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Discrete decisions are ubiquitous 

Supply Chain and 
Transportation

Energy

On-and-off switches 

Unit commitment

Vehicle routing 

Assortment decisions 

Robotics

Hybrid dynamics

As new data arrives, we need to solve these problems in real-time



Network Formation Game
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Mixed-integer solvers are not made for this!

Despite tremendous progress, 
solvers are extremely efficient at 
solving one instance

⚙ Hard to warm-start 

📈 High memory requirements



Network Formation Game
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Parametric mixed-integer problems

As new data arrives, we need to solve these problems in real-time

<latexit sha1_base64="sYuNnaKodmxteM2mELfWMFK2tIk="></latexit>

minimize c(✓)>x

subject to A(✓)x  b(✓),

xi 2 Z, 8i 2 I

Parameters Decisions

Feasible region 
<latexit sha1_base64="aiTGqVejhHTwKu5JAjp7WKfPVvM=">AAAB8HicdVDLSsNAFJ34rPVVdelmsAh1E5IifewKgrisYB/ShjKZTtqhM0mYuRFKKPgPblwo4tbPceffOG0qqOiBC4dz7uXee/xYcA2O82GtrK6tb2zmtvLbO7t7+4WDw7aOEkVZi0YiUl2faCZ4yFrAQbBurBiRvmAdf3Ix9zt3TGkehTcwjZknySjkAacEjHTbLfVhzICcDQpFx3brbr1WxhmpVpak5mDXdhYooiWag8J7fxjRRLIQqCBa91wnBi8lCjgVbJbvJ5rFhE7IiPUMDYlk2ksXB8/wqVGGOIiUqRDwQv0+kRKp9VT6plMSGOvf3lz8y+slENS8lIdxAiyk2aIgERgiPP8eD7liFMTUEEIVN7diOiaKUDAZ5U0IX5/i/0m7bLsVu3J9Xmxc3mdx5NAxOkEl5KIqaqAr1EQtRJFED+gJPVvKerRerNesdcVaRniEfsB6+wTHzJDZ</latexit>

X(✓)

Our goal
Build a computational architecture that 
exploits the repetitive nature of this family
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Cutting-plane algorithms
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<latexit sha1_base64="Nsudoc8Ts0TA0k6CPqhhaFK6DYY="></latexit>

x⋆(θ)

Gilmore and Gomory (1961) and (1963), Kelley (1960)

They are valid
<latexit sha1_base64="Z/GvnmDI7m75A8TwZoQ7AIMs5lA="></latexit>

X(θ) ⊆ {x | gTi x ≤ hi}

continuous relaxation
<latexit sha1_base64="1gH1zSYqb9zV0xmytVYzTpRv99Q="></latexit>

minimize c(θ)⊤x

subject to A(θ)x ≤ b(θ)

Gx ≤ h

<latexit sha1_base64="td1aXOA7LbivQ1E2CeUs26T03KI="></latexit>

X(θ)

<latexit sha1_base64="/f84d1YL8MJKoPQL/IIDCkEv5bI="></latexit>

−c(θ)

They cut off some x̄
<latexit sha1_base64="DTkKVVfwYDtOQOfmMDhgQsSSiGw="></latexit>

gTi x̄ > hi

Cutting plane algorithms

<latexit sha1_base64="r+ZbOqVwc2ajVPk+DOd7WGMR7EU=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU0iK9ONWENRjBVsLbSib7aRdutnE3Y1YQsHf4MWDIl79O978N26bCir6YODx3gwz8/yYM6Ud58PKLS2vrK7l1wsbm1vbO8XdvbaKEkmhRSMeyY5PFHAmoKWZ5tCJJZDQ53Dtj09n/vUtSMUicaUnMXghGQoWMEq0kTrnd7jHAY/6xZJju3W3XivjjFQrC1JzsGs7c5TQAs1+8b03iGgSgtCUE6W6rhNrLyVSM8phWuglCmJCx2QIXUMFCUF56fzeKT4yygAHkTQlNJ6r3ydSEio1CX3TGRI9Ur+9mfiX1010UPNSJuJEg6DZoiDhWEd49jweMAlU84khhEpmbsV0RCSh2kRUMCF8fYr/J+2y7VbsyuVJqXF2n8WRRwfoEB0jF1VRA12gJmohijh6QE/o2bqxHq0X6zVrzVmLCPfRD1hvn9LSkEg=</latexit>

Gx  h
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Cutting is a complex business

There are several structural decisions involved in cutting

How to select cuts? How many cuts? How many to store?

