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Artificial Intelligence

2



Pascal Van Hentenryck, Copyright 2020-2021

Artificial Intelligence
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Artificial Intelligence for ISEngineering
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Ride-Hailing Systems and Congestion
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‣ Observations
– Between 2010 and 2016, weekday vehicle hours of delay increased by 62% 

compared to 22% in a counterfactual 2016 scenario without TNCs.
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Congestion
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Prior Work
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• 98% of riders
•3000 vehicles
• average wait: 3.8 min
• average deviation: 3.5 min
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‣ Constraints
– service guarantees

• a rider will always be served
– ride duration cannot exceed a certain threshold

• 50% more duration or a small constant (e.g., 4 minutes)

‣ Objective
– minimizing average waiting time
‣ Secondary objective

– a rider cannot wait too long
‣ Computational challenges

– 1/2 million requests a day
– 500 requests every 30 seconds

Large-Scale Ride-Sharing Systems
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Real-Time Optimization
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how to 
optimize?
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The Master Optimization Problem
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covering 
the riders

waiting 
times

one route per 
vehicle
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The Master Optimization Problem
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riders not served 
in this period

penalty for 
lack of service
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The Pricing Problem

‣ Significant challenge
– minimization of waiting times
‣ Makes it hard to use

– resource constrained shortest paths
‣ Time-expanded graphs?

– computational issues
‣ Solution

– exact anytime dedicated algorithm
– disjoint routes 
– pruning techniques
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Real-Time Ride Sharing
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Experimental Results on NYC

•100% riders
•2000 vehicles
• average wait: 3.6 min
• average deviation: 1.48 min
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Waiting Times
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Vehicle Utilization
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Optimization + ML + MPC
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Optimization + ML + MPC
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Overview of the MPC

‣ Coarser Time and Space Granularity
– zonal level instead of individual requests
– frequency is an order of magnitude longer
‣ Demand forecasting

– vector autoregression
‣ Model Predictive Control

– zone balancing
– vehicle assignment
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Demand Forecasting

‣ Forecasting the demand from zone i to j at time t
– sparsity may be an issue for some zones
‣ Two steps

– predicting the demand in a zone z in time period t
– approximate the zone to zone demand with historical data
‣ Predicting the zone demand

– predict the weekly differenced demand 
• to handle non-stationarity

– use the zone and its adjacent zones
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Zone Balancing
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vehicles with 
passengers 
moving from i to 
j at time t

empty vehicles 
moving from i to 
j at time t

scaled unserved 
requests from i 
to j at time t

flow conservation 
for requests

flow conservation 
for vehicles

minimize 
unserved requests 

and relocations
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Vehicle Relocation
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= 1 if vehicle v 
relocates to 

zone j

meet the 
relocation demand

minimize relocation time
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Closing the Loop

‣ Learning the relocation model
– overcoming the potential runtime limitations
‣ Optimization proxies

– learning an optimization model
‣ Given

– the current state of the system
‣ predict

– the relocation decisions
‣ Technique

– Kernel support vector regression
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Motivation
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Transforming Public Transit
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On-Demand Multimodal Public Transit

31

rail

high-frequency 
buses

on-demand 
shuttles
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ODMTS
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On-Demand Multimodal Transit System
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On-Demand Multimodal Transit System

‣ On Demand and “door to door”
– to address the first/last mile problem

‣ Multi-modal
– to address congestion/economy of scale
– fleets of trains, rapid transit buses, shuttles, electric bikes, scooters

‣ Electrified
– no range anxiety, no emission

‣ Sustainable business model
– the same price as a transit system
– order of magnitude cheaper than Uber and Lyft

‣ Planned and operated holistically
– fundamentally different from “transit + micro-transit”

‣ Societal impact
– improving access to entire population segments
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On-Demand Multimodal Public Transit
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On-Demand Transit Existing Transit
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On-Demand Multimodal Public Transit
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On-Demand Transit Existing Transit
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The UM Transit System
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Before/After Comparisons
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Existing Bus System
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Existing Bus System
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ODMTS
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ODMTS
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Atlanta
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Capturing Rider Mode Choice

‣ Key worry of transit agencies
– what if adoption increases?
– are we designing the network properly?
– are we sizing the fleet correctly?

