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Ecuador’s Tallest  
Waterfall Vanishes



MANUAL OF REMOTE SENSING
Fourth Edition

edited by: Stanley A. Morain,
Michael S. Renslow and Amelia M. Budge

ASPRS Announces the 4th Edition of the Manual of Remote Sensing!
The Manual of Remote Sensing, 4th Ed. (MRS-4) is an “enhanced” electronic publication available 
online from ASPRS.  This edition expands its scope from previous editions, focusing on new and up-
dated material since the turn of the 21st Century.  Stanley Morain (Editor-in-Chief), and co-editors 
Michael Renslow and Amelia Budge have compiled material provided by numerous contributors who 
are experts in various aspects of remote sensing technologies, data preservation practices, data ac-
cess mechanisms, data processing and modeling techniques, societal benefits, and legal aspects such 
as space policies and space law.  These topics are organized into nine chapters. MRS4 is unique from 
previous editions in that it is a “living” document that can be updated easily in years to come as new 
technologies and practices evolve.  It also is designed to include animated illustrations and videos to 
further enhance the reader’s experience.

MRS-4 is available to ASPRS Members as a member benefit or can be purchased
by non-members. To access MRS-4, visit https://my.asprs.org/mrs4. 

NOW AVAILABLE!
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The goal of the Manual of Remote Sensing-4 was to create a more effective, affordable, and durable Man-
ual, and to broaden its scope to include economic and societal benefits. Effective in the sense that MRS-
4’s content could be found online as an enhanced e-book; affordable in the sense that content could be 
retrieved by everyone on an annual subscription basis; and durable in the sense that it could be easily up-
dated as a “living” manual through fresh, contributor-driven and vetted material as technologies advance. 

It does not reprise the extensive mathematical basis for remote sensing given in MRS-2, but instead focuses on system 
designs; data processing, storage, and retrieval; and on societal applications. A key feature of this concept is to facil-
itate timely updates of cutting edge or new developments from a wide spectrum of sophisticated contributors facile 
collectively with the technological, mathematical, and utilitarian aspects of Earth and space sciences. 
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INDUSTRYNEWS To have your press release published in 
PE&RS, contact Rae Kelley, rkelley@asprs.org.

ANNOUNCEMENTS

David Dagostino, CEO and co-founder of land surveying com-
pany Dagostino Geospatial, Inc. DBA Dagostino & Wood, Inc., 
announced today that his company has undergone a name change 
and brand identity update.

Dagostino’s original land surveying and mapping company was 
established in 1998 as Dagostino & Wood Inc.

Under its flagship identity, the company’s founders, David 
Dagostino and Mark Wood, both of whom hold Bachelor of 
Science in Surveying and Mapping degrees from the University 
of Florida, flourished as leading providers of land surveying 
and geospatial data services throughout southwest Florida for 
twenty-two years.

According to Dagostino, “I met Mark in 1989 when he was 
doing his summer co-op and was put on my survey crew. He 
convinced me to join him at UF to get my degree. About nine 
years later, our paths crossed again and one day, while out 
collecting data in a cow field, we began brainstorming about our 
futures and made the decision to go into business together. We 
have never looked back.”

The decision to own and operate a surveying and mapping 
company in southwest Florida was a wise choice for the two 
young college graduates. Dagostino and Wood’s partnership 
thrived during the upswing of business which occurred shortly 
after their original company’s inception and sustained growth 
despite the nationwide economic downturn of the early 2000s. 
Today, the need for accurate data in land surveying and 
mapping endures and, not surprisingly, recent advancements 
in technology are literally changing the landscape of the land 
surveying field.

“Our company rebrand is a significant step into the future of 
land surveying at large, as well as the expansion of our services 
into more markets,” said Amy Bright Gilhuly, Marketing Director 
at Dagostino Geospatial. “David Dagostino’s reputation for excel-
lence in surveying and mapping throughout southwest Florida 
deserves a celebration, as does the introduction of Dagostino 
Geospatial, Inc. into other regions of Florida.”

For more information, call 239-352-6085 or visit DagGeo.com.

ACCOMPLISHMENTS

URISA is pleased to announce that Rachel Rodriguez (Marquez) 
has been named URISA’s Young Professional of the Year in 
recognition of her outstanding contributions as part of URISA’s 
Vanguard Cabinet.

Rachel noted, “URISA’s Vanguard Cabinet is the most dynamic 
committee of URISA! As the Past-Chair, I am honored to win this 
Award on behalf of our team. Over the last year we have made 
substantial changes by implementing a “Learn-Do-Teach Model” 
and adding a third year to the term of Cabinet members. “From 
Dorm Room to Boardroom” is our focus. We continue to expand the 
learning opportunities for our fellow young professionals, which 
have ranged from managing remote teams and relationships to 
conference call etiquette. Our success is further highlighted by 
the high number of VC members who are also leading their local 
URISA chapters. In 2020, I start my third term on the Vanguard 
Cabinet, and I am looking forward to guiding the second and first 
years into even greater accomplishments. The entire team, past 
and present, deserves the recognition for their tireless work, 
dedication, and their ability to shift perspectives when finding 
new roadblocks to success. “

Rachel is the Countywide Address Management System 
(CAMS) Program Coordinator for the County of Los Angeles’ 
Enterprise GIS (eGIS) Group. She has 10+ years of experience 
in varying industries and applications of geographic information 
systems (GIS). In addition to the Vanguard Cabinet, Rachel is 
the Co-Chair for URISA’s Next Generation 9-1-1 Task Force, 
and represents her local chapter, as SoCAL URISA President, in 
aligning with URISA International’s OneURISA model.

For more information about URISA’s Vanguard Cabinet, visit 
https://www.urisa.org/vanguardcabinet.

EVENTS

Advanced Webinar: Forest Mapping and Monitoring with 
SAR Data
Dates: May 12, May 14, May 19, and May 21. 
Times: English Session: 11:00-13:00 ET, Spanish Session: 14:00-
16:00 ET
This advanced webinar series will introduce participants to 1.) 
SAR time series analysis of forest change using Google Earth 
Engine (GEE), 2.) land cover classification with radar and optical 
data with GEE, 3.) mapping mangroves with SAR, and 4.) forest 
stand height estimation with SAR. Each training will include 
a theoretical portion describing the use of SAR for landcover 
mapping as related to the focus of the session followed by a 
demonstration that will show participants how to access, down-
load, and analyze SAR data for forest mapping and monitoring. 
These demonstrations will use freely-available, open-source data 
and software.
https://arset.gsfc.nasa.gov/land/webinars/forest-mapping-sar.

For Sale
Two (2) DAT/EM Systems International Summit 
Evolution Professional USB dongles.

Will sell one or both to interested party.  Proof  of  
authentication available upon request.

Asking price is $9900.00 each.  

Please contact seller 
Atlantis Aerial Survey Inc. 
jmw715@yahoo.com

mailto:rkelley@asprs.org
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2020 ASPRS 
Awards  
Progam

ASPRS gave out over twenty awards, 
scholarships, and citations for a variety 
of accomplishments. See this year’s 
winners, and learn how to apply for 
future scholarships.
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289 Geomorphic Change Detection Using Cost-Effective 
Structure-from-Motion Photogrammetry: Evaluation of Direct 
Georeferencing from Consumer-Grade UAS at Orewa Beach 
(New Zealand)
Stephane Bertin, Benjamin Levy, Trevor Gee, and Patrice Delmas

Unmanned aerial systems (UAS) and structure-from-motion photogrammetry are 
transforming the way we produce topographic data, with applications covering many 
disciplines in the geosciences, including coastal studies. To overcome limitations of 
ground control points (GCPs), we evaluate direct georeferencing (DG) of consumer UAS 
imagery for the cost-effective measurement of beach topography. A low-quality global 
navigation satellite system onboard a consumer UAS remains the main constraint 
on measurement quality. We show how independent topographic data sets, which 
are increasingly available world-wide, can improve measurement quality, and hence 
change detection capacity.

299 An Improved Method of Refining Relative Orientation 
in Global Structure from Motion with a Focus on Repetitive 
Structure  and Very Short Baselines
X. Wang and C. Heipke

Recently, global structure from motion has successfully gained many followers, mainly 
because of its computational speed. Most of these global methods take the parameters 
of relative orientation (ROs) as input and then perform averaging operations. Therefore, 
eliminating incorrect ROs is of great significance for improving the robustness of global 
structure from motion. In this article, we propose a method to eliminate wrong ROs 
which have resulted from repetitive structure and very short baselines. We present two 
corresponding criteria that indicate the quality of ROs. By analyzing these two criteria, 
we detect and eliminate incorrect ROs. 

317 Improving Component Substitution  Pan-Sharpening 
Through Refinement of the Injection Detail
Xiaohua Li, Hao Chen, Jiliu Zhou, and Yuan Wang

This article presents a novel strategy for improving the well-established component 
substitution-based multispectral image fusion methods. The main cause of spectral 
distortion is analyzed and discussed based on the component substitution method’s 
general model.
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Surrounded by lush vegetation and rare butterflies, the San Rafael Waterfall 
was one of the most captivating landscapes in Ecuador. With water dropping 
150 meters (490 feet), the river and falls cut through a thick patch of cloud 
forest at the intersection of the Andes Mountains and the Amazon Basin. As 
the country’s tallest waterfall, it attracted tens of thousands of visitors per year.

But now, the cascade has disappeared. It stopped flowing on February 2, 2020. 
The images above show the falls and the surrounding river basin while water still 
flowed on August 4, 2014 (left) and after it stopped on March 15, 2020 (right). 
These images were acquired by the Operational Land Imager (OLI) on Landsat 8. 
The image below shows a photograph of the falls on November 28, 2012.

According to media reports, a huge sinkhole appeared in the Coca River a few 
meters before the falls and diverted the watercourse. Now, the water falls in 
three separate sections and at a less steep slope, which cannot be seen from 
viewing stations located around the original waterfall. Researchers believe the 
three streams could cause erosion at the channel’s origin and create a river 
upstream, which might change the topography of the valley.

The cause of the sinkhole is under investigation. Some geologists think the 
deformation occurred naturally, while other researchers suspect it may be tied 
to the new construction of the country’s largest hydroelectric plant. No matter 
the cause, Ecuador’s tourism ministry does not plan to reconstruct the riverbed 
or restore San Rafael. The waterfall is now part of history.

NASA Earth Observatory image by Lauren Dauphin, using Landsat data from 
the U.S. Geological Survey. Photograph courtesy of Ecuador Ministry of Tourism 
via CC BY-SA 2.0. Story by Kasha Patel.

For more information, visit https://landsat.visibleearth.nasa.gov/view.
php?id=146502.
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Background 

The island of Alderney, a British crown possession 
with its own government located 8 miles off the coast 
of France in the Channel Islands, was once home to 
a German SS concentration camp. Caroline Sturdy 
Colls, a professor of Conflict Archaeology and Genocide 
Investigation at Staffordshire University in the UK, 
travelled with her team to the island to investigate the 
camp as it was the only camp on British soil.  

The investigation and the surprising results were the 
subject of a documentary ‘Adolf Island’ produced by the 
Smithsonian Channel. The documentary showcased 
Routescene’s 3D mapping capability and demonstrated 
how lidar technology is currently being used in fields 
such as archaeology and forensics to create a bare earth 
model that identifies structures without disturbing 
protected land.

According to the documentary, the Nazis took over the 
island because they had plans to invade Britain. They 
used 4,000 slave laborers on Alderney to build a defence 
system that included gun batteries, bunkers, tunnels and 
massive fortifications. 

Most of the structures were destroyed by the Germans 
after they surrendered and the number of people who 
were killed on the island remains a mystery. There 
are 336 Russian prisoners buried in a cemetery, but 
survivors claim that many more were killed. 

However, the Alderney government prevented Professor 
Sturdy Colls’ team from doing any excavation so she 
sought the assistance of UAV lidar technology which uses 
pulsed laser light to measure ranges to the ground under 
the vegetation canopy.

reconstruct WWII concentratIon 
camp under Heavy canopy WItH 
uav LIdar

Gert Riemersma, CTO,  Routescene

Professor Sturdy Colls contacted Routescene’s customer 
and frequent collaborator, Flythru, to conduct a UAV 
lidar survey of the sites at Alderney. Lager Sylt, the 
concentration camp built and run by the SS, and Longis 
Common, a graveyard, were chosen based on records 
from a German War Graves Commission investigation 
from 1960.

The task was to investigate the sites primarily focusing 
on an area believed to contain mass graves adjacent 
to the current airport runway. Stringent restrictions 
placed by local residents and authorities prevented the 
archaeologists from breaking ground and it was only very 
reluctantly that permission was given for a non-intrusive 
aerial survey. 

The surveyed area was overgrown with meter-high 
grasses, heathers and scrub and it was apparent from 
initial photogrammetry that the RGB imagery (although 
useful) was insufficient to fully establish where the 
structures of the camp had been.  

It was not until the UAV lidar system was used and 
the data examined that the full extent of the camp and 
surrounding features could be identified and located. 
The use of UAV lidar allowed penetration of the dense 
vegetation and enabled the team to reconstruct the 
layout of the concentration camp.  

Photogrammetric Engineering & Remote Sensing
Vol. 86, No. 5, May 2020, pp. 265–267.

0099-1112/20/265–267
© 2020 American Society for Photogrammetry

and Remote Sensing
doi: 10.14358/PERS.86.5.265
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routescene’s tecHnoLogy 

data coLLectIon 

Flythru used Routescene’s integrated UAV lidar system 
for this task. Designed in 2014 for use on drones, 
Routescene’s LidarPod comprises an array of sensors 
including the Velodyne HDL-32 Lidar scanner. With a 
pulse rate of up to 1.4 million points per second from 
32 different lasers angled in a 40-degree field of view. 
The HDL-32 has a maximum range of 110m, which is 
benchmarked at 10% reflectivity on a white surface. 
Given that natural features have a lower reflectivity, 
the “usable” range is around 80m. This sensor 
enables high resolution vegetation penetration 
and helps users uncover ground features which 
are not easily visible from the ground or which are 
obstructed by thick vegetation.

The number of laser hits achieved on the ground 
is up to 400pts/m2 through thick vegetation. Lidar 
is an ideal method when surveying sites which are 
overgrown or woods and forests that are inaccessible 
using conventional survey methods. Without UAV 
lidar it would have taken considerable time to 
survey the Alderney sites. Due to the thick cover of 
vegetation it would not have been possible to visually 
detect the structures found, and the area was 
surveyed by the UAV lidar team with just a couple of 
15-minute flights. 

speedy data processIng

Michael Mays’ team from Flythru, www.flythru.co.uk  , 
processed the data on-site immediately after the UAV 
survey using LidarViewer, Routescene’s 3D processing 
and visualisation software and presented it to Caroline 
Sturdy Colls the same evening. 

The filters used in an automated sequence were sector 
reduction, laser ID reduction, coordinate conversion, grid 
creation, the purpose-built “Bare Earth tool”, a skim grid 
and finally a LAS export filter. Using the Bare Earth Tool 
within LidarViewer the team quickly and easily removed 
all the non-ground points to reveal the surface below and 
produce a Digital Terrain Model (DTM). 

The DTM exposed structural remnants of the camp, 
and previously undiscovered features that had been 
completely obscured by the vegetation covering the site. 
The Bare Earth Tool is newly available in the Routescene 
LidarViewer software package. Designed specifically for 
heritage applications like this, it considerably reduces the 
amount of time it takes to digitally remove all features 
above ground level. 

otHer survey tecHnIques

In addition to using UAV lidar, Professor Sturdy Colls 
also used basic photogrammetry using hundreds of old 
Royal Air Force (RAF) photographs stitched together to 
create an overall three-dimensional model.

Ground Penetrating Radar (GPR), which sends radio 
waves into the ground and allows artefacts under the 
ground to be detected, was also used. Overlaying all of 
the results from the three different techniques provided 
an accurate, highly detailed 3D digital model of the camp, 
highlighting features of interest both above and below 
ground for further investigation. 

In the Smithsonian documentary, Adolf Island, 
the results of the study helped recreate a digital 
representation of the prison camp and identify the 
location of possible grave sites. 

Alderney ground cover.

Routescene LidarPod.

https://geo-matching.com/uas-lidar-systems/uav-lidar-solution
http://www.flythru.co.uk
https://www.routescene.com/the-3d-mapping-solution/software-lidarviewer-and-qa-monitor/
https://www.routescene.com/applications/bare-earth-modelling/
https://www.routescene.com/applications/bare-earth-modelling/
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resuLts and dIscussIon 

Photogrammetry provided a detailed view of the area; 
but it was the UAV lidar that was able to penetrate the 
layers of vegetation and to reveal the location and details 
of the buildings’ foundations. They were clearly visible on 
the Digital Terrain Model. By matching this to old RAF 
reconnaissance photographs taken of the area during the 
war it was possible to  digitally reconstruct a 3D model of 
the prison camp for the Smithsonian documentary. 

The lidar survey found building foundations, barracks, a 
canteen, the prisoner compounds, the location of fencing 
surrounding the camp, and four machine gun posts. The 
team was also able to identify possible mass gravesites 
suspected to contain more than 1,000 bodies, according to 
the documentary. 

However, due to local government opposition, no further 
investigation of the potential graves was permitted at 
this time.  

Professor Sturdy Colls said, “The lidar and photogramme-
try UAV surveys that Flythru completed on Alderney as-
sisted us greatly in our research. The overgrown vegetation 
and the size of the sites that we were investigating made 
ground-based surveys difficult and using UAV was the 
obvious choice. The results were better than we could have 
hoped for. At SS concentration Camp Sylt many additional 

structural elements were identified in the lidar survey that 
were previously hidden behind dense vegetation. This al-
lowed us to complete, for the first time, a digital reconstruc-
tion of this important site.”

aBout tHe autHor

Gert Riemersma, CTO of Routescene, has 20 years 
experience as a hydrographic surveyor and a private 
pilot since 1986. He worked with lidar since 2008 and 
UAV lidar since 2013. He is the CTO and founder of 
Routescene. Being used for such historically and socially 
important work, the system has proven to be ideal 
due to its portability and ease of use on such difficult 
and inaccessible sites. Combined with its high level of 
accuracy, the ability to penetrate vegetation and process 
the data on-site are real advantages.

reference

Nikolic-Dunlop, Alex. 2019. Adolf Island (Documentary), 
https://www.smithsonianchannel.com/shows/adolf-
island/0/3462210.

Alderney bare earth view.

https://www.imdb.com/name/nm0242439/?ref_=tt_ov_dr
https://www.smithsonianchannel.com/shows/adolf-island/0/3462210
https://www.smithsonianchannel.com/shows/adolf-island/0/3462210
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STAND OUT FROM THE REST
earn aSprS certification

ASPRS congratulates these recently Certified and Re-certified individuals:

CERTIFIED LIDAR TECHNOLOGISTS
Andrew Verville, Certification #049LT

Effective April 1 2020, expires April 1, 2023                        

Allen Siler, Certification #050LT
Effective April 1 2020, expires April 1, 2023                  

Tyler Burcham, Certification #051LT
Effective April 1, 2020, expires April 1, 2023

CERTIFIED MAPPING SCIENTIST REMOTE SENSING
Indumathi Jeyachandran, Certification #RS158

Effective January 30, 2020, expires January 30, 2025

CERTIFIED MAPPING SCIENTIST UAS
William Pete Stafford, Certification #UAS032

Effective April 1, 2020, expires April 1, 2025

RECERTIFIED PHOTOGRAMMETRISTS
Richard W. Carlson, Certification #R1232

Effective November 25, 2019, expires November 25, 2024    

Alexander Stewart Walker, Certification #R1170
Effective August 6, 2019, expires August 6, 2024

Gordon P. Peet, Certification #R1252
Effective January 25, 2020, expires January 25, 2025

Jeffery Fagerman, Certification #R1437
Effective January 25, 2020, expires January 25, 2025

Bryon S. Jordan, Certification #R1382
Effective December 11, 2019, expires December 11, 2024

Claire Kiedrowski, Certification #R1244
Effective December 14, 2019, expires December 14, 2024

John Cahoon, Certification #R903
Effective September 21, 2019, expires September 21, 2024

Mark Schall, Certification #R950
Effective December 17, 2019, expires  December 17, 2024

Michael P. Tully, Certification #R1181
Effective November 9, 2019, expires November 9, 2024                        

James C. Ogier, Certification #R1574
Effective August 21, 2019, expires August 21, 2024

Amir Osman, Certification #R1518
Effective January 26, 2020, expires January 26, 2025                 

Bret J. Hazell, Certification #R1249
Effective January 25, 2020, expires January 25, 2025               

Raquel Charrois, Certification #R1240
Effective June 11, 2019, expires June 11, 2024            

Bryan L. Blackburn, Certification #R1246
Effective January 11, 2020, expires January 11, 2025

RECERTIFIED MAPPING SCIENTISTS REMOTE SENSING
Lindi J. Quackenbush, Certification #R162RS
Effective September 1 2018, expires September 1, 2023    

Amar K. Nayegandhi, Certification #R219RS
Effective July 21, 2019, expires July 21, 2024

Paul Pope, Certification #R217RS
Effective April 8, 2019, expires April 8, 2024

RECERTIFIED MAPPING SCIENTISTS GIS-LIS
Elizabeth A. Canada, Certification #R217GS
Effective October 30, 2019, expires October 30, 2024

David Alvarez, Certification #R198GS
Effective April 11, 2019, expires April 11, 2024

Lindi J. Quackenbush, Certification #R205GS
Effective September 1 2018, expires September 1, 2023

Peter L. Croswell, Certification #R140GS
Effective December 4, 2019, expires December 4, 2024                        

Douglas Jacoby, Certification #R149GS
Effective September 28, 2019, expires September 28, 2024

Joseph R. Seppi, Certification #R123GS
Effective February 23, 2019, expires February 23, 2024            

Rebecca A. Morton, Certification #R164GS
Effective March 22, 2020, expires March 22, 2025           

Shawn Headley, Certification #R168GS
Effective August 3, 2019, expires August 3, 2024

 

ASPRS Certification validates your professional practice and experience. It differentiates you from others in the profession. For more information on the ASPRS 
Certification program: contact certification@asprs.org, visit https://www.asprs.org/general/asprs-certification-program.html

 

mailto:certification@asprs.org
https://www.asprs.org/general/asprs-certification-program.html
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GIS &Tips     Tricks By Dave Maune, Ph.D., CP, GS, PS, 
and Al Karlin, Ph.D, CMS-L, GISP

As improved imaging and lidar sensors that produce denser 
datasets are becoming more widespread, “big data” has be-
come a buzzword when talking to GIS and Remote Sensing 
practitioners.  Megabyte-size image and lidar files have been 
replaced with gigabyte (and larger) file sizes even when com-
pressed.  With the larger file sizes, many software providers 
found it necessary to incorporated features to allow users to 
manage and process their data more efficiently. 

Most GIS/RS analysis workflows start with some type of data 
pre-processing and/or loading data, sometimes from multiple 
sources, into one or more projects.  If the same data are needed 
in multiple projects, the workflow can get bogged down as the 
user repeatedly selects (and pre-processes) those same files mul-
tiple times.  In the example below, we provide a time-saving tip 
for loading multiple image files into an eCognition™ “project”.  

First select the Customize Import under the file tab or by right 
clicking on your workspace folder.  Open the “Workspace” tab.

1. On the Workspace tab, provide an Import Name (a name 
for the import), and choose your Root Folder.  Use the se-
lect button to navigate and select the Root Folder. The Root 
Folder is the folder containing your image and/or shapefiles 
you wish to import. 

2. Next you will need to choose your Master File. The Master 
File is an example of the file you want to import. Use the 
select button to navigate and select an image.  

By  Rebecca Lemons, Ph.D. and   
Al Karlin, Ph.D, CMS-L, GISP

Working with Big Data in eCognition™

3. After filling in the Root folder and selecting the Master File, 
the search string will automatically update itself. On this 
line, {root} references your assigned root folder, {any-fold-
ers} tells the customize import tool to select any of the fold-
ers within your root folder and {scene} tells the tool to select 
any image within the folders within your root folder. You 
may need to edit your Search String, to make sure every-
thing will correctly import. A common edit is to reference 
only one of the folders within your Root Folder. To do this, 
click in the field and replace {any-folders} with the name of 
the specific folder you wish to reference. 

4. Additional options exist under the Image Layers tab to 
add supplementary other types of imagery to your project 
folder, handle NODATA values, and label the layers within 
the Alias field. Shapefiles, metadata, or scenes can also be 
added to each project by clicking the tabs at the top. Search 
strings may need to be alter if the names or locations are 
different than your master file. When you are ready to run 
the tool click OK button at the bottom.

continued on page 273

Photogrammetric Engineering & Remote Sensing
Vol. 86, No. 5, May 2020, pp. 269–273.

0099-1112/20/269–273
© 2020 American Society for Photogrammetry

and Remote Sensing
doi: 10.14358/PERS.86.5.269



270 May 2020  PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING

by Clifford J. Mugnier, CP, CMS, FASPRS

 

2020 William T. Pecora Award Nominations 2020 William T. Pecora Award Nominations 
Now Being Accepted through May 15, 2020Now Being Accepted through May 15, 2020

The William T. Pecora Award is 
presented annually to individuals or 
groups that have made outstanding 
contributions toward understanding 
the Earth by means of remote sens-
ing.  The Department of the Interior 
(DOI) and the National Aeronautics 
and Space Administration (NASA) 
jointly sponsor the award.

The award was established in 1974 
to honor the memory of Dr. William 
T. Pecora, former Director of the 
U.S. Geological Survey and Under 
Secretary, Department of the Inte-
rior.  Dr. Pecora was a motivating 
force behind the establishment of 
a program for civil remote sensing 
of the Earth from space.  His early 
vision and support helped establish 
what we know today as the Landsat 
satellite program.

The Award Committee must 
receive nominations for the 2020 
award by May 15, 2020.  Addition-
al questions can be directed to the 
Committee at pecora@usgs.gov.

ELIGIBILITY
Any individual or group working in the field of remote sensing of the Earth is 
eligible to receive the William T. Pecora Award.  We accept nominations for 
public and private sector individuals, teams, organizations, and professional 
societies.  Both national and international nominations are welcome.  Previous 
nominees not selected as recipients may be re-nominated for future awards.

An individual award recognizes achievements in the scientific and technical 
remote sensing community, as well as contributions leading to successful 
practical applications of remote sensing. Consideration will be given to sus-
tained career achievements or singular contributions of major importance to 
the field of remote sensing.

A group award recognizes a team, a group of individuals, or part of an organi-
zation that has made major breakthroughs in remote sensing science or tech-
nology or developed an innovative application that has a significant impact on 
the user community or national/international policies.

Specific individual and group achievements should be peer-reviewed and 
documented in industry-recognized and scientifically credible publications.  

This year’s flyer also provides additional details and can be shared with other 
interested parties:  

https://prd-wret.s3-us-west-2.amazonaws.com/assets/palladium/production/
atoms/files/PECORA-Award-flyer-2020.pdf.

Detailed Instructions for preparing a nomination and other information about 
the award can be found on the Pecora Award web site: www.usgs.gov/pecora.

mailto:pecora@usgs.gov
https://prd-wret.s3-us-west-2.amazonaws.com/assets/palladium/production/atoms/files/PECORA-Award-flyer-2020.pdf
https://prd-wret.s3-us-west-2.amazonaws.com/assets/palladium/production/atoms/files/PECORA-Award-flyer-2020.pdf
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by Clifford J. Mugnier, CP, CMS, FASPRS

Inhabited by late Stone Age people, many 
megalithic tombs date from 2500 BC. Portugal 
is one of the oldest nation states in Europe, and 

its foundation in 1139 pre-dates Spain by nearly 350 
years. The Ro-mans arrived in 216 BC, and named 
the entire peninsula Hispania. However, the region 
between the Douro and Tagus Rivers was named 
Lusitania by the Celt-Iberian inhabitants. Later 
overrun by Ger-manic tribes and then by the Moors, 
eventually the kingdom of Portucale, comprising 
León and Castile, was declared independent by King 
Afonso Henriques. Portugal is slightly smaller than 
Indiana; it is mountainous north of the Tagus River, 
and has rolling plains in the south. With its only 
border being Spain to the east and north, the North 
Atlantic Ocean is on Portugal’s west and south. 
Portugal holds sovereignty over the Azores and 
Madeira Islands; both archipelagos are strategic 
locations along the western sea with approaches to 
the Strait of Gibraltar. The highest point is Ponta do 
Pico on Ilha do Pico in the Azores at 2,351m.

According to the Portuguese Instituto Geográfico do 
Exército (Army Map Service), in 1420, aware of the 
navigational importance of cartography, Prince Henry the 
Navigator commissioned the master cartographer Jácome of 
Majorca to teach apprentice cartographers in Portugal the art 
of preparing navigational charts. One of the oldest existing 
maps, thought to have been pre-pared by the cartographer 
Pedro Reinel, dates from 1500. Portuguese cartographers 
of the period were considered the most skilled in the world, 
their maps pro-viding the most accurate representation of the 
Earth. Conscious of the importance of cartography in tackling 
the country’s economic problems, Queen Mary of Portugal 
created the Royal Military Archive in 1802, in order to house 
the different national cartography departments. This body 

The Grids & Datums column has completed an exploration of 
every country on the Earth. For those who did not get to enjoy this 
world tour the first time, PE&RS is reprinting prior articles from 
the column. This month’s article on the Portuguese Republic was 
originally printed in 2002 but contains updates to their coordinate 
system since then.

was the precursor of the Military Geographic Institute. At 
the end of the eighteenth century, having closely followed 
the progress of this science, it was the Portuguese military 
cartographers that established and developed the geodesic 
(sic) network in Portugal. Modern Portuguese cartography 
dates back to 1778 when work began on the first fundamental 
geodetic triangulation network, which lasted until 1848. The 
survey work for the 37 sheets which make up the Carta Geral 
do Reino (General Map of the Kingdom), also known as The 
Chorographic Map of Portugal, at a scale of 1:100,000, lasted 
from 1853 to 1892. Produced al-most entirely by Army officers, 
the map series was awarded the “Lettre de Distinction” during 
the Paris International Congress of Geographic Sciences in 
1875. Based on the Castello de Sâo Jorge Da-tum in Lisbon, 
the ellipsoid of reference was the Bessel 1841 where a 
= 6,377,397.155 meters and the reciprocal of flattening (1/f) 
= 299.1528128. The projection de jour in Europe at that time 
was the ellipsoidal Bonne, and for this series the Latitude of 

THE 

PORTUGUESE
REPUBLIC
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Origin (jo) = 38º 42´ 43.631˝ N and the Central meridian (λo) 
= 9º 07´ 54.806˝ West of Greenwich. The scale fac-tor at origin 
was equal to unity, and there was no False Easting or False 
Northing.

In 1881 the Army Staff Department published the Carta 
Itinerária da 1ª Divisão Militar (Itinerary Map of the 1st 
Army Division) at a scale of 1:250,000. In 1891 the Army 
Staff Department began work on the publication of the Carta 
dos Arredores de Lisboa (Map of the Outskirts of Lisbon) at 
a scale of 1:20,000. This was the first military topographic 
map, which later became known as the Map of Portugal. The 
ellipsoidal Bonne projection was used for this series also, 
and the Latitude of Origin (jo) = 39º 40´ N and the Central 
meridian (λo ) = 8º 07´ 54.806˝ West of Greenwich. The scale 
factor at origin was equal to unity, False Easting = 200 km and 
False Northing = 400 km. The two baselines were observed in 
1886-1889, and were at Batel-Montijo and at Melriça.

In 1911 the Military Cartographic Section of the Army 
General Staff was created and continued the work on the 
Map of the Outskirts of Lisbon at 1:20,000 scale, and the Map 
of Portugal at 1:250,000 scale. Later, work was sus-pended 
on these two series during the restructuring process of the 
services which started in 1926 and ended in 1932 with the 
creation of the Serviços Cartográficos do Exército (Army 
Cartographic Service).

