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Overview and Motivation: Conformal Training

Conformal prediction as post-training wrapper provides coverage guarantee:

Conformal Prediction

~ {cat, dog, truck}
> Classifier — dog
) (set of classes)
- (single

cat class)

=> True class is in the predicted confidence
set with user-specified probability!
=> Number of predicted classes =

inefficiency @
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Overview and Motivation: Conformal Training

Conformal prediction as post-training wrapper provides marginal guarantee:

Calibrated to
minimize
inefficiency/coverage

Conformal Predictione- - - - - - === = = == = = = == — - —

~ {cat, dog, truck}
Classifier — dog
v .
1-- (single
class)

(set of classes)

Trained with
cross—-entropy loss
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Overview and Motivation: Conformal Training

Conformal training = take conformal predictor into account during training:

Conformal Prediction

~ {cat, dog, truck}
Classifier — dog

Gradient =

=> Optimize arbitrary objectives defined on
confidence sets

=> Obtain guaranteed coverage using any
conformal predictor after training.
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DeepMind
Learning Optimal Conformal Classifiers

d Conformal Prediction
A  Conformal Training

d Experimental Results
A Conclusion

Paper:
arxiv.org/abs/2110.09192
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Conformal Prediction

For model 7y, = p(y|x), construct confidence sets
Co(x) C [K]={1,..., K} such that:

Ply € Cylz)) >1—a

e confidence level o user-specified
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Conformal Prediction

For model 7y, = p(y|x), construct confidence sets
Co(x) C [K]={1,..., K} such that:
Py € Cy(z)) > 1 —«

e confidence level o user-specified
e inefficiency = average confidence set size |Cy(x)| minimized

{airplane} {dog, cat} {frog,horse,dog} {cat,frog} true class @
coveragel/inefficiency yes/1 yes/2 no/3 yes/2



Example: Threshold Conformal Predictor

Two steps: prediction (test time) and calibration steps.

1. Prediction: define how confidence sets Cy(x) are constructed,
Co(x) :={k € [K]: E(z,k) :=mgx(x) > 7}

with E(z, k) := mp () called conformity scores.
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[1] Mauricio Sadinle, Jing Lei, and Larry Wasserman. Least ambiguous set-valued classifiers with bounded error levels. Journal of the American bl’
Statistical Association (JASA), 114(525):223-234, 2019.
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Example: Threshold Conformal Predictor

Two steps: prediction (test time) and calibration steps.
1. Prediction: define how confidence sets Cy(x) are constructed.
Co(x) :={k € |[K]: E(x,k) :=mgi(x) > 1}
2. Calibration: define threshold 7 on held-out calibration set /...

T = «-quantile of {E(zi, ¥i) }ier,,

R

40 60 &
Sorted Examples i
[1] Mauricio Sadinle, Jing Lei, and Larry Wasserman. Least ambiguous set-valued classifiers with bounded error levels. Journal of the American
Statistical Association (JASA), 114(525):223-234, 2019.
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Training of Classifier with Conformal Wrapper

Conformal prediction is typically applied after training:

Conformal Wrapper

E

Classifier

— W@(QZ)
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Training of Classifier with Conformal Wrapper

Conformal prediction is typically applied after training:

Conformal Wrapper

> CQ(ZE)

Classifier — 7o (37>

—————————————————————— --- L(Cy(x),y)

VL~

=> Independent of conformal prediction method used at test time.
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Conformal Training
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Bcal

| Classifier

7'('9(%)

(1)

mo(2)

— Calibration step

l

Prediction step and loss computation

\

B pred
_/

“Simulate” conformal prediction on each mini-batch @



Conformal Training

Bcal
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Differentiable implementations needed

| Classifier

7'('9(%)

(1)

mo(x2)

B pred
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Conformal Training

Bcal

| Classifier

Wg(x)

(1)

mo(2)
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. 7 — smooth- «-quantile of {7y, (Z:) bicB..,

| differentiable w.r.t.

______________ e

>

B pred

Prediction step and loss computation
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Conformal Training
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Bcal
I1 o (1) )
T ro(2) . 7 = smooth- a.-quantile of {7y, (i) }ien..,
| differentiable w.r.t.
> CIaSSifier .........................................................................
o () l
- Cop(zi;7) = o((mor(x) —7)/T) for i € Bpred
i differentiable w.r.t. # through my(x;) and T
A e e e ea e e B sred * loss on C €T;
VL pred L 9( )
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Conformal Training
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Bcal
I1 o (1) )
T 7o(2) -~ 7 — Smooth- av-quantile of {WQ,yi(xi)}iEBcal
Classifier empirical coverage (1 — ) on Bipred
mo(r) [ G|
— CG,k(xi; 7_) = 0((71-0,16('1') o T)/T) for 1 € Bpred
<v9£BpI‘ed ......... IOSS L on C@<xz>

=> Re-calibrate at test time to obtain coverage guarantee! @
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More applications in medical
diagnosis in paper:

e Influence composition of
confidence set
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Optimizing Inefficiency
Train to directly reduce inefficiency:

QCy(x)) = > Conl(x)

o Cyr(x) €|0,1] interpreted as “soft assighments”
e can be seen as smooth approximation of E[|Cy(x)|]
e no loss on true label y as empirical coverage close to (1 — «)

O



Reducing Inefficiency: Results

Inefficiency | for av= 0.01:

CP at test time: Thr-Probs

Dataset Baseline Ours Baseline
MNIST 2.23 2.11 (-5.4%) 2.50
F-MNIST 2.05 1.67 (-18.5%) | 2.36
EMNIST (K = 52) 2.66 2.49 (-6.4%) 4.23
CIFAR10 2.93 2.84 (-3.1%) 3.30
CIFAR100 10.63 10.44 (-1.8%) | 16.62

Private & Confidential

APS [2]

Ours

2.14 (-14.14%)
1.72 (-27.1%)
2.87 (-32.2%)
2.93 (-11.1%)

12.73 (-23.4%)

[2] Yaniv Romano, Matteo Sesia, and Emmanuel J. Candes. Classification with valid and adaptive coverage. In Advances in Neural

Information Processing Systems (NIPS), 2020.
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Inefficiency Distribution

Inefficiency | distributed very differently across classes:

CIFAR1O: Inefficiency by Class for Baseline+Thr
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Results: CIFAR10

e Possible inefficiency improvement per class (in %)
e Costin terms of average inefficiency increase across classes (in %)

CIFAR10: Ineff Improvement by Class
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Conclusion: Conformal Training

= end-to-end training of classifier and conformal wrapper.

e retains coverage guarantee
e reduces inefficiency
e allows arbitrary, application-specific losses

Paper: arxiv.org/abs/2110.09192

CIFAR10: Ineff Improvement by Class F-MNIST: Reducing Cov Confusion 4-6
1

-2

0.0 0.2 0.4 0.6 0.8 1.0
Off-Diagonal Weight “

Class

- =
X I P
o O ' 3
gﬁ | E —
© | (U] 0 =
6—10 I i
o
B I w
2 -20 I 2
© 1 SR o pm— | U WS, V) GO\
T 8 4-6 6-4 2-4 4-2
o |
>
0 2 4 6 8 : S
|
|


https://arxiv.org/abs/2110.09192