46

Leader  
(Transit system designer)  

Follower  
(rider)  

Transit 
network 
design

User 
preference



Pascal Van Hentenryck, Copyright 2020-2021

Computational Challenges

‣ Relax the optimization program

‣ Check for inconsistencies

‣ Add combinatorial Benders cuts

‣ Strengthen the cuts using domain knowledge

47
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Capturing Mode Choice

‣ Trip inconvenience
– function of travel time, waiting time, transfers

‣ Mode choice
– choosing between personal vehicle or transit
– thresholding operator
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Solution Method (4)

‣ Strengthening the combinatorial cuts
‣ Intuition:

– if I add arcs to the network, the transit time decreases 
and the rider keeps adopting transit

‣ Intuition: 
– if I remove arcs from the network, the transit time 

increases and the rider will keep using her vehicle
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But
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The Right Intuition
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The Wrong Intuition
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Experimental Settings

‣ Ann Arbor / Ypsilanti Transit System
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Experimental Settings

‣ Ridership
– 1,754 low-income, 3,316 middle-income, and 722 high-income riders
– 100%, 75%, and 50% are existing users
‣ Mode choice

–  is set to 1.5 and 2.0 for high- and middle-income riders
‣ Transit system

– 1,267 bus stops, 6pm-10pm period, 
– average waiting time is 7 minutes
‣ Prices per mile

– $5.44 for buses and $1.61 for shuttles
–

αr
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Ann Arbor / Ypsilanti Transit
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Cost and  Computational Performance
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Accessibility

57

Adoption
• low income: 96%
• middle income: 89%
• high income: 70%



Pascal Van Hentenryck, Copyright 2020-2021

Motivation
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Power Systems

‣ Largest machine on earth
– 400 billions of electricity in the US alone

59

‣ Huge success story for optimization 
– LP, LR, MIP, Stochastic optimization, NLP, …
‣ Huge success story for machine learning 

– forecasting
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The times, they are changing
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Machine Learning for Power Systems

‣ The new reality
– optimization under increasing stochasticity in 

front and behind the meter
‣ Opportunity for machine learning

– networks evolve slowly
– repeatedly solving similar problems
‣ Applications

– market-clearing algorithms
‣ Challenge for machine learning

– physical and engineering constraints
– empirical risk minimization under constraints
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Optimal Power Flow
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Constrained Deep Learning

63



Pascal Van Hentenryck, Copyright 2020-2021

Constrained Deep Learning

‣ How to find the optimal prediction?
– Lagrangian duality
‣ Primal step

– empirical loss minimization for given constraint weights
‣ Dual step

– to update the constraint weights

‣ Restoring feasibility
– loaf flow
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Experimental Results

65



Pascal Van Hentenryck, Copyright 2020-2021

Experimental Results
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Security-Constrained OPF

‣ Handling contingencies
– e.g., the loss of a generator
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Security-Constrained OPF

‣ Assumptions
– N-1 contingencies for generator
‣ Modeling framework

– optimize a dispatch 
• pre-contingency state

– that ensures feasibility after the contingency
• post-contingency state

‣ Variables
–    : pre-contingency generation at bus i

–    : post-contingency generation at bus i for contingency s.

Pg
i,0

Pg
i,1
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Security-Constrained OPF
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max
X

i2G

c2,i (p
g
i,0)

2 + c1,i p
g
i,0

s.t. PF (hpgi,0i, hq
g
i,0i)

8s 2 G

PF (hpg,si,1 i, hq
g,s
i,1 i)

pg,ss,1 = 0

qg,ss,1 = 0
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Security-Constrained OPF
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Security-Constrained OPF

‣ Power systems involve control systems
– closed loops
‣ We do not have full flexibility on the dispatch

– the control systems will react
‣ How to capture them?

– without modeling the dynamics
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Security-Constrained OPF
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Security-Constrained OPF

‣ Generation in post-contingency

‣ Reserve constraints

‣ Proportional Response

73

pg,si,1 = pgi,0 +�s
i

�s
i 2 [0, Pmax

i,r ]

�s
i = Ns pfi

participation factor in MW 
(from droop or AGC)

Ns 2 [0, 1]
proportional 

response
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Security-Constrained OPF
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Security-Constrained OPF

‣ Capturing the limits

‣ Important consequences
– the proportional response is only applied to generators 

not at the maximum generation
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Security-Constrained OPF
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Column and Constraint Generation
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nominal case contingencies

Identify 
infeasible 

contingencies

Optimization
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Column and Constraint Generation
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nominal case contingencies

Identify 
infeasible 
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Learning
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Constraint and Column Generation Learning
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Constraint and Column Generation Learning
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Restoring Feasibility

‣ Load flow problem

– find the closest generator set-points that satisfy the constraints
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Constraint and Column Generation Learning
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Motivation
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Releasing Census Data
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Releasing Census Data

