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ABSTRACT

Introduction: A low-cost backpack mobile mapping system (MMS) is being developed

in the department of Geomatics Engineering at the University of Calgary. The goal of the
system is to overcome the drawbacks of current mobile mapping systems — namely their
high cost, large size, and complexity — that have restricted their widespread adoption in
the survey industry. The development of such a system satisfies the demand for a mobile
mapping system that can compete in both cost and user friendliness with current GPS and
conventional terrestrial survey systems, while realising the significant gains in efficiency
available through the use an MMS.

Methodology: The system integrates a digital magnetic compass, dual-frequency GPS
receiver and consumer digital camera into a multi-sensor mapping system. The GPS pro-
vides estimates of the camera’s position at the exposure stations and the magnetic compass
provides estimates of the camera’s attitude. These exterior orientation estimates are then
used as weighted parameter observations in a bundle adjustment.

Results: The absolute and relative object space accuracies of the system are examined at
different camera-to-object point distances using different numbers of images and differ-
ent numbers of image point measurements. With three images at a 20m object-to-camera
distance, absolute accuracies of under 25 cm are achieved. This is comparable to current
single-frequency GPS data acquisition systems. The internal agreement of points sur-
veyed using the system is under 10 cm. The effect of including additional observations is
also examined.

1 INTRODUCTION

There is an increasing demand in both government and private industry for geo-spatial
data. Small and medium survey companies using traditional methods of data collection
are filling much of this demand. However, these traditional techniques — including GPS
— are costly and time consuming, and are not well suited for rapid collection of the large
amounts of spatial data that GIS require. For the same reasons, the traditional techniques
are not well suited for performing frequent updating. In an effort to overcome the draw-
backs of traditional spatial data collection techniques, there has been much research into
the creation of mobile mapping systems (MMS). MMS combine navigation sensors — such

*This paper is a updated version of - Ellum, C.M. and N. El.Sheimy. 2001. “A Mobile Mapping
System for the Survey Community”. Proceedingdbé 3rd International Symposium on Mobile Mapping
Technology (MMS 2001 airo, Egypt. January 3-5, 2001. On CD-ROM.
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as GPS and INS — with mapping sensors — such as CCD Cameras or Pushbroom Scanners
— and are successful in overcoming many of the disadvantages of traditional surveying
techniques. Detailed examinations of MMS can be found in Li (1997) or EI-Sheimy and
Ellum (2001) and examples of their implementation can be found in Bossler and Novak
(1993), EI-Sheimy (1996), Toth and Grejner-Brzezinska (1998) or Mostafa and Schwarz
(1999). All of these publications agree that the advantages of MMS are both varied and
numerous; however, the key benefits are:

e The time and cost of field surveys are reduced

e Both spatial and attribute information can be determined from the remotely sensed
data

e Data can be archived and revisited permitting additional data collection without
additional field campaigns

Despite these advantages, current mobile mapping systems have not gained widespread
acceptance in the survey community. The reluctance to adopt MMS technology stems
primarily from two sources — cost and complexity. Until now, MMS have predomi-
nantly been implemented on vans or aeroplanes. These systems typically integrate dual-
frequency GPS receivers and navigation grade Inertial Measurement Units (IMUs) with

a variety of mapping sensors. Because of these components, these systems are very ac-
curate; however, they are also very expensive and very complex. Only large companies
and government organisations have both the expertise and resources which are required
to operate the systems, and consequently, the smaller survey and mapping firms continue
to use traditional survey techniques for projects requiring GIS data collection.

The goal of the development of a backpack mobile mapping system is to overcome the
drawbacks of current mobile mapping systems that are limiting their acceptance in the
survey community. The backpack MMS will compete in accuracy with current methods
of GIS data collection, but it will also offer the advantages in efficiency and flexibility
that only an MMS can provide. Applications of a backpack mobile mapping system are
numerous. They include pipeline right-of-way mapping, urban GIS data acquisition, high-
way inventory, facility mapping, architectural reconstruction and small-scale topographic

mapping.

This paper provides a brief background on the navigation and mapping sensors selected
for the MMS. It then examines the accuracy of the navigation sensors, and concludes with
the results of tests using conducted with the system.

2 NAVIGATION AND MAPPING SENSORS

As detailed above, all mobile mapping systems are a combination of different navigation
and mapping sensors. For the backpack MMS, the sensors used are a digital compass, a
GPS receiver, and a consumer digital camera.

