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1. Summary

We have developed and documented an affordable and accessible new system for generating 
decimeter resolution, textured topographic maps along active faults using a digital camera 
mounted on the underside of an autonomous helicopter or other unmanned platform. Spot 
elevations of target pixels are determined using Structure-From-Motion (SFM), whereby 
movement between sequential photographs captured by the unmanned aerial vehicle (UAV) 
creates enough parallax to infer 3D structure. Merged photographs can be overlain on this 
topography  to produce a complete, 3-D representation of the landscape at resolutions of around 5 
cm. During the development and testing of the system, we have generated digital elevation 
models (DEMs) at  several sites along the southern San Andreas Fault as well as one key site on 
the 1992 Landers earthquake rupture. The San Andreas  locations are along sections of the fault 
in which the slip  distributions of the most recent ground-rupturing earthquakes are little 
understood, even with the availability of the B4 airborne LiDAR dataset. A continuing aspect of 
the project is to use our DEMs to identify new geomorphic offsets.

In addition, these choices of test location have enabled us to compare our photogrammetric 
landscape models with existing high-resolution DEMs derived from airborne laser swath 
mapping (ALSM) or terrestrial laser scanning (TLS). The spacing of ground returns is much 
finer than is typical for ALSM, allowing us to image offsets generated in previous ground-
rupturing earthquakes that are too small or too subtle to be detected with LiDAR. However, 
observed footprints are much narrower than airborne LiDAR swaths, so the system is suited to 
the rapid collection of imagery for known targets rather than to reconnaissance missions of 
unmapped areas. In addition, photogrammetry cannot “see through” vegetation in the way that 
LiDAR can; shrubs and bushes appear as “lumps” in the resulting DEMs and we are currently 
exploring methods for removing these automatically. Point spacing is similar to that achieved by 
TLS, but  our data are generated in a small fraction of the time and there are no “holes” in the 
data such as can occur in TLS line-of-sight shadow zones. 

Given its simplicity, affordability, and its favorable comparison against LiDAR, we envisage that 
UAV-borne SFM photogrammetry will quickly become the standard method for detailed 
topographic imaging of faulted landscapes across southern California, and in arid and semi-arid 
regions worldwide.



2.1 Background and project aims

The recent explosion in meter-resolution digital topography  generated with Light Detection And 
Ranging (LiDAR) has transformed our means of investigating landscapes associated with active 
faulting. In particular, LiDAR provides observations on the scale at which coseismic fault slip 
occurs, enabling geomorphic offsets generated in previous earthquakes to be mapped. However, 
airborne laser swath mapping (ALSM) is expensive and can be difficult to coordinate, while 
terrestrial laser scanning (TLS) covers limited areas and is time consuming. Furthermore, 
airborne LiDAR data are often too coarse in resolution to image the smallest or subtlest of 
geomorphic offsets. The aim of this study was to investigate whether recent advances in 
Structure-From-Motion photogrammetry, coupled with improved availability of cheap, off-the-
shelf Unmanned Aerial Vehicles (UAVs), could be merged to produce a cheaper, quicker and 
more accessible system for generating high-resolution topography.

2.2 Methodology

The principal of our mapping system is straightforward (Fig. 1). A UAV is flown along a target 
fault a few tens of meters above ground level. A digital camera mounted on the underside of the 
UAV captures a photograph of the ground every few seconds - frequently enough to ensure 
continuous photograph overlaps along the fault. Movement between adjacent images creates 
enough parallax to infer 3-D structure (”Structure From Motion”). A dense 3-D point cloud is 
generated, each point representing a few patch of ground common to and identified within 
multiple photographs, from which a DEM is constructed. Merged photographs can easily be 
overlaid on top of this DEM for a complete 3-D representation of the landscape.

Figure 1. Cartoon outlining the set-up of our system. Structure-from-motion algorithms can 
determine spot heights in the overlapping areas between adjacent photographs.



Our original choice for the UAV platform was a remote-controlled helicopter (costing around 
$15,000) carrying a Nikon D5100 camera with a 11-15 mm lens (a further $1,000) and an 
onboard GPS unit ($50) which tags each photograph with its GPS coordinates. The Nikon 
camera is set to capture photographs at a constant, user-defined interval. This must be short 
enough to ensure overlap between successive photographs, and we often set it to 5 seconds. The 
helicopter also carries an open-source autopilot that allows it to follow a pre-set flight path once 
in the air. This platform is the most robust in high wind, can take off and land anywhere. 
However, a trained pilot is still required to take off and orient the helicopter prior to starting the 
flight-path, and to land it once the target area has been surveyed. Despite careful maintenance, 
our helicopter also suffered from engine problems which forced us to abandon some flights early 
and in some instances led to crash landings. We therefore investigated alternative platforms as 
back-up  options for when our hired pilot was unavailable and/or in case of technical glitches 
with the helicopter.

The first of these was a motorized kite (costing around $200) that  is easy to self- launch and to 
pilot. Although not as robust as the helicopter, it can cope in moderately windy  conditions and 
can cover more ground within a given period of time. However, it  is only able to carry  small 
cameras and is susceptible to damage during landing. Our kite carried a Canon SX230, costing 
about $250, without onboard GPS.