Under Title 13, the Census Bureau cannot release any 
identifiable information about you, your home, or your 
business to law enforcement agencies. The law ensures that 
your private data is protected and that your answers cannot 
be used against you by any government agency or court.
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Releasing Census Data
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Releasing Census Data
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Differential Privacy
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<latexit sha1_base64="MnB1CuBLf0m8OZXrVNtjZazVeh4=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBItQN8NMtQ93lbpwWcG2QjuWTJppQzMPkoxShv6HGxeKuPVf3Pk3ZtoKKnogcDjnXu7JcSPOpLKsDyOztLyyupZdz21sbm3v5Hf32jKMBaEtEvJQ3LhYUs4C2lJMcXoTCYp9l9OOO26kfueOCsnC4FpNIur4eBgwjxGstHTb87EaEcyT82nx4rifL1hmqVyuVcooJRXbqqK5cnaCbNOaoQALNPv5994gJLFPA0U4lrJrW5FyEiwUI5xOc71Y0giTMR7SrqYB9ql0klnqKTrSygB5odAvUGimft9IsC/lxHf1ZJpS/vZS8S+vGyuv5iQsiGJFAzI/5MUcqRClFaABE5QoPtEEE8F0VkRGWGCidFE5XcLXT9H/pF0ybcu0r04L9caijiwcwCEUwYYq1OESmtACAgIe4AmejXvj0XgxXuejGWOxsw8/YLx9AkjOkl8=</latexit><latexit sha1_base64="MnB1CuBLf0m8OZXrVNtjZazVeh4=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBItQN8NMtQ93lbpwWcG2QjuWTJppQzMPkoxShv6HGxeKuPVf3Pk3ZtoKKnogcDjnXu7JcSPOpLKsDyOztLyyupZdz21sbm3v5Hf32jKMBaEtEvJQ3LhYUs4C2lJMcXoTCYp9l9OOO26kfueOCsnC4FpNIur4eBgwjxGstHTb87EaEcyT82nx4rifL1hmqVyuVcooJRXbqqK5cnaCbNOaoQALNPv5994gJLFPA0U4lrJrW5FyEiwUI5xOc71Y0giTMR7SrqYB9ql0klnqKTrSygB5odAvUGimft9IsC/lxHf1ZJpS/vZS8S+vGyuv5iQsiGJFAzI/5MUcqRClFaABE5QoPtEEE8F0VkRGWGCidFE5XcLXT9H/pF0ybcu0r04L9caijiwcwCEUwYYq1OESmtACAgIe4AmejXvj0XgxXuejGWOxsw8/YLx9AkjOkl8=</latexit><latexit sha1_base64="MnB1CuBLf0m8OZXrVNtjZazVeh4=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBItQN8NMtQ93lbpwWcG2QjuWTJppQzMPkoxShv6HGxeKuPVf3Pk3ZtoKKnogcDjnXu7JcSPOpLKsDyOztLyyupZdz21sbm3v5Hf32jKMBaEtEvJQ3LhYUs4C2lJMcXoTCYp9l9OOO26kfueOCsnC4FpNIur4eBgwjxGstHTb87EaEcyT82nx4rifL1hmqVyuVcooJRXbqqK5cnaCbNOaoQALNPv5994gJLFPA0U4lrJrW5FyEiwUI5xOc71Y0giTMR7SrqYB9ql0klnqKTrSygB5odAvUGimft9IsC/lxHf1ZJpS/vZS8S+vGyuv5iQsiGJFAzI/5MUcqRClFaABE5QoPtEEE8F0VkRGWGCidFE5XcLXT9H/pF0ybcu0r04L9caijiwcwCEUwYYq1OESmtACAgIe4AmejXvj0XgxXuejGWOxsw8/YLx9AkjOkl8=</latexit><latexit sha1_base64="MnB1CuBLf0m8OZXrVNtjZazVeh4=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBItQN8NMtQ93lbpwWcG2QjuWTJppQzMPkoxShv6HGxeKuPVf3Pk3ZtoKKnogcDjnXu7JcSPOpLKsDyOztLyyupZdz21sbm3v5Hf32jKMBaEtEvJQ3LhYUs4C2lJMcXoTCYp9l9OOO26kfueOCsnC4FpNIur4eBgwjxGstHTb87EaEcyT82nx4rifL1hmqVyuVcooJRXbqqK5cnaCbNOaoQALNPv5994gJLFPA0U4lrJrW5FyEiwUI5xOc71Y0giTMR7SrqYB9ql0klnqKTrSygB5odAvUGimft9IsC/lxHf1ZJpS/vZS8S+vGyuv5iQsiGJFAzI/5MUcqRClFaABE5QoPtEEE8F0VkRGWGCidFE5XcLXT9H/pF0ybcu0r04L9caijiwcwCEUwYYq1OESmtACAgIe4AmejXvj0XgxXuejGWOxsw8/YLx9AkjOkl8=</latexit>

