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Part 1: Projects in Applied Math 
from my CU research group



My research group
Current and former PhD students in my group

Undergrads, MS students, student collaborators, students at Colorado School of Mines, etc.



Source separation

A lot of our work is on optimization , and how you can apply it to image processing

(image from my friend Mike McCoy)



Source separation

MODIS satellite  
data
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Tools:  
   optimization



Source separation

After applying our techniqueÉ
artifacts are removed!
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Source separation

Original Background Foreground

Tools:  
   optimization



Ultrasound
Ultrasound imaging

with Prof. Nick Bottenus 
Mechanical Engineering
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Ultrasound
Ultrasound imaging

with Prof. Nick Bottenus 
Mechanical Engineering

Tools:  
   optimization

Project: send out better signals



Microscopy
Superresolution fluorescent microscopy

with Prof. Carol Cogswell 
Electrical Engineering

Traditional Our new method

Better

Bovine Pulmonary Artery Endothelial Cells (BPAE) 
labeled for actin

Tools:  
   optimization

New method is mostly 
better post-processing



Genetics
Does the parents height completely determine their childÕs height?

If notÉ how much effect 
do the parents have?

i.e., how heritable  is 
height?

how heritable  is 
schizophrenia?



Genetics

Heritability  is a tricky statistics problems 
(many confounding factors)

Best approaches exploit new giant 
datasets

Dif ficulties: optimization in a million 
dimensions

Tools:  
   optimization

My group focuses on the tools to enable 
these computations



Solar superstorms
Coronal Mass Ejection



Solar superstorms
How to model a plasma?

Recent project: develop new reduced order models  for plasmas (for space weather prediction)

Involves: 

Tools:  
   optimization,  
   differential equations

ÒAll models are wrong, but 
some are usefulÓ (George Box)



Brain imaging
Tools:  
   optimization

with Prof. Svenja Knappe 
Mechanical Engineering

Magnetoencephalography (MEG)

Detect magnetic fields 
created by neurons firing 
in the brain

Our job: from the sensor 
readings, determine 
where those neurons are

Applications:
¥ Human-Computer 

Interaction
¥ Research on how brain 

works
¥ Surgery
¥ Neurofeedback É and mind reading (in 100 years maybe)



MRI
Tools:  
   optimization, ML

with Prof. Nick Dwork 
CU Anschutz

Magnetic Resonance Imaging

MRI gives excellent 
resolutionÉ but itÕs slow

If you want to image the heart, 
and it takes a minute, thatÕs a 
problem!

Goal: imaging fetal twins in 
utero for interventions

Use optimization, modeling, 
statistics and machine learning 
to make do with fewer 
measurements Éso faster



MRI
Fixing problems with Deep Learning methods

Ground truth Ground truthDeep Learning Sparse-SENSE

Hallucinating anatomies Eliminating pathologies

False sulcus from ResoNNance model. cf. Buckley et al. ÒResults of the 2020 fastMRI  

challenge for machine learning MR image reconstruction,Ó IEEE Trans. Medical Imaging Ô21

Figure from Nicholas Dwork

Deep Learning



Quantum computing
Tools:  
   optimization
   statistics

Quantum computers are thought to 
be fundamentally more powerful 
than classical computers

ÒSeeingÓ what you just made isnÕt 
easyÉ quantum mechanics gives 
indirect and noisy measurements.

Our group use statistics and 
optimization to give a better 
diagnosis tool (a better ÒdebuggerÓ)

with my PhD student 
Akshay Seshadri  

(who also works at NIST)



Power Grid control
The power grid is old and prone to failure 
(blackouts), and ill-equipped to handle solar

One part of the solution is to control  the grid 
on a faster time scale
   (control can mean adjusting the output of a 
conventional power plant, typically done every 
15 minutes)

Since solar output can change in less than a 
second (clouds!), we should control the grid 
every second

Our group helps with algorithms that can 
handle this fast pace

with Prof. Emiliano DallÕAnese 
Electrical Engineering

Tools:  
   optimization



Training neural nets
Tools:  
   optimization

Arti Þcial neural nets are loosely 
inspired by our brain

In theory, if big enough, they can 
approximate any kind of relationÉ

É but training them is tricky. ItÕs 
time consuming, and we donÕt 
understand why it works

The training is all about 
optimization (using random  
algorithms)

Some of our contributions are not new tools or 
algorithms, but new theorems  (guarantees), e.g.,

Theorem: choose any                  .  Then with 
probability greater than          , after T iterations, the 
accuracy will be on the order of                     if using 
[this particular algorithm].
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Neural net applications
Creating fake celebrity facesStyle transfer

As well as many useful and serious applications: 

¥ digital assistants (Alexa, SiriÉ), NLP
¥ scientiÞc computing
¥ self-driving cars
¥ language translation
¥ healthcare
¥ fraud detection, cybersecurity, spam Þltering

Deep fakes

ChatGPT



Randomized Linear Algebra
Tools:  
   linear algebra,  
   prob/stat

Linear System

Linear System
Why?

- Faster computation (or 
easier to parallelize) 

- For physical systems 
(quantum, or geology, etc.)

