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Why aerial vehicles?
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Fig. 5. Experimental camera array. The hyperspectral camera has a cylindrical
shape and it is shown in the middle, with the smaller conventional camera to
its left.

a 2.5 Kg payload with its electric motor. It is equipped with
a full PC board and GigE interface to the cameras. The
airplane was flown over a designated RC field. The imaged
area included some ponds for livestock watering. The airplane
altitude was set below 100 m, with an average altitude of 60
m, and the wind was flowing at an average of 30 Km/hr from
the South. An operator controlled the aircraft making passes
over the area.

A sample of the capabilities of the hyperspectral camera can
be seen in Fig. 8, where the different spectral bands that were
available are shown. Each image corresponds to the summation
of 20 different channels comprising a 100 nm window of
frequencies. The top left image corresponds to the frequencies
from 1000 to 900 nm, while the bottom right image contains
those from 500 to 400 nm.

The hyperspectral camera has many applications in en-
vironmental studies. As an example, a useful quantity that
can be computed from hyperspectral data is the Normalized
Difference Vegetation Index (NDVI) [31]. The NDVI com-
bines the reflectance of objects to visible and near-infrared
light wavelengths to estimate the vegetation content of a
region. Healthy vegetation absorbs most of the visible light
that reaches it, while reflecting most of the infrared radiation.
Unhealthy or dormant vegetation reflects more visible light
with respect to near-infrared. For each imaged point, the NDVI
is computed as

NDV I =

NIR� V IS

NIR+ V IS

where NIR stands for near-infrared intensity and V IS is the
visible light intensity. The range of values for the NDVI is
[�1, 1], where 1 represents healthy, dense vegetation. Values
near 0 may represent concrete, dirt or otherwise vegetation
depleted regions, and values near -1 typically correspond to
deep water or clear sky. There is no single choice of visible
and near-infrared bands to calculate NDVI, so we empirically
selected spectral bands to represent them. For the following
NDVI images, we used the bands from 1000 nm to 800 nm
as the near-infrared intensity response, while the visible light

Fig. 6. Low-altitude airplane used to carry the camera array.
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Fig. 7. Color map used for the NDVI measurements.

portion was represented by the portion from 700 nm to 400
nm. To illustrate the NDVI of the scenes, we used the colormap
shown in Fig. 7, where blue tones correspond to areas with no
vegetation. Healthy plants begin to appear as red tones, with
dark red being the most lively.

Fig. 8. These images show some of the spectral bands that can be retrieved
from the hyperspectral data. Each image is the summation of 20 channels of
the data cube comprising 100 nm of the spectrum. The 1000 to 900 nm band
is shown on the top left corner image, and the bottom right one represents
the 500 to 400 nm band.

For each experiment, we show three images. The first image
shows the mosaic assembled from the conventional camera
data, with an overlay of the intensity image derived from the
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Fig. 9. Hyperspectral imaging of a rural/urban landscape. Top left: the
visible light mosaic as captured by the Sony XCG-V60E camera. Top image:
sum of every spectral channel from the HS image, overlaid on top of the
visible camera mosaic. Middle image: Normalized Difference Vegetation
Index. Bottom image: pseudocolor from red, green and blue channels.

hyperspectral data. This intensity image is composed by the
sum of every hyperspectral channel. The second image shows
the mosaic from the conventional camera with the NDVI data
on top. Finally, the third image is a pseudocolor representation
of the scene, on top of the conventional camera mosaic. To
build the pseudocolor image we took channels 80, 90 and 100
to represent the colors red, green and blue respectively. This
choice was based on the intensity peaks observed for such
channels from an LCD monitor displaying a white screen.