D
<latexit sha1_base64="q5OMgLB/DaE+xZ1rk3eY+oB96xE=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadmN5uEtEA8eEzAPSJYwO+lNxszOLjOzQgj5Ai8eFPHqJ3nzb5xNIqhoQUNR1U13lx9zprTjfFiZtfWNza3sdm5nd2//IH941FZRIim0aMQj2fWJAs4EtDTTHLqxBBL6HDr+pJ76nXuQikXiVk9j8EIyEixglGgjNa8H+YJjF0ularmEU1J2nQpeKlcX2LWdBQpohcYg/94fRjQJQWjKiVI914m1NyNSM8phnusnCmJCJ2QEPUMFCUF5s8Whc3xmlCEOImlKaLxQv0/MSKjUNPRNZ0j0WP32UvEvr5fooOrNmIgTDYIuFwUJxzrC6dd4yCRQzaeGECqZuRXTMZGEapNNzoTw9Sn+n7SLtuvYbvOyUKuv4siiE3SKzpGLKqiGblADtRBFgB7QE3q27qxH68V6XbZmrNXMMfoB6+0TETeNHQ==</latexit><latexit sha1_base64="q5OMgLB/DaE+xZ1rk3eY+oB96xE=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadmN5uEtEA8eEzAPSJYwO+lNxszOLjOzQgj5Ai8eFPHqJ3nzb5xNIqhoQUNR1U13lx9zprTjfFiZtfWNza3sdm5nd2//IH941FZRIim0aMQj2fWJAs4EtDTTHLqxBBL6HDr+pJ76nXuQikXiVk9j8EIyEixglGgjNa8H+YJjF0ularmEU1J2nQpeKlcX2LWdBQpohcYg/94fRjQJQWjKiVI914m1NyNSM8phnusnCmJCJ2QEPUMFCUF5s8Whc3xmlCEOImlKaLxQv0/MSKjUNPRNZ0j0WP32UvEvr5fooOrNmIgTDYIuFwUJxzrC6dd4yCRQzaeGECqZuRXTMZGEapNNzoTw9Sn+n7SLtuvYbvOyUKuv4siiE3SKzpGLKqiGblADtRBFgB7QE3q27qxH68V6XbZmrNXMMfoB6+0TETeNHQ==</latexit><latexit sha1_base64="q5OMgLB/DaE+xZ1rk3eY+oB96xE=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadmN5uEtEA8eEzAPSJYwO+lNxszOLjOzQgj5Ai8eFPHqJ3nzb5xNIqhoQUNR1U13lx9zprTjfFiZtfWNza3sdm5nd2//IH941FZRIim0aMQj2fWJAs4EtDTTHLqxBBL6HDr+pJ76nXuQikXiVk9j8EIyEixglGgjNa8H+YJjF0ularmEU1J2nQpeKlcX2LWdBQpohcYg/94fRjQJQWjKiVI914m1NyNSM8phnusnCmJCJ2QEPUMFCUF5s8Whc3xmlCEOImlKaLxQv0/MSKjUNPRNZ0j0WP32UvEvr5fooOrNmIgTDYIuFwUJxzrC6dd4yCRQzaeGECqZuRXTMZGEapNNzoTw9Sn+n7SLtuvYbvOyUKuv4siiE3SKzpGLKqiGblADtRBFgB7QE3q27qxH68V6XbZmrNXMMfoB6+0TETeNHQ==</latexit><latexit sha1_base64="q5OMgLB/DaE+xZ1rk3eY+oB96xE=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadmN5uEtEA8eEzAPSJYwO+lNxszOLjOzQgj5Ai8eFPHqJ3nzb5xNIqhoQUNR1U13lx9zprTjfFiZtfWNza3sdm5nd2//IH941FZRIim0aMQj2fWJAs4EtDTTHLqxBBL6HDr+pJ76nXuQikXiVk9j8EIyEixglGgjNa8H+YJjF0ularmEU1J2nQpeKlcX2LWdBQpohcYg/94fRjQJQWjKiVI914m1NyNSM8phnusnCmJCJ2QEPUMFCUF5s8Whc3xmlCEOImlKaLxQv0/MSKjUNPRNZ0j0WP32UvEvr5fooOrNmIgTDYIuFwUJxzrC6dd4yCRQzaeGECqZuRXTMZGEapNNzoTw9Sn+n7SLtuvYbvOyUKuv4siiE3SKzpGLKqiGblADtRBFgB7QE3q27qxH68V6XbZmrNXMMfoB6+0TETeNHQ==</latexit>

