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Abstract: Cultural heritage is under a constant threat of damage or even destrantl comprehensive and
accurate recording is necessary to attenuate the risk of losing heritasgeve as basis for reconstruction. Cost
effective and easy to use methods are required to record cultural Beggatjcularly during a world recession, and
close-range photogrammetry has proven potential in this aredhea$helf digital cameras can be used to rapidly
acquire data at low cost, allowing non-experts to become involveeki@xorientation of the camera during exposure
ideally needs to be established for every image, traditionally requiringnkooordinated target points. Establishing
these points is time consuming and costly and using targets can berafgsirable on sensitive sites. MEMS-based
sensors can assist in overcoming this problem by providing simalland low-cost means to directly determine
exterior orientation for close-range photogrammetry. This pdpscribes development of an image-based recording
system, comprising an off-the-shelf digital SLR camera, a MEM8aP orientation sensor and a GPS antenna. All
system components were assembled in a compact and rigid frame that aldwation of rotational and positional
offsets between the components. The project involves collaboration betwgéshBderitage and Loughborough
University and the intention is to assess the system’s achievable accuracy and practicability in a heritage recording
environment. Tests were conducted at Loughborough University and a case study at St. Catherine’s Oratory on the Isle

of Wight, UK. These demonstrate that the data recorded by the system ead imeet the accuracy requirements for
heritage recording at medium accuracy (1-4cm), with either a singieearno control points. As the recording system
has been configured with a focus on low-cost and &mege components, it is believed to be suitable for heritage
recording by non-specialists. This offers the opportunity fopkgple to become more involved in their local heritage,
an important aspiration identified by English Heritage. Recently, mobdegs (smartphones) with integrated camera
and MEMS-based orientation and positioning sensors have becoitebkvaVhen orientation and position during
camera exposure is extracted, these phones establish off-the-shelf systeras tfailitate image-based recording
with direct exterior orientation determination. Due to their small size anetdstvthey have potential to further
enhance the involvement of lay-people in heritage recording. The acauraently achievable will be presented also.

1. INTRODUCTION

Cultural heritage plays a vital role in education about the past, in creattogal or individual identity, and even in
providing economical support for local communities [1,2,3]. Despite theselywatknowledged benefits, cultural
heritage is at a constant risk by neglect and decay, deliberate destruction ag® dhm to social and economic
progress, disasters, and armed conflict [3,4,5]. From this risk casased need to record spatially can be recognised.
Comprehensive and accurate documentation can attenuate the risk of logageterd in the worst case serve as a
basis for reconstruction [5]. The suitability of properly calibrated aoestgrade cameras for many heritage recording
tasks has been demonstrated in [6,7,8]. Recognising the desirabikiyora within a three-dimensional (3D) national
reference system, establishing known coordinated target points for exteiémtation estimation remains time
consuming and costly and requires surveying expertise. Direct eximi@mtation estimation for close-range
applications could overcome this problem by avoiding expensive target quuirdys and enabling non-experts to
record cultural heritage within an appropriate national reference systéimat vay the cost is reduced even further by
the possibility to employ volunteers [9]. Direct exterior orientation estimaticziose-range photogrammetry can be
achieved using orientation sensors based on Micro Electro Mechanical Si¢eMs) technology that have emerged
on the market in recent years. Although their accuracy is lowerttizrof their large-size counterparts, results of
utilising them for mobile mapping projects and photogrammetry lomimising [10,11]. Direct positioning can be
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achieved using Global Positioning System (GPS) devices. Although pogitiawtim current low-cost, handheld GPS
devices does not meet the requirements for some applications of closeptantggrammetry, there is potential for
improvements in the future [12]. One example is the annoustenf GENEQ Inc. to release a small-size, high
accuracy GPS receiver (SXBlue 1ll) that is available for much lower cost thaart@nal survey-grade GPS receivers
[13]. This paper presents the development and testing of a low-costingesystem for cultural heritage recording that
utilises a low-cost orientation sensor and GPS for direct exterior orientation det&mifurthermore, the potential of
utilising smartphones with integrated camera, orientation and position séardomg-cost cultural heritage recording is
investigated. First the recording system and its components are premmhtibe data collection and analysis process is
explained. This is followed by a description of a recording system pmafare test at Loughborough University and of
a case study on the Isle of Wight, UK. The results of these testsresented in Section 4. In Section 5 the
methodology of the smartphone test is described and the restiis t&#st are presented. After discussing the results of
the recording system and smartphone tests, this paper finishesrinlasion.