2.1 Digital Compass
To determine orientation, the Backpack MMS uses a Leica Digital Magnetic Compass

(DMC). The DMC combines three micro-electromechanical (MEMs) based accelerome-
ters and three magnetic field sensors. The accelerometers sense the direction of earth’s



gravity vector; from this, the roll and pitch angles can be easily calculated. Similarly,
the azimuth is determined from the components of earth’s magnetic field sensed by the
magnetic field sensors. Because the earth’s magnetic field is the reference, the azimuth
angles from the DMC are referenced to magnetic north. Therefore, they must be cor-
rected for magnetic declination if they are to refer to true north. Fortunately, there are
freely available global models of earth’s magnetic field that are considered accurate to
better than 1 (GSC, 2000). More accurate regional and local models are also available.
The specifications of the DMC are shown in Tatileand the DMC itself is shown in
Figurel.

Angle Accuracies

Azimuth 0.5° (20)

Pitch 0.15° (20 +/- 30°)
Roll 0.15° (20 +/- 30°)
Measurement Rate

Standard 30 Hz (up to 150Hz in raw data mode)
Optional 60 Hz

Physical Parameters

Weight Less than 28 grams
Dimensions| 31 mm.0x 33.0 mmx 13.5 mm
Other

RS232 Serial Interface. Max. Baud. 38,4000
Internal soft-hardmagnetic compensation procedures
Source: Leica, 1999

Figure 1: Leica Digital Magnetic Compass (DMC) Table 1: Leica DMC-SX Specifications

The accuracy of the azimuth angles reported by digital compasses depends heavily on the
degree to which the local magnetic field is being disturbed. Disturbances in the magnetic
field can be divided into two categories: softmagnetic, which are caused by nearby mag-
netic materials, and hardmagnetic, which result from nearby electric fields and magnets.
If the sources of these disturbances are fixed relative to the magnetic sensors — such as
the camera and GPS antenna on the backpack MMS — then their effect can be removed
through calibration. The DMC implements several internal calibration routines that per-
form both softmagnetic and hardmagnetic calibrations. For a review of hardmagnetic
disturbances, softmagnetic disturbances, and a general introduction to digital compasses,
see Caruso (2000). As a final note, disturbances that are not fixed can obviously not be
compensated for, and must therefore be avoided.

2.2 GPS

GPS has been the primary motivator for the development of mobile mapping systems of
any type (Li, 1997). Thus, its inclusion in the backpack MMS is obvious. Indeed, no
other positioning technology offers anywhere near the same accuracy and flexibility at
the same cost and small size. The GPS receiver currently being used in the backpack
MMS is a Novatel dual-frequency RT2Waypoint Consulting'sGrafnav™ Kinematic

GPS processing softwargbeing used to process the GPS measurements.

2.3 Consumer Digital Camera

The digital camera currently being used in the backpack MMS is the Kodak DC260.
Consumer digital cameras are ideal for inclusion in portable mobile mapping systems
because of their large colour image format, low cost, and large internal memory. The
internal memory of the camera is particularly valuable because it negates the requirement
to transfer the images to a logging computer. The Kodak DC260 is particularly well
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suited for close range photogrammetry because of its ability to fix its focus at infinity —
thus avoiding the changes in interior orientation that result because of changes in focus.

3 SYSTEM CONFIGURATION

The development of the backpack MMS is still underway; however, Figsteows the
anticipated arrangement of the various sensors. In this arrangement, the DMC makes con-
tinuous measurements of roll, pitch, and yaw. Admittedly, for this application continuous
measurements of the attitude angles are not required, but making continuous measure-
ments simplifies the system because it removes the requirement to communicate with the
DMC while surveying. In other words, once the DMC is started, the logging software
no longer has to interact with it. The measurements from the DMC are sent to the GPS
receiver which time-tags them and forwards them to the logging computer. The GPS
receiver is also responsible for marking the times of exposure. An exposure-mark is gen-
erated every time a signal from the camera’s external flash is received by the receiver. Itis
important to note the camera itself is responsible for storing the images and that the GPS
receiver only marks the times of image captures. This arrangement greatly reduces the
volume of data that must be sent to the GPS receiver and, in turn, the logging computer.