We selected a few regions of interest from the available
imagery in order to present a variety of objects, as well as
to emphasize some aircraft motions that may not occur at
higher altitudes or with heavier airships. The compiled scenes
include grass, water from the ponds, trees with and without
foliage, bale sheds, fences, dirt roads, etc. The flights were
carried out over the month of February 2014 near Dallas, TX,
USA, at a time when most vegetation was dormant. The first
sequence, pictured in Fig. 9, covers a region over a cattle
watering pond. The top image is composed of the mosaic from
the visible camera with an intensity image from hyperspectral
data overlaid. The second image corresponds to the NDVI
computed from the data cube, while the final image is a color
picture derived from the data cube. The water had a green hue,

Fig. 10. Severe perspective effect due to the aircraft banking while turning.
The top image corresponds to intensity, followed by the NDVI and pseudo-
color images.

Hyperspectral imaging of a rural/urban 
landscape. 

Top left: the visible light mosaic as captured 
by the Sony XCG-V60E camera. Top image: 
sum of every spectral channel from the HS 
image, overlaid on top of the visible camera 
mosaic. 

Middle image: Normalized Difference 
Vegetation Index. 

Bottom image: pseudocolor from red, green 
and blue channels.
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Flight'23:''Timeseries'of'Mul4ple'Plumes
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Objective

Key MilestonesApproach

Using Zero Emission Aerial Vehicles in Support of ACE

Major tasks include:
• Characterize surface variability of aerosol size distribution and 

abundance across the ACE footprint (250 m resolution) using a Grimm 
Model 1.109 Aerosol Spectrometer & 1.320 Nano Check and a full 
weather station measuring temperature, pressure, humidity, dew point, 
and wind speed and direction

• Integrate the Grimm Spectrometers and full weather station into the 
model aircraft

• Fly at a range of locations and times to demonstrate the ability to 
characterize the aerosol size distribution and vertical profiles in the 
boundary layer in the 100 m closest to the surface

None

PI: David Lary, University of Texas - Dallas

Co-Is/Partners

Address a key gap in existing validation capabilities for ACE by measuring 
the size distribution and vertical profiles in the boundary layer in the 
100m closest to the surface using a small aerial vehicle. The project will
• Demonstrate feasibility of using zero emissions remote control 

aircraft for satellite validation 
• Determine if a key gap in existing validation capabilities for the 

Aerosols, Cloud systems, ocean Ecosystems (ACE) can be filled with 
this technology

• Develop proper size distribution and vertical profiles of aerosols in the 
boundary layer 100m closest to the surface for ACE mission

TRLin = 5

The model aircraft is equipped with a full suite of meteorological instruments for temperature, pressure, humidity, wind 
speed and direction as well as an EPA certified Grimm Model 1.109 Aerosol  Spectrometer & 1.320 Nano Check which 

provides extremely precise size distributions within the size range 12 nm - T 32 µm in 43 size channels.

AIST-QRS-13-0004

TRLcurrent = 5

•Characterize'surface'variability'of'aerosol'size'distribu4on'and'
abundance'across'the'ACE'footprint 8/14

•Integrate'aerosol'spectrometer'into'the'model'aircraG 10/14

•Fly'at'a'range'of'loca4ons'and'4mes'to'demonstrate'the'ability'to'
characterize'the'aerosol'size'distribu4on'and'ver4cal'profiles 6/15
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Profiling the Boundary Layer ahead of Tornadoes Using Kites PI:David Lary

Figure 1: Number of tornadoes per state per year (Source: NOAA). The project partners in
Texas and Oklahoma are ideally placed for this research at the start of tornado alley.

