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Abstract

Immediately following the 12 January 2010 earthquak e in
Haiti, a disaster response team from Rochester Inst itute of
Technology, ImageCat Inc., and Kucera International ,
funded by the Global Facility for Disaster Reductio n and
Recovery group of the World Bank, collected 0.15 m air-
borne imagery and two points/m ? lidar data for 650 km 2
over a period of seven days. Data were transferred to
Rochester, New York for processing at rates that ap proached
400 Mb/s using Internet2, ortho-rectified with a 24  -hour
turnaround, and distributed to response agencies th rough
file or disk transfer. A unique response effort, du bbed the
Global Earth Observation - Catastrophe Assessment N etwork
(Geo-caN) and headed by ImageCat, utilized over 600 experts
from 23 different countries to generate rapid turna round
damage assessment products. This paper highlights t he
airborne data collection, transfer, processing, and product
development effort, which arguably has raised the b ar in
terms of response to large-scale disasters.

Introduction

On 12 January 2010, a magnitude 7 M, earthquake struck
the nation of Haiti and resulted in over 200,000 pe ople killed
and over one million displaced people (World Bank,  2010).
The need for accurate high-resolution imagery, deta iled
surface elevation, and various information maps bec ame
evident as the disaster unfolded. Specific remote s ensing
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product requirements included building damage asses sment
(World Bank), debris location and quantification, h  ydrologi-
cal mapping (relief agencies), and assessment of th e fault line
(United States Geological Survey ( usGs)). The geospatial
community responded by mobilizing various air- and  space-
borne remote sensing resources, e.g., the National Oceanic
and Atmospheric Administration ( NOAA), Google, Inc.,
Pictometry International, DigitalGlobe, and GeoEye, Inc. were
among the responders that started to acquire especi ally high
spatial resolution multispectral imagery over the i  mpacted
areas. The Digital Imaging and Remote Sensing Labor atory
(DIRS), in the Chester F. Carlson Center for Imaging Sci ence at
the Rochester Institute of Technology ( RIT) was contracted by
the World Bank, through commercial partner ImageCat , to
mobilize an airborne imaging system for a large are a map-
ping mission. The Wildfire Airborne Sensor Program  (WASP)
sensor, developed under funding from the National A eronau-
tics and Space Administration ( NASA) to support wildfire
detection and mapping (McKeown et al., 2004; WASP, 2011)
and a light detection and ranging (lidar) system we re flown
over the devastated area from 21-27 January 2010. T he
resultant 650 km 2 multimodal dataset consists of more than
15,000 image frames in each of the visible, shortwa ve-
infrared ( SwIR), midwave-infrared ( MWIR), and longwave-
infrared ( LWIR) spectral domains, as well as 2.9 billion lidar
returns. These public domain data provided a unique

capability to characterize the damage and was used for
several applications, e.g., building damage assessm ent,
hydrological mapping, and structural assessment of the fault
line which has spurred efforts in long-term researc h and
development. The collaborative effort between Image Cat, Inc.,
RIT, and Kucera International was facilitated by the 2  Informa-
tion Products Laboratory for Emergency Response,® a unit
dedicated to development of user-driven disaster re sponse
products and funded by the National Science Foundat ion
Partnerships for Innovation program. This paper is  not
intended as a pure scientific description of the ef fort with
associated hypotheses and results, but rather as a high-level
description of the efforts that support such data ¢ ollection
and use towards generation of operational disaster response
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products. The full effort spanning a system descrip tion,
deployment, data collection, transfer, processing, and
dissemination, to product development will be prese nted.

Sensor System Overview

The RIT wWASP sensor originally was developed for wildfire
mapping research and has been a workhorse system fo r
various phenomenology studies and for investigating the
application of remote sensing to emergency response (Li et
al., 2005 and 2007; Ononye et al., 2007). The WASP sensor is
composed of three Indigo Phoenix infrared imagers i n the
SWIR (1.0 to 1.7nm), MwirR (3.0 to 5.0mm), and LwIR (8.0 to
9.2mm) spectral regions and a 11 mega-pixel Geospatial
Systems, Inc. Kcm-11 high-resolution color camera (McKe-
own et al., 2004; Arsenovic et al., 2009). wASP also incorpo-
rates a deployable thermal calibration system that is used to
calibrate the MwIR and LWIR cameras to aperture reaching
radiance (Arsenovic et al., 2009). Figure 1 shows the
configuration of the wAsSP cameras in a common mounting
structure. The figure also shows the in-flight depl oyable
thermal calibration plates that enable accurate est imation of
aperture reaching radiance for the MwirR and LWIR cameras.
This feature mitigates the large variations in meas ured focal
plane (sensor) radiance caused by thermal emissions from
the camera lenses themselves as they change temperature
during flight.