When to restart? Which variable?

Cornuejols (2012), Contardo, Lodi, Tramontani (2022), Dey and Molinaro (2018)
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Learning to cut

Tang, Agrawal, Faenza  (2020), Paulus, Zarpellon, Krause, 
Charlin, Maddison (2022), Deza and Khalil  (2023)

So
ftm

ax

👍 well-defined learning task 

👎 less flexibility

👍 more flexibility 

👎 hard learning task

Round 1

GMI cuts

Round 2

GMI cuts

Cut selection Continuous cut 
generation

Chetelat and Lodi (2023)
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Our differentiable architecture
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We deploy R iterations of a cutting plane algorithm

initialization cutting-plane 
iteration 

cutting-plane 
iteration

loss
<latexit sha1_base64="w7hjyuIwKSCW3tkUuJjDTHcXTyM=">AAAB8nicdVDLSgNBEJyNrxhfUY9eBoMQL8tu0DxuES8eo5hE2KxhdjKbDJl9MNMrhCXgT3jxoIhXv8abf+MkG0FFCxqKqm66u7xYcAWW9WHklpZXVtfy64WNza3tneLuXkdFiaSsTSMRyRuPKCZ4yNrAQbCbWDISeIJ1vfH5zO/eMal4FF7DJGZuQIYh9zkloCVH3V6VezBiQI77xZJl2g27Ua/gjNSqC1K3sG1ac5TQAq1+8b03iGgSsBCoIEo5thWDmxIJnAo2LfQSxWJCx2TIHE1DEjDlpvOTp/hIKwPsR1JXCHiufp9ISaDUJPB0Z0BgpH57M/Evz0nAr7spD+MEWEizRX4iMER49j8ecMkoiIkmhEqub8V0RCShoFMq6BC+PsX/k07FtKvm6eVJqXl2n8WRRwfoEJWRjWqoiS5QC7URRRF6QE/o2QDj0XgxXrPWnLGIcB/9gPH2CUtJkbI=</latexit>

sR(✓)
<latexit sha1_base64="1AG0OSTQ7h79WfxD4wRDBAJHzUI="></latexit>

s0(✓)
<latexit sha1_base64="oTTh5ZwlmuIPtRdXxFhu4JrbWEs="></latexit>

✓

<latexit sha1_base64="WvWlbRAhyAgCQT9eCjhaSSC/xhA="></latexit>

update ⇢

state
<latexit sha1_base64="pzKANFizbzc9WETLPeHeHg0FISA="></latexit>

s(✓) =

0

BB@

x(✓)
cTx(✓)
G(✓)
h(✓)

1

CCA

solution

objective

cuts
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An iteration is policy + relaxation

initialization cutting-plane 
iteration 

cutting-plane 
iteration

loss
<latexit sha1_base64="w7hjyuIwKSCW3tkUuJjDTHcXTyM=">AAAB8nicdVDLSgNBEJyNrxhfUY9eBoMQL8tu0DxuES8eo5hE2KxhdjKbDJl9MNMrhCXgT3jxoIhXv8abf+MkG0FFCxqKqm66u7xYcAWW9WHklpZXVtfy64WNza3tneLuXkdFiaSsTSMRyRuPKCZ4yNrAQbCbWDISeIJ1vfH5zO/eMal4FF7DJGZuQIYh9zkloCVH3V6VezBiQI77xZJl2g27Ua/gjNSqC1K3sG1ac5TQAq1+8b03iGgSsBCoIEo5thWDmxIJnAo2LfQSxWJCx2TIHE1DEjDlpvOTp/hIKwPsR1JXCHiufp9ISaDUJPB0Z0BgpH57M/Evz0nAr7spD+MEWEizRX4iMER49j8ecMkoiIkmhEqub8V0RCShoFMq6BC+PsX/k07FtKvm6eVJqXl2n8WRRwfoEJWRjWqoiS5QC7URRRF6QE/o2QDj0XgxXrPWnLGIcB/9gPH2CUtJkbI=</latexit>

