(Street) Lights Will Guide You:
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Abstract

Astronaut photography from the International Space Sta-
tion provides the highest spatial resolution nighttime Earth
observations imagery publicly available, offering up to a
150x increase in resolution over other freely accessible
satellite data sources. Yet, this imagery is underutilized in
science applications because it lacks the geolocation meta-
data required for downstream analysis. We present Night-
Match , a fast and accurate method for localizing and geo-
rectifying nighttime astronaut photography. By combining
street network data with daytime satellite imagery, we pro-
duce a reliable reference target for similarity detection via
pairwise image matching. We curate and release the Astro-
naut Imagery Matching Subset - Night (AIMS-Night), a col-
lection of 363 images and ground truth localizations, and
benchmark our method against this set to establish a robust
localization pipeline. Our method correctly localizes 81.8%
of AIMS-Night, and can be quickly deployed on the over 2
million nighttime astronaut photographs to produce a high
quality analysis-ready data product.

1. Introduction

Nighttime astronaut photography of Earth is the highest
spatial resolution nighttime remote sensing data set that is
publicly available. The imagery is acquired under unique
conditions as each photograph is taken by an astronaut on
the International Space Station (ISS), approximately 415
kilometers above the Earth’s surface. From this vantage
point an astronaut will see 15 to 16 sunrises and sunsets ev-
ery 24 hours, and can view an area of the Earth that stretches
over 2000 kilometers in each direction. Astronauts acquire
imagery of Earth in response to research requests, natural
disaster response efforts, for educational projects, and for
public outreach. To date, there are over 4.6 million astro-
naut photographs in the Gateway to Astronaut Photography
of Earth database, an archive maintained by NASA’s Earth
Science and Remote Sensing Unit. Of these 4.6 million,

Figure 1. The nighttime astronaut photo geolocation problem.
Astronauts can take a photo of a city in a large and continuous
search area due to their wide field of view and high focal length
lenses. We seek to rapidly localize these images by identifying the
most likely areas to photograph and then comparing an astronaut
photo to a representative reference image of that area.

43% are nighttime images. These nighttime images are
taken with commercial cameras and a collection of lenses
ranging from short (14mm) to long (1150mm) focal lengths.
The spatial resolution of the imagery varies, with the high-
est resolution photos at about 3 meters per pixel, approxi-
mately 150 times higher than other competing public data
sets. In contrast to other publicly available datasets, astro-
naut photography captures true-color (RGB) data of night-
time urban lighting patterns. These attributes have proven
to be highly valuable for researchers studying urban de-
velopment, environmental change, economics, and other
fields [17, 35, 43]. The data is commonly used to better
understand or model a wide range of phenomena, includ-
ing impervious land cover, the effect of artificial light on
biological systems (Melatonin Suppression Index), Gross
Domestic Product, and light pollution itself [15, 19, 23].
Some analyses are currently possible only with nighttime
astronaut photography [43]. The study of certain environ-
mental measures requires true color data like that in digital
photos (after calibration [35]), and cannot be done with the
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Figure 2. Astronaut photograph and satellite image of Lon-
don. Left: ISS066-E-172640 (400mm focal length lens). Right:
Suomi NPP/VIIRS data for London, Annual 2016 map via NASA
WorldView. Astronaut photography has significantly higher spa-
tial resolution than the next best nighttime imagery.

band data from nighttime observing satellites like VIIRS.

Yet, due to the imaging conditions inherent to astronaut
photography, much of this data is not geolocated, making
it difficult to use in downstream analysis. Given the vast
Earth area visible to an astronaut at any point in time and the
unconstrained nature of photography in micro-gravity con-
ditions, each astronaut photo can show any portion of the
visible Earth, at any orientation and at a variety of scales de-
pending on the zoom lens used ( Fig. 1). Recorded metadata
only contains the focal length of the lens and the timestamp,
which can be used to determine the location of the ISS at the
time the photo was taken.