The spatial resolution of the color camera is appro  xi-
mately 0.15 m at 760 m (2,500 feet) above ground le vel,
while the infrared cameras have a spatial resolutio n of 0.83
m at this altitude. Each of the four cameras is geo metrically
calibrated using a three-dimensional calibration ca ge atRrRIT
that includes both visible and infrared point targe ts. Figure
2 shows sample imagery that highlights the diversit y of
information contained in a single WASP image datase t.

The wasp cameras are coupled to an Applanix POS
AV310 inertial navigation system ( INS) to enable accurate
georeferencing of imagery; the inertial measurement unit

(imu) component of the INS contains precision fiber optic
gyros and accelerometers and is mounted to the back of the
color camera mounting structure. Typical ground loc  ation
accuracies from imagery are , 1 m when using direct
georeferencing without ground control points at al ow
operating altitude.

RIT personnel worked with Kucera International, an aeri  al
mapping company based in Willoughby Ohio, to config ure
the wAsSP sensor to interface with the company's single engin e
Cessna 206 and twin engine Piper Navajo aircraft in  support
of data collection experiments. The Piper Navajos h ave a high
speed and long range, and Kucera engineered two lar ge
viewports, allowing the WASP sensor to be operated simulta-
neously with other sensors, such as a lidar sensor. Kucera
owns and operates a Leica ALs-60 lidar with multiple return
measurement capability. Point measurement accuracy is
typically 0.15 m without ground control. The ~ waAsP and lidar
instruments provide a uniquely comprehensive datase t as a
multi-modal sensor suite. Table 1 summarizes the pe rform-
ance parameters of the wasp/lidar sensors.

Deployment and Operations

Immediately after the earthquake struck in Haiti, RIT began
consultation with ImageCat and the World Bank regar ding
the possibility of deployment of the  wASP sensor with a
simultaneously operated lidar system to the disaste r area.
The World Bank team for the Global Facility for Dis aster
Reduction and Recovery ( GFDRR) required high spatial
resolution imagery and detailed 3D surface measurements to
conduct post-disaster needs assessment (PDNA). ImageCat, a
company specializing in global risk and disaster ma nage-
ment, was instrumental in coordinating data collect ion
requirements with the World Bank and served as the prime
contractor for the RIT operation.

The initial concept was to deploy to the Bahamas as a
base of operations for the daily flights over Haiti  and then
return to Rochester, New York for image processing and
dissemination. The mission eventually spanned seven

(d).'

10/28/2010

Figure 1. wasp camera and thermal calibration configuration showin g the (a) MwRr, (b) LWIR, (c) color, and
(d) swir cameras, as well as (e) the in-flight deployable ca libration plates
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Figure 2. The wasp 4-band imaging system provides diverse information that spans the color to thermal
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continuous days of flight operations as events unfo Ided,
covering approximately 650 km 2 and requiring the transfer
of hundreds of gigabytes of imagery data over the | nternet
from the Caribbean to Rochester for round-the-clock data
processing and dissemination.

The team encountered two immediate hurdles as part  of
our deployment to Haiti. The first was a United Sta tes State
Department export restriction on our sensor, impose d under
International Traffic in Arms Regulations ( ITAR), due to the
military grade technology contained in the Applanix INS. The
professional support from State Department personne | enabled
the team to secure an export license on Monday, 18 J anuary
2010. The specifics of the license allowed for oper ation of the
sensor outside of the US, but required that all dat a transfers

from the aircraft take place on US soil. Secondly, the response
team needed to coordinate their operations in Haiti an air-
space. Conditions in Haiti were challenging a week after the
earthquake struck and the Haitian air traffic contr ol infrastruc-
ture (radar surveillance) was essentially non-exist ent. In spite
of this, there was a heavy flow of relief flights i nto and out of
Port-au-Prince, as well as many low altitude helico pter
operations around the area.