PROJECT DESCRIPTION

Background

Tornadoes are the most terrifying example of extreme weather, combining an extraordi-
nary capacity for damage with a stubborn unpredictability. The storms this year have
been particularly devastating. The use of new technologies for storm prediction can
save lives. For example, the widespread installation of Doppler radar in 1992 reduced
fatalities by almost 40% and injuries by a similar number (Simmons and Sutter, 2011).
Further progress in understanding why some supercells produce tornadoes and others

do not is thought to require a better understanding of the boundary-layer and nearby
baroclinic surface boundaries that separate evaporatively cooled air from warmer ambi-
ent air in or adjacent to the parent supercells (Bluestein, 2013; Rotunno, 2013). Numeri-
cal models currently have serious limitations that prevent us from studying both of these
e↵ects in a controlled manner. These limitations include the need for su�cient spatial
resolution over a broad enough domain to encompass a tornado, its parent storm, and
its environment with which it interacts (Lewellen et al., 1997; Wicker and Wilhelmson,

1

Friday, August 8, 14



Profiling the Boundary Layer ahead of Tornadoes Using Kites PI:David Lary

Sensor Package

For our proof of concept and for this proposal we use a robust all-in-one ultrasonic
weather station (Figure 2) for in situ measurement. This system has sensors for measur-
ing temperature, pressure, humidity, and wind speed and direction. This sensor incor-
porates its own GPS receiver and compass, allowing for true wind speed and direction
calculations.

Figure 3: Completed prototype sensor package built by the graduate students using an Arduino
ATmega 2560 with breakout board and SD card shield to control and read data from
an ultrasonic weather station.

The apparent wind speed and direction is measured using four ultrasonic transduc-
ers. These transducers operate in pairs, one emitting a pulse towards a reflection plate
mounted at the bottom of the air channel, and the other listening for the return signal.
The four sensors alternate sending and receiving pulses to calculate wind speed and di-
rection. The wind speed sensor is calibrated against a National Institute of Standards
and Technology (NIST) standard. Air temperature and pressure are used to adjust
for changes in the speed of sound, and the reflection plate is heated to prevent frost
or moisture from interfering with the pulse reflection (NMI, 2013). The methods used
in calculating temperature, pressure, humidity, and wind speed/direction are shown in
Table 1 along with each sensor’s range and accuracy. Example profiles obtained from
our prototype kite test flight in 11 mph winds with gusts up to 20 mph are shown in
Figure 5.

The met sensor is controlled by, and reports data in, standard NMEA 0183 formated
text strings by utilizing an Arduino ATmega 2560 micro-controller to read and write
these text strings. The ATmega 2560 micro-controller has 256 KB of flash memory, runs

4
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Profiling the Boundary Layer ahead of Tornadoes Using Kites PI:David Lary

Figure 4: Graduate students with the Picavet system used to attach sensor package to kite
(upper left). Sensor package installed on Gomberg Mega Sled (upper right). The
lower panel is a plan view schematic of the deployment strategy of the instrumented
kite(s). K marks the location of the deployment of a kite, at least 3 - 6 km downstream
from where the motion of tornado/wall cloud is estimated to be. The solid black curve
is the outline of the 40- dBZ radar echo (moderate to heavy precipitation) associated
with the supercell.

5

Profiling the Boundary Layer ahead of Tornadoes Using Kites PI:David Lary
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Figure 5: Example results obtained on March 29, 2013 by the graduate students of Prof. Lary
from kite test flown in south to southeast 11 mph winds with gusts up to 20 mph
early in the day ahead of a cold front.
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Next Generation of High Speed Low latency Networks to Facilitate the 
Next Generation of Smart Fire Detection & Water Conservation Applications

Requires ultra-low latency wireless gigabit for very-high resolution hyperspectral video imagery for real time flight control of aerial vehicles

11 drought-ridden western and central states have just 
been declared as primary natural disaster areas seriously 
threatening US food security. Further, every year between 
$1 and $2 billion dollars are spent on fire suppression 
costs alone.

A fleet of low cost aerial vehicles working together 
autonomously utilizing uncompressed very-high 
resolution hyperspectral video imagery. The geo-tagged 
imagery is streamed using high-speed low-latency wireless 
networks to communicate to a powerful cloud computing 
cluster running machine learning and image processing 
algorithms for real time direction of the optimal flight 
patterns, and the delivery of early warning for timely 
interventions.