2. METHODOLOGY

2.1 Recording System

The recording system presented here comprises a calibrated consumedigitatleamera (Nikon D80) for image
acquisition, a small-size 3D orientation sensor (PNI TCM5) for orientatiessurement, a survey-grade differential
GPS (DGPS) (Leica System 500) for 3D positioning, and a laptop for ogetfagimrientation sensor (Figuzéa).

Figure 20: Full recording system (a) and mounting frame (b).

Camera, orientation sensor, and DGPS antenna were attached to a pumpittseigunting frame that constrains the
components in their orientation and position (FiglBk). This enables a reliable calibration of the rotational and
positional offsets between components. When the recording systemsserabled in early 2010, no low-cost, small-
size DGPS receivers were available on the market to provide centimetre acegransd in this project. Therefore, it
was decided to use a survey-grade DGPS receiver, enabling positioningewitimetre accuracy. Although this is
certainly not a low-cost component, it facilitates the testing of the principldiseat exterior orientation determination
for close-range photogrammetry. The TCM5 orientation sensompabtea of measuring heading, pitch and roll using
magnetometers and accelerometers. The expected acofitheymeasured angles is 0.3° in heading and 0.2° in pitch

and roll [14].

2.2 Offset calibration

In order to achieve accurate exterior orientation parameters of the cameraatiomaboffset between camera and
orientation sensor and the positional offset between camera and DGPS antenrta beedalibrated. Exterior
orientation parameters for a set of images acquired using the recsiditegn were derived indirectly in a Leica
Photogrammetric Suite (LPS) bundle adjustment. These parameters were ugtddeddrand compared to orientation
sensor and DGPS measurements acquired at the time of exposure. porpgbse aoutine was coded in MathWorks’
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Matrix Laboratory (MatLab) that used truth and measured data to estirfegeazlibration values and their precision.

Calibration values are defined by the arithmetic mean of the offsetdataltdor each image and precision is indicated
by the standard deviation. The calibration values were applied to the directly @deagantation and position values

in order to derive direct exterior orientation parameters for each imhgeMatLab routine also included an algorithm
to convert the true omega, phi, and kappa values into equivalent heattthgamd roll values, in order to enable

comparison between indirectly derived (omega, phi, kappa) and direetdgumed (heading, pitch, roll) orientation

angles. Another algorithm was needed to convert the corrected headingapictoll values into omega, phi, and

kappa that were suitable for utilisation in a bundle adjustment. A detailed descaptioe offset calibration process

will be presented in a future publication.

2.3 Data collection and analysis

For testing the performance of the recording system, data was e@dciain a varying number of camera stations
adjacent to a test object which included coordinated points. A camera stat®rnshdefined as the position and
orientation of the mounting frame at the time of image acquisition. Ebraauired image, orientation and position at
the time of exposure was measured by the orientation sensor and the €&8R&ry respectively. Imagery, orientation
and position data of all camera stations acquired on a particular date establish a dzatibsation values were
derived from the collected data and applied to the measurements of the saset.ddéxause the camera had been
detached from the mounting frame between collection of differing data edtglependently derived offset calibration
values that were considered suitable to correct orientation and position meagarerre available. Assuming that the
best suitable calibration values are derived from the same data set, the feaaltsracy assessment indicate the
theoretically highest accuracy achievable. The corrected orientation sensor andniZa®8ements were used to
provide initial exterior orientation parameters, constrained by the estimated calilpra&togsion, in a bundle adjustment
software known as GAP [15]. For each data set the GAP bundlg¢radjuswas run twice. For the first run no control
points were used, relying on the exterior orientation parameters deroradofientation sensor and DGPS only. The
coordinated points of the test object were used as check points andoireimates were estimated in the bundle
adjustment. In the second run one coordinated point was used as gqaifitolwith corresponding image point
coordinates in only one image. In this bundle adjustment coordinatéae fiamaining check points were estimated. For
both runs the estimated coordinates were compared to the known coordinhgepaihts, so allowing the calculation
of the Root Mean Square Error (RMSE) for easting, northing, arghth& quantify absolute accuracy. Relative
accuracy was assessed also. 3D distances between all possible painsliohtamb points were calculated from the
check point coordinates estimated in the bundle adjustment. These distareesmeared to corresponding distances
calculated from the original check point coordinates. The RMSE of the distdferertdies indicates the 3D relative
accuracy.

