.7 30139.0 23057.9 6859.4 
Top Right -14558.8 -4036.1 448.3 31948.8 23042.1 6862.5 

Table 17 Coordinates of Reference Features on Main Entrance Doors. 

 
 
 
NPL Report ENG 22



 

 34    

 

Top Left Top Right 

 
Figure 31 Features on Main Entrance Inner Left Door. 

 
 
Inner Main Entrance Door Left Arbitrary Coordinate Frame /mm UWB Coordinate Frame /mm 
Point Name x y z x y z 
Top Left -11006.7 -3682.2 387.7 31883.4 19473.3 6789.8 
Top Right -11147.8 -1979.5 391.8 30174.9 19476.1 6790.5 

Table 18 Coordinates of Reference Features on Inner Door of Main Entrance. 
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Top Left Top Left 

 
Figure 32 Features on Room 2.01 door surround. 

 
 
Room 2.01 Door Block  Arbitrary Coordinate Frame /mm UWB Coordinate Frame /mm 
Point Name x y z x y z 
Top Left -7464.9 -8393.1 472.5 36865.2 16323.7 6873.8 
Top Right -7618.5 -6590.3 471.5 35055.8 16331.0 6869.3 

Table 19 Coordinates of Reference Features on Room 2.01 Door Frame. 
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Corner A 
Corner B 

Corner C 

Corner C 
Corner D 

Corner F 

Corner H 

Corner F 

Corner I 

Corner G 

Corner E (behind chairs) 

 
Figure 33 Features around the lift door in the upper floor. 

 

 
Corners by Lift Door on Upper 
Floor Arbitrary Coordinate Frame /mm UWB Coordinate Frame /mm 
Point Name x y z x y z 
Corner A -2136.2 -9923.1 -1636.5 38825.2 11143.3 4751.3 
Corner B -4735.7 -10140.1 -1644.3 38831.3 13751.8 4752.2 
Corner C -4722.1 -10328.7 -1646.6 39020.3 13753.5 4750.3 
Corner D -4624.9 -10320.2 -1645.7 39019.7 13656.0 4750.9 
Corner E -7297.3 -10352.7 -1643.8 38836.0 16322.2 4761.3 
Corner F -4744.4 -10160.2 475.0 38846.4 13755.0 6871.6 
Corner G -3746.5 -10076.4 478.9 38843.6 12753.6 6872.2 
Corner H -4728.6 -10331.7 477.3 39018.7 13753.1 6874.2 
Corner I -4627.6 -10322.9 356.6 39018.3 13652.1 6753.2 

Table 20 Coordinates of Reference Features round Upper Floor Lift. 
 

4.4.1 Reference feature coordinate uncertainty 
 
The uncertainty in the reference feature coordinates is not as easily derived as for the directly 
measured reference points (see section 4.3.1). This is because the reference feature coordinates 
are constructed from lines and planes, which are themselves constructed by least-squares fit to 
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measured points. In many cases, the points are measured on ill-defined surfaces or rough edges, 
for example the block work round doorframes. As a result of this, the residuals of the fit of 
measured points to constructed lines and planes used to construct the reference feature points are 
in some cases of the order of 1 mm to 2 mm.  
 
An examination of a cross section of the residuals of the fitted lines and planes showed RMS 
residuals ranging up to a maximum of 1.9 mm. If one assumes that the residuals examined are 
typical residuals across all the fitted lines and planes and that the uncertainty in the individual 
points was at least a factor of two worse than the uncertainty achieved for the reference points 
due to the least-squares fitting process, then one can reasonably estimate that the likely 
uncertainty of the constructed reference points is no more than 1 mm.  
 

The expanded uncertainty (k = 2) is therefore 2 mm. 
 
Note that this uncertainty applies to the measurements made at the time. It does not include any 
drift of relative position of the reference features due to movement of the building due, for 
example, to temperature change or other effects. 
 
A definitive uncertainty calculation for each constructed reference feature coordinate is possible 
but is considered too labour intensive given the accuracy requirement of the project. 
 
