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Introduction to DARPA
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@What makes DARPA uni queeé

Formed in 1958 to PREVENT and CREATE strategic surprise

Capabilities, mission focused
Finite duration projects
Diverse performers

Multi-rd i sci pl i nary appjroac
basic research to system engineering

As the D o Diamovation engine, we
are committed to the bol di
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[T DARPA accomplishments
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DARPA technical office thrusts

AEQO

Agile Programs
with Frequent
Development
Cycles

Conduct
Systematic
Rigorous
Assessments

Explore New
Contracting
Approaches

Develop Strong
Relationships

10/3/2012

DSO

Physical
Sciences

Training &
Human
Effectiveness
Biological
Warfare
Defense
Materials

Mathematics

Biology

MTO

Basic Sciences
Core

Devices
Integration
Power
Architectures

Application

STO

Comms &
INEWI IS

Global Tactical
ISR

Energy

Hybrid Warfare

DUENE
Environments

For more information: www.darpa.mil
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TTO

Advanced
Platforms

Advanced
Space Systems

Advanced
Weapons
Systems




DARPA B, types of Math is DARPA interested in?

Quantum
Computing

Machine Learning

Applied Math

Pure Math

Graph Theory

Data Analysis

Convex Geometry

Optimization

Fluid

Mathematical Dynamics

Biology

Riemann
Hypothesis

Signal Processing
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Completed Programs

10/3/2012 Approved for Public Release, Distribution Unlimited



Topological Data Analysis (TDA)

Motivation 4 million points simplify to ~ -120932094209409092341230987134209871
i . live on a 7-D object .403940599809438509810984039280192384

A Massive data bases and hlghvolume data .000000000100000000000000000200000000
flows often have hidden, hlgh|y non -Iinear, .658729364198376491872364987639872687

geometric Structures and properties .987987623798769876118761232134512344

A Theoretical advances must be sought to
establish rigorous foundations and methods
in order to exploit the presence of very low -
dimensional intrinsic structure in large data

sets of extrinsically high dimension. Topological tools show there

/s a 2-D core of concentrated

A Enhanced capacity to analyze nonlinear data in the 7-D object
data will have significant applications to Sample Results  (Stanford, UMN, Dartmouth,
A Battlespace awareness Duke, UCSD, Rutgers)
Information collection A New, cross-cutting, easy to use TDA algorithms

A Classification of manifold structure of natural
Image data and dictionary learning for image
reconstruction and classification

Combating bio-terrorism A Surface geometry processing for shape
identification in CT imaging
A TDA application to biological data revealing
possibly useful diagnostic classification

Advanced sensors and diagnostics

ATR and terrain matching for navigation

o Do Do Do
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23 Mathematical Challenges

Bui |l di

ndg

of f

Davi

unsolved mathematical problems in
1900, DARPA posed 23 challenges in
theoretical mathematics that, if solved,
could strengthen the scientific and
technological capabilities of the DoD.

Polar graph ol Riemann zoiad 12«

(NYU)

Challenge #19 Settle the Riemann Hypothesis

10/3/2012

A

1. The Mathematics of the Brain 13.Scalable Game Theory

2_ The Dynamics of Networks 14_ Information Theory for Virus Evolution

3. Capture and Hamess Stochasticityin - 15. Geometry of Genome Space

i Na A | 162 t are th metries Znd Rction
H | 4 |21 ;p:enetunrl Fll!.ids 0s I I %:giples for irl‘(f;gy? 2" 3;

5. BiologicalQuantum Field Theory 17. Geometric Langlands and Quantum

6. Computational Duality Physics

7. Occam's Razorin Many Dimensions 18- Arithmetic Langlands, Topology and

8. Beyond Convex Optimization Geometry ) )

9. Physical Consequences of Perelman’s 19. Settle the Riemann Hypothesis
Proof of Thurston’s Geometrization 20. Computation at Scale
Theorem 21. Settle the Hodge Conjecture

10. Algorithmic Origami and Biology 22_ Settle the Poincare Conjecture in

11. Optimal Nanostructures Dimension 4

12. Quantum Computing, Algorithms, 23_ What are the Fundamental Laws of
and Entanglement Biolagy?

Sample Results  (Princeton, NYU, Stanford, IAS,

Smith, MIT)

Developed advances in stratified Morse Theory
and hyperbolic geometries to investigate
complex fluid flow

Built techniques in combinatorics and geometry
to develop new capabilities in rigidity theory for
diverse applications, including protein folding
Resolved lingering questions regarding the
security of cryptographic methods based on
computational algebra
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@ Focus Areas in Theoretical Mathematics FAThM

Motivation

A To develop a focus in pure
mathematics dedicated to
buil ding and ex
uni fication t he

S

mathematics and its applications.