Pr[A(D1) = O]
1

1

Pr[A(D1) = O]

Pr[A(D2) = O]
 exp(✏)

<latexit sha1_base64="dZzZ8Q5eyY9EkPggGM+TdevHtss="></latexit><latexit sha1_base64="dZzZ8Q5eyY9EkPggGM+TdevHtss="></latexit><latexit sha1_base64="dZzZ8Q5eyY9EkPggGM+TdevHtss="></latexit><latexit sha1_base64="dZzZ8Q5eyY9EkPggGM+TdevHtss="></latexit>
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The risk of a user to join the data set is bounded (by ε) 

Pr[A(D1) = O]

Pr[A(D2) = O]
 exp(✏)

<latexit sha1_base64="dZzZ8Q5eyY9EkPggGM+TdevHtss="></latexit><latexit sha1_base64="dZzZ8Q5eyY9EkPggGM+TdevHtss="></latexit><latexit sha1_base64="dZzZ8Q5eyY9EkPggGM+TdevHtss="></latexit><latexit sha1_base64="dZzZ8Q5eyY9EkPggGM+TdevHtss="></latexit>

Pr[A(D1) = O]
Pr[A(D2) = O]

ratio  exp(✏)
D

<latexit sha1_base64="q5OMgLB/DaE+xZ1rk3eY+oB96xE=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadmN5uEtEA8eEzAPSJYwO+lNxszOLjOzQgj5Ai8eFPHqJ3nzb5xNIqhoQUNR1U13lx9zprTjfFiZtfWNza3sdm5nd2//IH941FZRIim0aMQj2fWJAs4EtDTTHLqxBBL6HDr+pJ76nXuQikXiVk9j8EIyEixglGgjNa8H+YJjF0ularmEU1J2nQpeKlcX2LWdBQpohcYg/94fRjQJQWjKiVI914m1NyNSM8phnusnCmJCJ2QEPUMFCUF5s8Whc3xmlCEOImlKaLxQv0/MSKjUNPRNZ0j0WP32UvEvr5fooOrNmIgTDYIuFwUJxzrC6dd4yCRQzaeGECqZuRXTMZGEapNNzoTw9Sn+n7SLtuvYbvOyUKuv4siiE3SKzpGLKqiGblADtRBFgB7QE3q27qxH68V6XbZmrNXMMfoB6+0TETeNHQ==</latexit><latexit sha1_base64="q5OMgLB/DaE+xZ1rk3eY+oB96xE=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadmN5uEtEA8eEzAPSJYwO+lNxszOLjOzQgj5Ai8eFPHqJ3nzb5xNIqhoQUNR1U13lx9zprTjfFiZtfWNza3sdm5nd2//IH941FZRIim0aMQj2fWJAs4EtDTTHLqxBBL6HDr+pJ76nXuQikXiVk9j8EIyEixglGgjNa8H+YJjF0ularmEU1J2nQpeKlcX2LWdBQpohcYg/94fRjQJQWjKiVI914m1NyNSM8phnusnCmJCJ2QEPUMFCUF5s8Whc3xmlCEOImlKaLxQv0/MSKjUNPRNZ0j0WP32UvEvr5fooOrNmIgTDYIuFwUJxzrC6dd4yCRQzaeGECqZuRXTMZGEapNNzoTw9Sn+n7SLtuvYbvOyUKuv4siiE3SKzpGLKqiGblADtRBFgB7QE3q27qxH68V6XbZmrNXMMfoB6+0TETeNHQ==</latexit><latexit sha1_base64="q5OMgLB/DaE+xZ1rk3eY+oB96xE=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadmN5uEtEA8eEzAPSJYwO+lNxszOLjOzQgj5Ai8eFPHqJ3nzb5xNIqhoQUNR1U13lx9zprTjfFiZtfWNza3sdm5nd2//IH941FZRIim0aMQj2fWJAs4EtDTTHLqxBBL6HDr+pJ76nXuQikXiVk9j8EIyEixglGgjNa8H+YJjF0ularmEU1J2nQpeKlcX2LWdBQpohcYg/94fRjQJQWjKiVI914m1NyNSM8phnusnCmJCJ2QEPUMFCUF5s8Whc3xmlCEOImlKaLxQv0/MSKjUNPRNZ0j0WP32UvEvr5fooOrNmIgTDYIuFwUJxzrC6dd4yCRQzaeGECqZuRXTMZGEapNNzoTw9Sn+n7SLtuvYbvOyUKuv4siiE3SKzpGLKqiGblADtRBFgB7QE3q27qxH68V6XbZmrNXMMfoB6+0TETeNHQ==</latexit><latexit sha1_base64="q5OMgLB/DaE+xZ1rk3eY+oB96xE=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadmN5uEtEA8eEzAPSJYwO+lNxszOLjOzQgj5Ai8eFPHqJ3nzb5xNIqhoQUNR1U13lx9zprTjfFiZtfWNza3sdm5nd2//IH941FZRIim0aMQj2fWJAs4EtDTTHLqxBBL6HDr+pJ76nXuQikXiVk9j8EIyEixglGgjNa8H+YJjF0ularmEU1J2nQpeKlcX2LWdBQpohcYg/94fRjQJQWjKiVI914m1NyNSM8phnusnCmJCJ2QEPUMFCUF5s8Whc3xmlCEOImlKaLxQv0/MSKjUNPRNZ0j0WP32UvEvr5fooOrNmIgTDYIuFwUJxzrC6dd4yCRQzaeGECqZuRXTMZGEapNNzoTw9Sn+n7SLtuvYbvOyUKuv4siiE3SKzpGLKqiGblADtRBFgB7QE3q27qxH68V6XbZmrNXMMfoB6+0TETeNHQ==</latexit> 2