Fire:  Appropriate preemptive fire prevention can lead to 
massive savings in fire control costs, loss of life, and 
property damage.

Agriculture:  Appropriate and timely early warning of 
crop infestations, infections and/or water stress can 
prevent massive avoidable losses.

Prof. David Lary

20 lb Airborne 385 channel 
hyperspectral imaging system
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Next Generation of High Speed Networks to Facilitate the 
Next Generation of Smart Water Management Applications

With Drought Disaster Declarations in 11 western and central 
states, smart water management is now more critical than ever 
for sustainable water conservation and US Food Security. 
Coupling high resolution remote sensing from satellites, with 
machine learning, and the next generation of high speed low 
latency networks is facilitating the next generation of smart 
water management systems. These systems will benefit 
individual home owners, farmers, corporate campuses, golf 
courses, etc. and allow optimum monitoring and control of 
irrigation using mobile devices.

Sports fields

blown valves lead to flooding

uneven irrigation

Prof. David Lary
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Satellite Observations Meteorological Analyses Population Density In-situ observationsSocial Media

Multiple 
Big Data 
Sets transferred
over High Speed
Networks

Combined Using 
Machine Learning
to Provide a 
High-Resolution
Global Products

Combined with Electronic Health Records to provide:
1. Real time personal health alerts
2. Physician Decision Support Tools
3. Logistical Planning for Emergency Rooms
4. Improved Policy Decisions

Next Generation of High Speed Networks to Facilitate the 
Next Generation of Proactive Smart Health Care Applications

Veteran’s Administration
Country’s Largest Health Care Provider

Requires ultra-low latency gigabit to the end user

Local cloud computing coupled with widely distributed national and global sensor networks

Multiple global high-resolution datasets

Prof. David Lary
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Machine Learning
for when our understanding is incomplete

24

... and that is quite often!
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What is Machine Learning?

• Machine learning is a sub-field of artificial 
intelligence that is concerned with the design and 
development of algorithms that allow computers 
to learn the behavior of data sets empirically. 

• A major focus of machine-learning research is to 
produce (induce) empirical models from data 
automatically. 

• This approach is usually used because of the 
absence of adequate and complete 
theoretical models that are more desirable 
conceptually. 

25
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What is Machine Learning?

The use of machine learning can actually help 
us to construct a more complete theoretical 
model, as it allows us to determine which 
factors are statistically capable of providing 
the data mappings we seek— e.g. the 
multi-variate, non-linear, non-
parametric mapping between satellite 
radiances and a suite of ocean products.

26
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Machine Learning

Is for:

Regression

➡ Multivariate, non-linear, non-parametric

Classification

➡ Supervised and unsupervised

27

Friday, August 8, 14



Axioms

• Automate

• Don’t think you know more than you do, 
seek to quantify your ignorance

• Bring together as much data on as many 
aspects of the system as you can

28
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An Objectively Optimized Earth Observing System

The purpose of this project has been to develop a software infrastructure to 
optimally direct observations that allows us to automatically focus on the key 
issues:

1. The scientific goals
2. The decision support criteria
3. The policy decisions

The project was inspired by two ancient sayings:

1. “Wisdom is profitable to direct!”
This inspired the automation of observation direction

2. “The knowledge of ignorance is the beginning of knowledge”
This inspired using quantitative measures of uncertainty (ignorance) to 
select our targets.

29
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What issues can we address with this system?

• With flexible pointing instruments: 

• What is the optimum real time pointing?

• With flexible mode instruments:

• What is the optimum real time use of zoom in mode?

• When should balloons be launched?

• What are the optimum trajectories for UAVs and aircraft?

30
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Autonomous Observing System

• Put simply: 
• we use quantitative measures of 

uncertainty to determine our 
future observations and their 
location, 

• we use measures of how 
important it is to make these 
observations to determine the 
scheduling priority of these 
observations. 

• What we do not know is quantified 
by the state vector uncertainty 
supplied by the assimilation 
system. 