The Regulatory Decree dated 24 November 1932 
established the Serviços Cartograficos do Exercito (SCE) 
(Army Cartographic Service) under the aegis of the Army 
Staff (EME), and the heirs of Portuguese cartographic 
traditions. The initial priority of the SCE was to publish the 
Military Map of Portugal, the Itinerary Map of Portugal, and 
other documentation necessary for the defense of Portugal. 
The first sheet, produced at a scale of 1:25,000, covered the 
Abrantes region. Thus, in 1937, the SCE adopted purely 
classical methods in their survey activities. From then on, 
photogrammetric processes were initiated, and by 1940 were 
exclusively used in medium-scale mapping.

In 1995 the survey for the Military Map of Continental 
Portugal was completed at a scale of 1:25,000 with a total 
of 639 sheets. The Gauss-Krüger Trans-verse Mercator Grid 
was used for this series where the Latitude of Origin (jo) 
= the equator (by definition) and the Central meridian (λo) 
= 8º 07´ 54.862˝ West of Greenwich. The scale factor at origin 

was equal to unity, False Easting = 300 km, and False Northing 
= 200 km. This is based on the Castello de Sâo Jorge Datum 
where Φo = 38º 42´ 43.631˝ N and the Central meridian Λo 
= 9º 07´ 54.8446˝ West of Greenwich. The ellipsoid of reference 
is the Hayford 1909 or the Inter-national (Madrid) 1924 where 
a = 6,378,388 m and 1/f = 297. This series was then followed 
by the survey of the islands of Azores and Madeira with 51 
sheets at the same scale. The Gauss-Krüger Transverse 
Mercator Grids for the islands of the Azores Archipelago are 
quite similar in that the parameters are jo = 0º, the scale 
factor at origin is equal to unity, False Easting = zero, and 
False Northing Latitude of Origin (jFN) = 38º 45´ N. For 
Ilha de Sâo Jorge, the Central Meridian (λo) = 28º West of 
Greenwich; for Ilha do Faial, λo = 28º 42´ W; for Ilha do Pico, 
λo = 28º 20´; and for Ilha Graciosa, λo = 28º W. For the Madeira 
Archipelago, the Ilha de Porto Santo Gauss-Krüger Trans-
verse Mercator jo = 0º, the scale factor at origin is equal to 
unity, False Easting = zero, False Northing Latitude of Origin 
(j FN ) = 33º 03´ 23.9412˝ N, and λo = 16º 20´ 01.2304˝ West of 
Greenwich. For the Ilha de Madeira e Desertas, jo = 0º, the 
scale factor at origin is equal to unity, False Easting = zero, 
False Northing Latitude of Origin (jFN) = 32º 45´ N, and λo 
= 16º 55´ West of Greenwich.

In the 1960s and at the outset of the 70s, various types of 
cartographic survey work were carried out. These included 
orthophoto and image maps of the former Portuguese 
territories in Africa (Angola, PE&RS March, 2002 and 
Moçambique, PE&RS September, 1999) and important 
photographic documentation taken during combat in the 
last colonial war and today considered of extreme historical 
importance.

The complete survey of the Cape Verde archipelago at a 
1:25,000 scale and with identical specifications to those of 
the Military Map of Portugal is also of particular importance. 
The said series is composed of 64 sheets, being concluded in 
1980 under the terms of a cooperative agreement signed with 
the Republic of Cape Verde. The current existing cartography 
of the Republic of Guinea-Bissau at a scale of 1:50,000 and 
totaling 75 sheets was also produced by the Portuguese Army 
Cartographic Services. Aerial triangulation techniques became 
regularly used in the cartographic production chain from 1968 
onwards. The year of 1974 saw the beginning of the systematic 
use of analysis and research with technical documentation 
related to computerized cartographic processes. In 1986, the 
SCE acquired an auto-mated cartographic system.

The first GPS (Global Positioning System) receivers arrived 
at the SCE during the year 1992, and a marked improvement 
was witnessed in the speed, economy, and precision of survey 
work. In 1992 the research work on the building and design 
of the Geographic Information System (SIG) was started. The 
Serviço Cartográfico do Exército (SCE) became the Instituto 
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Geográfico do Exército (IGeoE) (The Army Geographic 
Institute) on 01 July 1993 upon order of the Ministry 
of Defense, thus becoming the heir to the longstanding 
Portuguese military cartographic traditions. IGeoE became 
the organization responsible for the production of Military 
cartography under the aegis of the Logistic Command.

   The Lisboa Datum to WGS84 Datum transformation 
parameters are ∆X = –302.581m ±0.49m, ∆Y 
= –61.360m±0.65m, and ∆Z = +103.047m ±0.49m. The 
Datum 73 to WGS84 Datum transformation parameters 
are ∆X = –223.116m±0.11m, ∆Y = +109.825m ±0.15m, and Z 
= +36.871m ±0.11m. The European Datum of 1950 (EU50) 
to WGS84 Datum transformation parameters (my ten-point 
solution) are ∆X = –85.858m±0.19m, ∆Y = –108.681m ±0.26m, 
and ∆Z = –120.361m ±0.19m. The National Imagery and 
Mapping Agency (NIMA) published a mean solution of 85 
points in Europe that are ∆X = –87m ±3m, ∆–98m ±3m, and 
∆Z = –121m ±5m. The Porto Santo Datum of 1936 for Ilha de 
Madeira to WGS 84 Datum parameters (my six-point solution) 
are ∆X = –542.544m±0.31m, ∆Y = –235.514m ±0.31m, and ∆Z 
= +285.877m ±0.31m. NIMA published a two-point solution 
in 1991 where ∆X = –499m ±25m, ∆Y = –249m ±25m, and 
∆Z = +314m ±25m. The Sâo Brás Datum on Ilha Sâo Miguel 
to WGS84 Datum parameters (my 4 point solution) are 
∆X = –203.584m ±0.26m, ∆Y = +96.902m±0.26m, and ∆Z 
= –62.965m ±0.26m. NIMA published a two-point solution in 
1987 where ∆X = –203m ±25m, ∆Y = +141m ±25m, and ∆Z 
= –53m ±25m.

Thanks go entirely to Jorge Teixeira Pinto, director of 
Geodetic Services, Instituto Portugués de Cartografia e 
Cadastro.

Update
Portugal has adopted a new map projection, based on the 
ETRS89 datum, as a national coordinate system for topo-
graphic mapping purposes. This new map projection is desig-
nated as PT-TM06 (EPSG:3763). The Portuguese Geographic 
Institute (IGP) has observed with GPS more than 1000 points 
of the national geodetic network and provides their coordi-
nates.  Older reference systems are still in use, in particu-
lar Datum 73 (epsg:4207) and Datum Lisboa (epsg:4274), 
both based on the Hayford ellipsoid. Usual projections of 
these datums are identified with epsg codes epsg:27493 (D73) 
and epsg:20790 (DLisboa). Coordinates of more than 8000 
points (1st, 2nd and 3rd order points of the geodetic network 
are provided by IGP) as well as Bursa-Wolf parameters to con-
vert from these to ETRS89. Coordinates in these projections 
can be transformed to ETRS89 using PROJ.4 command cs2cs.  
The RMSE of coordinates transformed using these parame-
ters are of approximately 0.40 m (for D73) and 1.50 m (for 
DLisboa).

Using around 900 of the points provided by IGP, datum shift 
grids were calculated, using standard kriging interpolation, 
for the differences: Datum 73 to ETRS89 (pt73_e89.gsb) and 

5. Your data will 
now be divided 
into individual 
projects which 
then can be 
used and ref-
erence. In this 
example, an 
eCognition™ 
project was 
created the 
data from each 
site. You can 
review or mod-
ify the infor-
mation in each 
project folder 
by right click-
ing and select 
modify project.

Rebecca Lemons, Ph.D. and Al Karlin, Ph.D., CMS-L, 
GISP are with Dewberry’s Geospatial and Technology Ser-
vices group in Tampa, FL.  Rebecca is a Geospatial Analyst 
III and works with utilizing Lidar and remote sensing for 
vegetation analysis.  As a Senior GIS Professional, Al works 
with all aspects of Lidar, remote sensing, photogrammetry, 
and GIS-related projects.  

GIS Tips & Tricks
continued from page 269

Datum Lisboa to ETRS89 (ptLX_e89.gsb). These files are in 
format NTv2 and can be placed in the directory pointed to by 
environment variable PROJ_LIB.

Tests made with a set of around 140 points not involved in 
the generation of the grids provided RMS errors of 5 cm in 
the case of Datum 73 and 8 cm for Datum Lisboa.

The grid files can be also easily configured in ArcGIS (as a 
Custom Geographic Transformation) and other commercial 
and open-source GIS programs.

Gonçalves, J., 2009. Conversões de Sistemas de Coordenadas 
Nacionais para ETRS89 Utilizando Grelhas. Paper 
presented at the 6th National Conference of Geodesy and 
Cartography. 

https://www.fc.up.pt/pessoas/jagoncal/coordenadas/index_
en.htm.

The contents of this column reflect the views of the author, who is 
responsible for the facts and accuracy of the data presented herein. 
The contents do not necessarily reflect the official views or policies of 
the American Society for Photogrammetry and Remote Sensing and/
or the Louisiana State University Center for GeoInformatics (C4G).

http://spatialreference.org/ref/epsg/3763/
http://www.igeo.pt/
http://www.igeo.pt/produtos/geodesia/vg/rgn/rgn.asp?ght=numero
http://www.igeo.pt/produtos/geodesia/vg/rgn/rgn.asp?ght=numero
http://spatialreference.org/ref/epsg/4207/
http://spatialreference.org/ref/epsg/4274/
http://spatialreference.org/ref/epsg/27493/
http://spatialreference.org/ref/epsg/20790/
http://www.igeo.pt/produtos/geodesia/vg/rgn/docs/osys.asp
http://www.igeo.pt/produtos/Geodesia/Inf_tecnica/parametros_transformacao/parametros_Portugal.htm
http://www.fc.up.pt/pessoas/jagoncal/coordenadas/pt73_e89.gsb
http://www.fc.up.pt/pessoas/jagoncal/coordenadas/ptLX_e89.gsb
https://www.fc.up.pt/pessoas/jagoncal/coordenadas/index_en.htm
https://www.fc.up.pt/pessoas/jagoncal/coordenadas/index_en.htm
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Washington, DC | March 23-25, 2020
http://conferences.asprs.org/geoweek-2020/

AWARDS
PROGRAM

2 0 2 0
AWARDS AND SCHOLARSHIPS 
Awards for Outstanding Papers, Professional Achievement, and Service activities are determined by committee selection; 
scholarships and academic awards are also determined by committee selection but are chosen from among current applications. 
For details on the application process, see: https://www.asprs.org/education/asprs-awards-and-scholarships 

Plenary Session, 5pm–5:30pm
Lifetime Achievement Award

Photogrammetric Fairchild Award
Outstanding Technical Achievement Award

Wednesday, March 25th Annual Business Meeting  
and Installation of Officers, 11:00am-12:00pm

Presidential Citations
Fellow Award

Outstanding Service Award
Recognition of Retiring Members of Board of Directors

Recognition of Retiring Division Directors
Installation of New Division Assistant Directors

Installation of New Division Directors
Installation of New Council Chairs

Tellers Committee Report
Installation of Officers

Vice-President Christopher Parrish
President-Elect Jason Stoker

President Jeff Lovin

Scholarships and Outstanding Paper Awards
Scholarships

Robert E. Altenhofen Memorial Scholarship
Abraham Anson Memorial Scholarship

John O. Behrens ILI Memorial Scholarship
Robert N. Colwell Memorial Fellowship

William A. Fischer Memorial Scholarship
Francis H. Moffitt Memorial Scholarship
Kenneth J. Osborn Memorial Scholarship

Ta Liang Memorial Award
Paul R. Wolf Memorial Scholarship

Outstanding Paper Awards
John I. Davidson President’s Award for Practical Papers

The Esri Award for Best Scientific Paper in GIS
Talbert Abrams Award

Region Awards 
Roger Hoffer Membership Award

Introduction of the current Rising Stars

https://www.asprs.org/education/asprs-awards-and-scholarships
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The ASPRS Lifetime Achievement Award

2020 Recipient: Marguerite Madden
Dr. Marguerite Madden is a Professor in the University of Georgia 
(UGA) Department of Geography and Director of the Center for 
Geospatial Research (CGR). She holds Bachelor and Master of Arts 
degrees in Biology from the State University of New York (SUNY) and 
Ph.D. in Ecology from the University of Georgia. Her research interests 
combining geographic information science with landscape ecology 
with particular focus on mapping and analyzing human-animal-en-
vironment interactions, began as an 11-year old assistant to her 
father who was a land surveyor in northern New York. In college, she 
mapped wetlands from aerial imagery in the Lake Champlain Valley 
and Adirondack Mountains with her colleagues in the Center for Earth 
& Environmental Science at SUNY Plattsburgh. After working for two 
years in road construction as an Engineer’s Assistant, she joined the 
UGA Center for Remote Sensing and Mapping Science (CRMS) in 1985 
working under the direction of CRMS Director, Dr. Roy Welch. She 
completed her Ph.D. in Ecology in 1990, was a CRMS Postdoctoral 
Researcher (1990-1991) and held a Research Scientist position in the 
CRMS from 1991-2003. Following the retirement of Dr. Roy Welch, 
she served as the CRMS Interim Director and was appointed Director 
and Associate Professor in the UGA Geography Department in 2005 
with promotion to Full Professor in 2008. For 30 years, she and her 
colleague, CRMS Associate Director, Dr. Thomas Jordan, developed 
and analyzed numerous detailed vegetation databases for local, state 
and national conservation lands, including over 20 National Park 
units located throughout the Southeastern United States. Her current 
research with CGR Associate Director, Dr. Sergio Bernardes, Research 
Scientist, Dr. David Cotten, and numerous affiliated faculty, staff and 
students involves remote sensing, GIS, spatio-temporal analysis, 
geovisualization and geographic object-based analysis as applied to 
landscape-scale biological/physical processes and human-animal 
impacts on the environment. She and her colleagues have obtained 64 
external grants since 1989 totalling over 9.67M$ and have published 
over 75 peer-review journal articles and book chapters. She is the edi-
tor or co-editor of 17 books, proceedings and special issues of journals, 
serves on the Editorial Boards of 5 geospatial journals and was the 
Associate Editor of Wetlands, Wetlands, Ecology and Management and 
the ISPRS Journal of Photogrammetry and Remote Sensing. Prior-
itizing the involvement of students in her research, she has served 
as major advisor to 21 Ph.D. and 19 M.S./M.A. students since joining 
the UGA faculty in 2005. Professor Madden is an American Society of 
Photogrammetry and Remote Sensing (ASPRS) Past President and Edi-
tor of the 2009 ASPRS Manual of GIS. She served as the International 
Society for Photogrammetry and Remoe Sensing (ISPRS) Commission 
IV, “Digital Mapping and Geodatabases” Technical President (2008-
2012), ISPRS Council Second Vice President (2012-2016) and Treasurer 

of The ISPRS Foundation (2010 to present). She is the lead Science 
Advisor of the Georgia node of the NASA DEVELOP National Program 
(2014 to present) and the recipient of the ISPRS Willem Schermerhorn 
Award (2004), ASPRS Fellow Award (2010), ASPRS SAIC Estes Memori-
al Teaching Award (2011) and NASA Silver Achievement Medal (2018). 

The ASPRS Lifetime Achievement Award (formerly the Honorary Lifetime 
Achievement Award and the Honorary Member Award) is the highest 
award an ASPRS member can receive, and there are only 25 living 
Lifetime Achievement Awardees of the Society at any given time.  Can-
didates are chosen by a Nominating Committee made up of the past five 
recipients of the award and chaired by the most recent recipient.

Purpose: Initiated in 1937, this life-time award is given in recognition of 
individuals who have rendered distinguished service to ASPRS and/or who 
have attained distinction in advancing the science and use of the geospatial 
information sciences.  It is awarded for professional excellence and for at 
least 20 years of service to ASPRS and consists of a plaque and a certificate. 

Donor: ASPRS 

ASPRS Photogrammetric Award (Fairchild)

2020 Recipient: Jie Shan
The 2020 Photogrammetric Award (Fairchild) is presented to Jie Shan 
in recognition of his lifelong contribution to the science and art of 
photogrammetry, remote sensing, and image interpretation.  

Dr. Shan is a Professor at the Lyles School of Civil Engineering. His 
primary research field is image- and lidar-based geospatial data 
processing, analysis and modeling. During his decades long career 
experience, he has made original contributions in several academic 
subject areas and provided long time, consistent technical services 
to our societies and communities. He is a leader in automated object 
extraction from images and point clouds. The work pushes the knowl-
edge boarder of traditional photogrammetry. He has led developing 
and applying novel analytical and statistical methods for various 
topographic imagery and lidar data collected from space, air, ground, 
and handheld sensors. The results of these efforts were published in 
top journals of related subjects. He has received a number of ASPRS 
Best Paper awards and was elected an ASPRS Fellow. He is the PE&RS 
Highlight Article Editor, serves on the Editorial boards of IEEE Trans-
actions of Geoscience and Remote Sensing, International Journal of 
Remote Sensing, and Remote Sensing.

Purpose: The Photogrammetric Fairchild Award is designed to stimulate 
the development of the art of aerial photogrammetry in the United 
States. Practicability is the essence of the Award and is the basis for the 
review of all candidates. 

Donor: ASPRS 

The award consists of an engraved presentation plaque.
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ASPRS Outstanding Technical Achievement Award

2020 recipients: USGS Digital Orthophoto Quad (DOQ) 
Technical Team:  David Hooper (RIP), Lyman Ladner,  
George Lee and Randle Olsen.

Using mathematics to differentially rectify pixels in digitized or digital 
imagery to produce image maps, with an approach that continues to 
impact remote sensing and GIS processes, was developed at the USGS 
Western Mapping Center. In 1986 a prototype digital orthophoto quad-
rangle (DOQ) production system launched an effort that not only im-
proved USGS support to the federal civil mapping community but also 
stimulated an initiative within the Department of Defense. This award 
recognizes the innovative drive of the initial proposal that was a turning 
point in the use of digital imagery and which laid the groundwork for 
today’s democratization of imagery and remote sensing use and GIS.

Description of the achievement:
The concept of utilizing the technique to produce image maps in 
a format that was useful to a wide array of applications was first 
identified at USGS Western Mapping Center (WMC) by Randy Olsen. 
Shortly afterward, Randy transferred to USGS headquarters but left 
behind a good deal of the math and basic concepts with George 
Lee and other key personnel located there. Those individuals began 
exploring options to operationalize the concepts, but quickly ran into a 
number of challenges. Without digital imagery at a resolution suitable 
for Quads, the only source available was scanned analog imagery. And 
the availability of micron-level scanners required for an acceptable 
ground resolution from available image sources was limited. Given 
no production software to manipulate the pixels, George Lee enlisted 
the efforts of Dave Hooper to produce that software utilizing Randy’s 
math models. Lyman Ladner, another key player at WMC, worked with 
the software and incoming imagery and was successful in creating the 
earliest demonstration products.

The earliest digital orthophotoquad (DOQ) images were produced at 
2-meter ground sample distance (GSD) and stored on reels of 9-track 
tapes. Neither was considered ideal but, at this point, the process 
worked and limited demonstration images were produced. While 
National High Altitude Photography (NHAP) collection was used for 
some of the earliest demonstrations, the National Aerial Photogra-
phy Program (NAPP) would eventually become the preferred image 
source for a digital orthophoto program. More recently NAPP has been 
replaced by the National Agricultural Imagery Program (NAIP).

The ongoing interagency aerial photography coordination effort 
had resulted in a very close working relationship with USDA, and 
especially with Gale Etsell, who was introducing analog image-based 
mapping combined with GIS technologies to what was then the Soil 
Conservation Service (SCS).

Due to the complexity of the production processes, USGS and 
USDA were still pushing the state-of-the-art, and given the political 

pressures coming from the private sector, they decided to develop 
the program utilizing primarily a qualifications-based selection (QBS) 
contracting strategy, even though QBS was highly resisted inside the 
civilian mapping agencies at that point. This approach would lead to 
a significant infusion of technical and technology capability into the 
commercial high-resolution image mapping/processing sector. with 
numerous representatives of private firms visiting WMC to obtain the 
technology necessary to produce the DOQs.

Millions of users today view digital ortho imagery daily from a 
variety of sources in hand held devices, taking the images for granted 
and never imagining a time when they did not exist.

Those included in this nomination are: Randy Olsen for the original 
math models and basic concepts; George Lee for the pragmatic design 
and test implementation by scanning film to make digital imagery; 
Dave Hooper for the software to utilize Randy’s models; Lyman Ladner 
for creating the earliest demo products.

Additional background is found at http://online.wr.usgs.gov/ngpo/
doq/doq_history.html

Team members:
Randle “Randy” Olsen retired from USGS as a physical scientist in 
2005, after serving 39 years with the Survey. He graduated from the 
University of California, Berkeley in Civil Engineering and worked for 
USGS throughout his professional career. He returned to Berkeley for 
a Master’s degree in Photogrammetry while working for the USGS. It 
was Randy Olsen who introduced the underlying mathematics for the 
DOQ to the Western Mapping Center (WMC) just before leaving for a 
position at the USGS Headquarters in Reston, VA. At that time, Randy 
was the Chief of Photogrammetry at WMC.

George Lee studied photogrammetry under Professor Francis (Frank) 
Moffitt and Dr. James Anderson at the University of California at 
Berkeley and became active with ASP as a student before joining the 
USGS. During the time of the DOQ development, George Lee was Chief 
of Research and oversaw research, technology and application activ-
ities at WMC. Research and development of the DOQ was conducted 
within the Technology Office which was supervised by Lyman Ladner. 
He retired from USGS.

Lyman Ladner attended San Jose State University and received his 
degree in Mathematics while working for the USGS. He also took 
a leave of absence from the USGS to attend ITC in Holland to study 
Photogrammetry.

The development of the DOQ production software was done by the 
late David Hooper under the supervision of Lyman Ladner. Before 
getting into research, David Hooper worked for years as a stereo-com-
piler. David Hooper’s degree was in wildlife biology and he worked 
with U.S. Fish and Wildlife Service before coming to the USGS. He 
became enthusiastic about programming through an after-hour 
programming class sponsored at the USGS. His first involvement in 
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programming was for the Digital Elevation Model (DEM) program and 
then on to the development of the DOQ program.

The ASPRS Outstanding Technical Achievement Award was introduced 
for the first time in 2012.  This Award consists of a silver presentation 
plaque mounted on a wood panel plus a check for $6,000.

Purpose: This grant is designed to reward the developer[s] of a specific 
breakthrough technology which causes quantum advances in the 
practice of photogrammetry, remote sensing or geographic information 
systems in the United States.

Donor: In 2011, the ASPRS Foundation received a very generous individual 
donation from Lifetime Achievement Awardee and ASPRS Fellow Clifford 
W. Greve to endow a new Outstanding Technical Achievement Award. This 
award is now fully endowed at the $6,000 level.

ASPRS Presidential Citations

2020 recipients: Lorraine Amenda, Lucia Lovison, Marguerite 
Madden, Rakesh Malhotra, Mary Mayes, and John McCombs

Lorraine Amenda
For reinvigorating and reorganizing the Region Officers Council.

Lucia Lovison
For her dedicated work as PE&RS Sector Insights Editor.

Marguerite Madden
For sharing her wisdom and experience with me 
during my time on the ASPRS board.

Rakesh Malhotra
For his efforts to recruit, organize and entertain stu-
dent volunteers at the ASPRS conferences.

Mary Mayes
For her on-going support and patience with me 
during my time on the ASPRS board.

John McCombs
For his help in organizing and preparing the ASPRS 2019 Annual 
Conference in Denver and Pecora 2020 in Baltimore.

Mike Zoltek
For modernization of the Certification Program.

Purpose: First awarded in 1992, Presidential Citations are presented by 
the ASPRS President to members of ASPRS and other societies, family 
members, and friends in recognition of special, personal, and meritori-
ous contributions to the operation or advancement of the Society and its 
interests during the presidential year.

Donor: ASPRS 

The Presidential Citation is a hand-engrossed certificate.

ASPRS Fellow Award

2020 recipients:  John S. Iiames, Jr., Riadh A. Munjy, Tim 
Warner and Qihao Weng
John S. Iiames, Jr.
As a research biologist with the United States Environmental Protection 
Agency (EPA) John Shepherd Iiames, Jr. has specialized in geospatial 
research with an emphasis on environmental remote sensing. Over his 
20-year career, his research has focused on the geospatial analysis of 
the air-water-land interface at multiple scales (temporal and spatial) 
for the investigation of environmental indicators linked to environ-
mental condition and human health. Iiames has assessed land cover 
and vegetative biomass using multiple remotely sensed data types 
including multi-spectral optical data, LIDAR, and radar. This expertise, 
in conjunction with research efforts investigating the accuracy and error 
embedded within remotely sensed and in situ-derived data, has provided 
the modeling community with inputs required to support key integrated, 
multidisciplinary exposure science research. Iiames is currently tasked 
as a co-lead principle investigator for the terrestrial remote sensing 
component embedded within a multi-agency NASA funded research 
project investigating cyanobacteria counts in freshwater aquatic systems. 
He is also currently working jointly with EPA researchers in quantifying 
ammonium flux in both temperate deciduous and coniferous forest 
ecosystems and investigating linkages between wildfire severity and 
drinking water quality.

Iiames has been recognized both within EPA and within the greater 
remote sensing scientific community for his scientific contributions. He 
has presented his research in both domestic and international venues, as 
invited keynote and/or session presenter. His research was awarded the 
ESRI Award for Best Scientific Paper in GIS, 3rd Place in 2003 at the 2004 
ASPRS Annual Conference. In 2015, he received the ASPRS Outstanding 
Service Award for his sustained efforts in helping the Society develop its 
programs and achieve its goals and objectives. This award recognized 
his high level of leadership within the Society serving as Director of the 
Remote Sensing Applications Division (RSAD), organizing the national 
conference technical program in 2009 in Baltimore, Maryland, oversee-
ing the annual conference program also held in Baltimore in 2013, and 
serving as the book review editor for Photogrammetric Engineering and 
Remote Sensing (PE&RS) for five years (2009-2014). In 2018 Iiames was 
awarded the John I. Davidson President’s Award for Practical Papers for a 
2017 first authored article within PE&RS. 

Since 2011, Iiames has served as the EPA representative as panel mem-
ber for the NASA Earth Science Senior Review for Mission Extension. He 
was elected in 2016 to serve as a Science and Technical Advisory Member 
for the Albemarle-Pamlico National Estuary Partnership (APNEP) to iden-
tify, protect, and restore the significant resources of the Albemarle-Pam-
lico estuarine system. In 2019 he was selected for a national interagency 
program to provide expertise in smoke dispersion modeling for major 
wildfire events within the United States. He has also been recognized 
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for his work in EPA’s Science, Technology, Engineering, and Mathematics 
(STEM) outreach program. Since its inception he has been involved in 
teaching geospatial science to grades K-12, judging individual school 
science fairs as well as regional and state science fairs, and mentoring 
students on and off EPA’s campus. 
Riadh Munjy
Riadh Munjy received his BSc in Civil Engineering from the University 
of Baghdad in 1976, a master’s degree in Civil Engineering, MSCE 
(1979), and a second master’s degree in Applied Mathematics, MS 
(1981), from the University of Washington, Seattle. Munjy received 
his PhD in Civil Engineering and photogrammetry from the Univer-
sity of Washington in 1982. Munjy is currently a full professor and 
the chairman of the Civil and Geomatics Engineering Department at 
California State University – Fresno, where he has served as professor 
since 1982. He has over forty years of experience in teaching courses in 
photogrammetry, digital mapping, GIS and least squares adjustment.

Beside teaching, his contributions to the science and art of photo-
grammetry include camera self-calibration, advancing and leading 
the transition from conventional aerial triangulation to airborne-con-
trolled, both of which are implemented in the well-respected com-
mercial aerial triangulation package, ISBBA. Munjy is also credited for 
the introduction of the finite element approach for sensor calibration 
in photogrammetry, the introduction of an analytical approach to col-
or balancing and enhancement of digital imagery, the development of 
full processing work flow for the GeoSAR system and UAS photogram-
metry guidelines and specifications for mapping.

Throughout his career, he has also served as a well-respected 
consultant to numerous national and international organizations, 
providing a diverse range of expertise in mapping and photogram-
metry. As a professor, Munjy has supervised hundreds of students 
studying geomatics, published numerous peer-reviewed papers in a 
wide range of technical journals in photogrammetry and served as 
the Associate Editor for Theoretical and Applied Photogrammetry for 
Photogrammetric Engineering and Remote Sensing (PE&RS), (1991 
– 1996). Munjy’s past achievements and awards include: the School 
of Engineering Faculty Award for Research Excellence (1996, 1998, 
2002, 2003), the Caltrans Research Innovation Award (March 2004), 
the Halliburton Research Award (1992), the ASPRS Meritorious Service 
Award (1992 and 1997), and the ASPRS  Fairchild Photogrammetric 
Award (2014). 
Timothy A. Warner
Timothy A. Warner is Professor of Geology and Geography at West 
Virginia University (WVU), in Morgantown, West Virginia.  Warner was 
born in Zimbabwe, and grew up in South Africa.  He received his BS and 
BS (Honors) degrees from the University of Cape Town, South Africa.  As 
an undergraduate, he held a summer job working for a remote sensing 
company, Spectral Africa, an experience that sparked a life-long 
fascination with remote sensing.  Spectral Africa sponsored his Honors 

thesis on Landsat band ratios for mapping rocks and soils.  A paper 
from that thesis was awarded the H. G. Fourcade Award by the South 
African Society for Photogrammetry, Remote Sensing and Cartography, 
and was published in that society’s journal – his first publication.  In 
1986 he moved to the US to pursue his dream of graduate study in re-
mote sensing. After graduating as a PhD from the Department of Earth 
and Atmospheric Sciences at Purdue University, Warner was appointed 
an assistant professor of geology and geography at WVU.  He is now a 
full professor.  Working with students has been a key focus for Warner.  
He has advised three post-docs, five PhD students, four geology MS 
students, and 25 Geography MA students.  He has served on 67 gradu-
ate research committees.  He was the mentor for an undergraduate stu-
dent who won a US Congressional Goldwater Scholarship, and another 
student who won both the US Geospatial Intelligence Foundation 
Scholarship and the Boren Scholarship.  Warner has also put consider-
able effort into teaching remote sensing to professional groups.  He has 
published a number of peer-reviewed papers on information literacy in 
remote sensing education, and in 1999 he won the WVU Eberly College 
of Arts and Sciences Outstanding Teaching Award. Warner’s research 
contributions include many aspects of remote sensing, including lidar, 
hyperspectral imaging, and multispectral thermal remote sensing, 
as well as ecological and geological applications.  He has a particular 
interest in the exploitation of spatial information in image classifica-
tion.  His work has been funded by the National Science Foundation, 
NASA, US Department of Energy, USGS, US Forest Service, the Natural 
Resources Conservation Service, the National Imagery and Mapping 
Agency (NIMA), and other private and state agencies.  He has published 
77 peer-reviewed papers, and two books.  The 2009 SAGE Handbook of 
Remote Sensing, co-edited with M. Duane Nellis and Giles M. Foody, 
presents a comprehensive overview of our field.  Remote Sensing 
with IDRISI, co-authored with David Campagna, presents a tutorial 
on remote sensing image analysis.  With funding from the European 
Union and the US Department of Education, he helped develop an 
international remote sensing education consortium that included the 
US, France, Norway, and Greece.  The consortium sponsored annual 
student exchanges between 1999 and 2006.  He has received two 
Fulbright Awards to support sabbaticals in France and Chile.  He has 
completed international research at the invitation of collaborators 
in Armenia, Republic of Korea, and France. As part of his focus on 
promoting remote sensing in the state of West Virginia, he developed 
a state-wide consortium, West Virginia View, under the auspices of the 
USGS-sponsored AmericaView program.  Formed in 2002, West Virginia 
View now comprises six educational institutions, two state agencies, a 
federal agency, and two NGOs.  West Virginia View’s accomplishments 
include a greatly expanded availability of remote sensing courses in 
West Virginia colleges, statewide sharing of remote sensing soft-
ware licenses, and direct support of the remote sensing educational 
experiences of numerous students.  Warner has provided professional 
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service at many levels. At WVU, he served as associate chair of the 
Department of Geology and Geography, 2008-2011, and served also 
on the university’s strategic planning council, amongst many other 
service roles.  In national service, he was elected founding secretary of 
AmericaView, and was recognized with that group’s Legacy Award in 
2004.  He served as chair of the Association of American Geographers 
(AAG) Remote Sensing Specialty Group (RSSG)  and received the RSSG 
Outstanding Contributions Award in 2006. Warner has served in an ed-
itorial capacity on four journals:  as a member of the editorial board of 
Geography Compass, as progress reports editor for Progress in Physical 
Geography, as an editor for Remote Sensing Letters, and since 2014, he 
has served as the Editor in Chief of the International Journal of Remote 
Sensing (IJRS).  Warner has always highly valued his three decades of 
membership in ASPRS-- the society has recognized his contributions 
with five awards.  As a graduate student at Purdue, he received the 
Cambridge Instruments Photogrammetry and Remote Sensing Award, 
and the following year, the William A. Fischer Memorial Scholarship.  
The latter was particularly helpful for his career, because it funded his 
dissertation field research in Canada.  In 1992 he received the ASPRS 
Merit Award.  Two of his PE&RS papers have won awards from ASPRS, 
including the Boeing Award for Best Paper in Image Analysis and 
Interpretation (2006) and the Talbert Abrams Award (2015). 