A(D)
<latexit sha1_base64="MnB1CuBLf0m8OZXrVNtjZazVeh4=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBItQN8NMtQ93lbpwWcG2QjuWTJppQzMPkoxShv6HGxeKuPVf3Pk3ZtoKKnogcDjnXu7JcSPOpLKsDyOztLyyupZdz21sbm3v5Hf32jKMBaEtEvJQ3LhYUs4C2lJMcXoTCYp9l9OOO26kfueOCsnC4FpNIur4eBgwjxGstHTb87EaEcyT82nx4rifL1hmqVyuVcooJRXbqqK5cnaCbNOaoQALNPv5994gJLFPA0U4lrJrW5FyEiwUI5xOc71Y0giTMR7SrqYB9ql0klnqKTrSygB5odAvUGimft9IsC/lxHf1ZJpS/vZS8S+vGyuv5iQsiGJFAzI/5MUcqRClFaABE5QoPtEEE8F0VkRGWGCidFE5XcLXT9H/pF0ybcu0r04L9caijiwcwCEUwYYq1OESmtACAgIe4AmejXvj0XgxXuejGWOxsw8/YLx9AkjOkl8=</latexit><latexit sha1_base64="MnB1CuBLf0m8OZXrVNtjZazVeh4=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBItQN8NMtQ93lbpwWcG2QjuWTJppQzMPkoxShv6HGxeKuPVf3Pk3ZtoKKnogcDjnXu7JcSPOpLKsDyOztLyyupZdz21sbm3v5Hf32jKMBaEtEvJQ3LhYUs4C2lJMcXoTCYp9l9OOO26kfueOCsnC4FpNIur4eBgwjxGstHTb87EaEcyT82nx4rifL1hmqVyuVcooJRXbqqK5cnaCbNOaoQALNPv5994gJLFPA0U4lrJrW5FyEiwUI5xOc71Y0giTMR7SrqYB9ql0klnqKTrSygB5odAvUGimft9IsC/lxHf1ZJpS/vZS8S+vGyuv5iQsiGJFAzI/5MUcqRClFaABE5QoPtEEE8F0VkRGWGCidFE5XcLXT9H/pF0ybcu0r04L9caijiwcwCEUwYYq1OESmtACAgIe4AmejXvj0XgxXuejGWOxsw8/YLx9AkjOkl8=</latexit><latexit sha1_base64="MnB1CuBLf0m8OZXrVNtjZazVeh4=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBItQN8NMtQ93lbpwWcG2QjuWTJppQzMPkoxShv6HGxeKuPVf3Pk3ZtoKKnogcDjnXu7JcSPOpLKsDyOztLyyupZdz21sbm3v5Hf32jKMBaEtEvJQ3LhYUs4C2lJMcXoTCYp9l9OOO26kfueOCsnC4FpNIur4eBgwjxGstHTb87EaEcyT82nx4rifL1hmqVyuVcooJRXbqqK5cnaCbNOaoQALNPv5994gJLFPA0U4lrJrW5FyEiwUI5xOc71Y0giTMR7SrqYB9ql0klnqKTrSygB5odAvUGimft9IsC/lxHf1ZJpS/vZS8S+vGyuv5iQsiGJFAzI/5MUcqRClFaABE5QoPtEEE8F0VkRGWGCidFE5XcLXT9H/pF0ybcu0r04L9caijiwcwCEUwYYq1OESmtACAgIe4AmejXvj0XgxXuejGWOxsw8/YLx9AkjOkl8=</latexit><latexit sha1_base64="MnB1CuBLf0m8OZXrVNtjZazVeh4=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBItQN8NMtQ93lbpwWcG2QjuWTJppQzMPkoxShv6HGxeKuPVf3Pk3ZtoKKnogcDjnXu7JcSPOpLKsDyOztLyyupZdz21sbm3v5Hf32jKMBaEtEvJQ3LhYUs4C2lJMcXoTCYp9l9OOO26kfueOCsnC4FpNIur4eBgwjxGstHTb87EaEcyT82nx4rifL1hmqVyuVcooJRXbqqK5cnaCbNOaoQALNPv5994gJLFPA0U4lrJrW5FyEiwUI5xOc71Y0giTMR7SrqYB9ql0klnqKTrSygB5odAvUGimft9IsC/lxHf1ZJpS/vZS8S+vGyuv5iQsiGJFAzI/5MUcqRClFaABE5QoPtEEE8F0VkRGWGCidFE5XcLXT9H/pF0ybcu0r04L9caijiwcwCEUwYYq1OESmtACAgIe4AmejXvj0XgxXuejGWOxsw8/YLx9AkjOkl8=</latexit>

