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Perspectives on AI

• The classical “human-imitative” perspective
- cf. AI in the movies

• The “intelligence augmentation” (IA) perspective
- cf. search engines, recommendation systems, natural language translation
- the system need not be intelligent itself, but it reveals patterns that humans can 

make use of

• The “intelligent infrastructure” (II) perspective
- cf. transportation, intelligent dwellings, urban planning
- large-scale, distributed collections of data flows and loosely-coupled decisions

- novel market mechanisms and novel deliberative mechanisms based on data flows



The 1950s AI Perspective

• A goal of understanding the intelligence of an individual human 
and building computers that mimic such intelligence 
• and possibly improve on it

• Not very clear what the overall engineering goal is
• what kind of systems will such intelligences be embedded in

• what kind of problems will such systems solve?

• seems naïve to expect to solve real-world problems---in domains such as health 
care, climate change, commerce, etc---with such a vague premise
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A Counterpoint

• Intelligence is as much about the collective as it is about the 
individual

• In terms of establishing goals for an emerging engineering field, 
thinking in terms of collectives seems at least as urgent and 
promising as thinking in terms of individual intelligence

• There may be new forms of collectives that can emerge if we put 
our minds to it
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Federated Learning Paradigm

Purported to aim at collective mechanisms, but does it?



Data, Creators, Values, and Collaborations

• In real life, the “nodes” are often people, and their data is not 
something to simply be streamed and aggregated

• People often value their data

• They may wish to reveal aspects of their data if (and only if) they 
obtain commensurate benefits 

• One way to start to understand this is to develop blends of 
microeconomics and machine learning

• Learning-aware mechanisms and mechanism-aware learning
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Music in the Data Age

• Use data to structure a two-sided market; e.g., by providing a 
dashboard to musicians, letting them learn where their audience is
- the musician can give shows where they have an audience

• I.e., consumers and producers become linked, and value flows: a 
market is created
- the company that creates this market profits simply by taking a cut from the 

transactions

• Bring in brands and create a three-way market
- the brands can partner with specific musicians based on affinities

• The company United Masters is doing precisely this; 
www.unitedmasters.com
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Some Problems at the Interface of ML and Econ

• Relationships among optima, equilibria, and dynamics

• Exploration, exploitation, and incentives in multi-way markets 

• Information asymmetries, contracts and statistical inference

• Strategic classification

• Uncertainty quantification for black box and adversarial settings

• Calibrating predictions for inference and decision-making

• Mechanism design with learned preferences

University of California, Berkeley



Statistical Contract Theory
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The Theory of Incentives
• Contract theory is one branch of the theory of incentives (auction 

theory is another branch)
• In contract theory, agents possess private information and a 

principal wishes to incentivize them to take actions that depend 
on that private information
–the goal is overall social welfare, or revenue 

• For example, services such as airlines have “business fares” and 
“economy fares”
–this allows them to offer different prices to agents who have different 

willingness to pay, without requiring agents to reveal their private values

• The design problem is to determine a menu of options, of the 
form (service, price), from which agents select



Clinical Trials

(in millions of dollars) 

Average Cost of Clinical Trial

Department of Health and Human Services, 2014

Immense social investment in clinical trials



Contract Theory

• Has private information
• Strategic and self-interested

principal agent

• Has only partial knowledge

• Must incentivize the agents



How Should the FDA Test?

Case 1: small profit. $20 million cost to run 
trial. $200 million if approved.

Case 2: large profit. $20 million cost to run 
trial. $2 billion if approved.

bad drugs
good drugs

𝔼[𝗉𝗋𝗈𝖿𝗂𝗍|𝜃 = 0] = 𝔼[𝗉𝗋𝗈𝖿𝗂𝗍|𝜃 = 0] =

(5% type-1 error)

(80% power)

Is this a good protocol?

-$10 million $80 million

All approvals are good drugs! Many bad drugs are approved!



