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The Age of Exapixel Image Data

» Trillions of photos available
online

» Millions uploaded every hour
* Interconnected

* The Internet is becoming a
living visual record of our
world




What can we do with all this data?

m7 e » Use images to understand the
world

— Building the ultimate world map
— Changes in cities over time

— Traffic patterns

— Surprising events

— Forensics: what happened, when?

* Challenge: data is extremely
unstructured
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Orientation:146.00 deg E of N

Pixel scale:3.17 arcsec/pixel

Parity:Reverse ("Left-handed"”)

Field size :72.02 x 52.33 arcminutes
Your field contains:

The star 15Mon

54 537, +9:56:18.610)

NGC 2264 / Christmas Tree cluster / Cone nebula

View in World Wide Telescope

If you would like to have other images solved, please submit them to the astrometry group.

> The Physics
> arXiv Blog

Astronomers Calculate Comet's Orbit Using
Amateur Images From The Web

Amateur astrophotographs posted online represent a massive untapped
resource. Now astronomers hal"é’ lL'DT’kE’d out hOLL' to mine it

KEC 04/04/2011

5 COMMENTS

Lang and Hogg, Searching for comets on the
World Wide Web: The orbit of 17P/Holmes
from the behavior of photographers




Grounding photos in the real world

Place + Time

Image understanding

Photos

Prior world knowledge
(geographic / GIS data)



IM2GPS: estimating geographic information from a single image

James Hays and Alexei A. Efros
Carnegie Mellon University
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Figure 9. In scanline order, the test cases with the largest and
smallest estimated elevation gradient.



Deep Photo: Model-Based Photograph Enhancement and Viewing

Johannes Kopf Boris Neubert Billy Chen Michael F. Cohen
University of Konstanz University of Konstanz Microsoft Microsoft Research
Daniel Cohen-Or Oliver Deussen Matt Uyttendaele Dani Lischinski
Tel Aviv University University of Konstanz Microsoft Research The Hebrew University

NY City Hall

~ NY Stock Exchange = . !

Roosevelt Building

§

N

A\ g
Century Building

%

y Madison Square

Original o Deed Relighted | Annotated

[Kopf, et al., SIGGRAPH Asia 2008]



Map estimated by Flickr photo analysis

Dec 21, 2009
Missing Show cover
data (green)
(black/gray)

No show cover
(blue)

Dec 21, 2009

Snow cover estimation from Flickr photos

[Zheng, Korayem, Crandall, LeBuhn, WWW 2012]



Calibrating the
distributed camera

 For any photo on the web
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e Where was it taken? In what direction?
e What time was it taken?

* What is visible in the image? Where?
* Thesis: Geometry is key to this problem



Sensor data alone is too noisy
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Place



Location recognition
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Image-based Geometry-based
[Schindler, Brown, Szeliski ’06] [Li, et al. "10]
[Hays & Efros o8] [Sattler & Leibe '11]
[Kalogerakis et al. '09] [Lim et al., '1]
[Li, Crandall, Huttenlocher ‘09| [Li, Snavely, Huttenlocher, Fua 12], ...

[Knopp, Sivic, Pajdla, '10]



A Database of 3D Geometry
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[Snavely, Seitz, Szeliski, 2006]



Dubrovnik, Croatia




[Building Rome in a Day, Agarwal, Snavely, Simon, Seitz, Szeliski, ICCV 2009]



[Crandall, Backstrom, Huttenlocher, and Kleinberg. WWWog|



NAVTEQ SF Street View Dataset

Chen et al. City-scale landmark identification on mobile devices.[CVPR 2011]



Model of San Francisco



World-wide Pose Estimation
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Output pose estimate

Matching becomes challenging as # of points grows very large

[Li, Snavely, Huttenlocher, Fua. ECCV 2012]



Very large search problem

* Largest model we've created:
— About 500M 3D points
— ... from several million images

* Each 3D point has 1 or more SIFT descriptors
— We index these using standard kd-trees

* Finding good matches at this scale is
challenging
— We have some new tricks to estimate location
quickly and robustly

[Li, Snavely, Huttenlocher, Fua. ECCV 2012]



Example results

Input Photo Estimated Camera Pose
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United
%A Kingpm
Ireland

THE INCREDIBLE Miji
nrasents _

Qon'gk“ ' 1 Y h
latitude: 51.5079 deg zenith: 82.2991 deg
longitude: -0.1283 deg azimuth: -8.7291 deg
altitude: 0.718 m roll: -0.0391 deg

focalLength: 1610.01 px
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“Pixel-accurate” alignment

3D world model rendered from
estimated viewpoint



Creates a “stage” for the action to take place in



Time



The Monument, London [credit: Chris Meighs-Andrews]




Correlation

Time of day




Best matching webcam
frame (cropped)

Input photo

[joint work with
Chun-Po Wang]




For images that contain clouds and within ~o0.75km of the webcam,
we can identify correct time stamps (+- 5 minutes) ~40% of the time



Scenes are dynamic
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Graffiti Archaeology

GRAFFITI ARCHAEOLOGY  about credits links news fag submit

v bluxome:
eastA
eastB
eastC

» undercroft:
» cavern:
» harveys:
b olympia:
b 22nd:

b 19th:

» candle:
b florida:

» ghost:

b cove:

» belmont:
b 25th:

» williams:

donate

Current Layer: 3 october 2004. Photos by Cassidy Curtis




4D Cities
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[Frank Dellaert, Grant Schindler, et al.]