Digital Camera
= Takes digital g
images and
stores them
internally

GPS Antenna

Logging Computer

= Records continuous
measurements of position
and attitude angles

= Records times of exposures

Flash signal at
time of exposure >

_ GPS Receiver
. ‘ Roll, pitch and = Measures positions
Digital Compass / azimuth angles = Time-tags attitude angles

Inclinometer = Marks times of exposures
= Measures attitude angles

Figure 2: Backpack MMS System Configuration

The GPS is the “core” of the arrangement shown above. This arrangement differs from
standard MMS where the logging computer is responsible for handling the data streams
from the various sensors. However, using the GPS receiver as the data handler has two
significant advantages. First, it simplifies time-tagging of the various data streams. Sec-
ond, it reduces the communication requirements for the logging computer — i.e, only one
communications port is required.



4 MATHEMATICAL BACKGROUND

The basis of the collinearity equations used in a photogrammetric bundle adjustment is a
seven-parameter conformal transformation that relates image measurements ofg point

with its object space co-ordinate¥’ (Cooper and Robson, 1996),
ry =1y + pRMrs, (1)

In Equation (), r* is the position of the camera perspective center in the mapping frame
andy is the scale between the camera frame and the mapping flaf¥ds the rotation

matrix between the camera co-ordinate frame and the mapping co-ordinate frame. In
photogrammetry, the angles ¢, andx corresponding to a series of rotations about the x,

y, and z-axes respectively are typically used to construct this matrix. The angles are those
required to rotate the camera axes to align with the object space axes.

In the backpack MMS, both the position of the camera perspective centre and the rotation
matrix between the camera frame and the mapping frame are measured - albeit indirectly.
In reality, the GPS provides the position of the antenna phase ag¥jterwhich must

then be corrected for the lever arm between the camera and arigppa using

r} =rips + RiwacGPS/c' (2)

The DMC provides the roll, pitch, and yaw angles that relate the mapping co-ordinate
frame to DMC co-ordinate frame. These angles are used to form the rotation matrix
R, ,- in a sequence of rotations about the y, x, and z axes for the roll, pitch, and yaw
angles respectively. An additional series of rotations is also required to relate the DMC co-
ordinate frame with the camera co-ordinate frame. These rotations, which are determined
through calibration, are used to form the rotation maiiX*“. Together, these two
matrices determine the rotation matrix between the camera frame and the mapping frame,

Ry =Ry R (3

Using Equation 3), it is possible to determine an analytical relation between the roll,
pitch, & yaw angles, and the, ¢, & x angles. However, for simplicity this was not done.
Instead, Equation3j was used to form th&*! matrix, andw, ¢, » were then extracted
from the matrix.

Once the estimates of camera position and orientation are determined, then they can be
included in a bundle adjustment as weighted parameter estimates (Mikhail, 1976). Ob-
viously, if there is no control in the images, then apriori precision estimates of the pa-
rameters are required to prevent rank deficiencies in the normal matrix. The physical
interpretation of the parameter estimates is that the GPS positions are “tying-down” the
scale, translation, and — depending on their number — one or more of the rotations of
the datum. Similarly, the DMC angles fix the rotations of the datum. The mathematical
interpretation of the parameter estimates is that they act as stochastic constraints on the
definition of the datum (Cooper and Robson, 1996). With parameter estimates for both
the positions (from GPS) and the attitude angles (from the DMC), the backpack MMS can
operate with as few as two images. Indeed, with two images - both with GPS positions
and DMC angles - there is actually redundant information for all of the datum parameters
except scale. Operationally, however, it is advantageous to use at least three images, as
there will then be redundant information for all datum parameters. Providing that points
are imaged in all three images, there will also be redundant information for the object
space points as well.