There has been a concerted effort to geolocate astronaut
photos manually due to the growing demand for high res-
olution nighttime data sets. This process is time consum-
ing and challenging, even for human experts. Locating a
nighttime image, especially given the lack of high resolu-
tion reference maps, can take minutes to hours per frame,
and georectification via control points adds additional dif-
ficulty. A citizen science project, Cities at Night, was ini-
tiated through a NASA/ESA partnership to assist with lo-
calizing nighttime photos and with the aim of generating a
high resolution global nighttime light map from astronaut
photography. Through these efforts, 26,000 nighttime im-
ages have been localized over the 20+ year history of ISS
astronaut photography, but this equates to just 1.3% of all
nighttime astronaut photography.

Recent works [7, 41] have sought to address the local-
ization problem for daytime astronaut photography, where
there is an abundance of reference satellite imagery of sim-
ilar wavelengths and spatial resolution to use for localiza-
tion. Unfortunately, there is not a comparable collection
of nighttime geolocated satellite imagery to use as refer-
ence as none of the satellites reach the level of detail of
astronaut photographs (Fig. 2). It is precisely the properties
which make nighttime astronaut photography so valuable
that make it difficult to localize.

To account for the lack of a suitable nighttime dataset
for localization, we modify another spatial data source for
use within our localization process. A distinctive fea-

ture of Earth’s appearance at night is artificial light as-

sociated with streets and buildings. Global, geolocated

street network data is readily available from sources like

OpenSteetMap [33] and the Global Roads Inventory Project

(GRIP) [31]. Using this data, we can generate a refer-

ence image capable of matching with a nighttime astronaut

photo.

Using these generated reference images, we build a
method for localizing and georectifying nighttime astronaut
photography of Earth. In astronaut photography, cities are
the dominant nighttime feature and are photographed the
most. Thus, for each astronaut photo we sort a list of cities
based on a likelihood score and iteratively check these by
pairwise matching our generated reference image of the
city with the astronaut photo. Through experimentation we
identify a threshold for matching that yields highly precise
city determination, allowing the use of early stopping in the
localization pipeline. We then use keypoint matches to geo-
rectify the nighttime astronaut photo to the reference im-
age. We evaluate the configurations of components in this
pipeline for matching and localization as detailed in Sec. 5.

All experiments are run on publicly available astronaut
photography in the Gateway to Astronaut Photography of
Earth database at https:\eol. jsc.nasa.gov. From this
database, we select 363 nighttime astronaut photographs
with human expert-labeled location metadata, and combine
these photos with our reference images to form the Astro-
naut Imagery Matching Subset - Night (AIMS-Night), a
challenging evaluation dataset that emphasizes illumination
and perspective changes.

This work makes three main contributions:

* We develop a method for fast and accurate localization
and georectification of nighttime astronaut photography
via comparison to simulated reference images

* We conduct experiments on reference image generation
to illustrate the effects of image properties on matching

e We collect and release an evaluation dataset, AIMS-
Night, of 363 geolocated nighttime astronaut photos with
ground truth human labels

Application of this method to the full collection of nighttime

astronaut photographs will lead to a significant increase in

freely available high resolution geolocated nighttime im-

agery of the Earth and will promote further Earth Science

research of urban areas.

2. Related Works

Astronaut Photography Localization. While Earth scien-
tists have been studying astronaut photography of Earth for
over 50 years, in recent years the computer vision commu-
nity has also taken interest in the localization of this unique
imagery set. Fundamentally, astronaut photography local-
ization can be cast as a visual localization problem, and the
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scale, challenges, and impact of this domain have gener-
ated interest in trying to solve it. A recent method, Find
My Astronaut Photo (FMAP) [41] aims to solve the day-
time astronaut photography localization problem by com-
parison to daytime satellite imagery via pairwise match-
ing. This method shows strong performance but is not de-
signed to handle the related, but markedly different chal-
lenge of nighttime photos where no similar reference im-
agery is available.

