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Abstract: As one of the earliest forms of remote sensing, aerial photography has been regarded
as an important part of the mapmaking process. Aerial photos, especially historical aerial photos,
provide significant amount of valuable information for many applications and fields. However, due
to limited funding support, most historical aerial photos have not been digitized and georeferenced
yet, which substantially limits their utility for today’s computer-based image processing and analysis.
Traditionally, historical aerial photos are georeferenced with desktop GIS software applications.
However, this method is expensive, time-consuming, and labor-intensive. To address these limitations,
this research developed a custom-built online georeferencing tool to enable georeferencing digitized
historical aerial photos in a web environment, which is able to georeference historical aerial photos in
a rapid and cost-effective manner. To evaluate the georeferencing performance, a set of 50 historical
aerial photos were georeferenced with not only the developed online georeferencing tool but also
two commercial desktop software programs. Research results revealed the custom-built online
georeferencing tool provided the highest degree of accuracy while maximizing its accessibility.

Keywords: historical aerial photos; online georeferencing; accuracy assessment; custom-built

1. Introduction

The oldest form of remote sensing, aerial photography, is the taking of photos in the
air with a mounted or handheld camera on airborne platforms such as manned aircraft,
unmanned aerial vehicles (UAVs), rockets, balloons, blimps, kites, parachutes, and even
pigeons. Aerial photography has been developing since 1858 when the first known aerial
photo was taken on a balloon by a French photographer and balloonist Gaspar Felix
Tournachon [1]. Due to its pictorial nature, an aerial photo can provide a straightforward
depiction of the landscape a specific area at a given time [1].

Based on data collection time, aerial photos can be grouped as historical aerial photos
and modern aerial photos. Noting that the definition of historical and contemporary
benchmark is dynamic, and based on collection times, aerial photos collected prior to
1990s are defined as historical aerial photos, and photos collected from 1990s to present are
defined as contemporary aerial photos in context of this study. In addition, historical aerial
photos are primarily collected with film cameras, while contemporary aerial photos are
primarily collected with digital cameras.

Aerial photography provides a means to observe the Earth “as the birds do” [2]. Unlike
textual documents, aerial photos can document Earth’s surface without topical selection
(i.e., purposeful omission of the landscape being photographed) and human interpretation
(i.e., personal perspectives on the landscape being photographed). In early days, aerial
photography had a limited usage due to high cost and risk. Since the early 1900s, the
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utility of aerial photography has been expanded remarkably with the introduction of
powered flight [2]. Aerial photos contain rich and synoptic information about the Earth’s
surface. While satellite imagery is another common source of information about the Earth’s
surface, its utility for Earth’s surface long-term monitoring is severely constrained by its
limited records (e.g., the first set of imagery was collected in 1972). In contrast, aerial
photographs provide the longest-available, temporally continuous, and spatially complete
record of Earth’s surface, dating from the early 1930s in some cases [3]. Thus, aerial
photos are ideal data sources for mapping Earth’s surface and monitoring its changes at
a local, regional, and even national scale. They have been widely used in historical and
cultural studies [4,5], archaeology [6,7], socioecology [8], landscape studies [9–11], civil
engineering [12], geography [13], environmental studies [14], ecological studies [3], land
use planning [15], forest studies [16], and property boundary disputes [17].

Aerial photos have been routinely collected in the U.S. since the 1930s [18]. Some of
the popular national programs include the National High Altitude Photography (NHAP)
program, the National Agricultural Imagery Program (NAIP), and the National Aerial Pho-
tography Program (NAPP). Other programs have also been developed by states, counties,
or regional metropolitan planning organizations (MPO) such as the Mid-Region Council
of Governments in New Mexico. Most of the programs collect aerial photos on an annual
basis or a biennial basis, and the collection is still ongoing due to high demand.

As a practical source of information, historical aerial photos data are valuable because
they can be used to reconstruct the chronology of changes in the land [19]. This is because
historical aerial photos can document the landscape of a large area at the time the photos
were taken, which works as a landscape snapshot, and a time series of historical aerial
photos of a specific area can be used to extract landscape changes over time. However,
historical aerial photos also have inherent weaknesses. The major disadvantage of historical
aerial photos is that all historical photography is film-based. Therefore, in order to make
historical aerial photos more useful or serviceable for different purposes [20], it is necessary
to convert them from film or printed hardcopy to a digital format (digitization), and
subsequently, it is necessary to georeference them (i.e., assigning ground coordinates to
each pixel of a historical aerial photo to define its location on the Earth). Traditionally,
historical aerial photos are georeferenced with desktop geographic information system
(GIS) or remote sensing software applications. However, desktop-based georeferencing
method is expensive, time-consuming, and labor-intensive [21]. Currently, most of the
historical aerial photos are still un-georeferenced, and therefore, it is necessary to develop a
solution to increase georeferencing productivity at a low cost.

Recent advancements in web-based applications, especially free and open source
software for geospatial applications or known as FOSS4G, provide a potential method for
georeferencing. To make it distinct from traditional desktop-based georeferencing, the web-
based georeferencing is termed online georeferencing. Based on our review of literature, the
use of online georeferencing technique for georeferencing historical aerial photos is lacking
and it presents a significant gap in the research. With funding from the National Historical
Publications and Records Commission (NHPRC) of the U.S. National Archives and Records
Administration (NARA), a custom-built web application for georeferencing was developed
to address the aforementioned limitations of desktop software programs. This study was
focused on collecting data about georeferencing accuracy of the custom-built online tool,
and subsequently, conducting empirical analysis to investigate if the custom-built online
georeferencing web application outperforms traditional desktop software programs that
are commonly used by geospatial practitioners.

2. Background

Historically, film cameras were primarily used for aerial photography, while digital
cameras have only relatively recently become mainstream devices since late 1990s. Aerial
photos collected by digital cameras are in softcopy format (i.e., digital format) and geo-
tagged, and therefore, they can be used directly on computers without georeferencing
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operations [1]. In contrast, aerial photos collected by film cameras are stored in film format
or printed hardcopy format. Prior to conducting georeferencing with computers, they
need to be digitized (i.e., scanned) with a photogrammetric scanner at a pre-determined
resolution (i.e., dots per inch or dpi) [1].

Georeferencing is the process of assigning absolute ground coordinates to geographic
features within a spatial reference system [1]. In context of this study, georeferencing
transforms a scanned historical aerial photo so that it appears in its actual location on the
Earth’s surface. It should be noted that georeferencing is different from orthocorrection.
Orthocorrection not only relates geographic features to absolute ground coordinates but
also reduces distortions due to topographic variations [1].

Currently, the most widely adopted method to georeference historical aerial photos is
through the use of desktop GIS or remote sensing software programs, including, but not lim-
ited to, ArcGIS (commercial GIS software), ERDAS (commercial remote sensing software),
ENVI (commercial remote sensing software), and QGIS (free and open source software).
These software programs may have different graphic user interfaces (GUIs), but end to
end workflows are fundamentally similar. Users need to upload a digital (e.g., digitized),
un-georeferenced image (e.g., a historical aerial photo) to a desktop software program,
assign ground control points (GCPs) to connect the un-georeferenced image to known
locations on the reference map, review the errors associated with GCPs, relocate GCPs to
reduce errors to an acceptable level, conduct image coordinate transformation, and export
the georeferenced image. In context of this study, a GCP is defined as a location with known
positions (e.g., longitude, latitude, and elevation) on the surface of the Earth, which can be
used to georeference historical aerial photos.