Scene Chronology

Step 1: Download photos from Flickr

Step 2: Reconstruct a single 3D model with all
times mixed up together

Step 3: Recover the chronology of the scene

Kevin Matzen and Noah Snavely, Scene Chronology, ECCV 2014
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Per-Point Time Observations

Reconstructed structure across time

Plane-Time point clustering



Video




Re-time-stamping

.
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Blue: original timestamp
Red: our predicted timestamp



Geography



Grounding vision in the world
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Home  Climate Information

Quick Links

B Land-Based Station
@ Datasets
Find a Station
Station Metadata
Climate Data Online
Data Publications

@ Satellite

Radar

Model

@ Weather Balloon

@ Marine / Ocean

Paleoclimate

Severe Weather

OpenStreetMap

NATIONAL CLIMATIC DATA CENTER

NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION

Data Access  Customer Support ut NCDC

HOME > DATA ACCESS
Land-Based Station Data

Land-based (in situ) observations are collected from
instruments sited at locations on every continent. They
include temperature, dew point, relative humidity.
precipitation, wind speed and direction, visibility, atmospheric
pressure, and types of weather occurrences such as hail, fog
and thunder. NCDC provides a broad level of service
associated with /n situ observations. These include data
collection, quality control, archive, and removal of biases
associated with factors such as urbanization and changes in
instrumentation through time. Data on sub-hourly, hourly
daily, monthly, annual, and multiyear timescales are available

« Datasets and Products
Access NCDC's land-based datasets directly

+ Find a Station
Locate a station by using either a map tool or a location
and data search tool

Measuring instruments used for current observations and data
+ Station Metadata PO

3D city models

MAP LEGEND
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Search & Browse Datasets and Views
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311 Service Requests from 2010 to Present  Social Services 311, 311 senvice requests, 2010, 2011, 2012, ...
All 311 Service Requests from 2010 to present. This information is automatically updated daily.

Electric Consumption by ZIP Code - 2010 Environment electricity, energy, environment, planning, power, ...
2010 electricity consumption in kWh and GJ, by ZIP code, building type, and utility company.

Zip Codes Map Social Services  geographic, location, map, cartography, zip, code, ...
Polygon representing the boundary of the zip codes in the city.

MTA Data Transportation ftraffic, vehicles, route, schedules, clean web
Information pertaining to MTA (Metropolitan Transportation Authority of the State of New York) subways, buses, commuter rail,

Restaurant Inspection Results Health restaurant inspection results, ..
NYC restaurant inspection results

Basic Description of Colleges and Universities FEducation doitt gis, geographic, location, map, cartography, ...
Location of colleges and universities with basic descriptive information.

SAT (College Board) 2010 School Level Results Education lifelong learning
New York City school level College Board SAT results for the graduating seniors of 2010. Records contain 2010 College-bound

Mapped In NY Companies Business jobs, tech, jobs and economic mobility
Raw data which powers the Mapped In NY site at http://www.mappedinny.com/

Filming Locations (Scenes from the City) Business film, movie, scene, scenes from the city
List of filming locations mentioned in the book Scenes from the City

2012 NYC Noise Complaints - Heat Map Other 311, 311 service requests, 2010, 2011, .
NYC Noise complaints for 2012

https://nycopendata.socrata.com (https://data.sfgov.org/, https://data.seattle.gov/,



https://nycopendata.socrata.com/
https://nycopendata.socrata.com/
https://data.sfgov.org/
https://data.sfgov.org/
https://data.seattle.gov/
https://data.seattle.gov/

Grounding vision in the world

e W

* Which direction is north?

* What is the shape of the
buildings?

hat was the weather like?

81 ¢« Where are streets?

« What is the #51 bus

schedule in Rome?

Goal: Integrate images into this
ecosystem of geographic data



First steps: NYC3DCars

[Kevin Matzen and Noah Snavely, ICCV 2013]



NYCOpenData Roadbeds




Vision grounded in the real world
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Input photo Overlayed GIS data Overlayed Google Earth models
(roads / sidewalks / medians)




Annotated 3D Vehicles

Delete Submit Bad Photo Problem
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Video




3D Detection

B Map Data | Terms ofUse | Reporta map error



Appearance score

Ground coverage score

Elevation score

3D orientation score
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-E nyC3 d c a r s Features Download Paper About

A vehicle detection database for vision tasks set in the real world.

3D Reconstructions Geographic Data Vehicle Annotations

Companion databases such as those

integration with

geospatial data. road network connectivity

http://nyc3d.cs.cornell.edu/



http://nyc3d.cs.cornell.edu/
http://nyc3d.cs.cornell.edu/
http://nyc3d.cs.cornell.edu/

Summary

* Massive image collections are a rich source
of information about our world

* In vision we should be leveraging all
available data: images, depth, geographic
context

* Lots of interesting challenges
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Thank you!

More information at
http://www.cs.cornell.edu/~snavely/



http://www.cs.cornell.edu/~snavely/