SC.hWII’.]d ar,]d Storch [4O] IS _the rst attemp.t to address Figure 3. Example Nighttime astronaut photos. Each photo
the nighttime imagery localization problem. Like [41], the \aries in eld of view, obliquity, and quality. Cities themselves
work takes a pairwise matching approach over tiled regionsyary in structure and light color.
of the Earth near the ISS nadir point. They rasterize street
data to build a reference map at the same resolution as the
astronaut photo and use BRISK [26] to exhaustively match niques could be a fruitful future research angle for astronaut
each tile at 49 rotations. The work examines a small set of photography localization.

images, and focuses mainly on the resulting quality of the Image Matching. Image matching focuses on nding the

georecti cation of the image, rather than the broad local- rg|ationship between two images of thamescene [22].
ization problem. While this shows promise, the exhaustive This is often used for camera pose estimation or 3D recon-

BRISK strategy is too slow to scale to the entire catalog gyyction via Structure from Motion (SfM) or Simultaneous
of nighttime astron_aut photogrgphy and inherently sengmve Localization and Mapping (SLAM). The general matching
to small changes in the rasterization procedure. Addition- ,.5cequre involves extracting and describing image features

ally, their method does not discriminantly localize - Some  om myltiple images and then matching features across im-
matching cities” have 30 point matches, and others 700. ages. Optionally, a geometric veri cation step is used to

In co_ntre_xst, our work focuses on a discriminative an(_j rapid prune invalid matches. Traditional image matching meth-
Ioca_lllzat|on_ propedure that can be applied to the entire col- y 4 \wvere both sparse and handcrafted [28], but recent works
lection of nighttime astronaut photography. have produced a myriad of solutions that replace different
Visual Place Recognition and Localization.Visual Place  aspects of the pipeline, or the entire pipeline itself, with
Recognition and Visual Localization are the related prob- learned components [12, 14, 16, 21, 27, 32, 37, 42].
lems of determining the location depicted in an image and  Astronaut photography by nature has unknown orienta-
the camera pose, respectively, from image content alonetion and therefore research into rotation invariant match-
Typical benchmark datasets in these domains compriseing is especially relevant. Some handcrafted descriptors
landmark or city level regions, with the goal of identify- (SIFT [28], BRISK [26]) have built in rotation invariance,
ing where an image is taken within that area [2, 11, 29, 39, while others have trained additional orientation estimation
45, 48]. Of particular relevance are datasets that emphasizénodules [14]. Rotation robustness can also be achieved us-
illumination differences like Aachen Day-Night [38] and ing equivariant networks [8], including one work that uses
Tokyo 24/7 [44], which test localization robustness to illu- astronaut photography to evaluate their method [9].
mination. For example, in Aachen Day-Night, all reference  In addition to performance on downstream tasks like
images are taken in daylight, while queries consist of day SfM, the Image Matching Challenge [1, 22] serves as a
as well as night imagery. Modern matching pipelines per- popular benchmark for these new methods. Despite sig-
form extraordinarily well even on the night queries, which ni cant progress over the last decade, image matching, par-
encouraged us to run an experiment matching our nighttimeticularly across more dramatic scene variations, is still an
imagery to daylight satellite imagery (see Sec. 5). Popu-unsolved problem. lllumination conditions, extreme view-
lar approaches to these problems typically have an initial point or scene differences, matching across modalities, and
retrieval stage that identify possible matches by compar-occlusion all pose dif culties to current methods.
ing global feature vectors, followed by a pairwise matching
stage to yield high precision predictions [4, 6, 13, 36]. 3. Datasets

For global localization tasks, recent works have intro-
duced location embeddings trained via contrastive or CLIP-
like setups [24, 30, 47]. These embeddings are primarily Astronaut photography of Earth is a unique remote sensing
used to localize street level (rather than remotely sensed)dataset that complements modern satellite data. The dataset
imagery or enhance downstream task performaneeafi- extends back to the early days of human space ight in the
mal classi cation, temperature prediction), but similar tech- 1960s, though we restrict our focus to astronaut photogra-

3.1. Nighttime Astronaut Photography
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