3. TESTING

3.1Initial test

The recording system was initially tested at Loughborough Universityefal piece of art located on Loughborough
University campus was chosen as test object (

Figure21a). The test object is\ertical structure with a small diameter on the ground and is accessiblalfrsides. It
was considered representative for the type of heritage object that wésuaidat the case study site (Section 3.2). On
the southern side of the test object 17 points with known Ordriaunceey National Grid (OSGB36) coordinates were
established. In the lower part that could be reached without auxiliary megmexjagately up to 2m) survey targets
were used to mark the points. In the upper part of the test objecdlnadints defined by distinctive features, such as
corners and intersections of steelwork, were selected. Imagery, adergatl position data was collected at 11 camera
stations arranged in an arc around the southern side of the testvatijezn approximate cameta-object distance of
6m. At this distance some images were acquired with the mounting fiteedeup to 33, in order to cover the entire
height of the test object (approximately 6m). The data collected was procasdeahalysed using the methods
described in Section 2.3 and the results can be found in Section 4.

3.2Case study

The aim of the case study was to test the performance of thelirecsysem at a real heritage site. St. Catherine’s
Oratory (

Figure 21b) on the Isle of Wight, UK, was chosen as case study test site. St. Catherine’s Oratory is an approximately
11m high, octagonal tower built in 1328. It is located in the southeofsle of Wight on one of the highest parts of the
Island [16]. On the eastern side of the tower 22 points with known G@6G&ordinates were established. Analogous to
the test object at Loughborough University, targeted points were usleel lower part and natural points weiged in
the upper part of the tower. Two data sets were collected during the casél'briflyst data set (DS1) consists of data
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collected from 12 camera stations arranged in an arc around the eastefitisgdwer with an approximate camera-
to-object distance of 10m. The second data set (DS2) consists of Hatéedofrom 12 camera stations arranged in an
arc around the eastern side of the tower with an approximate ctovagect distance of 6m. Due to the camera-
object distancand the height of the tower, the mounting frame was tilted up to 21° in DS1 and 28° in DS2 in order to
cover the entire height of the tower. Each data set was processed and asgpgsatbly using the methods described
in Section 2.3. The results of the analysis can be found in Section 4.

Figure 21 Test object at Loughborough University (a) and case study site St. Catherine’s Oratory, Isle of
Wight, UK (b).

4. RESULTS

4.1 Absolute accuracy

Absolute accuracy quantifies the recording systems capability to prdaidefor measurements that are accurate in
relation to a national coordinate reference system. It is indicated by tf&ERM the differences between object
coordinates of check points estimated in a GAP bundle adjustmenteandriginal coordinates. Figui2? depicts the
absolute accuracy achieved in the initial recording system test and in éh&twdys using zero or just one single control
point (CP).
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Figure 22: Absolute accuracy achieved in recording system test.

The best accuracy is achieved in the initial test with values not excee@mg7There is no significant difference

between using zero or a single control point. The RMSE achieved inafe study using no control points is

significantly higher than the RMSE of the initial test, with values uplt@mm in DS1 and 43.7mm in DS2. The

accuracy in DS1 and DS2 is enhanced by using a single control poimé iGAP bundle adjustment. However, the
RMSE in DS2 (26.0mm) is significantly higher than the RMSE in BAmm). The accuracy variations between the
three data sets indicate that their direct exterior orientation parameters ubedGAP bundle adjustment are of

different accuracy.