Communication with the appropriate air traffic cont  rol
authority presented a significant challenge. Person nel from
NOAA and the Federal Emergency Management Agency ( FEMA)
were an invaluable resource as they had initiated H aiti
operations several days prior to the ImageCat- RIT-World Bank
team's arrival and thus were able to provide sugges tions in

TABLE 1. SUMMARY OF THE RIT WASP-LIDARMULTI-MODAL SENSOR SUITE UNDER THEFLIGHT PARAMETERS FOR THEHAITI RESPONSEEFFORTS

Spectral region Wavelength Spatial Temperature Geo-loc ation Point Density
(sensor) (microns) Resolution (m)* Bit Depth Sensitivit  y (K) error (m)** (pts/m  ?)
Color 0.4+0.9 0.15 10 / , 1 /

SWIR 1.0£1.7 0.83 14 / , 1 /

MWIR 3.0+5.0 0.83 14 , 0.1 , 1 /

LWIR 8.0+£9.2 0.83 14 , 0.1 , 1 /
ALS-60 lidar 1.064 / / 0.15 2+5

* at 760 m altitude
** with differential GPS
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terms of local air traffic liaisons. US Southern Co  mmand
(soutHcom) provided critical coordination for the operation

of US-registered aircraft in the area. The response team
provided souTHcom with a summary of the planned opera-
tion on a daily basis, plus a pre-briefing for the next day,
including the planned coverage area, operating alti tudes, and
times of flight. souTHcowm restricted all local helicopter traffic
to a maximum altitude of 150 m (500 feet) above gro und level
(AGL) to minimize the chances of separation issues with  the
team's Navajo flying at 760 m (2,500 feet) AGL. Finally, there
was a daily teleconference hosted by the usGs that included
representation from FEMA, the United States Agency for
International Development ( USAID), National Geospatial
Intelligence Agency ( NGA), Department of Defense, World
Bank, and others to review all planned airborne col lection
activities by those operating in the area. This ini tiative
enabled valuable communication between parties.

The Kucera Piper Navajo is equipped with extended
range Nacelle fuel tanks, which increases the time the
aircraft can stay aloft from approximately four to  six hours
(plus a safety reserve) while flying at a nominal g round
speed of 140 knots. However, longer flight duration s were
offset by the fact that data from the system could only be
removed from the airplane on US soil per the export
licensing, hence the flight crew operated out of Ag uadilla,
Puerto Rico for the first four days (21+24 January 2010) of
the mission. Refueling stops were made in Puerto Pl ata,
Dominican Republic on the way to and back from Hait ian
airspace in order to maximize the area collected ea ch day.
The flight from Puerto Plata to the affected area i n Haiti

required approximately an hour, which left four hou rs of
fuel to perform the imaging mission and return to P uerto
Plata for refueling.

Upon returning to Aguadilla, Puerto Rico, a local
backup copy of the flight data was made and the fli ght data
disks were transported to the University of Puerto  Rico at

Mayaguez (uUprM) for uploading to Rochester using Internet2.
Data were processed at RIT and posted to an FTP server for
dissemination over the Internet and in some cases ¢ opied to
hard drives for shipment. Operations for the lastt hree days
(25+27 January 2010) were based from Puerto Plata to
expedite observations of the remaining outlying are as. These
final acquired data could not be removed from the a ircraft,
as per the export control license, hence processing activities
resumed when the crew returned to Rochester on 28 J anuary
2010. A schematic of the airborne data collection e fforts is
shown in Plate 1.

As stated above, the effort focused on the Port-au- Prince
area during 21+24 January 2010, while severely dama ged
areas outside the main city were imaged during 25+2 7
January 2010. Lidar data (2.9 billion returns) were collected
at a nominal point density of 2 points/m 2, governed by
imagery collection parameters over the inhabited ar eas of
interest, and 5 points/m 2 for high-resolution 3D mapping of
the fault line (27 January 2010). Ultimately, over 15,000
frames of imagery were collected with each of the f our
cameras, totaling over 60,000 frames of data. This was
accomplished with 148 flight lines and approximatel y 3,110
fligt;t line kilometers, covering an area of approxi mately 650
km=<.

Flight line management was handled by the Leica ALS-60
flight line management system (' FMS). Mission profiles
created by technicians at Kucera International were
uploaded to the system before every flight as new t arget
areas were identified on a daily basis by the team centered
in Rochester. The Fms is directly coupled to the lidar
instrument and provides automatic sensor operation and
tuning once the pilot has aligned the aircraft to a  flight line.
WASP is currently a completely decoupled and independent
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system from the Fwms; this required the operator to manually
begin and stop collection at the start and end of f light lines.
Images from the waAsP cameras were obtained every three
seconds to provide ample overlap between frames and
account for variations in ground speed and the occa sional
aircraft attitude change, due to high winds crossin g from the
mountains into the Port-au-Prince valley. At the en d of each
flight line, calibration imagery for the  MwIR and LWIR sensors
on WASP was acquired; calibration set points were adjusted

to nominally bracket the energy observed in the sce ne
(Arsenovic et al., 2009).