Statistical Contracts

1. Agent pays R

2. Agent chooses payout function from menu  

3. Statistical trial yields random variable

4. Agent receives payoff
Principal receives utility

our task:
design this 

menu

Agent acts to maximize their payoff: 𝑓𝖻𝗋 = arg𝑚𝑎𝑥
#∈ℱ
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✓ 2 ⇥Denote the agent’s private information as
Present the agent with the following opt-in protocol:
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Incentive Alignment

null agents:

nonnull agents:

The principal wants to transact as much as possible with good agents

Definition (Incentive-aligned contract)
A menu is incentive-aligned if for all and

agent’s expected profit

On average, null drugs are not profitable, so null agents are incentivized to drop out

note: 𝑝 ≤ .05 protocol 
not incentive aligned
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, increasing in           for 
<latexit sha1_base64="VLfQhjOYDlEnWdh+i/kw+tDSvsc=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxgv3AdinZNNuGJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCyW3md56o0iySD2YaU1/gkWQhI9hkUlh9PB+UK27NnQOtEi8nFcjRHJS/+sOIJIJKQzjWuue5sfFTrAwjnM5K/UTTGJMJHtGepRILqv10fusMnVlliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeG1nzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeEo2BG/55VXSvqh5l7X6fb3SuMnjKMIJnEIVPLiCBtxBE1pAYAzP8ApvjnBenHfnY9FacPKZY/gD5/MHQbeNvA==</latexit>

f(Z)
<latexit sha1_base64="CvHiknedWfvFrotQ3ftLbAUiJuA=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FQSKeqx6MVjhbYWmhA22027dLMJuxOhhHrxr3jxoIhX/4U3/43bNgdtfTDw9r0ZduaFqeAaHOfbKq2srq1vlDcrW9s7u3v2/kFHJ5mirE0TkahuSDQTXLI2cBCsmypG4lCw+3B0M/XvH5jSPJEtGKfMj8lA8ohTAkYK7CMPhgxI4GJPJsAl9lqztxPYVafmzICXiVuQKirQDOwvr5/QLGYSqCBa91wnBT8nCjgVbFLxMs1SQkdkwHqGShIz7eezCyb41Ch9HCXKlAQ8U39P5CTWehyHpjMmMNSL3lT8z+tlEF35OZdpBkzS+UdRJjAkeBoH7nPFKIixIYQqbnbFdEgUoWBCq5gQ3MWTl0nnvOZe1Op39WrjuoijjI7RCTpDLrpEDXSLmqiNKHpEz+gVvVlP1ov1bn3MW0tWMXOI/sD6/AGCVJZL</latexit>

✓1 /2 ⇥0

<latexit sha1_base64="HMWD21X4OmsNByXjF+Z0ArhMvOk=">AAACAHicbVA9SwNBEN2LXzF+nVpY2CwGwSrcSVDLoI1lhHxB7gh7m0myZO+D3TkhHGn8KzYWitj6M+z8N26SKzTxwcDjvRlm5gWJFBod59sqrK1vbG4Vt0s7u3v7B/bhUUvHqeLQ5LGMVSdgGqSIoIkCJXQSBSwMJLSD8d3Mbz+C0iKOGjhJwA/ZMBIDwRkaqWefeI0RIOs51NNpoAFpLthlp+LMQVeJm5MyyVHv2V9eP+ZpCBFyybTuuk6CfsYUCi5hWvJSDQnjYzaErqERC0H72fyBKT03Sp8OYmUqQjpXf09kLNR6EgamM2Q40sveTPzP66Y4uPEzESUpQsQXiwappBjTWRq0LxRwlBNDGFfC3Er5iCnG0WRWMiG4yy+vktZlxb2qVB+q5dptHkeRnJIzckFcck1q5J7USZNwMiXP5JW8WU/Wi/VufSxaC1Y+c0z+wPr8Ae5+lf8=</latexit>