Adequate and non-correlated (evenly distributed across the un-georeferenced image)
GCPs are used in image coordinate transformation to achieve accurate results. Image coor-
dinate transformation is an important process to warp and shift a un-georeferenced image
to match the coordinates of the reference image with acceptable errors. The selection of ade-
quate GCPs is dependent on the complexity of the image transformation, but this does not
indicate that more GCPs will yield a georeferenced image with higher accuracy. Sometimes
more GCPs will lead to inaccurate results, especially when all the GCPs are concentrated
in one area. Many models are available to perform coordinate transformation, including
polynomial, rubber sheeting, and spline functions [22]. However, polynomial warping is
the most commonly used transformation model due to its computational efficiency and
resilience to outliers [23]. For first, second and third order polynomial transformation,
three, six, and ten GCPs are minimally needed, respectively [1].

In practice, the minimum number of GCPs recommended is at least twice the aforemen-
tioned number because only GCPs beyond this minimum number are used as checkpoints
to evaluate model fit [23]. However, operationally it is always challenging to get adequate
checkpoints because they need to be at least three times more accurate than the tested
product [24]. Oftentimes ground surveys with high-accuracy measurement equipment
such as real-time kinematic (RTK) are needed to establish checkpoints. Root-mean-squared
error (RMSE), which is the square root of the mean of the square of all the residuals (i.e., the
difference between the observed position of a GCP on the georeferenced image and the
expected position of the same GCP on the reference image), is a commonly used measure
of georeferencing accuracy [1]. The American Society for Photogrammetry and Remote
Sensing (ASPRS) Manual of Photogrammetry recommends that a georeferenced aerial
photo have a RMSE less than one to three pixels [25], but accuracy standards should be
driven by the intended use of the data being georeferenced [23].

Although widely adopted, desktop software programs for georeferencing have many
drawbacks. Firstly, these desktop software programs have deep learning curves because
they are designed to perform all-inclusive tasks, including not only visualization and
spatial analysis but also image processing and mapping. Imagery (e.g., historical aerial
photos) or map georeferencing is only one of the tasks. Although there are many options,
normally users select a software program for georeferencing based on their familiarity.
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Therefore, productivity may be severely impacted if users have to change their selected
software programs during a project. Secondly, these software programs are not designed
to georeference loads of aerial photos that were collected during a specific aerial survey.
Oftentimes users will use their selected desktop software program to georeference one
aerial photo, export it, and then go to the next. This is not operationally practical for
multiusers who are collaboratively georeferencing a collection of historical aerial photos.
In the worst-case scenario, each user selects a distinctive software program to conduct
georeferencing, causing inconsistencies in quality and format. Lastly, as their type indicates,
these software programs are desktop applications that need to be run locally on a computer
device. They must be installed on a computer, and strict hardware requirements need to
be met to ensure they function correctly as intended. Their performance will be severely
restricted by hardware, which will ultimately limit productivity.

In recent years, web-based applications have become increasingly popular with GIS
and remote sensing users (e.g., internet mapping or web mapping). When compared with
desktop applications, web applications have many benefits, including, but not limited to,
great accessibility across devices, shallow learning curve, no need for installation, easy
maintenance, automatic updates, capable of using resources available over the internet,
capable of delivering complex applications from a centralized cyberinfrastructure, and
capable of providing more interactive and media-rich users interfaces [26].

The advancements of web-based applications have enabled the development of online
georeferencing tools. The workflow of using an online georeferencing tool is very similar
to that of a desktop-based georeferencing tool, but instead of conducting georeferenc-
ing with a desktop application, online-georeferencing only requires a web browser and
internet access [21]. Online georeferencing has many benefits. First, online georeferenc-
ing has a shallow learning curve since it is designed only for georeferencing operations.
Users can become proficient in georeferencing within a short amount of time. Second,
substantial amounts of images can be georeferenced with limited resources (i.e., internal
personnel, hardware, and software) because online georeferencing enables crowdsourcing.
Desktop-based georeferencing requires specialized staff, while online georeferencing allows
specialists, professionals, teachers, students, and the public to participate in georeferencing
concurrently, which can substantially increase production. Third, online georeferencing
enables users to process images from anywhere around the world without any need of
special software as long as they have internet access and a web browser, which is particu-
larly important because many workers may need to work from home or work remotely
due to various restrictions. Last, online georeferencing does not have a high demand for
computing power since it only requires a modern web browser and internet access, which
greatly reduces hardware requirements.

In recent years, a few studies have explored the utility of online georeferencing. Kowal
and Pridal used an online georeferencer application developed by Klokan Technologies to
georeference historical scanned maps, and they concluded that online georeferencing could
benefit cartographic research, public engagement, and improved data management [27].
Arias-Carrasco et al. developed a web application named OUTBREAK to georeference
the location of disease outbreak cases, concluding that that online georeferencing held
the potential to visualize cases at city and even neighborhood levels [28]. Ellwood et al.
also developed an online tool to georeference biodiversity research specimens, which
substantially engaged public participation [29]. A review of the literature reveals that an
online georeferencing tool for historical aerial photos is lacking, and therefore, this study
was focused on developing such a tool and evaluating its performance.

3. Materials and Methods
3.1. Online Georeferencing Tool Development

As mentioned in Section 1, with funding support from the NHPRC of NARA, a web
application was developed to address desktop application’s limitations for georeferencing.
The developed web application can be used to georeference, document, and web-publish



ISPRS Int. J. Geo-Inf. 2022, 11, 582 5 of 20

digitized historical aerial photos. That being said, the developed web application can
serve not only as an online georeferencing tool but also as a data clearinghouse tool. More
specifically, the web application has been developed to enable: (1) georeferencing historical
aerial photos online; (2) using a bounding box to represent the ground coverage extent of a
historical aerial photo; and (3) conducting spatial search to increase of the discoverability
and usage of historical aerial photos.

In addition, the developed web application can be used by anyone who is interested
in contributing to historical aerial photo collections at no cost. Users can start using the
online georeferencing tool as soon as they sign up their free accounts. Users can also login
with their Google accounts or their Open Researcher and Contributor Identifier (ORCID)
accounts as part of the OAuth authorization process. OAuth is an open standard for access
delegation, and it is commonly used by web users to grant website or web application
access to their information on other websites without creating an account or registering.
The implementation of OAuth permits a broad range of possible users.

The aforementioned web application was developed based on a set of open standards
and open source software and libraries, including, but not limited to, Open Geospatial
Consortium (OGC) standards, World Wide Web Consortium (W3C) standards, and Open
Source Geospatial Foundation (OSGeo) Geospatial Data Abstraction Library (GDAL).
Application Programming Interfaces (APIs) for the web application were also developed
and have been freely shared with archival and record management organizations across
the United States to enable them to develop similar web applications, and ultimately,
promoting the accessibility and use of historical aerial photos to encourage understanding
of our nature, history, culture, natural and culture heritage, and geography.

It is worth noting that the developed web application uses the Geographic Storage,
Transformation, and Retrieval Engine (GSToRE) as the backend catalog of the georeferenced
historical aerial photos ready for web-publication. GSToRE, which is a flexible and scalable
data management, discovery, access, and delivery platform that supports open standards
(e.g., open geospatial consortium or OGC standards) for client discovery and access, has
been developed by EDAC at the University of New Mexico since 2009 [30]. GSToRE is built
upon the principle of a service-oriented architecture that provides a layer of abstraction
between data as well as metadata management technologies and the client applications
that consume platform published services [30]. Over the years, GSToRE has also been
improved to incorporate a web service-based model that exposes data discovery, access,
visualization, and administrative capabilities to client applications via various services
including representational state transfer (REST) services, OGC web map services (WMS),
OGC web feature services (WFS), and OGC web coverage services (WCS). Another unique
feature of GSToRE is that it supports both spatial and non-spatial data.