5 RESULTS

The primary goal of the backpack MMS testing was to determine the achievable mapping
accuracies of the integrated system. However, prior to this test being performed it was
first necessary to investigate the real-world performance of the navigation sensors. Both
tests necessitated a suitable target field that simulated a “typical” urban environment in
which the backpack MMS would be expected to operate. Therefore, a target field was
established that had nearby vertical structures, pavement, and foliage — in short, some-
what of a “worse-case” environment for GPS. It also had nearby metal buildings and light
standards that could influence the azimuth reported by the DMC. The target field was
initially surveyed and adjusted using GPS baselines, EDM distances, and horizontal &
vertical angles. To further increase the accuracy of the surveyed points, and to most ac-
curately determine the exterior orientations of the test images, the measurements from all
the images used in the tests were also included in a combined photogrammetric/terrestrial
adjustment. Additionally, the interior orientation and lens distortion parameters of the
camera were calibrated simultaneously, although results from a previous calibration were
included as weighted parameters. The combined network had a redundancy of over 1500,
and the reported standard deviations for the object space co-ordinates of both the target
points and exposure station positions were under a millimetre. The attitudes of the ex-
posure stations had standard deviations that were largely less than one arc-minute. The
positions and orientations calculated in the combined photogrammetric/terrestrial adjust-
ment were treated as the “true” quantities in all the comparisons in the following sections.
The residual error that remains was neglected, as its relative magnitude was below the
centimetre level that the results were compared at. The initial terrestrial network adjust-
ment, the combined adjustment, and the individual photogrammetric adjustments done for
the tests were all performed using the bundle adjustment package described in&ection

The images for the tests were taken at object to camera distances of approximately 20m
and 40m — hereafter referred to as the “near” and “far” images respectively. Initially, two
images were captured at each of six image stations - 3 near and 3 far. In the description
of the tests, images 1 through 6 are the near images and images 7 through 12 are the far
images. In all cases, the azimuths from the DMC have first been corrected for magnetic
declination using the Geological Survey of Canada’s Magnetic Information Retrieval Pro-
gram (MIRP) (GSC, 2000).

5.1 Navigation Sensor Performance

Table2 shows the agreement between the measured GPS positions and the camera posi-
tions determined from the combined photogrammetric/terrestrial adjustment. The results
show that the test environment was indeed sub-optimal, as the results are significantly
worse than expected — especially considering that the master to remote separation never
exceeded 150m and the number of satellites never fell below 6. It is believed that multi-
path off the nearby buildings is the cause of the poor accuracies. Carrier phase results for
images 4 through 6 are significantly worse than the others because of a loss of satellite
lock after the second image; thus, these differences were not included in the statistics.
This loss of lock illustrates that — for urban environments, at least — Real-Time Kine-
matic (RTK) GPS may be more of a necessity than a luxury. This is because despite
the extreme care taken during these tests to avoid losing lock, loss of lock still occurred.
Such an occurrence would likely befall any user in a similar environment, and only with
RTK could the approximate accuracies be reliably maintained. It is also worth noting that

in the environment that the test was performed a code differential solution is clearly far



too inadequate for even the crudest mapping applications. This does not, however, com-
pletely preclude its use in the backpack MMS, as additional testing in other environments
Is required.

Table 2: GPS - Bundle/Network Adjustment Position Differences

L1/L2 Carrier Phase Kinematic C/A Code Differential
Exposure | Co-ordinate Differences (m) Distance Co-ordinate Differences (m) Distance
Number | Easting Northing Elevation Differences | Easting Northing Elevation Differences
1 -0.025 0.065 0.024 0.074 m 0.919 -0.685 -0.624 1.305m
2 -0.022 0.079 0.005 0.082m 0.884 -2.528 -4.429 5.176 m
3* -0.600 -0.895 -2.699 2.906 m -1.288 -1.421 -3.284 3.803m
4* -0.185 0.451 -1.871 1.934 m -0.972 -2.134 -6.286 6.709 m
5* -0.723 -0.621 -1.870 2.099m -1.185 -0.537 -2.003 2.388 m
6* -0.695 -1.052 -1.617 2.050 m -0.497 -0.761 -1.131 1.450 m
7 -0.075 -0.090 0.045 0.126 m -4.245 -1.476 -8.128 9.288m
8 -0.071 -0.031 0.061 0.099 m -0.406 -0.261 2.478 2.524m
9 -0.111 -0.002 0.049 0.121m 0.075 -2.291 -2.033 3.064 m
10 -0.071 -0.084 0.019 0.112m 0.693 -0.057 -2.636 2.727m
11 -0.106 0.010 0.054 0.119m 1.125 -0.268 -0.800 1.407 m
12 -0.073 0.073 0.041 0.111m 1.889 1.038 -2.049 2.974m
Average | -0.069 0.002 0.037 0.105m 0.117 -0.816 -2.278 3.558m
RMSE 0.075 0.060 0.041 0.107m 1.504 1.348 3.605 4,194m