A To uncover deep connections
between several seemingly
unrelated areas in mathematics
as well as their surprising
relations to quantum and
conformal field theories in
physics to derive ground
breaking consequences.

A To extend its pioneering
approach for conducting focused
research collaborations in
defense-relevant basic
mathematics thereby creating
new DoD scientific and
technological capabilities and
performer bases.

l’ 3 ’ string

D-brane space-time

D-brane background and string propagation

Sample Results (Northwestern, UCB):
Established dualities in

Yang-Mills Gauge Theory and Geometric
Langlands

Higher Dimensional Geometric Dualities on
complex surfaces

Real Reductive Groups and their Quotients
Non-Abelian Hodge Theory

Chromatic Homotopy and Topological Modular
Forms

Conformal and Quantum Field Theories

o PoToTo Do Do



{@ Sensor Topology for Minimal Planning (SToMB

Motivation

A To addresses the central problem in
distributed sensing: how can one
deduce global structure from local
information?

SToMPdeveloped a
decentralized, scalable method
for detecting coverage and
survelflance holes in fixed and
moving sensor networks
without location information.
(University of Pennsylvania)

A To formulate and solve sensing
problems in novel mathematical ways
ways that

A more accurately reflect real world
. . y Fig. 2. The 2-skeleton of a simplicial complex X and the subcomplex
situations. A < X consisting of all boundary vertices and edges (heavy lines). Both £;

: and £g (dashed lines) are relative 1-cycles, but only £; represents a non-trivial
A exploit pure math tools that are element in Hy (X, A)
unknown in information sciences

to uncover hidden structures. Sample Results  (UIUC):
A Igverage '_[opolog_ical in_sight to find
hidden, higher dimensional A Proved underpinning theorems and derived and

invariants and exploit them to
build models of minimal
complexity.

demonstrated practical algorithms that ensure
coverage, encirclement, and tracking in
coordinate-free sensor networks and that ensure
capture in multi-platform pursuit problems on non-
convex domains.
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)Y Deep Learning

Motivation

ATheu.s. military is increasingly reliant
on automated collection and analysis
of data, but:

A Machine learning requires large amounts
of human tweaking, maintenance, and
expensive labeled data.

A Masses ofpotentially useful unlabeled
data not utilized.

A Machine learning algorithms are too
task specific and lack flexibility.

Aa deeper architecture is required to
achieve the desired power and
flexibility.

A Need to find patterns in unstructured
inputs from a variety of sources.

Sample Results  (Univ. Montreal, Stanford, NYU)

A
A

Within 3% of human performance using deep learner

In sentiment analysis task.

Surpassing current state of the art using deep learners

on video activity recognition task.

AScene parsingo machine i mpr
the art with no feature engineering.
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Current Programs
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Mathematics of Sensing, Exploitation, and Execution (MSEE)
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DARPA The Current Sensing Paradigm

AStovepiped : products are integrated manually or
using ad hoc automated methods.

AUS border protection system deploys 11,000
seismic/magnetic sensors and 255 VIS/IR
cameras over 6,000 miles.

A< 1% success rate attributed to lack of sensor
integration.

ATask specific : Current systems only address a
single, pre-define question (i.e. single query)

'

y http://www.defenseindustrydajly.com/
i ) ) _ 7 uav-ground=contigk solutions-06 175/
speech recognition, facial detection and mine o

detection systems are built for their individual
capabilities despite overlapping sensing
modalities.

AcCurrent threat detection, dismount tracking,

ANot real -time actionable : the ability to collect and process sensor data has outstripped
our current sensor exploitation capacity.

Aln 2009, UAVs in Iraq and Afghanistan generated 24 years worth of video. this is expected to
increase by a factor of 30 by 2011.

AData from newest airborne surveillance systems is bandwidth limited and is no longer real-
time actionable.
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DPA MSEE Vision

scene

objects

rectangular
surfaces

EXTERNAL ENVIRONMENT

Leverage imagery/video, MTI,
and text data collected by
existing platforms.

bottom up
. | proposals

UNIFIED REPRESENTATION

\ Integrate information collected by

different sensing modalities into a
single representation.

AStochastic and context sensitive
grammars for a unified
representation.

ABayesian frameworks and parse
graphs to perform data interpretation.

AHierarchical and sparse
representations for efficient analysis
of large amounts of data.

SEMANTIC QUERIES

Interrogate the MSEE system using semantic
queries relevant to the DoD:

ASimple: Is there a person? 7\

ASimple, non-Boolean: Where will Person A likely be
located in ten minutes? [ { (2

AArbitrarily complex: Is there a tall man with a

weapon? [i\ y F]

QUANTITATIVE RESPONSES

Produce probabilistic responses to
the semantic queries for analyst
interpretation. e ’

AQuantified effective utility (contribution)
of each sensing modality.