sR(✓)
<latexit sha1_base64="1AG0OSTQ7h79WfxD4wRDBAJHzUI="></latexit>

s0(✓)
<latexit sha1_base64="oTTh5ZwlmuIPtRdXxFhu4JrbWEs="></latexit>

✓

cutting-plane iteration

CPL

CPL
<latexit sha1_base64="pLsF81kQUsx+SDYRrQGHSwJ7g/8="></latexit>

RNN
(weights ⇢)

<latexit sha1_base64="bGR1rDMcfnGPdQ2P+E7aPfGROs8="></latexit>0

BBB@

�1

�2

...
�K

1

CCCA

relaxation
<latexit sha1_base64="06P4aWf+vZrmPawntVlF/8t6ymk="></latexit>

minimize c(✓)Tx

subject to A(✓)x  b(✓)

G(✓)x  h(✓)

policy

<latexit sha1_base64="9nyY7C9qDXY8L4koxUYwUrA63Fo=">AAAB+HicdZBLSwMxFIUzPmt9dNSlm2ARKsIwU7SPXcWNywr2Ae1YMmnahmYeJHeEOhT8H25cKOLWn+LOf2PaqaCiBwIf59yQm+NFgiuw7Q9jaXlldW09s5Hd3NreyZm7e00VxpKyBg1FKNseUUzwgDWAg2DtSDLie4K1vPHFLG/dMql4GFzDJGKuT4YBH3BKQFs9M6duEnniTAtdGDEgxz0zb1tO1alWijiFcmkBFRs7lj1XHi1U75nv3X5IY58FQAVRquPYEbgJkcCpYNNsN1YsInRMhqyjMSA+U24yX3yKj7TTx4NQ6hMAnrvfbyTEV2rie3rSJzBSv7OZ+VfWiWFQcRMeRDGwgKYPDWKBIcSzFnCfS0ZBTDQQKrneFdMRkYSC7iqrS/j6Kf4fmkXLKVlnV6f52vl9WkcGHaBDVEAOKqMaukR11EAUxegBPaFn4854NF6M13R0yVhUuI9+yHj7BJ2Uk38=</latexit>

sr+1(✓)

<latexit sha1_base64="WvWlbRAhyAgCQT9eCjhaSSC/xhA="></latexit>

update ⇢

<latexit sha1_base64="+pFhdlIUYC3OkjUHYWGXuVFaTMo=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAh1E5IifewqblxWsA9IY5lMJ+3QySTM3AglFPwJNy4UcevXuPNvnD4EFT1w4XDOvdx7T5AIrsFxPqyV1bX1jc3cVn57Z3dvv3Bw2NZxqihr0VjEqhsQzQSXrAUcBOsmipEoEKwTjC9nfueOKc1jeQOThPkRGUoeckrASJ6+VaUejBiQs36h6Nhu3a3XynhBqpUlqTnYtZ05imiJZr/w3hvENI2YBCqI1p7rJOBnRAGngk3zvVSzhNAxGTLPUEkipv1sfvIUnxplgMNYmZKA5+r3iYxEWk+iwHRGBEb6tzcT//K8FMKan3GZpMAkXSwKU4EhxrP/8YArRkFMDCFUcXMrpiOiCAWTUt6E8PUp/p+0y7ZbsSvX58XGxf0ijhw6RieohFxURQ10hZqohSiK0QN6Qs8WWI/Wi/W6aF2xlhEeoR+w3j4BfRuR0w==</latexit>