GSToRE was developed with two Python frameworks, including Pyramid and Django.
The databases used for GSToRE are PostgreSQL and PostGIS (i.e., canonical data model
and spatial data processing), MongoDB (i.e., vector and tabular attribute storage), and
ElasticSearch (i.e., search engine). GSToRE has been used by various statewide programs
as the backend catalog to develop, implement, and operate a data clearinghouse. These
projects include, but not limited to, New Mexico Resource Geographic Information System
(NM RGIS) funded by the New Mexico Legislation, New Mexico Established Program
to Stimulate Competitive Research (NM EPSCoR) funded by the National Science Foun-
dation (NSF), and Data Observation Network for Earth (DataONE) funded by NSF [30].
GSToRE is also freely accessible to the public. Any users can download it from EDAC’s
GitHub repository. The links for downloading GSToRE and accessing the developed web
application and its APIs are provided in the Data Availability Statement.

The development process started with an analysis of the project requirements. The
project requires multiple geospatial libraries to accomplish online georeferencing capa-
bilities. GDAL was used to establish most geoprocessing capabilities within the web
application. Python was selected for the ease of implementing these geoprocessing capa-
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bilities using the GDAL Python bindings. Flask was selected as the web framework as it
offers a lightweight and flexible design. Figure 1 shows the development flowchart.
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Figure 1. The flowchart of the development procedures of the georeferencing web application.

The initial steps of the development included the creation of full authentication capa-
bilities and user landing pages with Hyper Text Markup Language (HTML) and JavaScript.
Subsequently, the focus was then turned to establish a methodology that can track each his-
torical aerial photo throughout the system. Upon completion of the local tracking system, a
georeferencing user interface was developed with HTML and JavaScript to enable end users
to provide GCPs. The display of a un-georeferenced image in a web map was accomplished
with a custom WMS. A un-georeferenced image service was presented alongside a WMS
reference image. The display of un-georeferenced image and reference image allows the
end user to choose a pixel coordinate on the un-georeferenced image and a corresponding
ground coordinate on the reference image, which are used as one pair of the matching
GCPs. The GDAL libraries were used to create a georeferenced image and compute RMSE
values when appropriate amount of GCPs presented.

The next step was to establish the Quality Assurance/Quality Control (QA/QC) and
web-publication process. The QA/QC and web-publication process was developed to
enable users to review and accept images to publish on an online catalog. For this study,
we leveraged the catalog capabilities of the GSToRE application to allow rapid and stable
public access to the web-published historical aerial photos. Noting that the georeferencing
process does not require the GSToRE application to complete any of the georeferencing
steps. That being said, GSToRE is only used as a final landing place that offers a host
of services and capabilities. In addition, it should be noted that a MySQL database was
used the backend database of the developed web application to store and manage data
and metadata. The last step was to enable bounding box display and spatial search. For
this study, we leveraged the bounding box display and spatial search capabilities of the
GSToRE application to allow for the display of an image’s ground coverage and the search
of images that are located within a user-defined area of interest (AOI). Figure 2 shows the
architecture of the developed georeferencing web application. The workflow starts with a
raw raster image and GCPs and ends with a georeferenced image.

3.2. Online Georeferencing Tool Capabilities

Online georeferencing is one of the primary spatial operations that have been enabled
in the developed web application. One of the greatest advantages of online georeferencing
is that it does not require installation on a computer, which decentralizes the georeferencing
software. The most important advantage of software decentralization that we identified
during the COVID-19 pandemic is that users can perform georeferencing operations from
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anywhere around the world through web browsers in the presence of an internet con-
nection. That said, users can georeference digitized historical aerial photos in front of a
computer at home without any need of special GIS software as long as they have a modern
web browser and internet access that they can login with their registered accounts. Another
important advantage of online georeferencing is that it is much faster than desktop georef-
erencing since it provides a simplified workflow for georeferencing, documenting, and web
publishing historical aerial photos, and ultimately, improving georeferencing productivity
with limited personnel, hardware, and software [21].
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Traditionally, georeferencing, documenting, and web publishing are conducted in
three steps. First, georeferencing is conducted on a computer with the aid of a GIS desktop
application, which requires specialized staff on a regular basis. Afterward, metadata records
are created by specialized staff on a computer with the aid of a metadata editing desktop
application. At last, georeferenced historical aerial photos and associated metadata records
are web published by developers via a data clearinghouse. With the developed online
georeferencing tool, a lay user with a short training course will be able to georeference,
document, and web publish a substantial amount of historical aerial photos across multiple
projects. That being said, users do not use any specific desktop applications on a computer
as all these operations can be conducted with a single web application. An additional
benefit of integrating all operations is that users can transfer digitized and georeferenced
historical aerial photos and their associated metadata records between different folders and
file directories seamlessly without workflow interruptions.

The online georeferencing tool uses high spatial resolution mosaicked digital orthim-
ages of the United States as a reference image to assign spatial coordinates to a historical
aerial photo’s pixels. The orthoimages are provided by Google Maps API, and the majority
of the United States has a 1 m spatial resolution (NAIP aerial images). However, many
areas have a 6-inch or 0.1524 m spatial resolution, and certain areas even have a 3-inch or
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0.0762 m spatial resolution. In addition, the tool has a graphical web interface that allows
users to upload a digitized historical aerial photo (i.e., raw image), input and edit metadata
information (the web application adds the information to the metadata record prior to
web-publication), and place it alongside the reference image. By default, the raw image
is being placed on the left side while the reference image is placed on the right side, but
the placement could be rearranged. Moreover, from the same web interface, users are able
to not only rotate a raw image if it is not oriented to the north but also browse (e.g., pan,
zoom in, and zoom out, etc.) the raw image and the reference image. Furthermore, users
can place corresponding GCPs on both the raw image and the reference image.

Once GCPs are placed and submitted, the tool will use GDAL to transform the raw
image to its real world coordinates. GDAL provides a robust and dynamic means to deter-
mine the proper order of polynomial transformation based on the amount of input GCPs.
First, second, and third order polynomial transformation will be used when more than
three, six, and ten GCPs are presented, respectively. At last, with the online georeferencing
tool, users can generate a georeferenced historical aerial photo from the transformed image
and upload it and its accompanying metadata files to GSToRE for QA/QC review (e.g.,
RMSE < 3 pixels and complete metadata record). A georeferenced historical aerial photo
will be web-published if it passes QA/QC review, and if not, it will be returned to the user
for revision work and resubmission for review. Figure 3 shows the user interface of the
online georeferencing tool. Users only need a web browser to use this tool. A total amount
of 8 GCPs are placed on both the raw image and the reference image. The georeferencing
accuracy is dynamically shown on the web interface.
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The developed web application also enabled bounding box display (Figure 4). For this
study, a bounding box is defined as a rectangular border that fully encloses a historical aerial
photo. It is an effective means of showing the ground coverage of a historical geospatial
product such as a historical aerial photo [31]. User can utilize this tool to explore if a
digitized, georeferenced, and web-published historical aerial photo’s ground coverage
is within a specific AOI prior to downloading it, which can substantially improve the
efficiency of data search and download.
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Figure 4. The user interface of the bounding box display tool. The middle panel lists all web-
published historical aerial photos. When a photo is selected (highlighted with a dark blue bar) in
middle listing panel, its matching bounding box will be highlighted with a dark blue rectangular box
in the mapping panel on the right side, indicating the selected photo’s ground location and coverage.