From 1990-1992 he served as chair of the ASPRS Student Affairs Com-
mittee, and ran a very successful job fair and student program at the 
society’s spring and fall conferences during those years.  He subsequent-
ly served as the ASPRS Scholarship Chair (1992-1997).  He has served 
as a reviewer for many manuscripts for Photogrammetric Engineering 
& Remote Sensing (PE&RS), and has published 12 papers in the journal, 
in many cases with his students as first authors.  With the help of the 
ASPRS Potomac Region, he established the Alfred O. Quinn Remote 
Sensing Student Forum at WVU, to focus WVU student interest in remote 
sensing and ASPRS. In summary, Warner has demonstrated an excep-
tional record of contributions to the mapping sciences, and specifically 
to the remote sensing community.  His capabilities as an educator have 
enhanced the understanding of the mapping sciences for hundreds 
of university students as well as established professionals who have 
benefited from his varied outreach activities.  Warner is an accomplished 
scientist and has demonstrated career-long service competence for 
many organizations including AmericaVIew, AAG, and especially ASPRS. 
Qihao Weng 
Qihao Weng is the Director of the Center for Urban and Environmental 
Change and a tenured Full Professor at the Department of Earth & 
Environmental Systems, Indiana State University (ISU), and an Edi-
tor-in-Chief of ISPRS Journal of Photogrammetry and Remote Sensing. 
He was a visiting NASA Senior Fellow at Marshall Space Flight Center 
(2008-09). Born in Fuzhou, China, he received an A.S. from Minjiang 
University in 1984, a M.S. from South China Normal University in 1990, 
a M.A. from the University of Arizona in 1996, and a Ph.D. from the 

University of Georgia in 1999. At the same year, he joined the University 
of Alabama as an Assistant Professor. Since 2001, he has been a member 
of the faculty at Indiana State, and was early promoted to Associate 
Professor in 2005 and to Full Professor in 2009. 

At Indiana State, Weng teaches courses on remote sensing, digital 
image processing, remote sensing-GIS integration and environmental 
modeling, and has since mentored 15 doctoral and 13 master students. 
Some of his former students are rising rapidly in the field of remote 
sensing. He transformed an introductory remote sensing course from 
a low enrollment undergraduate course to an exceedingly popular 
general education class. From 2002 to 2008, he served as the director 
of graduate studies in his department. His efforts to reform curriculum, 
admission and retention procedures, and advising policies received 
much appreciation from his colleagues, contributing to attracting qual-
ity students and recent success in ISU geography graduate program. In 
addition, Weng has sincerely dedicated his efforts in developing course 
materials and modules for introducing contemporary remote sensing 
and GIS techniques to teachers and students at primary and secondary 
schools at Indiana via short-courses, workshops, and seminars. He was 
a Co-PI for a USAID-funded project that provided course instruction and 
curriculum materials to a group of professors from Malawi in 2004-05. 
The textbooks written by Weng, “An Introduction to Contemporary 
Remote Sensing” (McGraw Hill, 2012) and “Remote Sensing and GIS 
Integration” (McGraw Hill, 2009), have been used worldwide in research 
universities, undergraduate institutions, and community colleges. 

Weng conducts researches on urban remote sensing, urbanization 
and associated environmental effects. His publications focus on the 
following areas: urban heat island modeling using remote sensing data 
and field measurements; estimation and mapping of urban impervious 
surfaces; urban sprawl mapping and environmental impact analysis; 
urban land characterization and classification; population estimation, 
urban environmental quality and quality of life analysis; human and 
environmental health; human ecosystems sustainability analysis; and 
human-environment interactions. Weng has published 200 articles and 
10 books, with Google citations of over 12,000 and H-index of 50. He 
has worked extensively with optical and thermal remote sensing data, 
more recently with LiDAR data, with financial support from NSF, NASA, 
USGS, USAID, NOAA, National Geographic Society, and Indiana Dept of 
Natural Resources. He has been invited to give approximately 90 talks 
by the organizations and conferences held in the U.S., China, Canada, 
Brazil, Greece, and Hong Kong, and has presented over 100 papers at 
professional conferences (including co-presenting). 

Weng is the Founding Director of the university’s Center for Urban and 
Environmental Change since 2004, a center dedicated to interdisciplinary 
research involving the studies of the urban and suburban environments 
and applications of geospatial technologies. He sets up the center’s 
structure and functions, secures funding for initial years, and establishes a 
sustainable funding mechanism. Several programs have since generated 
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significant results, including proposal submission, speaker series, graduate 
brown-bag series, faculty incentive fund, and student research support. 
The center has served as a forum for dialogue between ISU researchers 
and decision-makers in governmental agencies at different levels and with 
the public, and has facilitated the collaboration of its faculty with local 
communities.  As an ASPRS member since 1996, Weng served as a Nation-
al Director from 2007 to 2010, Indiana Director 2003-04, Faculty Advisor of 
the Indiana State University Chapter of ASPRS since 2007, and a mem-
ber of Data Preservation & Archiving Committee (2003-04), Standards 
Committee (2008), Digital Globe Foundation Award Committee (2013, 
2015), ESRI Award committee (2013), Erdas Award committee (2014), and 
Boeing Award committee (2014). He has sponsored more than a dozen 
students to become ASPRS members. During his tenure as the National 
Director, he actively recruited members from Indiana for ASPRS and 
became a membership champion in 2005 and 2006, co-chaired the Joint 
Summer Conference of Eastern and Western Great Lakes Regions (2008), 
and worked with ISU Office of Continuing Education to provide continued 
education credit to professionals in the Western Great Lakes Region, and 
facilitated the 2011 ASPRS annual conference held in Milwaukee. He has 
regularly attended ASPRS conferences as a presenter, session organizer 
and moderator. He is frequently called upon to review manuscripts for 
PE&RS and other journals on remote sensing, GIS, with applications in 
environment, planning, geosciences, geography, and ecology. In addition, 
he served as the Secretary of the ISPRS Working Group VIII/1 (2004-08), 
and is the organizer and program chair of biennial International Workshop 
on Earth Observation and Remote Sensing Applications, a committee 
member of 22 international conferences, and an editorial board member 
of 10 journals. Due largely to his vision and dedication, the ISPRS Journal 
now ranks #1 in the fields of remote sensing and imaging science with 
impact factor of 6.387. Other significant activities include serving as the 
Lead of GEO’s Global Urban Observation and Information Task (2017-19), 
the Series Editor for Taylor & Francis Series in Remote Sensing Applications, 
a member of U.S. DOE’s Cool Roofs Roadmap and Strategy review panel 
in 2010, and Chair for American Association of Geographers (AAG) China 
Geography Specialty Group (2010-2011).  Weng was the recipient of the 
2015 Willard and Ruby S. Miller Award by AAG for his outstanding and 
pioneering contributions in urban remote sensing, the 2011 Outstand-
ing Contributions Award in Remote Sensing sponsored by AAG Remote 
Sensing Specialty Group, the 2010 Erdas Award from ASPRS (1st place, 
co-authored with H. Liu), the Robert E. Altenhofen Memorial Scholarship 
(1999), and the Best Student-Authored Paper Award by the International 
Geographic Information Foundation (1998). At ISU, he received the 
Theodore Dreiser Distinguished Research Award in 2006 (the university’s 
highest honor) and Lilly Foundation Faculty Fellow in 2005 (commending 
faculty’s excellence in experiential learning and community engagement). 
In May 2008, he received a prestigious NASA senior fellowship, allowing 
him to work at Marshall Space Flight Center and to conduct research on 
remote sensing applications in urban climate and public health.

Purpose: Started in 1992, the designation of Fellow is conferred on 
Society members who have been active for a total of at least ten years 
and who have performed exceptional service in advancing the science 
and use of the mapping sciences and related disciplines. It is awarded for 
professional excellence and for service to the Society.

Donor: ASPRS

The ASPRS Fellow Award includes a lapel pin and a hand-engrossed 
certificate. 

ASPRS Outstanding Service Award

2020 recipients: 
Roberta Lenczowski
For Outstanding Service as ASPRS Board Secretary (2014 – 2020).  
David Maune
For the editing, funding and distribution of the Digital Elevation Model 
Technologies and Applications: The DEM Users Manual, 3rd Edition. 
Michael S. Renslow
For development of the Certification Program.
Stanley Morain, Amy Budge & Michael S. Renslow
For their visionary work in editing and producing the Manual of 
Remote Sensing, 4th Edition.

Purpose: Established in 1991, The Outstanding Service Award is given in 
recognition of outstanding and unusual efforts in helping ASPRS develop and 
carry out its program over a sustained period. Recipients have performed out-
standing service at the chapter, regional, or national level. Awardees’ service 
includes any activities, including professional, that have helped the Society 
achieve its goals and objectives.

Donor: ASPRS 

The Outstanding Service Award consists of a bronze plaque.
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Recognition of Retiring Members of the Board of Directors
Thomas R. Jordan

Anne Hillyer, Immediate Past President
Peng Fu, Early Career Professionals Council
Victoria Scholl, Student Advisory Council
John McCombs, Technical Division Directors Council

Recognition of Retiring Division Directors
Thomas R. Jordan

Amar Nayegandhi, Lidar Division
Paul C. Bresnahan, Photogrammetric Applications Divisions
David W. Kreighbaum, Remote Sensing Applications Division
Benjamin Vander Jagt, Unmanned Autonomous Systems Division

Installation of New Division Assistant Directors
Thomas R. Jordan

Ajit Sampath, Lidar Division
Ben Wilkinson, Photogrammetric Applications Divisions
Amr Abd-Elrahman, Remote Sensing Applications Division
Dan Hubert, Unmanned Autonomous Systems Division
Bill Swope, Professional Practice Division

Installation of New Division Directors
Thomas R. Jordan

Joshua Nimetz, Lidar Division
Kurt Rogers, Photogrammetric Applications Divisions
Raechel A. Portelli, Remote Sensing Applications Division
Megan Ritelli, Unmanned Autonomous Systems Division
Harold Rempel, Professional Practice Division

Installation of New Council Chairs
Thomas R. Jordan

Bobby Arlen, Early Career Professionals Council
Youssef Kaddoura, Student Advisory Council
Bandana Kar, Technical Division Directors Council

Installation of Officers
Thomas R. Jordan

Christopher Parrish, Vice-President
Jason Stoker, President-Elect
Jeff Lovin, President

Presentation of Birdseye Citation and Pres-
ident’s Key to Retiring President
Jeff Lovin

Thomas R. Jordan, Immediate Past-President
To access retiring President Tommy Jordan’s address followed by 
President Lovin’s address, go to:
https://www.youtube.com/watch?v=fq6F5ExI6dE&feature=youtu.be 

Purpose: The Col. Claude H. Birdseye President’s Citation was established 
in 1965 as a tribute to one of the founders and the first president of the 
Society. Each year at the Annual Convention it is conferred on the outgo-
ing president in recognition of her/his contributions to the Society.

Donor: ASPRS 

The Birdseye Citation carries with it a gold Past President’s Key, and a 
hand-engrossed certificate. The retiring President will also receive the 
Presidential Gavel mounted on a walnut plaque.

President’s Address
Jeff Lovin

Scholarships and Outstanding Paper Awards
Lindi Quackenbush

Robert E. Altenhofen Memorial Scholarship

2020 recipient: Abishek Poudel
The 2020 Robert E. Altenhofen Memorial Scholarship recipient is 
Abishek Poudel, a doctoral candidate at the State University of New 
York, College of Environmental Science and Forestry.  His field of 
specialty is ecological modeling and geospatial applications for forest 
and natural resources management.  In addition to his studies, he has 
served as a research aid and teaching assistant in his department.  His 
current research involves the accuracy of aerial imagery from un-
manned aerial systems for environmental applications and monitor-
ing. His faculty advisor is Prof. Eddie Bevilacqua.

Purpose: First given in 1986, the Robert E. Altenhofen Memorial 
Scholarship is intended to encourage and commend college students 
who display exceptional interest and ability in the theoretical aspects of 
photogrammetry.

Donor: The ASPRS Foundation. This award was originally established by 
Mrs. Helen Altenhofen as a memorial to her husband, Robert E. Alten-
hofen, past president of ASPRS. He was an outstanding practitioner of 
photogrammetry and made notable contributions to the mathematical 
aspects of the science.

The Altenhofen Scholarship consists of a check for $2,000 and a 
hand-engrossed certificate.



PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING May 2020  283

Abraham Anson Memorial Scholarship  

2020 recipient: Alberto Loera
Alberto Lorea is a junior at California State University at Fresno, enrolled in a 
major of Geomatics Engineering specializing in Land Surveying.  He intends 
to graduate in the spring of 2021.   He was the valedictorian of his high 
school and has been on either the Dean’s or President’s List in each of his se-
mesters at Fresno and has a GPA of 3.68.  Lorea has been active in multiple 
volunteer activities both professionally and in his community.  He is involved 
in a number of relevant clubs at his university and has obtained professional 
experience as a survey technician for several years.  His accomplishments 
and interests are an excellent match for the Abraham Anson Scholarship.

Purpose:  To encourage students who have an exceptional interest in pur-
suing scientific research or education in geospatial science or technology 
related to photogrammetry, remote sensing, surveying and mapping 
to enter a professional field where they can use the knowledge of their 
discipline to excel in their profession. 

Donor: This award is presented by the ASPRS Foundation from funds donated 
by the Anson bequest and contributions from the Society and the Potomac 
Region as a tribute to Abe Anson’s many contributions to the field of photo-
grammetry, remote sensing, and long, dedicated service to the Society. 

The award consists of a certificate, a check in the amount of $2,000 and 
a one-year student membership (new or renewal) in the Society. 

John O. Behrens Institute for Land Information (ILI)  
Memorial Scholarship

2020 recipient: Elizabeth Hanwell
The 2020 John O. Behrens Institute for Land Information (ILI) Memo-
rial Scholarship is award to Elizabeth Hanwell.  Hanwell is a senior at 
West Virginia University pursuing a bachelor’s degree in environmen-
tal geoscience. She has demonstrated academic excellence in geo-
spatial engineering technology and related math and science courses. 
Hanwell has pursued four professional work internships that focused 
on generating, curating, and analyzing geospatial data and plans to 
explore graduate programs focused on Earth observation applied to 
hazard mapping and disaster response. 

The John O. Behrens ILI Memorial Scholarship was established by the In-
stitute for Land Information (since officially dissolved) as a tribute to the 
many contributions of Mr. Behrens to the field of geographic and land re-
lated information and technology.  John O. Behrens was a founder of the 
ILI and the author of many articles about the value of spatial information, 
land assessment and taxation, and land information policy.   In recog-
nition of Mr. Behrens outstanding contributions over his distinguished 
career, funds from the ILI have been donated to the ASPRS Foundation to 
be administered for the John O. Behrens ILI Memorial Scholarship. 

Purpose: To encourage students/persons who have an exceptional interest 
in pursuing scientific research or education in geospatial science or technol-
ogy or land information systems/records to enter a professional field where 
they can use the knowledge of this discipline to excel in their profession.

Donor: The ASPRS Foundation from funds donated by the ILI.

The Award consists of a certificate and a check in the amount of $2,000.

Robert N. Colwell Memorial Fellowship

2020 Recipient: Colin Doyle
Colin Doyle completed a B.S. degree in Environmental Biology from 
Georgetown University (2013) and a MA degree in Geography and the 
Environment from The University of Texas at Austin (2017).  He is pursu-
ing a PhD degree at UT-Austin, focusing on understanding the hydrology 
of a large ancient floodplain canal and a raised field agricultural system 
in Belize by using field, laboratory, and remote sensing methods.  This 
agricultural complex, which is potentially the largest known extent 
of ancient Maya agricultural development, was discovered by Doyle’s 
UT research group using multispectral LiDAR and other data.  Doyle is 
applying novel applications of machine learning with multispectral 
LiDAR intensity data to distinguish features that the LiDAR-derived DEMs 
could not.  His work will show how ancient Maya agriculture and water 
management practices were adapted to past climate change, and have 
impacted the modern landscape across the Maya lowlands of Belize, 
Guatemala, and Mexico. Before entering graduate school, Doyle worked 
on remote sensing projects involving multiple NGOs and government 
organizations at the NASA-Goddard DEVELOP National Program. He was 
the DEVELOP Center Lead for a project using Earth observations to aid 
flood monitoring in Southeast Asia along the Mekong River.  Moving 
to the Goddard Hydrological Sciences Branch, he built a near real-time 
flood mapping platform for the Mekong River Commission. While pur-
suing his PhD, Colin works as Director of Technology for Cloud to Street, 
a company he helped start that uses remote sensing-based tools to 
identify people at risk to flooding, improve watershed management, and 
develop near real-time flood assessment.  Supported by the World Food 
Programme, the World Bank, and Africa Risk Capacity, these tools have 
been applied in 11 African and South Asian countries.  Doyle’s career 
goals are to both advance scientific frontiers and translate the newest 
science into practical tools to bridge the gap between geospatial scien-
tists and the disaster managers in middle- and low-income countries.

Over the course of more than a half century, Dr. Robert N. Colwell devel-
oped a reputation as one of the world’s most respected leaders in remote 
sensing, a field that he stewarded from the interpretation of aerial 
photographs during World War II, to the advanced acquisition and anal-
ysis of many types of geospatial data from military and civilian satellite 
platforms.  His career included nearly 40 years of teaching and research 
at the University of California, Berkeley, a distinguished record of military 
service reaching the rank of Rear Admiral, and prominent roles in private 
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industry and as a consultant for many U.S. and international agencies. 
Among the many awards bestowed upon him, Dr. Colwell had the 
distinction of being one of the 25 Honorary Members of ASPRS.

Purpose: Established in 2006 to encourage and commend college/
university graduate students or post-doctoral researchers who display 
exceptional interest, desire, ability, and aptitude in the field of remote 
sensing or other related geospatial information technologies, and who 
have a special interest in developing practical uses of these technologies.

Donor: The ASPRS Foundation, from funds donated by students, associates, 
colleagues and friends of Robert N. Colwell.

The Award consists of a grant of $7,000 and a one-year student or associate 
membership (new or renewal) in ASPRS.

William A. Fischer Memorial Scholarship

2020 recipient: Bo Peng 
Bo Peng, currently a graduate student in the Department of Geography 
at the University of Wisconsin, Madison has been selected to receive the 
2020 William A. Fischer Memorial Scholarship. Peng is being presented 
this award in recognition of his impressive research accomplishments 
and publications, superior analytical skills, and outstanding academic 
record. Peng has clearly demonstrated the ability to combine his signif-
icant research experience and geospatial data science skills to help us 
address real world problems and inform decision making. 

Peng’s research is focused on remote sensing and image understand-
ing for near real-time flood extent mapping and depth estimation. 
Peng will be developing advanced deep-learning and computer vision 
techniques utilizing an unsupervised learning method based on 
generative adversarial networks (GAN), which can learn the underlying 
hidden object structure in an unsupervised manner. While GAN has 
been used for image classification, anomaly detection, and object 
detection, it has not been applied to change detection of flooded areas 
using remotely sensed multispectral or SAR imagery. Peng will also be 
developing a novel flood depth estimation framework with very high 
resolution aerial remote sensing data. The committee hopes that the 
results of his work will be shared with water and natural resource man-
agers who will face ever increasing climate variability and the growing 
threat of flooding.

Purpose: The William A. Fischer Scholarship facilitates graduate studies 
and career goals of a worthy student adjudged to address new and innova-
tive uses of remote sensing data and techniques that relate to the natural, 
cultural, or agricultural resources of the Earth. It was established in 1984.

Donor: the ASPRS Foundation through individual and corporate contri-
butions in memory of William A. Fischer.

The William A. Fischer Memorial Scholarship consists of a $2,000 check 
and a hand-engrossed certificate.

Francis H. Moffitt Memorial Scholarship

2020 recipient: Wenhao Liu  
The 2020 Francis H. Moffitt Memorial Scholarship is awarded to Wenhao 
Liu.  Liu is currently a student at the University of Florida pursuing a 
Master of Science degree in Geomatics specializing in Bathymetric 
Photogrammetry and Remote Sensing.  Liu received a Bachelor of 
Engineering degree from Shandong Agricultural University in China.  His 
research plan is to combine computer vision and deep learning methods 
in oblique photogrammetry to improve image matching accuracy and 
apply it to coastal and underwater studies.  Following graduation, he 
plans to pursue a Ph.D. degree and then to work as a research scientist 
or professor at a university.

Purpose: The award was first presented in 2008 with the purpose of 
encouraging upper-division, undergraduate-level and graduate-level 
college students to pursue a course of study in surveying and photo-
grammetry leading to a career in the geospatial mapping profession. 

Donor: The ASPRS Foundation from funds donated to the Foundation from 
former students, associates, colleagues and friends of Francis Moffitt.

The award consists of a certificate and a check in the amount of $7,000 
and a renewal membership in ASPRS.

The Kenneth J. Osborn Memorial Scholarship

2020 recipient: Trenton Holyfield
The 2020 Kenneth J. Osborn Memorial Scholarship is awarded to Trenton 
Holyfield.  Holyfield is pursuing a Bachelor of Science degree in Survey-
ing Engineering from Ferris State University and plans to graduate in 
May of 2021.  Following his BS, he plans to pursue his professional land 
surveyor license in Michigan, and to continue to promote the geospatial 
information technology profession in the Region. Trenton exemplified 
the Osborn qualities of communication and collaboration through 
participation in activities within the Ferris State University campus 
community by serving in leadership positions in student organizations 
such as Lambda Sigma, the land surveying honor society, and of Burt 
and Mullet, the student chapter of the National Society of Professional 
Surveyors. He is also an active student member of ASPRS, American 
Association of Geodetic Surveyors (AAGS), The Hydrographic Society of 
America (THSOA), and the United States Geospatial Intelligence Foun-
dation (USGIF).  In addition to his campus leadership activities, Holyfield 
also serves as a high school wrestling coach.  Holyfield’s faculty advisor is 
Professor Khadendra Thapa, PhD. 

Purpose: to encourage and commend college students who display 
exceptional interest, desire, ability, and aptitude to enter the profession 
of surveying, mapping, photogrammetry, or geospatial information and 
technology.  In addition, the Award recognizes students who excel at 
an aspect of the profession that Ken demonstrated so very well, that of 
communications and collaboration.
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Donor: The ASPRS Foundation from funds donated by the friends and col-
leagues of Kenneth J. Osborn.  Recognized nationally and internationally, 
Ken was an outstanding practitioner of surveying, mapping, photogram-
metry, and geospatial information and technology, and a great friend 
of the Society.  As a professional cartographer with the U.S. Geological 
Survey, Ken made significant contributions to these fields. The award was 
first offered in 2005.

The Award consists of a check in the amount of $2,000, an engrossed 
certificate and a membership renewal in the Society, 

Ta Liang Memorial Award

2020 recipient: Mohammad Abdul Qadir Khan
The Ta Liang Memorial Award for 2020 is presented to Mohammad 
Abdul Qadir Khan.  The selection was based on his academic achieve-
ments and awards, participation in a diversity of geospatial research 
projects, technical publications, planned program of research-related 
travel, and volunteer activities for youth and continuing education 
programs. Mr. Khan is pursuing a Master of Science degree in Geospa-
tial Data Science at the University of Delaware. He received his Bache-
lor of Technology degree in Physical Sciences at the Indian Institute of 
Space Science and Technology (IIST). His research focus is to advance 
the technology of Machine Learning coupled with satellite imagery 
and geospatial tools for addressing the global food security crisis and 
to provide current information of cropping practices and patterns at 
farm scale. He is conducting his research in northeastern India, and 
will be travelling there during Spring/Fall 2020 to conduct field work 
to obtain information for crops grown in his study area. The field data 
will be used for image classification and accuracy assessment purpos-
es. His research will advance our understanding of shifting cultivation 
patterns and cycles in the region based on biophysical factors and 
population dynamics in the region.  

Purpose: To facilitate research-related travel by outstanding graduate 
students in remote sensing, including field investigations, agency visits, 
participation in conferences, or other travel which enhances or facilitates 
graduate research.

Donor: Individual and corporate contributions to the ASPRS Foundation 
in memory of Ta Liang, a skilled civil engineer, an excellent teacher, and 
one of the world’s foremost airphoto interpreters, the award consists of a 
$2,000 grant and a hand-engrossed certificate.

Paul R. Wolf Memorial Scholarship

2020 recipient: Lee Ann Nolan
The 202 Paul R. Wolf Memorial Scholarship is awarded to Lee Ann Nolan.  
Nolan is receiving this award in recognition of her outstanding academic 
credentials and her plans and enthusiasm to become an education 
professional in Surveying, Mapping, Photogrammetry and related fields.  
Nolan is currently a Doctoral candidate (planned graduation August 
2020) in Geography at the University of West Virginia-Morgantown. 
Nolan has demonstrated a continued interest, dedication, enthusiasm, 
passion, and aptitude to become an education professional and has been 
recognized at all levels. Nolan’s career goal is to become a tenured teach-
ing/research faculty member at a university, wishing to grow her skill set 
and continually learn with special interest in the area of UAV’s and drones.

Purpose: To encourage and commend college students who display 
exceptional interest, desire, ability, and aptitude to enter the profession 
of teaching surveying, mapping, or photogrammetry.

Donor: the ASPRS Foundation from funds donated by the friends and 
colleagues of Paul R. Wolf.  Recognized nationally and internationally, 
Paul was an outstanding educator and practitioner of surveying, map-
ping, and photogrammetry and a great friend of the Society.  As author, 
teacher, and mentor, Paul made significant educational and academic 
contributions to these fields. The award was inaugurated in 2003 and 
includes a grant of $4,000 and a hand-engrossed certificate

Outstanding Paper Awards

John I. Davidson President’s Award for Practical Papers

1st Place:  Jarrod Edwards, John Anderson, William Shuart, and Jason 
Woolard for “An Evaluation of Reflectance Calibration Methods for UAV 
Spectral Imagery,” PE&RS, 85 (3).

2nd Place:  Gottfried Mandlburger for ”Through-Water Dense Image 
Matching for Shallow Water Bathymetry,” PE&RS, 85 (6).

3rd Place: Zhixin Qi, Anthony Gar-On Yeh, and Xia Li for “Scattering-
Mechanism-Based Investigation of Optimal Combinations of 
Polarimetric SAR Frequency Bands for Land Cover Classification,” 
PE&RS, 85 (11).
Purpose: The John I. Davidson President’s Award for Practical Papers was 
established in 1979 to encourage and commend individuals who publish 
papers of practical or applied value in PE&RS 85 (6).

Donor: The ASPRS Foundation in memory of ASPRS Past President John 
I. Davidson. 

The First Place award includes an engraved pewter tankard, a cash 
award of $1,000 and a hand-engrossed certificate; Second Place is a 
cash award of $600 and a hand-engrossed certificate; Third Place is a 
cash award of $400 and a hand-engrossed certificate.
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The Esri Award for Best Scientific Paper in GIS

1st Place:  X. Wang, F. Rottensteiner, and C. Heipke for”Robust Structure 
From Motion Based on Relative Rotations and Tie Points,” PE&RS 85 (5).

2nd Place: Andreas Wichmann, Amgad Agoub, Valentina Schmidt, and 
Martin Kada for “RoofN3D: A Database for 3D Building Reconstruction 
with Deep Learning,” PE&RS 85 (6).

3rd Place: Harith Aljumaily, Debra F. Laefer, and Dolores Cuadra for 
”Integration of Lidar Data and GIS Data for Point Cloud Semantic 
Enrichment at the Point Level,” PE&RS, 85 (1).

Purpose: Established in 1991, the fully-endowed ESRI Award honors 
individuals who publish papers of scientific merit that advance our 
knowledge about GIS technology.

Donor: Esri, Inc. through the ASPRS Foundation

The Esri Award first prize is $1,000 and a hand-engrossed certificate; 
second prize is $600 and a hand-engrossed certificate; third prize is $400 
and a hand-engrossed certificate.

Talbert Abrams Award

2020 recipients:

Grand Award: Chang Li, Xiaojuan Liu, and Wei Lu for “An Image-
Pyramid-Based Raster-to-Vector Conversion (IPBRTVC) Framework for 
Consecutive-Scale Cartography and Synchronized Generalization of 
Classic Objects,” PE&RS, 85 (3).

1st Honorable Mention: Niclas Börlin, Arnadi Murtiyoso, Pierre 
Grussenmeyer, Fabio Menna, and Erica Nocerino for ”Flexible 
Photogrammetric Computations Using Modular Bundle Adjustment: 
The Chain Rule and the Collinearity Equations,” PE&RS, 85 (5).

2nd Honorable Mention: Qiang Zhou, Shuguang Liu, and Michael J 
Hill for “A Novel Method for Separating Woody and Herbaceous Time 
Series,” PE&RS, 85 (7).
Purpose: The Talbert Abrams Award was established in 1945 to encour-
age the authorship and recording of current, historical, engineering, and 
scientific developments in photogrammetry. The Award is determined 
from papers published in PE&RS. 

Donor: The ASPRS Foundation 

The award consists of a check for $3,000 and an engraved plaque for the 
Grand Award, and an award certificate for the First and Second Honor-
able Mentions.

Region Awards

2020 recipients:
Region of the Year 
Florida Region
Potomac Region
Pacific Southwest Region

Website & Newsletter of the Year 
Pacific Southwest Region
Western Great Lakes Region
Rocky Mountain Region

Roger Hoffer Membership Award

2020 Honorable Mention: Dr. Xiaojun Yang, Florida State 
University

Purpose:  First awarded in 1968 as the ASPRS Ford Bartlett Membership 
Award (which was originally sponsored by the firm of Lockwood, Kessler, 
and Bartlett, Inc.) to honor members for actively promoting membership 
in ASPRS. This award now marks the the exceptional efforts of ASPRS 
Past President Roger Hoffer in managing the Membership Committee 
and recruiting hundreds of student members.