4.2 Relative accuracy

The relative or inner accuracy quantifies the recording system capabilgyovide data for measurements that are
accurate in relation to each other. This was assessed by comparing 3D slisteineeen check point coordinates
estimated in a GAP bundle adjustment with equivalent distances derivedhieooniginal coordinates. The RMSE of

the distance differences indicates the relative accuracy. FAgudepicts the relative accuracy achieved in the initial
recording system test and in the case study using zero or a singgtal point.

ocp ‘ 1CP ‘ ocp ‘ 1CP ‘ ocp ‘ 1CP

Initial test ‘ DS1 ‘ DS2 ‘

20
18
16
14
12
10

RMSE (mm)

O N B O

Figure 23: Relative accuracy achieved in recording system tests.

The best relative accuracy is achieved for the initial test, with 2.5 mm when rgrol gmints were used. Similar to
the absolute accuracy, the relative accuracy achieved in the case study is amtbe ttelative accuracy achieved in
the initial test. The relative accuracy achieved is also significantly different betheease study data sets, DS1 and
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DS2. When zero control points are used, the RMSE increased from O8&in{pto DS2 (17.7mm) by 8mm. Similar to

the results of the absolute accuracy assessment, this indicates accuereynaiff between the exterior orientation
parameters derived from the three data sets. The utilisation of one singl@ ponit seems to have no significant

effect on the achievable relative accuracy.

5. Smartphone Test

Smartphones with integrated camera and MEMS-based orientation and pagifiensors have potential to facilitate
image-based recording with direct exterior orientation determination. Wihemtation and position during exposure
can be extracted these phones establish off-the-shelf systems that airecipplepsimilar to the recording system
presented in this paper. The usability of smartphones for itm&ge-heritage recording was tested using the “htc
desire” smartphone. This smartphone integrates a 5 mega pixel camera, a GPS antenna, a digital compass and
accelerometers [17]. In March 2011 the camera of the smartphoneaili@sted and the smartphone used to acquire
imagery at a test field established on an outside wall at Loughborougterklhivusing 22 coordinated points.
Orientatbn and position at the time of exposure were extracted using a smartphone application (“Imageotag”) that
prints the data derived from GPS, compass, and accelerometers on a topwiginal image. Imagery, orientation
and position data was processed and analysed using the methodsdescSiection 2.3. This resulted in indicators for
absolute (Figur@4a) and relative (Figurg4b) accuracy achievable when zero or one single control point is used. T
results of the smartphone test are presented using the unit meters (m) ihtteadnd millimetres (mm) used for the
recording system test results.
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Figure 24: Absolute (a) and relative (b) accuracy achieved using a smartphone.

Figure24a demonstrates that the smartphone can achieve an absolute accurhbynofiithout using control points in
the bundle adjustment. When a single control point is used in the bunaénaeiit a significant increase in accuracy is
only achieved for Easting where the RMSE drops from 1.04n68n0.Using a single control points also improves the
relative accuracy (Figurgdb). The RMSE of the relative accuracy changes from 0.85m achieved wivemtnol point
was used to 0.66m when a single control point was used in thebG#dhe adjustment.

6. DISCUSSION

6.1 Performance of the original recording system

The results of the absolute accuracy assessment demonstrated thatacydeeal of 44mm can be achieved without
control points when suitable exterior orientation parameters are available. With gegiatiliof a single control point
the absolute accuracy level can be improved to 26mm. As expected, thee ratatuiracy is better than the absolute
accuracy, achieving 18mm without using any control points. The amcusssessment also revealed significant
differences in absolute and relative accuracy between the three data setsoulth be caused by variations in the
accuracy of the direct exterior orientation parameters used in the GAlfe bagjustment. Because the calibration
values and exterior orientation parameters were derived from the same datee ssgntltard deviations of the
calibration values are also indicators of the accuracy of the directly measilwed from where the exterior orientation
parameters were derived. Investigating this issue, it was revealed thatritterdtdeviations of the positional offset
calibration values varied significantly between the three data sets (Table 1).
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Easting (mm) Northing (mm) Height (mm)

Initial test 7.86 9.21 9.35
DS1 13.40 14.65 15.64
DS2 24.62 37.57 16.74

Table 1: Standard deviations of positional offset calibration values.