Additionally, the developed web application enabled spatial search (Figure 5), which
can substantially improve the discoverability and use of historical aerial photo collec-
tions [21]. From the perspective of a data clearinghouse, an effective search operation
should allow users to query data through not only textual search (e.g., keywords or location
names) and catalog browsing (e.g., temporal search by catalog year) but also spatial search.
In context of this research, spatial search is defined as custom query of historical aerial
photos by drawing a rectangle search box. Historical aerial photos that are completely
within the boundary of the rectangle search box will be returned for users to browse, select,
and download. That said, historical aerial photos that are partially within or intersect the
rectangle search will note be returned. This limitation is caused by the GDAL library that
was used for developing the spatial search tool because it only supports completely within
operation, not partially within or intersect operation.
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3.3. New Mexico’s Historical Aerial Photo Collection

The State of New Mexico is rich in aerial photo acquisitions, primarily through state
programs, federal and state partnered programs, or privately funded programs. A majority
of New Mexico’s historical aerial photo collection is managed and maintained by the
Earth Data Analysis Center (EDAC) at the University of New Mexico, which is an applied
research and technical services center that serves the spatial needs of the federal, regional,
state, local, tribal, educational, and private communities. EDAC was established at the
University of New Mexico (UNM) in 1964 to transfer the National Aeronautics and Space
Administration (NASA) space-based technology to the private and public sectors.

The New Mexico Archive (NM Archive) program was established in 1968 by EDAC.
Historical aerial photo collections are the NM Archive’s primary source of interest, and
holdings include historical aerial photos in paper (printed hardcopy), films (softcopy), and
digital (electronic softcopy) format. Although the NM Archive program manages and
maintains approximately 315,000 historical aerial photos, most of them remain un-digitized
and un-georeferenced on aging film rolls which substantially limits their access and usage
because the rapid adoption of digital technologies such as computers. The slow progress of
digitization and georeferencing is due to the lack of funding support.

With funding support from NHPRC of NARA, 30,000 historical aerial photos have
been scanned, georeferenced, documented, indexed, archived, and web-published. These
30,000 historical aerial photos were collected from 1934 to 1986 through a variety of pro-
grams. Noting that the majority of these processed historical aerial photos are located in
the Grants Mineral Belt area in New Mexico, which was the primary area for uranium
extraction and production activities in the United States from 1930s to 1990s (Figure 6). It
is a key area of interest to conduct historical and cultural research, archaeological studies,
and environmental studies, because health risks from uranium mining are substantial and
ongoing, although most of the commercial mines and mills are no longer active.
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3.4. Data Acquisition and Preprocessing

To complete this study, 50 photos were selected for georeferencing accuracy analysis
from the aforementioned 30,000 historical aerial photo collection that covers the Grants
Mineral Belt area. A set of 25 photos were selected from a roll of film containing imagery
from the 1986 Western New Mexico Aerial Survey Project for the New Mexico State Engineer
Office (SEO). The photos were acquired at a scale of 1:18,000 by Thomas R. Mann and
Associates. A second set of 25 photo was selected from a roll of film acquired by Pacific
Western Technology in 1972 at a scale of 1:30,000. All photos were selected over a wide
range of terrain in Cibola County, NM to ensure a high degree of representativeness.

All 50 historical aerial photos had remained un-digitized and un-georeferenced on
aging aerial film rolls which made them not readily available to users prior to project
start. Aerial films are delicate and they require a range of special storage requirements
to ensure top working condition over time. These requirements include, but not limited
to, temperature, moisture, and dust condition. Fundamentally, aerial films are similar to
photographic films that are commonly used in handheld film cameras. However, instead
of using 35 mm format (small format), aerial films normally present in rolls that are 25.4 cm
(10-inch) wide (large format) and range in length from 61 m (200 feet) to 152 m (500 feet).

Two types of aerial films have been widely used for aerial photography, including
panchromatic films and natural color films. Panchromatic films are also known as black and
white films and the aerial photos acquired with this type of film are printed as hardcopy
gray-scale photos with a size of 25.4 by 25.4 cm or 10 by 10-inch (Figure 7). Natural color
films are also known as true color films and the aerial photos acquired with this type of
film are printed as hardcopy true color images with a size as gray-scale photos (Figure 8). It
should be noted that most historical aerial photos were acquired with panchromatic films,
although some of them were collected by natural color films [1]. Since the early 1990s,
aerial photos are commonly acquired with large-format digital cameras and the acquired
photos are typically saved in a digital format that can be viewed and edited on computers
to assist with modern image processing and analysis [1].
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Figure 8. An example of printed (hardcopy) natural color historical aerial photos. This photo was
collected on 4 November 1977 without scale printed. It shows ground features in natural color.

A photogrammetric film scanner, Vexcel VX4000HT, was used to scan (i.e., digitize)
the 50 selected historical aerial photos on aerial film rolls. This photogrammetric scanner is
recognized worldwide as products of choice for scanning professionals because it can scan
large volume film in high definition (up to 1200 dots per inch or dpi) and at high speed
(approximately 5 min for a 10 by 10-inch frame). The digitized historical aerial photos were
saved in Tagged Image File Format (TIFF) format for subsequent georeferencing operations
and accuracy analysis. All 50 selected historical aerial photos on aerial film rolls were
scanned at 1016 dpi (25 microns) in TIFF format. It is worth noting that there are no set
standards for scanning resolution for aerial film. A resolution of 1016 dpi (25 microns)
was used for this project because this is the resolution used by the U.S. Geological Survey
(USGS) for their historical aerial photos that are available on EarthExplorer. At this specific
resolution, the aerial photos will have a medium or large scale and at the same time
maintain a decent level of detail.

Two remote sensing specialists and three student analysts were selected to assist with
digitizing, georeferencing, and accuracy assessment. Training workshops for digitizing,
georeferencing, and documenting historical aerial photos were developed by the two
remote sensing specialists and then provided to the three student analysts. It should be
noted that the student analysts’ trainings were not tied solely to this project. That being
said, student analysts can use the skills they learned from this project to participate in other
geospatial projects or benefit their future careers. They were trained to enter the workforce
with an enviable set of skills and a solid body of knowledge, including historical aerial
photo digitization, georeferencing, metadata creation, metadata standards, archive/library
structure, aerial photo indexing, and professional report and document development,
historical aerial photo product management and dissemination, GIS, photogrammetry and
remote sensing, web mapping, web application development, and spatial analysis. This is
an essential and unique aspect of this project’s sustainability.
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3.5. Georeferencing Digitized Historical Aerial Photos

The 50 selected historical aerial photos mentioned in the previous section were georef-
erenced with the developed online georeferencing tool and two widely used commercial
software programs that include ArcGIS ArcMap and ERDAS Imagine. That being said, each
of the 50 historical aerial photos was georeferenced three times using the online georefer-
encing tool, ArcGIS ArcMap, and ERDAS Imagine, respectively. Subsequently, 50 historical
aerial photos led to 150 georeferencing practices. Two remote sensing specialists and three
student analysts were assigned to conduct georeferencing, with each of them being focused
on 10 photos. To ensure a fair comparison, NAIP aerial imagery mosaicked at New Mexico
county level was used as the reference image across the three georeferencing platforms
because it is very challenging to use Google Maps API in ArcGIS ArcMap and ERDAS
Imagine. Noting that this reference image setup was temporary for the online tool with the
aim of assisting with georeferencing performance comparison.

Eight GCPs were used to georeference each photo. Noting that this study was not
focused on determining the optimal amount of GCPs for georeferencing historical aerial
photos, and eight GCPs were used only to complete a second order polynomial transfor-
mation. To ensure accurate and fair comparison, the same eight GCPs were used across
all three platforms when georeferencing a photo. This process was completed by first
georeferencing a photo in ArcGIS ArcMap, and then the identical GCPs were identified
and placed in ERDAS Imagine and the online georeferencing tool, respectively.