Classical (deterministic) framework

New (stochastic) framework

Orderly input 
(e.g. a ÒbasisÓ)

Works greatÉ if you 
give it enough input

Good enough, 
even with a 
few inputs



Scientific Simulation
Tools:  
   optimization,  
   differential equations

Air is a ßuid. Study ßuid dynamics  for understanding 
airplane wings etc. (and designing better ones)

Must solve these equations numerically (ÒNavier StokesÓ 
differential equations).  $1,000,000 prize for proving 
properties about their solutions

Challenges:
¥ Most accurate simulations are too slowÉ use reduced 

models to speed things up
¥ Even so, we run on giant computers 

  (recently gained access to Aurora)
¥ Storing the data is a problemÉ need specialized 

compression algorithms

$500M, 2 exaFlops, 9000 multicore nodes (an i7 CPU is 289 gigaFlops, Playstation 5 is 10 teraFlops)

Collaboration with CUÕs aerospace 
engineering department
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24

880x compression

Original

Compressed

Error

Scientific Simulation

We have two main approaches to compression:

1. Randomized numerical linear algebra
2. Machine learning 

both have advantages and disadvantages.

Our goal is to do the compression Òon-the-ßyÓ 
during a simulation



Part 2
my core interests

Most researchers 
span several subÞelds



Part 2: What does a Òcomputational 
mathematicianÓ do

or Ònumerical analystÓ

A famous example, from Volker Strassen (1969) 
          [also a probabilist and Òtheoretical computer scientistÓ] 

Q: is there math behind computing?  IsnÕt this just software development?



Matrix Multiplication

0 8 9 4 7

-6 5 2 18 -4

3 6 9 -2 4

9 -6 78 23 8

8 2 -3 9 11

2 9 5 9 0

8 -2 -6 8 99

23 5 5 -9 12

48 6 8 9 3

2 1 -5 7 6

É 52 É
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Matrix Multiplication
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Why is this important?
    It represents linear transformations  and is the backbone of science
    ItÕs the building block of most scienti Þc codes (e.g., climate modeling)
    É as well as behind all machine learning training (ChatGPTÉ)



Matrix Multiplication
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About how many operations are required ?

e.g., 

Aside: Òbig OÓ notation

                              means (informally) that f 
ÒgrowsÓ no faster than a constant times g
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Matrix Multiplication
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And how many operations to add two matrices?
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Matrix MultiplicationÉ via recursion
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Matrix MultiplicationÉ via recursion
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ThatÕs interesting, but it doesnÕt reduce the number of operations.
Say, we can multiply n x n matrices in exactly     operations 
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[activity]
Multiply two complex numbers

<latexit sha1_base64="AGcvI7eaA3a1w+rAhvOREJ0iUFo="></latexit>

(a + ib)
! "# $

z1

! (c + id)
! "# $

z2

= ( ac " bd) + i (bc + ad)

The standard formula has 4 multiplies

Can you do it in less?   Hint: the standard formula has 2 additions. YouÕll need more



[activity]
Multiply two complex numbers

<latexit sha1_base64="AGcvI7eaA3a1w+rAhvOREJ0iUFo="></latexit>

(a + ib)
! "# $

z1

! (c + id)
! "# $

z2

= ( ac " bd) + i (bc + ad)

The standard formula has 4 multiplies

Can you do it in less?   Hint: the standard formula has 2 additions. YouÕll need more

ONE SOLUTION

Due to Peter Unger 1963; similar to fast two-digit multiplication (Anatoly Karatsuba 1960)
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Only 3 multiplies, but 5 additions

ANOTHER SOLUTION <latexit sha1_base64="r+jaEpARyxC55hOA3eXcSaeo770="></latexit>
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Matrix MultiplicationÉ via recursion
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Can we write this in fewer than 8 (block) multiplies?
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Complexity analysis
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Problem size
Work at each level

Total work: O(nlog2 7)
Þgure from https://www.cs.cmu.edu/afs/cs/academic/class/15750-s17/ScribeNotes/lecture1.pdf, scribe David Witmer , Lecturer: Gary Miller

a constant, e.g., 18

(assuming n is a power of 2 for simplicity)
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Complexity analysis
(assuming n is a power of 2 for simplicity)

<latexit sha1_base64="mrQEwjlw4IuJSMoyyr0T2OLsFDs="></latexit>

w(n) = cn2

!

1 +
7
4

+
"

7
4

# 2

+
"

7
4

# 3

+ . . . +
"

7
4

# log 2 (n )
$

= cn2
7
4

log 2 (n )+1
! 1

7
4 ! 1

" ÷cn2
"

7
4

# log 2 (n )

= ÷c7log 2 (n )

= ÷c(2log 2 (7) ) log 2 (n )

= ÷c(2log 2 (n ) ) log 2 (7)

= ÷c nlog 2 (7)

# ÷c n2.807



Complexity analysis
(assuming n is a power of 2 for simplicity)
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Complexity analysis
(assuming n is a power of 2 for simplicity)
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Complexity analysis
(assuming n is a power of 2 for simplicity)
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Complexity analysis
(assuming n is a power of 2 for simplicity)
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Complexity analysis

Can also use the ÒMaster TheoremÓ or 
guess-and-prove-via-induction

(assuming n is a power of 2 for simplicity)
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O(n2.807)Complexity of Strassen multiplication is



Going further
There are even better algorithms than Strassen! 

As of January 2024, the fastest known is 

ItÕs conjectured that for any            there is an algorithm that runs in 

¥ Most are not practical. Strassen is one of the more practical ones but still not 
used often in practice for various reasons 

¥ Finding faster algorithms is related to tensor factorization
¥ Intersection of computer science and numerical analysis
¥ Prof. Josh Grochow in CS dept (and myself) work on it 

¥ Recent hype over using machine learning (speciÞcally,  
reinforcement learning) to Þnd good algorithms!
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