Donor: ASPRS 

A member is eligible to receive the Award after sponsoring ten or more mem-
bers in one year. Each recipient receives a hand-engrossed certificate and a 
one-year membership in the Society. An Honorable Mention is awarded to 
those who sponsor at least five new members.

Introduction of the Rising Stars
The ASPRS Rising Star program is focused on mentorship of tomorrow’s 
leaders within ASPRS and the geospatial and remote sensing communi-
ty. Rising Stars are defined as early career professionals within the first 
ten years of their geospatial careers who are selected for sponsorship 
within the program.
The current Rising Stars are:
Amanda Aragon 
Charles Krugger 
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NEW ASPRS MEMBERS
ASPRS would like to welcome the following new members!

Florida
Kristian L. Damkjer

Brittany Harris
Trevor R. Tyson
Brett C. Wood

Heartland
Shawn L. Graves

Whit Lynn

Mid South
Daniel Jay Puterbaugh

Ray Weger

Northeastern
Joshua Craig Maker

Pacific Southwest
Jim Crume

Liana Heberer
Alan Owen Osborne

Potomac
Shiloh Dorgan

Benjamin Shelton
Deborah A. Simerlink

Rocky Mountain
Josip Adams

Lawrence Beals
Georgios Charisoulis

Charles Roibert Staton

Western Great Lakes
Gizem Karslioglu

FOR MORE INFORMATION ON ASPRS MEMBERSHIP, VISIT 

HTTP://WWW.ASPRS.ORG/JOIN-NOW

Your Path To Success In The Geospatial Community

ASPRS IS PARTNERING WITH 
WHITTLES PUBLISHING

ASPRS announces its partnership with Whittles 
Publishing to offer ASPRS members exclusive 
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Geomorphic Change Detection Using Cost-
Effective Structure-from-Motion Photogrammetry: 

Evaluation of Direct Georeferencing from 
Consumer-Grade UAS at Orewa Beach  

(New Zealand)
Stephane Bertin, Benjamin Levy, Trevor Gee, and Patrice Delmas

Abstract
Unmanned aerial systems (UAS) and structure-from-motion 
photogrammetry are transforming the way we produce topo-
graphic data, with applications covering many disciplines 
in the geosciences, including coastal studies. To overcome 
limitations of ground control points (GCPs), we evaluate 
direct georeferencing (DG) of consumer UAS imagery for the 
cost-effective measurement of beach topography. Using DG, 
camera positions determined with on-board instruments 
provide air control points for photogrammetry, obviating 
the need for presurveyed GCPs. We validate the approach at 
Orewa Beach, New Zealand, achieving vertical accuracies 
similar to light detection and ranging (< 0.2 m) at a higher 
resolution (< 0.1 m). A low-quality global navigation satellite 
system onboard a consumer UAS remains the main constraint 
on measurement quality. We show how independent topo-
graphic data sets, which are increasingly available world-
wide, can improve measurement quality, and hence change 
detection capacity. Our understanding of measurement 
quality achieved in this study is applied to the assessment 
of morphological and volumetric change at Orewa Beach.

Introduction
The coast is a dynamic and fragile environment, and measure-
ments of the coastal zone should ideally reflect this temporal-
ity if we aim to understand the (geomorphic) processes and 
changes that occur in response to natural and anthropogenic 
drivers. Developments in topography remote sensing (e.g., 
image-based and laser scanning techniques) have greatly im-
proved our ability to survey the coast at a large scale allowing, 
for example, to transition from labor-intensive beach profiles 
to digital surface models (DSMs), with higher resolution and 
surface coverage. In New Zealand, airborne lidar (light detec-
tion and ranging) was used to survey the Auckland isthmus 
in 2013, resulting in topographic data covering over 2000 
km2 and including most of the coastal zone (LINZ 2019). Such 
data sets are increasingly valuable for detailed coastal flood 

risk analyses (Raji et al. 2011), providing coastal managers 
with essential information for adapting coastal areas to storm 
events and rising sea levels (e.g., Ministry for the Environ-
ment 2015; National Institute of Water and Atmosphere 2015). 
However, the cost for lidar data acquisition remains high, 
and thus seldom enables repeated measurements to monitor 
coastal change, such as rapid storm-induced erosion or even 
annual/pluriannual evolution.

A growing alternative in topographic remote sensing is 
the use of (small) unmanned aerial systems (UAS), commonly 
referred to as drones, equipped with photographic sensors. 
With cost-effective technologies that continue to improve, UAS 
are increasingly accessible and versatile, allowing the capture 
of aerial imagery in a variety of situations. Compared with 
full-scale airborne platforms, UAS provide the opportunity of 
frequent data capture at a very low cost, with sampling peri-
ods that can be virtually as low as minutes or hours. Further-
more, adapting flight plans and image acquisition geometries 
to the terrain and study needs has become relatively straight-
forward using drones, which can improve survey resolution 
and precision. Parallel developments in Computer Vision, for 
instance by reducing previous constraints on stereo corre-
spondence and by reducing uncertainty in photogrammetry 
(Lane, James, and Crowell 2000) have resulted in the rapid 
uptake of UAS-based photogrammetry in scientific studies. 
Particularly, structure-from-motion (SfM) and multi-view ste-
reo algorithms (Lowe 2004; Furukawa and Ponce 2010) allow 
the production of high-quality DSMs and orthophotographs 
from imagery collected with different orientations and scales 
using consumer (nonmetric) cameras. This photogrammetric 
approach is commonly referred to as SfM photogrammetry.

Although using UAS and SfM photogrammetry in combina-
tion is becoming widespread in scientific studies to measure 
topography (see, e.g., the review by Colomina and Molina 
2014), with several applications to the coastal zone (e.g., 
Mancini et al. 2013; Ierodiaconou, Schimel, and Kennedy 
2016; Long et al. 2016; Turner, Harley, and Drummond 2016; 
Talavera et al. 2018; Laporte-Fauret et al. 2019), we argue that 
further methodological development is necessary to the larger 
uptake of the technique and increased accessibility, including 
outside academic disciplines. In particular, methodologies 
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using consumer-grade UAS, and that do not require ground 
control points (GCPs), could significantly improve current 
data collection strategies associated with SfM photogramme-
try. A solution suggested by previous research is to develop 
so-called direct georeferencing (DG), whereby knowledge of 
camera positions (X, Y, and Z) and orientations (pitch, roll, 
and yaw) at the time of image acquisition is sufficient to 
georeference and scale photogrammetric measurements (Car-
bonneau and Dietrich 2017). Compared to photogrammetric 
approaches requiring GCPs, the advantages of DG are clear. By 
removing ground control (e.g., targets distributed on the site 
and independently measured), professional survey equipment 
(e.g., real-time kinematic-global positioning system (RTK-GPS) 
or total station) is no longer required, which could dramati-
cally reduce the time and resource demands for UAS photo-
grammetry. Furthermore, using DG, foot-access to the survey 
area would not be required, which in the case of hazardous or 
inaccessible areas would facilitate high-quality topographic 
monitoring. To allow widespread applications of DG, research 
must determine if visual odometry in combination with on-
board sensors, such as GPS and inertial measurement unit, can 
achieve results to the level that GCPs are no longer necessary.

DG of SfM photogrammetry has only been investigated by 
a few studies to date, with none clearly demonstrating the 
potential of DG from consumer-grade UAS to monitor beach 
morphological change. Turner, Lucieer, and Wallace (2014) 
developed a purpose-built UAS and GPS module and showed 
that DG can produce georeferenced orthophotographs suitable 
for agricultural applications (horizontal precision ~0.1 m). 
Jaud et al. (2018) used directly georeferenced hyperspectral 
images obtained from HyperDrelio, a purpose-built drone for 
environmental applications, to measure submerged topog-
raphies of a sandy beach and lake. Carbonneau and Dietrich 
(2017) presented evaluations of DG over small test fields and 
provided recommendations to improve data quality by com-
paring different image acquisition geometries (i.e., different 
flight plans and image orientations). Another application over 
structurally complex badland surfaces showed that DG can 
result in survey precision similar with surveys using GCPs, 
even when precision in camera position is half as good as 
GCPs’ (James et al. 2017). All these studies support the idea 
that DG of SfM photogrammetry is a valid endeavor and that 
high-quality data can be obtained at a fraction of the time and 

cost commonly associated with standard photogrammetric 
approaches requiring GCPs.

In this paper, we test the applicability of DG in a coastal 
environment to assess morphological change, using the south 
end of Orewa Beach (New Zealand) as a field laboratory. 
Using popular consumer-grade UAS and photogrammetric soft-
ware, we produced DSMs and orthophotos of the study area 
in 2018. The availability of a lidar data set obtained in 2013 
provided means to assess measurement quality and morpho-
logical changes of the beachface and dune between the two 
surveys. Results show that vertical accuracies similar to lidar 
can be achieved using DG, at a higher resolution. However, 
the adoption of a detailed error assessment procedure reveals 
systematic errors, taking the form of linear shifts and geomet-
ric distortions of small magnitude (typical standard deviation 
~0.2 m). These errors result from camera position and calibra-
tion errors, which can propagate and affect the reliability of 
findings. We show how independent topographic data sets 
such as lidar, which are increasingly available to determine 
vertical coordinates worldwide, can improve measurement 
accuracy and hence the reliability of geomorphic change de-
tection using DG. The results produced in this paper represent 
a step forward towards proposing a simple, affordable, and ef-
fective technique that can be implemented by all for measur-
ing the topography of continental surfaces, including, but not 
limited to, coastal systems.

Materials and Methods
Study Area and Context
A pilot study was conducted at Orewa Beach (Figure 1a), on 
the northeastern shoreline of North Island, New Zealand. 
Orewa is representative of the beaches northeast of Auck-
land and is the subject of a monitoring program by the local 
council. Orewa is a relatively straight, gently sloping, and 
meso-tidal beach, with an estuary mouth before a small head-
land to the south, and a small stream and a larger headland 
to the north. The coast around Orewa is protected by offshore 
islands and the Coromandel peninsula. Generally, waves are 
small, short period seas, created by fetch limited local winds. 
The coast occasionally receives storm waves and larger swell 
from the North through to the East, especially when posttropi-
cal depressions drop east of New Zealand.

Figure 1. (a) Location of the study area at the south end of Orewa Beach, North Island, New Zealand. (b) Orthophoto (GSD 
= 0.125 m) provided by LINZ; red polygons indicate different regions of interest (see text for information) and blue dots 
correspond to lidar-derived control points (CtrlPts). (c) 2013 lidar DSM (grid spacing = 1 m) where white and red dots indicate 
camera position for UAS photogrammetry. Coordinates are reported in the local coordinate system (horizontal: NZGD2000, 
elevation: NZVD2009). All dimensions are in meters.
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Sediment on the beach is a mix of fine sand and silt, with a 
median grain size D50 of 0.13 mm (Raudkivi 1981). The beach 
was originally backed by low sand dunes, which acted as a buf-
fer zone during storms and provided sand for natural replen-
ishment. Following increasing human intervention from the 
1950s (e.g., sand mining for construction, realignment of the 
south estuary channel, and construction of a groyne along the 
estuary mouth), dunes only remain at the southern end where 
our survey area is located (Figure 1b), while rip-rap seawalls 
now make for most of the beach length. These changes have 
resulted in significant erosion of the sand on the beachface, 
such that there is virtually no beach at high tide and beachfront 
properties are often at risk during storms and perigean spring 
tides. In response, a sand replenishment program was started 
in 1988. The latter is done every year, generally in spring, 
and consists of harvesting the sand deposited at the southern 
groyne (sediment sink) and placing that sand at the center of 
the beach. Beach change monitoring has so far been limited 
to the analysis of three beach profiles collected approximately 
once a year. In comparison, it is imagined that UAS and SfM 
photogrammetry could provide the high resolution and high 
frequency data at a very low cost to monitor the beach morpho-
dynamics at this location to better manage coastal hazards.

Lidar Dataset
As part of a national effort to have comprehensive lidar cover-
age across New Zealand, the Auckland region was surveyed 
in 2013. The data freely accessible online (LINZ 2019) com-
prise point clouds, DSMs, and digital elevation models (DEMs, 
with filtered vegetation and buildings) tiled into 1:1000 tile 
layout and covering approximately 2250 km2 in total. Coordi-
nates are referenced to the NZGD2000 projection system and 
NZVD2009 as vertical datum. Raster grid spacing for DSMs and 
DEMs is 1 m, while horizontal and vertical accuracies reported 
in the metadata are ±0.6 m and ±0.2 m, respectively (at a 95% 
confidence level). For this study, we used three DSMs (az31-
4642, az31-4742, and az31-4743) stitched together in Matlab 
(see e.g., Bertin, Friedrich, and Delmas 2016) to produce a 
unique DSM of the study area (Figure 1c). We also used three 
corresponding georeferenced orthophotos, with a ground 
sampling distance (GSD) of 0.125 m, to produce a textured DSM 
of the study area (Figure 1b). The latter provided a benchmark 
against which photogrammetry was evaluated. In addition, 
invariant features (e.g., road markings, drains, etc.) identified 
in the textured DSM formed control points (CtrlPts) for calibra-
tion and georeferencing of photogrammetry (see the section 
“SfM Photogrammetry Processing”).

UAS Platform for SfM Photogrammetry
UAS deployment was conducted on the morning of 7 Septem-
ber 2018, which was partly cloudy with wind gusts averaging 
10–15 knots and increasing. Image collection was timed to 
coincide with low tide at 10 a.m. The UAS used for the study 
is a Mavic Pro (MP), manufactured by DJI Inc. The MP is a 
popular consumer quadcopter with several features of interest 
for scientific applications. It has an integrated camera (model 
FC220: 1/2.3” complementary metal–oxide–semiconduc-
tor sensor, 26 mm focal length in 35 mm format equivalent) 
mounted on a three-axis gimbal that ensures camera stabi-
lization. Using the camera, we acquired 12-megapixel still 
imagery in Joint Photographic Experts Group format (JPEG) 
with a manufacturer stated distortion < 1.5%. The internal 
Global Navigation Satellite System (GNSS) (GPS/GLONASS) used 
for navigation and flight stabilization has a stated accuracy of 
1.5 m horizontal and 0.5 m vertical. GNSS values are automati-
cally exported to the exchangeable image file format (EXIF) 
metadata in WGS84 latitude and longitude format providing a 
location stamp (geotag) for each captured image. The battery 
(3880 mAh Lithium Polymer LiPo 3s) provided the capacity 

for a 20 minute flight at speeds up to 65 km/h. The low cost 
of the now discontinued MP (~NZD1500) makes it acces-
sible, while limiting the impact of a total loss in the event 
of a crash, allowing for flights in risky environments such 
as the coastal zone. At the time of writing, its successor the 
MP2 offers improved specifications, such as a 20-megapixel 
Hasselblad camera and flight durations up to 30 minutes for a 
similar price tag.

Flight Plan and Image Acquisition
The complete DEM collection workflow is presented in Figure 
2. The free Pix4Dcapture mobile application was used to 
prepare the flights over the study area. In total, two 20 minute 
flights were conducted, allowing the survey of over 800 m 
of beach along-shore and 100 m cross-shore. Images were 
automatically collected along a grid (Figure 1c) from a flying 
height of 40 m, with a 65% front and side overlap and a GSD 
~1.4 cm. The survey was repeated at 90° to the initial flight 
path (called the double grid approach in Pix4Dcapture) to 
ensure high data redundancy and to reduce the occurrence of 
shadowing during three-dimensional (3D) reconstruction. The 
camera angle was set to 70° (i.e., 20° off-nadir) as previous 
work shows that using convergent imagery in photogramme-
try reduces the risk of nonlinear deformations in topographic 
models (Wackrow and Chandler 2008; James and Robson 
2014). In total, 849 geolocated JPEG images were collected dur-
ing the two flights.

Figure 2. The complete DEM collection workflow.

SfM Photogrammetry Processing
Images were imported into Photoscan Pro (now Agisoft 
Metashape) as a single “chunk” and their horizontal coor-
dinates were transformed to the local coordinate system 
NZGD2000. Examination of the EXIF metadata showed that 
GNSS elevations were systematically offset, indicating a flying 
height of 9 m. This is a common issue when using consumer 
UAS (Griffiths and Burningham 2019). Correction was done 
using the Exiftool by overwriting the EXIF absolute elevation 
with the EXIF relative elevation measured with the internal 
barometer, provided the launch elevation was initially set to 
zero. Following, image quality was estimated using Photo-
Scan, whereby sharpness values are used to define quality (0 
= blurred, 1 = very sharp), and all images with a quality below 
0.8 were discarded to retain only the sharpest images. The re-
maining images (785) were aligned using the high-quality im-
age-alignment setting, followed by a dense reconstruction at a 
high-density setting. During the image alignment, the program 
searched for matching features in overlapping photos and 
optimized the self-calibrated camera intrinsic and extrinsic 
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parameters using bundle adjustment from the matched points. 
Preliminary testing on the sparse point cloud showed that 
using the intrinsic parameters presented in Table 1 resulted in 
the best results, in that it improved the reprojection error and 
no obvious deformation was present in DSMs. The dense point 
cloud comprised of ~75 500 000 points distributed over ~150 
000 m2, corresponding to a point density in excess of 500 
points/m2 (i.e., an average point spacing ~0.05 m). The dense 
point cloud was transformed into a raster DSM with regular 
point spacing of 0.1 m, and automatically projecting every 
image pixel onto the DSM produced an orthophoto of the same 
sampling resolution. To facilitate data processing for sections 
of interest, several DSMs and orthophotos were produced (cf., 
Figure 1b) by manually creating shapes in PhotoScan. DSMs 
and orthophotos were finally exported as .xyz and .tif files, 
respectively, for analysis in Matlab.

Not using GCPs meant that the elevations measured with 
photogrammetry were relative to the zero-elevation estab-
lished at the launch point. To allow comparison with other 
data sets, elevations were further processed to georeference 
the model according to the local vertical datum NZVD2009. 
We used lidar as reference to determine the elevation of the 
launch point. This value was added to the relative camera 
elevation. Carbonneau and Dietrich (2017) and Griffiths and 
Burningham (2019) used similar methods whereby the eleva-
tion of the launch point was determined from Shuttle Radar 
Topography Mission (SRTM) data set and differential Global 
Positioning System, respectively. This method to establish a 
vertical datum for SfM photogrammetry is hereafter referred to 
as UASGPS, in that the shape and dimension of the photogram-
metric solution is controlled by camera position only (Griffiths 
and Burningham 2019). A second reconstruction scenario, re-
ferred to as UASGPS + GCP, was also tested (Figure 2). For this 
method, lidar-derived CtrlPts were used as weighted observa-
tions to georeference and optimize calibration parameters dur-
ing bundle adjustment. 26 CtrlPts were created with the con-
dition that they were easily identifiable with both lidar and 
photogrammetry, and that they remained unchanged between 
the two surveys (Figure 1b). Following recommendation from 
James et al. (2017), we carefully adjusted weighing coefficients 
for the bundle adjustment using PhotoScan outputted values 
for the precision of tie points and CtrlPts.

Morphological Change Detection over the Period 2013–2018
Beach morphological change between 2013 and 2018 was 
analyzed using the elevation difference (DSM of difference, or 
DoD) between lidar and photogrammetry in MATLAB. Elevation 
difference was computed cell-by-cell using the lidar resolu-
tion of 1 m. Areas of deposition are indicated by positive DoD 
values, while areas where the DoD is negative indicate erosion. 
The total volumes of deposition and erosion were estimated 
by integrating the DoD over the area where it is positive and 
negative, respectively, and the net volume change between 
the two surveys was calculated as the addition of erosion and 
deposition volumes.

Application of a minimum level of detection (minLOD) by 
counting only those differences between DSMs displaying an 
absolute value larger than the minLOD allowed removing from 
the calculations the areas where change detected was too little 

to be considered reliable given the measurement uncertainties 
(both lidar and photogrammetry). The minLOD was calculated 
as (Brasington, Langham, and Rumsby 2003):

 
minLOD = t SDE +SDESfM

2
lidar

2 ,
 

(1)

where t is the confidence level (set to 1.96, representing a 
95% CI) and SDESfM and SDElidar are the standard deviation 
of errors for photogrammetry and lidar, respectively. SDElidar 
was set to 0.2 m, i.e., the vertical precision of the lidar data 
set. Measurement quality with SfM photogrammetry can vary 
largely between studies due to the different hardware, and the 
data acquisition and processing methods used. A comprehen-
sive error assessment was applied to our measurements (see 
the section “Error Assessment of SfM Photogrammetry”), from 
which the metric SDESfM was estimated for use in the minLOD 
calculation. Using the minLOD, volumetric uncertainty on ero-
sion and deposition volumes was calculated as the number of 
cells experiencing change (deposition or erosion, respective-
ly), multiplied by the minLOD and the cell area (Ierodiaconou, 
Schimel, and Kennedy 2016).

Error Assessment of SfM Photogrammetry
Topographic data produced with SfM photogrammetry can 
present systematic error patterns (Figure 3) that cannot be 
explicitly represented using a single statistic such as mean 
error (ME) or root-mean-square error. For instance, errors in 
camera position can propagate as errors of position, orienta-
tion, and/or scale in the model. In addition, errors in the 
calibrated camera parameters can result in nonlinear deforma-
tions generally taking the form of doming or dishing (Figure 
3). Each of these errors can potentially impact change detec-
tion, for instance by creating false horizontal or vertical offsets 
(position/translation errors), or by producing incorrect tilts or 
warps. Rigorous characterization of measurement error is criti-
cal to ensure reliable comparisons between topographic data 
sets. It also provides a means to improve measurement quality 
(Bertin et al. 2015), and hence to increase change detection ca-
pacity. To account for potential error types in SfM photogram-
metry we used the following error model based on a seven-
parameter Helmert transform (Carbonneau and Dietrich 2017):

 DSMSfM = M7DSMtrue + η, (2)

where DSMSfM is the DSM obtained using SfM photogrammetry 
and DSMtrue is a ground truth representation of the surface 
(here the lidar DSM). The matrix factor M7 represents the af-
fine rigid-body seven-parameter Helmert transform needed to 
scale (one parameter: S), rotate (three parameters: Rx, Ry, Rz), 
and translate (three parameters: Tx, Ty, Tz) DSMtrue to match 
DSMSfM in the least-squares sense. The value η is a nonlinear, 
nonrigid error term approximating a quasi-random field rep-
resenting noise in the photogrammetry. We used the standard 
deviation of η (noted SDESfM) as a measure of precision (scat-
ter) of DSMSfM.

To ensure realistic error assessment that is not impacted 
by changes in topography, DSMSfM and DSMtrue were com-
pared over the back of the vegetated dune and grassy area 

Table 1. Self-calibration outputs of SfM photogrammetry over the carpark area for the two reconstruction scenarios. 

f × 103 cx × 103 cy × 103 K1 × 10-9 K2 × 10-15 K3 × 10-22 p1 p2 RMS error Δ (m)

UASGPS 3.17 1.98 1.43 4.22 -1.42 1.57 1.31 2.45 1.74 0.13

UASGPS + GCP 3.17 1.98 1.43 4.23 -1.42 1.57 1.24 2.43 1.74 0.09

Note: All units are in pixels except where otherwise stated. Kn values reported by PhotoScan in focal length units were transformed to pixel 
units to facilitate comparison across studies. RMS error gives the root mean square reprojection error. Δ is the maximum range of vertical 
DSM deformation in comparison to a flat surface (cf., Figure 4).
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where little change was expected between the two surveys 
(this was confirmed by our measurements). To determine the 
parameters for M7 using Matlab, four corresponding points 
easily identifiable with both photogrammetry and lidar were 
selected, and the different parameters that could transform 
DSMtrue to match DSMSfM were calculated iteratively. We then 
determined η by calculating the DoD between DSMtrue and 
DSMSfM after the application of M7. The whole procedure was 
repeated several times to ascertain the reproducibility of our 
results. We also used the DoD to assess the presence of nonlin-
ear deformations in photogrammetry by fitting a biquadratic 
surface that minimizes the difference between the DoD and the 
fitted trend in a least-squares sense.

Measurement quality was also assessed in comparison 
with the flat surface represented by a carpark located at the 
north end of the survey area (cf., Figure 1b). For this test, only 
the images surrounding the carpark were used and the same 
DSM reconstruction procedures as applied to the complete 
image data set were followed (cf., the section “SfM Photogram-
metry Processing”). We assessed the presence of nonlinear 
deformations by first detrending linearly the DSM to produce 
a horizontal surface and then by fitting a biquadratic surface 
associated to doming or dishing.

Results
The following section examines the results of photogram-
metry for the two reconstruction scenarios (i.e., with and 
without lidar-derived CtrlPts) on the simple test area pro-
vided by a carpark. For the two scenarios, we then determine 
the complete error model by comparing photogrammetry and 
lidar over a stable section of the survey area. Finally, we use 
the understanding of errors in photogrammetry to assess mor-
phological and volume changes of the beachface and dune 
between 2013 and 2018, and to provide uncertainty bounds 
for the volumes obtained.

Evaluation of Self-Calibration of SfM Photogrammetry
Self-calibration outputs for the two reconstruction scenarios 
are presented in Table 1. Differences in calibration parameters 
are apparent for K1, p1, and p2, which are coefficients for radial 
(K1) and tangential distortion (p1, p2), respectively. Assum-
ing the carpark area is approximately flat, small nonlinear 
deformations are observed for both scenarios. The UASGPS DSM 
presents a concave curvature (Figure 4b), whilst a downward 
deformation occurred in the case of CtrlPts (Figure 4c). For 
the latter, we found the deformation to have a vertical range Δ 
= 0.09 m and a standard deviation σ = 0.0116 m (Figure 4e). A 
larger deformation was observed for UASGPS, with Δ = 0.13 m 

Figure 3. Schematic presentation of potential error types in SfM photogrammetry (adapted from Carbonneau and Dietrich 2017).

Figure 4. Evaluation of self-calibration of SfM photogrammetry for the two reconstruction scenarios. (a) Orthomosaic (GSD 
~0.01 m) of the carpark area showing lidar-derived CtrlPts as blue dots; (b) DSM deformation for UASGPS scenario (i.e., self-
calibration based on camera position only); (c) DSM deformation for UASGPS + GCP scenario (i.e., self-calibration based on 
camera position and lidar-derived CtrlPts); (d) PDF of the deviations from a flat surface for the UASGPS scenario; and (e) PDF of 
the deviations from a flat surface for the UASGPS + GCP scenario.
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and σ = 0.0285 m (Figure 4d). Using σ as a proxy for mea-
surement precision indicates higher precision when CtrlPts 
are used as weighted observations for bundle adjustment. 
For both scenarios, attempts were made to account for the 
rolling-shutter effect of the FC220 camera onboard the UAV by 
including affine distortion coefficients (b1, b2) during self-cal-
ibration. Despite small improvements in 3D camera positional 
error after bundle adjustment, the effect on DEM accuracy was 
less clear. For this reason, we were not able to conclude on the 
actual benefit of including the affine distortion coefficients, 
which were therefore omitted for the rest of the study.

Error Assessment of SfM Photogrammetry Using Lidar as Control
In Figure 5 we compare the DSMs obtained using photogram-
metry and the (ground-truth) lidar DSM over the stable dune 
and grassy area at the Southwest of the study site. DoDs show 
that most of the surface (> 80% in area) experienced morpho-
logical change less than 0.2 m (Figure 5d and 4e). The latter 
is the vertical precision of lidar. Observed changes between 
photogrammetry and lidar are consistent across the UASGPS 
and the UASGPS + GCP reconstruction scenarios. Changes are 
associated to local variations in vegetation height between 
photogrammetry and lidar surveys. These variations essen-
tially correspond to patches of vegetation that are higher in 
the DSMs obtained with photogrammetry, indicating vegeta-
tion growth locally between the two surveys. Analysis of the 
image data shows that the taller vegetation identified with 
photogrammetry corresponds to small perennial trees and 
shrubs. Other vegetation on the dune comprises different 
types of grass, low-growing succulents, and small scram-
bling shrubs common to coastal New Zealand (e.g., Spinifex 

sericeus, Ficinia spiralis, and Coprosma acerosa), which have 
limited growth.

DoDs indicate the presence of linear shifts (Figure 5f and 
5g) and deformations (Figure 5h and 5i) of small magnitude 
(standard deviation < 0.2 m and vertical range < 0.5 m). Lin-
ear shifts representing tilts between SfM photogrammetry and 
lidar vary depending on the reconstruction scenario used for 
photogrammetry. Tilt is more pronounced for UASGPS, with a 
vertical range of 0.34 m (0.06 m in the case of UASGPS + GCP). 
This tilt is essentially due to a rotation of the photogramme-
try DSM along the x-axis (easting), with rotation angles Rx of 
0.0384° and 0.0063° for UASGPS and UASGPS + GCP scenarios, 
respectively, which corresponds to a six-fold improvement 
when using CtrlPts (Table 2). The improvement is less for tilts 
along the y-axis (northing), with Ry values of 0.0332° and 
0.0237° (i.e., a 1.4-time improvement, Table 2), for UASGPS 
and UASGPS + GCP scenarios, respectively. Figure 5a shows 
that CtrlPts were well spread along the y direction, but less 
along x, due to the nature of the site and flight plan. Support-
ing previous findings that ground control should ideally be 
distributed across the whole survey area (James et al. 2017; 
Martínez-Carricondo et al. 2018), the uneven repartition of 
CtrlPts potentially explains why the reduction of tilt was 
more significant alongshore, i.e., along the x-axis.

Improvements are observed for the other parameters of the 
error model adopted in this study (Table 2). Translation errors 
are reduced by ~10% when using CtrlPts, from an initial mul-
tidirectional error T = (Tx2 + Ty2 + Tz2)0.5 of 0.45 m for UASGPS 
to 0.40 m for UASGPS + GCP. Horizontal rotation Rz improved 
by two orders of magnitude between the two scenarios, while 
scale remained approximately constant at around 100% of the 

Figure 5. Accuracy assessment of photogrammetry using lidar as control. (a) Orthomosaic (GSD ~0.1 m) showing the vegetated 
dune and grassy area circled in red where the evaluation is performed, lidar derived CtrlPts as blue dots, and the transect 
(vertical line) used for further evaluation in Figure 6. The subset at the top right shows the “ground truth” lidar DSM. (b–c) 
DSMs obtained using photogrammetry for the UASGPS and UASGPS + GCP scenarios, respectively. (d–e) Resulting DoDs between 
photogrammetry and LiDAR. (f–g) Planar trends identified in DoDs (step level = 0.01 m). (h–i) Biquadratic trends identified in 
DoDs (step level = 0.01 m). All dimensions are in meters.

Table 2. Error parameters for the two reconstruction scenarios used for SfM photogrammetry. 

Tx (m) Ty (m) Tz (m) Rx (°) Ry (°) Rz (°) S (%)

UASGPS 0.18 -0.41 -0.08 0.038 0.033 -0.270 100.32

UASGPS + GCP -0.38 0.16 0.02 0.006 0.024 -0.002 100.16

Note: Error is assessed in comparison with lidar over the vegetated dune and grass area. Tx and Ty are horizontal shifts; Tz is vertical shift 
(positive value shows SfM above lidar), estimated as the mean deviation over all DSM points. Rx, Ry, and Rz are solid rotations with respect 
to x, y, and z axes (therefore Rz is the horizontal rotation; Rx and Ry are deviations from the horizontal). S is scale in percent of lidar DSM 
(100% means identical scale). Axes x, y, and z are easting, northing, and vertical directions, respectively.
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actual size. Similar to tilt-related errors, warp (i.e., nonlinear 
deformation) is more pronounced for the UASGPS scenario, 
with a vertical range of 0.26 m compared to 0.1 m after adding 
CtrlPts (Figure 5h and 5i). These nonlinear deformations are 
consistent with our previous observations for the carpark area 
(Figure 4b and 4c). It shows a concave curvature (dome) for 
UASGPS (Figure 5h) and a more complex shape with lower am-
plitude crests and troughs in the UASGPS + GCP DSM (Figure 5i).