When selecting GCPs, many principles and best practices were followed to get the
best accuracy possible from georeferencing. Firstly, a GCP should be placed on an object
on the ground without any obstructions. For example, a GCP should not be placed on an
object that is close to a tall object such as buildings or trees that could potentially produce
obstructions. Secondly, a GCP should be distinct from its surroundings. In other words, a
GCP should be placed on an object that is apparently noticeable and has a high contrast
with its surroundings to allow for prompt and accurate identification and placement on the
historical aerial photo to be georeferenced and the reference image. Thirdly, GCP should be
permanently located on the ground. Considering the historical nature of the aerial photos,
when selecting GCPs, priority should be given to objects that will not move over years.
Some of the objects that can be used as GCPs include intersections of roadways, large rocks
or boulders that stick out of the ground, corners of roadways or sidewalks, and small trees
such as shrubs and bushes. Finally yet importantly, GCPs should be evenly distributed
across a historical aerial photo. With that being said, GCPs should not be clustered in a
specific region or in proximity in a close distance. It is suggested dividing a historical aerial
photo into a certain amount of equal size regions (i.e., tiles) and each region should have
only one GCP to avoid placing multiple GCPs in a region. Operationally, oftentimes it is
impossible to find a valid GCP in one region or even several regions, and in circumstances
like this, users are not required to place a GCP in that region or several regions, but instead,
they can place two or more GCPs in the same region.

3.6. Georeferecning Acccuracy Assessment

An accuracy assessment of different georeferencing tools was performed once all
50 historical aerial photos had been georeferenced. RMSE was used as the key metric
for accuracy assessment. Essentially, it is a measure of how spread out (i.e., standard
deviation) the residuals are (i.e., the difference between predicted value and observed value
of quantity of interest). In the context of georeferencing, the residual error is the difference
between where a GCP ended up as opposed to the location that was specified for it. The
total error, or RMSE, is computed by calculating the root mean square (RMS) sum of all
residual errors, which can be used to describe how consistent the transformation is between
the different GCPs. When the RMSE value is particularly high, users can remove a GCP
and add another or a few GCPs to reduce the value. The ultimate goal is to get a low RMSE
value and meanwhile maintain the even distribution pattern of the GCPs. A rule of thumb
is keeping the resultant RMSE value less than one to three pixels [25]. For instance, the
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RMSE value should not be greater than three meters if the pixel size is one meter. For this
study, each of the 50 historical aerial photo had been managed to get the possibly lowest
RMSE value, which is less than one pixel.

Calculating of the RMSE is very straightforward and can be completed in a few steps.
The first step is to calculate the residual errors of each GCP, where residual error (E) is
defined as the positional difference between a GCP’s actual location and its specified
location (i.e., actual location’s coordinates subtract specified location’s coordinates). The
second step is to square the errors and sum up all squared residual errors. The third step is
to calculate the arithmetic mean of the sum of squared residual errors. The last step is to
calculate the square root of the value returned in the fourth step. The aforementioned four
steps can be expressed in the equation (Equation (1)) below.

RMSE =

√
1
n ∑n

i=1[(Ex, i)
2 + (Ey,i)

2] (1)

where RMSE denotes root-mean-square-error, Ex,i denotes error in x direction (i.e., easting
or longitude), Ey,i denotes error in y direction (e.g., northing or latitude), and n denotes
the amount of observed GCPs, and in this case, it is eight. In the context of this study, Ex,i
denotes error in easting while Ey,i denotes error in northing since the reference image in a
projected coordinated system. Table 1 shows each historical aerial photo’s RMSE obtained
from each georeferencing platform. Subsequently, the RMSE values obtained from the
developed georeferencing tool were compared with those obtained from ArcGIS ArcMap
and ERDAS Imagine.

Table 1. RMSE of Each Historical Aerial Photo in Three Georeferencing Platforms.

Photo ID
RMSE (m)

Photo ID
RMSE (m)

Online ArcMap Imagine Online ArcMap Imagine

1 1.77 3.70 2.48 26 0.96 1.47 0.61
2 1.69 3.38 3.31 27 2.76 8.29 5.39
3 2.72 3.34 2.75 28 1.53 2.76 1.47
4 7.44 11.48 11.90 29 2.84 8.89 3.85
5 1.72 2.65 1.98 30 1.96 4.34 1.77
6 2.09 5.00 3.13 31 1.84 3.07 2.58
7 1.51 2.45 1.82 32 1.97 3.66 1.15
8 3.07 10.44 7.25 33 4.40 25.33 9.66
9 2.16 5.00 3.49 34 2.66 8.24 3.00
10 2.65 7.96 6.50 35 2.64 7.28 3.06
11 1.82 3.57 2.86 36 1.55 3.17 1.25
12 1.58 3.73 3.78 37 2.97 9.42 4.07
13 2.60 5.13 4.61 38 3.38 12.18 5.22
14 1.59 3.24 2.12 39 2.74 12.73 4.17
15 2.08 4.92 3.71 40 3.11 10.84 5.47
16 1.55 2.30 1.96 41 2.08 2.47 2.41
17 1.31 2.59 1.22 42 0.78 0.37 0.38
18 2.03 4.52 3.11 43 0.89 3.34 0.73
19 2.02 4.76 3.40 44 0.59 2.63 0.86
20 2.03 3.86 2.34 45 0.72 0.78 0.26
21 2.32 5.98 4.75 46 0.79 1.36 0.55
22 3.97 17.29 4.91 47 0.94 1.39 2.16
23 2.81 10.38 7.65 48 3.13 3.62 5.95
24 3.85 15.41 3.99 49 2.04 2.79 1.16
25 3.59 14.98 10.98 50 2.96 2.72 2.75

3.7. Georeferecning Acccuracy Comparison

The sample size was examined to assist with the selection of appropriate statistical
tests. In general, statisticians accept that that non-parametric statistical tests should be used
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if the sample size is less than 30, even if sample values are normally distributed [32–34].
For this study, the sample size for each set of RMSE is 50, and therefore, normality test was
performed to examine if each set of RMSE is in a normal distribution (i.e., symmetrical,
bell-shaped distribution). Three separate tests, including Shapiro-Wilk (SW) test, Anderson-
Darling (AD) test, and Kolmogorov-Smirnov (KS) test, were used for normality test to err
on the side of caution. Table 2 shows the normality test result for each set of RMSE at a
significance level of 0.05.

Table 2. Normality Test Results for Each Set of RMSE (* denotes significant at the 0.05 level).

Normality Test Online ArcMap Imagine

Shapiro-Wilk <0.0001 * <0.0001 * <0.0001 *
Anderson-Darling 0.0071 * <0.0001 * 0.0004 *

Kolmogorov-Smirnov 0.0435 * <0.0001 * 0.0154 *

For each test, the null hypothesis is that the distribution of a set of RMSE is normal
with unspecified mean and standard deviation at a significance level of 0.05. As shown in
Table 2, the p-value for each test is less than 0.05, and therefore, the null hypothesis should
be rejected, indicating that the distribution of the RMSE is not normal. Therefore, non-
parametric statistical tests, which do not assume anything about the underlying distribution
such as normal distribution, were used for this study.

The assessment of the georeferencing accuracy the three platform was trifold. First, a
box plot was created to graphically exhibit the locality, spread, and skewness of the each set
of RMSE, highlighting the mean and outliers. Second, a matched group (all three platforms)
and pairwise comparison (i.e., online tool vs. ArcMap, online tool vs. Imagine, and
ArcMap vs. Imagine) were performed to understand which platform consistently provides
the highest accuracy or lowest RSME. Third, formal statistical test was performed and
descriptive statistics were derived to examine statistically which georeferencing platform
provides the highest accuracy or lowest RMSE. Specifically, the matched group and pairwise
comparison were refined with formal statistical analyses of the distribution of RMSE among
all three platforms and between each pair of platforms. The non-parametric Friedman
test was used to examine if there is a difference in central location (median) among the
three sets of RMSE. The non-parametric Wilcoxon Signed Rank test was used to compare
the distributions of paired georeferencing platforms. In addition, the distribution of each
RMSE set was summarized by their means, medians, and standard deviations.