⇥0 ⇢ ⇥
<latexit sha1_base64="hlEGfrpa0sSxxA61nlg6KyCEKxY=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUmkqMuiG5cV2lpoQphMJ83QySTM3AilFNz4K25cKOLWn3Dn3zhts9DWAwOHc+5j7gkzwTU4zrdVWlldW98ob1a2tnd29+z9g45Oc0VZm6YiVd2QaCa4ZG3gIFg3U4wkoWD34fBm6t8/MKV5KlswypifkIHkEacEjBTYR14rZkCwFxI61ILoGM+VwAnsqlNzZsDLxC1IFRVoBvaX109pnjAJ1EzSPdfJwB8TBZwKNql4uWaZWUMGrGeoJAnT/nh2wwSfGqWPo1SZJwHP1N8dY5JoPUpCU5kQiPWiNxX/83o5RFf+mMssBybpfFGUCwwpngaC+1wxCmJkCKGKm79iGhNFKJjYKiYEd/HkZdI5r7kXtfpdvdq4LuIoo2N0gs6Qiy5RA92iJmojih7RM3pFb9aT9WK9Wx/z0pJV9ByiP7A+fwAgTpcz</latexit>

⇥\⇥0

<latexit sha1_base64="J/EZXzIgkB48iXS2GrboUPFsMRg=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegIB4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hZXVvfKG6WtrZ3dvfK+wdNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtJ6oNU/LBjhMaCjyQLGYEWyc1uwRzdNsrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdu0EnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfFVmDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gEouhGDx5WXSPKsGF9Xz+/NK7TqPowhHcAynEMAl1OAO6tAAAo/wDK/w5invxXv3PuatBS+fOYQ/8D5/AOQ3jrE=</latexit>F
<latexit sha1_base64="zaSYEWGRQfYtCS+iHH3pOTHzeSM=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWRoi6LblxW6AuaECbTSTt0MgkzN0IJBX/FjQtF3Pod7vwbp20W2nrgwplz7mXuPWEquAbH+bZKa+sbm1vl7crO7t7+gX141NFJpihr00QkqhcSzQSXrA0cBOulipE4FKwbju9mfveRKc0T2YJJyvyYDCWPOCVgpMA+8WDEgAQO9rjEXmvxCOyqU3PmwKvELUgVFWgG9pc3SGgWMwlUEK37rpOCnxMFnAo2rXiZZimhYzJkfUMliZn28/n6U3xulAGOEmVKAp6rvydyEms9iUPTGRMY6WVvJv7n9TOIbvycyzQDJunioygTGBI8ywIPuGIUxMQQQhU3u2I6IopQMIlVTAju8smrpHNZc69q9Yd6tXFbxFFGp+gMXSAXXaMGukdN1EYU5egZvaI368l6sd6tj0VrySpmjtEfWJ8/+AuU2w==</latexit>

✓0 2 ⇥0
<latexit sha1_base64="bnmDi19hbXg5oc81yyYh9+qCLkQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiIB4r2A9oQtlsN+3SzSbsToRS+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMkmmGW+yRCa6E1LDpVC8iQIl76Sa0ziUvB2Obmd++4lrIxL1iOOUBzEdKBEJRtFKfkR8oYjPqCR3vXLFrbpzkFXi5aQCORq98pffT1gWc4VMUmO6nptiMKEaBZN8WvIzw1PKRnTAu5YqGnMTTOY3T8mZVfokSrQthWSu/p6Y0NiYcRzazpji0Cx7M/E/r5thdB1MhEoz5IotFkWZJJiQWQCkLzRnKMeWUKaFvZWwIdWUoY2pZEPwll9eJa2LqndZrT3UKvWbPI4inMApnIMHV1CHe2hAExik8Ayv8OZkzovz7nwsWgtOPnMMf+B8/gCe8ZDG</latexit>