2
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D
<latexit sha1_base64="q5OMgLB/DaE+xZ1rk3eY+oB96xE=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadmN5uEtEA8eEzAPSJYwO+lNxszOLjOzQgj5Ai8eFPHqJ3nzb5xNIqhoQUNR1U13lx9zprTjfFiZtfWNza3sdm5nd2//IH941FZRIim0aMQj2fWJAs4EtDTTHLqxBBL6HDr+pJ76nXuQikXiVk9j8EIyEixglGgjNa8H+YJjF0ularmEU1J2nQpeKlcX2LWdBQpohcYg/94fRjQJQWjKiVI914m1NyNSM8phnusnCmJCJ2QEPUMFCUF5s8Whc3xmlCEOImlKaLxQv0/MSKjUNPRNZ0j0WP32UvEvr5fooOrNmIgTDYIuFwUJxzrC6dd4yCRQzaeGECqZuRXTMZGEapNNzoTw9Sn+n7SLtuvYbvOyUKuv4siiE3SKzpGLKqiGblADtRBFgB7QE3q27qxH68V6XbZmrNXMMfoB6+0TETeNHQ==</latexit><latexit sha1_base64="q5OMgLB/DaE+xZ1rk3eY+oB96xE=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadmN5uEtEA8eEzAPSJYwO+lNxszOLjOzQgj5Ai8eFPHqJ3nzb5xNIqhoQUNR1U13lx9zprTjfFiZtfWNza3sdm5nd2//IH941FZRIim0aMQj2fWJAs4EtDTTHLqxBBL6HDr+pJ76nXuQikXiVk9j8EIyEixglGgjNa8H+YJjF0ularmEU1J2nQpeKlcX2LWdBQpohcYg/94fRjQJQWjKiVI914m1NyNSM8phnusnCmJCJ2QEPUMFCUF5s8Whc3xmlCEOImlKaLxQv0/MSKjUNPRNZ0j0WP32UvEvr5fooOrNmIgTDYIuFwUJxzrC6dd4yCRQzaeGECqZuRXTMZGEapNNzoTw9Sn+n7SLtuvYbvOyUKuv4siiE3SKzpGLKqiGblADtRBFgB7QE3q27qxH68V6XbZmrNXMMfoB6+0TETeNHQ==</latexit><latexit sha1_base64="q5OMgLB/DaE+xZ1rk3eY+oB96xE=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadmN5uEtEA8eEzAPSJYwO+lNxszOLjOzQgj5Ai8eFPHqJ3nzb5xNIqhoQUNR1U13lx9zprTjfFiZtfWNza3sdm5nd2//IH941FZRIim0aMQj2fWJAs4EtDTTHLqxBBL6HDr+pJ76nXuQikXiVk9j8EIyEixglGgjNa8H+YJjF0ularmEU1J2nQpeKlcX2LWdBQpohcYg/94fRjQJQWjKiVI914m1NyNSM8phnusnCmJCJ2QEPUMFCUF5s8Whc3xmlCEOImlKaLxQv0/MSKjUNPRNZ0j0WP32UvEvr5fooOrNmIgTDYIuFwUJxzrC6dd4yCRQzaeGECqZuRXTMZGEapNNzoTw9Sn+n7SLtuvYbvOyUKuv4siiE3SKzpGLKqiGblADtRBFgB7QE3q27qxH68V6XbZmrNXMMfoB6+0TETeNHQ==</latexit><latexit sha1_base64="q5OMgLB/DaE+xZ1rk3eY+oB96xE=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgadmN5uEtEA8eEzAPSJYwO+lNxszOLjOzQgj5Ai8eFPHqJ3nzb5xNIqhoQUNR1U13lx9zprTjfFiZtfWNza3sdm5nd2//IH941FZRIim0aMQj2fWJAs4EtDTTHLqxBBL6HDr+pJ76nXuQikXiVk9j8EIyEixglGgjNa8H+YJjF0ularmEU1J2nQpeKlcX2LWdBQpohcYg/94fRjQJQWjKiVI914m1NyNSM8phnusnCmJCJ2QEPUMFCUF5s8Whc3xmlCEOImlKaLxQv0/MSKjUNPRNZ0j0WP32UvEvr5fooOrNmIgTDYIuFwUJxzrC6dd4yCRQzaeGECqZuRXTMZGEapNNzoTw9Sn+n7SLtuvYbvOyUKuv4siiE3SKzpGLKqiGblADtRBFgB7QE3q27qxH68V6XbZmrNXMMfoB6+0TETeNHQ==</latexit>