4. Results and Discussion

As a first analysis step, a box plot was created to assist with visual analysis and
comparison among the three georeferencing platforms. Figure 9 shows the box plot and
associated median, mean, max, min, the first quartile, the third quartile, and the outlier
values. The x-axis indicates the three georeferencing platforms while the y-axis indicates
the RMSE. The plot area indicates the distribution of the RMSE of each platform. As shown
in Figure 9, both the median value and mean value of the RMSE set of the online tool were
less than ArcGIS ArcMap’s and ERDAS Imagine’s values, indicating that the online tool can
be used to produce georeferenced images that have higher accuracy. In other words, this
observation reveals that the online tool outperforms ArcGIS ArcMap and ERDAS Imagine
in terms of georeferencing. In addition, both the median value and mean value of the
RMSE set of ERDAS Imagine were less than ArcGIS ArcMap’s values, implying that in
general the ERDAS Imagine has better georeferencing performance or higher accuracy.
Surprisingly, the geospatial industry widely adopted software ArcGIS ArcMap has the
poorest performance in terms of georeferencing.
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Further examination revealed that the online georeferencing tool yielded the least
amount of outliers (one) with the lowest values (7.44), when compared to ArcGIS ArcMap
and ERDAS Imagine. When compared to ArcGIS ArcMap, ERDAS Imagine yielded more
outliers (three) but their values were much smaller (11.09, 10.98, 9.66 vs. 17.29, 25.33)
than the outliers yielded by ArcGIS ArcMap. Essentially, this indicates that the online
georeferencing tool outperforms ArcGIS ArcMap and ERDAS Imagine in terms of creating
large positional errors due to a variety of reasons such as misplacement of GCPs, incorrect
selection of GCPs, and inappropriate distribution of GCPs. Likewise, ERDAS Imagine
outperforms ArcGIS in terms of creating large positional errors.

Continuing with visual analysis, formal statistical tests were performed to investigate:
(1) if the visual observations were statistically significant, and (2) statistically which geo-
referencing platform provides the highest accuracy or lowest RMSE. As mentioned in the
previous section, two non-parametric statistical tests, including the Friedman test and the
Wilcoxon Signed Rank test, were used to compare the three georeferencing platform to
investigate which one can provide the highest accuracy.

The Friedman test, which is a non-parametric alternative to the repeated measures
ANOVA test, was used to examine if there are significant differences in median values
among three or more matched groups, and in this case, the three sets of RMSE that were
derived from the three georeferencing platforms. For this test, the null hypothesis is that
the medians of the three sets of RMSE are all equal at a significance level of 5%. Test
results revealed that the p-value was much less than 0.05, and therefore, the null hypothesis
should be rejected, indicating that the medians of the three sets of RMSE are not equal at
a significance level of 0.05. Hence, significant differences in median values were found
among the three platforms. That said, there are performance differences among these the
three georeferencing platforms. This result corresponds to the above visual observations.

The Wilcoxon Signed Rank test, which is a robust non-parametric alternative to
parametric t-test, was used to examine there are significant differences in median values in
a paired group, and in this case, any two sets of RMSE that were derived from the three
georeferencing platforms form a paired group. Therefore, three Wilcoxon Signed Rank tests
were performed since there are three paired groups. Table 3 lists the three paired groups
and each one’s corresponding null hypothesis and test result.

As shown in Table 3, all p-values were less than 0.05, and therefore, the null hypothesis
for each test should be rejected, indicating that the median difference between any two sets
of RMSE is not zero at a significance level of 0.05. Hence, significant differences in median
values were found between any two sets of RMSE. That being said, there are performance
differences between any two of the three georeferencing platforms. Since the alternative
hypothesis is not explicitly characterized in non-parametric tests, only further inspection
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of the distributions’ descriptive statistics can provide valid information to investigate
which georeferencing platform has the best performance for each paired group. Therefore,
mean, median, and standard deviation of the RMSE for all georeferencing platforms were
computed, summarized, and analyzed in Table 4.

Table 3. The Wilcoxon Signed Rank Test Null Hypothesis and Result (* denotes significant at the
0.05 level).

Paired Group Null Hypothesis p-Value

Online vs. ArcMap The median difference between the two sets of RMSE
(Online, ArcMap) is zero at a significance level of 0.05 <0.0001 *

Online vs. Imagine The median difference between the two sets of RMSE
(Online, Imagine) is zero at a significance level of 0.05 <0.0001 *

ArcMap vs. Imagine The median difference between the two sets of RMSE
(ArcMap, Imagine) is zero at a significance level of 0.05 <0.0001 *

Table 4. The Descriptive Statistics for Each Georeferencing Platform’s RMSE.

Georeferencing Platform RMSE Descriptive Statistics

Mean Median Standard Deviation

Online 2.28 2.06 1.15
ArcMap 6.02 3.80 4.94
Imagine 3.52 3.30 2.58

As shown in Table 4, the online tool always had lower values for mean, median, and
standard deviation, followed by ERDAS Imagine, while ArcGIS ArcMap always had the
highest values for mean median, and standard deviation. This result, coupled with the
result that there are performance differences between any two of the three georeferencing
platforms, verifies that the online tool has the best performance in terms of georeferencing
accuracy, while ArcGIS ArcMap has the poorest performance, and ERDAS Imagine falls in
between. To continue the pairwise comparison, a summary table was also created with the
aim to examine which georeferencing platform has a better performance for each of the
50 historical aerial photo. The results were summarized in Table 5.

Table 5. Pairwise Comparison between Each Georeferencing Platform.

Paired Group

Comparison Results

Online
Better

ArcMap
Better

Online
Better

Imagine
Better

ArcMap
Better

Imagine
Better

Online vs. ArcMap 48 (96%) 2 (4%)
Online vs. Imagine 38 (76%) 12 (24%)

ArcMap vs. Imagine 6 (12%) 44 (88%)

Table 5 revealed that when compared with ArcGIS ArcMap, the online tool performed
better (higher accuracy) for 48 out of the 50 historical aerial photos, which represents a
percentage of 98%. This proves that when compared with ArcGIS ArcMap, the online
tool consistently outperforms ArcGIS ArcMap. For two of the 50 historical aerial photos,
ArcGIS ArcMap performed better, and further inspection revealed that the two photos did
not have any noticeable characteristics. However, these two photos were georeferenced by
the same student analyst, and the poorer performance of the online tool could be caused
by the student analyst’s selection of GCPs. Additionally, when compared with ERDAS
Imagine, the online tool performed better (higher accuracy) for 38 out of the 50 historical
aerial photos, which represents a percentage of 76%. For 12 of the 50 historical aerial
photos, ERDAS Imagine performed better, and further examination revealed that among
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the 12 photos, six of them were georeferenced by a specific student analyst, while the
reminding six photos were referenced by one remote sensing specialist (two photos) and
two student analysts (one and three photos, respectively). This observation suggests that
the better performance of ERDAS Imagine may be attributed to the varied interpretation
and selection of GCPs by different users. Another observation is that among the 12 photos,
eight of them were taken over relatively mountainous terrain, which may make it more
challenging for users to select the most proper GCPs. However, one unique feature of
ERDAS Imagine is that it allows for deeper zoom in on both the raw photo and reference
image when compared with the online tool and ArcMap ArcGIS. Operationally, this unique
feature may be able to provide more practical assistance with GCP interpretation and
selection for historical aerial photos that have relatively mountainous terrain.