sr(✓)
<latexit sha1_base64="qPAWM1ZK8uOQogkHpkeKxI+++C0=">AAACAHicdZBLSwMxFIUz9VXrq+rChZtgEVqQMlOkj13FhS4r2Ae0Q8mkmU5oJjMkd4RSCuJfceNCEbf+DHf+G2f6ABU9EPg454bkHicUXINpfhqpldW19Y30ZmZre2d3L7t/0NJBpChr0kAEquMQzQSXrAkcBOuEihHfEaztjC6TvH3HlOaBvIVxyGyfDCV3OSUQW/3sUf4q3wOPASmcYW+JhUw/mzOLVs2qVUt4DpXyAqomtormTDm0UKOf/egNAhr5TAIVROuuZYZgT4gCTgWbZnqRZiGhIzJk3Rgl8Zm2J7MFpvg0dgbYDVR8JOCZ+/3GhPhaj30nnvQJePp3lph/Zd0I3Ko94TKMgEk6f8iNBIYAJ23gAVeMghjHQKji8V8x9YgiFOLOkhKWm+L/oVUqWuVi+eY8V7+4n9eRRsfoBOWRhSqojq5RAzURRVP0iJ7Ri/FgPBmvxtt8NGUsKjxEP2S8fwE3RpVS</latexit>

(G(✓), h(✓))

<latexit sha1_base64="WvWlbRAhyAgCQT9eCjhaSSC/xhA="></latexit>

update ⇢
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The RNN provides the “cut parameters”

CPL

CPL
<latexit sha1_base64="pLsF81kQUsx+SDYRrQGHSwJ7g/8="></latexit>

RNN
(weights ⇢)

<latexit sha1_base64="bGR1rDMcfnGPdQ2P+E7aPfGROs8="></latexit>0

BBB@

�1

�2

...
�K

1

CCCA

<latexit sha1_base64="qPAWM1ZK8uOQogkHpkeKxI+++C0=">AAACAHicdZBLSwMxFIUz9VXrq+rChZtgEVqQMlOkj13FhS4r2Ae0Q8mkmU5oJjMkd4RSCuJfceNCEbf+DHf+G2f6ABU9EPg454bkHicUXINpfhqpldW19Y30ZmZre2d3L7t/0NJBpChr0kAEquMQzQSXrAkcBOuEihHfEaztjC6TvH3HlOaBvIVxyGyfDCV3OSUQW/3sUf4q3wOPASmcYW+JhUw/mzOLVs2qVUt4DpXyAqomtormTDm0UKOf/egNAhr5TAIVROuuZYZgT4gCTgWbZnqRZiGhIzJk3Rgl8Zm2J7MFpvg0dgbYDVR8JOCZ+/3GhPhaj30nnvQJePp3lph/Zd0I3Ko94TKMgEk6f8iNBIYAJ23gAVeMghjHQKji8V8x9YgiFOLOkhKWm+L/oVUqWuVi+eY8V7+4n9eRRsfoBOWRhSqojq5RAzURRVP0iJ7Ri/FgPBmvxtt8NGUsKjxEP2S8fwE3RpVS</latexit>

(G(✓), h(✓))

policy

<latexit sha1_base64="h7vh5KrhYmNFEy7qIYoTsfgnGyQ=">AAAB8HicdVDLSsNAFJ34rPVVdelmsAh1E5IifewqblxWsA9pQ5lMJ+3QmSTM3AglFPwHNy4UcevnuPNvnDYVVPTAhcM593LvPX4suAbH+bBWVtfWNzZzW/ntnd29/cLBYVtHiaKsRSMRqa5PNBM8ZC3gIFg3VoxIX7COP7mc+507pjSPwhuYxsyTZBTygFMCRrrVpT6MGZCzQaHo2G7drdfKOCPVypLUHOzazgJFtERzUHjvDyOaSBYCFUTrnuvE4KVEAaeCzfL9RLOY0AkZsZ6hIZFMe+ni4Bk+NcoQB5EyFQJeqN8nUiK1nkrfdEoCY/3bm4t/eb0EgpqX8jBOgIU0WxQkAkOE59/jIVeMgpgaQqji5lZMx0QRCiajvAnh61P8P2mXbbdiV67Pi42L+yyOHDpGJ6iEXFRFDXSFmqiFKJLoAT2hZ0tZj9aL9Zq1rljLCI/QD1hvn/APkO8=</latexit>

s(✓)