* - Satellite lock lost, not included in carrier phase averages

The differences between the attitude angles measured by the DMC and the true attitude
angles are shown in Figu@and Table3. For this test, the DMC attitude angles were
collected at approximately 10 Hz. At this sampling frequency, the measurements are
moderately noisy — particularly the azimuth, which can vary over several degrees. There-
fore, to remove some of this noise one-second averages of the DMC data were used. This
improved the agreement of the roll and pitch angles by approximately 8 arc-minutes, and
of the azimuth angles by over half a degree. It is felt that this is a reasonable time period,
as the backpack MMS must be held steady for at least this period in order to capture the
image. The results in Tab&are the differences after the mean has been removed from the
differences between the DMC angles and the true angles. This was done because time did
not permit a full calibration of the integrated system, and the average angular differences
were used as an estimate of the misalignment between the camera axes and the DMC
axes. Of course, simply removing the mean will result in an overly-optimistic estimate
of the angular errors — particularly for the azimuth as it will also compensate for both
deficiencies in the magnetic declination model and local variations of the magnetic field
(although the mean of the azimuth differences was the smallest of the three angles prior
to removal). Finally, it should be noted that the DMC was not calibrated for either hard
or softmagnetic disturbances, and the azimuth angle results in Jalald certainly be
improved by either such calibration.

The agreement between the measured angles and the true angles i8 iBagdmerally

good. However, there is a notable and surprising decline in accuracy for the azimuths of
the final four exposure stations. A possible explanation was the proximity of a nearby
electric light standard and metal building, but it was felt that these objects could not
disturb the magnetic field to the extent visible in TaBlelhus, the results were checked

by capturing additional images at approximately the same positions as the final six images
from the first data set (i.e., the far images). For this second set of images the internal
data integration time of the DMC was changed so that measurements were collected at 1
Hz. Unfortunately, GPS was not available for these images, and because the DMC was
remounted, new angular difference averages were calculated and again used in lieu of a
rigorous calibration.



1 Exposure Angle Differences ()
Number Roll Pitch  Azimuth
19 1 -0.006  0.580 1.591
o 2 -0.067 0.490 1.185
3 -0.290 0.704 -0.201
g 6 4 -0.326 0.534 0.166
§ 5 0.040 0.202 0.054
g1 6 -0.211 0.224  0.690
) ) 7 -0.083 -0.648 -1.109
< 8 0.202 -0.433 -2.376
0 9 0.181 -0.394 10.574
10 0.138 -0.240 9.125
2 ¥ Rall 11 0.280 -0.564 9.279
_ T Azimutn 12 0.142 -0.455 9.693

1 2 3 4 5 6 7 8 9 10 11 12
Exposure Number l

RMSE [ 0.191  0.482 5.675 |

Figure 3: DMC/Combined Adjustment Angle Table 3: DMC/Combined Adjustment Angle
Differences Differences

The azimuth differences for the new photos — shown in Figuaad Table4 — are sig-
nificantly smaller than the differences for the previous photographs taken at the exposure
stations. The cause of the azimuth errors in the first set of images is unknown; however,
one possibility may be that the power cable for the camera was allowed to come too close
to the DMC.

4

Exposure Angle Differences ()
Number Roll Pitch  Azimuth
e ? 7 0.533 -0.510 -0.346
E 8 0.555 0.637 -0.973
£0 9 0.383 -0.328 -0.277
% 10 0.035 0.026 -0.333
<, 11 -1.474  0.122 1.105
12 -0.031 0.053 0.824

4 Azimuth l
-4

RMSE [ 0.697 0.363 0.725 |

1 2 3 4 5 6
Exposure Number

Figure 4: DMC/Combined Adjustment Angle Table 4: DMC/Combined Adjustment Angle
Differences - Second Set of Far Images Differences - Second Set of Far Images

5.2 Mapping Accuracy

As outlined in sectior, the object space co-ordinates from the backpack MMS are de-
termined using a bundle adjustment with the image point measurements and positions
and orientations of the exposure stations measured by the GPS and DMC. Unfortunately,
the loss of satellite lock discussed in sectmd meant that it was not possible to use

the carrier phase GPS positions for the final four exposures of the near exposure stations.
Therefore, the positions from the combined photogrammetric/terrestrial adjustment were
used instead. To simulate the effect of positioning errors, the co-ordinate errors from the
equivalent far stations were added to the exposure station positions. Also, the erroneous
DMC angles for the initial far images meant that no adjustment would converge for these
images. Thus, the second set of far images — with the correct DMC angles — were used.
Because GPS was not used for these images, position errors were simulated by adding the
co-ordinate errors from the first set of far stations to the ‘true’ exposure stations.