To better understand the effects of tilts and warps in 
photogrammetry, elevation differences in comparison with 
lidar are plotted for a single transect traversing the dune 
North to South (Figure 6b and 6d). It shows that both linear 
and nonlinear deformations in the UASGPS DSM contribute to 
deviations from the lidar profile and that correction of the 
two error types (by removing trends identified in the DoD) is 
necessary to obtain a bed-elevation profile structurally similar 
to lidar (Figure 6b). This is shown in the probability distribu-
tion functions (PDFs) of vertical disparities (Figure 6a) by 
a higher peak and more centered distributions after tilt and 
warp removal. Quantitatively, Table 3 shows improving DSM 
accuracy (i.e., a reduction of errors) when DSMs are detrended 
to remove planar and nonlinear trends. In comparison to the 
UASGPS scenario, virtually no improvement resulted from re-
moving planar and nonlinear trends in the case of the UASGPS 
+ GCP DSM (Figure 6c and 6d, Table 3), suggesting that tilt 
and warp errors play a minor role to explain the differences 
between SfM photogrammetry and lidar when using CtrlPts. In 
this case, differences are in part due to different measurement 
resolutions (0.1 m and 1 m for SfM photogrammetry and lidar, 
respectively), with SfM photogrammetry allowing for a more 
detailed terrain representation in comparison to lidar. Our re-
sults show that the improved resolution with SfM photogram-
metry is not counterbalanced by increasing noise in the data 
(see smoother parts of the profile, Figure 6d).

Application to Geomorphic Change Detection Between 2013 and 2018
In Figure 7 we present orthomosaics and DSMs of the dune 
and beachface obtained during UAS photogrammetry and 
lidar surveys in 2018 and 2013, respectively. The photogram-
metric DSMs obtained using both UASGPS and UASGPS + GCP 
are presented to assess the effect of reconstruction scenarios 
on geomorphic change detection. Morphological changes are 
essentially located on the beachface and show a nonuniform 
distribution alongshore. As observed previously (Figure 5), 
the dune area experienced little change at the exception of the 
incipient foredune (which was not included in the previous 
analysis limited to the stable area of the dune), where positive 
elevation changes (shown in blue) indicate the stabilization of 
sediment and the apparition of vegetation between 2013 and 
2018. Contrasting this observation, the erosion of sand can 
be observed up to the rip-rap seawall, suggesting the positive 
effect of the vegetated dune for mitigating erosion along this 
part of the beach. Although morphological change calculated 
using the two reconstruction scenarios follows a similar pat-
tern, disparities exist in places. This is especially the case at 
the northern end of the study area and at the easternmost bor-
der (between northing distances 5.9485 and 5.9486 × 106 m) 
where a red blob in Figure 7g indicates more severe erosion 
for the UASGPS + GCP scenario.

The effect of the reconstruction scenario used for photo-
grammetry on volumetric change is illustrated in Figure 7h, 
which shows the volume eroded per meter of beach length. 
The volume of eroded sediment computed was larger for the 
UASGPS + GCP scenario (Table 4), with a volume amounting 
to 39 428 ± 13 874 m3 compared to 31 833 ± 18 710 m3 for the 
UASGPS scenario. Both scenarios indicate a negative sediment 
budget for the period, with deposition volumes only amount-
ing to 1087.27 ± 794 m3 for the UASGPS scenario and 744 ± 543 
m3 for the UASGPS + GCP scenario. For both scenarios, there 
is a large volumetric uncertainty, with uncertainties poten-
tially amounting to more than 50% of the volumes computed. 

Figure 6. Comparison of photogrammetry and lidar elevations for the two photogrammetric reconstruction scenarios, before 
and after correction of tilt and warp errors. (a–c) PDFs of vertical disparity between photogrammetry and lidar DSMs for 
the UASGPS and UASGPS + GCP scenarios, respectively. (b–d) These images show a transect (see Figure 5 for location) of bed 
elevations for the UASGPS and UASGPS + GCP scenarios, respectively.

Table 3. Accuracy assessment of photogrammetry. 

Original DSM Tilt corrected Tilt + doming corrected
ME MUE SDESfM ME MUE SDE ME MUE SDE

UASGPS -0.083 0.181 0.221 -0.008 0.129 0.178 0.0002 0.113 0.162

UASGPS + GCP 0.017 0.108 0.156 0.004 0.105 0.154 0.003 0.102 0.151

Note: Accuracy is assessed by comparing photogrammetric and lidar DSMs over the dune and grass area. All units are in meters. ME, MUE, 
and SDE correspond to mean error, mean unsigned error, and standard deviation of error estimated over the complete DSM.
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These uncertainties were unavoidable firstly because of a 
lidar precision of 0.2 m. Volumetric changes between 2013 
and 2018 were also computed without thresholding to assess 
the effect of a minLOD on change detection capacity. In terms 
of the net volume change (Table 4), the volumes computed 
with and without thresholding differed by 5% and 0.6% for 
the UASGPS and the UASGPS + GCP scenario, respectively. This 
suggests minLOD has a relatively small effect on volumetric 
changes computed in this study, and more reliable measure-
ments when using CtrlPts.

Discussion
Previous research reported that the requirement to acquire 
ground control with survey-grade equipment remains the 
predominant barrier, both in terms of time and cost, to the 
larger uptake of UAS photogrammetry (e.g., Carbonneau and 
Dietrich 2017; Chudley et al. 2019). The results produced 
in this paper showcase the possibility to obtain satisfactory 
topographic data to study coastal change using a consumer 
UAS and standard SfM photogrammetry software, without hav-
ing to presurvey targets (GCPs) distributed on the study site. 
The method implemented, called DG, enables georeferenced 
and scaled measurements from knowledge of camera position 
and orientation at the time of image acquisition. The method 
is used to assess morphological change at Orewa Beach, a 
sandy beach with low topographic variance. Using DG, foot-
access to the study site to install and locate GCPs is no longer 
necessary. Besides considerably reducing the time and cost of 
field operations, DG takes full advantage of UAS ability to oper-
ate in difficult and remote terrains that would otherwise be a 
challenge to access with standard surveying equipment. For 
the study of coastal systems, where hazards to field person-
nel and equipment exist, DG from consumer UAS presents an 
enviable alternative to photogrammetric approaches requiring 
GCPs and to bulkier and more expensive surveying techniques 
such as terrestrial laser scanners.

In the absence of accurate ground control, various types 
of errors (e.g., related to position, orientation, and shape) can 
be introduced in topographic data produced with SfM pho-
togrammetry. It is important to know the source, magnitude, 

and occurrence of these errors as it determines the capacity to 
detect morphological change using the data, and when pos-
sible, it should be attempted to mitigate the impact on data 
analysis. When using consumer-grade UAS, it is recommended 
to replace the camera absolute elevations with relative eleva-
tions from the internal barometer, as barometer readings 
produce more precise vertical estimates than GPS (Funaki and 
Hirasawa 2008; Bao et al. 2017). Achieving satisfactory cam-
era elevation is critical to achieving good camera calibration 
and hence good results with SfM photogrammetry. Erroneous 
camera elevations lead to incorrect focal length estimates dur-
ing self-calibration (Griffiths and Burningham 2019), with at 
least two major consequences. First, when computing depth 
maps from the matched points in images, focal length is a 
crucial parameter in the triangulation process, with slight 
errors in focal length potentially resulting in large errors in 
depth estimates. Second, focal length is the primary param-
eter estimated during bundle adjustment, with errors in focal 
length rendering the optimization of other calibration param-
eters incorrect. The effect is a systematic deformation taking 
the form of doming or dishing (Figure 3).

Small deformations were observed in our DSMs (Figures 
4–7); yet, these could only be evidenced after careful com-
parison with a ground truth. For the DSM of the back of the 
dune (Figure 5h), we found deformations with a maximum 
range of 0.26 m. This is significantly less than the deforma-
tion observed in the DSM of a salt marsh (Griffiths and Burn-
ingham 2019), which was produced from single-scale nadir-
only images (maximum vertical error > 2 m in Griffiths and 

Table 4. Volumetric change between lidar (2013) and UAS 
photogrammetry (2018) surveys without thresholding (minLOD = 
0) and using the error estimates obtained during the assessment.

minLOD 
(m)

Erosion 
(m3)

Deposition 
(m3)

Net change 
(m3)

UASGPS

0.58 31 833 ± 18 710 1087.27 ± 794 -30 745

0 35 410 3014 -32 396

UASGPS + GCP
0.49 39 428 ± 13 874 744 ± 543 -37 760

0 40 517 2538 -37 979

Figure 7. Analysis of morphological change and volumes eroded between lidar (2013) and UAS photogrammetry (2018) 
surveys. Orthomosaics for the (a) 2013 survey and (b) the 2018 survey. (c) DSMs for the lidar survey, (d) photogrammetric 
survey using UASGPS scenario,  and (e) photogrammetric survey using UASGPS + GCP scenario. (f) Resulting DoDs between lidar 
and UASGPS and (g) between lidar and UASGPS + GCP. (h) Continuous evaluation of volumes eroded per meter section of beach 
for the two reconstruction scenarios.
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Burningham (2019) Figure 4 “Photoscan UASGPS Auto-cal”). 
This therefore agrees with previous research (e.g., Wackrow 
and Chandler 2008; James and Robson 2014; Carbonneau and 
Dietrich 2017) that when self-calibration is employed, oblique 
imagery is more effective at mitigating systematic distortion 
than vertical imagery. Orientation errors, such as tilts with 
respect to x- and y-axes and rotation along z were also present 
in DSMs (Table 2) and accounted for more of the overall DSM 
error than nonlinear deformations (Table 3). Despite these 
caveats, our evaluations show that a high DSM accuracy can be 
achieved using DG, which is exemplified here by MUE = 0.181 
m and SDE = 0.221 m after comparing our results with lidar 
(Table 3). These values correspond to accuracies reported in 
previous coastal studies using GCPs and standard surveying 
equipment (Long et al. 2016; Laporte-Fauret et al. 2019).

Adding CtrlPts as weighted observations in the bundle 
adjustment increased the overall DSM accuracy (Table 3), 
indicated by MUE = 0.108 m and SDE = 0.156 m (i.e., a 41% 
and 29% improvement compared to the case without CtrlPts, 
respectively), and a reduction of all errors measured in this 
study. When using CtrlPts, incorrect orientations and model 
deformations played a minor role to explain the differences 
between photogrammetry and lidar (Figure 6), with only a 3% 
reduction in SDE after removing tilt and warp from the topo-
graphic data (Table 3). This is in contrast to the 27% reduc-
tion in SDE after tilt and warp were removed from the UASGPS 
data set. CtrlPts can be extracted from existing data sets such 
as lidar or SRTM (Carbonneau and Dietrich 2017). Datasets like 
these are increasingly available to determine 3D ground coor-
dinates worldwide. Ideally, CtrlPts should be selected in areas 
of low-topographic variance and using sharp features to avoid 
introducing georeferencing errors. Two to three carefully 
selected CtrlPts (i.e., with a distance between points that cov-
ers as much of the site diagonally as possible) are sufficient, 
in theory, to correct orientation errors in DSMs (Carbonneau 
and Dietrich 2017; Dering et al. 2019). In practice, this also re-
quires a high-level of confidence in CtrlPts’ vertical estimate, 
as even slight errors will naturally affect photogrammetric 
results due to angle uncertainties (Ouédraogo et al. 2014; Li, 
Bertin, and Friedrich 2018). A large number of CtrlPts (26) 
were used in this study to compensate uncertainties caused 
by lidar (0.2 m vertical). In light of our results, this was justi-
fied by the differential reduction in orientation error between 
x and y directions (Table 2), which showed that having a good 
repartition of CtrlPts is important to correct linear shifts.

In addition to using CtrlPts, other strategies could be 
attempted to reduce measurement uncertainties in future 
studies. The most important component of photogrammetric 
surveys is the quality of the camera (Mosbrucker et al. 2017; 
Laporte-Fauret et al. 2019). With consumer-grade UAS now 
equipped with professional cameras (e.g., a 20-megapixel Has-
selblad camera onboard the MP2), or capable of independent 
camera fittings for a digital single-lens reflex camera (e.g., DJI 
Inspire), increased accuracy could be achieved due to better 
optics and higher resolution than common point and shoot 
cameras (Turner, Lucieer, and Wallace 2014). Camera precali-
bration using either a chequerboard (Li, Bertin, and Friedrich 
2018; Griffiths and Burningham 2019) or a flat wall (Carbon-
neau and Dietrich 2017) could also increase the quality of 
topographic data in comparison to using self-calibration by 
reducing nonlinear deformations resulting from poorly mod-
eled lens distortion. Finally, improving camera position (e.g., 
with newer consumer UAS using RTK-GPS or by postprocess-
ing simple dual-frequency GNSS data to a nearby base) will 
likely continue to improve the quality of topographic data 
obtained using DG. Nevertheless, the results at hand already 
demonstrate the possibility to use SfM photogrammetry and 
consumer-grade equipment to obtain high-quality topographic 

data, which will be suitable for a range of applications. For 
the measurement of coastal topography, it is imagined that us-
ing DG from consumer UAS will ultimately allow local govern-
ments and other stakeholders to set up regular beach monitor-
ing, without requiring access to national mapping agencies or 
more expensive surveying techniques.

Conclusions
In this paper, we have evaluated the effectiveness of a DG ap-
proach, and imagery obtained from a consumer-grade UAS, for 
the cost-effective monitoring of beach morphological change 
with SfM photogrammetry. The method uses camera posi-
tions derived from an on-board GNSS receiver and barometer 
to compute georeferenced orthophotos and DSMs (rasterized 
point clouds) of the surveyed area, while obviating the need 
for on-site target installation and independent georeferencing 
(GCPs). Using the south end of Orewa Beach (New Zealand) 
as a field laboratory, we have shown that vertical accuracies 
similar to lidar (< 0.2 m) can be obtained using DG, at a higher 
resolution (< 0.1 m). Our results also compare favorably with 
previous studies using SfM photogrammetry and networks of 
GCPs. Low-quality GNSS modules currently onboard consumer 
UAS remain the main constraint on measurement quality, for 
instance by introducing measurement artifacts such as linear 
shifts and geometric distortions. To mitigate these effects, we 
have shown that CtrlPts extracted from available topographic 
data sets can increase measurement quality, providing reliable 
data to assess morphological change.

Although not yet able to completely eliminate the need for 
ground control for higher accuracy, DG from consumer-grade 
UAS already offers the possibility to obtain high-quality topo-
graphic data with a time and cost efficiency virtually unsur-
passed by concurrent surveying techniques. It will benefit 
academic and nonacademic circles from a large range of disci-
plines, for which topographic data are increasingly valuable. 
In application to the coastal zone, DG could allow increases 
in the frequency of data acquisition to monitor beach change, 
and more widespread applications in hazardous and/or frag-
ile (eco)systems including, but not limited to, erodible cliffs, 
gravel spits, and sand dunes.

Acknowledgments
The authors would like to thank the editor, Alper Yilmaz, and 
the anonymous reviewer for their valuable comments, which 
helped to improve the paper. The first author is also grateful 
to the coastal team at Auckland council for sharing insights 
on the monitoring program conducted at Orewa Beach and for 
discussion.

References
Bao, X., Z. Xiong, S. Sheng, Y. Dai, S. Bao and J. Liu. 2017. Barometer 

measurement error modeling and correction for UAH altitude 
tracking. Pages 3166–3171 in the Proceedings of the 29th 
Chinese Control and Decision Conference (CCDC), held in 
Chongqing, China, 28–30 May 2017. <https://doi.org/10.1109/
CCDC.2017.7979052>.

Bertin, S., H. Friedrich, P. Delmas, E. Chan and G. Gimel’farb. 2015. 
Digital stereo photogrammetry for grain-scale monitoring of 
fluvial surfaces: Error evaluation and workflow optimization. 
ISPRS Journal of Photogrammetry and Remote Sensing 101:193–
208. <https://doi.org/10.1016/j.isprsjprs.2014.12.019>.

Bertin, S., H. Friedrich and P. Delmas. 2016. A merging solution for 
close-range DEMs to optimize surface coverage and measurement 
resolution, photogrammetric engineering and remote sensing. 
Photogrammetric Engineering and Remote Sensing 82 (1):31–40. 
<https://doi.org/10.14358/pers.83.1.31>.

PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING May 2020  297

http://my.asprs.org


Brasington, J., J. Langham and B. Rumsby. 2003. Methodological 
sensitivity of morphometric estimates of coarse fluvial sediment 
transport. Geomorphology 53:299–316. <http://dx.doi.
org/10.1016/S0169-555X(02)00320-3>.

Carbonneau, P. E. and J. T. Dietrich. 2017. Cost-effective non-metric 
photogrammetry from consumer-grade sUAS: Implications for 
direct georeferencing of structure from motion photogrammetry. 
Earth Surface Processes and Landforms 42:473–486. <https://
doi.org/10.1002/esp.4012>.

Chudley, T. R., P. Christoffersen, S. H. Doyle, A. Abellan and N. 
Snooke. 2019. High-accuracy UAV photogrammetry of ice sheet 
dynamics with no ground control. The Cryosphere 13:955–968. 
<https://doi.org/10.5194/tc-13-955-2019>.

Colomina, I. and P. Molina. 2014. Unmanned aerial systems for 
photogrammetry and remote sensing: A review. ISPRS Journal 
of Photogrammetry and Remote Sensing 92:79–97. <https://doi.
org/10.1016/j.isprsjprs.2014.02.013>.

Dering, G. M., S. Micklethwaite, S. T. Thiele, S. A. Vollgger and 
A. R. Cruden. 2019. Review of drones, photogrammetry and 
emerging sensor technology for the study of dykes: Best 
practises and future potential. Journal of Volcanology and 
Geothermal Research 373:148–166. <https://doi.org/10.1016/j.
jvolgeores.2019.01.018>.

Funaki, M. and N. Hirasawa. 2008. Outline of a small unmanned 
aerial vehicle (Ant-Plane) designed for Antarctic research. 
Polar Science 2:129–142. <https://doi.org/10.1016/j.
polar.2008.05.002>.

Furukawa, Y. and J. Ponce. 2010. Accurate, dense, and robust 
multiview stereopsis. IEEE Transactions on Pattern Analysis and 
Machine Intelligence 32:1362–1376. <https://doi.org/10.1109/
TPAMI.2009.161>.

Griffiths, D. and H. Burningham. 2019. Comparison of pre- and 
self-calibrated camera calibration models for UAS-derived 
nadir imagery for a SfM application. Progress in Physical 
Geography: Earth and Environment 43:215–235. <https://doi.
org/10.1177/0309133318788964>.

Ierodiaconou, D., A.C.G. Schimel and D. M. Kennedy. 2016. A new 
perspective of storm bite on sandy beaches using Unmanned 
Aerial Vehicles. Zeitschrift für Geomorphologie 60:123–137. 
<https://doi.org/10.1127/zfg_suppl/2016/00247>.

James, M. R. and S. Robson. 2014. Mitigating systematic error in 
topographic models derived from UAV and ground-based image 
networks. Earth Surface Processes and Landforms 39:1413–
1420. <https://doi.org/10.1002/esp.3609>.

James, M. R., S. Robson, S. d’Oleire-Oltmanns and U. Niethammer. 
2017. Optimising UAV topographic surveys processed with 
structure-from-motion: Ground control quality, quantity and 
bundle adjustment. Geomorphology 280:51–66. <https://doi.
org/10.1016/j.geomorph.2016.11.021>.

James, M. R., S. Robson and M. W. Smith. 2017. 3-D uncertainty-
based topographic change detection with structure-from-motion 
photogrammetry: Precision maps for ground control and directly 
georeferenced surveys. Earth Surface Processes and Landforms 
42:1769–1788. <https://doi.org/10.1002/esp.4125>.

Jaud, M., N. Le Dantec, J. Ammann, P. Grandjean, D. Constantin, 
Y. Akhtman, K. Barbieux, K. Allemand, C. Delacourt and 
B. Merminod. 2018. Direct georeferencing of a pushbroom, 
lightweight hyperspectral system for mini-UAV applications. 
Remote Sensing 10:204. <https://doi.org/10.3390/rs10020204>.

Lane, S. N., T. D. James and M. D. Crowell. 2000. Application 
of digital photogrammetry to complex topography for 
geomorphological research. Photogrammetric Record 16:793–
821. <https://doi.org/10.1111/0031-868x.00152>.

Laporte-Fauret, Q., V. Marieu, B. Castelle, R. Michalet, S. Bujan and 
D. Rosebery. 2019. Low-cost UAV for high-resolution and large-
scale coastal dune change monitoring using photogrammetry. 
Journal of Marine Science and Engineering 7:63. <https://doi.
org/10.3390/jmse7030063>.

Land Information New Zealand (LINZ). <https://www.linz.govt.nz/> 
Accessed 16 July 2019.

Li, W., S. Bertin and H. Friedrich. 2018. Combining structure from 
motion and close-range stereo photogrammetry to obtain scaled 
gravel bar DEMs. International Journal of Remote Sensing 
39:9269–9293. <https://doi.org/10.1080/01431161.2018.1530809>.

Long, N., B. Millescamps, B. Guillot, F. Pouget and X. Bertin. 2016. 
Monitoring the topography of a dynamic tidal inlet using UAV 
imagery. Remote Sensing 8:387. <https://doi.org/10.3390/
rs8050387>.

Lowe, D. G. 2004. Distinctive image features from scale-invariant 
keypoints. International Journal of Computer Vision 60:91–110. 
<https://doi.org/10.1023/B:VISI.0000029664.99615.94>.

Mancini, F., M. Dubbini, M. Gattelli, F. Stecchi, S. Fabbri and G. 
Gabbianelli. 2013. Using unmanned aerial vehicles (UAV) for 
high-resolution reconstruction of topography: The structure 
from motion approach on coastal environments. Remote Sensing 
5:6880–6898. <https://doi.org/10.3390/rs5126880>.

Martínez-Carricondo, P., F. Agüera-Vega, F. Carvajal-Ramírez, F.-J. 
Mesas-Carrascosa, A. García-Ferrerand and F.-J. Pérez-Porras. 
2018. Assessment of UAV-photogrammetric mapping accuracy 
based on variation of ground control points. International 
Journal of Applied Earth Observation and Geoinformation 
72:1–10. <https://doi.org/10.1016/j.jag.2018.05.015>.

Ministry for the Environment. 2015. Preparing New Zealand for rising 
Seas: Certainty and Uncertainty.

Mosbrucker, A. R., J. J. Major, K. R. Spicer and J. Pitlick. 2017. 
Camera system considerations for geomorphic applications of 
SfM photogrammetry. Earth Surface Processes and Landforms 
42:969–986. <https://doi.org/10.1002/esp.4066>.

National Institute of Water and Atmosphere. 2015. National and 
Regional Risk-Exposure in Low-Lying Coastal Areas: Areal 
Extent, Population, Buildings and Infrastructure. Report 
prepared for Parliamentary Commissioner for the Environment.

Ouédraogo, M. M., A. Degré, C. Debouche and J. Lisein. 2014. The 
evaluation of unmanned aerial system-based photogrammetry 
and terrestrial laser scanning to generate DEMs of agricultural 
watersheds. Geomorphology 214:339–355. <http://dx.doi.
org/10.1016/j.geomorph.2014.02.016>.

Raji, O., L. Del Río, F. J. Gracia and J. Benavente. 2011. The use of 
LIDAR data for mapping coastal flooding hazard related to 
storms in Cádiz Bay (SW Spain). Journal of Coastal Research: 
1881–1885.

Raudkivi, A. 1981. Orewa Beach Investigation. Report prepared for 
Rodney District Council. 

Talavera, L., L. Del Río, J. Benavente, L. Barbero and J. A. López-
Ramírez. 2018. UAS as tools for rapid detection of storm-
induced morphodynamic changes at Camposoto Beach, SW 
Spain. International Journal of Remote Sensing 39:5550–5567. 
<https://doi.org/10.1080/01431161.2018.1471549>.

Turner, D., A. Lucieer and L. Wallace. 2014. Direct georeferencing 
of ultrahigh-resolution UAV imagery. IEEE Transactions on 
Geoscience and Remote Sensing 52:2738–2745. <https://doi.
org/10.1109/TGRS.2013.2265295>.

Turner, I. L., M. D. Harley and C. D. Drummond. 2016. UAVs for 
coastal surveying. Coastal Engineering 114:19–24. <https://doi.
org/10.1016/j.coastaleng.2016.03.011>.

Wackrow, R. and J. H. Chandler. 2008. A convergent image 
configuration for DEM extraction that minimises the 
systematic effects caused by an inaccurate lens model. 
Photogrammetric Record 23:6–18. <https://doi.org/10.1111
/j.1477-9730.2008.00467>.

298 May 2020  PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING

http://my.asprs.org


An Improved Method of Refining Relative 
Orientation in Global Structure from Motion  

with a Focus on Repetitive Structure  
and Very Short Baselines

X. Wang and C. Heipke

Abstract
Recently, global structure from motion has successfully 
gained many followers, mainly because of its computational 
speed. Most of these global methods take the parameters of 
relative orientation (ROs) as input and then perform averag-
ing operations. Therefore, eliminating incorrect ROs is of 
great significance for improving the robustness of global 
structure from motion. In this article, we propose a method 
to eliminate wrong ROs which have resulted from repetitive 
structure and very short baselines. We present two corre-
sponding criteria that indicate the quality of ROs. Repetitive 
structure is detected based on counts of conjugate points 
of the various image pairs, while very short baselines are 
found by inspecting the intersection angles of correspond-
ing image rays. By analyzing these two criteria, we detect 
and eliminate incorrect ROs. As correct ROs of image pairs 
with a longer baseline nearly parallel to both viewing direc-
tions can be valuable, a method to identify and keep these 
ROs is also part of our approach. We demonstrate the new 
method on various data sets, including public benchmarks 
as well as close-range images and images from unmanned 
aerial vehicles, by inserting our refined ROs into a global 
structure-from-motion pipeline. The experiments show that 
compared to other methods, we can generate the best results.

Introduction
In recent years, structure from motion (SfM) has undergone an 
impressive development in the fields of computer vision and 
photogrammetry (Agarwal et al. 2009; Wang, Rottensteiner 
and Heipke 2019a, 2019b). So-called incremental SfM has re-
ceived a notable amount of attention, demonstrated by, for ex-
ample, the success of the software packages Bundler (Snavely 
2008), VisualSFM (Wu 2011, 2013), and COLMAP (Schonberger 
2016; Schonberger and Frahm 2016). The general idea is 
that one good initial image pair, which normally has enough 
correspondences with reasonably large intersection angles, is 
first selected to do stereo reconstruction. Additional images 
are sequentially added based on some criteria to extend the 
photogrammetric block, and bundle adjustment is repetitively 
used to refine the results. As Jiang et al. (2013), Wang et al. 
(2018), and Wang et al. (2019a) have demonstrated, this ap-
proach is impeded by a long computational time and artifacts 
such as visual drift. To overcome these drawbacks, Martinec 
and Pajdla (2007), Arie-Nachimson et al. (2012), Jiang et al. 
(2013), Moulon, Monasse, and Marlet (2013), Wilson and 
Snavely (2014), Cui et al. (2015), and Wang et al. (2019a) have 
presented global solutions. Global SfM is typically separated 

into two steps, global rotation averaging (Hartley and Zisser-
man 2003; Govindu 2001, 2004; Chatterjee and Govindu 
2013; Wilson, Bindel and Snavely 2016; Reich and Heipke 
2015; Reich, Yang and Heipke 2017) and global translation 
estimation (Cui and Tan, 2015; Wang et al. 2019a, 2019b). The 
exterior orientation parameters of all available images are first 
simultaneously estimated, followed by only one final bun-
dle adjustment. There are also approaches which solve both 
sets of parameters, rotations and translations together, in one 
step by using an algebraic characterization of the so-called 
multiview essential matrix (Kasten et al. 2019). Compared to 
incremental SfM, global SfM is more sensitive to outliers in the 
relative orientations (ROs) between image pairs (Cui and Tan 
2015; Wang et al. 2019b).

Many outliers in ROs can be avoided by using the five-point 
algorithm combined with RANSAC (Fischler and Bolles 1981; 
Nister 2004) for computing the parameters of relative orienta-
tion. However, some incorrect ROs typically remain undetected, 
mainly due to two reasons: repetitive structure (RS) and critical 
configurations stemming from very short baselines (VSB).

Repetitive structure is a characteristic of a single image 
and describes the fact that many parts of the image look 
similar. Typically, the reason is that the 3D structure of the 
scene is repetitive (this is why we speak about repetitive and 
not about repetitive texture, as texture refers to the 2D image 
space). As a consequence, when features are extracted, the 
resulting descriptors are rather similar. Matching images with 
repetitive structure leads to many ambiguous point pairs and 
many outliers. In our context, an image pair due to repetitive 
structure is a nonoverlapping image pair for which incorrect 
conjugate point pairs were extracted due to these ambiguities. 
Such nonoverlapping but nevertheless similar-looking images 
can stem from, for example, a set of facade images when the 
façade is somewhat symmetric. If enough such incorrect point 
pairs are extracted, it is possible that the five-point algorithm 
will not be able to detect the error, and incorrect RO parame-
ters will be derived.

A critical configuration with a very short baseline results 
from improper image acquisition planning, for example when 
images are taken in different directions but from basically 
the same projection center. In addition, crowd-sourced data 
sets such as images available on the Internet are widely used 
nowadays. These data sets may contain pairs with critical 
configurations as well.
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In Figure 1, we show an example with both RS and VSB 
image pairs. Figure 1a shows repetitive structure of windows 
and walls, where the two photos actually show different 
walls. Figure 1b depicts the ground truth of the overlap graph, 
where green pixels denote the overlapping image pairs; Figure 
1c and 1d shows the reconstruction result when the global 
SfM method of Wang et al. (2019b) is applied, respectively, 
without and with applying our method to eliminate outliers 
in ROs. It is obvious that the reconstruction is more reasonable 
after the incorrect Ros are deleted.

The rest of this article is organized as follows. After a discus-
sion of related work in the next section, the section afterward 
introduces the proposed methods. The next section we reports 
our experiments on various data sets, and corresponding dis-
cussions are given. The final section concludes our work.

Related Works
Many related works have focused on detecting blunders 
in ROs. A conventional way based on RANSAC is to use the 
epipolar geometry constraint after image matching, in which 
the essential or the fundamental matrix is estimated using 
appropriate algorithms (Hartley and Zisserman 2003; Nister 
2004). The ROs are only considered to be correct if a minimum 
number of point pairs conform to the model of central per-
spective (Jiang, Tan and Cheong 2012). Although many wrong 
ROs can be eliminated in this way, nonoverlapping pairs may 
still exist as a result of RS and VSB. Many works try to detect 
these errors. Here we divide them into three categories: miss-
ing-correspondences analysis, loop consistency constraint 
analysis, and other methods.

Missing-Correspondences Analysis
Zach, Irschara, and Bischof (2008) first presented the so-
called missing correspondences among image triplets to infer 
incorrect ROs. The main idea is that if a substantial portion of 
correspondences between two images from the triplet cannot 
be observed in the third image, then the relative orientation 
between the two images is potentially incorrect. The authors 
used a Bayesian framework for all image triplets to check the 
correctness of the corresponding image pairs. Roberts et al. 
(2011) improved this idea by verifying the incorrect ROs via 
an expectation-minimization method which integrates the 
cues of missing correspondence and time stamp information. 
However, this information is not available in general—for 
example, for unordered images the acquisition sequence is 
unknown. Jiang et al. (2012) extended the idea of missing cor-
respondences by minimizing a target function which consid-
ers the number of missing correspondences across the entire 
reconstruction instead of the triplets. Specifically, a spanning 
tree is first built, and then problematic ROs are iteratively 
detected in a greedy way. As a consequence, the method may 
get stuck in a local minimum.