The standard deviations increase from the initial test data set to DS1 and alsbSfioto DS2, demonstrating the
decrease in accuracy of the directly measured positions from tla fest to DS2. Because the case study standard
deviations exceed the expected accuracy of DGPS, which is 10mm in pl&@0randin height [18], the decrease in
positioning accuracy is either caused by instability of the recordingreysmponents fixture to the mounting frame or
by a decrease in DGPS accuracy. A decrease in DGPS accuracy during data collection at St. Catherine’s Oratory could

have been caused by tilting the mounting frame for some imagésh also tilts the DGPS antenna. However, in the
initial test, data was collected under similar conditions. Further investigations wilhdaated in order to identify the
reason for the decrease in positioning accuracy. The resulte dbisolute and relative accuracy assessment were
achieved by correcting direct orientation and position measurementsafisieg calibration values derived from the
same data set. Therefore, the calibration values are not independently dedvéluke aresults indicate only the
theoretical accuracy achievable when well suited calibration values are availablearetgsis of the data sets
presented here, further test data sets were collected that enabled accuracy assssgnimtependently derived
calibration values. Preliminary results suggest that the level of acachigyved in the tests presented here can also be
achieved with independently derived calibration values, when stable offseatialiis maintained. These results will
be presented in a future publication.

6.2 Performance of a system based upon a smartphone

As expected, the accuracy achieved using the “htc desire” smartphone is substantially worse than the accuracy achieved
using the developed recording system. The smartphone achieved db&blate and 0.68m relative accuracy without
using control points. This significant difference to the results achiew#dthe recording system is caused by the
smartphone sensor accuracy. The accuracy of the smartphone oriesutatipasition sensors is expected to be lower
than the accuracy of the recording system DGPS and orientation .sHosorformation could be found about the
compass and accelerometer accuracy, but the standard deviations daringdoffset calibration can be used as
indicators for orientation accuracy. Here standard deviations for heading, pitch, and roll between 2° and 3° were
achieved. The accuracy of the integrated GPS can be expected to be no better tiaoretical positioning accuracy
of code-based GPS, which is 6-10m [18]. This is higher thanispéadement that would result from a rotational error
of 3° in the exterior orientation rotation parameters at a camera-to-object distance of 10m. Therefore, at close-range, the
positioning accuracy of the smartphone is probably the limiting faotahe currently achievable absolute accuracy.
However, the absolute accuracy achieved in this smartphone test is bettéretiexpected GPS positioning accuracy.
This can be explained by the offset calibration partly compensating $iteopal error. Similar to the processing and
analysis of the recording system data, calibration values and exteridatioieparameters were derived from the same
data set. In order to test how well independently derived calibration valneogpensate positioning errors, further
data collection and analysis will be carried out.

7. CONCLUSION

The results presented in this paper demonstrate that an absolute accuracyno€a be achieved with an image-
based recording system combined with direct exterior orientation determindgfizen a single control point is
available for data processing the accuracy can be improved to 26mmeddrding system also achieves relative
accuracy levels of 20mm and below. Preliminary results derived finottmer tests have indicated that this accuracy
level can also be achieved when independently derived offset calibration vaduasedr The recording system is
therefore believed to be suitable for many cultural heritage recording tasks. tésurvey-grade DGPS receiver is
replaced by a low-cost device for positioning with centimetre accutaeygetording system will be a proper low-cost
system that is suitable for heritage recording by non-specialistaeshks of the smartphone test (1.2m absolute and
0.8m relative accuracy) demonstrate that even with well suited calibratiors vheieurrently achievable accuracy of
the GPS positioning does not meet requirements for most cultural heritaggingdasks. However, the usability of
smartphones for image-based recording was demonstrated and witturie fotentially more accurate integrated
orientation and position sensors, smartphones could be used fordbWwecitage recording by non-specialists.