4.5 UWB Base Stations and Receivers 
 
In addition to the reference points and features, the approximate positions of ultra-wide-band 
(UWB) base units and receivers were also measured.  
 
The UWB Receiver locations were all on the railing round the upper part of the atrium. Three 
were located at the top of the stairs as indicated in Figure 34, and another three were located at 
the other end of the atrium. 
 
The UWB base unit positions were on top of the cupboard by the Arnold Room door (BU2), the 
base of the column across the landing from the Arnold Room door (BU0) and at the far end of the 
balcony at floor level (BU1). 
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UWB 1 UWB 2 
UWB 3 

 
Figure 34 Approximate locations of UWB receivers 1-3. 

 

 
Weighted USMN UWB Arbitrary Coordinate Frame /mm UWB Coordinate Frame /mm 
Point Name x y z x y z 
UWB1 2675.7 3032.1 -624.3 26299.6 5296.1 5719.5 
UWB2 3152.0 3069.2 -628.8 26301.1 4818.5 5713.3 
UWB3 4690.2 3192.2 -627.3 26303.0 3275.3 5709.7 
UWB4 721.8 25913.7 -593.3 3334.9 5393.2 5705.8 
UWB5 2821.8 25841.2 -590.8 3577.0 3306.0 5701.8 
UWB6 5569.8 26325.4 -589.9 3316.6 527.9 5692.9 

Table 21 Coordinates of UWB Receivers. 
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BU2 

BU0 (at base of column) 

BU1 (far end of attrium) 

 
Figure 35 Locations of UWB Base Units. 

 
 
Weighted USMN BU Arbitrary Coordinate Frame /mm UWB Coordinate Frame /mm 
Point Name x y z x y z 
BU0 -444.1 2151.7 -1599.9 26926.7 8480.2 4755.7 
BU1 -1948.5 26203.1 -1564.8 2832.4 8034.7 4742.2 
BU2 7690.6 2322.3 510.2 27410.4 351.3 6839.5 

Table 22 Coordinates of UWB Base Stations. 
 
 
4.6 Track Points 
 
Some additional points were measured on the lower floor of the atrium to be used to define a 
track or path that could be followed when testing the ViewNet systems. The points measured 
were the corners of the five grid plates in the floor of the atrium. 
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TA1 
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TA4 

TB1 

TB2 TB3 

TB4 

TC1 

TC2 TC3 

TC4 

 
Figure 36 The corners of the plates in the floor were used as Reference Features to define a Track. Only three 
of the five plates are easily discernable in this picture. The point labels for the other two plates follow the same 

naming pattern – TD1-4 and TE1-4.  
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Weighted USMN Track Arbitrary Coordinate Frame /mm UWB Coordinate Frame /mm 
Point Name x y z x y z 
TA1 3071.7 19477.1 -6291.1 9951.6 3590.7 14.8 
TA2 3017.8 20223.1 -6288.8 9203.7 3584.0 15.7 
TA3 3751.0 20281.5 -6291.1 9204.8 2848.6 10.9 
TA4 3813.5 19539.5 -6294.7 9949.4 2846.2 8.8 
TB1 4949.7 15120.3 -6295.7 14446.0 2071.1 14.0 
TB2 4896.5 15859.8 -6296.2 13704.6 2064.3 12.0 
TB3 5626.6 15924.6 -6294.0 13699.1 1331.4 11.7 
TB4 5693.9 15183.6 -6295.3 14443.1 1324.2 11.9 
TC1 5462.1 9150.8 -6305.5 20437.4 2043.1 15.8 
TC2 5402.6 9882.9 -6306.9 19702.9 2043.3 13.0 
TC3 6139.1 9947.9 -6304.7 19697.7 1303.9 12.6 
TC4 6207.2 9206.0 -6304.9 20442.7 1296.1 13.9 
TD1 5976.5 3171.3 -6315.9 26438.9 2014.0 17.1 
TD2 5922.2 3917.0 -6314.5 25691.3 2007.8 17.0 
TD3 6658.9 3973.3 -6312.5 25694.7 1268.9 16.6 
TD4 6721.0 3226.9 -6312.4 26443.7 1267.4 18.1 
TE1 4863.8 -1448.8 -6322.2 30953.9 3496.6 24.6 
TE2 4798.6 -701.9 -6320.0 30204.2 3501.2 25.3 
TE3 5553.0 -642.6 -6321.2 30206.1 2744.5 21.6 
TE4 5605.5 -1386.7 -6320.6 30952.0 2752.3 23.7 