Loop Consistency Constraint Analysis
Zach, Klopschitz, and Pollefeys (2010) developed a method 
which adopts the loop consistency constraint to infer the 
validity of ROs. It first generates cycles in the overlap graph; 
the relative rotations are then concatenated within each cycle. 
If all ROs in the cycle are correct, an identity mapping should 
be obtained as a result. Potential errors are identified using a 
Bayesian network. Reich et al. (2017) presented a sequential 
graph optimization method to eliminate incorrect relative 

(a) (b)

(c) (d)

Figure 1. An example scene with repetitive structure and image pairs with very short baselines. (a) Two example images 
with repetitive structure. (b) Ground truth of overlap graph with the image IDs on the horizontal and the vertical axes; 
green pixels denote overlapping image pairs, red pixels represent nonoverlapping pairs with incorrect ROs due to RS, and 
blue pixels indicate the corresponding VSB image pairs. (c) Incorrect reconstruction without eliminating incorrect ROs. (d) 
Accurate reconstruction after eliminating incorrect ROs using the method suggested in this paper. RO = relative orientation; RS 
= repetitive structure; VSB = very short baseline.
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rotations. The methods of both Zach et al. and Reich et al. need 
a long processing time when dealing with a large image data 
set where all the relative rotations need to be considered. Shen 
et al. (2016) presented a graph-based method, where a mini-
mum spanning tree is incrementally expanded by checking the 
loop consistency within a triplet until all available images are 
included in the minimum spanning tree. Wang et al. (2019b) 
presented a triplet loop closure constraint based on relative 
rotations and translations, eliminating ROs if the closure error 
of all corresponding triplets is above a predefined threshold.

Other Methods
Wilson and Snavely (2014) proposed a 1D SfM approach. 
Their basic idea is to project the 3D relative translations into 
different 1D direction vectors. They then use a kernel density 
estimator to sample these directions, showing that typical-
ly, wrong ROs clearly stand out in some directions of the 1D 
vectors. However, as they write, their method fails in the 
presence of repetitive structure. Wang et al. (2018) presented 
a hierarchical RO selection method for repetitive structure. 
They first built a minimum spanning tree and then used a 
hierarchical scheme for RO selection. The method only selects 
validated ROs along the minimum spanning tree and thus may 
break up a block of images, and image pairs with very short 
baselines are not dealt with. To solve for artifacts caused by 
repetitive structure, Cohen et al. (2012) recovered various 
symmetrical structures using geometric and appearance cues, 
to refine their bundle adjustment process. Heinly, Dunn, and 
Frahm (2014) presented a postprocessing step which means 
that the result of SfM is the input of their method. They split 
the overlap graph into subsets and use conflicting correspond-
ences to identify repetitive structure. The subsets of the over-
lap graph which are free from conflict are then merged into a 
correct reconstruction.

Wang et al. (2019c) presented a linear programming frame-
work which can explicitly deal with RS ROs and VSB. However, 
their method is sensitive to several data-dependent free param-
eters; these are difficult to select without additional informa-
tion. Also, while VSB cases are considered, many correct VSB 
ROs of image pairs with a baseline nearly parallel to both view-
ing directions are eliminated, although they are correct.

This article extends the idea of Wang et al. (2019c) in three 
ways: First, based on the criteria formulated by Wang et al. 
which can indicate the probability that an image pair stems 
from repetitive structure or a very short baseline, a more 

general way is suggested to decide whether the RO of an image 
pair is correct or not, avoiding the necessity of selecting the 
free parameters just mentioned. Second, we identify and then 
keep correct ROs of image pairs with a baseline parallel to the 
viewing directions (BPVD) of both images; in addition, more ro-
bust correspondences of these correct BPVD image pairs are se-
lected for global SfM. Finally, the experimental section of Wang 
et al. (2019c) is extended by testing more image data sets and 
providing a numerical analysis to better assess our method.

Finding Repetitive Structure and Very Short Baselines
In this section, we first present our method to detect incorrect 
ROs that are due to repetitive structure, and a criterion that 
indicates the degree of RS is introduced. Then a strategy based 
on this criterion to eliminate RS ROs is explained. We subse-
quently suggest a second criterion that indicates the degree 
of VSB and a corresponding strategy to eliminate VSB ROs. We 
then present our idea for identifying correct BPVD ROs with 
longer baselines. Finally, we check the individual correspon-
dences of BPVD ROs by analyzing the cofactors of correspond-
ing object points when doing triangulations and deleting 
those with unreasonable values.

Detecting and Eliminating ROs due to Repetitive Structure
If two images depict a scene with 100% repetitive structure, 
even interactively we cannot tell overlapping image pairs 
apart from nonoverlapping ones. To distinguish RS ROs from 
all ROs, one normally takes advantage of nonrepetitive struc-
ture in the images. Figure 2 shows an example with four im-
age pairs. For these pairs, correspondences can be generated 
by image matching, as the red, green, and yellow points in 
Figure 2 show. Visually, we can easily tell that image pair 1 is 
a pair with overlap, since it contains nonrepetitive structure 
(see the red boxes). In contrast, image pairs 2, 3, and 4, which 
are nonoverlapping, do not have such nonrepetitive structure. 
We argue the following:

• Assuming a constant image size (in pixels), the number of 
features per image is approximately constant (if the size 
varies, a normalization must be carried out).

• Given a constant overlap between images, overlapping 
pairs have more conjugate points than nonoverlapping 
pairs after epipolar geometry checking, because the latter 
do not have any inliers with respect to a central perspec-
tive model, as the pair has no overlap.

Figure 2. Image pairs of nonrepetitive and repetitive structure (RS); green boxes denote the RS and red boxes denote the non-
RS. For image pair 1, red points are the correspondences from the non-RS and green ones are the correspondences from RS. For 
image pairs 2, 3, and 4, yellow points are the correspondences from RS.
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• An overlapping image pair has more common image partners 
with conjugate points, whereas for a nonoverlapping pair the 
further partners of the two images tend to be different.

We use these hypotheses to detect and subsequently elim-
inate nonoverlapping image pairs which survived the five-
point geometry check.

We first construct a set of feature points S = {S1, S2, S3, …, 
Sn}, where n is the number of images and Si is the set of feature 
points in the ith image, each represented by an ID (in Figure 
2, S1 contains the red, green, and yellow points). Then Qi

ij is 
the set of feature-point IDs of the ith image that have matches 
between the ith and the jth images, such as the red and green 
points in image pair 1 of Figure 2. Now we construct the 
difference sets between S and Q, denoted by Dj

i = Si \Qi
ji for 

image i and Di
j = Sj \Qj

ji for image j. Since Si is assumed to be 
approximately constant, and overlapping pairs are assumed to 
have more matches than nonoverlapping ones (see hypotheses 
earlier), the number of IDs in both Dj

i and Di
j is small for over-

lapping pairs and large otherwise. In addition, we consider 
the IDs in Dj

i with respect to the other images which have 
correspondences with the ith image by generating a vector gij = 
[g1

i, g2
i, g3

i, …, gn
i], where gj

i = 0 and gk
i = |f ∈Dj

i |, with f a feature 
matched to the kth image and | | the operator which returns 
the number of set elements. Taking Figure 2 as an example 
and studying the vector gij of image pair 1, the entries of the 
corresponding vector are equal to the number of yellow points 
in images 2, 3, and 4. We finally use Equation 1 to compute 
the degree of repetitive structure RSij of the ith and jth images:

 RSij = (|Dj
i|+|Di

j|)(gT
ij gji)/(|Qi

ij|+|Qj
ji|) (1)

As mentioned, overlapping image pairs are assumed to 
have a small number of elements in the difference set, the 
value of gT

ij gji should be small as well, and the number of 
correspondences in the denominator of Equation 1 should be 
large. Thus, the smaller RSij is, the more probable it is that 
the image pair does overlap and the RO is correct rather than 
being solely due to repetitive structure.

We illustrate the degree of repetitive structure, normalized 
to the interval [0, 1], in Figure 3: Some RS and non-RS ROs are 
randomly selected from the benchmark of Wang et al. (2019c), 
and their corresponding normalized RSij values are shown. 
The solid parts of the curve indicate overlapping image 
pairs—that is, non-RS ROs—and the dashed parts represent 
nonoverlapping pairs due to RS. From this figure, we find that 
the ROs with a normalized RSij value lower than 0.03 are all 
non-RS ones, and those whose normalized RSij value is higher 

than 0.1 (the pointed horizontal line) are all RS ROs; the ones 
between 0.03 and 0.1 are either non-RS or RS ROs. Under the 
assumption that these values hold for multiple data sets (see 
later for an experimental investigation), we postulate that 
Equation 2 can be used to eliminate ROs of repetitive structure:

 

ROs
non-RS if RS median RS

RS if RS media

n n

n

ij ij

ij

≤ ∈[ ]( )
>

0 03 0 1. , .

nn RSn ij ∈[ ]( )




 0 03 0 1. , .
, (2)

where nRSij is the normalized RSij value, and median(·) 
is the operator to obtain the median value. ROs are non-
RS if their corresponding nRSij is equal to or less than 
median(nRSij ∈[0.03, 0.1]), and those whose nRSij values are 
higher than median(nRSij ∈[0.03, 0.1]) are considered to be 
ROs of repetitive structure and are thus eliminated.

Our second hypothesis is violated if the image overlap 
varies—in particular, if the overlapping area is small. In this 
regard, we argue that in a standard photogrammetric process, 
ROs of such image pairs are not robust either, and thus if there 
is enough proper overlap between the images of a block, it is 
reasonable to eliminate pairs with small overlap also.

To further investigate this point, we again use images 
of the benchmark of Wang et al. (2019c). We compute the 
overlap ratio of different pairs by dividing the size of the 
minimum bounding rectangle containing the correspondences 
by the size of the smaller image of the corresponding pair. We 
show the distribution of nRSij values from the image pairs of 
the same overlap ratio intervals in Figure 4, where different 
colors denote different intervals. From Figure 4, image pairs 
with less than 20% overlap (as shown by bars with overlap 
ratio values smaller than 0.1 and between 0.1 and 0.2) have 
an nRSij value higher than 0.05, and for approximately 80% 
of such image pairs nRSij is larger than 0.1. Comparing image 
pairs of different overlap ratios, we find that the correspond-
ing nRSij values tend to become small as the overlap ratio 
increases; most image pairs that overlap more than 30% have 
an nRSij value smaller than 0.03. In summary, it seems from 
this investigation that Equation 2 yields correct results in the 
large majority of cases.

To demonstrate that most ROs selected according to Equa-
tion 2 do have a reasonable overlap, we show the cumulative 
distribution function of overlap ratios for the selected ROs 
(Figure 5). Only very few image pairs with 10% overlap are 
selected, and more than 60% of the selected image pairs have 
an overlap higher than 50%.

Figure 3. Normalized RSij values of non-RS and RS ROs. The corresponding ROs are randomly selected from the benchmark 
of X. Wang et al. (2019c). The vertical axis denotes the normalized RSij values, and the horizontal axis is the serial number 
of ROs that are selected. The solid and dashed curves are the non-RS and RS ROs, respectively. RO = relative orientation; RS = 
repetitive structure.
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Detecting and Eliminating ROs of Very Short Baselines and Baselines 
Parallel to the Viewing Direction
Critical configurations stemming from very short baselines or 
baselines parallel to the viewing direction decrease the robust-
ness of global SfM in estimating both structure and motion, 
because the relative translations are not correctly estimated, 
which can negatively influence the translation averaging 
operation (Cui and Tan 2015; Wang et al. 2019b). In addition, 
both cases lead to small intersection angles and thus imprecise 
coordinates of the ray intersections during triangulation and 
global translation estimation (Jiang et al. 2013; Cui et al. 2015).

In Figure 6 we show the standard case of two-view geom-
etry with a relatively wide baseline (Figure 6a), a VSB case 

with a very short baseline approximately perpendicular to 
the viewing direction (Figure 6b), and a BPVD case with a long 
baseline nearly parallel to both viewing directions (Figure 
6c). Dashed lines denote the image planes, P and P1 are object 
points, Ci and Cj are the projection centers of images i and j, 
t represents the baseline vector from Ci to Cj, ri and rj are two 
projection rays, θi is the intersection angle of t and ri, θj is the 
intersection angle of t and rj, and θp and θp1 are the intersec-
tion angles of the corresponding projection rays of object 
points P and P1. In the standard case, we obtain a reasonable 
intersection angle θp and thus the inequality 0<θi <θj <π holds,  
whereas for VSB and BPVD, θp is very small and the inequality 
0<θi ≈ <θj<π can be set up. In addition, in the case of BPVD, the 
smaller the perpendicular distance is between object point 
and (extended) baseline t is, the lower is the corresponding 
intersection angle—for example, θp1<θp.

We use two equations to distinguish VSB and BPVD cases 
from standard cases. For a standard case, we obtain, for each 
pair of conjugate points,
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where R is the relative rotation, t is the relative translation, and 
xi and xj are the image coordinates of conjugate points as pre-
dicted from image matching. We can rewrite these equations as

Figure 4. Distribution of nRSij values of image pairs with different overlap ratios.

Figure 5. The cumulative distribution function of overlap 
ratios from image pairs of corresponding selected relative 
orientations.

(a) Standard case (b) Very short baseline (c) Baseline parallel to viewing direction

Figure 6. Two-view geometry constraint. (a) Standard case. (b) Very short baseline. (c) Baseline parallel to viewing direction.
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For VSB and BPVD, as we have 0<θi ≈ <θj<π, from Equation 3 
we therefore have
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Thus, ccij(R) should be very close to 0. However, it is far 
from 0 when dealing with ROs of normal cases.

For each pair of correspondences, we have one value  
ccij(R). To remove the influence of different depths on ccij(R) 
—and note that object points far away from the projection 
centers normally yield smaller values for ccij(R) than those 
that are closer—we use the mean value, call BLij, of the top 
10% largest ccij(R) as a criterion to quantify the degree of an 
image pair having a VSB or BPVD (see Equation 7). The small-
er BLij is, the higher the probability that the image pair has 
a very short baseline or a baseline parallel to the viewing 
direction.

 
R R{ }( )% largest ccBL avg cc top ij ij ij= ( ) ∈ ( )10 , (7)

where avg() returns the mean value.
Note that there exists an implicit assumption that the 

length of baselines cannot equal 0 when decomposing the es-
sential matrix into relative rotation and translations (Longuet-
Higgins 1981; Hartley and Zisserman 2003). Relative rotation 
can obviously still be computed for image pairs of 0 baseline, 
as this is the task of transforming images into epipolar geom-
etry, and Equation 7 remains correct in this case; the corre-
sponding derivation and how far the assumption is relevant 
for us can be found in Wang et al. (2019c).

Similar to the idea of eliminating RS ROs, we again ran-
domly select some ROs of very short baseline and normal 

baseline from the Wang et al. (2019c) benchmark, together 
with ROs of BPVD from the UAV1 data set with only BPVD Ros, 
illustrated later under Experimental Data Sets, and compute 
the corresponding BLij values using Equation 7. As the curves 
in Figure 7 show, ROs of normal baseline typically generate 
BLij values which are much higher than 0.1, whereas the other 
two have BLij values that are all below 0.1. We therefore select 
ROs with BLij values higher than 0.1 as normal baselines. 
Thus, there are two remaining possibilities for BLij values less 
than or equal to 0.1: the critical configuration of VSB or ROs of 
BPVD. As it is known that the RO can be correctly estimated for 
image pairs of BPVD with a reasonably long baseline, we need 
to identify ROs of BPVD in order to keep them as part of the 
photogrammetric block.

Identifying Correct ROs with Baseline Parallel to Viewing Direction
In the case of BPVD, we find that for any two object points 
(which are not collinear with any of the projection centers), 
the intersection angle with the closer projection center should 
always be larger than that with the projection center further 
away, such as θk12> θj12 > θi12 in Figure 8, where Ci, Cj, and Ck 
are the projection centers of images i, j, and k; P1 and P2 are 
the object points; and θi12, θj12, and θk12 are the corresponding 
intersection angles of object points with respect to projection 
centers. Therefore, for every image pair—for example, images 
i and j—we calculate all such intersection angles for pairs of 
object points that are projected into different quadrants in the 
image plane (to avoid intersection angles which are too small) 
in BPVD cases (and in contrast to the VSB cases dealt with 
earlier). Subsequently, for each pair of calculated intersection 
angles θj12 and θi12, we then have θj12 > θi12, and the longer the 
baseline, the larger the difference between the two angles. We 
now need to distinguish short from longer BPVD baselines, as 
only the longer ones are to be kept. In order to do so, the av-
erage avgθ of all angle differences (θj12 – θi12) is computed, and 
pairs with average values larger than 0.1 rad are identified as 
correct BPVD ROs.

Thus, we use Equation 8 to conclude our RO selection in 
terms of critical configuration:

 

ROs

VSB, if BL  and avg 0.1

BPVD, if BL  and avg
ij

ij

≤ ≤
≤ >

0 1

0 1 0

.

.

θ
θ ..

.

1

0 1Normal baseline, if BLij >









. (8)

Figure 7. BLij values of ROs from various baselines. The corresponding ROs of very short baseline and normal baseline are 
randomly selected from our benchmark, and those of baseline parallel to viewing direction are from the UAV1 data set 
described in Table 1 (see text). The vertical axis denotes the BLij values and the horizontal axis is the serial number of ROs that 
are selected. The dashed, solid, and pointed curves denote respectively the normal baseline, very short baseline, and baseline 
parallel to viewing direction. RO = relative orientation.
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ROs are detected with normal baseline if the corresponding 
BLij value is larger than 0.1. In contrast, a value less than or 
equal to 0.1 can have two causes: VSB, if the corresponding 
avgθ value is less than or equal than 0.1, or BPVD if avgθ is 
larger than 0.1.

For BPVD cases, another problem exists, even if the baseline 
is reasonably long: As the ray intersection angles are small, 
the depth uncertainty is rather large. As many global SfM 
pipelines use this depth information to do global translation 
estimation (Cui et al. 2015; Cui and Tan 2015; Wang et al. 
2019a, 2019b), those translation estimates can become rather 
uncertain too. In particular, the global SfM method of Wang 
et al. (2019b) solves the global unified scale factors for every 
available image pair by employing the depth values of object 
points from individual local spatial intersections, and we feed 
our refined ROs into their global SfM pipeline for 3D recon-
struction in our experiments.

We reduce this problem in the following way: For image 
pairs detected as correct BPVD, we compute the relative orien-
tation (using the five-point algorithm and RANSAC) and then 
investigate the cofactors of the 3D coordinates of the conju-
gate points after triangulation in the two directions parallel to 
the image plane and in depth. We then keep only points for 
which the depth cofactor is smaller than 10 times the larger of 
the two remaining ones.

In summary, we check each input RO with respect to RS, 
VSB, and BPVD by using Equations 2 and 8. ROs that are not 
only detected as non-RS by Equation 2 but also identified as 
normal baselines or baseline parallel to viewing direction 
with a reasonable length by Equation 8 are kept for subse-
quent global SfM.

Experiments
In this section, we present a detailed evaluation of our meth-
od. The experiments are conducted with various data sets, 

including three benchmark data sets with ground truth for the 
ROs (Wang et al. 2019c). Ground truth means that we know 
for each potential pair of images whether the pair overlaps, 
whether it is nonoverlapping with repetitive structure, and 
whether it has a very short baseline, as shown in Figure 1b; 
note that there are no BPVD pairs in these data sets. Ground 
truth has been established manually by considering standard 
photogrammetric requirements. In addition, we investigated 
six public data sets with highly repetitive structure and four 
data sets with images of BPVD (two are close-range data sets 
and two are UAV image sequences). Since we are also inter-
ested in our method’s performance on normal data sets, an 
additional set of UAV images without RS, VSB, or BPVD was test-
ed. Finally, we try our method on two challenging data sets, 
which many global SfM methods fail to solve correctly. Figure 
9 shows our experimental pipeline. As feature extraction and 
feature matching are standard preprocessing steps for almost 
every feature-based SfM system, we start from the calculation 
of relative orientations and then use the proposed method, 
as the dashed boxes in Figure 9 show, to handle RS, VSB, and 
BPVD ROs. Subsequently, the remaining ROs (including robust 
correspondences from BPVD ROs, if BPVD image pairs exist) 
are fed into the global SfM pipeline of Wang et al. (2019b), 
consisting of global rotation averaging by Chatterjee and 
Govindu (2013) and global translation estimation followed by 
robust bundle adjustment. We compare our results with other 
methods (note that in all of our experiments, the RO elimina-
tion process of Wang et al. 2019b is turned off when the ROs of 
other methods are inserted).

Experimental Data Sets
Various data sets are employed to test our method. Table 1 
shows some basic information of these data sets. We gener-
ated three benchmarks (B1, B2, and B3), which depict three 
buildings with repetitive structure; images were acquired by 
walking around the buildings. The camera was rotated along 
the vertical axis several times at each exposure station to 
obtain VSB image pairs (see Figure 14, where the VSB ROs—
blue pixels in the second column—are all located along the 
main diagonal of the overlap graph). Table 2 offers detailed 
information on these three benchmarks. The variable Ne is the 
largest number of connected images after filtering by the five-
point algorithm (Nister 2004) and RANSAC, and Np indicates 
the corresponding number of ROs after the filtering. The num-
ber of correct, RS, and VSB ROs for each data set is also shown 
in Table 2. Figure 10 gives two sample images for data sets 
with repetitive structure; these two sample images actually do 
not overlap.

To validate the identified BPVD ROs, we generated four data 
sets. Two are close-range images of outdoor and indoor sce-
narios (namely, CR1 and CR2), where the camera moved along 
its viewing direction; the other two are from a UAV platform 
(namely, UAV1 and UAV2), where images were taken during the 
descent of the UAV. A few sample images are shown in Figure 
11. The normal data set we used consists of the UAV images of 
Rathaus Dortmund, originally provided by the ISPRS image ori-
entation benchmark (Nex et al. 2015). Finally, two challenging 
data sets—Spreckels Temple of Music in San Francisco (ToM; 
Knapitsch et al. 2017) and Quad (Crandall et al. 2011)—are 
investigated to further explore our method’s capability.

Figure 8. Two-view geometry constraint for baseline parallel 
to viewing direction.

Figure 9. Experimental pipelines.
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Evaluation on Three Benchmarks with RO Ground Truth
To validate the performance of our method in detecting RS 
and VSB ROs, based on the ground truth ROs, Table 3 provides 
the precision and recall values for detecting RS, VSB, and cor-
rect ROs. We find that most ground-truth ROs can be detected 
(recall is higher than 90%), and many of our precision values 
are also higher than 90% (with B2 and B3 reaching 89.6% 
and 88.6%, respectively). These results illustrate that most of 
the identified correct, RS, and VSB ROs are correctly classified 
by our method.

To investigate how RS and VSB ROs affect global SfM, and to 
demonstrate that the remaining ROs are beneficial to improving 
the results of global SfM, we conduct experiments using five 
pipelines with corresponding sets of ROs as input: the manually 
generated ground truths of ROs (Gt); RS and VSB RO elimination 
together with BPVD RO identification (Ours); no RO elimination 

(Noclean); only RS elimination (CleanRS); and only VSB elimi-
nation with BPVD RO identification (Clean VSB + BPVD). We input 
the ROs generated from different pipelines into the global SfM 
pipeline of Wang et al. (2019b). Figure 12 visualizes the SfM 
results. Comparing Ours to Gt, we find that there are no visual 
drifts between them, which implies that our selected ROs are 
mostly correct. Investigating the results of Ours and of the other 

Table 1. Data sets used in the experiments.

Category Name Number of images Image size Origin1 Intrinsic parameters

Benchmarks with  
RS and VSB ROs

B1 182 3696 × 2448

Self-generated

EXIF

B2 215 3936 × 2624 EXIF

B3 342 3936 × 2624 EXIF

Public data sets with  
high degree of RS

ToH 341 4368 × 2912

Shen et al. (2016)

EXIF

Sta. 156 4800 × 3200 EXIF

Ind. 152 1200 × 800 EXIF

Str. 175 3968 × 2232

Cohen et al. (2012)

EXIF

Capitole 99 3392 × 2264 EXIF

CAB 312 1696 × 1132 EXIF

BPVD data sets

CR1 33 2640 × 1760

Self-generated

EXIF

CR2 24 2640 × 1760 EXIF

UAV1 48 4000 × 3000 EXIF

UAV2 47 4000 × 3000 EXIF

Normal data set RathausUAV 146 6000 × 4000 Nex et al. (2015) EXIF

Challenging data sets
ToM 302 1920 × 1080 Knapitsch et al. (2017) EXIF

Quad 6514 Various Crandall et al. (2011) Provided by Author

BPVD = baseline parallel to viewing direction; RO = relative orientation; RS = repetitive structure; VSB = very short baseline.
1 All self-generated data sets are available at https://github.com/wx7531774/SFM_results.

Table 2. Three benchmarks with RO ground truth.

Benchmark Ne Np Correct ROs RS VSB

B1 182 2011 1089 784 138
B2 215 6357 1935 4030 392
B3 342 4956 3202 1422 332

RO = relative orientation; RS = repetitive structure;  
VSB = very short baseline.

B1 B2 B3

ToH Sta. Ind.

Str. CAB Capitole

ToM Quad

Figure 10. Sample images of data sets with repetitive structure: B1, B2, B3, ToH, Str., Ind., Sta., CAB, Capitole, ToM, and Quad.
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three experiments further, it becomes obvi-
ous that only our method yields correct re-
sults, as artifacts were generated by the other 
three methods (shown in the ellipses). We 
recall that although BPVD RO identification 
was conducted on these three benchmarks, 
as our experimental pipeline in Figure 9 
illustrates, there in fact exist no BPVD ROs 
in these three benchmarks, and none of the 
detected VSB ROs were identified as BPVD ROs. 
We conclude that both RS and VSB ROs have 
a negative effect on global SfM. Thus, it is 
necessary to eliminate both types of errors.

The visualizations of SfM results in 
Figure 12 are provided for a qualitative 
comparison. We further provide a numerical 
analysis. Figure 13 shows the reprojection 
error distribution of the three benchmarks and the five differ-
ent pipelines. According to the comparison, there are only very 
small discrepancies between Gt and Ours, which can also be 
inferred from Figure 12. Nearly 90% of the reprojection errors 
are within 1 pixel for Ours and Gt, and the maximum reprojec-
tion errors lie between 3 and 4 pixels, whereas for the other 
three pipelines there are many fewer reprojection errors smaller 
than 1 pixel and significantly more between 1 and 4 pixels, and 
the maximum reprojection errors are larger than 10 pixels in 
most cases. Therefore, eliminating incorrect ROs by our method 
does significantly improve the robustness of global SfM.

To further investigate our RO elimination method, we com-
pare our results with those of Wang et al. (2019c); note that 
we present here those results with individually refined free 

parameters), Zach et al. (2010), Wilson and Snavely (2014), and 
Wang et al. (2019b). Table 4 shows that the numbers of selected 
ROs for Wang et al. (2019c) and Ours are smallest (and closest 

CR1 CR2

UAV1 UAV2

Figure 11. Sample images of data sets with baseline parallel to viewing 
direction: CR1, CR2, UAV1, and UAV2.

Table 3. Precision (P) and recall (R) values (%) on detecting 
RS, VSB, and correct ROs.

Benchmark

Detection of 
RS only

Detection of 
VSB only

Correct ROs after RS 
and VSB elimination

P R P R P R

B1 92.7 90.2 90.6 92.4 90.2 97.0
B2 95.2 91.2 89.6 90.6 95.5 96.0
B3 91.4 90.2 88.6 93.2 93.3 92.6

RO = relative orientation; RS = repetitive structure;  
VSB = very short baseline.

Figure 12. Visualization of structure-from-motion results from the five different pipelines. Ellipses denote visual artifacts.

                                          (a)                                              (b)                                                  (c)

Figure 13. Reprojection error distribution of four different pipelines on benchmarks. (a) B1, (b) B2, (c) B3.
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to the ground-truth values from Table 2); this is also illustrated 
by Figure 14, in which the overlap graphs of Ours and Wang et 
al. (2019c) are filled with fewer black pixels than those of the 
other methods. We calculate the precision and recall values 
based on the ground-truth ROs, as Table 5 shows. We find that 
the recall values of all methods are higher than 90%, which 
means they are all able to detect most of the correct ROs, where-
as our method clearly outperforms the others in precision.

Figure 14 illustrates the RO elimination results. Comparing 
our results with the ground-truth overlap graph, it can be seen 
that most of the red and blue pixels along the diagonal are 
eliminated, whereas many pixels that are red in the second 
column are kept by Zach et al. (2010), Wilson and Snavely 
(2014), and Wang et al. (2019b). This means that the loop con-
straints used by Zach et al., and constraints based on relative 
translation as used by Wilson and Snavely and Wang et al. 
(2019b), are not capable of dealing with repetitive structure in 
these three building data sets. In addition, many pixels that are 
blue in the second column also remain in the results of Zach 
et al., Wilson and Snavely, and Wang et al. (2019b). Figure 
15 shows a visualization of the SfM results obtained by using 
the ROs considered correct by the different methods; artifacts, 
depicted as ellipses, are again visible in the results of Zach 
et al., Wilson and Snavely, and Wang et al. We conclude that 
the proposed RO elimination method generates the best results 
compared to the methods of Zach et al., Wilson and Snavely, 

and Wang et al. (2019b), which generate artifacts shown in the 
ellipses.

Figure 16 again shows the distribution of the reprojection 
errors obtained with the different methods on these three 
benchmarks. Ours and Wang et al. (2019c) yield very similar 
results, with approximately 90% of the errors again below 1 
pixel and the maximum residuals smaller than 5 pixels. The 
reprojection error distributions of Zach et al. (2010), Wilson 
and Snavely (2014), and Wang et al. (2019b) are again wider; 
reprojection errors larger than 8 pixels exist in all benchmarks, 
and the proportions of reprojection errors smaller than 1 pixel 
are much lower than those of Ours and Wang et al. (2019c).

Comparing the results of Ours and Wang et al. (2019c) 
shown in Tables 4 and 5 and Figures 14 through 16, we find 
that the performances of these two methods on these three 
benchmarks are very similar. We note, however, that Wang 
et al. (2019c) selected a set of individual free parameters 
for each benchmark data set to obtain the reported results 
(as mentioned, these individual parameters are used for the 
results reported here); these free parameters are rather diffi-
cult to determine in advance, and the results of Wang et al. 
(2019c) are sensitive to their choice.

Evaluation on Six Public Data Sets with Highly Repetitive Structure
In this section, we report on experiments on six public data 
sets with highly repetitive structure, namely the Temple of 
Heaven (ToH), Indoor (Ind.), Stadium (Sta.; Shen et al. 2016), 

Table 4. Comparison of the number of selected relative orientations from different methods.

Benchmark Ground truth Ours X. Wang et al. (2019c) Zach et al. (2010) Wilson and Snavely (2014) X. Wanget al. (2019b)

B1 1089 1171 1303 1684 1569 1846
B2 1935 1946 1918 5839 5391 5066
B3 3202 3178 3278 4349 3690 4776

Figure 14. Overlap graphs of the three benchmark data sets from different methods. The second column is the RO ground 
truth, where green pixels denote the correct ROs, red pixels are RS ROs, and blue pixels denote VSB ROs. In the following five 
columns, black pixels indicate that the corresponding ROs are kept and white pixels represent nonoverlapping image pairs.  
RO = relative orientation; RS = repetitive structure; VSB = very short baseline.