The second alternative platform was a tethered helium balloon which can simply be dragged 
along the target fault. Like the helicopter, this carried the Nikon camera, 11-15 mm lens and GPS 
attachment. Although its ground speed is much slower than the two UAV options, it can be 
deployed at a greater height (up to about 250 m) providing a much wider field of view. As a 
result, target areas can potentially  be surveyed much more quickly, though at somewhat lower 
resolution (there being a trade-off between platform height and ground resolution). However, it  is 
difficult to control even in light breezes and impossible in windy conditions.

We used Agisoft’s Photoscan package ($500) to generate point clouds, DEMs and texture maps. 
Initial geo-referencing uses photographs’ GPS positions or incorporates ground control points 
identified in Google Earth or existing LiDAR imagery. We have also developed a way  of co-
registering the SFM point clouds with existing LiDAR data using the Iterative Closest Point 
algorithm. We often found a clear shift of up to a few meters between our DEM and the LiDAR 
DEM, presumably caused by inaccuracies in the onboard GPS used in our surveying.

2.3 Target sites

During the course of testing the system, we collected data at the following sites: 

(a) Galway Lake Road scarp, Landers earthquake rupture. Although this was one of our 
original target areas, it  permits a direct  comparison against TLS data collected by one of us 



(JRA) in 2009 (Figure 2). In a few hours of mapping, we collected SFM data along a 1 km-long, 
100 m-wide strip, which we gridded into a 6 cm-resolution DEM. The TLS DEM  is slightly 
higher resolution but is significantly  shorter, contains numerous holes and took five people and 
two scanners a whole day to collect.

Figure 2. A comparison between a SFM DEM we generated using balloon photographs with 
one derived from TLS, at the Galway Lake Road fault scarp on the Landers rupture.

(b) Littlerock, San Andreas Fault.  This section of the San Andreas is characterized by  steep, 
gullied topography  and is densely vegetated compared to our other test sites. Interest in this site 
comes from the potential to identify  the northern termination of the 1812 rupture, and it  also 
gives us the opportunity to test  methods for stripping vegetation from our structure-from-motion 
point clouds.

(c) Thousand Palms, San Andreas Fault.  We have mapped 1 km sections of both the northern, 
Mill Creek strand of the SAF and the southern, Banning strand. Figure 3 shows a comparison 
between part of our 5 cm-resolution orthophotograph and DEM  with 1 m-resolution “B4” 
airborne LiDAR topography generated for the same area.
 
(d) Thermal Canyon, San Andreas Fault. This section of the fault contains a clear scarp which 
is imaged well by  B4 LiDAR. However, numerous lateral offsets along this scarp, which have 
been observed in the field, are too subtle to be identified in the meter-resolution LiDAR. These 
features will soon be lost to farm and quarry development, and so the 1 km section of fault we 
surveyed will provide an important asset for future study.



 

Figure 3. (Left) Merged ortho-photograph from part of one of our study sites near Thousand 
Palms, captured by a balloon flying at 60 m above ground level. The field of view is 
approximately 150 m.  (Center) Artificially shaded 5 cm-resolution DEM derived from 
Structure from Motion. A small SW-facing fault scarp in an alluvial fan deposit can be seen 
just above the center of the image. (Right) 1 m-resolution “B4” airborne LiDAR DEM of the 
same area.

(e) Indian Stone Ring site and Durmid Hill, San Andreas Fault. These were short (<500 m) 
datasets collected during the earliest stage of testing when we were still fine-tuning the methods. 
Although both datasets are suffer from gaps in coverage, we expect that they will still provide 
some geomorphic offset measurements. 

3. Presentation and publication of results

A description of the methodology together with some examples of the data collected were 
presented at the AGU Fall meeting (Nissen, E., Saripalli, S. and Arrowsmith, J. R., 2012: 
Decimeter-resolution fault zone topography mapped with Structure-From-Motion). This 
presentation garnered considerable interest and since AGU I have been helping research groups 
from China and the UK to set up their own SFM mapping systems, thus ensuring benefits from 
the project beyond California.

We are currently working on a paper documenting the methodology, show-casing some of these 
results, and comparing these against data generated with LiDAR. It will also include descriptions 
of the fine geomorphic offsets that are imaged by  our SFM datasets and a discussion of the 
implications for the slip distributions of earthquakes on the southern San Andreas Fault. The 
paper is being led by Kendra Johnson, a graduate student at Colorado School of Mines, and we 
expect to submit this for publication in mid 2013.



4. Intellectual Merit

The research brings a new technology to the earthquake geologist's toolkit. By revealing subtle 
offsets generated in previous ground-rupturing earthquakes that could not be imaged even with 
existing LiDAR data, the project answers SCEC's call for improved slip-per-event data and 
longer paleoseismic histories (in line with the SoSAFE focus group) and will greatly  increase the 
number of last-event slip inputs into the Uniform Californian Earthquake Rupture Forecast 
(UCERF 3). The system could form a key  component of an improved post-earthquake rapid 
response plan, widely discussed as a high priority at recent SCEC meetings.

5. Broader Impacts

The project has involved several Masters students at ASU and is being written up by a graduate 
student at CSM. The high-resolution, 3-D representations of faulted landscapes generated by  our 
system are also an excellent classroom resource. Once the datasets have been tidied up and 
properly documented, we will make them freely available for download from OpenTopography.