A

Feedback loop to improve sensor tasking.

10/3/2012 Approved for Public Release, Distribution Unlimited 17



DARPA Advantages to MSEE

A mathematical approach based on representations will help address a
number of critical ISR concerns, including:

AAnalyst Overload In 2009, UAVsin Iragq and Afghanistan alone generated
24 yearso6 worth of video; this 1is
2011. Automated systems are essential components to stem this tide.

AAnalysis Stability: A theory -based integrated and adaptive framework will
ensure that analyst subjectivity and variability will not adversely influence
command decisions.

AScalability: Complexity of representation-based system scales linearly in
the number of sensors; in an approach based on heuristics and/or expert
systems, complexity scales exponentially, or breaks system completely.

Greatest gains in the past five years on extending our understanding
of automated processing have come from mathematicians working in
computer vision and computational linguistics.

e X |



DPA Sample Results: New Hierarchical Data Representations

Original Image

A New representations of image
content.
A A sequence of hypotheses about
— T . image content.
— Sl A Given new information, refine the
1. Classification: Full body previous hypotheses_

Simple AOG schematic
of part to whole top
down decomposition

2. Classification and Update: Upper and Lower Bodies

full Bachy
upper body kewer boy

3. Classification and Update: Large Scale Body Parts

¢ lower body - :
head forso arm pelhvis lng
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Sample Results: Restricted Turing Test

Percentage of Images Containing an Object

Question . How to use the fewest questions

to extract the most information from a scene? -

Answer_: Given a probability distribution, ask

the least biased question. . L !

A Toy Example : To guess a random number Sg:ﬁﬁé‘“i

between 1 and 100 in the fewest steps.
a-sourced

ARiret ask. nis it ovioger GREHGENE G,
A Repeatedly divide the interval in half. _ o

b

A MSEE: AEntropy maximization
most efficient line of inquiry about the object -
relational content of images.

A fils there a -kahoftheé n t he i

. . N 1 | Are there a person and a building next to each other? Yes
| m a g E W M O O 2 | Is there an adult or road in the bottom-half of the image? Yes

. - . - 3 | Is there road or a building in the bottom-left of the image? | Ambiguous
A U pdate the prObabIIIty dlStrlbUtlon On the 4 | Is there sky or a bench in the right-half of th( image? Yes
. . 5 | Is thew sidewalk mth( left-half of the image? Yes
| m a g e a. n d f | n d t h e n e X (t Is thelda :e‘m‘ng] in Ihe KQHI oyh( image? No
. . . N . 7 | Is there a car in the right-half of the image? No
m a X 1 mi zZ 1 n g O q u e S t | 0 n . 8 | Is there sidewalk or a tree in the middle of the image? No

9 | Are there two people talking together? Ambiguous

Auto-generated sequernce of questions cues
systemyanalyst to most important features.

(Brown)
Approved for Public Release, Distribution Unlimited 20



Graph-theoretic Research in Algorithms and the
PHenomenology of Social networks (GRAPHS)

10/3/2012
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@ GRAPHS motivating framework

In graphs with 100+ million nodes and 1000+ interactions per second,
can one detect communities, anomalies, attributes, missing links, and
3 W temporal patterns?

Models

Exponential Random
Graph

Stochastic Block
Multi-attribute

Block Erd6s-Rényi

e

25, Model Fitting/Inference

To Io Do o I

Need Fast Algorithms!

s 8% % B . . '*3_-.'.
Fa'c'e’b donketeys CA \
regional network, 2008

Model - Based Analysis

Applications
A Universal Laws A Attribute Inference
A Community Detection A Link Prediction
A Anomaly Detection A Temporal Evolution

10/3/2012 Approved for Public Release, Distribution Unlimited
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Network and graph theory in the DoD

Many DoD relevant problems can be understood as problems that can be solved
algorithmically on graphs w/ discrete nodes.

Dynamic networks
A UAV routing systems, obstacle avoidance and routing, mobile communications, battle-space
management *« o
[ J [ J
A Example graph algorithm: minimal vertex cover — *® o o
Y (]
P [ J
Scheduling problems

A Theater Distribution Vehicle Routing and Scheduling Problem (TDVRSP), The Aero medical Routing
Scheduling (ARS), Defense Courier Service (DCS).

A Example graph algorithm: minimal graph coloring ——

Social networks

A Terrorist networks, information networks, rebel networks, cyber defense

A Example graph algorithm: betweeness centrality —»
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