<latexit sha1_base64="eFV1T2n9V+lqmKxajYfdHeUFh10="></latexit>

σ = (π, η, D)
Cut parameters

disjunction
<latexit sha1_base64="PvSlHw/LLc48NAm29nPBbvEdNC8="></latexit>

⇡Tx  ⌘ or ⇡Tx � ⌘ + 1

normalization
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Cutting plane layers (CPLs)

cut-generating program

<latexit sha1_base64="eFV1T2n9V+lqmKxajYfdHeUFh10="></latexit>

σ = (π, η, D)

Cut parameters

<latexit sha1_base64="0Ofm1wCsBw1vjMqHo9DHTzrJDL8="></latexit>

maximize g>i x� hi

subject to gi 
h
A(✓)T ⇡

i
u

gi 
h
A(✓)T �⇡

i
v

hi �
h
b(✓)T ⌘

i
u

hi �
h
b(✓)T �(⌘ + 1)

i
v

kD(u, v)k2  1, u, v � 0
disjunction

<latexit sha1_base64="PvSlHw/LLc48NAm29nPBbvEdNC8=">AAAH4XicdVXLbtw2FFXSNpNOX0677Iawx0CRJmPJQR4tUCCt0cJdpHCL2Ak6mhiUdEdDDF8hKUW2oA/oLui2i/5Ft+1v9G9KKnI85Ljc6OKcc8l7eCkyk5RoE8f/Xrv+zrvv3RjdfH/8wYcfffzJ1q1PT7SoVA7HuaBCPc+wBko4HBtiKDyXCjDLKDzLVgeOf1aD0kTwp+ZMwpzhkpMFybGx0OnW7UkqyYunDUopoBQMniCh0F </latexit>

⇡Tx  ⌘ or ⇡Tx � ⌘ + 1

normalization

Previous solution
<latexit sha1_base64="LKQsElPfbHC4aNqmyAhzyRZD83c="></latexit>x

Valid inequality

Violation

<latexit sha1_base64="eTHhZmmsYpvo8HV0LyYeMaFZfyI="></latexit>

gTi x ≤ hi



<latexit sha1_base64="6I9mxb0IqcTipy/nHdEGxCyRByA="></latexit>

L(ρ) = Eθ

(
R−1∑

r=0

c(θ)T (xr(θ)− xr+1(θ))

)

Network Formation Game
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We train with SGD

Loss
negative  

improvement

Stochastic gradient descent (SGD)
<latexit sha1_base64="KnRqHtFSuVDS/Iytt1qpT95xA9g="></latexit>

ρt+1 = ρt − γ∇L̂(ρt) Agrawal, Barratt, Boyd, Busseti, Moursi (2019), Agrawal, 
Amos, Barratt, Boyd, Diamond, and Kolter (2019)

Backpropagate through CPL

policy 
weights
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Cuts representability

We can represent any disjunctive cuts, even with multiple-
terms disjunctionsDisjunctive cuts

Gomory  
Mixed-integer

Mixed-integer 
rounding Lift-and-project

Undominated 
Generalized Gomory

Any undominated subadditive cut from 
Chetelat and Lodi (2023)
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Examples
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Fischetti, Lodi and Tramontani infamous example

0 10 20 30 40 50 60

°1.6

°1.4

°1.2

°1.0
Relaxed objective

Optimal objective

0 10 20 30 40 50 60
Iterations

0.3

0.4

0.5

Loss



training validation test

gap infeasibility violation gap infeasibility violation gap infeasibility violation

cplayers 0.38 0.17 0.30 2.28 0.17 0.25 5.47 0.14 0.13

SNC 18.10 0.05 0.16 21.60 0.05 0.19 21.65 0.05 0.08

training validation test

gap infeasibility violation gap infeasibility violation gap infeasibility violation

cplayers 1.09 0.01 0.50 0.70 0.01 0.49 0.00 0.00 0.50

SNC 3.26 0.01 0.05 2.59 0.03 0.49 1.17 0.02 0.50

Network Formation Game
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Learning better cuts better 
optimality 

gap

Violation 
might be 

misleading
Matching

(3 rounds, 2 cuts each)

Hybrid control
(2 rounds, 5 cuts each)



Summing up
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Optimization

Learning

Differentiable Mixed-integer optimization algorithms are 
differentiable

We can learn the underlying 
properties of parametric families of 
problems 

We can build efficient algorithms to solve the 
parametric families
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