f 2 F
<latexit sha1_base64="SnaXj8K835zhQL/w0/J3i6RYUPk=">AAACHHicbVDLSsNAFJ34tr6qLt0MFkEXlkRFXYoiuKxitbQJYTK9sYOThzM3Qgn5EDf+ihsXirhxIfg3TmsX2npg4HDOvdw5J0il0GjbX9bY+MTk1PTMbGlufmFxqby8cqWTTHGo80QmqhEwDVLEUEeBEhqpAhYFEq6D25Oef30PSoskvsRuCl7EbmIRCs7QSH55140YdoIgPy38vOlqEdGan7vYAWS+XRSlFg03m1t0m15Qj7oS7qjtlyt21e6DjhJnQCpkgJpf/nDbCc8iiJFLpnXLsVP0cqZQcAlFyc00pIzfshtoGRqzCLSX98MVdMMobRomyrwYaV/9vZGzSOtuFJjJXhQ97PXE/7xWhuGhl4s4zRBi/nMozCTFhPaaom2hgKPsGsK4EuavlHeYYhxNnyVTgjMceZRc7VSd/ere+V7l6HhQxwxZI+tkkzjkgByRM1IjdcLJA3kiL+TVerSerTfr/Wd0zBrsrJI/sD6/AY9ln7c=</latexit>

EZ⇠P✓0
[f(Z)�R]  0



E-values: Statistical Evidence on the Right Scale

Definition

A random variable    is an E-value for null hypothesis     if for all
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Theorem

A contract is incentive-aligned if and only if all payoff functions are E-values.



Incentivizing Data Sharing in Federated Learning

• Multiple agents cooperate with each other and with a principal to build a 
better statistical model than anyone could do unilaterally
• mostly this literature has developed without considering incentives
• free riding is a practical concern

• We adapt our statistical contract theory perspective to the problem
• we design an incentive-compatible mechanism that incentivizes agents to contribute a 

maximum amount of data (rather than eliciting private types)

• a key tool is statistical accuracy shaping

• See Karimireddy, P., Guo, W., and Jordan, M. I. (2022). Mechanisms 
that incentivize data sharing in federated learning. arXiv:2207.04557

University of California, Berkeley
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Prediction-Powered Inference





Protein structure studies

Hundreds of millions of amino acid sequences 
with protein structures predicted by AlphaFold

Hundreds of thousands of amino acid sequences 
with protein structures from X-ray crystallography

Goal: correlate sequence information with structural information
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with post-translational modification (PTM) data.  
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true odds ratio

classical
imputed 

prediction-powered

321 4 5 6

odds ratio  
ℙ(intrinsic	disorder∣PTM)

ℙ(intrinsic	disorder∣no	PTM)

Prediction-powered inference



Goal:  construct confidence set, 𝐶!"", that are valid:

ℙ(𝜃⋆ ∈ 𝐶'(() ≥ 1 − 𝛼

Prediction-powered inference: problem setting
labeled data

predictions

unlabeled data

𝑋 𝑋!

𝑓 = 𝑓(𝑋) 𝑓! = 𝑓(𝑋!)

𝑌 𝑌!

classical approach

use only labeled data

valid, but lose out on information from 
abundant predictions

imputed approach

treat predictions as gold-standard labels

abundant predictions, but invalid because 
predictions can contain systematic errors

Estimand of interest (mean, quantile, regression coefficient, etc.):  𝜃⋆

(unobserved)



Prediction-powered inference: problem setting
labeled data

predictions

unlabeled data

𝑋 𝑋!

𝑓 = 𝑓(𝑋) 𝑓! = 𝑓(𝑋!)

𝑌 𝑌!

We want the best of both worlds.

classical approach

use only labeled data

valid, but lose out on information from 
abundant predictions

imputed approach

treat predictions as gold-standard labels

abundant predictions, but invalid because 
predictions can contain systematic errors

Estimand of interest (mean, quantile, regression coefficient, etc.):  𝜃⋆

(unobserved)

Goal:  construct confidence set, 𝐶!"", that are valid:

ℙ(𝜃⋆ ∈ 𝐶'(() ≥ 1 − 𝛼



Gene expression
• Want to estimate median gene expression level with differing promoters 

(regulatory DNA)

• Predictive model: transformer developed in  Vaishnav et. al.