Geoinformatics CTU FCE 2011

191



8. ACKNOWLEDGEMENT

The authors wish to acknowledge the investment in a TCM5 orientatisorsey English Heritage, which made this
project possible. Thanks are due to the National Trust for granting gssmito conduct the case study at St.
Catherinés Oratory. In addition the authors wish to thank the Remote Sensing and Photogrammetry Society (RSPSoc)

for partly funding the first authors attendance at the CIPA 201fei@nce in Prague.

9. REFERENCES

[1] Uzzell, D.L.: Introduction: The Natural and Built Environment. In: Heritagerpretation, Vol. 1, The Natural and
Built Environment, London, Pinter, 1-14, 1989.

[2] Herbert, D.T.: Preface. In: Heritage, Tourism and Society, London, Pinter, xi-xii, 1995.

[3] Power of Place Office, English Heritage: Power of Place: The Future of ttegitliEnvironment, London, Power
of Place Office, 50 pages, 2000.

[4] UNESCO: Convention concerning the protection of the world cultural andadderritage
http://whc.unesco.org/archive/convention-en.pdf, 20895.

[5] Palumbo, G., Ogleby, C.L.: Heritage at risk and CIPAtoday: artem the status of heritage documentation
International Archives of the Photogrammetry, Remote Sensing and Spatiaddtifor Sciences 2004, 35(2004)B5,
239842.

[6] Bosch, R.et al.: Non-metric camera calibration and documentation aiitadtouildings. Proceedings of CIPA
2005, Torino, September 2005, 142-147.

[7] Chandler, J.H., Fryer, J.G.: Recording Aboriginal rock art using ctiigitpl cameras and digital photogrammetry
Proceedings of CIPA 2005, Torino, September 2005,10883-

[8] Wackrow, R et al. Geometric consistency and stability of consumer-gratid degmeras for accurate spatial
measurement. The Photogrammetric Record 2007, 22(2007)111-8 3412

[9] Bryan, P., Chandler, J.H.: Cost-effective rock-art recording witlioraspecialist environment, International
Archives of the Photogrammetry, Remote Sensing and Spatiaiiation Sciences 2008, 37(2008)B5, 25%.

[10] Niu, X. et al.: Directly georeferencing terrestrial imagery using MEMS-based INS@Nrated systems
Proceedings of XXIIl FIG Congress 2006, Munich, October 200@abt@s

[11] Guarnieri, A. et al.: Low cost system: GPS/MEMS for Positioning. Proceedirg)& Working Week 2008,
Stockholm, June 2008, 10 pages.

[12] Schwieger, V., Gléser, A.: Possibilities of low cost GP S technology for precise geodetic applicatictedings
of FIG Working Week 2005, Cairo, April 2005, 16 pages.

[13] GENEQ Inc.: SXBlue Ill. Rugged, Bluetooth high accuracy L1/L2 RA&pping receiver
http://www.sxbluegps.com/SXB& 1l -versionl.1.pdf, 20104-12.

[14] PNI Corporation: TCM 5. Tilt compensated 3-axis compass module, htipv/fmicorp.com/files/
TCM5%20Datasheet_054-2009.pdf, 20095-30.

[15] Chandler, J. H., Clark, J.:She archival photogrammetric technique. Further applications and developiment,
Photogrammetric Record 1992, 14(1992)80, 241-247.

[16] English HeritageSt. Catherine’s Oratory | English Heritage, http://www.english-heritage.org.uk/
daysout/properties/st-catherines-oratory/, 20%1-1.

[17] HTC Corporation: HTC - Products - HTC Desir&pecification, http://www.htc.com/www/product
desire/specification.html, 20105-12.

[18] Konecny,G.: Geoinformation. Remote sensing, photogrammetry and geographioarnion systems. London,
Taylor & Francis, 248 pages, 2003.

Geoinformatics CTU FCE 2011 192