Table 23 Coordinates of Reference Features used to define a Track. 

  
 
 

 
 
 
NPL Report ENG 22



 

 42    

5 Comparison between NPL and OS data 
 
The reference points setup by NPL were also surveyed by the Ordinance Survey using a total 
station. An attempt to compare the two independent data sets has been made using the Best-Fit 
transformation facility in SpatialAnalyzer.  
 

 
Figure 37 Results of comparison between NPL and one group of the OS data using Best-Fit Transform in SA. 
 
When all the Reference Point data from NPL’s survey and the OS survey were compared, the 
data sets did not match. By trial and error, it was found that the best fit between the NPL and OS 
data was obtained if the OS data was split into groups, then the groups could be individually 
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fitted to the NPL data. Figure 37 shows the quality of the fit for one group of OS data, namely 
points P8, P9, P12-P21, P23, P24, P26 and P28. 
 
A similar quality of fit was obtained with the second group, points P1-P4, P6, P29, P31-P32, 
P34, P40-P45 and P22-new. 
 

 
Figure 38 Comparison between NPL data and the second group of OS data. NomX, NomY and NomZ are the 
NPL results, dX, dY, dZ are the differences between the NPL and OS coordinates and dMag is the distance 

between the NPL and OS points. 
 
Points P7 and P22 did not appear to fit into either group. 
 
The two sub-sets of the OS data appear to be separated in the vertical (z) direction by 
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approximately 1570 mm to1580 mm. At the time of writing, no explanation for this observation 
has been found. 
 
5.1 Repeat measurements 
To attempt to resolve the issue of the misfit between the NPL and OS data, we returned to Bristol 
in October 2009 to re-measure a selection of points. For these measurements a different 
instrument was used – an API T3 laser tracker. 
 
The points chosen for re-measurement were chosen from the two distinct groups identified above, 
and were spread throughout the upper and lower floors of the attrium. Measurements were made 
from four tracker positions and the data bundled using USMN as previously. All measurements 
were included in the bundle. The results of the bundle are shown in Figure 39. 
 

 
Figure 39, USMN output for the repeated measurements. 

 
The composite points generated from the bundled new measurements were then fitted to the 
corresponding composite points from the original measurements. The results of the best fit are 
shown in Figure 40. 
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Figure 40, Best fit of the re-measured points to the corresponding points from the original data. 

 
The results show that the new measurements are within 1 mm of the original measurements. This 
appears to confirm the validity of the original data. 
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6 Conclusions 
 
The objective of this work was to provide the ViewNet project with measurements of so-called 
reference features (door frames, windows etc), within the Merchant Venture Building at the 
University of Bristol. These reference features are required to provide scale and for calibration of 
the VSLAM system.  
 
To achieve this, a permanent network or fixed reference points (magnetic drift nests) has been 
established within and around the building. This network has been used to facilitate a laser 
tracker survey of features in the building within a consistent coordinate frame. The coordinates of 
these reference features have been established with an uncertainty of around 2 mm.  
 
The reference points were also surveyed in the GPS coordinate frame by specialist from the 
Ordinance Survey. An attempt has been made to transform the laser tracker measurements onto 
the GPS coordinate frame, so that the VSLAM system can be located into the global coordinate 
frame. However, an inconsistency in the OS data has prevented the satisfactory fitting of the two 
data sets. 
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