Weather remained a constant concern for successful
collection missions. Early morning collection effor  ts were
made for the outlying areas to minimize cloud shado ws. The
flight crew continued collection of imagery belowt he
developing ceiling where possible to provide covera ge to
address the immediate need for reconnaissance infor mation.

Data Collection, Transfer, Processing, and Dissemination

Up to 200 GB of raw imagery was collected every day,
entering a workflow centered at RIT with the goal of dissemi-
nating ortho-rectified data products within 24 hour s of raw
data collection. Therefore, two very different tran  sfer
methods were used simultaneously: the data would be
transferred to RIT over public networks and they would be
shipped through a courier. This latter approach ser ved as a
contingency should the overnight network-based tran sfer
fail. In practice, the shipped data were never requ ired, since
the overnight Internet transfers always completed b efore the
next morning.

Once the imagery data arrived at UPRM, data were
hosted on local equipment, from where it could be t rans-
ferred to RIT in Rochester, New York. The primary network
for this transfer was Internet2 ( 12), a high speed network
widely used by academic and research institutions.  How-
ever, merely having access to 12 networks was insufficient to
address the need for rapid data transfer. Nearly al | file

transfer tools are built on the Transmission Contro | Protocol
(Tcp) networking protocol, which was not designed for | ong
distance networks with high latency (Consultative C  ommit-

tee for Space Data Systems, 1997). Thus, in this en viron-
ment, the team could never achieve transfer speeds greater
than 40 Mb/s from UPRM to RIT. This translated into over
eleven hours to transfer a single collect of raw im agery and
did not support the mission goals. However, a body of active
research exists on the lossless transfer of data ov er an
alternate protocol, namely User Datagram Protocol ( UDP). UDP
is a connectionless and lossy protocol, so it is no t ideally
suited for connection-oriented applications such as file
transfer. For these reasons a number of application s for file
transfer over ubp have appeared in recent years (Dickens
and Gropp, 2002; He et al., 2002; Grossman and Gu, 2007).
While tools like SABUL, FOBS, and GridFTP were cons id-
ered for use, the application Tsunami was chosen fo r this
effort based on prior experience.

The RIT Internet2 gateway was raised from 256 to 512
Mb per second for this effort, thereby matching the ne twork
gateway in use at UPRM. The tools were tuned on-the-fly for
network performance (lag and packet loss) and by th e end of
the effort, peak data rates of 400 Mb/s could be achieved
regularly, which is approximately ten times the tra  ditional
TCP data rate. With such drastically improved throughpu t,
yielding average overall transfer rates of 200 to 3 00 mb/s, a
full day's collection of raw data could be transfer red to RIT
in under two hours. This approach allowed the proce ssing
team to successfully support the 2next-day-turnarou nd° goal
of our processing workflow.

The wasP had relied on a post-processing workflow that
utilized the ERDAS Photogrammetry Suite ( LPS) to provide
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Plate 1. RIT operations overview for the duration o f the response campaign (21+27

spatial resampling and ortho-rectification of colle cted
imagery prior to the mission over Haiti. The  LPS approach
was utilized to deliver the ortho products from the  first four
Haiti mission days. It quickly became apparent that , given
the massive number of frames to be processed, the w ork
would have to be divided amongst multiple processin g

systems to achieve the quickest release of products possible.

This process worked relatively well with a patchwor  k of
Windows 0s workstations, although network congestion of
the local file server quickly became a pacing issue . Raw
image frames were originally ortho-rectified to 8- and 14-bit
versions utilizing a digital elevation model (  DEMm) from the
Shuttle Radar Topography Mission ( SRTM) at 90 m spatial
resolution and the data from the INs and Global Positioning
System (INS/GPS). This enabled an immediate release of

imagery shortly after each flight's raw data reache d Rochester
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and before a more precise lidar-based DEM was created.
Lidar data were processed to produce a 1 m DEM and surface
height rasters, which were later used to re-process the data
from WASP to increase the spatial accuracy of the ortho
products to nominally 0.5 m root mean square error  (RMSE)
absolute position for the visible band camera. Howe ver, it
became apparent upon WASP's return to Rochester that a new
resampling engine and methodology would be necessar y to
speed product development and dissemination for the
remainder of the mission data. The team had been wo rking
towards utilizing the open-source 0ssIM tools (OSSIM, 2010)
for wasp data processing prior to Haiti deployment. Produc-
tion speed was substantially increased by finalizin g the
ossiM-based workflow, since processing effectively could be
distributed across multiple systems and scripted in  a way
that required minimal human interaction.
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