Table 5. Comparison of precision (P) and recall (R) values (%) of different methods.

Benchmark
Ours X. Wang et al. (2019c) Zach et al. (2010) Wilson and Snavely (2014) X. Wang et al. (2019b)

P R P R P R P R P R

B1 90.2 97.0 81.4 97.4 59.8 92.2 65.2 94.2 56.4 95.2
B2 95.5 96.0 93.8 93.0 35.3 98.7 37.3 98.6 40.2 98.7
B3 93.3 92.6 91.3 93.5 73.1 98.8 81.9 95.2 66.5 99.1

Note. Boldface indicates the best value.
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Street (Str.), CAB, and Capitole (Cohen et al. 2012); Figure 10 
shows some sample images. Table 6 contains for each data set 
the largest number Ne of connected images after filtering by 
the five-point algorithm and RANSAC, the corresponding num-
ber Np of ROs after filtering, and the number of ROs designated 
correct by each of the five methods.

Taking Figure 17 and Table 6 into consideration together, 
we find that after application of the five-point algorithms, 
each data set has a very redundant number of ROs, and incor-
rect ROs survived due to RS. The third column of Figure 17 
shows the nRSij graph. Specifically, we calculate the nRSij val-
ue for each RO by transforming the results of Equation 1 into 
the interval [0, 1] for each data set individually. The brighter 
the pixel is, the larger the corresponding nRSij and thus the 
higher the probability that the image pair does not overlap. 
From investigating the results shown by Figure 17, most of 
the image pairs corresponding to the darker pixels in the third 
column are kept by Ours and Wang et al. (2019c), whereas 
many pairs related to brighter pixels are considered correct 
using the other three methods. This implies that Ours and 
Wang et al. (2019c) outperform the other methods in eliminat-
ing ROs with higher RSij values, which have a high probability 
of being RS ROs. Analyzing the numbers in Table 6, we find 
that Ours and Wang et al. (2019c) generally eliminate more 
ROs than the other three methods (this can also be observed by 

inspecting Figure 17: Ours and Wang et al. (2019c) result in a 
much thinner overlap graph). Also, the number of ROs select-
ed by Wang et al. (2019c) is always 7 times the corresponding 
value of Ne (this is a design feature of Wang et al. (2019c)). 
As a consequence, if fewer correct ROs exist, Wang et al. 
(2019c) could generate incorrect SfM results. The self-adapting 
strategy for parameter selection introduced in our method, 
and the different selection criterion we use (see Equation 2), 
overcome this problem.

Since no ground-truth ROs are provided for these data sets 
to independently validate the quality of the correct ROs, we 
insert the ROs obtained by the different methods into the glob-
al SfM pipeline (Wang et al. (2019b); note that as before, their 
RO elimination process is turned off when the ROs of other 
methods are inserted). First, we compare Ours with Zach et 
al. (2010), Wilson and Snavely (2014), and Wang et al. (2019b) 
on ToH, Sta., Ind., and Str. Visualizations of the SfM results are 
shown in Figure 18; the ellipses denote artifacts (results for 
Wang et al. (2019c) can be found in that article—they do not 
show any artifacts). For ToH, only part of the temple is recon-
structed by Zach et al., Wilson and Snavely, and Wang et al. 
(2019b). Probably due to the RS ROs in the Str. data set—which 
result in an overlap graph with a pair of wings shown by 
Figure 17—Zach et al., Wilson and Snavely, and Wang et al. 
(2019b) generated a folded reconstruction. As for Ind., many 

Figure 15. Visualization of structure-from-motion results on three benchmarks from different methods.

                                          (a)                                              (b)                                                  (c)

Figure 16. Reprojection error distribution of different methods on the three benchmarks. (a) B1, (b) B2, (c) B3.
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Table 6. Comparison of the number of ROs from different methods.

Data set Ne Np

Number of correct ROs

Ours X. Wang et al. (2019c) Zach et al. (2010) Wilson and Snavely (2014) X. Wang et al. (2019b)

ToH 341 56 429 2658 2387 34 195 48 540 48 507
Sta. 156 1733 972 1092 728 1338 1368
Ind. 152 4740 816 1064 3380 3449 4059
Str. 175 5171 1163 1225 4544 4089 3832
Capitole 99 3177 1197 693 2731 1764 2798
CAB 312 10 486 2907 2184 6150 4773 4095

RO = relative orientation.

Figure 17. Overlap graph of the six public data sets obtained from the different methods. The second column is the overlap 
graph from the input ROs, where black pixels indicate that the corresponding ROs are available. This is also true for the last 
five columns. The third column is the normalized RSij graph. RO = relative orientation.

Figure 18. Visualization of structure-from-motion results on four public data sets from Ours, Zach et al. (2010), Wilson and 
Snavely (2014), and X. Wang et al. (2019b).
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images are incorrectly oriented by Zach et al., Wilson and 
Snavely, and Wang et al. (2019b), and these methods again 
produce a folded reconstruction result. The reconstruction 
result for Sta. by Zach et al. does not keep a consistent block, 
and it has the lowest number of ROs (728); and the circular 
stadium is not closed by Wilson and Snavely or by Wang et 
al. (2019b). In contrast to the other methods, Ours doesn’t 
show any visual artifact on these four data sets. This proves 
the capability of our method to detect RS ROs and consequent-
ly deliver correct reconstruction results.

To further underline the conclusions from Figure 18, we 
again show the reprojection error distribution for these four 
data sets (Figure 19). From this figure the same conclusions 
can be drawn as from Figure 16.

As we have mentioned, the strategy to select correct ROs 
by Wang et al. (2019c) might fail on some data sets due to 
the fixed number of selected ROs being 7 times the number of 
connected images after filtering. To explore this issue further 
we use the two data sets Capitole and CAB. Figure 20 shows 
the SfM results of these two data sets with ROs from different 
methods. Analogously to the results shown in Figure 18, 
Zach et al. (2010), Wilson and Snavely (2014), and Wang et 
al. (2019b) generate different artifacts, as the ellipses indicate. 
Wang et al. (2019c) do improve the SfM results, as we can find 
that the artifacts are smaller, and this can also be learned from 
the reprojection error distribution shown in Figure 21. How-
ever, a comparison of the SfM results for Ours and Wang et al. 
(2019c) reveals that our self-adapting method performs better 
than Wang et al. (2019c) does (see Figures 20 and 21).

For better analysis of these two SfM results, Figure 21 
shows the reprojection error distributions of Capitole and CAB 
from different methods. We find that Ours always has more 
than 90% of reprojection errors that are less than 1 pixel; the 
rest of them are spread over the ranges of 1–2, 2–3, and 3–4 
pixels; and none of them account for more than 6%. The other 
three methods, by contrast—Zach et al. (2010), Wilson and 
Snavely (2014), and Wang et al. (2019b)—have much smaller 
percentages of reprojection errors that are within 1 pixel, and 
the residuals between ranges of large values (3–4, 4–5, and 
5–6 pixels) make up relatively high percentages. Coming to 

Wang et al. (2019c), Figure 21a and 21b implies that Ours 
outperforms theirs, with more reprojection errors falling into 
the ranges of smaller values.

In summary, we conclude based on these public data sets 
that Ours provides the best global SfM results compared to the 
other methods (Zach et al. 2010; Wilson and Snavely 2014; 
Wang et al. 2019b, 2019c).

Evaluation on Self-Generated BPVD Data Sets
To investigate our method on identifying correct BPVD ROs and 
the strategy of selecting robust correspondences from these cor-
rect BPVD image pairs, we tested four self-generated BPVD data 
sets; some sample images are shown in Figure 11. For these 
close-range data sets, two different scenarios are considered, 
namely, outdoor and indoor scenes. The outdoor scenes were 
captured using a UAV—we first took some images of a built-up 
area from various flying heights, then captured images of a 
planar grassland patch. Since there is no repetitive structure in 
these data sets, we turn off the function to eliminate RS ROs.

Similar to the experiments already described, the global 
SfM of Wang et al. (2019b) was used for SfM reconstruction; the 
results are shown in Figure 22. To demonstrate the proposed 
method’s performance on BPVD data sets, we compared the 
results of Ours with a standard global SfM method without 
blunder detection (the method described by Wang et al. 
(2019b) with the blunder elimination function turned off). 
From Figure 22, we see that in the standard case all four BPVD 
data sets generated different visual artifacts, shown by the 
solid ellipses. Ours generates a better result; specifically, it 
does not generate so many object points somewhere in the 
air for CR1, no motion drift happens in CR2, and the generated 
object point cloud does not show a somewhat convex shape 
for the two UAV data sets. To improve the robustness of the 
global SfM pipeline of Wang et al. (2019b), many object points 
around the viewing direction (close to principal points in 
image space) are eliminated before reconstruction, as the 
dashed ellipses illustrate; this is due to the strategy described 
previously.

Figure 23 provides the numerical results of the self-gener-
ated BPVD data sets. Analysis of Figure 23a and 23b shows that 
the proposed method can help to improve the global SfM of 

                              (a) TOH                  (b) Sta                    (c) Ind.                   (d) Str.

Figure 19. Reprojection error distribution of ToH, Sta., Ind., and Str. by comparing with other methods. (a) ToH, (b) Sta., (c) Ind., (d) Str.

Figure 20. Visualization of structure-from-motion results on Capitole and CAB from Ours, Wang et al. (2019c), Zach et al. 
(2010), Wilson and Snavely (2014), and Wang et al. (2019b).
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Wang et al. (2019b), so that in all four BPVD data sets, 
more than 90% of the reprojection errors are smaller 
than 1 pixel and the maximum residuals are all below 
5 pixels (except for CR2, where it is below 6 pixels).

Test with a Normal Data Set
Although these experiments show that our method 
can work quite well on problematic data sets with 
RS, VSB, or BPVD ROs, we are also interested to see its 
performance on a data set without such deficiencies 
(which we call the normal data set). The data set we 
have selected comes from the ISPRS image orientation 
benchmark (Nex et al. 2015); it was captured by a 
UAV and is called RathausUAV. The number of orig-
inal input ROs is 2976. Most of them have a reasona-
ble overlap ratio, there is no repetitive structure, and 
most image pairs have a long enough baseline for 
accurate depth estimation, although some baselines 
are a little short.

(a) Capitole (b) CAB

Figure 21. Reprojection error distribution of Capitole and CAB by comparing with other methods. (a) Capitole, (b) CAB.

Figure 22. Visualization of structure-from-motion results on four self-generated BPVD data sets. Dashed ellipses denote the areas 
which are near around the viewing direction, solid ellipses are the visual artifacts. BPVD = baseline parallel to viewing direction.

(a) Ours (b) Standard Global SfM

Figure 23. Reprojection error distribution of self-generated BPVD 
data sets. (a) Ours, (b) standard global structure from motion. BPVD = 
baseline parallel to viewing direction.
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Using the proposed method, 209 ROs are eliminated as RS 
ROs and 151 as VSB ROs. Figure 24 shows the cumulative dis-
tribution function of our selected and eliminated ROs with re-
spect to overlap ratio and BLij. From Figure 24a, it can be seen 
that nearly 90% of the selected ROs have overlap ratios higher 
than 0.4, whereas 90% of the eliminated ROs have overlap ra-
tios below 0.3. VSB ROs (Figure 24b) were detected mainly due 
to two reasons: beside the pairs with shorter baselines, there 
are some pairs for which the average intersection angle during 
triangulation is small because of a lack of tie points in the 
vicinity of the cameras (see also the discussion of Equation 
7). These pairs all have a BLij value smaller than 0.1, which is 
consistent with the assumptions of the selection procedure. 
The SfM results on this data set with and without applying 
our procedure are shown in Figure 25; neither case shows any 
visual artifacts. Note that examples for pairs with rather short 
baselines can be found in the black boxes.

Evaluation of Two Challenging Data Sets
To further explore the capability of the proposed method, we 
test two more challenging datasets—namely, the Temple of 
Music (ToM; Knapitsch et al. 2017) and Quad (Crandall et al. 
2011)—which many global SfM methods fail on (Cui and Tan 
2015; Wang et al. 2019a, 2019b). Wang et al. (2019b) claimed 
that for Quad, the reasons for failure are RS (see Figure 10) 
and pairs with critical geometric configurations such as very 
short baselines. In addition, the ToM data set includes BPVD 

ROs. Hence, we try our method on these two data sets. Figure 
26 visualizes the SfM results using different methods. Ours 
uses the proposed method, Wang et al. (2019c) is imple-
mented with two sets of free parameters provided by the 
authors (Setting 1 is the one claimed to be able to generate a 
better result for Quad, while Setting 2 is a standard setting), 
and the last column of Figure 26 shows the results using the 
method of Wang et al. (2019b). Compared to the ground truth 
of reconstruction (Crandall et al. 2011; Knapitsch et al. 2017), 
we obtain the most reasonable results among these methods. 
Setting 1 of Wang et al. (2019c) loses some images (as the 
dashed ellipses show); for Quad this is due to the fact that 
too many ROs are eliminated and the photogrammetric block 
breaks apart, while for ToM some correct BPVD ROs are detected 
and eliminated as VSB ROs. Lots of visual artifacts occur in 
the results of Setting 2 of Wang et al. (2019c) and also for the 
original ROs, which shows the complexity of the data set.

Conclusions
In this article, we present a novel method to eliminate blun-
ders in ROs for conducting robust global SfM. We deal with 
incorrect ROs that are the result of repetitive structure and 
very short baselines. Criteria for these two cases are intro-
duced based on the number of conjugate points in connected 
pairs and on the magnitude of the intersection angle during 

(a) CDF of overlap ratios (b) CDF of BLij

Figure 24. The cumulative distribution of selected ROs and eliminated ROs in terms of (a) overlap ratios and (b) BLij.  
RO = relative orientation.

(a) With Ours (b) Without Ours

Figure 25. Visualization of structure-from-motion results on RathausUAV: (a) with Ours, (b) without Ours.
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triangulation. As the latter criterion is sensitive to pairs with 
a long enough baseline approximately parallel to the viewing 
direction, we present a new criterion accordingly.

For evaluation we processed various data sets and com-
pared the results to those of other methods. We demonstrate 
that our method improves the robustness of global SfM. Since 
most of the test data sets come from applications in architec-
ture, and we used only a single global SfM pipeline of Wang 
et al. (2019b) in our tests, we next plan to test other types of 
images (such as unordered sets downloaded from the Inter-
net, images of forest or vegetation, indoor scenario and aerial 
photos, etc.) and run tests with other pipelines, including 
also incremental SfM (e.g., Wang et al. (2019a)). In addition, 
we would like to study the correlation between the quality of 
the results which can be achieved using the proposed method 
and the density of the corresponding overlap graph—that is, 
the redundancy of the photogrammetric block.
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Improving Component Substitution  
Pan-Sharpening Through Refinement  

of the Injection Detail
Xiaohua Li, Hao Chen, Jiliu Zhou, and Yuan Wang

Abstract
This article presents a novel strategy for improving the well-
established component substitution-based multispectral 
image fusion methods, because the fused results obtained 
by component substitution methods tend to exhibit signifi-
cant spectral distortion. The main cause of spectral distor-
tion is analyzed and discussed based on the component 
substitution method’s general model. An improved scheme 
is derived from the sensitivity imaging model to refine the 
approximate spatial detail and obtain one that is almost 
ideal. The experimental results on two data sets show that 
when it has been integrated into the Gram–Schmidt method 
and the generalized intensity-hue-saturation method, the 
proposed scheme allows the production of fused images of 
the same spatial sharpness as standard implementations 
but with significantly increased spectral quality. Quanti-
tative scores and visual inspection at full resolution and 
spatially reduced resolution confirm the superiority of the 
improved methods over the conventional algorithms.

Introduction
Pan-sharpening is a branch of image fusion which combines 
a coarse-spatial-resolution multispectral (MS) image and a 
co-registered fine-spatial-resolution panchromatic (PAN) image 
to produce a fine-spatial-resolution MS image (Pohl and Van 
Genderen 1998). Pan-sharpening can be useful for many prac-
tical applications, such as geometric correction, change detec-
tion, land cover classification, and earth observation. Accord-
ingly, the remote sensing community is giving it increasing 
attention (Aiazzi, Alparone and Baronti 2012).

In recent years, numerous pan-sharpening techniques have 
been developed that can be divided into conventional and 
modern methods. Conventional approaches are usually based 
on simple fusion models and have been extensively studied 
(Amro et al. 2011; Vivone et al. 2015). Modern methods are 
usually based on more complex fusion models, such as total 
variation (Aly and Sharma 2014; Wei, Dobigeon and Tourn-
eret 2015), compressive sensing (Zhu and Bamler 2013; He 
et al. 2014; Deng, Feng and Tai 2019), convolutional neural 
networks (Masi et al. 2016; Yang et al. 2017; Liu, Wang and 
Liu 2018), and generative adversarial networks (Zhang, Li and 
Zhou 2019). These modern methods can outperform con-
ventional techniques in some cases, but they require a large 
number of training samples and suffer from a heavy computa-
tional burden.

The conventional methods can be further divided into 
component substitution (CS)-based methods and multireso-
lution analysis (MRA)-based techniques (Aiazzi et al. 2012). 
The CS methods assume that the spatial detail information 
of the MS image mainly lies in its structural component. The 
structural component can be obtained by transforming the 
multi-channel MS image into a new space. Then the structural 
component is completely or partially replaced by the PAN 
image to increase the spatial detail information. Finally, the 
fused MS image with finer spatial resolution is obtained by 
inverse transformation. Given its high computational efficien-
cy, the CS method is extensively used in actual applications 
(Aiazzi et al. 2007). Methods that are based on intensity-hue-
saturation (IHS; Haydn et al. 1982; Tu et al. 2004), principal 
component analysis (PCA; Chavez and Kwarteng 1989; Shah, 
Younan and King 2008), the Gram–Schmidt process (GS; 
Laben and Brower 2000; Aiazzi et al. 2007), and the Brovey 
transform (Gillespie, Kahle and Walker 1997) are the most 
widely known CS methods. The MRA methods argue that the 
missing spatial detail information in the MS image can be de-
rived from the high-frequency components of the PAN image 
(Ranchin and Wald 2000). Therefore, the spatial detail infor-
mation can be extracted by employing a linear space-invariant 
digital filter and then adding the coarse-resolution MS bands. 
General implementations of such methods include ones based 
on the wavelet transform (Núñez et al. 1999; Amolins, Zhang 
and Dare 2007), a generalized Laplacian pyramid (GLP; Aiazzi 
et al. 2006), and the curvelet transform (ALEjaily, El Rube and 
Mangoud 2008).

CS methods are usually superior to MRA methods in terms 
of enhancing the spatial detail information. However, because 
the spectral ranges covered by PAN and MS images do not 
strictly overlap, the pan-sharpening results obtained by CS 
methods tend to be accompanied by a degree of spectral dis-
tortion (Aiazzi et al. 2007). In this article, we propose a novel 
strategy to mitigate the spectral distortion of CS methods. 
Starting with the general scheme of the CS methods, the main 
cause of spectral distortion is analyzed and discussed, and 
a formula that refines the traditional spatial detail is derived 
from the spectral sensitivity imaging model. To the best of our 
knowledge, this is the first attempt to improve the CS method 
by refining the injection detail based on the investigation of 
the spectral sensitivity imaging model. We apply this strategy 
to two conventional CS algorithms: the generalized intensity-
hue-saturation (GIHS) method and the Gram–Schmidt (GS) 
method. Quantitative assessments of the two data sets under 
full resolution and reduced resolution confirm the superiority 
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of the proposed methods over their baselines and other con-
ventional CS/MRA methods.

Method
General Fusion Model of CS Methods

The objective of pan-sharpening is to produce a synthetic 
image M

∨ 
that has the same spectral channels as the available 

MS image M and the same spatial resolution as the available 
PAN image P. In particular, the spatial resolution of P is r 
(>1) times higher than that of M. The coefficient r is usually 
referred to as the scale factor. Almost all CS approaches can 
be formulated using the same fusion model (Restaino et al. 
2017):

 M
∨

k(x,y) = M
–

k(x,y) + Gk°D(x,y), (1)

where the subscript k ∈ {1, …, N} is the index of channels 
in the MS image, N is the channel number of the MS image,  M

–
 

is the r-up-sampled version of the available MS image M, the 
symbol ° denotes element-by-element multiplication, Gk is the 
injection gain matrix, and D refers to the spatial high-frequen-
cy detail, which is usually defined as

 D(x,y) = P(x,y) – L(x,y), (2)

where L is the first (intensity) component of the linear trans-
formed result of M

–
. This term is usually defined as

 
L x y W M x yk k, ,( ) = ( )

=∑ k

N

1
, (3)

where Wk is the spectral weight matrix and N is the number 
of channels in the MS image.

From Equations 1–3, note that the conventional CS ap-
proaches can be divided into two sequential steps: 1) extract-
ing the spatial high-frequency detail by subtracting L from 
P, and 2) injecting the weighted detail into the original MS 
image. In general, the main difference between two CS algo-
rithms is how they define the spectral weight matrix Wk and 
injection gain matrix Gk.

The definition of Wk and Gk undergoes three phases. The 
first phase is fixed definition, in which only a fixed single 
weight or gain is used per spectral band for all images, as 
with the IHS-based methods. The second phase is image-wise 
globally defined, in which a single weight or gain is used per 
spectral band for each image, as with the PCA-based methods. 
The third phase is the context-adaptive definition, in which 
the weight or gain is image-wise spatially variant for each 
spectral band (Rahmani et al. 2010; Choi, Yu and Kim 2011; 
Restaino et al. 2017). In general, the fixed and global defini-
tions have a lower computational burden, while the context-
adaptive definition can produce better results.

General Limitations of CS Methods
In principle, the CS approaches are physically meaningful 
when P and L contain almost the same spectral information 
(Amro et al. 2011); that is, the PAN image and MS image are 
acquired over spectral ranges that overlap completely. In such 
cases, the spatial high-frequency detail D can be precisely 
extracted by optimizing the spectral weights Wk. However, in 
most applications the spectral cover range of the PAN image 
overlaps only partially with that of the MS image. Therefore, 
regardless of what optimization strategy is used, ideal L 
(which contains almost the same spectral information as P) is 
seldom obtained. This means that D (the difference between 
P and L) is an approximation of the spatial high-frequency 
detail and usually includes more or less extra low-frequency 

spatial information, which would lead to spectral distortion 
in the fused fine-resolution MS image. It is difficult to elimi-
nate the extra low-frequency spatial information in the injec-
tion step, even though definitions of the injection gain Gk are 
performed using context-adaptive approaches.

Therefore, we pegged the extra low-frequency spatial infor-
mation as the main cause of the noticeable spectral distortion 
in the conventional CS approaches, and investigated and at-
tempted to remove its source.

Refining the Injection Detail Based on  
the Spectral Sensitivity Imaging Model
A spectrum is mathematically defined as a continuous func-
tion f(λ) over the wavelengths expressing the energy acquired 
from a surface, a scene, or a source (Richard et al. 2016). In 
these cases, the spectrum is directly related to the physi-
cal and optical properties of the acquired object. In remote 
sensing, some physical discontinuities are induced by the 
atmosphere, meaning that f(λ) is not continuously differen-
tiable. The spectral sensitivity function S is at the core of 
any spectral or color sensor specification and construction. 
Sensitivity defines the relative efficiency of the sensor for a 
given wavelength, expressed as a percentage. Then the radi-
ance measurement data associated with a particular spectrum 
F is defined as the accumulation of energy weighted by the 
spectral sensitivity function s(λ) at each wavelength λ (Equa-
tion 4). From a signal processing point of view, the spectral 
sensitivity function can be considered as a spectral sampling 
function defining the spectral range to acquire and sample. 
The quantity m is defined by

 
m F S f s d= = ( ) ( )∫,

λ

λ λ λ λ
min

max , (4)

where [λmin, λmax] is the spectral range of S.
Similarly, the multispectral image M

~
k (x, y) can be defined 

by

 
�M x y F S f x y s dk k kk

k

, , , ,( ) = = ( ) ( )∫ λ λ λ
λ

λ

min

max

 
(5)

 M
–

k(x,y) = MFT(M
~

k(x, y)), (6)

where Sk denotes the spectral sensitivity function of the kth 
spectral band sensor, [λk

min, λk
max] is the spectral range of Sk, M

~
k 

denotes the pan-sharpening target reference data (which is 
usually not available in the application), and M

–
k refers to the 

low-pass version of M
~

k. In principle, the available MS image 
Mk is the low-pass down-sampled version of M

~
k.

The low-ass process can be modeled by the modulation 
transform function (MTF) of MS sensors (Aiazzi et al. 2006; 
Equation 6). So M

–
k can be regarded as the r-up-sampled ver-

sion of the available MS image M.
If the target reference M

~
k is available, the ideal spatial 

detail image D
~

 can be calculated as

 
� � �D x y L x y L x y W M x y L x yk k

N
, , , , ,( ) = ( ) − ( ) ( ) − ( )∑= 1

. (7)

However, the absence of the reference M
~

k precludes the 
application of Equation 7 in practice. Conversely, an approxi-
mate solution of the spatial detail D (Equation 2) is widely 
used in CS. As already mentioned above, the approximate 
solution may introduce noticeable spectral distortion in the 
merged MS image M

∨
. Therefore, in this article we try to derive 

a more reasonable approximate solution by further exploring 
the imaging model of PAN as follows:

 
P x y F S f x,y s dP P

min
P

max
P

, , ,( ) = = ( ) ( )∫ λ λ λ
λ

λ
, (8)
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where SP denotes the spectral sensitivity function of the pan-
chromatic sensor and [λp

min, λ
p
max] is the spectral range of SP.

Because the PAN and MS images are acquired over spectral 
ranges that overlap only partially, it is difficult to build a lin-
ear relation between SP and Sk. If S0 is introduced to denote 
the spectral sensitivity function over nonoverlapping spectral 
ranges, the linear relation between SP, Sk, and S0 can be suc-
cinctly described as

 
S w S w SP k kk

N
= +

=∑ 0 01
. (9)

Substituting Equation 9 into Equation 8, we have

 ( )
P x y w M x y w f x y s d

L x y w f x

k kk

N
, , , ,

, , ,

( ) = ( ) + ∫ ( ) ( )
( ) + ∫

=∑ �

�
0 01

0

λ λ λ

λ= yy s d( )0 λ λ
. (10)

Rewriting Equation 10, we have

 ~L(x,y) – L(x,y) = P(x,y) – L(x,y) – ∫w0 f(λ,x,y)s0 (λ)dλ. (11)

As mentioned above, ~L – L is the ideal solution of spatial 
detail, and P – L is the approximate solution of the spatial 
detail used in current CS methods.

As we know, ~L – L contains only high-frequency infor-
mation, while P – L and ∫w0 f(λ,x,y)s0 (λ)dλ contain both 
low- and high-frequency information. We can declare that 
the low-frequency component in P – L is the same as that in 
∫w0 f(λ,x,y)s0 (λ)dλ. Therefore, through replacing  
∫w0 f(λ,x,y)s0 (λ)dλ using its low-frequency component, an 
almost ideal spatial detail is obtained:

 D
∨

(x,y) = (P(x,y) – L(x,y)) – MFT(P(x,y) – L(x,y)). (12)

It is clear that D
∨

 contains detailed information that is 
found only in the PAN image and is absent in the MS image. 
This means that D

∨
 is a refined spatial detail by removing the 

low-frequency component in P–L using an MTF-matched filter.
Substituting Equation 12 into Equation 1, we acquire the 

definition that leads to an improved CS-based fused product 
M
∨

k (x,y):

M
∨

k (x,y) = M
-

k (x,y) + Gk(x,y)°(P(x,y) – L(x,y)) – MFT(P(x,y) – L(x,y))). (13)

Figure 1 shows an example of the pan-sharpening process 
under reduced resolution using the standard and improved 
GIHS methods. From Figure 1, it is found that the regions with 
high spectral (color) distortion in the GIHS fused image (Figure 
1i) correspond to the regions in D (Figure 1f) which contain 
noticeable spatial low-frequency information (Figure 1g). 
Moreover, the refined detail D

∨
 (Figure 1h), which removes 

the spatial low-frequency information from D and thus is 
more similar to the ideal detail D

~
 (Figure 1e), contains only 

the spatial high-frequency information and therefore results 
in a fused image (Figure 1j) that is similar to the reference MS 
(Figure 1d).

Experiments and Results
This section evaluates the performance of our improved 
pan-sharpening methods, where two remotely sensed image 
data sets are considered. These data sets were acquired using 
WorldView and QuickBird sensors. During the evaluation, 
we conducted reduced-resolution and full-resolution experi-
ments.

In the full-resolution assessments, we experimented using 
the consistency properties of Wald’s protocol (Wald, Ranchin 
and Mangolini 1997). This requires that the fused MS image, 
once spatially degraded to its original resolution, be as similar 
as possible to the original MS image. With this caveat, the fu-
sion method is applied to the MS and PAN images, resulting in 
a fused MS image at the resolution of the PAN image. The con-
sistency properties were used for the spectral assessment of 
the final products by comparing the degraded pan-sharpened 
image with the MS image. Here, we extend the consistency 
properties of Wald’s protocol to spatial quality assessment; 
that is, the spatial detail of the fused MS image should be as 
similar as possible to that of the PAN image.

In the reduced-resolution assessments, we experimented 
using the synthesis properties of Wald’s protocol (Wald et al. 
1997). The original MS and PAN images were spatially degrad-
ed to a lower resolution by Gaussian filtering followed by dec-
imation by a factor equal to the scale ratio of PAN to MS. Then 
the fusion method was applied to these two degraded MS and 
PAN images, resulting in a fused MS image at the resolution of 
the original MS image. The original MS image then served as 
ground truth and the similarity check could be performed.

To assess the performance of the methods, three widely 
used quality indexes were applied: spectral angle mapper 

Figure 1. (a) Panchromatic image; (b) multispectral image; (c) intensity component L of multispectral image; (d) reference 
multispectral image; (e) ideal detail image ~D; (f) detail image D; (g) modulation transform function of D; (h) refined detail 
image D

∨
; (i) fused image using generalized intensity-hue-saturation; (j) fused image using improved generalized intensity-

hue-saturation method.

PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING May 2020  319

http://my.asprs.org


(SAM; Yuhas et al. 1992), relative dimensionless global error 
in synthesis (ERGAS; Wang and Bovik 2002), and the spatial 
correlation coefficient (SCC; Zhou et al. 1998). SAM and ERGAS 
are spectral distortion measures and should take values as 
low as possible (ideally 0). Conversely, SCC is a spatial quality 
index and should be as high as possible (ideally 1).

It should be noted that since the proposed strategy re-
moves the overinjection low-frequency information from the 
difference image between P and L, improvements should be 
expected for spectral distortion indicators SAM and ERGAS.

The improved strategy proposed in this article can be 
applied to any CS-based algorithm by refining the spatial high-
frequency detail. Two destination methods—improved GIHS 
and improved GS—were evaluated in our experiments, and 
the corresponding methods are denoted as GIHS_IM and GS_IM.

In addition to GIHS_IM, GS_IM, GIHS, and GS, several repre-
sentative CS methods are tested for comparison. These include 
a PCA-based method (Shah et al. 2008), a Gram–Schmidt 
adaptive method based on binary partition tree segmentation 
(GSA_bpt; Restaino et al. 2017), a partial replacement adaptive 
component substitution (PRACS) method (Choi et al. 2011), 
band-dependent spatial detail (BDSD; Garzelli, Nencini and 
Capobianco 2008), and the two most competitive MRA methods: 
additive trous wavelet transform (ATWT; Vivone et al. 2015) and 
generalized Laplacian pyramid with MTF-matched filter and 
context-based decision (MTF-GLP-CBD; Aiazzi et al. 2006).

