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What is artificial intelligence?

● The term “artificial intelligence” was coined by John McCarthy in 1955. 

His aim was to distinguish his research agenda, which emphasized ties 

between computation and logic (lambda calculus), to that of Norbert 

Wiener’s vision of intelligent systems based on statistics, control theory, 

and operations research, as “cybernetics”.

● In a twist of irony, Wiener’s vision is now being realized under 

McCarthy’s moniker (Jordan, 2019).

● Jordan argues that we are in the midst of the creation of a new branch of 

a human-centric engineering discipline. He suggests that we “broaden 

our scope, tone down the hype, and recognize serious challenges 

ahead.”
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https://hdsr.mitpress.mit.edu/pub/wot7mkc1/release/10
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What are “the tools of AI”?

● In the mid-1990s, in the coldest years of the “AI winter”, the state-of-the-

art AI in biology was the hidden Markov model, used for gene discovery 

in newly sequenced genomes.
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Making cents of hidden Markov models
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How did we arrive at the AI winter?
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Precursors of neural networks

● These papers popularized two key ideas in machine learning (AI):

○ Network structure: probability distributions structured according to a graph 

whose nodes could be understood as representing “neurons”

○ Learning: procedures for estimating parameters for models based on training 

data. 

○ The primitives of Boltzmann Machines are key to current neural networks 

(via the Restricted Boltzmann Machine)
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The Boltzmann Machine

● The energy function is given by

● The states for the hidden and visible nodes are from the set {0,1}.
● For an n node Boltzmann Machine, the number of possible states is 2n. This 

is the state space.

○ Every state configuration in the state space has an “energy”.
9

weight bias



A probability distribution for state configurations

● The Boltzmann Machine can be viewed as an approach to defining a 
(structured) probability distribution over the state space.

● This is accomplished by defining the probability of a state configuration 
to be 

where Z is the partition function, defined to be

Note that P(v,h) is log-linear. It is also known as a Boltzmann distribution
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https://upload.wikimedia.org/wikipedia/commons/a/ad/Boltzmann2.jpg


The point of a Boltzmann Machine

● With a Boltzmann machine (i.e. estimated parameters yielding a 
probability distribution of states), we can assess the probability of a 
change in hidden states, say from a 0 to a 1:

The energy function is
so a difference in states results in 
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The point of a Boltzmann Machine

● Now the probability that a specific hidden state is 1 is
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sigmoid function

https://en.wikipedia.org/wiki/Sigmoid_function


From the original papers
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The point of a Boltzmann Machine

● Boltzmann machine parameters are learned from training data. That is, 
the parameters are identified that maximize the probability of the training 
data.The word “learning” is an anthropomorphic way of saying the 
phrase “parameter estimation” from statistics.

○ The Restricted Boltzmann Machine (RBM), in which the Boltzmann Machine 
graph is bipartite with all the visible nodes on one side, and the hidden 
nodes on the other, facilitates a fast parameter estimation algorithm. 

○ Fast parameter estimation is possible via backpropagation, discovered by 
Rumelhart in the 1980s, via ideas in control theory from the 1950s and 
1960s.
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Backpropagation and the brain

15
Lillicrap et al., 2020

https://www.nature.com/articles/s41583-020-0277-3


The best understood brain: C. elegans brain

16Witvliet et al., 2021

https://www.nature.com/articles/s41586-021-03778-8


The AI tool of today

We have all experienced large language models based on transformers 

(Devlin, 2018) and transfer learning (Raffel, 2019) via chatGPT:

The possibilities of such AI for navigating the morass of biological data are 

not hard to imagine. 17

https://arxiv.org/abs/1810.04805
https://www.jmlr.org/papers/v21/20-074.html


What is “biomedical data”?

● Sequence data is readily available due to vast amounts of publicly 

shared sequence reads. The sequence read archive (SRA) contains >30 

petabytes of sequence.

● The protein data bank (PDB) contains more than 220,000 protein 

structures.

● Imaging data both from biology experiments and medical testing.

● Electronic health records.

● Literature.
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Tremendous opportunity. Enormous challenges.

● Why do transformers work well for natural language?
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Consider the SRA

● Individual datasets consist of massive numbers of sequence reads from 

complex experiments with poorly structured, and frequently missing, 

metadata.

● The purpose of reads is bean counting. The sequence content is not 

necessarily very informative.

● Our models of the molecular biology of the cell are nascent, and vastly 

under parameterized.
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The origin of modern genomics: Wold and Myers, 2008



The human genome project
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• 1953 - Watson & Crick discover the structure of the DNA double helix

• 1975 - First complete DNA genome sequenced (φX174)

• 1977 - Maxam, Gilbert and Sanger publish sequencing protocols

• 1980 - Sanger and Gilbert receive Nobel prize

• 1987 - First automated sequencing machine (ABI 370)

• 1990 - Human genome project launched

• 1995 - Venter and Smith publish the genome of Haemophilus Influenzae

• 1998 - Celera: intent to sequence human genome by shotgun method

• 2001 - Draft of human genome(s) published

• 2003 - Human genome “finished”. Cost of project: $3 billion.

• 2020 - Nebula Genomics (w/ BGI) announces $300 human genome.

http://en.wikipedia.org/wiki/Bacteriophage_%CF%86X174


An unexpected application

• Instead of being applied solely for the purpose of

determining DNA sequence, high throughput sequencers

have come to be utilized as bean counters. Their use

for this purpose is termed “sequence census”, or ＊Seq.

•＊Seq experiments have become the 

predominant application of sequencing.

• The number of ＊Seq assays is now in the thousands.

• Main applications are trisomy 21 detection and RNA-Seq, 

an experiment for measuring gene expression.
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A contrast with protein sequence and structure database

that enabled successful use of AI for protein folding (AlphaFold)
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Jumper et al., 2021

https://www.nature.com/articles/s41586-021-03819-2


Beyond genomics
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Titushin et al., 2011

import gget

gget.setup(“alphafold”)

gget.alphafold(“ <sequence > ”)

https://github.com/pachterlab/gget

https://academic.oup.com/proteincell/article/2/12/957/6842688
https://github.com/pachterlab/gget


To conclude: a vision for AI in biology

27



Viruses by the numbers
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Viruses by the numbers
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Viruses by the numbers
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Viruses by the numbers
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Imagining an early detection program for viruses
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Translated search with kallisto
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Laura Luebbert Delaney Sullivan



Command line
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The microbiome of macaques infected with Zaire ebolavirus
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Detecting contaminants
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Zaire ebola virus presence in time and cell type
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Prediction
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Combining image analysis and sequence analysis for studying cancer
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Schott et al., 2024

https://www.cell.com/cell/fulltext/S0092-8674(24)00636-6?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0092867424006366%3Fshowall%3Dtrue


Contributors to the ideas and slides in this talk
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