The object space accuracies when the near images were used are shownsn Fabthe

first two tests in the table the six close images were divided into two sets of three images
— set ‘A’ was composed of images 1, 3, and 5, while set ‘B’ was composed of images 2,
4, and 6. Not surprisingly, the most obvious trend in Tabis an increase in absolute



object space accuracy as the number of image points included in the bundle adjustment
increases. However, even with as few as five points, accuracies are comparable with
typical L1 carrier phase GPS accuracies. This accuracy was something of a benchmark,
as such single frequency receivers are widely used for GIS data collection. Of course,
the backpack MMS is able to achieve this accuracy with a much greater data collection
efficiency.

Table 5: Results (Approximate Camera to Object Point Distance = 20 m)

Number of Statistics of Co-ordinate Differences
Image Horizontal Vertical

Points Mean (m) Std. Dev. (m) RMSE (m)Mean (m) Std. Dev. (m) RMSE (m)
Three 1 0.42 - 0.42 -0.07 - 0.07
Images 2 0.14 0.07 0.15 -0.04 0.02 0.04
(“A” 5 0.10 0.03 0.10 -0.06 0.02 0.06
images) 10 0.10 0.02 0.10 -0.06 0.03 0.07
Three 1 0.04 - 0.04 -0.15 - 0.15
Images 2 0.12 0.10 0.14 -0.14 0.07 0.15
“B” 5 0.04 0.03 0.05 -0.15 0.03 0.15
images) 10 0.06 0.03 0.07 -0.16 0.04 0.16
1 0.21 - 0.21 -0.11 - 0.11
Six 2 0.08 0.03 0.08 -0.09 0.05 0.10
Images 5 0.05 0.01 0.05 -0.11 0.03 0.11
10 0.05 0.01 0.05 -0.11 0.03 0.11

Unfortunately, the encouraging results for the near images are somewhat offset by dis-
appointing results for the far images. These results, shown in Blihelicate absolute
object space accuracies at the metre level. This degradation in performance for the far
images has two sources:

e Poor image geometry The exposure stations for this test were nearly collinear. In
this arrangement, the GPS positions do not significantly help define the orientation of
the photogrammetric network. The entire network is essentially free to swing about
the axis formed by the exposure stations with only the roll and pitch angles from the
DMC constraining the rotation. The poor imaging geometry also explains why the
elevation accuracy does not improve as more points are added to the adjustment —
unlike the horizontal accuracy.

e Poor image point measurementsThe images from the camera are stored in JPEG
format. Because of the lossy compression used in JPEG images there is a loss of
image fidelity. This problem is obviously compounded as the camera-to-object dis-
tance increases, and for some points — particularly those in shadows — it is believed
that the measurement error could have been as high as 2 pixels (these points were
weighted correspondingly less in the adjustment).

The potential existence of poor image measurements highlights an additional problem —
that of blunder detection. Obviously, in photogrammetric networks as redundancy de-
creases this becomes progressively more difficult. For some users of the backpack MMS,
low redundancy will be the norm and not the exception. In these cases the graphical im-
age measurement software can help in both the prevention and detection of errors. For
example, the display of epipolar lines will help prevent blunders during image point men-
suration, while the back-projection of the adjusted object-space points will help in the
detection of any poor measurements.



Number of Statistics of Co-ordinate Differences
Image Horizontal Vertical
Points Mean (m) Std. Dev. (m) RMSE (m)Mean (m) Std. Dev. (m) RMSE (m)
1 2.57 - 2.57 0.34 - 0.34
2 1.89 0.24 1.90 0.76 0.44 0.82
Three 5 0.68 0.14 0.69 0.77 0.12 0.78
Images 10 0.33 0.11 0.35 0.78 0.08 0.78
20 0.29 0.09 0.30 0.79 0.06 0.79
30 0.30 0.08 0.31 0.80 0.06 0.80
1 2.85 - 2.85 0.08 - 0.08
2 2.13 0.37 2.15 0.58 0.49 0.68
Six 5 0.68 0.12 0.69 0.58 0.12 0.59
Images 10 0.37 0.09 0.38 0.58 0.09 0.59
20 0.32 0.07 0.32 0.59 0.07 0.59
30 0.31 0.06 0.31 0.59 0.06 0.59