• How important it is to make the 
observations is quantified by 
information content also supplied 
by the assimilation system. 

• The geographic extent of the 
uncertainty maxima is one metric 
that can be used to determine 
whether zoom in or survey mode is 
required. 

31
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The Assimilation System

• At the heart of our autonomous observation direction system is a data 
assimilation system.

• Data Assimilation is a mathematical/statistical approach where we 
combine multiple sources of information on the system we are studying 
to provide our best estimate of the state of that system (the state 
vector) together with an associated uncertainty (the state vector 
uncertainty). 

• Each source of information is weighted by how much we trust it, 
quantified by its uncertainty.

• The sources of information we use here are:

1. Observations

2. Theory (encapsulated in a theoretical deterministic model).

32
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Autonomous Observing Systems

• The requirements will be varied depending on the 
application.

• The observing system will contain many 
components, orbital and suborbital.

33
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How do we achieve this?

Ancient Greek Saying

The knowledge of ignorance is 
the beginning of knowledge

The knowledge of ignorance is 
the beginning of knowledge

34
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Automatic Code Generator for Chemical Kinetics

AutoChem has won 5 NASA Awards

35
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Sensor Web Simulation in STK

38
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• Autonomous sensor web control is a challenging 
task. So we have used a modular and distributed 
approach.

• The autonomy selection criteria are likely to be 
different depending on the application, hence the 
advantage of modularity. For example:

• For validation campaigns we may want to use 
regions of highest “certainty” as targets. For 
regular operation we may want to use regions 
of lowest “certainty” as targets. 

• We may want to use feature recognition in 
other applications.

Autonomy

41
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Feature recognition

Ship Tracks

42
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Original Image

Original Image

Background

Background

Background removed

Subtract Background

Increase Contrast

Increased Contrast

Threshold

Threshold Image

Final

Final Image

43

Friday, August 8, 14



Objectively Optimized 
Mission Planning

44
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A"Web"2.0"design"application"can"run"on"each"of"these"
workstations."It"both"explicitly"facilitates"communication"
between"the"discipline"engineers"and"enables"objective"

quantitative"optimization"of"the"mission"design.

Engineering 

Requirements

Science Goals

Quantitative 

Optimization

45
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Large Trade Space
Driven by Science Objectives

• Possible Optimization for:

• Science goals

• Cost

• Mass

• Power

• Coverage (polar?)

• Detector Life

• Retrieval Error

• OSSE scores

• Trade variables:

• Resolution (spatial, spectral)

• Orbit (type, altitude, 
inclination)

• Swath width

• Repeat times

• View

• Spectral regions

• Each requirement is quantified 
with a cost function.

• Multi-objective 
optimization.

46
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Ideas!

• Augment human experience with objectively 
optimized design

• Build on the experience we have had with:

• Objective design of neural networks using 
genetic algorithms

• Software Infrastructure for Autonomous 
observing systems

• Incorporate artificial intelligence and a modeling/
assimilation system

47
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Why?

• Constrained budget

• Better meet requirements

• Possible route to out of the box solutions

• Antenna example

• Make greater use of resources

• Make decisions less political

48
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.... go one step further 
and have an observing 

system architect
Potential Payoff:  This structured, analytical approach just might take 

us to a different region or point in the tradespace, with more 
science per dollar and lower cost missions

49
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Motivation for a Great Architecture

• Architecture is design at the system level

• We have before us the design of an 
unprecedented system to observe the 
earth and monitor climate, fundamental to the 
future of humanity

• The system will have many stakeholders with 
differing and changing needs

• We must design and execute system 
responsive to these needs; that is flexible, 
and returns maximum benefit for the 
investment

• This is what well architected systems do!

Courtesy of Ed Crowley, MIT
50
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 Elements of an Architecture

• An architecture is a description of the entities of a system and the 
relationship between those entities (Crawley et al.)