(Vaishnav et. al. Nature ‘22 )



California census

• 2018 CA census data

• Estimand: logistic regression coefficient of income when predicting 
whether person has private health insurance

• Boosting model based on ten other covariates



1. Identify Rectifier
The rectifier, 𝚫! , is a estimand-

specific notion of error.

We give a general recipe for 
identifying the rectifier.

Use the labeled data to construct a 
confidence set, 𝑅, for the rectifier.

3. Prediction-Powered
Confidence Set

Construct 𝐶"" by including all 

possible rectified values of 𝜃
˜
".

Principle of prediction-powered inference

2. Confidence Set on Rectifier

rectifier is the bias

= 𝔼[𝑌]
= 𝔼[𝑓]

= 𝔼[𝑓 − 𝑌]

For the mean value of 𝑌: 



Convex Estimation Problems

𝔼[𝑔&(𝑋, 𝑓)] − 𝔼[(𝑔&(𝑋, 𝑓) − 𝑔&(𝑋, 𝑌))] = 0

Build confidence set that contains 𝜃⋆: the value of 𝜃 such that 𝔼[𝑔"(𝑋, 𝑌)] = 0.

rectifier 𝚫!
"

𝜃⋆ = arg𝑚𝑖𝑛
"

𝔼 ℓ"(𝑋, 𝑌)    e.g. mean, median, quantiles; linear, logistic regression coefficients

Theorem.   Take 𝐶𝖯𝖯 = 𝜃: 0 ∈ 𝔼[𝑔"(𝑋, 𝑓)] − 𝑅" , where for each 𝜃, the confidence 

set 𝑅& contains the rectifier Δ"
%  with probability at least 1 − 𝛼 . Then, 𝐶99 is valid:

ℙ(𝜃⋆ ∈ 𝐶&&) ≥ 1 − 𝛼.

gradient of loss 𝑔"(𝑋, 𝑌) ≡
'
'"
ℓ"(𝑋, 𝑌)

estimate using only
predictions

build confidence set 𝑅! for rectifier
using labeled data: 𝑔!(𝑋# , 𝑓#) − 𝑔!(𝑋# , 𝑌#)



• It reflects the emergence of a new engineering field, embodied in 
large-scale systems that link humans in new ways

• Cf. chemical engineering in the 40s and 50s
- built on chemistry, fluid mechanics, etc
- driven by the possibility of building chemical factories

• Cf. electrical engineering in the late 19th century
- built on electromagnetism, optics, etc
- clear goals in terms of human welfare

• The new field builds on inferential ideas, algorithmic ideas, and 
economic ideas from the past three centuries

• But its emergence is being warped by being cast in terms of 
poorly thought-through, naïve, old-style AI aspirations

University of California, Berkeley

A Personal View on “AI”



Three Foundational Disciplines

University of California, Berkeley

Computer Science

Statistics

Economics

econometrics machine learning

algorithmic game 
theory



• Incentive-theoretic Bayesian inference for collaborative science. S. Bates, M. 
I. Jordan, M. Sklar, and J. A. Soloff. arxiv.org/abs/2307.03748, 2023.

• Evaluating and incentivizing diverse data contributions in collaborative 
learning. B. Huang, S. P. Karimireddy, and M. I. Jordan. arXiv:2306.05592, 
2023.

• A unifying perspective on multi-calibration: Unleashing game dynamics for 
multi-objective learning. N. Haghtalab, M. I. Jordan, and E. 
Zhao. arXiv:2302.10863, 2023.

University of California, Berkeley

Some Further Reading
(see www.cs.berkeley.edu/~jordan/publications.html)
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