Q(D) + Z

Q

How many people 
live in a household 
that earns less than 

50,000 dollars

•  Query sensitivities
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D
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Hierarchical Release
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Differential Privacy in Practice
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Practical Issues
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Post-Processing Immunity
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Hierarchical Release
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Post-Processing Immunity
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Post-Processing Immunity
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Post-Processing: Dynamic programming

‣ bottom-up phase
– computes cost tables to find the optimal cost
‣ top-down phase

– recover the optimal values for the optimal cost
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Dynamic Programming: Bottom-Up

‣ Optimal cost at node r if its value is v
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Dynamic Programming

‣ Optimal cost at node r if its value is v
– the cost functions are convex piecewise linear

‣ Theorem: the cost table can be computed in O(|D| log |D|) time
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The Census Bureau Release 
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Sensitivities

‣ Counts and sensitivities

‣ What happens if we remove one person?
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Group 
Sizes

0 1 2 3
counts 4 3 2 5

Group 
Sizes

0 1 2 3
counts 4 4 1 5
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Cumulative Counts

‣ Counts

‣ Cumulative counts
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Sensitivities

‣ Cumulative Counts

‣ What happens if we remove one person?
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Group 
Sizes

0 1 2 3
counts 4 7 9 14

Group 
Sizes

0 1 2 3
counts 4 8 9 14
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Post-Processing Cumulative Counts
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Post-Processing Cumulative Counts
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Flatten the Hierarchy!
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Post-Processing Cumulative Counts
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Back to Dynamic Programming

‣ Optimal cost at node r if its value is v

‣ Theorem: the cost table can be computed in O(|D|) time
– the overall algorithm computes a table per node
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Experimental Results
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Experimental Results
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Experimental Results
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Motivation
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 Learning Optimization Proxies
-  ride-haring systems

 Optimization over Preferences
-  on-demand transit systems

  Learning over Physical Systems
-  security-constrained OPF

 Optimization for Privacy
-releasing census data

Biases, Fairness, Privacy 
-releasing census data
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Bias on Census Release

‣ Post-processing introduces significant bias 
– E_x  ̃ [p(x  ̃)]-x.   
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Studying Biases

‣ True (original) data denoted by 

‣ Noisy data produced by Laplace mechanism 

‣ m equality constraints characterized by 
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Post-Processing
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Post-Processing

‣ Problem P has no bias
– all the bias comes the non-negativity constraints
‣ Consider problem 
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Bias in Budget Allocation

‣ Bias in Title 1 funds Allocation 
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‣ Tremendous opportunities in data science
– tight integration of ML and optimization
– role of optimization in privacy

Conclusion

122



Pascal Van Hentenryck, Copyright 2020-2021

Summary
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 Learning Optimization Proxies
-machine learning models approximating optimization solutions

 Optimization over machine learning models
-  capturing preferences and simulations

  Optimization proxies in complex optimization frameworks
-  constraint and column generation security-constrained OPF

 Optimization for Privacy
-post-processing differential privacy to capture domain constraints

Biases, Fairness, Privacy 
-many open issues about privacy, fairness, and biases
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Future Work
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Thank you for listening

125