Table 6: Results (Approximate Camera to Object Point Distance = 40 m)

For both the near and the far images, it can be observed that the mean of the differences
is nearly as large as the RMS error. This indicates that the relative accuracy of the object
points is much better than their absolute accuracy. This is confirmed by the standard
deviations of the co-ordinate errors, which indicate that the internal agreement of the
object space co-ordinates is at approximately 5 cm for the near images and 10 cm for
the far images. It is acknowledge that absolute accuracies are of primary importance for
most mapping and GIS applications. However, relative accuracies still have importance in
cadastral and engineering surveys - examples include small-scale facilities mapping and
surveys for earthwork volume computations.

5.3 Effect of Additional Observations and Constraints

The objective of the backpack MMS is to produce co-ordinates without any external mea-
surements — i.e., with no control points. However, this does not preclude the use of addi-
tional information that may available in the images such as objects of known dimension
or a known geometry between points. The former information — in the form of distance
constraints — should improve the scale of the photogrammetric networks measured from
the backpack MMS’s images. Similarly, the latter information — in the form of vertical
line constraints or zero-height constraints — should help with the orientation of the net-
works. Unfortunately, the effects of including such information are not always positive.
Indeed, for the tests in Tablthe additional information was equally as likely to degrade
the solution as it was to improve it. This surprising result — which was confirmed in other
tests — requires further investigation.

Statistics of Co-ordinate Differences

Type of Horizontal Vertical

Information Added | Mean (m) Std. Dev. (m) RMSE (m)Mean (m) Std. Dev. (m) RMSE (m)
None 0.33 0.12 0.33 0.78 0.08 0.78
Horizontal Distance 0.42 0.12 0.44 0.75 0.06 0.76
Vertical Distance 0.29 0.11 0.31 0.76 0.06 0.76
Height Constraints 0.30 0.08 0.31 0.44 0.05 0.44
One Control Point 0.12 0.07 0.14 0.28 0.04 0.29

Table 7: Effect of Including Control or Network Observations (3 images, 10 image points, far images)

Table7 also demonstrates the obvious improvement in both absolute and relative accuracy
that results from including a control point in the adjustment. One potential mode of
operation of the backpack MMS is to have it mounted on a survey stick. In this case,



using the GPS the MMS itself could be used to establish control points in a region. These
points, in turn, could then be used in the adjustment to improve absolute accuracy. In
other words, a user would occupy points with the survey stick mounted MMS, and then
include those GPS points in the adjustment — providing, of course, that the points appear
in the images.

6 SOFTWARE FOR CLOSE-RANGE PHOTOGRAMMETRY

For the backpack MMS to achieve its goal of bringing mobile mapping into a wider mar-
ket, user-friendly software is essential. Consequently, such software is being developed
concurrently with the development of the backpack MMS. When completed, the software
package will be capable of processing the navigation data, manipulating the images, cal-
culating the 3-D mapping co-ordinates of features visible in the images, and exporting all
information to a database. Conceptually, the software is the same as similar “integrated”
close-range photogrammetric packages such as that described in and Fraser and Edmund-
son (2000). The goal of the software is also the same as that of Fraser and Edmundson -
to bring rigorous photogrammetric tools to less specialised users. To that end, develop-
ment of the software has proceeded along two lines. The first is algorithmic development
to implement photogrammetric principles - i.e., a self-calibrating bundle adjustment. For
increased flexibility, the bundle adjustment has also been designed to incorporate terres-
trial network observations - either separately, or in combination with photogrammetric
observations. The second line of development is the implementation of a stable and user-
friendly graphical interface. Screen shots of the latter are shown in Figure

(a) Multiple Epipolar Lines (b) Advanced GUI

Figure 5: Close-Range Photogrammetric Software

7 CONCLUSIONS AND FUTURE WORK

Results presented in this paper have shown that a backpack MMS constructed from off-
the-shelf hardware can have absolute object space accuracies comparable to current GIS
data acquisition techniques. Furthermore, the internal agreement or relative accuracies
of the object space points is even better. Using three images at a 20m object-to-camera
distance, absolute accuracies of under 25 cm are achieved, and the internal agreement of
points surveyed using the system is under 10 cm. With a more rigorous calibration of the
both the DMC and of the integrated system, even better results are likely.
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