The georeferenced historical aerial photos that were produced by the three georefer-
encing platforms were also visually inspected and patterns were summarized (Figure 10).
One of the most noticeable patterns is that both ArcGIS ArcMap and ERDAS Imagine
use a different warping or bending strategy than the online tool. Additionally, there is
noticeable difference between ArcGIS ArcMap and ERDAS Imagine in terms of warping
or bending. The online tool’s better performance or higher accuracy could be attributed
to the distinctive warping strategy provided by GDAL. Another observed pattern is the
three platforms use different image stretching methods, with the ERDAS Imagine being the
brightest and the online tool being the darkest. In general, the online tool can provide the
highest accuracy or lowest RMSE values for georeferencing, but at the cost of visual fit.
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Figure 10. An example of the georeferenced historical aerial photo produced by three georeferencing
platforms: (a) Online Too; (b) ArcGIS ArcMap; and (c) ERDS Imagine.

5. Future Research Directions

Future research using the developed online tool could include any area that conduct
georeferencing that would otherwise be completed with commercial or free and open
source desktop software programs. Historically, georeferencing was primarily performed
with these desktop software programs, and therefore, many of the contemporary concepts
or theories such as volunteered geographic information (VGI) or crowdsourcing related
research has not been able to be done in the context of historical aerial photo collections.
With the help of the developed online georeferencing tool, geospatial researchers can design
a large-scale study to examine the effectiveness of crowdsourcing in terms of historical
aerial photos. Additionally, educational researchers can leverage the developed online
georeferencing tool to study if geospatial web applications can assist with effective Science,
Technology, Engineering, and Math (STEM) education practices.

Another research focus is developing mobile applications that can be used to digitize
aerial photos. Such mobile applications can use the camera of a smart phone or tablet to
take pictures of historical aerial photos to digitize it and upload it to the developed web
application. This tool can be integrated with the online georeferencing tool to create a seam-
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less process to complete digitizing, georeferencing, documentation, and web-publication.
Additionally, research should be focused on leveraging geospatial artificial intelligence
(GEOAI) techniques to automate the georeferencing process. Users only need to upload
a raw photo and provide a reference image that is in proximity to the raw photo, while
a GEOAI-based web application will be able to detect and identify a proper set of GCPs,
select and execute an appropriate transformation algorithm to complete the georeferencing
process, and produce the georeferenced photo at a designated directory.

6. Conclusions

Digitized and georeferenced historical aerial photos can provide valuable and irre-
placeable information for many applications and fields. To address the limitations of
desktop georeferencing software, this study developed a custom-built online georeferenc-
ing tool to enable georeferencing digitized historical aerial photos in a web environment.
The performance of the custom-built online georeferencing tool was evaluated and re-
search results revealed that the custom-built online georeferencing tool outperformed both
ArcGIS ArcMap and ERDAS Imagine in terms of georeferencing accuracy (i.e., RMSE).
In addition, ArcGIS ArcMap had the poorest performance and ERDAS Imagine fell in
between. Reviewing of the georeferenced images revealed that the online tool provided
the highest accuracy or lowest RMSE values for georeferencing, but at the cost of visual fit.
Due to the web-based and no-cost nature of the custom-built tool, it holds the potential
to maximize its accessibility to assist with STEM education projects and crowdsourcing
projects that focus on georeferencing aerial photos. These findings lay the foundation
for future research into GEOAI-based georeferencing, which involves developing a web
application that can be used to detect and identify a proper set of GCPS, and then select and
execute an appropriate transformation algorithm to complete the georeferencing process
with limited human interference such as uploading the image to be georeferenced.

Author Contributions: Conceptualization, Su Zhang and Shirley V. Baros; methodology, Su Zhang;
software, Hays A. Barrett; validation, Su Zhang, Lisa Sinclair and Sandeep Talasila; formal analysis, Su
Zhang and Lisa Sinclair; investigation, Su Zhang and Lisa Sinclair; resources, Paul R. H. Neville; data
curation, Lisa Sinclair; writing—original draft preparation, Su Zhang; writing—review and editing,
Su Zhang; visualization, Su Zhang; supervision, Su Zhang; project administration, Su Zhang and
Shirley V. Baros; funding acquisition, Su Zhang. All authors have read and agreed to the published
version of the manuscript.

Funding: This project was funded by the National Historical Publications and Records Commission
(NHPRC) of the National Archives and Records Administration (NARA) under Federal Award ID
Number RM-102733-19.

Data Availability Statement: All historical aerial photos and the online georeferencing tool for this
research are available at https://historicalaerialphotos.org, accessed on 18 September 2022. The devel-
oped web application’s APIs are freely shared at GitHub (https://github.com/edac/georeference-api,
accessed on 18 September 2022), Bitbucket (https://bitbucket.org/edac-code/georeference-api, ac-
cessed on 18 September 2022), and GitLab (https://gitlab.com/edac/georeference-api, accessed on
18 September 2022).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jensen, J.R. Remote Sensing of the Environment: An Earth Resource Perspective, 2nd ed.; Pearson: Upper Saddle River, NJ, USA, 2006.
2. Aber, J.; Marzolff, I.; Ries, J.; Aber, S. Small-Format Aerial Photography and UAS Imagery: Principles, Techniques and Geoscience

Applications, 2nd ed.; Elsevier: Amsterdam, The Netherlands, 2019.
3. Morgan, J.L.; Gergel, S.E.; Coops, N.C. Aerial Photography: A Rapidly Evolving Tool for Ecological Management. Bioscience 2010,

60, 47–59. [CrossRef]
4. Risbol, O.; Briese, C.; Doneus, M.; Nesbakken, A. Monitoring Cultural Heritage by Comparing DEMs Derived from Historical

Aerial Photographs and Airborne Laser Scanning. J. Cult. Herit. 2015, 16, 202–209. [CrossRef]
5. Morris, L.R. Using Homestead Records and Aerial Photos to Investigate Historical Cultivation in the United States. Rangelands

2012, 34, 12–17. [CrossRef]

https://historicalaerialphotos.org
https://github.com/edac/georeference-api
https://bitbucket.org/edac-code/georeference-api
https://gitlab.com/edac/georeference-api
http://doi.org/10.1525/bio.2010.60.1.9
http://doi.org/10.1016/j.culher.2014.04.002
http://doi.org/10.2111/RANGELANDS-D-11-00056.1


ISPRS Int. J. Geo-Inf. 2022, 11, 582 20 of 20

6. Erlandson, J.M.; Gill, K.M.; Gusick, A.E.; Dorrler, A.E. Identifying Shell Middens with Historic Aerial Photos: An Example from
California’s Santa Cruz Island. J. Isl. Coast. Archaeol. 2019, 14, 113–122. [CrossRef]

7. Lazzari, M.; Gioia, D. UAV Images and Historical Aerial-Photos for Geomorphological Analysis and Hillslope Evolution of the
Uggiano Medieval Archaeological Site (Basilicat, Southern Italy). Geomat. Nat. Haz. Risk. 2017, 8, 104–119. [CrossRef]

8. Pinto, A.T.; Goncalves, J.A.; Beja, P.; Honrado, J.P. From Archived Historical Aerial Imagery to Informative Orthophotos: A
Framework for Retrieving the Past in Long-Term Socioecological Research. Remote Sens. 2019, 11, 1388. [CrossRef]

9. Ihse, M. Swedish Agricultural Landscapes—Patterns and Changes during the Last 50 Years, Studied by Aerial Photos. Landscape
Urban Plan. 1995, 31, 21–37. [CrossRef]

10. Niang, A.J.; Ozer, A.; Ozer, P. Fifty Years of Landscape Evolution in Southwestern Mauritania by Means of Aerial Photos. J. Arid
Environ. 2008, 72, 97–107. [CrossRef]

11. Nocerino, E.; Menna, F.; Remondino, F. Multi-Temporal Analysis of Landscapes and Urban Areas. In Proceedings of the
International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Melbourne, Australia,
25 August–1 September 2012; pp. 85–90. [CrossRef]

12. Lyon, J.G.; Drobney, R.D. Lake Level Effects as Measured from Aerial Photos. J. Surv. Eng. 1984, 110, 103–111. [CrossRef]
13. Pulighe, G.; Fava, F. DEM Extraction from Archive Aerial Photos: Accuracy Assessment in Areas of Complex Topography. Eur.