Results for the QuickBird Data Set
The data set obtained by the QuickBird sensor provides a fine-
resolution PAN image with spectral cover ranging from 450 
to 900 nm with a resolution of 0.6 m, and a four-band (blue, 
green, red, and near-infrared) MS image with a resolution of 
2.4 m. The radiometric resolution is 11 bits. We randomly 
cropped 100 MS/PAN image pairs with sizes of 256 × 256/1024 
× 1024 pixels from the 3745 × 3279/14 980 × 13 116 MS/PAN 
image pair for our reduced-resolution and full-resolution 
experiments.

Table 1 shows the results of the quality assessment. Since 
there are many test images, only the mean and variance of 
each quality index are reported. Moreover, Figure 2 illustrates 
the mean and variance of each quality index using a box plot.

As we can observe, conventional CS methods (the first six) 
yield better spatial quality (higher SCC), while MRA methods 
(the last two) have better spectral quality (lower SAM and 
ERGAS). GIHS_IM and GS_IM can achieve relatively good perfor-
mance when considering both spectral and spatial quality. 
GIHS_IM achieved the lowest SAM and ERGAS (0.82 and 1.56 
under full resolution, 2.49 and 2.94 under reduced resolu-
tion) among all the CS methods we compared. Conversely, it 
achieved the highest SCC (0.96 under full resolution, 0.94 under 
reduced resolution) among all the MRA methods we compared.

Figure 3 displays the pan-sharpening results under full res-
olution. Figure 4 displays the magnified views of the selected 
patches in Figure 3. In Figures 3 and 4, the fine-resolution PAN 

Table 1. Quality indexes (mean ± SD) of different methods on the QuickBird data set.

Method
Full Resolution Reduced Resolution

SAM (°) ↓ ERGAS ↓ SCC ↓ SAM (°) ↓ ERGAS ↓ SCC ↓
PCA 2.44 ± 1.55 3.30 ± 0.27 0.84 ± 0.089 3.59 ± 1.45 3.64 ± 0.32 0.87 ± 0.013
GIHS 1.22 ± 0.04 2.92 ± 0.22 0.97 ± 0.000 2.69 ± 0.18 3.26 ± 0.16 0.94 ± 0.001

GS 1.80 ± 0.06 3.09 ± 0.12 0.97 ± 0.001 2.83 ± 0.25 3.34 ± 0.10 0.90 ± 0.005
GSA_bpt 1.74 ± 0.10 3.05 ± 0.25 0.95 ± 0.006 2.73 ± 0.21 3.43 ± 0.18 0.90 ± 0.008
PRACS 1.45 ± 0.07 2.69 ± 0.34 0.87 ± 0.032 2.55 ± 0.18 3.12 ± 0.22 0.86 ± 0.010
BDSD 1.59 ± 0.07 2.11 ± 0.19 0.79 ± 0.016 2.68 ± 0.10 3.31 ± 0.26 0.91 ± 0.004

GIHS_IM 0.82 ± 0.03 1.56 ± 0.03 0.96 ± 0.001 2.49 ± 0.12 2.94 ± 0.04 0.94 ± 0.001
GS_IM 0.95 ± 0.02 1.60 ± 0.02 0.96 ± 0.001 2.50 ± 0.16 2.96 ± 0.02 0.90 ± 0.004
ATWT 0.78 ± 0.02 1.04 ± 0.04 0.73 ± 0.002 2.48 ± 0.13 3.09 ± 0.07 0.87 ± 0.002

MTF-GLP-CBD 0.85 ± 0.02 1.21 ± 0.04 0.85 ± 0.010 2.66 ± 0.15 3.30 ± 0.23 0.88 ± 0.009

ATWT = additive trous wavelet transform; BDSD = band-dependent spatial detail; ERGAS = relative dimensionless global error in synthesis; 
GIHS = generalized intensity-hue-saturation; GIHS_IM = improved generalized intensity-hue-saturation; GS = Gram–Schmidt; GS_IM = im-
proved Gram–Schmidt; GSA_bpt = Gram–Schmidt adaptive based on binary partition tree segmentation; MTF-GLP-CBD = generalized Lapla-
cian pyramid with modulation transform function-matched filter and context-based decision; PCA = principal component analysis; PRACS = 
partial replacement adaptive component substitution; SAM = Spectral Angle Mapper; SCC = spatial correlation coefficient.

Figure 2. Box plots of quality indexes of different fused methods on the QuickBird data set under (a) full-resolution 
assessment and (b) reduced-resolution assessment.
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Figure 3. Full-resolution QuickBird data set: pan-sharpening results related to different compared algorithms. (a) 
Panchromatic; (b) multispectral; (c) improved generalized intensity-hue-saturation; (d) improved Gram–Schmidt; (e) 
principal component analysis; (f) generalized intensity-hue-saturation; (g) Gram–Schmidt; (h) Gram–Schmidt adaptive based 
on binary partition tree segmentation; (i) partial replacement adaptive component substitution; (j) band-dependent spatial 
detail; (k) additive trous wavelet transform; (l) generalized Laplacian pyramid with modulation transform function-matched 
filter and context-based decision.

Figure 4. Full-resolution QuickBird data set: a small portion of the final product. (a) Panchromatic; (b) multispectral; (c) 
improved generalized intensity-hue-saturation; (d) improved Gram–Schmidt; (e) principal component analysis; (f) generalized 
intensity-hue-saturation; (g) Gram–Schmidt; (h) Gram–Schmidt adaptive based on binary partition tree segmentation; (i) 
partial replacement adaptive component substitution; (j) band-dependent spatial detail; (k) additive trous wavelet transform; 
(l) generalized Laplacian pyramid with modulation transform function-matched filter and context-based decision.
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image is displayed in (a), while the coarse-resolution true-
color MS image, which is interpolated to the size of PAN, is 
displayed in (b). The true-color MS images are assumed to be 
the reference for evaluating spectral (color) distortions. Panels 
(e–g) show the results of the traditional CS method, such as 
PCA, GIHS, and GS. The spatial enhancement of these methods 
is impressive; however, spectral distortions, such as changes 
in color regarding the MS image, are noticeable in some areas. 
The spectral distortion is mitigated in (h–j), which shows 
the outcome of the adaptive CS methods, which are GSA_bpt, 
PRACS, and BDSD. As a counterpart, (i) and (j) are less sharp 
than (e–g). The results of two conventional MRA methods, 
ATWT and MTF-GLP-CBD, are shown in (k) and (l). The spectral 
fidelity of these MRA methods is better, but the spatial distor-
tion is evident. The results obtained by the proposed modi-
fied methods GIHS_IM and GS_IM are shown in (c) and (d). The 
spectral fidelity of the MS is higher than that of the CS meth-
ods, while the spatial sharpness is comparable to that of the 
CS methods and much better than that of the MRA methods.

Results for the WorldView Data Set
The data set was acquired with the WorldView-2 sensor over 
an urban area in Washington D.C., which provided a PAN 
image formed from the wavelength spectrum of 450–800 nm, 
and an MS image with eight bands: four standard ones (blue, 
green, red, and near-infrared 1) and four new ones (coastal, 
yellow, red edge, and near-infrared 2). The radiometric resolu-
tion was also 11 bits, with the spatial resolution of the PAN 
and MS images being 0.46 m and 1.84 m, respectively. A total 

of 120 MS/PAN image pairs with a size of 256 × 256/1024 × 
1024 pixels were randomly cropped from the 4460 × 4537/17 
840 × 18 148 MS/PAN image pair for our experiments.

The results of our quality assessment for the WorldView 
data set under full resolution and reduced resolution are 
tabulated in Table 2 and illustrated in Figure 5. Similar 
phenomena to those observed with the QuickBird data set 
can be noted. Specifically, GIHS_IM and GS_IM achieved the 
best performance among the compared CS and MRA meth-
ods when both spectral and spatial quality are considered. 
They achieved lower SAM and ERGAS than the conventional 
CS methods and higher SCC scores than conventional MRA 
methods.

Figures 6 and 7 display the pan-sharpening results under 
full resolution. Similar observations can be made regarding 
the results reported for the QuickBird dataset. GIHS_IM and 
GS_IM exhibit better spectral quality than the conventional 
CS methods, as can be seen in the roofs of the houses shown 
in Figures 6 and 7. The improved CS methods exhibit better 
spatial quality than the MRA methods, as can be seen in the 
parking lines shown in Figure 7.

Discussion
According to the general fusion model of CS methods (Equa-
tion 1), previous CS methods used to explore various defini-
tions of spectral weights Wk and injection gains Gk. However, 
in this work we aimed to obtain the ideal spatial detail by 

Table 2. Quality indexes (mean ± SD) of different methods on the WorldView data set.

Method
Full Resolution Reduced Resolution

SAM (°) ↓0 ERGAS ↓0 SCC ↓1 SAM (°) ↓0 ERGAS ↓0 SCC ↓1
PCA 3.66 ± 0.64 6.67 ± 0.96 0.96 ± 0.001 5.48 ± 1.16 6.81 ± 0.94 0.94 ± 0.001
GIHS 2.70 ± 0.33 6.42 ± 1.27 0.96 ± 0.000 5.45 ± 1.05 6.75 ± 1.00 0.96 ± 0.000

GS 3.22 ± 0.33 6.53 ± 1.22 0.96 ± 0.000 5.23 ± 0.89 6.69 ± 0.92 0.94 ± 0.001
GSA_bpt 3.79 ± 1.18 7.02 ± 1.84 0.97 ± 0.000 4.96 ± 1.11 6.59 ± 0.93 0.95 ± 0.000
PRACS 2.86 ± 0.36 5.43 ± 1.16 0.96 ± 0.001 4.79 ± 1.09 6.51 ± 0.92 0.93 ± 0.001
BDSD 3.49 ± 0.55 5.20 ± 1.16 0.75 ± 0.002 5.22 ± 1.67 6.64 ± 1.01 0.94 ± 0.000

GIHS_IM 2.37 ± 0.26 4.71 ± 0.34 0.95 ± 0.000 4.92 ± 0.80 6.44 ± 0.75 0.96 ± 0.000
GS_IM 2.60 ± 0.25 4.75 ± 0.33 0.95 ± 0.000 4.75 ± 0.87 6.43 ± 0.79 0.94 ± 0.001
ATWT 2.29 ± 0.30 3.27 ± 0.31 0.75 ± 0.000 4.79 ± 0.98 6.46 ± 0.90 0.89 ± 0.000

MTF-GLP-CBD 2.33 ± 0.30 3.45 ± 0.34 0.82 ± 0.000 5.01 ± 1.11 6.45 ± 0.93 0.92 ± 0.000

ATWT = additive trous wavelet transform; BDSD = band-dependent spatial detail; ERGAS = relative dimensionless global 
error in synthesis; GIHS = generalized intensity-hue-saturation; GIHS_IM = improved generalized intensity-hue-saturation; 
GS = Gram–Schmidt; GS_IM = improved Gram–Schmidt; GSA_bpt = Gram–Schmidt adaptive based on binary partition tree 
segmentation; MTF-GLP-CBD = generalized Laplacian pyramid with modulation transform function-matched filter and 
context-based decision; PCA = principal component analysis; PRACS = partial replacement adaptive component substitution; 
SAM = Spectral Angle Mapper; SCC = spatial correlation coefficient.

Figure 5. Box plots of quality indexes of different methods on the WorldView data set under (a) full-resolution and (b) 
reduced resolution.
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Figure 6. Full-resolution WorldView data set: pan-sharpening results related to different compared algorithms. (a) 
Panchromatic; (b) multispectral; (c) improved generalized intensity-hue-saturation; (d) improved Gram–Schmidt; (e) 
principal component analysis; (f) generalized intensity-hue-saturation; (g) Gram–Schmidt; (h) Gram–Schmidt adaptive based 
on binary partition tree segmentation; (i) partial replacement adaptive component substitution; (j) band-dependent spatial 
detail; (k) additive trous wavelet transform; (l) generalized Laplacian pyramid with modulation transform function-matched 
filter and context-based decision.

Figure 7. Full-resolution WorldView data set: a small portion of the final product. (a) Panchromatic; (b) multispectral; (c) 
improved generalized intensity-hue-saturation; (d) improved Gram–Schmidt; (e) principal component analysis; (f) generalized 
intensity-hue-saturation; (g) Gram–Schmidt; (h) Gram–Schmidt adaptive based on binary partition tree segmentation; (i) 
partial replacement adaptive component substitution; (j) band-dependent spatial detail; (k) additive trous wavelet transform; 
(l) generalized Laplacian pyramid with modulation transform function-matched filter and context-based decision.
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removing its low-frequency residual. The proposed strategy 
can be combined with any previous CS method to obtain an 
improved version. Two destination methods, improved GIHS 
(GIHS_IM) and improved GS (GS_IM), were compared and dis-
cussed with their baselines and other CS/MRA methods.

Improved CS Versions vs. Their Baselines
GIHS_IM vs. GIHS
With spectral weights Wk = {1/4, 1/4, 1/4, 1/4} and injec-
tion gains Gk = 1, GIHS is usually regarded as the simplest CS 
method (Aiazzi et al. 2012). It provided excellent spatial qual-
ity (Table 1, SCC = 0.97) but relatively high spectral distortion 
(SAM = 1.22, ERGAS = 2.92). The spectral distortion indicators 
were effectively improved using the proposed strategy (SAM 
= 0.82, ERGAS = 1.56), but GIHS_IM still possessed a relatively 
high spatial quality (SCC = 0.96).

GS_IM vs. GS
Although GS employed a globally defined injection gain, with 
Gk = (=cov(M

–
k, L)/var(L)), the method still had high spectral 

distortion (Table 1, SAM = 1.80, ERGAS = 3.09). GS_IM, the 
improved version of GS with refined spatial detail, had much 
less spectral distortion (SAM = 0.95, ERGAS = 1.60) and higher 
spatial quality (SCC = 0.9).

The comparison of the improved versions to their baselines 
signifies that the proposed strategy effectively impedes the 
spectral distortion almost without reducing the spatial quality

Improved CS Methods vs. Other Previous CS Methods
Other competitive CS methods, such as GSA_bpt, PRACS, and 
BDSD, use either context-adaptive spectral weights Wk or con-
text-adaptive injection gains Gk to improve the spectral distor-
tion, but at the cost of lowering spatial quality. For example, 
BDSD provided relatively slight spectral distortion (RAM = 
1.59, ERGAS = 2.11), but possessed inferior spatial quality (SCC 
= 0.79). This shows that the improvement of spectral quality 
is offset by a reduction in spatial quality. Instead, GIHS_IM and 
GS_IM provided not only the lowest RAM (0.82) and ERGAS 
(1.56) but also the highest SCC (0.96) among all these CS meth-
ods. This confirms that refining the injection detail by remov-
ing the extra low-frequency information is more effective than 
revising the spectral weights Wk and injection gains Gk.

Improved CS Methods vs. Previous MRA Methods
MRA methods are superior to CS methods in maintaining 
spectral information; however, the pan-sharpening results 
obtained by MRA methods tend to be accompanied by notice-
able artifacts and poor spatial quality. For example, ATMT 
provided imperceptible spectral distortion (Table 1, SAM = 
0.78, ERGAS = 1.04) but relatively poor spatial quality (SCC = 
0.73), whereas GIHS_IM provided comparable spectral quality 
(RAM = 0.82, ERGAS = 1.56) and much higher spatial quality 
(SCC = 0.96).

Conclusion
In this study, an improved scheme for CS methods is devised 
based on the spectral sensitivity imaging model and by refin-
ing the standard approximate spatial detail. The refinement of 
the spatial detail can be implemented using an MTF-matched 
low-pass filter and can be applied to any CS-based fusion 
algorithm. The results revealed that the improved GIHS_IM 
method can achieve an approximately optimal trade-off 
between spectral quality and spatial quality. GIHS_IM achieved 
the highest SAM and ERGAS scores for the QuickBird data set 
(0.82 and 1.56 under full resolution, respectively, and 2.49 
and 2.94 under reduced resolution) and reasonable SCC scores 
among all compared CS methods. It also achieved the highest 
SCC scores for the QuickBird data set (0.96 under full resolu-
tion, 0.94 under reduced resolution) and reasonable SAM and 

ERGAS scores compared with all MRA methods. However, the 
pan-sharpened results of the proposed improving CS methods 
are usually inferior to those of the modern deep-leaning based 
methods, especially under reduced resolution. Future work 
will explore further improvement of the proposed strategy by 
optimizing the low-pass filter based on a convolutional neu-
ral network under reduced resolution. In addition, we will 
explore the main cause of the spatial distortion in the MRA 
methods, to reduce the gap in spatial quality that presently 
exists between MRA methods and CS methods.

Acknowledgments
This work was supported by National Natural Science Foun-
dation of China through Grant No. 11775150.

References
Aiazzi, B., L. Alparone and S. Baronti. 2012. Twenty-five years of 

pansharpening: A critical review and new developments. In 
Signal and Image Processing for Remote Sensing, 2d ed., edited 
by C. H. Chen, 533–548. Boca Raton, Fla.: CRC Press.

Aiazzi, B., L. Alparone, S. Baronti, A. Garzelli and M. Selva. 2006. 
MTF-tailored multiscale fusion of high-resolution MS and Pan 
imagery. Photogrammetric Engineering and Remote Sensing 72 
(5):591–596.

Aiazzi, B., S. Baronti and M. Selva. 2007. Improving component 
substitution pansharpening through multivariate regression of 
MS+Pan data. IEEE Transactions on Geoscience and Remote 
Sensing 45 (10):3230–3239.

ALEjaily, A. M., I. A. El Rube and M. A. Mangoud. 2008. Fusion 
of remote sensing images using contourlet transform. In 
Innovations and Advanced Techniques in Systems, Computing 
Sciences and Software Engineering, edited by K. Elleithy, 
213–218. Dordrecht, the Netherlands: Springer.

Alparone, L., B. Aiazzi, S. Baronti, A. Garzelli, F. Nencini and 
M. Selva. 2008. Multispectral and panchromatic data fusion 
assessment without reference. Photogrammetric Engineering and 
Remote Sensing 74 (2):193–200.

Aly, H. A. and G. Sharma. 2014. A regularized model-based 
optimization framework for pan-sharpening. IEEE Transactions 
on Image Processing 23 (6):2596–2608.

Amolins, K., Y. Zhang and P. Dare. 2007. Wavelet based image fusion 
techniques—An introduction, review and comparison. ISPRS 
Journal of Photogrammetry and Remote Sensing 62 (4):249–263.

Amro, I., J. Mateos, M. Vega, R. Molina and A. K. Katsaggelos. 2011. 
A survey of classical methods and new trends in pansharpening 
of multispectral images. EURASIP Journal on Advances in Signal 
Processing 2011:79.

Chavez Jr, P. S. and A. Y. Kwarteng. 1989. Extracting spectral 
contrast in Landsat Thematic Mapper image data using selective 
principal component analysis. Photogrammetric Engineering 
and Remote Sensing 55 (3):339–348.

Choi, J., K. Yu and Y. Kim. 2011. A new adaptive component-
substitution-based satellite image fusion by using partial 
replacement. IEEE Transactions on Geoscience and Remote 
Sensing 49 (1):295–309.

Deng, L.-J., M. Feng and X.-C. Tai. 2019. The fusion of panchromatic 
and multispectral remote sensing images via tensor-based 
sparse modeling and hyper-Laplacian prior. Information Fusion 
52:76–89.

Garzelli, A., F. Nencini and L. Capobianco. 2008. Optimal MMSE 
pan sharpening of very high resolution multispectral images. 
IEEE Transactions on Geoscience and Remote Sensing 46 (1): 
228–236.

Gillespie, A. R., A. B. Kahle and R. E. Walker. 1987. Color 
enhancement of highly correlated images—II. Channel ratio 
and “chromaticity” transform techniques. Remote Sensing of 
Environment 22 (3):343–365.

324 May 2020  PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING

http://my.asprs.org


Haydn, R., G. W. Dalke, J. Henkel and J. E. Bare. 1982. Application 
of the IHS color transform to the processing of multisensor data 
and image enhancement. Pages 599–616 in Proceedings of the 
International Symposium on Remote Sensing of Environment, 
First Thematic Conference: Remote Sensing of Arid and Semi-
Arid Lands, held in Cairo, Egypt, 19–25 January 1982. Edited by 
J. Editor. Ann Arbor, Mich.: Environmental Research Institute of 
Michigan.

He, X., L. Condat, J. M. Bioucas-Dias, J. Chanussot and J. Xia. 2014. 
A new pansharpening method based on spatial and spectral 
sparsity priors. IEEE Transactions on Image Processing 23 
(9):4160–4174.

Laben, C. A. and B. V. Brower. 2000. U.S. Patent No. 6,011,875. 
Washington, DC: U.S. Patent and Trademark Office.

Liu, X., Y. Wang and Q. Liu. 2018. Remote sensing image fusion based 
on two-stream fusion network. Pages 428–439 in MultiMedia 
Modeling, held in Bangkok, Thailand, 5–7 February 2018. 
Edited by K. Schoeffmann, T. H. Chalidabhongse, C. W. Ngo, 
S. Aramvith, N. E. O’Connor, Y.-S. Ho, M. Gabbouj and A. 
Elgammal. Lecture Notes in Computer Science vol. 10704. Cham, 
Switzerland: Springer.

Masi, G., D. Cozzolino, L. Verdoliva and G. Scarpa. 2016. 
Pansharpening by convolutional neural networks. Remote 
Sensing 8 (7):594–615.

Núñez, J., X. Otazu, O. Fors, A. Prades, V. Pala and R. Arbiol. 1999. 
Multiresolution-based image fusion with additive wavelet 
decomposition. IEEE Transactions on Geoscience and Remote 
Sensing 37 (3):1204–1211.

Pohl, C. and J. L. Van Genderen. 1998. Multisensor image fusion 
in remote sensing: Concepts, methods, and applications. 
International Journal of Remote Sensing 19 (5):823–854.

Rahmani, S., M. Strait, D. Merkurjev, M. Moeller and T. Wittman. 
2010. An adaptive IHS pan-sharpening method. IEEE Geoscience 
and Remote Sensing Letters 7 (4):746–750.

Ranchin, T. and L. Wald. 2000. Fusion of high spatial and spectral 
resolution images: The ARSIS concept and its implementation. 
Photogrammetric Engineering and Remote Sensing 66 (1):49–61.

Restaino, R., M. Dalla Mura, G. Vivone and J. Chanussot. 2017. 
Context-adaptive pansharpening based on image segmentation. 
IEEE Transactions on Geoscience and Remote Sensing 55 
(2):753–766.

Richard, N., D. Helbert, C. Olivier and M. Tamisier. 2016. Pseudo-
divergence and bidimensional histogram of spectral differences 
for hyperspectral image processing. Journal of Imaging Science 
and Technology 60 (5):50402.

Shah, V. P., N. H. Younan and R. L. King. 2008. An efficient pan-
sharpening method via a combined adaptive PCA approach 
and contourlets. IEEE Transactions on Geoscience and Remote 
Sensing 46 (5):1323–1335.

Tu, T.-M., P. S. Huang, C.-L. Hung and C.-P. Chang. 2004. A fast 
intensity-hue-saturation fusion technique with spectral 
adjustment for IKONOS imagery. IEEE Geoscience and Remote 
Sensing Letters 1 (4):309–312.

Vivone, G, L. Alparone, J. Chanussot, M. Dalla Mura, A. Garzelli, 
G. A. Licciardi, R. Restaino and L. Wald. 2015. A critical 
comparison among pansharpening algorithms. IEEE Transactions 
on Geoscience and Remote Sensing 53 (5):2565–2586.

Wald, L. 2000. Quality of high resolution synthesised images: Is 
there a simple criterion? Pages 99–103 in Fusion of Earth Data: 
Merging Point Measurements, Raster Maps and Remotely Sensed 
Images, held in Sophia Antipolis, France, 26–28 January 2000. 
Edited by J. Editor. Nice, France: SEE GréCA.

Wald, L., T. Ranchin and M. Mangolini. 1997. Fusion of satellite 
images of different spatial resolutions: Assessing the quality 
of resulting images. Photogrammetric Engineering and Remote 
Sensing 63 (6):691–699.

Wang, Z. and A. C. Bovik. 2002. A universal image quality index. 
IEEE Signal Processing Letters 9 (3):81–84.

Wei, Q., N. Dobigeon and J.-Y. Tourneret. 2015. Bayesian fusion of 
multi-band images. IEEE Journal of Selected Topics in Signal 
Processing 9 (6):1117–1127.

Yang, J., X. Fu, Y. Hu, Y. Huang, X. Ding and J. Paisley. 2017. PanNet: 
A deep network architecture for pan-sharpening. Pages 1753–
1761 in 2017 IEEE International Conference on Computer Vision, 
held in Venice, Italy, 22–29 October 2017. Edited by J. Editor. 
Los Alamitos, Calif.: IEEE.

Yuhas, R. H., A. F. Goetz and J. W. Boardman. 1992. Discrimination 
among semi-arid landscape endmembers using the Spectral 
Angle Mapper (SAM) algorithm. Pages 147–149 in Summaries 
of the Third Annual JPL Airborne Geoscience Workshop, Vol. 
1: AVIRIS Workshop, held in Pasadena, Calif., DD–DD Month 
YYYY. Edited by J. Editor. City, St.: Publisher.

Zhang, Y., X. Li and J. Zhou. 2019. SFTGAN: A generative adversarial 
network for pan-sharpening equipped with spatial feature 
transform layers. Journal of Applied Remote Sensing 13 
(2):026507.

Zhou, J., D. L. Civco and J. A. Silander. 1998. A wavelet transform 
method to merge Landsat TM and SPOT panchromatic data. 
International Journal of Remote Sensing 19 (4):743–757.

Zhu, X. X. and R. Bamler. 2013. A sparse image fusion algorithm with 
application to pan-sharpening. IEEE Transactions on Geoscience 
and Remote Sensing 51 (5):2827–2836.

PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING May 2020  325

http://my.asprs.org


326 May 2020  PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING
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ACI USA Inc.
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acicorporation.com
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Aerial Services, Inc.
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www.AerialServicesInc.com
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Airbus Defense and Space
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Sanborn Map Company
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www.trimble.com/geospatial
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PE&RS 2020 Advertising Rates 
PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING
The official journal for imaging and geospatial information science and technology

Impact Factor (2018): 3.15
PE&RS (Photogrammetric Engineering & 
Remote Sensing) is the official journal of 
the American Society for Photogrammetry 
and Remote Sensing—the Imaging and 
Geospatial Information Society (ASPRS). 
This highly respected publication is the 
#1 publication in the industry by a wide 
margin. Advertisers with a desire to 
reach this market can do no better than 
PE&RS. It delivers the right audience of 
professionals who are loyal and engaged 
readers, and who have the purchasing 
power to do business with you.

Advertise in the #1 publication in the imaging and 
geospatial information industry!

Founded in 1934, the American Society for Photogrammetry and Remote Sensing (ASPRS) 
is a scientific association serving professional members throughout the world. Our mission 
is to advance knowledge and improve understanding of mapping sciences to promote 
the responsible applications of photogrammetry, remote sensing, geographic information 
systems (GIS), and supporting technologies.

Our members are analysts/specialists, educators, engineers, managers/administrators, 
manufacturers/ product developers, operators, technicians, trainees, marketers, and 
scientists/researchers. Employed in the disciplines of the mapping sciences, they work 
in the fields of Agriculture/Soils, Archeology, Biology, Cartography, Ecology, Environment, 
Forestry/Range, Geodesy, Geography, Geology, Hydrology/Water Resources, Land Appraisal/
Real Estate, Medicine, Transportation, and Urban Planning/Development.

RESERVE YOUR SPACE TODAY!
Bill Spilman, ASPRS Advertising, Exhibit Sales & Sponsorships
(877) 878-3260 toll-free
(309) 483-6467 direct
(309) 483-2371 fax
bill@innovativemediasolutions.com

A 15% commission is allowed to recognized advertising agencies
THE MORE YOU ADVERTISE THE MORE YOU SAVE! PE&RS offers frequency discounts. Invest in a three-times per year advertising package and 
receive a 5% discount, six-times per year and receive a 10% discount, 12-times per year and receive a 15% discount off the cost of the package.

*Based on 2 readers per copy as well as online views| Source: PE&RS Readership Survey, Fall 2012

PE&RS Readership Highlights

Circulation: 
3,000

Total audience: 
6,400*

Corporate Member 
Exhibiting at a 2019 ASPRS Conference

Corporate Member Exhibitor Non Member

All rates below are for four-color advertisments

Cover 1 $1,850 $2,000 $2,350 $2,500

In addition to the cover image, the cover sponsor receives a half-page area to include a description of the cover (maximum 500 words). The cover sponsor also has the op-
portunity to write a highlight article for the journal. Highlight articles are scientific articles designed to appeal to a broad audience and are subject to editorial review before 
publishing. The cover sponsor fee includes 50 copies of the journal for distribution to their clients. More copies can be ordered at cost.

Cover 2 $1,500 $1,850 $2,000 $2,350

Cover 3 $1,500 $1,850 $2,000 $2,350

Cover 4 $1,850 $2,000 $2,350 $2,500

Advertorial 1 Complimentary Per Year 1 Complimentary Per Year $2,150 $2,500

Full Page $1,000 $1,175 $2,000 $2,350

2 page spread $1,500 $1,800 $3,200 $3,600

2/3 Page $1,100 $1,160 $1,450 $1,450

1/2 Page $900 $960 $1,200 $1,200

1/3 Page $800 $800 $1,000 $1,000

1/4 Page $600 $600 $750 $750

1/6 Page $400 $400 $500 $500

1/8 Page $200 $200 $250 $250

Other Advertising Opportunities

Wednesday Member 
Newsletter Email Blast 1 Complimentary Per Year 1 Complimentary Per 

Year $600 $600
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geospatialrevolution.psu.edu

CONTACT
Please make a philanthropic gift  
to WPSU Penn State to support 
the new episode. For more 
information, contact:

Elaine Brzycki 
Project Development 
WPSU Penn State
ejb23@psu.edu

Kristian Berg 
Director, Geospatial Revolution Project 
WPSU Penn State
kjb35@psu.edu

Dr. Todd S. Bacastow 
Teaching Professor  
Dept. of Geography • Penn State 
tsb4@psu.edu

Karen Schuckman 
Associate Teaching Professor  
Dept. of Geography • Penn State 
kls505@psu.edu

THE NEXT GENERATION
WPSU Penn State is celebrating the 10th Anniversary (2010-2020) of  
the launch of the original Geospatial Revolution Project with a new video 
episode about next-generation innovations in geospatial technology. 

Our Emmy Award-winning production team explores stories from public 
safety, business, and national defense. The real revolution in geospatial 
technologies is just beginning!

With more than 1 million video views, the Geospatial 
Revolution Project is the go-to source for government, higher 
education, and workforce development for an overview of how 
geospatial technology is changing the world. The Geospatial 
Revolution Project is anchored in a world-class research 
university and trusted for its PBS editorial standards. 

AUDIENCES & DISTRIBUTION
The new episode—with ready-made Geospatial Revolution audiences in 
government, public safety, industry, education, and the general public—
will be screened at conferences, posted to social media, linked to the 
original project website, and shared with original engagement partners: 

• U.S. government (e.g., U.S. DOD, NGA, FBI, U.S. Army Corps  
of Engineers)

• Higher education/workforce development collaborators

• K-12 STEM education

 “Geospatial Revolution  
is considered the ‘Bible’  
of the GIS field. I can’t wait 
to see the next episode!”

– Dr. Salvatore Amaduzzi 
University of Udine, Italy

This publication is available in alternative media on request. Penn State is committed to affirmative action, equal opportunity, and the diversity of its workforce. Copyright © 2020 The Pennsylvania State University 
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