• An architecture must be responsive to the needs of all stakeholders, as 
reflected in the system requirements

• Partitions the system into elements, that can be built by individual 
projects, but which will integrate into a agency/ national/ international 
system (of systems) that will best inform us of the changing planet. 

• Describes the function of the system (that delivers benefit), the form of 
the system (what is built), and the operations of the system

Courtesy of Ed Crowley, MIT
51
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Workflow to Architecture

Understand
 stakeholder

needs

Define 
Requirements

Develop
“vehicle” 
concepts

Develop
Instrument 
concepts

Create
system 
concept

Elaborate
“Sensor” 

architecture

Elaborate
“information” 
architecture

Elaborate
“team” 

architecture

Elaborate
“ops” 

architecture

Courtesy of Ed Crowley, MIT 52
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Tracing Stakeholder Value

How do we build a system that produces the greatest value not 
only to the climate scientists, but to all of the stakeholders, 
including commercial, other agencies, and the public?

Courtesy of Ed Crowley, MIT 53
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Courtesy of Ed Crowley, MIT
54
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CAMPAIGN DESIGN
• Enumerate and evaluate all feasible 

architectures
– Systems architecture principles applied 

to the scheduling and implementation of 
large, complex space satellite systems

– Used “OPN” to enumerate constrained 
space

– Utilized value functions and decision 
metrics to evaluate and rank set of 
feasible architectures

– Down-select to a handful of favorable 
concepts to be carried forward for more 
detailed study and development

• Calibrated to Decadal Survey
– Extensive interviewing process 

captured tacit decision rules used by DS 
panel members to arrive at 
recommended architecture

– Reproduced recommended campaign 
order of 17 DS missions

• Used to explore reordering optimized to 
more realistic budget and costs

– Implement new measurement 
objectives, and study affects on 
campaign architecture

– Adapt campaign to various budget 
constraints

Courtesy of Ed Crowley, MIT 55
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Summary

• Use Multi-level optimization

• Optimization of observation targets. 
Autonomy as minimization of uncertainty 

• Optimization of instrument and mission 
design

• Optimization of system architecture

56
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Overall purpose is 
societal benefit

57
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Health Applications of 
Remote Sensing

58
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dlary@code916.gsfc.nasa.gov    or    David.Lary@umbc.edu59
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Grains of dust are clearly visible in successive CALIPSO curtains as they are 
blown from the Sahara to America (Credit: Chip Trepte, NASA).

60
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As a proof of concept demonstration all emergency room admissions for 2002 in Baltimore city were compared to a 
set of environmental parameters. The two panels above show the correlation of two environmental parameters, the 
CO abundance and temperature, with the number of emergency room admissions in Baltimore City for each month 
of 2002 with Asthma ICD-9-CM Code 493.91, a sudden intense and continuous aggravation of a state of Asthma, 
marked by dyspnea to the point of exhaustion and collapse and not responding to the usual therapeutic efforts. The 
170 admissions that occurred cost $135,933 to treat. Even if this good correlation is not implying a biological 
causality we can see that there is an empirical relationship with some statistical significance (correlation coefficients > 
0.5 and p-values < 0.07).

61
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Awareness Facilitates Change

62
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Schematic of the different points of interest in this study. These include: Fires (e.g. in California and Georgia. The 2007 wildfire in the 
Okefenokee Swamp in southeast Georgia had air quality impacts from Naples Florida northward as far as Raleigh, North Carolina). 

Pollution from populated regions mixing with ammonia from agricultural sources (e.g. over California’s central valley denoted by the green 
shading). Dust and soils from mining operations in San Bernardino National Forest. Ammonia emissions from pig farms leading to 

subsequent aerosol formation (e.g. Fillmore, Utah, and North Carolina). Emissions from cattle in the pan handle of Texas and Kansas. 
Anthropogenic aerosol from the I95 corridor (shown as a red line up the East Coast).
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Simulation courtesy of Jay Boris NRL
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