J. Remote Sens. 2013, 46, 363–378. [CrossRef]
14. Ihse, M. Colour Infrared Aerial Photography as a Tool for Vegetation Mapping and Change Detection in Environmental Studies

of Nordic Ecosystems: A Review. Nor. Geogr. Tidsskr. 2007, 61, 170–191. [CrossRef]
15. Caylor, J. Aerial Photography in the Next Decade. J. Forest. 2000, 98, 17–19. [CrossRef]
16. Jansen, P.A.; Bohlman, S.A.; Garzon-Lopez, C.X.; Olff, H.; Muller-Landau, H.C.; Wright, S.J. Large-Scale Spatial Variation in Palm

Fruit Abundance across a Tropical Moist Forest Estimated from High-Resolution Aerial Photographs. Ecography 2008, 31, 33–42.
[CrossRef]

17. Chatzigianni, D.; Kitsakis, D.; Dimopoulou, E. Investigation of Disputes’ Resolving over Ecclesiastical and Monastic Land
Property in Greece Using Cadastral and Land Use Data. GeoJournal 2017, 82, 627–641. [CrossRef]

18. Morgan, J.L.; Gergel, S.E.; Ankerson, C.; Tomscha, S.A.; Sutherland, I.J. Historical Aerial Photography for Landscape Analysis. In
Learning Landscape Ecology: A Practical Guide to Concepts and Techniques; Gergel, S.E., Turner, M.G., Eds.; Springer: New York, NY,
USA, 2017; pp. 21–40.

19. Lyon, J.G. Use of Maps, Aerial Photographs, and Other Remote Sensor Data for Practical Evaluations of Hazardous Waste Sites.
Photogramm. Eng. Remote Sens. 1987, 53, 515–519.

20. Zhu, L.; Erving, A.; Koistinen, K.; Nuikka, M.; Junnilainen, H.; Heiska, N.; Haggren, H. Georeferencing Multi-Temporal and
Multi-Scale Imagery in Photogrammetry. In Proceedings of the International Archives of the Photogrammetry, Remote Sensing
and Spatial Information Sciences Commission V, Beijing, China, 3–11 July 2008; pp. 225–230.

21. McAuliffe, C.P.; Lage, K.; Mattke, R. Access to Online Historical Aerial Photography Collections: Past Practice, Present State, and
Future Opportunities. J. Map Geogr. Libr. 2017, 13, 198–221. [CrossRef]

22. Toutin, T. Review Article: Geometric Processing of Remote Sensing Images: Models, Algorithms, and Methods. Int. J. Remote
Sens. 2004, 25, 1893–1924. [CrossRef]

23. Lippitt, C.D. Georeferencing and Georectification. In The Geographic Information Science & Technology Body of Knowledge, 3rd ed.;
Wilson, J.P., Ed.; Spatial Sciences Institute: Los Angeles, CA, USA, 2020; p. DC-30.

24. ASPRS Positional Accuracy Standards for Digital Geospatial Data. Available online: https://www.asprs.org/a/society/
committees/standards/Positional_Accuracy_Standards.pdf (accessed on 18 September 2022).

25. McGlone, J.C. Manual of Photogrammetry, 2nd ed.; ASPRS: Bethesda, MD, USA, 2013.
26. Lim, B.; Wen, H.J. Web Services: An Analysis of the Technology, Its Benefits, and Implementation Difficulties. Inform. Syst. Manag.

2003, 20, 49–57. [CrossRef]
27. Kowal, K.C.; Pridal, P. Online Georeferencing for Libraries: The British Library Implementation of Georeferencer for Spatial

Metadata Enhancement and Public Engagement. J. Map Geogr. Libr. 2012, 8, 276–289. [CrossRef]
28. Arias-Carrasco, R.; Giddaluru, J.; Cardozo, L.E.; Martins, F.; Maracaja-Coutinho, V.; Nakaya, H.I. OUTBREAK: A User-friendly

Georeferencing Online Tool for Disease Surveillance. Biol. Res. 2021, 54, 20. [CrossRef] [PubMed]
29. Ellwood, E.R.; Dunckel, B.A.; Flemons, P.; Guralnick, R.; Nelson, G.; Newman, G.; Newman, S.; Paul, D.; Riccardi, G.; Rios,

N.; et al. Accelerating the Digitization of Biodiversity Research Specimens through Online Public Participation. Bioscience 2015,
65, 383–396. [CrossRef]

30. Wheeler, J.; Benedict, K. Functional Requirements Specification for Archival Asset Management: Identification and Integration of
Essential Properties of Services-Oriented Architecture Products. J. Map Geogr. Libr. 2015, 11, 155–179. [CrossRef]

31. Westington, M.A.; Bridge, K. The Value of a Bounding Box: Moving Historical Charts beyond the Image Browser. J. Map Geogr.
Libr. 2013, 9, 108–127. [CrossRef]

32. Agresti, A.; Min, Y. On Sample Size Guidelines for Teaching Inference about the Binomial Parameter in Introductory Statistics; Department
of Statistics, University of Florida: Gainesville, FL, USA, 2003.

33. Tomkins, C.C. An Introduction to Non-Parametric Statistics for Health Scientists. Available online: http://www.uahsj.ualberta.
ca/files/Issues/3--1/pdf/20.pdf (accessed on 18 September 2022).

34. Arnold, T.B.; Emerson, J.W. Nonparametric goodness-of-fit tests for discrete null distribution. R J. 2011, 3, 458–472. [CrossRef]

http://doi.org/10.1080/15564894.2017.1324926
http://doi.org/10.1080/19475705.2017.1310762
http://doi.org/10.3390/rs11111388
http://doi.org/10.1016/0169-2046(94)01033-5
http://doi.org/10.1016/j.jaridenv.2007.04.009
http://doi.org/10.5194/isprsarchives-XXXIX-B4-85-2012
http://doi.org/10.1061/(ASCE)0733-9453(1984)110:2(103)
http://doi.org/10.5721/EuJRS20134621
http://doi.org/10.1080/00291950701709317
http://doi.org/10.1093/jof/98.6.17
http://doi.org/10.1111/j.2007.0906-7590.05151.x
http://doi.org/10.1007/s10708-016-9706-2
http://doi.org/10.1080/15420353.2017.1334252
http://doi.org/10.1080/0143116031000101611
https://www.asprs.org/a/society/committees/standards/Positional_Accuracy_Standards.pdf
https://www.asprs.org/a/society/committees/standards/Positional_Accuracy_Standards.pdf
http://doi.org/10.1201/1078/43204.20.2.20030301/41470.8
http://doi.org/10.1080/15420353.2012.700914
http://doi.org/10.1186/s40659-021-00343-5
http://www.ncbi.nlm.nih.gov/pubmed/34238385
http://doi.org/10.1093/biosci/biv005
http://doi.org/10.1080/15420353.2015.1035474
http://doi.org/10.1080/15420353.2012.752426
http://www.uahsj.ualberta.ca/files/Issues/3--1/pdf/20.pdf
http://www.uahsj.ualberta.ca/files/Issues/3--1/pdf/20.pdf
http://doi.org/10.32614/RJ-2011-016

	Introduction 
	Background 
	Materials and Methods 
	Online Georeferencing Tool Development 
	Online Georeferencing Tool Capabilities 
	New Mexico’s Historical Aerial Photo Collection 
	Data Acquisition and Preprocessing 
	Georeferencing Digitized Historical Aerial Photos 
	Georeferecning Acccuracy Assessment 
	Georeferecning Acccuracy Comparison 

	Results and Discussion 
	Future Research Directions 
	Conclusions 
	References

